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Understanding the paradoxical presence of extensive low-relief surfaces perched above deep valleys in
SE Tibet is a long-standing challenge. Its origin, based on topographic analysis, has been explained
traditionally by incision of a regional relict landscape or, more recently, by in situ formation in response
to drainage area loss feedback. Here we apply a qualitative and quantitative source-to-sink approach to
test whether either of the two mechanisms may apply by establishing potential links among detrital
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zircon provenance of the Oligocene-Miocene Pearl River Mouth Basin, drainage evolution of the Pearl
Keywords: River, and low-relief, high-elevation surface formation in the SE Tibetan Plateau margin. Our zircon
provenance record, combined with previous geochemical records from the northern South China Sea, confirms a
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significant Late Oligocene provenance shift, represented by an intensive addition of Proterozoic zircons
and a gradual negative excursion in Nd isotopes. We interpret this provenance shift as a response to

Pearl River a progressive drainage expansion of the Pearl River, evolving from relatively small rivers confined to
I;Eitgarg ppkll;tea” coastal South China in the Early Oligocene to a near-modern continental-scale drainage configuration in

the Early Miocene, which may be correlated with an earlier surface uplift of SE Tibet than previously
thought. This westward expansion process of the Pearl River favors the envisaged drainage evolution
of the relict landscape model over that of the drainage area loss feedback model, suggesting that the
Middle-Late Cenozoic low-relief, high-elevation surface formation in SE Tibet may be readily interpreted
as preserving past tectonic and environmental conditions.

© 2018 Elsevier B.V. All rights reserved.

on the previously underappreciated role of drainage dynamics in
shaping landscapes (Willett et al., 2014). In this light, Yang et al.
(2015) argued that the feedback process following local drainage
area loss, by way of divide migration and river capture, is ca-
pable of leading to an in situ, self-sustained formation of relief
reduction and surface uplift (Fig. 2b). The two mechanisms may
be complementary, but it is important to determine which one is
dominant in tectonically active regions like SE Tibet. Unfortunately,
most of these inferences are still observationally and theoretically
rooted in morphometric analysis that embeds many simplifying as-
sumptions (Robl et al,, 2017) in terms of boundary conditions and
variables (e.g., precipitation and sediment load) to describe natural
landscapes. For this reason, the interpretation of topographic met-
rics (e.g., slope-elevation distributions and yx-transformed channel
profiles) and the proposed diagnostic criteria of landscape charac-
teristics (e.g., variability in knickpoint elevations and co-planarity
of low-relief surfaces) remain controversial (Yang et al., 2015;

1. Introduction

Plate tectonics generates short-wavelength deformation at plate
margins, where rock uplift is often countered by fluvial and glacial
incisions and coupled mountain collapse, resulting in a commonly
observed elevated, rugged topography. A notable exception to this
pattern exists in the SE Tibetan Plateau where extensive areas of
low topographic relief are perched high in craggy mountain ranges
(Fig. 1), and its origin has long been puzzling. The conventional
explanation posits that these surfaces are remnants of a formerly
continuous, if complex, elevated, low-relief landscape that is un-
dergoing an initial stage of fluvial dissection, although whether the
purported relict landscape formed near sea level or at high eleva-
tion is debated (Fig. 2a; Clark et al., 2006; Liu-Zeng et al., 2008).
More recently and in contrast, there has been an emerging focus
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Whipple et al., 2017). Relict and in situ-generated low-relief, high-
elevation landscapes thus seem not to be readily distinguishable
by morphometric methods alone.
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Fig. 1. (a) Topographic map of the study area showing large rivers flowing from the SE Tibetan Plateau to the South China-Indochina margin and the localities of studied
commercial boreholes (X28 and H9) drilled in the Pearl River Mouth Basin. The previous ODP Site 1148 and IODP Site U1435 drilled close to the continental-oceanic boundary
are also shown. White and yellow shaded areas represent low-relief, high-elevation surfaces in the SE Tibetan Plateau (Clark et al., 2006) and main depressions in the Pearl
River Mouth Basin, respectively. Two black arrows between the Nanpan River and Red River trunk mark the northeastward paleocurrent directions of the Eocene fluvial
deposits (Wissink et al., 2016). (b) Simplified stratigraphic columns of boreholes X28 and H9 showing the positions of Oligocene to Middle Miocene samples analyzed in this
study and by Shao et al. (2016). (c) Geological map of the Pearl River drainage basin displaying the locations of previous modern samples collected from river courses and
near estuary (see Table S1 for compiled data and references). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

The prolonged evolution of fluvial landscapes under the com-
plex interplay of exogenic and endogenic factors may be archived
in deep-time sediment sinks (Allen, 2008). It may thus be possi-
ble to trace the origin of low-relief, high-elevation topography in
SE Tibet through the provenance data acquired from sedimentary
basins where Tibetan rivers deposit their sediment load. The most
promising river to host such topographic information for SE Ti-
bet may be the Pearl River, China’s second largest river. The Pearl
River trunk stream, Xi River, presently originates from the low-
relief plateau margin of SE Yunnan and confluences with another
two main tributaries (Bei River and Dong River) at the river mouth
emptying into the South China Sea (Fig. 1a). The understanding
regarding the Pearl River drainage evolution has initially bene-
fited from provenance studies of Ocean Drilling Program (ODP) Site
1148 (Fig. 1a) of which a negative ~2 eNd unit excursion around
the Oligocene-Miocene boundary has been interpreted to be as-
sociated with an expansion of the Pearl River drainage network
from the South China margin to the continental interior (Clift et
al., 2002). This interpretation is also supported by a growing body
of provenance data from commercial boreholes in the Pearl River
Mouth Basin (e.g., Shao et al., 2008; 2015) and International Ocean
Discovery Program (IODP) Site U1435 near the continental-oceanic
boundary (Fig. 1a; Liu et al., 2017; Shao et al., 2017). However,

the extent and evolution of the paleo-Pearl River drainage basin
are still far from being clearly outlined, mainly due to incomplete
or ambiguous characterization of source areas, inferior discrimina-
tory power of traditional provenance proxies, as well as additional
complexity from intrabasinal source supplies (Shao et al., 2016).
In this study, we employ detrital zircon U-Pb geochronology
on Oligocene-Middle Miocene strata from the northern Pearl River
Mouth Basin (Fig. 1b). This source-to-sink system is chosen for sev-
eral reasons. First, identifying the evolution of such a large fluvial
system on land is challenging due to difficulties in facies inter-
pretation and scarcity of preserved fluvial deposits whereas the
river mouth basin contains a continuous and datable sedimentary
archive. Second, in contrast to other adjacent large rivers draining
SE Tibet (e.g., Yangtze River), the lithological distribution within
the Pearl River drainage basin is relatively simple (Fig. 1c), and
the obtained provenance signatures may be easier correlated with
specific source areas. Third, compared to traditional provenance
proxies like whole-rock geochemistry, zircon U-Pb geochronology
is less sensitive to the effects of hydraulic sorting and chem-
ical dissolution, and has been shown to be more powerful in
exquisitely distinguishing different source terranes. Fourth, there
is already a large zircon age database derived from modern sed-
iments and outcropping bedrocks in the drainage basin, and re-
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Fig. 2. Schematic models illustrating formation mechanisms of low-relief, high-elevation surfaces in the SE Tibetan Plateau and corresponding hypothetical drainage evolution
of the paleo-Pearl River. (a) The relict landscape model (Clark et al., 2006; Liu-Zeng et al., 2008): the low-relief, high-elevation surface patches together constitute a formerly
continuous, regional-scale landscape that has been later reshaped by the headward-propagating incision of rivers including the upper paleo-Pearl River. (b) The area loss
feedback model (Yang et al., 2015): the present-day low-relief areas in SE Tibet may be initially drained by external drainages of the paleo-Pearl River. Subsequent drainage
area loss of these catchments via divide migration resulted in in situ surface uplift and relief reduction, along with intensified incision in surrounding capturing rivers that

are aggressively advancing into its current drainage distribution of the Pearl River.

cent advances in sediment mixture modeling (Sundell and Saylor,
2017) allow a quantitative determination of relative contributions
from each source area. In comparison to previous morphometric,
thermochronometric, and paleoaltimetric analyses centered on the
headwater region, the newly acquired provenance record is ex-
pected to present a holistic view of drainage evolution, which we
use to evaluate whether the Pearl River may provide new insights
into the low-relief, high-elevation surface formation of the SE Ti-
betan Plateau.

2. Geological setting
2.1. SE Tibet

The uplift of SE Tibet has been associated with the India-
Asia collision and convergence since the Early Cenozoic (Yin and
Harrison, 2000; Li et al, 2017), and explained as a consequence
of either rigid block extrusion (e.g., Tapponnier et al., 2001), or
internal deformation including ductile crustal flow in restricted
zones and vertically coherent lithospheric deformation (e.g., Clark
and Royden, 2000; Wang et al.,, 2008), or a combination thereof
(e.g., Liu et al, 2014). The uplift history of SE Tibet, despite
decades of research, proves difficult to unequivocally reconstruct.
Rapid exhumation starting around 10-15 Ma, documented by low-
temperature thermochronology in river gorges dissecting SE Tibet,
is often inferred to mark the onset of fluvial incision and plateau
growth (Clark et al., 2005; Ouimet et al., 2010). The growing recog-
nition of Oligocene-Early Miocene rapid cooling episodes also hints
at the possibility of earlier periods of exhumation (e.g., Wang et al.,
2012; Shen et al,, 2016; Wang et al., 2016). However, there is likely
a considerable time lag between tectonic exhumation and surface
uplift, and in view of changing climatic conditions, river incision
may not be a reliable proxy to date the inception of regional to-
pographic rise (England and Molnar, 1990). Recent stable isotope
paleoaltimetry results suggested that the elevated Tibetan Plateau
already expanded southeastward to NW Yunnan in the Eocene, and
the plateau margin of SE Yunnan likely attained its near-modern
elevation of 1.6 km no later than the Middle Miocene (Hoke et

al,, 2014; Li et al., 2015). These isotope-based paleoelevation esti-
mates, despite large methodological uncertainties and low spatial
and temporal resolution, may be still reliable (Li and Garzione,
2017).

2.2. Pearl River Mouth Basin

Prolonged extension along the South China margin since the
Late Cretaceous resulted in the formation of a series of the Pa-
leogene rift basins in southeastern South China and the northern
South China Sea (Morley, 2016). The earliest rifting in the north-
ern part of the Pearl River Mouth Basin, manifested by the de-
velopment of fault-bounded half-grabens and asymmetric grabens,
was initiated during the Late Paleocene (Fig. 3). The overlying
Paleocene-Eocene syn-rift sequences are generally characterized by
fluvial and lacustrine facies with occasional volcaniclastic interca-
lations (Zhao et al., 2009; Wang et al., 2017). Following the onset
of the South China Sea spreading at ~33 Ma (Li et al., 2014), the
Oligocene deposition in the Pearl River Mouth Basin was domi-
nated by sandstones of transitional facies. Extensive seismic and
borehole data acquired from previous commercial and scientific
drilling expeditions on the northern South China Sea margin have
revealed that a significant unconformity spanning 2.5-3 Ma marks
the initiation of the post-rift stage after the Late Oligocene (Pang
et al., 2009). During the Neogene, the Pearl River Mouth Basin was
dominated by a carbonate platform-continental shelf-deltaic envi-
ronment (Fig. 3).

3. Provenance hypotheses
3.1. Hypothetical drainage evolution

The possible patterns of propagation of topographic signals and
drainage evolution of the Pearl River in the context of two end-
member mechanisms of low-relief upland formation are envisaged
as follows to assess the distinguishability of corresponding prove-
nance scenarios and to facilitate the subsequent definition of po-
tential source areas.
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Fig. 3. Schematic stratigraphic column of the northern Pearl River Mouth Basin
(modified from Zhao et al., 2009).

In the relict landscape model, the low-relief surfaces in SE Ti-
bet would form as a slowly eroding peneplain near sea level in the
Early Cenozoic before the Late Cenozoic regional-scale uplift (Clark
et al,, 2006). Alternatively, Liu-Zeng et al. (2008) proposed that the
topographic flatness of this region may have been produced in a
similar manner to that of central Tibet, i.e., by diachronous bevel-
ing at high elevation. Either way, the relict landscape model gen-
erally assumes that the formation of low-relief surfaces precedes
river dissection, which in the paleo-Pearl River case represents a
westward expansion of its drainage area into the plateau margin
by headwater erosion (Fig. 2a).

The recent area loss feedback model (Yang et al., 2015) sug-
gests that the initial state of low-relief surfaces tends to moun-
tainous and externally drained where subsequent drainage area
loss in response to external forcings may lead to a cascading de-
crease in water discharge and sediment supply, along with in situ
relief reduction and surface uplift. By contrast, capturing rivers
bounding these continuously modified victim drainage basins are
aggressively advancing into their present-day trunk drainage net-
works (Fig. 2b). This feedback in the paleo-Pearl River case would
likely be expressed in terms of progressive divide migration rather
than punctuated river capture. On the one hand, the long-debated,
regional-scale drainage reorganization between Yangtze and Red
rivers almost never involves an intervention of change in the
paleo-Pearl River drainage area (e.g., Clift et al., 2006; Zheng et al.,
2013). Recent paleocurrent measurements of fluvial conglomerates
from between the Nanpan River and Red River trunk also sup-
ported that the divide between the Pearl and Red river catchments
already existed since the Eocene (Fig. 1a; Wissink et al., 2016).
On the other hand, although the northwesternmost South China
Sea has been sometimes supposed to be an earlier sink of rivers
flowing from the plateau margin (e.g., Hoang et al., 2009), the
possibility of this sediment routing system is limited by the pre-
Cenozoic Shiwandashan Structural Belt acting as a barrier (Fig. 1c).
Thus, during the function of area loss feedback the plateau margin

is expected to be continuously drained by the paleo-Pearl River,
and prior to the initiation of this feedback the headwater paleo-
Pearl River may have rather drained areas of the Emeishan region
and Chuandian Fragment than presently observed (Figs. 1 and 2b).

Taken together, the above two models assume an overall ex-
pansion or contraction of the Pearl River drainage network, which
may be readily distinguished by provenance data from the Pearl
River Mouth Basin. Meanwhile, both models require tectonic per-
turbations to cause regional uplift of SE Tibet concurrent with
or prior to either the initial river incision (Clark et al.,, 2006;
Liu-Zeng et al., 2008) or the onset of area loss feedback (Yang et al.,
2015). Thus, the expected provenance shift in response to drainage
evolution of the Pearl River may provide a minimum estimate of
the timing of uplift in headwater areas.

3.2. Defining potential sources

Unlike previous provenance studies of the South China Sea re-
gion that usually defined the different source areas on a plate or
subplate scale, this study investigates published zircon age data
from the Pearl River drainage basin (Fig. 4; Table S1) to consider
lithological heterogeneity and structural complexity within South
China. Age data of zircons from modern drainage sediments are
preferred to those from bedrocks because the former provide a
time-averaged estimate of magmatic events present at a hundreds-
of-kilometers scale, whereas the latter tends to be biased by sam-
pling strategy, preservation potential, and exposure. Meanwhile, we
mainly focus on samples from upper reaches and major tributaries
to avoid the downstream mixture of zircon grains. The traditional
visual inter-sample comparison of kernel density estimation (KDE)
spectra and histograms is further aided by the dimension-reducing
technique multidimensional scaling (MDS). The MDS dissimilarity
is calculated as the cross-correlation coefficient for KDE spectra
and the Kolmogorov-Smirnov (K-S) test statistic for cumulative
distribution functions (Saylor and Sundell, 2016), and both two
metrics yield a largely consistent pattern of relative similarities
among most samples (Fig. 5). By grouping the samples with similar
age signatures and linking them to regional lithological distribu-
tions and magmatic events, seven diagnostic potential provenances
are accordingly defined (Fig. 6). Noteworthy is that these source
areas are generally in accordance with the distribution of major
tributaries.

The Bei and Dong rivers drain eastern Cathaysia where out-
cropping bedrocks are dominated by the Yanshanian (70-190 Ma)
granites (Fig. 1c). The Dong River Provenance (samples P1 and
R12) is characterized by two strong age peaks at ca. 160 Ma and
ca. 450 Ma as well as a population of Triassic and Cretaceous ages
(Fig. 6). Although the upstream Bei River sample (S20), due to
insufficient zircon analyses, is separate from the downstream sam-
ples (521 and R10) in the MDS maps (Figs. 4 and 5), the overall
age signature of the Bei River Provenance differs from that of the
Dong River Provenance with fewer Caledonian (400-500 Ma) and
late Yanshanian populations (Fig. 6).

As tributaries to the middle Xi River, the Liu and Gui rivers
are derived from the western segment of the Jiangnan Orogen
that is a Neoproterozoic accretionary orogenic belt associated with
the Yangtze—Cathaysia collision (Lehrmann et al., 2015) and down-
stream flow through the Paleozoic terranes (Fig. 1c). Samples R6,
102, and 105 are clearly grouped in the MDS plots (Fig. 5), rep-
resenting the Liu River Provenance characteristic of a strong age
peak at ca. 790 Ma (Fig. 6). By contrast, the Gui River Prove-
nance (samples R8 and 501) displays a dominant Early Neopro-
terozoic cluster peaking at ca. 970 Ma as well as a percentage
of Paleo-Mesoproterozoic and Late Neoproterozoic-Early Paleozoic
ages (Fig. 6).
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The upper Yu River, consisting of You River and Zuo River,
drains the SE Youjiang Basin (Nanpanjiang Basin) that is mainly
filled by Upper Paleozoic carbonates and Triassic deep marine tur-
bidites (Fig. 1c). Zircons from the You River Provenance (samples
R4 and 906) are generally dated with Caledonian and Hercynian
(250-350 Ma) ages peaking at ca. 465 Ma and ca. 270 Ma, respec-
tively (Fig. 6). By contrast, samples R5 and 903 from the adjacent
Zuo River Provenance show fewer Caledonian ages and a higher
percentage of Paleoproterozoic, Indosinian (200-250 Ma), and early
Yanshanian ages (Fig. 6); the distinct presence of these Meso-
zoic zircons can be well correlated with the extensive Jurassic—
Cretaceous strata and Indosinian granites outcropping along the
Shiwandashan Structural Belt to the south (Fig. 1c).

R1
©" R120 DRP
£P1

Upper‘Hongshui‘ River
Provenance (UHRP) :
R1, R2 (n=110) ! ! 129
Zhao et al. (2015) | | 6
| 3 ; 55
Liu River Provenance (LRP) 41+
R6, 102, 105 (n=267) i 27
Zhao et al. (2015); Liu et al. (2017) 13-
H : N —
3 i i 57
424
R4, 906 (n=201) | i 28+
Zhao et al. (2015); Llu etal. (2017) 14-
: J\L e
1 * | S
| Zuo River Provenance (ZRP) 33+
i R5,903 (n=204) | 20
! Zhao et al. (2015); L/u etal. (2017) 114
j 1860\
970 3 | ; 31
|\ GuiRiver Provenance (GRP) 234
I\ R8,501 (n=187) | i 154
.\ Zhao et al. (2015); Llu etal. (20173 7-
] : : 31
| Bei River Provenance (BRP) 23
i R10, 820, S21 (n=85) i 15-
! Xu et al (2007); Zhao et al. (2015) 7-
el _L ! .
1 1 | 40
3 30
I R12,P1 (n= 160) | i 20+
! Zhao et al. (2015); Liu et al. (2017) 104
e - |
1000 1500 2000 2500 3000
Age (Ma)

Fig. 6. Topographic map schematically showing seven defined potential provenances
areas (colored circles) along with their zircon age signatures shown as kernel den-
sity estimation (KDE) spectra and histograms. The present-day low-relief, high-
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The Beipan and Nanpan rivers, constituting the headwater Xi
River, drain the NW Youjiang Basin (Fig. 1c), and their age dis-
tributions contrast with that of the You River with the existence
of more Proterozoic populations (Fig. 4). Farther west and north,
the Emeishan Large Igneous Province and Chuandian Fragment, al-
beit lithologically and geochronologically distinguishable (Fig. 1c),
are not defined as individual provenances in Fig. 6, because for a
prolonged geologic history they have been topographic highs sup-
plying siliciclastic sediments to western Yangtze (Yang et al., 2014;
Lehrmann et al., 2015) and their age signatures tend to be masked
by that of bedrocks in the NW Youjiang Basin. Instead, we include
the age data of samples R1 and R2 to generally characterize the
Upper Hongshui River Provenance (Fig. 6).
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Although age signature of bedrocks exposed along the lower Xi
River cannot be identified using our strategy for data selection and
subdivision of provenance areas, the comparable lithological dis-
tribution between the lower Xi River trunk and eastern Cathaysia
(Fig. 1c) suggests that provenance contribution from the lower Xi
River may be indirectly reflected by a combination of Bei River
Provenance and Dong River Provenance (Fig. 6). This inference is
supported by the local provenance signature observed in sample
R11 near the Xi river mouth, where the zircon age distribution pat-
tern is clearly different from that of other samples (P7, R9, SYO1,
and P4) from the lower Xi River but similar to that of the Dong
River samples (Figs. 4 and 5). For this reason, the Yunkai Massif,
bordering the lower Xi River catchment, is not defined as an indi-
vidual provenance.

4. Samples and methods

8 sandstone samples from boreholes X28 and H9 in the north-
ern Pearl River Mouth Basin were collected (Fig. 1). Their strati-
graphic ages were based on unpublished seismic and paleontolog-
ical data from China National Offshore Qil Corporation (CNOOC).
Due to the relatively limited resolution and precision of age mod-
els in commercial boreholes, the studied samples were assigned to
four stratigraphic intervals, i.e., Lower Oligocene, Upper Oligocene,
Lower Miocene, and Middle Miocene.

U-Pb dating was performed by laser ablation-inductively cou-
pled plasma-mass spectroscopy (LA-ICP-MS) in the State Key Lab-
oratory of Marine Geology of Tongji University, China. The instru-
mentation comprises a Thermo Elemental X-Series ICP-MS coupled
to a New Wave 213 nm laser ablation system, and detailed analyt-
ical procedures are described by Shao et al. (2016). Cathodolumi-
nescence images were used to locate analytical spots (20-30 pm)
in zircon oscillatory zoning. U-Th-Pb isotopic ratios were calcu-
lated using ICPMSDataCal (Liu et al., 2009) followed by the com-
mon Pb correction method of (Andersen, 2002). The accepted ages
were selected from a subset of both <10% discordance and <10%
uncertainty (1o), wherein the 2%Pb/233U and 207Pb/2%6Pb ages
were adopted for zircons younger and older than 1000 Ma, respec-
tively. Age distributions are visualized as histograms (bin width =
50 Ma) and KDE spectra (adaptive bandwidth <30 Ma).

5. Results

The U-Pb age results of eight analyzed samples (Table S2) along
with previous data of two Oligocene samples from borehole X28
(Shao et al., 2016) are graphically shown in Fig. S1, which shows
a certain degree of intra-stratal variation in zircon age signa-
tures especially in the Upper Oligocene and Lower Miocene strata.
Considering that within each stratum the zircon age distribution
patterns of the stratigraphically highest and lowest samples are
largely comparable, and that the intra-stratal variations are mostly
expressed by the different percentage rather than the appearance
or disappearance of major age clusters, we tentatively grouped
the samples according to their corresponding stratigraphic posi-
tions (Fig. 7). Published age data of Paleogene strata from several
commercial boreholes further south are not included here to avoid
the potential complexity of intrabasinal provenances (Shao et al.,
2016) as well as the significant bias of inter-borehole comparison
induced by a limited number of analyzed zircons (typically around
20-30) in each sample (e.g., Wang et al., 2017).

Due to strong anthropogenic disturbances since the Late Holo-
cene, the modern Pearl River has been considered not representa-
tive of a modern analog for understanding controls on erosion and
weathering in the geologic past (e.g., Hu et al., 2013); however, zir-
con grains are generally transported as bedload and their residence
times in continental-scale drainage basins have been estimated to
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Fig. 7. Comparison of zircon U-Pb ages from Oligocene-Middle Miocene strata of
boreholes X28 and H9 in the northern Pearl River Mouth Basin as well as modern
coastal sediments near the river mouth. n—number of concordant analyses.

be mostly on the order of thousands of years (e.g., Hoang et al.,
2010; Clift and Giosan, 2014), and the extent of human-disturbed
drainage networks tends to be limited. Thus, published U-Pb ages
of marine surface sediments near the river mouth (sample S2-5;
Fig. 1c; Zhong et al,, 2017) are useful as a reference of zircon con-
tributions from the near-modern Pearl River and are compared in
Fig. 7.

The main clusters of zircon crystallization ages do not vary
much between the Lower and Upper Oligocene strata, mainly com-
posed of Yanshanian ages and subordinately Indonesian and Cale-
donian ages as well as scattered Proterozoic ages (Fig. 7). While
the recognizable spectra of three Phanerozoic groups, albeit with
some minor changes in relative magnitudes and age peaks, con-
tinue stratigraphically upward, the average relative percentage of
500-3000-Ma ages feature an overall increasing trend, from 28.3%
in Oligocene strata to 45.5% in Miocene strata to 51.7% in mod-
ern sediments. Moreover, the common Proterozoic age peak at
ca. 950 Ma in both Lower Miocene strata and modern coastal sed-
iments is nearly absent in Middle Miocene strata.

6. Discussion
6.1. Provenance interpretation and drainage evolution

The age signatures between Oligocene to present sediments
from the northern Pearl River Mouth Basin and the earlier de-
fined source areas (Figs. 6 and 7) are compared to investigate
the detrital zircon provenance evolution of the region. A newly-
developed, Monte Carlo-based sediment unmixing approach for
detrital geochronological data (Sundell and Saylor, 2017) is also
adopted here to quantify mixing proportions of potential sources
(Fig. 8), which, compared to taxonomic categorizations like MDS
analysis, is more powerful in conveying the possible drainage con-
figuration. The desired mixing coefficients are obtained according
to the best values computed from quantitative comparisons be-
tween observed and modeled zircon age distributions of sedimen-
tary records. To avoid overreliance on any single goodness-of-fit
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Fig. 8. Mixture combinations of defined potential provenances for the Oligocene-Middle Miocene Pearl River Mouth Basin and the modern river mouth, generated by the
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reported at 1o level of uncertainty (see Table S3 for details). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

metric, both cross-correlation coefficient (R2?) and K-S test statistic
(D) are implemented in the modeling. It should be noted that this
unmixing approach still suffers from large external uncertainties
likely induced by inappropriate choice of bandwidth for age fre-
quency distributions, small sample size of particular age datasets,
and poor characterization of source areas. Thus, the provenance
interpretation and drainage evolution presented below are con-
strained not only by visual and model-based inspections of age
data but also by geological plausibility.

6.1.1. Pre-Oligocene and Early Oligocene
During the Late Paleocene-Eocene, the South China margin un-
derwent a prolonged period of widespread extension and conti-

nental rifting, forming several rift basins including the Pearl River
Mouth Basin (Morley, 2016). The intensive faulting and episodic
volcanism of the region would likely restrain the development of
a continuous, large-scale river system. The Eocene syn-rift sedi-
ments sporadically drilled in the Pearl River Mouth Basin (Shao
et al,, 2016; Wang et al, 2017) and further south close to the
continental-oceanic boundary (Liu et al.,, 2017; Shao et al., 2017)
have been interpreted to be derived from the preexisting arc-
related rocks of intrabasinal source terranes because of dominant
Late Mesozoic ages of detrital zircons therein.

The fluvial provenance from the ancestral Pearl River was prob-
ably initiated as early as in the late Early Oligocene as suggested by
a large set of southward-prograding deltaic sequences observed in
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Fig. 9. Schematic reconstructions for the Oligocene-Middle Miocene drainage evo-
lution of the Pearl River in response to the landscape evolution of the SE Ti-
betan Plateau, superimposed on the modern topographic map. (a) During the Early
Oligocene, sediments in the northern Pearl River Mouth Basin (yellow shaded ar-
eas) were mainly sourced from small rivers (blue lines) draining eastern Cathaysia,
as represented by arrows pointing from the river mouth to the studied borehole
X28. Meanwhile, SE Tibet was likely dominated by a low-relief, high-elevation to-
pography (white shaded areas). (b) While rivers in eastern Cathaysia continued to
be the major provenances of the northern Pearl River Mouth Basin during the Late
Oligocene, the western tributaries of the paleo-Pearl River were rapidly initiated by
incision into the plateau margin and potentially supplied a growing amount of sed-
iments eroded from inland South China. (c) By the Early Miocene, a near-modern
drainage configuration of the paleo-Pearl River may have been established and the
formerly continuous landscape in SE Tibet may have been significantly incised into
a mosaic of low-relief, high-elevation surface patches. Note the provenance of the
Middle Miocene strata in borehole H9 was different from that of the Lower Miocene
strata in borehole X28 likely due to local contributions from eastern Cathaysia. (For
interpretation of the colors in this figure, the reader is referred to the web version
of this article.)

offshore seismic data (Pang et al., 2009) and well-rounded zircon
shapes found in sample X28-2 (Shao et al., 2016). The most likely
provenance of the Lower Oligocene strata is granite-dominated
coastal South China (Fig. 9a; Shao et al, 2016) because the high
percentage of Yanshanian zircons in association with the sporadic
occurrence of Proterozoic zircons in sample X28-2 are exclusively
found in Bei River Provenance and Dong River Provenance (Figs. 6
and 7). The Monte Carlo model results also show that a combi-
nation of the two provenances can explain the majority (average
82.5% and 89.8% for R?-based and D-based models, respectively;
Table S3) of zircon age distribution in the Lower Oligocene. As the
zircon age signature of Bei River Provenance may overlap with
that of Dong River Provenance (Fig. 6), a disparity in their in-
dividual contribution between two goodness-of-fit metrics is not

unexpected (Fig. 8). By contrast, the average mixing proportions
for other sources are generally less than 5% (Table S3), indicating
that the drainage area of a paleo-Xi River, if existed, would likely
be limited at that time (Fig. 9a).

6.1.2. Late Oligocene and Early Miocene

Although the overall age signatures between Upper Oligocene
and Lower Oligocene strata appear visually similar (Fig. 7), two dis-
tinct mixture scenarios are indicated by the Monte Carlo modeling
(Fig. 8). While in the D-based model the strongly dominant con-
tributions from Bei River Provenance and Dong River Provenance
continued through the Oligocene, the R2-based model yields a
small increase in relative contributions from Upper Hongshui River
Provenance, You River Provenance, and Zuo River Provenance (Ta-
ble S3). We favor the latter scenario because the Late Oligocene
addition of provenances farther inland South China would sup-
ply more crustally evolved detritus eroded from Proterozoic-Lower
Mesozoic bedrocks to the northern South China Sea, which is con-
sistent with not only the conspicuous abundance of Proterozoic
zircons found in sample X28-9 (Fig. S1) but also the onset of a neg-
ative Nd isotopic excursion observed in contemporary sediments
from the Pearl River Mouth Basin (Shao et al., 2008) and ODP Site
1148 (Clift et al., 2002; Li et al., 2003). Although drainage networks
connecting inland source terranes cannot be exactly determined,
the generally low contributions from Upper Hongshui River Prove-
nance (6.2 =+ 6.8%) and You River Provenance (7.9 + 7.7%) suggest
that the paleo-Xi River probably originated from the eastern mar-
gin of the Youjiang Basin (Fig. 9b).

Along with the rift to post-rift transition of the northern South
China Sea margin between Late Oligocene and Early Miocene
times, the northern Pearl River Mouth Basin was dominated by a
continental shelf to deltaic environment (Fig. 3; Zhao et al., 2009).
The occurrence of a large percentage of Proterozoic zircons, es-
pecially those dated around 500-1000 Ma, in the Lower Miocene
strata of borehole X28 (Fig. 7), when compared against the age
signatures of potential sources (Fig. 6), suggests the possibility of
a significant sediment supply from Upper Hongshui River Prove-
nance, Liu River Provenance, and Gui River Provenance. The two
modeled mixture scenarios are largely similar (Fig. 8), with the av-
erage individual contribution from a combination of Upper Hong-
shui River-Liu River-You River-Zuo River-Gui River provenances
showing a range of from 8.2% to 13.3% in the R%-based model and
from 7.4% to 14.3% in the D-based model (Table S3). Moreover,
despite different goodness-of-fit metrics implemented, a compari-
son of model results between Upper Oligocene and Lower Miocene
strata consistently reveals a continuous rise in contributions from
Upper Hongshui River Provenance and You River Provenance as
well as a new addition of Liu River Provenance and Gui River
Provenance. Thus, during the Early Miocene, the paleo-Xi River
drainage basin had probably already expanded northward to the
Jiangnan Orogen and westward towards the western Youjiang Basin
(Fig. 9c). The total provenance contribution of extensively drained
inland South China was of a similar level as that of coastal South
China (Table S3).

6.1.3. Middle Miocene and present

The Monte Carlo model for the Middle Miocene strata of bore-
hole H9 yields different mixture scenarios (Fig. 8; Table S3): in the
R2-based type the best-fit combination is mainly composed of Bei
River Provenance (35.1 £+ 13.7%) and Dong River Provenance (38.0
+ 11.4%) and subordinately Liu River Provenance (9.5 + 6.2%) and
Zuo River Provenance (8.2 £ 6.8%); in the D-based type the mixing
proportion of Dong River Provenance (61.1 £ 3.6%) is much higher
than that of the other provenances (average between 4.9% and
8.7%). Despite this difference, these model results, when compared
to the case of Lower Miocene, consistently show a strongly en-
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hanced Dong River Provenance and decreased contributions from
Upper Hongshui River-You River-Gui River provenances (Table S3).
An intuitive interpretation is a major drainage reorganization of the
paleo-Pearl River occurring between Early and Middle Miocene;
however, the dramatic loss of preexisting headwater drainage ar-
eas in the Youjiang Basin region would be in contradiction to the
roughly unchanged &Nd value observed within the Lower-Middle
Miocene strata from the northern South China Sea (Li et al., 2003;
Shao et al., 2008). Alternatively, this inter-stratal variation in zircon
age signatures (Fig. 7) may represent a different spatial response to
the paleo-Pearl River provenance. As borehole H9 is located closer
to the eastern Cathaysia margin than borehole X28, a strong local
influence of the Dong River Provenance would likely dilute rela-
tive source contributions from inland South China to the Middle
Miocene Pearl River Mouth Basin (Fig. 9c).

The Monte Carlo model for modern coastal sediments near
the river mouth yields a good fit with average R? and D values
of 0.917 and 0.058, respectively (Fig. 8), but we caution against
the geological reliability of modeled source contributions. In the
R?-based model, the negligible contribution from Liu River Prove-
nance (2.8 + 2.2%) and appreciable contribution from Gui River
Provenance (14.5 £ 7.1%) (Table S3) seem incongruent with the
fact that the current watershed area and average annual discharge
of Gui River are about three times lower than those of Liu River
(Fig. 1a). In the D-based model, the contribution from Zuo River
Provenance (19.5 + 6.5%) is abnormally high compared to those
from Upper Hongshui River Provenance (6.6 + 6.5%) and You River
Provenance (7.1 £ 6.4%) (Table S3), which is apparently biased by
the similarity of age distributions between coastal sample S2-5
and Zuo River samples 903 and R5 as shown in the MDS map
(Fig. 5b). In addition, the model results tend to suffer from the very
fine grain-size class of sample S2-5 (Zhong et al., 2017) where zir-
con is generally found in low concentrations and age data from in-
sufficient zircon analyses are somewhat scattered (Fig. 7). Despite
these misrepresentations, it is noteworthy for a visual comparison
of compiled age data between Lower Miocene strata and modern
coastal sediments that their KDE patterns are largely comparable,
with common age clusters peaking at ca. 160 Ma, ca. 240 Ma,
ca. 440 Ma, and ca. 950 Ma (Fig. 7). Thus, it is possible that the
Pearl River has retained a near-modern configuration of drainage
networks since the Early Miocene, and this interpretation is com-
patible with the previous Nd isotopic data (Clift et al., 2002;
Shao et al., 2008).

6.2. Low-relief, high-elevation surface formation

6.2.1. Oligocene surface uplift

The provenance shift associated with drainage evolution be-
tween Late Oligocene and Early Miocene is explicitly manifested,
visually in zircon age distribution patterns of KDEs and histograms,
and numerically in unmixing models. Due to limited sampling
space, this study lacks the ability to definitively estimate the vari-
ation tendency of zircon age signatures within each stratum. Nev-
ertheless, previous densely sampled geochemical and Nd isotopic
data from the northern South China Sea generally revealed a small-
scale variability in provenance proxies within Lower Oligocene
and Lower-Middle Miocene strata but a gradual, appreciable shift
within Upper Oligocene strata (Li et al., 2003; Shao et al., 2008),
pointing to the possibility that the westward expansion of the
Pearl River drainage basin was a short-lived process that occurred
in Late Oligocene time.

Although we should not ignore the role of climatic reorganiza-
tion around the Oligocene-Miocene boundary in regulating indi-
vidual provenance contributions, the Late Oligocene addition of in-
land provenances and the Cenozoic crustal thickening and growth
of SE Tibet may be relevant in suggesting an underlying tectonic

driver for the Pearl River drainage expansion. As the generation
and propagation of topographic signals appear to predate or be
coeval with the preservation of provenance signals in sedimen-
tary records, the surface uplift of SE Tibet margin, according to
our zircon provenance data, must have occurred as early as dur-
ing the Late Oligocene. This minimum estimate, together with the
Eocene near-sea-level paleoaltimetry reconstruction of SE Yunnan
(Hoke et al., 2014), constrain the provenance shift-associated uplift
initiation in SE Tibet margin to the Oligocene, which is consis-
tent with the timing of drainage reorganization between Yangtze
and Red rivers proposed by Clift et al. (2006) and Zheng et al.
(2013). Coeval rapid exhumation has also been sporadically re-
ported in thermochronometric studies conducted in this region
(Wang et al., 2012; Shen et al., 2016; Wang et al., 2016). Whether
these Oligocene topographic growth events are correlated as rep-
resenting a regional-scale tectonic perturbation or are only locally
generated is still uncertain, but it is becoming increasingly clear
that the uplift of SE Tibet was not a single stage concentrated
in Late Cenozoic as previously envisaged (e.g., Clark et al., 2005;
Ouimet et al., 2010). The high topography of SE Tibet might already
have been established during the Eocene, extending southeastward
from central Tibet to as far as 25-26°N (e.g., Hoke et al,, 2014;
Li et al.,, 2015; Linnemann et al., 2017).

Apart from SE Tibet, our provenance data also record an ad-
dition of contributions from Liu River Provenance and Gui River
Provenance between Late Oligocene and Early Miocene (Figs. 9b
and 9c¢), which may be associated with a Cenozoic uplift and reac-
tivation of the western Jiangnan Orogen.

6.2.2. Relict or in situ-generated low relief?

Based on the provenance interpretations of the Pearl River
Mouth Basin presented above, the paleo-Pearl River drainage basin
was initiated first in eastern Cathaysia during the Early Oligocene
and then actively propagated towards the inland region of South
China (Fig. 9). By the Early Miocene, the areas sandwiched between
the upper Yangtze and Red Rivers in the SE Tibetan Plateau margin
may have been extensively drained by the paleo-Pearl River, and
this drainage pattern may continue into the Middle Miocene. The
drainage expansion process is compatible with the relict landscape
model and accordingly excludes the applicability of the model in-
volving drainage area loss feedback during the time periods we
investigated. Thus, before the rapid development of the paleo-Xi
River between Late Oligocene and Early Miocene, a formerly con-
tinuous, if complex, low-relief landscape may already have existed
in SE Tibet (Fig. 2a).

The functioning of the relict landscape model generally requires
a regional relative base-level fall of drainage basins in SE Tibet. An
intuitive explanation is that SE Tibet was a slowly eroding pene-
plain during the Early Cenozoic before being warped upward in
the Middle-Late Cenozoic, e.g., by lower crustal flow away from
central Tibet and SE Tibetan crust inflation (Clark et al., 2006;
Ouimet et al., 2010). In this case, the Oligocene uplift initiation
interpreted above may have directly triggered the relative base-
level fall and rapid fluvial incision into a developing plateau mar-
gin. Alternatively, the elevated, high-relief mountain ranges formed
by Oligocene crustal shortening and lateral extrusion were first
beveled by an internal drainage smoothing process before a subse-
quent integration of external drainages (i.e., paleo-Xi River) across
the plateau margin (Tapponnier et al., 2001; Liu-Zeng et al., 2008).
However, this question of whether surface uplift or low-relief to-
pography was produced first cannot be resolved by our present
provenance data, and still requires high spatial and temporal res-
olution measurements of paleoaltimetric and thermochronometric
records.

Unfortunately, the detrital zircon record of Upper Miocene-
Pliocene strata in the Pearl River Mouth Basin is missing in our
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study and the acquired age data from Middle Miocene strata tend
to be biased by proximal provenance contributions, which renders
the Late Cenozoic drainage evolution of the Pearl River subject to
future research. As pointed out by Yang et al. (2015), a regional
increase in uplift rate would be expected to accompany the short-
ening required for the initiation of drainage area loss feedback.
Based on our current data, it is indeed possible that western trib-
utaries of the Pearl River already dissected the westernmost You-
jiang Basin or, farther inland, the Chuandian-Emeishan region dur-
ing the Early-Middle Miocene (Fig. 2b) followed by a progressive
contraction of headwater drainage basins during the Late Ceno-
zoic, and if so, the area loss feedback model would still come into
play. However, this possibility may be less likely because of the
following considerations independent of the morphometric criteria
of Whipple et al. (2017). First, the zircon age signature of modern
coastal sediments is comparable to that of Lower Miocene strata
from the Pearl River Mouth Basin (Fig. 7), rather than displaying an
appreciable percentage decrease in Hercynian and Neoproterozoic
age clusters that typically characterize the source terranes in SE
Tibet (Fig. 6), indicating a near-modern configuration of drainage
networks since the Early Miocene. Second, the prolonged, episodic
surface uplift and river incision into the plateau margin, at least
including an initial uplift during the Oligocene suggested by our
provenance data and a regional-scale uplift during the Late Ceno-
zoic suggested by previous thermochronometric data (Clark et al.,
2005; Wang et al,, 2012), tend to induce a progressive entrench-
ment of the already developed upper paleo-Xi River (Figs. 9b and
9c) into deep gorges, making a subsequent loss of these drainage
areas by divide migration very difficult. Third, because of a nearly
ten-fold difference in short- and long-term erosion rates on low-
relief surfaces and in incised gorges of SE Tibet (Whipple et al.,
2017), the migration of drainage divides driven by trunk-stream
incision is expected to be substantially faster than the rate of low-
ering of hill slopes in the captured catchments. This potential inef-
ficiency in relief reduction, and in view of the localized crustal de-
formation due to ongoing India-Asia convergence (Li et al., 2017)
and the relatively short duration of potential area loss feedback
during the Late Cenozoic, tends to restrain the frequency and mag-
nitude of such in situ-produced topography. Fourth, in a regional
context, if the Neogene drainage dynamics had played a dominant
role in shaping the topography of SE Tibet, sedimentary archives
from other large external fluvial systems would have recorded cor-
responding changes. The almost unchanged provenance signatures
from lower reaches of both Yangtze River and Red River, however,
suggest the continental-scale drainage systems connecting the Ti-
betan Plateau to the China seas have achieved a relatively stable
configuration at least since the Miocene (e.g., Clift et al., 2006;
Zheng et al., 2013).

7. Conclusions

Much current debate over the origin of low-relief, high-eleva-
tion landscapes in SE Tibet centers on the implementation and
interpretation of morphometric analyses. This study aims to test
the relevant formation mechanisms from a new provenance per-
spective by establishing causal relationships among provenance
signature of the northern Pearl River Mouth Basin, drainage evo-
lution of the Pearl River, and landscape change of inland South
China.

Qualitative and quantitative comparisons of detrital zircon U-Pb
age data between defined source terranes and Oligocene-Middle
Miocene basin samples confirm a significant provenance shift
event in response to drainage network expansion of the Pearl River.
The northern and eastern tributaries of the ancestral Pearl River
may be initiated first in eastern Cathaysia as early as in the Early
Oligocene, followed by a progressive development of the western

tributaries during the Late Oligocene. A near-modern drainage con-
figuration may have been retained since the Early Miocene with
the Liu and Gui rivers draining the Jiangnan Orogen and the Hong-
shui and Yu rivers draining the Youjiang Basin. It should be noted
that this drainage reconstruction is only representative of zircon
contribution, and its potential validity in other provenance metrics
still requires additional restrictions on e.g., zircon fertility of source
terranes and chemical and isotopic fractionations.

The provenance shifts well documented in the ocean basin
along with the paleoaltimetry reconstructions sporadically con-
ducted in SE Tibet constrain an Oligocene start of surface uplift in
the plateau margin, earlier than the Late Cenozoic regional-scale
exhumation as previously envisaged. Meanwhile, the Oligocene-
Miocene drainage expansion process of the Pearl River indicates
that the dominant formation mechanism of peculiar topography in
SE Tibet likely involves the fluvial incision into a preexisting el-
evated, low-relief landscape, instead of the simultaneous in situ
relief reduction and surface uplift in response to a self-sustained
feedback from drainage area loss. Admittedly, this interpretation
somewhat suffers from the problem of lack of zircon record of
Upper Miocene-Pliocene strata, and still needs to be verified by
future investigations of a more continuous and expanded sedimen-
tary record. However, this paper highlights the value of provenance
analysis in characterizing the low-relief, high-elevation surface for-
mation, which can be readily applied to the regions other than SE
Tibet.
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