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ABSTRACT

The modern Pearl River originates from SE Tibet and debouches into the South China Sea. The development
of the Pearl River is closely related to the evolving topography following the tectonic evolution of the
southern China continental margin from subduction of the paleo-Pacific Ocean in the Cretaceous to
Cenozoic rifting linked with the opening of the South China Sea and uplift of Tibet caused by the India-
Eurasia collision. How topographic changes affected the development of the Pearl River, however, is still
unclear. Here we use original and literature data on detrital zircon ages from both modern Pearl River
sands and ancient sediments drilled in offshore basins to reconstruct the evolution of the paleo-Pearl River
catchment through time. Six phases are identified: 1) Early Cretaceous: the paleo-Pacific plate was
subducting beneath the South China block and topography in South China was tilted to the west. The paleo-
Dong River began to develop with limited length. 2) Late Cretaceous: back-arc extension in the South China
Sea contributed further to the west-tilted topography. The paleo-Bei River started to develop and the
paleo-Dong River continued to expand across southeasternmost China. 3) Paleocene to Eocene: active
rifting in the South China Sea induced a major topographic change. The paleo-Dong and paleo-Bei joined,
forming the paleo-Lower Xi River. 4) Early Oligocene: active uplift of Tibet and onset of sea-floor spreading
in the South China Sea led to subsidence in of the Cathaysia Block. The paleo-Dong, paleo-Bei, and paleo-
Lower Xi rivers remained limited to eastern Cathaysia. 5) Late Oligocene: accelerated uplift of eastern Tibet
and post-rift subsidence of the northern South China Sea margin induced a radical change in the landscape
of southern China, and transition from west-tilting to east-tilting topography. The paleo-Pearl River started
to incorporate also its present western branches. 6) Early to middle Miocene: the east-tilting topography
was enhanced during rapid uplift of Tibet and progressive closure of the proto-South China Sea, while the

Pearl River evolved to its present configuration.
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1. INTRODUCTION

Many different methods have been used to investigate geological evolution and sediment-generation
processes in big river drainages all over the world (e.g., Gaillardet et al., 1999; von Blanckenburg, 2005;
Borges et al., 2008; Hinderer, 2012; Clift, 2015). The compositional and geochronological signatures of bulk
sediment have proved to be an excellent tool to trace erosion patterns in space and time during
progressive unroofing of source rocks (Garzanti, 2016; Resentini et al., 2018). Zircon is a durable mineral
which is largely preserved after chemical attack during subsequent stages of the sedimentary cycle (Morton
and Hallsworth, 2007; Garzanti, 2017), and consequently detrital zircon U-Pb age distributions have been
widely used to provide provenance information on modern and ancient sediments (e.g., Cawood et al.,
2003; Clift, 2016; Xu et al., 2017; Garzanti et al., 2016, 2018; Lei et al., 2019).

The Pearl River originates from SE Tibet and deposits its sediment load into the South China Sea after
receiving several main tributaries (Hongshui, Liu, Yu, Gui, He, Bei and Dong rivers; Fig. 1). In this large river
catchment, we have investigated how tectonic and climatic changes have controlled topography, sediment
generation and sediment composition from the Early Cretaceous to the present time (Shao et al., 2016; Liu
et al., 2017; Cao et al., 2018).

Unlike other major rivers such as the Yangtze, the Yellow River, and the Red River (Clark et al., 2004; Clift et
al., 2006b; Stevens et al., 2013; Zheng et al., 2013; Vezzoli et al., 2016), which originate from the gently
tilted, low-relief, high-elevation surface of SE Tibet in southeast Asia, the drainage network of the Pearl
River is thought to have initiated from the South China margin and to have subsequently progressed
westward by headward erosion across the continental interior and into the margin of the SE Yunnan
plateau (Clift et al., 2002; Clark et al., 2004; Shao et al., 2008a, 2015, 2017; Liu et al., 2017; Cao et al., 2018).
Several different methods have been used to trace sediment provenance and erosion patterns in the Pearl
River catchment, including landscape morphometry, bulk-sediment geochemistry, heavy-mineral analyses,
detrital-zircon geochronology, and Nd and Sr isotope geochemistry (Xiang et al., 2011; Zhao et al., 2015;
Shao et al., 2016; Liu et al., 2017; Cao et al., 2018). Xiang et al. (2011) studied heavy minerals in modern

Pearl River sediments and identified three distinctive assemblages characterizing the Upper Xi River, the
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Lower Xi River, and the Bei and Dong rivers. Zhao et al. (2015) carried out U-Pb dating of detrital zircons in
all main branches of the modern Pearl River and distinguished eight main age clusters: 2800-2300 Ma,
2000-1800 Ma, 1100-700 Ma, 600-400 Ma, 380-230 Ma, 200-80 Ma, and < 65 Ma. Liu et al. (2017)
estimated the sediment contribution from different tributaries by detrital-zircon U-Pb dating coupled with
bulk-sediment geochemistry and Nd and Sr isotopes, and concluded that the Pearl River expanded
westwards to reach its modern configuration not before the end of the Oligocene (23 Ma). Based on the
zircon record from the northern South China Sea, Cao et al. (2018) documented a major provenance change
that took place in response to progressive expansion of the river network from a small coastal river in the
early Oligocene to a near-modern configuration in the early Miocene, in connection with uplift of SE Tibet.
Tectonic events have a direct and profound impact on the topography of a region, causing the fluvial
network to reorganize accordingly (e.g., Castelltort et al., 2012; Zhang et al., 2019). Because during its
entire history the Pearl River has been closely connected both to the uplift of SE Tibet and to the evolution
of the South China Sea (Shao et al., 2008a, 2016; Cao et al., 2018), the tectonic and topographic changes
that occurred in SE Tibet and in the South China Sea need to be taken into full account when discussing the
evolution of the paleo-Pearl River. On the basis of the study of river incision based on low-temperature
thermochronology (e.g. Yang et al., 2016; Zheng et al., 2013), and of geomorphological studies based on
stable isotopes (e.g. Hoke et al., 2014; Li et al., 2015), SE Tibet was estimated to have attained its high
elevation either in the Paleocene-Eocene or in the middle-late Miocene. In the South China Sea area, a
major change took place in the Late Cretaceous, from subduction of the paleo-Pacific plate to Cenozoic
rifting culminated of the South China Sea at Paleocene-Eocene times (Charvet et al., 1994; Lapierre et al.,
1997; Shu and Zhou, 2002; Cullen et al., 2010; Li et al., 2012; Morley, 2016; Sun, 2016; Ye et al., 2018).
Because the wide regional tectonic framework has been taken into account only partially in previous
reconstructions, many aspects of the paleo-Pearl River drainage basin have remained poorly understood.
Further comprehensive studies are thus required to evaluate tectonic and climatic control on topographic
changes and erosion patterns.

In this study, we present original U-Pb age data on detrital zircons from eight modern sands from major

Pearl River tributaries, from one modern marine sand from the Qinzhou Bay, and from four sandstones



237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295

54

55

56

57

58

59

60

61

62

63

64

65

66
67

68
69
70

71

72

73

74

75

76

77

78

79

80

81

cored in the northern South China Sea (Figs. 1 and 2). Modern river-sand samples are complementary to
those used in previous detrital-geochronology studies, which mainly focused on the central and eastern
parts of the catchment. The upper Oligocene sample W9 was cored in the western part of the Pearl River
Mouth Basin, complementary to previously studied cores located in its central and eastern parts. Samples
W10, W11, and W12, ranging in age from Eocene to early Oligocene, are from three different sites in the
Beibuwan Basin (Fig. 3), the only basin in the north South China Sea where geochonological studies had not
been carried out previously. We have included data from the Beibuwan Basin, which is located to the east
of the Red River mouth, because it may have been fed from paleo-Pearl River sediments in the past (Van
Hoang et al., 2009). Our principal aim is to reconstruct the evolution of the Pearl River and to identify how
such a large fluvial network has recorded, and has reacted to the regional tectonic and climatic events that

have controlled landscape changes from the Early Cretaceous to the present time.

2. GEOLOGICAL BACKGROUND

2.1. Pearl River

The Pearl River (Chinese name Zhu Jiang, where zhu = pearl and jiang = river; length 2320 km, catchment
area 4.5x10° km?) is the third longest river in China after the Yangtze (Changjiang) and the Yellow River
(Huanghe). Main tributaries are the Xi (west), Bei (north), Dong (east) rivers that join into the Pearl River
Delta (Fig.2). The westernmost branches, the Nanpan and Beipan rivers (nan = south, bei = north), are
sourced in the Yunnan-Guizhou Plateau of SE Tibet at elevations up to 2800 m a.s.l. and flow eastward
across the Yangtze Block where elevation is > 1000 m. Downstream, the river flows across the Cathaysia
block, where it takes the name of Xi River after confluence with the Liu, Yu, Gui, and He tributaries. The Xi
River joined by the Bei and Dong tributaries upstream of the delta, eventually debouches into the northern
South China Sea (Fig. 1).

The Pearl River catchment, situated at tropical latitudes, is strongly influenced by the East Asia Summer
Monsoon. The average annual temperature ranges from 14 to 22°C, with extreme values up to 42 °C and

down to -10 °C. Mean precipitation is 1.5 m and decreases markedly westward, with a maximum of 2.4 m in
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the southeast and a minimum of 0.7 m in the northwest (Q. Zhang et al., 2012; Liu et al., 2015). The wet
season, spanning from April to September, accounts for nearly 80 % of the total annual precipitation.

Most of the Pearl River’s sediment load accumulates on the SE China continental margin and in the Pearl
River Mouth Basin offshore. Sediment is derived from rocks of the Yangtze Craton exposed in the north and
northwest, largely consisting of upper Paleozoic carbonates and Triassic dolostones and continental
siliciclastic red beds (Chen et al., 1993; Hu et al., 2013), and rocks of the Cathaysia Block in the southeast,
where largely granites and locally volcanic rocks are exposed (Jahn et al., 1990; Hu et al., 2013) (Fig. 2). The
Yangtze and Cathaysia blocks collided to form the South China Block at 800-1000 Ma (Wang et al., 2007).
This composite terrane includes (Fig. 2): a) the Chuandian fragment (ca. 775 Ma) (Fig. 4E), and b) the
Permian Emeishan continental-flood basalts (ca. 260 Ma) (Fig. 4C), exposed in the northwestern corner of
the Pearl River catchment; c) the Jiangnan orogen in the north, including mainly Precambrian basement in
its western part, with most zircons vyielding ages around 820 Ma and subordinately Mesozoic and
Paleoproterozoic ages (Fig 4F); d) the North Vietnam terrane exposed in the southwestern corner of the
catchment, and yielding zircon ages clustering at ca. 80 Ma, 240 Ma, and 1600-3200 Ma (Fig. 4H); and e)
the Yunkai Massif in the south, including Precambrian basement (ca. 940 Ma), latest Ordovician to Silurian
granites (420-450 Ma), and Indosinian granites (ca. 250 Ma) (Fig. 4G).

Because it drains mainly Yanshanian (ca. 170 Ma) (Fig. 4A), Indosinian (ca. 230 Ma) (Fig. 4B), Silurian (ca.
425 Ma) (Fig. 4D) granites, as well as Proterozoic basement rocks, the Pearl River is characterized by a
multimodal zircon-age distribution characterized by main 230-245 Ma, 400-450 Ma, and 750-850 Ma age
clusters with additional younger (Cretaceous to Jurassic) and older (Paleoproterozoic to Neoarchean) ages
(Fig. 4). The Beipan and Nanpan rivers have their headwaters into the Emeishan Large Igneous Province and
in the Chuandian fragment, and mainly drain the northwestern part of the Youjiang Basin where Triassic
deep-sea turbidites and Paleozoic carbonates are extensively exposed (Fig. 2). They join downstream to
form the Hongshui River, which flows through the eastern part of the Youjiang Basin together with the
northern You branch of the Yu River, whereas its southern Zuo branch is sourced in North Vietnam. The Liu,
Gui, and He rivers drain the western part of the Jiangnan orogen, which is a Neoproterozoic accretionary

belt issued from the Yangtze-Cathaysia collision (Chu et al., 2012; Lehrmann et al., 2015). The Bei and Dong
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rivers flow southward across the eastern part of the Cathaysia Block, largely consisting of Yanshanian

granites (Fig. 2).

2.2. South China Sea and Pearl River Mouth Basin

Southern China evolved from a convergent plate boundary associated with subduction of the paleo-Pacific
plate to a divergent one in the Late Cretaceous, followed by rifting in the Paleocene and opening of the
South China Sea in the Oligocene (Morley, 2016; Ye et al., 2018). Geochemical fingerprints of igneous rocks
confirm this Late Cretaceous transition from an earlier Andean-type margin to a Western Pacific-type
margin, as a response to slab roll-back and increase of subduction angle (Zhou and Li, 2000; Shu and Zhou,
2002; Li et al., 2012; He and Xu, 2012; Shao et al., 2017a; Ye et al., 2018). During the late Paleocene to
Eocene, regional extension led to the formation of rifts, including the Pearl River Mouth Basin in the
northern South China Sea (Morley, 2016). Intense tectonic and volcanic activity prevented the development
of a large unconfined river system in southern China at that time (Cao et al., 2018). Wang (2004) suggested
that topography in continental China was generally tilted towards the west during the Mesozoic, when the
main rivers were sourced in eastern China and flowed westward. The landscape was thus radically different
from the pronounced eastward slopes of the present day, which are the consequence of Paleocene
collision between India and Asia (Hu et al., 2016) and consequently enhanced uplift of SE Tibet. Based on
newly acquired 3D seismic reflection and industrial well data, Ye et al. (2018) recently proposed a
multiphase model for the tectonic evolution of the South China Sea area in the Late Cretaceous.

The Pearl River Mouth Basin (Fig. 2) started to open by extension along the northern margin of the South
China Sea since the close of the Cretaceous, as documented by well-developed, fault-bounded asymmetric
grabens and half-grabens in its northern part (Huang et al., 2003; Liu et al., 2016). Fluvial volcaniclastic
sediments were deposited during the Paleogene (56-30 Ma) syn-rift stage. Following initiation of sea-floor
spreading in the South China Sea (C. Li et al., 2014), the post-rift stage (30 Ma to present) was characterized
by transition to deltaic, carbonate-platform, and deep-sea sediments deposited in the Neogene (Liu et al.,

2016).
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2.3. Tibetan Plateau uplift

The uplift history of the Tibetan Plateau, which displays the most elevated topography on Earth, began as
early as the mid-Cretaceous (Murphy et al., 1997; Wang et al., 2017; Lai et al., 2019) and accelerated after
ca. 60 Ma, when India collided with Asia along the Yarlung-Zangbo suture zone (DeCelles et al., 2014; Hu et
al., 2016). Recent modelling of global circulation suggested that the Tibetan Plateau may have reached only
low to moderate (< 3000 m) elevations during the Eocene (Botsyun et al., 2019). Low-temperature
thermochronometric studies identified four stages of Cenozoic uplift, at 60-35 Ma, 25-17 Ma, 12-8 Ma, and
~5 Ma (G. Wang et al., 2011). Wang et al (2008) suggested that rapid uplift occurred earlier in central Tibet
(around 40 Ma) than in southern Tibet. Dupont-Nivet et al. (2008) constrained the main phase of uplift as
38 Ma, based on pollen analysis in the Xining Basin. Clift et al. (2006a) concluded that surface uplift in
eastern Tibet and southwest China should have begun no later than 24 Ma based on the Nd isotope
signature of sediments in the Hanoi Basin (Vietnam). Thermochronological data indicated that rapid uplift
and exhumation of the eastern Tibet Plateau, associated with strike-slip faulting and thrusting, took place

at 20-16 Ma and ~5 Ma (Lai et al., 2007).

3. LITERATURE DATA ON ZIRCON AGES FROM OFFSHORE BASINS

The Pearl River Mouth Basin contains a continuous sedimentary archive, and detrital-zircon U-Pb
geochronology has been carried out extensively on several industrial wells (sites H9, L35, L18, L21, and L13)
and on IODP (International Ocean Discovery Program) cores at Site U1345, located near the continent-
ocean transition zone in the northern South China Sea (Figs. 2 and 3), to obtain information on the
erosional evolution of the Pearl River (Xu et al., 2007, 2016; Zhao et al., 2015; Shao et al., 2016, 2017;
Zhong et al., 2017; Cao et al., 2018). Zircon-age spectra from Eocene rocks cored at IODP Site U1435 are
unimodal with peak at ca. 120 Ma (Fig. 5A). Similar U-Pb ages have been reported for detrital zircons in
Palawan and Borneo, at the southern margin of the South China Sea (Walia et al., 2012; Suggate et al.,
2014), but fluvial connection between these now widely separated area was unlikely because rifting was

well underway at this stage (Shao et al., 2017b).
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U-Pb zircon-age spectra from Lower Cretaceous to middle Miocene rocks cored in industrial wells H9, X28,
L35, L18, L21, and L13 (Fig. 2) invariably show a major cluster at 100-200 Ma (Fig. 5). This young peak
invariably dominates the unimodal zircon-age spectra in Lower Cretaceous, Upper Cretaceous, and Eocene-
Oligocene strata from IODP Site U1345 and wells L35, L18, and L21. Such a simple age distribution and the
typical euhedral to elongate shape of zircon grains imply a nearby source (Shao et al., 2016). Provenance
from the Dongsha Islands, lying close to sample L18, has been suggested for these samples by Liu et al.
(2011). Lower and upper Oligocene samples from well L13, instead, display a bimodal age-spectrum
including a second peak at 400-460 Ma. Shao et al. (2016) suggested local uplifts in the western Pearl River
Mouth Basin as a possible source for these zircon grains, which appear unabraded. In addition to the
Cretaceous-Jurassic and lower Paleozoic peaks, a significant cluster at ~1000 Ma appears in the upper
Oligocene sample from well L21, which yielded a few ages around 1900 and 2500 Ma. The age distributions
of the three samples from well X28 also show a progressive increase in Precambrian ages from the lower
Oligocene to the lower Miocene, where a broad cluster at 800-1000 Ma and a minor one at ~2500 Ma
appear. The middle Miocene sample from well H9 displays a polymodal spectrum including, besides the
main peak at ~140 Ma, several age clusters at ~220, ~420, ~800, ~1900, and ~2600 Ma. Such a stratigraphic
trend, observed consistently across the Pearl River Mouth Basin, may reflect the progressive westward
expansion of the Pearl River, including only the Bei and Dong branches draining eastern Cathaysia in the
early Oligocene, and then incorporating by headward erosion first the Hongshui and Yu rivers in the late
Oligocene, and next the Liu and Gui rivers in the early Miocene (Pang et al., 2009; Xie et al., 2013; Shao et

al., 2016).

4. METHODS

4.1. Sampling

Eight very fine- to very coarse-grained sand samples (Fig. 1) were collected on banks and active bars of
major Pearl River branches (samples 55497 = Hongshui; $5498 = You; 55502 = Long; $5504 = Qian; S5507 =

He; S5509 = Bei; $5513 = Dong; S5512 = Pearl River mouth). Another five samples were collected from
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10
outside the Pearl River catchment, one modern sand from the Qinzhou Bay (QZW) and four borehole
samples from the northern Beibuwan Basin (W10, W11 and W12) and southwestern Pearl| River Mouth
Basin (W9) (Fig. 2). Stratigraphic ages of borehole samples are based on palaeontological data and 3D
seismic (Huang et al., 2013; Liu et al., 2016) (Fig. 3). Further information on sample locations is given in

Appendix Table A1 and Supplementary file Pearl Z. Kmz.

4.2, Detrital zircon geochronology

U-Pb dating was conducted using an Agilent 7700e ICP-MS instrument coupled to a GeolasPro laser-
ablation system at Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China, according to the
procedure described in Liu et al. (2008), Hu et al. (2015), and Zong et al. (2017). Cathodo-luminescence (CL)
images were used to identify zoning of zircon grains and select the spot for U-Pb and trace-element
analysis. The laser spots was systematically placed on both cores and rims of zoned zircon grains. The spot
size and frequency of the laser were set to 32 um and 80 Hz, respectively. Further information on
instrumental details and data reduction are provided in Zong et al. (2017). Software ICPMSDataCal (Liu et
al., 2008, 2010) was used to calculate U-Pb ages after common Pb correction (Andersen, 2002). We used
206ph /238 and 207Pb/2%6Pb ages for zircons younger and older than 1000 Ma, respectively (Compston et al.,
1992). Grains with > 10% age discordance were discarded. Data are visualized as kernel density estimates
(KDE) using the Java-based DensityPlotter program (Vermeesch, 2012). The selection of adaptive bandwidth

of the kernel density estimation is 40 Ma. The complete dataset is provided in Appendix A.

4.3. Seismic reflection data

In order to constrain sediment provenance in the Beibuwan Basin during the Eocene to early Oligocene, we
studied an area of ~2000 km? entirely covered by three-dimensional seismic-reflection data collected by the
China National Offshore Qil Corporation (CNOOC), Zhanjiang Branch. The seismic cube has a bin size of 12.5
x 12.5 m with 2 ms of sample rates. The peak frequency is ~30 Hz, which allows a vertical resolution of ca.

20 m.
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5. GEOCHRONOLOGICAL DATA

5.1. Detrital zircon ages in Pearl River sands

5.1.1. Hongshui River

The Hongshui River is formed by the confluence of its Beipan and Nanpan branches (Fig. 1). Literature data
indicate multimodal spectra of detrital-zircon ages in modern Beipan (sample R1) (Fig. 6A), Nanpan (sample
R2) (Fig. 6B) and upper Hongshui sands (samples 005 (Fig. 6C) and R3 (Fig. 6D)), with a main Permian peak
and subordinate early Paleozoic, Neoproterozoic, Mesoproterozoic, Paleoproterozoic, and Neoarchean
clusters. Our lower Hongshui River sample S5497 is characterized by prominent peaks at ~265 and ~800
Ma, a subordinate peak at ~90 Ma not appearing in other samples, and by subordinate age clusters at ~430

and ~1830 Ma (Fig. 6E).

5.1.2. Liu River

The Liu River is formed by the confluence of its Long and Rong branches (Fig. 1). All samples display a major
peak between 795 and 830 Ma, which is dominant in Liu River sample Ré6 (Fig. 61) and in Long River sample
102 (Fig. 6G), where it is associated with a few ages ranging from 920 to 2450 Ma. Rong River sample 105
(Fig. 6H) displays additional clusters at ~530 Ma, ~980, ~2000 and ~2540 Ma. The age spectrum of our Long
River sample S5502(Fig. 6F), collected shortly upstream of sample 102, is instead multimodal, with clusters

at ~585, ~950, ~1130, ~1770, and ~2435 Ma.

5.1.3. Yu River

The Yu River is formed by the confluence of its You and Zuo branches (Fig. 1). The three samples R4, 55498
and 906 from the You branch all show two peaks at ~275 Ma and ~435 Ma and minor clusters around 1000,
1900 and 2550 Ma (Fig. 6K, M). The two samples R5 and 903 from the Zuo branch are similar, but with a
more pronounced Permian peak relative to the early Paleozoic peak and more prominent cluster at ~1900

Ma (Fig. 60, P). The age spectrum of the Yu River sample 304 downstream is instead more markedly
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multimodal, including a major broad cluster around 1000 Ma (Fig. 6Q).

5.1.4. Gui, He, Bei, and Dong tributaries

The two Gui River samples R8 and 501 display multimodal age spectra with a major peak at 1000-1100 Ma,
and clusters at 400-700, 1700-1800, and 2500-2550 Ma (Fig. 6b, c). Sample 501 shows an additional young
cluster at ~220 Ma. In contrast, all samples from the He, Bei, and Dong Rivers draining the Cathaysian block
to the east (Fig. 2) are characterized by a dominant, much younger peak at ~150 Ma. The age distribution in
our He River sample $5507 is multimodal, with subordinate peaks at ~420, and ~930 Ma, and minor clusters
at ~1800 and ~2500 Ma (Fig. 6d). Among the four Bei River samples, a range of Precambrian ages
characterize upstream sample S20 (Fig. 6e) but rapidly decrease in frequency in sample S21 (Fig. 6f)
downstream, and samples R10 (Fig. 6g) and S5509 (Fig. 6h) farther downstream are dominated by
Cretaceous-Jurassic ages with a minor cluster around 450 Ma. The three Dong River samples R12, S5513
and P1 include a notable peak at ~435 Ma which decreases progressively downstream, and a minor cluster

around 1000 Ma that increases slightly downstream (Fig. 6i, j, k).

5.1.5. Trunk river

The trunk river takes the name of Qian after the confluence between the main Hongshui River and the Liu
River, the name of Xun downstream of the confluence with the Yu River, and the name of Xi (Lower Xi)
downstream of the confluence with the Gui and He rivers (Fig. 1). The age spectrum of the Qian River
sample (Fig. 6J) is multimodal, with a main peak around 800 Ma (characteristic of Liu sand (Fig. 6l) but
present also in our downstream Hongshui sample (Fig. 6E)), and additional clusters around 260 Ma
(characteristic of Hongshui sand (Fig. 6C, D, E)), 535 Ma (present in the Rong (Fig. 6H) and in our Long sand
(Fig. 6F) samples), 1810 Ma, and 2435 Ma (present in both Hongshui (Fig. 6C, D, E) and Liu (Fig. 61) sands). In
the Xun River sample R7 (Fig. 6a) downstream, the ~260 and ~450 Ma age peaks characteristic of the Yu
River (Fig. 6Q) and its branches are markedly enhanced at the expense of Precambrian clusters.

Age spectra of Xi River samples P7 (Fig. 6m) and R9 (Fig. 6n) are multimodal, with a newly appeared

Cretaceous-Jurassic cluster (characteristic of the He River), a somewhat reduced peak at 200-300 Ma, a still
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prominent peak at 400-500 Ma, a broad cluster at 800-1100 Ma (reflecting mixed grains from both
upstream branches and the Gui River (Fig. 6b, c)), and a few scattered Paleoproterozoic and Neoarchean
ages (present in Gui (Fig. 6b, c) and He (Fig. 6d) rivers). Lower Xi River samples SYO1 (Fig. 60) and P4 (Fig.
6p) downstream are more distinctly trimodal, with a major peak at 400-500, a composite cluster between
100 and 300 Ma, and a late Neoproterozoic cluster around 900-1000 Ma. This last cluster is barely
expressed in sample R11 (Fig. 6q) collected downstream of the Bei River confluence (Fig. 6). Finally, our
sample $5512 displays a simple spectrum dominated by a ~230 Ma peak with a subordinate cluster at ~430
Ma (Fig. 7E).

Spectra from samples S2-5 and C345 collected offshore (Fig. 2) are instead trimodal as in Lower Xi sand,
with a major peak around 150 Ma (characteristic of the He, Bei, and Dong Rivers) and subordinate peaks at
400-500 and 800-1000 Ma. An age cluster at 200-300 Ma and scattered Mesoproterozoic to Mesoarchean ages

also occur (Fig. 7F, G).

5.2. Detrital zircon ages in offshore basins

Sample QZW from the Qin river mouth displays a simple spectrum virtually identical to our Pearl River
mouth sample, with a major peak at ~240 Ma and a few ages at 400-500 and 800-1000 Ma (Fig. 7A).

Our upper Oligocene sample W9 from the Pearl River Mouth Basin displays a prominent age peak at ~425
Ma and a minor cluster at ~230 Ma (Fig. 7H).

All of our three samples from the Beibuwan Basin display a prominent 420-450 Ma age peak. Eocene
samples include either a few grains dated as 100-200 Ma (W10) (Fig. 7D) or age clusters at ~250 Ma and
~900 Ma (W11) (Fig. 7C). The lower Oligocene sample (W12) (Fig. 7B) includes minor age clusters at ~265

and ~645 Ma, and a few Paleoproterozoic grains.

6. PROVENANCE IMPLICATIONS

U-Pb ages of detrital zircons in modern Pearl River sands (Fig. 6), compared with geochronological

fingerprints of Red River sediments (Fig. 41) and of basement rocks in North Vietnam, Yangtze Craton, and
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Cathaysia Block provide useful provenance information and reflect relative supply of zircon grains within

this complex modern drainage network.

6.1. Zircon-age fingerprints of Pearl River sand

The prominent 100-200 Ma peak displayed in Lower Xi River sand and in samples $2-5 and C345 collected
offshore of the Pearl River mouth (Fig. 7F, G) highlights a major contribution from the He, Bei, and Dong
rivers, which drain the eastern Cathaysia Block where Yanshanian granites are extensively exposed (Xu et
al., 2007; Zhao et al., 2015; Liu et al., 2017). In comparison to samples S2-5 and C345 (Fig. 7F, G), the Pearl
River mouth sample S5512 collected along the river bank in the delta (Fig. 7E) lacks the 100-200 Ma peak, a
discrepancy that may be explained by seasonal variability in sediment supply with greater input from locally
exposed Indosinian granites and Silurian granites and Precambrian basement in the near north.

The 230-250 Ma zircon ages yielded by river mouth and offshore samples 5512, $2-5, and C345 (Fig. 7E, F
,G) correspond to the age of Indosinian granites (Fig. 4B) widely represented in SE Tibet and in the
westernmost part of the catchment drained by the diverse branches of the Hongshui and Yu rivers.
Additional zircon grains dated as 230-250 Ma may be supplied by Indosinian granites found in the Yunkai
Massif (Fig. 4G) or scattered in other parts of the catchment (Fig. 2).

The 435-440 Ma aged zircons found in river mouth and offshore samples $5512, S2-5, and C345 are
ultimately derived from Silurian granites (Fig. 4D) presently exposed in the Jiangnan orogen, Cathaysia
Block, and Yunkai Massif (Fig. 2), and mainly contributed both from the upper catchment and from the He
and Dong rivers in the lower catchment (Zhao et al., 2015; Liu et al., 2017) (Figs. 6d, i, j and 7k).

The 800-1000 Ma aged zircons found in Lower Xi River and offshore sediments are most characteristic of
the Liu (Fig. 61) and Gui (Fig, éb, c) rivers, and also occur in the Hongshui, Yu, and He catchments (Fig. 6).
Zircons of these ages may derive from the Chuandian fragment (Fig. 4E), the Jiangnan orogeny (Fig. 4F), the
Yunkai Massif (Fig, 4G), or from eastern Cathaysia. Zircon grains yielding Mesoproterozoic to Mesoarchean

ages are either derived from old basement rocks or recycled from siliciclastic cover strata.

6.2. Relative zircon contributions
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A simple and powerful statistical technique apt to assist the interpretation of large detrital-geochronology
datasets is multidimensional Scaling (MDS), which produces a map of points in which samples with similar
age spectra cluster closely together and dissimilar samples plot far apart (Vermeesch,2013; Vermeesch and
Garzanti, 2015). The goodness of fit of the configuration can be evaluated using the final stress value
according to Kruskal (1964; Vermeesch, 2018), which is 0.094 for our dataset, indicating a good to fair fit
(Fig. 8).

In the upper Pearl River catchment, both Beipan sample R1 and Nanpan sample R2 closely group in the
MDS plot together with Hongshui samples 005, R3 and S5497, Nanpan sample R2 plotting closest to them.
The Nanpan branch is thus suggested to contribute more zircon grains than the Beipan River to the
Hongshui River downstream. Both You samples R4, 55498 and 906 and Zuo sample R5 group quite far from
the Yu samples 903 and 304 downstream (Fig. 8), which is hard to explain. The two Long River samples 102
and S5502 and Rong River sample 105 group with Liu River sample Ré, suggesting that both Long or the
Rong branches contribute significant and roughly subequal amounts of zircon grains to the Liu River
downstream. Also the relative zircon contribution of the Hongshui River (samples 005, R3 and $5497) and
Liu River (sample R6) to the Qian segment (sample $5504), and by the Yu River (sample 304) to the Xun
segment (sample R7) cannot be precisely assessed.

Dong River samples R12, $5513 and P1, Bei River samples 521, S5509 and R10, Lower Xi sample R11, and
Pearl River mouth sample S5512 all group relatively close together. River mouth samples S2-5 and C345
plot close to the He River sample $5507 and to samples from the west Qian and Xun branches (Fig. 8).
Sample QZW from the Qin River is closest to the Zuo River sample R5 and relatively close to the Pearl Rriver
mouth sample $5512, which suggests supply from Indosinian granites exposed in the Shiwandashan Belt
(SWSB) to the Zuo and Qin Rivers and instead from Indosinian granites exposed near the Pearl River mouth
to sample S5512. Age-spectra in Lower Xi, river mouth and offshore samples are variable, but overall they
indicate significant contribution from the Qian and Xun segments upstream (characteristic peaks at ~260,
~450, and ~ 800 Ma) as well as from the Gui (~1000 Ma peak), He (~150 Ma, ~420, and ~930 Ma), and Dong

(~435 Ma peak) tributaries downstream (Fig. 6).
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6.3. Zircon-age fingerprints of offshore basin sediments

A comparison of zircon-age spectra in modern sediments versus Cretaceous to Cenozoic strata in offshore
boreholes provides fundamental provenance information useful to reconstruct the evolution of the Pearl

River through time (Figs. 5, 6, and 7).

6.3.1. Pearl River Mouth Basin

The Upper Oligocene sample W9, located in the western part of the basin far from the Pearl River mouth
and close to Hainan Island, displays a prominent Silurian age peak and only a minor Indosinian cluster (Fig.
7H). Its zircon age distribution, therefore, is notably different from that in both modern Pearl River sand
and coeval Upper Oligocene samples (X28, L18, L21, and L13) (Fig. 5E, G, I, M) collected in the central and
eastern parts of the basin. The bedrocks of Hainan Island are dominated by Mesozoic Yanshanian and
Indosinian granites (Fig. 2; Cao et al., 2015; Wang et al., 2015; Xu et al., 2014), which precludes major
sediment contribution from Hainan Island. The Yunkai Massif, instead, is characterized by extensive
exposure of Silurian granites (Fig. 4), and may thus represent the source area for sample W9 via a
southward-flowing stream comparable to the modern Jian River (Fig. 2). This is corroborated by the finding
of zircon grains with early Paleozoic age in sediments deposited close to the Jian River mouth (Zhong et al.,

2017).

6.3.2. Beibuwan Basin

A possible sediment source for the Beibuwan Basin is represented by the Red River, which flows along the
Red River strike-slip fault zone active since ~34 Ma (Gilley et al., 2003; Clift et al., 2006). During the
Oligocene, however, the Red River provided sediments chiefly to the Yinggehai-Song Hong Basin (YSB in Fig.
2; Yan et al., 2011; Clift et al., 2006; C. Wang et al., 2014, 2018; Jiang et al., 2015; Lei et al., 2019), where
lower Oligocene samples are characterized by a major Indosinian peak (Shao et al., 2016; Lei et al., 2019).

The main peak in our Eocene to lower Oligocene samples (W10, W11, W12) from the Beibuwan Basin is
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much older (~450 Ma; Fig. 7B, C, D), which precludes major sediment contribution from the Red River at
those times.

Hoang et al. (2009) suggested that the Beibuwan Basin received sediments from the paleo-Pearl River
originating from the Tibetan Plateau margin in the Cenozoic. The Silurian age mode is in fact present in
samples from the Xi, Dong, Xun, and You rivers of the modern Pearl| River catchment (Figs. 6 and 7).
According to Li et al. (2017), however, the Shiwandashan belt (SWSB in Fig. 2) had already formed in the
Late Permian in response to subduction of the paleo-Pacific and collision between Indochina and South
China. As a consequence, paleo-Pearl River sediments are unlikely to have crossed the Shiwandashan belt
to enter the Beibuwan Basin in the Cenozoic.

The prominent Silurian zircon-age peak characterizing our three Beibuwan Basin samples indicates the
Yunkai Massif as the most likely source. The northwestward paleocurrent indicators shown in Fig. 2 indicate
the Yunkai Massif and Shiwandashan belt as the sediment source for the Upper Permian to Lower Triassic
siliciclastic succession deposited in the Shiwandashan belt (Hu et al., 2015). In a similar way, sediments
from the Yunkai Massif may have been transported to the northern Beibuwan Basin via a westward- or
southwestward-flowing stream similar to the modern Qin River flowing along the Qin Fang shear zone (Fig.
2).

There are however some difficulties with this hypothesized sediment route. The zircon-age spectrum in
modern sand sample QZW (Fig. 7A) from the Qin River mouth is dominated by an Indosinian peak and
notably different from that characterizing our three Beibuwan Basin samples (Fig. 7B, C, D), pointing to a
local source in Indosinian granites of the Shiwandashan belt. Moreover, a buried carbonate ridge marks the
northern margin of the Beibuwan Basin (Jiang et al., 2018) and seismic-reflection images document a set of
large eastward-prograding deltas in the Upper Eocene Liushagang Formation (Fig. 9). If the Yunkai Massif
was indeed the main source of our Eocene and Oligocene samples, then the sediment-transport path may
have been first northwestward and then should have turned southwestward to enter the sea, and finally
eastward around the buried carbonate ridge that marks the northern margin of the Beibuwan Basin (Jiang

et al., 2018), possibly following the ENE/WSW-directed No.1 Fault (Fig, 8). At any rate, based on the
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considerations made above, the paleo-Pearl River is ruled out as a sediment source for the Eocene-

Oligocene Beibuwan Basin.

7. HISTORY OF THE PEARL RIVER CATCHMENT

U-Pb ages of detrital zircons in modern Pearl River sands (Fig. 6), compared with geochronological
fingerprints of Lower Cretaceous to middle Miocene strata cored in the Pearl River Mouth Basin (Fig. 5)
provide provenance information useful to reconstruct the evolution of landscape in the vast region
comprised between SE Tibet and the South China Sea through time. Six stages are identified (Fig. 10).

In agreement with Clift et al. (2002), we consider that the Pearl River drainage progressively expanded
westward inland from the South China margin in response to Cenozoic uplift of the Tibetan Plateau,
evolving separately from the Red River and Yangtze River. This because of the following reasons: 1) the Pb
isotope fingerprint of detrital K-feldpars in Eocene sediments offshore of the Red River mouth is similar to
that of bedrocks in the Yangtze Craton and different from any other known potential source in eastern Asia
(Clift et al., 2004, 2006). Therefore, the paleo-Pearl River is unlikely to have been part of the paleo-Red
River catchment in the Eocene; 2) paleocurrent data from fluvial conglomerates exposed between the Red
River and the Nanpan River indicate that the Red River and Pearl River drainages have remained separated
since the Eocene (Wissink et al., 2016; Cao et al., 2018); 3) 4° Ar/% Ar dating of basalts and U-Pb zircon
dating of gravels show that the Yangtze River initiated before 23 Ma by headwater capture of upper

reaches of the Red River (Zheng et al., 2013).

7.1. Early Cretaceous

During the Early Cretaceous, the Andean-type arc was fed by subduction of the paleo-Pacific Ocean
beneath the South China margin (Lapierre et al., 1997; Li et al., 2012; Yan et al., 2014; Sun, 2016; C. Xu et
al., 2016, 2017; Ye et al., 2018). The 185 Ma peak dominating the unimodal detrital-zircon spectrum of
Lower Cretaceous sample L35 points to a source in earliest Yangshanian magmatic-arc rocks exposed along

the South China margin (Zhou and Li, 2000; Li et al., 2012; Shao et al., 2017a) (Fig. 5). Lack of older age
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populations in sample L35 — apart from a few 1800-2000 Ma zircons, possibly recycled and ultimately
derived from old basement rocks of the Cathaysia Block (Zhou and Li, 2000; Li et al., 2012; Shao et al.,
2017a) — precludes provenance from the South China hinterland through long-distance transport.
Moreover, as a consequence of paleo-Pacific subduction and related magmatism, topography was
presumably much higher in eastern South China than in the west at that time. Zircon grains were thus
supplied to the Pearl River Mouth Basin by a short and steep coastal river sourced in the Andean-type arc
formed along the southeastern margin of Cathaysia. This coastal river, initiated in the east and thus

considered as a paleo-Dong, may have represented the first original segment of the Pearl River (Fig. 10a).

7.2. Late Cretaceous

The geodynamic scenario changed during the early late Cretaceous, after the Pacific-lzanagi ridge was
subducted beneath the South China margin and the Izanagi plate became part of the Pacific plate (Fig. 10b;
Engebretson, 1985; Maruyama et al., 1997; Ye et al., 2018). This change in plate configuration led to slab
retreat, onset of strong back-arc extension, and transformation of the previous Andean-type margin into a
new Western Pacific-type active margin (Zhou and Li, 2000; Shu et al., 2009; Wang and Shu, 2012; Sun,
2016). Rifting in the proto-South China Sea induced formation of sedimentary basins along its northern
margin and initial southward migration of the micro-continental blocks found today along its the southern
margin (Morley, 2012; Wang and Shu, 2012; Bai et al., 2015; Ye et al., 2018). In coastal SE China, two main
groups of magmatic rocks can be distinguished, namely, lower Yanshanian (180-140 Ma; J,-J;) and upper
Yanshanian (140-97 Ma; K,). The zircon-age peak dominating the unimodal spectrum of sample L35* (Fig.
5N) is younger than in the older sample L35 (Fig. 50), and matches the age of upper Yanshanian igneous
rocks emplaced in coastal South China (Chen et al., 2000, 2008; Zhou and Li, 2000; Shao et al., 2017a; Ye et
al., 2018).

As a result of extension and crustal thinning, topographic relief continued to increase throughout the
Cretaceous in the eastern Cathaysia Block (Lapierre et al., 1997; Zhou et al., 2006; Ye et al., 2018), where
existence of a coastal mountain range is supported by stratigraphic, paleoaltimetric, and paleoclimate

studies (Zhou and Li, 2000; J. Li et al., 2014; Zhang et al., 2016). Based on the available evidence, the most
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likely scenario is that the Pearl River expanded its catchment starting from the South China margin and
subsequently progressing westward by headward erosion. We infer that the paleo-Dong River might have

incorporate a paleo-Bei River at that time (Fig. 10b).

7.3. Paleocene-Eocene

Continental rifting that preceded opening of the South China Sea initiated in the Paleocene (e.g., Cullen et
al., 2010; Savva et al., 2014; Morley, 2016; Ye et al., 2018). At the same time, the proto-South China Sea
began to subduct beneath the northern edge of the Sabah-Cagayan and Borneo arc (Hall, 2012; Hall and
Breitfeld, 2017), with possible causal relationship between subduction in the south and rifting in the north
(Taylor and Hayes, 1983; Morley, 2002; Hall and Breitfeld, 2017). Elevation decreased in eastern South

China but remained higher than in the west (Fig. 10 | ; Wang et al., 2004). Only modest headward

expansion of the proto-Pearl River catchment took place at this stage. Very young zircon ages (110-115 Ma),
with only a few 200-300 Ma grains, are dominant in Eocene samples from boreholes U1435 (Fig. 5A) and
L21 (Fig. 5J), which may reveal provenance from exhumed basement rocks of the Pearl River Mouth Basin
(Shi et al., 2011; Shao et al., 2017b) rather than from the paleo-Bei and paleo-Dong rivers. The Beibuwan

Basin, instead, was most likely fed from the northeastern Yunkai Massif, as discussed above (Fig. 10c).

7.4. Early Oligocene

After break-up and initiation of sea-floor spreading (Morley, 2016), elevation of the eastern Cathaysia block
progressively decreased. At the same time, rapid uplift began in southeastern Tibet (Dupont-Nivet et al.,
2008; G. Wang et al., 2011). Southward-prograding deltaic clinoforms documented by seismic-reflection
data from the northern Pearl River Mouth Basin indicate onset of major fluvial supply from the paleo-Pearl
River (Pang et al., 2009; Cao et al., 2018). Samples X28 and L13 farther south yielded mostly Yanshanian
zircons, subordinate Indosinian and Silurian zircons, and few Proterozoic grains (Fig. 5E, M) indicating
provenance from eastern Cathaysia only (paleo-Bei + paleo-Dong), without contribution from the central

and western parts of the modern catchment (Fig. 10d). Rather, additional contributions from local uplifts in
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the western part of the Pearl River Mouth Basin have been suggested for sample L13 (Pang et al., 2009; Xie
et al., 2013; Shao et al., 2016). A limited extent of the paleo-Xi River was also indicated by Monte Carlo-
based sediment-unmixing analysis (Cao et al., 2018). Occurrence of well-rounded zircon grains, suggested
to indicate a relatively long distance transport (Shao et al., 2016), may reflect eolian abrasion or recycling as
well (Dott, 2003).

The unimodal spectrum of sample L18, dominated by typically euhedral zircons with ages varying from 100
to 200 Ma (Fig. 5G), points to a distinct local source, possibly represented by the Dongsha Uplift (C. Li et al.,
2014; Shao et al., 2016). Detritus from the same source may have travelled farther south to reach the
locality of sample L21*, which displays a similar age distribution (Fig. 5I; Shao et al., 2016; Cao et al., 2018).

Detritus from the northeastern Yunkai Massif continued to feed the Beibuwan Basin (Fig. 10d).

7.5. Late Oligocene

Transition to the post-rift stage in the northern South China Sea margin (Forsyth and Uyeda, 1975) and
accelerated surface uplift of the eastern Tibetan Plateau (G. Wang et al., 2011) produced a major change in
the topography of South China, now more elevated in the west than in the east (Fig. 10lll; Wang et al.,
2004). A major transgression in the northern South China Sea was documented by a facies change from
lacustrine and restricted-marine to open-neritic environments (Zhao et al., 2009; Shao et al., 2016). Zircon-
age spectra remain fundamentally unchanged at sites X28, L18, and L13 (Fig. 5D, F, K), whereas sample
L21** shows newly-appeared peaks at 420-430 Ma and 960-995 Ma comparable to the spectra
characterizing modern Pearl River sediments (Figs. 6 and 7H). This indicates that the paleo-Lower Xi River
had expanded farther, and possibly much farther to the west, incorporating the paleo-He and paleo-Gui
River, and probably part of the upper branches as well (Fig. 10e). A few more Proterozoic zircons in sample
X28* may have been derived from an additional source in inland South China (Cao et al., 2018), as
suggested by the negative Nd isotopic excursion recorded in late Oligocene sediments cored at ODP Site

1148 in the Pearl River Mouth Basin (Fig. 2; Clift et al., 2002; Li et al., 2003b; Shao et al., 2008b).

7.6. Early to middle Miocene
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Active sea-floor spreading in the South China Sea resulted in the southward migration of the Reed Bank,
Dangerous Grounds and Palawan-Mindoro blocks, while the proto-South China Sea was gradually
consumed by subduction (Hall, 2002, 2012; Hall and Breitfeld, 2017) (Fig. 10e). Continuing rapid uplift of
the Tibetan Plateau enhanced elevation and relief in western China. The sharp increase in Silurian and
Neoproterozoic zircons at site X28 indicates additional supply from the Jiangnan orogen and/or Chuandian
fragment (Fig. 5C), suggesting that the paleo-Pearl River had reached a configuration similar to the present
day in the early Miocene (Fig. 10f). This is corroborated by the similarity of zircon-age spectra in samples
X28** (Fig. 5C) and H9 (Fig. 5B) with samples S2-5 (Fig. 7F) and C345 (Fig. 7G) from the modern Pearl River

mouth (Figs. 5 and 7) and by Nd isotope data (Clift et al., 2002; Shao et al., 2008b).

8. CONCLUSION

The comparison of original and literature data on the age of detrital zircons in modern sands of the Pearl
River catchment and in ancient strata cored in sedimentary basins offshore allowed us to reconstruct the
geological and geomorphological evolution of southern China from the Early Cretaceous to the present day.
Six main stages are identified:

(1) Early Cretaceous: elevated topography characterized the eastern South China margin, where an
elevated Andean-type magmatic belt was formed in response to subduction of the paleo-Pacific plate.
Detrital zircons in the Pearl Mouth River Basin were largely sourced by arc-related granitoids via a short
coastal stream that may considered as the paleo-Dong.

(2) Late Cretaceous: onset of back-arc extension and rifting of the proto-South China Sea led to formation
of rift basins in the northern South China Sea and enhanced topography and relief in South China. The
paleo-Dong might have incorporated a paleo-Bei River at that time.

(3) Paleocene to Eocene: after initiation of rifting in the South China Sea, topography became more
subdued in South China, but still higher in the east than in the west. Local uplifts supplied sediment to
the Pearl River Mouth Basin, whereas the proto-Pearl River remained short and chiefly confined to the

paleo-Dong and paleo-Bei catchments in the east. The northern Beibuwan Basin received sediments
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locally from the Yunkai massif rather than from the paleo-Pearl River.
Early Oligocene: rapid uplift of SE Tibet in the west and progressively reduced elevation in the east after
onset of sea-floor spreading in the South China Sea fostered increased sediment supply and
progradation of the paleo-Pearl River delta, as documented by seismic-reflection data. Nonetheless,
zircon-age spectra indicate that the paleo-Pearl River catchment remained chiefly confined to the
paleo-Bei and paleo-Dong rivers only, without contributions from the central and western parts of the
modern catchment. Detritus from the northeastern Yunkai Massif continued to supply the Beibuwan
Basin.
Late Oligocene: accelerated uplift of SE Tibet and transition to post-rift sagging in the north South China
Sea margin led to a reversal in the topography of South China, now more elevated in the west as it is
today. The paleo-Pearl River rapidly expanded westward, incorporating part of the modern upper
branches.
Early to middle Miocene: topographic relief in South China and the paleo-Pearl River catchment
eventually reached a configuration similar to the present, as documented by similar zircon-age
distributions in samples from Miocene strata of the Pearl River Mouth Basin and from the modern river

mouth.
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Supplementary detrital-zircon geochronology data associated with this article is to be found as Appendix A

in the online version at http://dx.doi.

Table A1 and in the Google-Earth map Pearl Z.kmz.

. Information on sampling sites is provided in Appendix
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FIGURE CAPTIONS

Fig. 1. Topographic map of the Pearl River catchment, showing tributaries and location of sampling sites.

Fig. 2. Geological map of South China and location of offshore samples. Two black arrows in the upper

Nanpan River valley and three black arrows west of the Qin River indicate northeastward and
northwestward paleocurrent directions in Eocene (Wissink et al., 2016) and Upper Permian to Lower
Triassic strata (Hu et al., 2015), respectively. The blue dashed line and the thick black dashed line
indicate the boundary between the Yangtze craton and Cathaysia block and the limit of the Pearl River
catchment, respectively. BBW: Beibuwan Basin; DS: Dongsha Island; HN: Hainan Island; PRD: Pearl
River Delta; PRMB: Pearl River Mouth Basin; SWSB: Shiwandashan Belt; YSB: Yinggehai-Song Hong

Basin (after Chinese Geology Survey, 2010; Y. Xu et al., 2016; Cao et al., 2018).

Fig. 3.Stratigraphic framework and age of borehole samples used in this study from the northern South

China Sea (after Huang et al., 2013; Liu et al., 2016; Shao et al., 2016, 2017; Cao et al., 2018).

Fig. 4. Compilation of U-Pb ages of detrital zircons from bedrock units in different tectonic domains drained

by the Pearl River. The main source of data is indicated in each label; other sources include: 1)
Shellnutt et al. (2012) and Wang et al. (2012) for Indosinian granites; Song et al. (2015) for Silurian
granites; Zhou et al. (2002), Li et al. (2002), and Cui et al. (2015) for the Chuandian Fragment; Wang et
al. (2006), Li (1999), and X. Wang et al. (2014) for the Jiangnan Orogen; Hu et al. (2015), Yu et al.
(2010), Peng et al. (2006), Qin et al. (2006), A. Zhang et al. (2012), Chen et al. (2012), Zhao et al. (2010),
Chen et al. (2011) for the Yunkai Massif; Song et al. (2015), Hu et al. (2015), and Tran et al. (2008) for
North Vietnam; Clift et al. (2006b) for the Red River. Age vs. frequencies plotted as kernel density

estimates using the provenance package of Vermeesch et al. (2016); n = number of concordant ages.
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Fig. 5. Compilation of U-Pb ages of detrital zircons from Lower Cretaceous to middle Miocene strata of

offshore basins (data sources indicated in each label). Age vs. frequencies plotted as kernel density

estimates (Vermeesch et al., 2016); n = number of concordant ages.

Fig. 6. U-Pb age spectra of detrital zircons in modern sands of Pearl River tributaries (data sources indicated

in each label; own data labelled in blue). Age vs. frequencies plotted as kernel density estimates

(Vermeesch et al., 2016); n = number of concordant ages.

Fig. 7. U-Pb age spectra of detrital zircons from modern sand of the Pearl River mouth and modern and

Cenozoic sediments of offshore basins (data sources indicated in each label; own data labelled in blue).
Age vs. frequencies plotted as kernel density estimates (Vermeesch et al., 2016); n = number of

concordant ages, PR: Pearl River.

Fig. 8. (a) Nonmetric multidimensional scaling (MDS) map for the detrital zircon U-Pb ages of modern sands

of the Pearl River drainage basin and the river mouth using the Kolmogorov-Smirnov (K-S) test statistic.
As the distance between two samples is greater, the dissimilarity between the two age distributions is
larger. (b) Shepard plots of the nonmetric MDS. The nonmetric MDS solve for the configuration that
determines both the distance (blue circles) and the fit to the disparity transformation (red circles and
lines) between all possible sample pairs. The stress values of MDS statistics interpret a good to fair
goodness of fit. The data sources is the same as in Figures 1 and 2. The colours of different river tracts

is in accordance with previous Figures 6 and 7.

Fig. 9. Seismic-reflection profile along the northern edge of the Beibuwan Basin (location indicated in inset).

The offlap pattern of seismic reflectors indicates eastward sediment progradation in the Upper Eocene

Liushagang Formation.

Fig. 10. Envisaged paleogeographic evolution of the Pearl River drainage basin from Early Cretaceous to

middle Miocene times (panels a to f; after Holloway, 1981; Taylor and Hayes, 1983; Morley, 2002; Ye

et al., 2018). Profiles | to Ill above outline the radical topographic change inferred to have occurred



1535
1536
153638
1538
153639
1540
154640
1542
154%41
1544
154%42
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593

27
in South China between the Paleogene and the Neogene (after Wang, 2004). Yellow and green colours
represent high and low topography, respectively. MI-Mindoro block; PB-Palawan block; RB-Reed Bank;
MB-Macclesfield Bank; PI-Paracel Islands; DG-Dangerous Ground; LB-Luconia block; SCA-Sabah-

Cagayan arc.
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