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Series Editor Foreword

The Earth’s ocean surface has a direct bearing on the global geological processes;
therefore, understanding the ocean is as significant as the land. Our knowledge
about plate tectonics, ocean circulation, climate change, monsoonal system, deep
life, etc., is greatly strengthened by challenging ocean deep drilling programmes.
India is an important partner in this programme. The geoscientific results coming
out of some of these expeditions have been edited by the team of National Centre
for Polar and Ocean Research (NCPOR), Goa, India, enhancing our awareness
about the evolving Earth. I congratulate editors and all the contributors for bring out
this valuable information to geoscientific community.

The mega-event of 36th International Geological Congress 2020 in India opened
new chapter on the geology of India. On such an occasion, Society of Earth
Scientists Series by Springer decided to bring out 36th IGC Commemorative
Volumes on various recent geological and geophysical studies of India. As such
geoscientists were requested to prepare comprehensive account as monographs or
edited volumes. I am personally thankful to all the editors and authors for timely
submission of high-quality manuscripts for inviting interest of global community of
geoscientists.

Lucknow, India Satish C. Tripathi
Series Editor
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Foreword

I am delighted to see this scientific monograph entitled Dynamics of the Earth
System: Evolution, Processes and Interactions based on scientific contributions to
the ocean drilling by Indian scientists in recent years. This collection also com-
memorates a decade-long association of India to the International Ocean Discovery
Program (IODP) consortium.

India became an associate member to IODP consortium in 2009 through a MoU
between Ministry of Earth Sciences (MoES) and National Science Foundation
(NSF), USA. This MoU provides Indian scientists and researchers a unique
opportunity to carry out cutting-edge geoscientific research using sediment and rock
sampling. The National Centre for Polar and Ocean Research (NCPOR), Goa, an
autonomous institute of MoES, has been designated as the nodal agency to act as
lODP lndia and the Programme Management Office (PMO). This MoU caters to the
requirements of Indian scientists and researchers to participate in various IODP
expeditions around the world on-board D/V JOIDES Resolution. Since 2009 to till
date, about 50 Indian scientists have had an exclusive opportunity to get hands-on
experience with the cutting-edge science of deep ocean drilling.

During initial phases (2009–2011), lODP lndia organised several national and
international workshops and brainstorming meetings to develop new ocean drilling
proposals. Long-term nurturing of scientific proposals led to the major break-
through in terms of five dedicated IODP expeditions in the Arabian Sea and Bay of
Bengal during 2015–2016. One of these expeditions (IODP 355) was jointly led by
an Indian scientist for the first time. These dedicated expeditions provide immense
information about long-term evolution of Indian monsoon with special emphasis on
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their links with the Himalayan tectonics and geohazards in the Andaman–Sumatra
seismogenic zone. Indian scientists who took part in these expeditions have pro-
duced a large number of peer-reviewed high-impact scientific publications. I am
glad to see a snapshot of their scientific contributions in form of this volume and
wish them all the best for many more path-breaking discoveries in the near future.

Dr. M. Rajeevan
Secretary

Ministry of Earth Sciences
Government of India

New Delhi, India
e-mail: secretary@moes.gov.in
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Preface

Our planet Earth is an evolving dynamic system. It comprises several subsystems or
subspheres, which closely interact among each other to produce a complex and
continuously changing system. Processes operating in the Earth system vary
extensively on spatial as well as temporal scales. More than two-thirds of our planet
Earth is covered by vast oceans. Global oceans constitute an ideal domain where
potential processes, interactions and their effects on the planet Earth can be thor-
oughly examined.

The International Ocean Discovery Program (IODP)—an international scientific
consortium of 23 nations—attempts to unravel these complex processes to improve
our understanding about our Earth. Deep ocean drilling and coring operations
through IODP expeditions provide unprecedented archives of Earth’s evolution.
These valuable archives are recovered from extremely challenging areas of wide
oceans and from ice-covered shallow water to the deepest ocean depths. The two
preceding phases of this programme [the Deep-Sea Drilling Project (DSDP) and the
Ocean Drilling Programme (ODP)] have witnessed remarkable success in terms of
major scientific advancements. Some of these include our in-depth knowledge
about plate tectonics, ocean circulation and long- and short-term climate change
cause-and-effect relationships etc. During its ongoing phase, IODP aims to unravel
complex geodynamic processes through drilling, sampling and experimenting in
deep holes in different geological/tectonic regimes. Significant scientific achieve-
ments from ocean drilling help us understand and interpret phenomena in various
parts of the Earth system.

A broad science plan that drives scientific ocean drilling encompasses 14 major
challenging questions under four different themes, e.g. climate change, deep life,
planetary dynamics and geohazards. IODP expeditions recover several thousands of
metres long cores from the subseafloor that enables us address these challenging
questions. Each expedition emanates from specific hypothesis-driven science
objectives and typically lasts about two months at sea. Ever since India joined the
IODP consortium, Indian scientists started participating in IODP expeditions
around the world. Till date, around 50 Indian scientists, each of them have had the
‘60-day-long exposure at sea’.
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The scientific manuscripts presented in this volume are built upon multitude of
knowledge and science developed by Indian scientists over the last decade from
different IODP expeditions. Each contribution in this seminal collection specifically
highlights their role within an overarching scientific objective of the particular
IODP expedition. We feel that this collection presents a glimpse of different pro-
cesses that contribute towards evolution of our dynamic Earth system.

Before we delve into each contribution individually in the forthcoming chapters,
we take this opportunity to acknowledge immense support received from the
Ministry of Earth Sciences as well as the IODP consortium in providing samples to
engage in cutting-edge research concerning topics of global importance.

This special volume would not have been possible without tremendous support
received from the different colleagues and organisations. At the outset, we would
like to thank each contributing author of this series who took part in their respective
expeditions to gather valuable data. Subsequently, they worked tirelessly to come
up with excellent findings, which constitute the core of this collection.

The volume editors are highly grateful to Dr. Rajeevan Madhavan Nair,
Secretary, Ministry of Earth Sciences, India, for his continuous encouragement and
support during production of this monograph. Ever since we came up with the idea
of bringing a special collection to commemorate a decade of Indian IODP asso-
ciation, Dr. Satish C. Tripathi from the Society of Earth Scientists (SES) extended
immense cooperation and ensured that it came to fruition. We thank him for his
continued support towards this endeavour.

Regular motivation from Dr. B. K. Bansal, Adviser, MoES, as well as expedient
facilitation from his office towards smooth participation of Indian scientists in IODP
expeditions is gratefully acknowledged. Extensive assistance and an amazing
coordination received from our colleague Ms. Prerna Ramesh in the manuscript
handling, review and final shaping up of this volume are truly acknowledged.
Unconditional support from our colleagues in the Geosciences division at NCPOR,
Goa, during the course of this monograph needs a special mention.

Last but not least, the production of this monograph has been a long journey and
DKP acknowledges the love and support received from his wife Anju and son
Abhinav without which it would have been difficult to accomplish this task in time.

Vasco da Gama, India Dhananjai K. Pandey
M. Ravichandran

Nisha Nair
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Introduction—Scientific Drilling
in the Indian Ocean: An Earth System
Process Perspective

Dhananjai K. Pandey, Nisha Nair and M. Ravichandran

Abstract The International Ocean Discovery Program (IODP) addresses the fun-
damental questions about Earth’s climate, deep life, geodynamics, and geohazards,
through Earth’s climatic, biological, chemical, and geological history buried beneath
the ocean floor. Scientific Ocean drilling allows researchers to access these records
and explore, analyze, postulate, and test hypotheses that address how our planet
evolves on local-to-global spatial scales and on decadal-to-millennial time scales.
Based on key scientific challenges, deep sea drilling in the Indian Ocean addressed
the broad questions related to palaeoceanographic, tectonic and climatic controls on
the Indian Monsoon, evolution of the mid-ocean ridges, formation of large igneous
provinces, continental rifting and related deposition, subduction related earthquakes
and arc volcanism and how it had influenced the development of deep biosphere.

Keywords Tectonics · Asian monsoon · Indian ocean · IODP expedition

The Indian Ocean hosts exceptional examples of Earth system processes and prod-
ucts that play a vital role in governing Earth’s climate. One of the most significant
among them is the Asian Monsoon, which acts a major part of the thermohaline con-
veyor. Prior to 2015, deep sea drilling and coring experiments in the Indian Ocean
were scanty. The lack of sufficient sediment coring in the Indian Ocean over sev-
eral decades resulted in major gaps in geoscientific understanding of this region. In
order to address this concern, in 2011 an international ocean drilling workshop with
special emphasis on Indian Ocean was organised in Goa, India by IODP-India. The
prominent idea that emerged from thisworkshopwas that recoveryof buried sedimen-
tary and igneous archives through drilling in the Indian Ocean would substantially
augment existing knowledge. In particular about the history of uplift, erosion, depo-
sition and long term monsoonal variations. Such attempts would further improve
our understanding about the greenhouse/icehouse and dynamics of ocean gateways.
Key questions about precise rift-to-drift transition of the Gondwana super-continent;
subduction, tectonic breakup and reorganization and many deep biosphere mysteries

D. K. Pandey (B) · N. Nair · M. Ravichandran
ESSO-National Centre for Polar and Ocean Research (NCPOR), Goa, India
e-mail: pandey@ncpor.res.in

© Springer Nature Switzerland AG 2020
D. K. Pandey et al. (eds.), Dynamics of the Earth System: Evolution,
Processes and Interactions, Society of Earth Scientists Series,
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2 D. K. Pandey et al.

Table 1 Summary of recent IODP expeditions in Indian Ocean

IODP Broad Theme Dates Drill Sites References

353 Indian Monsoon Rainfall Nov,
2014–Jan,
2015

U1443-U1448 Clemens et al.
(2016)

354 Bengal Fan: Himalaya and
Climate

Jan,
2015–Mar,
2015

U1449-U1455 France-Lanord
et al. (2016)

355 Arabian Sea:
Climate-Tectonics-Interactions

Mar,
2015–May,
2015

U1456-U1457 Pandey et al.
(2016)

356 Indonesian Throughflow Jul,
2015–Sept,
2015

U1458-U1464 Gallagher et al.
(2017)

359 Maldives Monsoon and Sea
Level

Sept,
2015–Nov,
2015

U1465-U1472 Betzler et al.
(2017)

360 SW Indian Ridge Lower Crust
and Moho

Nov,
2015–Jan,
2016

U1473 MacLeod et al.
(2017)

361 South African Climates Jan,
2016–Mar,
2016

U1474-U1479 Hall et al.
(2017)

362 Sumatra Seismogenic Zone Aug,
2016–Oct,
2016

U1480-U1481 McNeill et al.
(2017a, b)

necessitate drilling into the regional sub-seafloor. Based on extensive discussions
during 2011 IODP workshop, several promising scientific proposals were submitted
to the IODP of which about eight of them culminated into successful drilling during
2015–2016 (see Table 1).

Targeted deep sea drilling expeditions in the Indian Ocean and surrounding mar-
gins aimed to provide a regional understanding of the development and evolution of
Asian monsoon and its inherent links with the upliftment of the Himalaya and Tibet.
Recent IODP Expeditions 353, 354 in the Bay of Bengal and expedition 355 in the
Arabian Sea aimed particularly to study long term weathering and erosional patterns
in the Himalayan and Tibetan Plateau as a proxy to the tectonic–climatic interac-
tions. Expedition 356 targeted coring for high resolution study of how Indonesian
Throughflow acts as a global thermohaline conveyor in transporting heat from the
equatorial Pacific to the Indian Ocean and exerts a major control on global climate.
The IODP expedition 359 (Maldives Monsoon and Sea Level) aimed at investigating
changing ocean currents that affect the Indian monsoon on a large scale. The estab-
lishment of the Asian monsoon and its evolution through time and probable linkages
between tectonics and climate are conformable with model predictions. The Expe-
dition 360 (Southwest Indian Ridge Lower Crust and Moho) explored the nature of
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Fig. 1 Bathymetry map of the Indian Ocean (Amante and Eakins 2009). Superposed are the loca-
tions of drill holes from IODP expeditions in the Indian Ocean—353, 354, 355, 356, 359, 360, 361
and 362. Arrows indicate the Asian monsoon pattern

lower crust and upper mantle at slow spreading ridges. The South African Climates
(Expedition 361) drilled and cores several sites in Mozambique Channel in order to
reconstruct the history of the greater Agulhas Current system over the past ~5 My.
The Sumatra Seismogenic Zone Expedition 362 aimed to establish the initial and
evolving properties of the North Sumatran incoming sediments and their potential
effect on seismogenesis and tsunamigenesis. This expedition was inspired by the
2004 Mw 9.2 earthquake and tsunami that affected the coastal communities around
the Indian Ocean. This chapter briefly summarizes the early outcomes from recent
scientific drilling in the Indian Ocean (Fig. 1). In what follows next, we present an
overview of each of the six recently concluded IODP expeditions in the Indian Ocean
since 2015 and their preliminary findings to date.



4 D. K. Pandey et al.

1 Himlayan-Tibetan Orogeny and Long Term Climate
Evolution

1.1 Indian Monsoon Rainfall (IODP Expedition 353)

Paleoclimatic/paleooceanographic proxies enable us to document long term evolu-
tion of regional monsoon rainfall to changes in the fundamental boundary conditions
like insolation, ocean/atmosphere energy exchange, ice volume, and atmospheric
greenhouse gas concentrations or seasonal influences. In order to reconstruct vari-
ations in the Indian monsoon circulation since the Miocene at tectonic to centen-
nial timescales, Expedition 353 targeted to drill and recover sediments along the
Mahanadi Basin, Andaman Islands and the northern Ninety East Ridge (U1443-
U1448) (Clemens et al. 2016). The suitable drill sites were picked in the core con-
vective region of the Indian summer monsoon (ISM), which is believed to have been
under the direct influence of ISM-induced rainfall and fluvial runoffs receipt from
the world’s largest river systems.

The geochemical proxy records at submillennial-scale resolution (250–500 years)
of ISM-induced rainfall and fluvial runoff sediments obtained from this expedition
suggest that the Indian summer monsoon has been a conduit for conveying southern
hemispheric latent heat northwards, thereby promoting subsequent northern hemi-
spheric deglaciation (Nilsson-Kerr et al. 2019). The proxy records indicate strong
coupling between summer monsoon winds and precipitation across the Indo-Asian
monsoon subsystems at the millennial scale. To evaluate changes in the surface
ocean salinity response to rainfall and runoff, carbonate oxygen isotope (δ18Oc) and
Mg/Ca-derived sea-surface temperatures (SSTs) from the planktic foraminiferaGlo-
bigerinoides ruber were combined to reconstruct seawater δ18O (δ18Osw). The initial
results imply that the ISM underwent two phases of deglacial strengthening (one at
~131 to 130 ka, followed by a strengthening at ~129 ka), with a vigorous interglacial
ISM coeval with the development of full deglaciation into the Last Interglacial.
This revealed a millennial-scale transient strengthening of the Asian monsoon that
punctuates Termination II (i.e. 139–127 thousand years ago (ka) associated with an
oscillation of the bipolar seesaw. The progression of deglacial warming across Ter-
mination II emerges first in the southern hemisphere, then the tropics in association
with Indian summer monsoon strengthening, and finally in the northern hemisphere.

The changes from high calcium carbonate content to silica-rich sediment depo-
sition marks an intense carbonate dissolution episode linking to the global ocean
circulation systems (Lyle et al. 1995). Based on an integrated study using benthic
foraminiferal stable oxygen and carbon isotope data, X-ray fluorescence (XRF) core
scanner-derived elemental ratios and carbonate mass accumulation rates (MARs)
from Bengal Fan sediment cores, Lübbers et al. (2019) tried to closely track the
development of the carbonate crash in the Indian Ocean and investigated linkages
with high-latitude climate evolution (over the interval 13.5 to 8.2 million years ago)
with circulation changes in the Pacific and Atlantic Oceans. The declining carbon-
ate percentages along with a marked decrease in carbonate accumulation rates after
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~13.2Ma suggested the onset of a prolonged episode of reduced carbonate deposition
lasting till ~8.7 Ma (Fig. 2). After ~8.7 Ma, the carbonate accumulation increased
rapidly marking the end of the carbonate crash in the Indian Ocean (Fig. 2) appar-
ently in consonance with an intense phase of the inter-ocean carbonate crash (~11.5
to ~10 Ma). Their findings imply that global changes in the intensity of chemical
weathering and riverine input of calcium and carbonate ions into the ocean reservoir

Fig. 2 Paleoceanographic records published by Lübbers et al. (2019) at Site U1443 (Exp 353).
a XRF scanner-derived CaCO3 (%); b Carbonate mass accumulation rate (g cm−2 kyr−1); c Ben-
thic/Planktonic foraminiferal ratio; d Color reflectance a* (Clemens et al. 2015); and e XRF scanner
Log (Ba/Ti); f Benthic foraminiferal δ18O. [Orange shading marks carbonate content under 70%.
MAR = mass accumulation rate; VPDB = Vienna PeeDee Belemnite]
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might have been the driving force for the carbonate crash. Also an increase in Log
(Ba/Ti) together with a change in sediment color from red to green indicated a rise
in primary production and organic carbon burial at the sea floor after ~11.2 Ma,
prior to the global onset of the biogenic bloom that remained elevated until at least
8.2 Ma. The Ba and sediment color records suggest that the early rise in export flux
from biological production might be linked to increased advection of nutrients and
intensification of upper ocean mixing, associated with changes in the seasonality and
intensity of the Indian Monsoon.

1.2 Bengal Fan

IODP Expedition 354 in the Bay of Bengal drilled a 320 km long transect compris-
ing seven Sites (U1449-U1455). Of these, three deep-penetration and four shallow
holes provided a spatial overview of the primarily turbiditic depositional system that
comprises the Bengal deep-sea fan. This expedition primarily aimed to reconstruct
a time series of erosion from Himalayan region, weathering, and changes in source
regions, as well as impacts on the global carbon cycle by coring long sedimentary
records (France-Lanord et al. 2016). This expedition also extended the record of an
early fan deposition by 10 M.y. into the late Oligocene.

In order to study the Neogene evolution of Bengal Fan and the impact of the
monsoonal system and sea-level changes on sediment supply, the fan architecture
and development, Weber and Reilly (2018) documented the Pleistocene depositional
history (since 1.25 Ma) of the lower Bengal Fan using low-resolution bio- and mag-
netostratigraphic constraints along with a combination of lithostratigraphy and sed-
iment physical properties. The study identified five distinct depositional regimes
(Fig. 3) for the Pleistocene across the lower Bengal Fan comprising of:

(i) Unit 1, consists of Early to Middle Pleistocene turbiditic deposits (1.25 Ma);
(ii) Unit 2, aMiddle Pleistocene hemipelagic layer deposited fromMarine Isotopic

Stages (MIS) 37 to ~17 (~1.24 to 0.68 Ma) during the entire time of the Mid-
Pleistocene Transition;

(iii) Unit 3, mostly turbidites with some intercalated hemipelgic sediments
deposited from ~MIS 16 to ~13 (~0.68 to 0.48 Ma);

(iv) Unit 4, massive turbiditic sediments dominating deposition with the Mid-
Brunhes Transition (~MIS 12) until MIS 7/8 (~0.48 to 0.25 Ma); and

(v) Unit 5, a Late Pleistocene hemipelagic layer at the top that spans MIS 7/8-1
(~0.25 Ma to present).

Their results imply that the regional depositional changes across the lower Bengal
Fan occurred at the same time as major changes in the climate system such as the
Mid-PleistoceneTransition (Clark et al. 2006) and theMid-BrunhesTransition (Barth
et al. 2018) suggesting that associated external processes such as climate, sea level,
and/or monsoon changes might have controlled the sediment accumulation and fan
architecture rather than fan-internal, autocyclic mechanisms.
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Fig. 3 Comparison of the Expedition 354 Bengal Fan L* and MS stacks with global climate
reconstructions spanning the Middle to Late Pleistocene. (a) The LR04 benthic δ18O stack; Red
numbers - Marine Isotope Stages (MIS); (b) Glacio-eustatic sea-level inferred from benthic δ18O;
(c) Stacked grain size and (d) MS records from the Chinese Loess Plateau, reflecting changes in
the intensity of the East Asian winter and summer monsoons, respectively (Sun et al. 2006); (e)
Stacked L*; (f) logarithmically transformed MS values for the IODP Expedition 354 Bengal Fan
8° N transect] (published by Weber and Reilly 2018)

Based on a multi-proxy study using physical and magnetic properties, stable iso-
topes, organic and inorganic geochemistry, and grain-size analyses, Weber et al.
(2018) attempted to decipher the Late Quaternary depositional pattern and its
response to monsoonal forcing during glacial-to-interglacial transitions. The vari-
ability of total organic carbon, total nitrogen, and the δ13C composition of organic
matter indicated a marine origin. Their results reveal that the marine primary produc-
tivity increased during insolation minima, indicating an enhanced NE monsoon dur-
ing glacials and stadials. The pristine insolation forcing also indicated that darker and



8 D. K. Pandey et al.

coarser-grained material were deposited at higher sedimentation rates during inso-
lation minima. This suggested the mobilization and transport of lithogenic material
primarily during lowered sea levels and/or higher influence of the Northern Hemi-
sphere westerlies on the dust transport from the Tibetan Plateau. When compared
with the climate record of Antarctic ice cores over multiple glacial cycles, a close
relationship between high southern latitude and tropical Asian climate through shifts
in position of the Intertropical Convergence Zone was observed.

The entire Bengal Fan monsoonal record revealed two clear responses: an older
one from ~200 ka to the Younger Toba Tuff with a very clear and strict response
to orbital forcing, mainly to insolation, and a younger part, after the deposition of
the Younger Toba Tuff during Marine Isotope Stage (MIS) 7–5, with less distinct
response patterns after deposition of the ash during MIS 4–2, consistent with low-
amplitude changes in insolation.

The establishment of climate-forced sea-level change and autogenic surface
dynamics was carried out from the Bengal Fan turbidites from Miocene to mid-
dle Pleistocene. The detrital zircon U-Pb provenance data from Miocene to middle
Pleistocene suggested strong tectonic and climatic forcing and long-term drainage
integration (Blum et al. 2018) which might have driven sediments from Himalayan
source terrains to the continental margin and land-sea boundary. The results implied
that the large-scale transfer of turbiditic sand from the continental margin to distal
basin-floor fan settings are in episodes as it might have required climate-forced sea-
level fall associated with global ice volume increase, so that the Rivers extend their
courses to the shelf-margin and connected with canyon-feeder systems.

1.3 Indus Fan

The Indus Fan in the Arabian Sea offers a unique opportunity to study tectonic–
climatic interactions and the net impact of the Indian (southwest) summer mon-
soon (ISM) processes on weathering and erosion of the western Himalaya. Scientific
drilling in the eastern Arabian Sea through Expedition 355 (Arabian Sea Monsoon
Expedition) aimed to investigate the strengthening/weakening of ISM and it’s cor-
relation with the Greater Himalayan exhumation over variable time scales (Pandey
et al. 2016). Two sites (U1456-U1457) were drilled into the Laxmi Basin adjoining
western continental margin of India (WCMI) in which one of the sites (U1457) also
penetrated successfully into the igneous basement. The basement samples recovered
from eastern Arabian Sea provided constraints to understand the early rifting history
with special emphasis on the continental breakup between India and the Seychelles
and its relationship to the hotspot volcanism in the Indian Ocean.

New constraints from Expedition 355 also offer opportunity to determine chang-
ing patterns of Himalayan erosion since ~10.8 Ma (Pandey et al. 2015). Clift et al.
(2019b) presented newbulk sediment Sr andNd isotope data, alongwith other proxies
from sediment cored during expedition 355. Their new results allow reconstruction
of erosion in the Indus catchment since ~17Ma. From 17 to 9.5Ma an increasing εNd
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values suggest relatively larger erosion from the Karakoram region. Periods between
9.5 and 5.7 Ma show relative stability as evident from long-term decrease in εNd
values (Fig. 4). Clift et al. (2019b) inferred that an initial increase in LesserHimalaya-
derived zircon grains after 8.3 Ma is consistent with earlier records from the fore-
land basin followed by the much larger rise in erosion after 1.9 Ma, which has not
previously been reported. This means that the regional erosion increased in the Pleis-
tocene compared to the Pliocene, with shift in source region to the Lesser Himalaya
driven by tectonic controls rather than South Asian Monsoon driven erosion.

Expedition 355 successfully sampled through at least two distinct slumped sed-
iment units corresponding to one of the largest mass transport deposits (MTDs) on
Earth known as ‘Nataraja Slide’ (Calvès et al. 2015; Pandey et al. 2016) considered
to have occurred during mid-late Miocene period along Indian Continental margin
was drilled. Based on biostratigraphy, geochemistry and isotopic signatures Dailey
et al. (2019) concluded that these deposits consisted of two dominant phases of mass
wasting, each comprising of smaller pulses, with generally fining-upward cycles, and
to have been emplaced on Indian margin prior to 10.8 Ma. Some of the most recent
scientific contributions about issues like nature of organic matter, turbidite sedimen-
tation and chemical weathering and Himalayan erosion from IODP Expedition 355
could be found as Suzuki et al. (2019), Andò et al. (2019), Kumar et al. (2019), Cai
et al. (2019), Chen et al. (2019), Satpathy et al. (2019) and Clift et al. (2019a, b).

The lithostratigraphic variations observed at sites U1456 and U1457 helped in
obtaining critical parameters for studying anomalous subsidence along the western
continental margin of India and therefore constrains post-rift evolution of western

Fig. 4 Changing patterns of various climate, erosion and exhumation proxies since E. Miocene
time in the Himalaya (after Clift et al. 2019b)
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Indian passive margin. Flexural backstripping of post-rift sediments from interpreted
seismic profiles suggest that the underlying crust in the region may have undergone
extreme thinning as evident fromvery large stretching (β) factors (Pandey et al. 2018).
A detailed geochemical analysis of basement samples from Site U1457 indicated
that these are low-K, high-Mg sub-alkaline tholeiitic basalts that do not represent a
standard mid-ocean-ridge basalt (MORB). In-depth geochemical and isotopic exam-
ination of samples by Pandey et al. (2019) suggest a supra-subduction zone (SSZ)
type affinity of these rocks. Based on new geochemical and isotopic signatures from
Site U1457, a new model of crustal evolution has been proposed indicating a relict
subduction initiation event in the Laxmi Basin (Pandey et al. 2019). The authors pro-
pose that such distinctive geochemical imprints of igneous rocks were made when
the Indian plate changed direction and older crust began to sink under an younger
oceanic crust about 70 million years ago around the Laxmi basin. This discovery
provides first glimpse of a completely new geodynamic setup implying role of con-
vergent plate motion amidst an overall divergent tectonics during the Gondwanaland
breakup which separated Madagascar and Seychelles from India (Fig. 5). The find-
ings also suggested that the most spectacular late Cretaceous volcanism that formed
well-knownDeccanTraps of central India,may not have reached as far as the location
of the drill sites in the Laxmi basin.

The South Asian monsoon (SAM)-induced high surface water productivity cou-
pled with poor ventilation of intermediate water resulted in strong denitrification
within the oxygenminimumzone (OMZ).The analysis of sediment cores fromLaxmi
Basin reported the first evidence of denitrification evolution since Late Miocene
(~10.2 Ma) and productivity/SAM intensification was reported at ~3.2 to 2.8 Ma
(Fig. 6) that coincided with Mid-Pliocene Warm Period (MPWP) (Tripathi et al.
2017). Themodern strength of the OMZwas attained at ~1.0Ma. It was also reported
that the SAM was persistently weaker from ~10.2 to 3.1 Ma and did not intensify at
Late Miocene (~8 Ma).

The denitrification (δ15N) values during the last 800 kyrs fromSiteU1456 (Eastern
Arabian Sea) when compared with the Site 722B (Western Arabian Sea) showed that
δ15N values were high during interglacial periods, indicating intensified denitrifica-
tion (Kim et al. 2018). This emphasised that the Eastern Arabian Sea has experienced
persistent denitrificationwithout prominent collapse throughout theMid-Pleistocene.
The results implied that the Eastern Arabian Sea has experienced a persistent OMZ
to maintain strong denitrification whereas the Western Arabian Sea has undergone
OMZ breakdown during some glacial periods. The change in denitrification in the
Arabian Sea in response to climatic fluctuations following the 100-ka cyclicity was
also represented by global δ18O values and other multi-proxies.

To constrain the sediment sources and reconstruction of sediment export to the
Indus deep-sea fan over the past 600 kyr,Yu et al. (2019) analysed the claymineralogy
and Sr-Nd isotopic compositions of the detrital fraction of sediments. The results
revealed that the sediment sources were mainly from the mixing of sediment from
the Deccan Traps and the Indus River and excludes a significant contribution of
eolian dust to the Laxmi Basin. The wavelet and cross-spectral analyses further
revealed that sediment transport to the eastern Arabian Sea since 600 kyr is mainly
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Fig. 5 A generalised plate reconstruction model for the late Cretaceous geodynamic evolution of
northwest Indian Ocean (after Pandey et al. 2019) depicting role of convergent tectonics amidst an
overall divergent motion between India and Seychelles blocks (not to scale)

dominated by sea-level variations in the eccentricity (100-kyr) band, while the Indian
summermonsoonmight have contributedmoderately to the precession (23-kyr) band.
The εNd and turbidite frequency indicated that more turbiditic events are associated
with Indus River-sourced sediments at IODP Site U1457 during sea-level lowstands,
which might reflect a reconnection of deep-sea channels to the Indus River mouth
and/or reworking of previously deposited Indus River sediments located northward.
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Fig. 6 Record of denitrification, surface water productivity, and provenance of the Sedimentary
Organic Matter (SOM) in the Eastern Arabian Sea since Late Miocene. a Lithostratigraphy of
site U1456, b denitrification variability (δ15N of SOM), c, d paleoproductivity variability (weight
percent total organic carbon [TOC] and total nitrogen [TN]ofSOM), e, f SOMprovenance indicators
(δ13C and C/N ratio). The coloured, rectangular boxes show the intensified OMZ coupled with
surface water productivity when denitrification occurred in the basin. The horizontal dotted lines
indicate the position of the hiatuses. The vertical dashed line over panel ‘b’ show denitrification
threshold and horizontal brown lines separating different lithological units. The age data (in Ma) at
SiteU1456, shownby the Indo-Arabic numerals in ‘panel b’, are basedon calcareous nannofossil and
planktonic foraminifera biostratigraphy, together with magnetostratigraphy. (published by Tripathi
et al. 2017)

Recent studies using geochemical proxies of chemical weathering revealed that
the Laxmi Basin sediment are generally more weathered than sediment found close
to the Indus river mouth during 17 to 8 Ma. Initial assessment of various climatic
proxies from IODP-355 are unable to pinpoint significant correlations in time with
the C3 to C4 transition. The appearance of dominant C4 biomass in the Himalaya
foreland at ~7 Ma reflects dramatic climate change, including enhanced terrestrial
aridity (Khim et al. 2018).
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2 The Indonesian Throughflow Expedtion

2.1 Indonesian Throughflow (ITF) and the Australian
Monsoon

The Indonesian Throughflow (ITF) is a low-latitude oceanic gateway that trans-
ports warm, fresh waters from the Pacific to the Indian Ocean as part of the global
circulation. Temporal evolution in the ITF has significant impacts on Indo-Pacific
oceanography and global climate. The ITF is considered as an important regulator
for the global thermohaline circulation through seasonally varying flow patterns in
this region. The IODPExpedition 356 (Gallagher et al. 2017) in the year 2015 carried
out drilling and coring operations at seven sites off the northwest coast of Australia
(Fig. 7). The target was to recover at least 5 My long high resolution records of ITF’s
past variations and its potential implications on climate evolution in particular the
AustralianMonsoon. The sediment archives collected during this expedition provide
crucial orbital-scale climatic changes in the recent past. Further, the genesis of Aus-
tralian monsoon is generally linked to the initiation of the East Asian monsoon since
the Pliocene time or even earlier. In view of this, the marine climatic records gen-
erated during Expedition 356 could be directly compared to the deep-ocean oxygen
isotope and ice-core archives, to chart prior variability of the Australian monsoon
and the onset of aridity in northwestern Australia. A good regional distribution of
the shallow holes would ensure critical data that help in constructing regional sub-
sidence models as well, which provide a geodynamic link between the Australian
plate motion and mantle convection over different geological time.

3 Maldives and Equatorial Indian Ocean

3.1 Maldives Monsoon and Sea Level

Deep sea drilling in the Maldives archipelago as part of the IODP expedition 359
(sites U1465-U1472) was aimed to retrieve marine tropical record of the Neogene
sea level changes and the onset of the monsoon-related current system in the Indian
Ocean. The Maldives archipelago comprises thousands of smaller atolls that are
exposed at the sea surface. Typically, shallow lagoons interrupted by deep passages
surround these tiny atolls that facilitate strong current circulation and reworking of
sediments, which in turn allow growth of carbonate platforms. One of the key objec-
tives of expedition 359was to determine the precise role of monsoon inmigrating sea
level-controlled carbonate platforms to a predominantly current-controlled system
(Betzler et al. 2017). This objective required precise dating of the onset of current sys-
tems. The Maldives archipelago contains unique archives of the evolving Cenozoic
icehouse Earth. Therefore, sediment cores from eight sites drilled during expedition
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Fig. 7 Anoverviewof the oceanography and climate of thewestern Pacific (adapted fromGallagher
et al. 2017). Red and blue colours represent warm and cold currents respectively. The green arrows
represent broad extents of the summer monsoon (see Gallagher et al. 2017 for more details). IODP
356 drill locations are shown by yellow stars

359 around Inner Sea of the Maldives provide important tropical marine records
of Neogene global cooling and monsoon evolution. Carbonate rich stratigraphic
sequences from Expedition 359 also constrained an extended Neogene δ13C record
of the platforms and marginal sediments and their comparison with corresponding
pelagic records (Betzler et al. 2017) as well as records of past oceanic carbonate sat-
uration and dissolution events (Sreevidya et al. 2019). Additional findings from this
expedition were discovery of organic-rich layers that imply early Miocene oxygen
minima conditions in a relatively shallow basin.

A key outcomes from this expedition was high precision dating of the onset of the
current system that is potentially in agreement with the onset or the intensification
of the Indian monsoon and further coincides with the onset of the modern current
systems within a global framework. Dating confirmed that the onset of the monsoon
wind-driven currents inMaldives yields an age to 12.9Ma (Betzler et al. 2016). It was
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an abrupt event evolving from a sea-level dominated system. This coincided with the
Indian Ocean OxygenMinimum Zone expansion as revealed by geochemical tracers
and the upwelling records (Fig. 8). Proxies of dust deposition fluxes also constrained
identification of a weaker ‘proto-monsoon’ which seemed to have existed between
12.9 and 25 Ma.

The evolution of the South Asian monsoon and sea-level fluctuations during the
Neogene was assessed by dating resultant sedimentary alterations that marked the
stratigraphic turning points in the Neogene Maldives platform system. The markers
during the early and middle Miocene were related to sea-level changes (Betzler et al.
2018). Phases of aggradational platform growth of long-term sea-level high stands
during the early Miocene and the early to middle Miocene Climate Optimum was
dated between 17 and 15.1 Ma (Fig. 9). The subsequent middle Miocene cooling
coincided with the eastern Antarctic ice sheet expansion resulting in a long-term
lowering of sea level that is reflected by a progradational platform growth. Thus
the changes in platform architecture from aggradation to progradation was marked
at 15.1 Ma (Fig. 9). At 12.9–13 Ma, an abrupt change in sedimentation pattern
was marked across the entire archipelago switching to a current-controlled mode
indicating an abrupt onset of monsoon winds in the Indian Ocean. A major shift in
the drift packages is dated with 3.8 Ma (Fig. 9) which coincides with the end of
stepwise platform drowning and a reduction of the oxygen minimum zone in the
Inner Sea.

The analysis of anisotropy of isothermal remnant magnetization (AIRM) of sed-
iment cores revealed evidences to that the strength of the bottom currents increased
suddenly at about 4.2 Myr ago (Lanci et al. 2019). This coincided with the increase
of fluvial transport to the Bay of Bengal and appeared compatible with the beginning
of the Late Pliocene phase of Himalayan uplift suggesting the Maldives record of
the Late Pliocene up lift phase.

Another important outcome was the seismic stratigraphy based hypothesis that
the pronounced change in style of the sedimentary carbonate sequence stacking was
caused by a combination of relative sea level fluctuations and ocean current system
changes.

In addition, a new calcareous sediment drift type with sigmoidal clinoform geom-
etry was identified which deposited under a current-controlled regime in deep to
shallow water setting with an aerial extent of 342–384 km2 and a depositional relief
of approximately 500m (Lüdmann et al. 2018). This drift onset marked the transition
from a sea-level controlled to a progressively current dominated depositional regime.

Some other interesting recent scientific contributions from IODP expedition 359
include the Eolian deposition (Kunkelova et al. 2018 and Lindhorst et al. 2019) and
the Oligocene-Miocene anoxia and ventilation (Swart et al. 2019 and Reolid et al.
2019).
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Fig. 8 a Age of sequence boundaries; b total gamma ray in downhole logs for Sites U1467 and
U1468. For Site U1467, core measurements were used for the upper interval of the succession.
c Mn/Ca ratios at Sites U1466, U1468, and U1471. Black line shows a 3 point running average.
d Magnetic susceptibility from downhole logs at Sites U1467 and U1468. e Stratigraphic breaks
and changes, variations of the dust influx and of the OMZ and timing of SAM and Proto-Monsoon.
f Deep sea oxygen isotope record, timing of the eastern Antarctic ice sheet (EAIS) expansion,
timing of the middle Miocene climate optimum (MCO), Mi-events 1–412, and restriction as well
as final closure of the eastern Tethys seaway (published by Betzler et al. 2016)
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Fig. 9 Oligocene to Miocene evolution of the Maldives carbonate platform with ages of the
sequence boundaries and key intervals representing changes of platform configuration. The global
sea level curve (Miller et al. 2005). The intensity of the South Asian Monsoon (SAM) and the
expansion of the Oxygen Minimum Zone (OMZ) Betzler et al. (2016). The global oxygen record
from Zachos et al. (2001). MCO—Miocene Climate Optimum (after Holbourn et al. 2005, 2015),
EAIS—East Antarctic Ice Sheet expansion (after Holbourn et al. 2005), BOM—Backstepping of
the Outer Margin (published by Betzler et al. 2018)

4 South African Climates

4.1 The South African Climates and Agulhas Current
Density Profile

The South African Climates or IODP expedition 361 (Hall et al. 2017) carried out
using JOIDES Resolution in the early 2016. One of the main objectives of this expe-
dition was to document the level of specific interactions between climate and the
Agulhas Current primarily during the Plio/Pleistocene period. The greater Agulhas
Current system represents a significant component of the global thermohaline circu-
lation, carrying surface water into the Atlantic Ocean through Indian-Atlantic Ocean
gateway. In fact, it plays a vital role in the overall Southern IndianOcean circulation as
it constitutes the strongest western boundary current in the Southern Hemisphere that
transportswarm, saline tropical surfacewaters to the tip ofAfrica (Hall et al. 2017). In
total six drill sites in the Southern Indian Ocean andMozambique Channel (Fig. 10),
which are directly affected by the regular sediment discharge frommajor river catch-
ments. The primary scientific objectives of this expedition included ascertaining the



18 D. K. Pandey et al.

Fig. 10 Locations of IODPExpedition 361 sites (after Hall et al. 2017). A schematic representation
of the main surface ocean currents (in yellow) is also marked on the map (see the original reference
for more details)

sensitivity of the Agulhas Current, and the dynamics of Indian-Atlantic gateway cir-
culation, during major ocean and climate reorganizations of the past 5 Ma or more.
Longer than 5100 m high quality sediment material collected during this expedition
could provide decadal-to millennial- scale climatic and paleoceanographic records
from the Southern Indian Ocean.

Most of the Expedition 361 sites had good core recovery and therefore helped
establishing reasonably well constrained lithological details at least until the late
Miocene or ~7 Ma (Hall et al. 2017). Cored material from this expedition would be
able to answer some of the fundamental scientific questions such as: (1) What is the
effect of the Pliocene–Pleistocene climatic variations, ocean gateways, tropical heat
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budgets, and the monsoon system to the sensitivity of the Agulhas Current; and (2)
What is the dynamics of the Indian-Atlantic Ocean gateway circulation during such
climate changes such as regional rainfall and erosional run-off.

5 Plate Deformation Zones

5.1 “The Nature of the Lower Crust and Moho at Slower
Spreading Ridges”—SloMo

One of the recent IODP expeditions (IODP-360 or SloMo) in the Indian Ocean tar-
geted to drill and core (U1473A) on the summit of Atlantis Bank through an impor-
tant globally observed seismic velocity discontinuity- the Mohorovičić (commonly
referred as ‘Moho’). The primary objective of SloMo expedition was to document
lateral stratigraphic variabilities and compare them with legendry Holes 735B and
1105A from earlier ODP Legs (ODP Leg 118, 176 and 179) to demonstrate a con-
tinuity of processes and complex interplay of magmatic accretion and steady-state
detachment faulting. The preliminary assessment of cored igneous rocks indicated
that these lower crustal sections are emplaced through repeated cycles of intrusion
by approximately three upwardly differentiated hundreds of meter-thick bodies of
olivine gabbro - broadly similar to those encountered in the deeper parts ofHole 735B
(MacLeod et al. 2017). Expedition 360 along south west Indian ridge focused on
understanding howmagmatism and tectonism interacted in accommodating seafloor
spreading; howmagnetic reversal boundaries are expressed in the lower crust; assess-
ing the role of the lower crust and shallow mantle in the global carbon cycle; and
constraining the extent and nature of life at deep levels within the ocean lithosphere.

The retrieved gabbros (fromHoleU1473A) revealed a 600m thick zone of intense
crystal-plastic deformation which is cut by a brittle high-angle fault zone (Dick
et al. 2017). This represents high-temperature deformation related to the formation
of Atlantis Bank oceanic core complex and associated detachment fault zone. The
undeformed portions of the Hole U1473A lithology preserved weakly developed
magmatic fabric. Microbiological sampling focused on exploring evidence for life
in the lower crust and hydrated mantle using culture-based and culture-independent
approaches, microscopy, and enzyme assays. Adenosine triphosphate (ATP) was
quantified from the samples collected for microbiological analysis. It ranged from
below detection level to 5 pg/cm3 (mostly <1 pg/cm3), indicating the presence of a
subsurface biosphere in Atlantis Bank.

The melts corresponding to the felsic rocks from the ultraslow-spreading South-
west Indian Ridge are inferred to have been derived from a parental mid-ocean ridge
basalt (MORB) by a fractional crystallization dominated mechanism (Nguyen et al.
2018). After the formation, these veins acted as channels for hydrothermal fluids
infiltration to modify both the host gabbros and felsic rocks, obscuring their mag-
matic origin. Based on geochemical criteria and texture of the felsic rocks and their
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relationship with the host gabbros it is suggested that the felsic rock with sharp
boundaries is formed when felsic melt intrudes into fractures of host gabbros, result-
ing in minimal interaction between the melt and the wall minerals. The replacive
felsic rock, which is characterized by a pseudomorphic replacement of minerals in
the host gabbro. This vein type is caused by the replacement of the host mineralogy
byminerals in equilibriumwith the felsic melts. Felsic rock with diffused boundaries
is formed either by infiltration of felsic melt into the solidifying gabbro body or crys-
tallization of interstitial melts. Infiltration modes of felsic melts are likely controlled
by the temperature condition of the cooling host gabbros.

Based on the shear wave imaging results, a fault system ~40 m away from the
borehole was imaged corresponding to a steeply dipping fault system, which extends
below 570 m depth and strikes dominantly in EW direction (Lee et al. 2019). This
method successfully imaged the fault structure as well as helped to determine the
orientation of the fault system which will be supportive to apply even to the log
data of other expeditions. Some of the major differences in igneous stratigraphy
between Atlantis Bank and Atlantis Massif observed during expedition 360 drilling
demonstrate that significant variability exists in the mode of accretion and internal
differentiation of magmatic bodies in the lower crust between oceanic core com-
plexes. This potentially may indicate variations in magma supply and accompanying
tectonic setting, spreading rate, and thermal regime along ocean ridges.

5.2 To Understand the Role of Input Materials
in the Northern Sumatra Subduction

Another crucial scientific drilling expedition in the Indian Ocean is Expedition 362,
the Sumatra Seismogenic Zone drilling. This expedition aimed to establish (1) the
initial and evolving properties of the North Sumatran incoming sediments and (2)
their potential effect on seismogenesis, tsunamigenesis, and forearc development for
comparison with global examples. To address these objectives, the expedition drilled
and cored two sites (U1480-U1481) on the Indian oceanic plate ~250 km southwest
of the Sumatra subduction zone (McNeill et al. 2017a, b). The two siteswere designed
to test for local variations in stratigraphy, lithology, physical properties, thermal state,
and fluid geochemistry.

5.2.1 Depositional history

Sampling of the full sedimentary section enabled identification of principal litholo-
gies, grain compositions, depositional environments, sediment accumulation rates,
and diagenetic and lithification state. The biomagnetostratigraphic age-depth rela-
tionships revealed marked changes in sediment accumulation rates between the early
pelagic succession (low rates) and overlying submarine fan (very rapid sedimentation
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Fig. 11 Biomagnetostratigraphic age-depth relationships (published by McNeill et al. 2017b)

of magnitude), and several potential hiatuses (McNeill et al. 2017a, b). The initial
provenancedata (zirconU-Pbages) indicated aHimalayan-WestBurman source from
the north. An increase in sediment accumulation rate (SAR) was reported between
9 and 10 Ma (Fig. 11). Whereas the Nicobar Fan holds a significant component
of the sedimentary record in the Indian Ocean, ~9 to 2 Ma. Sedimentation pattern
along the Bengal Fan system from proximal to distal indicated absence of simple fan
progradational pattern.

5.2.2 Geochemistry and Fluids of the Input Section

Pore fluid sampling of whole-round and Rhizon sampling helped identify two fluid
chemistry anomalies of the sedimentary inputs to the subduction zone (Hüpers et al.
2017). The first is the presence of two phosphate peaks in the upper 150 mbsf, span-
ning ~20 m intervals with the shallower peak near the seafloor (less magnitude),
controlled by organic matter diagenesis and the second peak is sharp and large and
may be controlled by a regional flow system. Similar phosphate peaks were also
observed in the shallow pore fluids sampled during IODP Expeditions 353 and 354
elsewhere on the Bengal-Nicobar Fan system. The second pore fluid anomaly was
observed deeper in the section, where pore fluid freshening was observed. This unit
consists of altered volcanic, amorphous silicate-rich (palagonized, tuffaceous mud-
stone), and increased porosity. The freshening, noted by a very sharp chloride change
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coincides with the seismic horizon—high amplitude-negative polarity—candidate
horizon for décollement development, suggested as a recent phenomenon and has
not been significantly impacted by diffusion. Analysis revealed that the diagenesis
before subduction may have driven shallow slip which might have resulted in one of
the major earthquakes in Sumatra.

6 Concluding Remarks

The brief scientific summary from each of the recent eight IODP expeditions in
the Indian Ocean discussed above contribute significantly towards improving our
understanding about the dynamic earth system and its response to various tectono-
climatic processes. The early outcomes from these expeditions would surely lead
to an in-depth investigations having potential to form back-bones for future marine
geoscientific research in the Indian Ocean.
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Morphological and Chemical Properties
of Microtektite Grains from Bay
of Bengal (IODP Expedition 354)
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Abstract This study reports the presence of Australasianmicrotektites in a deep-sea
core (U1452) retrieved during the International Ocean Discovery Program (IODP)
Expedition 354: Bengal Fan. These microtektites are found within a foraminifer-rich
calcareous clay layer beneath the Matuyama-Brunhes (M–B) magnetostratigraphic
boundary. Themajorities are spherical and less than onemillimeter in diameter. Typi-
cal splash (dumbbell, teardrop, disc etc.) and irregular-shaped forms were recovered.
The most abundant microtektites are pale green in color, followed by opaque, pale
brown, translucent and transparent varieties. These microtektites are characterized
by various surficial attributes including pits, mounds, grooves and fractures. Geo-
chemical analyses suggest that the major oxide compositions are very similar to Aus-
tralasian tektites and microtektites reported elsewhere and also similar to the average
composition of upper crustal rocks. Transparent bottle green microtektites are rela-
tively rich in MgO and low in silica when compared to other microtektites found in
U1452. Minor and trace element abundances show a wide range of distribution and
individual samples show variations in their concentrations. Differences in minor and
trace elements concentration are possibly due to the contamination from the impact
ejecta. Other than microtektites, the presence of a possibly polymetallic exsolution
structure (Widmanstatten texture), shocked minerals and unmelted and partly melted
ejecta within the microtektite-bearing layer in the northern Indian Ocean provides
further evidence that the Australasian microtektites might have been formed by the
impact of an extraterrestrial projectile at ~0.8 Ma, somewhere in Indochina.
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1 Introduction

Tektites are siliceous glass materials up to several cms in size which is produced
by the melting and vaporization of the Earth’s crust during hypervelocity impacts
of extraterrestrial bodies (Glass 1990; Koeberl 1994; Montanari and Koeberl 2000).
Earlier studies proposed an extraterrestrial origin for these particles (Barnes 1963,
1964, 1967, 1971; Barnes and Pitakpaivan 1962; O’Keefe (1967–1987). Microtek-
tites are natural glassy materials smaller than 1 mm that were formed by the melting
of terrestrial surface deposits/rocks during the impact of an extraterrestrial body
(Koeberl et al. 1988). Four known tektite strewn fields such as the North American
(35Ma), Central European (14Ma), Ivory Coast (1.1Ma), and Australasian (0.8Ma)
was identified (Zähringer 1963; Gentner et al. 1967; Simonson andGlass 2004; Glass
et al. 2004a).

The largest and youngest is the Australasian strewn field, which blankets nearly
10% of the Earth’s surface, including parts of Southeast Asia, much of Australia
and Tasmania, and the surrounding Indian and Pacific Ocean basins (Barnes 1963;
Chapman 1964, 1971; Glass 1967, 1972a, b; Cassidy et al. 1969; O’Keefe 1976;
Prasad and Sudhakar 1999). It is believed that the Australasian Comet entered the
Earth’s gravityfield fromandN-NWdirection at a lowangle and impacted theEarth at
around 0.8 Ma (Bunopas 1990, 1992; Bunopas et al. Bunopas et al. 1999; Bunopas
et al. 2005, 2007). Although most investigators hypothesize that the main source
crater was located somewhere in Indochina, the source crater of the Australasian
strewn field tektites is still unknown.

Many deep-sea sediment cores from the Indian Ocean and south of Australia
have been studied by researchers (Prasad and Sudhakar 1999; Prasad et al. 2007 and
references therein, Rudraswami and Prasad 2016). Microtektites preserved in deep-
sea sediments provide insight into the geographic extent, frequency, and relative
ages of impacts and their associated strewn fields. The present study reports the
presence of microtektite grains in a deep-sea core retrieved during the International
Ocean Discovery Program (IODP) Expedition 354: Bengal Fan. The Bengal Fan has
accumulated erosional material from the Himalaya since the Early Eocene (France-
Lanord et al. 2015). The Bengal Fan has developed and extended into the Northern
IndianOceanprimarily through turbidity current sedimentation.During times of local
fan inactivity, hemipelagic sediment deposition occurs at Bengal Fan. The studied
microtektite layer is preserved in one of the hemipelagic sediment units.

The Australasian microtektite layer is closely associated with the Matuyama-
Brunhes (M–B) geomagnetic polarity reversal boundary (Glass 1967; Glass and
Heezen 1967; Burns 1989; Schneider et al. 1992; Yamei et al. 2000; Trieloff et al.
2007) which occurred around 773 ka, during Marine Isotope Stage (MIS) 19 (Chan-
nell et al. 2010). In basins with low sediment accumulation rates (i.e., <1 cm/ka),
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the microtektite layer is generally on or slightly above the M–B reversal boundary.
However, in basins with high sediment accumulation rates, the microtektite layer is
below theM–B reversal boundary (Glass and Simonson 2012). The detailed compar-
ison of the microtektite layer and benthic δ18O from Equatorial Indian Ocean places
the layer around the transition from glacial MIS 20 to interglacial MIS 19 (Valet
et al. 2014) around 790 ka (Lisiecki and Raymo 2005). At Ocean Drilling Program
(ODP) Site 758, the microtektite layer was identified between two ash layers (below
theM-B reversal boundary) associated with eruptions of the Toba Caldera, Indonesia
(Smit, et al. 1991) and dated using 40Ar/39Ar methods to 792.4 ± 0.5 and 785.6 ±
0.7 ka (Mark et al. 2017), consistent with an around 790 ka age. In this study, we
have examined the morphology and chemical compositions of microtektites below
the M-B boundary from the Bengal Fan. The main objective of the study is to report
the morphological and chemical variation of the microtektites, compare them with
known occurrences from the Australian strewn field, and assess whether they are
derived from a similar source.

2 Materials and Methods

During Expedition 354, seven sites were drilled on an east–west transect at 8° N
in the lower Bengal Fan (Fig. 1; France-Lanord et al. 2016). Site U1452 is located
in a relatively flat environment with a smooth morphology. Topographic expres-
sions of channels are absent in the vicinity of the site. Hole B at IODP Site U1452
(8° 0.4191′ Nand87° 10.9128′ E, 3670.3mwater depth)was cored to 217.7mdrilling
depth below seafloor (DSF) in order to study Upper Pleistocene sedimentation. Site
U1452 sediments record the M-B boundary at 184.10 m CSF-A by magnetostrati-
graphic and biostratigraphic evidence and this is the deepest instances of the polarity
transitions identified in this transect (France-Lanord et al. 2016). A white volcanic
ash layer is observed at 36F-CC, 29–35 cm at 184.44 m CSF-A, believed to be from
the Toba Caldera, Indonesia (France-Lanord et al. 2016). Underneath this ash layer,
a 5 cm thick foraminifer-rich calcareous clay layer containing microtektites was
identified from the core catcher (36F-CC, 35.5–40.5 cm; 184.52–179.52 m CSF-A).
This is found deeper than the M-B boundary and the Toba Ash layer, consistent with
previous observations (e.g., Smit et al. 1991).

Approximately 5 g of bulk sediment sample has been used for the investigation.
The coarse sediment fraction (>63μm) from the 36F-CC interval of the site U1452B
was separated by sieving, then microtektite, opaque and glass grains handpicked
using a stereo-zoom binocular microscope. The distribution of microtektite, opaque
and glass grains were studied and the specimens were cleaned using an ultrasonicator
to remove the maximum contaminant particles from the surface of the grains. The
specimens were mounted on a sample stub and examined under the Field Emission
Scanning Electron Microscope (FE-SEM) JEOL 7610 F in association for morpho-
logical characteristics. Hand-picked unpolished representative grains were examined
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Fig. 1 Map showing the position of Expedition 354 IODP core sites

for elemental distribution, using the Energy Dispersive Spectroscopy (EDS) EDAX
Peltier cooled octane plus 30 mm2 detector attached to the SEM.
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3 Results and Discussion

The coarse fraction from the core U1452B-36F-CC is dominated by planktonic
foraminifers with microtektites and a minor amount of glass shards. Microtektites
and glass shards were recovered in a 20-cm3 core catcher sample and grains were
observed in the 125–250 and >250 μm size fractions. The samples from the top
and below core catcher samples are analyzed to check the presence of Australasian
microtektites. The Australasian microtektite grains are only observed in the core
catcher U1452B-36F-CC sample. Morphological and compositional characteristics
of these individual grains are discussed in detail.

4 Morphological Characteristics of the Microtektites

On the basis of morphological features observed by stereoscopic microscope and
SEM images, microtektites are categorized with varying shapes, size, color and
surface features.

5 Shapes, Size and Color

Australasian microtektites recovered from the core U1452B-35F-CC in the lower
Bengal Fan are generally spherical, but other typical splash forms like teardrops,
dumbbells and discs are also present (Figs. 2, 3, 4 and 5). Irregular (Fig. 2c) and
broken spherical (Fig. 3e) forms with highly fractured surfaces are also present as
well. Among the entire range of shapes, spherical shapes are the most abundant,
followed by irregular and other splash forms. Some irregular forms have a smooth
surface and rounded corners (Fig. 2d) and some appear to be part of broken spherical
microtektites. Within the microtektite bearing layer, the glass fragments with very
sharp edges and conchoidal fractures (Fig. 7a) were also observed. Large spherical
types are mostly broken and some are partly broken or smooth surfaced.

The average size of the recovered microtektite samples was measured from the
SEMphotomicrographs. Themicrotektites vary in size, but all are less than amillime-
ter in diameter. Of all themorphological types, the spherical and the irregular ones are
usually larger than the teardrop, dumbbell and disc-shaped forms. The largest of the
recovered microtektites is spherical shaped one (Fig. 2a), with diameter of ~700μm.
A large irregular form (Fig. 2c) measuring ~780 μm (long axis) by 600 μm (short
axis), was also recovered. Other microtektites are smaller in size and their abundance
increase with decreasing size.

The microtektites grains are transparent to translucent and the color varies from
colorless to pale-yellow to greenish yellow, to dark brown. Opaque samples and
darker colored grains are usually smaller than transparent and translucent variants.
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There are also some transparent bottle-green microtektites present along with other
microtektites. Pale-yellowish or greenish samples are most abundant among all the
recovered microtektites.

6 Surface Sculpturing

These microtektites exhibit different surface features, including pits, mounds,
grooves and conchoidal fractures. The surficial features on microtektites are almost
the same in shape and (or) size ratios of the tektites reported from the previous stud-
ies (Glass 1974). This indicates that the origin of the sculpturing on microtektites is
probably the same. Two hypotheses have been proposed for the origin of surfaces

Fig. 2 SEM images of the microtektite grains with surface features in panels (a–f). a pale-greenish
microtektite with highly fractured and corroded outer surface, b opaque microtektite with relatively
smooth surface, c pale-greenish, irregular form with conchoidal fracture surface, d irregular opaque
microtektite with smooth corner and surface, e and f broken dumbbell shaped microtektite with
highly pitted spongy appearance, f dumbbell shaped microtektite with flat bottom groove, possibly
a fusion boundary between two droplets or tearing point where two teardrops split from (1); etched
flow-line on the surface of dumbbell (2); fused line running across the width of the dumbbell
diagonally (3); irregular, narrow, branching grooves (4)
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Fig. 2 (continued)

sculpturing on these tektites: (1) aerodynamic ablation or (2) solution by groundwa-
ter (Glass 1974). The surface sculpturing on tektites other than the ones shaped by
aerodynamic ablation has been the subject of much discussion (Suess 1900; Van der
Veen 1923; Baker 1963; O’Keefe 1967).

Pits are themost common surface alterations foundonmicrotektite surfaces. These
pits occur in awide range of sizes, width/depth ratios, shapes (circular to irregular and
star-shaped), and abundances (Glass 1974). In some samples the surface is sculpted
with numerous fine circular pits, giving it a spongy appearance (Fig. 5a-1 and 5b-1).
Irregular pits of much larger size than the fine pits are also present on the surface
of this sample (Fig. 5b-2). An eye-catching specimen (Fig. 4a) exhibits “blackber-
ry” like surficial appearance with large and circular overlapping pits (Fig. 4a1) of
about 25 μm diameter, giving it a scalloped appearance. There are smaller such pits
occurring inside the larger one. On the surface of a broken disk-shaped microtektite
(Fig. 4c) circular and conical pits (Fig. 4d-1 and 2) are present with diameters up to
~25 μm, which are more likely the bubble cavities of varying size further modified
by the solution. In some microtektite samples (Fig. 4e), the smooth surface is altered
with small circular pits. However, some pits are relatively bigger with a micro-sized
particle attached to the center (Fig. 4e-1), which making a moat surrounding it. This
appears to be the micro-impact crater with the micro-particles striking, still attached
to it. It must have taken place during the waning phase of splash ejecta when flight
speed was relatively slower and material was in the semi-solid stage. The dimension
of the impact crater indicates a slower impact velocity. Two small and two relatively
large overlapped impact pits can be identified within the surface of the specimen
with conchoidal fractures and radial cracks which seems to be a high velocity solid
state projectile impact feature (Fig. 4e-2). This single grain represents ambiguous
micro-impact phenomena documenting both low velocity semi-solid impact pitting
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Fig. 3 SEM images of the microtektite grains in panels (a–f). a teardrop form, b broken teardrop
form with relatively smooth surface and deep etch pits (1), c opaque disc shaped microtektite with
granular texture, oval or roughly circular patches, slightly elevated from the surrounding rugged
surface (1); narrow groove on the surface (2), d broken discoid form with a teardrop at its initial
phase of development, e transparent bottle green microtektite with highly fractured and corroded
surface, f hemispherical microtektite (possibly a broken half of spherical microtektite)
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Fig. 4 SEM images of the microtektite grains shows surface sculpturing in panels (a–f). a Opaque
grain with “blackberry” like surface texture with shallow-large pits (1); “U” shaped groove (2);
ridges between two consecutive parallel U shaped grooves (3), b unusual flower like surface texture
(4), c broken disc, translucent brown microtektite grain with bubble escape pits and flow lines
etched out on the surface (3), d circular bubble escape pits (1); conical bubble escape pits (2),
e spherical microtektite with low velocity impact pits with moat structure where the micro-sized
particle striking and are still attached (projectile adhering) to the pit (1); Overlapping high velocity
impact feature (pitless craters) (2); U shaped groove (3); f a pitless crater with concentric fractures
(2, 3); and thin, hair like radial micro-fractures with branching (1); conchoidal fracture surface (4)
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Fig. 4 (continued)

and projectile adhering and high velocity solid state projectile collision followed by
pitting and fracturing ofmicrotektite grain.Multiple episodes of impacts or collisions
can be postulated for the co-occurrence of both these micro impact pits associated
with projectile adhering and high velocity impact fractures and pitless cateringwhich
is also reported by Prasad and Khadekar (2003). Exactly when and how these erosive
or destructive features developed on the surface is a subject of further investigation.

Circular and mound shaped protrusions have also been observed on the surface
of some microtektites from the present study. These protrusions can be of several
types. In some samples, it is circular and elevated several micrometers from the
surrounding surface. The other types are irregular or roughly circular, which are
slightly elevated from the surrounding surface and the third type is conical in shape
and appears to be in the form of a mound protruding through the surface of the
microtektite. In a particular sample, one or more types are present. Small circular
elevated area (Fig. 5b) of around 5 μm diameter, elevated nearly 1–1.5 μm from the
surrounding highly pitted surface (Fig. 5b-1) is observed on a spherical microtektite.
A relatively larger irregular or roughly circular area (Fig. 5a-3) which is slightly
elevated from the surrounding surface also present in the same specimen. A pale-
brownish spherical microtektite exhibit both the circular (Fig. 5c-2 and 5d; ~8.5 μm
diameter) and mound shaped protrusions (Fig. 5c-1) scattered all over the outer sur-
face. Prasad and Khedekar (2003) described these protrusions as gentle accretionery
impacts subjected to projectile adhering. Glass (1974) described the circular elevated
protrusions to be of lower refractive indices and confirmed it as silica rich overgrowth
by EDAX analyses.

Some minor forms are present on the surface of some microtektites. Some pits
occurring in a cluster give rise to ‘U’ shaped groove on the surface of a dark opaque
sample (Fig. 4a-2) and ridges are formed between two consecutive parallel grooves
running parallel to the circumference of the spherical sample (Fig. 4a-3). Another
disc shaped opaque microtektite (Fig. 3c) has a narrow groove along the surface,
(Fig. 3c-2) which might have been developed due to etching. On the surface of
a broken dumbbell shaped form (Fig. 2e), not very prominent flat bottom groove
(Fig. 2f-1) is observed at higher magnification running all across the body of the
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Fig. 5 SEM images of the microtektite grains with different surface sculptures and textures. aOval
microtektite grain with highly pitted surface and circular protrusion showing spongy appearance
(1); irregular deep pits (2); irregular patch of primordial surface material appearing as elevated from
the rest of the surface (3), b circular elevated area on the surface of the specimen A showing 1 μm
and submicron size circular pits (1); c pale- brownish microtektite with circular and mound shaped
protrusions (1); circular protrusions (2), d Circular protrusion in high magnification. e spherical
microtektite with rugged up surface, f irregular patches of original surface dissected (1); granular
texture on the surface of an opaque microtektite sample
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Fig. 5 (continued)

dumbbell microtektite. This appears to be the spot where two pieces of droplets got
fused together. A narrow branching groove (Fig. 2f-4) is also present at the bottom
of the fused groove. These grooves can be micro fractures further widened by the
solution. Another fuse line appears on the surface of the dumbbell (Fig. 2f-3) which
runs across entire surface diagonally. Grooves on Australasian microtektites are not
as prominent as that of the Ivory Coast and North American microtektites.

Fracturing on the surface is very common in the microtektites. Most of the Aus-
tralasian microtektites recovered from this core are highly fractured and broken
(Figs. 2a–e; 3e and f; 4e and F). Prasad andKhedekar (2003) attributed these fractures
and pits to erosive and destructive micro impacts. Numerous small narrow branch-
ing micro-fractures can be seen on the conchoidal fracture surface of a microtektite
(Fig. 4f-2). Very thin hair like branching fractures (Fig. 4f-1) are initially developed
which gradually get wider (Fig. 4f-3) in due course of time due to solution activity.
These conchoidal fracture and radial microfractures are features of pitless craters on
the surface of the microtektites.

Apart from these distinct surficial features, Australasian microtektites exhibit
countless bizarre sculptures on their surfaces that are difficult to explain. Some Aus-
tralasian microtektites have flowlines that have been etched out on the surface (Smit
et al. 1991). The broken dumbbell and the broken disc each of these has one or more
etched flowlines of lengths ~110 μm (Fig. 2e-2) and ~140 μm (Fig. 4c-3) respec-
tively on the surfaces. Prasad and Sudhakar (1998) reported that the surface features
formed by solution, high-velocity impact pits have been observed on the surface of
some of the Australasian microtektites. On the surface of a broken teardrop, several
large and deep circular and oval shaped etch pits are developed (Fig. 3b-1). Solu-
tion exposed the underneath surface inside the pits which are later filled by other
micro-sized particles.

Some Australasian microtektites show unusual surface textures and these textures
can directly be attributed to the solution action after the deposition of these microtek-
tites on the ocean floor. An initially smooth surface is dissected into several patches of
varying sizes (Fig. 3f). Differential solution left behind the less soluble material and
removed the actual surface material leaving behind a rugged granular appearance.
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This also proves the heterogeneity of composition of the surface material of these
microtektite samples. After solution action, these patches may appear as elevated
areas from the surrounding. However, these patches might be more siliceous which
is resistant to the solution than the actual material.

7 Compositional Characteristics of Microtektites

The chemical composition of the 33 representative microtektite samples which
include transparent, translucent and opaque microtektites and glasses based on EDX
measurement was shown in Table 1. Individual microtektite sample differs in the
composition regarding the major oxides, minor and trace element concentration.
These microtektites have SiO2 and MgO contents that range between 59.60–75.08%
and 4.30–22.95% respectively. The average concentration of themajor oxides such as
Al2O3, Fe2O3, CaO,K2O,Na2O and TiO2 are 11.14, 4.05, 2.90, 2.30, 1.50 and 0.41%
respectively. On the basis of major oxide content, microtektites are categorized into
two types (glasses excluded) (Table 2). The first type is similar to ‘normal microtek-
tites’ (Glass and Simonson 2012) which have major oxide values comparable to
average major oxide composition of other Australasian tektites and microtektites,
except for slightly low TiO2 (average 0.41%). In this study, the normal microtektite
group includes almost all the transparent, pale greenish, pale brownish, translucent
and some opaquemicrotektites. A second type is a group of transparentmicrotektites,
which are characterized by exceptionally high MgO (>16%) and low SiO2 (Fig. 6).

We compared the major oxide content of these microtektites with Australasian,
Transantarctic andAustralasites from the same strewn field and other fields described
from the Ivory Coast and North America (Fig. 2; Table 2; Taylor and Sachs 1964;
Taylor andMcLennan1979;Glass et al. 2004b; Folco et al. 2009;Glass andSimonson
2012). Australasian microtektites more depleted in SiO2, TiO2 and Fe2O3 than both
the Ivory Coast and North American microtektites, but richer in MgO, CaO and
K2O. These differences may be due to the difference in the impact object and target
rock compositions, which are reflected in the compositions of microtektites of the
particular strewn field. The microtektites have a broader range in composition than
the tektites and extend down to lower SiO2 contents (Cassidy et al. 1969; Frey et al.
1970; Glass 1972a, b; Glass et al. 2004b).

The minor and trace element content of these microtektites have a wider range
and differ from sample to sample. The microtektites which have been categorized on
the basis of morphometric parameters and visual appearances (color, size, surface
sculpturing etc.) show dissimilarities in their minor and trace element concentrations.
Some of the microtektites show exceptionally high minor and trace element values.
Translucent brown, opaque and bottle green samples are richer than the transparent
and pale green microtektites in minor and trace elements like Zr, Mo, Sc, La, Cr,
Co, Rb and Sr etc. The average major oxide compositions of glasses (Table 1) are
quite different from themicrotektites. These glasses are characterized by higher SiO2

(>73%), Na2O and K2O and low in MgO and Fe2O3 and enriched in minor and trace
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Fig. 6 A plot between SiO2 and MgO of the Microtektite, opaques and glass grains (studied
here) and records from Australasian microtektites-normal, high-Ni, and high-Mg (Glass et al.
2004b), Ivory Coast (Glass et al. 2004b), Transantarctic Mountain microtektites (Folco et al. 2009),
Australites (Taylor and Sachs 1964; Taylor and McLennan 1979)

elements (> 5%). There is a glass-like substance (Fig. 7b) which has a low SiO2

(<65%) and Na2O as high as 17.91% (Table 1, AMT-20).
Threemicrotektite samples AMT-16, AMT-17 andAMT-28 show different values

of major, minor and trace element distribution than other microtektites found from
this site (Table 1). AMT-16 and AMT-28 are opaque samples with very low SiO2

(Fig. 6), high in Fe2O3 and are enriched in Mo, Co and Ni. Another pale brownish
translucent grain (AMT-17) has a comparatively high SiO2 content (>64%) than the
previous two and average values for the other major oxides but is enriched in almost
every element listed in the table. The normal Australasian microtektites have trace
element contents similar to the average trace element content of the upper conti-
nental crust. Glass et al. (2004b) identified a high-Ni group of normal Australasian
microtektites with higher Ni and Co and generally higher Cr contents than the other
normal Australasian microtektites. The Cr, Co, and Ni content of the high-Ni Aus-
tralasian microtektites are positively correlated with each other and with the FeO and
MgO content, and are negatively correlated with the other major oxides. This is sug-
gestive of meteoritic contamination; but the ratios between Cr, Co, and Ni contents
are closer to mantle ratios than meteoritic.

Correlation analysis provides an effective way to find relationships among the
major oxides, minor and trace elements. The results of Pearson’s correlation coef-
ficients and their significance levels (n = 33; p < 0.005 and p < 0.01) are shown in
Table 3. The significant strong positive correlations observed between Al2O3/SiO2,
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Fig. 7 SEM images of the a broken transparent glass with sharp corners and conchoidal fracture,
b glass like transparent substance with rugged surface texture. c and d Possibly remnant of “Wid-
manstatten structure” which is found on meteorite due to exsolution of Ni and Fe or a part of metal
micrometeorite

Al2O3/TiO2 and MgO/CaO. The higher correlation between Al2O3, SiO2 and TiO2

is probably due to having the same source along with their chemical affinity. K2O is
highly negatively correlated with MgO/CaO. Fe2O3 is not showing any significant
relationship with the terrestrial elements and showing highly negative correlation
with SiO2. The elemental concentrations of Cr, Mn, Co, Ni, Cu, Zn, Ir, Ga, Ge, As,
Se, Br, Rb and Sr shows highly positively correlated with each other. Sc is correlated
well with Zr, V, Cr and La and La is correlated with V, Cr, Mn and Co. There is also a
good correlation observed between Ni and Mo and Cr and V. The inter-relationship
between the major oxides and the trace elemental concentration suggests that these
are originated from the same sources and processes.
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8 Evidence of Extraterrestrial Materials Within
the Microtektite Layer

Tektites form by melting of terrestrial continental rocks during the hypervelocity
impact of an extraterrestrial object (Koeberl 1986, 1993). The melt produced during
the impact of a cometary projectile with the continental upper crustal rocks led to
the formation of Australasian tektites and microtektites (Taylor 1962; Barnes 1964,
1989; Taylor and Kaye 1969; Koeberl 1986; Wasson 1991; Koeberl 1994). An irid-
ium anomaly (Schmidt et al. 1993; Koeberl 1993), discovery of shocked minerals
(Glass and Wu 1993), and finding of shock lithified rock fragments associated with
the Australasian microtektite layer (Glass and Koeberl 2006) have demonstrated the
impact origin of this strewn field is beyond doubt. Geographic distribution of Aus-
tralasian tektites and microtektites shows radial and concentric patterns and suggests
that source is located somewhere in Indochina. Though, many studies carried out to
study the source, process and origin of these impacts, evidence for the extraterrestrial
components from the deep sea cores are not well established.

Strange cross-hatched structures on the surface of some substances were found
within the microtektite bearing layer from this core while scanning the acid (HCl
and HF) treated macerated sediment sample. These structures have a strong resem-
blance with the crisscrossing physical crystalline structure of octahedrites (A type
of Iron meteorite). The distinctive structures otherwise termed as “Widmanstatten
texture” appear from exsolution of two Fe-Ni mineral phases namely kamacite and
taenite during very slow cooling (Owen and Burns 1939). Octahedrites have a double
pyramid crystal structure (octahedron) and the hatched structure is best observed in
sections parallel to the octahedral planes, with three set of bands at 600 angles. The
structures observed on the surface of one specimen could possibly be the remnant
of metallic exsolution (Fig. 7c–d). Prasad et al. (2017), reported a variety of cosmic
metal particles such as kamacite, plessite, taenite, and Fe-Ni beads from deep-sea
sediments of the Indian Ocean. The chemistry of the specimen and individual crystal
bands are subjects to further investigation with precise analytical techniques. Their
exact chemistry and origin, whether they are individual micrometeorites or parts of
a metallic parent meteorite or parts of the ejecta itself are yet to be confirmed.

Glass et al. (2004b) identified a high-Ni group of Australasian microtektites with
higher Co and Cr contents than the other normal Australasian microtektites. An
anomalous Fe content of some opaque microtektites (AMT-16 and AMT-28) is
recorded in the present study. Folco et al. (2018), based on Cr/Ni versus Co/Ni
ratios in the Australasian microtektites and the previous observation of Glass et al.
(2004b) suggested an impactor of primitive composition, either a chondritic or prim-
itive achondritic responsible for Australasian tektite/microtektite strewn field and
considered the possible contamination of a LL ordinary chondrite giving rise to such
minor and trace distribution pattern in Australasian microtektites.

Though the exact impact crater associated with Australasian strewn filed has yet
not been confirmed most authors suggest that it should be located somewhere in
Indochina to explain geometric pattern in occurrences of tektite/microtektite, their
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geochemical signatures and that it’s diameter should exceed ~30 km (e.g., Glass and
Pizzuto 1994; Ma et al. 2004; Glass and Koeberl 2006; Prasad et al. 2007). Reversed
polarity in mud lens closely associated with in situ tektites bearing flood deposits
found in Ban Ta Chang and Chum Phuang in northeast Thailand are penecontem-
poraneous with the impact event at ~0.8 ma and suggestive of a crater location in
vicinity (Hanies et al. 2004). Yet more detail investigations based on geomorphic
features, geochemical signatures, geographic and geometric distribution patterns of
microtektite occurrences and abundance are needed for exact crater identification
and preparing impact models which may explain the enigma of formation of these
artistic artifacts of nature and their distribution throughout the Australasian strewn
field.

9 Conclusions

Microtektites, recovered from lower Bengal Fan sediments, occur beneath the M-B
boundary, signifying the last geomagnetic reversal at around ~0.8 Ma. SEM images
show the presence of mostly spherical forms and also other typical splash forms like
teardrops, dumbbells and discs. These are also characterized with different colors—
pale greenish, opaque, pale brown translucent and transparent and are characterized
by various surficial attributes in the combination of pits, mounds, grooves and frac-
turing. Individual microtektites show dissimilarities in the chemical composition
and are similar to the average composition of upper crustal rocks. The interrelation-
ship between the major oxides and the trace elemental concentration also point out
that these microtektites may have originated from the same sources and processes.
Geochemical records from the present study also posses the similar geochemical
signature of the previously studied Australasian microtektites. Presence of poly-
metallic exsolution texture within the microtektite bearing layer again re-establish
the impact origin of these grains. This supports the formation of Australasian tektites
and microtektites by the impact of an extraterrestrial projectile (possibly one or more
large chondrite) with the upper crustal rock somewhere in northeast Thailand.
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Abstract The extent and magnitude of sea-ice varied extensively since middle
Pleistocene in northern Japan Sea affecting the climate, ecologic conditions and
carbonate compensation depth (CCD) of the region. Sediment core samples of Inte-
grated Ocean Drilling Program site U1423 from north-eastern Japan Sea, have been
quantitatively analyzed for angular and faceted surface Ice Rafted Debris (IRD),
foraminifera and detrital fragments to reconstruct permanent sea-ice history, paleo-
ecological conditions andCCDfluctuations in the JapanSea. The enhanced cooling at
the beginning ofmiddle Pleistocene caused the southwardmovement of sea-icemelt-
ing zone suggested by higher abundance of angular and faceted surface IRD between
880 and 450 ka. The site was above the CCD and melting of ice significantly cooled
the surface water resulting in abundance of the low salinity and extremely low tem-
perature tolerant species, Neogloboquadrina pachyderma (sinistral). The next phase
of extreme cooling in the Japan Sea started after 450 ka that shoaled the CCD; caused
complete absence or decrease in calcareous planktic foraminifera species till 150 ka.
The abundance of detrital material during this period suggests the presence of sea-
sonal sea-ice linked with East Asian Winter Monsoon wind strength and Tsushima
Warm Current inflow into the Japan Sea. A significant decrease in the permanent and
seasonal ice sheet and deepening of CCD was observed during the last 150 ka. The
IRD and foraminifera respond to 100 kyr variability, attributed to ice sheet dynamics
and global ice volume changes.
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1 Introduction

The expansion of sea-ice in the Japan Sea is not only controlled by global climate, but
also affected by regional climate (Martinson et al. 1987; Sakamoto et al. 2005). The
extent and magnitude variation of sea-ice is related to glacial-interglacial sea-level
fluctuation and associated climatic phenomenon like intensification of East Asian
Winter Monsoon (EAWM). The cold, strong EAWMwinds lead to sea-ice formation
inmarginalOkhotsk Sea,which readily occurs along its north-westernmargin (Talley
et al. 2003). The oceanographic andmetrological factors also influence the formation,
shift, and retreat of sea-ice. The advection of sea-ice can be controlled bywind and the
maximum sea-ice coverage variation is affected mainly by wind and air temperature
conditions over the sea (Kimura andWakatsuchi 1999). The relationship between sea-
ice and climate change in longer time scales (orbital cycles) provides an opportunity
to understand the sea-ice formation and its expansion in the higher latitude (e.g.,
Takahashi 1998). Ice Rafted Debris (IRD) is one such useful proxy that help to
reconstruct the sea-ice history from marine sediments (Sakamoto et al. 2005). IRD
consists of the various material deposited on ice that may eventually be embedded in
the ice. These embedded materials drift up to certain distance into the sea along with
large ice sheets, get deposited on the sea floor after the ice melts, and are preserved
in the geological sequence (Bischof 2000). Ice rafting was the prime mechanism of
sediment transport during the glacial cycles of the Pleistocenewhen sea level was low
and much of the areas, especially at higher latitudes, were covered with ice (Jansen
et al. 2000). The IRD ismore rounded and discoid in the region of seasonal sea-ice and
is much more angular with faceted surfaces if IRD is delivered by more extensive ice
sheets that extended past the paleo-shoreline via calving and icebergs (Goldschmidt
et al. 1992; Dadd and Foley 2016). Thus, IRD can be useful proxies to reconstruct the
sea-ice history from marine sediments; the angular and faceted surface IRD indicate
more extensive ice sheet formation and drifting of large ice sheets as iceberg into the
Japan Sea (Sakamoto et al. 2005; Dadd and Foley 2016). Further, during the glacial
intervals, lowering of sea-level cause shoaling of Carbonate Compensation Depth
(CCD), which varied from <1000 to >3000 m during the early middle Pleistocene
to Holocene, and causes periodic dissolution of calcareous foraminifera, whenever
CCD shoaled in the Japan Sea (Oba et al. 1991; Sagawa et al. 2018; Das et al. 2018).
Hence, this study attempts to reconstruct middle Pleistocene to Holocene sea-ice
history of northern Japan Sea and its effect on CCD by assessing angular and faceted
surface IRD and foraminifera of IODP site U1423 of Japan Sea.

2 Location, Lithology, and Hydrography of Japan Sea

Integrated Ocean Drilling Program (IODP) Site U1423 is situated on north-eastern
Japan Sea at 41° 41.95′ N, 139° 4.98′ E and 1785 m below sea level (Fig. 1). The site
is ~100 km north-west of the entrance of the Tsugaru Strait and close to the Japanese
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Fig. 1 Physiographic map showing locations of IODP Sites U1423, U1426 (Tada et al. 2015) in
Japan Sea, GH00 Sites: 85, 124, 1003 (Sakamoto et al. 2005) in the Okhotsk sea, and Zhaojiachuan,
Lingtai sections on the south central Chinese Loess Plateau (Clemens et al. 2008). Red arrows
indicate surface current directions and black arrow indicate the East Asian Winter Monsoon and
Westerly wind direction

Archipelago, the Korean Peninsula, Eurasian continent and a small volcanic island
is present 30 km south-east of the studied site (Tada et al. 2015; Igarashi et al. 2018).
A branch of Tsushima Warm Current (TWC), that flows further north beyond the
Tsugaru strait and Soya strait through the Tsushima strait is the only warm current
affecting this site (Fig. 1). This surface warm current mixes with the nutrient-rich
coastal water and supplies nutrients, heat and organic matter to the Japan Sea during
the interglacial periods (Sagawa et al. 2018). The deep water below 200–300 m
water depths in the Japan Sea is called the Japan Sea Proper Water (JSPW), which
is characterized by high dissolved oxygen concentrations >210 μmol/kg (Gamo
1999; Das et al. 2018). The JSPW is well ventilated, cold oxygen-rich water that
promotes the hyper-oxic deep water condition and shallow CCD (Gamo et al. 2014)
and its reduction causes anoxic bottom water and deepening of CCD in the Japan
Sea (Tada et al. 2015; Sagawa et al. 2018). The bottom water oxygenation and CCD
fluctuation were observed over the past 775 kyr at various glacial-interglacial periods
and affected the sediment composition of Japan Sea (Oba et al. 1991; Sagawa et al.
2018; Tada et al. 2018; Das et al. 2018). The collected sediment core is divided into
twomajor lithologic units, distinguished by sediment composition (Tada et al. 2015).
The Unit I (0–2.2Ma) is mostly characterized by fine grain terrigenous materials and
is further subdivided into Subunit IA (0–1.8 Ma) and Subunit IB (1.8–2.2 Ma). The
studied samples belong to Subunit IA, and are composed of terrigenous, volcanic
and biogenic sediments. The terrigenous sediments are dominated by angular and
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faceted surface IRD and various other detrital sediments, while biogenic sediments
are dominated by diatom and have calcareous foraminifera during the selected time
interval (Tada et al. 2015). The terrigenous fine-grained sediments were supplied
to the Japan Sea during the period of intense EAWM via the atmospheric pathway,
icebergs or come from the East China Sea (ECS) along with TWC. The sediment
supply from ECS was limited during the glacial period (Um et al. 2017) due to
reduction in TWC flow (Das et al. 2018). The main lithology at this site is inter-
bedded with frequent tephra (volcanic ash) layers originating from the Japanese Arc
(Irino and Tada 2000; Tada et al. 2015) and constitutes volcanic sediments.

2.1 Material and Methods

We analyzed 130 samples (10 cc) from revised sediment splice between Holes
U1423A and U1423B at ~1 m interval from the top of the sediments succession
down to 28 m core composite depth below sea floor (CCSF) and at ~0.5 m interval
below that down to 72 m CCSF. The dry weight of the sample was noted and soaked
overnight in water to which a few drops of Hydrogen Peroxide (2%) was added for
better disintegration of clay matrix. The soaked samples were washed over a 63 μm
size sieve using a hand shower and dried in an oven at ~45 °C temperature. The
dried samples were then transferred into glass vials and labeled properly with sam-
ple numbers. Adequate measures were taken to avoid contamination. Sieves were
washed in the ultrasonicator for 15 min and methylene blue was applied on the sieve
net after washing each sample to identify contaminated samples. Each sample was
dry-sieved over 125 μm size sieve and analyzed using stereozoom microscope. A
quantitative aliquot, obtained with Otto splitter, containing >300 specimens of angu-
lar and faceted surface IRD (henceforth, termed as IRD), Detrital fragments (include
sub-angular to sub-rounded IRD from seasonal sea-ice and other terrigenous mate-
rial), Foraminifera (planktic and benthic) and other microfossils (includes large size
Diatom, Radiolaria, Spores, Pollens and glass materials) were manually counted and
converted to final numbers for the whole sample. The IRD particles identified and
counted under the stereozoom microscope have typical sharp angular and faceted
surfaces as described by Watkins et al. (1974) and Ledbetter and Watkins (1978)
(Fig. 2). Among the foraminifera (Fig. 2), individual Planktic foraminifera species
(Fig. 3) were identified using taxonomic reference (Kennett and Srinivasan 1983;
Hemleben et al. 1989) and benthic foraminifera were identified to the species level
by following published taxonomic descriptions (van der Zwaan et al. 1986; Scott et al.
2000; Holbourn et al. 2013). Detrital grains are characterized by their sphericity and
roundness, pertaining to the degree of the transportation from the source areas; thus
sub-angular to sub-rounded terrestrial grains are identified as detrital, which may
be deposited by seasonal sea-ice and/or by wind and/or river. Most of the diatom
and radiolarian species are very small in size and are studied using smear slides.
However, some of the bigger diatom and radiolarian species are present along with
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Fig. 2 Percentage abundance of detrital fragments, Ice Rafted Debris (IRD), Foraminifera and
others (includes large size diatom and Radiolaria species, Spores, Pollens, and glass materials) at
site U1423 plotted against interpolated numerical ages. The global benthic stack δ18O (Lisiecki and
Raymo 2005) plotted against the numerical ages and number within the plots are marine isotope
stage (MIS). The triangle sign (�) shows the prominent tephra events encountered at this site
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Fig. 3 Percentage abundance of dominant planktic foraminifera speciesN. pachyderma (Sinistral),
G. falconenesis, G. quinqueloba, and G. bulloides within the total planktic foraminifera abundance
at site U1423 plotted against interpolated numerical ages

glasses, spores, and pollens in an aliquot of >125 μm fraction and all these clubbed
as others, as we are not focussing our result and interpretation on these data.

The ages are linearly interpolated for each sample using the initial age model of
Tada et al. (2015) and ages of tephra layers given in Irino et al. (2018). The basal age
of the succession studied is 1195 ka based on interpolated age model and average
time resolution per sample is ~10 kyr.

Spectral analysis was carried out for IRD data to know the periodicity of extensive
ice sheet formation and for planktic foraminifera data to assess the periodicity inCCD
fluctuation over past 1195 ka using PAST 3.22 software (Hammer et al. 2001) and red
noise was calculated using REDFIT (Figs. 4a and 5a; Schulz and Mudelsee 2002).
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Fig. 4 a Spectral analysis of IRD for the period 0–1195 ka showing most significant periodicities
centered at 99 and 43 kyr. b Continuous wavelet transform (CWT) analysis of IRD for the period
0–1195 ka on linearly interpolated data showing periodicity centered at 99 kyr. Spectral power is
indicated by the color bar on the right

For the spectral analysis, two segments with two frequency overlapping were
selected to obtain the spectra. The window parameter was chosen to ‘Rectangle’ as
the variance is different. The Monte Carlo simulation option allows the spectrum
to be bias-corrected (Hammer et al. 2001; Schulz and Mudelsee 2002). The IRD
and planktic foraminifera data were made evenly distributed at 10 kyr using linear
interpolation technique and were used for continuous wavelet transform (CWT)
analysis using “Morlet” window parameter in the PAST 3.22 software (Figs. 4b and
5b; Hammer et al. 2001).
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Fig. 5 a Spectral analysis of planktic foraminifera for the period 0–1195 ka showing most signif-
icant periodicities centered at 99 and 45 kyr. b Continuous wavelet transform (CWT) analysis of
planktic foraminifera for the period 0–1195 ka on linearly interpolated data showing periodicity
centered at 100 kyr. Spectral power is indicated by the color bar on the right

3 Results

3.1 Distribution of IRD and Detrital

The origin of IRD can be constrained from mineral assemblages of the surface sed-
iments. The IRD particles characterized by their angular size and faceted surfaces
are released just after the extensive sea-ice melt and deposited in the sea floor. Sig-
nificant variations are observed in the IRD abundance over past 1195 ka. The IRD
abundance is low between 1195 and 880 ka, increase significantly between 880–
450 ka and decreased thereafter, except for two high abundant peaks observed at 300
and 71 ka (Fig. 2). The high IRD abundance is observed near the glacial-interglacial
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boundary, except few exceptions and in the samples nearer to the tephra layers (Figs. 2
and 6; Das et al. 2018; Irino et al. 2018). The spectral analysis shows peaks above
95% confidence level at 99, and 43 kyr for IRD (Fig. 4a) and CWT analysis for
IRD shows 99 kyr time embedded periodic component and time varying amplitude
(Fig. 4b).

The detrital fragments are a combination of sub-angular to sub-rounded grains
carried by EAWM winds, rivers and streams from nearby landmass and islands
and/or melting of seasonal sea-ice (Fig. 2). These detrital fragments have an inverse
relationship with IRD at all the Marine Isotope Stage (MIS) boundaries (Fig. 2;
Lisiecki and Raymo 2005). The detrital fragments are high between 1195 and 840 ka,
low between 840 and 450 ka and fluctuating trend thereafter up to 100 ka (Fig. 2).

3.2 Distribution of Foraminifera

Out of 130 analyzed samples, foraminifera are present only in 78 samples and con-
stitute >1% of sediment fraction only in 58 samples. The foraminifera occurrences
are most consistent between 900 and 450 ka, and only in a few samples between
1195 and 900 ka (Fig. 2). Seven samples from the tephra layers are entirely devoid of
any foraminifera or contain very few specimens of foraminifera.We have identified a
total of 46 species of foraminifera, of which 22 species are planktic and remaining 24
species are benthic. Planktic foraminifera have a much higher population abundance
in comparison to benthic foraminifera. Out of 22 species of planktic foraminifera,
only 4 species (viz., Globigerina bulloides, Neogloboquadrina pachyderma (sinis-
tral), Globigerina falconensis and Globigerina quinqueloba) are present in at least
two or more samples with 10% or more abundance (Fig. 3), while only two aggluti-
nated benthic foraminifera species (Rhabdamina sp. and Milliammina echigoensis)
are present in at least one or more samples with 10% or more abundance. Hence
we have considered the total planktic foraminifera population abundance and the
abundance of the 4 dominant planktic species for CCD and paleo-ecological recon-
struction over north-eastern Japan Sea. The ecological conditions and abundance of
these dominant planktic foraminifers are mainly influenced by glacial-interglacial
sea level changes and fluctuation in CCD depth. The spectral analysis of planktic
foraminifera shows peaks above 95% confidence level at 99 and 45 kyr (Fig. 5a) and
CWT analysis shows 100 kyr time embedded periodic component up to 450 ka and
their time-varying amplitude as limited foraminifera found between 450 and 150 ka.

3.3 Environmental Preferences of Dominant Planktic Species

The left-coiling (sinistral) variant of Neogloboquadrina pachyderma is dominant in
extremely cold water masses, and it prefers low temperature and low surface salinity
(Darling and Wade 2008). N. pachyderma (S) is a polar species that occur in both
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Fig. 6 Normalized quartz mean grain size (Clemens et al. 2008) of Zhaojiachuan, Lingtai sections
on the south central Chinese Loess Plateau; detrital fragments (%), IRD (%), N. pachyderma and
Planktic foraminifera percent abundance in whole samples at site U1423 and U. peregrina percent
abundance at site U1426 are plotted against interpolated numerical ages. The triangle sign (�)
shows the tephra events encountered at this site. The different grey bar indicates the CCD level and
status of seasonal and permanent ice
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northern and southern hemisphere (Be 1977). The standing stocks forN. pachyderma
(S) are highest than any modern species from melted sea-ice samples (~190 individ-
uals/liter; Spindler and Dieckmann 1986). N. pachyderma (S) is widely distributed
and most dominant species of the studied site between 1195 and 0 ka, (Fig. 3) when
the studied site was above the CCD. The abundance of this species indicates that the
region was influenced by cold polar water and/or melting of extensive sea-ice.

G. bulloides is associated with temperate to sub-polar water. It is a non-symbiotic
species that dwell within the upper 150 m of water column (Schulz et al. 2002;
Iwasaki et al. 2017).G. bulloideswas dominantwhenwaterwas relativelywarmat the
beginning of the interglacial time period. This species is a well-known representative
of upwelling in middle and low latitudes (Prell and Curry 1981; Gupta et al. 2003;
Iwasaki et al. 2017) and is also present in coastal waters of East China Sea (Xu and
Oda 1999). At this site, G. bulloides has sporadic occurrences at 1120–450, 420,
150–110 and 30–20 ka, reflecting relatively warm water conditions at this site that
can be attributed to the beginning of an interglacial event. The higher abundance
of this species in the studied holes indicates the transition to the interglacial period
(Fig. 3).

G. falconensis is morphologically similar to G. bulloides and generally follow
the abundance pattern of G. bulloides (Schulz et al. 2002; Munz et al. 2015). This
species has higher abundance at 1150–1100, 910–450, and 131–110 ka (Fig. 3) and
suggesting environmental preferences similar to that of G. bulloides.

G. quinqueloba occurs in subtropical to subarctic waters of Pacific Ocean (André
et al. 2014; Darling and Wade 2008; Iwasaki et al. 2017) and dwells over a wide
temperature range (2–20 °C) in the western North Pacific. The higher abundance of
this species is related to low salinity and low temperature of surface water of ECS
(Xu and Oda 1999). The presence of G. quinqueloba at 920–870, 580–570, 450 and
120–70 ka (Fig. 3) suggest higher inflow of TWC.

4 Discussion

The East Asian Winter Monsoon is characterized by cold, dry wind, which cools the
surface water over Japan Sea bordering along the far eastern coast of Russia. This
cold, dry north westerly wind blows from the Siberian high towards the low lying
Japan Sea (Ikehara and Itaki 2007; Tada et al. 2015). Thewarm surfacewater of Japan
Sea provides humidity and moisture to this cold, dry winter wind, which nourishes
almost all glaciers and causes heavy snowfall in the Japan Sea side of the islands
(ONO 1984; Ikehara and Itaki 2007). In the geological past, during the ice ages, the
IRD were locked within the glaciers and were transported as sea-ice/icebergs to the
sampling location, where they melted and IRD were deposited at the sea floor in
the beginning of interglacial or during the inter-stadial periods. There are no direct
evidences of sea-ice in the Japan Sea in last few decades, but its influence in ocean
circulation and material transport has been noticed over past 150 ka (Ikehara 2003;
Ikehara and Itaki 2007) affecting the paleoclimate and oceanographic circulation
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in the northern Japan Sea and may have continued through the middle Pleistocene.
The occurrence of sea-ice at north-eastern Japan Sea is evident from greater than
sand-sized IRD’s that were transported along with icebergs (Ikehara 2003; Ikehara
and Itaki 2007).

The glaciations started during late Calabrian at 1200 kyr, but significant increase
in global ice volume was observed at 940–890 ka (Head and Gibbard 2005), which
increased the sea-ice/icebergs at higher latitudes and caused, a significant increase in
the angular IRD at north-eastern Japan Sea (Figs. 2 and 6). Recently, the International
Commission of Stratigraphy moved the base of middle Pleistocene to 781 from
1200 ka (ICS 2018) on the basis occurrences of permanent ice sheets in the various
parts of the world. The higher abundance of IRD between 880 and 450 ka reflects,
that themelting zone of sea-icemight havemoved southward in response to enhanced
global cooling in two phases, at 940–890 ka and 725–650 ka (Ikehara 2003; Head
and Gibbard 2005). The dominance of cold air mass over the central and northern
Japan causes the southern shift of the polar front which varies with the reduction
of summer temperature (ONO 1984). Most sea-ice originates from the northern part
of the Okhotsk Sea and southerly wind transports sea-ice southwards (Sakamoto
et al. 2005), and during the period of enhanced glaciations of middle Pleistocene, the
sea-ice was carried further south into the northern Japan Sea, the melting of which
caused colder SST over Japan Sea. The colder SST over Japan Sea was not able to
provide sufficient moisture to the cold, dry EAWMwind, which caused the reduction
in seasonal ice, suggested by decrease detrital fragments input into the north-eastern
Japan Sea (Figs. 2 and 6). The increase in sourcewater (Kuroshiowater) temperature,
changes in the volume of transport of the TWC and/or the north-south oscillation
of the sub-polar front position within the Japan Sea, leads to an increase in SST
variation (Fujine et al. 2009). The increased flow of TWCmelted the sea-ice/iceberg
and caused deposition of IRD and spread of extremely cold water. The study site
was above the CCD for most of the time between 900 and 450 ka suggested by the
presence of planktic foraminifera (Fig. 6). The melting of sea-ice cooled the surface
water and significantly reduced the salinity and SST of surface water and caused
the dominance of N. pachyderma (S) (Figs. 3 and 6). It was the period of enhanced
organic flux to the sea floor with variations in oxygenation due to intensification of
the TWC flow during the interglacial high stands (Kitamura and Kimoto 2007; Das
et al. 2018). The presence of other planktic foraminifera like G. quinqueloba, G.
bulloides, andG. falconensis, (Fig. 3) also suggest strong TWC inflow into the Japan
Sea during the interglacials (Gallagher et al. 2015; Das et al. 2018) and local temporal
variations in the paleoecological condition over the north-eastern Japan Sea. Our data
from the studied site is not sufficient to capture these local temporal variations in
the paleoecological condition over north-eastern Japan Sea. The abundance of the
detrital fragment is observed during the interglacial periods, which is associated to
increased sea-level (Sagawa et al. 2018) and is concordant with winter monsoon
loess data (Fig. 6; Clemens et al. 2008).

Prior to a significant increase in global ice volume at 900 ka (Head and Gibbard
2005), the large ice sheets carrying angular IRD had not reached up to the south of
Okhotsk Sea, and had limited influence over the northern Japan Sea as suggested by
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low IRD content (Figs. 2 and 6). The stronger EAWM wind and relatively warmer
SST over Japan Sea between 1200 and 900 ka supplied enough moisture to nourish
all glaciers, cause heavy snowfall in the Japan Sea side of the islands and its melting
causes deposition of higher number of sub-angular to sub-rounded detrital fragments
in the Japan Sea (Figs. 2 and 6).

The onset of large-amplitude glacial-interglacial cycles at 490–470 ka can be
linked to more extreme glaciations in the Japan Sea (e.g., Clark et al. 2006; Das et al.
2018) characterized by prominent dark and light cycles that reflect climatic and/or
oceanographic perturbations and can be correlated across the entire Japan basin (Tada
et al. 2015, 2018; Das et al. 2018). The transition period to more extreme glacial
conditions was marked by the presence of all the dominant planktic foraminifera
species and non-dominance of any single species (Fig. 3), which suggests, mixed
conditions at the northern Japan Sea. After the transition phase, the detrital particles
shows periodic fluctuation correlated with the EAWM wind strength marked by
variability in quartz mean grain size of Chinese loess deposits (Fig. 6; Clemens
et al. 2008). The extreme glaciations of late middle Pleistocene began at 450 ka
induced shoaling of the CCD, leading to complete absence or decrease in calcareous
foraminifera species at this site (Figs. 2 and 6). The shoaling of CCD is also observed
in various other shallow sites over the Japan Sea (Oba et al. 1991; Sagawa et al. 2018;
Das et al. 2018).When theCCDdeepened during strong interglacials,N. pachyderma
(sinistral) (Figs. 3 and 6) was found, which indicates the presence of relatively cooler
water along with G. quinqueloba associated with the higher inflow of TWC. G.
bulloides and G. falconensis have minimal presence between 450 and 150 ka. The
significant decrease in IRD is also observed (Figs. 2 and 6) during the period of
extreme glaciations except at 300 and 71 ka, suggesting a substantial reduction of
the permanent ice sheet presence in the northern Japan Sea started since 450 ka.
This period was dominated by seasonal sea-ice, whose formation was controlled by
the strength of EAWM and TWC. The variability in the detrital fragments is well
correlated with the normalized quartz mean grain size of south central Chinese loess
Plateau, which varies with EAWM wind strength (Fig. 6; Clemens et al. 2008) and
abundance of Uvigerina peregrina at IODP site U1426, which suggest enhanced
inflow of TWC during the interglacials (Fig. 6; Das et al. 2018). During the last
150 ka, the CCD deepened and the study site is positioned above the CCD; there
are significant decrease in IRD and detrital fragments at north-eastern Japan Sea and
increase in calcareous foraminifera is observed, which suggest that the Japan Sea is
retaining its modern ecological conditions since 150 ka (Ikehara 2003; Ikehara and
Itaki 2007). All the dominant planktic foraminifera show sporadic occurrences at the
site since late Pleistocene, suggesting periodic glacial-interglacial fluctuation in the
CCD.

The early tomiddle Pleistocene transition representsmajor episode in earth history
during which low amplitude 41 kyr obliquity forced cycles of the earlier Pleistocene
replaced by high amplitude 100 kyr cycles (Head andGibbard 2005;Clark et al. 2006;
Das et al. 2018), but persistent 41 kyr cyclicity continued in its initial phase (Head and
Gibbard 2005) and 100 kyr cyclicity dominated in the subsequent phase. This second
phase of enhanced glaciations in the Japan Sea began at 450 ka (Das et al. 2018).
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The paleoceanographic and palaeoclimatic conditions of the Japan Sea have been
affected by global sea-level fluctuations during the Quaternary, linked with orbital to
sub-orbital changes in the earth positions and it responded in terms of glacio-eustatic
sea level changes (Oba et al. 1991; Irino and Tada 2000; Kido et al. 2007; Das et al.
2018). The IRD abundance shows response towards the orbital cycle of paleoclimatic
changes, which affected the ice volume in the Japan Sea. The calcareous foraminifera
constitutes most of the Calcium Carbonate (CaCO3) content, preservation of which
indicates the CCD level in the deep-sea water (Khim et al. 2012). The spectral
analyses of IRD and planktic foraminifera shows cyclicity of ~100 kyr in response
to changes in the dominant glacial-interglacial cyclicity from 41 to 100 kyr (Figs. 4a,
b and 5a, b) attributed to ice sheet dynamics and internal oscillation associated with
tropical process, which controlled the TWC inflow into the Japan Sea or carbon cycle
affecting sea-ice production (Kitamura and Kimoto 2007; Ford et al. 2016; Li et al.
2017; Nie 2017; Das et al. 2018). This 100 kyr cyclicity in foraminifera is limited
to1200–450 ka, due to shoaling of CCD after 450 ka, which was unconducive for the
preservation of calcareous foraminifera (Fig. 5b). Both these proxies also responds
to precession cycle suggesting dominance of 41 kyr cyclicity after the beginning of
the first phase of glaciations (Head and Gibbard 2005); the 100 kyr high amplitude
cyclicity marked the subsequent enhanced phase of glaciations, which began after
450 ka in the Japan Sea (Das et al. 2018).

5 Conclusion

In the northern Japan Sea, the middle Pleistocene transition was characterized by
the severity of glaciations during which terrigenous sediments was locked within
the glaciers are deposited to the sea floor. The prominent cooling began at around
940–890 ka caused the formation and southward movement of extensive ice sheets
into the Japan Sea, which is evident by the higher abundance of IRD between 880
and 450 ka. The melting of sea-ice cooled SST over the Japan Sea that reduced the
seasonal ice over northern Japanese Island suggested by decreased detrital material
and dominance of N. pachyderma (S). The detrital material presence in the north-
eastern Japan Sea is linked with the EAWM strength and TWC inflow towards the
studied site, which caused the formation of seasonal sea-ice. The onset of more
extreme glacial-interglacial climate cycles in the Japan Sea began at 490–470 ka.
The absence or decrease of foraminifera was observed during 450–150 ka suggesting
shoaling of the CCD induced by extreme glaciations. The northern Japan Sea is
retaining its modern ecological condition since 150 ka suggested by a significant
decrease in IRD and detrital. The studied site is above the CCD since 150 ka marked
by an abundance of calcareous foraminifera. Both IRD and planktic foraminifera
strongly respond to the global ice volume change and paleoclimatic shift to 100 kyr
cycle after the middle Pleistocene transition.
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Modern Radiolarians Recovered
from the Mudline Samples at IODP-341
Sites in the South Alaska Basin, North
East Pacific Ocean

Shyam Murti Gupta

Abstract The IntegratedOceanDrilling Program (IODP) Expedition 341 drilled the
5 sites (U1417-U1421) across the Surveyor channel near the Aleutian trench in the
Gulf of Alaska to study the sedimentation during middle Miocene to Recent periods
for the climatic changes in the region. Out of the 5 sites drilled, the radiolarians
microfossils were found in the deep water sites (namely U1417-19) and provided the
biostratigraphyof the sediment cores ranging from themiddleMiocene toPleistocene
periods. It motivated and encouraged the author to find out the radiolarians species
present over the drill sites in themodern time. Radiolarians recovered from thewatery
sediment slurry (termed as mudline) present at the sediment-water interface on the
top of the core barrels are studied at the species level, and are documented herein.

Keywords IODP expedition 341 ·Mudline radiolarians · Gulf of Alaska

1 Introduction

During the year 2013, the Integrated OceanDrilling Program (IODP) Expedition 341
drilled a transect of 5 sites (U1417-U1421) across the Surveyor Fan in the Gulf of
Alaska andBering-Malaspina slope and shelf offshore theSt. EliasMountains (Fig. 1)
to study the sedimentation during middle Miocene to Recent periods encompassing
climatic changes in the region. The details on the physical, oceanic and tectonic
settings of the area can be referred in Jaeger et al. (2014) and Gulick et al. (2015).
Out of 5 sites drilled, the sediments recovered from three sites located in deeper
waters, i.e. U1417-1419, yielded highly rich radiolarian and diatom microfossils
from late Miocene to Recent times. Besides the sediment cores, the watery sediment
slurry, which is termed as mudline samples, from the sediment-water interface was
also collected at these sites. Researcher recovered water rich slurry sediment-water
inter-phase material as mudline samples from Hole U1417D,
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Fig. 1 Location of the IODP sites U1417–1421 (aft. Gulick et al. 2015) situated on the continental
shelf, slope and to the abyssal plain between the Aleutian Trench and the Surveyor channel in the
south Alaska Basin, North East Pacific Ocean. Inset is the regional area depicting north stern part
of Alaska

during the ocean drilling in the south Alaska basin. Objective of the present study
was to record the radiolarian species present in the mudline samples and make their
relative abundance data (%) available. Radiolarian taxomony is after Gupta (1988,
1996, 2000, 2002), Gupta and Fernandes (1997), Johnson andNigrini (1980), Nigrini
andMoore (1979). Thematerial was analyzed for recovery ofmodern plankton fauna
believed to be living in and around the surface water over the drill sites. This data
reports, illustrates and documents the occurrences of modern radiolarian species
encountered in the mudline samples recovered during the IODP-341 expedition.

2 Radiolarians from Mudline Samples

Mudline sediment sample was mixed with a small amount of rose Bengal dye to stain
the living or dead specimens (if protoplasm is intact) that have traces of protoplasm.
There after mudline fluid was sieved on 63 µm mesh and the coarse fraction was
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used to make the smear slide for identifying and counting the radiolarians. Total radi-
olarian abundances were determined based on light-microscopic observations at 40
× magnification using a ZEISS AXIOSKOP microscope by counting the individual
species in mudline slides (Tables 1, 2, 3 and 4). Radiolarian specimens encountered
from mudline are illustrated in Figs. 2, 3, 4, 5 and 6.

3 Results

3.1 Radiolarians in the Mudline, Hole U1417D

A total of 45 species were identified and counted (Table 1) from the mudline sample
in Hole U1417D, and they are illustrated in Figs. 2, 3, 4. The abundance data are
shown in Table 1. We noticed that some of the radiolarian tests were stained by rose
Bengal, suggesting that they had been living in the overlying seawater at the site in
immediate past. Most of the species found in the mudline sample were not present
in samples older than 1 Ma.

3.2 Radiolarians in the Mudline, Hole U1418C

A total of 65 species were identified and counted from the mudline sample of Hole
U1418C. Most of the species found (Table 2) are illustrated in Figs. 2, 3 and 4. We
noticed that some of the radiolarian tests were stained by rose Bengal, suggesting that
they had been living in waters overlying Site U1418. A few warm-water subtropical
species, such as Spongaster tetras irregularis Nigrini, specimens of the pyloniids
group (consisting ofHexapyle, Tetrapyle,Octopyle, and Pylonium spp.; Gupta 1996,
2002), Phormostichoartus carbula (Harting), Pterocanium trilobum (Haeckel), and
Theocorythium trachelium (Ehrenberg) were also found in the mudline, suggesting
the intrusion of warmer water through the subtropical gyres, probably during the
warmer El Niño periods into the Gulf of Alaska (Whitney and Welch 2002; Pearcy
and Schoener 2012).

3.3 Radiolarians in the Mudline Hole U1419A

A total of 1022 Radiolarian specimens made up of 72 species are present in the mud-
line slides counts (Table 3). Additional species found at this site, relative to the previ-
ous sites, are Collosphaera sp., Acrosphaera spinosa, Didymocyrtis tetrathalamus,
Tetrapyle octacantha, Phorticium pylonium, Dictyocoryne profunda, and Theocory-
thium trachelium; these are illustrated in Fig. 5. They represent typical warm-water
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Table 1 Mudline radiolarian
species from Hole U1417D

Mudline radiolarian species Counts Percent

Liosphaera sp. 1 0.20

Actinomma delicatulum 32 6.34

Actinomma leptodermum 19 3.76

Actinomma boreale 12 2.38

Cenosphaera cristata 9 1.78

Hexacontium group 26 5.15

Spongurus pylomaticus 6 1.19

Spongotrochus cf. glacialis 6 1.19

Stylacontarium group 18 3.56

Sphaeropyle langii 4 0.79

Lithelius minor 21 4.16

Lithelius nautiloides 4 0.79

Larcopyle butschlii 17 3.37

Stylochlamydium venustum 7 1.39

Stylodictya validispina 52 10.30

Porodiscus sp. 13 2.57

Heliodiscus asteriscus 10 1.98

Tholospyris scaphipes 7 1.39

Cycladophora bicornis 12 2.38

Lamprocyrtis nigriniae 3 0.59

Pterocorys cf. zancleus 2 0.40

Cycladophora davisiana davisiana 26 5.15

Spongurus cf. eliiptica 15 2.97

Spongurus (?) sp. 21 4.16

Spongopyle osculosa 68 13.47

Acrosphaera spinosa 4 0.79

Pterocanium sp. A + B 11 2.18

Pterocanium korotnevi 13 2.57

Dictyophimus hirundo 4 0.79

Liriospyris reticulata 4 0.79

Anthocyrtidium ophirense 2 0.40

Botryostrobus auritus/australis 6 1.19

Botryostrobus acquilonaris 6 1.19

Giraffospyris angulata 2 0.40

Ceratospyris borealis 22 4.36

Lamprocyclas junonis 2 0.40

Cornutella profunda 2 0.40

(continued)
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Table 1 (continued) Mudline radiolarian species Counts Percent

Phomostichoartus corbula 2 0.40

Stichopera pectinata/lagencuna 3 0.59

Pseudodictyophimus sp. 5 0.99

Eucyrtidium hexagonatum 2 0.40

Eucyrtidium sp. aff. acuminatum 1 0.20

Botrycyrtis sp. 1 0.20

Siphocampe lineata 1 0.20

Spirocyrtis sp. aff. scalaris 1 0.20

Total 505 100

Table 2 Mudline radiolarian
species from Hole U1418C

Mudline U1418C radiolarian species Counts Percent

Actinomma delicatulum 22 2.21

Actinomma leptodermum 42 4.22

Actinomma medianum 3 0.30

Actinomma boreale 11 1.11

Rhizoplegma ? boreale 6 0.60

Acrosphera spinosa flamabunda 8 0.80

Cenosphaeara cristata 8 0.80

Hexacontium group 31 3.12

Spongurus pylomaticus 8 0.80

Spongurus cf. elliptica 15 1.51

Spongurus (?) sp. 23 2.31

Spongodiscus resurgense 30 3.02

Spongotrochus cf. glacial 20 2.01

Spongotrochus? venustum 17 1.71

Spongopyle osculosa 67 6.73

Stylochlamydium asteriscus 8 0.80

Stylodictya aculeata 16 1.61

Stylodictya validispina 105 10.55

Porodiscus sp. 14 1.41

Lithelius minor 18 1.81

Lithelius nautiloides 5 0.50

Larcopyle butschlii 12 1.21

Spongaster tetras irregularis 5 0.50

Spongocore pullae/cylendrica 4 0.40

Heliodiscus asteriscus 10 1.01

Stylactactus spp. 23 2.31

(continued)
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Table 2 (continued) Mudline U1418C radiolarian species Counts Percent

Spphaeropyle langii 16 1.61

Cladococcus sp. 5 0.50

Pylospira octapyle 5 0.50

Pyloniids (tetra, hexa, octapyles) 7 0.70

Didymocyrtis sp. 3 0.30

Pteroscenium pinnatum 2 0.20

Peridium spinipes 3 0.30

Tholospyris scaphipes 16 1.61

Lophopheana sp. 14 1.41

Lamprocyrtis neoheteroporas (?) 3 0.30

Lamprocyrtis nigriniae 8 0.80

Cycladophora bicornis 51 5.13

C. davisiana davisiana 34 3.42

Lamprocyrtis hannai. 11 1.11

Pterocorys minythorax 6 0.60

Pterocorys zancleus gr. 20 2.01

Pterocanium sp. 15 1.51

Pterocanium preatextum gr. 32 3.22

Dictyophimus hirundo 11 1.11

Liriospyris reticulata 7 0.70

Anthocyrtidium ophirense 3 0.30

Theocorythium trachelium 3 0.30

Androcyclas gamphonycha 5 0.50

Bortyostrobus auritus/australis 18 1.81

Bortyostrobus acquilonaris 24 2.41

Giraffospyris angulata 6 0.60

Zygocyrtis productus 4 0.40

Ceratospyris borealis 43 4.32

Cornutella profunda 8 0.80

Phomostichoartus corbula 3 0.30

Stichopera pectinata/lagencuna 20 2.01

Pseudodictyophimus sp. 6 0.60

(continued)
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Table 2 (continued) Mudline U1418C radiolarian species Counts Percent

Eucyrtidium hexagonatum 8 0.80

Eucyrtidium sp. aff. acuminatum 3 0.30

Botrycyrtis sp. 3 0.30

Siphocampe lineata 4 0.40

Spirocyrtis subscaleris 20 2.01

Bathypyramis sp. 6 0.60

Peripyramis sp. 8 0.80

Total 995

tropical-subtropical assemblages, which is unusual for the cold subarctic waters of
the Gulf of Alaska.

3.4 Radiolarians in the Mudline, Hole U1421A

Only 38 species were recorded in the mudline sample from Hole U1421A, and
their total counts are limited to 229 in the three slides made. The species count and
abundance (%) is presented in Table 4. At this site, additional shallow water species
are encountered and they are specifically illustrated in Fig. 6.

4 Conclusion

The mudline radiolarians depict the remnants of standing stock of living radiolarians
in the water column over the sites. As they represent the environment of the water
mass temperature, salinity, nutrients and the currents, they are indicator of the changes
in the water mass characteristics with time. Study records that 45 radiolarian species
are encountered in deeper water site U1417 located in the open sea exhibited 46
species, whereas the sites towards the coast but located still in the deepwater (U1418-
19) have shown enhanced numbers of species between 65 and 72. It could be due to
the effect of the coastal upwelled nutrient rich waters during the spring to summer
season in the Alaska Basin. The number of species drastically reduced to 38 at site
U1421 due to its location on the continental slope-shelf transition, which also be
affected by the high energy coastal wave dynamics.
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Table 3 Mudline radiolarian
species from Hole U1419A

Mudline radiolarian species Counts Percent

Cycladophora bicornis 64 6.26

Ceratospyris borealis 52 5.09

Actinomma leptodermum 46 4.50

Lophophaena sp. 38 3.72

Botryostrobus acqullonaris 37 3.62

Stylodictya validispina 36 3.52

Pyloniids (tetra, hexa, octapyle, pylonium) 36 3.52

Larcopyle butschlii 33 3.23

Pterocorys zancleus group 33 3.23

Actinomma delicatalum 31 3.03

Spirocyrtis subscaleris/gyroscaleris 30 2.94

Botryostrobus auritus/australis 29 2.84

Pterocanium preatextum group 28 2.74

Hexacontium group 24 2.35

Stylochlamydium asteriscus 24 2.35

Spongodiscus resurgense 23 2.25

Lithelius minor 22 2.15

Spongopyle osculosa 18 1.76

Spongotrochus ? venustum 17 1.66

Lithelius nautiloides 17 1.66

Spongurus cf. elliptica 16 1.57

Styiactactus spp. 16 1.57

Stylodictya aculeata 15 1.47

Siphocampe lineata 15 1.47

Spirocyrtis lineata 15 1.47

Sphaeropyle langii 13 1.27

Tholospyris scaphipes 13 1.27

Pterocanium sp. 13 1.27

Spongotrochus cf. glacialis 12 1.17

Spongaster tetras 12 1.17

Cenosphaera cristata 11 1.08

Spongurus (?) sp. 11 1.08

Spongodiscus concavus 11 1.08

Liriospyris reticulata 11 1.08

Lamprocyrtis nigriniae 10 0.98

Spongurus pylomaticus 9 0.88

Lamprocyrtis neoheteroporos (?) 9 0.88

(continued)
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Table 3 (continued) Mudline radiolarian species Counts Percent

Actinomma boreale 8 0.78

Cladococcus sp. 8 0.78

Lamprocyrtis hannai 8 0.78

Pseudodictyophimus sp. 8 0.78

Collosphaera sp. 7 0.68

Cycladophora davisiana davisiana 7 0.68

Dictyophimus hirundo 7 0.68

Cornutella profunda 7 0.68

Phomostichoartus corbula 7 0.68

Microsphaera spinosa floribunda 6 0.59

Pylospira octapyle 6 0.59

Theocorythium trachelium 6 0.59

Giratfospyris angulata 6 0.59

Zygocyrtis produdus 6 0.59

Eucyrtidium hexagonatum 6 0.59

Actinomma medianum 5 0.49

Heliodiscus asteriscus 5 0.49

Pterocorys minythorax 5 0.49

Anthocyrtidium ophirense 5 0.49

Lithrachnium tentorium 5 0.49

Cubothalus sp. 4 0.39

Spongocore pullae/cylindrica 4 0.39

Botrycyrtis sp. 4 0.39

Bathypyramis 4 0.39

Gondwanaria 4 0.39

Desolenia sp. 3 0.29

Spongaster klingi 3 0.29

Didymocyrtis tetrathalmus 3 0.29

Eucyrtidium sp. aff. acuminatum 3 0.29

Carpocanarium 3 0.29

Rhizoplegma ? boreale 2 0.20

Stryptacantha 2 0.20

Lipmanella sp. 2 0.20

Liosphaera sp. 1 0.10

Spongoliva sp. 1 0.10

Total 1021
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Table 4 Mudline radiolarian
species from Hole U1421A

Mudline radtoiarian species Counts Percent

Cycladophora bicornis 25 10.92

Actinomma leptodermum 21 9.1 7

Lophopheana sp. 21 9.17

Stylodictya validispina 16 6.99

Pseudodictyophimus sp. 16 6.99

Pterocorys zancleus group 13 5.68

Botryostrobus auritus/australis 13 5.68

Actinomma delicatulum 3 3.49

Pterocanium sp. 8 3.49

Hexacontium group 7 3.06

Ceratospyris borealis 6 2.62

Spirocyrtis subscaleris/gyroscaleris 6 2.62

Pterocanium preatextum group 6 2.62

Spongotrochus ? venustum 6 2.62

Spongodiscus resurgense 6 2.62

Pyloniids (tetra, hexa, octapyle, pylonium) 5 2.18

Giraffospyris angulata 5 2.18

Zygocyrtis productus 5 2.18

Tholospyris scaphipes 4 1.75

Botryostrobus acquilonaris 3 1.31

Spongurus cf. elliptica 3 1.31

Eucyrtidium hexagonatum 3 1.31

Heliodiscus asteriscus 3 1.31

Lithelius nautiloides 2 0.87

Spirocyrtis lineata 2 0.87

Lithrachnium tentorium 2 0.87

Cubothalus sp. 2 0.87

Gondwanaria 2 0.87

Larcopyle butschlii 1 0.44

Stylodictya aculeata 1 0.44

Lamprocyrtis nigriniae 1 0.44

C. davisiana davisiana 1 0.44

Comutella profunda 1 0.44

Phomostichoartus corbula 1 0.44

Actinomma medianum 1 0.44

Pterocorys minythorax 1 0.44

Anthocyrtidium ophirense 1 0.44

Carpocanarium 1 0.44

Total 229
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Fig. 2 Photomicrographs of radiolarians from the Hole U1417Dmudline sample. 1 Liosphaera sp.
2–4 Actinomma delicatulum (Dogiel and Reshnetnyak). 5, 6 Actinomma leptodermum Jørgensen. 7,
8Actinomma borealeCleve. 9Cenosphaera cristataHaeckel. 10–20Hexacontium groupWestberg-
Smith and Riedel

RESOLUTION. Special thanks to Dr. Kenji Matsuzaki for helping with scales set in the radiolarian
Figs. 2, 3, 4, 5 and 6.
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Fig. 3 Photomicrographs of radiolarians from the Hole U1417D mudline sample. 1 Sphaeropyle
sp.? Dreyer. 2, 3 Lithelius spp. 4 Spongurus pylomaticus Riedel. 5 Spongotrochus cf. glacial Popof-
sky. 6–15 Stylacontarium spp. 16 Sphaeropyle langii Dreyer. 17, 18 Lithelius minor Jørgensen. 19
Lithelius nautiloides Popofsky. 20, 21 Larcopyle butschlii Dreyer
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Fig. 4 Photomicrographs of radiolarians from the Hole U1417D mudline sample. 1 Stylochlamy-
diumvenustum (Bailey).2 Stylodictya validispina Jørgensen.3Porodiscus sp.Benson.4Heliodiscus
asteriscus Haeckel. 5, 6 Tholospyris cf. scaphipes (Haeckel). 7 Cycladophora bicornis (Popof-
sky). 8 Lamprocyrtis nigriniae (Caulet). 9, 10 Pterocorys cf. zancleus (Mueller). 11. Pterocanium
sp. A (D. infabricatus Nigrini?). 12 Pterocanium korotnevi (Dogiel). 13 Pterocanium sp. B. 14
Dictyophimus hirundo (Haeckel). 15 Liriospyris sp. aff. reticulata (Ehrenberg). 16 Botryostrobus
auritus/australis (Ehrenberg). 17 Botryostrobus aquilonaris (Bailey). 18 Cycladophora bicornis
(Popofsky). 19 Cycladophora davisiana Ehrenberg. 20 Ceratospyris borealis (Bailey). 21 Cor-
nutella profunda Ehrenberg. 22 Stichopera pectinata/laguncula Haeckel. 23 Pseudodictyophimus
sp. 24 Eucyrtidium hexagonatum Haeckel. 25 Botryostrobus sp. aff. aquilonaris. 26 Botryocyrtis
sp. 27 Siphocampe lineata (Ehrenberg). 28 Botryostrobus sp
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Fig. 5 Photomicrographs of the additional radiolarians encountered at the Sites U1418-21 mud-
lines. 1 Acrosphaera flammabunda (Haeckel). 2 Liosphaera sp. 3 Hexaconthium sp. 4 Dydimo-
cyrtis sp. 5 Heliodiscus echiniscus Haeckel. 6 Hexapyle cf. triangula Haeckel. 7 Lithelius nau-
tiloides Popofsky. 8, 9 Stylosphaeridae. 10 Spongaster tetras irregularis Nigrini. 11 Spongurus
pylomaticus Riedel. 12 Larcopyle buetschlii Dreyer. 13, 14 Larcopyle weddelium Lazarus, Faust
and Popova-Goll. 15 Stylodictya acuelata Jørgensen. 16 Stylodictya validispina Jørgensen. 17, 19
Stylochlamydium venustum Bailey. 18 Spongotrochus cf. glacialis Popofsky. 20 Cladococcus cf.
arborescens Muller. 21 Peridium spinipes Haeckel. 22 Dimelissa thoracites (Haeckel). 23 Eucyr-
tidium hexagonum Haeckel. 24 Botryostrobus aurstrale (Ehrenberg). 25 Undetermined species. 26
Pterocanium trilobum (Haeckel). 27–29 Lamprocyrtis sp. 30 Theocorythium? sp. 31 Pterocorys sp.
32 Zygocircus productus (Hertwig). 33 Undetermined species
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Fig. 5 (continued)

Fig. 6 Photomicrographs of the additional mudline radiolarians from Hole U1419A. Warm water
species are in bold. Scale bar = 100 µm. 1 Collosphaera sp. Haeckel. 2 Acrosphaera spinosa
(Haeckel).3Didymocyrtis tetrathalamus (Haeckel).4Tetrapyle octacanthaMueller.5Dictyocoryne
profundaEhrenberg. 6 StylachlamydiumasteriscusHaeckel. 7 Spongotrochus? venustum (Bailey). 8
Phorticium pylonium Haeckel. 9 Stylodictya aculeata Jorgensen. 10–12 Theocorythium trachelium
Ehrenberg. 13 Anthocyrtidium sp. (Ehrenberg)
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Fig. 6 (continued)
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Carbon Stable Isotope Source Signature
of Bulk Organic Matter in Middle Bengal
Fan Sediment Collected During IODP
Expedition 354

Supriyo Kumar Das, Ujan Karmakar, Arunabha Dey, Sandip Agrahari
and Alf Ekblad

Abstract Middle Bengal Fan in the Bay of Bengal exhibits a unique channel-levee
system and are primarily composed of turbidity and hemipelagic sediments. The
turbidity sediments are transported and deposited by the Ganga–Brahmaputra (G–
B) River system and are considered containing terrestrial organic matter (OM). In
contrary, the marine primary production is considered as the source of the OM in
hemipelagic sediments. Interestingly, the OM sources in the Middle Bengal Fan
sediments have not been extensively studied.Herewe show the results of total organic
carbon (TOC), total nitrogen (N) and stable isotope ratio of carbon (δ13C) analyses
of the bulk OM in the turbidite and hemipelagic sediments from Core U1449A, and
compare the results with that of the hemipelagic sediments from Core U1452C. Both
the cores have been collected during the International Ocean Discovery Programme
(IODP) Expedition 354. The TOC to N ratio (C/N) and the δ13C composition of the
OM indicate marine source in both the turbidite and hemipelagic sediments. This
may indicate that the source signature of the terrestrial OM is not efficiently preserved
during transport and deposition of the turbidite sediments in the Middle Bengal Fan.

Keywords Sediment · Middle Bengal Fan · IODP Expedition 354 · Stable
isotopes of carbon · Organic matter · Sediment

1 Introduction

AccumulationofBengal Fan sediments started at the beginningofHimalayanuplift in
Cenozoic (Curray 1994). The fan sediments primarily consist of turbidites, delivered
by the Ganga–Brahmaputra (G–B) River system, and hemipelagic deposits, which
is mainly composed of calcareous-clay (Curray and Moore 1974; Kuehl et al. 1989;
Weber et al. 1997; Michels et al. 1998; Weber et al. 2018). Galy et al. (2010) and
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Weber et al. (2018) have used carbon stable isotope ratio (δ13C) of the bulk OM as
a proxy to interpret the source of the organic matter (OM) in sediments from two
separate holes, namely the Deep Sea Drilling Project (DSDP) Leg 22 Site 218 (Galy
et al. 2010) and the International Ocean Discovery Programme (IODP) Expedition
354 Site U1452C (Weber et al. 2018), respectively, along the same east-west transect
in the Middle Bengal Fan (Fig. 1). The source of the sedimentary OM in turbidity
deposits is interpreted as terrigenous because turbidites are primarily transported
and deposited by turbidity current in Bengal Fan (Galy et al. 2010) whereas source
of the OM in the hemipelagic sediments has been established as marine primary
production (Weber et al. 2018). However, Galy et al. (2010) confined their study
within the turbidity deposits and Weber et al. (2018) studied only the hemipelagic
sediments in the respective cores.

Fig. 1 Map showing the location of Holes U1449 andU1452 at the drilling site of IODPExpedition
354, and the DSDP site 218 in the Bay of Bengal and Ocean Drilling Program Leg 116 in the Central
Indian Ocean
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The δ13C of OM has been used to study the source, supply and preservation of
the OM in marine sediments (Hedges and Keil 1995; Orginc et al. 2005; Lehmann
et al. 2002), but such studies are limited in the Middle Bengal Fan. Galy et al. (2010)
have interpreted the shift in the δ13C of bulk OM towards less depleted values as
the C4 plant expansion in the G–B Basin during Late Miocene (ca. 7.4 Ma). Hein
et al. (2017) have linked the variation in the δ13C and stable isotopic composition
of hydrogen (δD) in terrestrial plant wax compounds to monsoon intensity and the
paleovegetation changes in theG–BBasin following the last glacialmaximum.Weber
et al. (2018) have analysed total organic carbon (TOC), total nitrogen (N) and the δ13C
in the uppermost hemipelagic part of the Core U1452C-1H and linked the variation
in the geochemical data to the glacial-interglacial scale changes in marine primary
production. The objectives of the present study were to identify the source of the OM
in the hemipelagic and turbidity deposits in a single core from the Middle Bengal
Fan by analysing the TOC, N and δ13C in the bulk sedimentary OM, and to compare
the results with published data. We used the hemipelagic and turbidity sediments in
the Core U1449A collected during the IODP Expedition 354 for meeting the above
objectives.

2 Site

The IODP Expedition 354 was carried out in the Bay of Bengal at 8° N between
90 East Ridge in the east and the currently active channel-levee system in the west
(Fig. 1). Drilling was carried out at 7 locations along a 320 km transect. The site
U1449 was part of a six shallow hole transect originally designed to document tur-
biditic transport and deposition processes in the Middle Bengal Fan at 8° N since
the Pliocene. The site is located at 08°0.419′ N, 088°6.599′ E at a water depth
of 3653 m. High accumulation of turbidites in the lower 120 m of the hole since
ca. 2 Ma was followed by lower accumulation of hemipelagic sediments during the
Pleistocene around 1Ma. Intercalated levee and interlevee deposits later formed until
300,000 years followed by the domination of hemipelagic sedimentation (France-
Lanord et al. 2016). The active channel-levee system, which is directly connected to
the G–B river system and carries most of the terrestrial OM, is located about 200 km
west from the location of U1449 (France-Lanord et al. 2016).

3 Materials and Method

Total 200 samples, including 179 from the Core U1452C-1H (Weber et al. 2018) and
21 from the Core U1449A, were used in the study. The TOC andN in sediments from
the Core U1449A were analysed using a Euro EA3024 elemental analyser. The δ13C
in sediments from the Core U1449A was analysed using a Euro EA3024 elemental
analyser coupled with Isoprime Isotope Ratio-Mass Spectrometer (IRMS) at Örebro
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University. Samples for TOC and δ13C analyses were treated with HCl acid in order
to remove carbonates. Blanks and internal standards were run in between every
8 samples. Results were expressed in conventional δ notation (‰) using standards
calibrated against the international Vienna PeeDeeBelemnite (V-PDB) limestone for
organic carbon. The results of the δ13C analysis were calculated using the following
equation:

δ(0/00) = [(
Rsample/Rstandard

) − 1
] × 1000

where Rsample for C was the 13C/12C ratio of the sample and Rstandard was the 13C/12C
ratio of the standard. The precision of the analyses (10 replicated standard samples)
was 0.3% for the TOC, 0.03% for the N and 0.06‰ for the δ13C. The reproducibility
of duplicate analyses was 0.1‰.

4 Results

4.1 TOC, N, C/N Ratio and δ13C of Sedimentary OM

The TOC values ranges from 0.4–0.8% (mean 0. 5%; n = 16) in turbidites and
0.4–0.8% (mean 0.6%; n = 5) in hemipelagic sediments of the Core U1449A. The
N concentration lies between 0.04 and 0.12% (mean 0.07%) in the turbidites, and
between 0.05 and 0.12% (mean 0.08%) in the hemipelagic sediments. The C/N ratio
varies from 5.7 to 10.9 (mean 8.3) in the turbidites and from 6 to 10 (mean 7.6) in
the hemipelagic sediments. The δ13C composition ranges from −22 to −20‰ in the
turbidites and from −20 to −18‰ in the hemipelagic intervals.

5 Discussion

5.1 Preservation of OM

Stable isotope source signature of the OM, transported via G-B river system and/or
produced by phytoplanktons within the marine water column, is expected to survive
sinking and sedimentation although typically <1% of the total OM produced in the
photic zone reaches to the bottom of the ocean (Lee et al. 2004). However, diagenetic
processes during the transport and deposition of the OMmay affect the TOC and the
δ13C values. The oxygen concentration of the ocean bottom further determines the
extent to which the δ13C composition could diagenetically be altered. This, coupled
with the amount of time the OM is exposed to the oxic environment, determines
the level of the δ13C fractionation (McArthur et al. 1992). Hence, early diagenesis
plays a crucial role in the preservation of OM source signature. Microbial processes,
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both aerobic and anaerobic, mediate the OMdecomposition, and could progressively
alter the source signature of the bulk OM as different fractions of the OM degrade at
different rates under variable substrate conditions (Hedges et al. 1988; Harvey et al.
1995; Meyers and Eadie 1993). In situ bacterial biomass, for example, can convert
the biogeochemical signal of the algal-derived OM into bacterial OM up to 5–25%
(Harvey et al. 1995). Anaerobic decomposition may further influence the δ13C by
preferential removal of the 12C (Jones et al. 2010). In contrary, Lehmann et al. (2002)
have showed a decrease in the δ13C values due to the selective preservation of 13C
depletedOM. Post-depositionalmicrobial decomposition of the organic-carbon-poor
(TOC<1%)Middle Bengal Fan sedimentsmay lead to the decline of the TOCvalues,
and the C/N ratio by selective decomposition of the nitrogen-bearing compounds
(Müller and Mathesius 1999). However, lack of correlation (r2 = 0.09; n = 16 in
turbidites and r2 = 0.4; n = 5 in hemipelagic sediments) between the δ13C and C/N
in the Core 1449A imply good preservation of the δ13C signature in the sedimentary
OM record. Consistent with this, the diagenetic effect on the preservation of the
elemental and isotopic signals of the bulk OM has been shown negligible in the Core
1452C-1H by Weber et al. (2018).

5.2 Source of OM

The C3 vascular plant-derived OM exhibits higher C/N ratio (≥20) due to low pro-
tein content and abundance of cellulose. Low C/N ratio (6–9) in phytoplankton is
attributed to the high protein and absence of cellulose (Müller and Mathesius 1999;
Prahl et al. 1980; Meyers 1994; Kaushal and Bindford 1999; Schneider and Schlitzer
2003; Martiny et al. 2014). The carbon isotopic composition of bulk OM reflects the
dynamics of carbon assimilation during photosynthesis and the isotopic composition
of the source carbon. Marine phytoplankton preferentially utilises 12C during photo-
synthesis (Dean and Stuiver 1993) and exhibits δ13C values lying between −24 and
−18‰ (Khan et al. 2015). Marine sedimentary OM typically shows the δ13C values
lying between −22 and −20‰ (Meyers 1994). Photosynthetic plants using C3 or
Calvin-Benson pathway preferentially incorporate 12C resulting in lighter δ13C val-
ues (average−28‰) of the OM (Meyers and Teranes 2001). In contrast, OM derived
from plants using C4 Hatch-Slack pathway shows heavier δ13C values (average −
14‰) (Meyers and Lallier-Vergès 1999). In general, C3 dominated terrestrial veg-
etation derived sedimentary OM shows lower δ13C values compared to the marine
phytoplankton derived OM (Lamb et al. 2006).

The C/N ratio (5–11), δ13C (−20 to −18‰) and δ13C to C/N plot (Fig. 2) of the
turbidity and hemipelagic sediments in the Core U1449A fall within the range of
marine phytoplankton and/or bacterial source of the sedimentary OM (Khan et al.
2015). We do not observe the presence of the terrestrial C3 plant derived OM in the
studied sediments. Interestingly, the δ13C values of both the turbidity and hemipelagic
sediments in the Core U1449A are consistent with the δ13C values (−17 to−26‰) of
particulate OM (POM) in surfacewaters from the north of subtropical convergence in
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Fig. 2 The δ13C versus C/N
plot of the OM in the
sediments from the Core
U1449A and Core
U1452C-1H (Weber et al.
2018). Boxes indicate typical
sources of OM including
marine dissolved organic
carbon (DOC) and
particulate organic carbon
(POC) according to Khan
et al. (2015)

SW Indian Ocean (Francois et al. 1993). This implies that the terrestrial OM carried
by the G–B River system from the G–B Basin to the Middle Bengal Fan does not
efficiently preserve the OM source signature. Weber et al. (2018) observe that the
δ13C values in the hemipelagic interval of the Core U1452C-1H lie in between the C3

and C4 plant signatures (Fig. 3) reported in Bengal Fan sediments (France-Lanord
and Derry 1994; Galy et al. 2010). The δ13C signature of marine primary production
is influenced by a number of factors including the carbon source, the sea surface
temperature and hydrogeology. The observed δ13C values are consistent with the
δ13C values of plankton (ca. −20‰) in the Gulf of Bengal (Fontugne and Duplessy
1978, 1981). Fontugne and Duplessy (1986) have reported heavier δ13C values (−18
to −23‰) in marine OM during glacial in the Andaman Sea and Gulf of Bengal.
The intermediate δ13C values of OM in the Core U1449A and Core 1452C-1H may
further be attributed to the heavier (ca. −7.5‰) dissolved CO2 composition in the
warm north Indian Ocean water that is considered as the primary source of carbon
to photosynthetic marine phytoplankton in the north of Indian Ocean (Francois et al.
1993).
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Fig. 3 The δ13C
composition of OM in the
turbidites and hemipelagic
intervals in the Core U
1449A and hemipelagic
interval in the Core
U1452C-1H (Weber et al.
2018), and in the Bengal Fan
sediments reported by
France-Lanord and Derry
(1994) and Galy et al.
(2010). Note that δ13C
values fall between the C3
and C4 plant source
signature of the OM

6 Conclusion

Carbon stable isotope ratio of sediments from the Core U1449A shows that the
terrestrial OM source signature is not preserved in the turbidity sediments, and indi-
cates marine source of the OM in both the turbidites and hemipelagic sediments of
the Middle Bengal Fan. The heavier δ13C signal may also be attributed to a heavier
source of the carbon and/or alteration of stable isotope signature during transport
and deposition of the OM.
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Geochemistry of Marine Carbonates
from Hole 1394, off the Coast
of Montserrat, IODP Expedition-340;
Implications on Provenance,
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Abstract The marine carbonate sediment samples are subsampled and collected
from various cores spanning from top depths 11.67 m (core depth below sea floor;
CSF) and 11.45 m (CSF) up to the depth of 168.57 m (CSF) respectively of U1394 A
and B holes drilled to south east of Montserrat Volcanic Island during IODP Expe-
dition 340. These thin horizons are characterised for major, minor, trace, rare earth
elements and total carbon to decipher their mode of origin, provenance and implica-
tions on paleo-environment. The carbonate sediments show variation in major oxide
contents in SiO2 (11.4–35.5 wt%), CaO (22.4–44.7 wt%), CaCO3 (3.6–76.6 wt%),
Fe2O3T (1.1–6.0 wt%), MgO (2.9–4.0 wt%) with very low K2O, TiO2 and P2O5 con-
tents. Their Mg/Ca, reciprocals (Ca/Mg) and Sr/Ca ratios classify these sediments as
dolomitic limestones. These sediments depict very low total organic carbon (TOC)
contents compared to total inorganic carbon (Tic) indicating their lithogenic origin.
The PAAS normalised rare earth element and yttrium (REY) distribution patterns
show slightly depleted LREE abundances relative to HREE with (La/Yb)SN range
between 0.3 and 0.7 indicating low degree of fractionation with varying

∑
REE con-

tents (35–105 ppm). Subchrondritic to superchondritic Y/Ho (25.7–31.6), Ce/Ce*
(0.2–0.5) and Pr/Pr* (1.0–1.3) indicate low magnitude negative anomalies, slight
negative to positive anomalies of Eu (Eu/Eu*; 0.9–1.6) point towards minimal ter-
rigenous input, varied nature of sediments and plagioclase addition. The studied
sediments mimic the seawater REY distribution patterns indicating REY are sourced
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from the seawater. The major, minor, immobile element ratios and redox sensitive
element proxies indicate that the studied carbonate sediments are derived from an
intermediate to felsic source. These sediments deposited in a low saline, oxygen rich
open ocean shallow water environment akin to an active continent margin affinity. It
can also be stated that later to their dissolution in extinct arc zones (between the old
and young arc) led to the re-deposition in favourable sites in the marine sediment
column during middle Miocene period or later due to the submarine slope failures
and debris avalanches.

Keywords IODP Expedition-340 · Lesser Antilles arc · Marine carbonates · Rare
earth elements · Montserrat volcanic island

1 Introduction

The Integrated Ocean Drilling Program (IODP) undertook Expedition 340 with an
objective to obtain drill cores from several sites of Lesser Antilles volcanic arc
region (Fig. 1). These cores are used to recover the information to establish records
of volcanic eruptions, landslides and their impact on the marine sedimentary record.
The drill site U 1394 A and B are first among all and located to ~24 km south-
east of Montserrat volcanic island (Fig. 1). The site U 1394 is at a water depth of
1115m and consists of hemipelagicmuds, turbidite sequences, mafic volcaniclastics,
volcaniclastic sands, tephra layers and carbonate muds as main lithologies (Fig. 2).

The Lesser Antilles arc is an oceanic island arc located at the eastern boundary
of Caribbean Plate under which the American plate is subducting (Macdonald et al.
2000). The rate of subduction is reported to be 2 cm/year (Feuillet et al. 2002 and
references therein) with a highly curved subduction zone geometry which is tecton-
ically bounded by two strike-slip faults towards north and south. Although, several
minor and major events of volcanism are reported from Lesser Antilles, the recent
report of a 2.36 Ma Plinian eruption from Guadeloupe volcanic island, with volcanic
explosivity index ~6 is known to be the largest documented volcanic event in this
region since time (Palmer et al. 2016). The Lesser Antilles arc, with active volcanism
in the Caribbean Sea since 40 Ma (Soufriere Hills Volcano of Montserrat Volcanic
Island) divided into two arcs to the north of Martinique (Germa et al. 2011). The east
and west diverged two volcanic axes converges to single at Martinique island. The
eastern segment also called as the Limestone Caribbees is inactive and older than
the young (~7 My ago) active western segment start with the volcanic chain islands
from north to south Montserrat, Guadeloupe, Dominica, Martinique, St. Lucia, St.
Vincent and Grenada (Nagle et al. 1976; Briden et al. 1979). The eastern segment
consists of carbonate platform type sediment islands (such as Angulia, St. Martin,
Barbuda, Antigua etc., of eastern older arc) rested on the volcanic basement (Murray
et al. 2016; Palmer et al. 2016; Garmon et al. 2017). Carbonate sediments mixed with
pelagic and hemipelagic muds, clays are omnipresent in every marine stratigraphic
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Fig. 1 Map of the study area (inset: red box is the location of Lesser Antilles Island Arc) showing
volcanic islands and IODPExpedition 340 drilling sites indicated by solid colour circles and squares.
Studied borehole U1394 A and B are shown in the dotted line box. Modified after Le Friant et al.
(2013)
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Fig. 2 Core sections of U1354 A and B showing lithological horizons and sub-sample locations
for the present study

column in modern as well as old settings. Such sediment horizons occurring in shal-
low marine conditions in a volcanic/intraoceanic arc tectonic regime in convergent
margins record key information on the ocean red-ox conditions, sea-level changes,
terrestrial sediment input, paleodepocenters, depositional environments and diage-
netic changes etc. (Dorobek 2008; Hawkins et al. 1984). Although, such studies are
not much in existence, they throw light on the geochemical and tectonic implications
on the shallow marine carbonate systems in a convergent margin tectonic setting.
Present study, deals with such shallowmarine carbonate system encountered in holes
U1394 A and B drill cores pertaining to the Soufriere Hills Volcano of Montserrat
Volcanic Island along the Lesser Antilles Arc system to constrain the influence of
siliciclastic and volcano-sedimentary inputs from active volcanism through major,
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trace and rare earth element (REE) geochemistry, total organic carbon content etc.
Our studies indicate that these sediment horizons having varying carbonate contents
are deposited in an oxygen rich environment under active continental margin tectonic
setting.

2 Materials and Methods

The samples are collected from cores of holes U1394 A and B at different depth
intervals (Table 1). Based on the shipboard Carbonate and XRD data, the carbon-
ate horizons are identified and sub sampled at IODP Gulf coast repository, Texas A
& M University, College Station, USA, at depths between top depth 11.67 m core
depth below sea floor A (hereafter CSF) and 11.45 m CSF-B up to the bottom depth
of 168.57 m CSF of U1394 A and B holes. These samples are dried and further
homogenised in an agate mortar and pestle until fineness. The sample quantities are
very less, as they represent the working half cores and all the geochemical analytical
methods are destructive in nature, care has been taken to provide sufficient amount of
sample for each analysis. Thus the samples made to fine fraction of size <0.075 mm
were stored in glass bottles labelled with all the details as per IODP sample cura-
tion protocol are subjected to carbonate, total carbon on board RV Joides Resolution
while major, minor oxides, loss on ignition, trace and REE determinations are con-
ducted at CSIR-National Geophysical Research Institute at Hyderabad, India. For
carbonate analyses, a 5 cm3 plug sample was taken and was freeze-dried for ~24 h
and pulverised manually using an agate mortar and pestle during sample preparation.
Inorganic carbon concentrations were determined using a CO2 coulometer available
on board. 2 M HCl was added to around ~10 mg of dried, ground sediment and the
liberated CO2 was titrated to an end point determination using an on board photode-
tection cell. CaCO3 weight percentage was calculated from the obtained inorganic
carbon content, assuming that all evolved CO2 was derived from calcium carbonate
as follows: CaCO3 (wt%) = 8.33 × IC (wt%), where IC = inorganic carbon. As this
approach does not discriminate among carbonate minerals, all the evolved CO2 is
assumed to derived from CaCO3.

Total carbon is determined using a ThermoElectron Corporation Flash EA 1112
CHNS elemental analyser available on board calibrated using the Thermo Soil Refer-
enceMaterial NC standard (338 40025 Lot N12A) using ~10–20mg of dried, ground
sediment. Total organic carbon content was estimated as the difference between inor-
ganic carbon and total carbon (for further details refer to Expedition 340 Summary,
Methods 2013).

The loss on ignition (%LOI) was determined separately using a high temperature
muffle furnace and pure silica crucibles at 1000 °C for 60 min in muffle furnace.
Sediment samples and standards (International reference materials such as GSR-5
(Shale, Chinese Geochemical Standard Reference Samples), JDO-1 (dolomite, JGS,
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Table 1 Precession and accuracy of JLs-1 (certified reference material from GSJ) used in the
present study

Analyte Certified values Obtained values STDV % RSD

SiO2 (wt.%) 0.15 0.15 0.01 0.08

Al2O3 0.02 0.02 0.004 0.27

Fe2O3 0.01 0.01 0.07 1.31

MnO 0.00 0.00 0.00 0.00

MgO 0.63 0.63 0.05 0.07

CaO 55.01 55.01 2.22 0.04

Na2O 0.00 0.00 0.00 0.00

K2O 0.11 0.11 0.03 0.22

TiO2 0.00 0.00 0.00 0.00

P2O5 0.04 0.04 0.01 0.30

Total 55.86 55.97 – –

LOI 43.73 – – –

Sc (ppm) 0.03 0.03 0.01 0.16

V 3.6 3.87 0.31 0.08

Cr 3.0 3.12 0.10 0.03

Co 0.1 0.08 0.002 0.02

Ni 0.3 0.33 0.03 0.08

Cu 0.3 0.28 0.01 0.04

Zn 2.9 3.01 0.07 0.02

Gaa 0.1 0.19 0.09 0.46

Rb 0.2 0.21 0.01 0.04

Sr 296 292.4 5.95 0.02

Y 0.22 0.23 0.01 0.02

Zr 4.19 4.29 0.06 0.01

Nb 1.30 1.41 0.12 0.08

Cs 0.02 0.08 0.001 0.01

Ba 476 475.9 4.09 0.01

La 0.15 0.15 0.002 0.02

Ce 0.93 0.92 0.01 0.01

Pr 0.04 0.04 0.0004 0.01

Nd 0.14 0.14 0.003 0.02

Sm 0.16 0.17 0.003 0.02

Eu 0.01 0.01 0.0001 0.02

Gd 0.04 0.04 0.003 0.09

Tb 0.004 0.01 0.0028 0.51

(continued)
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Table 1 (continued)

Analyte Certified values Obtained values STDV % RSD

Dy 0.03 0.03 0.0006 0.02

Ho 0.005 0.005 0.00005 0.01

Er 0.01 0.01 0.0002 0.02

Tm 0.002 0.003 0.0017 0.55

Yb 0.02 0.02 0.0004 0.02

Lu 0.03 0.03 0.0003 0.01

Hf 0.10 0.10 0.001 0.01

Ta 0.01 0.02 0.001 0.04

Pb 1.21 1.18 0.024 0.02

Th 0.03 0.03 0.001 0.05

U 1.75 1.70 0.04 0.02

Note Average calculated for five number of observations
STDV standard deviation; RSD relative standard deviation
aCertified value (CV) not available; hence 0.1 is taken arbitrarily. CV are taken fromGeoremwebsite
georem.mpch-mainz.gwdg.de/

Japan), JLS-1 (limestone, GSJ, Japan) were prepared as pressed pellets Major (SiO2,
Al2O3, Fe2O3T, MgO, CaO, K2O, Na2O) andminor elements (TiO2, MnO and P2O5)
concentrations were determined by X-ray fluorescence spectrometry (XRF; Phillips
MAGIX PROModel 2440), on pressed pellets prepared from powdered whole-rock
samples following the method of Krishna et al. (2007) at CSIR-NGRI, Hyderabad,
India. Trace element contents and REE were determined by high resolution induc-
tively coupled plasmamass spectrometry (HR-ICP-MS) using international standard
reference materials JDO-1 (dolomite, JGS, Japan), JLS-1 (limestone, GSJ, Japan).
Satyanarayanan et al. (2018) is followed for analytical parameters and instrument
calibration methods, for trace and REE determination. Sample digestion procedures
are as given in Subramanyam et al. (2013). Analytical precision for major, minor
oxides and trace elements should be less than 5% relative standard deviation (RSD)
where as in the present case it is less than 2% (Table 1).

Total description of samples from cores Exp-340; Hole U1394 A and B, CaCO3,
total carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC) data
sets are presented in Table 2. Major and minor oxide composition of carbonate
samples are shown in Table 3. Trace and REE data are normalised to the PAAS
compositions after Taylor and MacLennan (1985) presented in Table 4. For curator
procedures, sample depth calculations, stratigraphic correlations, XRD, TOC, TIC,
TC and carbonate analysis methods please see the Chapter Methods in Le Friant
et al. (2013).

http://georem.mpch-mainz.gwdg.de/
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3 Stratigraphy and Nature of Sediments

The hole U 1394 A was drilled at latitude: 16°38.4259′ N, longitude: 62°02.2822′ W
at a water depth 1114.9 (m), Seafloor depth (DRF in m): 1126.3, Cored interval (m):
244.5 having recovery 23% and generated 27 nos. of total cores. The hole U1394 B
is drilled 20 m north of hole A at latitude: 16°38.4375′ N, longitude: 62°02.2819′ W
at water depth of 1114.2 (m), penetration depth DRF (m):181.4 (m), cored interval
(m): 181.4 having recovery 78% and generated 21 nos. of total cores. Both the holes
are located off the tip of southeast coast of Montserrat volcanic island at an aerial
distance of 24 km which have deposits of Soufriere Hills Volcano. Both the holes
were drilled to target the debris avalanche deposits (DAD) to constrain the Soufriere
Hills Volcanism of Montserrat volcanic Island. The subsampled points locations on
the various cores are presented in Fig. 2.

4 Results

4.1 Geochemistry

4.1.1 Major and Minor Oxides

Major oxide geochemistry of 17 sediment samples of U1394 A and B cores between
top depth 11.6m (CSF-A) to 168.5m (CSF-A) indicate highly variable SiO2 contents
(11.4–35.5wt%), Al2O3 (2.9–10.4wt%), Fe2O3 (1.1–6.0wt%),MnO (0.1–0.3wt%),
MgO (2.8–4.0 wt%), CaO (24.7–44.6 wt%), total alkalies (1.5–3.0 wt%), TiO2 (0.2–
0.6 wt%), P2O5 (0.08–0.16wt%) and loss on ignition range between (LOI; 13.4–33.6
wt%). These sediments also vary widely in Mg/Ca (0.06–0.15 wt%, except 0.26 in
one sample) and the reciprocal Ca/Mg (3.8–14.8 wt%, except 16.2 in one sample)
but very consistent in ratios such as (Na + Ca)/(Na + Ca + K) 0.96–0.99, (Si/Si +
Al) 0.72–0.83, Sr/Ca (0.001–0.01) and Fe/Mn (9.4–30.2) classify them as dolomitic
limestones as per the chemical criteria described by Todd (1966). The major oxide
relationships of with other major, minor and trace elements are presented in Table 3
and Fig. 3.

4.1.2 Trace Elements

The immobile elements contents (ppm) such as Th, Sc, Ti, Zr, Nb and Y are in
the range of 0.6–3.2 (avg. 1.7; PAAS-14.6), 3.9–23.7 (avg. 9.0; PAAS-16), 779–
7373 (avg. 2314; PAAS-4916), 10.8–83.5 (avg. 32.8; PAAS-201), 0.9–4.2 (avg. 2.3;
PAAS-15.4) and 8.7–23.5 (avg. 14.4; PAAS-33, Table 4) respectively. The large
ion lithofile elements such as Ba, Rb, Cs, K, Sr and U show abundances (ppm)
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Fig. 3 Major element and selected trace element cross plot relationships of studied marine
carbonates of U 1394 A and B

in the range of 73.9–325.2 (avg. 183.2, PAAS-551), 4.4–24.0 (avg. 12.4, PAAS-
163), 0.2–1.5 (avg. 0.7, PAAS-6.0), 0.2–0.7 (avg. 0.48, PAAS-3.18), 250–2477 (avg.
1473; PAAS-136) and 1.2–6.0 (avg. 2.8; PAAS-2.9, Table 4). The PAAS normalised
spidergram of selected trace elements show depletion of V, Cr, Ni, Cu, Sc, Y, Rb, Ba,
Nb, Pb and Th whereas the Mn, Zn and Sr show enrichment characteristics (Fig. 4a).
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Fig. 4 a PAAS normalised selected trace elements distribution patterns of the studied samples
showing depletion of V, Cr, Ni, Cu, Sc, Y, Rb, Ba, Nb, Pb and Th whereas the Mn, Zn and Sr show
enrichment characteristics. b PAAS normalised selected rare earth element distribution patterns
showing slightly depleted LREE relative to HREE with Ce negative and Eu positive anomalies.
c Plot of

∑
REY versus CaCO3 showing negative relationship indicating the REY are sourced from

seawater
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4.1.3 Rare Earth Elements

Rare earth elements along with yttrium abundances, Ce, Eu, La anomalies and other
elemental ratios are presented in Table 4. Total REE concentrations (

∑
REY) range

from 35 to 102 (ppm) in the studied sediments. The PAAS normalised REY distri-
bution patterns are smooth and coherent with progressive enrichment in the heavy
REE (Fig. 4b). This is due to the formation of trivalent REE and mono- and di-
carbonate ion complexes in seawater, thus the filling of 4f electron shell along the
series (Tostevin et al. 2016 and references there in). The studied samples show vary-
ing abundances of rare earth elements such as Ce in the range of 7.8–25.6 ppm (avg.
15.6, PAAS Ce-82), La 5.2–14.0 ppm (avg. 9.7, PAAS 38.8), Eu 0.4–1.0 ppm (avg.
0.6, PAAS 1.14), Y 8.7–23.5 (avg. 14.4, PAAS 33),

∑
REY35–102 (avg. 63.7, PAAS

216). The inverse relationship observed between CaCO3 and
∑

REY clearly indicate
the role of seawater as a major source of REY in these samples (Fig. 4c).

5 Discussion

Themajor element ratios such as SiO2/Al2O3,Al2O3/Na2O andK2O/Na2O are excel-
lent proxies for the interpretation of sediment recycling and detrital input (Zaid 2013;
Madhavaraju et al. 2016; Zaid et al. 2015; Tapia-Fernandez et al. 2017). If sediment
recycling and detrital inputs are high in the depositional system SiO2/Al2O3 ratio is
>6, similarly, the Al2O3/Na2O ratio is >5 and K2O/Na2O ratio is >1. The studied
samples show SiO2/Al2O3 (2.9–5.6), Al2O3/Na2O (1.9–5.8, >5 only one sample)
and K2O/Na2O ratios (0.1–0.5) indicating no sediment recycling or detrital input in
the studied samples. Further, Roser et al. (1996) have identified SiO2/Al2O3 ratio of
sediments as a measure of maturity of sedimentary rocks where the ratio more than
5 is treated as resulted from mature chemical components of the rocks. SiO2/Al2O3

ratio of the studied samples as mentioned above is very consistent except one sam-
ple recorded 5.6 indicating their low maturity. This is further supported by low
K2O/Na2O and very consistent and low Al2O3/TiO2 ratios. The distinct negative
relationship obtained between SiO2 and CaO indicate distinct origins of the two
elements in the studied samples (Fig. 3). Very clear carbonate dilution trends are
obtained from the positive relationships of Fe2O3 when plotted against Al2O3, TiO2,
CaO and SiO2 which is also resulted in high Sr and Ca in these samples (Table 4;
Sawant et al. 2017). SiO2 when plotted against Fe2O3, Na2O and TiO2 show positive
relationship suggesting that these sediments are derived from stable constituents of
rocks showing low to moderate sediment maturity level (Fig. 3).

Trace and rare earth element (REE) concentrations are shown in Table 4. The
PAAS normalised (Taylor and McLennan 1985) trace element distribution patterns
(Fig. 4a) show extreme depletion in V, Sc, Y, Rb, Nb. Cr, Ni, Cu, Ba, Pb and Th
whereas enrichment is observed in case of Mn, Zn and Sr relative to PAAS abun-
dances and on the spidergram (Fig. 4a). The trace element pairs such as Zr-Hf,
Nb-Ta, Cr-Ni, Ti-V and are compatible elements and behave identically in magmatic
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systems whereas in alteration-weathering-sedimentary systems these igneous pairs
may be fractionated which are influenced by several weathering and depositional
(marine/freshwater) conditions (Veizer 1983). The studied marine sediments show
positive covariation between Zr-Hf and Nb-Ta (Fig. 5a and b) indicating a signif-
icant role played by felsic or intermediated sources which are weakly weathered

Fig. 5 a and b Relationship between felsic element pairs Zr versus Hf and Nb versus Ta showing
positive covariance indicating their source rocks are felsic to intermediate. c and dWhere negative
correlations between mafic element pairs Ni versus Cr and Ti versus V confirms the above felsic-
intermediate source for the carbonaceous sediments in the present study. e Zr/Sc versus Th/Sc (after
Floyd et al. 1989) indicating their derivation from rocks of magmatic differentiation, wherein all
the studied samples following a typical trend of active continental margin tectonic affinity
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and remain coupled till their deposition, whereas Cr-Ni and Ti-V which are mostly
controlled by mafic-ultramafic sources are not correlated in present case (Fig. 5c and
d). These element pairs might have been highly fractionated and decoupled before
during their transportation to the site of deposition (Brand and Veizer 1980; Veizer
1983). Floyd et al. (1989) described a relationship between two most abundant end
members of felsic (TiO2) andmafic (Ni) systems to verify the provenance fromwhich
the sediments derived. The studied sediment samples having low Ni and low TiO2

contents plot along the typical magmatic trend further indicating their derivation
from an acidic source (Fig. 5e). Th/Sc versus Zr/SC relationship after McLennan
et al. (1993) indicating that the sediments are derived from varied compositions due
to igneous differentiation that is only possible in an active continental margin setting
(Fig. 5f). The studied samples follow the trend of Th/Sc (incompatible/compatible
elements in igneous chemical differentiation system) and clustered below the PAAS
and UCC indicating their derivation from a differentiated felsic igneous source.

Rare earth element (REE+Y) geochemistry in sedimentary systems offer proxies
forweathering, depositional, diagenesis, source rock, oceanic paleoredox conditions.
Yttrium behaves similar to REE due to their coherent geochemical properties, based
on the ionic radii. Yttrium is placed between Dy and Ho in the REE plots which
behaves more like a HREE (Nozaki et al. 1997; Allwood et al. 2010). Thus Y/Ho
ratios indicate anomalous nature of sea water and marine sediments (Bau and Dulski
1996; Quinn et al. 2004). In addition to this the LREE/HREE, Eu/Eu*, Ce/Ce*,
Pr/Pr* ratios as well as Er/Nd characteristics are discussed for the studied samples
which offer excellent clues on the genesis of carbonate fraction as well as source
of terrigenous contamination if any (Greaves et al. 1999; Taylor and McLennan
1985). The pure carbonate facies record very low abundance of REY whereas the
admixed terrigenous material along with seawater influence will increase the REE
abundances (Piper 1974; Bellanca et al. 1997). Total REY (

∑
REY) contents in the

studied samples range from 35 to 105 ppm. PAAS (Post Archean Australian Shale)
normalised REY distribution patterns show overall less fractionation (La/YbN; 0.3–
0.7) with slight LREE depletion relative to flat HREE with slight negative to positive
Ce (Ce/Ce* 0.2–1.1;most of the samples record <1) and positive Eu (Eu/Eu* 0.9–1.6;
most of the samples record >1) anomalies. The studied samples exhibit modern sea
water like REE distribution patterns with slight LREE depletion relative to HREE
except positive Y-anomalies.

5.1 Europium Anomalies (Eu/Eu*)

The (Eu/Eu*)SN values are presented in Table 4. The shale normalised Eu anomalies
range between 0.9 and 1.6 indicating their varied nature in the sediment column.
Michard et al. (1983) and German et al. (1993) attributed Eu anomalies due to
the effect of hydrothermal solutions, intense diagenesis of sediments (Murray et al.
1991a; MacRae et al. 1992), variations in plagioclase contents (Nath et al. 1992)
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whereas Elderfield (1988) speculated about the aeolian input into the sediment col-
umn up to 50 m. Hence, it is imperative to verify the Eu relationship with immobile
trace elements such as Zr, Y and Th and found the positive correlations indicating
non-diagenetic origin of Eu (Fig. 6a–c). Further, the regional influence of aeolian
input and hydrothermal effects on Eu positive anomalies have been negated by the
poor correlation between the Eu when plotted against Na/Al and K/Al (Murray et al.
1991b; Fig. 6d and e). Thus, the influence of plagioclase addition in the sediments
played a role for positive Eu anomalies in the studied samples.

5.2 Cerium Anomalies (Ce/Ce*)

Ce/Ce* ratios are calculated using the technique of Bau and Dulski (1996; modified
after Webb and Kamber 2000; 3Ce/(2La + Nd)SN; Table 4). Trivalent cerium from
seawater can undergo oxidation to the highly insoluble tetravalent state. This is
mainly a change in the ionic state of Ce as a function of oxidation state of the
medium. It’s scavenging from seawater and adsorption to the particulate matter is
considered as distinctive depletion of Ce in well-oxygenated seawater. Nagarajan
et al. (2011) compiled the reasons of anomalous cerium values in the marine system
due to the following process 1. Biologically mediated oxidation of Ce (III) to Ce
(IV) in coastal and open ocean (Sholkovitz et al. 1994), 2. Ce (III) to Ce (IV) redox
shift across anoxic/oxic interfaces in the water columns of marine basins (German
and Elderfield 1989; Sholkovitz et al. 1992) and 3. Due the development of largest
Ce anomalies in rivers with the highest pH (Goldstein and Jacobsen 1988). Hence,
Ce/Ce* parameter is very helpful to determine the redox conditions prevalent in the
water column at the time of the REE uptake by these phases (Elderfield and Greaves
1982; German and Elderfield 1990; Bellanca et al. 1997; Moller and Bau 1993;
Balaram et al. 2012 and references there in). Ce/Ce* values of the normal seawater
range from <0.1 to 0.4 (Elderfield and Greaves 1982; Wang et al. 1986; Piepgras
and Jacobsen 1992) while in average shale Ce/Ce* is 1 (Haskin and Haskin 1966;
Murray et al. 1991a). A low magnitude Ce-negative anomalies (Ce/Ce* = 0.2–1.1;
04 samples show≥1.0) are observed for the studied samples on the PAAS normalised
REE patterns (Fig. 4b) indicating inherited sea water compositions (Tostevin et al.
2016).

5.3 Er/Nd Ratios

REE enrichment or depletion (LREE relative to HREE or vice versa) depends on the
redox potentials of the depositional system as well as their abundance in sea water.
Fractionation of REE in marine sediments is also possible due to burial and diage-
nesis. Hence, the Er(HREE)/Nd(LREE) ratios are indicators of diagenetic changes,
seawater contribution and the redox process operative during deposition. Er/Nd ratio
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Fig. 6 a–cEu (ppm) plotted against immobile trace elements Zr, Th, Zr display positive relationship
indicating non-diagenetic origin of Eu (Murray et al. 1991a; MacRae et al. 1992; Nath et al. 1992).
d and e are showing no correlations between Eu and major element ratios such as Na/Al and K/Al,
indicating thus the influence of aeolian input is negated (Murray et al. 1991b)
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of normal seawater is 0.27 (de Baar et al. 1988) whereas, the high Er/Nd ratios >0.1
of the limestones reflect the seawater signature retained by the marine carbonates
(Bellanca et al. 1997). The Er/Nd ratios tend to decrease below 0.1 in case of addi-
tion of detrital input in the marine carbonate system. This is due to the preferential
absorption of Nd over Er on to the particle surfaces (De Baar et al. 1988; German
and Elderfield 1989; Bellanca et al. 1997; Nagarajan et al. 2011). In the studied
samples Er/Nd ratios range between 0.12 and 0.18 representing the pristine nature
of carbonates with very little detrital input into a few samples which show Er/Nd ~
0.12. Another important LREE/HREE ratio namely the (Nd/Yb)SN ratios are good
indicators of contamination. The studied samples show (Nd/Yb)SN ratios in the range
of 5–8, which are well below the shale values (PAAS-11.4) but much above the ratios
for 50mwater depth of normal oceanwaters ~0.205–0.497 (Zhang andNozaki 1996;
De Baar et al. 1985). The LREE depletion characteristics are responsible for such
high ratios in the present samples. Relative HREE enrichment when compared to
LREE prompted us to see the HREE/HREE ratios such as the (Dy/Yb)SN which are
well constrained with the studied samples showing 1.4–1.8; whereas PAAS values
are 1.6 and the modern seawater (~0.8–1.1) ratios are slightly low. Shields and Stille
(2002) reported similar range of ratios recorded for Early Cambrian phosphorites
(1.1–2.0) of South China and the same ratios are as low as 0.8–1.0 as reported by
Hein et al. (1999), Siegmund (1995) and Kawabe et al. (1991), which are similar
to the lower range of near surface modern and open Pacific seawater (Zhang and
Nozaki 1996; Nothdurft 2001; Webb and Kamber 2000).

5.4 Age of the Carbonates

The present study deals with samples recovered from south eastern part of Montser-
rat volcanic island (MVI) from the drilled cores of U-1394 A and B holes which
intersected debris of mass wasting events of Soufriere Hills volcano of Monserrat
Island located along the Bouillante-Montserrat Graben. Young et al. (1998) studied
the heightened volcano-seismic activity of Soufriere Hills volcano during 18th July
1995 to next three years till 1998. The authors further reported that the phreatic
explosions have continually erupted juvenile andesitic lavas built a lava dome during
November 1995. The collapse of eastern flank occurred followed by an explosive
eruption on 17th September 1996 sustained till June 1997. The volcano has vented
pyroclastic material on 22 and 23March, 2012 just after we completed the drilling of
U1396 site located towards southwest of MVI. The Sofriere Hills pyroclast flows of
quantity 2 × 106 m3, which occupied the shallow shelf area around the MVI mostly
as proximal lobes and rest as distal turbidites (Trofimovs et al. 2006). Trofimovs et al.
(2010) argued about the large submarine slope failure of carbonate platform and rapid
raise of sea level in Lesser Antilles around Soufriere Hills volcano ofMVI during the
last 26 kyr as well as the age the occurrence of mass flow was 14 ka. Further, along
the south eastern segment of MVI, the Bouillante-Montserrat Graben where numer-
ous piston cores, vibracore samples are studied prior to and during IODP Exp. 340,
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resulted in a better understanding of the dynamic evolution of volcanic island, mass
flow deposits, erosional surfaces, Tsunami genesis and failure of carbonate platforms
due to seismogenesis. Wall-Palmer et al. (2014 and references there in) dated the
sediments intersected in hole U1396 C located towards the southwest of MVI using
a combination of parameters such as high-resolution oxygen isotope stratigraphy,
AMS radiocarbon dating, biostratigraphy of foraminifera, calcareous nanofossils,
clast componentry and established five major events since 250 ka to present. Further,
the authors established laterally correlatable stratigraphic horizons across the drill
holes on the south west and south east of Montserrat (U 1396 A, B and C with U
1394 A and B) and identified high intensity erosive density-currents that travelled
at least 33 km offshore of Montserrat having heterogeneously distributed in space.
Coussens et al. (2016) characterised three important age peaks (0.93–0.90, 0.81–0.76
and 0.19–0.12 Ma) mass wasting (flank collapse) and high volcanic instability that
are coinciding with Soufriere Hills volcanic activity. The authors have shown excel-
lent lateral stratigraphic correlations up to 15 m depth. Debris Avalanche Deposits
(DAD) 1, 2, 4, 8 are located to the southeastern part of Monserrat (Wall-Palmer et al.
2014; Coussens et al. 2016). However, earlier workers used shallow cores of various
expeditions to constrain the evolutionary history and volcanism around MVI but the
carbonate horizons which are very important in terms of their location along with
the packet of hemipelagic and pelagic muds are not studied. Trofimovs et al. (2013)
alternatively argued two possible hypotheses for the collapse of carbonate platforms.
1. Subjected to mass wasting of 12–14 ka non-volcanic carbonate shelf of Antigua
and Rodanda reached till Montserrat. 2. The Sofriere Hills flank collapse related
DAD 1 which also have triggered the collapse of carbonate shelf.

Coussens et al. (2016) studied DAD 2 from U 1394B drill hole intersected at
depth of around 11.0–19.0 m (CSF) assigned an age of 130 ka and these data sets
are limited to 15 m. The samples from depths 11.6 to 14.6 m (CSF) studied in the
present investigation characterise the DAD 2 having very little carbonate content
and dominated by siliceous sediments. Wall-Palmer et al. (2014) also studied the
cores up to 5.9 m and constrained age up to 246 ka events having done the lateral
correlations up to 4.75 m (mbsf) only. Since the studied samples are recovered from
depths starting from 11.6 up to 168.5 m (CSF) upper part samples (11.6–14.6 m)
can be speculated for age correlations since the drilled cores JR123-5V, JR123-6V
and U-1394B are very closely spaced. Hence, it is speculated that the samples in
the present study are recovered from the buried DADs 2, 4, 8 located along the
Bouillante-Montserrat Graben (Figs. 1 and 11 in Wall-Palmer et al. 2014).

Deposit boundary ages are determined using marine isotope stage (MIS)
(Coussens et al. 2016) which have been studied at core depths 28.31, 35.93 and
43.84 m (CSF) from U 1395 B drill cores indicate ages of 191, 243, 300 ka respec-
tively. These ages can be well correlated with U 1394 B which is very closely spaced
with U 1395 B drill hole at a slightly shallower depth i.e., 24.1, 31.6 and 39.6 m
(CSF; upper surface of Deposit 2 is located 4.2 m shallower in U 1394 B than in U
1395 B). These age boundaries do not reflect any significant changes in the studied
geochemical parameters. Thus above aspects combined with the results of present
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study indicate episodic failures of platformal carbonates linked to the volcanic event
of MVI.

5.5 Depth Wise Variation in Geochemical Parameters

It can be interpreted from the depth profiles of studied geochemical parameters of
carbonates that high Al and Fe contents are compensating the CaCO3 and TOC
contents at carbonate barren zones from 22 to 78 m (CSF; Fig. 7). From 78 to
168 m (CSF) small numerous carbonate horizons show low Al, Fe and V/Cr ratios

Fig. 7 Down the depth profiles of various geochemical parameters showing threemajor peaks w.r.t.
red-ox sensitive elements (Sr, Mg, Fe, V/Cr, Fe/Mn and Mg)
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with moderate Mg contents. An increase in Sr (250–2477 ppm) from 20 to 98 m
(CSF) along with concomitant increase in Al2O3 and Fe, depletion in Mg, Ca and
V/Cr indicate influence of redox conditions below the Deposit 2 assign an age older
than 130 ka as well as increase in dolomitisation downward (Sr/Ca ratios discussed
elsewhere). Mg content ranges from 2.7 to 4.7 (wt%) having high values at 120 m
(CSF) show near consistent downward trends, where Fe, Al also show their peaks
at 120 m (CSF) but V/Cr record a very low ratio indicating a redox influence during
>1 Ma (Fig. 7).

5.6 Source Weathering and Alteration Characteristics

Goldberg and Humayun (2010) concluded that CIA should not be used for carbonate
rich sediments having >30% carbonate content which should be treated by acetic acid
prior to analysis to remove the carbonate content. Having very small sample size,
the authors could not perform such pre-treatment to eliminate the CaCO3, but as an
alternative to this the CIW values are calculated (similar to CIA except K) which are
in the range of 34.7–3.4 taking CaO corrected for Ca in apatite only, thus removing
the carbonate fraction from non-silicate part (whole anhydrous Ca from anhydrous
CaO = anhydrous CaO/56.077, this many moles of oxide is calculated for apatite
Ca by moles of oxide Ca − (moles of oxide P × (10/3); Harnois 1988; Fedo et al.
1995). These values when plotted on the A-CN-K trilinear diagram after Nesbitt and
Young (1982; Fig. 8a), the studied samples occupying the CN apex indicating the
clinopyroxene and hornblende weathering in the provenance; they show a parallel
trend with the A-CN line inconsistent with the trends published by Nesbitt and
Young (1982) indicatingmultiple factors involved in theweathering and suggestmore
influence on the composition of the rock than metamorphism and diagenetic process
(McLennan et al. 1993). Further, the ideal weathering trend would be parallel to the
A-CN side, whereas the rocks which have not suffered strong weathering occupy
the left bottom apex of the diagram below the plagioclase-K-feldspar joining line
(Hu et al. 2015). Diagenetic alteration of carbonates increases Mn at the extent of Sr
(Nagarajan et al. 2011). In the studied samples such relationship is obscure indicating
that the samples have not undergone significant diagenetic alteration (Fig. 8b).

5.7 Contamination and Diagenetic Alterations

Lack of correlation between CaO and
∑

REY (Fig. 8c) indicate that the REE are
derived from either sea water or from the mildly admixed terrigenous material. Such
anomalies on the REY distribution diagram are relative to adjacent element abun-
dances whereas Pr/Pr* versus Ce/Ce* relationship indicate the studied samples plot
in the modern sea water field with negative Ce anomaly (Fig. 8d). Similar REE



Geochemistry of Marine Carbonates from Hole 1394 … 127

Fig. 8 a Ternary plot of molecular proportions of [Al2O3/(Al2O3 + CaO + Na2O)] with the
chemical index of weathering (CIW) calculated after (Harnois 1988; Fedo et al. 1995) plotted on
alteration scale shown on the left after Nesbit and Young (1982). Also plotted are selected idealised
igneous sedimentaryminerals.bSr versusMn; c

∑
REYversus CaO;d plot of Ce/Ce* versus Pr/Pr*

after Bau and Dulski (1996) to identify La and Ce anomalies of carbonaceous sediments indicating
negative Ce and positive La anomalies and occupying the zone of modern seawater (upper 50 m of
water column) for which the data collected from different locations of the Pacific and Indian Oceans
(Nagarajan et al. 2011 and references there in); e

∑
REY versus Al2O3 relationships showing no

correlations; f negative correlations between Al2O3 and CaO indicating that the carbonates are not
effected by terrigenous input
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distribution patterns are described for carbonate sediments of late Devonian Reefal
carbonates by Nothdurft et al. (2004).

The Y/Ho ratios (20.7–31.5; average 28.0; Chondritic Y/Ho = 28; Sun and
McDonough 1989; Kamber and Webb 2001) of the studied samples are subchon-
dritic to superchondritic. Y/Ho ratio of modern sea water is strongly superchondritic
(40–90; Bau 1996; Global ocean waters 90–162; Johannesson et al. 2006). Hence,
the studied samples mimic the Y/Ho ratios of volcanic ash or minimal terrestrial
sediment inputs (Y/Ho = 28; Bau and Dulski 1996; Nothdurft et al. 2004). Feeble
positive correlation of

∑
REY with Al2O3 (Fig. 8e), negative correlation of

∑
REE

and CaO (Fig. 8c) and very significant negative correlation between Al2O3 with
CaO (Fig. 8f) along with limited variation in Y/Ho ratios indicate that the carbonate
sediments are not affected by terrigenous input.

5.8 Temperate (Cool Water) Versus Tropical (Warm Water)
Carbonates

Winefield et al. (1996) have discriminated the carbonates precipitated from temper-
ate (cooler waters) and tropical (warm waters) seawaters of both ancient and modern
sedimentary basins based on elemental geochemistry such as Sr, Mg, Mn and Na
contents. Using 600 bulk samples studied from temperate Cenozoic limestones of
New Zealand, the authors reported that lowMg and Sr contents and relatively higher
Na, Fe and Mn contents than tropical (warm water) carbonates which are very con-
sistent with the temperature effects on the carbonate dissolution. Moreover, such
studies are rare other than few Tasmanian examples and eastern Iran (Azizi et al.
2014).

The samples in the present study have recorded average values (ppm) for Mn
1278; Sr 1433; Na 13814; Mg 20339 and Fe 24161 much higher in abundance then
the average contents of New Zealand Cenozoic limestones. These five elements are
of utmost importance to discriminate between the tropical and temperate carbon-
ates (Winefield et al. 1996). The ratio Sr/Na and Mn contents in carbonates very
well discriminate the carbonate sediments of temperate (cool water) zones from
their tropical (warm water) counterparts of both modern and ancient occurrences
(Rao 1991; Winefield et al. 1996). The tropical (hot water) carbonate sediments of
modern settings will have low Mn and High Sr/Na ratios (3–5), in contrary to this
the modern temperate (cool water) carbonates will have high Mn and low Sr/Na
ratios (~1). In the studied samples the Mn content and Sr/Na ratio are less than 1,
(0.06–0.25 ppm; avg. 0.128) and (0.02–0.2; avg. 0.11) respectively. On the binary
discrimination of Sr-Na and Sr-Mg and Sr-Mn (Fig. 9) for the studied samples plot
along with the Cenozoic New Zealand carbonates (but on the higher side of the Mn,
Mg and Na) indicating their genesis in a temperate cooler waters but in actual con-
dition the MVI (Lesser Antilles) is located in the zone of tropics which is a known
latitudinal tectonic setting. Here we report a deviation from the general observation
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Fig. 9 Binary plots with fields demarcated for modern warm-water, Tasmanian cool water shelf
carbonates as well as Ordovician Tasmanian subtropical shelf carbonates along with the carbonates
of under present study (red solid circles; data and figures after Winefield et al. 1996) plotted along
with the Cenozoic New Zealand carbonates of temperate waters for the Sr-Mn and Sr-Na relation-
ships. On the Sr-Mg binary plot the same samples plot along the tropical (warm water) fields with
overlap

of Winefield et al. (1996), Rao (1991), Hood et al. (2004) and Azizi et al. (2014) on
the temperate limestones, although the geochemical parameters and ratios as men-
tioned above satisfy the discrimination. The authors also suggested that the regional
generalisations can be made limited to the skeletal differences, diagenetic process
involved etc., Based on the above and analysed data sets of the studied samples, the
net effect of volcanogenesis, carbonate dilution and dissolution play an important
role in discriminating the carbonates of tropical origins. The failure of carbonate
platforms and later events might have also modified the chemical character of the
studied samples. Boudon et al. (2007) reported that the MVI has recorded more than
47 volcanic events where as 15 of them have occurred during the last 12 kyrs. These
observations have been fairly matching with the DAD 2 where we have seen an age
of 130 ka and mass flow of debris are observed at 14 ka due to submarine landslides
and due to slope failures during rapid sea level changes (Trofimovs et al. 2010 and
references there in). Bowles and Fleischer (1985) reported enhanced Amazon and
Orinoco sediment influx to the eastern Caribbean during interglacial periods and at
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times of higher sea levels. Although, the authors speculated about the sediment dis-
persals and terrigenous dilution produced the reversals of carbonate trends as well
as high accumulation rates of sediments during glacial periods around Aves Ridge
(located south west to the MVI), the high amounts of cool water mixing into the
Lesser Antilles and the possibility of increased production of cool water carbonates
caused by upwelling cannot be ruled out. Further studies on these samples are war-
ranted using stable isotope systematics to unravel the growth and destruction of shelf
carbonates of Lesser Antilles to further substantiate the present findings.

5.9 Th/U Ratios

Th/U whole-rock ratios of the studied samples (0.3–2.0; predominantly most of the
samples show <1.0) suggest that these are much below the upper continental crust
igneous values (3.5–4.0; McLennan et al. 1993). During weathering these values
will increase much further whereas the low values as obtained in the present case
are indicative of active continent margin values (see the Th vs. Th/U relationship,
Fig. 10a). U enrichment in sedimentary process lead to lower ratios of Th/U.McLen-
nan et al. (1993) suggested that low Th/U (U enrichment) in sedimentary processes
commonly seen in active margin sediments also reflects geochemically depleted
mantle sources of the arc provenance (also refer to Hofer et al. 2013). The high Th
contents are generally added to sediments from continental sources as detrital mate-
rial which is also a measure of sediment maturity. U enrichment is generally believed
to be due to its binding or trapping with organic materials in the marine system. Thus
low Th/U values also indicate immature or less mature nature of the studied samples.

5.10 Paleo-redox Characteristics

The REE such as Ce and Eu (LREE), the trace elements and their ratios like V,
Cr, Ni, Co, Cu, Zn, U, Th etc., are also considered as good proxies for paleo-redox
characteristics of marine sediments since these cationic metals possess more than
one oxidation state by losing electrons (except Zn and Th have single oxidation
states as II and IV respectively). These elements are also named redox sensitive
elements (ROS) in Marine Geochemistry (Jones and Manning 1994; Cullers 2002;
Kato et al. 2002; Swanner et al. 2014; Goldberg and Humayun 2016; Armstrong-
Altrin et al. 2015). The redox mechanism of aquatic systems operates based on the
available oxidizable and reducible metallic compounds. In other words, it is the
balance between the atmospheric oxygen supply and the oxygen consumption by
microbial decomposition of organic matter (Drever 1997).

Ni/Co ratio is a strong indicator of paleo-redox conditions of aquatic systems.
Ni/Co <5 and >5 are considered to represent oxic and anoxic conditions respectively.
The studied samples consistently show the ratio in the range of 0.1–4.3 (except
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Fig. 10 a Plot of Th/U versus Th (after McLennan et al. 1993) indicating the carbonaceous sedi-
ments occupy the region of active continental margin sediments also indicating that these sediments
are unaltered and unweathered since these are well below the Th/U of upper crustal igneous rocks
(3.5–4) which is characteristic of PAAS (shales). b K2O/Na2O versus SiO2/Al2O3 major oxide
based tectonic discrimination diagram after Roser and Korsch (1986) discriminating the marine
carbonates into A1 to A2 fields (A1 = arc setting, basaltic and andesitic detritus; A2 = evolved arc
setting, felsitic-plutonic detritus). c TOC (wt%) versus CaCO3 (wt%) showing a slightly weak posi-
tive anomaly indicating oxic depositional environment. dActive and passive margin discrimination
diagram based on log transformed major and selected trace element compositional data effectively
discriminating the studied marine carbonates with active continental margin affinity

one sample showing 5.6). Similarly, the V/Cr ratio is a good indicator of paleo-
redox conditions. V/Cr ratio more than >4.5 is considered as anoxic, whereas <2
is considered as oxic condition (Jones and Manning 1994). The studied samples
show a range of V/Cr ratios from 0.4 to 4.9 (in which 5 samples show V/Cr > 2.0).
Further, Goldberg and Humayun (2016) reported Cu/Zn ratio as a good indicator
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of paleo-redox conditions. If this ratio is >1, it is considered as anoxic, when it is
<1 represent oxic conditions. All the studied samples are in the range of 0.1–0.5
confirming to the prevalence of oxic conditions during their deposition. Authigenic
uranium (Uau; non-detrital fraction derived fromUau =UTot-Th/3) precipitates under
reducing conditions being carried as uranyl carbonates in solution (Langmuir 1978).
It is the differencebetween the total uranium(measured) anddetrital uranium.Detrital
uranium can be taken as Th/3, since the Th/U ratio in normal mudstone is 3; where
the U is considered to be derived entirely of detrital origin is 3 (Wignall and Myers
1988). The studied samples show a range of ratios 0.5–4.9 of Uau suggesting oxic
depositional conditions wherein the values <5, between 5–12 and >12 suggest oxic
and suboxic to anoxic depositional conditions respectively.

5.11 Total Carbon and Carbonate Content

The studied samples show highly variable CaCO3 contents between 3.6 and 76.6
(wt%). These sediments depict total carbon (TC) contents vary in a wide range from
0.46 to 9.89 (wt%) whereas the inorganic carbon (Tic) shows similar variation from
0.43 to 9.2 (wt%). Total organic carbon is generally very low when compared to
the inorganic carbon (Frimmel 2009; Hofer et al. 2013) as obtained in the present
studies (0.02–1.17wt%)which is a general case formanymarine carbonate sediments
indicating the samples are lithogenic. The positive relationship between TOC (wt%)
versus CaCO3 (wt%) (Fig. 10c) for the carbonates indicate their deposition in oxic
environment and at a high rate of sedimentation (Nioti et al. 2013).

5.12 Shifting of Platformal Carbonates to Deep Ocean:
Evidence from Ce and La (Pr/Pr*) Anomalies

The slight relative depletion of LREE compared to HREE on shale normalised pat-
terns slight positive La, Eu, Gd and Y anomalies, Ce negative anomalies, superchon-
dritic Y/Ho ratios are proxies for retention of seawater characteristics in sediments
(Zhang and Nozaki 1996; De Baar et al. 1985; Zhang and Nozaki 1998; Bau 1996;
Elderfield and Greaves 1982; Piepgras and Jacobsen 1992). Although, some devi-
ations to the above mentioned criteria observed in the later studies due to addition
of detrital material from adjacent continents, addition of biogenic sedimentation to
the ocean basins, changes in Eh, Ph conditions of the seawater which modify the
sea water composition and sediments due to the above contamination that have oper-
ated at depth, varying temperatures, salinity conditions as well as authigenic removal
(scavenging) of rare earths and early diagenesis and chemical alteration of sediments
(Nagarajan et al. 2011 and references there in). The above mentioned conditions may
dilute the original seawater characteristics retained by themarine carbonates resulting
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in a non-seawater like patterns of REE due to the addition contaminants such as Fe–
Mn oxyhydroxides, phosphatic sediments, non carbonates, siliceous sediments etc.,
The REE distribution patterns of studied carbonate sediments have grossly retained
the seawater characteristics except lack of yttrium-positive anomaly whereas Y/Ho
values are near chondritic (range of present study 20.7–31.5; average 28.0; Chon-
dritic Y/Ho = 28; Sun and McDonough 1989; Kamber and Webb 2001). Lawrence
and Kamber (2006) suggested that the Y/Ho ratios vary as a function of salinity of
sea water. Similar Y/Ho values and lack of Y anomalies in most of the carbonate sed-
iments, in spite of no shale contamination obtained by Frimmel (2009). The authors
attributed such lacking of Y positive anomaly as a primary feature of precipitating
water. Further, Lawrence et al. (2006) reported that the freshwater influence and
sediment load admixed by rivers on the marine sediments may generate such low
magnitude Y anomalies. While considering these aspects along with the PAAS nor-
malised Ce/Ce* versus Pr/Pr* discrimination diagram (Fig. 7d; modified after Bau
andDulski 1996) which discriminates the studied carbonate samples into a tight clus-
ter having negative Ce and positive La anomalies which are in perfect agreement with
modern open oceanic surface waters. The demarcated area shown by a field enclosed
in Fig. 7d is an average of modern seawater samples (upper 50 m of water column)
for which the data collected from different locations of the Pacific and Indian Oceans
(Nagarajan et al. 2011 and references there in). This observation gave a chance of
speculation about the origin of the carbonates in an open ocean setting in between the
younger and older arc towards north-westernmargin (located on the overriding plate)
of Lesser Antilles volcanic arc as a carbonate platform which are also known as intra
arc carbonates. These carbonate platforms due to the Lesser Antilles volcanism and
associated tectonics slumped onto the ocean floor in the form of a collapsed carbon-
ate platform as a debris avalanche deposit. Doborek (2008) explained the growth of
such thin shallow marine carbonate platforms in an active volcanic front such as the
present case, which are effected by differential tectonic subsidence, uplift, relative
sea-level changes and paleoclimate variations. The present day examples are Grena-
dine Islands, Lesser Antilles, where intra-arc carbonate facies form a submerged
and incipiently drowned carbonate platform (the Grenadine Bank) that is currently
at 20–40 m water depths (D’Anglejan and Mountjoy 1973; Dey and Smith 1989).
Soja (1996) described such worldwide platformal carbonates related to the island-
arc settings, their dissolution in extinct arc zones and deposition in favourable sites
in the marine sediment column. Further, Soja (1996) explained the mechanism by
which the carbonate platforms descend to deep marine conditions developed during
the intermittent phase of volcanism.
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5.13 Tectonic Setting

Carbonaceous sediments may be accumulated at various sites in passive and active
margin setting (Dorobek 2008). The Lesser Antilles volcanic arc is an oceanic island
arc with active margin conditions wherein American plate is being subducted below
the Caribbean plate given rise to a chain of volcanic islands in an arcuate shape (Le
Friant et al. 2013; Macdonald et al. 2000). Based on the geochemical characteristics
of the studied sediments, the tectonic setting in which their deposition took place
is although known to be an active continental margin setting, a verification has
been made by using major oxide ratios K2O/Na2O versus SiO2/Al2O3 proposed
by Roser and Korsch (1986; Fig. 10b). These discrimination diagrams have been
used by many workers for texturally dissimilar rocks (coarse grained sandstones
to med grained greywackes to fine grained shales/mudstones) which are derived
from complex active margins including material derived from continental margin
magmatic arcs (and deposited in a variety of basin settings including trench, fore-arc,
intra-arc, and back-arc). On the other side when these discrimination diagrams were
used for modern sediments which are chemically distinctive such as trailing-edge
and forearc muds, but compositions of continental margin arc, strike-slip, and back-
arc muds overlapped considerably. The studied carbonaceous samples when plotted
on the K2O/Na2O versus SiO2/Al2O3 diagram occupy the field of A1–A2 (A1 =
arc setting, basaltic and andesitic detritus; A2= evolved arc setting, felsitic-plutonic
detritus) very similar to the results obtained by various other geochemical ratios of
the present study (Fig. 10b). Further, an online computer programme known as APM
Disc (Active and Passive Margin Discrimination diagrams) for the discrimination of
active and passive margins was written in Java using the framework ZK developed
and published by Verma and Altrin (2016) is used for the studied samples. The
compositional data of major oxides and trace elements (DF A-P MT) for the studied
samples have been processed using the excel sheets and discrimination diagrams
are obtained. Figure 9c shows that all the studied samples effectively discriminated
with active margin affinity. Since the drilled core samples are collected from Lesser
Antilles arc (a known activemargin tectonic setting), the samples with <30wt%SiO2

are also included during data processing (out of 20 samples 14 have SiO2 contents
less than <30%) for APM Disc programme, as the authors (Verma and Altrin 2016,
who also supported the idea to include samples of <30% SiO2 during personnel
communication) have considered only samples having >30% SiO2 contents under
this discrimination scheme.
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6 Conclusions

1. The studied marine carbonates of drilled core samples from the off coast of
Montserrat volcanic island of Lesser Antilles arc retain seawater REE character-
istics showing slight LREE depletion relative to HREE, negative Ce and positive
Eu-anomalies.

2. Various geochemical proxies and total organic carbon contents indicate that the
rare earth elements and yttrium are sourced from seawater whereas carbonates
are lithogenic.

3. These marine carbonates are deposited in an open ocean, shallow water predom-
inantly oxic environment devoid of any terrigenous or detrital contamination.

4. These sediments are immature to slightly mature and derived from intermediate
to felsic nearby provenance.

5. Our studies indicate that the carbonates are platform type formed in a shallow sea-
water environment subsequently have undergone dissolution prior to their depo-
sition into the present deeper marine sediment column located on the overriding
plate of the Lesser Antilles subduction system.
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Morpho-taxonomy of Corycaeid
Cyclopoids from Lakshadweep Sea,
South Eastern Arabian Sea—A Part
of the Indian Ocean

R. Radhika and S. Bijoy Nandan

Abstract Classical taxonomy, the science of naming and classifying organisms
accurately plays an important role in biodiversity conservation. Taxonomy has been
endorsed as an important gadget for the execution and monitoring of the Conven-
tion on Biological Diversity which in turn has significantly reformed the climate
in the field of taxonomic research. This paper endeavor to accomplish the goal of
strengthening capacity building (taxonomists) as a part ofGlobal Taxonomy Initiative
of convention on biological diversity and also due to rapidly dwindling cyclopoid
copepod taxonomic expertise in the national scenario. Despite the vastness of the
volumes of seas and oceans in this world, the echelon of work done on the taxonom-
ical facet of marine cyclopoid copepods are surprisingly fewer. Since the taxonomy
of marine cyclopoids along the southwestern part of Indian Ocean have not been
attempted much in the Indian scenario, the present study grips much significance
as it becomes a pioneering effort on the morphotaxonomy of Corycaeid copepods
(Order: Cyclopoida) from Lakshadweep Sea and associated islands, South Eastern
Arabian Sea—a part of Indian Ocean. Sampled small Corycaeidae group of cope-
pods in high abundance from five lagoons (Kavaratti, Kalpeni, Minicoy, Agatti and
Bangaram) and open ocean zones of Minicoy of the Lakshadweep archipelago dur-
ing premonsoon, monsoon and post monsoon seasons during 2013–2016 period
thus handing over the morphotaxonomic descriptions of twenty-three species under
five genera (Corycaeus, Urocorycaeus, Onychocorycaeus, Ditrichocorycaeus and
Farranula) belonging to the family Corycaeidae.

Keywords Marine cyclopoids · Corycaeidae · Lakshadweep · Indian Ocean

1 Introduction

The family Corycaeidae (Dana 1852) now including five genera, viz, Corycaeus,
Onychocorycaeus, Urocorycaeus, Ditrichocorycaeus and Farranula are marine
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pelagic copepods occurring typically in epipelagic zone of tropical to temperate
seas (Motoda 1963; Boxshall and Halsey 2004; Wi and Soh 2013a). Boxshall and
Halsey (2004) through a major phylogenetic revision established all the subgen-
era mentioned above as valid genera. Yet, appropriate morphological criteria for all
generic status could not be presented for the same. Corycaeid group of copepods
which are easily recognized by their peculiar body structure and large paired eyes
seem to be very useful indicator forms of warm ocean currents. The major research
topics have spotlighted on their community structure and biology, thus providing
new insights into the largely unknown ecological importance of this copepod family
(Robin et al. 2013; Radhika et al. 2014a). Apart from ecological issues, the taxonomy
of the Corycaeidae family has been the subject of progressively more detailed studies
over the past two decades. Nevertheless, despite these efforts, the taxonomy of many
species under this family is still inadequate and have not been described in ample
detail. Moreover, the species belonging to this family could be distinguished only by
a very few characters, since many of the congenic species are morphologically very
similar. These include micro structures like ornamentation of endopodal segments
of antenna, spination of exopodal segments of the swimming legs and length-width
ratio of the concerned parts, which in turn require a level of detail, which is not, by
and large, adopted in most taxonomic descriptions.

2 Materials and Methods

Conducted field sampling invariably during the early morning hours by hired boats
in different Lakshadweep islands (lagoon stations of Kavaratti, Kalpeni, Minicoy,
Agatti and Bangaram) from 2013 to 2016 during premonsoon (spring intermon-
soon), monsoon (fall inter monsoon) and post monsoon (winter monsoon) seasons
for the collection of mesozooplankton (Figs. 1 and 2). Sampling from open ocean
zones (eighteen stations located between 8°12′–8°24′ N and 72°54′–73°12′ E) in
Minicoy Island was also undertaken during premonsoon (spring intermonsoon) on
board the Fishery Oceanographic Research Vessel (FORV) Sagar Sampada (Cruise
#338) in April 2015 (Fig. 3). Zooplankton samples were collected using a modi-
fied WP (working Party) plankton net (mesh size 200-µm) having a mouth area of
0.28 m2 (Jagadeesan et al. 2013). Carried out horizontal tows just below the water
surface, at a fixed speed of 1 Knot for 10 min, with the net attached to a calibrated
flow meter (General Oceanics model number −2030 R, 2012). The average depth
of the collection site is 6 m with a maximum depth of about 16 m. Immediately
after sampling, those for morphological examination were preserved in 4% buffered
formaldehyde. Used Magnesium chloride (7–10%) as narcotizing agent (Steedman
1976; Anon 1968; Omori and Ikeda 1984; Harris et al. 2000) in high-quality air-
tight bottles labeled with the date, time, location of the station and season. Sorting,
analysis and species level identification of Corycaeidae copepods was done under
Stereo Microscope in the Ecology lab of the department using standard identifica-
tion keys (Boxshall and Halsey 2004; Dahl 1912; Farran 1911; Kasturirangan 1963;
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Fig. 1 Geographical location of the sampling stations in the Lakshadweep island. Source https://
www.mapsofindia.com/maps/india/india-political-map.htm

Fig. 2 Lagoon stations showing transects of a Agatti, b Kavaratti

https://www.mapsofindia.com/maps/india/india-political-map.htm
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Fig. 3 Study area—cruise track of FORV Sagar Sampada Cruise #338 (Minicoy Island)

Wi and Soh 2013a, b; Wi et al. 2013). Morphological examination and dissection
of specimens were done in glycerol distilled water mixture using fine needles on a
cavity slide under Leica (Model DM 500) bright-field compound microscope. Draw-
ings were made with the aid of the drawing tube. Specimens were measured using
ScopePhoto (x64) software. The specimens were incorporated into the copepod col-
lection of Department of Marine Biology, Microbiology and Biochemistry, School
of Marine Sciences, Cochin University of Science and Technology (catalog number
MBM/DBT/01/14, MBM/DBT/02/14, MBM/DBT/1-21/2017).

3 Results

Family: Corycaeidae
Genus: Corycaeus (Corycaeus) Dana, 1845
Corycaeus crassiusculus Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon) and Bangaram.

Female (Fig. 4): Total length 0.78–0.8 mm. Prosome (PR) four segmented, frontal
margin arc-shaped, with two large separate cuticular lenses (Fig. 4a). Prosome about
twice longer than urosome including caudal rami (2.6:1.3); about 1.8 times as long
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Fig. 4 Corycaeus crassiusculus female. aHabitus (dorsal); b antenna (A2); c antennule; d urosome
(lateral view)
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as wide (2.6:1.4). The genital segment is shorter than anal somite and caudal rami
combined. Urosome (UR) two-segmented with very divergent caudal rami (Fig. 4d).
Genital Somite (GS) overlaps anal somite at the dorsal margin. Anal somite is rect-
angular shaped with its distal margin ornamented with spinules ventrolaterally; 0.98
times as long as wide at base; slightly shorter than genital somite. Antenna (A2)
four-segmented (4b). Coxobasis 1.6 times longer than wide; inner distal margin
bears a long stout seta fringed with minute spinules along the inner distal and termi-
nal margin. Endopod three-segmented and unequal; first endopodal segment robust,
extremely longer than other two endopodal segments, about 2.3 times as long as
wide at base; bears unipinnate setae, on inner proximal margin; 2.5 times shorter
than coxobasal setae. Midventral surface vertically adorned with smooth denticles
along the length of the first endopodal segment. Outer lateral margin randomly dec-
orated with small denticles in which anterolateral margin bears a serial row of five
denticles; marginal two are placed equidistant and other three serially. Adjacent to
the midventral row of denticles, along the anteroventral margin two more denticles
are also present in which the proximal one is the longest. Inner distal margin formed
of two comparatively stout teeth like process. Second endopodal segment, shortest
of the three bears three elements. Third endopodal segment cylindrical slightly as
long as wide at the base, with a hump-like protrusion at the distal part bearing naked
spiniform setae and is drawn into a curved terminal claw with a small blunt spine at
inner base. Antennule (A1) short, six segmented (Fig. 4c).

Remarks: Females of C. crassiusculus are largely identified by the overlapping
of the genital segment on the anal segment at the dorsal margin; described here is
the specimen characterized by body length of 0.78 mm; two-segmented urosome
with very divergent caudal rami; ventro-lateral ornamentation of the anal somite; six
segmented antennule; ornamentation of the first endopodal segment of the antenna.
Descriptions of C. crassiusculus by Dana’s (1852–55) were based exclusively on
male specimens. Yet, the female of C. venustus described in the same papers were
later identified by Dahl (1912) as the female ofC. crassiusculus. Therefore, the name
C. venustuswas dropped. The present specimen from the waters of the Lakshadweep
Islands on comparison with all the known species of the genus show the closest sim-
ilarity withC. crassiusculus in shape, size, features of the appendages, arrangements
of spines and setae and other characteristics.

Distribution: Atlantic, Mediterranean, Indo-Pacific, Japan Sea, North Pacific
(http://copepods.obs-banyuls.fr/en).

Corycaeus speciosus Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon) and Bangaram.

Female (Fig. 5): Total length 1.80–2.33 mm. Prosome four segmented, 2.05
times longer than wide and 1.4 times as long as urosome. Dorsally visible cutic-
ular lenses present (Fig. 5a). Urosome two-segmented 3.7 times longer than wide.
Almost rhomboid-shaped genital double somite 1.95 times longer than wide. AS
(Anal Somite) 1.3 times as long as wide. CR (Caudal Rami) divergent at its base,
1.48 times as long as wide. The ratio of the length of urosomal somites and CR

http://copepods.obs-banyuls.fr/en
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Fig. 5 Corycaeus speciosus female. a Habitus (dorsal); b A2; c urosome

10:4.7:1.7 (Fig. 5c). A2 four segmented. Coxobasis with a coxobasal setae which is
2.75 times longer than endopodal setae. 1st endopodal segment bears a short endopo-
dal setae. 2nd endopodal segment bears 3 elements-one larger and two small. Lateral
margin bears numerous spines. 3rd endopodal segment bears two elements (Fig. 5b).

Male (Fig. 6): Total length 1.03–1.15mm. Prosome four segmented (Fig. 6a shows
first and 2nd segment fused) 2.05 times longer than wide and 1.6 times as long as
urosome. Urosome 2 segmented 2.8 times longer than wide. Genital double somite
1.41 times longer than wide. AS (Anal Segment) 1.81 times as long as wide. CR
(Caudal Rami) parallel, 3.66 times as long as wide. Length ratio of urosomal somites
and CR 2.4:1:1.1 (Fig. 6a). A2 four segmented. Coxobasis with a coxobasal setae
which is 1.38 times longer than endopodal setae. 1st endopodal segment bears a short
endopodal setae. 2nd endopodal segment bears two elements. Lateral margin bears
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Fig. 6 Corycaeus speciosus male. a Habitus; b A2 (antenna)

numerous spines. 3rd endopodal segment bears two elements of which one is drawn
out as a claw (Fig. 6b).

Remarks: In Arabian Sea, this species was first reported by Sewell in 1947.
C. speciosus is distinguished by its divergent CR, rounded forehead in female and
broad one in male. Presence of minute spines on the mid-lateral region of the first
endopodal segment of the A2 in both females and males is also a distinguishing
character. Females are comparatively larger than males.C. speciosus is an epipelagic
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or sometimes bathypelagic species. According to Motoda (1963), this species forms
themost commonCorycaeus in Hawaiian waters andOahu Island. Kang et al. (1990)
and Motoda (1963) noted that the length of the coxobasal setae of A2 was 2.8 times
that of endopodal setae. Length of coxobasal to endopodal setae was 2.75 for~and
1.38 for|of Lakshadweep specimen. Dana (1849) opined on the length-width ratio
of CR being 12 times for males. But this ratio was found be lesser in the males of
Lakshadweep specimen (3.66). Björnberg (1963) considered this species as a typical
indicator of warm tropical oceanic water.

Distribution: Tropical, Subtropical, and North Temperate Atlantic, Mediter-
ranean, Indo-Pacific, East china Sea, Japan Sea, South and North Pacific. In the
Arabian Sea, this species was first reported by Sewell in 1947 (http://copepods.obs-
banyuls.fr/en).

Corycaeus clausi F. Dahl, 1894

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), and Agatti.

Female (Fig. 7): Length 1.50–1.6mm. Prosome four segmented, broad, 2.06 times
as long as wide and 1.57 times as long as urosome. Two segmented urosome. GS is

Fig. 7 C. clausi female. a Habitus (dorsal); b A2

http://copepods.obs-banyuls.fr/en
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as long as wide. CR more than thrice as long as wide at the proximal. Proportional
lengths of the urosomal segments and CR are 2.5:2.2:3.2 (Fig. 7a). Antenna (A2)
four segmented with coxobasal setae longer than endopodal setae. Lateral margin
of the first endopodal segment adorned with a row of minute spines. 2nd endopodal
segment with two spines, one larger and one smaller. 3rd endopodal segment also
with two spines, one larger which is drawn out as a claw and one smaller (Fig. 7b).

Male (Fig. 8): Length 1.37–1.5mm. Prosome four segmentedwhere cephalosome
shows incomplete fusionwith the first prosomal segment; 1.80 times longer thanwide
and 1.69 times longer than urosome. Proportional lengths of the urosomal segments
and CR is 3.6:1.4:2.5. GS 1.6 times as long as wide. CR about 2.5 times as long as
wide at the proximal end (Fig. 8a).Antenna (A2) four segmentedwith coxobasal setae
longer than endopodal setae. Lateral margin of the first endopodal segment adorned
with a row of minute spines. 2nd endopodal segment with two spines, one larger and
one smaller. 3rd endopodal segment also with two spines, one larger which is drawn
out as a claw extending up to the coxobasal segment and one smaller (Fig. 8b).

Fig. 8 C. clausi male. a Habitus (dorsal); b A2
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Remarks: The diagnostic feature of C. clausi is the presence of a row of minute
spines on the lateral portion of first endopodal segment of the A2. Comparing the
measurements, armature and spine ornamentation of the specimens collected from
various islands of Lakshadweep clearly established that the present specimens belong
to C. clausi. Sewell (1947) considered this species as a variety of C. crassiusculus.
Boxshall and Halsey considered this as full generic status pending phylogenetic
revision of the family at the generic level.

Distribution: Epi-mesopelagic, recorded from temperate waters of the Atlantic
and rarely from the Indo-pacific (http://copepods.obs-banyuls.fr/en).

Corycaeus vitreus Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti and Bangaram.

Male (Fig. 9): Total length 1.06–1.15 mm. Prosome three-segmented; cephalo-
some fused with first prosomal segment; 1.75 times longer than wide and 1.46 times
as long as urosome (Fig. 9a). Urosome 2 segmented (Fig. 9c); 3.9 times longer than
wide. Genital double somite 1.33 times longer than wide. AS (Anal Somite) 2.97
times as long as wide. CR (Caudal Rami) slightly divergent at its base, 1.92 times
as long as wide. The ratio of urosomal somites and CR 2.5:0.75:1.25. Antenna (A2)
four segmented with coxobasal setae shorter than endopodal setae. 2nd endopodal
segment with two elements, one long and one short at base. 3rd endopodal segment
drawn out a long terminal claw extending up to coxobasis (Fig. 9b).

Remarks: Dahl (1912) defined the characters of the male specimens of this
species. Only Farran (1936) reported female specimens till date. He opined that
the male of C. vitreus differs from that of C. crassiusculus and C. clausi by its short
head broad anteriorly and tapers posteriorly and short AS. He collected C. vitreus
fromNewZealand but reported it as the female ofC. crassiusculus. Later he reported
a specimen collected from Great Barrier Reef as the female specimen of C. vitreus
for the first time. He opined that the female of C. vitreus to be more than that of C.
crassiusculus. Only male specimens were observed. When Tanaka’s male specimens
were compared with the Lakshadweep specimen, some of the characters were com-
parable even with slight variations. They included (1) PR to UR ratio being lower
in Lakshadweep specimen than that of Tanaka (1.46 vs. 1.5); (2) Length width pro-
portion of CR being less in Lakshadweep specimen (1.92 vs. 5); (3) AS wider at the
proximal end than at distal end; (4) ornamentation of A2.

Distribution: Ocean and Coastal, Pacific Ocean, Coast of Western Australia
(http://copepods.obs-banyuls.fr/en).

Genus Corycaeus (Urocorycaeus) (Dahl 1912)
Urocorycaeus lautus Dana, 1848

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Agatti, and Minicoy (open ocean and lagoon).

Male (Fig. 10): Total Length 1.48–1.6mm. Prosome three-segmentedwith frontal
margin arc-shaped, 2.34 times as long as wide and 1.16 times as long as urosome.
Urosome two segmented. Proportional lengths of GS:AS:CR is 2.8:2:5.2. GS bulgy

http://copepods.obs-banyuls.fr/en
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Fig. 9 C. vitreus male. a Habitus; b A2; c urosome
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Fig. 10 U. lautus male. a Habitus (lateral view); b P4; c A2
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double somite, 2.33 times as long as wide. Rectangular shaped AS, 3.33 times as
long as wide which is not as long as GS; Slender, long and slightly divergent CR
which is 9.89 times as long as wide. CR longer among the urosomal segments than
and 1.08 times as long as the rest of the urosomal segments (Fig. 10a). P4 with two
setae (one long and one rudimentary) in the endopodite (Fig. 10b). A2 (Fig. 10c) four
segmented. Unipinnate endopodal setae shorter than coxobasal setae. Lateral margin
of the first endopodal segment adorned with a row of minute spines. 2nd endopodal
segment with two spines, one larger and one smaller. 3rd endopodal segment also
with two spines, one larger drawn out as a claw and the other smaller at the base.

Remarks:U. lautusmale specimens can be recognized by the presence of 2 setae
(1 long and 1 rudimentary) in the P4 endopodite; UR differentiated into AS and GS;
length ratio of CR to rest of the urosome. The present specimen agrees with the above
said distinct characters. The length ratio of CR to rest of the abdomen (1.02) is also
comparable with the previous descriptions like 1.2 (Farran 1911); 1.3 (Dahl 1912);
1.2 (Mori 1937); 1 (Dakin and Colefax 1940); 1.3 (Tanaka 1957); 1.49 (Motoda
1963). All these confirms the taxonomic integrity of U. lautusmale in Lakshadweep
sea.

Distribution: Tropical, Subtropical and North Temperate Atlantic, Mediter-
ranean, Caribbean Sea, Indo-Pacific, East China Sea, Japan Sea, Pacific Ocean
(http://copepods.obs-banyuls.fr/en).

Urocorycaeus furcifer Claus, 1863

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Agatti, Kalpeni, and Minicoy (open ocean and lagoon).

Male (Fig. 11): Total Length 1.28–1.35 mm. Prosome three-segmented with
frontal margin arc-shaped, 2.44 times as long as wide. Prosome 1.38 times as long
as urosome. Urosome two segmented. GS bulgy double somite, 1.65 times as long
as wide. Rectangular shaped AS, 0.33 times as long as wide which is not as long as
GS; Slender, long and slightly divergent CR which is 5.25 times as long as wide. CR
longer among the urosomal segments. Proportional lengths of GS:AS:CR is 4:2.1:4.2
(Fig. 11a). Antenna (A2) four segmented with coxobasal setae only slightly longer
than endopodal setae unipinnate. Proximal lateral margin of the first endopodal seg-
ment ornamented with minute spines. 2nd endopodal segment with two elements,
one longer than the other. 3rd endopodal segment with two elements; one long drawn
out as a terminal claw and other being too short at the base (Fig. 11b).

Remarks: The most distinct character of the genus Urocorycaeus is that the CR
in both sexes are lengthy measuring at least twice the length of the rest of the UR and
almost parallel, slightly divergent at the distal ends. Differentiation of UR into GS
andAS is another distinguishing character of amale specimen ofU. furcifer from that
of its allied species U. longistylis. Here in the present specimen from Lakshadweep
islands has this differentiation very well that confirms its taxonomic identity. In the
present specimens, proportional lengths of Urosomal segments is 40:21:42. This is
at variance with the description given by Cervigon (1964) (30:12:58). Tanaka (1957)
reported only female specimens.

http://copepods.obs-banyuls.fr/en
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Fig. 11 U. furcifer male. a Habitus; b A2

Distribution: Recorded from Indo-Pacific, northern coast of South America,
Mediterranean and Sargassum Seas (http://copepods.obs-banyuls.fr/en).

Genus Corycaeus (Onychocorycaeus) (Dahl 1912)
Onychocorycaeus catus Dahl F, 1894

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Bangaram, and Agatti.

Female (Fig. 12): Body cylindrical, tapering posteriorly. Total length 0.65–
0.66 mm. Prosome four segmented, more than twice as long as urosome including
caudal rami about 1.75 times as long as wide (Fig. 12a). Urosome two-segmented
with divergent caudal rami. Genital somite oval, 1.5 times as long as greatest width at
the anterior mid-region, longer than AS and CR combined; AS rectangular shaped,

http://copepods.obs-banyuls.fr/en
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Fig. 12 O. catus female. a Habitus; b urosome; c A2; d maxilla; e mandible; f antennule (A1)
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about 1.3 times as long as wide at base; distal margin bears spinules ventrolater-
ally; 3.9 times shorter than genital somite and 1.3 times shorter than caudal rami.
Caudal rami divergent, 1.67 times longer than wide at the base, about 0.35 times
shorter as long as genital somite and 1.38 times as long as anal somite (Fig. 12b).
A2 four segmented with coxa and basis with strong unipinnate setae on inner dis-
tal margin. Endopod three-segmented and unequal in length; 1st segment bearing
short unipinnate seta on ventral proximal margin shorter than coxobasal seta, inner
distal margin formed into two stout teeth. 2nd segment short bearing two elements
(a) curved stout short spine arising from outer distal margin and is longer than the
other and (b) comparatively smaller spine arising from the inner margin; 3rd segment
cylindrical, 1.2 times as long as wide at base, armed with a curved terminal claw
and a short spine arising from the inner distal margin (Fig. 12c). Maxilla (Fig. 12d)
with syncoxa unarmed and unornamented. Inner margin of the allobasis produced
into spiniform process and bears two elements; one is broad and robust with the
comb-like spine; the other is smaller than former with smaller combs but have many
spinous processes next to it. Mandible (Fig. 12e) with gnathobase bearing two ele-
ments ie, spine and blade where the spine is slightly broad and robust. Blade forms
spinous process surrounded by a patch of spinules around base. Antennule (Fig. 12f)
short, six segmented.

Remarks: When compared with the descriptions of Tanaka (1957) from Japanese
waters, females of O. catus from Kavaratti waters, Lakshadweep showed almost
similar length ratio of PR:UR (including CR) where PR being more than two times
the length of UR (4.9:1.9 vs. 9:4). However, a fewmorphological variations from the
former description were also there on the total body length being smaller (0.65 vs.
0.93–1mm), the length-width ratio of the anal somite being slightly different (4.5:3.5
vs. 7:8), the length-width ratio of the CR being smaller (1.67 vs. 4) and length the
proportion of the GS:AS:CR being much large (177.5:45:62.5 vs. 58:20:22). On the
contrary, females of O. catus described by Motoda (1963) from Hawaiian waters
differed from those of the Kavaratti specimens in the proportional lengths of PR:UR
(including CR) where PR about twice the length of UR in Hawaiian waters versus
more than twice in Kavaratti specimen and the total body length being larger (1.14
vs. 0.65 mm) where the morphological characteristics such as GS longer than AS
and CR combined; AS 1.3 times as long as wide (4.5:3.5) and slightly shorter than
CR, were found to be similar. In contrast, from the descriptions of female O. catus
by Karanovic (2003) from Australian waters, the body length seems larger being
1.06 mm when compared to 0.65 mm of Kavaratti specimen. Variations also appear
in the length-width ratio of prosome which being larger in Kavaratti specimen from
that of Australian specimen (1.75 vs. 1.0) as well the details like surface of the
cephalic shield of the prosomites withmany small sensilla and cuticular pores.While
Karanovic (2003) explains that genital somite is only slightly longer than wide in
Australian specimen, Kavaratti specimens varies from it by the genital somite being
1.5 times longer than the greatest width and anal somite about 0.8 times as long
as wide in Australian specimen which is smaller to that of Kavaratti specimen (0.8
vs. 1.3). Anal somite 3.9 times shorter than genital somite in Kavaratti specimen
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while that of Australian specimen is only 0.4 times as long as genital somite, which
explains another variation.

Distribution: Recorded from the Indo-Pacific Ocean, Lakshadweep Sea, Great
Barrier Reef Sea, Arabian Sea and very common in the warm waters of Japan (http://
copepods.obs-banyuls.fr/en).

Onychocorycaeus agilis Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 13): Total length 1.34–1.38mm.Prosome robust and four segmented,
twice as long as wide. Prosome 1.66 times as long as urosome. Slender CR. Urosome
2 segmented. Proportional lengths of GS:AS:CR is 0.9:0.85:1.1 (Fig. 13a). Broad 1st
endopodal segment of A2 bears two spine-like processes at the inner distal margin
whose level is slightly displaced from that of second endopodal segment. Coxobasal
setae thrice as long as endopodal setae. 2nd endopodal segment bears two spines. 3rd

Fig. 13 O. agilis female. a Habitus; b A2
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endopodal segment also bears two elements, one short and the other as a terminal
claw (Fig. 13b).

Male (Fig. 14): Total length 0.7–0.8 mm. Prosome four segmented; 1.83 times
as long as wide and 1.76 times as long as urosome. Slender CR. Urosome two seg-
mented. Proportional lengths ofGS:AS:CR is 2:1.3:2 (Fig. 14a). Broad 1st endopodal
segment of A2 bears two spine-like processes at the inner distal margin whose level
is slightly displaced from that of second endopodal segment. Coxobasal setae longer
than endopodal setae. 2nd endopodal segment bears two slender spines. 3rd endopo-
dal segment also bears two elements, one short and the other as a terminal long claw
(Fig. 14b).

Remarks: Giesbrecht (1892) synonymized C. gracilicaudatus with male speci-
men of O. agilis of Dana, Dahl (1912). Even though Scott (1909) presented only a
brief note on the female specimen characters, his C. gracilicaudatus was also con-
sidered synonymous to O. agilis. The diagnostic features like (1) swelling of the GS
at the middle and almost as long as furca (Caudal Rami) (0.81:1); (2) AS slightly

Fig. 14 O. agilis male. a Habitus; b A2
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shorter than CR (0.85:1.1) and more than twice (3.4) as long as wide; (3) Coxobasal
setae 2.6 times as long as endopodal setae; (4) first endopodal segment of A2 bears 2
spine like process at the inner distal margin, of the female specimens ofO. agilis from
Lakshadweep waters match with the depictions of earlier works. This undoubtedly
proves the taxonomic status of O. agilis.

Distribution:Warmwaters of Japan, tropical regions ofAtlantic, South andNorth
Pacific, Caribbean Sea and Indian Ocean (http://copepods.obs-banyuls.fr/en).

Onychocorycaeus giesbrechti Dahl, 1894

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 15): Total Length 1.05 mm. Large prosome 1.73 times as long as
wide and 2.13 times as long as urosome. Trimmed CR. Urosome two segmented. GS
ovate 1.33 times as long as wide. Ventral surface of the GS with a median hook. AS
slightly divergent at the base, 1.6 times as long aswide. CR1.16 times as long aswide.

Fig. 15 O. giesbrechti female. a Habitus; b A2
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Proportional lengths of GS:AS:CR is 1:0.4:0.35 (Fig. 15a). A2 four segmented. 1st
endopodal segment about 1.7 times as long as wide at base bearing short endopodal
seta on ventral proximal margin 2.58 times shorter than coxobasal setae; inner distal
margin formed into two stout teeth. 2nd segment short bearing two elements; 3rd
segment cylindrical, armed with a curved terminal claw and a short spine arising
from the inner distal margin (Fig. 15b).

Male (Fig. 16): Total Length 0.967 mm. Prosome robust, 2.15 times as long as
wide. Prosome 1.22 times as long as urosome. Trimmed CR. Urosome two seg-
mented. GS ovate 1.25 times as long as wide. AS with parallel lateral margins,
2.57 times as long as wide. CR 4.2 times as long as wide. Proportional lengths of
GS:AS:CR is 1.25:0.9:2.1 (Fig. 16a and c). A2 four segmented. 1st endopodal seg-
ment bears endopodal seta shorter than coxobasal setae; inner distal margin formed
into stout teeth. 2nd segment short bearing two elements; 3rd segment cylindrical,
armed with a curved terminal claw and a short spine arising from the inner distal
margin (Fig. 16b).

Remarks:C. giesbrechti female described by Tanaka differs from those described
by Dahl in the proportional lengths of the abdominal segments and CR (46:28:28 for
latter and 41.5:17.25:19.5 for former) and in themore robustGS. Themale specimens
of Tanaka closely resemble C. agilis. But the shape of the 4th thoracic segment that
is more tapered, slender GS with a small ventral hook and the large cylindrical part
are the most distinguishing characters when compared with from those of C. agilis,
O. giesbrechti described during the present study and proportions of the relative
segments and the body size was almost equal to those of earlier descriptions. The
diagnostic features like (1) Ovoid PR in female and robust PR in male; (2) GS ovate
in both male and female; (3) A median hook in the ventral surface of both male and
female; (4) Length width proportions of the PR, GS and AS of the specimens of O.
giesbrechti from Lakshadweep waters match with the depictions of previous works.
This proves the taxonomic status of O. giesbrechti.

Distribution: South Africa, Tyrrhenian Sea, Adriatic Sea, Ionian Sea, Aegean
Sea, Thracian Sea, Lebanon Basin, Suez Canal, Red Sea, Madagascar, Indian ocean,
China Seas (http://copepods.obs-banyuls.fr/en).

Onychocorycaeus latus Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Male (Fig. 17): Total length 0.813 mm. Prosome four segmented and robust with
two unequal lateral flaps at the distal margin but less widely than proximal margin,
1.97 times as long aswide (Fig. 17a). Prosome1.59 times as long as urosome.UR two-
segmented (Fig. 17c).GS elongate ovate and extended anteriorly 1.67 times as long as
wide.Ventral surface of theGSwith nomedian hook.ASwith parallel lateralmargins,
2.5 times as long as wide. CR 3.53 times as long as wide. GS 1.45 times shorter than
AS and CR combined. Proportional lengths of GS:AS:CR is 0.72:0.45:0.6. A2 four
segmented. 1st endopodal segment bears a uniramous endopodal setae which are
shorter than coxobasal setae. 2nd endopodal segment bears two unequal setae at its
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Fig. 16 O. giesbrechti male. a Habitus; b A2; c urosome
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Fig. 17 O. latus male. a Habitus; b A2; c urosome

inner distal margin. 3rd segment armed with a long terminal claw and a short spine
arising from the inner distal margin (Fig. 17b).

Remarks: Dana’sC. laticepswas synonymized with this species.O. latus species
is definitely identified by the ornamentation of A2, number of spines in P4 endopod
and anteriorly extended GS. Male specimens differ from female in the appearance
of lateral flaps and its width at the distal margin of PR as well as overall shape of PR.
A2 in both sexes is almost similar. Motoda (1963) got only male specimens from
Oahu Island. When compared, Lakshadweep specimens agreed with the features
like GS shorter than AS and CR combined; body length; A2 ornamentation; A2
terminal claw exceeding the combined length of 1st and 2nd segments; but varied in
AS length-width ratio being slightly more (2.5) than Oahu specimen which was only
2.3 times. In contrast, Dahl (1912) mentioned in the GS length being about as long
as CR and AS combined but is Lakshadweep specimen the same was shorter about
1.45 times. However, GS being almost twice as long as wide in Dahl’s specimen was
comparable with the present specimen (1.67).
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Distribution: Mediterranean, Japan Sea, South and North Pacific Ocean (http://
copepods.obs-banyuls.fr/en).

Onychocorycaeus pumilus Dahl M, 1912

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 18): Total Length 0.671–0.68 mm. Prosome three-segmented; 1.56
times as long as wide. Urosome two-segmented; 2.8 times as long as wide. Presence
of wing-like expansion of the 3rd thoracic segment up to GS and small posterior
protuberance of 4th thoracic segment (Fig. 18a). A2 four segmented. Coxobasal
setae longer than endopodal setae. 1st endopodal segment bears a short spine at the
inner distalmargin. 2nd segment is short bearing two spines like process. 3rd segment
bears two spines, one at the inner distal margin and the other drawn out as a terminal
claw (Fig. 18b).

Fig. 18 O. pumilus female. a habitus; b A2

http://copepods.obs-banyuls.fr/en
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Remarks: Dahl (1912) and Tanaka (1957) could only report male species whereas
female species were reported by Chen et al. (1974) and Sewell (1947). However,
Sewell had already reportedO. pumilus fromArabian Seawhich is a part of the Indian
Ocean.Wing like expansion of the 3rd thoracic segment up to GS and small posterior
protuberance of 4th thoracic segment is mainly a characteristic of Onychocorycaeus
genus and obviously of O. pumilus too. Tanaka regarded both O. medius and O.
pumilus as identical species. After Tanaka, Farran’s specimen of O. pumilus from
the Great Barrier Reef were more like O. pumilus itself than to O. medius. Anyhow,
its presence in extreme North Pacific is said to be surprising and Boxshall and Halsey
considers this subgenus as full generic status pending phylogenetic revision.

Distribution: South Africa, Ibero-moroccan Bay, Suez Canal, Red Sea, Ara-
bian Sea, Madagascar, Indonesia-Malaysia, Sarawak-Bintulu coast, Bismarck
Archipelago, Philippines, China Seas, Taiwan, Japan (Kuchinoerabu Island), Japan,
Australia (North West Cape, Great Barrier), New Caledonia, off Hawaii, Pacific
Ocean (http://copepods.obs-banyuls.fr/en).

Onychocorycaeus pacificus Dahl F, 1894

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 19): Total Length 1.12–1.15 mm. Large three-segmented prosome
1.96 times as long as wide and 1.52 times as long as urosome. 3rd pedigerous somite
with lateral pointed lateral flaps but 4th pedigerous somite with short blunt flaps.
Urosome two segmented. GS ovate 1.14 times as long as wide. AS slightly divergent
at the base, 3 times as long as wide. CR 6.1 times as long as wide. Proportional
lengths of GS: AS CR is 1.25:1.05:1.85 (Fig. 19a). A2 four segmented. Coxobasal
setae longer than endopodal setae. 1st endopodal segment bears a short spine at the
inner distalmargin. 2nd segment is short bearing two spines like process. 3rd segment
bears two spines, one at the inner distal margin and the other drawn out as a claw
(Fig. 19b).

Remarks: Sewell considers O. pacificus and O. ovalis as local races of the same
species. In Sewell’s specimen, the ratio of PR:URwas 1.94 and that of Lakshadweep
specimen being 1.52. Even with slight variation, this was comparable. The ornamen-
tation of A2; number of spines in P4 endopod; the shape of urosomal segments all
these confirmed the morphological identity of O. pacificus female specimen.

Distribution: IndianOcean, PacificOcean, Japanesewaters (http://copepods.obs-
banyuls.fr/en).

Genus Corycaeus (Ditrichocorycaeus) (Dahl 1912)
Ditrichocoryceus andrewsi Farran, 1911

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 20): Total body length 1–1.07 mm. Prosome four segmented, frontal
margin arc-shaped, with two large separate cuticular lenses; about 1.97 times longer
than urosome and 2.15 times as long as wide. Urosome two-segmented with slightly
divergent caudal rami. GS somite broadish oval and widest at the middle and 1.34

http://copepods.obs-banyuls.fr/en
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Fig. 19 O. pacificus female. a Habitus (lateral); b A2

times longer than wide. AS 1.66 times long as wide. CR about 1.38 times longer
than wide. Proportional lengths of the GS:AS:CR is 3.5:2:1.8. GS is as long as anal
somite and caudal rami combined (Fig. 20a). Antenna four-segmented bearing three
endopodal segments. 1st endopodal segment robust, bears unipinnate setae shorter
than coxobasal setae. Outer distal margin produced into a spine. 2nd endopodal
segment, shortest of the three, bears two elements. 3rd endopodal segment armed
with a long robust terminal claw and a short spine at its base (Fig. 20b).

Male (Fig. 21): Total body length 0.712–0.8 mm (Fig. 21a). Prosome four seg-
mented, frontal margin arc-shaped, with two large separate cuticular lenses; about
1.5 times longer than urosome and 1.46 times as long as wide. The genital seg-
ment is as long as anal somite and caudal rami combined (205:102.5:105). Urosome
two-segmented with slightly divergent caudal rami. Genital double somite (GDS) or
Genital somite (GS) broadish oval and widest at the middle and 1.52 times longer
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Fig. 20 D. andrewsi female. a Habitus; b A2

than wide. Anterior margin bears a ventral hook which is evident in the lateral view.
AS 1.5 times long as wide. CR long and divergent, about 5 times longer than wide
(Fig. 21a). Proportional lengths of GS:AS:CR is 7.6:3.6:4. Antenna four-segmented
bearing three endopodal segments. 1st endopodal segment robust and barrel-shaped
bears unipinnate setae shorter than coxobasal setae. Outer distal margin produced
into a spine. Midventral surface vertically adorned with denticles gradually increas-
ing in length at distal end. 2nd endopodal segment, shortest of the three, bears two
elements. 3rd endopodal segment armed with a long robust terminal claw extending
up to coxobasis with a blunt tip and a short slender spine at its base (Fig. 21b).
Maxilliped (Fig. 21c) three-segmented. Syncoxa unarmed 1.5 times long as wide at
the base; oval, solid and expanded basis, 2.17 times as long as wide at base, with
inner distal and terminal margin tassled with two rows of spinules longitudinally
arranged. Two segmented subchela which consists of unarmed proximal endopodal
segment and distal endopodal segment, about 35 times as long as wide at the base,
drawn into long curved claw extending up to syncoxa, armed with two bipinnate
setae at the proximal and lateral margin. Maxilla (Fig. 21d) three-segmented with
syncoxa unarmed. Allobasis produced distally into curved stout spine fringed with
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setae. Inner margin of the allobasis bears processes in which one with a comb like
spine and the other one pronged into two in which one is unipinnate small spine
adjacent to comb-like spine and the other one long, extending with numerous spines
in it. Maxillule (Fig. 21e) with precoxal arthrite bearing four articulated spine-like
process: innermost one ‘a’ with distal area pointed; element ‘b’ almost equal in
length to that of ‘a’, solid and distal margin has spine-like process; element ‘c’, 2.73
times shorter than ‘a’ and ‘b’ and short; element ‘d’ shortest and naked. Length ratio
of the elements 22.5:22.5:7.5:5. Legs 1–3 (Fig. 21f–h) with coxa, basis and three-
segmented rami. Intercoxal sclerite well-developed, P1 and P2 with plumose inner
seta; basis of P1 and P3 with outer seta; exopods distinctly longer than endopods.

Fig. 21 D. andrewsi male. a Habitus; b A2; c maxilliped; dmaxilla; e maxillule; f P1; g P2; h P3;
i P4
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Fig. 21 (continued)

P4 endopod reduced into a knob-like segment with two plumose setae arising from
it, one slightly longer than the other (Fig. 21i).

Remarks: Genus DitrichocorycaeusM. Dahl (1912) is characterized by the pro-
cession two setae on endopod of P4 and divided into two groups based on relative
lengths of the caudal ramus of which the first group has short caudal rami almost
equal to anal somite but shorter than genital somite and the second group is charac-
terized by the possession of caudal ramus longer than both anal somite and genital
somite (Dahl 1912; Tanaka 1957). The male specimen ofD. andrewsi belongs to the
first group. The combination of general morphological features such as the shape
of the genital double somite, the presence of ventral hook; slight swelling about the
middle lateral margins of the second thoracic segment: width length ratio of the gen-
ital segment; presence of median longitudinal row of spinules/denticles in the first
endopodal segment; total body length; PR:UR ratio is consistent with the description
of D. andrewsi male by Tanaka (1957). However, variations were also noticed, from
the illustrations given by Tanaka (1957) of Japanese waters in proportional lengths of
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the urosomal somites and CR greater (58:21:21) as compared to Kavaratti specimens
(7.6:3.6:4); length-width ratio of the CR being less than that of Kavaratti specimen
(4 vs. 5). Corycaeus trukicusMori is the synonym ofD. andrewsi in the short caudal
rami whose length is almost equal to that of the anal somite, short wing-like a process
on posterior ends of metasomal somite 3 in the male. Although P4 and caudal setae
are considered as important identification keys to the genus Ditrichocorycaeus, the
same has not been described by Tanaka (1957).

Distribution: Pacific coast, Japanese waters, Indo-Pacific Ocean, Truk Island
(http://copepods.obs-banyuls.fr/en).

Ditrichocoryceus affinis McMurich, 1916

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 22): Total body length 0.95–1 mm (Fig. 22a). Prosome five seg-
mented with 4th metasomal segment produced into lateral flaps. Prosome 2.27 times
as long aswide and 1.8 times as long as urosome. Genital segment double somite 1.06
times as long as wide. AS 1.41 times as long as wide. CR 1.73 times as long as wide.
Proportional lengths of GS:AS:CR is 5.8:2.6:5.2 (Fig. 22a and b). A2 four segmented
with three endopodal segments. 1st endopodal segment bears short setae which is
shorter than coxobasal setae. 2nd endopodal segment, short, bears two spines and
3rd endopodal segment adorned with a claw like process and a short spine (Fig. 22c).

Remarks: Davis (1949) considers Corycaeus japonicus to be the synonym of
D. affinis. D. affinis can be identified by CR shorter than urosome, two-segmented
urosome, the ventral keel is not protruded, P4 endopod with two setae and divergent
CR. Tanaka (1957) reported length-width ratio of CR for a female to be 9 and 1.7
times its AS. But Lakshadweep specimen exhibited slight variation but comparable
with CR length-width ratio as 1.73 and CR:AS ratio as 2. As per Kang et al. (1990)
from Korean waters, CR was 7–8 times its width which varied with Lakshadweep
specimen (1.73). He alsomentioned on theGS being as long asCR and bears a ventral
processwas consistentwith the present study female specimen.Male specimenswere
not observed during the study period.

Distribution: Distributed in the inland waters of Japan, Korean waters Namibia,
Red Sea, The Gulf of Oman; Straits ofMalacca, Gulf of Thailand, HongKong, China
Seas, Korea Strait, Japan Sea, Japan, Kuchinoerabu Island, Ariake Bay, Seto Inland
Sea, Tanabe Bay, Tokyo Bay, Charlotte Queen Is., British Columbia, Vancouver Is.,
NitinatLake, Strait ofGeorgia, SanFranciscoEstuary,WBajaCalifornia (Magdalena
Bay), Gulf of California (http://copepods.obs-banyuls.fr/en).

Ditrichocoryceus dahli Tanaka, 1957

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Male (Fig. 23): Total body length 0.687–1.09 mm. Prosome four segmented;
frontal margin arc-shaped, with two large separate cuticular lenses; prosome about
1.31 times longer than urosome; 1.96 times as long as wide (Fig. 23a). GDS broadish
oval andwidest at themiddle 2.2 times as long aswide;AS 3.28 times as long aswide.

http://copepods.obs-banyuls.fr/en
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Fig. 22 D. affinis female. a Habitus; b urosome; c A2
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Fig. 23 D. dahli male. a Habitus (lateral); b A2; c urosome
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Urosome two-segmented with slightly divergent caudal rami at the base Proportional
lengths of the urosomal somites andCR is 1.65:1.15:2Caudal rami long and divergent
at the base, about 8 times longer thanwide (Fig. 23c). The shape ofA2 is very peculiar.
A 2 four segmented with three endopodal segments. 1st endopodal segment bears
a unipinnate setae shorter than coxobasal setae. 2nd endopodal segment 3 slender
spines of which one is longer. 3rd endopodal segment is drawn out as a long slender
claw which extends upwards (Fig. 23b).

Remarks and Discussion: As per Tanaka (1957), this species is synonymous to
D. lubbocki,D. tenius andD. africanus.D. dahli is distinguished by the length of the
3rd endopodal segment being longer, the oval genital segment with a small ventral
hook and long CR.

When compared with previous descriptions, the present specimens showed vari-
ations as well as similarities with the original description of Tanaka (1957). Pro-
portional lengths of urosomal segments and CR slightly varied (1.65:1.15:2) with
that of Tanaka being 5.0:1.8:3.2. However, CR length-width proportion was simi-
lar being (8 vs. 8) for Lakshadweep and Tanaka’s specimen respectively. However,
no female specimen could be met in the present study. Recently, Al-Yamani et al.
(2011) reported both sexes of D. dahli from Northwestern Arabian Gulf of which
for the male specimens, prosome being less than twice as urosome, was very much
like Lakshadweep specimen (1.31); length of CR being more than GS was found be
almost similar (3.0:1.8:3.8 vs. 1.65:1.15:2) and CR being longer than AS.

Distribution: Epipelagic, Coastal and oceanic, Subtropical and tropical, Indian
and Pacific Oceans (http://copepods.obs-banyuls.fr/en).

Ditrichocoryceus tenius Giesbrecht, 1891

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 24): Total body length 0.94–0.969 mm. Prosome four segmented,
arc-shapedwith two cuticular lenses; about 1.4 times longer than urosome; 1.79 times
as long as wide. Urosome conspicuously narrower than prosome. GDS broadish oval
and widest at the middle 1.68 times as long as wide; AS thrice as long as wide (3.1).
Urosome two-segmentedwith slightly divergent caudal rami at the base. Proportional
lengths of the urosomal somites and CR is 1.85:1.4:1.75. Caudal rami long, about
3.5 times longer than greatest width at base (Fig. 24a). A2 four segmented with three
endopodal segments. 1st endopodal segment bears a setae shorter than coxobasal
setae. 2nd endopodal segment two spines of which one is longer. 3rd endopodal
segment bears two elements of which one is drawn out as a terminal claw and the
other short at the base (Fig. 24b).

Remarks: D. tenius in general manifestation it resembles D. lubbocki according
to Scott (1909) who reported only female specimen. Two segmented urosome is
a characteristic feature with long CR which is slightly divergent at the base. In
Scott’s specimen, CR is nearly twice as long as AS which is comparable to that
of Lakshadweep specimen, being 1.25 times as long as AS. Dahl (1912) also had
the same opinion on CR:AS ratio which was twice longer than AS. The feature
in which GS and AS combined longer than CR, of Dahl’s female specimen were

http://copepods.obs-banyuls.fr/en
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Fig. 24 D. tenius female. a Habitus; b A2

consistent with the Lakshadweep specimen. Giesbrecht (1892) also reported only
female specimens. The present study also encountered only female specimens.

Distribution: Indian and Pacific Ocean (http://copepods.obs-banyuls.fr/en).

Ditrichocorycaeus subulatus Herrick, 1887

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 25): Total length 0.89–0.9 mm. Prosome four segmented; 1.76 times
as long as wide and 1.96 times as long as urosome. 4th prosomal segment produced
into lateral flaps; two-segmented urosome 2.90 times as long as wide. Oval shaped
GS, 1.24 times as long aswide.AS rectangular shaped, 0.69 times shorter thanGSand
0.94 times shorter than CR. CR is 4.75 times longer than wide. Proportional lengths

http://copepods.obs-banyuls.fr/en
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Fig. 25 D. subulatus female. a Habitus; b A2; c urosome
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of GS:AS:CR 1.3:0.9:0.95 (Fig. 25a and c). A2 four segmented with three endopodal
segments. 1st endopodal segment with endopodal setae shorter than coxobasal setae.
2nd endopodal segment with two spines. 3rd endopodal segment, cylindrical, bears
two elements of which one is drawn out as a terminal claw and the other short at the
base (Fig. 25b).

Remarks: Wilson (1949) synonymized it as Corycaeus americanus. According
to him, characters like 3rd metasomal segment produced into lateral flaps agreed
with the present description. However, variations also existed in the length ratio
GS:AS being lower (1.44) for Lakshadweep specimen than that of former (2). He
also mentioned on CR being longer than the other two segments combined also
varied in the present study specimen. Nevertheless, the ornamentation of A2 and P4
endopodwith two setae also confirmed the identity ofD. subulatus female specimens
as we could not come across any male specimens.

Distribution: Epipelagic, Coastal and oceanic, Subtropical and tropical, Indian
and Pacific Oceans (http://copepods.obs-banyuls.fr/en).

Ditrichocorycaeus lubbocki Giesbrecht, 1891

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 26): Total length 0.94–0.99 mm. Prosome five segmented; broader
than urosome 2.23 times as long as wide and 1.34 times as long as urosome. Lateral
flaps of the 4th prosomal somite extend to the middle of the genital somite. A stout
process arising from the lateral margin of the 5th prosomal somite Urosome two-
segmented, 4.72 times as long as wide. Urosomal somite and CR in the proportional
lengths 1.15:1.25:1.7 (Fig. 26a and c). Ventral surface of GS is flat without a ventral
hook. A2 four segmented with three endopodal segments. Inner margin of coxobasis
partly ornamented with spines. First endopodal segment with unipinnate endopodal
setae too shorter than coxobasal setae andouter lateralmargin adornedwith numerous
denticles or spine. 2nd endopodal segment with three spines. 3rd endopodal segment
bears two elements of which one is drawn out as a small terminal claw and the other
short at the base (Fig. 26b).

Remarks: D. lubbocki females agree well with the original description by Gies-
brecht (1891) in its distinctive shape of GS/GDS which is distally swollen in dorsal
view and absence of ventral hook. The absence of ventral hook was recorded as
rounded eminence in figure by Sewell (1947), slightly round process by Chen et al.
(1974), Zheng et al. (1982) and Wi et al. (2013). Presence of two well-developed
teeth on the distal segment of first endopodal segment of A2 with outer lateral mar-
gin adorned with numerous denticles and presence of spines at the inner margin of
coxobasis very well agreed with previous description of Wi et al. (2013).

Distribution: Epipelagic, coastal and oceanic, subtropical and tropical, Indian
and Pacific Oceans (http://copepods.obs-banyuls.fr/en).

http://copepods.obs-banyuls.fr/en
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Fig. 26 D. lubbocki female. a Habitus; b A2; c urosome
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Genus Farranula Wilson, 1932
Farranula gibbula Giesbrecht, 1891

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 27): Total Length 0.866–0.88 mm. Ventral surface bears beak-like
keel. Dorsal bump present on the second PR (Prosome) segment. Prosome 2.04 times
as long as urosome.Urosome one segmented. Themid-part of GS swollen, 2.05 times
as long as wide. Non-divergent CR, 7 times as long as wide. Proportional lengths
of urosomal somites 0.41:0.21 (Fig. 27a). A2 four segmented with coxobasis and
three endopodal segment. Bipinnate coxobasal setae at inner distal margin, slightly
longer than endopodal setae which is also bipinnate. Inner distal margin of the first
endopodal segment roughly serrated and outer lateral margin ornamented with a row

Fig. 27 F. gibbula female. a Habitus (lateral); b A2
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of denticles. 2nd endopodal segment shortest, bearing three elements of which the
longer one with a lateral branch. 3rd endopodal segment also bears three elements
(Fig. 27b).

Remarks: The genus Farranula is distinct in the characters like two segmented
prosome, combined GDS and AS, uniramous P4 lacking endopod in both sexes and
all these features very well matched with Giesbrecht’s (1893) descriptions. Females
of F. gibbula are characterized by the exclusive shaped GDS as well as the presence
of dorsoposterior bump of the second PR segment. This species has been previously
reported by many authors in which descriptions were inaccurate. But Wi and Soh
(2013b) from Korean waters gave a meticulous description on this species. The
present study specimens were similar to the Korean specimen in the presence of
above said distinguished characters which itself confirms the species identity. The
morphometry of the Lakshadweep specimens was also consistent with that of Korean
specimens. Because of the similar appearance in males of different species and lack
of specific criteria for identification, it’s very difficult to differentiate males. Farran
(1911) opined on the difficulty in matching males to their respective females.

Distribution: Atlantic Ocean, Red Sea, Arabian Sea, Indo-Pacific, East China
Sea, Japan Sea, South Pacific, North Pacific (http://copepods.obs-banyuls.fr/en).

Farranula concinna Dana, 1853

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti and Bangaram.

Female (Fig. 28): Total Length 0.812–82 mm. Ventral surface bears beak-like
keel. The second PR segment without a dorsal bump. Prosome 1.76 times as long
as wide. The posterolateral margin of the second PR segment projected up to the
middle of GS. Prosome 2.30 times as long as urosome. Urosome one segmented. GS
irregularly humpbacked, 2.14 times as long as wide, greatest width at the proximal
region. CR, 2.66 times as long aswide. Proportional lengths ofGS:CR is 2.25:0.8. A2
four segmented with Coxobasis and three endopodal segments (Fig. 28b). Bipinnate
coxobasal setae at the inner distal margin, slightly longer than endopodal setae which
is also bipinnate. Inner distal margin of the first endopodal segment roughly serrated
and outer lateral margin ornamented with a row of denticles. 2nd endopodal segment
shortest, bearing three elements of which the longer one with a lateral branch. 3rd
endopodal segment also bears three elements (Fig. 28b).

Male (Fig. 29): Total Length 0.766–0.77 mm. Ventral surface bears beak-like
keel. Prosome two segmented. Absence of dorsal bump on the second PR segment.
Prosome 1.08 times as long as urosome and 1.61 times as long as wide. Urosome one
segmented. The mid-part of GS swollen and the fattest part below the mid-portion,
2.95 times as long aswide. Non-divergent CR, 9.3 times as long aswide. Proportional
lengths of urosomal somites 6.5:2.8 (Fig. 29a). A2 four segmented with coxobasis
and three endopodal segment. Bipinnate coxobasal setae at the inner distal margin,
slightly longer than endopodal seta which is also bipinnate. Inner distal margin of
the first endopodal segment roughly serrated and outer lateral margin ornamented
with a row of denticles. 2nd endopodal segment shortest, bearing three elements of
which the longer one with a lateral branch and the proximal small one serrated. 3rd

http://copepods.obs-banyuls.fr/en
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Fig. 28 F. concinna female. a Habitus; b A2

endopodal segment bears five elements of which longer one drawn out as a terminal
claw extending up to coxobasis (Fig. 29b).

Remarks: F. concinna is similar to F. gibbula but smaller in size. Another dif-
ference from F. gibbula is the absence of humpback in both sexes in the second
prosomal somite. When PR: UR ratio of Lakshadweep specimens for females and
males (2.3 and 1.08) when compared with Tanaka’s specimens (2.12 and 1.38), were
comparable. CR 9.3 times as long as broad for Lakshadweep male specimens varied
with that of Tanaka’s (5). GS being slender in lateral view and 2.95 times as long as
high for males were also consistent with that of Tanaka (3). These species have been
previously reported by many authors in which descriptions were inaccurate. But Wi
and Soh (2013b) from Korean waters gave a meticulous description of this species.
However, the diagnostic characters which confirm the morphological identity of F.
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Fig. 29 F. concinna male. a Habitus (lateral); b A2

concinnawere consistent with that of previous descriptions including the recent ones
of Korean waters.

Distribution: North Atlantic, Indo-Pacific, East China Sea, South Pacific, North
Pacific (http://copepods.obs-banyuls.fr/en).

Farranula gracilis Dana, 1849

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti and Bangaram.

Female (Fig. 30): Total Length 0.997–1 mm. PR two-segmented with no mid-
dorsal hump on the second PR segment as in F. gibbula; more than twice (2.4) times
as long as wide; 2.29 times as long as urosome; ventral surface bears beak-like keel.
Lateral view section appears more or less humpbacked. The postero-lateral margin
of the second PR segment projected up to the middle of GS (Fig. 30a). Urosome
one segmented, 2.83 times longer than wide. GS and AS combined. UR 3.09 times
as long as CR. CR approximately 4.7 times longer than wide. Proportional lengths
of GS:CR is 2.4:1.1. GS slender as long as wide, maximum width at the proximal
region (Fig. 30b). A2 bears one plumose setae each on the basopodal and endopodal
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Fig. 30 F. gracilis female. a Habitus (lateral); b urosome; c A2
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margin (Fig. 30c). A2 four segmented with coxobasis and three endopodal segments.
Bipinnate coxobasal setae at inner distal margin, slightly longer than endopodal setae
which is also bipinnate. Inner distal margin of the first endopodal segment roughly
serrated. 2nd endopodal segment shortest, bearing two elements of which the longer
one with a lateral branch. 3rd endopodal segment bears two elements (Fig. 30c).

Male (Fig. 31): Total Length 0.90–0.92 mm. PR two segmented with no mid
dorsal hump on the second PR segment as in F. gibbula; more than twice (2.5) times
as long as wide; 1.61 times as long as urosome. The postero-lateral margin of the
second PR segment projected up to the middle of GS. Urosome one segmented, 3.03
times longer than wide. GS and AS combined. UR 3.38 times as long as CR. CR 2.88
times longer than wide. Proportional lengths of GS:CR is 3.1:1.3. GS slender 2.13
times as long as wide, maximum width at the proximal region (Fig. 31a, c). A2 four
segmented with coxobasis and three endopodal segment. Bipinnate coxobasal setae
at inner distal margin, slightly longer than endopodal setae which is also bipinnate.
2nd endopodal segment shortest, bearing three elements. 3rd endopodal segment
bears three elements of which longer one drawn out as a terminal claw extending up
to Coxobasis (Fig. 31b).

Remarks: After Björnberg (1963) this species when in large numbers is a good
indicator of high saline (above 35.5) and warm waters (above 21 °C). According to
Cervigon (1964) the length ratio of abdomen to caudal rami of F. gracilis female is
68:32 and 71:29. Specimens of F. gracilis is characterized by the absence of bump
on second prosomal segment in females; one segmented urosome which is more than
twice (female) and thrice (male) as long as broad; slender GS in males, shape and
length width ratio of CR in both sexes. The combination of general morphological
features such as shape of GS, narrow PR, presence of ventral hook in females;
projection of posterolateral margin of the second thoracic segment: width length
ratio of the URmore than twice in females and length width ratio more than thrice in
males were consistent with the description of F. gracilis female by Cervigon (1964).
However, characters were also comparable, from the illustrations given by Wi and
Soh (2013b) of Korean waters in the length ratio of the PR:UR (2.7) slightly greater
than those of Lakshadweep specimen (1.61); proportional lengths of GS:CR greater
(2.5) as compared to Lakshadweep specimens (2.38) and absence of dorsal bump in
both specimens.

Distribution: Madagascar, Indian and Pacific Ocean (http://copepods.obs-
banyuls.fr/en).

Farranula rostrata Claus, 1863

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Kalpeni, Minicoy (open ocean and lagoon), Agatti, and Bangaram.

Female (Fig. 32): Total Length 0.710–0.85 mm. Ventral surface bears beak-like
keel. Two segmented prosome, 2.28 times longer than wide. Cuticular lenses present.
The second PR segment without a dorsal bump. The postero-lateral margin of the
second PR segment projected up to the middle of GS. Prosome 1.23 times as long as
urosome. Urosome one segmented, 4.2 times as long as wide. Length ratio of GS:CR
1.39, GS slender 2.48 times as long as wide, maximum width at the proximal region.

http://copepods.obs-banyuls.fr/en
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Fig. 31 F. gracilis male. a Habitus (dorsal); b A2; c urosome

CR, thrice as long as wide, slightly divergent at the distal end (Fig. 32a). A2 four
segmentedwith coxobasis and three endopodal segments bipinnate coxobasal setae at
inner distalmargin, slightly longer than endopodal setaewhich is also bipinnate. Inner
distal margin of the first endopodal segment roughly serrated. Second endopodal
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Fig. 32 F. rostrata female. a Habitus; b A2

segment shortest, bearing three elements of which the longer one with a lateral
branch. 3rd endopodal segment bears three elements (Fig. 32b).

Remarks:F. rostratawas characterized by the ornamentation ofA2 andGS shape.
This species is considered to be a good indicator of surface waters of temperatures
between 16 and 18 °C. When compared with previous literatures, length width ratio
of prosome of Lakshadweep specimens were found to be comparable with Dahl
(1912) and Itoh (1997) (2.28 vs. 2.4 and 2.2) respectively. Length-width ratio of
GDS also were consistent with Giesbrecht (1892), Dahl (1912) and Itoh (1997) (2.1,
3 and 2.8) respectively but with slight variations in which present ratio being 2.4.
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Distribution: Tropical Atlantic and theMediterranean Sea, Indian Ocean, Pacific
concern SE Australia, New Zealand, Indo-Pacific (http://copepods.obs-banyuls.
fr/en).

Farranula curta Farran, 1911

Material examined: Sorted out the samples from plankton samples collected from
Kavaratti, Agatti, Bangaram, and Minicoy (open ocean and lagoon).

Female (Fig. 33): Total Length 0.89–0.908 mm. Ventral surface bears beak-like
keel. The second PR segment without a dorsal bump. The posterolateral margin of the
second PR segment projected up to the middle of GS. Proportional lengths of GS:CR
is 1.6:1. Prosome 1.75 times as long as urosome and 1.78 times as long as wide. Uro-
some one segmented. GS slender 2.66 times as long as wide. CR 2.85 times as long
as wide (Fig. 33a). A2 four segmented with coxobasis and three endopodal segments

Fig. 33 F. curta female. a Habtus (lateral); b A2

http://copepods.obs-banyuls.fr/en
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bipinnate coxobasal setae at inner distal margin, slightly longer than endopodal setae
which is also bipinnate. Inner distal margin of the first endopodal segment roughly
serrated. 2nd endopodal segment shortest, bearing two elements of which the longer
one with a lateral branch. 3rd endopodal segment bears two elements (Fig. 33b).

Remarks: The genus Farranula is distinct in the characters like 2 segmented
prosome, combined GDS and AS, uniramous P4 lacking endopod in both sexes and
all these features very well matched with Giesbrecht’s (1893) descriptions. Females
of F. curta is characterized by the absence of bump on second prosomal segment,
slender GS and the shape of CR. The combination of general morphological features
such as shape ofGS, narrowPR, presence of ventral hook; projection of posterolateral
margin of the second thoracic segment; length-width ratio of the GS (2.66 vs. 2.5)
is consistent with the description of F. curta female by Tanaka (1957).

Distribution: Tropical Atlantic and theMediterranean Sea, Indian Ocean, Pacific
concern SE Australia, New Zealand, Indo-Pacific (http://copepods.obs-banyuls.
fr/en).

4 Discussion and Conclusion

Twenty-three species have been identified based on morphological characteristics
under five genera (Corycaeus,Urocorycaeus,Onychocorycaeus,Ditrichocorycaeus,
and Farranula) belonging to the family Corycaeidae. Four species during the present
study represented the genus Corycaeus which are C. crassiusculus, C. speciosus,
C. clausi and C. vitreus. While females of C. crassiusculus could be identified by
the overlapping of the genital segment on the anal segment at the dorsal margin, C.
clausimales exhibited a row of minute spines on the lateral portion of first endopodal
segment of the A2 which was absent is C. vitreus males. C. speciosus species was
first reported in the Arabian Sea by Sewell in 1947 which is distinguished by its
divergent CR, rounded forehead in female and broad one in male. Farran opined that
the males of C. vitreus differs from that of C. crassiusculus and C. clausi by its short
head which is broad anteriorly and tapers posteriorly short anal segment and fine
transparent edge on the longest furcal setae.

Genus DitrichocorycaeusM. Dahl (1912) is characterized by the procession two
setae on endopod of P4. Due to deficient identification keys andmore analogousmor-
phological features, taxonomic ambiguity still continued until Wi et al. (2013) and
Vidjak and Bojaniæ (2008) provided a detailed description ofD. dahli,D. lubocki,D.
subtilis and redescription ofD.minimus. GenusDitrichocorycaeus includes fourteen
valid species that are widely distributed and so far been described fromworld oceans.
From this, six species were recorded during the present study from Lakshadweep
Sea, a part of the Indian Ocean. They are D. andrewsi, D. affinis, D. dahli, D. tenius,
D. subulatus and D. lubbocki. Genus Ditrichocorycaeus is divided into two groups
based on relative lengths of the caudal ramus. The first group has short caudal rami
almost equal to anal somite but shorter than genital somite and the second group is
characterized by the possession of caudal ramus longer than both anal somite and
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genital somite (Dahl 1912; Tanaka 1957). Based on this classification, out of the six
species identified fromLakshadweepwaters,D. andrewsi,D. subulatus,D. affinis can
be categorized into group 1 and D. dahli, D. tenius and D. lubbocki into the second
group. Nonetheless, the ecological and taxonomical record for Ditrichocorycaeus
sp. of Indian Ocean barely exists. In this perspective, taxonomic identification of
six species including scientific drawings during the present study seem significant
in all aspects. Nevertheless, recently Johan et al. (2013) have recorded four species
of Ditrichocorycaeus sp. from Malaysian waters and Veronica and Nagappa (2013)
recorded one species of Ditrichocorycaeus sp. from Bay of Bengal, both of which
indeed are the parts of Indian Ocean. Al-Yamani et al. (2011) also recorded three
species of Ditrichocorycaeus from North western Arabian Gulf waters.

Among the seven species comprising the genus Onychocorycaeus Dahl 1912
which are widely distributed in world oceans, the present study recorded six species.
They are Onychocorycaeus giesbrechti Dahl 1894, Onychocorycaeus agilis Dana
1849, Onychocorycaeus catus Dahl 1894, Onychocorycaeus latus Dana 1849, Ony-
chocorycaeus pacificus Dahl 1894, and Onychocorycaeus pumilus Dahl 1912. O.
catus and O. pumilus had already been reported by Karanovic (2003) from Aus-
tralian waters. O. catus from Kavaratti island of Lakshadweep archipelago is the
smallest ever reported (0.65 mm) (Radhika et al. 2014b). Most of the Onychoco-
rycaeus species are distinguishedmainly by the ornamentation of A2 and the number
of setae on P4 endopod being one.Most ofmale specimens look alike in shape aswell
A1 ornamentation. However, females differ in the above-said character. The inner
distal margin of the first endopodal segment of A2 produced into two stout teeth is
yet another distinguishing character, especially in females. Even though secondary,
the shape and length-width ratio of prosome also differs in females but in males, the
prosome shape is broad in almost all species.

Genus Urocorycaeus is characterized by the presence of long and nearly parallel
but ends slightly divergent CR in both sexes measuring at least twice the length of
the rest of the urosome. From this genus, only two species could be taxonomically
identified which is distributed in Indian, Pacific, and Atlantic oceans. They are U.
furcifer andU. lautus. Species under this genus is primarily identified by the lengthy
CR measuring at least twice its length. Another distinguishing character of male
specimen of U. furcifer from that of its allied species U. longistylis is the differen-
tiation of UR into GS and AS. U. lautus can be differentiated by the presence of 2
setae (1 long and 1 rudimentary) in the P4 endopodite where U. furcifer has only
one. Size of the former is too large when compared to the latter one. Here in the
present specimens from Lakshadweep Islands has this differentiation very well that
confirms their taxonomic identity.

Themost conspicuous characters thatmake theFarranula sp. distinct in both sexes
are (1) two segmented prosome; (2) presence of ventral keel like knob in females; (3)
combined GS and AS; (4) uniramous P4 lacking the endopod; (5) exopodal spines
lacking for P1 to P3 except for the distal and terminal spines on the distal exopodal
segment. Additionalmorphological features thatwas included byWi and Soh (2013a,
b) with the salient features of Farranula species from Korean waters are (1) P1 and
P3 of Farranula species lack coxal setae, which are present on those legs of other
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Corycaeidae; (2) a vestigial coxal seta on P2 coxa, and a minute process on the inner
margin; and (3) the basis of P4 is fringed with spinules along inner median margin.

The genus Farranula includes seven species of which five were found in Lak-
shadweep waters during the present study. Due to the small size (more or less 1 mm),
very similar morphology, as well as non-detailed previous descriptions of Farranula
species lead to difficulty in identification. Wi and Soh (2013a, b) mentioned about
the incompleteness and mistakes of three Farranula species made in previously pub-
lished descriptions by Motoda (1963). Those included the lack of ornamentation on
the surface of the first endopodal segment and coxobasis of the antenna; dorsal habi-
tus of F. carinata (Motoda 1963: Fig. 21a) probably represents F. curta, judging by
figure of genital double-somite and degree of expansion of the pleural areas of second
prosomal somite; the incorrect setal formula for P4 in all three species. The dorsal
habitus of female F. rostrata described by Chen et al. (1974) is also considered as
F. curta, because of the shape of the genital double-somite and the relatively longer
caudal ramus as compared with F. rostrata. Besides the lack of specific criteria for
the identification of males of different species, their similar appearance also proved
obscured in species differentiation. F. gibbula, F. concinna and F. carinata could
not be matched by Farran (1911) to their respective females. Moreover, neither any
specific difference of F. gracilis males could be displayed by both Dana (1852) and
Dahl (1912) from the Atlantic Ocean. Without a proper examination of the dissected
appendages and also because of similar length-width proportions of PR and CR,
identification of F. concinna and F. carinata seems very difficult.
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Sedimentological Attributes and Quartz
Microtexture in the Levee Sediments
of a Submarine Channel in Context
of the East Antarctic Ice Sheet
Fluctuations: A Study from Site U-1359
of IODP-318 Expedition

Paromita Biswas, Naresh C. Pant, Mayuri Pandey
and Prakash K. Shrivastava

Abstract Sedimentological characterization of the marine sediments has been used
for understanding the sediment distribution and processes occurring off the coast of
East Antarctica. These sediments represent several glacial-interglacial cycles. The
location of site U1359 on the eastern levee of Jussieu submarine channel in the
continental rise makes it an important site for grain size analyses and quartz grains
texture. The site is also important from the processes point of view as presently the
area is influenced by various agents starting from the turbidity current to various
bottom water currents. The grain size analyses, as well as the quartz grain textural
analyses, supports the previously inferred stages of ice retreat and ice advancements
in the Wilkes Land sector and displays utility of quartz microtexture and grain size
study in inferring the past sedimentological processes.

Keywords Quartz microtexture ·Marine sediments · East Antarctica · Ice sheet
fluctuations

1 Introduction

The glacial regime determines the processes responsible for glacial debris-
entrainment, transfer and sedimentation. The resultant marine sedimentary record

P. Biswas
CSIR-National Metallurgical Laboratory, Jamshedpur, India

N. C. Pant (B)
Department of Geology, University of Delhi, New Delhi, India
e-mail: pantnc@gmail.com

M. Pandey
Department of Geology, Institute of Science, Banaras Hindu University, Varanasi, India

P. K. Shrivastava
Geological Survey of India, Gangtok, India

© Springer Nature Switzerland AG 2020
D. K. Pandey et al. (eds.), Dynamics of the Earth System: Evolution,
Processes and Interactions, Society of Earth Scientists Series,
https://doi.org/10.1007/978-3-030-40659-2_8

193

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40659-2_8&domain=pdf
mailto:pantnc@gmail.com
https://doi.org/10.1007/978-3-030-40659-2_8


194 P. Biswas et al.

of the Antarctic continental margin is basically a function of Cenozoic to present
glacial activity (Escutia et al. 2003; Cooper et al. 2004). These sediments are par-
ticularly useful in documenting the mode of sediment transport processes related
to environmental interpretations and geological characteristics of large source-rock
areas in Antarctica. Since, the ice sheet is drained by a vast network of flow units,
especially ice streams (Bamber et al. 2000), the composition of sediments is an aver-
age of the different lithologies eroded along the length of the flow units (Roy et al.
2007). Recent particle size analyses from the Wilkes Land offshore interpreted that
the low-latitude passive margins’ sequence stratigraphic models are inefficacious to
polar region stratigraphy (Passchier et al. 2018). The sedimentological parameters
especially claymineralogy, grain size distribution pattern andmorphological features
of quartz grains are useful in deciphering the sedimentological attributes.

Grain size trends are result of sediment transport processes (Krumbein 1938;
Russell 1939; Swift et al. 1972; Stapor and Tanner 1975; McCave 1978; Harris et al.
1990; Le Roux and Rojas 2007 etc.), which is primarily related to the effects of
abrasion and selective sorting. The polar regime glacial and interglacial cycles are
considered dominant factors controlling the supply, volume and distribution of the
sediments (Escutia et al. 2003).

The microtexture study of quartz by scanning electron microscope can provide
evidence of erosion, transportation and deposition (Krinsley and Doornkamp 1973).
The environmental conditions in which a sand grain forms and all the procedures
throughwhich it goes, is recorded by its texture (Krinsley andDonahue 1968; Riester
et al. 1982). The differentmorphological features like fractures, surface alteration and
breakage blocks provide useful information about climate and other environmental
aspects of the quartz grain’s history.

Integrated Oceanic Drilling Program (IODP) Wilkes Land Expedition—318 was
launched in 2010 with the major objective of examining the record of Cenozoic
Antarctic glacial history and its relation with global climatic and oceanographic
changes along the inshore-offshore transect (Fig. 1 and Escutia et al. 2011). Site
U1359 in this expedition was selected to provide a sedimentary record which reveals
a history of climate and paleo-oceanographic variability of the late Neogene to Qua-
ternary period and to test the stability of the East Antarctic Ice Sheet (EAIS) during
middle Miocene to Pleistocene Epochs. Sedimentary record of this site also aimed
to provide the timing and nature of deposition of the upper seismic units (i.e., above
Unconformity WL-U6) defined on the Wilkes Land margin (De Santis et al. 2003;
Donda et al. 2003) (Fig. 2).

In this study, we present grain size analyses and quartz grain surface texture
data fromMiocene to Plio-Pleistocene sedimentary sequences from theWilkes Land
continental rise. The presentwork provides inferences on the depositional control and
dominant sedimentary processes during Miocene to Plio-Pleistocene and its relation
with the evolution of EAIS and tests the applicability of quartz grain microtexture
and size as a proxy for EAIS fluctuations.
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Fig. 1 The image shows the map of Antarctica in inlet (EAIS= East Antarctica Ice Sheet/WAIS—
West Antarctic Ice Sheet) and the Location of the IODP Wilkes Land Expedition—318 (red box).
Location of the site of U1359 (represented by red dot) is present on the continental rise area

2 Site U1359

Site U1359 of IODP Wilkes Land Expedition—318 was drilled on the eastern levee
of the Jussieu submarine channel in theWilkes Landmargin, East Antarctica (Fig. 2).
Site U1359 is located in an upper fan environment where the levee relief (measured
from the channel thawed to the top of the levee) is ~400 m. The continental rise
of East Antarctica comprises complex levee deposits and channels formed domi-
nantly by the turbidity currents (Eittreim and Smith 1987; Hampton et al. 1987a, b;
Escutia et al. 1997a, 2000). The interglacial period can be marked by the extensive
rain of hemipelagic sediment and ice-rafted debris (IRD) across the continental mar-
gins which are further reworked by slumping and/or oceanic currents (Eittreim and
Hampton 1987; Hampton et al. 1987a, b; Escutia et al. 1997b, 2000).

The site was selected to provide a sedimentary record which reveals a history of
processes and proximity to the source area. It allows to test the inferred variability
of the EAIS during the middle Miocene to Pleistocene Epoch in the Wilkes Land
Sector (Escutia et al. 2011; Escutia and Brinkhuis 2014; Pant et al. 2013; Verma et al.
2014; Pandey et al. 2017). The sedimentary record was also aimed to provide the
timing and nature of deposition of the upper seismic units (i.e., above Unconformity
WL-U6) defined on the Wilkes Land margin (De Santis et al. 2003; Donda et al.
2003; Escutia et al. 2011). The proximity of site U1359 to the junction between East
and West Antarctica makes it an important site to understand the sedimentological
attributes.

Four holes were drilled (U1359A-D) within the site to depths of 193.50, 252.00,
168.70, and 602.2 m composite depth (mcd), respectively. A cumulative core of
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Fig. 2 Composite log of site U1359 as age-depth log which shows the seismic unconformities,
different lithostratigraphic units and accumulation rates at different depths (Tauxe et al. 2012)

~600 m depth was raised from the four drilled holes within the site representing
glaciomarine sediments for last ~13million years. The raised core of 600m sediment
has been sampled at 1 m interval for the present study (Fig. 2). The age chronology
based on paleomagnetic and microfossil data is adopted from Tauxe et al. (2012).
The Pliocene-Pleistocene boundary is placed between 43.13 and 45.21 mcd. Based
on nanofossil occurrence a hiatus or no deposition period has been reported at 1.6–
2.0 Ma while the core bottom represents the age of 13.28 Ma (Tauxe et al. 2012).

Based on the nature of laminae, fossil assemblages and clast content, three lithos-
tratigraphic units are classified within the mid-Miocene to Pleistocene sediments
(Fig. 2) (Escutia et al. 2011). Unit comprising Late Miocene sediments (Unit-III)
(Tauxe et al. 2012) extends from 247.1 mcd to the bottom of the cored section
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at 596.32 mcd and comprises bioturbated diatom-bearing silty clays and intercala-
tions of laminated silty clays (Escutia et al. 2011). Pliocene (43.5–247.1 mcd) set of
sediments represented by Unit II contains bioturbated diatom-rich silty clays with
intercalations of olive-gray diatom-bearing silty clays. Pleistocene (0–43.5 mcd)
lithostratigraphic (Unit-I) unit comprises yellowish brown and olive-gray diatom-
rich silty clays with dispersed clasts. Sparse presence of foraminifer-bearing clayey
silt and sandy silt was also reported (Escutia et al. 2011).

3 Materials and Methods

The sediment samples were treated with hydrogen peroxide, dilute HCl (10%) and
SnCl (5%) separately to remove organic matter, carbonate and iron coating respec-
tively as per themethod described by Jackson (1979). Out of these chemically treated
sediment samples, 2–3 g of sediments were used in Laser Particle Size Analyser,
Malvern-2000 Master Size and few quartz grains ranging in size from 1 to 4�, were
handpicked under the microscope at random to be subsequently imaged at high reso-
lution by SEM. For the SEMstudies, the quartz grainswere firstmounted on specially
designed aluminium stubs and then coated with a 15 Å thick gold-palladium film,
followed by detailed study at the Department of Geology, University of Delhi, on
a Zeiss (SEM LEO 440) fitted with a Cambridge Energy Dispersive Spectrometer
(EDS). The surface feature recognition and interpretation follow the concepts of pre-
vious studies (Krinsley and Doornkamp 1973; Whalley and Krinsley 1974; Marshall
and Gilligan 1987; Helland and Holmes 1997; Mahaney and Kalm 2000; Damiani
et al. 2006).

4 Results

4.1 Grain Size Analysis

The triangular plot based on sand, silt and clay population shows that most of the
samples lie in the domain of silty sand, sandy silt and silt (Fig. 3). Few samples were
gravelly sandy mud and slightly gravelly mud. Most of the silt population shows
10–20% of clay size content while sandy silt comprises less than 5% of clay size
grain where (<2 μm). However, few samples classified as sandy silt also contain
~10–15% clay particles.

The downcore variations of grain size show that silt and sand has inverse relation-
ship and silt dominates the population throughout the depth (Fig. 4a). The other plots
(Fig. 4b–d) show variability of subclasses of sand and silt and define the contribution
of individual groups. Medium to fine sand and coarse silt are comparable whereas
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Fig. 3 Triangular plot classification of sediments of site U1359 defined in sand, silt and clay
percentages (clay represented by grain size <2 μm)

medium to fine silt has an inverse relation. Coarse silt contributes the maximum to
the silt population.

Silt dominates throughout the depthwith an average of 82%andmaximumas 94%
and 41.8% asminimumvalues at 182.74mcd and 590mcd respectively (Fig. 4a). The
subclasses of silt also vary significantly. The coarse silt varies from 5 (146.26 mcd)
to 40% (56.13 mcd) (Fig. 4c) while fine silt varies from 7.4 (107.25 mcd) to 48%
(146.44 mcd) (Fig. 4d). Sand proportion at places is present as trace and it varies up
to ~50% (590.54 mcd) with an average of 9.2%.

Very fine sand contributes the maximum to sand portion with a maximum as
33.8% followed by medium sand with maximum as 20.8% and coarse sand with
16% as maximum. Clay particle content goes up to 23.9% (Fig. 4a) with an average
of 8.5%.

Sample from high Ice Rafted Debris (IRD) corresponds to high sand content
comparative to silt portion. Coarse silt behaves similarly to that of fine and medium-
grained sand. Medium to fine silt has a negative correlation with coarse silt along
with fine sand. At places, medium silt also does not follow the pattern of fine silt.
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Also, higher sand content does not necessarily correspond to higher IRD. Since,
discrepancies between the groups and subgroupswere observed and hence subgroups
of particle sizes should be considered separately.

4.1.1 Grain Size Parameters

Mean grain size is a function of the size range of available materials and amount of
energy imparted to the sediment which depends on current velocity or turbulence of
the transportingmedium.Mean grain size of sediments of site U1359 ranges from 4φ
to 8φ (Fig. 5). The maximum population of mean values lies within 6φ to 7φ range.
Sediments usually becomefinerwith a decrease in energyof the transportingmedium.
Sediments become finer in deeper water as in deep water the action of waves on the
sea bottom is slight. Sediments of Miocene and Plio-Pleistocene are represented as
two separate groups in Fig. 5. Sorting is dependent on the size range of material
supplied, type of deposition, rate of supply of detritus and current characteristics.
Sediments here are poorly to very poorly sorted (Fig. 5a). Currents of relatively
constant strength whether low or high, will give better sorting than currents which
fluctuate rapidly from almost slack to violent. For best sorting, then, currents must
be of intermediate strength and also be of constant strength.

Fig. 5 Scatter diagrams explaining grain size parameters of sediments of site U1359. Black tri-
angle represents Miocene sediment samples while grey circle are represented as Plio Pleistocene
sediments. a Sorting versus mean grain size. b Skewness versus mean grain size. c Kurtosis versus
mean grain size. d Kurtosis versus skewness
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A negative correlation is present between the mean grain size and sorting. Very
coarse to coarse silt is very poorly sorted while gradually from coarse to medium-
fine silt becomes less poorly sorted. Sediments of Plio-Pleistocene age (represented
by grey circle in Fig. 5) show relatively more diverse range of variability indicating
higher fluctuations in terrigenous sediment supply. Skewnesswith respect to themean
grain size shows strong variability (Fig. 5b). The sediment population varies from
coarse skewed to fine skewed. Most of the sediment samples show near symmetrical
patterns indicating equal dominance of coarse as well as fine grain size sediments.
Plio-Pleistocene sediments show similar pattern as ofMiocene sediments suggesting
pulses of mixed grain size supply throughout the core U1359. Kurtosis versus mean
grain size plot (Fig. 5c) shows transition of sediment population from mesokurtic to
very platykurtic. Dominantly the sediments are very platykurtic. Only a few samples
fall in the domain of mesokurtic and platykurtic.

Skewness and kurtosis explain the grain-size distribution variability from the
normal Gaussian probability curve, and the more extreme the values the more non-
normal the size curve. It has been found that single-source sediments tend to have
fairly normal curves, while sediments frommultiple sources show pronounced skew-
ness and kurtosis. Skewness as a function of kurtosis demonstrates a strong pattern in
variability (Fig. 5d). Coarse skewed and fine skewed population of sediment shows
maximum variability in kurtosis from very platykurtic to mesokurtic. Bimodal sed-
iments exhibit extreme skewness and kurtosis values; extremely platykurtic (Folk
1980). All the statistical parameters point towards a although the pure end-members
of such mixtures have nearly normal curves, sediments consisting dominantly of
one end member with only a small amount of the other end member are extremely
leptokurtic and skewed, the sign of the skewness depends onwhich endmember dom-
inates; sediments consisting of sub-equal amounts of the two end-members are poly-
modal variationwhich is suggestive of contribution from various processes occurring
in the area. Variation of these parameters as a function of meter composite depth and
respective ages are explained through a graphical presentation in Fig. 6. Sediments
are very poorly sorted at 590.54, 307.4, 119.75, 107.25, 86.65 and 59.94 mcd and
moderately sorted at 144.9 and ~146mcd. It indicates that the sediment shows strong
variability from moderately sorted to very poorly sort during Plio-Pleistocene while
they are comparatively less poorly sorted during upper late Miocene. Cyclicity in the
variability of skewness is observed throughout the depth from very finely skewed
to coarsely skewed indicating either fluctuation of sediment supply or changes in
the dominance of various sedimentary processes affecting the population of the fine
sediment and coarse sediments. At places, symmetrical skewness is also observed
indicating presence of finer as well as coarser sediments. Most of the symmetrically
skewed samples are platykurtic. The IRD supply between 200 and 300 mcd corre-
sponds to transition from Pliocene to late Miocene and these are also marked by very
poorly sorted sediments. A sudden change is observable after Pliocene to Miocene
transition which persisted up to WL-U6.
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4.2 Quartz Grain Microtextures

In the present study, 25 types of microstructures are identified. The modes of origin
of these different types of microstructures are either mechanical or chemical or
from both processes. Mechanical features identified in this study are conchoidal
fractures of different sizes (5–100 μm), straight and arcuate steps, breakage blocks,
fractured plate, abrasive edge, V-shaped pattern, pits of different sizes (10–150 μm).
V-shaped pits also vary in size and shape. Identified chemical features are solutions
pits, solutions crevasses, weathered surfaces, adhering particles and new growth.
Solution pits and crevasses are different in shape and size. Selection of samples in
the following sections is based on previously inferred glacial-interglacial periods
during Miocene (Verma et al. 2014; Pandey et al. 2017). For clarity, ages of the
sediments (Tauxe et al. 2012) are also provided along with the sediment depths.

4.2.1 Miocene Quartz Grains

Quartz grains from 508 to 516 mcd (12.25–12.33 Ma) are strongly angular. Almost
80% of the population shows carved surfaces, sharp edges, U shaped gullies, pitted
surfaces indicating strong glacial activity (Fig. 7a and b).

Quartz grain samples from 379 to 384 mcd (~10.9–11 Ma) represent two distinct
characteristics of glacial as well as fluvial input (Fig. 7c–f). Almost 40% of grain
shows angular to sub-angular outline (Fig. 7e). These grains bear mechanical fea-
tures like conchoidal fractures, parallel to sub-parallel steps and breakage blocks.
The other 50% represents the extensively eroded quartz grains which are quite well
rounded and are spherical in shape. These grains also have experienced mechanical
breakage as well (Fig. 7c). Few grains show sub-rounded texture and mechanical
breakages like smooth conchoidal surface, pits, striations and arcuate steps indicat-
ing glaciofluvial influence along with chemical weathering (Fig. 7d). Presence of
discrete types of quartz grain population indicates reworking as well as mixing of
the sediments especially at this depth. Interestingly the fine-grained quartz popula-
tion comprises grains which are very well rounded inferring the aeolian input to the
sediments.

Quartz grains between depths of 343 and 347 mcd (~10.46–10.52 Ma) show
mostly sub-rounded to rounded nature with medium to low relief. Almost 80–90%
grains bearV-shapedbreakage and smoother edges indicating thefluvial activity how-
ever, irregular impact pits are commonly present representing mechanical breakage
(Fig. 7g and h). Sphericity of grains varies from elongated to highly spherical.

Quartz grains from 313 to 317 mcd (~10–10.10 Ma) show mostly two different
type of population; one is sub-rounded with pitted surface while other is sub angular
indicating fluvio-glacial influence. Almost 80–90% of grains bear mechanical V-
shaped, irregular impact pits are commonly present (Fig. 7i and j).

The 70–80% quartz grains s from depth between 224.24 and 226.84 mcd (~7.43–
7.55 Ma) show sharp angular to sub-angular outline with high relief, arcuate and/or
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Fig. 7 Selected SEM micrographs showing typical morphological and mechanical textures of
quartz grains representing late Miocene to mid Miocene sediments from U1359. a and b are highly
angular quartz grains with sharp edges and U shaped carved surfaces, c well rounded appearance
with blockbreakage, carved surfaces,d irregular quartz grainwith rounded edges and carved surface,
e strongly angular grain with irregular depressions, conchoidal fractures and arc steps/straight steps,
f a ~10 μm grain with highly rounded texture, g smoother and rounded edges in spherical as well
as elongated grains, h subrounded quartz grains with conchoidal fractures, i conchoidal fractures,
subrounded elongated grain, striations present at the surface arcuate steps present at one edge,
j smooth surface, and rounded edges, k presence of U shaped carving with conchoidal striations on
the surface, sharp edges and arcuate steps, l U shaped gully present with sharp edges, fine layer of
flakes above the surface, block breakage and pits are also present
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Fig. 7 (continued)

straight steps, conchoidal fractures, and abrasive edge (Fig. 7k and l). Only 10–20%
grains show sub-rounded outline with a partially smoothed edge with features like
arcuate and/or straight steps, conchoidal fractures. The grains are characterised by
typical mechanical U-shaped feature and abrasive surfaces (Fig. 7l).

However, the dominance of the fluvioglacial and glaciofluvial input was observed
in Miocene quartz grains when compared to the Pleistocene grains. Since the accu-
mulation rate was quite high (~100 m/year; Fig. 2) during upper to mid-Miocene,
representative samples were considered for the quartz textural features.
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4.2.2 Plio-Pleistocene Quartz Grains

Quartz grains from depth intervals of 107–111.99 mcd (~4.4–4.5 Ma), 143.68–
150.48 mcd (4.9–5.28 Ma) contain some highly rounded, often spherical quartz
grains (Fig. 8a). The surfaces show abundant upturned plates and some dish-shaped
concavities, but mechanical breakage features are missing. At the depth of 84.39
(~3.8 Ma) and 95.64 mcd (~4.1 Ma) and 107.49–153.2 mcd (4.4–5.3 Ma) mix pop-
ulation along with mechanical features as well as chemical alteration features is
observed. These depths mainly describe the fluvioglacial input.

The quartz grain samples from the depth between 78.2 to 82.72 mcd (3.6–3.7Ma)
and 96.14 to 106.99 mcd (4.2–4.4 Ma) represents typical glacial characteristics
(Fig. 8b and c). In these, 60–80% grains shows angular to sub-angular outline.
Almost all grains possess mechanical features like conchoidal fractures, parallel
to sub-parallel steps and breakage blocks. Chemical alteration features are present
in very few grains (5–10%).

Quartz grains from 72.56 mcd (~3.5 Ma) shows mostly sub-rounded to rounded
features with medium to low relief. Almost 80–90% of grains have chemical alter-
ation signatures. Mechanical V-shaped, irregular impact pits are commonly present
(Fig. 8e–g, i and k). These depths appear to be influenced by an increase in fluvial
activity.

Quartz grains from ~48 to 57 mcd (2.7–3.0Ma) are mostly angular to sub-angular
with a sharp edge. Micro features like conchoidal fractures, arc and straight steps,
parallel to semi-parallel striations aremostly present. The grainsmainly bear imprints
of mechanical processes (Fig. 8b and c). Very few grains show chemical alteration,
rounded outline and V-shaped mechanical cracks. In quartz grains from ~43 to
47mcd (~2.6–2.7Ma), 50–60%grains show sub-angular to sub-rounded outlinewith
medium relief. The surfaces show precipitation/solution features with a thick silica
coating and mechanical V-shaped imprints (Fig. 8e and f). In few grains, mechanical
features are partially obliterated by chemical precipitation/solution activity (Fig. 8g
and i). Quartz grains are influenced mainly by the glaciofluvial activity with minor
fluvioglacial influence.

The 50–60% quartz grain samples from the depth between 15 and 41.32 mcd
(~0.6–1.6 Ma) show angular to sub-angular outline with high to medium relief,
arcuate and/or straight steps, conchoidal fractures, and abrasive edge (Fig. 8b and
c). 30–40% grains show sub-rounded outline with smoothed edge and medium to
low relief with features like arcuate and/or straight steps, conchoidal fractures, and
abrasive edge (Fig. 8b). 10–15% grains are characterised by typical mechanical V-
shaped feature and abrasive surfaces (Fig. 8e and f). Glacial influence is indicated
for these youngest sediments.
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Fig. 8 Selected SEMmicrographs of quartz grains showing typical morphological and mechanical
textures of quartz grains representing Plio-Pleistocene sediments from U1359. a Rounded grains
with dish-shaped concavities and upturned plates, b sub-angular grainwith CF, c angular grainswith
conchoidal fracture (CF), arc steps/straight steps (AS/SS),d close up viewofAS/SS, e and f rounded
grains with V-shaped mechanical features and irregular depression (ID), g angular grains with
irregular depression and new silica growth, h fracture planes and abrasive edge, i silica precipitation
or silica re crystallization, j close up view of the same grain, k sub-angular grains showing straight
and arc step features, silica globules and various stages of crystal overgrowth, l close up view of
silica globules
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Fig. 8 (continued)

5 Discussion

5.1 Sedimentary Processes

Long term variations in the polar regime of the continent and the glacial-interglacial
cycle are the two significant factors controlling the type, volume, and distribution of
sediment in the Wilkes Land margin during Miocene to Pleistocene period. Using
independent proxies of clay minerals as well heavy minerals several retreat and
advancement of East Antarctic Ice Sheet were earlier inferred fromU1359 sediments
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(Fig. 9; Verma et al. 2014; Pandey et al. 2017). Continental rise sediment consists of
mud and silty mud with alternating massive intervals with more abundant IRD, and
laminated silty to sandy mud. Outlet glaciers such as the Ninnis and the Mertz have
an important role in ice drainage and sediment delivery to the ocean (Drewry and
Cooper 1981; Lindstrom and Tyler 1984; MacDonald et al. 1989; Anderson 1999),
and the glaciers may have changed position during different glacial-interglacial peri-
ods (Eittreim et al. 1995; Escutia et al. 2000). Bottom contour-current depositionmay
also be an active process on the continental slope and rise area (Hayes and Frakes
1975; Hampton et al. 1987b; Escutia et al. 2000, 2002). Presence of laminated silts is
indicative of Contourite deposition (Fig. 10). The bottom contour-current deposition
has been a long-lasting process in this margin, as evidenced by the sediment mounds
that developed in the continental rise interchannel areas (Escutia et al. 1997b, 2000,
2002). Deposition of clasts can take place due to higher melting of ice cover, occur-
rences of high energy condition for sediment transport and/or proximity of source.
Therefore, a higher concentration of clasts seems linked to interglacials rather than
to the periods of glacial maxima.

5.1.1 Sedimentary Processes During the Miocene

Principally, the turbidity currents are considered as the main sedimentary process
which was active during the Miocene (Escutia et al. 2003). Laminated intervals
in drillcore probably represent sediments deposited from turbidity currents which
are during Miocene (Fig. 10) (Payne and Conolly 1972; Hayes and Frakes 1975;
Hampton et al. 1987b; Escutia et al. 2002, 2003). Besides, the bottom contour-current
deposition is also considered an important depositional process at the continental
rise (Fig. 10) (Hayes and Frakes 1975; Hampton et al. 1987b; Escutia et al. 2000).
Presence of laminated silts is indicative of Contourite deposition (Fig. 10).

5.1.2 Sedimentary Processes During the Plio-Pleistocene

Plio-Pleistocene sediments of site U1359 are also characterized by low-density tur-
bidity currents. The Pleistocene interglacial sedimentationwas characterized bymas-
sive and more IRD abundant hemipelagic sediments between the glacial stratified
to laminated intervals (Verma et al. 2014; Escutia et al. 2003, 2011). During inter-
glacials, the supply of IRDs along with sand-size grains to the site appears to have
been greater relative to the fine-grained terrigenous contribution (Figs. 4 and 6).
Therefore, the deposition of IRDs seems to be a result of interglacials rather than
the periods of glacial maxima. Erosion and redeposition of fine-grained sediment by
bottom contour currents is another important and likely process during interglacials
of Pleistocene and upper late Miocene.

Influxes of coarser to medium sand are possibly the result of turbidity currents
triggered bymovements of the ice sheet and hence can be considered themain process
for sediment supply from the shelf and slope to the continental rise. But the presence
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Fig. 9 Compilation of clay minerals, heavy minerals and quartz textural behaviour of sediments
with respect to the age/depthwise core log of site U1359. The first graph shows downcore variability
of the heavy mineral population and clay minerals during Pliocene to Miocene (modified from
Pandey et al. 2017). The blue rectangles represent the previously inferred ice advance stages during
Pliocene to Miocene and its correspondence with the global high-resolution oxygen isotope record
of benthic foraminifers. Miocene quartz texture data in conjunction with earlier inferences shows
coherent behaviourwith ice advance and ice retreat stages previously reported through other proxies.
The second graph shows downcore variation of clay minerals and corresponding quartz textures of
Plio-Pleistocene sediments of site U1359 (modified from Verma et al. 2014). The pink and white
shaded rectangles indicate the ice retreat and waxing ice sheet condition, respectively (Verma et al.
2014). Textured region shows the abundance of clasts (IRDs) in both the graphs representing the
common depth and comparatively warmer conditions. The incorporated quartz textures of Plio-
Pleistocene are also in accordance with the previously reported ice retreat stages during Plio-
Pleistocene
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of fine-grained clay throughout the depth indicates the erosion and the redeposition
through bottom currents in the Wilkes Land continental rise (Donda et al. 2003;
Escutia et al. 1997a, b, 2003, 2005). This results in the polymodal behaviour of
the sediments. The Antarctic Bottom Water (ABW, Fig. 10) produced in the Ross
Sea flows westward along the Wilkes Land continental slope and rise (Gordon and
Tchernia 1972), where it mixes with the Antarctic Bottom Water produced in the
Adelie Depression (Gordon and Tchernia 1972; Bindoff et al. 2000).

5.2 Depositional Environment

The increased terrigenous supplymay have resulted from ice advance across the shelf
or increase in sedimentation frombottomcurrents or by a change in energy conditions
of bottom currents or by the combination of all these three processes. The above
interpreted processes are diagrammatically explained by Presti et al. (2011) (Fig. 10).
This figure explains the present glaciers, channels, water masses and currents as
major sedimentary and oceanographic processes active on the continental shelf, slope
and rise. Present course of the current may or may not have been active during
Pleistocene, Pliocene and Miocene but the processes explained would have been
mostly similar. However, paths of sediment supply might have changed from mid-
Miocene to Pleistocene.

Icesheet fluctuations with retreat conditions at 4.5, 5.5–5.8 and 6.2–6.8 Ma and
ice sheet advances at 6.62–6.72 (minor stage), 7.43–7.60, 8.04–8.42, 9.06–9.13,
10.83–10.96 and 12.06–12.43 Ma were previously inferred using heavy mineral and
clay mineral assemblages (Pant et al. 2013; Verma et al. 2014; Pandey et al. 2017).
Depositional conditions indicated by the quartz microtextures in the present study
are discussed in relation to these fluctuations of the ice sheet during Miocene and
Plio-Pleistocene.

5.2.1 Depositional Environment During the Miocene

For Miocene, quartz grains were selected from three ice advance stages (7.43–7.60,
10.96–11.02 and 12.25–12.33Ma) and two ice retreat stages (10.05–10.1 and 10.46–
10.52 Ma). Quartz grains from the 224 to 227 mcd representing the first stage of
glacial advancement preserve angular grains with mechanical breakage indicating
the supply through glacial or glaciofluvial (occasionally) activity. Quartz grains from
two depth ranges, from 313.04 to 317.34 and 343.34 to 347.55 mcd, shows the
textural features indicating sub-aqueous sediment supply and fluvial to glaciofluvial
input which represents the retreat stage during late Miocene.

Quartz grains from 379 to 384 mcd (~10.96–11.02 Ma) depicted mix population
of grains transported by the glacial activity and grains flushed by fluvial activity. As
the depth marks the end of the glacial advance stage (10.83–10.96 Ma); the presence
of two end members of grain shape can be explained by the reworking and mixing of
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the sediments. Quartz grains from 508.44 to 516.54 mcd are the result of glacial and
glaciofluvial input and also correlate directly with the inferred advance stage during
12.25–12.33 Ma.

5.2.2 Depositional Environment During Plio-Pleistocene

Quartz grains from the column representing the Pleistocene (0.6–3Ma) time starting
from 15 to 57 mcd exhibits numerous mechanical breakage features of various sizes
that include conchoidal fractures, arc and straight steps, parallel to semi-parallel
striations, angularity; fresh surface and sharp edge indicating typical glacial origin.
Quartz grain sample of U1359 show dominance of glacial origin surface textures due
to basal transport of the continental glacier similar to those described by Mahaney
and Kalm (1995) and Mahaney et al. (1996) indicating an extension of icesheets to
the shelf areas in the Wilkes Land sector.

Presence of rounded-subrounded quartz grains, thick coat of silica and V-shaped
features marks the glacial subaqueous origin, exposure to high energy marine trans-
port during the time close to 4.9–5.3Ma (Fig. 8g and k) and the initiation of warming
event leading to glacial retreat. This is supported by the grain size data also where the
supply of fine grained sediments overcame the coarser population and was accom-
panied by increased accumulation rates and IRDs. Hence, studied quartz grains indi-
cate dominance of fluvial and fluvioglacial input and support the previously inferred
retreats during 5.5–5.8 Ma (Verma et al. 2014) during the Pliocene warming stage.
The usefulness of the quartz microtexture data in paleoclimatic interpretations is well
illustrated in Fig. 9 where multiproxy data in two plots (representing Miocene and
Plio-Pleistocene sedimentation) is compared with that of the representative quartz
microtextures. The inferred paleoclimate signals in terms of waning and waxing of
EAIS show significant correlation between the data sets.

A few grains of aeolian quartz grain were characterized at depths of 107–111.99,
143.68–150.48 and 343–347 mcd (Fig. 8e and f). Aeolian quartz grains have been
reported to occur in polar marine sediment (Rex et al. 1970; Hill and Nadeau 1984;
Hodel et al. 1988; Damiani et al. 2006) as a result of katabatic winds which domi-
nantly flow towards the ocean from the land (Fig. 10). Those grains may have formed
under arid conditions and probably were derived from dunes deposited in deglaciated
areas. These grains did not suffer glacial abrasion and thus rule out a reworking of
old sediment strata by glacial grinding. Aerial transport on to the ice instead is, thus,
inferred instead of overridden by ice. Successively aeolian grains can be transported
by icebergs or by wind, sedimented as the ice melts and dropped through the water
column with no further abrasion by marine currents.
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6 Conclusions

The pulses of sand size corroborates with rounded to subrounded grains indicating
high influx of terrigenous input possibly due to extensive melting during ice retreat
stage point towards warmer conditions. The present inference however, contradicts
the suggested behaviour of polar regime from global scenario by Passchier et al.
(2018). The rounded to sub-rounded quartz grains would have also been derived from
a distal sediment provenance but angular and subangular grains are direct result of
proximal glacial activity supporting the multiple sourcing of sediments from at least
two distinct terrain (Pant et al. 2013).

Compilation of processes explains that grain size data cannot be directly used
to interpret the paleo-environment especially at continental rise as the grain size
population is affected by channel flows from the hinterland, bottom current flow
contributing sediments from Ross sea and Adelie depression, katabatic wind supply
and bioturbations (Fig. 10). The interplay of processes and change in dominance of
particular sedimentary process are the two main factors which explain the variability
of depositional parameters during Miocene. Less sorted sediments during upper late
Miocene indicate that either the fluvial environment was playing a key role, possibly
due to increasedmelting or therewas intensification ofAntarctic bottomwater supply.
The relative contribution of the two cannot be assessed in the present study.

A number of grains show surfaces extensively modified by high chemical activity
indicating a high-chemical diagenetic environment possibly as a result of interglacial
climate influences and reworking of grains during Plio-Miocene and Miocene.
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Late Quaternary Sedimentation
and Slope Failure Events on the Costa
Rican Margin

B. Nagender Nath, V. Yatheesh, A. Kazip Yazing, Surabhi R. Prabhu,
Avinash Borker, D. K. Pandey and K. A. Kamesh Raju

Abstract The Costa Rican margin is an erosional convergent margin formed by
subduction of the Cocos Plate under the Caribbean Plate along the Middle Amer-
ica Trench. The Integrated Ocean Drilling Program (IODP) Expedition 334 was
conducted for drilling long sediment cores from the upper Caribbean Plate and the
subducting Cocos Plate. Using the first 30 mbsf of the two drill cores retrieved
from upper slope (U1379) and middle slope (U1378) of the Costa Rican margin, we
attempted to decipher slope failure induced events based on combined geochemical,
sedimentological, mineralogical and isotope chemical proxy analyses. The downhole
variation data of clay minerals indicates that the source rocks are mainly the young
volcanic rocks in central Costa Rica region. Poor crystallinity of clay minerals with
fining upward sequence in the middle slope indicates at least two major episodes of
slumping/mass deposition from the shallower areas during the glacial period. Major
rock forming elements such as SiO2, TiO2, CaO, MgO and Na2O were distinctly
different in the cores from upper and middle slopes. C and N isotopes were also
found to be different at depths with lithological changes. Our results suggest that
slope failure induced events such as turbiditic sedimentation and mass flows mainly
during the last glacial period are evident in the Costa Rican margin.

Keywords Costa Rican margin · Erosional convergent margin · Slope failure ·
IODP Expedition · Clay minerals · Turbiditic sedimentation

1 Introduction

The Integrated Ocean Drilling Programme (IODP) Expedition 334 was planned to
retrieve long sediment cores from the Costa Rican margin (Fig. 1), where the Cocos

B. Nagender Nath · V. Yatheesh (B) · A. Kazip Yazing · Surabhi R. Prabhu · Avinash Borker ·
K. A. Kamesh Raju
CSIR - National Institute of Oceanography, Dona Paula, Goa, India
e-mail: yatheesh@nio.org

D. K. Pandey
ESSO - National Centre for Polar and Ocean Research, Vasco da Gama, Goa, India

© Springer Nature Switzerland AG 2020
D. K. Pandey et al. (eds.), Dynamics of the Earth System: Evolution,
Processes and Interactions, Society of Earth Scientists Series,
https://doi.org/10.1007/978-3-030-40659-2_9

219

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40659-2_9&domain=pdf
mailto:yatheesh@nio.org
https://doi.org/10.1007/978-3-030-40659-2_9


220 B. Nagender Nath et al.

Fig. 1 Bathymetric maps showing the locations of sites U1379 and U1378 drilled during the
Integrated Ocean Drilling Programme Expedition 334. Thick black line represents the location of
Middle America Trench (MAT). Bathymetry data is from Smith and Sandwell (1997)
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Plate subducts beneath the Caribbean Plate along the Middle America Trench (von
Huene et al. 1995). This expedition, also known as the Costa Rica Seismogenesis
Project (CRISP), was designed to understand the processes that control nucleation
and seismic rupture of large earthquakes at erosional subduction zones. During this
expedition, drilling was carried out over two sites (U1378 and U1379) in the upper
plate (Caribbean Plate) and one site (U1381) over the subducting plate (Cocos Plate).
Both the sites U1379 andU1378 are located (Fig. 1) in the upper plate and the drilling
operations could retrieve ~890 m and ~524 m long sediment cores, respectively (see
Expedition 334 Scientists 2011, 2012a, b, c; Vannucchi et al. 2013a, b).

We have studied two core sediments from sites U1379 and U1378 drilled on
the Costa Rican continental margin with the objectives to decipher the sediment
provenance, timing of late Quaternary slope failure events and evaluation of role of
tectonics in altering the sediment characteristics. A diverse oceanic crust comprising
of high-standing Cocos Ridge, flanked by chains of seamounts subducts along the
Middle America Trench off Panama and Costa Rica. The subducting seamounts
destabilizes the overlying seafloor, sometimes leading to occurrence of tsunamigenic
earthquakes (von Huene et al. 2004). The effect of oceanic crust subduction on
continental margin structure is most evident in the middle and upper slope, erosion
being more pronounced in these areas relative to the stable slope where smooth
lower plate subducts (von Huene et al. 2000). Past slope failure events (e.g., 1.1 Myr;
0.1 Myr BP and a recent one) were reported in the region (von Huene et al. 2004 and
references therein), some of them would have left their traces in the slope sediments.
With a viewof deciphering the lateQuaternary slope failure events recorded if any, the
top 30 m of drilled cores of sites U1379 and U1378 representing upper and middle
slope regions were studied (Fig. 1) employing the geochemical (major elements),
clay mineralogical and carbon and nitrogen isotope chemical proxies, diagnostic of
provenance and sedimentary processes.

2 Materials and Methods

2.1 Samples and Data

The core samples used for the present study were retrieved by drilling carried out
under the Integrated Ocean Drilling Program Expedition 334. As a part of this expe-
dition, drilling was conducted at two sites, U1378 and U1379, which are located in
the Costa Rican margin, offshore Osa Peninsula, on the Caribbean Plate (Fig. 1). The
Site U1379 is on the upper slope at 125.9 m water depth, while the Site U1378 is on
the middle slope at 521.8 mwater depth. The drilling operations in these sites U1379
and U1378 recovered ~890 m and ~524 m long sediment cores, respectively. For this
work, one sample every 1 m from the top 30 m totalling to 60 sediment samples for
both the sites were studied. The sediments recovered from 0 to 30 mbsf at U1378
is composed mainly of soft, dark greenish gray, terrigenous silty clay. Two thick
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fining-upward sequences consisting of lithic sands and tephra layers are observed
as intercalated in this silty clay (Expedition 334 Scientists 2011, 2012a, b, c). The
sediments recovered from 0 to 30 mbsf at U1379 is composed of mainly olive-green
clayey silt and silty clay with minor layers of sandy silty clay, with its topmost part
(0.0–0.93 mbsf) consisting of medium to coarse grained sand with abundant shell
fragments. Superimposed on this main lithostratigraphic unit, fining and coarsening
upward decimeter-scale sequences of silty sands and sand stone are observed. This
unit is massive withminor changes in the proportions of clay, silt and sand grain sizes
occurring gradually over <1 m intervals (Expedition 334 Scientists 2011, 2012a, b,
c). In addition to the sediment samples, we also used digital physical property data,
consisting of bulk density and magnetic susceptibility, which were measured using
the Whole-Round Multisensor Logger.

2.2 Sample Processing for XRD Analysis

For the clay mineral studies, all the samples collected from 0 to 30 mbsf of cores
retrieved from sites U1379 and U1378 were made free of salt by washing repeatedly
with distilled water followed by centrifuging. These salt-free samples were sieved
carefully using a 230 mesh (63 μm size). The sediments retained on the sieve rep-
resent the sand-sized fraction, which were collected and dried. The silt and clay
fractions that passed through the sieve were transferred into 1000 ml measuring
cylinders and made up to the 1000 ml mark by adding Milli-Q water. From this
sediment suspension, different size fractions of <2, 2–4, 4–8, 8–16 and 16–32 μm
were collected at a depth of 10 cm, at timings which were calculated for a room
temperature of 29 °C. Further, the clay fraction (<2 μm) has been treated with acetic
acid and hydrogen peroxide to remove carbonates and organic matter respectively
and washed several times to make them free of these chemicals. The clay suspension
was deposited on a glass slide with a pipette to prevent non-uniform sample sur-
face roughness or flatness. After the deposition, all the slides were air-dried at room
temperature. The air-dried clay slides were then placed in the desiccator containing
ethylene glycol in the oven at 100 °C for about an hour. These samples were then
used for the analysis of clay minerals using X-Ray Diffractometer.

2.3 Quantification of Clay Minerals

While carrying out XRD analysis, we used two types of scanning speeds, normal
scanning speed and slow scanning speed. In normal scanning speed, the samples
were scanned between 3° and 22° 2θ with a scanning speed of 0.02° 2θ/s and chart
speed of 10 mm/°2θ and the range of intensity of diffraction beam was 2000 cps
(counts per seconds). Between 24° and 26° 2θ, the scanning speed was 0.01° 2θ/s
with a chart speed of 20 mm/°2θ. Among the clay minerals, smectite is expanding
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type and therefore, clay mounts were glycolated to expand smectite. After glyco-
lation, smectite shows peak at 5.3° 2θ. Illite and chlorite were identified from their
characteristic peaks commonly used in the literature. Slow scanning has not revealed
any kaolinite in the samples.

After identifying each clay mineral, the integrated intensity for the clay minerals
was calculated using the RIGAKU software. The glycolation for smectite is a process
to artificially expand the mineral and therefore, some compensation for other min-
erals is also needed. Hence, the following compensation factor was used to obtain
percentage of clay minerals:

smectite× 1 = illite× 4 = kaolinite+ chlorite× 2.5

The crystallinity of twominerals, smectite and illitewere determined using formu-
lae from the published literature. The crystallinity of smectite was measured based
on the ratio of the height of the peak above the baseline (P) and the depth of the
valley (V) on the low angle side of the peak. Crystallinity of illite was calculated by
measuring width (� 2θ) at half peak height.

2.4 Sample Processing for XRF Analysis

X-ray fluorescence (XRF) spectrometry was used for determining the major element
composition. For the analyses, 10 g of the bulk sediment sampleswere transferred to a
beaker and treated with acetic acid till all the CaCO3 was completely dissolved, until
the time the effervescence had ceased. The samples are then washed repeatedly with
distilled water till the acetic acid is washed off. The samples were dried in the oven
at a temperature of 60 °C and then were powdered. The acetic acid-treated sediments
thus represent the lithogenic fraction. Approximately 1.5 g of this lithogenic fraction
was heated in the oven at 110 °C for at least 12 h to remove the moisture. From this,
0.55 g of each sample was weighed and kept in the desiccator for XRF analysis.
For this, Spectromelt A12 of MERCK (di-lithium tetra-borate, 66% and lithium
meta-borate 34%) was added in a ratio of 1:10 to the sample. This was then mixed
thoroughly in a platinum crucible and placed in a bead making Minifuse-2 machine.
The samples were fused/ melted with the flux in the crucible using the furnace. The
composite red hot melt was poured in a casting dish and cooled into a glass bead
which was then used for XRF analysis.

2.5 Sample Processing for IRMS Analysis

Isotope Ratio Mass Spectrometry (IRMS) was used for isotope ratio analysis of
carbon andnitrogen in the organicmatter of the samples collected from0 to 30mbsf of
cores retrieved fromsitesU1379 andU1378. For this analysis, sediment sampleswere
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treatedwith 10%HCl to remove carbonates (Schubert andNielsen 2000). Excess acid
was removed by repeated washing with Milli-Q water. The decarbonated sediments
were then dried in a freeze dryer and were ground to fine powder using agate mortar.
These sample powders were then used for the analysis of carbon and nitrogen isotope
ratios using IRMS. Analysis was performed with the Thermo Finnigan Flash 1112
elemental analyzer, linkedwith a Thermo FinniganDelta V plus IRMS at CSIR-NIO.
IAEAgrade standards Sucrose (δ13C=− 10.449‰) andAmmoniumSulphate (δ15N
= 20.3‰) were used for instrument calibration for stable isotope analyses of carbon
and nitrogen respectively. Stable isotopic ratio of OC and TNwere represented using
delta notation relative to standard as,

δ (0/00) = {(RSample/RStandard) − 1} × 1000

where R represents 13C/12C for C isotopes and 15N/14N for N isotopes. The standards
used for δ13Corg, and δ15N were PDB and atmospheric N2 respectively. The overall
analytical precision for replicate samples was within±0.2‰ for δ13Corg and±0.1‰
for δ15N.

2.6 Age Model

The biostratigraphic age model generated onboard by the Shipboard participants
(Fig. 2a and b) has been used for depth to age conversion for the top 30 m studied
here. For the sites U1379 and U1378, the sedimentation rates for the top sections
(applicable for top 30 m) estimated were 1035 m/m.y. and 516 m/m.y., respectively

Fig. 2 Age-depth plot based on first and last occurrence datums of microfossils in a Hole U1378
and b Hole U1379 (after Expedition 334 Scientists 2012b)
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(Fig. 2a and b). From these sedimentation rates, relative downcore ageswere assigned
and the clay mineral, elemental and isotopic data were plotted with age to compare
the coeval events in both upper and middle slope if any.

3 Results and Discussion

3.1 Clay Minerals

A total number of 58 sediment samples together from sites U1379 and U1378 were
analyzed as above for quantifying the clay minerals and these data are listed in
Tables 1 and 2. Our analysis show that the clay mineral kaolinite is absent in the
analyzed sediment samples. The downhole variations of percentages of smectite,
chlorite and illite as well as smectite and illite crystallinity for the cores from sites
U1379 and U1378 are shown in Figs. 3 and 4, respectively. For comparison, we also
plotted the concentration of clay minerals for the sites U1379 and U1378 together
as a function of depth (Fig. 5) as well as age (Fig. 6).

3.1.1 Site U1379

In this core, clay minerals smectite, chlorite and illite are present in order of abun-
dance (Fig. 3). Smectite is the most dominant mineral. The smectite content ranges
from 34 to 73% (Av. 52%). Highest percentage of smectite occurs at 1.92 m and
least at 7.71 m. The smectite content is uniform within the depth of 9.21–10.71
and 18.71–27.51 m, and a peak is found at 28.37 m. As they are calculated as rela-
tive percentages, whenever smectite concentration is low, illite and chlorite contents
were high. Chlorite ranges from 14 to 34% (av. 26%) with maximum occurring at
26.1mbsf and least at 1.92mbsf. Chlorite content increases with the depth until about
5 mbsf but nearly uniform thereafter throughout the core. Until about 15 mbsf, illite
is higher with two subsurface peaks (maximum occurring at 7.71 mbsf) with uniform
values throughout. The change in smectite content at 12 mbsf with a concomitant
change in other clays, which also coincides with lithological changes such as the
presence of mineral grains (onboard description) and a peak in magnetic suscepti-
bility (Fig. 3) can be inferred to represent an episode of increased run-off at about
12 kyr BP (Fig. 6). Other susceptibility peaks can indicate the periods of increased
terrestrial input with the peak at ~26 mbsf coinciding with the recovery of coarser
mineral grains and increased illite crystallinity values (Fig. 3) may represent another
major episode of runoff of high energy during the last glacial period (Fig. 6). High
chemical weathering would have shown low-crystallized illite and a fining grain-size
sequence (Lamy et al. 1999).
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Table 1 Clay mineral content and calculated crystallinity index for smectite and illite for Site
U1379 (upper slope)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

Smectite
(%)

Illite
(%)

Chlorite
(%)

(K +
C)
(%)

Smectite
crystallinity

Illite
crystallinity

1H1:
126–128

1.26–1.28 1.26 58.69 24.17 17.14 17.14 0.56 0.60

1H2:
24–26

1.74–1.76 1.75 70.38 13.00 16.61 16.62 0.51 0.50

1H2:
40–43

1.90–1.93 1.92 72.58 13.18 14.24 14.25 0.62 0.50

1H3:
40–43

3.40–3.43 3.42 56.19 25.46 18.35 18.35 0.48 0.90

1H4:
40–43

4.90–4.93 4.92 41.72 24.57 33.70 33.71 0.55 1.00

1H5:
40–43

6.40–6.43 6.42 53.49 15.76 30.74 30.75 0.61 0.70

2H1:
100–102

7.70–7.72 7.71 33.88 39.35 26.77 26.77 0.42 0.60

2H2:
100–102

9.20–9.22 9.21 56.68 22.43 20.89 20.90 0.55 0.55

2H3:
50–52

10.20–10.22 10.21 59.83 16.89 23.27 22.28 0.54 0.50

2H3:
100–102

10.70–10.72 10.71 59.28 22.15 18.56 18.57 0.65 0.60

2H4:
30–32

11.50–11.52 11.51 51.55 22.42 26.03 26.03 0.51 0.45

2H4:
100–102

12.20–12.22 12.21 56.77 19.59 23.64 23.64 0.54 0.50

2H5:
30–32

13.00–13.02 13.01 39.04 30.28 30.67 30.68 0.55 0.50

2H6:
20–22

14.40–14.42 14.41 48.68 31.13 28.18 28.19 0.40 0.60

3H1:
100–102

17.20–17.22 17.21 62.98 16.74 20.28 20.28 0.61 0.50

3H2:
100–102

18.70–18.72 18.71 51.80 21.90 26.30 26.30 0.50 0.60

3H3:
100–102

20.20–20.22 20.21 47.18 19.88 32.93 32.94 0.45 0.50

3H4:
100–102

21.70–21.72 21.71 47.50 20.72 31.77 31.78 0.55 0.60

3H5:
100–102

23.20–23.22 23.21 42.73 23.98 33.29 33.98 0.54 0.55

(continued)
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Table 1 (continued)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

Smectite
(%)

Illite
(%)

Chlorite
(%)

(K +
C)
(%)

Smectite
crystallinity

Illite
crystallinity

3H6:
30–32

24.00–24.02 24.01 50.58 20.25 29.16 29.17 0.57 0.80

4H1:
100–102

25.20–25.22 25.21 45.80 24.59 29.60 29.61 0.47 1.00

4H2:
30–32

26.00–26.02 26.01 42.34 23.33 34.33 34.34 0.53 1.10

4H2:
100–102

26.70–26.72 26.71 38.63 28.44 32.92 32.93 0.48 1.10

4H3:
30–32

27.50–27.52 27.51 49.45 22.03 28.51 28.52 0.56 0.60

4H3:
116–118

28.36–28.38 28.37 66.96 12.68 20.35 20.36 0.53 0.85

4H4:
30–32

29.00–29.02 29.01 42.80 26.02 31.18 31.18 0.51 0.65

Crystallinity Index:

Crystalline index can help in qualitatively assessing the proximity or distance to
the source. Lower the index value, better is the degree of crystallinity and vice
versa. Smectite crystallinity ranges from 0.4 to 0.65 (av. 0.5). Higher the smectite
concentration, poorer is the crystallinity. Smectite shows good crystallinity within
18.71–26.71 mbsf. Illite crystallinity ranges from 0.4 to 1.1 (av. 0.7). Illite shows
good crystallinity throughout the core whereas distinctly poor crystallinity is seen
at two sub-surface depths; one at ~5 mbsf and the second between 24.01 and 26.71
mbsf (Fig. 3). The depths between 7.71 and 24 mbsf show good illite crystallinity.
Occurrence of a distinct mineral grain layer was logged in the onboard description at
the depth (~26 mbsf) where the illite crystallinity was found to be poor, which was
also coincident with fining upward sequence.

3.1.2 Site U1378

Similar to the core from the upper slope, clay minerals smectite, chlorite and illite
are present in order of abundance (Fig. 4) in this site. The smectite content ranges
from 42 to 73% (av. 57%). A change at about 10 m is seen with lower smectite
content grading to higher content which is nearly similar thereafter, except two
troughs in the deeper section. When smectite concentration is low, chlorite was
found to be high and vice versa. Illite content is nearly similar with only minor
subsurface peaks. Near similar illite and chlorite downcore trend may suggest the
changes in physical weathering in the source areas. Illite and chlorite mainly result
from physical weathering of crystalline (i.e., acidic plutonites for illite and basic
igneous rocks for chlorite) and low-grade metamorphic rocks (e.g., Chamley 1989).
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Table 2 Clay mineral content and calculated crystallinity index for smectite and illite for Site
U1378 (middle slope)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

Smectite
(%)

Illite
(%)

Chlorite
(%)

(K +
C)
(%)

Smectite
crystallinity

Illite
crystallinity

1H1:
68–70

0.68–0.70 0.69 61.62 13.69 24.70 24.70 0.52 0.50

1H2:
68–70

2.18–2.20 2.19 59.66 13.78 26.56 26.56 0.42 0.53

1H3:
68–70

3.68–3.70 3.69 51.88 18.10 30.02 30.02 0.46 0.53

2H1:
68–70

5.98–6.00 5.99 57.98 16.21 25.81 25.81 0.50 0.70

2H2:
68–70

7.48–7.50 7.49 53.95 18.05 28.00 28.00 0.39 0.63

2H3:
68–70

8.98–9.00 8.99 55.72 20.93 23.35 23.35 0.51 0.65

2H3:
96–98

9.26–9.28 9.27 44.41 15.91 39.67 39.68 0.54 0.50

2H4:
32–34

10.12–10.14 10.13 47.37 17.22 35.40 35.41 0.54 0.55

2H4:
39–41

10.19–10.21 10.20 41.77 19.14 39.09 39.10 0.56 0.70

2H4:
50–52

10.30–10.32 10.31 49.47 16.30 34.22 34.23 0.57 0.55

2H4:
68–70

10.48–10.50 10.49 65.84 16.74 17.42 17.42 0.45 0.50

2H4:
99–101

10.79–10.81 10.80 48.53 14.34 37.12 37.12 0.52 0.60

2H4:
108–110

10.88–10.90 10.89 44.94 19.09 35.96 35.96 0.59 0.90

2H4:
118–120

10.98–11.00 10.99 43.62 23.37 33.00 33.00 0.61 0.50

2H5:
40–42

11.70–11.72 11.71 44.45 16.26 39.28 39.29 0.65 0.75

2H5:
68–70

11.98–12.00 11.99 69.15 13.41 17.44 17.44 0.45 0.50

2H5:
81–83

12.11–12.13 12.12 50.65 12.91 36.43 36.44 0.52 0.70

2H5:
109–111

12.39–12.41 12.40 47.69 13.86 38.44 38.45 0.55 0.50

2H6:
48–50

13.28–13.30 13.29 52.52 14.95 32.52 32.52 0.51 0.60

(continued)
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Table 2 (continued)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

Smectite
(%)

Illite
(%)

Chlorite
(%)

(K +
C)
(%)

Smectite
crystallinity

Illite
crystallinity

2H6:
68–70

13.48–13.50 13.49 64.74 14.15 21.11 21.11 0.44 0.35

3H1:
65–67

15.45–15.47 15.46 72.87 10.13 17.00 17.00 0.38 0.25

3H2:
68–70

16.98–17.00 16.99 61.65 16.57 21.78 21.78 0.52 0.55

3H3:
68–70

18.48–18.50 18.49 65.03 16.25 18.72 18.72 0.51 0.40

3H3:
116–118

18.96–18.98 18.97 44.05 20.90 35.04 35.05 0.48 0.60

3H4:
68–70

19.98–20.00 19.99 67.67 13.28 19.05 19.05 0.44 0.50

3H5:
72–74

21.52–21.54 21.53 71.93 9.85 18.22 18.22 0.48 0.40

3H6:
67–69

22.97–22.99 22.98 70.82 13.51 15.67 15.67 0.41 0.20

4H2:
67–69

25.58–25.60 25.59 66.18 17.30 16.51 16.51 0.46 0.45

4H3:
65–67

27.06–27.08 27.07 67.80 8.32 23.88 23.88 0.43 0.30

4H3:
119–121

27.60–27.62 27.61 43.93 15.10 40.97 40.97 0.55 0.40

4H4:
66–69

28.57–28.60 28.58 73.25 9.56 17.19 17.19 0.47 0.40

4H5:
66–69

30.07–30.10 30.08 63.32 12.92 23.76 23.76 0.54 0.30

Rapid mineralogical changes noticed between 10 and 13 mbsf distinctly coincide
with the sediment with coarsening upward sequence and the occurrence of tephra
(Fig. 4), possibly indicating the deposition of tephra containing turbidite at about
23–20 kyr when peak glacial conditions would have prevailed. A cooling of 7–8°C
during the Last Glacial Maximum (LGM) for montane Costa Rica was reported
(Islebe and Hooghiemstra 1997). The lowered sea level during LGMwould have led
to the turbidite deposition. Clay mineralogical changes are also noticed at the depths
at which presence of visual mineral grain layers (Fig. 4) were noted in the onboard
lithological description. When both the cores are compared, broadly illite content is
higher in upper slope with a concomitant decrease in smectite (Fig. 5). Smectites
typically are the products of erosion of basic rocks such as basalts or other young
volcanics. Smectites are abundant clay mineral in both the sites and the primary
source could be the elevated portions with volcanic rocks of central Costa Rica. In
Costa Rica, the oldest rocks are around 180 million years old and are chunks of
ophiolites, overlain by younger volcanic rocks and recent deposits. The Sierra de
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Fig. 3 Downhole variations of clay minerals smectite, chlorite and illite and smectite crystallinity
and illite crystallinity for the Site U1379. For the correlation, also plotted the lithology, sedimentary
structures and physical property parameters (bulk density and magnetic susceptibility)

Fig. 4 Downhole variations of clay minerals smectite, chlorite and illite and smectite crystallinity
and illite crystallinity for the Site U1378. For the correlation, also plotted the lithology, sedimentary
structures and physical property parameters (bulk density and magnetic susceptibility)
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Fig. 5 Downhole variations of clay minerals smectite, chlorite and illite and smectite crystallinity
and illite crystallinity together for the sites U1379 and U1378

Talamanca exposes the eroded roots of a former volcanic chain and to their east lie
the oceanic sedimentary rocks (e.g., Dutch 2009).

Crystallinity Index:

Smectite crystallinity ranges from 0.38 to 0.65 (av. 0.5). Smectite shows a better
crystallinity with an increase in depth. In contrast to the upper slope, smectite shows
better crystallinity when the smectite concentration is high. Poor crystallinity is
shown within the depth of 5.99 and 10.89 mbsf. Illite crystallinity ranges from 0.2
to 0.9 (av. 0.5). Higher the illite %, poorer is the crystallinity. Illite in general shows
better crystallinity in the deeper portion of the core compared to the top section
(Fig. 4). Similar to mineralogical changes, distinctly poor clay mineral crystallinity
was found in the sediments with fining upward sequence (Fig. 4) suggesting a distal
source. When both the cores are compared, smectite crystallinity was nearly similar
whereas the lower slope core has shownbetter illite crystallinity at twodepths (Fig. 5).
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Fig. 6 Concentration of clay minerals for the sites U1379 and U1378 plotted together as a function
of age

While the ranges of crystallinity index values of both the sites are nearly similar, a
distinct contrast in relation between smectite abundance and the crystallinity is seen in
these two sites. Poor crystallinity when smectite is high in upper slope could indicate
the normal sedimentary process of alteration, transport and deposition. On the other
hand, better crystallinity when smectite is abundant in middle slope could indicate
periods of rapid runoff from the terrestrial and shelf areas and their burial without
being altered much, possibly through turbiditic currents. Incidentally, the two main
episodes of turbiditic sedimentation at about 10 and12mbsf occurring inmiddle slope
(U1378) roughly correspond to the Last Glacial Period (~25 kyr BP—Fig. 6) when
the sea level would be lower inducing a slope instability. Sandwiched between two
layers has sediment with poor smectite crystallinity which is coeval with the presence
of tephra layer (Fig. 4). At about same time period (Fig. 6), depositional change with
coarser grain deposition, increased susceptibility and deposition of sediments with
high crystallinity is noticed in upper slope site too (U1379) suggesting the role of
glacial climate driven slope instability/turbiditic sedimentation.

3.2 Quantification of Major Elements

A total number of 24 sediment samples together from sites U1379 and U1378 were
analyzed for determining the major elements and these data are listed in Tables 3
and 4. The downhole distribution of percentages of major element oxides (SiO2,
Al2O3, TiO2, Fe2O3, MnO, MgO, CaO, Na2O, K2O and P2O5) for the cores from
sites U1379 and U1378 are shown in Figs. 7 and 8 respectively.
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Fig. 7 Downhole variation of concentration of major element content for the Site U1379. Also
plotted are shipboard described lithology and sedimentary structures

3.2.1 Sites U1379 and U1378

Major elemental composition has been analyzed for cores from upper slope (Site
U1379) and middle slope (Site U1378), Figs. 7 and 8, respectively. Upper slope
sediments show relatively higher SiO2 concentration (average 55wt%) than the lower
slope (52 wt%). SiO2 concentrations decrease at a subsurface depth of 20.21 mbsf
(Fig. 7) whereas the middle slope core shows highest concentration at about 18 mbsf
with the overlying and underlying sediments having lower concentrations (Fig. 8).
Al2O3 content shows no variation between the upper and middle slope cores, but
the concentration gradually decreases in deeper core. The TiO2 concentration is
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Fig. 8 Downhole variation of concentration ofmajor element content for the SiteU1378. Shipboard
lithology and sedimentary structures are plotted for comparison

higher in lower slope than upper slope. The Fe2O3 is higher in lower slope than
upper slope, with both showing a trough between 15 and 25 mbsf depth. MnO
concentration are nearly similar in both cores and shows similar trend with Fe2O3.
MgO is higher in middle slope than upper slope may be there is an influence of
oceanic crust (basaltic weathering). CaO content is nearly similar in the two cores,
however, the concentrations of important rock forming alkalies K, Na and Mg show
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upper to middle slope contrast (Fig. 9). Silica versus total alkalies (TAS) diagrams
are commonly used in petrochemical studies of hard rocks to distinguish the type of
rocks. But, amodifiedTAS (seeKurian et al. 2013) is employed (Fig. 10) to determine
the provenance of sediments. The geochemical data of two cores fall distinctly in two
groups, falling mainly in the intermediate field, with mid-slope sediments falling at
the basic to intermediate boundary (Fig. 10). Both silica and alkaline elements are low
in middle slope regions possibly driven by size-sorting with finer sediments possibly
with higher smectite content reaching the middle slope region. This is also supported
by distinctly higher Mg content in middle slope compared to the upper slope region

Fig. 9 Major element chemistry for the sites U1378 and U1379 plotted together
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Fig. 10 a Amodified TAS diagram showing a distinct grouping of two sites with most of the sedi-
ments falling between basic to intermediate source rock composition; b silica versus Mg variation
showing higher Mg and Si in middle slope

(Fig. 10) suggests the presence of smectite. Smectites can be a good sink for Mg
and the Mg in sediments can co-vary with smectite/montmorillonite content (Nath
et al. 1989). Owing to their smaller grain size (e.g. Thamban et al. 2002), smectites
tend to be transported to farther areas than other coarser-sized clay minerals (e.g.,
Kurian et al. 2008). A-CN-K plots (see Nath et al. 2000; Kurian et al. 2013) help
evaluate the provenance as well as the degree of weathering. A-CN-K plot of two
sites studied here (Fig. 11) display the grouping of each site, with a progressive
transition between two sites. Though, the sampling resolution is sparse, changes in
concentrations of key elements follow the visual changes of presence of tephra and

Fig. 11 A-CN-K diagram showing the compositional fields of two sites
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mineral grains (Figs. 7 and 8). Distinct change in major element at about 12 and
25–26 kyr BP in upper slope (U1379) coincide with changes noticed in clay mineral
content and also characterized by the presence of visible coarser mineral grains at
these depths (Figs. 7 and 12) which have been interpreted to represent periods of
episodic sedimentation possibly through as turbiditic currents.

3.3 Carbon and Nitrogen Isotopes

A total number of 60 sediment samples together from sites U1379 and U1378 were
analyzed for carbon and nitrogen content and their isotope studies and these data
are presented in Tables 5 and 6, respectively. The downhole distribution of OC, TN,
δ13Corg and δ15N parameters for the cores from sites U1379 and U1378 are shown
in Figs. 13 and 14, respectively. These parameters are plotted together in Fig. 15 for
correlation and with respect to age in Fig. 16.

To assess the relative proportions of terrestrial and marine organic carbon present
in the sediments a simple δ13C-based two end-member mixing model is used. The
model used here is originally proposed by Calder and Parker (1968), modified later
(Schultz and Calder 1976); and has been adopted by several workers in the past (e.g.,
Hu et al. 2006; Schlunz et al. 1999; Ramaswamy et al. 2008). The equation used is
as follows.

TC0/00 = δ13Cmarine − δ13Corg/δ
13Cmarine − δ13Cterrestrial × 100

where

TC is the terrestrial carbon
δ13Corg is the measured δ13C of a given sample
δ13Cmarine is the marine end member = −20.5‰
δ13Cterrestrial is the terrestrial end member = −25.1‰.

The end member values are taken from Ramaswamy et al. (2008).

3.3.1 Site U1379

The δ13Corg ratio varied from−21.32 to−25.45‰throughout the core.The sediments
near surface were distinctly enriched in δ13Corg (~−21.32‰; Fig. 13; Table 5). But
a depleting trend of sedimentary δ13Corg with depth down to 3.4 mbsf (δ13Corg ~ −
25.45‰; Fig. 13; Table 5) was noticed. The sediments deeper than 3.4 mbsf again
showed enriching trend throughout rest of the core. The OC content was very low
(<1%) and similar throughout the core, except the top section (0–3.4 mbsf), where
the sediments are enriched (>2%). The nitrogen content was below detection limit
except for the topmost section. δ13Corg shows excursions at 9–12 mbsf and follows
the lithological changes and sedimentary structures. The top 1m sediment has higher
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age
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Table 5 Organic carbon and nitrogen content, their isotope ratios (δ13Corg and δ15N) and the
estimated terrestrial carbon (%TC) for the Site U1379 (upper slope)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

δ13Corg δ15N %OC %N Molar
C/N
ratio

%TC

1H1:
40–43

0.40–0.43 0.42 −21.316 5.537 1.996 0.225 10.3 17.739

1H1:
107–109

1.07–1.09 1.08 −22.008 – 1.026 – – 32.783

1H1:
126–128

1.26–1.28 1.26 −24.496 – 0.757 – – 86.870

1H2:
24–26

1.74–1.76 1.75 −24.528 – 0.686 – – 87.565

1H2:
40–43

1.90–1.93 1.92 −23.882 – 0.581 – – 73.522

1H3:
40–43

3.40–3.43 3.42 −25.447 – 0.896 – – 107.543

1H4:
40–43

4.90–4.93 4.92 −24.841 – 0.689 – – 94.370

1H5:
40–43

6.40–6.43 6.42 −24.377 – 0.755 – – 84.283

2H1:
100–102

7.70–7.72 7.71 −24.855 – 0.79 – – 94.674

2H2:
100–102

9.20–9.22 9.21 −23.597 – 0.499 – – 67.326

2H3:
50–52

10.20–10.22 10.21 −24.301 – 0.633 – – 82.630

2H3:
100–102

10.70–10.72 10.71 −25.121 – 0.814 – – 100.457

2H4:
30–32

11.50–11.52 11.51 −25.224 – 0.942 – – 102.696

2H4:
100–102

12.20–12.22 12.21 −23.758 – 0.504 – – 70.826

2H5:
30–32

13.00–13.02 13.01 −25.017 – 0.766 – – 98.196

2H6:
20–22

14.40–14.42 14.41 −23.344 – 0.717 – – 61.826

3H1:
100–102

17.20–17.22 17.21 −23.846 – 0.667 – – 72.739

3H2:
100–102

18.70–18.72 18.71 −23.566 – 0.746 – – 66.652

3H3:
100–102

20.20–20.22 20.21 −23.040 – 0.664 – – 55.217

(continued)
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Table 5 (continued)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

δ13Corg δ15N %OC %N Molar
C/N
ratio

%TC

3H4:
100–102

21.70–21.72 21.71 −23.107 – 0.662 – – 56.674

3H5:
100–102

23.20–23.22 23.21 −23.163 – 0.654 – – 57.891

3H6:
30–32

24.00–24.02 24.01 −23.939 – 0.805 – – 74.761

4H1:
100–102

25.20–25.22 25.21 −23.534 – 0.73 – – 65.957

4H2:
30–32

26.00–26.02 26.01 −23.695 – 0.777 – – 69.457

4H2:
100–102

26.70–26.72 26.71 −23.452 – 0.676 – – 64.174

4H3:
30–32

27.50–27.52 27.51 −23.385 – 0.777 – – 62.717

4H3:
116–118

28.36–28.38 28.37 −23.164 – 0.821 – – 57.913

4H4:
30–32

29.00–29.02 29.01 −22.509 – 0.878 – – 43.674

Corg and enriched isotopic values which grade down significantly to low Corg and
depleted isotopic values (Fig. 13) in sediments below that where a change in texture
and presence of visible mineral grains were noted in onboard lithologs.

Source of OM:

The wide variation of δ13Corg from this core suggests a variation in contribution from
different sources. The δ13Corg enriched surface sediments indicate greater present
day oceanic contribution for organic matter, which is consistent with low TC content
(17.7–32.7%; Table 5 and Fig. 16). The depleted δ13Corg values in subsurface sedi-
ments imply a greater contribution from δ13Corg depleted terrestrial source. Depleted
values at about 3–4, 7–8, 12 and 13 mbsf (Fig. 13) indicate episodes of increased ter-
restrial OMdeposition or improved preservation. The 12 and 13mbsf depleted layers
sandwich a sandy layer with fining upward sequence and enriched layer (Fig. 13)
suggesting a depositional change.At these depths, the end-member calculations show
that the organic matter in these sediments is completely terrestrial in nature (Table 5
and Fig. 13). Overall, the TC content in this site is distinctly higher than in U1378,
consistent with the proximity of this site to land. Age-wise estimates of TC (Fig. 16)
show a distinct deglacial increase, following low values during LGM, suggesting an
increased run-off related terrestrial carbon input. Enriched δ13Corg values from 30 to
~15 mbsf (Fig. 13) possibly indicate increased glacial productivity in the overlying
waters.
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Table 6 Organic carbon and nitrogen content, their isotopic ratios (δ13Corg and δ15N) and estimated
terrestrial carbon (%TC) for the Site U1378 (middle slope)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

δ13Corg δ15N %OC %N Molar
C/N
ratio

%TC

1H1:
68–70

0.68–0.70 0.69 −21.554 6.064 1.669 0.447 4.4 22.913

1H2:
68–70

2.18–2.20 2.19 −21.407 6.684 2.291 0.245 10.9 19.717

1H3:
68–70

3.68–3.70 3.69 −21.486 6.547 1.875 0.195 11.2 21.435

2H1:
68–70

5.98–6.00 5.99 −21.852 7.837 1.843 0.190 11.3 29.391

2H2:
68–70

7. 48–7.50 7.49 −22.105 8.481 1.563 0.161 11.3 34.891

2H3:
68–70

8.98–9.00 8.99 −22.102 6.028 1.743 0.174 11.7 34.826

2H3:
96–98

9.26–9.28 9.27 −22.756 5.316 1.525 0.154 11.6 49.043

2H4:
32–34

10.12–10.14 10.13 −24.260 – 0.744 – – 81.739

2H4:
39–41

10.19–10.21 10.20 −22.502 6.737 1.342 0.138 11.3 43.522

2H4:
50–52

10.30–10.32 10.31 −22.543 6.838 1.474 0.167 10.3 44.413

2H4:
68–70

10.48–10.50 10.49 −22.245 5.635 1.573 0.191 9.6 37.935

2H4:
99–101

10.79–10.81 10.80 −23.326 5.978 1.164 0.178 7.6 61.435

2H4:
108–110

10.88–10.90 10.89 −22.967 5.696 1.244 0.133 10.9 53.630

2H4:
118–120

10.98–11.00 10.99 −23.086 – 1.185 – – 56.217

2H5:
40–42

11.70–11.72 11.71 −23.086 – 1.185 – – 56.217

2H5:
68–70

11.98–12.00 11.99 −22.442 4.048 1.401 0.15 10.9 42.217

2H5:
81–83

12.11–12.13 12.12 −24.282 – 0.546 – – 82.217

2H5:
109–111

12.39–12.41 12.40 −24.463 – 0.672 – – 86.152

2H6:
48–50

13.28–13.30 13.29 −23.542 – 0.742 – – 66.130

(continued)
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Table 6 (continued)

Sample
ID

Depth
(mbsf)

Mean
depth
(mbsf)

δ13Corg δ15N %OC %N Molar
C/N
ratio

%TC

2H6:
68–70

13.48–13.50 13.49 −22.551 6.851 1.515 0.144 12.3 44.587

3H1:
65–67

15.45–15.47 15.46 −22.223 6.036 1.678 0.159 12.3 37.457

3H2:
68–70

16.98–17.00 16.99 −22.080 4.374 1.185 0.128 10.8 34.348

3H3:
68–70

18.48–18.50 18.49 −21.735 7.538 1.488 0.150 11.6 26.848

3H3:
116–118

18.96–18.98 18.97 −21.891 4.118 1.638 0.168 11.4 30.239

3H4:
68–70

19.98–20.00 19.99 −21.852 4.754 1.469 0.151 11.3 29.391

3H5:
72–74

21.52–21.54 21.53 −22.154 5.807 1.471 0.151 11.4 35.957

3H6:
67–69

22.97–22.99 22.98 −22.256 5.287 1.453 0.147 11.5 38.174

4H2:
67–69

25.58–25.60 25.59 −21.490 3.700 1.427 0.166 10.0 21.522

4H3:
65–67

27.06–27.08 27.07 −21.734 3.958 1.559 0.177 10.3 26.826

4H3:
119–121

27.60–27.62 27.61 −22.512 0.575 1.302 0.149 10.2 43.739

4H4:
66–69

28.57–28.60 28.58 −22.250 1.018 1.546 0.189 9.5 38.043

4H5:
66–69

30.07–30.10 30.08 −22.401 2.845 1.555 0.198 9.2 41.326

3.3.2 Site U1378

The Corg content is 2.3 near surface which is much higher than 0.7% at 10 mbsf
depth. Following this, the downcore Corg content was similar (1.3–1.5%) throughout
the core except at 17 mbsf depth. In general, the Corgis higher in middle slope than
the upper slope (Fig. 14). The nitrogen content varied from 0.13 to 0.45% throughout
the core. In general, the surface sediments are rich in nitrogen (~0.4%) compared
to the deeper sediments (<0.15%—Figs. 13 and 14). The δ13Corg in this core varied
in a narrow range (−21.44 to −22.5‰) except at depth between 9.3 and 13.3 mbsf,
where it ranged between −22.25 and −24.46‰ (Fig. 14). The δ15N in this core
varied from 0.5 near bottom to 8.5‰, with enriched values down to about 27 mbsf
reflecting probably the denitrification in the overlying waters. C, N content and their
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Fig. 13 Downhole variation of organic carbon content and its isotope ratio (δ13Corg) for the Site
U1379. Also plotted are shipboard described lithology and sedimentary structures. Nitrogen was
below detection for this site

isotopeswere highly variable at the depths (9–15mbsf)with afiningupward sequence
(Fig. 14) which also contained a tephra layer (Fig. 14). However, no discernible
change were seen in these parameters at other tephra layer.

Source of OM:

The enriched δ13Corg values nearly throughout the section studied here except that
between 9 and 15mbsf suggest a dominant marine organic matter contribution which
is in contrast to shallower core. The dominance of marine OM was also evidenced
from higher δ15N ratio. The sediments at depth between 9.3 and 13.3 mbsf showed a
larger variation in sourcewith episodes of depleted Corg and isotopic values reflecting
dominant OMcontribution from terrestrial sources during last glacial period possibly
related to run-off or turbidity currents. The TC computed from δ13Corg values is
distinctly less than that in upper slope (Fig. 16). In the 60 kyr record covered by this
core, the organic matter of marine origin is dominant and the variation with time is
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Fig. 14 Downhole variation of organic carbon, nitrogen content and their isotope ratios (δ13Corg

and δ15N) for Site U1378 plotted along with the lithology and sedimentary structures

gradual. Except at the LGM where the episodic deposition of TM is seen when the
sea level would have been lower and the site would have been closer to the shore, the
site has received mainly the organic matter of marine origin. Following this episodic
deposition of TM, the TM has reduced since the deglaciation possibly reflecting
increased productivity in the overlying waters.

4 Summary and Conclusions

We present the results of clay mineral, major element, carbon, nitrogen content and
their isotopes in organicmatter for sediment cores retrieved fromCosta Ricanmargin
during Integrated Ocean Drilling Program Expedition 334. During this expedition,
drilling was carried out at two sites U1379 and U1378 in the upper plate (Caribbean
Plate). The Site U1379 is located in the upper slope and the Site U1378 is located in
the middle slope. The downhole variation data of clay minerals—smectite, illite and
chlorite and their crystallinity are presented in this paper. The clay mineral kaolinite
is absent in the analyzed sediment samples. Smectite was found to be the dominant
mineral indicating that the source rocks aremainly the young volcanic rocks in central
Costa Rica region. Crystallinity and clay mineral content were different in sediment
sections showing lithological change such as the presence of tephra, mineral grains
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Fig. 15 Downhole variation of organic carbon and nitrogen isotope ratios (δ13Corg and δ15N) for
both the sites U1378 and U1379 plotted together for comparison

and with upward fining sequence. Poor crystallinity of clay minerals with fining
upward sequence in the middle slope would indicate at least two major episodes of
slumping/mass deposition from the shallower areas during the glacial period. Major
rock forming elements such as SiO2, TiO2, CaO, MgO and Na2O were distinctly
different in the two cores studied here.Geochemical discrimination diagrams allowed
the determination of provenance (basic to intermediate in composition) and show the
two sites have different composition but within a narrow range mainly controlled by
clay mineral sorting during the transport. Major chemical changes were seen at the
depths described onboard to have lithological changes. C and N isotopes were also
found to be different at depths with lithological changes. While the upper slope
contains predominantly terrestrially deposited organic matter, the middle slope with
highCorg andNcontent containmainlymarineOMwith enrichedN isotope indicating
denitrification condition. The glacial sediments between 9 and 15 mbsf with fining
upward sequence in the core from the middle slope had terrestrially derived carbon.
Fining upward sequence, tephra deposition, occurrence of poorly crystalline clay
minerals and terrestrially derived carbon in the middle slope core suggests episodes
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Fig. 16 Organic carbon and nitrogen isotope ratios (δ13Corg and δ15N) for both the sites U1378
and U1379 plotted together as a function of age

of slumping during 25–20 kyr BP. Elemental changes were also noticed in upper
slope at about 25 kyr BP reflecting sedimentation changes during glacial period.
The slope failure induced events such as turbiditic sedimentation and mass flows are
evident from the data presented, mainly during the last glacial period in the Costa
Rican margin.
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mtCOI Sequence-Based Barcoding
of Calanoid Copepods from Lagoon
Waters of Lakshadweep, South-west
Coast of India

Sanu V. Francis and S. Bijoy Nandan

Abstract Coastal waters of Southwest coast of India including the lagoon waters of
Lakshadweep are known to be vital habitat to awide variety of zooplankton groups by
their maximum diversity, and complexity of the trophic organisation. Copepods are
the most abundant crustaceans in the world oceans, usually contributing >60% of the
total zooplankton abundance. DNA barcode data based on mtCOI sequences for the
marine calanoid copepods (111 sequences for 25 species) were documented which
was not previously sequenced from the lagoonwaters of Lakshadweep, South-eastern
Arabian Sea. This work constitutes a powerful tool for identification with minimal
errors not only of copepods in the Arabian Sea but in the adjoining marine areas;
the results are the first step in building databases of sequences from the south-west
coast of India.

Keywords Calanoid copepods · DNA-barcoding · Lagoon waters · mtCOI
sequences

1 Introduction

Zooplankton forms an essential component of the pelagic food web in the ocean
system. Calanoid copepods are the dominant groups in marine subtropical and trop-
ical waters and exhibit great diversity in morphology and habitats they occupy. Most
of the studies in the Arabian Sea have elaborated on the ecology and diversity of
calanoids; however, there is a severe lacunae of information on themorpho-taxonomy
and molecular systematics of copepods which is a prerequisite for understanding the
community ecology of the species and their role in the food web structure. Knowl-
edge on the taxonomy and distribution of calanoid copepods of the coastal waters
of the Arabian Sea and lagoon waters of Lakshadweep archipelago are minimal.
Copepod crustaceans living in the oceanic realm have received much attention from
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molecular biologists, as they are difficult to identify because of their similar mor-
phological characteristics, especially in closely related species. Its great diversity
needs accuracy on species identification, because, in some cases, copepods share
morphometric and meristic characteristics that tend to confuse the identity of the
species.

It is also mentioned that co-occurrence of multiple closely related species makes
it difficult to determine their female-male correspondence by morphology (Nishida
et al. 2015; Mulyadi et al. 2017; Francis and Nishida 2018; Francis et al. 2018).
Hence, molecular techniques are now an essential tool for studies on population
structure, phylogeography, and phylogeny of copepods (Sanu et al. 2016). Molecular
analysis can provide unambiguous taxonomic discrimination (Bucklin and Wiebe
1998; Lee and Frost 2002; Eyun et al. 2007; Soh et al. 2012), and sequence analysis
of mitochondrial genes can reveal intraspecific and interspecific variations (Bucklin
et al. 1995; Bucklin and Wiebe 1998; Goetze 2003). Studies were conducted from
2013 to 2016 as part of the Dept. of Biotechnology, Govt. of India funded project on
the taxonomy and systematics of pelagic copepods from the lagoon waters of Agatti,
Bangaram, Kavaratti, Kalpeni and Minicoy islands of Lakshadweep. The present
study documents the molecular systematics of the calanoid copepods from the study
area. To document the molecular barcodes, mitochondrial cytochrome C oxidase 1
(mtCOI) sequences were developed for several of the species (for both female and
male individuals) and contribute to mainstreaming a barcode library.

2 Materials and Methods

Thezooplankton sampleswere collected from lagoonwaters (Fig. 1) byusing aplank-
ton net (mesh size 200µm; mouth area 0.28 m2). The average depth of the collection
site is 6 m with a maximum depth of about 16 m. The net was towed horizontally
just below the water surface at a speed of 1 knot for 10 min. For morphological and
molecular analysis, the samples were fixed in 4% buffered formalin and 95% Ethyl
alcohol, respectively. Formalin preserved specimens were identified to species level
using standard keys (Mori 1964; Kasturirangan 1963; Silas and Pillai 1973; Conway
et al. 2003; Prusova et al. 2012). The corresponding alcohol-preserved specimens
were hydrated in 0.5-mLsterile distilledwater for 10–12h at room temperature before
extraction of DNA (Sanu et al. 2016). Genomic DNA was extracted from individual
adult copepods using the DNeasy Blood and Tissue Kit (Qiagen) following the spin
column protocol. The PCR reaction mixture consisted of 25 µLMaster Mix (Takara
Clontech EmeraldAmp® GT PCR Master Mix), 1 µL forward primer, 1 µL reverse
primer, 8 µL template DNA, and 15 µL distilled deionised H2O. The amplifica-
tion primers were LCO-1490 F (5′-GGTCAACAAATCATAAAGATATTGG-3′) and
HCO-2198 R (5′-TAAACTTC AGGGTGACCAAAAAATCA-3′) used for amplify-
ing mtCOI gene sequences (Folmer et al. 1994). Amplification was carried out in
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Fig. 1 Sampling locations in Lakshadweep islands during 2013–2016

Agilent technologies thermal cycler (Model no: Sure cycler 8800). The amplifica-
tion protocol was denaturation at 94 °C for 1 min., annealing at 37 °C for 2 min. and
extension at 72 °C for 3min. The amplificationwas carried through 40 cycles. Ampli-
fied products exhibiting intense bands after agarose gel (1.2%) electrophoresis was
purified and sent to SciGenom Labs (SciGenom Labs Pvt, Ltd. Ernakulam, India) for
sequencing. Obtained sequences were assembled using BioEdit 7.0.9 (Hall 1999),
and alignment was performed using ClustalX (Thompson et al. 1997). Intraspecific
pairwise sequence distance and Neighbour-joining (NJ tree) were undertaken using
the Kimura 2-parameter model in MEGA5 (Tamura et al. 2011). Bootstrap analy-
sis was performed using 1000 pseudo-replications. Intraspecific Aligned sequences
were submitted to the National Center for Biotechnology Information (NCBI)
database (www.ncbi.nlm.nih.gov).

http://www.ncbi.nlm.nih.gov
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3 Results

3.1 Molecular Records and Systematics of the Calanoid
Copepods

Mitochondrial COI sequences of 25 copepod species (both female and male indi-
viduals) were obtained and submitted in the National Centre for Biotechnology
Information (NCBI) database. Among the identified species, mtCOI sequences
of Euchaeta indica Wolfenden 1905, Euchirella sp., Candacia catula Giesbrecht
1888, C. truncata Giesbrecht 1888, Labidocera kroyeri Brady 1883, L. acuta Dana
1849, L. bataviae A. Scott 1909, L. detruncata Dana 1849, L. madurae A. Scott
1909, L. minuta Giesbrecht 1889, Pontella denticauda A. Scott 1909, P. spinipes
Giesbrecht 1889, P. fera Dana 1849, P. sinica Chen and Zhang 1965, pontellina
plumataDana 1849, Pontellopsis armataGiesbrecht 1889, Tortanus sp., and Acartia
bispinosa Carl 1907 were represented the first molecular barcode for the species in
theNCBI database (Table 1). Before the present study,mtCOI sequences ofUndinula
vulgarisDana 1849, Canthoclanus pauper Giesbrecht 1888, Subeucalanus subcras-
sus Giesbrecht 1888, Euchaeta concinna Dana 1849, Centropages furcatus Dana
1849, Temora discaudata Giesbrecht 1889 and Calanopia thompsoni A. Scott 1909
were reported from other marine and coastal environments (Table 2). A total of 111
sequences were developed during the study period from which more than 99% had
more than 500 base pairs. Most of the calanoid copepod sequences were developed
from the lagoon waters of Lakshadweep islands, that belonged to 10 families and
15 genera. Calanidae, Eucalanidae, Euchaetidae, Aetidae, Centropagidae, Temori-
dae, Candacidae, Pontellidae, Tortanidae and Acartidae were the major families with
barcodes developed in which the family Pontellidae comprises 14 species and five
genera (Calanopia, Pontella, Labidocera, Pontellina and Pontellopsis) (Table 1).

The Neighbour-joining tree of similarity using K2P distance shows the clustering
of calanoid copepods (Fig. 2). The mtCOI sequence of molluscan speciesMytilopsis
sallei was selected as an outgroup. The average distance (K2P) among the species
was 0.5%, and the divergence between genus 25.63% (Table 3); the highest frequency
of intraspecific divergence within species was between 0 and 2%, and the variation
between genera, all had more than 17%. All the species were clustered according
to bootstrap values. Individuals in the same species got arrayed in a single clade
with 100% bootstrap values and the average intraspecific divergence 0.5% within
the species adequate to confirm the female-male correspondence and the genetic
identity of the species from congeners and other copepods species from different
families.
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Table 1 COI sequences of calanoid species published in theNCBI databasewith accession numbers
(www.ncbi.nlm.nih.gov) accession number for female andmale individuals represented by symbols

Species Accession number No.

Order Calanoida

Family: Calanidae

Undinula vulgaris Dana, 1849 KJ940173~, KJ940174| 2

Canthocalanus pauper Giesbrecht, 1888 KX831912~, KX831913| 2

Family: Eucalanidae

Subeucalanus subcrassus Giesbrecht,
1888

KP842700~, KP842701~, KP842702|,
KP842703|

4

Family: Euchaetidae

Euchaeta concinna Dana, 1849 KP749945~, KP749946~, KP749947~,
KP749948|, KP749949|

5

Euchaeta indica Wolfenden, 1905a KY421045~, KY421046| 2

Family Aetideidae

Euchirella spa. KT800383~ 1

Family: Centropagidae

Centropages furcatus Dana, 1849 KJ561888~ 1

Family: Temoridae

Temora discaudata Giesbrecht, 1889 KJ940171~, KJ940172| 2

Family: Candacidae

Candacia catula Giesbrecht, 1889a KP068662~KP068663~, KP068664~,
KP068665|, KP068666|

5

Candacia truncata Dana, 1849a KX831914~, KX831915| 2

Family: Pontellidae

Calanopia thompsoni A. Scott, 1909 KP068656~, KP068657~, KP068658|,
KP068659|

4

Labidocera acuta Dana, 1849a KJ940166~, KJ940167~, KJ940168|,
KJ940169|, KJ940170|

5

Labidocera bataviae A. Scott, 1909a KU881728~, KU881729~, KU881730|,
KU881731|

4

Labidocera detruncata Dana, 1849a KU881732~, KU881733| 2

Labidocera kroyeri Brady, 1883a KP068677~, KP068678~ 2

Labidocera madurae A. Scott, 1909a KJ701546~, KJ852655~, KJ852656~,
KJ911917~, KJ933427|, KJ933428|,
KJ933429|.

7

Labidocera minuta Giesbrecht, 1889a KP068667 ~, KP068668~, KP06869~
KP068670|, KP068671|

5

Pontella denticauda A. Scott, 1909a KT800377~, KT800378~, KT800379~
KT800380~, KT800381~

5

(continued)

http://www.ncbi.nlm.nih.gov
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Table 1 (continued)

Species Accession number No.

Pontella diagonalis sensu Silas and Pillai,
1973a

KT282363|, KT282364|, KT282365|,
KT282366|, KT282367|, KT282368|,
KT282369|, KT282370|, KT282371|,
KT282372|

10

Pontella spinipes Giesbrecht,1889a KT267166~, KT267167~, KT267168~,
KT267169~, KT267170~, KT186887~,
KT186888~, KT186889~, KT186890~,
KT186891~

10

Pontella fera Dana, 1849a KT186882~, KT186883~, KT186884~,
KT186885~, KT186886|

5

Pontella sinica Chen and Zhang, 1965a KT 336554|, KT 336555|, KT 336556|,
KT 336557|, KT 336558|, KT336559|,
KU881726~

7

Pontellina plumata Dana, 1849a KP068679 |, KP068680|, KP068681~ 3

Pontellopsis armata Giesbrecht, 1889a KT186892~, KT186893~, KT186894|,
KT186892|, KT186896|

5

Family: Tortanidae

Tortanus spa. (Francis and Bijoy Nandan
2019)

KP749950|, KP749951|, KP749952|,
KP749953|, KP749954~, KP749955~

6

Family: Acartidae

Acartia bispinosa Carl, 1907a KP068672~, KP068673~, KP068674~,
KP068675|, KP068676|

5

aPrimary submissions in the NCBI database

3.2 Barcode Library Developed for the Calanoid Copepods

The present study provides 111 new barcodes from the lagoon waters of Lakshad-
weep for 25 calanoid copepod species. The developed barcodes increase the geo-
graphical coverage of existing records and could use as a comprehensive library of
DNA barcode sequences for lineages of interest. These new data were analysed with
previously published sequences in the NCBI database. From the family Calanidae
Dana 1849, COI barcode developed for Undinula vulgaris and Canthocalanus pau-
per. For U. vulgaris, the sequence has 636 base pairs length (bp) (KJ940173 and
KJ940174), 654 bp for C. pauper (KX831912 and KX831913) and 100% similarity
with previously submitted data of the species in the NCBI database. The intraspe-
cific divergence was 0% for both the species. From the family Eucalanidae Gies-
brecht, 1893 four sequences with 642 bp (KP842700 to KP842703) developed for
Subeucalanus subcrassus. The sequences blasted in NCBI database with 99% sim-
ilarity with previously submitted data of the species. The intraspecific divergence
of the species ranged from 0 to 0.6% which is adequate to female-male correspon-
dence. From the family Euchaetidae Giesbrecht, 1893 five sequences (KP749945 to
KP749949) of 643 bp were developed for Euchaeta concinna and two sequences of
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Table 2 COI sequences of calanoid species published before the present submissions in the NCBI
database with accession numbers (www.ncbi.nlm.nih.gov)

Species Accession number Submitted from

Order Calanoida

Family: Calanidae

Undinula vulgaris Dana, 1849 KF977370 to KF977373
KF985239
GU171332 to GU171335

China seas
USA
Atlantic Ocean

Canthocalanus pauper Giesbrecht, 1888 EU856809, EU856810 Chinese coastal waters

Family: Eucalanidae

Subeucalanus subcrassus Giesbrecht,
1888

KF977345 to KF977352 China seas

Famil: Euchaetidae

Euchaeta concinna Dana, 1849 KC287636
KF977273, KF977274

USA
China seas

Family: Centropagidae

Centropages furcatus Dana, 1849 DQ889142 UK

Family: Temoridae

Temora discaudata Giesbrecht, 1889 KC287892 USA

Family: Pontellidae

Calanopia thompsoni A. Scott, 1909 KF977243 to KF977248 China seas

498 bp (KY421045 and KY421046) developed for Euchaeta indica. NCBI- BLAST
(Basic Local Alignment Search Tool) result showed that E. concinna with 99% and
E. indica with 97% similarity with the available data in the NCBI. The intraspecific
divergence of both the species was 0%.

The 630 bp sequence (KT800383) developed for Euchirella sp. under the family
Aetideidae Giesbrecht, 1892. The species was morphologically similar to Euchirella
pulchra Lubbock 1856. However, the NCBI BLAST result showed that the present
possessed 95% similarity with E. splendens Vervoort 1963 and only 91% with E.
pulchra which means the present specimen not identical to both the species. Since
E. splendens is not reported yet from the Indian Ocean, there is a possibility of the
species may a new or some other sister species under the genus Euchirella recorded
from the Indian Ocean. A 480 bp sequence developed (KJ561888) for the species
Centropages furcatus under the family Centropagidae. BLAST results indicated that
the present sequence 99% similar to the previously submitted data of the species
from other marine waters.

Two sequences of 617 bp (KJ940171, KJ940172) developed for the species
Temora discaudata, under the family Temoridae Giesbrecht 1893. The sequence
has 0% interspecific divergence, and the BLAST result indicated that the present
sequence 100% similar to the previously submitted sequences. Five sequences of
645 bp (KP068662 to KP068666) developed for the speciesCandacia catula and two
sequences of 651 bp (KX831914 and KX831915) for Candacia truncata under the

http://www.ncbi.nlm.nih.gov


260 S. V. Francis and S. Bijoy Nandan

Fig. 2 Neighbour-joining tree for 25 pelagic calanoid copepod species (maximum likelihood,
bootstrap = 1000), using K2P distances

Table 3 Genetic divergences (K2P) at different taxonomic levels

Comparison
within

Taxa No. of
comparisons

Minimum (%) Maximum (%) Mean distance
(%)

Species 25 111 0.1 2 0.5

Genus 16 50 17.6 49.2 25.63
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family Candacidae Giesbrecht, 1893. The sequences developed for the two species
were the first time submission in the NCBI database. The intraspecific distance of
the male and female specimen was 0%.

The mtCOI sequences developed for the species under the family Pontellidae
Pontella denticauda, Labidocera acuta, L. bataviae, L. detruncata, L. kroyeri, L.
madurae, L. minuta, P. diagonalis, P. spinipes, P. fera, P. sinica, Pontellina plumata,
Pontellopsis armata were primary submission in NCBI database. Four sequences of
627 bp (KP068656 to KP068659) developed for the species Calanopia thompsoni
has 0.2–0.8% interspecific divergence. For the species, L. acuta five sequences of
620 bp (KJ940166 toKJ940170) were generated. The intraspecific divergencewithin
the species was 0–0.3%. Four sequences of 618 bp (KU881728 to KU881731) gen-
erated for the species Labidocera bataviae. The intraspecific divergence within the
species was 0%. Two sequences of 618 bp (KU881732 and KU881733) developed
for the species L. detruncata. For the species, L. kroyeri two sequences of 621 bp
(KP068677 andKP068678)were developed. ForL.madurae, seven sequences devel-
oped, and the sequence lengths ranged from 629 to 642 bp. (KJ701546 to KJ933428
and KJ933429). Intraspecific distance of L. madurae sequences developed in the
present study ranged from 0.2 to 0.9%. For the species L. minuta, five sequences of
627 bp developed (KP068667 to KP068671) and the intraspecific distance was 0%.

The developed sequences of female P. spinipes and male P. diagonalis sensu Silas
and Pillai (1973) were submitted to the NCBI database and assigned the following
accession numbers:KT186887 toKT186891 andKT267166 toKT267170 for female
P. spinipes, KT282363 to KT282372 for male P. diagonalis. The base pair length
for the developed sequences was 639 bp for the male P. diagonalis, and 660 bp
for the female P. spinipes. The female P. spinipes and male P. diagonalis exhib-
ited 0–0.2% intraspecific sequence divergence. For the species Pontella denticauda,
five sequences of 618 bp (KT800377 to KT800381) developed and the intraspe-
cific divergence within the species was 0%. Five sequences of 620 bp (KT186882
to KT186886) developed for the species P. fera. The intraspecific divergence within
this species ranged from 0 to 0.2%. For P. sinica, six sequences of 618 bp were devel-
oped (KT336554 to KT336559, and KU881726). Intraspecific divergence within the
species was 0%. For the species Pontellina plumata three sequences of 633 bp were
developed (KP068679, KP068680, and KP068681) with 0% intraspecific sequence
divergence. Five sequences of 618 bp (KT186892 to KT186896) developed for the
species Pontellopsis armata showed and intraspecific sequence divergence ranged
from 0 to 0.8% in the present study. The developed sequences of female and male
Tortanus sp. under the genus TortanusGiesbrecht, 1898 were submitted to the NCBI
database and assigned the following accession numbers: KP749951 to KP749953 for
males and KP749954 and KP749955 for females. The level of intraspecific diver-
gence of Tortanus sp. ranged from 0 to 0.5%. Five sequences of 630 bp (KP068672 to
KP068676) for the species Acartia bispinosa under the family Acartidae Sars 1846
were developed with 0% intraspecific sequence divergence.
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4 Discussion

The growing use ofDNAbarcodes to discriminate and identifymarine animal species
has included many studies on zooplankton and some studies of planktonic copepods
(Bercial et al. 2011). This study presents the results of a comparative analysis of
111 barcode sequences of 25 calanoid species including 85 barcode sequences of
18 calanoid copepod species not included in any previous study. The evaluation
comprises Maximum Likelihood and Neighbour Joining automated tree-based and
BLAST methods. In the present study, the identification of species based on mor-
phological characteristics was clear for most of the species. The genetic sequence
of the species alone does not identify species; a thorough morphological revision is
an essential prerequisite to get the correct identification. Morphological identifica-
tion of calanoid species coupled with the obtained COI gene and its corresponding
sequences without any overlap between species. These sequences were the first time
attempt and are the start of a library of barcodes of copepods in the Southwest coast
of India. The speciation of sequences exhibited in the likelihood analysis showed an
intraspecific divergence of 0–0.5%. The Neighbour-joining tree of similarity using
K2P distance shows the clustering of calanoid copepods. The average distance (K2P)
among the species was 0.5%. Individuals in the same species got arrayed in a sin-
gle clade with 100% bootstrap values and the average intraspecific divergence 0.5%
within the species adequate to confirm the female-male correspondence and the
genetic identity of the species from congeners and other copepods species from dif-
ferent families. With regard to mtCOI gene sequence data, which is well accepted
and under the threshold value of 4% for calanoid copepods (Bucklin et al. 2010;
Sanu et al. 2016; Francis et al. 2018) and is also adequate to confirm the female-male
correspondence of the species.

A criticismofmetazoan barcoding is the reliance on a single gene, rather thanmul-
tiple molecular markers. Results obtained from additional genes do not always yield
the same results, and caution advised when using only one or few genetic markers. It
is possible that theremay be better regions for species assignment, andmore extended
sequences do provide better accuracy and reliability (Roe and Sperling 2007), but the
studies by Bercial et al. (2011) proved that even very short COI fragments (<150 bp)
show acceptable levels of accuracy for species identification. Another criticism is
that if pseudogenes were amplified; this is suspected when two or more sequences
are amplified from a single specimen. However, since only a single sequence was
amplified from all the samples examined, there is virtually no possibility of pseu-
dogene amplification (Francis et al. 2018). Because of the relatively rapid evolution
of the CO1 gene, its variation may help solve taxonomic problems associated with
identification, occurrence and female-male correspondence. Themolecular barcodes
generated in the present study elucidate many taxonomic ambiguities related to the
identification and female-male correspondence of the calanoid species (Sanu et al.
2016; Francis and Nishida 2018; Francis et al. 2018; Francis and Bijoy Nandan
2019).
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The ability to understand the dynamics of the plankton community depends on
the ability to accurately measure the diversity of species and to accurately identify
individuals’ species morphologically similar. This is an important study made over
the lagoon waters of Lakshadweep after the IIOE (1962–65). The present study
provides an authentic database for future studies on copepods and related fishery
oceanographic studies in the lagoon and coastal waters of the south-west coast of
India. The DNA Barcode generated in the present study will be a powerful tool for
identification with minimal errors not only of copepods in the Arabian Sea but in the
adjoining marine areas.
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A Summary of the South China Sea
Evolution

Lachit S. Ningthoujam and Dhananjai K. Pandey

Abstract The South China Sea offers a special site for studying continental
break-up, sedimentary basin formation, mantle and lithosphere evolution and other
land-ocean interactions because of its location and its well-preserved evolutionary
records. It behaves as a natural laboratory for understanding of different plate bound-
aries in a small region. The SCS has got important attention for its international
marine transportation and navigation, its rich marine biodiversity and rich oil and
gas resources. As the largest marginal sea separating Asia, the largest continent from
Pacific, the largest ocean, the SCS plays a key role in land-sea interactions of the
Earth system. From the tectonics perspective, there have been several controversies
and challenges for understanding the tectonics and evolution of the South China Sea.
Here, we present a brief overview on the evolution and formation of the South China
Sea.

Keywords South China Sea · Evolution ·Marginal sea

1 Introduction

The South China Sea (SCS), which spans from Singapore and the Malacca Strait in
the south to the Strait of Taiwan in the north, and from Borneo and the Philippines
on the east to Vietnam and south-eastern China on the west, is one of the largest
marginal seas in the world. It is located at the convergence of three major plates (the
Eurasian, Pacific-Philippine and Indo-Australian plates) along two super-convergent
zones (the circum-Pacific and Tethyan zones) (Wang et al. 2000; Li et al. 2013; Zhou
and Yao 2009). It is surrounded by passive margins (rifting) in the north and south,
an active margin (subduction) in the east, and a transform margin in the west. Hence
the evolution of SCS can be thought of as an integrated result of a complex tectonic
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history. Here, the SCS refers a collective feature which includes the deep-sea plain
and surrounding slopes and shelves (Fig. 1).

The SCS developed from magma-poor continental margin rifting to subsequent
seafloor spreading in the latest Cretaceous to Early Paleocene (Taylor and Hayes
1983; Cullen et al. 2010; Franke 2013) and thus oceanic crust covers the central
portion of the basin. Evolution of the SCS is largely believed to be induced by the
India-Eurasia collision to the northwest (Morley 2002; Tapponnier et al. 1986), the
subduction of the Pacific plate and then the compression from the Philippine sea plate
in the east (Li 1994; Zhou et al. 2002), as well as the slab-pull of the proto-South
China Sea in the south (Hall 1996; Morley 2002; Taylor and Hayes 1983).

The SCSoceanic basin formed during the earlyOligocene tomiddleMiocene (32–
15Ma) (Li et al. 2015; Taylor andHayes 1983). Its age ismature enough to experience
the entire history of marginal sea development as well as young enough to preserve
and exhibit the complete evolutionary records from being distorted (Zhou, and Yao
2009) and moreover it is relatively small so the entire basin is easily accessible.
Thus, the basin is considered to be a key site and natural laboratory for studying
continental break-up, sedimentary basin formation,mantle and lithosphere evolution,
Asianmonsoonal climate dynamics and other land-ocean interactions (Li et al. 2012).
The lack of salt and Seaward Dipping Reflector (SDRs) and its potential for oil and
gas have caught more attention for studying the transition between highly stretched
continental and oceanic crust.

Even though studies had been focused primarily on the sea-floor dating and tec-
tonic evolution through modelling (Taylor and Hayes 1980, 1983; Briais et al. 1993;
Barckhausen and Roeser 2004), the evolutionary history of the SCS has been in
debate for decades (Barckhausen et al. 2014; Briais et al. 1993; Cullen et al. 2010;
Franke et al. 2013; Li et al. 2012; Taylor and Hayes 1980, 1983; Zhou et al. 1995).
However, in the recent years, with different geophysical data the basin has been well-
imaged and scientific drilling expeditions (ODP Leg 184; IODP-349, 367, 368 and
368X) (Wang et al. 2000; Li et al. 2015; Sun et al. 2018 and Childress 2018) have
provided crucial clues in constraining the processes of rifting and eventual rupturing
of the continental crust during breakup, at this magma-poor rifted margin (drilling
locations are shown in Fig. 1). In this paper, we would like to highlight a glimpse of
the present scenario of our understanding on the evolution of SCS.

2 Regional Geological Setting

The SCS basin is a ‘V’-shaped basin (characteristic of a propagation opening; Cour-
tillot 1982; Taylor et al. 1999) and shows an irregular triangular shape with the major
apex towards south-west which reveals a propagating rift (Huchon et al. 2001). The
SCS basin has been subdivided into an eastern sub-basin (ESB), northwest sub-basin
(NWSB) and southwest sub-basin (SWSB) (Hutchison 1989; Li et al. 2008) (Fig. 1.).
The ESB is separated from the SWSB by Zhongnan Fault Zone (Sun et al. 2009)
(Figs. 1 and 2). Briais et al. (1993) proposed that the SWSB and the ESB began to



A Summary of the South China Sea Evolution 267

Fig. 1 Map depicts major structures in and around the South China Sea Basin (modified after Sun
et al. 2009). Sub-basins in the SCS basin are shown (ESB; East sub-basin, NWSB: North-west sub-
basin and SWSB: South-west sub-basin). Location of Zhongnan fault is plotted after Ziying et al.
2019 (indicated as No. 1). In the SWSB, ribbon like structures (indicated as No. 2) are highlighted
with arrow-head line segments which implies a decollement (Hayes et al. 1995; Ding et al. 2013).
The round shapes (indicated as No. 3) in the northern margin are also highlighted with a dotted
circle, these structures are compared to the large granitic bodies cropping out onland in China and
Vietnam (Savva et al. 2014). Distinct delineation of the basin is marked by large gradient in the
bathymetry
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Fig. 2 It shows the free-air gravity anomaly variation in the South China Sea Basin in which major
features are highlighted. Zhongnan fault (indicated as No. 1) is distinctly visible. The map reflects
high gravity anomalies in the oceanic basin and lows in the surrounding islands (after Yu et al.
2017). The region of ribbon like structures is indicated as No. 2
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spread in a N-S orientation at 30 Ma after which the spreading ridge jumped towards
south where the spreading episode lasted from 25 to ~16 Ma and the spreading
appears to propagate from northeast to southwest.

The conjugate margins of the SCS exhibit various morphological features (Yu
et al. 2017) which are shown in Fig. 1. The bottom of the basin is fairly flat with
seamounts, sea knolls and depressions of varying sizes. The elongation direction of
the seamounts is mainly in E-W (Yu et al. 2017). In the deep area of the SCS, there
are more than 50 seamounts that are over 500 m above the seafloor. Compared with
those in the central basin, the seamounts in the southwest sub-basin are much smaller
and their sails are relatively small.

The south-western part of the SCS shows ribbon like structures (Hayes et al. 1995;
Ding et al. 2013) distributed over a wide “Basins and Range-like” province which
implies a decollement level in the crust (Gilder et al. 1991; Franke 2013; Pichot et al.
2014) (Fig. 2). The central parts of both the northern and southern margins display a
different morphology underlined by large round shapes of around 50–100 km in size.
The round shapes in the northernmarginmay be compared to the large granitic bodies
cropping out onland in China and Vietnam (Savva et al. 2014) (Fig. 1). Zhongnan
Fault Zone is a striking feature in the middle part of the SCS basin.

Across the South China Sea, the crustal thickness varies significantly (Nissen et al.
1995; Qui et al. 2011; Pichot et al. 2014). The northern margin has an average of
30 km (Nissen et al. 1995) which generally thins towards the South with 10–15 km
thick (Qui et al. 2011; Pichot et al. 2014). The coastal zone of the northern margin is
marked by a much rougher morphology with elongated flakes composed of granite
and Palaeozoic sediments (Shen 2008; Pichot et al. 2014). Basin portions closer to
COT boundaries are composed of a thinner crust (between 3 and 5 km on the northern
margin and 3 km on the southern side) (Savva et al. 2014).

Satellite gravity images clearly reflect most of the primary tectonic features and
many other secondary structural details in the basin (Fig. 2). The gravity map depicts
high gravity anomalies in the oceanic basin and lows in the surrounding islands,
indicating that the crust of the basin is very thin and characteristic of typical oceanic
crust. NE-trending low-intensity anomaly stripes are observed in the high-gravity
background of the southwest sub-basin (Yu et al. 2017). The region of dangerous
grounds is marked by elongated gravity high and low anomalies.

3 Evolution History

The south-west tapered South China Sea is a backarc basin rifted off the South China
Block (Sun 2016) which resulted from the late Cretaceous to Paleogene rifting,
late Eocene to middle Miocene seafloor spreading, and post-spreading subduction
and closing since the late Miocene. The complex geological evolution of the SCS
resulted in a variety of structures across the basin, including the abundant extensional
structures and limited magmatic activity that developed in the northern margin of
the SCS during and after the rifting and seafloor spreading (Franke et al. 2013). The
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opening of the SCS was mainly induced by the extrusion of Indochina subcontinent
due to Tibet uplift and slab pull due to subduction of the Asian continental crust
into the Philippine Sea Plate. Sun et al. (2009) viewed that a Proto-SCS existed
before rifting and spreading occurred mainly along the present south-eastern margin
although its size and connection with other paleo-oceans are not clear. Based on sea
floor spreading magnetic anomaly data from the northeast, the SCS first opened at
~37 Ma, in the late Eocene. IODP Expedition 349 core (Li et al. 2014) shows that
initial seafloor spreading started around 33 Ma in the northeastern South China Sea
(SCS), but varied slightly by 1–2 Ma along the northern continent-ocean boundary
(COB), and the terminal age of seafloor spreading is ~15 Ma in the East sub-basin
and ~16 Ma in the Southwest sub-basin. Larsen et al. (2018) also proposed that
narrow and fast rift-to-drift transitions along the northern SCS has resulted due to
major rifting events within thin lithosphere permitting mantle upwelling, yielding
abundant MORB-type melts during final breakup and early seafloor spreading.

The rift stages (in which the basin rifted from the South China Block) that resulted
in the formation of the SCS started with an initial uplift of the rift shoulders accom-
panied by widespread erosion and peneplanation in the Late Cretaceous to Early
Paleocene (Taylor and Hayes 1980, 1983; Ru and Pigott 1986; Schlüter et al. 1996;
Pubellier et al. 2003). According to Sun et al. (2009), the proto-margins of the SCS
experienced three main stages of deformation as the rifting propagated from North
to South and then from East to West. By the end of rifting of the NE part of the SCS,
spreading began and propagated gradually toward the SW. In the north eastern por-
tion of the SCS, Hsu et al. (2004) and Yeh et al. (2010) interpreted Late Eocene/Early
Oligocene oceanic crust and seafloor spreading (37.8–30.1Ma). However, the nature
of the crust there is ambiguous as McIntosh et al. (2013) proposed a hyper-extended
crust with a possible mantle exhumation. The timing of seafloor spreading in the
central South China Sea has been revised to 32–20.5 Ma (Barckhausen and Roeser
2004) from 32 to 15.5 Ma (Taylor and Hayes 1980; Briais et al. 1993). The post
Middle Miocene evolution is considered to be devoid of important tectonic activity
except for the Northwest Borneo wedge vertical motions (Sapin et al. 2011).

In the south, rifting delayed until the Eocene-Miocene and often a breakup uncon-
formity of 3–5 Ma is observed underlying strata of 16 Ma and older ages. Since the
middle Miocene, the eastern margin has been subducting, subsequently causing the
closure of the sea basin and rise of Taiwan in the last 5 Ma (Li et al. 2013).

4 Dynamics of the South China Sea

Researchers have given considerable attention to understand the dynamics and related
mechanisms for the evolution of the SCS. Different models have been proposed (Sun
2016) for the evolution of SCS. Of these the models that are widely accepted include
(a) Tectonic extrusion model (Tapponnier et al. 1990; Briais et al. 1993); (b) Backarc
extension model (Hilde et al. 1977); (c) Two-stage rifting model (Yao 1999); (d)
Proto-SCS dragging model (Holloway 1982; Taylor and Hayes 1983; Hall 1996), (e)
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Models that involve extension induced by mantle plume (Tamaki and Hoang 1998);
and (f) Combinations of proto-SCS pull and extrusion of the Indochina Peninsula,
and/or mantle flows (Tamaki 1995; Morley 2002; Zhou et al. 2002; Sun et al. 2006),
etc.

4.1 The Tectonic Extrusion Model

This model is based on physical modelling experiments (Tapponnier et al. 1990;
Briais et al. 1993) and considered to be the most famous model. The model depicts
the major deformation in the Eurasian crust due to the collision between the Indian
and Eurasian continents, leading to southward extrusion of the Indo-China Penin-
sula along the Ailaoshan-Red River sinistral fault. The model was supported by the
synchronicity between the strike-slip movement of the fault (Tapponnier et al. 1990)
and the spreading of the SCS (Taylor and Hayes 1980, 1983). However, problems
emerged with the extrusion model in terms of age discrepancy, compression and
extension of the SCS, failing to reflect the real geodynamic conditions and failing to
explain the wider spreading in the east of SCS than in the west.

4.2 Backarc Extension Model

This model (Hilde et al. 1977) proposes that the SCSwas a back-arc basin rifted from
the passivemargin of theEurasian continent. In themodel, the subduction direction of
the Philippine Sea and the Pacific Plate is not compatible with the extension direction
of the SCS even though the subduction of the Philippine Sea Plate was taken as the
primary driving force (Karig 1971; Ben-Avraham and Uyeda 1973; Guo et al. 1983).
Also, the SCSwas assumed as a backarc basin related to subduction of the Neotethys
Plate between the Australian and Eurasian continents (Hilde et al. 1977). The model
shows that the extension of the SCS started at 100 Ma (Hilde et al. 1977; Stern and
Bloomer 1992) without any evidence.

4.3 Two-Stage Rifting Model

Considering geomorphological/geophysical features like water depths, extensional
basins surrounding the SCS, and magnetic anomalies in the SWSB of the SCS, this
model proposes two extension events in the SCS-the first extension, which occurred
in the Late Eocene to Early Oligocene (42–35 Ma), formed the southwest-northeast
trending SWSB and the second extension occurred in the Late Oligocene to Early
Miocene, resulting in the formation of east–west trending ESB (Yao 1999). Despite
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the two-stage opening of the SCS predicted by this model is confirmed by recent
dating results, the timing is not consistent (Li et al. 2014).

4.4 Proto-SCS Dragging Model

According to this model, a proto-SCS existed south of the current SCS and disap-
peared through south-eastward subduction beneath the Luzon and Sulu islands in
the Late Cretaceous to Paleocene (Holloway 1982; Taylor and Hayes 1983; Lee and
Lawver 1994, 1995) which resulted in extension and rifting along the southeast mar-
gin of the South China Block and the formation of the SCS (Holloway 1982; Taylor
and Hayes 1983; Hall 1996). But, paleomagnetic results suggest that the proto-SCS
was very small (Lee and Lawver 1994) to have pulled apart the thick continental
lithosphere of South China.

4.5 Models that Involve Extension Induced by Mantle Plume

In thismodel, amantle plume is considered as the driving force for the evolution of the
SCS (Tamaki andHoang 1998)which is apparently supported by seismic tomography
showing high temperature anomalies beneath the SCS (Huang and Zhao 2006; Zhao
2007). However, absence of large scale magmatism and other geochemical data on
some basaltic rocks (Yan et al. 2008; Zou and Fan 2010; Xu et al. 2012; Huang et al.
2013) are against this plume induced model.

4.6 Combined Model

In this model, several events/features like proto-SCS subduction/pull plus mantle
flow induced by collision between the Indian and Eurasian continents (Sun et al.
2006); proto-SCS subduction/pull plus southward extrusion of the Indochina Penin-
sula (Morley 2002); or multiple plate subduction, shearing, and collisions (Tamaki
1995; Zhou et al. 2002) are put together to explain the opening of the SCS. How-
ever, neither extrusion nor proto-SCS subduction/pull can explain the formation of
the SCS nor can it explain the two-stage extension. As of now, this model is more
widely used than the other models.

Remarks
From various perspectives the SCS has been an interesting region for geoscience
researchers. Existence of different types of geological features which preserves the
complete evolutionary records of the SCSmakes it a fascinating area for understand-
ing the geological journey that was taken by a rifted marginal sea which has been
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influenced by various plate tectonic processes. Studies with the help of integrated
geophysical and geological data would be able to find a conclusive mechanism for
the initiation, evolution and formation of the South China Sea.
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Microbial Community Profile
of Deep-Sea Sediment from Eastern
Arabian Sea (IODP 355)

A. Ganesh Kumar, R. Vijaya Raghavan, G. Dharani and M. A. Atmanand

Abstract Deep-sea sediment core collected from the Laxmi Basin in the eastern
Arabian Sea during IODP 355 was analyzed for bacterial diversity using next gen-
eration V3-V4 of the16S rRNA gene amplicon sequencing. A total of 523,427 high
quality 16S rRNA gene sequences obtained clustered in to 66,290 operational taxo-
nomic units (OTU). Majority of these sequences were affiliated with Proteobacteria
followed by Firmicutes, Chloroflexi, Actinobacteria and Bacteroides. The presence
ofwell-knowndenitrifying bacterial groups, such asMicrococcus,Paracoccus,Pseu-
domonas,Lactobacillus,Herptosiphon,Nitroscoccus,Nitrococcus andNitrospira sp.
in our sequencing data suggests that bacterial community from the deep-sea sediment
of the Laxmi Basin harbor certain specialized bacterial groups.

Keywords Subsurface sediments · Nitrogen cycle · Denitrification ·
Biogeochemical cycles

1 Introduction

Bacteria and archaea inhabiting subsurface sea bed accounts for more than half of the
total microbial cells in the oceans (Starnawski et al. 2016). Despite their high rela-
tive abundance in deep sea subsurface sediments diversity andmetabolic functions of
these microorganisms are relatively unknown (Zhang et al. 2018). Therefore, studies
are required to help understand the role of complex native microbial communities
in biogeochemical processes and their adaptation strategies in such extreme envi-
ronment. Deep sea sub-surface sediments are characterized by unique geochemical
signatures of carbon, sulfur, iron and manganese cycles (Jorgensen et al. 2012). Due
to restricted energy substrates, the growth of microbial communities decreases with
sediment depth. As a consequence, the subsurface microorganisms persist over pro-
longed time scales with much slower metabolism (Bradley et al. 2018). Interestingly,
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hundreds of meters below the sea floor sediments are populated by microbes and the
buried organicmatter, which is themost important carbon source for sedimentmicro-
bial communities (Jorgensen et al. 2019). The microorganisms in marine sediments
play amajor role in nitrogen transformation and thereby balance global nitrogen cycle
(Zhao et al. 2019). Earlier studies on molecular ecology of Arabian Sea sediments
focused on general prokaryotic, ammonium oxidation (Luke et al. 2016), sulphate
reducing and methane cycling populations (Fernandes et al. 2018). The eastern Ara-
bian Sea has a unique and persistent oxygen minimum zone (OMZ). Recent study on
OMZ highlighted the importance of alternative pathways of respiration by microor-
ganisms (Luke et al. 2016). The culture independent approach of bacterial diversity
analysis of Arabian Sea sediment showed seven phyla which include Proteobacte-
ria, Bacteriodetes, Actinobacteria, Firmicutes, Chloroflexi, Deferribacter and Aci-
dobacterium (Harisree et al. 2017). The study in OMZ sediments of the eastern
Arabian Sea demonstrated the presence of phylum Proteobacteria,Planctomycetesa
and Chloroflexi as dominant groups (Divya et al. 2011). However, none of these
studies recorded the presence of well known denitrifying bacterial groups in their
bacterial community profiles. Thus, our data from the Laxmi Basin may provide
some useful in-site about denitrifying bacterial groups in the sedimentary bacterial
community.

2 Materials and Methods

2.1 Deep Sea Sediment Cores IODP

Sediment sampleswere collected inMay2015on-board the JoidesResolution, during
the IODP Expedition 355. Sediment cores were taken from the Laxmi Basin U355
(16º 34.2851′ N, 68º 50.3454′ E; 3645mwater depth).All cores formicrobial analysis
were drilled with full microbiological contamination checks and subsequently whole
round cores (WRC) were aseptically cut during on-board, capped and stored. For
molecular analysis, the upper 10 cm of the sediment sample was immediately frozen,
transported and stored at −80 °C until processed.

2.2 DNA Extraction

Genomic DNA was extracted from 0.5 g sediment sample by homogenization using
the FastDNA™ Spin Kit for soil (MP Biomedicals, US) according to the manufac-
turer’s instruction. The extracted total genomic DNA of samples was pooled together
into one concentrated sample. The quality and concentration of extracted DNA was
analyzed using a nano-spectrometer (DeNovix DS-11, USA).
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2.3 16S rRNA Gene Sequencing

The metagenome libraries of the V3-V4 hypervariable region of the 16S rDNAwere
prepared using V3-V4 region-specific proprietary primers (Takahashi et al. 2014) at
Genotypic Technology Pvt. Ltd., Bangalore, India. Briefly, 20 ng of genomic DNA
was amplified for 26 cycles using KAPA HiFi HotStart PCR Kit (KAPA Biosystems
Inc., Boston, MA USA). The forward and reverse primer concentration is kept at
0.2 µM each. The amplicons were analyzed on 1.2% agarose gel. 1 µl of round 1
PCR amplicons were used for Indexing PCR. The round 1 PCR amplicons were
amplified for 10 cycles to add Illumina sequencing barcoded adaptors (Nextera
XT v2 Index Kit, Illumina, U.S.A.). Round 2 PCR amplicons were analyzed on
1.2% agarose gel. Sequencing of the V3-V4 hypervariable region was carried out in
Illumina NextSeq500 platform.

3 Quality Control, Taxonomic Assignment, Diversity
Estimation and Total Cell Counts

The pre-processing of raw Illumina reads was carried out using Fast QC (Kleiner
et al. 2017). The forward and reverse reads were merged using FLASH (Wang et al.
2018). The quality, length and percentage of ambiguous bases were set at 30, 100 and
10 respectively. Usually sequence similarity should be >Q30 for a good illummina
read. Length of read illumina NextSeq is 150 bp since our read length is 100we allow
ambiguous base upto 10% for data processing. Removal of chimeric sequences was
done usingUCHIME (Wang et al. 2018). The reads that passed the quality filterswere
used for subsequent downstream analyses. Taxonomic assignments were carried out
using MG-RAST version 4.0, using Greengenes database. Determination of Opera-
tional Taxonomic Units (OTUs) at 97, 95 and 90% similarity level and calculation of
diversity parameters were carried out using QIIME 2 pipeline. Enumeration of total
cells in sediment sample was done using acridine orange direct count method.

4 Result and Discussion

4.1 Total Cell Counts

Quantification of direct cell counts using acridine orange revealed very high cell
counts, exceeding 106 cells/g of sediment at the surface and the cell number decreased
to 105 cells/g sediment at a depth of 10 cm. Acridine orange was used based on the
optimal properties for rapid enumeration and assessment of bacterial colonization
(Cardinale et al. 2008). The cell count indicates high prokaryotic cell densities in
the surface sediment. This shows that the top layer of sediment provides more food
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source for the microorganisms than the bottom layer. High cell count indicated the
active participation of microbial community that responds to the fluctuating marine
environments (Zhang et al. 2017).

4.2 Taxonomic Assignment and Microbial Diversity

More than 0.7 million reads were obtained from high throughput sequencing of sed-
iment sample. The paired end merging of forward and reverse reads followed by
quality control of dataset eliminated 27% of reads, and 0.5 million reads (Table 1)
were available for downstream analysis. Taxonomic assignment of pre-processed
reads indicated that Proteobacteria,Firmicutes, and Chloroflexii were found to be
the dominant phylum. Proteobacteria contributed to 32% of relative abundance
of the studied sample, while Firmicutes and Chloroflexii represented 29 and 14%
respectively. Actinobacteriawas found to represent 2% among the bacterial commu-
nity. Clostridia,Chloroflexi and Bacilli were the dominant classes with 16, 11 and
14% relative abundance respectively. Significant abundance was also observed for
Deltaproteobacteria, Gammaproteobacteria, Actinobacteria, Thermotogae, Nitro-
spira classes as well. At the genus level, Herpetosiphon (14%), Clostridium (10%)
and Lactobacillus (10%) were found to be dominant denitrifiers (Rosch et al. 2002;
Lee and Reichenbach 2006). More than 1% representation was also observed from
members of Desulfovibrio, Thermodesulfobium, Nitrococcus, Thermotoga, Pep-
toniphilus genera as well (Fig. 1). The metagenome analysis provides conclusive
evidence of the genomic potential for an active nitrogen cycle in the Arabian Sea
(Luke et al. 2016). Thesemicrobial richness and diversity of denitrifiers can be related
to the availability of the total organic carbon and nitrogen. This also suggests that
changes in biogeochemical environment of sediments may have significant impact
on the total microbial communities. In addition, this also can be correlated to the vari-
ation in community composition at various geological time scales (Orsi et al. 2017).
An interesting observation in the relative sequence abundance is the percentage of
unclassified reads. Greengenes database revealed a complex microbial community
with high unclassified reads, 15% at the phylum level, 35 and 41% at class and genus
level respectively, this increase the possibility that this sample could well be a poten-
tial source of various novel microorganisms. This is in agreement with findings by
Harisree et al. (2017) where 10.47% of the sequences did not categorize into any
taxonomic hierarchy. These research data are associated with unclassified microbial
communities with unknown ecological importance. The number of OTU’s predicted
at 97, 95 and 90%were found to be 66,290, 24,425, 3852 respectively. This indicates
the rich bacterial diversity associated with the studied sample which is further sub-
stantiated by the various diversity indices such as Chao, Shannon and Simpson (Table
1). The taxonomic distribution also suggested that more than 78% of the phylotypes
had a representation which is less than 0.01% of the total bacterial community. This
construes the abundance of rare microbial phylotypes which would require further
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Fig. 1 Taxonomic classification. a Phylum, b class and c genera level based on 16S rRNA
sequencing

deep sequencing in order to understand the role of such rare microbiota in biogeo-
chemical processes. In conclusion, this study provides the total microbial diversity
and distribution of denitrifiers in the Arabian Sea sub-surface sediments.
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