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Abstract

Drilling the input materials of the north Sumatran subduction
zone, part of the 5000 km long Sunda subduction zone system and
the origin of the Mw ~9.2 earthquake and tsunami that devastated
coastal communities around the Indian Ocean in 2004, was de-
signed to groundtruth the material properties causing unexpectedly
shallow seismogenic slip and a distinctive forearc prism structure.
The intriguing seismogenic behavior and forearc structure are not
well explained by existing models or by relationships observed at
margins where seismogenic slip typically occurs farther landward.
The input materials of the north Sumatran subduction zone are a
distinctively thick (as thick as 4—5 km) succession of primarily Ben-
gal-Nicobar Fan-related sediments. The correspondence between
the 2004 rupture location and the overlying prism plateau, as well as
evidence for a strengthened input section, suggest the input materi-
als are key to driving the distinctive slip behavior and long-term
forearc structure. During Expedition 362, two sites on the Indian
oceanic plate ~250 km southwest of the subduction zone, Sites
U1480 and U1481, were drilled, cored, and logged to a maximum
depth of 1500 meters below seafloor. The succession of sedi-
ment/rocks that will develop into the plate boundary detachment
and will drive growth of the forearc were sampled, and their pro-
gressive mechanical, frictional, and hydrogeological property evolu-
tion will be analyzed through postcruise experimental and
modeling studies. Large penetration depths with good core recov-
ery and successful wireline logging in the challenging submarine fan
materials will enable evaluation of the role of thick sedimentary
subduction zone input sections in driving shallow slip and amplify-
ing earthquake and tsunami magnitudes, at the Sunda subduction
zone and globally at other subduction zones where submarine fan—
influenced sections are being subducted.

Introduction

On 26 December 2004, an Mw ~9.2 earthquake struck Sumatra
and the Andaman-Nicobar Islands (e.g., Lay et al., 2005) (Figure F1).
The resulting tsunami inundated coastal communities around the
Indian Ocean, killing more than 250,000 people. The high-moment
release, southern 2004 rupture region was centered beneath an un-
usually wide (~150 km) forearc plateau, representing the surface of
the modern accretionary wedge bounded by steep slopes (e.g.,
Moore et al., 1980; Henstock et al., 2006; Fisher et al., 2007), which
contrasts with the wedge structure of many other accretionary mar-
gins. The December 2004 earthquake was followed by the Mw 8.7
Nias earthquake in March 2005 (e.g., Hsu et al., 2006; Briggs et al.,
2006) and by others in 2007 (e.g., Konca et al, 2008) and 2010
(Newman et al.,, 2011). These earthquakes all ruptured megathrust
sections between the Indo-Australian and Burma-Sunda plates (Fig-
ures F1, F2). The 2004 and 2005 events were the first great earth-
quakes to be analyzed using advanced seismological and geodetic
techniques and the first of a series of global Mw ~9 earthquakes
forcing reevaluation of subduction earthquake models. In 2012, a
sequence of large-magnitude oceanic plate earthquakes (including
Mw 8.2 and 8.6) ruptured basement west of the 2004 rupture zone
(e.g., Wei et al., 2013; Carton et al., 2014). The 2004 earthquake, fol-
lowed by the 2011 Tohoku-Oki earthquake (Mw 9), both showed
unexpectedly large magnitudes and shallow seismogenic slip be-
neath the prism that extended potentially out to the trench (e.g., Fu-
jiwara et al., 2011; Bleterey et al., 2016).

The focus of drilling during International Ocean Discovery Pro-
gram (IODP) Expedition 362 was within the oceanic plate offshore
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the north Sumatran forearc (Figures F3, F4). The sedimentary suc-
cession on the 60—70 Ma basaltic crust of the oceanic plate com-
prises a basal pelagic layer overlain by sediments of the Nicobar Fan.
This succession may be comparable to some other subduction mar-
gins, but here the sediments are thicker (as thick as 4-5 km at the
deformation front offshore North Sumatra), are thought to have ac-
cumulated over a longer time based on along-margin (longitudinal)
sediment transport from the Himalayan collision zone (unlike the
Cascadia and Alaska margins with large influxes of Quaternary sed-
iment transported across the forearc (lateral input) onto the oce-
anic/subducting plate), and are expected to be in thermal
equilibrium. The Sunda margin is therefore likely to have physical
and mechanical properties different from other studied input sec-
tions, such as Nankai, Japan, Costa Rica, and Cascadia, but is of di-
rect relevance to several other undersampled, thickly sedimented
subduction margins with limited earthquake records and unknown
hazard potential (e.g., the southern Lesser Antilles and the Makran).

The central aim of Expedition 362 was to collect core and log
data of the incoming oceanic plate section to help understand the
nature of seismogenesis in North Sumatra, with a longer term goal
of understanding seismogenic processes on related margins. This
drilling project collected samples and data required to investigate
how input materials drive shallow seismogenic slip and influence
forearc morphology. The ultimate goal is to understand hazard po-
tential for this margin and eventually others with similar strength
behavior and morphology.

Scientific objectives

The primary objectives of Expedition 362 were to establish (1)
the initial and evolving properties of the north Sumatran incoming
sedimentary section and (2) the potential effect of these properties
on seismogenesis, tsunamigenesis, and forearc development for
comparison with global examples. To address these objectives, two
riserless drill sites (U1480 and U1481; Figures F4, F5) were drilled
to sample and log the oceanic plate input succession of the southern
portion of the 2004 earthquake rupture zone. The succession is
composed of the distal part of the trench wedge, the Bengal-Nico-
bar Fan succession, the prefan pelagic succession, and the top of ba-
saltic basement (Figures F6, F7). Operations at the combined sites
were planned to sample the complete sedimentary succession, sedi-
ment/basement interface, and oceanic crustal basalt. The two sites
were designed to test for local variations in stratigraphy, lithology,
physical properties, thermal state, and fluid geochemistry at two
neighboring but different locations. The sedimentary succession in-
cludes lithologic horizons that may develop into the plate boundary
décollement for the north Sumatran margin. The primary candi-
dates are (1) a horizon within the deepest sediments overlying oce-
anic basement (Seismic Horizon C; Figures F6, F7, F8, F9) that
develops into a high-amplitude, negative-polarity reflector closer to
the trench, which is interpreted as a weak, high-porosity, and prob-
ably fluid-rich layer (Dean et al., 2010), and (2) a horizon within the
deeper fan sediments (Cook, 2014). In other parts of the margin,
such as offshore Central Sumatra (Cook et al.,, 2014), the sedi-
ment/basement interface acts as the décollement, and this interface
may become important as a detachment surface at greater depth
within the subduction zone, including offshore North Sumatra. In
addition, the internal and basal properties of the north Sumatran
forearc are thought to drive the unusually wide prism plateau and
the landward vergence of outer prism thrust faults (e.g., McNeill
and Henstock, 2014; Fisher et al., 2007; Gaedicke et al., 2006). Post-
cruise experimental analyses and numerical models will be used to
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extrapolate the input section properties—constrained by core sam-
ples and logging data—to the higher stresses and temperatures that
these materials would experience during burial and subduction
through time. We anticipate that the increased pressure and tem-
perature contribute to diagenetic processes that create a strong
prism core and promote shallow seismogenic slip. See McNeill et al.
(2016) for full details.

Primary objectives

1. To determine the lithology, sedimentation rates, and physical,
chemical, and thermal properties of the input section, and to de-
termine how temporal changes in sedimentation rate and litho-
logy influence the physical properties of the section.

Changes in sedimentation rate, lithology, and physical and ther-
mal properties of the sediments are influenced by sediment source
and supply, including the Bengal-Nicobar Fan system, and in turn
are controlled by local and regional tectonics and climate. These pa-
rameters then influence the growth of the prism through time and
the physical properties of the prism interior and base, with the latter
influencing décollement properties.

2. To assess compaction, induration, and diagenetic state of the
deep input sediments that eventually form the interior and base
of the accretionary prism and develop into the décollement.

These states will advance as the input section thickens and is ac-
creted. Strengthening of the sedimentary section would contribute
to a strong prism core and promote shallow seismogenic slip. On-
board results will be complemented by a series of postcruise experi-
mental and numerical analyses to evaluate how these states evolve
along varying temperature and pressure paths.

3. To determine similarities and any distinct differences in lithology
and physical properties within the stratigraphic section, in par-
ticular between the Bengal-Nicobar Fan sediments and the more
slowly deposited pelagic sediments.

Strong contrasts downsection or weak intervals (layers or
boundaries) may promote décollement/detachment development,
which is potentially important for both plate boundary fault forma-
tion and the evolution of the forearc prism.

Secondary objectives

1. To evaluate the state of stress in the oceanic plate and the inter-
actions between regional deformation processes.

The Indo-Australian plate deforms in response to a wide range
of processes, including Sumatran subduction, India-Eurasia colli-
sion, plate flexure, and oceanic plate fault reactivation. The latter in-
cludes fracture zone reactivation and a series of complex large-
magnitude earthquakes that occurred in 2012 (e.g., Delescluse et al.,
2012).

2. To expand eastern Indian Ocean records of paleoclimate and re-
gional tectonics using the history of sediment supply to the Neo-
gene Nicobar Fan within the Bengal-Nicobar Fan system in order
to assess possible temporal changes in monsoonal strength and
erosion, uplift, and denudation rates of the Himalayas and Ti-
betan Plateau.
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Background
Evidence for shallow seismogenic slip

A generally accepted model of subduction zone slip behavior
(e.g., Moore and Saffer, 2001) places the thermally and material
property—controlled seismogenic zone landward, with the outer-
most forearc décollement expected to be aseismic in velocity-
strengthening unconsolidated materials (Wang and Hu, 2006) (e.g.,
the Nankai and South Chile margins). Wells et al. (2003) and Song
and Simons (2003) propose that megathrust slip is focused beneath
the gravity low of a (forearc) basin. However, recent Mw 9+ sub-
duction megathrust earthquakes have challenged these models. The
2011 Tohoku-Oki earthquake showed that rapid and large slip could
occur close to or at the trench, and the majority of the (southern)
2004 Sumatra-Andaman earthquake moment release occurred be-
neath the prism (e.g., Chlieh et al., 2007; Fujii and Satake, 2007) (Fig-
ure F1). Further evidence supporting shallow slip offshore North
Sumatra includes aftershock sequences within the outer prism (e.g.,
Peiscek et al., 2010; Engdahl et al., 2007; Tilmann et al., 2010) and
small-scale fault scarps offsetting the seafloor generated by active
thrust faults close to the deformation front (Henstock et al., 2006).
Slip during the 2005 Sumatra rupture was different: it was concen-
trated beneath the forearc islands and not beneath the seaward-ta-
pered prism or the forearc basin (e.g., Briggs et al., 2006). Other
margins have experienced ruptures beneath the forearc high similar
to the 2005 rupture (e.g., Kamchatka 1952 and Chile 2010). Drilling
the north Sumatran margin and focusing initially on its input mate-
rials will provide an accretionary margin site complementary to
drilling at accretionary margins with thinner input sections (e.g.,
Nankai) and to the erosional Japan Trench margin, where extremely
weak materials appear to have enabled very shallow and large slip
(e.g., Chester et al., 2013).

The correspondence between the southern 2004 rupture loca-
tion and the overlying prism plateau suggests a fundamental rela-
tionship between material properties, seismogenesis, and long-term
evolution of the forearc. Coulomb wedge theory (Davis et al., 1983;
Dahlen, 1984) predicts that variations in forearc surface slope re-
flect changes in basal fault dip or in the balance between the inter-
nal wedge strength and shear stress on the plate boundary. Wang
and Hu (2006) predict an outer Coulomb wedge and an inner stable
region that stores and releases elastic strain; accretion of “strong”
input materials might limit the scale of the outer wedge, bringing
stable behavior and coseismic slip seaward.

Inputs to subduction zones and the role of a thick
sedimentary input section

The significance of input sediments for development of prism
structure and morphology and décollement slip behavior in accre-
tionary margins is well known. A number of ocean drilling projects
have targeted input sites to address such questions (reviewed by
Underwood, 2007). Key parameters for fault development and seis-
mogenesis include clay and silica mineralogy (affecting diagenetic
fluid release and frictional properties), hydrogeology (permeability,
flow pathways, and pore fluid pressure), and thermal structure. The
significance of thick input stratigraphy, where basal sediments are
subjected to high temperatures and may be partially lithified, has re-
cently been highlighted, for example at the north Sumatran margin
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where the input section is 4—5 km thick and includes high-velocity
sediments at depth (Dean et al., 2010; Gulick et al., 2011; Geersen et
al,, 2013) and at the Makran margin where thicknesses reach >7 km
(Smith et al., 2012, 2013). At locations where thick sediment sec-
tions have accumulated over long time periods and are in thermal
equilibrium for long periods of time, thus enhancing reaction prog-
ress for kinetically-driven diagenetic reactions, we might expect a
higher degree of diagenesis and lithification that creates a seaward,
shallowing shift in the transition from aseismic to seismogenic be-
havior, potentially to the trench. This strengthening effect could,
however, be counteracted by buildup of high pore fluid pressures
(e.g., Davis et al., 1983; Bangs et al., 2004; Saffer and Bekins, 2006).
Within a submarine fan succession, including the relatively distal
Nicobar Fan of the north Sumatran input section, there may be
coarse-grained material that has contrasting shear strength, cemen-
tation, permeability (and hence fluid flow), and consolidation
trends relative to finer grained materials (e.g., Spinelli et al., 2007).
Coarser grained sediments may facilitate dewatering, minimize
buildup of pore fluid pressure, and increase induration. The unusual
development of sandstone confined to channels that run sub-paral-
lel to the trench creates unique dewatering pathways when com-
pared with subduction margins where channels run more
perpendicular to the trench. Some sections of the north Sumatran
input section are highly faulted (Figures F6, F7, F8, F9); these faults
may act as vertical permeability pathways that facilitate dewatering
of this thick input system. Ultimately, the strength of deeply buried
input sediments is a balance between (1) overpressure, such as may
be generated by consolidation and dehydration reactions, which
weakens materials, and (2) induration and cementation, which
strengthen materials. In this input section, this balance is likely pri-
marily controlled by permeability and heating.

North Sumatran margin forearc structure

Forearc structure and topography are strongly linked to plate in-
terface seismogenic behavior (e.g., Wang and Hu, 2006), and both in
turn reflect input material properties and their evolution. Several
structural models have been proposed for what may control or con-
tribute to the distinctive forearc plateau of the north Sumatran
prism (including a passive roof duplex or bivergent wedge model;
Fisher et al., 2007). These models for forearc growth are influenced
by changes in sediment supply to the margin in terms of volume and
properties; for example, passive roof duplexes along collisional
mountain fronts are associated with thick, lithified foreland basin
successions (Vann et al., 1986). The outer north Sumatran prism
(and Nicobar prism to the north) is characterized by common land-
ward-vergent or seaward-dipping thrusts (e.g., Karig et al., 1980;
Moore et al., 1980; Henstock et al., 2006; McNeill and Henstock,
2014; Frederik et al., 2015). On other parts of the margin, seaward or
mixed vergence is more common (e.g., Cook et al., 2014). This style
of faulting is relatively unusual, although common to parts of the
Cascadia subduction margin, and has been linked to low basal shear
stress (e.g., Seely, 1977), a ductile basal layer (Gutscher et al., 2001),
or development of a seaward-dipping backstop (Byrne and Hibbard,
1987). The unusual forearc geometry and fault style are both a func-
tion of material properties of the prism. Drilling results will help de-
fine the properties of incoming material that make up the forearc
and its base, thus allowing models of forearc formation and prism
fault geometry to be tested.
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Bengal-Nicobar Fan depositional history

Regional initiation of the Bengal Fan is thought to be late Paleo-
cene—middle Eocene (Curray and Moore, 1974). The Ninetyeast
Ridge (NER) separates the Bengal Fan to the west from the Nicobar
Fan to the east. The sediment accumulation rates of the fan system
are most likely linked to tectonic uplift and erosion, monsoon inten-
sity and resulting changes in continental run-off, potential glacial
activity of the high altitude regions, and any catastrophic failure of
the continental slope that released large sediment volumes in the
sediment source areas. Analysis of drilling results prior to Expedi-
tion 362 and regional seismic profiles suggested there was a late
Miocene regional unconformity, linked to changes in collisional
and/or intraplate deformation (e.g., France-Lanord et al., 2000). An
apparently regional Pleistocene unconformity is also identified in
seismic data (Curray and Moore, 1982) and in boreholes (e.g.,
Ocean Drilling Program [ODP] Leg 116 sites in Figure F3; Cochran,
1990). Accumulation rates on the Bengal Fan were relatively low
from 7—8 Ma until ~1 Ma (e.g., Leg 116 drill sites; France-Lanord et
al,, 1993). Overall sediment supply rates may have been increasing
due to apparent intensification of the Indian monsoon in the late
Miocene (e.g., Kroon et al., 1991), but the NER is proposed to have
blocked late Pleistocene—Recent transport of sediments to the
Nicobar Fan and Sunda Trench (Curray and Moore, 1974; Moore et
al, 1982). Southward progradation of the submarine fan is sug-
gested to lead to a gradually decreasing age of the onset of fan depo-
sition with distance south (e.g., von der Borch, Sclater, et al., 1974).

The nature and impact of intraplate deformation and climatic
changes in the region at 7-8 Ma remain enigmatic. Sampling the
Nicobar Fan can contribute to our understanding of monsoon initi-
ation and intensification and Himalayan-Tibetan Plateau uplift his-
tory: if the late Miocene—Pliocene history is condensed in the
Bengal Fan, then the Nicobar Fan section may prove crucial in de-
riving a more complete terrestrial erosional and submarine depo-
sitional history. A more complete history of sediment input buildup
(linked to fan deposition) can also be correlated with information
on when the current accretionary prism began to form, such as
from exhumed material on the forearc islands (e.g., Karig et al.,
1980).

Recent drilling of the Bengal Fan (e.g., IODP Expeditions 353
and 354) (Clemens, Kuhnt, LeVay, and the Expedition 353 Scien-
tists, 2016; France-Lanord, Spiess, Klaus, Schwenk, and the Expedi-
tion 354 Scientists, 2016) provides new data on fan system history
(Figure F3); these results will be incorporated into those from Expe-
dition 362 to help direct postcruise research and to integrate results
from the wider Indian Ocean region.

Site survey data and seismic stratigraphy

Most of the modern seismic reflection data within the region
were collected between 2006 and 2009 and focus on the trench and
forearc regions (e.g., Singh et al, 2008, 2010; Dean et al., 2010;
Franke et al., 2008; Fisher et al., 2007; Gulick et al., 2011; Frederik et
al,, 2015). Details of the site survey seismic reflection data and data
sources used for placing the Expedition 362 sites are provided in
McNeill et al. (2016). Offshore North Sumatra, seismic profiles
crossing the deformation front and trench (Figures F6, F7) show
that the trench wedge overlies an angular unconformity (seismic
Horizon A) that can be traced across the incoming plate (Dean et
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al,, 2010; Geersen et al., 2015) to the Expedition 362 drill sites. Be-
low seismic Horizon A, the well-layered, strongly reflective succes-
sion including channel complexes is interpreted as Nicobar Fan
sediments with a change to less reflective sediments at depth (at
seismic Horizon B or B*), which extend to acoustic basement (seis-
mic Horizon D) and were interpreted prior to the expedition as pe-
lagic sediments. The high-amplitude reflector described by Dean et
al. (2010) and above, which may act as a décollement surface within
the subduction zone, can also be traced from the trench and outer
prism to the drill sites within the deep sediment section, where its
polarity becomes positive and its amplitude reduces (seismic Hori-
zon C). These horizons are shown in Figures F6, F7, F8, and F9 and
described in more detail in Site U1480 summary and Site U1481
summary.

Principal results
Site U1480 summary

Background and objectives

Site U1480 (proposed Site SUMA-11C) is located on the Indian
oceanic plate, east of the NER and west of the north Sumatran sub-
duction margin (Figures F3, F4). The primary drilling objective at
Site U1480 was to recover a complete section of the oceanic plate
sedimentary section and the uppermost basaltic basement. Moving
toward the trench, this stratigraphic section is overlain by the rela-
tively rapidly deposited trench wedge, and eventually this section is
subducted/accreted at the margin offshore North Sumatra. At the
subduction deformation front, the sedimentary section is 4—5 km
thick. Based on pre-expedition seismic interpretation (Figures F6,
F8), the sedimentary section at Site U1480 includes, from top to
bottom,

« A thin, distal-sediment section of the trench wedge, which over-
lies an angular unconformity (seismic Horizon A);

« The Nicobar Fan succession, which includes a reflective section
and an underlying nonreflective section separated by seismic
Horizon B (the section below Horizon B was interpreted pre-ex-
pedition as pelagic); and

« The pelagic prefan succession extending from seismic Horizon
C to oceanic basement (seismic Horizon D).

The prominent seismic Horizon C is one of the potential candi-
dates for the localization of the décollement (Dean et al., 2010). This
site was targeted for drilling because it provides constraints on the
initial physical, chemical, thermal, and mechanical properties and
potentially the state of stress of the lower part of the input section
where the plate boundary décollement develops, and it allows us to
understand the material properties that may contribute to the for-
mation of the unusual wide forearc plateau. Because the section
thickens significantly on approaching the subduction zone (Figure
F6), postcruise experiments and numerical modeling will evaluate
the impact of increasing burial, temperature, and diagenetic alter-
ation. Site U1480 will therefore allow us to address the three pri-
mary objectives (see Scientific objectives) to determine how the
properties of the input section may lead to shallow seismogenic slip
and unusual forearc/prism development. Site U1480 also offers the
opportunity to obtain a complete section of the Nicobar Fan succes-
sion at 3°N where the onset of fan deposition was expected to be at
~30-40 Ma (based on previous drilling and gradual fan pro-
gradation). The Nicobar Fan is separated from the Bengal Fan by the
NER, and understanding its onset and growth is important for a
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complete sedimentary history of fan deposition related to Hima-
layan uplift, erosion, and monsoon development.
Site-specific objectives include

« Identifying the principal lithologies that may be involved in de-

velopment of the broad prism and the plate boundary fault,

Establishing how the mechanical/strength properties of the dif-

ferent lithologies change with depth to determine trends and the

effects of burial rate and burial time and identifying potential

discontinuities that may be candidates for detachment posi-

tions,

Identifying any thermal history indicators and effects of early

diagenesis and establishing the present-day thermal structure of

the section,

Identifying fluid sources and changes with depth, and

» Determining the principal sources of sediment delivered to the
site (in particular sediments above seismic Horizon C) and
changes in source with time. Potential sources include the Hi-
malaya and Ganges-Brahmaputra floodplain through the Bengal
Fan system, the Irrawaddy River fed by the Indo-Burman range,
the Sunda forearc, the Sumatran mainland (including volcanic
arc), and the NER.

-

*

-

Site U1480 is located at 3°2.04'N, 91°36.35’E, in a water depth of
4148 m (Figures F3, F5). The operational goals at this site were to
core the entire sedimentary section and reach the sediment/base-
ment interface and to log the section. Hole U1480E was cored to
99.7 meters below seafloor (mbsf) but was terminated short of its
target depth (see Operations). Hole U1480F penetrated to 815
mbsf. Hole U1480G had a reentry system installed and was cased to
754 mbsf, followed by coring to 1431.6 mbsf, ~17 m into igneous
basement. Hole U1480H penetrated to 129.4 mbsf and is an addi-
tional shallow hole for biostratigraphy, paleomagnetics, geochemis-
try, and microbiology. Limited logging was conducted in Hole
U1480G (a limited tool string within the casing and to ~50 m below
casing), and formation temperature measurements were taken in
Holes U1480E, U1480F, and U1480H. Holes U1480A-U1480D
missed the mudline and were not studied extensively.

Operations

The R/V JOIDES Resolution completed the 842 nmi transit from
Colombo, Si Lanka, in 65.8 h at an average speed of 12.8 kt. The
vessel arrived at Site U1480 at 0615 h on 12 August 2016 (all times
reported are ship local time, which is UTC + 7 h at Site U1480), and
an acoustic seafloor-positioning beacon was deployed. Site U1480
consists of eight holes (U1480A—-U1480H) (Table T1).

An advanced piston corer/extended core barrel (APC/XCB)
bottom-hole assembly (BHA) was made up, and Holes U1480A,
U1480B, U1480C, and U1480D were spudded at 0050, 0235, 0400,
and 0535 h, respectively. In each case, a full core was recovered and
the hole was terminated because the mudline was missed. After cor-
recting an error in the pipe tally and seafloor depth calculation,
Hole U1480E was spudded at 0710 h on 13 August, and APC Cores
362-U1480E-1H through 12H advanced to 99.7 mbsf. Nonmagnetic
core barrels were used for all cores, and Cores 1H through 8H were
oriented with the Icefield MI-5 tool. Advanced piston corer tem-
perature tool (APCT-3) formation temperature measurements were
taken with Cores 6H, 8H, and 12H. One attempted temperature
dual-pressure tool (T2P) deployment with the Motion Decoupled
Hydraulic Delivery System (MDHDS) and the Electronic Release
System (ERS) was unsuccessful.
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Hole U1480F was spudded at 1910 h on 14 August and was
drilled without coring from the seafloor to 98.0 mbsf. Nonmagnetic
core barrels and orientation were used for Cores 362-U1480F-2H
through 8H. Coring continued with the half-length APC (HLAPC)
system for Cores 9F through 29F to 245.2 mbsf. APCT-3 formation
temperature measurements were taken with Cores 4H, 6H, 13F, and
22F. Because all cores taken with the HLAPC system were also par-
tial strokes, we began alternating 5 m drilled intervals with HLAPC
cores to achieve penetration while still complying with safety guide-
lines. Cores 31F through 51F penetrated from 250.2 to 357.7 mbsf.
Within that interval, the nature of the formation required the XCB
system for Cores 34X, 35X, and 37X. Continuous XCB coring re-
sumed from Core 52X through 98X at a final depth of 815.0 mbsf.

Hole U1480G was intended to penetrate the deeper sedimen-
tary section and 10 m into igneous basement. Operations started
with the installation of a reentry system. First, we assembled 755.9
m of 10% inch casing and suspended it from the mud skirt, which
was resting on the moonpool doors. Second, we assembled and
tested a drilling assembly with a drill bit, an underreamer, and a
mud motor; this was lowered through the casing hung in the moon-
pool. Third, ~687 m of 5 inch drill pipe was attached to the drilling
assembly, followed by a hydraulic release tool (HRT) that was se-
cured on the casing hanger. Next, the casing with the drilling assem-
bly and drill pipe within were lowered to ~150 m below rig floor
(mbrf) so that a free-fall funnel (FFF) could be dropped onto the
HRT. Finally, the entire reentry system and drilling assembly were
lowered to the seafloor, and the subsea camera was deployed so that
we could observe the reentry system while it was drilled into the
seafloor. Hole U1480G was spudded at 0105 h on 23 August, and
drilling continued until the reentry system landed on the seafloor at
1330 h on 24 August. The depth of the hole was calculated at 759.6
mbsf, with the end of casing at ~754 mbsf. The drilling assembly
was released from the reentry system using the HRT and then re-
covered to the surface. Hole U1480G was reentered at 2005 h on 25
August with a rotary core barrel (RCB) BHA, and Cores 362-
U1480G-2R through 73R advanced from 759.6 to 1431.6 mbsf. In
preparation for logging, the drill bit was released at the bottom of
the hole, and the hole was displaced with 300 bbl of heavy mud (11
Ib/gal). As a result of poor hole conditions below the casing, a basic
wireline logging tool string (resistivity and gamma ray) was run into
the hole, until it encountered an obstruction at 809 mbsf, ~52 m be-
low the casing shoe. Logging data were collected from 809 mbsf to
~19 m above seafloor, and the tool string was pulled to the surface
and stored. Logging activities were completed at 1730 h on 5 Sep-
tember.

An APC/XCB BHA was made up, and Hole U1480H was spud-
ded at 1545 h on 6 September. APC coring continued through Core
17H to 129.4 mbsf. Nonmagnetic core barrels were used, and the
cores were oriented with the FlexIT orientation tool. APCT-3 for-
mation temperature measurements were taken with Cores 4H, 7H,
10H, 12H, and 17H. The drill string was pulled out of the hole, and
the vessel was prepared for transit to Site U1481. Site U1480 activi-
ties concluded at 0212 h on 8 September, and the total time spent at
Site U1480 was 26.8 days.

Sedimentology and petrology

Sediment and sedimentary rock were recovered from the sea-
floor to 1415.35 mbsf in eight holes (U1480A—-U1480H). Within this
interval, beneath the sedimentary cover, igneous extrusive and in-
trusive rocks are interbedded with volcaniclastic sediments and
then underlain by a thin interval (1415.35-1431.63 mbsf) of basaltic
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crustal rock of the igneous basement. The sediments represent a
Late Cretaceous to Recent deep-marine sedimentary cover that ac-
cumulated between the NER and the Sunda subduction zone.

Lithostratigraphic definitions for Site U1480 were based exclu-
sively on cores recovered from Holes U1480E-U1480G. The sedi-
ments were mostly unlithified to partially lithified, with lithified
materials being encountered in intervals near basement. The main
lithologies are nannofossil-bearing mud, siliciclastic mud, and silici-
clastic sand. Dominant siliciclastic lithologic variants are clay (clay-
mineral dominated), silty clay, and fine-grained sand. Six lithologic
units were identified (Units I-VI) based on major lithologic changes
(Figure F10). Subunits were defined where minor but distinct litho-
logic changes occurred within units. The overall succession consists
of predominantly siliciclastic sediments deposited from various
sediment gravity-flows (e.g., turbidity currents and debris flows),
interpreted as Nicobar Fan, underlain by mixed tuffaceous and pe-
lagic sediments and a series of intercalated pelagic and igneous ma-
terials overlying ocean crust.

Unit I consists of Subunits IA-IC. Subunit IA (0-5.60 mbsf) is
dominated by calcareous clay with minor biosiliceous and ash com-
ponents. Subunit IB (5.60-18.80 mbsf) is characterized by fine-
grained sand and clay, with minor calcareous clay and ooze. Subunit
IC (18.80-26.42 mbsf) contains silty clay and calcareous clay with
minor ash.

Unit II consists of Subunits ITA-IIC. Subunit ITA (26.42-343.67
mbsf) comprises layers of thin- to medium-bedded, laminated to
structureless sandy silt and fine-grained sand, with silty clay and silt.
Subunit IIB (343.67-785.80 mbsf) contains alternating thin- to very
thin—bedded, cross- and parallel-laminated silt and clay. Subunit
IIC (785.80-1250.35 mbsf) is bioturbated black and dark gray
clay/claystone and silty clay/claystone and structureless muddy
sand/sandstone with plant material and mud clasts.

Unit III consists of Subunits IIIA and IIIB. Subunit IIIA
(1250.35-1310.02 mbsf) is dominated by gray-green and minor red-
dish brown claystone with agglutinated foraminifers. Subunit IIIB
(1310.02-1327.23 mbsf) is dominated by reddish brown tuffaceous
silty claystone with biosiliceous debris and minor chalk. Unit III has
amarked increase in lithification relative to overlying Unit I, and an
absence of micaceous quartzofeldspathic silt and sand.

Unit IV (1327.23-1349.80 mbsf) is composed of basaltic flows,
tuffaceous and volcaniclastic sandstone, and volcanic breccia.

Unit V (1349.80—1415.35 mbsf) is defined mainly on the basis of
the appearance of calcareous claystone and chalk, and intercalated
magmatic intrusions.

Unit VI (1415.35-1431.6 mbsf) is basalt that is interpreted as
ocean crust. It consists of fine- to medium-grained plagioclase- and
pyroxene-bearing seriate-textured basalt with low vesicle content
(<1%). An overall moderate to high alteration state is indicated by a
brownish color and the occurrence of several mineral-filled frac-
tures.

Structural geology

Deformation structures at Site U1480 are rare, including the
preservation of subhorizontal bedding dips. In a few instances, bed-
ding dips are >10° and related to slumping. Sand and mud injections
into overlying strata were also observed. Rare vein structures are
identified in limited intervals. Additionally, a limited 20 m interval
in Subunit IIIB exhibits a variety of fault and shear zone structures,
many of which appear in conjugate geometries. These centimeter-
scale shear zones are oriented at a high angle to bedding. In this in-
terval, cross-cutting fault relationships, fault-bedding cut-off an-
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gles, and cross-cutting and overprinting relationships of diagenetic
fabrics (flattened oxidation spots) suggest that this deformation oc-
curred before or during the earliest parts of deposition of the over-
lying Nicobar Fan succession. Although rare faults are observed in
clusters in the overlying Nicobar Fan interval, many can be associ-
ated with synsedimentary structures like recumbent isoclinal folds
interpreted as indicating sediment slumping processes. We found
no compelling evidence for deformation associated with the steep
faults that cut the seafloor imaged on seismic reflection data near
the site (Figure F8).

Detailed description and analysis of the type and intensity of
drilling deformation structures and drilling conditions were used to
make qualitative assessments of formation strength and lithology.
For example, a more stable and intact wellbore is suggested by lack
of fall-in material at the base of Unit II, and is supported by the rel-
ative absence of drilling deformation structures. The most import-
ant finding from the preliminary evaluation of drilling conditions is
the recognition of sand-rich sections in intervals of poor (<10%) re-
covery. Fast drilling appears to be correlated with high-sand frac-
tions, so intervals of low recovery with fast drilling are interpreted
as sand rich. Preliminary analysis of drilling conditions in Hole
U1480G and correlation with physical property data may help de-
fine additional possible fault localization horizons.

Biostratigraphy

The biostratigraphy of the ~1400 m thick sedimentary succes-
sion cored at Site U1480 was based on calcareous nannofossils,
planktonic foraminifers, diatoms, radiolarians, and silicoflagellates.
Calcareous microfossils occur discontinuously and mostly in low
abundances throughout the succession. Biosiliceous microfossils
occur in two short intervals (0-26 and 1255-1315 mbsf). Biostrati-
graphic data suggest an average sedimentation rate of >100 m/My
from the seafloor to 1270 mbsf within the Nicobar Fan succession,
from the late Miocene to Recent. A Pleistocene condensed section
and/or hiatus of ~0.6 My is identified. Below 1270 mbsf, average
sedimentation rates decrease to <4 m/My. McNeill et al. (submit-
ted) provide a detailed analyses of the sedimentation history at Site
U1480. These low average sedimentation rates may suggest the
presence of several hiatuses in the Paleocene through early Miocene
interval. Paleocene sedimentation rates are distorted by the occur-
rence of 60 m of igneous intrusions and volcanic breccias. The old-
est sediments sampled in Hole U1480G are of late Maastrichtian
(Late Cretaceous) age. The Late Cretaceous/Paleocene boundary
(66.0 Ma) was not recovered due to the presence of a hiatus.

Paleomagnetism

At Site U1480, we made stepwise alternating field (AF) demag-
netization measurements on all archive-half core sections. To con-
firm the magnetic properties observed from the section halves,
discrete samples taken from working-half sections were subjected
to AF and thermal demagnetization. Variations in the natural rema-
nent magnetization (NRM) intensity generally correlate with litho-
logy. Paleomagnetic measurements indicate that the calcareous clay
and calcareous ooze in Unit I (0-26.42 mbsf) have a mean NRM in-
tensity of 3 x 1072 A/m, whereas the fine sand with clay in Subunit
IC (18.8-26.42 mbsf) has lower NRM intensity (~1 x 10~ A/m).
The NRM intensity remains constant (~3 x 1072 A/m) for the silt
and bioturbated clay in Unit II (26.42-1250.35 mbsf) and the gray-
ish green and reddish brown clay in Unit III (1250.35-1310.02
mbsf). NRM intensity ranges between 5 x 10~% and ~5 x 1072 A/m
for the mafic rocks and volcaniclastic sand and mud in Units IV and
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V and increases to several amperes per meter for the basaltic base-
ment in Unit VI. Many discrete peaks of higher NRM and magnetic
susceptibility values in both Units II and III can be tied directly to
the presence of ferrimagnetic greigite.

NRM inclinations are strongly biased toward the vertical
(mostly toward +90°) in the majority of the cores due to remagneti-
zation imparted by the coring process. For sediment cores, AF de-
magnetization to 10 mT is effective in removing the drilling
overprint for a high percentage of samples, as shown by a decrease
in magnetization intensity and by a shift of inclinations toward shal-
lower values that are comparable to the inclination expected for the
site (approximately +6°). NRM declinations of APC cores before ori-
entation correction differ significantly, as expected. Orientation
correction using the data from the Icefield MI-5 and FlexIT orienta-
tion tools indicates the remanence is of primary origin. Declinations
and inclinations in Hole U1480E and U1480H cores are very similar
for the upper ~40 m, which strongly attests to the fidelity of the
paleomagnetic record and indicates a common chronology for both
holes.

Constructing a magnetostratigraphy for Site U1480 requires a
correlation between the measured polarity pattern and the geomag-
netic polarity timescale (GPTS) as well as using biostratigraphic
constraints. At a low-latitude area such as Site U1480, a near 180°
shift in declination in the cores is a more reliable sign of a polarity
transition than a change in inclination sign. Based on declination
data, the Brunhes/Matuyama Chron boundary (0.78 Ma) is placed
at ~18.5 mbsf, and the sediments between 28 and 31 mbsf may rep-
resent the Jaramillo Subchron (0.988-1.072 Ma). The position of
other chron boundaries deeper in the hole requires further investi-
gation. We note that these results are not perfectly matched with
those from biostratigraphy, and this will be investigated further in
postcruise research.

Geochemistry

A total of 175 whole-round (WR) samples were collected from
holes drilled at Site U1480. In addition, high-resolution water sam-
ples were obtained with Rhizon samplers between 74 and 99 mbsfin
Hole U1480H. Geochemical profiles of the dissolved constituents in
the pore fluids reflect the combined effects of organic matter dia-
genesis, alteration of volcanogenic sediments, and reactions in oce-
anic basement.

In the upper 200 m, pore fluid geochemical data reveal organic
matter remineralization, with the depth of the sulfate—methane
transition zone (SMTZ) at ~120 mbsf. Within this zone, there is an
increase in alkalinity, phosphate, and ammonium over seawater val-
ues, as expected from organic matter diagenesis. However, we ob-
serve maxima in phosphate at 20 and 100-120 mbsf, which may
reflect regional lateral fluid transport. In the upper 200 m, there is
ample evidence for alteration of volcanic ash and associated smec-
tite formation, as indicated by changes in dissolved silica and potas-
sium. The K and Si profiles (Figure F10) suggest zeolite formation
between 300 and 450 mbsf, which is consistent with the presence of
zeolite in the cored sediment. Samples collected between 1250 and
1300 mbsf show pronounced concentration changes in most of the
dissolved cations: a decrease in chloride, sodium and magnesium
and attendant increases in calcium, boron, lithium and silica. A sin-
gle sample collected at 1403 mbsf shows a distinct reversal in the
silica, magnesium and chloride gradients. Collectively, these con-
centration changes point to dehydration reactions between 1250
and at least 1300 mbsf. Hiipers et al. (2017) provide detailed analysis
on the source and timing of the deep chloride anomaly and implica-
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tions for seismogenesis. Deeper in the sediment section, an increase
in chloride (Figure F10), strontium and calcium, and a decrease in
magnesium, indicate a contribution from basement fluid. Superim-
posed on these trends, dissolved calcium and strontium notably de-
crease between ~800 and 1200 mbsf, which is consistent with
carbonate cementation observed in the cores.

Headspace gas analyses show that methane concentrations are
generally low, and changes in methane concentration and meth-
ane/ethane ratio align with lithologic unit boundaries. Detectable
methane concentrations were observed from just below the SMTZ
to the base of Subunit IIA. Methane was not detected in Subunit
1IB, which may reflect the slightly lower organic carbon contents in
Subunit IIB. Methane levels increase again and ethane becomes de-
tectable in Subunit IIC, which may represent the onset of thermo-
genic methane production. Samples from Unit III show a slight
decrease in methane as well as a decrease in the methane/ethane
ratio. Methane concentrations drop significantly in Units IV and V,
where volcaniclastic sediments and igneous rocks are prevalent.

Total organic carbon (TOC) and carbonate contents are ele-
vated in Unit I, reaching maxima of 1.8 wt% TOC and 40% carbon-
ate in the nannofossil ooze layers of Unit I. Carbonate content is low
throughout Subunits IIA and IIB with minor peaks at 475.1 and
698.3 mbsf, and near the Subunit IIB/IIC boundary at 786 mbsf.
Carbonate content reaches a maximum of 94% at 1315 mbsf, within
the chalk of Unit III. Organic carbon to total nitrogen ratios show a
distinct signature of terrigenous input in the sediments of Unit I but
remain within the range characteristic of marine organic matter
deeper than 200 mbsf. In Unit I and Subunit ITA, C/N ratios indicate
substantial input of terrigenous organic matter but decrease to val-
ues characteristic of marine organic matter below 200 mbsf.

Physical properties

Natural gamma radiation (NGR), magnetic susceptibility (MS),
gamma ray attenuation (GRA) bulk density, and P-wave velocity
were measured using the Whole Round Multisensor Logger
(WRMSL). Discrete P-wave velocity and moisture and density
(MAD) were measured on working-half sections. Undrained shear
strength was measured in the uppermost 370 m using the auto-
mated shear vane and pocket penetrometer. Thermal conductivities
were measured on WR core sections (soft sediment) and pieces
from working-half sections (hard rock). For most lithologic unit
boundaries, we see general shifts in physical properties; however,
there are some NGR and velocity excursions that occur within lith-
ologic units (Figure F10).

NGR values are generally low in lithologic Unit I, with signifi-
cant variability between 24 and 89 counts/s. Within lithologic Units
II and III, NGR values are relatively constant. NGR values then
sharply decrease near the base of lithologic Unit III. NGR is gener-
ally low in Units IV-VI where igneous sediments and rocks are
present, although higher NGR values occur where clay-rich pelagic
sediment is present in lithologic Unit V.

Magnetic susceptibility shows a distinct shift to higher values at
the Unit I/II boundary and to lower values at ~1250 mbsf at the Unit
II/1II boundary. Within Unit II, magnetic susceptibility values de-
crease slightly with increasing depth. Magnetic susceptibility has
relatively low values in the sands and clays in the upper and middle
portions of Hole U1480G, reaches its lowest values in calcareous
sediments, and increases to its highest values in the volcaniclastic
sediments and igneous rocks at the base of the hole.

Porosity values determined from MAD analyses generally de-
crease with depth. Near-seafloor porosity is ~80%, and values de-
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crease rapidly to mean values of ~46% at 100 mbsf and then
decrease more slowly to ~31% at 1320 mbsf. The porosity values
calculated deeper than ~1300 mbsf deviate from an overall consoli-
dation trend, with subsets of both higher and lower porosities.
MAD bulk density values generally increase with depth. Bulk den-
sity is <1.5 g/cm? at the seafloor and increases rapidly until 30 mbsf,
followed by a slower increase to ~2.2 g/cm? at 1320 mbsf. The most
striking changes in physical properties occur between 1305 and
1361 mbsf where porosity and bulk density show both high and low
values, grain density is low, and P-wave velocity is high. The cause of
these changes may result from lithologic heterogeneity (tuffaceous,
biosiliceous, and calcareous rocks), diagenetic reactions that may
have expelled fluid, or migration of fluid into this interval (see also
Hipers et al., 2017).

To complement WRMSL P-wave velocity measurements, more
than 3000 caliper velocity measurements were made on cores and
core samples, providing a comprehensive compressional wave data
set (Figure F10). P-wave velocity values gradually increase with
depth and show a distinct increase deeper than 1300 mbsf. A few
intervals show distinct increases in P-wave velocity, including a
~500 m/s increase at ~1250 mbsf and marked increases within the
igneous rocks where velocities exceed 5000 m/s. Generally, the x-
and y-direction P-wave velocities are higher than the z-direction
values, with velocity anisotropy values averaging ~10%.

In general, thermal conductivity values increase slightly with
depth, from ~1.0 to ~2.3 W/(m-K). Thermal conductivity values
range from 0.2 to 1.6 W/(m-K) in the sands and clays, from 1.0 to 5.5
W/(m-K) in the pelagic sediments, and from 0.5 to 3.0 W/(m-K) in
the volcaniclastic sediments near the base of the hole.

Downhole measurements

The downhole measurements originally scheduled at Site U1480
included formation temperature measurements with the APCT-3
and T2P, formation pressure measurements with the T2P, and a
complete suite of logging tools. Because of tool failure during the
deployment of the T2P and unstable conditions in the two holes
planned for logging, the downhole measurements made at Site
U1480 consisted of 11 successful formation temperature measure-
ments with the APCT-3 to a depth of ~210 mbsf and a reduced set
of logs through the casing and in 52 m of open hole below casing in
Hole U1480G. The 11 formation temperature measurements define
a linear temperature profile with a gradient of 44.4°C/km. Com-
bined with an average of thermal conductivity values measured on
cores, the vertical conductive heat flow is 75 mW/m?, which is in
agreement with the broad range of values in the area.

Because of unstable borehole conditions in Hole U1480G, we
deployed a short (19 m) tool string made of a spectral gamma ray
tool and a resistivity tool. The tools were unable to go deeper than
~809 mbsf (~52 m below the casing). Within the casing, the gamma
ray data display little variability due to the dampening effect of the
casing. In the open hole below casing, the gamma ray data show a
general increase from ~50 to ~90 gAPI. The separation of the differ-
ent depth of investigation resistivity logs suggests that the hole was
enlarged, which is consistent with the unstable hole in this interval.

Core-log-seismic integration

The two main integration activities carried out at Site U1480
were correlation of depths between the different holes and linking
core observations to the site survey seismic data. Because logging
was limited due to the instability of the hole, alternate strategies
were used.
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A good correlation of the cores between Holes U1480A-—
U1480E and U1480H was established, and a composite depth scale
was developed. The correlation is primarily based on NGR and
magnetic susceptibility measurements but is also consistent with
WRMSL P-wave velocity and GRA density and color reflectance
values (L*, a*, b*) measured on split cores. Because Holes U1480A—
U1480D did not recover the mudline, this correlation was necessary
to determine the relative and absolute positions of the cores. Com-
parison between Holes U1480E and U1480H from the seafloor
downhole to 30 mbsf shows that although each has >100% recovery,
there are gaps in the material sampled between cores. This compos-
ite depth scale will permit future sampling at higher resolution.
Deeper than 30 mbsf, physical property records from the holes are
consistent, but the construction of an actual detailed composite sec-
tion is not possible.

Correlation between the cores (recovered in depth) and the site
survey seismic data (recorded in time) requires a time-depth rela-
tionship. It became apparent during drilling that the P-wave veloci-
ties obtained from the cores would not be sufficient to
independently develop this relationship, and planned sonic logs and
a vertical seismic profile were not obtained because of unstable hole
conditions. However, variations from core observations and mea-
sured P-wave velocities did provide estimates of the positions of dis-
tinctive features for correlation with the seismic data. These were
used to create a series of tie points, including two initial reference
depths provided by the seafloor and acoustic basement and an addi-
tional control point that used a continuous record of drilling param-
eters to establish the depth of a large-scale channel prominent on
the seismic profile. Overall, this correlation between core properties
and seismic data provided a solid framework to tie core and seismic
data (Figure F10).

Site U1481 summary

Background and objectives

Site U1481 (proposed Site SUMA-12A) is located on the Indian
oceanic plate, east of the NER and west of the north Sumatran sub-
duction margin and 35 km southeast of Site U1480 (Figures F3, F4,
F5). The primary drilling objectives at Site U1481 were

» To core the deeper interval of the subduction input sedimentary
section and basement;

« To determine if the lower Nicobar Fan, pelagic section, and
basement at Site U1480 are representative of this part of the In-
dian plate; and

» To understand the degree of heterogeneity of sediment and
basement over short distances.

Drilling without coring and installing a reentry/casing system
minimized the duration of open-hole operations and thus offered
an increased chance of successful wireline logging and deep coring.
Based on seismic interpretations, the sedimentary section at Site
U1481 is similar to that at Site U1480 and includes

« A thin, distal trench wedge section underlain by an unconfor-
mity (seismic Horizon A);

« The Nicobar Fan succession composed of an upper reflective
section and a deeper, less reflective section separated by seismic
Horizon B* at Site U1481 (based on interpretations from Site
U1480 cores);

¢ The prefan succession that underlies the Nicobar Fan sediment.
Integration of seismic data with results from Site U1480 cores
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predicted these two units to be separated by seismic Horizon C;
and

» Acoustic basement (seismic Horizon D marks its top) (Figures
F7, F9).

Seismic Horizon C was previously identified as a potential hori-
zon for localization of the décollement at the subduction zone. The
deeper part of the stratigraphic section at Site U1481 was targeted
for coring and logging, because it includes (1) many of the potential
horizons that may evolve into the plate boundary décollement in
the shallow and deep subduction zone and (2) sedimentary and
basement materials that may be sources of fluids influencing fault
slip behavior. Cores and logs provide constraints on the initial litho-
logic, physical, chemical, and mechanical properties, and poten-
tially the state of stress of the lower part of the input section where
the plate boundary fault develops. The sedimentary section thick-
ens significantly on approaching the subduction zone, and post-
cruise experimental and numerical modeling work will be used at
this site, as at Site U1480, to constrain the impact of increasing
burial, temperature, fluid interactions, and diagenetic alteration.
Site U1481 will therefore allow us to address the three primary ex-
pedition objectives to determine how the properties of the input
section may lead to shallow seismogenic slip and to unusual forearc
development as related to the basal properties of the prism (see Sci-
entific objectives). Site U1481 also offers the opportunity to test lo-
cal variations in pre- and early Nicobar Fan deposition through
comparison with Site U1480.

Specific objectives included

« Establishing the onset of Nicobar Fan deposition and determin-

ing the principal sources of sediment delivered to the site during

early fan history;

Identifying the principal lithologies that may be involved in de-

velopment of the plate boundary fault;

Establishing how the mechanical/strength properties of the dif-

ferent lithologies change with depth to determine trends and ef-

fects of burial rate and burial time and identifying potential dis-

continuities that may be candidates for detachment positions;

Identifying any thermal history indicators and any effects of

early diagenesis;

Identifying fluid sources and changes with depth;

» Determining the composition and origin of basement at the site
and its effect on overlying sediments; and

« Comparing the lithostratigraphy, geochemistry, and physi-
cal/mechanical properties with those at Site U1480 to establish
local variations of the stratigraphic succession.

-

*

-

*

Site U1481 is located at 2°45.29'N, 91°45.58'E in a water depth of
4178 m (Figures F3, F5; Table T1). Hole U1481A was cased to 730.5
mbsf, drilled to 1149.7 mbsf, and penetrated to 1500 mbsf with RCB
coring from 1149.7 to 1500 mbsf. Wireline logging was conducted
within the casing and in the open hole with log data successfully ob-
tained to 6 m from the bottom of the hole (data to 1494 mbsf).

Operations

The 19.3 nmi transit from Site U1480 was completed in 2.4 h at
an average speed of 8.0 kt. The vessel arrived at Site U1481 at 0436
h on 8 September 2016. Operations started with the installation of a
reentry system. First, we assembled 730.5 m of 10% inch casing and
suspended it from the mud skirt, which was resting on the moon
pool doors. Second, we assembled and tested a drilling assembly
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with a drill bit, an underreamer, and a mud motor; this was lowered
through the casing hung in the moon pool. Third, the drilling as-
sembly and ~659 m of 5 inch drill pipe were connected to the HRT,
and the HRT was bolted onto the casing in the moon pool. Finally,
the entire reentry system and drilling assembly were lowered to the
seafloor, and a FFF was assembled in the moon pool and dropped to
land on the reentry system. The subsea camera was deployed to
confirm the FFF had seated correctly and to observe the casing and
reentry system while it was drilled into the seafloor. Hole U1481A
was spudded at 1500 h on 9 September, and drilling continued until
the reentry system landed on the seafloor at 1910 h on 10 Septem-
ber. Water depth was determined to be 4190 mbrf (4178 m below
sea level [mbsl]). The depth of the hole was calculated at 734.1 mbsf,
with the end of casing at 730.5 mbsf. The drilling assembly was re-
leased from the reentry system using the HRT, and the subsea cam-
era was recovered.

While pulling the drill string to the surface early on 11 Septem-
ber, with the bit at ~3819 mbsl, smoke and noise were discovered
coming from the aft drawworks Elmagco (eddy current) brake. The
brake was decoupled so that the rest of the drill string could be
pulled to the surface. After assessing the damage to the brake, it be-
came clear that repairs would have to be made on shore. The JOI-
DES Resolution left Site U1481 at 2030 h on 11 September for
Singapore. The 996 nmi transit was completed in 83.4 h at an aver-
age speed of 11.9 kt. The vessel arrived at the Loyang Offshore Ter-
minal at 1106 h on 15 September, and the failed brake was sent to
the repair facility soon after arrival. The replacement brake was de-
livered to the vessel at 2100 h on 15 September, the installation was
completed on 16 September, and the brake was aligned and tested
on 17 September. The vessel departed Singapore at 1206 h on 18
September, and the 989 nmi transit back to Site U1481 was com-
pleted in 93.1 h at an average speed of 10.6 kt.

The JOIDES Resolution arrived back at Site U1481 at 1100 h on
22 September, and drilling operations resumed. Hole U1481A was
reentered at 0150 h on 23 September with an RCB BHA. After
clearing ~178 m of fill from within and just below the casing, we
drilled without coring from 734.1 to 1149.7 mbsf. RCB coring
started on 25 September and Cores 362-U1481A-2R through 38R
advanced from 1149.7 to 1500.0 mbsf, with 219.8 m recovered.
Downhole logging preparations started on 30 September. The drill
bit was released at the bottom of the hole at 2315 h, and the hole
was displaced with 350 bbl of heavy mud (11 Ib/gal). Because of hole
instability, the decision was made to run a single, modified logging
string composed of the Magnetic Susceptibility Sonde (MSS), High-
Resolution Laterolog Array (HRLA), Dipole Sonic Imager (DSI),
Hostile Environment Litho-Density Sonde (HLDS; for caliper mea-
surements only, with no source), and the Hostile Environment Nat-
ural Gamma Ray Spectroscopy Sonde (HNGS) tools. Logging data
were collected from 1494 mbsf (6 m from the bottom of the hole) to
the seafloor, and logging activities were completed by 2100 h on 1
October. The drill string was raised to the surface, and the rig floor
was secured for transit. The thrusters and hydrophones were re-
tracted at 0830 on 2 October, and the vessel departed Site U1481.
The total time spent at Site U1481 was 13.2 days. Upon departure, a
magnetic profile was collected between Sites U1481 and U1480. At
the conclusion of the survey, the JOIDES Resolution resumed the
1039 nmi transit to Singapore, with an estimated arrival time of
0930 h on 6 October 2016.
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Sedimentology and petrology

Site U1481 was drilled to investigate local variations of the lower
part of the Nicobar Fan and underlying pelagic sediments and base-
ment. Sediment and sedimentary rock were recovered from 1149.7
to 1500 mbsf in Hole U1481A. Overall, the succession at Site U1481
consists of siliciclastic sediments interpreted as the lower part of the
Nicobar Fan and intercalated pelagic sediments in the deepest sec-
tion (Figure F11). Because of time constraints, coring into the deep-
est prefan pelagic sediments and basement was not possible. The
sediments represent the early to late Miocene deep-marine sedi-
mentary cover between the NER and the Sumatra (Sunda) sub-
duction zone. Site U1481 is located ~35 km southeast of Site U1480
(Figure F5).

Two major lithologic units were identified (Units II and III; Fig-
ure F11) and are correlated to those observed at Site U1480. Unit II
(1149.70-1360.12 mbsf) is composed of bioturbated black and dark
gray clay/claystone and silty clay/claystone and structureless muddy
sand/sandstone with plant material and mud clasts. Unit II sedi-
ments are mostly unlithified, but localized lithified materials were
encountered (carbonate-cemented sandstone and mudstone). The
base of Unit II marks a transition into sediments that are lithified.
Unit II is equivalent to Subunit IIC at Site U1480 (Figures F10, F11).
Unit III contains gray-green and minor reddish-brown claystone
(1360.12—1498.72 mbsf) with agglutinated foraminifers. Unit III is
equivalent to Subunit IIIA at Site U1480 (Figures F10, F11). Two
notable differences with Site U1480 are that the lower part of Unit
III (~1400-1498.72 mbsf) contains more tuffaceous material than
in Site U1480 Subunit IIIA, and there are intercalated sandstones
present which were absent in the deeper succession at Site U1480.

Structural geology

The recovered section at Site U1481 is generally undeformed
without any evidence of deformation associated with the fault zones
identified on seismic reflection data as close as ~3 km from Site
U1481 (Figure F9). Bedding dips are subhorizontal throughout the
cored section, and the rare faults that were discovered, especially in
Unit IIT around 1460 mbsf, cannot be confidently interpreted as nat-
ural, tectonic structures. Some faults may be natural faults over-
printed by drilling deformation. Synsedimentary deformation
structures associated with slumping, such as microfaults and folds,
are common in Unit II and present in Unit IIL

Drilling disturbance is concentrated deeper than 1325 mbsf.
Shallower than that depth, sections with undisturbed core are com-
mon; where the core is affected by drilling, biscuits form with only
moderate intensity. Deeper than 1325 mbsf, severe deformation by
fractures, biscuits, and breccias is common. Within drilling biscuits
that are as long as 50—-80 cm, many fractures developed that created
core segments. Fractures developed over time after the core was
split, and in intervals between the most fractured core, cores length-
ened (up to 2% expansion). Fracturing and core expansion appear to
reflect core unloading, and this process is limited to Unit III. Drill-
ing conditions data appear to reflect first-order physical property
trends and bear further evaluation in postcruise studies.

Biostratigraphy

Planktonic foraminifers were occasionally observed in low
abundance in the upper 200 m of the 350 m cored interval; the rest
of the section is barren. Diatoms and radiolarians occur in two in-
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tervals, 1370-1411 and 1496—1497 mbsf. Rare calcareous nanno-
fossils occur discontinuously in a few samples in all three of the
above intervals. The few available age-indicative species were used
to establish sediment accumulation rates. The tie points used result
in sediment accumulation rates that fit virtually all biostratigraphic
data. The uppermost tie point is provided by a calcareous nanno-
fossil assemblage, the middle tie point by a radiolarian assemblage,
and the deepest tie point by a combination of radiolarian and dia-
tom assemblages.

Paleomagnetism

Shipboard paleomagnetic studies for Site U1481 consisted of
continuous measurements of archive-half core sections and pro-
gressive demagnetization measurements of discrete samples from
working-half sections. Within the recovered rocks, there are con-
siderable variations in magnetic properties and demagnetization
behavior among the various lithologies. The intensities of NRM of
the archive halves span more than two orders of magnitude. Varia-
tions of magnetic properties between different lithologies are simi-
lar to those observed at Site U1480. Overall, sediments in Unit II
(1149.7-1360.1 mbsf) have relatively high NRM intensity (averag-
ing ~21 mA/m) compared to those of the gray-green and minor red-
dish brown claystone in Unit IIT (1360.1-1498.7 mbsf) with an
average NRM intensity value of ~5 mA/m. In the lower part of Unit
III (~1400.0-1498.7 mbsf), NRM shows a stepwise increase, from
~2.5 mA/m (at 1400 m mbsf) to ~5.0 mA/m (at the bottom of the
hole; 1498.7 mbsf), potentially resulting from a change in depo-
sitional environment and perhaps associated with the reddish
brown silty claystone and fine- to very fine grained sandstone in
these depth intervals. Variations in magnetic susceptibility are con-
sistent with the variations in NRM intensity. Inclinations from dis-
crete samples are mostly concentrated at £15° suggesting that these
samples record an inclination close to the theoretically predicted
value for the latitude of this site in the late Miocene, and indicating
they may represent the primary remanent magnetization.

Geochemistry

The geochemical composition of fluids in the deeper sediment
section of Site U1481 provides a contrasting view to the data from
Site U1480 and will help us evaluate how fluid-rock interactions be-
tween these two sites may relate to variations in stratigraphy, litho-
logy, and physical properties. These variations in turn affect the
state and geomechanical properties of the input sediments before
and during subduction. We analyzed a total of 28 IW samples at a
frequency of 1 or 2 samples per core from Cores 362-U1481A-2R
through 38R (1149.7-1498.72 mbsf). Whereas there are similarities
in the dehydration reactions that may lead to fluid production at
depth (see Hupers et al., 2017), the differences in sediment compo-
sition of lithologic Unit IIT at Site U1481 and Subunit IIIA at Site
U1480 are reflected by a lack of a pronounced increase in B and Mn
at Site U1481 at the horizon of observed fluid freshening, marked by
low CI (Figures F10, F11). Deeper in the section, basement was not
reached at Site U1481, and thus we do not have a clear indication of
the effect that diffusion of ions from (or into) the basement aquifer
may have on the pore fluid geochemistry at depth at this site. Rela-
tive to Site U1480, calcium at Site U1481 is relatively constant, mag-
nesium is depleted to a lesser degree, and there is no indication of
sulfate contribution from the basement.
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Organic geochemistry results are similar to those from Site
U1480. Headspace samples taken to monitor hydrocarbon contents
show methane levels between 144 and 4503 ppmv, well below the
limits designated by the safety policy. Ethane and propane were also
detected, although at much lower concentrations, and the meth-
ane/ethane ratio suggests hydrocarbon production remains primar-
ily biogenic. Total carbon and carbonate concentrations are
generally low at Site U1481, similar to the corresponding units of
Site U1480. Organic carbon concentrations are also generally simi-
lar to those at Site U1480, but several elevated organic carbon val-
ues appear to reflect strong and localized input of terrigenous
organic material based on the C/N ratios.

Physical properties

NGR, magnetic susceptibility, GRA bulk density, and P-wave ve-
locity were measured using the WRMSL. Discrete P-wave velocity,
MAD, and thermal conductivity measurements were made on sam-
ples from working-half sections. Trends in the physical property
data generally correlate with the lithologic units (Figure F11). NGR
values are generally low and vary from 46 to 96 counts/s in litho-
logic Unit II. NGR has slightly reduced variability in lithologic Unit
III where values typically vary between 53 and 91 counts/s. MAD
porosity values generally decrease with depth; however, variations
are observed within Unit III where porosity increases to 30% at
1386-1423 mbsf and decreases to ~25% below 1423 mbsf. The aver-
age grain density is 2.76 g/cm® Magnetic susceptibility values
downhole show a distinct decrease at the Unit II/III boundary
(~1360 mbsf).

P-wave velocity values show a gradually increasing trend with
depth with a distinct ~600 m/s increase at ~1360 mbsf. Generally,
the x- and y-direction values are higher than the z-direction values
indicating anisotropy (Figure F11). Thermal conductivity values are
similar in Units II and III, ranging from 1.5 to 4.5 W/(m-K) with an
average of 2.46 W/(m-K). The highest values are observed across the
Unit II/III boundary.

Downhole measurements

Because of the concern that the hole would not stay open long
enough to conduct multiple logging runs, we decided to deploy a
single logging tool string. A modified triple combo tool string was
made up with the MSS (magnetic susceptibility), HRLA (resistivity),
DSI (sonic), HLDS (caliper only), and the HNGS (spectral gamma
ray). The maximum depth reached by the tools was 1494 mbsf, 6 m
above the bottom of the hole, indicating that only a minimal amount
of fill had accumulated. The caliper log shows that the hole was in
very good condition below 1345 mbsf, the interval with the most
complete core recovery. Above 1345 mbsf, the hole size is irregular
but does not seem to have significantly affected the quality of the
data except for the sonic shear velocity waveforms. Most data agree
well with the shipboard physical properties and will allow us to
characterize the lithology where recovery was incomplete.

Preliminary interpretation shows that the most significant
change in the data recorded occurs at 1360 mbsf, the transition be-
tween lithologic Units II and III. Below this boundary, all logs be-
come much less variable as the formation is dominated by claystone.
Logging data recorded in the drilled interval below the casing (with-
out core recovery; 734—1150 mbsf) display a character similar to the
data recorded within the cored interval of lithologic Unit II (1150—



B. Dugan et al.

1360 mbsf), suggesting a similar lithology. The alternation of
clay/claystone and sand/sandstone intervals in this unit likely con-
trols the overall variability in the logs and the hole size.

Core-log-seismic integration

Linking core observations to site survey seismic data using
downhole logging data at Site U1481 was achieved by generating
synthetic seismograms using the P-wave sonic log and linking data
from a known depth to time on the seismic reflection section. The
P-wave sonic log provides seismic velocity from which a good time-
depth relationship could be obtained in the uncased interval (Figure
F11). The method focused on correlation between the cores, logs,
and seismic interpretation around seismic Horizon C and then re-
finement of tie points using synthetic seismograms, constructed by
merging the highest quality sonic log data from the downhole and
uphole logging passes. A visual correlation was then carried out
against the seismic section by varying the tie time between the two
data sets. A high-quality tie point was obtained between the seismic
data and synthetic seismograms at Horizon C. The synthetic seis-
mograms give an excellent fit to reflections throughout the seismic
section over a time interval more than twice that used during the
matching process. This tie and the successful logging suite provides
excellent potential for correlation between features from the cores
and the regional seismic reflection lines, as well as between reflec-
tions and petrophysical/petrological parameters estimated from the
log data.

Preliminary scientific assessment

The overarching goals of Expedition 362 were to sample, using
cores and logs, the sedimentary section and upper basement rocks
that comprise the inputs to the Sumatra subduction zone. Our main
objectives were to characterize the lithologic, geochemical, hydro-
geological, geomechanical, stress state, and thermal properties of
the materials that become incorporated into the thick and broad ac-
cretionary prism and that control the location and behavior of the
plate boundary décollement fault of the Northern Sumatran sub-
duction margin. The original operational plan was to sample the in-
put materials at two locations that provided access to the basement
with slightly varying sedimentary thickness. This two-site plan
would allow us to assess regional properties and how they may ulti-
mately influence seismogenesis, tsunamigenesis, and forearc devel-
opment along the Sunda margin.

Because of operational downtime, 11 days of expedition time
were lost. In addition, borehole conditions, as predicted, proved
challenging for wireline logging. Therefore, the planned coring and
logging operations could not be fully completed. In spite of these
challenges, the expedition was an overwhelming success. At Site
U1480, the full stratigraphic section including ocean crust base-
ment was sampled downhole to 1431.6 mbsf (Figures F8, F10). A
minimal downhole program was conducted, consisting of shallow
temperature measurements and a simple logging run primarily
within the cased interval. Site U1481 included a drilled interval fol-
lowed by sampling from 1150 to total depth (TD) of 1500 mbsf, just
short of acoustic basement (Figures F9, F11). Good-quality wireline
log data (one logging run only) were collected to the bottom of the
hole, an impressive achievement considering the materials and the
caliper-measured enlarged hole diameter in the middle part of the
section. At both sites, adoption of the drill-in casing method un-
doubtedly enabled reaching target depth in significant water depths
(>4000 m) and penetration depths within challenging materials (i.e.,
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interbedded unconsolidated sands). At both sites, recovery was
good, surprisingly so within the sand-rich sections of the Nicobar
Fan units. Hole U1481A, with a total penetration depth of 5678
mbsl, constitutes one of the deepest boreholes in scientific ocean
drilling history.

Meeting the objectives of the expedition

The fully cored stratigraphic succession between the two sites
will enable us to determine links between the depositional and
burial history and the developing lithologic, physical, chemical, and
mechanical properties of the section. The local variations in litho-
logy downhole and between sites, in particular in the deeper strati-
graphic succession below the fan deposits and the range of igneous
lithologies, provide an understanding of the heterogeneity of the in-
put succession.

The cored and logged sections provide details of initial consoli-
dation state and level of diagenesis. The successful sampling and
logging program and respective ties to seismic data will enable pre-
dictions based on postcruise experimental and numerical modeling
of how the materials will evolve under increasing burial conditions
and ultimately behave seismogenically and in the building of the
major north Sumatran forearc prism. The in situ formation tem-
perature and pressure program could not be fully completed; how-
ever, shallow in situ temperature measurements provide important
constraints on the initial thermal state of the section as input into
models of its evolution as it approaches the subduction zone.

Initial observations of mechanical/strength properties and de-
formation (both natural and drilling-related) of the input lithologies
with depth and their integration with precruise seismic interpreta-
tions provide insight into potential localization horizons that may
play a role in detachment development, both for plate boundary
seismogenesis and prism building. These horizons will be targeted
in the postcruise program.

Because of the limited logging program during the expedition,
no formation image log data or in situ stress measurements could be
collected. Therefore, in situ stress cannot be evaluated at this time.
However, core data will be further analyzed to assess both the pale-
ostress and present-day deformation state integrated with seismic
data analysis.

The successful sampling of the complete sedimentary succes-
sion will enable us to build a detailed history of the previously un-
dersampled Nicobar Fan and to place it in a context of wider Indian
Ocean submarine fan development and regional tectonics and cli-
mate.

Below we summarize the preliminary highlights of the scientific
achievements of Expedition 362.

Depositional history

An important objective of the expedition was to establish the
depositional history and significance of the Nicobar Fan in record-
ing signals of major tectonic and climatic changes in the Eurasian-
Indian collision zone and Indian Ocean. Sampling of the full sedi-
mentary section at Site U1480 and partial section at Site U1481 en-
abled identification of principal lithologies, grain compositions,
depositional environments, sediment accumulation rates, and dia-
genetic and lithification state. The observed mineral assemblage of
the sediment gravity flow deposits is consistent with a general prov-
enance from Himalayan rivers (e.g., Garzanti et al., 2004) and the
succession is interpreted to represent different stages of fan devel-
opment. The sampled assemblage will enable direct comparison be-
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tween the Nicobar Fan and records of sedimentation elsewhere in
the Bengal and Indus Fans.

The deeper pre-Nicobar Fan succession (Late Cretaceous to
Miocene) includes a diversity of abyssal-plain environment hemi-
pelagic, pelagic, tuffaceous and igneous lithologies, but with varia-
tion in thickness and lithologic heterogeneity between the two sites,
separated by only a short distance (~35 km). Extraction of pyritized
biosilica alongside calcareous micro/nannofossils, combined with
available paleomagnetic measurements, enabled a well refined age-
depth relationship to be developed. This revealed marked changes
in sediment accumulation rates between the early pelagic succes-
sion (low rates) and overlying submarine fan (very rapid sedimenta-
tion with rates orders of magnitude higher than in the pelagic
succession), and several potential hiatuses. Preliminary analysis of
the depositional history of the Nicobar Fan and its implications for
Himalayan erosion and the distribution of sediments within the
Bengal-Nicobar Submarine Fan during the late Neogene are de-
scribed in McNeill et al. (submitted). The onset of Nicobar Fan
deposition at the drill sites (~9.5 Ma; Hiipers et al., 2017) is signifi-
cantly younger than was anticipated precruise (~30—-40 Ma), based
on previous regional analyses of Bengal-Nicobar Fan history and
presumptions of gradual fan progradation.

Mechanical properties and deformation of the
input section

Shipboard structural and physical property measurements on
cores from Sites U1480 and U1481 provided insights into the con-
solidation state, strength, and deformation of the input sediments to
the North Sumatra subduction margin. Overall, many bulk physical
properties change with lithologic unit. Lithologic Unit I is thin and
shows a rapid decrease in porosity that correlates with shallow com-
paction. Through lithologic Unit II and the upper part of Unit III,
the rate of porosity loss is slowed, and the rate of porosity loss is
lower than observed at other subduction input systems, such as
Nankai (Saito, Underwood, Kubo, and the Expedition 322 Scien-
tists, 2010). At Site U1480, two zones of anomalous porosity exist,
one indicating undercompaction and one indicating overcompac-
tion. P-wave velocity data also display changes near lithologic
boundaries. P-wave velocity anisotropy increases from near zero
(isotropic) in the shallow sediments to transversely anisotropic in
the deeper part of lithologic Subunit IIB and below. P-wave velocity
also shows a marked increase at the Unit II/III boundary. Together
these physical property data suggest increased strength and devel-
opment of anisotropy, perhaps related to fabric development. Addi-
tional postcruise research is required to investigate the source of
this stiffening and potential fabric development and how it may im-
pact overall strength and potentially localization zones for décolle-
ment development.

Structural constraints on mechanical properties focused on
identification of natural and induced deformation and analysis of
drilling parameters. Most of the sedimentary section had a small
number of natural structures (e.g., bedding dips <5°), and zones
with increased structural deformation were identified as localiza-
tion horizons. Four localization horizons were identified based on a
combination of abundant, localized faulting and effort required to
cut the core (coring rate of penetration), determined by drilling pa-
rameters. These horizons will be investigated in more detail to bet-
ter understand the origin of the deformation and how it may relate
to strain localization and detachment development as sediments
approach the deformation front.
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Geochemistry and fluids of the input section

An extensive pore fluid sampling plan including whole-round
and Rhizon sampling helped identify two fluid chemistry anomalies
of the sedimentary inputs to the subduction zone. The first is the
presence of two phosphate peaks in the upper 150 mbsf at Site
U1480; the shallow interval was not cored at Site U1481. Both peaks
span ~20 m intervals: the shallower peak is near the seafloor, the
magnitude is small, and is controlled by organic matter diagenesis;
the second peak is sharp and large, and may be controlled by a re-
gional flow system. Similar phosphate peaks were observed in the
shallow pore fluids sampled during IODP Expeditions 353 and 354
(Clemens, S.C., Kuhnt, W., and LeVay, L.]J., and the Expedition 353
Scientists, 2016; France-Lanord, C., Spiess, V., Klaus, A., and the Ex-
pedition 354 Scientists, 2016).

The second pore fluid anomaly was observed deeper in the sec-
tion, within Unit III where pore fluid freshening was observed. The
freshening, noted by a very sharp chloride change, suggests it is a
recent phenomenon and has not been significantly impacted by dif-
fusion. A preliminary interpretation is that this reflects the first in a
series of dehydration reactions, and further progression of these re-
actions could increase fluid pressures and influence sediment
strength and petrophysical properties. Preliminary analysis of this
chemical anomaly and implications for the evolution of the input
section and plate boundary fault formation and behavior are de-
scribed by Hiipers et al. (2017). Additional sediment geochemical
analyses and modeling work will further constrain the roles of these
reactions on freshening and how they evolve with burial. Below the
freshening horizon, we also see additional differences between the
two sites. Pore water data from the deepest sample collected at Site
U1480 show distinct interactions with basement fluids, most nota-
bly in calcium, magnesium and sulfate. Coring at Site U1481 did not
reach basement, and the pore fluids at this site do not show influ-
ence of basement fluids.

Collectively, the pore water profiles suggest multiple fluid and
geochemical processes acting simultaneously at these sites and a
complex fluid flow story. As fluids can play an important role in ef-
fective stress and strength, we are confident that continued research
will provide new insights on the role of fluids in shaping this sub-
duction margin.

Diagenesis

An important objective of Expedition 362 was to understand the
level of diagenesis and how it progresses as the input sediments ap-
proach the deformation front. See Geochemistry and fluids of the
input section above for discussion of geochemical evidence of dia-
genesis-related dehydration reactions and their implications for
décollement development (Hiipers et al., 2017). The primary dia-
genetic process at Sites U1480 and U1481 is compaction. Porosity
data confirm lithology-dependent compaction trends for mud and
sand. The compaction process correlates with unlithified sediments
near the seafloor and lithified sediments dominating in Unit III and
below. Unit II contains unlithified, partially lithified, and lithified
intervals. In addition to the mechanical compaction processes,
some isolated intervals with calcite cementation were also ob-
served; primarily as calcite-cemented sandstones, but in a few in-
stances as calcite-cemented mudstones. These cemented intervals
tend to have low porosity and distinctively high P-wave velocity. Al-
though not dominant, these cemented intervals provide some in-
sight into how the physical properties of the sand-rich Nicobar Fan
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succession may strengthen with further burial and cementation.
This strengthening is important for understanding the formation of
detachment surfaces and the origin of the broad prism plateau of
the Northern Sumatra subduction margin. Additional postcruise
work on thermal and diagenetic evolution of the input sediments
and reactive transport models on cementation processes will help
us constrain when and where these physical properties change, how
they impact the overall strength of the system, and how they may be
recorded in seismic reflection data.

Basement characterization

Oceanic basement was sampled at Site U1480 with overlying
sediments confirming a Late Cretaceous age. At Site U1481, oceanic
basement was not reached, and integration of core, log, and seismic
data suggests that both sedimentary and igneous lithologies con-
tribute to the basement seismic reflectivity. At Site U1480, a range
of igneous lithologies was cored at the base of the section, including
basaltic, often altered, flows; an intermediate composition sill; and
oceanic crustal basalt. Volcaniclastic sediments containing volcanic
glass and discrete ash layers are an important component within the
pelagic succession underlying the submarine fan deposits at both
sites. Glass shards include both mafic (likely proximal source) and
felsic (likely distal source) compositions, and have undergone signif-
icant levels of alteration. Glass alteration inevitably contributes to
clay composition and potentially to pore water chemistry in the
deeper part of the stratigraphic section (Hiipers et al., 2017). The
diversity of intrusive and extrusive lithologies may reflect proximity
to the NER or more distal volcanic sources. Postcruise research will
focus on igneous lithology composition, age, and alteration to deter-
mine the evolution of the succession, the provenance of igneous-de-
rived sediments within the succession, and the diagenetic/alteration
state of the succession, from emplacement to present-day to future
as the succession is buried deeper and reaches higher temperatures.

Seismic integration and regional tectonic setting

Core P-wave velocity and density data, novel drilling parameter
analysis of seismic-scale channels within cored intervals, and in par-
ticular sonic log data for the entire Site U1481 open-hole section
collectively have provided a reliable integration of drilling results
with seismic data around the two sites, thus providing a robust
time-depth tie and regional correlation of borehole groundtruthed
data. Linking drilling results to the site survey seismic data around
Sites U1480 and U1481 confirms that the succession of strong sub-
horizontal reflections accompanied by channel complexes through
much of the seismic section represent the Nicobar Fan deposits.
Further analysis of the seismic reflection data integrated with the
expedition cores and logs (including paleolatitudes from paleo-
magnetic data) will enable the wider stratigraphic architecture of
the fan and underlying section to be developed and placed region-
ally in the context of northward Indo-Australian plate motion, the
wider Bengal-Nicobar Fan system, and impact on input variability
along the Sunda subduction zone. The prominent seismic reflector
that develops negative polarity in proximity to the subduction zone
and is a primary candidate for décollement development (Dean et
al,, 2010) marks the boundary (Unit II/III) between the early pelagic
sediment and the rapidly deposited Nicobar Fan. This bound-
ary/transition is characterized by distinct changes in degree of lithi-
fication, lithology, physical properties (in particular, magnetic
susceptibility) and seismic reflectivity, and potentially with dia-
genetic processes generating fluid (see also Hiipers et al., 2017). Dif-
ferences in the early sedimentary succession between the two sites
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can be investigated through analysis of paleotopography and prox-
imity to the NER utilizing regional seismic data.

Pervasive normal/transtensional faulting of the input sedimen-
tary section at seismic scale (e.g., Geersen et al., 2015) is not evident
as deformation at core scale, indicating that faulting is primarily lo-
calized and deformation is not distributed. Where confirmed natu-
ral fault structures can be identified within cores, displacement is
predominantly normal, including early fault structures, suggesting
this style of deformation has dominated the section through time
and over a range of spatial scales. Integrating core-log-seismic data
indicates that the acoustic basement of the Indian oceanic plate may
represent a range of lithologies, from oceanic crustal basalt, to lo-
calized sills, to discontinuously cemented sedimentary horizons.

Outreach

Outreach activities included blog posts, social media posts,
video conferences, and gathering materials for future education
projects. We wrote scientific blog posts (http://joidesresolu-
tion.org/blog) that serve as a basis for expanding the JOIDES Reso-
lution online teaching resources, and focused on tectonics,
sedimentology, and operations. Several posts included original
graphics intended as teaching tools. We will use some of these ma-
terials postcruise, in collaboration with expedition scientists, to de-
velop learning resources using real-world data.

During our two months posting on Facebook (http://www.face-
book.com/joidesresolution) and Twitter (https://twit-
ter.com/TheJR), we saw sizeable increases in readership and
engagement with many of our posts. We made ~432,000 impres-
sions on Facebook and ~128,000 impressions on Twitter. On both
platforms, “impressions” include the number of views each post has
across news feeds, page visits, and shares and is not a number of
unique viewers. The number of Twitter followers increased 4% be-
tween 1 August and 30 September (104 new followers from 2,841 to
2,945). Facebook followers in the same timeframe increased 3% (198
new followers from 6,821 to 7,019). In the last few weeks of the ex-
pedition, we expanded our social media campaign to Instagram,
with tens of new followers since mid-September.

Videoconferences became our outreach priority during the sec-
ond half of the expedition, once schools in the US and Europe came
into session. We conducted a total of 76 videoconferences in 14
states and eight countries in three languages (English, French, and
Portuguese). Having a French educator onboard enabled us to con-
duct 24 videoconferences in French with schools in France, Uru-
guay, Romania, and Belgium. We worked closely with teachers to
deliver broadcasts aligned with their curriculum goals, and adapted
a typical tour of core flow in the labs to meet individual class needs.
We also held an “Ask Me Anything” live event on Reddit (IODP
AMA). Within the first 30 minutes of the event, we had received
~40 questions. After 3 h, we had over 100 comments in the question
thread. Within a day, we had over 2,600 upvotes (engagements with
the page that indicate popularity). Table T2 lists the live outreach
events conducted during the expedition. Overall, we interacted with
~5,400 individuals of all ages.

Other outreach activities included organizing an interview for
coverage by the New Scientist and a videoconference with the Pub-
licity Department at the University of Wisconsin, Madison. We also
conducted two broadcasts for friends and family with ~25 attendees
from the USA, United Kingdom, Israel, the Dominican Republic,
France, Switzerland, and more.
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Table T1. Expedition 362 operations summary. * = missed mudline, T = reentry system. NA = not applicable, — = no data.
Water  Total  Drilled Cored  Core Total APC HLAPC XCB RCB Start End Time
depth penetration interval interval recovered Recovery cores cores cores cores cores Date Time Date Time onhole
Hole Latitude Longitude (m) (m) (m) (m) (m) (%) ) (N) (N) (N (N) (2016) (UTC) (2016) (UTC) (days)
U1480A* 3°2.0447'N  91°36.3481'E 4147.5 6.0 — 6.0 5.94 929 1 1 0 0 0 11Aug 2315 12Aug 1835 0.80
U1480B* 3°2.0437'N  91°36.3603'E 4147.5 9.5 — 9.5 9.95 105 1 1 0 0 0 12Aug 1835 12Aug 2015 0.07
U1480C* 3°2.0337'N  91°36.3613’E 4147.5 9.5 — 9.5 9.68 102 1 1 0 0 0 12Aug 2015 12Aug 2140 0.06
U1480D* 3°2.0330'N  91°36.3496'E 4147.5 9.5 — 9.5 9.91 104 1 1 0 0 0 12Aug 2140 12Aug 2310 0.06
U1480E 3°2.0341'N  91°36.3378'E 4147.5 99.7 — 99.7 97.64 98 12 12 0 0 0 12Aug 2310 14Aug 0840 1.40
U1480F  3°2.0448'N 91°36.3375'E 4147.5 815.0 143.0 672.0  249.35 37 88 7 31 50 0 14Aug 0840 21Aug 0040 6.67
U1480G"  3°2.0550'N  91°36.3370'E 4147.5 1431.6 759.6 672.0 329.16 49 72 0 0 0 72 21Aug 0040 5Sep 2210 15.90
U1480H  3°2.0555'N  91°36.3482'E 4147.3 129.4 5.0 1244 11597 93 16 16 0 0 0 5Sep 2210 7Sep 1912 1.88
Site U1480 totals:  2510.2 907.6 1602.6 827.60 52 192 39 31 50 72 26.8
U1481AT  2°45261'N  91°45.5771'E 41783 734.1 734.1 NA NA NA — — — — — 7Sep 1912 11Sep 1300 3.35
Transit to Singapore for repairs 11Sep 1300 22Sep 0345 —
U1481A  2°45.261'N  91°45.5771'E 4178.3 765.9 415.6 350.3 219.80 63 37 0 0 0 37 22Sep 0345 2Oct 0030 9.86
Site U1481 totals:  1500.0 1149.7 3503  219.80 63 37 0 0 o 37 13.22
Expedition 362 totals:  4010.2 2057.3 19529 10474 54 229 39 31 50 109 40.5

Table T2. Expedition 362 live outreach events. * = estimated total number from all events with that location on that day. + = only event that was not a video
conference. (Continued on next page.)

Date Students
(2016) Institution Class/Setting Level (N)* Location
Aug 22 Cerritos College Physical Geology Community college 30 Long Beach, CA, USA
Aug 23 Cerritos College Physical Geology Community college 40 Long Beach, CA, USA
Aug 24 Tamalpais High School (three events) Marine Science Grade 11/12 96 Mill Valley, CA, USA
Aug 25 Tamalpais High School (two events) Marine Science Grade 11/12 64 Mill Valley, CA, USA
Aug 25 Girls in Engineering and Marine Science  Summer camp at Oregon State University =~ Grade 6-8 30 Newport, OR, USA
Aug 26 Center for Marine Studies, Universidade Undergraduate 30 Pontal do Parana, Brazil
Federal do Parana
Aug 26 Tamalpais High School Marine Science Grade 11/12 32 Mill Valley, CA, USA
Aug 30 Cerritos College Physical Geology Community college 40 Long Beach, CA, USA
Aug 31 Lycée Jules Supervielles High School 1S 32 Montevideo, Uruguay
Aug 31 Hueneme High School Marine Science Grade 11/12 35 Oxnard, CA, USA
Sep 1 Hueneme High School (two events) Marine Science Grade 11/12 70 Oxnard, CA, USA
Sep 2 Hueneme High School Marine Science Grade 11/12 35 Oxnard, CA, USA
Sep 3 Hueneme High School Marine Science Grade 11/12 35 Oxnard, CA, USA
Sep 4 Family and Friends Broadcasts (two events) Ages 2 - 86+ 25 USA, UK, Israel, Dominican Republic,
France, Switzerland, and more
Sep7 St. Ursula Academy AP Physics Grade 11/12 20 Toledo, OH, USA
Sep 8 West Chester University of Pennsylvania  Weekly Seminar Series, Dept. Earth and Undergraduate/graduate 95 West Chester, PA, USA
Space Sciences
Sep9 Hueneme High School (two events) Students with learning/emotional Grades 9-12 36 Oxnard, CA, USA
disabilities
Sep 9 Lycée Barthou High School Age ~16 35 Pau, France
Sep 9 Valley View Middle School Science 8 Grade 8 18 Farmersville, OH, USA
Sep 12 Marist Primary School Science Grade 4 30 Ascot, UK
Sep 12 Pound Middle School Science 7 Grade 7 57 Lincoln, NE, USA
Sep 13 Pound Middle School (two events) Science 7 Grade 7 87 Lincoln, NE, USA
Sep 13 Lycée Louis de Broglie (two events) High School 1S+TS 162 Marly le Roi, France
Sep 14 Pound Middle School (two events) Science 7 Grade 7 89 Lincoln, NE, USA
Sep 14 Lycée Charles de Gaulle (two events) High School 1S+TS 65 Compiegne, France
Sep 15 Pound Middle School Science 7 Grade 7 62 Lincoln, NE, USA
Sep 15 Univerity of Tasmania Marine Geosciences Undergraduate (2nd year BSc) 17 Hobart, Tasmania, Australia
Sep 15 Lycée Louis de Broglie High School 2nd-1S-TS Marly le Roi, France
Sep 16 Homeschool Together General event Preschool-Grade 9 24 Kirkland, WA, USA
Sep 16 Lagunitas Middle School (two events) Geography Grade 7 35 San Geronimo, CA, USA
Sep 17 Cerritos College Physical Geology Community college 40 Long Beach, CA, USA
Sep 19 Lycee Pierre Mendes France High School 1S 35 Peronne, France
Sep 19 Monterey Penninsula College Introductory Oceanography Community college 50 Pacific Grove, CA, USA
Sep 20 Lycée Robert de Luzarches High School TS 36 Amiens, France
Sep 20 Lycée francais de Bucarest High School 1S 31 Bucharest, Romania
Sep 20 Edgewood Jr/Sr High School Honors Marine Science Grade 11/12 30 Merritt Island, FL, USA
Sep 21 Lycée Gerard de Nerval High School 1S 31 Soissons, France
Sep 21 Lycée Mansart High School TS 33 Saint Cyr, France
Sep 22 Bethesda Care Center Bethesda Bucket List Program Nursing home 5 Fremont, OH, USA
Sep 22 Edgewood Jr/Sr High School Honors Marine Science Grade 11/12 30 Merritt Island, FL, USA
Sep 22 McGill Univeristy General Geology for Engineers Undergraduate 100 Montreal, QC, Canada
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Table T2 (continued).

Expedition 362 Preliminary Report

Date Students
(2016) Institution Class/Setting Level (N)* Location
Sep 23 Robinson Secondary School Honors physical science (8) and Grades8and 11/12 57 Fairfax, VA, USA
Oceanography (11/12)
Sep 23 Lycée Albert Londres High School Age 16 95 Cusset, France
Sep 23 Lycée Robert de Luzarches High School 1S 31 Amiens, France
Sep 23 Lycée Jean Renou High School 1S 53 Loubens, France
Sep 24 Sam Houston State University Tectonics Undergraduate 35 Hunstville, TX, USA
Sep 24 Boston University Introductory Geology Undergraduate 82 Boston, MA, USA
Sep 24 Lycée Stanislas High School TS 30 Paris, France
Sep 26 Lycée P.Vincensini High School 1S 31 Bastia, France
Sep 26 Lycée Gustave Eiffel High School 1S 72 Bordeaux, France
Sep 26 Lycée Michelet High School 1S+TS 80 Montauban, France
Sep 26 Northern Virginia Community College Historical Geology Community college 30 Alexandria, VA, USA
Sep 27 Edgewood Jr/Sr High School Honors Marine Science Grade 11/12 30 Merritt Island, FL, USA
Sep 27 Lycée Blaise Pascal High School 1S 30 Clermont Ferrand, France
Sep 27 Lycée Francais de Bruxelles High School 1S 31 Brussels, Belgium
Sep 27 Jefferson Elementary School 6th Grade Science Grade 6 30 Charleston, IL, USA
Sep 28 Lycée Branly High School 1S 27 Boulogne sur Mer, France
Sep 29 Lycee Val d'Argens (two events) High School 1S 86 Nice, France
Sep 29 Trestle Homeschool Association General event Age 8-11 30 Lake Stevens, WA, USA
Sep 30 Smith College Weekly Seminar Series, Geology Dept. Undergraduate 16 Northampton, MA, USA
Oct 1 North Harford Middle School Science Grade 6 50 Pylesville, MD, USA
Oct 1 Georgiana Bruce Kirby Preparatory Science and Technology Intensive Path Grades 9-12 27 Santa Cruz, CA, USA
School monthly seminar
Oct3 Natural Bridges National Monument Evening Program at Visitor Center General public 5 Lake Powell, UT, USA
Oct4 Ask Me Anything (AMA)t Science AMA Series General public 2600 Reddit.com
Total: 5405
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Figure F1. Example coseismic rupture models of the 2004 Sumatra-Andaman earthquake using combinations of seismic, geodetic, and tsunami data. A. Coseis-
mic and ~30 day postseismic slip, with slip offshore North Sumatra concentrated beneath the forearc high. Contours = depth of subducting plate. B. Waveform
and GPS inversion suggesting substantial shallow slip (although postseismic transients may be included). C. Model based on tsunami observations that shows

significant slip on shallow plate boundary.
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Figure F3. Regional physiography of the eastern Indian Ocean with existing drill sites (orange squares), including Expedition 362 Sites U1480 and U1481 (red
circles). The Nicobar Fan is located between the Ninetyeast Ridge and the Sunda subduction zone.
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Figure F4. Recently collected multichannel seismic reflection profiles (black dashed lines) and existing earlier profiles (gray dotted lines) across the north
Sumatran forearc (location of the southern 2004 earthquake rupture zone) and Indian oceanic plate overlain on multibeam bathymetry. Gray circles represent
seismicity. Inset shows seismicity and focal mechanisms associated with the December 2004 and March 2005 earthquake ruptures.
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Figure F6. Seismic Profiles BGR06-101 and BGR06-102 across the Indian oceanic plate west of the Sunda subduction zone, North Sumatra, from the Ninetyeast
Ridge to the deformation front, with Site U1480. Seismic Horizon A (blue line) is the unconformable boundary between the trench wedge and the underlying
Nicobar fan sediments. Seismic Horizon B (green line) is the transition from reflective to less reflective stratigraphy. Seismic Horizon C (dashed red line) is the
high-amplitude reflector having negative polarity toward the subduction zone and is identified as a potential décollement horizon by Dean et al. (2010). Seis-
mic Horizon D is oceanic basement. See Figure F4 for profile locations. See McNeill et al. (2016) for source and details of site survey seismic reflection data.
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Figure F7. Seismic Profiles BGR06-103, BGR06-104, and BGR06-105 across the Indian oceanic plate west of the Sunda subduction zone, North Sumatra, from
the Ninetyeast Ridge to the deformation front, with Site U1481. Seismic Horizon A (blue line) is the unconformable boundary between the trench wedge and
the underlying Nicobar fan sediments. Seismic Horizon B* (green line) is the transition downsection from reflective to less reflective stratigraphy. The line is
dashed where transition is less distinct. Seismic Horizon C (dashed red line) is the high-amplitude reflector having negative polarity toward the subduction
zone and is identified as a potential décollement horizon by Dean et al. (2010). Seismic Horizon D is oceanic basement. Note that seismic Horizon B here
correlates to Horizon B on Profile BGR06-102 (Site U1480), but Horizon B* marks the change from reflective to less reflective stratigraphy on Profile BGR06-103
(Site U1481), deeper stratigraphically than on Profile BGR06-102. See Figure F4 for profile locations. See McNeill et al. (2016) for source and details of site survey
seismic reflection data.
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Figure F8. Seismic reflection Profile BGR06-102 at Site U1480 with primary seismic Horizons A-D interpreted prior to Expedition 362. See McNeill et al. (2016)
for source and details of site survey seismic reflection data.
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Figure F9. Seismic reflection Profile BGR06-103 at Site U1481 with primary seismic Horizons A-D interpreted prior to and during Expedition 362. Note that
seismic Horizon B correlates to Horizon B on Profile BGR06-102 (Site U1480), but Horizon B* marks the change from reflective to less reflective stratigraphy on
Profile BGR06-103 (Site U1481), deeper stratigraphically than on Profile BGR06-102. See McNeill et al. (2016) for source and details of site survey seismic reflec-

tion data.
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Figure F10. Summary diagram of data from Site U1480. Seismic panel presented in depth based on time-depth tie at the seafloor and 1431 mbsf. Graphic
lithology and lithologic units are defined by sediment composition and texture. Natural gamma radiation, magnetic susceptibility (MSL = magnetic suscepti-
bility logger, MSP = point magnetic susceptibility), P-wave velocity (discrete samples), and MAD porosity were measured as part of the standard physical prop-
erties core flow. Chloride and silicon are examples of the routine pore fluid geochemical measurements.
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Figure F11. Summary diagram of data from Site U1481. Seismic panel presented in depth based on time-depth tie at the seafloor and 1500 mbsf. Graphic
lithology and lithologic units are defined by sediment composition and texture. Natural gamma radiation, magnetic susceptibility (MSL = magnetic suscepti-
bility logger, MSP = point magnetic susceptibility), P-wave velocity (discrete samples), and MAD porosity were measured as part of the standard physical prop-
erties core flow. Chloride and silicon are examples of the routine pore fluid geochemical measurements.
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