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ABSTRACT

Overflows through oceanic gateways govern the exgaf water masses in the
world’s ocean basins. These exchanges also invamezgy, salinity, nutrients, and
carbon. As such, the physical features that conbra@rflow can exert a strong
influence on regional and global climate. Here, pvesent the first description of
sedimentary processes generated by the overfloRacffic Deep Water (OPDW).
This mass flows southward at approximately 2008450 m water depth within the
Luzon Trough (gateway) from the Pacific Ocean itite South China Sea. OPDW
can be divided into: a) a lower, denser layer (idtlg an associated weak
counter-current), which has generated a large coi¢odepositional system (CDS-1)
that includes large erosional (channel and moat)psditional (mounded and plastered
drift), and mixed (terrace) contourite featuresngléhe trough bottom and walls, and
b) an upper mixing layer, which has not generatey significant depositional or
erosional contourite features. Where OPDW does reach the seafloor, it is
underlain by bottom water that circulates more gisigly but has generated a second
contourite depositional system (CDS-2) made ofrgelaheet-like drift. The OPDW
flow has generally enhanced since the middle ®Néibcene, except in the shallower
northernmost corridor. In the deeper main troughuctions in width and depth of the
gateway by Taiwan orogenic events have likely are¢dd the overflow. The latest
significant enhancening may promote widespread Idpugent of contourite
depositional systems along the South China Seaigerlocontinental slope and
adjacent deeper areas. This work highlights theomapce of gateway-confined
overflows in controlling the morphology and sedi@@y evolution of adjacent deep
marine sedimentary systems. A clear understandirgyerflow processes and their
products is essential for decoding tectonic contial oceanographic or
paleoceanographic processes.
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1. Introduction

Bathymetric gateways, which may differ in many getme aspects (e.g., Drake
Passage, Tasmanian Seaway, Strait of Gibraltarhr&i, 1982; Knutz, 2008),
connect all the world’s ocean basins, and condoet éxchange of seawater and
associated properties and constituents betweemnecaad seas (Berggren, 1982;
Kennet, 1982; Dummann et al.,, 2019). In the gechgpast, gateways controlled
paleo-circulation patterns and marine basin conmest (e.g., Indian Gateway,
Indonesian Gateway). The opening / closing, deegehshallowing of gateways can
influence the sedimentary evolution of basins, glaiwean circulation, global carbon
cycles, poleward temperature gradients, and théamge and vertical structure of
water masses (and associated sedimentary procgisedy, 2008). In turn, these
factors determine the distribution of marine bia@s well as their longer term
evolutionary trajectories (Berggren, 1982; Rico893,; Zachos, et al., 2001; Sijp et

al., 2014; Pérez et al., 2019).

The exchange of seawater (and associated proparigesonstituents) through
gateways occurs primarily as lower high-densityrbloes, as well as upper waters
(e.g., buoyant surface waters) necessary to baldrgcenass transport by overflows
across gateways (Gordon et al., 2004, 2009, 20&gglet al., 2009; Hansen et al.,

2016; Jochumsen et al., 2017; Sanchez-Leal et@l7). Examples of these processes
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include the deep Nordic overflows through gapshi@ Greenland-Iceland-Scotland
ridge and Antarctic Bottom Water overflows from t&eddell and Ross seas in the
Antarctic (Gordon et al., 2004, 2009; Legg et 2009), as well as intermediate-depth
overflows from the Red Sea and the Mediterranea&te(P et al., 2005; Legg et al.,
2009; Sanchez-Leal et al., 2017). The history afgiterm changes in overflow
behavior could be deduced from the products of ftoxes, i.e., contourite features.
For example, erosional features represent fastflower and depositional features
mark relatively weak overflows, where mounded carites (drifts) indicate faster
currents as compared to sheeted drifts (e.g., Fasigd al., 1999; Hernandez-Molina
et al., 2008; Stow et al., 2009; Rebesco et all420For many gateways, erosion
represents the most dominant sedimentary processhigh velocity and overflow
currents leave no sedimentary record (Garabatb, &0®2; Gordon et al., 2004, 2009;
Sanchez-Leal et al., 2017). In those gateways wigmificant sedimentation, the
history of long-term changes in overflows and agged gateway tectonics can be
decoded based on the sedimentary record. In theé-&hetland gateway, the change
from erosion / non-deposition to enhanced conteudiift accumulation at the early
Pliocene suggests a reduction in meridional overti@mnsport, which may have been
an important factor for the growth of North Hemisph ice sheets (Knutz and
Cartwright, 2003). In the Bruce Passage, the dewedmt of contourite drifts
recorded the opening and evolution of the gatewlshaldonado et al., 2003;
Hernandez-Molina et al., 2007; Lobo et al., 201&yc& et al., 2016). Thus, the rare

sedimentary record and modern seafloor can seraecas/es of gateway evolution,
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recording the long-term regional tectonic eventsrdime.

At gateway exits, overflows form large-scale comiteufeatures in adjacent
ocean basins. These features may be erosional ¢eannels, furrows), depositional
(e.g., drifts, bedforms), or mixed (e.g., terragqege McCave et al., 1980; Llave et al.,
2007; Garcia et al., 2009; Stow et al., 2013; Hedez-Molina et al., 2014, 2016;
Rebesco et al., 2014; de Weger et al., 2020).features are fairly well documented.
By contrast, overflow processes within gatewaysehaot been systematically
described. One exception is a general report orfloweof Weddell Sea Deep Water
through the Bruce Passage from the Weddell Sea im® Scotia Sea

(Hernandez-Molina et al., 2007; Lobo et al., 20&arcia et al., 2016).

Pacific Deep Water (PDW), also called North Pacidieep Water in the north
Pacific, overflows from the Pacific Ocean into thezon Trough in the Luzon Strait
(Fig. 1) through the narrow BasBhannel and Taitung Canyon (Qu et al., 2006; Zhao
et al., 2014, 2016; Zhou et al., 2014, 2018), drehtenters the South China Sea
through two gaps (Ye et al., 2019) in the Heng-CRinlge (Fig. 1A). The overflow
of Pacific Deep Water (OPDW), after crossing thedm Trough, may gradually get
mixed due to energetic internal waves/tides andesd@@u et al., 2006; Tian et al.,
2006; Zhu et al., 2019), and eventually exits tbatB China Sea in the intermediate
layer through the Luzon Strait (Qu et al., 200QnTet al., 2006) and in the upper
layer mainly through the Karimata and Mindoro St&Qu et al., 2009; Yaremchuk et
al., 2009). The narrow trough gateway, the onlypdeassage connecting the Pacific

Ocean and the South China Sea, formed due to tiweaaorogeny (Huang et al.,
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2018). The Luzon Trough is therefore ideal for gtag overflow within a confined

setting, and the role of tectonics in trough andriew evolution. In this study, the
deep north and narrow middle areas of the Luzomdhaare analyzed in order to: 1)
identify primary contourite features within the lame Trough, 2) decode the role of
OPDW in the formation of these features, 3) ingg# the influence of the Taiwan
orogeny on the overflow variations, and 4) expltwe possible effect of the overflow

along the adjacent South China Sea margin.

2. Geological and oceanographic setting

2.1 Geological background of the Luzon Strait

The South China Sea (Fig. 1A) formed during theg@iene to middle Miocene
(Taylor and Hayes, 1980; Li et al., 2014) with aastl subduction of the lithosphere
along the Manila Trench due to northwest moveménhe Philippine Sea plate at a
rate of 5-8 cm/year (Hayes and Lewis, 1984; H8I0Z Clift et al., 2003; Sibuet and
Hsu, 2004). Subduction continued in the middle ate IMiocene, with oblique
collision between the N-S trending Luzon volcanic and the NE-SW trending
northern South China margin. The oblique collisiwitially occurred north of Taiwan
at 12-6.5 Ma, then gradually propagated southw@aughfe, 1981; Huang et al., 2018;
Clift et al., 2008; Chen et al., 2019). The arctommt collision is an event referred to
as the Taiwan orogeny (Huang et al., 2018). Outystuiea —the northern and middle

Luzon Trough— occupies the Luzon Strait between Sloath China Sea and the



130  Pacific Ocean (Fig. 1A). The trough represents eedc basin bound by an
131  accretionary wedge (Heng-chun Ridge) to the wedtaamolcanic arc (Luzon Arc) to
132  the east. The formation of this trough began inrtirédle to late Miocene due to the

133  Taiwan orogeny (Clift et al., 2008; Huang et aQ18).
134
135 2.2 Oceanographic setting of the Luzon Strait

136 The Luzon Strait hosts a distinctive inflow-outflomflow structure in vertical
137 (Fig. 1B) (Review in Zhu et al., 2019; Cai et &020). In the upper layer, the North
138 Pacific Tropical Water (NPTW), with a density of2Wkg/nT (Qu et al., 1999), flows
139 into the South China Sea and contributes to forntiteg South China Sea Surface
140  Water (SSW) between 0 and 500 m water depth, wilkreity between 1021.0 and
141  1026.8 kg/m (Qu et al., 2006; Tian et al., 2006; Zhang et2015; Cai et al., 2020).
142 The upper layer inflow is induced by the Kuroshuar@nt intrusion (Review in Cai et
143 al., 2020). In the middle layer, the South China $&termediate Water (SIW, a
144  density between 1026.8 and 1027.6 K/flows out of the South China Sea into the
145  Pacific Ocean and contributes to circulation of Mw@th Pacific Intermediate Water
146 (NPIW, a density of 1026.5 to 1027.6 kd)jrbetween ~500 and ~1500 m water depth
147  (Qu et al., 1999; Tian et a., 2006; Cai et al.,®0h the deep layer, the PDW, with a
148  potential density of 1036.7 kgf(referenced to 2000 decibar) to 1045.8 Kby/m
149  (referenced to 4000 decibar) (Kaneko et al., 20fdws into the South China Sea as
150 a dense overflow (OPDW) between ~1500 and 2450 terwdepth and forms the

151  South China Sea Deep Water (SDW) with a potenteisdy (referenced to 2000
6
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decibar) of 1036.7 to 1036.8 kginand Bottom water (SBW) with a potential density
(referenced to 2000 decibar) larger than 1036.81kgQu et al., 2006; Zhao et al.,
2014; Zhou et al., 2018; Ye et al., 2019). The dieser inflow and middle layer
outflow are driven by baroclinic pressure gradiacoitoss the Luzon Strait induced by
the density differences between the South Chingb8sia and the Pacific Ocean (Fig.

1C. Review in Zhu et al., 2019).

The OPDW, which occurs at depths below ~2000 m \withotential density
(referenced to 2000 decibar) of 1036.8 to 1036/enk¢Zhao et al., 2014; Zhou et al.,
2018), enters the Luzon Strait (Fig. 1) primartlyaugh the BashChannel (1.2 Sy,
where 1 Sv = 210°m¥s) and secondarily through Taitung Canyon (0.4 (Ztgo et
al., 2014). The overflow then flows southward alahg northern Luzon Trough
through the narrow, middle part into the southeaugh, to finally enter the South
China Sea (Fig. 1). This final stage primarily ascthrough two gaps (0.73 and 0.45
Sv) in the Heng-Chun Ridge (Zhao et al., 2014). Vhbocity of the present-day
overflow within the Luzon Trough can reach up toc®@'s (Zhao et al., 2014, 2016;
Zhou et al., 2014). The OPDW exhibits significagasonal and intraseasonal
variaions (Zhou et al., 2014; Zhao et al., 20163|uding intensified, thicker, deeper,
denser flows with higher transports in late fallic{@er—December) and weakened,
thinner, shallower, lighter flows with lower trarsfs in spring (March—May). This
overflow is driven by a persistent baroclinic pressgradient between the Pacific
Ocean and the South China Sea due to strong diapgtring in the Sea (Qu et al.,

2006; Tian et al., 2009; Zhou et al., 2018), whi&mduced by energetic internal tides,
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internal waves, and mesoscale eddies (Review ineZlali, 2019).

3. Materialsand methods

This study used multibeam swath bathymetry, mudtictel seismic reflection

profiles, surface samples, and oceanographic data.

3.1 Multibeam swath bathymetric surveys

The bathymetric survey, which covered the entiredruTrough (Fig. 1A), was
conducted by the Xiangyanghong 14 vessel during.timn Strait cruise, from 23
December 2005 to 4 January 2006, using a RESON&&dB0 multibeam system.
The original multibeam sounding data were processsdg Caris HIPS and SIPS
software (version 8.1.9). The final high-resolutissabed digital terrain model was
built at a 100 m grid resolution using the swatlglarsurface method of Caris HIPS

and SIPS software (Fig. 2).

The bathymetric data are used to identify modemtaaite features together
with seismic data following the morphological andissnic criteria defined by
Faugueres et al. (1999), Rebesco and Stow (20@&Ebhedeo (2005), Nielsen et al.,

(2008), Rebesco and Camerlenghi (2008), and Reletsdo(2014).

3.2 Saismic reflection data

Fourteen multichannel 2D seismic reflection prafi(€ig. 1A) spanning a total
8
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length of ~1200 km were collected on five cruisetween 1995 and 2009. These
included the R/V Maurice Ewing survey EW9509 (Saimhei et al., 2008) from 23
August 1995 to 24 September 1995; the R/V MarcusLé&gseth expeditions
MGLO0905 (Mclntosh et al., 2013a) from 1 April 2069 29 April 2009; MGL0906
(Mclintosh et al., 2013b) from 4 May 2009 to 4 J2089 and MGL0908 (MclIntosh
et al., 2014) from 16 June 2009 to 25 July, 200@, the Malina Trench Cruise of the
Xiangyanghong 10 vessel in July 2016. The seisrata tiave a dominant frequency
range between 30 and 60 Hz, giving a vertical tggwi (tuning thickness) of v/240
to v/120 (v represents average interval velocigyerage interval velocity was
estimated at about 1600 m/s from the average p-walcity for sediment 434 m
thick at IODP 349 site U1431 (Fig. 1A. Expeditiomiéhtists, 2014), along the
abyssal plain of the South China Sea, near they siteh. The other four sites (IODP
349 U1432 through U1435) were not used for averatgrval velocity estimation
because their measured p-wave velocities were af goality and/or incomplete, or
influenced by very high carbonate content. The ayerinterval velocity (1600 m/s)
was used to estimate sedimentary thickness anarperd time-depth conversion
below the modern seafloor in the Luzon Trough. iB&iglata were processed using a
standard pre-stack time-migration procedure. Mapwocessing steps included
denoising, deconvolution, amplitude correctiongcéraelection, velocity analysis and

model building, and time migration.

The seismic data were used to identify large sudasercontourite features

within the Luzon Trough and also to show water netescture at the profile sites.

9
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The seismic stratigraphic analysis was performdéldviing the conventional method
and basic criteria proposed by Mitchum et al. (39a7d Catuneanu et al. (2009).
This method uses reflection terminations to idgntiliscontinuities and internal

reflection configurations, and unit shapes to ctterize seismic facies. The lack of
wells in the Luzon Trough impedes good age cordfdhe seismic units. Thus, the
age of the sediment base in the Luzon Trough wésred from the tectonic

background, i.e., Taiwan orogeny (e.g., Suppe, 198dg, 1990; Lee et al., 1993; Lin
et al., 2002; Yang et al., 2014), and was referénaestratigraphic interpretations for

the northern Luzon Trough by Huang et al. (2018).

3.3 Surface sediment samples

Four box surface sediment samples, GX118BC, GX1288&133BC, and
GX138BC, were collected in the northern Luzon Tiwogig. 1A). The grain size of
these samples was measured using a Mastersizerl2880diffraction particle size
analyzer. These samples were used to determinendatnsedimentary facies of the
seafloor within the modern trough and to assishencomprehensive identification of

contourites by bathymetric and seismic data.

3.4 Oceanographic data

Regional oceanographic data, including salinity terdperature, were provided

by the NOAA World Ocean Database 2013

10
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(https://www.nodc.noaa.gov/OC5/WOD13/datal3geo.htnilhese data show the
characteristics of water masses in the South C&é® northwest Pacific Ocean, and
within the Luzon Trough (Fig. 1B). Data were alssed to link the regional water
masses to present-day, large contourite featurésrwand adjacent to the Luzon

Trough.

3.5 Nomenclature

For simplicity, we use the term contourites to refe sediments deposited or
substantially reworked by the persistent actiomattom currents, which could also
be related to large-scale bedforms, i.e., sedim@nes. This term therefore includes
a variety of sediments affected by different typésurrents (Rebesco et al., 2014).
Thick, extensive sedimentary accumulations arermedleto as contourite drifts

(Faugeres et al., 1999).

4. Reaults

4.1 General morphology of the Luzon Trough

The Luzon Trough extends southward from Taiwambslalong about 650 km to
Luzon Island (Figs. 1A and 2). Averaging 50 km imdt, the trough typically
assumes a U-shape in cross-section with a relatsraboth bottom, steep sides and
gradients of 3to 25. The Heng-chun Ridge to the west (Fig. 1A) is abtarized by
linear accretionary ridges that parallel the LuZoough. A number of sub-circular

11
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280

depressions are also present to the west, maiohgahe Heng-chun Ridge at water
depths between 3000 and 3500 m. These depresaioges from 8 to 18 km in length,
2.5 to 10 km in width, and 200 to 450 m in deptlg(2B). The Luzon volcanic arc,
east of the Luzon Trough (Fig. 1A), includes mdranta dozen connected seamounts

at water depths between 2500 and 3000 m. Thesk hedghts of 650 to 2600 m.

The Luzon Trough itself consists of three primamyugh areas. The northern
trough trends N-S, whereas the middle and souttreughs trend NE-SW (Figs. 1
and 2). The northern trough reaches a width of t85akd bottom depths of 2600 to
3700 m. Its north end connects to two narrower sinallower northeast-trending
corridors respectively referred to as C-1 and thsHB Channel. The middle trough is
a narrow, short passage, 7-10 km wide and 20 kigp, Mith bottom depths of 3200
to 3650 m. The southern trough is up to 40 km veide has bottom depths of 2800 to
3400 m. The whole trough has two main gaps alangvéstern side. Referred to as
Outlet-1 and Outlet-2 (Fig, 2), these gaps restde2850 m water depth and connect

the southern trough to the South China Sea.

Asill, herein referred to as the Bashi sill, tracis the head of the Bashi Channel
(Figs. 1 and 2). The sill runs 25 km in length,rsp& km in width, and resides at
water depths of 2050 to 2450 m. Three large isdlatghymetric highs (E1, E2, and
E3) reach heights of 200 to 1000 m and are spameghly equidistant along the floor
of the Bashi Channel and the southern trough (Ejg.They form oval to linear

features in plan view, with long axes of 8 to 9 &nd short axes of 4 to 5 km.
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4.2 General seismic stratigraphic framework

Three main seismic units (SUs) were identifiednea horthern and middle areas
of the Luzon Trough (Figs. 4-7). These units (SO®BUL, from bottom to top) are
bound by an acoustic basement beneath SU3, twmatteegional discontinuities (H2

and H1, from bottom to top), and the modern seafbahe top of SUL.

The acoustic basement, which is characterized bflecton-free or
discontinuous reflection areas, lies exposed dogally overlain by thin sediment
along the trough wall. Within the trough bottomjss&c unit SU3 overlies the
basement. SU3 exhibits moderately continuous, bkrdamplitude reflections that
show a divergent basin-fill configuration. A reverault cuts through the SU3 in the

northern trough (Figs. 4 and 5).

The H2 discontinuity defines the top of seismict 8i)3 and the base of seismic
unit SU2. This surface appears as continuous, aigphtude reflections with
occasional partial erosional truncation over thelantying seismic unit SU3. SU2
generally shows continuous, high-amplitude reftawti that form a sheeted to
mounded or wedge-like shape with an aggradationeinal configuration (Figs. 4-7).
The lower part of SU2 contains a chaotic to seamdgparent reflection package that
appears on six of seven examined seismic linesirwitte main axis of the trough.

Similar deposits appear locally in SU1 and on tbadgh walls.

The H1 discontinuity defines the top of seismict 8iJ2 and the base of seismic

unit SUL. This surface is characterized by a caowtis, high-amplitude reflection.

13
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The upper boundary of SUl is the modern seaflottl &xhibits moderate- to
high-amplitude reflections that show an aggradatiamernal configuration. The unit
exhibits a mounded external form within the C-1rictor of the northern trough and
also within the southern trough (Figs. 4, 5, and W¥jthin the main axis of the
northern trough (Fig. 6), this unit is generallgsted rather than mounded, yet it may

be mounded locally.

4.3 Gateway contourite features:. mor phosedimentary and seismic characteristics

All along the length of the north and middle LuZnough, depositional, erosional,
and mixed (depositional + erosional) contouritetdezs appear by the trough bottom
and walls, even in sections where downslope griamital features predominate (Fig.

2). Table-I lists the general morphologic paransetérthese contourite features.

4.3.1 Depositional features

Sediment drifts are among the depositional featigtestified in bathymetric and
seismic data. The north and middle parts of theobhuZrough include mounded,

plastered, and sheeted drifts (Fig. 2).

Mounded drifts

Seven mounded drifts, numbered MD-1 through MD-€&uo along the bottom
of the northern and middle troughs (Fig. 2). As liegb by their designation, each

exhibits a mounded shape. The distribution of ermai and depositional features
14
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344

indicates that some of the drifts connect lateralyydo MD-1 and MD-2 (Fig. 4), and
MD-3 and MD-4 (Fig. 5). The MD-1 drift extends atpthe western side of corridor
C-1 within the northern trough (Figs. 2, 3A, and #his drift (Table-l) reaches
thicknesses of up to 520 m and gradually thinsweast MD-1 is characterized by
continuous reflections with an aggradational pattbeveloped primarily within SU2
and SU1 (Fig. 4). SU2 shows a more clearly pronednmoounded morphology than

SU1 (Fig. 4).

The MD-2 mounded drift, located just east of MDektends along the eastern
side of corridor C-1 (Figs. 2 and 3) and gradudlins westward (Fig. 4). MD-2
(Table-l) reaches thicknesses of up to 320 m anaomposed of continuous
reflections with an aggradational pattern primadiveloped in SU1 and SU2 (Fig.

4).

The nearby MD-3 (up to 190 m thick) and MD-4 driftgp to 160 m thick)
mainly trend NW-SE along the eastern side of a waketion of the C-1 corridor
(Figs. 2 and 3A). Both of these drifts show aggtiadal internal configurations
developed within SU1 and SU2 (Fig. 5). FeaturefiwiSU2 exhibit more mounded
morphology than those within SU1. SU3 shows noiigant seismic evidence of

contourite drifts.

MD-5 and MD-6 occur along the eastern edge of tiréhern trough bottom (Fig.
2). The mounded shapes here are very smooth lgwer relief). The internal
configuration of the drifts is aggradational witlontinuous, weak to moderate

amplitude reflections (Fig. 6). Both of these moemhdirifts, up to 130 m thick, occur
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only in the uppermost seismic unit, SU1.

MD-7 occurs along the middle trough bottom justthasf the E2 bathymetric
high (Figs. 2, 3D, and 7). Mainly within SU1 and ZUhigh-amplitude reflections
outline a mounded, aggradational configuration .(FFlg The mounds exhibit higher
relief in SU1 than in SU2. The amplitude of thdeefion associated with the modern

seafloor is higher in western parts of the stuéyadhan in eastern parts (Fig. 7).

Plastered drifts

Plastered drifts are generally smaller and moretlsuthan mounded drifts
(Rebesco et al., 2014). They are often too smalpfmear in bathymetric data. Seismic
profiles exhibit three plastered drifts, PD-1 thghuPD-3, along the northern and
middle Luzon Trough walls (Figs. 6 and 7). PD-1uwscalong the eastern wall of the
northern trough and shows a lightly mounded sh&je 6). Up to 40 m thick, PD-1
shows an aggradational internal configuration ofhticmous reflections having

moderate amplitudes (Fig. 6).

PD-2 extends along the western wall of the midddeigh, near MD-7 (Fig. 7).
Up to 30 m thick, this drift exhibits a smooth, nmoed shape and continuous,
moderate amplitude reflections indicating an agagtiadal configuration (Fig. 7).
PD-3 occurs along the eastern wall of the midddegh, opposite PD-2 (Fig. 7). Up
to 60 m thick, this drift exhibits a smooth, moudds&hape and continuous, moderate

amplitude reflections indicating upslope prograaaiiFig. 7).

Sheeted drifts

16



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

Sheeted drifts are characterized by a broad, Vgfhytly mounded geometry that
thins slightly toward the margins (Rebesco et2814). In the Luzon Trough, a single
sheeted drift —SD-1, which appears primarily irse@c profiles— extends along the
trough bottom below 3500 m water depth (Figs. 2 @hdUp to 800 m thick, this
massive sheeted drift covers the northern troughaaemall portion of the southern
trough, but occurs only in SU1 and SU2 (Fig. 6).ntGtmious moderate- to
high-amplitude parallel reflections outline an agtational internal configuration (Fig.
6). Some truncations occur below the modern seafitang the western edge of the
trough bottom. Fine silts cover the surface of sheeted drift (Fig. 8). Four surface
samples (Fig. 2) in the northern trough bottom siioe silt deposits on the seafloor
of the sheeted drift (Fig. 8). These samples, GB1{1,8GX128BC, GX133BC and
GX138BC, respectively gave median grain sizes 69,66.72, 6.97 and 6.96 phi, all

of which mark fine silt.

4.3.2 Erosional features

Two types of erosional features —contourite chasmaeld moats— appear in the

bathymetric and seismic data from the northernraiutille Luzon Trough.

Contourite channds

Two contourite channels, CC-1 and CC-2, extend uliie northeast-trending
C-1 and Bashi Channel of the northern trough (Bjg.The CC-1 channel extends

southward along the C-1 corridor into the main afishe northern trough (Fig. 2).
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This channel is interrupted by the four mounde@igyrMD-1 through MD-4 (Fig. 2).

CC-1 exhibits a V- to U-shape in cross-section egwthes an incisional depth of
about 600 m (Fig. 5). Only a limited amount of see€int (sometimes no sediment at
all) is found within the CC-1 channel. When preseatgposits primarily appear as

chaotic, high-amplitude reflections (Fig. 5).

The CC-2 extends southwestward from Bashi Sill 02450 m water depth)
at the head of Bashi Channel, entering the maimnseoof the northern trough (Fig. 2).
This channel exhibits a U-shaped cross-sectiorreaches an incisional depth of 750
m (Fig. 9). The channel floor is an erosional stef#éhat locally truncates layers of
underlying sediment. Some sporadic sedimentary siespappear within the channel

as chaotic to contorted, moderate- to high-ampdittedlections (Fig. 9).

Moats

Moats are a type of valley associated with the rdedndrifts identified in SU2
and SU1. Moats within the Luzon Trough are founthimitwo ranges of water depth:
2700 to 3400 m, and 3400 to 3700 m. The moats nvitieé shallower depth range run
along the western edges of mounded drifts, MD-1MDd3, along the eastern edges
of MD-2 and MD-4, and along both edges of MD-7 &g, 3, 4, 5, and 7). These
moats reach incisional depths of up to 180 m. Maetscommonly wider and deeper
along the western sides of the drifts than aloregahstern sides (Figs. 4, 5, and 7).
Moats within the deeper water depth range run albwegeastern sides of the very
smooth mounded drifts, MD-5 and MD-6. These moatsup within the northern

trough at depths of up to 40 m (Fig. 6). Seismycall the moat infill appears as
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moderate- to high-amplitude layered reflectiong$Fd—7).

4.3.3 Mixed features

Terraces

Contourite terraces appear as broad, low-gradaohg-slope features that dip
slightly seaward. They develop from mixed (erosiondepositional) bottom-current
processes (Rebesco et al., 2014). Within the Ldzongh, two terraces, T-1 and T-2,
extend along the western wall of the northern amdtlha troughs, respectively (Fig.
2). Terrace T-1 (Table-l), about 600 m thick, extisibcontinuous parallel,
low-amplitude reflections that outline an interaggradational configuration (Fig. 6).
Terrace T-2 (Table-I) occurs south of terrace T-a& aimilar water depth. Because the
seismic survey did not extend to this feature, ifiernal configuration remains

unknown.

5. Discussion

Contourite features in the Luzon Trough have nanbeeported in the literature
to date, but turbidites have been previously dbedriHuang et al., 2018). We shall
first discuss evidence of contourites in the trowgid the possible reason why
contourites were not easily found in the adjacemhore outcrops. After that, the
sedimentary processes related to these contownresdiscussed, as well as the

conceptual and regional implications of the sediagnprocesses.
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5.1 Identification of contourite features in the Luzon Trough

The identification and interpretation of contourieatures in the Luzon Trough
relied on the three-scale approach suggested dgediest al., (2008) and Stow and
Smillie (2020). The large-scale (oceanographic irggtt middle-scale (seismic
architecture), and small-scale (seismic facielspldagy, bedforms) framing allows for
consistent interpretation of local- to regionaltedenplications.

a) The oceanographic setting. The Luzon Trough is the only deep passage
connecting the Pacific Ocean and the South Chiaa(Qa et al., 2006; Zhao et
al.,, 2014, 2016; Zhou et al., 2014, 2018; Ye ef a019). This passage
experiences vigorous bottom currents with velositg to 30 cm/s (Figs. 7B
and 9B. Zhao et al., 2014). Such conditions camfdepositional or erosional
contourite features (Faugeres et al. 1999; Stowl.et2009; Rebesco et al.,
2014).

b) The seismic architecture. Seismic architecture with regional bathymetritadaan
detect contourite features.g., Faugeres et al., 1999; Rebesco and Stow, 2001;
Rebesco, 2005; Rebesco and Camerlenghi, 2008; &ebeal., 2014). Together
with morphological criteria, the mounded drifts (MD MD-2, MD-3, MD-4,
MD-5, and MD-6), sheeted drifts (SD-1), and plastiedrifts (PD-1, PD-2, and
PD-3) (Figs. 3-7) were identified and interpretedsdd on their regional

distributions.

c) The small scale. Local seismic facies are also essential for detgctnd
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interpreting bottom current features (Faugeres.e1899; Nielsen et al., 2008).
They include bedforms and seafloor sedimentaryefatchat may elucidate
erosional, depositional, and mixed bottom curreatdres. Physical samples of
seafloor material from the sheeted drift SD-1 (Fpexhibit fine silt deposits
with well selected grain size distributions rangfrgm 6.69 and 6.97 phi. These
parameters, characteristic of fine grained contesir(Rebesco et al., 2014;
Brackendridge et al., 2018), indicate a low-enemggtting swept by a
semi-continuous current (Stow et al., 2009; Rebesad., 2014).

Huang et al. (2018) reported turbidites within Tamnoutcrops north of the Luzon
Trough. This report describes contourite featurbseat from adjacent onshore
outcrops that record deep-water sedimentary syst€@wosatourites do not appear
onshore probably because the overflow of Pacifie@@ater (OPDW) only flowed
within a narrow trough of an otherwise expansivddsiction-collision system.
Deformation most likely subjects depocenters to m@ssion and deformation, thus
obscuring their morphology and continuity with oasoutcrop expression. Secondly,
older ancient sediment exposed onshore could ke getting with absent or weak
OPDW circulation that did not affect these unitsaHy, younger, exposed sediments
may reflect environments shallower than 2000 m naépth due to a more protracted
period of uplift in the north relative to south (&hg et al., 2018), and therefore would

not record deeper OPDW activity.
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5.2 Overflow processes and their association with contourite features

5.2.1 Contourite depositional systems and gateway water masses

Depositional (drift) and erosional (channel and thoeontourite features
described here can be grouped into two contourggositional systems (CDSSs)
according to their water depth ranges (2100 to 3#Q@&nd 3500 to 3700 m water
depth). These depth ranges capture contrastingbdison and morphological reliefs
of contourite features, which in turn are relatedhe influences of different water

masses.

Contourite depositional system1 (CDS1)

CDS-1 developed at shallower water depths. It setumounded drifts MD-1
(2780-2850 m water depth), MD-2 (2750—2800 m waégth), MD-3 (2600—2670 m
water depth), MD-4 (2590-2630 m water depth), and-M(3200-3400 m water
depth) as well as their associated moats. All tiplastered drifts, PD-1 (2500-2800
m water depth), PD-2 (2900-3200 m water depth), Rbe3 (3000-3200 m water
depth) also occur in CDS-1. It furthermore includesh contourite channels, CC-1
(2600—-3000 m water depth) and CC-2 (2650-2700 yeg for MD-7, PD-2, and
PD-3, which occur in the middle trough, most ofsthdeatures occur in the northern
trough. This depositional system overlaps with@RDW depth range (2000 to 3450
m water depth), which is characterized by highenirvelocity (Figs. 10 and 11, Zhao

et al., 2014), low temperature, and high saliniig(12) within the trough.

The fact that larger-scale moats occur only aldwegwestern sides of the mounded
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drifts indicates that these features were formed lsputhward-flowing geostrophic
flow concentrated along the western side of theobuErough (right side of the flow)

due to the influence of the Coriolis force. Thisenpretation is consistent with the
southward current direction and the geostrophicatiar of the OPDW reported by a
number of authors (Qu et al., 2006; Zhao et all42@016; Zhou et al., 2014; Ye et
al., 2019). The interpretation is also consisteith ihe westward deviation of the
dense OPDW documented by salinity and temperatafdgs across the trough (Fig.
12). The OPDW velocity of up to 16 cm/s in the maiwugh (Fig. 7) (Zhao et al.,

2014) resembles current velocities observed inraheas with similar types of drifts

and moats along the Atlantic and Antarctic margifaugeres et al., 1999;

Hernandez-Molina et al., 2006, 2008; Stow et &IQ2 Rebesco et al., 2014).

Relative to the smaller eastern moats, the largestevn moats may record a faster
flowing core, i.e., the core of the southward OPI[IMg. 13). The smaller (narrower
and shallower) moats along the eastern sides ahthended drifts (Figs. 4, 5 and 7)
indicate a weaker, northward geostrophic flow cotraged along the eastern side of
the trough due to the influence of the CoriolisciarThe higher reflection amplitude
of the seafloor along the western side of MD-7 (Fip arises from larger acoustic
impedance (the product of sound speed and watesitgderontrast. This suggests
coarser (higher sound speed) sediment deposit&dobg vigorous currents along the
western side of the trough relative to weaker acusrealong the eastern side.
Numerical simulation revealed the occurrence obastefr, southward current and a

slower, northward current in the OPDW depth ranigagthe northern and middle
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Luzon Trough (Jiang et al., 2020).

The weaker northward current may represent a coeateent of the OPDW (Fig.
13), similar to current and counter-current pairsesved from other passages (e.qg.,
the Orkney, Bruce, and Discovery passages) (Garapiatl., 2002; Garcia et al.,
2016). Within the Bruce Passage, for example, daifeeldell Sea Deep Water
overflows from the Weddell Sea into the Scotia @&arabato et al., 2002). Overflow
includes a faster northward-flowing current andaaver southward-flowing current;
they generate channels (Garcia et al., 2016) arrows (Lobo et al., 2011) along

both sides of the passage.

Following interpretations from similar localitiesFqugeres et al., 1999;
Hernandez-Molina et al., 2008; Rebesco et al., 20didlamontes et al., 2019), the
CDS-1 plastered drifts probably indicate the exisée of relatively slow currents.
Rebesco et al. (2014), for example, characteriast@ted drifts as generally forming
along gentle slopes swept by relatively low-velpaurrents. The Luzon mooring
observations reported in Zhao et al. (2016) confower current velocities along the
trough sidewalls relative to the trough center. Tepths of CDS-1 plastered drifts
(2500-3200 m water depth) fall within the depthgearof the lower OPDW layer
(Figs. 11 and 12), indicating that these driftsrfed from the deeper, denser layer of
overflow with only minor (or absent) deposition rimothe upper (mixing) layer of

overflow (Fig. 13B; Legg et al., 2009).

In the two contourite channels (Figs. 5 and 9ndaied reflections and scarce to

absent channel fill indicate erosive flow chanrietsned by the OPDW entering from
24
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the North Pacific Ocean and cascading down to tieoh Trough (Fig. 1A; Tian et al.,
2006; Zhao et al., 2014). Faster OPDW flows (uBGam/s) appear in these channels

(Fig. 7; Zhao et al., 2014).

Contourite depositional system2 (CDS-2)

The deeper contourite depositional system, CD$¥@udes the large sheeted
drift SD-1 (3500-3700 m water depth) plus the tw@ber, smoothly mounded drifts,
MD-5 and MD-6 (3510-3600 m water depth), and tassociated moats. All of these

features occur within the deepest part of the Lukmgh (Fig. 2).

We interpret this depositional system as tied te thottom water mass
underlying the overflow of Pacific Deep Water (OPDPW the Luzon Trough. The
lower boundary of the OPDW (Fig. 11) is estimatedbe 50-120 m below the
maximum velocity water depth according to the poasivelocity observations along
the trough (Zhao et al, 2014; Zhou et al., 2014,e¥al., 2019). Hence, the bottom
water in the trough is at water depth over ~3450ith a slower velocity (Figs. 11—
13). The dense sluggish bottom water probably sgps the remaining water of the
OPDW —that is, the water that did not enter thetBdbhina Sea because of the
obstacles of Outlet-1 and 2 and remained in theigtto(Fig. 11). Formed at
depths >3450 m, CDS-2 lies beneath the direct enite of the OPDW. Fine silt
within the modern sheeted drift resembles that comiynfound within abyssal plain
environments (Rebesco et al., 2014), where it atd& sweeping of the seafloor by
very slow bottom currents (Faugeres et al., 1998rnBindez-Molina et al., 2008;

Stow et al., 2009; Rebesco et al., 2014). Theseactaistics are consistent with the
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sluggish bottom water in the Luzon Trough benelaghvigorous OPDW (Zhao et al.,

2014) (Figs. 11-13), which flows in a southwarcediron (Zhao et al., 2014).

The deep, very smoothly mounded drifts (MD-5 and-B)Cand their associated
moats along the eastern side of the northern trdlogh indicate a weak and narrow
northward current. This current may represent antatcurrent of the southward

flowing bottom water in the trough (Fig. 13A).

5.2.2 Terraces and water mass interfaces

The two terraces, T-1 and T-2, occur at 2900-340Water depth along the
western wall of the northern trough. This depthncales with the interface between
the OPDW and the underlying water mass (Fig. 1he Terraces likely represent
sedimentary processes associated with verticaiuitions of this interface (Fig. 13B).
Water mass interface mechanisms have been propgosexplain terraces in other
marine basins (Hernandez-Molina et al., 2009, 2Q0&3; Preu et al., 2013; Rebesco
et al., 2014). For a relatively deep interface .(i.eelow terrace depth), the
fast-flowing OPDW causes erosion of terraces (B)g.When the interface becomes
shallower, the sluggish BW enables deposition atbegerraces (Fig. 13B). Mooring
observations in the trough documented the seasmadlahtraseasonal variations of the
OPDW (Zhou et al., 2014; Zhao et al., 2016), ingigdntensified, thicker, deeper,
denser OPDW in late fall; and weakened, thinnallger, lighter OPDW in spring.

These observations indicate significant verticattiiations of the OPDW base, which
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correspond well with our interpretation of the é&e formation.

5.3 Conceptual implications of the overflow of Pacific Deep Water processes

5.3.1 Overflow behavior in confined settings

Our study observations and interpretations elueidsédimentary processes
associated with the overflow of Pacific Deep Wa@ePDW) in the deep confined
trough. Three characteristics of the OPDW emergeritisally linked to sedimentary
evidence, which could be considered and comparedthier overflows in deep
confined gateways in future studies in order topgeeour understanding of overflow
processes.

First, OPDW does not always reach the gateway sedliee appearance of the
CDS-2 indicates the action of the sluggish bottonatew overlain by the
CDS-1-related vigorous overflow water. Other gatgsvaypically show overflow
waters that clearly traverse gateway bottoms. Exesnpnclude Mediterranean
Outflow Water, which flows through the Strait ofli&ltar (Baringer and Price, 1997;
Sanchez-Leal et al., 2017), and Faroe Bank Cha@relflow, through the Faroe
Bank Channel (Mauritzen et al., 2005; Fer et @1® Hansen et al., 2016). In this
study, OPDW flows over the Bashi Sill between 280@ 2450 m water depth, then
descends to its equilibrium horizon (as determibgdts density) of ~3450 m water
depth, and finally enters the South China Sea ale®Gi and 2. The OPDW'’s

maximum depth of descent (~1000 m) is therefore than that of dense overflow
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waters. Mediterranean Overflow Water descends 1PA03-m after exiting the strait
of Gibraltar (Baringer and Price, 1997; Sanchezt-keal., 2017), and the Faroe Bank
Channel Overflow descends 2200 m (Hansen et d§)2@PDW may not reach the
bottom of the northern Luzon Trough because theflove lacks sufficient density to
penetrate the deepest parts of the trough. Theosutgm of insufficient density, with
a 0.07-0.08 kg/m difference around Bashi sill, is supported by ocemaphic
observations of the potential density referenced0@0 decibar (Fig. 1C. Zhou et al.,
2018). Moreover, the seismic reflection data déschihere do not show distinct
reflections arising from abrupt changes in acoustipedance (the product of sound
speed and water density) within the OPDW portionthed water column. These
proxies for density interfaces fail to appear #tegi upper or lower boundaries of the
OPDW, or within regions affected by its overflowidF10). In other areas with more
energetic and denser water masses relative to atneger, seismic reflection data
clearly delineate water masses (Yamashita et@l];2Gorman et al., 2018).

The reason for the small density difference betwdssm OPDW and the
underlying water in the Luzon Trough may be relat®dhe existence of the sills at
the exit, i.e., Outlet-1 and 2 (Figs. 1A and 11plyOthe OPDW shallower than the
depth of Outlet-1 and 2 (both ~2850 m) in the tlowguld easily enter the South
China Sea (Fig. 11), while the deeper portion efdkierflow would be retained in the
trough. The presence of sills at the entrance aitdoéthe gateway could be a key
difference between the OPDW and those overflowsdheounter only one sill before
reaching the open sea/ocean. The mechanisms gegesaich a minor overflow
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density difference merit further study.

Second, the lower (denser) layer of OPDW domindtes development of
contourite features along the gateway flow patinwitle or no contribution from the
water mass’s upper (mixing) layer. Overflow wateosnmonly consist of an upper
mixing layer and a lower, denser layer (Legg et2009). In the Luzon Trough, the
CDS-1 components flow mainly between 2500 and 3#00ater depth, a range that
overlaps that of the lower overflow layer (Fig. )3Eontourite features do not
appear at shallower depths. The OPDW dense layetrot® the formation of
overflow-associated, large-scale depositional andienal contourite features within
the trough, while the mixing layer apparently makes contribution. A similar
situation occurs with Mediterranean Overflow Waadwng the middle slope of the
Gulf of Cadiz, where large erosional and depos#idaatures form primarily due to
the denser overflow layer (Baringer and Price, 199ave et al.,, 2001; 2007,
Hernandez-Molina et al., 2003; 2014; Roque et2811,2; Sanchez-Leal et al., 2017).
The steep topography swept by the OPDW upper lagsr act as a non-depositional
factor. However, the development of the plasteratisdon the steep wall of the
Luzon Trough in the depth range of the OPDW lowagret, which is sometimes
steeper than the wall where the OPDW upper layeepw (Fig. 13B), indicates that
the steep topography could not be the decisiveoffalsehind non-deposition and
non-erosion. The key might lie in the behaviouthed overflow upper layer itself: its
lower velocity and mixing/turbulence taking couldndter continuous large-scale
deposition and erosion. Again, the mechanisms immgedeposition and erosion by
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the overflow upper layer call for further study.

Third, the southward-flowing OPDW and its northwardunter-current are
responsible for the formation of drift-associatedats along both sides of the gateway.
Our data suggest that the deeper and wider mawisdito the larger mounded drifts
along the western side of the Luzon Trough may besalt of the more vigorous,
southward OPDW. The shallower and narrower moasscaasted with the smaller
mounded drifts along the eastern side (Figs. 2, 3%, and 7) may result from the
weaker northward current. Such a counter-currentdcgenerate moats and drifts
even within a very narrow passage such as the @ikie C-1 corridor (Figs. 2-5). No
observation of cross-trough variations in the attmggh flow has been reported for
the main Luzon Trough, yet a numerical simulatievealed the presence of the
counter-current in the northern and middle Luzoough (Jiang et al., 2020). The
occurrence and behaviour of the OPDW counter-cumuegently call for long-term,
cross-trough observations of the Luzon Trough. Tdwerflow counter-current
contributing to the formation of contourite featsiie a phenomenon also observed in
the Bruce Passage and adjacent Scan Basin in Aiogal&Garabato et al., 2002;
Garcia et al.,, 2016). There, the overflow of Wetd&ta Deep Water and its
counter-current flow have formed contourite chasrald furrows (narrower and less
incised than contourite channels) along both salebe gateway (Lobo et al., 2011;
Garcia et al.,, 2016). The mechanisms underlyinggéeeration of such overflow

counter-currents merit further study.
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5.4 Regional implications of the overflow of Pacific Deep Water processes

5.4.1 Overflow-generated contourites as a record of regional tectonics

The three seismic units within CDS-1 (SU1 throudd3p show significant
differences in terms of their seismic configuraticend external morphologies that
reflect variations in OPDW flow from the middle kamte Miocene, when the trough

formed.

The divergent basin-fill configuration of SU3 (Figd—7) indicates uneven
deposition in a generally high-energy deep-seagefbangree and Widemier, 1977),
i.e., turbidites as calibrated by IODP wells in 8@uth China Sea oceanic basin (Yin
et al., 2020) and other marginal seas (Pickerirad.e2013). Therefore, SU3 points to
an absence of significant contourite activity doylextension, weak or absent OPDW
circulation at the bottom of the trough during disposition. The apparently weak or
absent OPDW circulation during the early deposélostage of the Luzon Trough
may owe to a wider and deeper connection betwe®#ctific Ocean and the South
China Sea (Hall, 2002). In addition, during thelyedevelopment of the Luzon Strait,
fewer volcanoes in the Luzon Arc (Yang et al., 1996en et al., 2015; Huang et al.,
2018) meant less of a bathymetric barrier to watechange between the Pacific

Ocean and the South China Sea.

The aggradational reflection configuration of theugger units, SU2 and SU1

(Figs. 4-7), indicates regional enhancement of OPBkbulation after the early
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depositional stage of the trough. The enhanced denishape of SU2 through the
top of SU1 within the main axis of the trough (Frg;, and significant moat formation
further records a regional increase in OPDW vejoditring the latest depositional
stage of the trough. Gradual strengthening of OPDiV@ulation coincides with

regional closure and shallowing of the Luzon Trqugk well as more volcanic
activity in the area given the Taiwan orogeny inldhé to late Miocene times (Yang et

al., 1996; Huang et al., 2018).

Three of the four mounded drifts within the C-1raor (MD-1, MD-3, and
MD-4) north of the trough show a higher degreeamfal mounding in SU2 than in
SU1. This difference could indicate a slight desesin overflow velocity through the
C-1 corridor during trough evolution and SU1 depeh@nt. The modern C-1 corridor
(2590-2850 m water depth) occurs in the shalloveer @f the denser OPDW (2500—
3450 m water depth), where the current velocitiovger than that observed for the
deeper part (Figs. 7, 9, 10, 11; Zhao et al., 20IhA¢ shallower water depth of C-1
may result from a more protracted period of uptifthe north relative to south, due to
oblique collision (Huang et al., 2018). The irreguévolution of MD-1, MD-3, and
MD-4 relative to the narrowing trough may therefarése from greater shoaling to

the north during the Taiwan orogeny.

5.4.2 Influence of the overflow of Pacific Deep Water on the South China Sea margin

The overflow of Pacific Deep Water (OPDW) enters 8outh China Sea basin
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from the Luzon Trough mainly through Outlet-1 (28B80water depth) (Fig. 2; Zhao
et al., 2014, Ye et al., 2019). Numerical modellofgoverflow transport (Zhao et al.,
2014) indicates that the OPDW then flows countecklise along the continental

margin of the South China Sea.

Three lines of evidence suggest that the OPDW dribe circulation of the
SDW and SBW in the South China Sea and thus helpa the two large-scale
contourite depositional systems observed along loheer continental slope and
abyssal plain just south of the South China shadf Aongsha Islands (Fig. 13A; Yin
et al., 2019). First, the SDW (1500-2000 m watgatlieand SBW (>2000 m water
depth) within the South China Sea roughly overlaghwhe OPDW depth range
(2000-3450 m water depth) in the Luzon Trough. 8dcothe generally
counter-clockwise circulation of the SDW and SBWI(€ al., 2006; Tian et al., 2006)
matches the direction of OPDW flow (Zhao et al.1£20 Third, the development of
the Dongsha Islands contourite depositional systeifisl Ma to present; Yin et al.,
2019) coincides with the setting of enhancing OPEWulation from the middle-late
Miocene to present. Together, these lines of eweandicate that the OPDW has
been driving SDW and SBW circulation in the Southif@a Sea since at least 1.1 Ma,
when the OPDW became vigorous enough to signifigamtiuence the marginal sea.
Further assessment of this hypothesis will reqattditional research and regional

data collection.
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6. Conclusions

The overflow of Pacific Deep Water (OPDW) movemavithin the Luzon
Trough gateway generated a contourite depositi@yastem (CDS-1) along its
southward flow path through the trough. This systeatudes erosional (channel and
moat), depositional (drift), and mixed (terracehiurite features along the bottom of
the trough and its adjacent flanks. The lower, derlayer of the overflow, in
conjunction with its weaker, northward-flowing caercurrent, was primarily
responsible for the formation of these features|uming moats found along both
sides of the mounded drifts. The upper (mixingelagf the overflow does not appear
to have generated any significant depositionakosienal contourite features. In parts
of the Luzon Trough deeper than ~3450 m water depehOPDW does not reach the
bottom because of thermohaline density constrdirgs the relatively low OPDW
density). In those areas, the denser bottom watdhe trough circulates weakly
beneath the OPDW, thus generating a deeper cotgalgpositional system (CDS-2),

where a sheet-like drift dominates deposition.

OPDW flow has gradually strengthened with the naimmg of the Luzon Trough
due to the Taiwan orogeny. Shoaling in the norttmast trough may also weaken
overflow locally. During the latest depositionage, this more vigorous overflow has
developed more prominent contourite features withim Luzon Trough while also
promoting the formation of large contourite featuaedong the lower slope and deeper
areas of the adjacent South China Sea. Futurendréindeavors in the Luzon Trough

are needed to obtain more precise age constraigésding the OPDW's evolution.
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This work demonstrates the importance of overflawd gateways in controlling
the morphology and sedimentary evolution of deepimeasedimentary systems.
Similar multidisciplinary research efforts couldeshfurther light on the role of

gateways in moderating geological, oceanographit paleoceanographic processes.
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Contourite

. Water Length Width .
Contourite features depositional
depth (m)  (km) (km)
system
MD-1  2780-2850 17 6 CDSs-1
MD-2  2750-2800 17 2 CDSs-1
MD-3  2600-2670 10 4 CDs-1
Mounded MD-4  2590-2630 4 2 CDS-1
MD-5  3510-3580 17 3 CDS-2
Depositional Drifts MD-6  3560-3600 8 5 CDs-2
MD-7  3200-3400 19 5 CDs-1
PD-1 2500-2800 2 CDS-1
Plastered PD-2 2900-3200 3 CDS-1
PD-3 3000-3200 12 1 CDS-1
Sheeted SD-1 3500-3700 220 25 CDS-2
CC-1 2600-3000 110 2 CDs-1
Channels
] CC-2 2650-2700 65 12 CDs-1
Erosional
2700-3400 <=19 2 CDS-1
Moats
3500-3700 <=17 2 CDS-2
T-1 2900-3400 60 7 _
Mixed Terraces
T-2 3000-3400 17 5

Figure captions

Figure 1. A) Regional bathymetric map of the northeastermt®dChina Sea and

northwestern Pacific Ocean, including regional oceaculation patterns,

sketch map of tectonics, and data collection locetifor this study. The sizes

of the blue arrows indicate the volume transporthef OPDW, marked by the

number with unit Sv (1 Sv =x1.0° m¥/s) close to the arrow. G1 through G4

respectively represent samples GX118BC, GX128BC,183BC, and

GX138BC.In situ hydrographic stations (BC1, LT1, LT2, WG2) in tineugh

are cited from Zhao et al. (2014). B) Mean hydrpbia (salinity and

temperature) section L1 with a width of 187 km asréhe northern Luzon
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Strait. Thermohaline data were downloaded from N@AA World Ocean
Database 2013. This figure is elaborated using @Peda View (Schlitzer, R.,
2016). The black profile at the bottom of each isectshows seafloor
topography. The arrows indicate flow direction citer masses. A*symbol

in the center of a circle indicates flow coming ofithe page (i.e., southward,
towards the reader). The white triangles at théi@etop mark the locations
of the hydrographic casts in (B) and (D). C) Meangity profiles in the deep
South China Sea (182C°N, 119-121°E), Luzon Trough, and the Pacific
(21°-23N, 122-12£E), modified from Zhao et al., 2014 and Zhou et al.
2014. D) Sectional (L2) view of the potential déyngs,) based on CTD casts
along the Bashi Channel, modified from Zhou et abD18. The profile
locations of (B) and (D) are shown in panel (Abbreviations:. OPDW =
Overflow of Pacific Deep Water. SSW = South Chirea Surface Water. SIW
= South China Sea Intermediate Water. SDW = SotliihaCSea Deep Water.
SBW = South China Sea Bottom Water. NPTW = NorttifRaTropical Water.
NPIW = North Pacific Intermediate Water. PDW = BiadDeep Water. SCS =
South China Sea. HR = Heng-chun Ridge. LA = Luzaw. AT = Luzon

Trough. BS = Bashi Sill. MT = Manila Trench. TC aifung Canyon.

Figure 2. Swath multibeam bathymetric map (A) and regionakphosedimentary

map (B) of the Luzon Trough interpreted from mugtln and seismic data,
including the main contourite depositional and enoal features. The gray

outlines mark the zero (present sea surface) contdine white lines in A
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1152
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1157

show the locations of select interpreted seismitiaes. The gray rectangles
mark close-up of bathymetry in Fig. 3. The blacksdmark the locations of

surface samples. The yellow line represents thieylbragtric profile location in

Fig. 11. Abbreviations: BC = Bashi Channel. C-1 = Corridor 1. CC
contourite channel. MD = mounded drift. PD = plastedrift. SD = sheeted
drift. T-1 and -2 = terraces 1 and 2. TC = Tait@anyon. E1 through 3 =

elevations 1 through 3. MTD = mass transport deposi

Figure 3. Close-up of multibeam bathymetry in the north,(83st (Bashi Channel)

(B), north to middle (C), and middle (D) sectorsass the Luzon Trough. The
white lines show the locations of select interpiteteismic profiles. The black
dot marks the location of surface sample G2. THerdmar in “A” is suitable

for the rest of the figures (B, C and D).

Figure 4. Seismic reflection profile across the northern enctorridor C-1 of the

northern Luzon Trough. The interpreted seismic funisU1-SU3,
discontinuities H1 and H2, and the mounded drifi3-Mand MD-2 with their
associated moats are indicated. Current direcidndicated by the circles: a
‘o’ symbol in the center of a circle indicates floanting out of the page (i.e.,
southward). An ‘x’ indicates a current flowing intfee page (i.e., northward).

TWT = two-way travel time. See Fig. 2 for profilechtion.

Figure 5. Seismic reflection profile across the southern ehdorridor C-1 of the

northern Luzon Trough showing the interpreted smismmits SU1-SUS3,

discontinuities H1 and H2, mounded drifts MD-3 aniB-4 (along with their
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associated moats), and contourite channel CC-1. Bge 2 for profile

location.

Figure 6. Seismic reflection profile across the main axistioé northern Luzon
Trough, showing: the interpreted seismic units S&l13; discontinuities H1
and H2; the sheeted drift (SD); mounded drift M[Pafd its associated moat);

plastered drift PD-1; and terrace T-1. See Fignrfofile location.

Figure 7. Seismic reflection profile across the middle LuZa@ough (A) showing the
interpreted seismic units SU1-SU3, discontinuitdsardd H2, mounded drift
MD-7 (with associated moats), and plastered dRfiz2 and PD-3. B) The
along-trough current velocity at site LT2 (Zhaoadt 2014) near MD-7 is
shown by the green line in the water column andcatds a southward
direction. Note that depth in meters (red) is shdagether with TWT (see
text for further information). See Fig. 2 for piefiocation and Fig. 1A for the

site location.

Figure 8. A work site photo of surface sample GX118BC (Grbnf the northern

Luzon Trough showing fine-grained material on thedern seafloor.

Figure 9. Seismic reflection profile across the Bashi ChaijAg showing contourite
channel CC-2. B) The along-trough (downstream)enrvelocity at site BC1
in Zhao et al. (2014) for CC-2 is shown by the grkee in the water column.

See Fig. 2 for profile location and Fig. 1A foresiocation.

Figure 10. Seismic images across the Bashi Channel of thaeror Luzon Trough (A)
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and across the southern trough (B), showing watasses and associated
contourite features. Figure A shows contourite dehrCC-2, and B shows
mounded drift MD-3 along with plastered drifts PCa2d PD-3. South China
Sea Deep Water (SDW) is equivalent to Pacific Déégter (PDW) The
dashed lines mark the boundary of water massesvditieal green lines show
water-column profiles of nearby along-trough cutreelocities at sites BC1
and LT2 in Zhao et al. (2014). Positive values cdatk southward,
along-trough flow and negative values indicate medrd, along-trough flow.

See Fig. 2 for profile locations and Fig. 1A faedocations.

Figure 11. Mooring observations of current velocity along thezon Trough showing

the general depth of the overflow of Pacific Deept&® (OPDW). Velocity
profiles are adapted from Zhao et al. (2014). Tlelkprofile at the bottom
shows seafloor topographfbbreviations:. BW = bottom water in the Luzon

Trough. V = velocity. See Fig. 2 for the bathymeprofile location.

Figure 12. Seismic and vertical hydrographic (salinity andnperature) sections

across the C-1 corridor (A, B) and the main cowskéhe northern Luzon
Trough (C, D). South China Sea Deep Water (SDWaqusivalent to Pacific
Deep Water (PDW). The white dashed lines represger and lower
boundaries of the overflow of Pacific Deep WaterP@W). The white
triangles at the sea surface mark the locationhethydrographic casts. See

Fig. 2 for section locations.

Figure 13. A) Sketch of the Luzon Trough (from entryways totiét-1), with the two
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contourite depositional systems, CDS-1 and CDS+{# thick black lines

indicate the spatial boundary of the Luzon Troumyid the gray lines indicate
outlines of major regional morphologic featurese™olid blue arrows show
the overflow of Pacific Deep Water (OPDW), and tpen blue arrows show
counter-current flow. Arrow size indicates relativansport volume. See Fig.
2B for the contourite features within and aroungl ltizon Trough. B) Vertical

sections across the northern trough (section Sd }fmmiddle trough (section
S2) showing water masses and associated contéeaiieres. The dashed line
marks the possible shallower interface betweerXR®W and bottom water
in the Luzon Trough (BW) when the OPDW weakens.tiSedocations are

shown in panel (A) by the dashed black lines. mltbhzon Trough, the OPDW
controlled development of CDS-1, and the South &h8ea Deep Water

(SDW) controlled development of CDS-2.
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Highlights

Multidisciplinary study of the overflow of Pacific Deep Water along the Luzon Trough
The overflow overlies a more sluggish layer at depth greater than 3450 m

The overflow lower layer has formed a contourite depositional system

The upper (mixing) layer of the overflow has not generated significant contourite
features

Gateway and overflow have influenced South China Sea morphology and sedimentary

evolution
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