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Abstract: Located at the end of the northern Manila Trench, the Hengchun Peninsula is the latest exposed part of Taiwan
Island, and preserves a complete sequence of accretionary deep-sea turbidite sandstones. Combined with extensive field
observations, a ‘source-to-sink’ approach was employed to systematically analyze the formation and evolutionary process
of the accretionary prism turbidites on the Hengchun Peninsula. Lying at the base of the Hengchun turbidites are abundant
mafic normal oceanic crust gravels with a certain degree of roundness. The gravels with U-Pb ages ranging from 25.4 to
23.6 Ma are underlain by hundreds-of-meters thickness of younger deep-sea sandstone turbidites with interbedded gravels.
This indicates that large amounts of terrigenous materials from both the ‘Kontum-Ying-Qiong’ River of Indochina and the
Pearl River of South China were transported into the deep-water areas of the northern South China Sea during the late
Miocene and further eastward in the form of turbidity currents. The turbidity flow drastically eroded and snatched mafic
materials from the normal South China Sea oceanic crust along the way, and subsequently unloaded large bodies of basic
gravel-bearing sandstones to form turbidites near the northern Manila Trench. With the Philippine Sea Plate drifting
clockwise to the northwest, these turbidite successions eventually migrated and, since the Middle Pleistocene, were exposed
as an accretionary prism on the Hengchun Peninsula.
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1 Introduction
Formation of large river systems always attracts much
attention. Nowadays, global seafloor topographic maps are
of great significance for the scientific observation of
submarine canyons, such as the Taitung Canyon off the
coast of eastern Taiwan Island and the submarine canyons
in the Gulf of Mexico. Submarine canyons mostly
originate from slope break zones of the continental shelf,
and sediments are transported in mainly in the form of
gravity flow (e.g. Callow et al., 2014; Hansen et al., 2015;
Liu J et al., 2019; Liu B et al., 2020). However, integrated
research on the deposition mechanism of submarine
canyons is still lacking, and questions such as how they
shape the seafloor landforms during transportation remain
unknown. With the South China Sea (SCS) seafloor
expansion during the Cenozoic, large topographic
differences occurred along the continental margin and
provided ideal conditions for submarine canyon evolution.
Recent IODP 367/368 discovered a thick layer of wellrounded gravels of middle Miocene age at the northern
SCS ocean–continent boundary (Stock et al., 2018; Sun et
al., 2018), which implies that large submarine canyons had
* Corresponding author. E-mail: lshao@tongji.edu.cn

possibly reached the then SCS deep basin. However,
further researches about their transporting routes and
depositional characteristics are still required for a better
understanding of the deep-sea canyon process. Due to the
collision between the Eurasian Plate (EP) and Philippine
Sea Plate (PSP), the overall topography of the SCS area is
west higher and east lower. As the deepest area of the
SCS, the Manila Trench was first developed in the middle
Miocene (Huang et al., 2018), and has since become an
optimal receiver for voluminous sediments delivered by
submarine canyons. The Hengchun Peninsula in the
southern end of Taiwan is the latest exposed part of the
Manila Trench accretionary wedge body (Fig. 1; Huang et
al., 2018), and has rarely undergone transformation or
destruction by subsequent tectonic movements. Therefore,
the Miocene intact turbidite successions on the Hengchun
Peninsula are promising to reveal the deep-sea
sedimentary transport processes in canyons (Fig. 2).
Many controversies remain regarding the sedimentary
sources and transportation routes of the Hengchun
turbidite sandstones. According to the NW–SE
paleocurrent measurement and elemental geochemical
analysis, a large amount of sediments might have been
delivered from the South China SE coastal area to the
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Fig. 1. Topographic and geologic maps of the northern South China Sea and surrounding areas.
(a) Topographic map of Taiwan Island and its surrounds – studied samples and published data marked with red stars; (b) stratigraphic framework of the Hengchun Peninsula; (c) geological map of the Hengchun Peninsula (modified from Chang et al., 2003; Zhang et al., 2014); Studied samples for zircon U-Pb dating marked by red stars; J 01, S 01 and Y 01 are sandstones; S 02, K 01 and D 01 are gabbro gravels within turbidites.

Fig. 2. Turbidite outcrops of Hengchun Peninsula, Taiwan.
(a) Turbidites showing typical Bouma sequences; (b) basic rock gravels; (c) basic rock conglomerate layer forming
grain-supported sedimentary structure; (d) trace fossils parallel to the sedimentary strata; (e) convolute beddings; (f)
pillow basalt gravel.
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Hengchun Peninsula via certain river networks, such as
the Minjiang River and the Jiulongjiang River (Chen et al.,
1990; Zhang et al., 2014, 2017). However, a SE–NW
paleocurrent direction was also identified within the
Hengchun turbidite sandstones (Chang et al., 2003; Shan
et al., 2013). Apparently, for an accretionary prism with
complex structural modifications, simply relying on paleoflow direction measurements might cause serious
misunderstanding about its provenance analysis. Also
noteworthy is that the detrital zircon U-Pb age spectra
show obvious differences between the Hengchun
turbidites and the South China coastal river sediments.
Combining with heavy mineral assemblage analyses, Chen
X Y et al. (2018) implied that the Minjiang and
Jiulongjiang rivers have long been of relatively confined
fluvial networks with limited transport capacity.
Therefore, the Hengchun Peninsula accretionary prism
was most likely influenced from other provenances.
The Hengchun turbidite sequences are typified by
abundant interbedded mafic gravels, such as basalts and
gabbros. In addition to thick turbidite successions, the
Hengchun accretionary prism also comprises a large
number of basic gravel-bearing units, such as the Kenting
mélange, the Shimen conglomerate, the Cingwashih slump
deposits and the Lilungshan conglomerate (Page and Lan,
1983; Zhang et al., 2014, 2016). To be specific, the
distinctive gravel or slumped layers were mainly formed
by gravity flow, while well-rounded mafic gravels were
deposited within the typical deep-sea turbidites. According
to previous studies, these well-rounded gravels were
sourced from the SCS broken oceanic crust, and were
scraped off by the overlying slab of the Manila Trench
during the SCS subduction (e.g. Page and Lan, 1983;
Pelletier and Stephan, 1986; Zhang et al., 2014). These
basic gravels commonly show geochemical characteristics
of N-MORBs, E-MORBs and OIBs, which confirm their
affinities to normal oceanic crust or seamounts (Chen H Y
et al., 2018; Yu et al., 2018; Tian et al., 2019). It has been
speculated that they were possibly sourced from the West
PSP over the Manila Trench (Chen H Y et al., 2018; Tian
et al., 2019), or the SCS downward plate (Yu et al., 2018;
Tian et al., 2019). The ages of these basic rocks range
mainly between the late Oligocene and early Miocene
(Zhang et al., 2016; Tian et al., 2019). Therefore, they
were more likely from the SCS subducting oceanic crust,
with lesser possibility from the Huatung Basin of the PSP
(Tian et al., 2019). Notably, the basic gravels within the
Hengchun turbidites mostly exhibit good roundness (Fig.
2), and demonstrate features of long-distance transport and
an abrasion process. Prior to the arc–continent collision on
Taiwan Island, the SCS seamount subduction might have
caused the Taiwan accretionary prism to experience a
short exposure above sea level (Tian et al., 2019). Scraped
off the SCS descending plate, the oceanic crustal
fragments might have also undergone various exposure,
transport and re-sedimentation processes, resulting in the
mafic gravel layer within the accretionary turbidites. Yet,
according to simulation results, the seamount subduction
possibly cast limited influence on the uplift of the
Hengchun ridge (Li et al., 2013). Although seamount
subduction might significantly destroy the original
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Fig. 3. Zircon U-Pb dating of the gabbro gravels within the
Hengchun turbidite sequences. Both weighted mean ages and
concordia ages are shown for samples S 02, K 01 and D 01.
(data from Meng et al., 2020).

structure of the accretionary prism, this process is
insufficient to interpret the existence of massive basic
gravels within the normal turbidite successions. As a
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consequence, provenances and formation of the Hengchun
turbidite body as well as its unique mafic gravels require a
more integrated explanation.
This paper combines field geological observations and
detrital zircon U-Pb geochronology to reveal the
sedimentary characteristics of the Hengchun accretionary
turbidite sandstones. A source-to-sink comparative
analysis has been conducted using data systematically
compiled from Hainan Island, the Qiongdongnan Basin,
the Pearl River Mouth Basin, the modern Pearl River
Delta, IODP367/368 site U1499B/1500B, IODP349 site
U1435A of the northern SCS, and the Jiulongjiang–
Minjiang–Oujiang fluvial systems of the South China SE
coastal areas, and the Luzon Volcanic arc. We aim to
extrapolate the evolution of the Hengchun accretionary
turbidite and to provide better comprehension of the
sedimentary transport processes in the SCS deep-water
basins.
2 Geological Background and Stratigraphic Framework
Taiwan Island is an arc-continent collision orogeny that
still experiences ongoing enlargement. Since the middle
Miocene, the SCS oceanic crust started to subduct
eastward beneath the PSP. As a result, Luzon volcanic
island arc and its accretionary prism to the west were
gradually formed (Huang et al., 2006, 2018). Because of
the PSP clockwise rotation to the northwest, the Luzon
Arc collided obliquely with the Eurasian Plate at ca. 7–5
Ma. Consequently, the Cenozoic sedimentary strata of the
South China continental margin, and the original
accretionary wedge around the Manila Trench commonly
suffered from strong deformation and uplift. Taiwan
Island then started to form, and presently still experiences
continual growth (e.g. Huang et al., 2006; Lee et al., 2006;
Lin et al., 2009). Meanwhile, the PSP was also subducting
northward under the Eurasian Plate. Younger strata of the
southern Taiwan orogenic belt emerged and were uplifted
while older strata to the north collapsed in turn and
disappeared into the submarine environment (Teng, 1996;
Sibuet and Hsu, 2004).
Located at the southernmost tip of Taiwan, the
Hengchun Peninsula extends further north to the Central
Range, and south to the Hengchun Ridge in the
underwater setting (Fig. 1a). The Hengchun Peninsula
represents the initial stage of the Taiwan collision and
uplifting processes. Therefore, this part has preserved
many oceanic crust basic conglomerates, normal deep-sea
turbidite sequences, and subsequent shallow-marine
sediments, which comprise the Kenting mélange structure.
The presence of these materials further allows the
Hengchun Peninsula to serve as a natural laboratory for
studying the formation and evolution of accretionary
wedges (Pelletier and Stephan, 1986; Chang et al., 2003;
Lester et al., 2013).
The Kenting mélange comprises two sets of
sedimentary sequences in the Hengchun Peninsula: 1)
middle–Upper Miocene deep-sea turbidites, and 2)
Pliocene–Pleistocene shallow-marine sediments (Fig. 1b).
The Mutan Formation (Fm.) is the main stratigraphic unit
of the accretionary turbidite sandstones. Together with

interbedded strata such as the Shihmen Conglomerate, the
Loshui Sandstone, and the Lilungshan Sandstone, the
Mutan Fm. reaches ca. 2000 m in thickness and is
dominated by alteration of sandstones and siltstones
interbedded with abundant lenticular gravels. According to
planktonic foraminifera biostratigraphy, the Mutan Fm.
was deposited around 11.6–6.4 Ma in a deep-sea canyon
environment (Chang, 1964; Cheng et al., 1984; Chang et
al., 2003). Basic conglomerates of the Mutan Fm. are
widely distributed in the Si-chung Creek Valley, the
Cingwashih and other areas (Fig. 1c). These gravels
include mostly basalt, gabbro and diabase rocks, showing
grain- or matrix-supported sedimentary structures and a
high degree of roundness. Exposed in the eastern part of
the Hengchun Peninsula, the Loshui Sandstone is ca.
1,000 m thick and dominated by thick layers of fine- to
medium-grained sandstone. Planktonic foraminifera
biostratigraphy indicates its deposition age of ca. 12 Ma,
close to the frontal edge of a deep-water fan. The
Lilungshan Sandstone, on the other hand, is mainly
distributed on the western side of the Hengchun Peninsula.
It is ca. 2,000 m in thickness, and features upwardcoarsening sequences deposited at 11.6–6.4 Ma (Chang,
1964).
From the Pliocene to the Pleistocene, the Hengchun
Peninsula was dominated by a shallow-marine
sedimentary environment. The Maanshan Fm. is an Upper
Pliocene–Lower Pleistocene neritic sequence (ca. 800-m
thick) of ca. 3.7–1 Ma unconformably overlying the Upper
Miocene deep-sea turbidite successions (Fig. 1b). Mainly
exposed on the Western Platform of the Hengchun
Peninsula, the Maanshan Fm. reaches an elevation of ca.
200–300 m, and represents the initial arc-continent
collision in Taiwan. The Hengchun Pleistocene strata were
deposited in less than 0.5 Ma, and are mainly distributed
on the Western Platform’s eastern slope. With the
predominance of neritic reefal limestone and fluvial
deposits, these younger Hengchun strata imply that the
slope basin was initially uplifted and exposed above sea
level during this period.
3 Field Observation of Hengchun Turbidites
The lower beds of the Hengchun turbidite successions
mainly comprise basic gravels, which commonly form the
A section of a typical Bouma sequence (Bouma, 1962).
These gravels are dominated by basalts and gabbros,
showing relatively good roundness and poor sorting.
Metamorphic rock fragments have rarely been observed.
Overall, the lowest sandstone layer of the Hengchun
turbidites contains gravels, and develops obvious erosion
boundaries. Parallel and cross bedding are common in the
upper sandstones, which are followed by an uppermost
mudstone with horizontal bedding (Fig. 2a). Mafic rock
conglomerates are mainly accumulated within the turbidite
A section (Fig. 2b), whereas other sections also bear basic
rock gravels of extremely high content, and form
conglomerate layers with 0.5 m to several meters in
thickness. These conglomerates mostly show matrix- or
grain-supported structures (Fig. 2c). Basalt gravels with
pillow-shape are also observed (Fig. 2f). Presence of
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imbricate arrangements within certain beds indicates paleo
-current directions, deep-water trace fossils are frequently
preserved parallel to the sedimentary strata (Fig. 2d). In
addition, the sandstones commonly develop water-escape
sedimentary structures, such as dish bedding (Fig. 2e).
Apparently, the basic rock gravels and thick sandstones
were commonly deposited as deep-sea turbidite sequences
in the form of gravity flows. In addition to the voluminous
typical turbidity current deposits, the Hengchun Peninsula
also has a large abundance of exposures of other gravity
flow deposits, such as detrital flow and mud-rock flow
sediments. Representative basic-ultrabasic rock gravels,
such as gabbros and pillow-shaped lava, are shown in Fig.
2b and 2f.
4 Samples and Methodology
Zircon U-Pb dating analyses were carried out on the
Hengchun turbidite sandstone and gabbro samples, the
IODP 367/368 scientific drilling and the northern SCS
commercial drilling samples. Zircon grain collection,
mounting, cathodoluminescence (CL) imaging and LAICP-MS isotopic dating were all completed in the State
Key Laboratory of Marine Geology, Tongji University,
Shanghai. The laser ablation system is New Wave 213 nm,
and the ICP-MS is Thermo Elemental X-Series. In the
laser ablation process, helium gas is used as carrier gas,
and argon gas is used as compensation gas to adjust
sensitivity. Beam size of the laser spot is 30 μm, and the
ablation frequency is 10 Hz. Each analysis includes a
blank signal of 25 s and a sample signal of 50 s. U-Pb
isotopic dating uses the international standard zircon
91500 (1065.4 ± 0.3 Ma) as an external standard, and uses
zircon standard Plešovice (337.1 ± 0.4 Ma) to monitor the
accuracy of the analysis results. U-Pb isotopic ratio and
age calculations were completed using software
ICPMSDataCal, and common Pb correction was
performed following the method of Andersen (2002).
According to Compston et al. (1995), calculated 206Pb/238U
ages are adopted for zircons younger than 1000 Ma,
whereas 207Pb/206Pb ages are adopted for those older than
1000 Ma.
5 Results
5.1 U-Pb ages of the Hengchun gabbros
Zircon CL images of the gabbro gravels within the
Hengchun accretionary prism turbidites show that most
grains develop clear oscillatory zoning structures. Th/U
values are higher than 0.1 indicating a magmatic origin
(Hoskin and Schaltegger, 2003). The concordia U-Pb age
is 23.60 ± 0.20 Ma (MSWD = 0.11) for Sample K 01,
23.78 ± 0.41 Ma (MSWD = 1.40) for Sample S 02, and
25.40 ± 0.24 Ma (MSWD = 0.99) for Sample D 01,
respectively (Fig. 3). Thus, we consider that the
crystallization ages of the gabbro gravels are 25.4–23.6
Ma, in the late Oligocene.
5.2 Detrital zircon U-Pb age patterns of Hengchun
turbidite sandstones
Detrital zircon U-Pb age spectra of the Hengchun
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turbidite sandstones show that samples S 01, J 01, and Y
01 are characterized by broad multimodal patterns,
including obvious Yanshanian (ca. 150 – 65 Ma),
Indosinian (ca. 260–200 Ma), and Lvliangian (ca. 2500–
1800 Ma) peaks plus a unique Cenozoic cluster. The
minor age clusters include Caledonian (ca. 550–350 Ma)
and Jinningian (ca. 1000–800 Ma) periods. To be noted,
both samples S 01 and J 01 are featured by apparent
Cenozoic peaks centralized at ca. 23 Ma, whereas sample
Y 01 has peaks centralized at ca. 25 Ma of slightly lower
proportion (Fig. 4a).
5.3 Detrital zircon U-Pb age patterns of northern
South China Sea borehole samples
The upper Oligocene sandstone sample U1499 33R
from drill site U1499B has a detrital zircon U-Pb age
pattern characterized by a single prominent Yanshanian
peak centralized at ca. 150 Ma. The upper Miocene
turbidite sandstone samples U1500B 22R and U1500B
25R from site U1500B both feature dark gray sandstones
with plentiful feldspar-quartz grains. Their detrital zircon
U-Pb age patterns show broad spectra with obvious
Yanshanian, Indosinian, and Caledonian populations, and
secondary Jinningian and Archean peaks (Fig. 4b).
Sample W-1 taken from the Central Canyon of the
Qiongdongnan Basin also shows a broad multimodal
pattern in its detrital zircon U-Pb age spectrum. It is
dominated by an obvious Yanshanian peak, with
Indosinian, Caledonian and Jinningian periods as
secondary clusters. Additionally, its Indosinian and
Caledonian groups in the U-Pb age spectrum bear similar
proportion (Fig. 4b).
6 Discussion
6.1 Origin of basic rock gravels within Hengchun
accretionary prism turbidites
Previous scholars have conducted petrographic and
geochemical analyses on the basic rock gravels of the
Hengchun accretionary prism turbidites, indicating that the
gravels include mainly basalts, gabbros, and amphibolites,
with elemental and isotopic geochemical characteristics
similar to N-MORBs, E-MORBs and OIBs (Chen H Y et
al., 2018; Yu et al., 2018; Tian et al., 2019). The
subduction of the SCS oceanic crust beneath the PSP was
the key to generating the Hengchun Peninsula accretionary
prism. Ocean drilling and dredge sampling have revealed
that the SCS oceanic crust develops N-MORBs, EMORBs and OIBs features (Tu et al., 1992; Zhang G L et
al., 2018). These mafic materials from the normal oceanic
crust are exactly the same rock assemblages as those in the
basic rock gravels of Hengchun accretionary wedge
turbidites. Therefore, the SCS normal oceanic crust is
extremely likely the most important source area for the
turbidites.
The western region of the PSP, including the Huatung
Basin and Luzon Island, on the other hand, represent the
overlying plates of the Manila Trench. The Huatung Basin
develops an E-MORB type (Hickey-Vagar et al., 2008),
and Luzon Island develops ophiolitic suites while volcanic
island arcs exposed since the Late Mesozoic (Yu et al.,
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Fig. 4. Detrital zircon U-Pb age spectra.
(a) Hengchun turbidite sandstones; (b) samples within the northern South China Sea basin and surrounding provenance areas. Studied samples shaded light
gray; published data shaded dark gray (modified from Meng et al., 2020; published data from Xu et al., 2014; Cao et al., 2015; Wang et al., 2015; Shao et al.,
2017; Zhang et al., 2017; Zhong et al., 2017; Cao et al., 2018; Tsai et al., 2019).

2015). Both the Huatung Basin and Luzon Island register
relatively complex rock components, which could also be
the provenances for the accretionary wedge during the
detachment of the trench front. However, the acidic
volcanic rocks in the Luzon island arc are significantly
different from the basic gravels within the Hengchun
accretionary prism, implying that contributions from
Luzon Island might have been limited. The Huatung Basin
is distinct from the SCS especially in the age of the
oceanic crust, the SCS being dated between ca. 33 Ma and
16.5 Ma (Li et al., 2015), whereas the Huatung Basin
possibly formed during the Early Cretaceous (Deschamps
et al., 2000; Huang et al., 2019).
In this study, zircon U-Pb ages of the basic rock gravels
fall in the Late Oligocene–Early Miocene (ca. 25–23 Ma:
Fig. 3), which is well within the age range of the SCS
oceanic crust. Combined with published data (Chen H.Y.
et al., 2018; Yu et al., 2018; Tian et al., 2019), these
differences suggest that the basic rock gravels within the
Hengchun accretionary prism were most likely derived
from the SCS oceanic crust, other than from the Huatung
Basin or other regions.

6.2 Provenances of Hengchun accretionary prism
turbidite sandstones
As described above, the detrital zircon U-Pb age spectra
of the Hengchun accretionary wedge turbidite sandstones
display apparent Cenozoic peaks of ca. 23 Ma. The
presence of these peaks is consistent with the
crystallization ages of basalt and gabbro gravels in the
accretionary wedge, and is clearly distinct from the ca. 18Ma peak of the Luzon Island samples (Fig. 4). These lines
of evidence confirm a major contribution from the SCS
oceanic crust to the turbidite sequences in the Hengchun
Peninsula. It can be envisaged that, as a result of drastic
destruction, transportation and abrasion, a large number of
basic fragments from the SCS oceanic crust, including
well-rounded basalt and gabbro gravels, and finer clastic
materials, were transported eastward in the form of a deepsea gravity flow and subsequently accumulated within the
accretionary wedge near the Manila Trench around 23 Ma.
Previous researchers indicated that the Hengchun
Peninsula was mainly deposited with sediments from the
Minjiang River or the Jiulongjiang River flowing across
the southeast coast areas of the South China mainland
during the Late Miocene (Zhang et al., 2017). As shown in
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Fig. 5. Nonmetric multidimensional scaling (MDS) correlation analysis diagram for Hengchun turbidite sandstones and their surrounding potential provenances.

Fig. 4, the detrital zircon U-Pb age spectrum of the
Minjiang River is dominated by a Caledonian (ca. 430
Ma) peak in addition to a secondary Yanshanian peak (ca.
143 Ma), and a small group of older aged zircon grains.
However, the Hengchun turbidite sandstone samples
exhibit
many
Cenozoic,
Neoproterozoic
and
Mesoproterozoic zircons, with some Caledonian peaks
proportionally lower than those Yanshanian clusters.
These U-Pb age combination signatures have not been
clearly identified within the Minjiang River sediments.
Thus, the age-spectrum differences between the Hengchun
turbidite sandstones and the Minjiang River cannot be
overlooked. Moreover, on the nonmetric multidimensional
scaling (MDS) correlation analysis diagram, samples from
the Jiulongjiang River, the Ou River, and even Hainan
Island, distance themselves markedly from the Hengchun
Peninsula sections. All these provenances not only display
narrow bimodal or single age patterns but also extremely
minor content of Proterozoic zircons (Fig. 4). However,
the Hengchun turbidite sandstones are more similar on the
U-Pb combination to the samples from well W-1 in the
Qiongdongnan Basin, H9-1 in the Pearl River Mouth
Basin, and the site U1500B borehole. It is thus not
surprising to see their close alignment on the MDS
correlation analysis diagram (Figs. 4, 5).
According to previous studies, the western SCS region
experienced complex stages of intense tectonic
movements in the Cenozoic (Carter et al., 2001; Lepvrier
et al., 2004). As an important potential provenance for
other areas, the age combination pattern of the western
SCS has increasingly attracted extensive attention (e.g.
Fyhn et al., 2019; Wang et al., 2019); it features very clear
Indosinian (ca. 250–210 Ma) and Caledonian (ca. 470–400
Ma) peaks, and a considerable number of older age
groups, such as those of the Proterozoic. The recently
discovered Central Canyon in the Qiongdongnan Basin
allowed the transport of copious detrital materials from

both the Indochina Peninsula and Hainan Island during the
Late Miocene in the form of turbidity current into the
northwestern sub-basin of the SCS (e.g. Tang et al., 2014;
Li et al., 2017; Ma et al., 2017; Mi et al., 2018; Cui et al.,
2019; Lei et al., 2020). According to Shao et al. (2019a)
and 2019(b), an ancient ‘Kontum–Ying–Qiong’ River
developed prior to the Central Canyon. The river system
began to deliver abundant sediments after the Late Eocene
and stretched eastward for thousands of kilometers. With
subsequent transgressions in the Oligocene–Miocene, the
‘Kontum–Ying–Qiong’ River was submerged below the
sea surface, and finally gave way to the newly-born
Central Canyon, which continued to transport sediments
eastward since the late Miocene (Pang et al., 2018; Zhang
et al., 2019). As shown in Figure 4, sample W-1 from the
Qiongdongnan Basin and IODP U1500B samples from the
COT zone share very similar U-Pb age combination
features. The MDS correlation analysis diagram also
confirms their close relationship (Fig. 5). Therefore, the
‘Kontum–Ying–Qiong’ River might have transported
sediments further into the deep-water areas where site
U1500 is located and probably even further east.
The Pearl River has evolved from a regional confined
river into a continental-scale fluvial network with wide
drainage area from the Oligocene to Miocene (Shao et al.,
2001; Zhang G et al., 2010; Shao et al., 2016; Shao et al.,
2017; Cao et al., 2018; Zhang G et al., 2018; Shao et al.,
2019b). Since the Middle Miocene, the Pearl River
tributaries have extended into the extensive Yunnan–
Guizhou Plateau of the South China inland area, with a
river network close to the modern drainage scale.
Therefore, the Middle Miocene Paleo-Pearl River samples
contain a large group of Caledonian and ProterozoicArchaean zircons, in addition to the Yanshanian and
Indosinian peaks (Fig. 4). Seismic profiles reveal that
numerous large deep-water fans and submarine canyons
were generated that stretched southward onto the northern
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slope of the SCS. As a consequence, the Pearl River
sediments were transported into the SCS deep-water basin
in the form of a gravity flow (Pang et al., 2006; Shao et
al., 2007; Zhang et al., 2015a; Zhang et al., 2015b; Lei et
al., 2018). Borehole H9-1 is located in the Pearl River
Delta and drilled into the upper Middle Miocene strata
(Fig. 4). Its U-Pb age spectrum is dominated by
Yanshanian and Indosinian peaks and weaker Caledonian
and Jinningian clusters, which implies provenance
influences from the South China inland and the Yangtze
Block. The MDS correlation analysis diagram also
demonstrates that boreholes H9-1 and U1500B are highly
related (Fig. 5). Thus, it is suggested that the U1500B
samples were possibly transported with the Pearl River
sediments in addition to those from the provenance of the
western SCS. In contrast, the U-Pb ages of U1435A and
U1499B display a prominent single Cretaceous peak (Fig.
4), probably marking a local source of paleo-uplift (Shao
et al., 2017). This Yanshanian age is consistent with the
formation of a Mesozoic magmatic arc along the South
China continental margin.
As a brief summary, the northern SCS deep-water area
was likely a depocenter influenced by sediments from
mixed provenances, including the ‘Kontum–Ying–Qiong’
River from the western SCS, the Pearl River from the
north of the SCS, and the surrounding paleo-uplifts.
During the Late Miocene, several hundred-meter
thicknesses of turbidite successions were deposited in this
area (Jian et al., 2019; Zhang et al., 2020).
6.3 Formation and evolution of Hengchun turbidites
The Upper Miocene deep-sea turbidites in the
Hengchun Peninsula comprise a large number of wellrounded mafic gravels with affinities to the normal
oceanic crust. The age of the examined gabbro gravels
ranging from 25.40 to 23.60 Ma is consistent with the 26–
23-Ma age peaks identified for the turbidite sandstones.
All this strongly implies that the SCS oceanic crust were
fragmented and eroded to provide mafic materials for the
turbidite sequences during this period. The SCS is known
to have spread between ca. 33 Ma and ca. 15 Ma. The

studied Cenozoic basic rock gravels are dated as Late
Oligocene, indicating that only oceanic crust fragments
with ages of the magnetic anomaly lineation C8–C6b
(26.5–23.1Ma) were included within the Hengchun
accretionary wedge turbidites.
Thus, we can envisage that, during the Miocene, both
the Pearl River and the Kontum-Ying-Qiong River fluvial
systems carried copious terrigenous clastic sediments,
converging near the site U1500 locality, and charging
further eastward under the submarine environment. This
rapid-flowing turbidity current traveled along the magnetic
anomaly strip C8–C6b (about 17°North), and strongly
eroded the Upper Oligocene SCS oceanic crust. Both long
-distance transport of terrigenous clastic sediments and
basic oceanic crust materials were accumulated to form
the accretionary prism turbidites near the Manila Trench.
Due to the enhancement effect caused by negative
geomorphology of the subducting trench, a large
abundance of oceanic crust basic conglomerate layers and
slump deposits were mixed with the typical turbidite
sequences at the same time. With the clockwise
northwestward drifting of the PSP, the original
accretionary prism migrated and eventually was exposed
to form the Hengchun Peninsula (Fig. 6).
7 Conclusions
In this paper, we combined data from field geological
observation, elemental geochemistry, and zircon U-Pb
geochronology to conduct a systematic ‘source-to-sink’
analysis on the Upper Miocene deep-sea turbidite
sequences in the Hengchun Peninsula of Taiwan. Many
well-rounded basic rock gravels in the Hengchun
turbidites are derived from normal oceanic crust. Their
crystallization age of 25.4–23.6 Ma is in line with the
magnetic anomaly strip C8–C6b (about 17°N) during the
South China Sea (SCS) spreading. Both the U-Pb age
patterns and MDS correlation analysis diagram indicate
that the northern SCS deep-water area was supplied with
terrigenous clastic sediments transported by the ‘KontumYing-Qiong’ River from the western SCS, and the Pearl

Fig. 6. Transport routes of the Hengchun accretionary prism turbidite sandstones.
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River from the north during the Late Miocene, leading to
the deposition of hundreds-of-meters thicknesses of
turbidites in this region. Due to the overall ‘west-higher
and east-lower’ topography of the SCS, sediments from
these two river networks after their convergence traveled
eastward in the form of turbidity currents. The turbidity
transport system also strongly destroyed, wrecked and
eroded the Upper Oligocene SCS normal oceanic crust
prior to reaching the Manila Trench.
Together with other types of gravity flow sediments, the
original accretionary prism was formed and accumulated
around the subduction zone. As the Philippine Sea Plate
was drifting to the northwest, this accretionary wedge was
pushed, migrated, and finally exposed in the Hengchun
Peninsula area.
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