N

N

Expedition 368X Preliminary Report: South China Sea
Rifted Margin
Laurel B Childress, Anne Briais, Jia-Ming Deng, Jian Lin, Michael
Nirrengarten, Ning Qiu, Sara Satolli, Zhen Sun, Yi Liang, Lifeng Zhong

» To cite this version:

Laurel B Childress, Anne Briais, Jia-Ming Deng, Jian Lin, Michael Nirrengarten, et al.. Expedition
368X Preliminary Report: South China Sea Rifted Margin. [Research Report] International Ocean
Discovery Program (IODP). 2019. hal-02351471

HAL Id: hal-02351471
https://hal.science/hal-02351471
Submitted on 6 Nov 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-02351471
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

International Ocean Discovery Program
Expedition 368X Preliminary Report

South China Sea Rifted Margin

Testing hypotheses for lithosphere thinning
during continental breakup: drilling at the
South China Sea rifted margin

15 November-8 December 2018

Laurel Childress and the Expedition 368X Scientists

NNNNNNNNNNNNNNNNNN
RRRRRRRRRRRRRRRR



Publisher’s notes

Core samples and the wider set of data from the science program covered in this report are under
moratorium and accessible only to Science Party members until 26 April 2020.

This publication was prepared by the JOIDES Resolution Science Operator (JRSO) at Texas A&M
University (TAMU) as an account of work performed under the International Ocean Discovery
Program (IODP). Funding for IODP is provided by the following international partners:

National Science Foundation (NSF), United States

Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan
European Consortium for Ocean Research Drilling (ECORD)

Ministry of Science and Technology (MOST), People’s Republic of China
Korea Institute of Geoscience and Mineral Resources (KIGAM)

Australia-New Zealand IODP Consortium (ANZIC)

Ministry of Earth Sciences (MoES), India

Coordination for Improvement of Higher Education Personnel (CAPES), Brazil

Portions of this work may have been published in whole or in part in other IODP documents or
publications.

Disclaimer

Any opinions, findings, and conclusions or recommendations expressed in this publication are
those of the author(s) and do not necessarily reflect the views of the participating agencies, TAMU, or
Texas A&M Research Foundation.

Copyright

Except where otherwise noted, this work is licensed under the Creative Commons
Attribution 4.0 International (CC BY 4.0) license (https://creativecommons.org/ 5v
licenses/by/4.0/). Unrestricted use, distribution, and reproduction are permitted,
provided the original author and source are credited.

Citation

Childress, L., and the Expedition 368X Scientists, 2019. Expedition 368X Preliminary Report: South China Sea Rifted
Margin. International Ocean Discovery Program. https://doi.org/10.14379/iodp.pr.368X.2019

ISSN
World Wide Web: 2372-9562

January 2019


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

L. Childress et al.

Expedition 368X participants

Expedition 368X scientists

Laurel Childress

Expedition Project Manager/Staff Scientist
International Ocean Discovery Program
Texas A&M University
USA
childress@iodp.tamu.edu

Anne Briais

Petrophysics (Physical Properties/Downhole Measurements)
Specialist
Observatoire Midi-Pyrenes
Geosciences Environnement Toulouse
Centre National de la Recherche Scientifique (CNRS)
France
anne.briais@cnrs.fr

Jia-Ming Deng
Petrophysics (Physical Properties/Downhole Measurements)
Specialist /Observer
Taiwan Ocean Research Institute
National Applied Research Laboratories
Taiwan
smilewind0601@gmail.com

Jian Lin
Petrophysics (Physical Properties/Downhole Measurements)
Specialist
Department of Geology and Geophysics
Woods Hole Oceanographic Institution
USA
jlin@whoi.edu

Michael F.R. Nirrengarten

Structural Geologist
Institut de Physique du Globe de Strasbourg
France

Present address (2 January 2018):

Laboratoire Géosciences et Environnement de Cergy-Pontoise
University de Cergy Pontoise

Maison International de la Recherche

France

michael.nirrengarten@u-cergy.fr

Expedition 368X Preliminary Report

Ning Qiu
Petrophysics (Physical Properties/Downhole Measurements)
Specialist
Key Laboratory of Marginal Sea Geology
Chinese Academy of Sciences
China
ningqiu@scsio.ac.cn

Sara Satolli
Paleomagnetist
Department of Engineering and Geology
University of Chieti-Pescara
Italy
sara.satolli@unich.it

Zhen Sun

Structural Geologist
CAS Key Laboratory of Marginal Sea Geology
South China Sea Institute of Oceanology
China
zhensun@scsio.ac.cn

Liang Yi
Paleomagnetist
State Key Laboratory of Marine Geology
Tongji University
China
yi.liang82@gmail.com

Lifeng Zhong

Petrologist
School of Marine Sciences
Sun Yat-Sen University
China
zhonglf9@mail.sysu.edu.cn


mailto:childress@iodp.tamu.edu
mailto:anne.briais@cnrs.fr
mailto:smilewind0601@gmail.com
mailto:jlin@whoi.edu
mailto:michael.nirrengarten@u-cergy.fr
mailto:ningqiu@scsio.ac.cn
mailto:sara.satolli@unich.it
mailto:zhensun@scsio.ac.cn
mailto:yi.liang82@gmail.com
mailto:zhonglf9@mail.sysu.edu.cn

L. Childress et al.

Operational and technical staff

SIEM Offshore AS officials

Jake Robinson
Master of the Drilling Vessel

JRSO shipboard personnel and technical representatives

Timothy Blaisdell
Applications Developer

Susan Boehm
Thin Section Laboratory

Inva Braha
Curatorial Specialist

Lisa Brandt
Chemistry Laboratory

James Brattin
Applications Developer

Ty Cobb
Physical Properties Laboratory

Lisa Crowder
Laboratory Officer

Aaron De Loach
Assistant Laboratory Officer

Seth Frank
Physical Properties Laboratory

Tim Fulton

Senior Imaging Specialist
Clayton Furman
Logging Engineer

Randy Gjesvold

Marine Instrument Specialist

Margaret Hastedt
Core Laboratory

Expedition 368X Preliminary Report

Mark Robinson
Drilling Supervisor

Sandra Herrmann
Assistant Laboratory Officer

Michael Hodge
Marine Computer Specialist

Nicolette Lawler
X-Ray Laboratory

Aaron Mechler
Chemistry Laboratory

Michael Meiring
Engineer

Stephen Midgley
Operations Superintendent

Beth Ann Novak
Paleomagnetism/Physical Properties Laboratory

Vincent Percuoco
Chemistry Laboratory

Alyssa Stephens
Publications Specialist

Sheryl Templeton
Physical Properties Laboratory

Steven Thomas
Marine Computer Specialist

Garrick Van Rensburg
Marine Instrumentation Specialist

Hai (James) Zhao
Applications Developer



L. Childress et al.

Abstract

International Ocean Discovery Program (IODP) Expedition
368X is the third of three cruises that form the South China Sea
Rifted Margin program. Expeditions 367, 368, and 368X share the
common key objectives of testing scientific hypotheses of breakup
of the northern South China Sea (SCS) margin and comparing its
rifting style and history to other nonvolcanic or magma-poor rifted
margins. Four primary sites were selected for the overall program:
one in the outer margin high (OMH) and three seaward of the
OMH on distinct, margin-parallel basement ridges informally la-
beled Ridges A, B, and C from north to south. The ridges are located
in the continent-ocean transition (COT) zone ranging from the
OMH to the interpreted steady-state oceanic crust (Ridge C) of the
SCS. The main scientific objectives include

1. Determining the nature of the basement in crustal units across
the COT of the SCS that are critical to constrain style of rifting,

2. Constraining the time interval from initial crustal extension and
plate rupture to the initial generation of igneous ocean crust,

3. Constraining vertical crustal movements during breakup, and

4. Examining the nature of igneous activity from rifting to seafloor
spreading.

In addition, sediment cores from the drill sites targeting primar-
ily tectonic and basement objectives will provide information on the
Cenozoic regional environmental development of the Southeast
Asia margin.

Expedition 368X was planned to reoccupy a site started during
Expedition 368. Because of repeated breakdowns of the low clutch
diaphragm in the drawworks, Hole U1503A was abandoned after
installing casing to 991.5 m. Despite this setback to Expedition 368
and the South China Sea Rifted Margin program, Hole U1503A was
completed during Expedition 368X. The overarching scientific goal
of IODP Expeditions 367 and 368 was to unveil the mechanisms of
continental breakup at the northern SCS margin from rifting
through steady-state spreading. A key operational objective of Site
U1503 was to sample the lowermost ~300 m of sediments on top of
basement to constrain the age and subsidence history of the crust at
this location, the timing of normal faulting, and the environment of
the early half-graben fill. A second important goal was to sample at
least 100 m of the igneous basement. Deep representative sampling
of the igneous material at this site will provide an important refer-
ence frame for the modeling of breakup and early ocean spreading.

In Hole U1503A, the sediment sequence was cored with the ro-
tary core barrel (RCB) system from 995.1 to 1597.84 m (602.74 m
penetration; 128.01 m recovered; 21%) and then the underlying
basement was continuously cored from 1597.84 to 1710.1 m
(112.26 m penetration; 47.91 m recovered; 43%). Although logging
deeper than 991.5 m (bottom of casing) was not possible because of
unstable hole conditions, Hole U1503A was logged with the Vertical
Seismic Imager in the cased portion of the hole. No days were lost
to waiting on weather, and the only mechanical downtime was a
1.5 h period when an electrical malfunction caused the top drive to
shut down for repairs.

Expedition 368X successfully completed the operational objec-
tives in Hole U1503A that were abandoned during Expedition 368.
In the SCS margin science program, material recovered during
Expedition 368X will contribute toward meeting the four specific
objectives of Expeditions 367 and 368. Postexpedition research on
the sediments and basalt recovered from Hole U1503A will allow
for determination of emplacement age and geochemical analyses of
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rock composition and assessment of melting processes and age of
crystallization. The combination of such analyses will contribute to
geochemical or thermomechanical modeling that will constrain
mantle origin and melting processes leading to the formation of
these basalts.

Introduction

The South China Sea (SCS) margin (Figures F1, F2, F3) is an
accessible and well-imaged location where drilling of synrift sedi-
ments and underlying basement will provide key constraints on the
processes of rifting and eventual rupturing of the continental litho-
sphere during breakup at a highly extended rifted margin. Interna-
tional Ocean Discovery Program (IODP) Expeditions 367, 368, and
368X were based on drilling Proposals 878-CPP, 878-Add, 878-
Add2, and 878-Add3. This project was implemented as a single sci-
ence program, initially with 114 days of drilling operations spread
across two IODP expeditions, as outlined in the Expedition 367/368
Scientific Prospectus (Sun et al., 2016b). Deep representative sam-
pling of the basaltic material at Site U1503 would have provided an
important reference frame for the modeling of breakup; however,
planned operational objectives in Hole U1503A were not achieved
during Expedition 368.

Expedition 368 installed a reentry system and 991.5 m of casing
(10% inch) in Hole U1503A but the hole could not be deepened
because of mechanical problems with the drawworks, including a
fourth clutch diaphragm failure and a breakdown of the aft shaft
bearing on one of the Elmagco brakes. The continuing failures of
the low clutch diaphragm and the lack of available spares to last
until the end of the expedition limited the operation of the ship’s
drilling equipment to shallower than 3400 m. Therefore, Site U1503
was abandoned without achieving the scientific objectives. Before
departing Site U1503 during Expedition 368, the reentry system in
Hole U1503A was inspected by subsea camera. The cone appeared
to be 1-2 m below the seafloor but was clearly visible and expected
to be available for reentry at a later date. Expedition 368X was able
to take advantage of a unique opportunity in the R/V JOIDES Reso-
lution schedule that resulted from forced equipment repairs. Expe-
dition 368X adds an additional 20 days of drilling operations to the
South China Sea margin science program. The drilling strategy for
Expedition 368X was to finish the Expedition 368 Hole U1503A
operational objectives, including coring the lowermost sediment
and basement and logging the hole. During Expedition 368X, the
sediment sequence was cored with the rotary core barrel (RCB)
system from 995.1 to 1597.84 m (602.74 m penetration; 128.01 m
recovered; 21%) and then the underlying basalt was continuously
cored from 1597.84 to 1710.1 m (112.26 m penetration; 47.91 m
recovered; 43%). Although logging deeper than 991.5 m (bottom of
casing) was not possible because of unstable hole conditions, Hole
U1503A was logged with the Vertical Seismic Imager (VSI) in the
cased portion of hole.

Background

Global questions regarding formation
of rifted margins
The Ocean Drilling Program (ODP; 1985-2003) made a major
effort to understand the processes of continental breakup along the
rifted margins of the North Atlantic (ODP Legs 103, 104, 149, 152,
163, 173, and 210). This effort resulted in the recognition of two
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end-members of rifted margins (see summary of observations in
Sun et al,, 2016a, 2016b).

The first recognized end-member is volcanic rifted margins,
examples of which are characterized by massive igneous activity in a
relatively short period of time (~1-3 million years) during breakup
and initial seafloor spreading; the pair of conjugate margins of
Greenland and northwest Europe is an example of this type. In these
locations, the asthenospheric mantle may have been anomalously
hot (e.g., close to mantle plumes), which led to thermal weakening
of the continental lithosphere followed by rapid plate rupture.

The second recognized end-member is magma-poor rifted mar-
gins, which are interpreted to endure hyperextension of the conti-
nental crust, with tectonic extension at the distal margin eventually
exhuming the subcontinental mantle lithosphere and leading to ser-
pentinization of the mantle. The Newfoundland and Iberia pair of
conjugate margins, where serpentinite occupies a broad zone in the
COT zone, is an example of this type of margin and is the only con-
jugate margin pair where this interpretation has been confirmed by
scientific drilling. The introduction of water into the subcontinental
lithospheric mantle is interpreted to have taken place through deep,
crust-cutting faults, causing serpentinization that profoundly weak-
ens the mantle lithosphere and facilitates plate rupture. The subse-
quent ultraslow spreading led to the formation of additional
serpentinite on the seafloor (e.g., Dick et al., 2003) until sufficient
magma production allowed for the formation of normal oceanic
crust.

Elsewhere, other examples of highly extended rifted margins
have been identified in seismic reflection data (e.g., Brune et al.,
2017; Doré and Lundin, 2015), but it is not known if serpentinized
mantle plays a critical role in all cases. Modeling by Huismans and
Beaumont (2008, 2011) suggests several scenarios for the formation
of rifted margins in the absence of anomalously hot asthenospheric
mantle. One scenario (Type I of Huismans and Beaumont, 2011) is
the Iberia-Newfoundland-type margin described above. In this
case, lithospheric thinning initially occurs in the (upper) crust, and
extensional faults profoundly thin the continental crust (hyperex-
tension) and eventually reach the mantle and cause serpentinization
(Whitmarsh et al., 2001; Pérez-Gussinyé and Reston, 2001; Pérez-
Gussinyé et al.,, 2006; Reston, 2009; Sutra and Manatschal, 2012).
The schematic model of this type of margin development (Figure
F4) guided the drilling strategy of Expeditions 367, 368, and 368X.
Huismans and Beaumont (2008, 2011) also suggest, however, that
final plate rupture can occur without exhumation of the subconti-
nental mantle and can be followed rather quickly by igneous ocean
crust formation, a scenario that our chosen drilling strategy also
tested. Therefore, the highly extended northern margin of the SCS
is an excellent location to examine whether this margin endured
magmatism during breakup or whether its development is closer to
the Iberia-type, amagmatic margin.

Geological setting

The SCS is a modestly sized young ocean basin that formed
along the eastern boundary of the Eurasian plate during the mid- to
late Cenozoic (Figure F1). Expeditions 367, 368, and 368X cored
and logged a transect of drill sites across the COT in the northern
SCS (Figure F5).

The continental crust that was rifted to form the SCS was
accreted to the Asian margin during the Mesozoic (Zhou and Li,
2000; Zhou et al., 2008; Li et al., 2012a, 2012b). Starting about 80
million years later, this relatively young continental lithosphere
underwent extensive rifting during the Paleogene, in the Eocene to
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early Oligocene (Figure F3). Seafloor spreading in the eastern part
of the SCS started during the Oligocene, and the oldest magnetic
anomaly in the area of the drilling transect is interpreted to be
Anomaly C11 (~29.5 Ma) or C12n (~31 Ma) (Briais et al., 1993; Li et
al., 2013, 2014; Franke et al., 2013). Seafloor spreading in the south-
west SCS started at ~23 Ma, and even later in the most southwest-
ern basin (Briais et al., 1993; Barckhausen and Roeser, 2004; Li et al.,
2012a, 2012b; Franke et al., 2013).

The initial half-spreading rate was ~3.6 cm/y. It later slowed to
1.2 cm/y, and seafloor spreading eventually ceased by ~15 Ma (e.g.,
Li et al,, 2014). The initial spreading rate in the SCS basin therefore
appears to be higher than the ultraslow spreading off the Iberia-
Newfoundland margin (Dick, 2003). Subduction of the eastern part
of the SCS basin started at or before ~15 Ma along the Manila
Trench (Li et al., 2013). For a more complete review of the regional
setting and tectonic development of the SCS, see Shi and Li (2012),
Li et al. (2013), Sun et al. (2014), and Franke et al. (2013).

The Expedition 367, 368, and 368X drilling transect is located
~50 km west of IODP Site U1435 (Figures F1, F4, F5) (Li et al,
2015a, 2015b), along a segment of the northern SCS margin
bounded to the west by a transform fault. This margin segment ex-
hibits a broad zone of extended crust (COT) (Figure F5) that may
end to the east somewhere between IODP Sites U1432 and U1435.
East of this segment, continental crust seems to thin into ocean
crust in a narrower COT.

The segment of the SCS margin addressed during Expeditions
367, 368, and 368X is therefore characterized by a broad COT
(~150 km) resulting from intense crustal stretching and extension
prior to breakup. A deep sag basin (midslope basin [MSB]) of pre-
sumed Eocene to Oligocene age is present in the midslope area (Fig-
ure F5) and is bounded seaward by an outer margin high (OMH)
forming a quite persistent structure along the margin to the east.
Three distinct ridges (A, B, and C from north to south in Figures F2,
F5) are found seaward of the OMH in the more distal margin, repre-
senting progressively thinner continental crust in the COT or ocean
crust. We refer to the continent/ocean boundary (COB) as the nar-
row zone in which the outermost, highly thinned continental litho-
sphere is replaced seaward by new crust that formed at a narrow
spreading ridge in a steady-state fashion. The latter can include con-
tinuous tectonic exhumation of lithospheric mantle (e.g., Dick et al.,
2003), accretion of normal igneous oceanic crust, or a mixture of
these two processes. The nature and precise location of the COB at
the SCS cannot be interpreted with confidence from the seismic
data, and interpretation therefore requires drilling control.

The clear seismic reflections from the Mohorovici¢ seismic dis-
continuity (Moho) show distinct thinning of the continental crust
(Figure F5) across the COT with a thickness of ~6 km around its
seaward end. Separate layers hypothesized to be upper, middle, and
lower crust are distinguished in the landward part of the seismic
profiles. The lower crust is acoustically transparent and may be as
thin as ~6 km in places. Lower crust with a similar thickness and
seismic appearance is reported from the northeastern SCS margin
(McIntosh et al., 2013, 2014; Lester et al., 2013). The seaward con-
tinuation of this crustal layering into the COB zone is ambiguous,
however, and prevents us from interpreting the exact location and
detailed nature of the COB.

The upper crust shows numerous extensional faults soling out at
low-angle detachment faults in the midcrustal level. This fault sys-
tem generated a number of deep half-grabens filled with synrift sed-
iments which were subsequently covered by postrift sediments. The
boundary between synrift sediments and postrift sediments most
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often follows the T70 seismic stratigraphic unconformity (Figure
F5). Results from distant industry wells, as well as those of IODP
Site U1435 suggest a breakup unconformity age of ~34 Ma. How-
ever, the time of crustal extension is not necessarily synchronous
across the margin and could be younger toward the outer margin. A
younger, widely distributed unconformity (T60) is also observed
(Figure F5). The T60 unconformity corresponds to a hiatus at
~23 Ma found at ODP Site 1148 (Wang, Prell, Blum, et al., 2000)
and IODP Site U1435 and is approximately synchronous with a
southward jump and change in kinematics of the SCS spreading
axis, and with the breakup in the southwest part of the basin (Briais
et al., 1993).

The OMH hosts a number of relatively shallow half-graben
basins on top of this broad basement high. The stratigraphy of these
smaller basins can be traced seismically into the deeper, central ba-
sin sag below the MSB (Figure F5). The normal faults bounding the
OMH basins are clearly imaged and, for the main part, dip land-
ward. The small rift basins therefore offer an opportunity to sample
the stratigraphy covering the entire period of rifting and postrift
subsidence. The MSB itself is bounded landward by major, seaward-
dipping normal fault(s) that seemingly form major detachments
soling out at middle to lower crustal levels but not penetrating
through the lower crust. If true, this suggests that decoupling
between the upper and lower crust, and that at least in this more
landward part of the margin, faults never penetrated the lower crust
(remained ductile?).

The interpretation of some seismic profiles suggests that the
lower crust in the COT may thicken seaward but this observation is
not well constrained (Figure F5). Likewise, seismic imaging of the
low-angle faults and detachments in the landward part of the COT
cannot, with confidence, be traced into the distal margin regime.
One possibility is that the main detachment zone was located above
what later became Ridge A, effectively implying that Ridge A is a
core complex consisting of lower continental crust or subcontinen-
tal mantle depending on how deeply detachments exhumed the
lithosphere in the distal margin. Alternatively, if the main detach-
ment underlies Ridge A, the latter would represent upper plate
material of upper crustal origin.

Ridge A is domelike, for the most part, and shows neither nor-
mal faults nor clearly developed synrift half-grabens like the OMH.
Excluding sediment and using the ocean-bottom seismometer
(OBS) velocity constraints of Yan et al. (2001), Wang et al. (2006),
and Wei et al. (2011), the crust below this outermost basement high
is estimated to be only ~6—8 km thick. Seaward of Ridge A, the
crust has a fairly uniform thickness of ~6 km, which could be con-
sistent with oceanic crust (Yan et al., 2001; Li et al., 2014). The pro-
jection on the seismic profile of the magnetic lineation interpreted
to be Anomaly C11 (Briais et al., 1993) coincides with the seaward
part of Ridge A (Figures F2, F3, F5).

Both Ridges B and C consist of fault blocks rotated landward
along seaward-dipping normal faults, some of which may be seismi-
cally traced to near the base of the crust. Ridge B shows seismic
features along strike and in the uppermost crust that could be con-
sistent with a volcanic origin. However, these features could also be
consistent with a rotated fault block of upper continental crust (i.e.,
a distal extensional rider of upper plate origin), in which case prerift
deposits could be present beneath the seismic unconformity defin-
ing the top of acoustic basement at Ridge B. The seismic layered
structure of Ridge B makes it less likely to consist of lower crust or
serpentinized mantle. Ridge C, in many ways, is seismically similar
to Ridge B. However, the significant amplitude of the magnetic
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anomalies strongly suggests that Ridge C is indeed partial, if not full,
igneous ocean crust.

Sampling the basement at Ridges A, B, and C was therefore
essential for the SCS margin science program to distinguish be-
tween different tectonic models for breakup along highly extended
margins. Ridges A and B help constrain the style of rifting. In con-
trast, Ridge C is assumed to represent the early igneous crust, and
the material recovered here will address another key objective of the
SCS margin science program: to constrain the nature of early oce-
anic crust formation, specifically to determine how quickly a robust
igneous system was established, what mantle source is involved
(e.g., composition, temperature), what conditions of mantle melting
(degree and depth of melting) were present, and what continental
crustal contamination of the igneous material, if any, derived from
the asthenospheric mantle.

Expedition objectives

By drilling a transect across the SCS margin, expedition scien-
tists set out to understand the timing and process of rifting, even-
tual rupturing of the continental crust, and onset of igneous oceanic
crust at a highly extended rifted margin (Figure F4). Four primary
and sixteen alternate drill sites across a ~150 km wide COT zone
were defined in the Scientific Prospectus (Sun et al., 2016b). The
four primary sites were planned to target the four main tectonic fea-
tures: the OMH (and its small rift basins) and the three basement
ridges (A, B, and C) in the distal margin. At each of these sites, the
nature of the acoustic basement and the record of synrift and
postrift deposits were key targets.

As part of the SCS margin science program, Expedition 368X
was planned to complete operations at Hole U1503A. The primary
operational objective at Site U1503 was to sample the lowermost
~300 m of sediments on top of basement and at least 100 m of the
igneous basement. The sedimentary target will constrain the age
and subsidence history of the crust at this location, the timing of
normal faulting, and the environment of the early half-graben fill.
The basement objective will provide deep representative sampling
of the basaltic material at this site and an important reference frame
for the modeling of breakup. Although logging (triple combination
[triple combo], Formation MicroScanner [FMS]-sonic, and VSI tool
strings) into the basement was originally planned, the condition of
Hole U1503A deeper than ~1300 m was unstable and not suitable
for logging. Logging deeper than 991.5 m (bottom of casing) was
not possible because of unstable hole conditions, but Hole U1503A
was logged with the VSI in the cased portion of hole.

Coring and logging strategy

Drilling operations were based on the original plans for Expedi-
tion 368, which were designed to core and log through thick sedi-
ment sections and, significantly, into underlying basement using
casing in the upper, unstable part of the sedimentary section. The
operational approach was to reenter Hole U1503A using the reentry
system and 991.5 m of 10% inch casing installed during Expedition
368 (Figure F6).

Hole U1503A was designed for coring using the RCB system to
extend from the base of the casing through the sediments and into
the underlying basement. Multiple pipe trips to replace hard rock
RCB bits would be required by the depth of target within basement.
Upon completion of the coring objectives, the RCB bit was to be
dropped either in the bottom of the hole or on the seafloor before
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downhole wireline logging data could be collected. For this deeper
logging, we planned to use the triple combo and FMS-sonic tool
strings and the VSI tool string to conduct check shots.

During Expedition 368X, we had to modify this general opera-
tional plan in response to borehole conditions and the need to focus
our operations time to achieve our highest priority basement objec-
tive. The reentry cone installed during Expedition 368 was observed
to be slightly below the level of the seafloor and full of debris from
previous drilling in Hole U1503A. Thus, we installed a secondary
free-fall funnel (FFF) with a 2.7 m extension into the reentry system
to ensure our ability to reenter Hole U1503A during multiple pipe
trips to replace RCB bits (see Operations). RCB coring from
995.1 m (below the casing) to 1710.1 m penetrated 602.74 m of sed-
iments and 112.26 m of basement. We then tripped pipe out of the
hole, dropped the bit on the seafloor, and reentered Hole U1503A.
Logging deeper than 991.5 m was not possible because of unstable
hole conditions, so Hole U1503A was logged with the VSI in the
cased portion of hole (end of casing at 991.5 m).

Site summary
Site U1503

Background and objectives

Site U1503 (proposed Site SCSII-9B) is located at 3867.7 m
water depth near the top of the structural high named Ridge C (Fig-
ures F4, F7; Table T1). Ridge C is the most seaward ridge of the
three margin-parallel basement ridges that characterize the lower
continental slope underlain by thin (5-7 km) crust and possibly the
oldest oceanic crust. Ridge C is believed to represent at least partial,
if not full, igneous crust and therefore to have formed after the com-
pletion of continental breakup along this margin segment of the
northern SCS.

A key operational objective of Site U1503 was to sample the low-
ermost ~300 m of sediments on top of basement to constrain the
age and subsidence history of the crust at this location, the timing of
normal faulting, and the environment of the early sediment infill.
The other critical goal was to sample the igneous stratigraphy to at
least 100 m below the acoustic basement. Deep representative sam-
pling of the basaltic material at this site will provide an important
reference frame for the modeling of breakup. With an estimated
sediment thickness of 1640 m overlying basement, obtaining base-
ment samples and log data at this site represented a challenging
operation.

Operations

Operations were conducted in one hole at Site U1503 (Table
T1). In Hole U1503A, the reentry system and 10% inch casing (to
991.5 m) installed during Expedition 368 were used to reenter the
existing hole. The RCB system cored from 995.1 to 1597.84 m
(602.74 m penetration; 128.01 m recovered; 21%) and then continu-
ously cored 112.26 m into the underlying basalt from 1597.84 to
1710.1 m (47.91 m recovered; 43%). Logging with the VSI tool string
was conducted within the casing only.

Lithostratigraphy, igneous and metamorphic petrology, and
structural geology

Site U1503 is divided into four lithostratigraphic units (Figure
F8); three units are composed of sediments and one unit consists of
igneous basement. The uppermost 995.1 m of sediments were
drilled without coring during Expedition 368. Lithostratigraphic
Unit I (995.10-1484.74 m) is a 489.6 m thick sequence of well con-
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solidated to lithified brownish gray, moderately bioturbated clay-
stone with greenish gray sandstone and siltstone interbeds (Figure
F9). Some of the coarser intervals have high carbonate content and
multiple sedimentary structures (mud clasts, a fining-upward
sequence, and parallel and convolute laminations) that are poten-
tially related to deep-sea turbiditic flows. The relatively low recov-
ery (21%) of Unit I is attributed to the presence of thick sandstone
layers that are inferred from the high-amplitude reflectivity of seis-
mic section. Unit II (1484.74—1542.77 m) is divided into Subunits
ITA (1484.74-1533.60 m) and IIB (1533.60-1542.77 m) based on
carbonate and nannofossil contents. Subunit IIA has a recovery of
36% and consists of lithified dark reddish brown massive claystones
with greenish gray intervals containing heavier bioturbation. Sub-
unit IIB has extremely low recovery (3%) and consists of lithified
reddish brown clay-rich chalk. The separation of Subunits ITA and
IIB is also based on geochemical data. Subunit ITA has low carbon-
ate content and high Sr, Fe, Ni, Zn, and Al concentrations, whereas
Subunit IIB is carbonate rich and low in Sr, Fe, Ni, Zn, and Al. Unit
III (1542.77-1597.84 m) contains heavily bioturbated lithified
greenish gray nannofossil-rich claystone, greenish gray claystone,
light greenish gray siltstone, and dark gray banded claystone. Recov-
ery in Unit III is extremely low (5%). A 4 cm thick greenish black
interval in Unit III is likely composed of highly altered volcanoclas-
tic material.

Lithostratigraphic Unit IV (1597.84-1710.10 m) is an igneous
unit that samples the uppermost part of the SCS basement. The
boundary between the sediment of Unit IIT and the underlying ba-
salt of Unit IV is at 1597.84 m, but it is unfortunately disturbed by
drilling and corresponds to the separation between claystone and
basalt rubble at the bottom of the core. Unit IV continues through
112.26 m of basement, of which 47.91 m was recovered. Unit IV is
composed primarily of sparsely plagioclase to plagioclase phyric ba-
salt with no vesicles to high vesicle content (Figure F10). Basalts
have mostly an ophitic to subophitic texture with euhedral
phenocrysts of plagioclase. This basalt unit contains chilled margins
with preserved fresh glass and occasional hyaloclastites with brec-
ciated glass fragments imbricated with clayey sediments or recrys-
tallized carbonate. Veins occur throughout Unit IV and are
predominantly filled with carbonates, Fe oxides, chlorites, and zeo-
lites. Alteration of these basalts remains generally low, as evidenced
by the minimal alteration of interstitial glass and the good preserva-
tion of plagioclase. The textures, contacts, and structures of Unit IV
suggest an emplacement as pillow or lobate lava flows in subaque-
ous environment.

Biostratigraphy

Between Sections 368X-U1503A-2R-1 and 368X-U1503A-48R-
CC, a 5 cm whole-round sample from the core catcher was collected
on the catwalk by JOIDES Resolution Science Operator (JRSO)
IODP technical staff. The sample was vacuum sealed and stored for
shipment to the Gulf Coast Repository (GCR) in College Station,
TX, at the end of the expedition. Exceptions to this sampling strat-
egy occurred in particularly low-recovery cores. Deeper than
1441.7 m in lithified sediments and basement, no samples were
collected for biostratigraphy.

Paleomagnetism

The intensity of the natural remanent magnetization in sedi-
ments at Site U1503 is higher in the reddish claystone (10-2 A/m) of
Unit II than in the brownish, greenish, and gray sediments of both
lithostratigraphic Units I (10~ A/m) and III (10-* A/m); in the
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basalts (Unit IV), average initial intensity is at least two to four
orders of magnitude higher than in sediments (1 A/m).

Both sediments and basalts can show two components of mag-
netization: a component isolated at lower fields that, at least in sed-
iments, shows steep positive inclination and can be correlated to
drilling overprinting and a characteristic component of magnetiza-
tion (ChRM) that shows both reversed and normal polarities and
can be isolated in different field ranges depending on the coercivity
of the magnetic carries. In sediments, the presence of both normal
and reverse polarities and a mean ChRM inclination of 26.4° + 8.0°
(close to the 25° inclination expected at the coordinates of Hole
U1503A) support a primary nature of the magnetization. However,
the observed inclinations (Figure F11) cannot be correlated with a
reference geomagnetic polarity timescale because of the extremely
low recovery rate.

The anisotropy of magnetic susceptibility shows strong oblate
shape and horizontal planar fabric in sediments, which is consistent
with deposition in a calm pelagic environment. An inclined planar
fabric is present in lithostratigraphic Units II and III and shows a
foliation inclined by ~30°. In basalts, a prolate shape of the ellipsoid
and an intermediate fabric indicate the presence of a flow; however,
the flow direction cannot be determined because samples are not
oriented.

Geochemistry

Geochemical analyses were conducted for headspace gas safety
monitoring in all sediment cores and in two basement cores. Meth-
ane content is low (<30 ppmv) in the sediment sections shallower
than 1394 m. Deeper than 1404 m, methane content in sediments
gradually increases (average = 1249 ppmv) before reaching a maxi-
mum of 5066 ppmv very near the sediment/basement boundary.
Quantification of sediment CaCQO;, inorganic and organic carbon,
nitrogen, and sulfur contents was made for 43 samples (Figure F12).
Samples with carbonate content >30 wt%, from near the top of the
cored sediments, correspond to sandstones in lithostratigraphic
Unit 1. With three exceptions, total organic carbon (TOC)/total
nitrogen (TN) ratios at Site U1503 range from <1 to 6.4 (average =
4.3; Figure F12), suggesting that the majority of the organic matter
is likely from a marine source. Source rock analysis (SRA) was per-
formed on three sedimentary samples. Samples collected for X-ray
diffraction (XRD) analysis (Sun et al., 2018) were retained for shore-
based analysis of major element oxides and several trace elements
using inductively coupled plasma—atomic emission spectroscopy
(ICP-AES).

Physical properties

We measured physical properties on whole-round cores,
working-half sections, and discrete samples. These measurements
included gamma ray attenuation (GRA) bulk density, magnetic sus-
ceptibility, natural gamma radiation (NGR), P-wave velocity, mois-
ture and density (MAD) and porosity, and thermal conductivity.
The variations in physical property values led us to define physical
properties (PP) Units 1-9, each of which has specific characteristics
(Figure F13). Lithostratigraphic Unit I includes PP Units 1-5. Sub-
unit ITA includes PP Units 6 and 7. Subunit IIB and Unit III corre-
spond to PP Unit 8. Unit IV corresponds to PP Unit 9. In PP Unit I,
variations of physical properties are mostly related to the nature of
the sediment; NGR, magnetic susceptibility, and porosity are
higher, and density, P-wave velocity, and thermal conductivity are
lower in the claystone and siltstone than in the sandstone. P-wave
velocity of the claystone and siltstone also increases slightly with
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depth because of lithification. In PP Unit 7, magnetic susceptibility
increases markedly in the red clay of Subunit IIA. The nannofossil-
rich claystone of Unit III, which corresponds to PP Unit 8, displays a
clear decrease in bulk density, magnetic susceptibility, and P-wave
velocity with depth. Such variations, which are opposite to those ex-
pected from lithification or compaction effects, are possibly due to
the abundance of nannofossils in the sediment. Magnetic suscepti-
bility in the basalts is very high but shows some variations that
might correspond to changes in the nature of the magnetized min-
erals or the grain size. Compared to the sedimentary rocks above
the basement, P-wave velocity in the basalts is quite high. NGR (<10
counts/s) and porosity are quite low in the basalts, whereas density
is much higher than in sediment. The high magnetic susceptibility
values in Cores 368X-U1503A-87R and 88R correspond to basalts
that display more massive textures than those from the other cores
and are likely to have distinct magnetized minerals or grain size.

Downhole measurements and seismic correlation

A VSI tool string was deployed to collect a vertical seismic pro-
file at 18 stations with intervals of 50 m from 974.9 to 124.9 m
within Hole U1503A. To avoid potentially deteriorated conditions
in the open hole, the VSI tool string did not pass into the open hole;
all check shots were conducted inside the casing. The VSI tool
string was first lowered to near the end of the casing at ~991 m. The
logging string was then pulled up and stopped at 18 stations. The
VSI tool string was combined with telemetry and gamma ray tools.
Following data collection, logging specialists at the Lamont-
Doherty Earth Observatory provided corrected two-way travel-
times. The combined VSI and P-wave measurements were used to
calculate the velocity-depth relationship for Hole U1503A using the
interval velocity from the VSI experiment for the top part and the
average P-wave velocity of sediment cores. Seismic waveforms in
Hole U1503A were then extracted from seismic data and converted
to depth using the composite depth-velocity relationship for the
hole (Figure F14). The boundaries of multiple PP and Lithostrati-
graphic Units are connected to the prominent reflectors in the seis-
mic image.

Preliminary scientific assessment

In this section, we assess the achievements of Expedition 368X
in terms of meeting the four specific objectives of Expeditions 367
and 368 as stated in the Scientific Prospectus (Sun et al., 2016b).
Based on the reentry system and casing installation completed
during Expedition 368 and the need to address uncompleted opera-
tional objectives, Expedition 368X operated exclusively in Hole
U1503A. The drilling strategy for Expedition 368X was to finish the
operational objectives of Expedition 368 in Hole U1503A, including
coring the lowermost sediments and basement and logging the hole.

1. To determine the nature of the basement within critical crustal
units across the COT of the SCS rifted margin to discriminate
between different competing models of breakup at magma- poor
rifted margins. Specifically, to determine whether the subconti-
nental lithospheric mantle was exhumed during plate rupture.

This objective was partly achieved during Expedition 368X with
the potential for completion following postcruise research.

Site U1503 was a priority deep site on distal Ridge C, as stated in
the Scientific Prospectus (Sun et al., 2016b). Expedition 368X pene-
trated 112.26 m into the basalt basement of Hole U1503A and re-
covered 47.91 m (43%). Although the age of crustal material from
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Hole U1503A is not yet determined, onboard igneous and meta-
morphic petrology and structural geology observations were made.
The textural and structural features of the basalts suggest an em-
placement as pillow or lobate lava flows at seafloor. Basement in
Hole U1503A is composed primarily of sparsely plagioclase to pla-
gioclase phyric basalt. Vesicles are apparent in some intervals, and
most samples are ophitic in texture. The basalts contain hypohya-
line to holohyaline chilled margins with preserved fresh glass and
occasional hyaloclastites with glass fragments imbricated with
clayey sediments. No indication of subcontinental mantle or igne-
ous continental rocks is apparent at Site U1503. Even if the em-
placement age of these basalts is not determined yet, we infer that
they represent the incipient or steady-state formation of an oceanic
crust.

2. To determine the time lag between plate rupture and astheno-
spheric upwelling that allowed decompression melting to gener-
ate igneous ocean crust.

This objective was partly achieved during Expedition 368X,
with the potential for completion following postcruise research.

The recovery of igneous basement rocks at Site U1503 is ideal
for geochemical analyses to determine the rock composition, melt-
ing process, age of crystallization, or mantle fertility. The combina-
tion of such analyses and further geochemical or thermomechanical
modeling will constrain the mantle origin and melting processes
that lead to the formation of these basalts and potentially reveal if
they were emplaced at a steady-state, mature seafloor-spreading
ridge. Expeditions 367, 368, and 368X sampled basalts at three sites
(U1500, U1502, and U1503) that form a 36 km transect across the
COT. The accurate measurement of the absolute age of basement
formation at each of these sites will be crucial to determine the ve-
locity of continental breakup processes from the first occurrence of
mid-ocean-ridge basalt (MORB) to the steady-state accretion.
Comparison of the composition of these basalts with those sampled
at Sites U1431 and U1433 during IODP Expedition 349 will also
constrain the scenario of breakup to steady-state igneous crust
emplacement. These observations and future studies form a unique
data set representing a benchmark for a rifted margin with moder-
ate magmatism that can be compared to the Iberia-Newfoundland
magma-poor margin, where a time lag between crustal rupture and
onset of seafloor spreading of >15 million years has been deter-
mined.

3. To constrain the rate of extension and vertical crustal move-
ments.

This objective was partly achieved during Expedition 368X,
with the potential for completion following postcruise research.

The inability to pursue coring at Site U1503 prevented Expedi-
tion 368 from extending subsidence studies seaward of Ridge B (Site
U1500). With the recovered material of Expedition 368X, when the
basalts are dated, we will be able to calibrate magnetic models and
better identify magnetic isochrons and determine the spreading
rate.

4. To improve the understanding of the Cenozoic regional tectonic
and environmental development of the Southeast Asia margin
and SCS by combining Expedition 367 and 368 results with
existing ODP/IODP sediment records and regional seismic data.

This objective was partly achieved during Expedition 368X,
with the potential for completion following postcruise research.
Contributions include
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« The recovery of sandstone that may contain zircons useful for
provenance studies to determine the sediment origin (China,
Palawan, Taiwan and associated uplift, and Luzon).

» The recovery of red clays that have been observed at most
regional sites and record an episode of open-sea, deep-marine
conditions. When the Luzon arc started to close the SCS in the
east, the SCS was no longer connected with the Pacific Ocean
and became a marginal oceanic basin with a different oceanic
circulation and sedimentation.

» The observation that the chalk layer of lithostratigraphic
Subunit IIB may be regionally correlated.

o The observation that sediments just above the basement are

tilted, which can contribute to the dating of faulting at Ridge C.

Information regarding the composition and age of formation of

the basalts at Site U1503 that, along with results of the previous

IODP expeditions, provides unique information on the regional

mantle processes during the formation of the SCS and therefore

on the geodynamics of Southeast Asia.

>

Operations
Hong Kong port call

Expedition 368X began at 0800 h (all times are ship local time;
UTC + 8 h) on 15 November 2018 at the China Merchants Wharf in
Hong Kong. The IODP JRSO technical staff (14 additional), Expedi-
tion Project Manager, and seven of nine scientists boarded the ves-
sel on 15 November. The remainder of the science party moved on
board on 16 November. The scientists began expedition prepara-
tions that included introductions and an orientation to shipboard
computing resources.

On the first day of the port call, we loaded hazardous freight,
155 short tons of potable water, and 404 short tons of drill water, all
of which were loaded from a barge on the starboard side of the ves-
sel. On the second day of the port call, 71.9 metric tons of marine
gas oil were pumped on board from a barge on the starboard side.
The Schlumberger active heave wireline compensator hydraulic sys-
tem was repaired by the Schlumberger mechanic with parts that
were air freighted to the port call. The system was tested in port
after the repairs were completed.

During the 2 day port call, a reentry funnel extension was pre-
pared to extend the reentry system in Hole U1503A. Additionally,
the outer core barrel was prepared and the RCB core barrels were
spaced out. The coring assembly was laid out on the piperacker
skate track for a quick deployment on arrival at Site U1503. The
passage plan for the expedition was completed, and arrangements
were made with the agent and immigration for a departure at 0800 h
on 17 November. All port call-generated trash was offloaded to the
pier, the pier was cleaned, and all equipment was secured for sailing.
During the second day of port call, the science party continued ex-
pedition preparations that included an orientation to life at sea,
general safety introductions and tours, and introductions to the lab-
oratories. The Expedition Project Manager gave a presentation
about expedition expectations, tasks, and reports. The science party
also received shipboard safety introductions by the Captain, First
Mate, and Physician.

At 0500 h on 17 November 2018, immigration personnel arrived
on board and cleared the personnel and vessel for departure.
Shortly before 0800 h, the pilot arrived on board. With the assis-
tance from two harbor tugs, Hai Tong and Hai Hoi, the vessel was
underway, and the last line was released at 0824 h. The vessel pro-
ceeded to the pilot station, and the pilot departed the vessel at
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0854 h. While underway, the science party continued training in the
laboratories, which included introductions to the handheld portable
X-ray fluorescence spectrometer, curation, and description soft-
ware. The science party also received a lifeboat safety orientation
and tours of the bridge and dynamic positioning system. The transit
was completed in 24.6 h and ended at the expedition’s first and only
hole, U1503A. The average vessel speed was 11.5 kt over the 284
nmi distance. The vessel arrived at Site U1503 at 0900 h on 18
November, and the thrusters were lowered.

Site U1503

Hole U1503A

After arriving at Site U1503, the vessel shifted to dynamic posi-
tioning mode at 0953 h and the drill floor was cleared to begin oper-
ations in Hole U1503A. We did not deploy an acoustic positioning
beacon but prepared one for immediate deployment, if required.

The upper guide horn was removed, and a reentry funnel exten-
sion was lowered and secured in the moonpool. A four-stand RCB
bottom-hole assembly was assembled and lowered to 2990 meters
below rig floor (mbrf). The subsea camera was deployed and run
down the drill string while the drill string was deployed to 3874
mbrf. The search for the reentry system was quickly successful. The
reentry cone was observed to be slightly below the level of the sea-
floor and full of debris from the previous drilling in Hole U1503A.
The vessel was positioned for reentry, and the bit was lowered into
the reentry cone at 0014 h on 19 November 2018. After several at-
tempts to reenter the casing, the bit passed into the casing at 0039 h.
The subsea camera system was recovered, and a FFF was welded to
the top of the reentry funnel extension. The reentry FFF and exten-
sion were deployed down the outside of the drill pipe (Figure F15).

The upper guide horn was reinstalled, and the bit was lowered
into the 10% inch casing. The drill string was filled every 20 stands
as the string was lowered toward the bottom of the casing. The
driller tagged hard fill inside the casing at 956 m. The top drive was
picked up, and the driller washed down while pumping with slow
rotation to 995.1 m. Total depth was reached at 1600 h on 19
November. A 30 bbl high-viscosity sweep was circulated, and a non-
magnetic core barrel was deployed to begin RCB coring in Hole
U1503A. Cores 2R through 40R (995.1-1364.9 m) were cored at a
rate of just over 100 m/day, and recovery was generally poor (17%).
Recovery began to improve in Cores 41R through 51R (1364.9—
1470.5 m; 38%), and the penetration rate dropped to <4 m/h.

Coring continued until 0400 h on 26 November and reached a
depth of 1528.0 m with Core 57R. With 50.8 h on the bit, the hole
was circulated clean with a 30 bbl sweep of high-viscosity mud. The
bit was raised to 1383 m in the open hole (casing extends to 991.5
m), and 200 bbl of 10.5 Ib/gal heavy mud was displaced into the
borehole. The heavy mud was used to increase the hydrostatic pres-
sure on a very unstable section of hole. The top drive was set back,
and the drill pipe was pulled back to just above the casing shoe
(953.0 mbsf). The upper guide horn was pulled up, and the subsea
camera system was deployed.

While running the subsea camera system to just above the sea-
floor, a slip and cut of the drilling line was performed. The bit was
pulled out of the hole at 1247 h, and it cleared the secondary funnel
without issue. The measurement to the top of the cone was con-
firmed at 3879.7 mbrf. The subsea camera system was pulled back
to the surface and secured on board. The remainder of the drill
string was recovered, and the bit cleared the rig floor at 2045 h on
26 November. The outer core barrel was disassembled and in-
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spected, and a new C-4 bit was picked up and installed with a
mechanical bit release (MBR).

The drill pipe was lowered to 3855 mbrf, and at 0545 h the sub-
sea camera was deployed. Hole U1503A was reentered at 0830 h on
27 November after 30 min of maneuvering. The subsea camera sys-
tem was pulled back to the surface, and the trip back to bottom con-
tinued until the driller encountered a bridge at 1345.0 m. The top
drive was picked up, and the driller washed and reamed from 1345.0
m back to bottom at 1528.0 m. After reaching total depth, the hole
was circulated clean with high-viscosity mud. A nonmagnetic core
barrel was dropped, and coring resumed at 2100 h on 27 November.

Coring with the second bit began with Core 58R and continued
through Core 75R (1528.0-1633.0 m). Basement was reached at
1597.84 m. After reaching basement, half cores were used to im-
prove recovery. Basement recovery from 1605.0 to 1633.0 m was
33%. With 42.2 h on the bit, the hole was circulated clean with three
50 bbl sweeps of high-viscosity mud. The bit was raised to 1355.7 m
in the open hole, and 200 bbl of 10.5 Ib/gal heavy mud was displaced
into the borehole with the intent of increasing the hydrostatic pres-
sure on the unstable section of the hole. The top drive was set back,
and the drill pipe was recovered and cleared the seafloor at 1050 h
on 1 December. After recovering the remaining drill pipe, the bit
cleared the rig floor at 1725 h. The outer core barrel was disassem-
bled, cleaned, and inspected, and a new C-7 bit was picked up and
installed with an MBR. The drill pipe was lowered to the seafloor,
and the subsea camera system was deployed. After 60 min of ma-
neuvering, Hole U1503A was reentered at 0439 h on 2 December,
and the subsea camera system was pulled back to the surface.

The trip back to the bottom of Hole U1503A continued until
1375.0 m, where the driller experienced a hard tag of the bit on a
bridge. The top drive was picked up, and the driller washed and
reamed from 1375.0 to 1517.0 mbsf, where an electrical problem
caused the top drive to stop operating. The problem was resolved,
and 1.5 h later we began washing back to total depth. A wash core
barrel was deployed at 1615 m, and washing and reaming contin-
ued. Total depth (1633.0 m) was reached, and the hole was circu-
lated clean with 40 bbl of high-viscosity mud. The wash barrel was
retrieved by wireline, and a nonmagnetic core barrel was dropped.
Coring began again at 2100 h on 2 December.

Basement coring with the third bit began with Core 76R from
1633.0 m and continued through Core 77R to 1657.3 m before high
torque and excessive overpull forced the driller to work the drill
string back to 1566.0 m to regain good circulation and rotation. The
core barrel, which had been dropped for Core 78R, was retrieved,
and the driller washed and reamed back to bottom (1657.3 m). A 40
bbl mud sweep was pumped down the drill string and circulated out
to the seafloor. A core barrel was dropped, and half-coring began at
1657.3 m and continued through Core 88R to a final total depth of
1710.1 m. All cores after Core 85R were full cores. High-viscosity
mud sweeps were pumped frequently to help improve the hole
conditions. The last core on deck was recorded at 0625 h on 5
December.

The hole was circulated clean, and we began pulling back with
the top drive installed. High torque and overpull were observed
while pulling back and reaming to ~1600 m. Backreaming contin-
ued to 1383 m while we continued to experience high torque and
overpull. The hole was displaced with 200 bbl of high-viscosity
mud, and the bit was pulled back to 1355 m. The top drive was set
back, and the drill pipe was pulled back to the casing shoe and occa-
sionally experienced overpull as the hole collapsed around the drill
string. After reaching the casing shoe at 991.5 m, the remainder of
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the pipe trip to the seafloor was normal. The bit cleared the seafloor
at 1450 h and was pulled 12.7 m above the reentry cone. The subsea
camera system was installed, and while running the camera system
to bottom, the drilling line was slipped and 115 ft of line was cut off.
The top drive was picked up, and the sinker bars were inserted
through the blocks. The rotary shifting tool was run to the bit and
engaged to shift the retaining sleeve, which activated the MBR. The
subsea video camera recorded the bit release at 1920 h on 5 Decem-
ber. The wireline was pulled back to the surface, and the top drive
was racked.

Hole U1503A was reentered for the fourth time at 2155 h on 5
December. The end of the pipe was set at 71.0 m in preparation for
logging. After reentry, the subsea camera system was recovered to
the surface at 0000 on 6 December. A short delay was required to
time the VSI experiment for daylight hours. Logging activities be-
gan at 0400 h on 6 December. The rig floor had been prepared for
logging during the down period needed for seismic work to be done
in daylight hours. The tools were rigged up, tested, and lowered into
the pipe at 0430 h.

Because the cable on the winch was new, it was necessary to
conduct standard cable seasoning/detorquing by pausing every 500
m while the tools were lowered into the pipe and pulling up a short
distance before continuing running in the hole. Upon reaching 3850
mbrf, a downlog was started for a rough depth reference. No other
logs exist to tie into, so there was marginal uncertainty about the
exact depth at which a gamma ray signal might begin to register,
given that the original casing/cone sunk into the sediment ~5.1 m
and the cuttings stacked up to almost the top of the secondary cone.
Lacking any better reference and prior to shooting any seismic sta-
tions, the log depth was adjusted in such a way that the top gamma
ray reading occurred at the driller’s seafloor depth of 3879 mbrf.
The only logging run for this expedition was with the VSI tool string
in the cased section of Hole U1503A. Open-hole conditions were
highly adverse, so no logs were conducted in the open-hole portion
of this site. The work of taking seismic measurements through the
casing began, as always, with a toolbox talk/safety meeting on the
drill floor with the rig crew on duty. It was also noted that high-
pressure air would be in use near the fantail for the air guns and that
the fantail should therefore be avoided during seismic shooting.

Just prior to logging, the average heave was estimated at 0.3 m.
The active heave compensator was turned on when the VSI tool
string reached 3965 mbrf and was utilized during each VSI station.
The protective species watch began at 0630 h. After an hour of ob-
servation, the soft start began. The seismic air gun cluster (2 x 250
inch® G-guns in a horizontal array) was turned over to the Schlum-
berger wireline engineer at 0820 h, and the seismic survey began.

The single tool string consisted of the following tools:

* VSI,
« Enhanced Digital Telemetry Cartridge (EDTC), and
» Logging equipment head-Q tension (LEH-QT).

The initial shots were taken at 975 m, and additional stations
were shot every 50 m thereafter to 125 m. No further stations could
be recorded because the pipe was set inside casing at 70 m. All 18
viable stations were successfully shot and recorded. Moderate noise
was present in some areas, and most of the shots required manual
transit time picking. However, overall the data quality was quite rea-
sonable and fit for interpretation.

A continuous gamma ray log was recorded from the bottom of
the casing upward past the seafloor. This log is the only depth refer-
ence for the expedition, and it was planned and recorded in real
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time so that the uppermost gamma ray activity corresponds with
the driller’s seafloor, thus tying the station measurements to the
coring data as closely as possible under the circumstances. Once the
gamma ray log was completed at ~3860 m at 1055 h on 6 December,
the tools were pulled out of the hole and reached the surface at 1330
h. The tools were rigged down by 1400 h, thus concluding the log-
ging run.

The drill string was pulled out of the hole to the surface, and it
cleared the seafloor at 1450 h on 6 December. By 2345 h, all rig floor
equipment was secured, ending operations in Hole U1503A and at
Site U1503. The thrusters and hydrophones were raised, and the
vessel began the transit to Hong Kong at 0030 h on 7 December. A
total of 444.25 h (18.5 days) were recorded during Expedition 368X
while in Hole U1503A. One downtime incident occurred; an electri-
cal malfunction caused the top drive to shut down for 1.5 h while
the problem was repaired. After the 284 nmi transit to Hong Kong
averaging 9.4 kt, the vessel arrived at the pilot station. The pilot
arrived on board at 0654 h, and the first line ashore was at 0754 h on
8 December, thus ending Expedition 368X.
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Table T1. Expedition 368X hole summary. * = reentry system and casing installed to 991.5 m during Expedition 368.

Water Total Cored Core Core Time Depth of
Proposed depth penetration interval recovery recovery onhole Cores 10.75inch Start time End time
Hole site Location (m) (m) (m) (m) (%) (days) (N)  casing (m)* Startdate  UTC(h) End date UTC (h)
U1503A SCSII-9B  18°8.6300'N 3867.7 1710.1 715 175.73 26 18.5 87 991.5 18Nov2018 1700 7 Dec 2018 0745

116°18.8456'E
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Figure F1. Seismic data coverage and magnetic anomalies of the South China Sea basin, Expeditions 367, 368, and 368X. Black lines = ocean-bottom seismom-
eter refraction data. Other seismic lines are mostly multichannel seismic reflection data. Yellow lines = magnetic isochrons from Briais et al. (1993). White stars
= Expedition 367, 368, and 368X drill sites, red squares = ODP Leg 184 sites, red circles = IODP Expedition 349 sites. For more details, see Figure F2.
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Figure F2. Two-way traveltime to (A) acoustic basement (Tg reflector) and (B) Unconformity T60 with Expedition 367, 368, and 368X sites. Proposed drilling
transect (thick black line) was located approximately at the center of a margin segment bounded to the southwest by a transform fault. Northeastern bound-
ary of the margin segment is located around IODP Expedition 349 Site U1435. In this location, the outer margin high (OMH) and Ridge A seem to coalesce, and
Ridges B and C of the continent-ocean transition become indistinct toward the northeast in the next margin segment. Note that the OMH is slightly oblique to
the more parallel Ridges A, B, and C.
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Figure F3. Bathymetric maps showing Expedition 367, 368, and 368X sites (stars) and (A) regional and (B) local coverage of 2-D, time-migrated multichannel
seismic reflection seismic data and ocean-bottom seismometer data. Orange lines = magnetic isochrons from Briais et al. (1993), thick blue lines = key seismic
lines used for planning of the drilling transect, red lines = magnetic lineations in the ocean crust.
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Figure F4. A-D. Schematic development of continental breakup initiated by a simple shear along a deep, low-angle fault. B-D are slightly modified from Huis-
mans and Beaumont (2011) and illustrate modeling-based stages of extension at magma-poor, Iberia-Newfoundland type rifted margins. Key features of D:
thinning of the upper crust and juxtaposition of lower crust with serpentinized mantle between the outer margin and igneous oceanic crust. UP = upper plate,
LP = lower plate. The Expedition 367, 368, and 368X drilling strategy was designed to sample and test whether or not these fundamental crustal units and
tectonic relationships are present at the northern South China Sea rifted margin.
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Figure F5. Deep crustal time-migrated seismic reflection data without and with interpretation. Note the rather thin lower crust (two layers) above a strong
Mohorovici¢ seismic discontinuity (Moho) reflector that can be followed oceanward. Moho reflection is weak to absent seaward from around the interpreted
continent-ocean boundary (COT). Wide-angle seismic data (Yan et al., 2001) confirm ~6 km thick ocean crust (OC) seaward of the COT. A large detachment
fault ~150 km inland of the COT separates more stable crust landward from that of highly extended crust seaward. An outer margin high (OMH) is a fairly
consistent feature along this margin segment. Key seismic unconformities are shown in purple (T70; ~32 Ma breakup unconformity?) and blue (T60; ~23 Ma
regional basin event). These ages are inferred from long distance (>100 km) correlation of seismic unconformities with industry holes and ODP Leg 184 Site
1148 (T60). They need confirmation by coring and are only tentative. Tg reflector (green) = basement. Arrows = approximate position of seafloor magnetic
anomalies with chron numbers. Seismic data are from Line 04ec1555-08ec1555 (courtesy of the Chinese National Offshore Oil Corporation [CNOOC]). Location
of line is shown in Figure F3. CDP = common depth point; C11n, C10n, and C9n = approximate locations of normal polarity magnetic isochrons. MSB = mid-
slope basin.
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Figure F6. Expedition 368 reentry system and casing installation, Hole U1503A.
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Figure F8. Lithostratigraphic summary, Hole UT503A.
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Figure F9. Sedimentary structures from Unit |, Hole U1503A. A. Fining-upward sequence. B. Dark brownish gray claystone over dark greenish gray sandstone
with low carbonate content and greenish gray sandstone with high carbonate content. C. Bioturbation in claystone. D. Fossil trace of a burrow filled by light
gray silty material. E. Mud clast in sandstone. F. Convolute laminations in siltstone. G. Parallel laminations in siltstone. H. Sandstone used for thin section.
I. Sandstone with a foraminifer shell (F), angular quartz (Qtz), plagioclase (Pl), and muscovite (M) in carbonate cement.
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Figure F10. Macroscopic observations on igneous lithostratigraphic Subunit IV, Hole U1503A. A. Plagioclase (Plg) phyric basalt presenting a glassy chilled mar-
gin. B. Baked blueish gray claystone with some glass residue on its side. C. Macroscopic vesicles filled by recrystallized carbonate (CaV) and zeolite (ZV). D. Most
common macroscopic texture observed throughout Subunit IV: sparsely plagioclase phyric basalt with ophitic texture. E. Brecciated basalt in a calcite cement.
F. Composite vein network with a vuggy texture and carbonate (Ca), Fe oxide (Fe0), and pyrite (Py) infill.

368X-U1503A-72R-2, 52-57 cm 368X-U1503A-73R-2, 13-18 cm

368X-U1503A-71R-1, 68-73 cm

l"
2 Glassy
margin

2cm 2cm
368X-U1503A-80R-1, 101-107 cm 368X-U1503A-78R-2, 77-84 cm

D

Plgi=—>

N

22



L. Childress et al.

Figure F11. Magnetic measurements, Hole U1503A.
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Expedition 368X Preliminary Report

Figure F12. Headspace gas concentration, carbon content, and total organic carbon (TOC)/total nitrogen (TN), Hole UT503A.
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Figure F13. Physical properties summary, Hole U1503A. Note log scale magnetic susceptibility (MS). NGR = natural gamma radiation, MAD = moisture and
density, GRA = gamma ray attenuation, WRMSL = Whole-Round Multisensor Logger.
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Figure F14. Physical properties and Vertical Seismic Imager (VSI) data, Hole U1503A. Red dashed line = average P-wave velocity for sediments. Estimated seis-
mic depth is calculated using a composite velocity-depth relationship from the VSI and P-wave velocity. Seismic image is not corrected to depth. Open circles
and thin black lines connect prominent seismic reflectors to the individual seismic wave forms. Seismic data are from Line 04ec1555-08ec1555 (courtesy of the
Chinese National Offshore Oil Corporation [CNOOC]).
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Figure F15. Reentry system and casing, Hole U1503A. RCB = rotary core barrel.
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