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ARTICLE INFO ABSTRACT

Editor: Paul Hesse As an important component in East Asia sediment source-to-sink systems, small mountainous rivers in Taiwan
deliver disproportionately large amounts of sediments to oceans. Although the modern fluvial sediment transport
processes, discharge fluxes and sediment compositions have been well investigated, the drainage evolution of
these mountainous rivers remains understudied and sediment fluxes are expected to vary greatly in glacial-
interglacial cycles due to the tremendous climatic fluctuations. To define how the drainage of Taiwan moun-
tainous rivers has evolved since the last glaciation, we target a sediment core (98 m in length) from the Zhuoshui
River delta, western Taiwan and conduct sediment petrography, heavy mineral analysis, detrital zircon U—Pb
geochronology and clay mineralogy to investigate provenance variations and river basin evolution since 60 ka.
Sediments of the last glaciation show comparatively high illite crystallinity index values, low metasedimentary
lithic fragment and stable heavy mineral contents and similar detrital zircon U—Pb ages with downstream
signatures, indicating prominent sediment contributions from the Coastal Plain and Western Foothills regions
(elevation <1 km) during the glaciation. However, characteristics of the deglacial and Holocene sediments
indicate high contributions from the higher Hsueshan Range and Central Range regions (elevation >1 km). We
suggest that headward extension and drainage capture since the deglaciation, which was most likely due to the
increasing monsoon rainfall, account for the provenance variations in the discharged sediments. This implies a
climate-driven drainage reorganization of the small mountainous rivers in Taiwan since the last glaciation. Our
findings highlight the previously-overlooked, variable provenance information from Taiwan in glacial-
interglacial cycles, and the dynamic source signatures are important to East Asia sediment source-to-sink studies.
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1. Introduction margins has attracted considerable attention for decades (Milliman

et al., 1985a, 1985b; Milliman and Syvitski, 1992; Yang et al., 1992;

Continental margins are an important sink for terrestrial sediments.
More than 90% terrigenous clastic materials are deposited on conti-
nental shelves (Thomas et al., 2004; Deng et al., 2006; Kao et al., 2008),
although continental shelves account for only ca.7.5% of the global
oceans (Postma, 1988). Because of the unique tectonic settings,
monsoon climate, diverse landforms and bedrock lithology in the east
and southeast Asia and the huge sediment discharge (ca. 70% on the
global scale) from the exoreic rivers therein, the source-to-sink process
of the sediments deposited on the east and southeast Asia continental

Ludwig and Probst, 1998; Sun et al., 2000; Meybeck et al., 2003; Walling
and Fang, 2003; Yang and Liu, 2007; Kao et al., 2008, Kao et al., 2011;
Xu et al., 2009; Li et al., 2012a, 2017, 2018; Shi et al., 2019). There is no
doubt that the large rivers, such as the Yangtze River, Pearl River and
Mekong River, supply large amounts of sediments to the east and
southeast Asia continental margins (Milliman and Meade, 1983,
Fig. 1a). Small mountainous rivers, particularly those draining tectoni-
cally active, subtropical-tropical Asian regions, also play a significant
role in sediment supply-transport processes for those margins.
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Fig. 1. (a) Overview map of major rivers and currents in East Asia. The ocean current routes are from Han et al. (2012), the plate movement rates are from Seno et al.
(1993). (b) Location of major rivers, currents and annual sediments flux of rivers in southeast China (Milliman and Meade, 1983; Liu et al., 2008a). (c) The tectonic
framework of Taiwan and routes of typhoons (Chai, 1972; Liu et al., 2013). The geographic maps generated by Generic Mapping Tools (Wessel et al., 2019).
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Small mountainous rivers, are defined as rivers with original eleva-
tion higher than 1000 m and drainage area less than 10,000 kmz, such as
rivers in Taiwan and Luzon Island, East Asia (Fig. 1b, Milliman and
Syvitski, 1992). Although the drainage areas cover less than 10% of the
global terrestrial regions that drains to the ocean, the small mountainous
rivers on the Earth contribute about 15% of water, 45% of clastic sedi-
ments, 30% of dissolved solids and nearly half of particulate organic
carbon to the global ocean (Milliman and Syvitski, 1992; Lyons et al.,
2002; Leithold et al., 2006; Hilton et al., 2008; Milliman and Farns-
worth, 2011). Therefore, small mountainous rivers serve as key carriers
of sediments in the source-to-sink processes and provide crucial links
between lands and oceans. Furthermore, small mountainous rivers are
quite sensitive to extreme tectonic or climatic events (Chikita et al.,
2002; Kao et al., 2005b; Xu et al., 2009; Tarazon et al., 2010), and thus
provide important test grounds for tracking critical geological processes
on the Earth’s surface.

Given the remarkable climatic fluctuation between glacial and
interglacial periods, sediment source-to-sink systems involving small
mountainous rivers may vary obviously. Previous case studies on global
small mountainous rivers have proposed several different driving
mechanisms for glacial and interglacial variations in sediment supply,
transport and deposition and in sediment compositions. These mainly
include (1) varied erosion dynamics, e.g., shifting from glacier carving
to landslide (Jiao et al., 2018); (2) different denudation rates, controlled
by precipitation glacier ranges, especially in mid and high latitudes
(Mariotti et al., 2021); (3) variable residence time of sediments in
source-to-sink systems due to changes in physical erosion rates and
patterns (Zhao et al., 2017); (4) environmental changes in drainage
basins and in depositional areas (Yang et al., 2017). Although none of
these driving mechanisms account for all the variations in global small
mountainous rivers-related sediment source-to-sink systems in glacial-
interglacial cycles, more and more studies have been aware of the
remarkable variations and their influences in controlling the evolution
of the Earth’s surface.

Taiwan is located at the boundary between the Eurasian and
Philippines Plates. Taiwan Island is characterized by tectonically active
backgrounds and frequent earthquakes. Subtropical monsoon climate
currently prevails and tropical cyclones frequently influence Taiwan,
resulting in large amount of rainfall in summer and fall (Huang et al.,
1997; Liu et al., 2001, 2013; Kao et al., 2008). Additionally, Taiwan is
one of the densest river-covered regions in Asia. Specially, the total
length of rivers in Taiwan extends more than 42,000 km and have
average drainage density of 1.17 m/km? (Li et al., 2012a), with incision
rates of ~6.4 to ~16 mm/yr (Dadson et al., 2003). As a result, Taiwa-
nese rivers annually supply approximately 180-380 Mt. sediments to
adjacent oceans, such as the Taiwan Strait, Okinawa Trough, East China
Sea, South China Sea (Fig. 1b, Kao et al., 2006a, 2006b; Liu et al.,
2008b). Therefore, Taiwan is regarded as an ideal site to study sediment
transport and discharge by small mountainous rivers (Dadson et al.,
2004; Kao et al., 2005a).

Although the small mountainous rivers in Taiwan currently retain
high sediment flux under such tectonic and climatic conditions (Milli-
man and Syvitski, 1992), these rivers might have comparatively low
sediment discharges during glaciations. For example, sediment records
in the estuary area of the Zhuoshui River indicate that during the last
glaciation, the depositional rate was low (Yang et al., 2017; Zhao et al.,
2017). However, why the sediment outputs varied during the last
glaciation remains poorly known. The climatic characteristics in Taiwan
have changed significantly since the end of last glaciation, such as
strengthening of the East Asian summer monsoon (Chen et al., 2017a,
2017b), westward moving and strengthening of the Kuroshio Current
(Jian et al., 2000; Dou et al., 2015, 2016), melting of mountainous
glaciers (Bose, 2004; Ono et al., 2005; Hebenstreit et al., 2006), more
frequent typhoons (Chen et al., 2012; Wang et al., 2014), increasing of
rainfall (Yang et al., 2011; Cheng et al., 2016; Clemens et al., 2018), as
well as rapidly-rising sea level. Logically, the following processes can be
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potential reasons for the depositional rate increase from the last glaci-
ation to the Holocene. 1) Mountainous glaciers retreated and the erosion
rate in mountainous regions changed; 2) the increased precipitation led
to more erosion and transport of sediment; 3) the fluctuation of sea level
caused the change of transport and deposition processes and 4) extended
drainage basin received more sediments discharge.

To define the mechanism of the depositional rate variation, we
collected sediment samples from a drilled core (JRD-N) at the Zhuoshui
River delta. Given the contrasting bedrock lithologies of the upstream
and downstream regions in the Zhuoshui River catchment (Fig. 2a),
framework grain petrography, heavy mineral analysis, detrital zircon
U—Pb geochronology and clay mineral analysis were employed to
conduct an integrated provenance analysis for both mud and sand
samples. The objective of this study is 1) to evaluate compositional
variations of the sediments discharged by the Zhuoshui River over
millennial-scales, 2) to track sediment provenance and 3) to investigate
controlling mechanisms for provenance variations since the last
glaciation.

2. Background of Taiwan and the Zhuoshui River

The Taiwan Island is about 370 km long and 145 km wide, with NNE
extending, and is situated at the boundary between the Eurasian and
Philippines Plates (Huang et al., 1995, 2012, Fig. 1a). To the south of the
island, the oceanic crust of South China Sea subducts beneath the
Philippines Plate along the Manilla Trench, which leads to the formation
of the Luzon Arc (Briais et al., 1993; Yang et al., 1996). To the east of the
island, the Philippines Plate subducts northwestward along the Ryukyu
Trench with a rate of 70 mm/yr (Seno et al., 1993, Fig. 1a). As a
consequence of the Philippines Plate subduction, the North Luzon Arc
has collided with Eurasian Plate at the Longitudinal Valley (located in
eastern Taiwan), and the Taiwan Island began uplifting at 6.5 Ma (Chai,
1972; John et al., 1990; Huang et al., 1995, 1997; Malavieille et al.,
2002; Li et al., 2007; Zhang et al., 2016). The Taiwan Island can be
divided into five tectonic units, i.e., Coastal Plain, Western Foothills,
Hsueshan Range, Central Range and Costal Range from west to east (Ho,
1986; Chen and Wang, 1995; Liu et al., 2001, Fig. 1c). Because of the
tectonically active background, the Taiwan Island has been uplifted
rapidly, with an exhumation rate of about 5-10 mm/yr (Dadson et al.,
2003; Hsu et al., 2016). More than 2500 earthquakes with the Richter
magnitude >4.0 occurred in Taiwan and the adjacent areas during 1950
to 2018 (data from National Earthquake Data Center, China).

Bedrock in Taiwan is dominated by Tertiary marine siliciclastic
sedimentary and metasedimentary rocks, with subordinate Mesozoic
strata (Fig. 2a). These sedimentary strata distribute narrowly along the
tectonic units. The Coastal Range is dominated by Miocene to Quater-
nary strata. The Central Range consists of Mesozoic basement (Tananao
Complex), East Taiwan Ophiolite with a formation age of ~15 Ma (Lin
et al., 2019), and Eocene to Miocene strata, and the basement meta-
morphosed during late Cenozoic (Chen et al., 2017a, 2017b). The
Hsueshan Range is an Eocene to Early Oligocene slate formation. The
Western Foothills is composed of sedimentary rocks with depositional
ages from the late Oligocene to Pleistocene. The Coastal Plain is covered
by Holocene deposits formed by fluvial erosion (Ho et al., 1964; Huang
and Ting, 1979; Huang, 1986; Chen et al., 2019). Igneous rocks are
sporadically exposed in Taiwan, which are dominated by volcanic rocks,
i.e., volcanos in Datun and Keelung, andesite and quartz andesite in
Coastal Range, and basalt in Penghu Islands (Ho et al., 1964; Li et al.,
2012a).

The Zhuoshui River, as the longest river (186.4 km) in Taiwan,
originates from the Central Range with the elevation over 3400 m,
erodes the Hsueshan Range, Western Foothills and Coastal Plain from
east to west, and finally flows into the Taiwan Strait (Fig. 1c). The
drainage basin covers about 3155 km? (Milliman and Syvitski, 1992; Lee
et al., 2016) and the bedrock therein is mainly composed of (meta)
sedimentary rocks, including Eocene to Miocene slate and phyllite,
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Fig. 2. (a) The geological map of Taiwan, the map followed Bureau of Geology and Minerals of Fujian Province, 1986, the location of glaciers followed Cui et al.
(2002). (b) Topographic profile along the mainstream and two major tributaries (Deng et al., 2020).

Eocene to Pleistocene shale, sandstone and turbidite, and Holocene al-
luvial deposit (Huang et al., 2012; Zhao et al., 2017, Fig. 2a).

Rainfall is abundant in Taiwan, with an average annual precipitation
of 2500 mm (Garzanti and Resentini, 2016). For this reason, the

Zhuoshui River discharges about 54 Mt. sediments to the Taiwan Strait
every year (Deng et al., 2019). Typhoons are frequent in Taiwan, 255
typhoons passed through Taiwan in 1949-2009, with an average of
approximately 4 per year (Liu et al., 2013). The routes of typhoons were
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Fig. 3. (a) Down-core plots of the sedimentary and lithofacies for JRD-N. (b) The foraminiferal abundance and mean size for JRD-N. (c) The age model of core JRD-N
and variation of sea level. The information of Core JRD-N followed Yang et al. (2017), the variation of sea level followed Bard et al. (1990). The partition of last
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shown in Fig. 1c. During typhoon events, the small mountainous rivers
can supply and discharge large amounts of sediments within a few days
(Milliman et al., 2017). For example, the Zhuoshui River discharged 68
Mt. and 175 Mt. sediments to the ocean during the typhoon Herb in 1996
and the typhoon Toraji in 2001, respectively (Dadson et al., 2005).
About 75% of rainfall concentrates in the period of May-October (Kao
and Milliman, 2008), and suspended sediment concentrations of the
Zhuoshui River in summer to autumn often reach levels of 40 g/L, which
are ten times higher than those in dry seasons (Xu et al., 2009).

3. Samples and methods
3.1. Sample descriptions

A 98-m long sediment core (named as JRD-N, at 120°18.15'E,
23°54.17'N) was drilled on the upper tidal flat at an elevation of 7.94 m
in the northern tidal basin of the Zhuoshui River mouth (Fig. 2a) in
2010. The lithofacies were previously described by Yang et al. (2017)
and are also shown in Fig. 3(a, b). The accelerator mass spectrometer
(AMS) in NSF-Arizona AMS Laboratory at University of Arizona was
employed to obtain '*C ages. Dating material included mollusk shells,
plant matter, and peat (Yang et al., 2017). The age model was built as
follows. First, the three oldest dating points were performed in linear
regression and were calculated the root mean square error (RMSE).
Then, the adjacent younger point was added and re-calculated the
RMSE. The age point was employed in the age model only if the RMSE
was equal to or less than previous number. Third, repeated the second
process until the age model was completed (Fig. 3c). The ages of the
analyzed samples were calculated by the linear interpolation method.
Detailed age datasets and age model building procedures for the sedi-
ment core were also given by Yang et al. (2017).

Eight kinds of sedimentary facies of the sedimentary strata were
recognized in the core JRD-N, including (1) fluvial channel, (2) flood-
plain, (3) estuary, (4) shoreface, (5) offshore, (6) sub-tidal sand ridge,
(7) delta plain facies, and (8) perturbed soil (Yang et al., 2017). And
were grouped into four units, i.e., fluvial channel/flood plain facies in
50-18 ka, transgressive estuarine facies in 18-8 ka, late transgressive to
early offshore facies in 8-4.5 ka, and deltaic facies in 4.5-0 ka (Fig. 3a,
Yang et al., 2017). The age-elevation model exhibits a turning point at
~13 ka, which indicates the deposition rate increased from less than 0.8
mm/yr to 2.5-4 mm/yr (Fig. 3c). Additionally, the foraminiferal
biomass increased at this turning point (Fig. 3b).

3.2. Analytical methods

3.2.1. Sandy sediments

Sandy sediments were selected for framework grain petrography,
heavy mineral analysis and detrital zircon U—Pb dating.

Twenty-two sand samples were selected for framework grain
petrography analysis. The 0.063-0.5 mm fractions were separated,
impregnated with araldite. The solidified samples were sliced into 0.03-
mm thin sections. These thin sections were then analyzed by counting
approximately 400 points under a polarizing microscope. Major
framework grains, including quartz, plagioclase, K-feldspar, and various
lithic fragments, were identified (Fig. S1 in Supporting Information S1),
and identification of minerals and lithic fragments were based on
characteristics described by Chang et al. (2010).

Twenty sand samples were selected for heavy mineral composition
analysis. Heavy minerals were separated by heavy liquid tribromo-
methane (2.89 g/cm3) from the fractions with grain size of 0.063-0.5
mm and subsequently impregnated on glass slides with Canada balsam.
About 200 heavy mineral grains were identified and point-counted at
suitable regular spacing under a polarizing microscope. The identifica-
tion of heavy minerals was based on characteristics described by Mange
and Maurer (1992). The separation and identification of heavy minerals
were carried out in the Sedimentary Geology Laboratory, Xiamen
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University, following standard procedures described by Jian et al.
(2020).

Two samples JRD-25 (deposition age = ~13 ka) and JRD-31 (DA =
~48 ka) were selected for detrital zircon U—Pb dating. Zircon grains
were separated using heavy liquids and magnetic separation techniques,
and then mounted in epoxy grain mounts along with the Pl€ovice zircon
and NIST610 glass reference materials (Slama et al., 2008). The zircon
crystals were then examined with transmitted and reflected lights. The
U—Pb isotopes were measured using an Agilient 7500a ICP-MS coupled
to a GeoLas200M 193 nm ArF-excimer laser-ablation system at the LA-
ICP-MS laboratory, Nanjing Normal University, China. The analyses
were conducted with a 32 pm diameter beam with fluence of 15 J/cm? at
4 Hz. The typical ablation pit depth was 35-50 pm. Isotopic ratios were
calculated with the GLITTER software package and were corrected for
common-Pb by the approach described by Andersen (2002). Isoplot 3.0
(Ludwig, 2012) was used to determine the zircon U—Pb ages and to
generate concordia plots. Following the conventional reporting of
detrital zircon ages, the ages with poor precision (> +10%), high
discordance (> +20%) were omitted from the probability density
function, the kernel density estimation (KDE) plots (Vermeesch, 2012)
and from interpretation. The 207Pb/2%Pb ages and 2°°Pb /238U ages were
adopted for grains older than 1000 Ma and for younger than 1000 Ma,
respectively (Gehrels et al., 2006, 2008; Jian et al., 2019; Zhang et al.,
2021).

3.2.2. Silty and mud sediments

Twenty-nine silty and mud sediment samples were selected for clay
mineral composition analysis. The <2 pm fractions were first separated,
based on conventional Stokes’ settling velocity principles (after
removing the carbonate and organic matter with 1 mol/L acetic acid and
10% hydrogen peroxide, respectively). Each sample was transferred to
slide by wet smearing, air-dried and made as an oriented mount. These
oriented mounts were then placed in a vacuum pressure box and were
saturated with ethylene-glycol vapor for at least 48 h (Mei et al., 2021).
A Rigaku Ultima IV X-ray diffractometer (XRD) at Xiamen University
was used for total clay fraction (<2 pm) composition analysis. Each
sample was continuously scanned under 40 kV, 30 mA, with wave length
of 1.54, degree range of 4° to 30°, and step width of 0.02° conditions.
Scanning speeds were 4°/min. The software Jade 6.0 was used in data
analysis. Representative oriented mounts were also measured directly
after air-drying treatment and after 2 h 500 °C heating treatment to
identify smectite, illite, kaolinite and chlorite (Li et al., 2012a). The
semi-quantitative estimation of clay minerals was based on XRD dia-
grams of ethylene-glycol treated mounts (Fig. S2), using the Biscaye
(1965) method. Relative percentages of clay minerals were determined
using ratios of integrated peak areas of (001) series of their basal re-
flections according to the XRD diagrams, and were weighted by
empirically estimated factor. The detailed XRD peaks of (001) series
include 17 A (smectite), 10 A (illite), 7 A (kaolinite and chlorite). And
the 3.57 A/3.54 A peak intensity ratios were used for calculating
kaolinite and chlorite contents. We followed the calculation methods
described by Mei et al. (2021). Illite crystallinity index was estimated as
the full width at half maximum of the 10 A (Holtzapffel, 1985; Liu et al.,
2008b; Mei et al., 2021).

4. Results
4.1. Framework grain compositions

Framework grains of the analyzed sand sediments are mainly
composed of lithic fragments, which account for more than 50% of the
framework grains. The proportions of sedimentary lithic fragments (Ls)
therein are the highest (24.5%-73.4%). Metamorphic lithic fragments
(Lms) occupy the proportions of 12%-32.6% and are dominated by
metasedimentary lithic fragments. Igneous lithic fragments (Lv) show
low abundances, with the proportion of less 1%. The abundances of
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quartz and feldspar are low, with the relative proportions of 2.2%—
20.1% and 6.9%-41.5%, respectively (Fig. S3). Both K-feldspar and
plagioclase in the Holocene samples show higher relative proportions
than those in last glaciation samples. The ratios of Lms/Ls increase
significantly for the deglacial and Holocene samples (with an average
ratio of 0.56), compared to those for the last glaciation samples (with an
average ratio of 0.19, Fig. 4e).

4.2. Heavy mineral compositions

The proportions of opaque minerals, transparent heavy minerals
with high abundance are shown in Fig. S4. The ZTR index (the pro-
portions of zircon, tourmaline and rutile in all the transparent heavy
minerals) values are illustrated in Fig. 4 f. The opaque mineral pro-
portions are relatively high, with a range of 41%-72% (mean 56%).
Garnet is the most abundant transparent mineral, ranging from 0.8% to
24% (mean 11%). The abundances of tourmaline and zircon which
represent stable components are relatively low, with range of 0-8%
(mean 5%) and 0-16% (mean 2%), respectively. In addition, apatite,
titanite and epidote are also present in the samples. The characteristics
of the observed heavy minerals reflect low compositional maturity. The
ZTR index values are quite low for the last glaciation samples (with an
average value of 15.6), and are comparatively high for the Holocene
samples (with an average value of 23.6, Fig. 4f).

4.3. Detrital zircon U—Pb ages

One hundred detrital zircon grains were analyzed for each sample
and the results are shown in Table S1 in Supporting Information S2. The
U/Th ratios (Fig. S5) indicate that most detrital zircons are of igneous
origin. Seventy-six concordant ages were obtained for sample JRD-25
(Fig. S6a), ranging from 86.6 + 1.5 Ma to 2663 + 26 Ma. The age
populations cluster into five major age groups: 85-260 Ma, 160-460 Ma,
560-1100 Ma, 1500-2100 Ma and 2200-2600 Ma, with two major age
peaks at 108 Ma, 435 Ma and two secondary age peaks at 798 Ma and
1838 Ma (Fig. 5g). Eighty-four concordant ages were obtained for
sample JRD-31 (Fig. S6b) and these ages ranges from 37.3 + 0.7 Ma to
3102 + 14 Ma. The age populations cluster into four major age groups:
100-300 Ma, 400-1000 Ma, 1000-1600 Ma, 1600-2700 Ma, with four
major age peaks at 408 Ma, 775 Ma, 1851 Ma, 2500 Ma and several
secondary age peaks (Fig. 5h).

4.4. Clay mineral compositions

The clay mineral compositions are shown in Fig. 4, and the detailed
data are shown in Table S2. Illite exhibits high proportions in the
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samples (58%-94%), while the abundances of chlorite and kaolinite are
comparatively low, with relative proportions of 4%-23% and 1%-13%,
respectively. Smectite is scarce in most samples but the proportion of
smectite in sample JRD-38 is 23%. Kaolinite exhibits less proportion in
last glaciation samples (averaging 4%) than those in the Holocene
samples (averaging 6%). The average abundance of illite in last glacia-
tion samples is 80% and the Holocene samples retain an average illite
abundance for 75%. The illite crystallinity index values vary signifi-
cantly, with a range of 0.17°- 0.554°A26, and show obvious variations
among different samples. The illite crystallinity index values of samples
for the interstadial stage are relatively low, with an average 0.259°A26.
The LGM samples exhibit an average value of 0.396°A20, and the Ho-
locene samples have the illite crystallinity index values averaging in
0.305°A20.

5. Interpretation and discussion

5.1. Provenance of the analyzed core sediments from the Zhuoshui River
delta

The modern Zhuoshui River, as a typical small mountainous river, is
only 186 km long, with a steep slope (Fig. 2b). The modern sediments
are considered to be poorly sorted by the river flow (Deng et al., 2016).
Additionally, abundant sediments could be carried to the river mouth
region by rapid erosion-transport-deposition processes which often
occur due to extreme events (Dadson et al., 2004, 2005; Milliman et al.,
2007). As a result, sediments experience weak chemical weathering due
to short residence time (Dadson et al., 2005; Li et al., 2012a, 2016). The
234y,/%8U-based comminution ages (indicating the timescale of sedi-
ments source-to-sink processes) for the Zhuoshui River sediments are
estimated to be ~110 ka (Li et al., 2016). Therefore, the analyzed
Zhuoshui River delta sediments probably cannot directly reflect the
variations of chemical weathering intensity of bedrocks in Taiwan since
the last glaciation (began at ~75 ka), although previous study suggested
that the chemical weathering intensity of sediments in Zhuoshui River
was slightly higher than that in the Holocene (Fig. 4d, Zhao et al., 2017).
This means that the sediment compositions (including mineralogical
and geochemical compositions) are insensitive to the climate changes
and the chemical weathering alterations. Instead, the discharged sedi-
ments of Taiwan rivers were mainly controlled by parent-rock lithology
(Garzanti and Resentini, 2016), and we suggest that the temporal
composition variations of the core JRD-N are seemly caused by contri-
bution changing of different source regions.

5.1.1. Provenance of sand
Both the framework grain and heavy mineral compositions of the
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Fig. 5. Kernel density estimation plots for the detrital zircon U—PDb ages of river sand and strata. (a) Miocene strata in Central Range (Zhang et al., 2014, 2017). (b)
Eocene strata in Hsueshan Range (Lan et al., 2016). (c) Eocene strata in Western Foothills (Lan et al., 2016; Zhang et al., 2017). (d) Miocene strata in Western
Foothills (Lan et al., 2016). (e) coastal sand in Coastal Plain (Chen et al., 2019). (f) modern sand in river mouth of Zhuoshui River, sample ZS-04 (Deng et al., 2017).
(g) sample JRD-25 (this study). (h) sample JRD-31 (this study). (i) river sand in different reaches of the Zhuoshui River (Deng et al., 2017).

sandy samples exhibit a low compositional maturity. These samples are
plotted close to the end member of lithic fragment in the ternary dia-
gram of quartz-feldspar-lithic fragment (Q-F-L, Fig. 6a), which are
different from estuary sediments from large rivers in East Asia such as
the Yangtze River and Pearl River (Sun, 1990; Vezzoli et al., 2016).
These immature sediments also show fairly different framework grain
and heavy mineral compositions from the sediments discharged by the
medium-small mountainous rivers in SE China mainland (Shen et al.,
2021). Given the unique bedrock lithological, climatic and topographic
background in Taiwan, the sediment maturity is not only controlled by
parent-rock types (dominated sedimentary and metasedimentary rocks
and related recycling processes, Garzanti et al., 2016), but is also
influenced by the rapid, dynamic erosion-transport-deposition processes
(Deng et al., 2019) during the last sediment cycle.

The outcrop strata in Taiwan have zonal distribution characteristics
(Fig. 2a). Upstream bedrocks in the Zhuoshui River basin are mainly
composed of relatively higher-grade metamorphic rocks and more
strongly diagenetic sedimentary rocks than those in the downstream
regions. Therefore, the higher Lms/Ls ratios of the estuarine sediments
could reflect more detritus contribution from upper reaches.

Additionally, the ZTR index, which reflect the proportion of stable heavy
minerals such as zircon, rutile, tourmaline (Hubert, 1962; Morton and
Hallsworth, 1999), can also be employed to reveal the provenance in-
formation. The older sedimentary strata tend to exhibit higher ZTR
index values because unstable heavy minerals (olivine, hornblende,
pyrite etc.) can be destroyed during the diagenesis of sedimentary rocks
(Garzanti and Ando, 2007). For the Cenozoic strata in Taiwan, the ZTR
index values of older strata are higher than those of younger strata
(Yokoyama et al., 2007, Fig. S7). As the old strata are distributed in
upper reaches, it can be roughly considered that the ZTR index values of
the outcrop strata in the Zhuoshui River drainage basin tend to reduce
gradually from upstream basin to downstream basin. This tendency is
also reflected by the ZTR index values of modern river sands, which
show a declined trend from upper to lower reaches in the Zhuoshui River
basin (Deng et al., 2016, Fig. S8). Our results indicate that the Holocene
samples exhibit high Lms/Ls ratios and ZTR index values than those of
last glaciation samples, indicating a sediment supply increase from up-
stream bedrocks from glacial time to interglacial time.

Detrital zircon geochronology has been widely used in sedimentary
provenance analysis due to high stability of zircon crystals in the surface
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geological processes (Belousova et al., 2010; Zhang et al., 2021). The
samples JRD-31 (~48 ka, Fig. 5h) and JRD-25 (~13 ka, Fig. 5g) in this
study and the sample ZS-4 (modern river sand sample, Fig. 5f) in pre-
vious study (Deng et al., 2017) are applied to reveal sediment prove-
nance in the last glaciation, deglacial period and Holocene, respectively.
The detrital zircon U—Pb age spectrum (KDE plot) of the sample JRD-31
appears high similarity with the Miocene sedimentary strata in the
Western Foothills (Fig. 5). Based on the classic multidimensional scaling
(MDS) plot, the sample JRD-31 shows affinity to Miocene strata in the
Western Foothills and modern river sand samples ZS-2 and ZS-3, which
were collected in the Western Foothills and Coastal Plain regions,
respectively (Fig. 7a). These results indicate that during the last glaci-
ation, sediments in the Zhuoshui River mouth were mainly contributed
by rocks in the downstream basins, including the Coastal Plain and
Miocene sedimentary strata in the Western Foothills. By contrast, the
detrital zircon age populations of the sample JRD-25 are similar with the
Eocene strata signatures in the Hsueshan Range (Fig. 5). Additionally,
this affinity is reinforced by the MDS plot results (Fig. 7b). Therefore,
during the deglacial period, detritus contribution from bedrocks in the
Hsueshan Range, which are located in upper reaches, obviously
increased. The sample ZS-4 displays the similar age distribution with
Miocene strata in Western Foothills in KED plots, but exhibits a higher
proportion of age range < 250 Ma. Note that the upstream rocks,
including the Central Range, Hsueshan Range and Eocene strata in
Western Foothills appear a high proportion of age range < 250 Ma
(Fig. 5). In the MDS plot, the sample ZS-4 shows affinity to other modern
river sand samples (Fig. 7c), indicating well-mixed detrital zircon age
signatures of the modern river sand from the whole basin. Noteworthily,
the coastal sands have similar detrital zircon age signatures with the
Central Range, Hsueshan Range and the upstream river sand ZS-01
(Fig. 7). The coastal sands are regarded to be recycled clastic sedi-
ments from the western Taiwan rivers (Chen et al., 2019). Therefore, the
coastal sand detrital zircon ages would also reveal remarkable contri-
butions from upstream mountains in the Holocene. The detrital zircon
U—Pb ages indicate that downstream reaches made major contribution
to the river mouth sediments in the last glaciation, while the sediment
supply from upper reaches increased obviously in the deglacial period
and the Holocene. Collectively, the data of framework grains, heavy
minerals and detrital zircon U—Pb geochronology reveal enhanced
sediment supply from upstream high-elevation terranes since the
deglacial time.

5.1.2. Provenance of mud

Clay mineralogy is employed to constrain the provenance of the
muddy sediments from the Zhuoshui River mouth. The clay minerals of
the analyzed sediments are composed of more than 60% of illite and
more than 20% of chlorite. These sediments show low abundance of
kaolinite and infrequent smectite. Compared with the samples for the
last glaciation, the Holocene samples exhibit relatively higher
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abundance of kaolinite and smectite, and lower abundance of chlorite
(Fig. 6b). As mentioned above, these clay mineralogical variations also
can indicate the provenance changes, rather than chemical weathering
intensity variations.

From Miocene to Quaternary outcrop strata in the catchment, the
contents of kaolinite and smectite decreased gradually, and the pro-
portion of illite increased (Fig. 6b). Samples of the last glaciation exhibit
low abundances of kaolinite and smectite, which is more similar to that
of Quaternary strata. The Holocene samples exhibit higher proportion of
kaolinite and smectite, implying potential sediment supply from the
Miocene strata (Fig. 6b). This variation indicates that during the last
glaciation, the source rocks of the discharged sediments of the Zhuoshui
River are dominated by those Quaternary strata, while the Neogene
strata have made more contribution since the end of last glaciation. This
interpretation is also reinforced by the illite crystallinity analysis results.

The illite crystallinity index can indicate degrees of diagenesis and
metamorphism in sedimentary or low-grade metamorphic rocks (Bi and
Mo, 2004). Usually, older strata exhibit lower illite crystallinity index
values due to higher grade diagenesis or metamorphism of the sedi-
mentary strata (Bi and Mo, 2004). Previously published data indicate
that the illite crystallinity index values have an increasing trend from the
upstream to downstream strata in the Zhuoshui River catchment
(Fig. S9, Nagel et al., 2014). Our results show that illite crystallinity
index values of the interstadial stage samples (48-32 ka) and Holocene
samples are in a low range (Fig. 4 k), indicating relatively high contri-
bution from the upstream basin. By contrast, the LGM samples have
relatively high illite crystallinity index values, suggesting increased
supply from the downstream bedrock and reduced upstream contribu-
tion. Therefore, both sand and mud provenance interpretations favor
that in the last glaciation, the Zhuoshui River sediments were mainly
contributed by downstream bedrock (Coastal Plain and Western Foot-
hills). The upstream bedrock made more contribution to the river sedi-
ments during the deglacial time and the Holocene.

5.2. Potential causes for variations in the sediment supply and provenance

Several potential causes can lead to the sediment supply and prov-
enance change. These include (1) mountainous glaciers extending, (2)
variation of fluvial transport ability, (3) sea level change and (4) vari-
ation of the river system of the Zhuoshui River.

Firstly, although extents of glaciers can cause variations in sediment
provenance in the glacial-interglacial cycles, especially from those high
latitude regions (e.g., Jiao et al., 2018; Mariotti et al., 2021), it doesn’t
apply to the Taiwanese rivers. While the equilibrium line altitude (ELA)
in Taiwan was higher than 3000 m (Ono et al., 2005), and the glaciers
only distributed in few regions, such as the Hsueshan, Nanhuta and
Yushan Mountains (Cui et al., 2002, Fig. 2a). Therefore, the glacier-
driving denudation was likely limited in Taiwan during the last glacia-
tion, and it couldn’t lead to significant variations in sediment supply and
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transport.

Secondly, rainfall variation-induced river runoff changes and land-
slides may influence sediment supply and transport processes. In the last
glaciation, especially during the LGM, rainfall in Taiwan was much less
than the modern precipitation (Yang et al., 2011). The decline of rainfall
and runoff, could decrease sediment transport ability. This is indicated
by the low sediment flux in the last glaciation (Yang et al., 2017). Pre-
vious studies found that during the last glaciation, landslides occurred in
the Alishan River basin, a tributary of the Zhuoshui River, and the
drainage networks of Alishan River were destroyed. Due to declined
erosion and transport ability, runoff hardly down-cut the colluvium. As a
result, previous riverbeds, where erosion occurred, were instead domi-
nated by deposition (Hsieh et al., 2018). By contrast, landslides occurred
frequently in Taiwan during the deglacial and Holocene periods (Panek,
2019), which are expected to enhance sediment supply and transport
ability and can result in high sediment flux in the Zhuoshui River delta
regions. However, we are not able to determine the spatial differences of
river runoff and landslides in different reaches of the Zhuoshui River and
infer that all these processes hardly influenced the ratios of sediment
contribution from each reach in a small mountainous river.

As the study area is located in intensive land-ocean interaction re-
gions, the fluctuation of sea level probably influences the sediment
compositions via varying sediment transport pathways, i.e., ocean cur-
rents during high level periods, and erosion in incised valley during the
low sea level periods. Note that the marine environments around the
current Zhuoshui River mouth region lasted for ~5.5 kyr (10 to 4.5 ka,
Yang et al., 2017) in the early-mid Holocene, whereas this region was in
terrestrial environments for most of the time during the last glaciation.
The Taiwan Warm Current, which formed at ~8.4 ka (Li et al., 2012b),
could only transport mud sediments but hardly transport sand sediments
(Liu et al., 2008a, 2008b; Xu et al., 2009; Shen et al., 2021). Therefore,
the marine environments might play a minor role in provenance varia-
tion of the core JRD-N sediments. Note that a Holocene sample (JRD-38)
exhibits high smectite content (23%). Clay mineralogical data of river
sediments from Luzon Island, to south of Taiwan indicate high smectite
abundance (~86%, Liu et al., 2009). Therefore, we infer that the Luzon-
sourced clays may be transported by branch of the Kuroshio Current to
the Zhuoshui river mouth during the high sea level period. Besides, the
declining of sea level would result in remarkable incisions in valleys or
flood plain, especially in lower reaches, and the provenance of estuarine
sediments would vary obviously (e.g., Goodbred Jr et al., 2003; Rit-
tenour et al., 2007; Wang et al., 2008; Sarkar et al., 2009; Wei and Wu,
2011). During the last glaciation, the margin seas retained relatively low
sea level, with a lowest level about —140 m in the LGM (Bard et al.,
1990, Fig. 3c). Therefore, we infer that the valley and plain in the
Zhuoshui River basin underwent incision during the last glaciation.
Previous studies suggest that the Pakua fluvial terranes (in Coastal
Plain), have the youngest terranes of ~31 ka (Ota et al., 2002; Tsai et al.,
2007), indicating the incision time in the last glaciation. The modern
Zhuoshui River mouth was previously in flood plain or fluvial channel
environment during the last glaciation (Yang et al., 2017). And mount of
incised sediments deposited in the location of the core site. Due to the
sea level rise in a short time, the stage of incised valley ended at ~12 ka
(Yang et al., 2017). With the ending of erosion, the sediment from
downstream regions reduced substantially.

The bedrocks in the Zhuoshui River upper reaches are more easily
denudated than those in lower reaches (Deng et al., 2020). During the
MIS3 stage (58-25 ka), the climate condition in East Asia was similar to
that in today (Ren et al., 1996; Wu and Liu, 1996; An and Porter, 1997).
Theoretically, the upstream rocks in the Zhuoshui River basin would
retain high denudation rate and contributed a lot of sediments in the
MIS3 stage, which is inconsistent with the provenance analysis result in
this study. Therefore, we favor that the Zhuoshui River drainage system
changed, i.e., the upstream river system was not developed during the
last glaciation, but it was developed after the LGM by head-ward extend
or/and drainage capture. Previous studies suggest that the Dadu River,
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one of major rivers in western Taiwan (Fig. 2b), captured other drainage
basins in the Hsueshan Range region, and was developed from a small
mountain-front river to a relatively large catchment river over the last
~40-60 kyr (Simoes et al., 2014). Therefore, we infer that similar
capture events occurred in the Zhuoshui River drainage basin after the
end of last glaciation.

5.3. The drainage reorganization of the Zhuoshui River since the last
glaciation

We note that the clay mineralogical data from the core JRD-S (close
to the analyzed core JRD-N in this study, Wan et al., 2020), indicate
relatively stable sediment provenance since ca. 23 ka (including 6 mud
samples), which are different from our results. We consider that the
different results might be due to the different sample resolution in time,
the distinct sedimentary environments of the two cores (Yang et al.,
2017) and the sediment heterogeneity in this small, dynamic moun-
tainous river (Deng et al, 2019). Further detailed and high-
spatiotemporal-resolution investigations are required to better
constrain the provenance evolution since the last glaciation. Here, based
on our new integrated provenance analysis data from both sands and
muds at the Zhuoshui River mouth, we propose a two-stage model for
the drainage variation of the small mountainous rivers in Taiwan. In the
last glaciation, the Zhuoshui River was likely a small mountain-front
river, with a short stream and a small drainage basin. Due to the low
sea level, river estuary migrated westward into the modern Taiwan
Strait, and incised valleys were developed in lower reaches where the
sediments mainly came from (Fig. 8a). After the last glaciation, the
upstream basin was expanded due to enhanced physical erosion and
possible, drainage capture in high-altitude regions. As a result, the up-
stream bedrock increasingly contributed sediments to the estuary re-
gions (Fig. 8b).

River drainage evolution can be driven by different mechanisms,
mainly including (1) tectonic or morphotectonic controls (e.g., Beard,
1999; Yin and Yu, 2000; Zelilidis, 2000; Moore and Larkin, 2001;
Maroukian et al., 2008; Galloway and Whiteaker, 2011) and (2) climatic
factors (Lemmen et al., 1994; Bridgland and d’Olier, 1995; Roddaz et al.,
2005). Although Taiwan is located in a tectonically active setting and
earthquake frequently occurs (Huang et al., 1997; Dadson et al., 2003),
there is no evidence of a significant shift of the tectonic regimes
(commonly with a million-year timescale) since the last glaciation.
Therefore, tectonic events might not be a crucial factor for the drainage
reorganization and sediment provenance variations since the last
glaciation. Given the obvious differences of sediment provenance be-
tween glacial and interglacial periods, we suggest that climate change,
particularly changes in rainfall, has played a crucial role in the variation
of river system of the Taiwan mountainous rivers since the last
glaciation.

Climate in Taiwan has changed significantly since the last glaciation.
Global climate change could influence the sea levels (discussed above),
and local climate could impact rainfall in Taiwan. The stalagmites 5'0
in China indicated that, due to the oscillation of East Asian summer
monsoon, during the MIS3 stage and Holocene, precipitation in East Asia
(including Taiwan) was abundant but declined in the LGM (Cosford
et al., 2008; Cheng et al., 2016, Fig. 4c). Rainfall can extend the river
channel headward, increasing the rills density and causing drainage
capture by erosion processes (Tucker and Bras, 2000; Pelletier, 2003).
Furthermore, local climate also can influence the vegetation coverage in
Taiwan. It has been reported that Taiwanese vegetation types varied
significantly since the last glaciation. Specifically, in the central and
southern Taiwan, vegetation was dominated by temperature deciduous
and conifer mixed forest in the last glaciation, and transformed to warm-
temperate and subtropical evergreen forest in the Holocene (Liew et al.,
2006; Lee and Liew, 2010). Although vegetation types and densities
could vary the dominated erosion types and influence drainage density
(Istanbulluoglu and Bras, 2005), whether and how the vegetation
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(a) last glaciation

(b) Holocene

Fig. 8. The schematic model of evolution of mountainous river systems in Taiwan. (a) In glaciation, the river is shorter and with less runoff because of the less rain
and weak East Asian summer monsoon. (b) In the interglacial age, the river extends headward and captured other basins in mountainous areas due to heavy rainfalls.
The yellow area symbolizes the downstream plain and hills, the green area symbolizes the upstream mountains. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

variations since the last glaciation impact the river drainage basins in
Taiwan remain open questions.

5.4. Implications

It is well accepted that the small mountainous rivers in South and
East Asia deliver a disproportionately large amounts of sediments to the
global ocean (Milliman and Farnsworth, 2011). Those rivers in Taiwan
are thought to account for a major source and pathway for sediments in
the East Asia continental margin, and Taiwan serves as a key source area
for related sediment source to sink studies (Liu et al., 2008a; Liu et al.,
2013). The new data in this study indicate variable sediment composi-
tions over time from the Taiwan mountainous rivers since the last
glaciation, implying a dynamic, inconstant end-member signature for
those sediment provenance analysis, paleoclimatic, paleohydrologic and
paleogeographic studies concerning adjacent sediment sinks. Further-
more, this study emphasizes the key role of rainfall, which is driven by
global climate change, in landscape evolution dynamics of Earth’s sur-
face over millennium timescales. Our findings are expected to be useful
to better understand the East Asia land-ocean interactions and the re-
lationships among Earth’s spheres during the glacial-interglacial cycles.

6. Conclusions

This study combines framework grain petrographic, clay mineral,
heavy mineral and detrital zircon U—Pb age data of drilled core sedi-
ments from Zhuoshui River delta in Taiwan and yields the following
conclusions:

1. During the last glaciation, the estuarine sediments of the Zhuoshui
River were mainly contributed by downstream bedrock, indicated by
low proportion of meta-sedimentary lithic fragments, low ZTR index
values, low abundance of smectite and kaolinite, high illite crystal-
linity index values and distribution of detrital zircon U—Pb ages.

2. The increasing meta-sedimentary lithic fragments abundances, ZTR
index values, proportion of smectite and kaolinite, reducing illite
crystallinity index values and greatly changed distribution of detrital
zircon U—PDb ages indicate that the upper reach bedrock increasingly
contributed sediments to the estuary of the Zhuoshui River in the
Holocene.

3. We suggest that the provenance variations were due to (1) erosion in
incised valley during the last glaciation and (2) river system reor-
ganization which caused by headward extension and drainage cap-
ture events during the deglacial time. This drainage evolutionary
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history was most likely related to increasing rainfall resulted from
the strengthened East Asian summer monsoon in a warm period.
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