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ABSTRACT

The Taiwan Strait serves as a link between the East China Sea and South China Sea in East Asia. Complex ocean
dynamics, huge sediment inputs and distinct tectonic, climatic and bedrock lithological settings of the two sides
of the strait make it ideal for sediment source-to-sink studying. While mud sediments in the strait have been well
investigated, sand composition and provenance remain understudied. Here, we present framework petrography
and heavy mineral data of sands from the southern Taiwan Strait and the adjacent representative rivers to
characterize sand provenance and depositional mechanisms. As expected, the SE China river sands are dominated
by quartz and feldspar, whereas sands from the westward-flowing mountainous rivers in Taiwan are rich in lithic
fragments and heavy minerals of metamorphic origin. The southern Taiwan Strait sands show significant spatial
variations in composition and texture of the framework grains and heavy minerals. Framework grain-based
provenance modeling results show that sands in the southwest margin of Taiwan Strait (water depth of
30-60 m) are mainly supplied by SE China rivers. Taiwan mountainous rivers made prominent contributions to
the central-western Taiwan Strait (40-60 m) and the south of Taiwan Shoal (below 50 m), both of which are far
away from the Taiwan island (ca. 100-300 km away). Furthermore, sands from the Taiwan Shoal (20-30 m)
show extremely high compositional maturity and are mainly composed of coarse, rounded quartz. These sands,
previously proposed as relict sediments, have been intensely altered by modern high-energy hydrodynamic
conditions and can also be interpreted as palimpsest sediments. These results demonstrate that modern river-
derived sands are eventually deposited in relatively deep-water regions in the strait, rather than the shallow
regions (Taiwan Shoal). We propose that the sand composition and distribution are closely related to the sub-
marine topography of the Taiwan Strait. Combining previous mud belt investigations, we suggest that sands and
muds tend to have different fates in shallow continental shelves with complex climate, ocean current and seafloor
landform conditions. This study also highlights the importance of both modern and relict sands in the strait and
our findings are important to better understanding of shelf sedimentary systems with huge river-sediment-input
and high wave/tidal-current-energy.

1. Introduction

diversity over horizontal scales. For example, the western coast of South
America and southern coast of the Philippines are less than 10 km in

Continental shelves locate in regions between continents and open
oceans and provide pathways for sediment transport from land to the
deep ocean, and thus play an important role in global sediment source-
to-sink systems (Kao and Milliman, 2008; Yang et al., 2014b; Liu et al.,
2016). Generally, global continental shelves are characterized by flat
topography with water depth above 200 m, but show remarkable
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width, whereas the Barents Sea shelf and the East China Sea (ECS) shelf
are broader than 500 km. Broad continental shelves also commonly
serve as an important sink for terrestrial sediments (Nittrouer and
Demaster, 1986; Thomas et al., 2004; Liu et al., 2006, 2007; Xu et al.,
2012; Wang et al., 2013; Bi et al., 2015, 2017; Deng et al., 2017, 2019)
and sedimentary successions therein can preserve essential information
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concerning sea level change, climatic evolution and land-ocean in-
teractions over different timescales (Wang, 1999; Eiriksson et al., 2000;
Rasmussen et al., 2007; Yang et al., 2014a, 2017; Romans et al., 2016;
Acharya and Chakrabarti, 2019; Liu et al., 2019).

A great number of studies have focused on sediments and their
source-to-sink processes on many continental shelves in the world, such
as the Sunda shelf in Southeast Asia (Hanebuth et al., 2000; Hanebuth
and Stattegger, 2004), the North Icelandic shelf (Eiriksson et al., 2000),
and the ECS shelf in East Asia (Milliman et al., 1985a, 1985b; Li et al.,
2005; Liu et al., 2006, 2007; Wang et al., 2013). Shelf sediment source-
to-sink processes indicate great diversity in different sedimentary envi-
ronments (Li et al., 2014a; Liu et al., 2016), especially in river sediment
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inputs and ocean dynamic conditions, e.g., high energy, low sediment
inputs in west European shelf (Stride, 1982) and on the contrary, low
energy, high inputs in the Gulf of Pupua shelf (Harris et al., 1996; Howell
et al., 2014). Differently, it is well known that rivers draining the
subtropical-tropical regions (most in East and South Asia) supply the
largest loads of sediment discharge to the oceans (Meade, 1996; Milli-
man and Farnsworth, 2011), such as the Yangtze River (0.48 bt y 1),
Irrawaddy River (0.26 bt y~!) and Mekong River (0.11 bt y™1) (Fig. 1A).
The Taiwan Strait, located on the southern East China Sea shelf (Fig. 1B),
provides a significant link between the ECS and the South China Sea
(SCS) and accumulates abundant land-derived sediments from mainland
China and Taiwan island (Liu et al., 2008a; Xu et al., 2009, 2012; Horng
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Fig. 1. (A) Location of the Taiwan Strait in the East Asia continental margin. Several large rivers are marked by black lines. (B) Major subtropical rivers in SE China
and Taiwan, and their annual sediment discharge (data from Milliman and Meade, 1983; Meade, 1996; Xu et al., 2009). Dominated currents in Taiwan Strait and ECS
and East Asian monsoon winds direction are marked. Red arrows represent warm currents, and blue arrows represent cold currents. CCC: China Coastal Current;
SCSWC: South China Sea Warm Current; TWC: Taiwan Warm Current. (C) Schematic topography of a profile across Taiwan Shoal, Fujian Provenance and Taiwan
western foothills. The shallowest part of Taiwan Shoal is up to 20 m, and Penghu Channel is deep to below 150 m. And a slow slope is showed in SE China side,
whereas a rapid lift in the Taiwan side. LGM: Last glacial maximum. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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and Huh, 2011; Huh et al., 2011). Furthermore, the Taiwan Strait is
currently within an oceanic system with influences of both the ECS and
SCS currents (wind-induced and tidal) and has a strong hydrodynamic
condition (Wang et al., 2003). As a result, studies of sea floor sediments
in the Taiwan Strait are useful to better understand sediment source-to-
sink processes in a high sediment inputs and high energy sedimentary
environment.

Previous studies show that the Taiwan Strait surficial sediments are
dominated by sand in the south (Liu et al., 2008a) and muds in the north
(Xu et al., 2009). During the past decades, a large number of studies have
been made to document the history of the elongated inner-shelf mud
belt, which extends 1000 km from the Yangtze River mouth to the
northern Taiwan Strait (Liu et al., 2006, 2007, 2008a; Xu et al., 2009,
2012). According to high-resolution Chirp seismic profiles, Liu et al.
(2006) documented the mud wedge which experienced different sedi-
ment accumulation rates in the past 11 kyr due to the East Asian
monsoon climate, human activities and intensified currents (Xu et al.,
2012). Detailed investigations on the inner-shelf mud wedge have been
conducted and show that mud sediments in the northern Taiwan Strait
are likely a product of Yangtze-derived clays driven by the China Coastal
Current (CCC; Xu et al., 2009; Bi et al., 2015; Liu et al., 2018). However,
sands in the southern Taiwan Strait remain poorly investigated. Adja-
cent rivers, such as the Minjiang, Hanjiang and Zhuoshui Rivers
(Fig. 1B), provide approximately 100 million of tons of sediments into
the Taiwan Strait annually, but these strait sands were previously
regarded as relict sediment (Niino and Emery, 1961).

Early marine geologists divided the Taiwan Strait into three sedi-
mentary regions (Qin, 1963). One outer shelf region which preserves
coarse relict sands recycled from sedimentary strata deposited in the late
Pleistocene low sea-level period, and two inner shelf regions, i.e.,
Zhejiang-Fujian coastal region and the Zhuoshui River mouth, which
receive fine-grained modern river sediments. In last century 80-90s,
published grain-size and heavy mineral data demonstrated that Taiwan

Marine Geology 436 (2021) 106495

Strait sediments exhibited obvious spatial variations in composition.
They proposed that relict sediments are mainly composed of coarse-
medium sands and present in the Taiwan Shoal (Zeng et al., 1982;
Chen, 1993). Besides, sediments on the Taiwan Shoal were also thought
to be recycled sediments controlled by modern currents (Zheng and
Zhang, 1982; Lan, 1991; Ma and Liu, 1994). Whether the Taiwan Strait
sands are dominated by relict sediments remains to be proved and the
fate of modern huge surrounding river-derived sand sediments remains
poorly known.

In this study, the southern Taiwan Strait seafloor surficial sediments
and adjacent river (Minjiang, Jiulongjiang, Zhangjiang, Hanjiang,
Zhuoshui Rivers) riverbed sediments were collected (Fig. 2). The great
differences of bedrock lithology between Southeastern (SE) China and
the Taiwan island (Fig. 2) allow to track the Taiwan Strait sediment
source-to-sink process by petrographic and heavy mineral analysis. The
aims are to: (1) unravel the compositions and provenance of the Taiwan
Strait surficial sands and (2) decipher controls on sediment spatial dis-
tributions in the Taiwan Strait.

2. Geological setting

The Taiwan Strait is located at the south of the ECS shelf, south-
westward connecting with the SCS, bounded by the southeast coast of
mainland China and Taiwan island to the west and east, respectively
(Fig. 1B). The strait is about 350 km-long and 180 km-wide on average
(140-200 km), with an average depth about 60 m. The bathymetry
shows that Taiwan Strait is characterized by four distinctive topographic
units (Fig. 2). The Changyun ridge (CYR) and the Taiwan Shoal are two
shallow regions with average depths of ca. 20 m (Fig. 2). The former is
located in the central-eastern Taiwan Strait and consists of eastern
Changyun Sand Ridge, a sand shoal and a sand sheet (Liao et al., 2008),
the latter is in the southwestern Taiwan Strait (Fig. 2). Two relatively
deep-water units are the Penghu Channel and the Wuchu Depression.
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Fig. 2. Geological settings of the southeastern China (modified from Institute of Geology, Chinese Academy of Geological Sciences, 2002), with sampling locations
(red dots: Taiwan Strait seafloor surficial sediment; black dots: riverbed sediment; blue dots: Zhuoshui River estuary down-core sediment). Submarine geomorphic
units in the Taiwan Strait were marked. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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These four submarine geomorphic units are proposed to comprise two
conjugated tidal erosional and depositional systems (Liu et al., 1998), i.
e., the Changyun ridge connects with the Penghu Channel in the east,
and the Taiwan shoal couples with the Wuchu Depression in the west.

As mentioned above, the adjacent land regions around the strait
spatially have significantly different geological and lithological back-
grounds (Fig. 2). The Taiwan island is an accretionary orogen complex,
composed of five tectonic units (Coastal Plain, Western Foothills, Xue-
shan Range, Central Range, Coastal Range), exposing Cenozoic sedi-
mentary rocks and Mesozoic metamorphic rocks (Chang, 1975; Huang
etal., 1997; Huang, 2017). The Taiwan island was initially exposed in an
active subduction-collision region between the Eurasian continent and
the Philippine Sea plate at 6.5 Ma (Huang et al., 2000, 2006). Now it is
currently under a tectonically active background with frequent earth-
quakes (Dadson et al., 2004; Shyu et al., 2005; Huang, 2017). The Fujian
Province, located on the Cathaysia block, consists of Precambrian
basement metasedimentary rocks, Paleozoic sedimentary strata, and
Jurassic-Cretaceous igneous rocks (Chen and Jahn, 1998; Li et al.,
2014b; Jian et al., 2020a). The widespread Jurassic-Cretaceous igneous
rocks are regarded as products of the westward subduction of the Paleo-
Pacific Plate (Li et al., 2007, 2014b).

The East Asian monsoon serves as a major control on the current
climatic conditions of the Taiwan Strait (Wang et al., 2000; Hu et al.,
2012; Clift et al., 2014). Northeast wind and southwest wind prevail in
winter and summer, respectively (Fig. 1). Under the control of monsoon
climate, the ocean circulation in the Taiwan Strait displays seasonal
variations. In winter, the CCC is intensified by the enhanced northeast
wind. Southward flowing currents dominate in the Taiwan Strait and
extend to the central Taiwan Strait (Fig. 1). During summer time, a
branch of the Kuroshio current brings warm South China Sea water into
the northern Taiwan Strait (Jan et al., 2002, 2006; Wu et al., 2007;
Fig. 1). These ocean currents can move silt or clay sediments and thus
control the distribution of surficial sediments (Xu et al., 2009; Liu et al.,
2016). In addition, tides can also influence sediment distributions
(Huang and Yu, 2003; Liao et al., 2008). The tides in Taiwan Strait are
semidiurnal with a range of up to 4 m and average tidal current velocity
is 0.40 ms ! (Wang et al., 2003). As a result of large strong tidal cur-
rents, sand waves have formed in the tide-dominated shallow seas (Fig. 1
in Zhou et al., 2020). Frequent storm events with wave height higher
than 10 m (including typhoons in summer and winter storms) play an
important role in changing the sea floor morphology of shallow regions
of the Taiwan Strait (Bao et al., 2020). It is wide accepted that sediment
movement during storm events could change the morphometry of sand
waves (Du et al., 2008; Bao et al., 2020; Zhou et al., 2020).

There are many mesoscale and small mountainous rivers on both
sides of the Taiwan Strait, which are important transport pathways for
land-derived sediments (Milliman and Syvitski, 1992; Yang et al.,
2014b; Jian et al., 2020a, 2020b). Such rivers include the Minjiang,
Jiulongjiang, Hanjiang Rivers on the west of the Taiwan Strait, and
Zhuoshui, Kaoping Rivers on the east side (Fig. 1B). Due to background
of drainage lithology, tectonics and climate, rivers on the two sides of
the strait are largely different in sediment discharge and composition.
On the one hand, each SE China river could deliver <10 Mt. of fluvial
sediments per year, while the Zhuoshui River in Taiwan exports about
66 Mt. of sediments per year (Fig. 1B). On the other hand, the sediment
transport and composition of mesoscale mountainous rivers in SE China,
like the Minjiang River, are mainly controlled by hydroclimatic condi-
tions (Jian et al., 2020b). However, the transport and composition of
Taiwanese rivers-derived sediments are thought to be influenced by
tectonic and climatic episodic events (Kao and Milliman, 2008; Liu et al.,
2008a; Bi et al., 2015; Garzanti and Resentini, 2016).

3. Materials and methods

A total of 58 sediment samples covering the southern Taiwan Strait
and adjacent exorheic rivers and estuaries were analyzed by
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petrographic and heavy mineral analysis methods (sample locations are
shown in Fig. 2). Twenty-six seafloor surficial sediment samples therein
were collected in the southern Taiwan Strait by two cruises during 2016
and 2018. Twenty-seven samples were collected from the Minjiang,
Jiulongjiang, Zhangjiang and Hanjiang Rivers in SE China. Lower reach
samples are densely selected in the Minjiang and Hanjiang Rivers and
estuaries sediments were collected in Jiulongjiang and Zhangjiang
Rivers. Furthermore, five samples were collected from the Zhuoshui
River mouth. More details are shown in Table A1l in Appendix A.

Bulk sample grain size distributions of 26 Taiwan Strait surficial
sediments were analyzed by a Malvern laser particle analyzer (Master-
sizer 3000) at Xiamen University. Samples were first treated by 10% HCl
and 10% H,0; for chemically removing calcium carbonate (CaCO3) and
organic matter, respectively. Then, 0.5 M (NaPOs)4 was added to avoid
aggregation and 10 min ultrasonic treatment was conducted before the
measurement.

In order to minimize the hydrodynamic sorting effect on the prove-
nance analysis results, we focused on fine to medium sand components
(0.063-0.5 mm). Each sample was wet-sieved and > 0.063 mm fractions
were separated and dried. The 0.063-0.5 mm fractions of each sample
obtained by dry sieving were used for framework petrography analysis
(Ingersoll et al., 1984), and the 0.063-0.25 mm fractions were separated
for transparent heavy mineral analysis. The 0.063-0.5 mm fractions of
samples were saturated by Araldite and cut into standard thin sections.
The Gazzi-Dickinson method was used to count the framework grains
under a polarizing microscope (Dickinson and Suczek, 1979; Dickinson,
1985). The compositions (quartz, feldspar, lithic fragments) and textures
of sediments were identified and documented. Heavy minerals were
filtered by soaping in heavy liquid tribromomethane (2.89 g/cm®), and
subsequently fixed on glass slides by Canada balsam. Approximately 100
transparent heavy mineral grains were identified and counted under a
polarizing microscope (Jian et al., 2020b).

Quantification of the quartz grain roundness was based on the
criteria proposed by Wadell (1932). The definition of roundness is
regarded as the ratio between the average of the radii of circles inscribed
in corners and the radius of the maximum inscribed circle. A program by
Resentini et al. (2018) was used to proceed binary image of quartz grains
for each sample and obtain quantified results. According to the Wadell’s
criteria, grain roundness is divided into six grades: very angular =
0.12-0.17; angular = 0.17-0.25; subangular = 0.25-0.35; subrounded
= 0.35-0.49; rounded = 0.49-0.70; well rounded = 0.7-1.0. To elimi-
nate grainsize effect on roundness, size of each analyzed grain was
calculated using the equivalent spherical diameter (ESD; Garzanti et al.,
2008). Grain length and width (X and Z) were measured directly from
the thin sections under a polarizing microscope, and the third axis (Y)
was estimated as equal to the measured width axis (Z). Then, the ESD of
an ellipsoidal quartz grain is X-Y-2) 3 (Lawrence et al., 2011).

4. Results
4.1. Bulk sample grain sizes

The grain size results of the Taiwan Strait sediments indicate that
most analyzed samples (21 in 26) mainly consist of sand components
with small amounts of silt and clay (Fig. A2 in Appendix B). Only two
samples in the south of Taiwan Shoal and three samples in the central-
western Taiwan Strait are dominated by silt components (ranging
from 50% to 71%; Table Al in Appendix A). Furthermore, sample A2 has
21% gravel-size components. Contents of fine to medium sands (the
major targeted fraction in this study) vary from 8% to 100%. Except for
five silt-dominated samples, fine to medium sand takes 64% in average
in all sand components, with a minimum of 13% (sample A2) and a
maximum of 100% (Fig. A2 in Appendix B). Spatially, medium-coarse
sands are present in the Taiwan Shoal (with an average of 0.86 ¢) and
its northwestern region (0.90 ¢ in average) and have a fining trend to-
wards northern Taiwan Strait and south of Taiwan Shoal (Fig. 3A).
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Fig. 3. Distribution of median grain size of bulk sediments in the surface Taiwan Strait (A), and its relationship with framework grain compositions (B). Except for
Taiwan Shoal sediments with high contents of quartz, ratios between Quartz and Lithics has no increasing or decreasing tendency with median grain size. phi (¢) =
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Median grain sizes of the central-western Taiwan Strait sediments are 4.2. Framework grains
ranging from 1.35 to 6.73 ¢ (averaging 3.58 ¢) and that of the south of
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Fig. 4. Representative photomicrographs of sand samples. (A) and (B) dominated by slightly weathered quartz and feldspar (samples M8 and H3, Minjiang and
Hanjiang Rivers, respectively). (C) low-rank metapelite fragments with a few quartz (sample J2, Zhuoshui River). (D) heavily weathered feldspar with low-rank
metapelite fragments (samples Y33, central-western Taiwan Strait). (E) sub-rounded quartz (sample A5, Taiwan Shoal). (F) high ZTR index, and some zircons are
well rounded (sample B7, south of Taiwan Shoal). (G) and (H) angular mineral particles collected in Hanjiang and Minjiang Rivers, respectively. Qtz: quartz; Kfs: K-
feldspar; Pl: plagioclase; Ls: sedimentary rock fragments; Lms: metapelite fragments; Lm: metamorphic rock fragment; Zrn: zircon; Tur: tourmaline; Grt: garnet; Rt:
rutile; Hbl: hornblende. Framework photos were taken under the cross-polarized light. Heavy minerals photos were taken under plane-polarized light.
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and sub-angular (Fig. 4A-B; Fig. 5), while the Zhuoshui River sands are
poorly sorted and sub-angular to rounded (Fig. 4C). The southern
Taiwan Strait sands are featured by diverse textures and the grains are
poorly-to-well sorted, and subangular to rounded (Fig. 5). The sands
deposited in the southwest margin of Taiwan Strait and the central-
western Taiwan Strait are subangular to subrounded and poorly sorted
grains (Fig. 4D). Samples from the south of Taiwan Shoal are poorly
sorted and subrounded, while samples from the Taiwan Shoal are well
sorted and subrounded to rounded (Fig. 4E; Fig. 5).

The thin section point-counting data are plotted in the Q-F-L ternary
diagram (Fig. 6A-B) and the raw data are shown in Table Al in Ap-
pendix A. The SE China river-derived sands are dominated by quartz and
feldspar, and the average content of quartz and feldspar reaches 86%.
Sands of the Minjiang River are composed of 58% quartz, 31% feldspar
and 11% lithic fragments (Fig. 7A). Similarly, the sands derived from the
Hanjiang River comprise 67% quartz, (21%) feldspar and (8%) lithic
fragments (Fig. 7A). However, the Zhuoshui River sands are dominated
by lithic fragments (70%) with minor quartz and feldspar (Fig. 6A;
Fig. 7A). The SE China river sands are relatively rich in volcanic lithic
fragments (Fig. 6B), while the Zhuoshui River samples are rich in sedi-
mentary and metasedimentary lithic fragments (Fig. 4C; Fig. 6C).
Overall, sands in the southern Taiwan Strait display spatial composi-
tional diversity, varying from feldspatho-quartzose to litho-quartzose
sands (Fig. 6A; Fig. 7A). Sands deposited in southwest margin of
Taiwan Strait are feldspatho-quartzose, with similar quartz and feldspar
proportions to the composition of sand from SE rivers (Fig. 7A). The
Taiwan Shoal sands are also feldspatho-quartzose, but have less lithic
fragments than sands in the southwest margin of Taiwan Strait (Fig. 7A).
Sands from the central-western Taiwan Strait and the south of Taiwan
Shoal are mainly litho-quartose and containing more lithic fragments
(range from 19% to 55%) than other regions (Fig. 7A). Sedimentary
lithic fragments are the major components of lithic grains in all the
southern Taiwan Strait sand samples, while the contents of volcanic and
metamorphic lithic fragments differ spatially (Fig. 6B).
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4.3. Heavy minerals

The transparent heavy mineral data are listed in Table A2 (Appendix
A). Overall, heavy mineral assemblages vary from each river due to
differences in drainage bedrock lithology (Fig. 6C). The Minjiang River
sands (n = 10) show high abundances of hornblende (18%) and garnet
(17%). respectively. Stable heavy minerals, i.e., zircon, tourmaline and
rutile (ZTR), account for 24% of heavy minerals, showing a relatively
moderate mineralogical maturity. Besides, both epidote and pyroxene
content exceed 10% (Fig. 7B). The heavy minerals in the Hanjiang River
sands (n = 11) are mainly consist of zircon (27%) and tourmaline (13%)
with subordinate rutile (Fig. 7B). The high level of ZTR index values are
represents high maturity of sediments compositions. However, heavy
minerals in sands from the Zhuoshui River are dominated by garnet
(average of 28%) and tourmaline, with partial chlorite and apatite
(Fig. 7B). Heavy mineral assemblages are spatially diverse in the Taiwan
Strait sands. Zircon is the major component for all samples, with an
average content of 32% (maximum 61%), suggesting relatively high
mineralogical maturity. Chlorite occupies the second place of abun-
dance, ranging from 10% to 51%. Garnet, tourmaline, hornblende and
monazite are the least abundant in heavy mineral assemblages.
(Fig. 7B).

4.4. Quartz roundness

Roundness, which is a vital textural parameter of sand, reveals the
textural maturity of sediments. The results of quartz roundness mea-
surement are shown in Fig. 8 (details are in Table A3 in Appendix A).
Overall, all the samples are dominated by subrounded (34%) to rounded
(54%) quartz, with an average roundness of 0.46 to 0.62 (Fig. 8; Fig. Al
in Appendix B). Regionally, quartz grains in the Zhuoshui River have a
higher average roundness (0.56) than the Minjiang (0.52) and Hanjiang
(0.51) Rivers. Except for the inclusion of subrounded and rounded
quartz, well rounded quartz grains are subordinate in the Zhuoshui
River sands, whereas subangular quartz grains are minor components of
sand in the Minjiang and Hanjiang Rivers (Fig. 8). Average roundness of
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Fig. 5. Framework grains of Taiwan Strait surficial sands and adjacent rivers discharged sands. Compositional and textural differences between these sediments are
explicit. Sanzhi River and Tsengwen River sediment photos are adapted from Garzanti and Resentini, 2016. All photos were taken under cross-polarized light; Red
bar = 250 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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quartz in the southern Taiwan Strait surficial sands ranges from 0.46 to
0.62. Specifically, the roundness of Taiwan Shoal quartz grains in the
Taiwan Shoal have a narrow range with near 98% subrounded and
rounded quartz (Fig. Al in Appendix B). In contrast, quartz roundness in
the other three regions vary widely, and quartz of other grades (i.e., very
angular, angular, subangular and well rounded) comprises a higher
fraction in southwest margin of Taiwan Strait (10%), central-western
Taiwan Strait (14%) and south of Taiwan Shoal (10%).

5. Discussion
5.1. Provenance of the river sands

Our results demonstrate that sands from the SE China rivers are
characterized by relatively high quartz and feldspar concentrations,
high compositional maturity (Fig. 4A-B; Fig. 5; Fig. 6) and moderate
textural maturity (Fig. 8). Sands from the Zhuoshui River in western
Taiwan have abundant lithic fragments (sedimentary and low-rank
metasedimentary lithic fragments) which are largely different from
the SE China river sands (Fig. 5A; Fig. 7A). It is obvious that different
bedrock lithologies of SE China and the Taiwan island are responsible
for the distinct compositional signatures of the sediments discharged by
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those rivers.

For SE China, bedrock in the Minjiang and Hanjiang River catch-
ments are mainly composed of Mesozoic granitoid rocks, Precambrian
metamorphic rocks and subordinate Paleozoic sedimentary rocks (Chen
and Jahn, 1998; Li et al., 2014b; Jian et al., 2020a; Fig. 2). And these
rivers are under relatively stable tectonic settings, show relative long-
term sediment transport (Li et al., 2016; Jian et al., 2020b) and thus
tend to deliver compositionally mature sands into the ECS and the SCS.
Specifically, Hanjiang River sands have more quartz contents and higher
ZTR than those of the Minjiang River sands (Fig. 6). Increasing of rainfall
intensity and corresponding weathering conditions make the Hanjiang
River carry more contents of durable minerals (i.e., quartz and ZTR
minerals) than the Minjiang River (He et al., 2020; Garzanti et al., 2021).

By contrast, bedrock in Taiwan is mainly composed of Cenozoic
sedimentary and low-grade metasedimentary rocks (Chang, 1975;
Huang et al., 1997; Huang, 2017; Fig. 2), resulting in high sedimentary
and metasedimentary lithic fragment contents in sands discharged by
the Zhuoshui River (Fig. 5; Fig. 6). Similar compositionally immature
sediments can be found in other small mountainous rivers in Taiwan
(Garzanti and Resentini, 2016; Fig. 5). The unique bedrock lithology and
frequent extreme events (such as typhoon-triggered heavy rains and
earthquake-induced landslides), rapid erosion, and relatively short
transport distance jointly limit the maturity of Taiwanese river sands.
Quartz grains in Zhuoshui River sands are featured by relative high
quartz roundness (Fig. 8), which are likely due to sedimentary recycling
(Garzanti and Resentini, 2016). These interpretations are also reinforced
by the heavy mineral analysis results in this study (Fig. 6C; Fig. 7B).

5.2. Provenance of the southern Taiwan Strait sands and identification of
depositional areas

Our results indicate that the southern Taiwan Strait sands have
distinctive compositional and textural features. Based on sample loca-
tions and topography, in conjunction with the composition and texture
of sand framework grain and heavy mineral assemblage, the Taiwan
Strait can be divided into four sand depositional areas, i.e., 1) central-
western Taiwan Strait; 2) southwest margin of Taiwan Strait; 3)
Taiwan Shoal and 4) south of Taiwan Shoal (Fig. 7A).

The central-western Taiwan Strait includes eastward clinoform in the
northwestern strait and north part of the Wuchu Depression, with Fujian
Province (including Minjiang and Jiulongjiang Rivers) on the west side

and Changyun Rise on the east side (Fig. 7A). Water depth of six samples
in this region ranges from 37 to 63 m. Framework grains consist of 42%
quartz, 18% feldspar and 40% lithics fragments in average and thus
represent as feldspetho-litho-quarzose sands. Note that lithic fragments
in these samples, including sedimentary and metamorphic lithic frag-
ments, take more proportions than in the SE China rivers sands (Fig. 7).
Low-rank metasedimentary lithics fragments which dominate the
Zhuoshui River sands are also found in this region (Fig. 5). This means
that the lithic fragments in central-western Taiwan Strait sands can be
sourced from Taiwan. The conclusion is consistent with previous mag-
netic property studies which demonstrate that sediments in the central-
western Taiwan Strait have similar magnetic signals to the Taiwanese
westward river sediments (Horng and Huh, 2011). In addition, seismic
profiles in the northern Taiwan Strait, especially across the Changyun
Rise, verify the progradation features around the Changyun Rise, indi-
cating that the Changyun Rise could be a transport pathway for the
central-western Taiwan Strait sands (Liao and Yu, 2005; Liu et al.,
2008a). Liu et al. (2008a) conducted seismic profile investigations and
down-core studies in the northern Taiwan Strait, and suggested that the
Zhuoshui River predominantly supplied sediments to the Changyun Rise
within the past 10 kyr. Furthermore, quartz and feldspar grains in
central-western Taiwan Strait sands can be supplied by the SE China
rivers.

The depositional area “southwest margin of the Taiwan Strait” lo-
cates on the northwest of the Taiwan Shoal near the south Fujian coast
(Fig. 7A). The compositions of eight samples in this region are similar
with the SE China river sands, which are feldspatho-quartzose or
quartzo-feldspathic with low lithic fragment contents and are featured
by high ZTR index values as well as moderate textural maturity (Fig. 6;
Fig. 7). Thus, the southwest margin of Taiwan Strait is thought to be a
major sink that received sands from the adjacent SE China rivers.
Although the northern part of this area is close to the central-western
Taiwan Strait through the Wuchu Depression, lithic contents are rela-
tively low in samples from the southwest margin of Taiwan Strait which
indicates few sands supply from the north.

The Taiwan Shoal is a salient submarine landform in the middle
south Taiwan Strait with a total area of ~8800 km? and an average
water depth of ~20 m (Liu et al., 1998; Fig. 7A). Four samples in this
region are characterized by very high compositional maturity and
moderate textural maturity. High contents of quartz indicate that sedi-
ments in the Taiwan Shoal are related to the SE China rivers. It is worth
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noting that those quartz grains are coarse and rounded to well rounded
(Fig. 5; Fig. 8) and are quite different with modern SE China rivers-
derived sands. Therefore, modern rivers-derived sediments may not be
the source of the Taiwan Shoal sands. Previous studies proposed that
sands in the Taiwan Shoal were from the SE China paleo-rivers, but the
sedimentary environments remain controversial (Niino and Emery,
1961; Zeng et al., 1982; Lan, 1991). Zeng et al. (1982) proposed that
these sands were from detritus of fluvial or coastal facies exposing
during the late Pleistocene low sea level period. On the contrary, based
on grainsize and micropaleontology studies of surface and down-core
sediments, medium-coarse sands in the Taiwan Shoal were thought to
be carried by unidirectional currents from the Hanjiang River during 10
to 20 kyr B.P., and thus the Taiwan Shoal was in shallow sea environ-
ment (Lan, 1991; Cai et al., 1992). Therefore, the formation period and
sediment transport around the Taiwan Shoal need further research.

The forth depositional area, south of Taiwan Shoal, is at the edge of
the continental shelf and connects with SCS to the south (Fig. 7A).
Submarine topography changes steeply in this region. Water depths of
six samples in this region range from 40 to 190 m (Fig. 7A). Sand
composition and texture in this region are similar with that of the
central-western Taiwan Strait sands, indicating the co-contribution of SE
China rivers and Taiwanese rivers (Fig. 6; Fig. 7). But this region is
relatively far away from SE China and is separated by the Penghu
Channel from Taiwan island. Therefore, how the terrestrial detritus was
transported into this region remains an open question. Previous studies
suggested that clay and silt sediments in the northern SCS were mainly
from Taiwan by westward bottom currents (the westward branch of the
North Pacific Deep Water and the Kuroshio Branch; Liu et al., 2008b;
Cao et al., 2019). Although sand is much more difficult to be transported
than clay/silt, the deep water might be the medium to carry the
Taiwanese-river sediments to the south of the Taiwan Shoal. Besides, the
Penghu Channel was thought to be formed by excavation of northward
tidal currents since 15 kyr in the initial period of sea level rise (Huang
and Yu, 2003; Liao and Yu, 2005). And paleo-rivers from SE China (e.g.,
paleo-Hanjiang, Jiulongjiang) and Taiwan might be potential sediment
sources for the south of Taiwan Shoal before the formation of the
channel.

Framework grain composition data are employed to model
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contributions of the potential sources of the Taiwan Strait sands (Fig. 9).
Specifically, the framework grain (quartz, feldspar and lithic fragment)
compositions of the SE China river-sourced sands and Taiwan river-
sourced sands are averaged and then serve as the two end-members (i.
e., SE China and Taiwan) for the modeling (Fig. 9). Based on the average
sand compositions of four regions, we estimate the sands of the central-
western Taiwan Strait region are composed of 44% SE China-sourced
and 56% Taiwan-sourced sands, while the south of Taiwan Shoal
sands consist of 55% detritus from SE China and 45% detritus from
Taiwan. Sands in another two regions, i.e., southwest margin of Taiwan
Strait and Taiwan Shoal, are modeled to be dominated by SE China-
sourced sands. However, sands from the Taiwan Shoal display higher
(Q + F)/L values and have much higher textural maturity than the SE
China river-sourced sands, indicating that these Taiwan Shoal sands
experienced much stronger hydrodynamic alteration processes than the
modern river sands.

5.3. Modern or relict sediments?

The concept of “Relict” sediment was first proposed by Emery (1952)
and was applied to paleo-sediments that remain exposed on modern
shelves after a rapid sedimentary environment change. Relict sediment
usually refers to unreworked sediment type (Swift et al., 1971). It is well
accepted that most of the modern continental shelves were exposed
during the Last Glacial Maximum (LGM), when sea-level rose rapidly by
about 130-140 m (Chappell, 1974; Fairbanks, 1989; Bard et al., 1990;
Chappell and Polach, 1991; Mix et al., 2001). Rapid sea-level rise limited
accommodation space on the continental shelves in some regions and
relict sediments distribute widely on continental shelves over the world,
for example, the North Sea floor, the Atlantic shelf, Northern Gulf of
Mexico outer ECS shelf, etc. (Emery, 1968; Swift et al., 1971; Liu, 1990).
Swift et al. (1971) reconsidered the relationship between “relict” sedi-
ments and local dynamic conditions, and then define the “palimpsest”
sediment as “one exhibit petrographic attributes of an earlier depositional
environment and, in addition, petrographic attributes of a later environment”
(Swift et al., 1971, pp. 343). For example, sediments in the western
Europe shelf with high energy and tidal-dominated regime, are exten-
sively reworked producing a constructional seafloor topography and
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regional gradients (Swift et al., 1971). Relict sediments with obvious
alternations by modern benthic organisms can also be regarded as
palimpsest sediments (McManus, 1975).

Sediments in the Taiwan Strait and the outer ECS shelf (eastern Strait
along Taiwan west shoreline) were regarded as relict sands in previous
studies (Niino and Emery, 1961; Qin, 1963; Zeng et al., 1982; Liu, 1987;
Lietal., 1991). In this study, the Taiwan Shoal is currently under a tidal-
dominated regime with high energy. Sand petrographic features reflect
that detritus materials were formed in an earlier depositional environ-
ment and have been reworked in oceanic environments. Besides, bulk
analysis of sands in the Taiwan Shoal demonstrated high shell contents
(Cai et al., 1992). Thus, although the Taiwan Shoal sands have little
signal from modern river-derived sands (Fig. 5; Fig. 7), the modern
sedimentary environment has indeed left traces on the sands of the
Taiwan Shoal. With the Swift’s definition in mind, sediments in the
Taiwan Shoal might be better to be termed as palimpsest sediments.

Our new data indicate sands from Taiwan Shoal are medium to
coarse with high compositional and textural maturity (Fig. 3; Fig. 7;
Fig. 8). In-situ seafloor mapping results indicate that topography of the
Taiwan Shoal is characterized by large sand waves which could be
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observed in many tide-dominated shallow seas (Zhou et al., 2018).
Heights of the sand waves range from 4.5 to 22.5 m and wavelengths
cover a range from 244 to 2115 m (Zhou et al., 2020). More importantly,
these sand waves could migrate due to wind-driven currents or tropical
storm-induced waves (wave heights could exceed 10 m; Zhang et al.,
2010; Campmans et al., 2017, 2018; Yu et al., 2017; Bao et al., 2020).
Under the modern hydrodynamics conditions, the Taiwan Shoal surficial
sediments are undergoing alternations by strong tidal and storm-
induced wave currents, and therefore more stable minerals are ex-
pected to residue and tend to have high maturity. As a result, those
relatively shallow regions in the Taiwan Strait might have high resource
potentials for mineral placers (such as quartz and some stable heavy
minerals).

For the other three depositional areas, composition and texture
features are more similar with modern river-derived sands rather than
sands in the Taiwan Shoal. 2!°Pb-based modern (<100 years) sedi-
mentation rates estimation in the northern Taiwan Strait elucidated that
Minjiang River sediments could be transported southward, but scarcely
contribute to the central-western strait (Huh et al., 2011). Besides,
sediments in the Taiwan Shoal might be a source for the southern shelf
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margin, i.e., the south of Taiwan Shoal where water depth increases
rapidly, through the southward migration of sand waves (Zhou et al.,
2018) or gravity currents-induced collapse (Wang et al., 2020). Thus,
relict or palimpsest sediments should also be considered to feed the three
depositional areas, especially the regions close to the Taiwan Shoal. This
means that the Taiwan Strait might also be a sediment source or a
transport pathway for the surrounding deep ocean sediments, rather
than a stable, constant sediment sink during the glacial-interglacial cy-
cles. In this case, cautions should be exercised when studying sediment
cores from the ECS, especially for determining depositional ages for core
samples (e.g., possible depositional hiatus).

5.4. Spatial variability of the submarine surficial sediments in the Taiwan
Strait

As stated above, palimpsest (or relict) and modern sands co-exist in
the Taiwan Strait and display spatially compositional and textural
variability. The Taiwan Shoal, with average water depth of ca. 20 m, is
covered by palimpsest sediments, whereas modern river-carried sedi-
ments are blocked by submarine topography and rarely contribute to the
Taiwan Shoal (Fig. 10). Differently, the central-western Taiwan Strait
and southwest margin surrounding the Taiwan Shoal with average water
depths below 50 m could be sinks for the adjacent river-derived sedi-
ments (Fig. 10). The Changyun Rise, with water depth above 50 m could
serve as a pathway for Taiwanese river-derived sediments to the central-
western Taiwan Strait. The relatively steep slope in the south of Taiwan
Shoal might result in sediment movements from the shallow Taiwan
Shoal to this region. Therefore, we propose that submarine topography
plays an important role in sand transport, distribution and composition
in the Taiwan Strait. Furthermore, muds are widely distributed in the
modern Taiwan Strait. Muds wedge along the Zhejiang-Fujian coast
extending to the northern Taiwan Strait is one of the six distinct mud
depocenters in the ECS (Liu et al., 2010; Xu et al., 2012; Li et al., 2014a).
Numerous studies on seismic profiles, grain size and clay minerology
involving both seafloor surface and down-core sediments have been
made on the mud wedge along the inner shelf of the ECS (Liu et al.,
2006, 2007, 2008a; Xu et al., 2009, 2012). Results show that Yangtze
River-derived low-smectite and poor-illite crystallinity clays cover the
inner ECS shelf and the northern Taiwan Strait, and Taiwanese river-
derived clays only cover a narrow band in the Taiwan Strait (Xu et al.,
2009). Most of these studies have highlighted a significant role of ocean
currents in the mud sediment transport (Yang et al., 2003; Liu et al.,
2004; Xiao et al., 2006; Xu et al., 2009, 2012; Xue et al., 2018; Fig. 10).
Specifically, the China Coast Current enhanced by the East Asia winter
monsoon transport Yangtze-derived muds to the Zhejiang-Fujian coastal
and to the Taiwan Strait (Xu et al., 2009, 2012; Fig. 10). Collectively, we
conclude that the Taiwan Strait surficial sediments are spatially
composed of ocean current-dominated muds and submarine
topography-related sands. These findings indicate the complexity of
sediment source-to-sink processes around the Taiwan Strait and
emphasize that sands and muds tend to have different fates in conti-
nental shelves with complex climate, ocean current and submarine
topography conditions. Therefore, sediment grain sizes or specific size
fractions should be clear when using sediment mineralogical and
geochemical proxies to study source-to-sink processes in broad conti-
nental shelves.

6. Conclusions

In this study, we obtained framework grain and heavy mineral data
from the southern Taiwan Strait seafloor surficial sands and adjacent
river-sourced sediments to yield the following conclusions:

1. Southeastern China river sediments are rich in quartz and feldspar,
whereas the western Taiwan mountainous river discharged sedi-
ments are dominated by sedimentary and low-rank metasedimentary
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lithic fragments. This is consistent with bedrock geology of the river
basins and indicates a bedrock lithology control on the composition
of river sediment.

2. The investigated regions in the Taiwan Strait can be divided into four
sedimentary provinces. The Taiwanese rivers contribute 56% and
45% sands to the central-western Taiwan Strait and the south of
Taiwan Shoal, respectively, while the surficial sands in the southwest
margin of Taiwan Strait are mainly provided by the SE China rivers.
Sands from the Taiwan Shoal show extremely high compositional
maturity and are mainly composed of coarse, rounded quartz. These
highly mature sands, which were previously proposed as relict sed-
iments, have been intensely altered by high-energy hydrodynamic
conditions and thus are better to be termed as palimpsest sediments.

3. This study highlights a crucial role of submarine topography in the
sand sediment distributions in broad and shallow continental
shelves, which results in high spatially compositional and textural
variability of the Taiwan Strait sands.
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