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Abstract

Scientific ocean drilling (Deep Sea Drilling Project [DSDP], Ocean Drilling Program
[ODP], and Integrated Ocean Drilling Program) has never taken place in the Bay of
Bengal north of 9°N. Thus, the core region of summer monsoon precipitation has
never been investigated. DSDP Leg 22 (1974) and ODP Leg 121 (1989) drilled the
southernmost region (5°–9°N), capturing the distal end of the summer monsoon
influence. India’s partnership in the International Ocean Discovery Program (IODP)
provides an opportunity to investigate this key northern region. IODP Expedition 353
seeks to recover Upper Cretaceous–Holocene sediment sections that record erosion
and runoff signals from river input to the Bay of Bengal as well as the resulting north–
south surface water salinity gradient. Analysis of sediment sections from the Mahanadi
Basin (northeast Indian margin), the Nicobar-Andaman Basin (Andaman Sea), and the
northern Ninetyeast Ridge (southern Bay of Bengal) will be used to understand the
physical mechanisms underlying changes in monsoonal precipitation, erosion, and
run-off across timescales from millennial through tectonic. These sites will provide
crucial new information within which to interpret differences among existing results
from previous monsoon-themed drilling expeditions in the Arabian Sea (ODP Leg
117), the South China Sea (ODP Leg 184), and the Sea of Japan (Integrated Ocean
Drilling Program Expedition 346). These goals directly address challenges in the
“Climate and Ocean Change” theme of the IODP Science Plan.

Schedule for Expedition 353

International Ocean Discovery Program (IODP) Expedition 353 is based on
IODP drilling proposal Number 795-Full2 (available at iodp.tamu.edu/scienceops/
expeditions/indian_monsoon.html). Following ranking by the IODP Scientific
Advisory Structure, the expedition was scheduled for the R/V JOIDES Resolution. At the
time of publication of this Scientific Prospectus, the expedition is scheduled to start in
Singapore on 29 November 2014 and to end in Singapore on 29 January 2015. A total
of 61 days will be available for the transit, drilling, coring, and downhole measure-
ments described in this report (for the current detailed schedule, see iodp.tamu.edu/
scienceops/). Further details about the facilities aboard the JOIDES Resolution and the
USIO can be found at www.iodp-usio.org/.
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Background

Motivation for drilling in the Bay of Bengal

Pliocene–Pleistocene

A threefold motivation exists for targeting the precipitation/salinity signal recorded
in sediments at the Expedition 353 drilling locations (Fig. F1). First, the Bay of Bengal/
Andaman Sea and surrounding catchments are within the Earth’s strongest hydrolog-
ical regime, impacting billions of people (Fig. F2); a solid understanding of the phys-
ics behind monsoonal climate change is of significant societal relevance (Nicholls et
al., 2007). The net annual surface water exchange (precipitation plus runoff minus
evaporation) within the Bay of Bengal and Andaman Sea during the summer mon-
soon is 184 × 1010 m3, dominating the winter signal of –32 × 1010 m3 for an annual
average of 152 × 1010 m3 (Varkey et al., 1996). The effects of this budget are clearly
evident in the surface salinity climatology (Fig. F3) (Antonov et al., 2010), indicating
a well-defined strong signal that can be used to monitor changes in monsoonal pre-
cipitation via chemical, physical, and isotopic indicators for changes in precipitation,
salinity, and terrestrial erosion/runoff. The strength of this runoff signal is sufficient
to mute (via stratification) what would otherwise result in strong summer season pro-
ductivity in response to wind-driven upwelling along the eastern Indian margin, sim-
ilar to that seen in the Arabian Sea (Guptha et al., 1997; Kumar et al., 2002).
Compared to other monsoon regions, the Bay of Bengal is optimal for isolating and
recording the summer monsoon precipitation signal (Fig. F4).

Second, recent studies have called into question the extent to which basin-scale mon-
soon winds and continental precipitation are coupled over a range of timescales and
space scales (Clemens et al., 2010; Clemens and Prell, 2007; Liu et al., 2006; Molnar,
2005; Ruddiman, 2006; Wang et al., 2008; Ziegler et al., 2010). Nearly all proxy re-
cords indicate strong coupling between summer monsoon winds and precipitation
across the Indo-Asian monsoon subsystems at the millennial scale (Altabet et al.,
2002; Cai et al., 2006; Clemens, 2005; Schulz et al., 1998; Sun et al., 2011; Wang et
al., 2001); this tight coupling is likely attributed to the strong role of the winter west-
erlies in linking high- and low-latitude climate change. However, the all-important
physical mechanisms behind these links are not fully understood; this was a primary
goal of recent Integrated Ocean Drilling Program Expedition 346. Progress is also be-
ing made in understanding winter monsoon and summer monsoon linkages at the
millennial timescale. For example, recent work offshore Goa, western India, shows
synchronous breakdown in summer and winter monsoon airflow over the Arabian
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Sea during Heinrich events (Singh et al., 2011), which is in contrast to the East Asian
Monsoon system that shows an asynchronous relationship between summer and
winter monsoon strength at the millennial scale (Yancheva et al., 2007). Consensus
does not yet exist on the extent of the coupling or the ultimate forcing of monsoon
winds and precipitation at the orbital and longer timescales (An et al., 2011; Caley et
al., 2011a, 2011b, 2011c; Cheng et al., 2009; Clemens and Prell, 2007; Clemens et al.,
1996, 1991, 2008; Clift et al., 2008; Ruddiman, 2006; Wang et al., 2008; Ziegler et al.,
2010). Some argue for a close coupling between changes in Indian and East Asian
summer monsoon winds and precipitation across the entire region spanning the Ara-
bian Sea (Ocean Drilling Program [ODP] Leg 117), the South China Sea (ODP Leg
184), and terrestrial records from the Loess Plateau. In this case, changes in the
strength of summer monsoon circulation across these regions are thought to be sen-
sitive to Northern Hemisphere sensible heating (insolation), the timing of energy re-
lease from the Southern Hemisphere Indian Ocean, and the timing of global ice
volume minima (An et al., 2011; Caley et al., 2011b, 2011c; Clemens and Prell, 2003,
2007; Clemens et al., 1996, 2008). In contrast, others interpret the timing of summer
monsoon circulation, on the basis of speleothem records from southeast China, as
forced entirely and directly by external insolation with little or no influence from
internal boundary conditions such as ice volume or Southern Hemisphere ocean–
atmosphere latent heat exchange (Cheng et al., 2009; Ruddiman, 2006; Wang et al.,
2008). Caballero-Gill et al. (2012) demonstrate that these contrasting interpretations
are not attributable to differences in terrestrial and marine chronologies. Therefore,
this lack of consensus points either to a strong deficit in our understanding of mon-
soon sensitivity to changes in the most basic of boundary conditions including inso-
lation, ocean/atmosphere energy exchange, ice volume, and atmospheric greenhouse
gas concentrations or to the misinterpretation of the influence of seasonality on
proxy records (e.g., Fig. F4).

Lack of consensus also extends to the tectonic scale, where the timing of monsoon
intensification to modern strength is also debated. Some proxy records suggest initial
intensification occurred at ~7–8 Ma (e.g., Kroon et al., 1991; Prell et al., 1992),
whereas others suggest a considerably earlier intensification, perhaps as early as
~22 Ma (Clift et al., 2008; Guo et al., 2002; Sun and Wang, 2005). Emergence and ex-
pansion of arid-adapted C4 flora in South Asia argues for reduced precipitation since
~8 Ma (e.g., Cerling et al., 1997; Huang et al., 2007; Quade and Cerling, 1995),
whereas proxies dedicated to reconstructing seasonality suggest, instead, little vari-
ability in the monsoon over the last 10 m.y. (Dettman et al., 2001). Clift and Plumb
(2008), Molnar et al. (2010), and the report from the Detailed Planning Group “Asian
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Monsoon and Cenozoic Tectonic History” (www.iodp.org/doc_download/2336-
mmdpgreport) provide comprehensive overviews of these issues. More recently,
Rodriguez et al. (2014) suggested that the ~8 Ma intensification inferred on the basis
of increased Globigerina bulloides concentrations is an artifact of increased preservation
related to uplift of the Owen Ridge at this time, resulting in enhanced preservation.

Third, recent work suggests that interpretation of the oxygen minimum zone (OMZ)
signal in the northern Arabian Sea (Leg 117) may be complicated by changing oxygen
content of southern-source intermediate waters (Anand et al., 2008; Caley et al.,
2011c; Schmittner et al., 2007; Ziegler et al., 2010). This presents a potential compli-
cation in the interpretation of the OMZ signal as a direct response to atmospheric cir-
culation in the core region of summer monsoon winds (i.e., oxygen drawdown in
response to decay of upwelling-produced organic carbon). A multibasin, multiproxy
approach is required to resolve these outstanding issues. Precipitation, salinity, and
runoff indicators are not influenced by the chemistry of externally sourced interme-
diate and deepwater masses, offering the potential to disentangle the influences of
these factors in interpreting monsoon proxy records.

The iMonsoon drilling effort, targeting the core of the monsoon precipitation signal
in the Bay of Bengal (Figs. F2, F4), will directly address these outstanding issues re-
garding large-scale monsoonal circulation through a meridional transect approach
targeting the northeast Indian margin, the Andaman Sea, and the southern Bay of
Bengal (Fig. F1A–F1C). Specifically, new material from this critical region will allow
us to assess (1) the relative sensitivity of the monsoon to external insolation forcing
and internal climate boundary conditions, including the export of latent heat from
the southern hemisphere, the extent of global ice volume, and greenhouse gas con-
centrations; (2) the timing and conditions under which monsoonal circulation initi-
ated and evolved; and (3) the extent to which Indian and East Asian monsoon winds
and precipitation are coupled and at what temporal and geographic scales. Finally, a
detailed record of monsoon evolution is also central to testing models that link the
climatic evolution of South Asia to the tectonic development of the Himalaya and ris-
ing of the Tibetan Plateau. If climatically modulated surface processes really do con-
trol the structural evolution, then well-dated climate records are needed to correlate
with the increasingly well constrained ages of faulting and exhumation on shore.

Resolving these outstanding questions using the geological record is critical to provid-
ing verification targets for climate models, especially given the critical point that the
vast majority of current Atmosphere-Ocean General Circulation Models (AOGCMs)
6
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used in the Intergovernmental Panel on Climate Change (IPCC) reports do not accu-
rately simulate the spatial or intraseasonal variability of monsoon precipitation
(Randall et al., 2007).

Deep time

Benthic foraminiferal diversity and assemblage composition, in conjunction with
geochemical proxies indicate a stepwise increase in primary production and carbon
export and an expansion of the intermediate water OMZ in the northeastern Indian
Ocean since the late Oligocene (Gupta et al., 2013). The main increases in productiv-
ity started at 14 (Gupta et al., 2013) or 10 (Gupta et al., 2004) Ma and reached levels
associated with present Indian monsoon conditions around 2.3 Ma. This late Mio-
cene to Pliocene “biogenic bloom” (Farrell et al., 1995) implies important changes in
nutrient cycling in the Indian Ocean and probably on a global scale, which in partic-
ular affected the silica and phosphate cycles (Dickens and Owen, 1999). The produc-
tivity increase between 10 and 8 Ma in the eastern equatorial Indian Ocean (onset of
the biogenic bloom) may have been linked either to global cooling and the expansion
of Antarctic ice sheets leading to a major change in deep ocean circulation and nutri-
ent cycling, to the initiation of the Indian monsoons, or a combination of both
(Gupta et al., 2004). Deep-sea benthic foraminiferal diversity in the Indian Ocean
further decreased between 8 and 6 Ma and is associated with a negative δ13C shift at
3.2–2.3 and 1.6–0.9 Ma, coinciding with an increased abundance of species indicative
of enhanced organic carbon flux (Singh and Gupta, 2005). Since ~2.8 Ma, roughly co-
eval with the onset of Northern Hemisphere glaciation, benthic foraminiferal species
that are well adapted to strong seasonal fluctuations in carbon flux dominate the as-
semblages. This has been related to increased duration and strength of the northeast
(winter) monsoon, which is accompanied by relatively low primary production in the
eastern equatorial Indian Ocean (Gupta and Thomas, 2003). iMonsoon will provide
new Neogene intermediate water benthic foraminiferal assemblage and δ18O and δ13C
records along a meridional transect to better understand the relative contribution of
monsoon-related productivity–carbon flux changes and changes in intermediate
water circulation linked to high-latitude climatic events such as fluctuations in the
extension of the East Antarctic Ice Sheet.

The meridional transect of iMonsoon provides a unique opportunity to investigate
the nature and timing of variations in deepwater radiogenic isotope composition in
response to restriction of the deepwater connection between the Pacific and Indian
Oceans through the Indonesian Gateway since the mid-Miocene and to evaluate the
influence of enhanced Himalayan weathering since the late Oligocene. The broad
7
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passage between the Indian and Pacific Oceans during the Paleogene must have
enabled significant surface and intermediate water exchange and the possibility of
deepwater flow from the Indian Ocean to the Pacific Ocean (Thomas et al., 2003). The
progressive closure of the Indonesian Gateway because of the northward movement
of Australia (Hall, 2002; Hall et al., 2011; Kuhnt et al., 2004) induced changes in deep
and intermediate water circulation through the Indonesian Gateway, which may
have resulted in a significant change in the eastern Indian Ocean Nd isotope compo-
sition during the middle Miocene (Frank et al., 2006; Gourlan et al., 2008). A second
shift in eastern Indian Ocean Nd isotopes may have been related to a shift in the
source area of the Indonesian Throughflow toward the North Pacific around 3.5 Ma
(Cane and Molnar, 2001; Gourlan et al., 2008).

Geological setting

The eastern continental margin of India is the result of the separation of India and
the Australia/Antarctica portion of Gondwanaland during the Early Cretaceous at
~130 Ma (Scotese et al., 1988; Powell et al., 1988). All the major Indian rivers draining
into the Bay of Bengal are thought to be associated with graben features resulting
from the rifting of India from Antarctica as well as subsequent Indian plate motion.
The Mahanadi Graben appears to have a continuation in Prydz Bay, Antarctica,
known as the Lambert Graben (Federov et al., 1982). The 2000 m isobaths of the
northeast Indian continental margin and the Lambert Graben of East Antarctica
(Prydz Bay) are closely matched, supporting the inferred alignment of India and Ant-
arctica prior to rifting (Subrahmanyam et al., 2008). The Mananadi Basin includes
both onshore and offshore regions of northeast India. The offshore portion extends
from ~170 to 240 km off the coast. Sediments are dominated by input from the
Mahanadi River drainage basin, which occupies 141,589 km2 of catchment (extending
from ~80° to 85°E and ~19° to 24°N) and currently supplies ~7.1 × 109 kg of sediments
per year to the offshore basin (Fig. F5) (Subrahmanyam et al., 2008). Analysis of Bay
of Bengal surface sediments indicates that the foraminiferal lysocline, the depth
delimiting well preserved from noticeably dissolved assemblages, shoals significantly
from south to north. The foraminiferal lysocline rises from 3800 to 3300 m between
0° and 7°N (about Site N90E-2C) then systematically shoals to ~2000 m at ~20°N
(Indian margin sites) (Cullen and Prell, 1984).

The Ninetyeast Ridge (NER) is an aseismic volcanic ridge spanning from ~31°S to
~10°N, where it is buried beneath Bengal Fan sediments. The NER is thought to have
formed by age-progressive hotspot volcanism from plume sources currently beneath
8
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the Kerguelen Plateau (Royer et al., 1991; Sager et al., 2010). The ridge top rises to a
height of ~3.5 km above the surrounding abyssal plain with depths as shallow as
~2000 meters below sea level (mbsl). Site N90E-2C is located at ~5°N at 2963 mbsl.
This location provides for good preservation of carbonate microfossils, given that the
foraminiferal lysocline in this region is close to 3300 m (Cullen and Prell, 1984).

The Andaman Sea is situated between the Andaman Islands and the Malaya Peninsula
(Fig. F1A). The Andaman-Sumatra island arc system results from the oblique subduc-
tion of the Indo-Australian plate beneath the Eurasian plate (Singh et al., 2013).
Stretching and rifting of the overriding plate in the early Miocene (~25 Ma) has
resulted in two distinct plates (Sunda and Burma) separated by an active spreading
center (Curray, 1991, 2005) located in the deepest portion of the Andaman Sea. An
accretionary wedge complex scraped off the subducting slab lies west of the spreading
center, forming a series of shallower basins associated with back-thrust faulting
within the accreted sediments (Fig. F6). The Andaman Sea drilling sites are within the
Nicobar-Andaman Basin, bounded on either side by the Diligent and Eastern Margin
Faults. Terrigenous sediment supply to the Andaman Sea is dominantly from the
Irrawaddy and Salween Rivers (Colin et al., 1999, 2006). Analysis of Andaman Sea sur-
face sediments indicates that foraminifers are abundant and well preserved shallower
than ~1800 mbsl (>100,000 individuals/gram) and decrease to <100 individuals/gram
deeper than 3000 mbsl (Frerichs, 1971).

Atmospheric and oceanographic circulation

The Indian summer monsoon is characterized by low atmospheric pressure over the
Indo-Asian continent (Indo-Asian Low) relative to high atmospheric pressure over the
southern subtropical Indian Ocean (Mascarene High). The resulting pressure gradient
leads to large-scale displacement of the Intertropical Convergence Zone (ITCZ) and
the cross-equatorial flow of low-level winds carrying moisture that is ultimately re-
leased over South Asia, the Bay of Bengal, and southeast China (Hastenrath and Greis-
char, 1993; Liu et al., 1994; Loschnigg and Webster, 2000; Webster, 1987a, 1987b,
1994; Webster et al., 1998). Modern meteorological observations and moisture trans-
port budgets (Fig. F7) quantitatively show that the Southern Hemisphere Indian
Ocean is the dominant source of moisture (latent heat) to the Indian and East Asian
summer monsoons during June, July, and August (JJA) (Bosilovich and Schubert,
2002; Ding and Chan, 2005; Ding et al., 2004; Emile-Geay et al., 2003; Liu and Tang,
2004, 2005; Park et al., 2007; Simmonds et al., 1999; Wajsowicz and Schopf, 2001; Xie
and Arkin, 1997; Zhu and Newell, 1998). The Arabian Sea is a very minor moisture
9
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source (evaporation > precipitation), whereas the Bay of Bengal/Andaman Sea, India,
the South China Sea, and southeast China are all moisture sinks (precipitation > evap-
oration).

A total of 12 major rivers (Fig. F5, F8) feed the Bay of Bengal/Andaman Sea (Ganga,
Brahmaputra, Meghna, Damodar, Mahanadi, Godavari, Krishna, Irrawaddy, Salween,
Penner, Kavery, and Mahaweli Rivers), discharging in total 943 × 109 m3 of water
during the summer monsoon months (JJA) (Varkey et al., 1996). Annual rainfall
within and surrounding the Bay of Bengal is dominated by precipitation during the
summer monsoon months (JJA) with the exception of the Madras Basin in the south-
ernmost peninsular India, where rainfall peaks in November (Fig. F9). The dominance
of the summer (JJA) precipitation signal is reflected in the Bay of Bengal surface salin-
ity patterns (Fig. F3), which reach their lowest values in August and September, span-
ning salinities of 20–34 over both seasonal (summer–winter) and spatial (north–
south) dimensions.

Primary surface ocean currents (Schott and McCreary, 2001; Schott et al., 2009) reflect
the seasonal wind forcing in both the eastern Arabian Sea and the Bay of Bengal (Fig.
F10). The West Indian Coastal Current (WICC) flows south during the summer
monsoon, connecting with the Southwest Monsoon Current (SMC) that carries high-
salinity waters eastward around the tip of India and Sri Lanka into the southern Bay
of Bengal at a rate of 8.4 Sverdrup (Sv; 106 m3/s). This influx of high-salinity water is
reflected in the July, August, and September salinity patterns of the southern Bay of
Bengal (Fig. F3) and is successfully modeled as a passive tracer in mixed-layer ocean
models (Jensen, 2001, 2003). Southwest summer monsoon winds in the Bay of Bengal
also drive the northward-flowing East Indian Coastal Current (EICC). During the
winter monsoon, northeast winds drive all these surface currents in the opposite
directions, transporting 11 Sv of water toward the eastern Arabian Sea.

The proposed drilling plan is designed to take advantage of these strongly seasonal
patterns to reconstruct changes in summer monsoon circulation by reconstructing
the meridional precipitation/salinity gradients as well as erosion and runoff from
proximal drainage basins. An array of drilling locations is proposed, including the
Mahanadi Basin, off the northeast Indian margin (BB sites), the Andaman Sea (AA
sites), and the southernmost Bay of Bengal (Site N90E-2C) (Fig. F1A–F1C). Salinity on
the Indian margin, northwest Bay of Bengal, reaches a minimum of ~22 in September
(Fig. F3); this is a lagged response to JJA rainfall over the Bay of Bengal and the sur-
rounding drainage basins. Salinity at this location reaches a maximum of ~34 during
10
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the spring months. The Andaman Sea sites, situated between the modern 32 and 33
isohalines, monitor drainage from the Irrawaddy and Salween Rivers. Site N90E-2C
(ODP Site 758) is closely pinned to the 34 isohaline year round, anchoring the south-
ern end of the modern salinity gradient at near open-ocean values. Although this site
does not currently experience significant seasonal salinity variability, it does record
large-scale changes in precipitation and runoff at the millennial, orbital, glacial–
interglacial, and tectonic scales as discussed below. The full meridional transect
(spanning the Indian margin, Andaman Sea, and northern NER) has a modern salin-
ity range of 12, equivalent to an ~2‰ surface water δ18O signal.

Changes in the meridional salinity gradient will provide robust means of tracking
changes in summer monsoon precipitation. Furthermore, the signal should not be
influenced to a large degree by temperature gradients, which are small compared to
the salinity gradients. Maximum temperature seasonality is ~3°C on the northwest
Indian margin (equivalent to <0.8‰ surface water δ18O signal) and considerably less
at the other sites (Fig. F10) (Locarnini et al., 2010). This is largely because of the cool-
ing influence of cloud cover and precipitation during the summer, limiting the
amount of sensible surface heating.

Terrestrial runoff products are also of great utility in assessing linkages between mon-
soon circulation, chemical weathering, and transport at timescales from millennial to
tectonic. These topics are recognized by the community as being of considerable im-
portance (Clift and Plumb, 2008; Wang et al., 2005). Changes in monsoon strength
are well documented at ~23, 15, 8–7, and 2.75 Ma (Clift and Plumb, 2008). The iMon-
soon targets will allow measurement of the consequent impact on weathering rates
and transport of particulate materials to the ocean basins in a variety of settings both
proximal and distal relative to river inputs.

Water masses and circulation

Comprehensive descriptions of eastern Indian Ocean regional oceanography are pro-
vided in Wyrtki (1971), Mantyla and Reid (1995), Tomczak and Godfrey (2003), and
Schott et al. (2009), from which we briefly summarize descriptions of water masses
and circulation patterns relevant for Bay of Bengal drilling in the depth range be-
tween 1100 and 3000 m targeted for Expedition 353.

Indian Deep Water (IDW) occupies the depth range from 3800 to ~1500 m within the
equatorial and northern Indian Ocean (Fig. F11). IDW in the eastern Indian Ocean is
11
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characterized by high salinities reaching salinity maxima of 34.8 in the southwestern
Indian Ocean and 34.75 in the southeastern Indian Ocean, where the IDW upper
limit rises to 500 m (Tomczak and Godfrey, 2003). IDW temperature, salinity, and oxy-
gen properties in the high-salinity core are virtually identical with those of North
Atlantic Deep Water (NADW) in the Atlantic sector of the Southern Ocean, indicating
that IDW is mainly of NADW origin and not originally formed in the Southern
Ocean, as is the Antarctic Bottom Water (AABW) that occupies the Indian Ocean
deeper than 3800 m (Tomczak and Godfrey, 2003). The flow of IDW is northward and
concentrated along western boundaries of the African margin and NER as indicated
by the World Ocean Circulation Experiment (WOCE) I08I09 oxygen, silicate, and
temperature profiles (Fig. F12). IDW further penetrates northward into the Northern
Hemisphere, is modified by mixing with thermocline water from above and upwell-
ing of AABW from below, and spreads into the Arabian Sea and the Bay of Bengal.

Two water masses occupy the thermocline of the Indian Ocean: Indian Central Water
(ICW) and Indonesian Throughflow Water (ITW) or Australasian Mediterranean Wa-
ter (Fig. F13). ICW originates from downwelling in the subtropical convergence south
of 30°S and ITW is derived from North Pacific Intermediate Water, strongly modified
during its passage through the Indonesian archipelago. There is no formation of ther-
mocline water in the Bay of Bengal, and its thermocline water masses to 1500 m water
depth are derived from ICW and ITW. Transfer of ICW to the northern Indian Ocean
is accompanied by a rapid decrease in oxygen content, indicating aging along the
path. The lowest oxygen values occur in the Bay of Bengal, which contains the oldest
ICW. The strong oxygen decrease in the northern Indian Ocean can be explained by
restriction of the transfer of ICW to the southwest monsoon season, resulting in a
small annual net transfer rate. ITW also contributes to the renewal of thermocline wa-
ter in the northern Indian Ocean, resulting in significant freshening of the ICW along
its path into the Bay of Bengal. Further freshening is observed in the Bay of Bengal
near 90°E, resulting from ITW advection directly from its outflow area into the trop-
ical eastern Indian Ocean. The variability and evolution of thermocline circulation in
the Bay of Bengal are strongly dependent on monsoonal forcing; however, the present
extremely low oxygen levels indicate a very low renewal rate for the thermocline
waters of the Bay of Bengal.

The uppermost 100 m of the eastern Indian Ocean in the Bay of Bengal consists of a
low-salinity water mass derived from river runoff from India and Indochina, the Bay of
Bengal Water (BBW), with surface salinity strongly fluctuating with seasons but remain-
ing below 33 throughout the year. The lower boundary to the ICW is characterized by
12
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a strong halocline. Its southward extension is highest during October–December
when it reaches the area along the western Indian coast and is lowest during April–
June before the summer monsoon leads to a new expansion of the BBW surface water
mass.

Site survey data

Supporting site survey data for Expedition 353 are archived at the IODP Site Survey
Data Bank.

Scientific objectives

The three drilling regions will recover sediment sections variously spanning Late
Cretaceous through Holocene (Fig. F1A), depending on the location.

Pliocene–Pleistocene objectives

Pliocene–Pleistocene objectives include reconstructing salinity changes as well as the
erosion and runoff signals in the Bay of Bengal and Andaman Sea in order to

• Establish the sensitivity and timing of changes in monsoon circulation relative to
insolation forcing, latent heat export from the Southern Hemisphere, global ice
volume extent, and greenhouse gas concentrations;

• Determine the extent to which Indian and East Asian monsoon winds and precip-
itation are coupled and at what temporal and geographic scales;

• Better separate the effects of climate change and tectonics on erosion and runoff;
and

• Provide verification targets for climate models: the majority of current atmo-
sphere–ocean general circulation models do not accurately simulate the spatial or
intraseasonal variability of monsoon precipitation.

Deep-time objectives

Deep-time objectives include the following:

• To understand the timing and conditions under which monsoonal circulation ini-
tiated and reconstruct the variability of the Indian monsoon at orbital timescales;
13
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• To unravel the relationship between Indian monsoon variability and major past
global climatic events such as the Oligocene/Miocene cooling (Zachos et al., 1997),
the onset of the mid-Miocene Climatic Optimum (Holbourn et al., 2007; Zachos et
al., 2001), mid-Miocene cooling and Antarctic cryosphere expansion (Holbourn et
al., 2013), and the Pliocene–Pleistocene enhancement of Northern Hemisphere gla-
ciation (Lisiecki and Raymo, 2005, 2007);

• To establish a complete Oligocene–present astronomically tuned timescale based
on high-resolution benthic and planktonic isotope reference curves for the Indian
Ocean; and

• To incorporate high-resolution distribution studies of well-preserved Oligocene–
recent calcareous and siliceous microfossils from the Indian Ocean into global
compilation studies of paleoclimatic and biotic evolution.

Chronology, proxies, and tracers

The initial chronostratigraphic reference frame will consist of geomagnetic polarity
reversal stratigraphy and nannofossil and foraminiferal biostratigraphy in combina-
tion with siliceous microfossil zonation. Using this stratigraphic framework and com-
posite sections from double or triple coring at each site, high-resolution benthic δ18O
records will be created and correlated to the global marine benthic δ18O chronology
of the past 5 m.y. (Lisiecki and Raymo, 2005) and to orbitally tuned Pacific records for
deeper-time intervals (e.g., Holbourn et al., 2013).

An array of physical, biological, chemical, and isotopic proxies is available to assess
changes in runoff and weathering signals associated with monsoonal precipitation
and changes in monsoon-related paleoceanographic parameters such as changes in
surface productivity, water column stratification and vertical mixing, ventilation, and
the presence of externally sourced intermediate waters. The following proxy indica-
tors are essential for these reconstructions.

Salinity indicators

The composition of core-top planktonic foraminiferal assemblages in the Arabian Sea
and the Bay of Bengal are related to surface salinity. In particular, high percentages of
Neogloboquadrina dutertrei are associated with low surface salinities (Cullen, 1981).
Similarly, morphological variations of Emiliania huxleyi provide constraints on sea-
water salinity for the Late Pleistocene record (Bollmann and Herrle, 2007), whereas
14
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the process length of the dinoflagellate cysts of Lingulodinium machaerophorum pro-
vides salinity information back to the Oligocene (Mertens et al., 2009).

A number of investigators have employed various combinations of sea-surface tem-
perature (SST), planktonic δ18O, and sea level reconstructions to derive δ18O of sea-
water (δ18Osw) as a proxy for salinity (Ahmad et al., 2008; Bahr et al., 2011; Billups et
al., 2002; Govil and Naidu, 2011; Holbourn et al., 2010; Lea et al., 2000; Rashid et al.,
2007, 2010; Steinke et al., 2010). These proxies have been utilized to derive records of
changing sea-surface salinity across timescales ranging from millennial to orbital and
tectonic. In most applications, Mg/Ca ratios in planktonic foraminifer shells (or alke-
none Uk′

37) have been used to derive SSTs independent of δ18O (e.g., Dekens et al.,
2008; Elderfield and Ganssen, 2000; Nürnberg et al., 1996). Application to Bay of Ben-
gal and Andaman Sea cores demonstrates the utility of this proxy in the northern Bay
of Bengal (Govil and Naidu, 2011; Kudrass et al., 2001; Rashid et al., 2007, 2010). The
paired SST–planktonic δ18O approach is also being applied to individual shells (Haar-
mann et al., 2011; Khider et al., 2011). Although resource intensive (~50 analyses per
sample to achieve reliable statistics), this approach ensures capture of a robust sea-
sonal signal that is associated closely with foraminifers calcifying during the summer
monsoon salinity minima. This could play a key role in untangling the debate sur-
rounding the divergent interpretation of summer monsoon proxies (e.g., Clemens et
al., 2010; Clemens and Prell, 2007; Ruddiman, 2006; Wang et al., 2008). Local or re-
gional δ18Osw-salinity relationships for the Bay of Bengal (Delaygue et al., 2001; Singh
et al., 2010) are available to derive even more direct salinity estimates at appropriate
timescales (e.g., Fig. F14).

Runoff and erosion indicators

The impact of monsoonal precipitation on chemical weathering and transport is re-
corded in the physical, chemical, and isotopic composition of clastic sediments in the
Bay of Bengal and the Arabian Sea. The delivery of terrigenous material to the Bay of
Bengal is recorded even at distal locations (Site N90E-2C), where delivery increased in
the middle Miocene with two subsequent pulses at ~7.0–5.6 and ~3.9–2.0 Ma (Hovan
and Rea, 1992). These increases were interpreted to represent variations in the fluvial
flux resulting from the uplift and erosion of the Himalaya, although they could
equally represent intensifying erosion driven by strengthening monsoonal precipita-
tion. An independent climate record of rainfall is needed to determine the trigger for
changes in erosion patterns and rates. Indeed, it is noteworthy that the timings of
these erosional pulses are broadly coincident with large-scale hydrological changes
observed in the Himalayan foreland basin and Arabian Peninsula (Huang et al., 2007).
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Strong north–south elemental and isotopic gradients in the surface waters also reflect
continental erosion and fluvial transport processes that are similarly recorded in un-
derlying sediments.

Carroll et al. (1993) and Moore (1997) recognized the Ganga-Brahmaputra River sys-
tem as a significant source of Ba to the global ocean. Figure F15 illustrates this strong
Ba-salinity relationship in the Bay of Bengal. More recent studies have established the
Ba/Ca ratio of foraminifer CaCO3 as a proxy for river runoff. Ba/Ca ratios in plank-
tonic foraminifer shells have been utilized to monitor river input to marine sections
in the Arctic and Atlantic Oceans (Hall and Chan, 2004; Weldeab et al., 2007a, 2007b)
as well as the Mediterranean (Sprovieri et al., 2008). This approach assumes that the
Ba/Ca ratio in planktonic foraminifer shells is dominated by the Ba/Ca concentration
of seawater rather than other factors. The results of Hönisch et al. (2011) strongly sup-
port this assumption; environmental parameters including pH, temperature, salinity,
and symbiont photosynthesis do not appear to affect Ba substitution into planktonic
foraminiferal calcite.

The utility of Sr and εNd proxies for monitoring the weathering signal from rivers in
the Bay of Bengal, the Arabian Sea, and other locations has been well documented
(e.g., Burton and Vance, 2000; Clift and Plumb, 2008; Colin et al., 1999; Goswami et
al., 2012; Osborne et al., 2008; Padmakumari et al., 2006; Rahaman et al., 2009; Stoll
et al., 2007; Tripathy et al., 2011). The Nd isotope composition of the carbonate com-
ponent of Bay of Bengal sediments has been used to investigate variations in the rel-
ative contribution of discharge from the Ganga-Brahmaputra, Irrawaddy, and Arakan
Rivers (Burton and Vance, 2000; Gourlan et al., 2008, 2010; Stoll et al., 2007). These
studies agree that input from the Ganga-Brahmaputra River decreased during glacial
periods, which is consistent with decreased Indian summer monsoon strength. The
Nd isotope ratio of surface seawater near the proposed Andaman Sea sites reveals the
influence of nonradiogenic inputs from the Ganga-Brahmaputra and Irrawaddy Riv-
ers; εNd ranges from –11.4 in the Andaman Sea to –9.9 near Site N90E-2C (Amakawa
et al., 2000). At the Indian margin, the influence of the Deccan and Indian craton
should also be important (Goswami et al., 2012). The Sr-Nd isotope composition of
the silicate fraction will provide information on temporal variations in provenance
and temporal variations in weathering and runoff (Colin et al., 1999; Goswami et al.,
2012; Rahaman et al., 2009; Tripathy et al., 2011).

The very narrow east Indian margin is an excellent environment for the application
of elemental and mineralogical analysis of terrigenous sediments in order to
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constrain variations in the intensity of chemical weathering as well as provenance
changes. The combination of high river flow and narrow margins promotes the rapid
movement of materials across the shelf to the slope, reducing issues associated with
prolonged storage (Ponton et al., 2012; Sridhar et al., 2008) and simplifying the
source-to-sink process and interpretation of the marine geochemical record.

The use of nondestructive X-ray fluorescence (XRF) core scanning measurements
enables rapid, high-resolution elemental analyses of core sections (e.g., Mulitza et al.,
2008). Calibration studies of core-top sediments have shown that different elemental
ratios can be reliably applied to trace different weathering regimes or soil types (Govin
et al., 2012). Ratios of mobile versus immobile elements have been used for many years
to trace the intensity of chemical weathering in river source areas; high-resolution
studies have shown that these ratios are responsive to environmental forcing on a
number of timescales within the Asian monsoon system (Liu et al., 2007; Wan et al.,
2009). Such proxies are even more effective when combined with traditional clay
mineralogy, providing additional information on weathering regimes in support of
Nd isotopes and elemental XRF analyses. Variations in clay mineralogy have provided
a wealth of information on monsoon strength for the past 280 k.y. in the Bay of Ben-
gal (Colin et al., 2006) and have also been used over longer time periods in the South
China Sea (Wan et al., 2006, 2007) as well as on short timescales during the Quater-
nary in the Indus Basin (Alizai et al., 2012). High-resolution clay mineral records can
be derived from spectral analysis of the core as well as through traditional XRF
methods, and these have been effective in reconstructing weathering intensities from
earlier core records (Clift et al., 2008; Giosan et al., 2002).

Environmental water indicators

Compound-specific leaf-wax D/H (δDwax) has been applied as a proxy for the D/H of
precipitation (δDppt) in marine sediments (Huang et al., 2007; Pagani et al., 2006;
Schefuß et al., 2011; Sluijs et al., 2006), lake sediments (Hou et al., 2007a, 2007b;
Huang et al., 2002; Jacob et al., 2007; Sauer et al., 2001; Shuman et al., 2006; Tierney
et al., 2008), and loess sediments (Hou et al., 2008; Liu and Huang, 2005). Sachse et
al. (2004) and Hou et al. (2008) defined quantitative links between lake surface sedi-
ment δDwax and δDppt across continental-scale precipitation gradients in Europe and
North America, whereas Rao et al. (2009) established the same link between soil δDwax

and δDppt for eastern China. The North American, European, and Chinese data sets
are very consistent with one another, demonstrating the broad applicability of this
proxy to monitoring changes in the hydrological cycle. δD of alkenones (Schouten et
al., 2006; Vasiliev et al., 2013) offers another possible means of salinity reconstruction
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through the effect on isotopic fractionation; hydrogen isotopic fractionation of
alkenones relative to source water decreases as salinity increases.

The carbon isotopic composition of terrestrial plant biomass is primarily a function
of the plant’s specific photosynthetic pathway and the isotopic composition of atmo-
spheric CO2. Leaf wax δ13C records have been used extensively to reconstruct past
changes in the balance of C3 versus arid-adapted C4 vegetation (see Feakins et al.,
2005, and Ponton et al., 2012, for examples in the monsoon domain). Analysis of
both leaf-wax δD and δ13C can be used to distinguish between changes in moisture
source (LeGrande and Schmidt, 2010) and/or availability.

Deep biosphere linkages

Specific to Indian Ocean sediments, a number of deep biosphere–related scientific
problems can be addressed at the proposed drilling locations as put forth in the final
report of Scientific Drilling in the Indian Ocean workshop (iodp.org/workshop-
reports/) including:

• How has uplift of the Himalayans influenced monsoon and input of terrestrial
matter into the Bay of Bengal and the Arabian Sea and impacted the development
of the deep biosphere since the Oligocene?

• How has the drainage from the Himalayan rivers influenced the development of
subseafloor community structures and diversity?

• How has the subseafloor biosphere been inoculated with terrestrial microorganisms
(biogeography)? Are there regional differences between the Bay of Bengal and the
Arabian Sea?

Operations plan/Drilling strategy

The Expedition 353 coring program prioritizes six primary sites and seven alternate
sites in 1091–2925 m water depth (Tables T1, T2). This includes two primary sites in
the Andaman Sea, three primary sites in the Mahanadi Basin, and one primary site in
the southern Bay of Bengal.

The order in which the sites are planned for drilling has been chosen to minimize
transit times between locations and maximize the potential utility of alternate sites,
should they be necessary. The Andaman Sea sites will be cored first, followed by the
18
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Mahanadi Basin sites on the Indian margin, and then the southern Bay of Bengal site
(Fig. AF1).

The first two sites cored will be Andaman Sea Site AA-4B followed by Site AA-2B. Site
AA-4B will have three holes (A, B, and C). Each hole will be cored first using the
advanced piston corer (APC) to refusal and then cored to a target depth of 422 meters
below seafloor (mbsf) using the extended core barrel (XCB). Site AA-2B will utilize a
similar strategy; however, only two holes (A and B) will be cored and Hole B will be
wireline logged. Target depth for Site AA-2B is 738 mbsf.

Mahanadi Basin Site BB-7 will be drilled first; it will consist of three holes APC cored
to refusal followed by XCB coring to a total depth of 184 mbsf. It is possible that the
APC can be pushed to the total depth at this site by using the half-length APC. Site
BB-5 will be drilled next and will consist of two holes APC cored to refusal then XCB
cored to a total depth of 680 mbsf. Following the comparison of the age models and
carbonate preservation between Sites BB-7 and BB-5, the decision will be made to ei-
ther continue with additional deep holes at Site BB-5 (and not drill Site BB-2B at all)
or to terminate Site BB-5 and drill Site BB-2B. This decision tree is designed to account
for the observation that Site BB-2B (a shallow ridge-top site offering good carbonate
preservation and reduced turbidite input) does not have the same seismic units as
found at Sites BB-1B, BB-4, BB-7, and BB-8B. Compared to these sites, Site BB-2B seis-
mics indicate two possibilities. One interpretation is that part of the Pleistocene may
be missing from the top of Site BB-2B but it has a section below the light reflectors
(i.e., 2.0–2.1 s two-way traveltime at Site BB-7) that is not present in the other sites
(Fig. AF12). The other interpretation is that Site BB-2B has an expanded upper section
but is missing the light reflector interval.

The final site (N90E-2C) will consist of three holes APC cored to refusal then advanced
to the target depth using the XCB. Hole C will be logged using the triple combination
and Formation MicroScanner (FMS)-sonic tool strings.

For planning purposes, APC refusal depth is estimated at 100 mbsf, although we an-
ticipate that this may be exceeded at some sites. APC refusal is defined in two ways:
(1) a complete stroke is not achieved because the formation is too hard or (2) excess
force (>100,000 lb) is required to pull the core barrel out of the formation because the
sediment is too cohesive or “sticky.” When APC refusal occurs in a hole before target
depth is reached, the half-length APC can be employed to advance the hole. When
refusal occurs with this system, the XCB technique may be used to advance the hole.
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According to the current operations plan, Expedition 353 will core ~6190 m of sedi-
ment. Core recovery is often 100% with the APC system but is typically more variable
with the XCB system, depending on lithology.

Logging/Downhole measurements strategy

Formation temperature measurements

We plan on using the advanced piston corer temperature tool (APCT-3) to measure
formation temperature in the first hole of each site. The APCT-3 can only be used with
the APC system.

Core orientation

We plan to orient all APC cores with the FlexIT orientation tool and will make use of
nonmagnetic coring hardware to the maximum extent possible.

Downhole wireline logging

Downhole wireline logging using the triple combo and the FMS-sonic tool strings is
planned at Sites AA-4B, BB-5, and N90E-2C. The logging tools will be run in the final
hole at each site. However, coring is the top priority at each site, and the scheduled
logging program may be modified if the coring objectives are not met in the allotted
time.

Risks and contingency

Several potential risks have been identified:

• Unstable hole conditions.

• The presence of chert and/or turbidites that can impact core recovery.

• Weather: although the expedition is scheduled to take place in the winter to avoid
cyclone season, severe weather may still occur.

• Sediments with high gas concentrations are expected to be recovered. This can lead
to core expansion on deck. The cores may require degassing on the catwalk.

All of these factors may impact drilling and coring operations.
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Sampling and data sharing strategy

Shipboard and shore-based researchers should refer to the IODP Sample, Data, and
Obligations Policy (www.iodp.org/program-policies/). This document outlines the
policy for distributing IODP samples and data. It also defines the obligations incurred
by sample and data recipients. All requests for data and core samples must be
approved by the Sample Allocation Committee (SAC). The SAC is composed of the
Co-Chief Scientists, the Staff Scientist, and the IODP Curator on shore (on board the
ship, the curatorial representative serves in place of the Curator).

Every member of the science party is obligated to carry out scientific research for the
expedition and publish the results. For this purpose, shipboard and shore-based sci-
entists are expected to submit sample requests (at web.iodp.tamu.edu/sdrm/) detail-
ing their science plan 3 months before the beginning of the expedition. Based on
sample requests (shore-based and shipboard) and input from the scientific party, the
SAC will prepare a tentative sampling plan, which will be revised on the ship as dic-
tated by recovery and cruise objectives. The sampling plan will be subject to modifi-
cation depending upon the actual material recovered and collaborations that may
evolve between scientists during the expedition. Given the specific objectives of
Expedition 353, great care will be taken to maximize shared sampling to promote
integration of data sets and enhance scientific collaboration among members of the
scientific party. This planning process is necessary to coordinate the research to be
conducted and to ensure that the scientific objectives are achieved. Modifications to
sample requests and access to samples and data during the expedition and the one
year postexpedition moratorium period require approval of the SAC.

All sampling frequencies and sample sizes must be justified on a scientific basis and
will depend on core recovery, the full spectrum of other requests, and the expedition
objectives. Some redundancy of measurement is unavoidable, but minimizing the
duplication of measurements among the shipboard party and identified shore-based
collaborators will be a factor in evaluating sample requests. Success will require col-
laboration, integration of complementary data sets, and consistent methods of anal-
ysis. Substantial collaboration and cooperation are highly encouraged.

Shipboard sampling will be restricted to acquiring ephemeral data types and to lim-
ited low-resolution sampling (e.g., for stratigraphic purposes [biostratigraphy and
magnetostratigraphy], physical properties, and geochemical and microbiological
analyses). Shipboard biostratigraphic and paleomagnetostratigraphic sampling will
21
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also be restricted to rapidly produce age models that are critical to the overall objec-
tives of the expedition and to the planning for higher resolution postcruise sampling.
Because of the anticipated high sedimentation rates, samples for shipboard foramin-
ifer biostratigraphy will be taken with a defined volume and, if possible, weighed
prior to sieving. This information will be used to determine the number of foramin-
ifers per centimeters cubed or gram of sediment, which will be used to guide post-
cruise sample requests.

Sampling for the majority of individual scientist’s personal research will be postponed
until a shore-based sampling party implemented between 2 and 4 months after the
expedition at the Kochi Core Center (KCC) at Kochi University (Kochi, Japan). The
KCC repository houses cores from the Pacific Ocean (west of the western boundary of
the Pacific plate), the Indian Ocean (north of 60°), the Kerguelen Plateau, and the
Bering Sea.

There may be considerable demand for samples from a limited amount of cored ma-
terial for some critical intervals at certain sites. Critical intervals may require special
handling that includes a higher sampling density, reduced sample size, or continuous
core sampling for a set of particular high-priority research objectives. The SAC may
require a revision of the approved sampling plan before critical intervals are sampled,
and a special sampling plan shall be developed to maximize scientific return and par-
ticipation and to preserve some material for future studies. The SAC can decide at any
stage during the expedition or during the one year moratorium period which recov-
ered intervals should be considered as critical.

All collected data and samples will be protected by a one year postcruise moratorium,
during which time data and samples are available only to the Expedition 353 science
party and approved shore-based participants. This moratorium will extend one year
following the completion of the postcruise sampling party (note, not one year from
the end of the time at sea). We anticipate that specific shipboard and shore-based sci-
entific party members may require specific sampling methods. For example, Rhizon
sampling may be requested for high-resolution or trace metal clean pore water sam-
pling. Participants are encouraged to specifically identify their needs in their requests.
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Table T1. Operations and time estimates for Expedition 353 primary sites. 

LWD = logging while drilling, MWD = measurement while drilling. EPSP = Environmental Protection and Safety Panel. APC = advanced piston
corer, XCB = extended core barrel, FMS = Formation MicroScanner.

Site Location

Seafloor
depth
(mbrf) Operations description Transit (days)

Drilling
coring (days)

LWD/MWD
log (days)

Singapore Begin expedition 5.0 Port call days

Transit ~16 nmi to W1 @ 6.0 kt 0.1

Transit ~2 nmi to W2 @ 6.0 kt 0.0

Transit ~9 nmi to W3 @ 6.0 kt 0.1

Transit ~151 nmi to W4 @ 10.5 kt 0.6

Transit ~705 nmi to AA-4 @ 10.5 kt 2.8

AA-4B 10°38.03′N 1102 Hole A - APC/XCB core to 422 mbsf 0 2.8 0.0
EPSP 93°0.00′E Hole B - APC/XCB core to 422 mbsf 0 1.9 0.0
to 422 mbsf Hole C - APC/XCB core to 422 mbsf 0 2.2 0.0

Subtotal days on site: 6.8

Transit ~9 nmi to AA-2B @ 10.5 kt 0.0

AA-2B 10°47.41′N 1380 Hole A - APC/XCB core to 738 mbsf 0 4.7 0
EPSP
to 738 mbsf

93°0.00′E Hole B - APC/XCB core to 738 mbsf; wireline log-triple 
combo/FMS-sonic

0 4.6 1

Subtotal days on site: 10.3

Transit ~652 nmi to BB-7 @ 10.5 kt 2.5

BB-7 19°5.01′N 1436 Hole A - APC/XCB core to 184 mbsf 0 1.4 0
EPSP 85°44.09′E Hole B - APC/XCB core to 184 mbsf 0 0.8 0
to 184 mbsf Hole C - APC/XCB core to 184 mbsf 0 0.9 0

Subtotal days on site: 3.1

Transit ~97 nmi to BB-5 @ 10.5 kt 0.4

BB-5 17°44.72′N 2506 Hole A - APC/XCB core to 680 mbsf 0 5.2 0
EPSP
to 680 mbsf

84°47.25′E Hole B - APC/XCB core to 680 mbsf; wireline log-triple 
combo/FMS-sonic

0 5.1 1.0

Subtotal days on site: 11.4

Transit ~89 nmi to BB-2B @ 10.5 kt 0.4

BB-2B 18°59.82′N 1189 Hole A - APC/XCB core to 184 mbsf 0 1.1 0
EPSP 85°37.29′E Hole B - APC/XCB core to 184 mbsf 0 0.7 0
to 184 mbsf Hole C - APC/XCB core to 184 mbsf 0 0.9 0

Subtotal days on site: 2.6

Transit ~862 nmi to N90E-2C @ 10.5 kt 3.5

N90E-2C 5°23.0041′N 2974 Hole A - APC/XCB core to 350 mbsf 0 2.6 0
Pending EPSP 90°21.7099′E Hole B - APC/XCB core to 350 mbsf 0 2.1 0
approval Hole C - APC/XCB core to 350 mbsf; wireline log-triple 

combo/FMS-sonic
0 2.5 0.8

Subtotal days on site: 8

Transit ~317 nmi to W6 @ 10.5 kt 1.3

Transit ~459 nmi to W7 @ 10.5 kt 1.9

Transit ~149 nmi to W8 @ 10.5 kt 0.6

Transit ~10 nmi to W9 @ 10.5 kt 0.0

Transit ~3 nmi to W10 @ 10.5 kt 0.0

Transit ~16 nmi to Singapore @ 10.5 kt 0.1

Singapore End expedition 14.1 39.3 2.9

Port call: 5.0 Total operating days: 56.3
Subtotal on site: 42.1 Total expedition: 61.3
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Table T2. Operations and time estimates for Expedition 353 alternate sites. 

LWD = logging while drilling, MWD = measurement while drilling. EPSP = Environmental Protection and Safety Panel. APC = advanced piston
corer, XCB = extended core barrel, FMS = Formation MicroScanner.

Site Location

Seafloor
depth
(mbrf) Operations description

Drilling
coring (days)

LWD/MWD
log (days)

AA-1 10°49.34′N 1556 Hole A - APC/XCB core to 544 mbsf 3.3 0
EPSP 93°6.73′E Hole B - APC/XCB core to 544 mbsf 2.8 0
to 544 mbsf Hole C - APC/XCB core to 544 mbsf; wireline log-triple 

combo/FMS-sonic
3.2 0.8

Subtotal days on site: 10.1

AA-3 10°23.44′N 2636 Hole A - APC/XCB core to 471 mbsf 3.4 0
EPSP
to 471 mbsf

93°16.69′E Hole B - APC/XCB core to 471 mbsf; wireline log-triple 
combo/FMS-sonic

3.3 0.8

Subtotal days on site: 7.5

AA-5 10°43.47′N 1491 Hole A - APC/XCB core to 603 mbsf 3.7 0
EPSP
to 603 mbsf

93°5.33′E Hole B - APC/XCB core to 603 mbsf; wireline log-triple 
combo/FMS-sonic

3.6 0.9

Subtotal days on site: 8.1

BB-1B 18°56.11′N 1678 Hole A - APC/XCB core to 222 mbsf 1.4 0
EPSP 85°41.98′E Hole B - APC/XCB core to 222 mbsf 1 0
to 222 mbsf Hole C - APC/XCB core to 222 mbsf 1.2 0

Subtotal days on site: 3.6

BB-4 19°1.47′N 1618 Hole A - APC/XCB core to 172 mbsf 1.4 0
EPSP 85°42.88′E Hole B - APC/XCB core to 172 mbsf 0.7 0
to 172 mbsf Hole C - APC/XCB core to 172 mbsf 0.9 0

Subtotal days on site: 3

BB-6 18°2.21′N 2411 Hole A - APC/XCB core to 624 mbsf 4.4 0
EPSP
to 624 mbsf

85°9.74′E Hole B - APC/XCB core to 624 mbsf; wireline log-triple 
combo/FMS-sonic

4.3 0.9

Subtotal days on site: 9.6

BB-8B 18°55.32′N 1837 Hole A - APC/XCB core to 206 mbsf 1.4 0
EPSP 85°45.87′E Hole B - APC/XCB core to 206 mbsf 0.9 0
to 206 mbsf Hole C - APC/XCB core to 206 mbsf 1.2 0

Subtotal days on site: 3.4
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Table T3. Summary of site information for Expedition 353. 

Expedition 353 primary sites

Site Latitude Longitude
Water depth

(m)
Target depth

(mbsf)

AA-4B Andaman Sea 10°38.03071′N 93°00.0036366′E 1091 422
AA-2B Andaman Sea 10°47.40586′N 93°00.0000′E 1369 738
BB-7 Mahanadi Basin 19°5.01′N 85°44.09′E 1425 184
BB-5 Mahanadi Basin 17°44.72183′N 84°47.2513332′E 2495 680
BB-2B Mahanadi Basin 18°5981534′N 85°37.29411405′E 1178 184
N90E-2C Southern Bay of Bengal 5°23.0041′N 90°21.7099′E 2963 350

Alternate sites

Site Latitude Longitude
Water depth

(m)
Target depth

(mbsf)

AA-1 Andaman Sea 10°49.33639′N 93°6.7339482′E 1545 544
AA-3 Andaman Sea 10°23.43684′N 93°16.6901004′E 2625 471
AA-5 Andaman Sea 10°43.46856′N 93°5.32998′E 1480 603
BB-1B Mahanadi Basin 18°56.10636′N 85°41.9823′E 1667 222
BB-4 Mahanadi Basin 19°1.46817′N 85°42.8781666′E 1607 172
BB-6 Mahanadi Basin 18°2.21467′N 85°9.738498′E 2400 624
BB-8B Mahanadi Basin 18°55.31928′N 85°45.8676′E 1826 206
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Figure F1. A. Location of Expedition 353 primary and alternate sites and anticipated recovery for site
locations in the Andaman Sea (AA), Mahanadi Basin, Bay of Bengal (BB), and N90E-2C (redrill ODP
Site 758). Map was generated using the Generic Mapping Tools (GMT 4.5.8; gmt.soest.hawaii.edu/)
and the bathymetric GEBCO_08 Grid (version 20100927; www.gebco.net/). (Continued on next
three pages.)
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Figure F1 (continued). B. Location of Andaman Sea sites. Map was generated using the Generic
Mapping Tools (GMT 4.5.8; gmt.soest.hawaii.edu/) and the bathymetric GEBCO_08 Grid (version
20100927; www.gebco.net/). (Continued on next page.)
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Figure F1 (continued). C. Location of the Mahanadi Basin sites. Map was generated using the
Generic Mapping Tools (GMT 4.5.8; gmt.soest.hawaii.edu/) and the bathymetric GEBCO_08 Grid
(version 20100927; www.gebco.net/). (Continued on next page.)
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 and existing National Gas Hydrate Program
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Figure F1 (continued). D. Detailed bathymetry showing proposed site locations
(NGHP) well locations. Bathymetric map after Mazumdar et al. (2014).
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Expedition 353 Scientific Prospectus
Figure F2. Climatological (A) July–August and (B) January–February mean precipitation rates (shad-
ing in mm/day) and 925 hPa wind vectors (arrows). Precipitation and wind climatology are derived
from CMAP (Xie and Arkin, 1997) (1979–2000) and NCEP/NCAR reanalysis (1951–2000), respec-
tively.
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Figure F3. World Ocean Atlas Monthly Mean Salinity for 1955–2006 (Antonov et al., 2010). Pro-
posed site locations in the Andaman Sea (AA), Mahanadi Basin, Bay of Bengal (BB), and N90E-2C
(redrill ODP Site 758) are shown.

Jan Feb Mar

Apr May Jun

Jul Aug Sep

Oct Nov Dec

28

32

28

30

32
31

33

31

33

33 33

3231
33

32

31

343434

33

32

33 32

30

33

32

34

31

33

32

33

32

34

31

33

32
33

32

34

31

33
32

30

33
32

34

31

24

20

20
24

24

28
31

2836

36

36

36
33 32

30

33

32

34

31

24

20

24
28

31
28

24

33

31

33

32

34

36

20

28

31

28

24

36
29
30

31 31

20

32

24

33

34

36

33

28

33

32
3130

30

33

33
32

34

30

28

31

29

24

36

33 30
32

24

28

32

33

33 32

34

30
28

34

2924

36

33

30
32
31

33

31
30 32

3231
29

29

3335

34

35

34

32
28

35

35

32
44



Expedition 353 Scientific Prospectus
Figure F4. Ten-day National Oceanic and Atmospheric Administration HYSPLIT backtracks (2007–
2011). Green indicates rain-bearing air trajectories. Rain-bearing trajectories over India are dominated
by summer season (southwest) winds, whereas both winter (northerly) and summer (southerly) air
masses carry precipitation to the monsoonal region of southeast China. This is consistent with
World Meteorological Organization rainfall records indicating that JJA rainfall accounts for 50% of
the total annual rainfall in this region. The Bay of Bengal location better isolates the summer season
dynamics.
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Figure F5. Main river basins draining into the Bay of Bengal and Andaman Sea. Map was generated
using GeoMapApp, (www.geomapapp.org/) using topography and bathymetry from the Global
multiResolution Topography synthesis (Ryan et al., 2009).
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Figure F6. Summary sketch after Singh et al. (2013) showing the subduction zone through the back-
arc basin to ~40 km depth. DF = Diligent Fault, NAB = Nicobar Andaman Basin, ANF = Andaman-
Nicobar Fault.
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Figure F7. Summer monsoon moisture budget and transport path (inset) after Ding et al. (2004).
Moisture budget averaged for 1990–1999 (June, July, and August; units are 106 kg/s). The southern
Indian Ocean is the dominant moisture (latent heat) source. The Bay of Bengal, Indochina, the
South China Sea, and China are all moisture sinks. No significant Pacific moisture source is indi-
cated. Summer monsoon moisture transport patterns (inset) averaged for 1990–1999 (the 5th
pentad of May through the 2nd pentad of July; units are kg/m/s).
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Figure F8. Major rivers on the Indian subcontinent. Location base map from worldmap.har-
vard.edu/maps/new/.
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Figure F9. Monthly precipitation data for 1948–2011 (as available) for locations with drainage into
the (A) Bay of Bengal (Cherrapunji precipitation is off scale, reaching a maximum of 277 cm/month
in July) and the (B) Arabian Sea. Data from World Meteorological Organization (climexp.knmi.nl/).
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Figure F10. World Ocean Atlas Monthly Mean Temperature (°C) for 1955–2006 (Locarini et al.,
2010). Summer and winter monsoon current systems follow Schott and McCreary (2001). Proposed
site locations in the Andaman Sea (AA), Mahanadi Basin, Bay of Bengal (BB), and N90E-2C (redrill
ODP Site 758) are shown. EICC = East Indian Coastal Current, WICC = West Indian Coastal Current,
SMC = Southwest Monsoon Current, WMC = Winter Monsoon Current.

28

29

28

29

70˚E
Longitude

La
tit

ud
e

26

28

28

26

28

28

July January

AA

SMC

WICC

EICC
BB

N90E-2C

AA

BB

N90E-2CWMC

WICC
EICC

100˚95˚90˚85˚80˚75˚ 70˚E
Longitude

100˚95˚90˚85˚80˚75˚

25˚
  N

20˚

15˚

10˚

5˚

0˚

25˚
  N

20˚

15˚

10˚

5˚

0˚
51



Expedition 353 Scientific Prospectus
Figure F11. Indian Ocean deep and bottom water circulation (from Frank et al., 2006). Blue arrows
represent the deep and bottom water flow patterns in the Indian Ocean. After Mantyla and Reid
(1995).
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Figure F12. Salinity, silicate, and oxygen from eastern Indian Ocean WOCE meridional Transect I09,
eastern Indian Ocean (from eWOCE Gallery, www.ewoce.org/gallery/ [Schlitzer, 2000]).
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Figure F13. Mean (A) temperature (°C) and (B) salinity (psu) in the upper thermocline on isopycnal
Surface 25.7, located in the depth range 150–200 m (after You and Tomczak, 1993). Arrows indicate
movement of Indian Central Water (black) and Indonesian Throughflow Water (red). From Xu et al.
(2006).
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Figure F14. δ18O-salinity relationships for the Bay of Bengal after (A) Singh et al. (2010) and (B) De-
laygue et al. (2001).
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Figure F15. Ba-salinity relationships for the Bay of Bengal after Carroll et al. (1993).
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Site summaries

Site AA-2B 

Priority: Primary

Position: 10°47.4059′N, 93°00.0000′E
Water depth (m): 1369

Target drilling depth (mbsf): 738

Approved maximum 
penetration (mbsf):

738

Survey coverage (track map; 
seismic profile):

Lines AN-01-26A and AN-01-25A (site map Fig. F1B, seismic lines Fig. AF2)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Irrawaddy/Salween drainage basins since the Miocene, 
eastern Bay of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Andaman Sea since the Miocene.

Drilling program: Holes A, B: APC core to refusal/XCB core to 738 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation, wireline logging using the triple combo and FMS-

sonic

Nature of rock anticipated: Nannofossil and foraminifer oozes, volcanic ashes
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Site summaries (continued)

Site AA-4B 

Priority: Primary

Position: 10°38.0307′N, 93°00.0036′E
Water depth (m): 1091

Target drilling depth (mbsf): 422

Approved maximum 
penetration (mbsf):

422

Survey coverage (track map; 
seismic profile):

Lines AN-01-26A and AN-99-17A (site map Fig. F1B, seismic lines Fig. AF3)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Irrawaddy/Salween drainage basins since the Miocene, 
eastern Bay of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Andaman Sea since the Miocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 422 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation
Hole C: FlexIT orientation

Nature of rock anticipated: Nannofossil and foraminifer oozes, volcanic ashes
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Site summaries (continued)

Site AA-1 

Priority: Alternate

Position: 10°49.3364′N, 93°6.7339′E
Water depth (m): 1545

Target drilling depth (mbsf): 544

Approved maximum 
penetration (mbsf):

544

Survey coverage (track map; 
seismic profile):

Line AN-01-34A (site map Fig. F1B, seismic lines Fig. AF4)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Irrawaddy/Salween drainage basins since the Miocene, 
eastern Bay of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Andaman Sea since the Miocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 544 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation
Hole C: FlexIT orientation, wireline logging using the triple combo and FMS-

sonic
Nature of rock anticipated: Nannofossil and foraminifer oozes, volcanic ashes
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Site summaries (continued)

Site AA-3 

Priority: Alternate

Position: 10°23.4368′N, 93°16.6901′E
Water depth (m): 2625

Target drilling depth (mbsf): 471

Approved maximum 
penetration (mbsf):

471

Survey coverage (track map; 
seismic profile):

Lines AN-01-26A and AN-01-25A (site map Fig. F1B, seismic lines Fig. AF5)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Irrawaddy/Salween drainage basins since the Miocene, 
eastern Bay of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Andaman Sea since the Miocene.

Drilling program: Holes A, B: APC core to refusal/XCB core to 471 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation, wireline logging using the triple combo and FMS-

sonic

Nature of rock anticipated: Nannofossil and foraminifer oozes, volcanic ashes
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Site summaries (continued)

Site AA-5 

Priority: Alternate

Position: 10°43.4686′N, 93°5.3300′E
Water depth (m): 1480

Target drilling depth (mbsf): 603

Approved maximum 
penetration (mbsf):

603

Survey coverage (track map; 
seismic profile):

Lines AN-01-32A and AN-99-15A (site map Fig. F1B, seismic lines Fig. AF6)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Irrawaddy/Salween drainage basins since the Miocene, 
eastern Bay of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Andaman Sea since the Miocene.

Drilling program: Holes A, B: APC core to refusal/XCB core to 603 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation, wireline logging using the triple combo and FMS-

sonic

Nature of rock anticipated: Nannofossil and foraminifer oozes, volcanic ashes
61



Expedition 353 Scientific Prospectus
Site summaries (continued)

Site BB-7 

Priority: Primary

Position: 19°5.0100′N, 85°44.0923′E
Water depth (m): 1425

Target drilling depth (mbsf): 184

Approved maximum 
penetration (mbsf):

184

Survey coverage (track map; 
seismic profile):

Lines L1500-1900-Tr2774-T0-2800 and L1737-Tr2400-3400-T0-2800 (site map 
Fig. F1C, seismic lines Fig. AF7, bathymetric map Fig. F1D)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 184 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Holes B, C: FlexIT orientation

Nature of rock anticipated: Biogenic clay and oozes; clays subordinate
62



Expedition 353 Scientific Prospectus
Site summaries (continued)

Site BB-5 

Priority: Primary

Position: 17°44.7218′N, 84°47.2513′E
Water depth (m): 2495

Target drilling depth (mbsf): 680

Approved maximum 
penetration (mbsf):

680

Survey coverage (track map; 
seismic profile):

Not yet available

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B: APC core to refusal/XCB core to 680 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation and wireline logging using the triple combo and 

FMS-sonic

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
63



Expedition 353 Scientific Prospectus
Site summaries (continued)

Site BB-2B 

Priority: Primary

Position: 18°59.8153′N, 85°37.2941′E
Water depth (m): 1178

Target drilling depth (mbsf): 184

Approved maximum 
penetration (mbsf):

184

Survey coverage (track map; 
seismic profile):

Lines L2200-2400-Tr2707-T0-2500 and L2348-Tr2350-3400-T0-2600 (site map 
Fig. F1C, seismic lines Fig. AF8, bathymetric map Fig F1D)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 184 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Holes B, C: FlexIT orientation

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
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Site summaries (continued)

Site BB-1B 

Priority: Alternate

Position: 18°56.1064′N, 85°41.9823′E
Water depth (m): 1667

Target drilling depth (mbsf): 222

Approved maximum 
penetration (mbsf):

222

Survey coverage (track map; 
seismic profile):

Lines L2200-2700-Tr3554-T0-2900 and L2403-Tr3200-3900-T0-2900 (site map 
Fig. F1C, seismic lines Fig. AF9, bathymetric map Fig F1D)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate and 
runoff from the Mahanadi drainage basins since the Pliocene, northern Bay 
of Bengal.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal since the Pleistocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 222 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Holes B, C: FlexIT orientation

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
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Site summaries (continued)

Site BB-4 

Priority: Alternate

Position: 19°1.4682′N, 85°42.8782′E
Water depth (m): 1607

Target drilling depth (mbsf): 172

Approved maximum 
penetration (mbsf):

172

Survey coverage (track map; 
seismic profile):

Not yet available

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 172 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Holes B, C: FlexIT orientation

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
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Site summaries (continued)

Site BB-6 

Priority: Alternate

Position: 18°2.2147′N, 85°9.7384′E
Water depth (m): 2400

Target drilling depth (mbsf): 624

Approved maximum 
penetration (mbsf):

624

Survey coverage (track map; 
seismic profile):

Not yet available

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B: APC core to refusal/XCB core to 624 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation, wireline logging using the triple combo and FMS-

sonic

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
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Site summaries (continued)

Site BB-8B 

Priority: Alternate

Position: 18°55.3193′N, 85°45.8676′E
Water depth (m): 1826

Target drilling depth (mbsf): 206

Approved maximum 
penetration (mbsf):

206

Survey coverage (track map; 
seismic profile):

Lines trace355 and line2148 (site map Fig. F1C, seismic lines Fig. AF10, 
bathymetric map Fig. F1D)

Objective(s): 1. High-resolution reconstruction of oceanic monsoonal paleoclimate in the 
Bay of Bengal during the Pleistocene.

2. High-resolution reconstruction of oceanic circulation at intermediate depths 
in the Bay of Bengal during the Pleistocene.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 206 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Holes B, C: FlexIT orientation

Nature of rock anticipated: Biogenic clays and oozes, clays subordinate
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Site summaries (continued)

Site N90E-2C 

Priority: Primary

Position: 5°23.0041′N, 90°21.7099′E
Water depth (m): 2963

Target drilling depth (mbsf): 350

Approved maximum 
penetration (mbsf):

Pending EPSP approval

Survey coverage (track map; 
seismic profile):

Line ar55.0881.knox06rr and ar55.0885.knox06rr (site map Fig. F1A, seismic 
lines Fig. AF11)

Objective(s): 1. Reconstruction of oceanic monsoonal paleoclimate in the southern Bay of 
Bengal during the Paleocene and Oligocene to present.

2. Reconstruction of oceanic monsoonal circulation at intermediate depths in 
the southern Bay of Bengal during the Paleocene and Oligocene to present.

Drilling program: Holes A, B, C: APC core to refusal/XCB core to 350 mbsf

Logging program and 
downhole measurements 
program:

Hole A: APCT-3 temperature measurements and FlexIT orientation 
Hole B: FlexIT orientation
Hole C: FlexIT orientation, wireline logging with triple combo and FMS-sonic

Nature of rock anticipated: • Unit 1 (0–96 mbsf): nannofossil ooze with foraminifers and clay and clayey
nannofossil ooze with foraminifers; nannofossil ooze with clay, foramin-
ifers, and micrite

• Unit 2 (96–350 mbsf): nannofossil chalk and calcareous nannofossil chalk;
calcareous chalk with nannofossils, foraminifers, and clay
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Figure AF1. Planned transit path of the R/V JOIDES Resolution during Expedition 353.
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Figure AF2. Seismic crossing Lines AN-01-26A and AN-01-25A with the location of proposed
primary Site AA-2B.
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Figure AF3. Seismic crossing Lines AN-99-17A and AN-01-26A with the location of proposed
primary Site AA-4B. Faults are highlighted in green.
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Figure AF4. Seismic profile Line AN-01-34A displaying the position of proposed Site AA-1 and the
Indian National Gas Hydrate Program (NGHP) Site 01-17. The 5.3 Ma horizon is highlighted in
yellow and the bottom-simulating reflector (BSR) is highlighted in blue.
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Figure AF5. Seismic crossing Lines PGS08-28 and PGS08-13 with the location of proposed Site AA-3.
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Figure AF6. Seismic crossing Lines AN-99-15:A and AN-01-32:A with the location of proposed Site
AA-5.
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Figure AF7. Seismic crossing Lines L1500-1900-Tr2774-T0-2800 and L1737-Tr2400-3400-T0-2800
with the location of proposed primary Site BB-7.
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Figure AF8. Seismic crossing Lines L2200-2400-Tr2707-T0-2500 and L2348-Tr2350-3400-T0-2600
with the location of proposed primary Site BB-2B. Bottom-simulating reflector (BSR) is highlighted
in blue.
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Figure AF9. Seismic crossing Line L2200-2700-Tr3554-T0-2900 with the location of proposed Site
BB-1B. Bottom-simulating reflector (BSR) is highlighted in green.
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Figure AF10. Seismic crossing Lines line2148 and trace335 with the location of proposed Site BB-8B
and National Gas Hydrate Program (NGHP) Site 01-08.
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Figure AF11. Seismic crossing Lines ar55.0881.knox06rr and ar55.0885.knox06rr with the location
of proposed primary Site N90E-2C and Ocean Drilling Program (ODP) Hole 758A. Site N90E-2C is
800 m northwest of Site 758.
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Figure AF12. Correlation of seismic records (strike lines close to projected drill sites) in the Maha-
nadi Basin. Correlation lines are tentative. TWT = two-way traveltime. Depths are in meters below
seafloor.
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Expedition scientists and scientific participants

The current list of participants for Expedition 353 can be found at iodp.tamu.edu/
scienceops/precruise/indianmonsoon/participants.html.
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