Sun, Z, Jian, Z., Stock, J.M., Larsen, H.C,, Klaus, A., Alvarez Zarikian, C.A., and the Expedition

367/368 Scientists

Proceedings of the International Ocean Discovery Program Volume 367/368

publications.iodp.org

https://doi.org/10.14379/iodp.proc.368X.101.2020

Expedition 368X summary’

INTERNATIONAL OCEAN
DISCOVERY PROGRAM

& 10DP

Contents
W) Check for updates
Abstract
Introduction
Background

L.B. Childress, C.A. Alvarez Zarikian, A. Briais, K.A. Dadd, J.-M. Deng, T.W.
Hofig, X.-L. Huang, B. Li, J. Lin, C. Liu, Z. Liu, M.ER. Nirrengarten, D.W. Peate, N.
Qiu, S. Satolli, ].M. Stock, Z. Sun, EM. van der Zwan, R. Xiang, L. Yi, and L.

Zhong?

Expedition objectives

Coring and logging strategy

Site U1503 summary

Preliminary scientific assessment
References

VTUITNO O WN=

- )

Keywords: International Ocean Discovery Program, IODP, JOIDES Resolution, Expedition 367,
Expedition 368, Expedition 368X, South China Sea Rifted Margin, Site U1503, northern South
China Sea, rifted margin, continent-ocean transition zone, hyperextension, continental

breakup, lithosphere thinning, outer margin high, embryonic ocean

Abstract

International Ocean Discovery Program (IODP) Expedition
368X is the third of three expeditions 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. Seismic profiles across the margin in the IODP study area
show from continent to ocean a wide extended continental margin,
an outer margin high (OMH), and a continent—ocean transition
(COT) zone displaying different ridges of unknown nature. Four
primary sites were selected for the overall program: one in the
OMH and three seaward of the OMH on distinct, margin-parallel
basement ridges informally labeled Ridges A, B, and C from north
to south. The ridges are located in the COT zone ranging from the
OMH to the interpreted steady-state oceanic crust 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 the 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.

Also, sediment cores from the drill sites targeting primarily 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 Expeditions 367 and 368 was to unveil the mechanisms of conti-
nental 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 base-
ment 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. A deep representative sampling of
the igneous material at this site will provide an important reference
frame for the modeling of breakup and early ocean spreading.

In Hole U1503A, 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
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 Versa-
tile 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 completed the operational objectives in Hole
U1503A that were started during Expedition 368. In the SCS margin
science program, material recovered during Expedition 368X will
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contribute toward meeting the four specific objectives of Expedi-
tions 367 and 368. Postcruise research on the sediments and basalt
recovered from Hole U1503A will allow for determination of
emplacement age, geochemical analyses of 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). A deep representative sam-
pling of the basaltic material at Site U1503 would have provided an

Figure F1. Seismic data coverage and magnetic anomalies of the South
China Sea basin, Expeditions 367, 368, and 368X. Black lines = ocean-bottom
seismometer (OBS) refraction data. Other seismic lines are mostly multi-
channel seismic reflection data. Yellow lines = magnetic isochrons from Bri-
ais 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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important reference frame for the modeling of continental 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

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. North-
eastern boundary of the margin segment is located around IODP Expedition
349 Site U1435. In this location, the OMH and Ridge A seem to coalesce, and
Ridges B and C of the COT 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 multi-
channel seismic reflection seismic data and OBS data. Orange lines = mag-
netic isochrons from Briais et al. (1993), thick blue lines = key seismic lines
used for planning of the drilling transect, red lines = other important seismic
lines near the drilling sites.
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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 un-
til the end of the expedition limited the operation of the ship’s drill-
ing equipment to shallower than 3400 m water depth. Therefore,
Site U1503 was abandoned without achieving the scientific objec-
tives. Before departing Site U1503 during Expedition 368, the reen-
try system in Hole U1503A was inspected with the 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. Expe-
dition 368X was able to take advantage of a unique opportunity in
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the R/V JOIDES Resolution schedule that resulted from forced
equipment repairs. Expedition 368X added 20 days of drilling oper-
ations to the SCS margin science program. The drilling strategy for
Expedition 368X was to finish the Expedition 368 Hole U1503A op-
erational objectives, including coring the lowermost sediment and
basement and logging the hole. During Expedition 368X, the sedi-
ment sequence was cored with the rotary core barrel (RCB) system
from 995.1 to 1597.84 m (602.74 m penetration; 128.01 m recov-
ered; 21%) and then the underlying basalt was continuously cored
from 1597.84 to 1710.1 m (112.26 m penetration; 47.91 m recov-
ered; 43%). Although logging deeper than 991.5 m (bottom of cas-
ing) was not possible because of unstable hole conditions, Hole
U1503A was logged with the Versatile Seismic Imager (VSI) in the
cased portion of the hole.

Background

Global questions regarding the 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
end-members of rifted margins (see a summary of observations in
Sun et al., 2016a, 2016b).

The first recognized end-member is volcanic rifted margins, ex-
amples of which are characterized by voluminous igneous activity
in a relatively short time (~1-3 My) during breakup and initial sea-
floor 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 could have led to a 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 basement occupies a broad
area in the continent—ocean transition (COT) zone, is an example of
this type of margin and is the only conjugate margin pair where this
interpretation has been confirmed by scientific drilling. The intro-
duction of water into the subcontinental lithospheric mantle is in-
terpreted to have taken place through deep, crust-cutting faults,
causing serpentinization that profoundly weakens the mantle litho-
sphere and facilitates plate rupture. The subsequent ultraslow
spreading led to the exhumation 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) suggested several scenarios for the forma-
tion of rifted margins in the absence of anomalously hot astheno-
spheric 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 (hyper-
extension) and eventually reach the mantle and cause serpentiniza-
tion (Whitmarsh et al.,, 2001; Pérez-Gussinyé and Reston, 2001;
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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 suggested, how-
ever, that final plate rupture can occur without exhumation of the
subcontinental mantle and can be followed rather quickly by igne-
ous ocean crust formation, a scenario that our chosen drilling strat-
egy 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 ac-
creted to the Asian margin during the Mesozoic (Zhou and Li, 2000;
Zhou et al., 2008; Li et al., 2012a, 2012b). This relatively young con-
tinental lithosphere underwent extensive rifting that started
~80 My later during the Paleogene (Eocene to early Oligocene).
Seafloor spreading in the eastern part of the SCS started during the
Oligocene, and the oldest magnetic anomaly in the area of the drill-
ing transect is interpreted to be Anomaly C11 (~29.5 Ma) or C12n

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
Huismans 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 fun-
damental crustal units and tectonic relationships are present at the northern
South China Sea rifted margin.
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(~31 Ma) (Briais et al., 1993; Li et al., 2013, 2014; Franke et al., 2013).
Seafloor spreading in the southwest SCS started at ~23 Ma and
even later in the most southwestern basin (Briais et al., 1993; Barck-
hausen 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.,
Lietal., 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 complete review of the regional setting
and tectonic development of the SCS, see Shi and Li (2012), Franke
etal. (2013), Li et al. (2013), and Sun et al. (2014).

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 transition into
ocean crust in a narrower COT.

The segment of the SCS margin investigated during Expeditions
367, 368, and 368X is therefore characterized by a broad COT (~150
km) resulting from intense crustal stretching and extension before
breakup. A deep sag basin (midslope basin [MSB]) of presumed
Eocene to Oligocene age is present in the midslope area (Figure F5)
and is bounded seaward by an outer margin high (OMH) forming a
quite persistent structure along the margin to the east. Three dis-
tinct ridges (A, B, and C from north to south in Figures F2, F5) are
found seaward of the OMH in the more distal margin, representing
progressively thinner continental crust in the COT or ocean crust.
We refer to the continent/ocean boundary (COB) as the narrow
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 Mohorovic¢i¢ 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 was reported from the northeastern SCS mar-
gin (Mclntosh et al., 2013, 2014; Lester et al., 2013). The seaward
continuation of this crustal layering into the COB zone is ambigu-
ous, 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 many deep half-grabens filled with synrift sediments
that were subsequently covered by postrift sediments. The bound-
ary between synrift sediments and postrift sediments most often
follows the T70 seismic stratigraphic unconformity (Figure F5). Re-
sults from distant industry wells as well as those of IODP Site U1435
suggest a breakup unconformity age of ~34 Ma (Li et al., 2015b).
However, the time of crustal extension is not necessarily synchro-
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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
Moho reflector that can be followed oceanward. Moho reflection is weak to absent seaward from around the middle of the interpreted COT. Wide-angle seis-
mic 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 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 reflec-
tor (green) = basement. Arrows and labels C11n, C10n, and C9n = approximate position of seafloor magnetic anomalies with chron numbers (from Briais et al.,
1993). Seismic data are from Line 04ec1555-08ec1555 (courtesy of the Chinese National Offshore Oil Corporation [CNOOC]). Location of line is shown in Fig-
ures F2 and F3. CDP = common depth point. P = projected location of drilling site onto the seismic profile.
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nous across the margin and could be younger toward the outer mar-
gin. A younger, widely distributed unconformity (T60) is also
observed (Figure F5). The T60 unconformity corresponds to a hia-
tus at ~23 Ma found at ODP Site 1148 (Wang, Prell, Blum, et al.,
2000) and 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 many 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 basin sag
below the MSB (Figure F5). The normal faults bounding the OMH
basins are clearly imaged and for the main part dip landward. The
small rift basins therefore offer an opportunity to sample the strati-
graphy 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 decoupling between the upper and
lower crust and that, at least in this more landward part of the mar-
gin, faults never penetrated the lower crust.

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

IODP Proceedings

what later became Ridge A, effectively implying that Ridge A is a
core complex consisting of lower continental crust and possibly
subcontinental mantle depending on how deeply detachments ex-
humed the lithosphere in the distal margin. Alternatively, if the
main detachment 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 small
normal faults nor developed synrift half-grabens like the OMH. Ex-
cluding 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 esti-
mated to be only ~6—-8 km thick. Seaward of Ridge A, the crust has
a fairly uniform thickness of ~6 km, which could be consistent with
oceanic crust (Yan et al,, 2001; Li et al., 2014). The projection 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 faulted 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 also shows sub-
horizontal features on the along-strike seismic profile in the
uppermost crust that could be consistent with a volcanic origin.
However, these features could also be consistent with a tilted fault
block of upper continental crust (i.e., a distal extensional rider of
upper plate origin). If this is the case, prerift deposits could be pres-
ent beneath the seismic unconformity defining the top of acoustic
basement at Ridge B. The seismic layered structure of Ridge B
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makes it less likely to consist of lower crust or serpentinized mantle.
In many ways, Ridge C is seismically similar to Ridge B. However,
the significant amplitude of the magnetic anomalies strongly sug-
gests that Ridge C is indeed partial if not full igneous ocean crust.

Sampling the basement at Ridges A, B, and C was therefore es-
sential for the SCS margin science program to distinguish among
different tectonic models for breakup along highly extended mar-
gins. Ridges A and B help constrain the style of rifting. In contrast,
Ridge C is assumed to represent the early igneous crust. The mate-
rial recovered here will address another key objective of the SCS
margin science program: to constrain the nature of early oceanic
crust formation. Specifically, we hope to determine how quickly a
steady-state igneous system was established, what mantle source is
involved (e.g., composition, temperature), what conditions of man-
tle melting (degree and depth of melting) were present, and what
continental crustal contamination of the igneous material, if any,
was 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 post-
rift 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 a 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 the hole.

Coring and logging strategy

Drilling operations were based on the original plans for Expedi-
tion 368, which were to core and log through thick sediment 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).
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Figure F6. Expedition 368 reentry system and casing installation, Hole
U1503A.
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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 targets within base-
ment. Upon completion of the coring objectives, the RCB bit was to
be dropped either in the bottom of the hole or on the seafloor be-
fore 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 with a 2.7 m extension into the reentry system to en-
sure 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 sediments
and 112.26 m of basement (Figure F7). 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 the hole (end of casing at 991.5 m).

Volume 367/368



L.B. Childress et al.

Figure F7. Expedition 368X reentry system and casing, Hole U1503A.
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Site U1503 summary

Background and objectives

Site U1503 (proposed Site SCSII-9B) is located at 3867.7 m wa-
ter depth near the top of the structural high named Ridge C (Figures
F5, F8; Table T1). Ridge C is the most seaward ridge of the three
margin-parallel basement ridges that characterize the lower conti-
nental slope underlain by thin (5-7 km) crust and possibly the old-
est oceanic crust. Ridge C is believed to represent at least partial if
not full oceanic igneous crust and therefore to have formed after the
completion 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. A deep representative
sampling of the basaltic material at this site will provide an import-
ant reference frame for the modeling of continental breakup and
early oceanic spreading. With an estimated sediment thickness of
1640 m overlying basement, obtaining basement 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
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Figure F8. Bathymetry at Site U1503 and location of the site in relation to
seismic Lines 15eclw5 and 08ec1555.
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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
F9); 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-
solidated to lithified brownish gray, moderately bioturbated clay-
stone with greenish gray sandstone and siltstone interbeds (Figure
F10). Some of the coarser intervals have high carbonate content and
multiple sedimentary structures (mud clasts, a fining-upward se-
quence, and parallel and convolute laminations) that are potentially
related to deep-sea turbiditic flows. The relatively low recovery
(21%) of Unit L is attributed to the presence of thick sandstone layers
that are inferred from the high-amplitude reflectivity of seismic sec-
tion. Unit II (1484.74—1542.77 m) is divided into Subunits IIA
(1484.74—1533.60 m) and IIB (1533.60—-1542.77 m) based on car-
bonate 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. Subunit 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 carbonate con-
tent 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. Recovery in
Unit III is extremely low (5%). A 4 cm thick greenish black interval
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Table T1. Operations summary, Expedition 368X Site U1503. Download table in CSV format.

Drilled
interval Depth of
Water Total Cored  without  Core Core  Timeon 10-3/4inch  Start Start End End
Proposed depth penetration interval coring recovery recovery  hole Cores casing date time date time
Hole site Location (m) (m) (m) (m) (m) (%) (days) (N) (m) (2018) UTC(h) (2018) UTC(h)
U1503A SCSII-98B 18°8.6300'N  3867.7 1710.1 715 0 175.73 26 18.5 87 991.5 18 Nov 1700 7 Dec 0745
116°18.8456'E
Figure FO. Lithostratigraphic summary, Hole U1503A.
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Figure F10. Sedimentary structures from Unit I, Hole U1503A. A. Fining-upward sequence from massive medium-grained sandstone to laminated silty fine-
grained sandstone. The sequence is overlain by the planar base of the next fining-upward interval. B. Dark brownish gray laminated clayey siltstone with sand
over dark greenish gray sandstone with a low carbonate content. This lithology is underlain by greenish gray sandstone with a high carbonate content. The
laminated clayey siltstone with sand has claystone intraclasts. C. Two fining-upward sequences with claystone overlain by laminated clayey siltstone, lami-
nated silty claystone, and claystone. The laminated clayey siltstone has a sharp base that overlies the claystone. The intensity of bioturbation increases upward
in the fining-upward sequence. D. Inclined burrow filled with light gray silty sediment cutting across olive-gray, highly bioturbated claystone. E. Sandstone
with claystone intraclasts overlain by claystone. F. Convolute and plane laminations in silty fine sandstone. G. Parallel laminations in fine sandstone. H. Greenish
gray massive and well-sorted sandstone. Blue star = location of image in I. |. Thin section image of sandstone in H with subangular quartz (Qtz), plagioclase (PI),
muscovite (M), and a foraminifer (F) in carbonate cement.

£
G
<
(2]
v
<
[\
—
—
s
o
~
b
<
[39)
S
o
-
2
x
©
©
®

368X-U1503A-30R-1, 38-63 cm
368X-U1503A-28R-2, 43-61 cm

368X-U1503A-27R-1, 56-89 cm

£
o
©
N
(s2]
<t
o
o
<
[\
<
[+0}
o
wn
0
=
x
[oe]
O
(]

368X-U1503A-41R-3, 85-99 cm
368X-U1503A-46R-1, 25-41 cm

in Unit III is likely composed of highly altered volcanoclastic mate- (JRSO) IODP technical staff. The sample was vacuum sealed and
rial. stored for shipment to the Gulf Coast Repository (GCR) in College

Lithostratigraphic Unit IV (1597.84—1710.10 m) is an igneous Station, TX (USA), at the end of the expedition. Exceptions to this
unit that samples the uppermost part of the SCS basement. The sampling strategy occurred in particularly low-recovery cores. In

boundary between the sediment of Unit III and the underlying lithified sediments and basement, no samples were collected for
basalt of Unit IV at 1597.84 m is unfortunately disturbed by drilling biostratigraphy deeper than 1441.7 m.

and corresponds to the separation between claystone and basalt Core catcher samples from Hole U1503A were split at the GCR
rubble at the bottom of the core. Unit IV continues through 112.26 after Expedition 368X and distributed to members of the Expedi-
m of basement, of which 47.91 m was recovered. Unit IV is com- tions 367 and 368 micropaleontology team who analyzed them for
posed primarily of sparsely plagioclase to plagioclase phyric basalt calcareous nannofossils and planktonic foraminifers. Calcareous
with no vesicles to high vesicle content (Figure F11). Basalts have nannofossils are barren or rare in most samples, especially in red
mostly ophitic to subophitic texture with euhedral phenocrysts of clay sediments, but are abundant or common in some turbidite or
plagioclase. This basalt unit contains chilled margins with pre- chalk samples. Varying degrees of overgrowth and broken frag-
served fresh glass that are imbricated with clayey sediments or ments are common on nannofossils. In most parts of the sediment,
recrystallized carbonate. Veins occur throughout Unit IV and are planktonic foraminifers are barren and moderate to poorly pre-
predominantly filled with carbonates, Fe oxides, chlorites, and zeo- served.
lites. Alteration of these basalts remains generally low, as evidenced Nine biostratigraphic datums were used to provide an age-depth
by minimal alteration of interstitial glass and good preservation of model for Site U1503 from the early Oligocene to the middle
plagioclase. The textures, contacts, and structures of Unit IV sug- Miocene. The early/late Oligocene boundary was placed tentatively
gest emplacement as pillow or lobate lava flows in a subaqueous between Cores 368X-U1503A-60R and 65R. The early/middle Mio-
environment. cene boundary was determined to occur between Cores 53R and
) ) 54R. Sedimentation rates varied from ~7 mm/ky during the Oligo-
B|05trat|graphy cene and early Miocene to ~60 mm/ky in the middle—late Miocene.
Between Sections 368X-U1503A-2R-1 and 48R-CC, a 5 cm Deepwater agglutinated benthic foraminifers were found in

whole-round sample from the core catcher of each core was col- ~ Samples 368X-U1503A-26R-CC to 65R-CC, indicating an abyssal
lected on the catwalk by JOIDES Resolution Science Operator paleoenvironment.
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Figure F11. Macroscopic features in igneous lithologic Unit 1, Hole U1503A. A. Moderately plagioclase (Plg)-olivine (Ol) phyric basalt with an altered glassy
chilled margin. B. Baked blueish gray chert with some glass residue on its side. C. Macroscopic vesicles filled by recrystallized carbonate (CalV) and zeolite (ZV).
D. Sparsely Plg phyric basalt with porphyritic texture (most common macroscopic texture observed throughout lithostratigraphic Unit IV). E. Vein with angular
basalt fragments in calcite cement. F. Composite vein network with vuggy texture and carbonate (Cal), Fe oxide (FeO) and pyrite (Py) infill.
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Paleomagnetism

The intensity of the natural remanent magnetization in sedi-
ments at Site U1503 is higher in the reddish claystone (102 A/m) of
lithostratigraphic 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 basalts (Unit IV), the 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 sediments,
shows steep positive inclination and can be correlated to drilling
overprinting and

o A characteristic component of magnetization (characteristic re-
manent magnetization [ChRM]) that shows both reversed and
normal polarities and can be isolated in different field ranges de-
pending on the coercivity of the magnetic carries.

In sediments, the presence of both normal and reversed polari-
ties 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 incli-
nations (Figure F12) cannot be correlated with a reference geomag-
netic polarity timescale because of the extremely low recovery rate.
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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 two basement cores. Methane
content is low (<30 ppmv) in the sediment sections shallower than
1394 m. Deeper than 1404 m, methane content in sediments gradu-
ally increases (average = 1249 ppmv) before reaching a maximum of
5066 ppmv very near the sediment/basement boundary. Quantifica-
tion of sediment CaCOj, inorganic and organic carbon, nitrogen,
and sulfur contents was made for 43 samples (Figure F13). Samples
with carbonate content >30 wt%, from near the top of the cored sed-
iments, correspond to sandstones in lithostratigraphic Unit I. With
three exceptions, total organic carbon (TOC)/total nitrogen (TN)
ratios at Site U1503 range from <1 to 6.4 (average = 4.3; Figure F13),
suggesting that the majority of the organic matter is likely from a
marine source. Source rock analysis was performed on three sedi-
mentary samples. Samples collected for X-ray diffraction analysis
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Figure F12. Magnetic measurements, Hole U1503A.
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(see the Expedition 367/368 methods chapter [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.

Physical properties

We measured physical properties on whole-round cores,
working-half sections, and discrete samples. These measurements
included gamma ray attenuation bulk density, magnetic susceptibil-
ity, natural gamma radiation (NGR), P-wave velocity, moisture and
density (MAD) and porosity, and thermal conductivity. The varia-
tions in physical property values led us to define physical properties
(PP) Units 1-9, each of which has specific characteristics (Figure
F14). Lithostratigraphic Unit I includes PP Units 1-5. Subunit ITA
includes PP Units 6 and 7. Subunit IIB and Unit III correspond 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
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and siltstone than in the sandstone. The P-wave velocity of the clay-
stone and siltstone also increases slightly with depth because of lith-
ification. In PP Unit 7, magnetic susceptibility increases markedly in
the red clay of Subunit ITA. The nannofossil-rich claystone of Unit
1L, 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 expected from lithifica-
tion or compaction effects, are possibly due to the abundance of
nannofossils in the sediment. Magnetic susceptibility in the basalts
is very high but shows some variations that might correspond to
changes in the nature of the magnetized minerals 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 poros-
ity 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 mas-
sive textures than those from the other cores and are likely to have
distinct magnetized minerals or grain size.

Volume 367/368



L.B. Childress et al.

Expedition 368X summary

Figure F13. Headspace gas concentration, carbon content, and TOC/TN, Hole U1503A.
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Downhole measurements and seismic correlation

A VSI tool string was deployed to collect a vertical seismic pro-
file from 18 stations at 50 m intervals from 974.9 to 124.9 m in 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
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collection, logging specialists at the Lamont-Doherty Earth Obser-
vatory provided corrected traveltimes. 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 com-
posite depth-velocity relationship for the hole (Figure F15). The
boundaries of multiple PP and lithostratigraphic units are con-
nected to the prominent reflectors in the seismic image.
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Figure F14. Physical properties summary, Hole U1503A. Note the log scale of magnetic susceptibility (MS). WRMSL = Whole-Round Multisensor Logger.
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Figure F15. Physical properties and VS| data, Hole U1503A. Red dashed line = average P-wave velocity for sediments. Estimated seismic 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 CNOOC).
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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. 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 basement of Hole U1503A and recovered
47.91 m (43%) of basalt. Although the age of crustal material from
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
emplacement as pillow or lobate lava flows at the seafloor. Base-
ment in Hole U1503A is composed primarily of sparsely plagioclase
to plagioclase phyric basalt. Vesicles are apparent in some intervals,
and most samples are ophitic in texture. The basalts contain hypo-
hyaline to holohyaline chilled margins with preserved fresh glass
imbricated with clayey sediments. No indication of subcontinental
mantle or igneous continental rocks is apparent at Site U1503. Even
if the emplacement age of these basalts is not determined yet, we
infer that they represent the incipient or steady-state formation of
an oceanic crust.

2. 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 large recovery of igneous basement rocks at Site U1503 is
ideal for geochemical analyses to determine the rock composition,
melting process, age of crystallization, or mantle fertility. The com-
bination of such analyses and further geochemical or thermome-
chanical 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 deter-
mine the velocity of continental breakup processes from the first
occurrence of mid-ocean-ridge basalt 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 em-
placement. These observations and future studies form a unique
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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 My has been determined.

3. Constrain the rate of extension and vertical crustal movements.

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. 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

» Recovery of sandstone that may contain zircons useful for prov-
enance studies to determine the sediment origin (China, Pala-
wan, Taiwan and associated uplift, and Luzon);

Recovery of red clays that have been observed at most regional
sites and record an episode of open-sea, deep-marine condi-
tions. 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 circu-
lation and sedimentation;

Observation that the chalk layer of lithostratigraphic Subunit
1IB may be regionally correlated;

Observation that sediments just above the basement are tilted,
which can contribute to the dating of faulting at Ridge C; and
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.

*

*

*

-
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