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The uplift of Tibet Plateau and the marginal sea spreading have had important influence on the tectonic, landform
and drainage system in East Asia, although the marginal sea spreading in shaping the topography and drainage re-
organization in East Asia has been still controversial. Here we present U-Pb age and Hf isotopic composition of de-
trital zircongrains fromCenozoic sedimentary rocks in Taiwan tounderstandhow theprovenance and river systems
evolved. Our data show that the U-Pb age spectra of detrital zircon grains in Paleogene sandstones are dominated by
Yanshanian (180–67Ma) zircon grains andwith subordinate or nil Proterozoic and Archean zircon grains. These re-
sults are in contrast to those inMiocene rocks that are dominated by the Indosinian (257–205Ma) zircon grains to-
gether with Yanshanian, Proterozoic and Archean population. The initial Hf isotope ratios [εHf(t)] of the zircon
grains also display systematic change in Paleogene and Neogene strata. Our data demonstrate that the Hsuehshan
Range and Western Foothills in Taiwan have the same sedimentary sources. The source region of Paleogene strata
was mainly located at the coast in southeast China and migrated inland over time. The source might have reached
the Lower Yangtze region during earlyMiocene. Although themechanism of transport of sediments from the Lower
Yangtze region to Taiwan is unclear, we speculate that the Minjiang River might have been larger in Early Miocene
than the present and might have delivered inland material along the boundary of Yangtze and Cathaysia Blocks to
Taiwan. These were then captured by the Yangtze River systems at some time after Late Miocene. This change
corresponds to the time of the drainage reorganization in East Tibet, such as Yangtze River, and the regional subsi-
dence resulting from the opening of marginal sea. The combined effects of Tibet uplift and opening of marginal sea
might have shaped the topography and river system reorganization in East Tibet. The evolution of topography and
drainage systems in southeast China seems to be mainly controlled by the opening of marginal sea.

© 2015 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The interaction among tectonics, landforms and drainage systems in
East Asia has been the focus of several recent studies (Clark et al., 2004,
2005; Clift et al., 2006; Yan et al., 2011; Zheng et al., 2013; Robinson
et al., 2014). The uplift of Tibet Plateau and the opening of marginal
sea are among the major tectonic events in East Tibet area. The
thermochronological data from the eastern margin of the plateau sug-
gest an important period of plateau margin growth during Cenozoic
(Wang et al., 2012). Meanwhile, large-scale rift systems developed in
southeast China during Late Mesozoic-Early Cenozoic (Yao et al.,
1994), which finally led to the formation of a series of rifted basins
and culminated in the opening of marginal seas, such as South China
na Research. Published by Elsevier B.
Sea during the Paleogene (Taylor and Hayes, 1980; Briais et al., 1993;
Lan et al., 2014). During the transition from rifting to seafloor spreading,
a series of breakup unconformities develops in the rifted basins in
northern margin of South China Sea (Zhou et al., 1995; Lin et al., 2003;
Lan et al., 2014). The diachronous westward younging of these breakup
unconformities is consistent with seafloor spreading propagating from
east towest (Lan et al., 2014). Although the surface uplift of Tibetan Pla-
teau is believed to have significantly influenced the tectonics, landforms
and drainage systems during the Cenozoic in East Asia (Harrison et al.,
1992; Burchfiel et al., 1995; Fielding, 1996; Wang, 1998; Li and Fang,
1999;Wang, 2004), the role ofmarginal sea spreading in shaping the to-
pography of East Asia has yet to be further studied.

The evolution of large drainages such as the Yangtze River has been
used to constrain the establishment of topography in large area (Clark
et al., 2005; Clift et al., 2006). The evidence of Nd isotope and the detrital
zircon grains from theHanoi Basin, CentralMyanmar and lower Yangtze
V. All rights reserved.
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suggest that the establishment of the modern drainage systems in East
Tibet prior to 23 Ma (Clift et al., 2006; Zheng et al., 2013; Robinson
et al., 2014), even though some workers consider that the Yangtze
River is younger than 5 Ma (Li et al., 2001; Yang and Youn, 2007; Jia
et al., 2010). However, the evolutionary features of river systems in
southeast China, such as the Minjiang River (Fig. 1), are scarcely taken
into consideration. What was their relationship with Yangtze River,
and how did the opening of marginal seas affect their evolution are
still ambiguous.
Fig. 1. Simplified geological map of southeast China and distribution of main river systems. The
Zhenghe-Dapu fault according to Chen and Jahn (1998) and Xu et al. (2007). Abbreviations: L.Y
Lake. D.T.L.: Dong Ting Lake.
The changes in river discharge must have had a major influence on
the offshore sedimentary rocks in passive continental margin of south-
east China, which can provide spatial and temporal constraints on the
development of regional drainage systems (Clift et al., 2002; Li et al.,
2003; Richardson et al., 2011). However, the difficulty in obtaining sam-
ples inhibits a better understanding. Based on the study of Nd isotopes
of sediments in the northern margin of South China Sea (ODP Site
1148) (Fig. 1), Clift et al. (2002) interpreted the provenance of northern
margin of South China Sea as the northern source accompanied by
Cathaysia Block has been broadly subdivided into the western and eastern parts along the
.R.: Lower Yangtze Region. E.Ca. andW.Ca: East and West Cathaysia Block. P.Y.L.: PoYang
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gradual inland erosion, which is consistent with the study in Pearl River
Mouth Basin (Shao et al., 2007). From the same drill site, however, Li
et al. (2003) arrived at a different conclusion that demonstrated two
major provenances. These are the pre-27 Ma southwestern source
region such as the Indochina-Sunda Shelf and Borneo and the post-
23 Ma northern provenance in South China. This controversy concerns
the understanding of themechanism that controls the evolution of sed-
imentary source.

The thick and successive Cenozoic sedimentary sequences on the
continental margin of southeast China were deformed, uplifted and
exposed along the Western Foothills and Hsuehshan Range of Taiwan
(Fig. 2) during mountain building resulting from arc-continent collision
after 6.5 Ma (Suppe, 1984; Huang et al., 1997; Huang et al., 2000).
This region provides an excellent opportunity for sampling without
expensive oceanic drilling. Therefore, Taiwan is the best window to
gain insights on the evolution of topography and early river systems
in eastern China.

The study of Yokoyama et al. (2007) on the detrital monazite
grains from Taiwan showed a complex material source for the Ceno-
zoic rocks. For example, the provenance of sediments in Western
A

D

Fig. 2. Tectonic Map of Taiwan (A) and sample sec
Foothills indicated that the major source region such as Korean
Peninsula, Shandong Peninsula and Fujian Province, but the Eocene
and Oligocene strata of the Hsuehshan Range were sourced from an
area that was within the drainage basins of the modern Pearl River.
However, data from stratigraphy and sedimentology consistently indi-
cated northwestern or western source region for the Western Foothills
and Hsuehshan Range (Chou, 1977; Tan and Youh, 1978; Chou, 1980).
Thus, the source region for Cenozoic strata in Taiwan is critical to eval-
uate the tectonic implications.

The U-Pb geochronology of detrital zircon grains in sandstones have
been widely employed to trace provenance (Gaudette et al., 1981;
Miller and Saleeby, 1995; Rainbird et al., 1997; Duan et al., 2011) and
offers a better tool than the neodymium isotopes of mudstones,
which can only provide an estimate of the mixed components source
region (McLelland et al., 1993; McLennan et al., 2001). In this study,
we discussed the provenances of Cenozoic rocks exposed in the West-
ern Foothills and Hsuehshan Range using U-Pb age spectra and Hf
isotope of detrital zircon grains from Cenozoic sandstones in Taiwan.
In particular, we address (1) the comparison of sedimentary source
for the Paleogene stratigraphy in Western Foothills and Hsuehshan
B

C

tion in northern and central Taiwan (B, C, D).
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Range, (2) the provenance evolution and its tectonic implication for the
Tertiary strata in Taiwan, and (3) the tectonics control on the early evo-
lution of the regional fluvial systems and topography framework.

2. Geological background

The Taiwan Island is situated at the boundary between the Eurasian
Plate and the Philippine Sea Plate (Fig. 1). The South China Sea
subducted along the Manila Trench beneath Philippine Sea Plate
starting from ca.15 Ma, which was accompanied by volcanism in the
Luzon Arc (Briais et al., 1993; Yang et al., 1996). Meanwhile, the
Eurasian passive continental margin sedimentary sequences were de-
formed, uplifted and exposed along Western Foothills and Hsuehshan
Range on Taiwan Island resulting from the collision of the Luzon volca-
nic arc with the Eurasian passive continental margin at a relative con-
vergence velocity of 70–80 km/Ma (Seno et al., 1993).

Taiwan can be divided into the Coastal Plain, Western Foothills,
Hsuehshan Range, Central Range and Coastal Range from west to east
(Ho, 1986; Huang et al., 2012) (Fig. 2A). The Longitudinal Valley Fault
is located between the Coastal Range and the Central Range, which are
accretionary prism and volcanic arc respectively formed in the course
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of the eastward subduction of South China Sea (Fig. 2A). The Coastal
Plain, the Western Foothills and the Hsuehshan Range are composed
of deformed and uplifted passive continental margin sedimentary
rocks including alternation of sandstones and shales with minor lime-
stone and tuff lenses.

The Western Foothills, separated by Chuchih thrust fault with
Hsuehshan Range, is composed of thick paralic sequences ranging
from Oligocene to Pliocene in age and Eocene fluvial to swamp facies
rocks. These strata can also be grouped into Eocene syn-rift sequences,
Oligocene to upperMiocene post-rift sequences and Pliocene to Pleisto-
cene foreland sequences (Fig. 3). In northernWestern Foothills, the con-
tinuous stratigraphy ranging from Oligocene to upper Miocene is best
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tions, Middle Miocene Nankang Formation and Upper Miocene
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Tsukeng Anticline (Fig. 2A, C), the indigenously buried Discocyclina
dispansa foraminifera was identified together with interbedded tuff
(Pinglin Tuff) that was dated as ca.39 Ma (Huang et al., 2013; Lan
et al., 2014), suggesting that the sedimentary history of the Western
Foothills is much longer than previously recognized (Ho et al., 1956;
Ho, 1961).

The Hsuehshan Range is located at the east of Western Foothills and
the west of Central Range (Fig. 2A). It is dominated by thick argillites,
sandstones and slates ranging from Eocene to Miocene (Fig. 3). The
Eocene Hsitsan Formation to Upper Oligocene Tatungshan Formation
is well exposed along the Peishichi Section in northern Taiwan
(Fig. 3). The strata in northern Hsuehshan Range, from bottom to top,
are Eocene Hsitsun and Szeleng Formations (Lower Wulai Group) in
the lower part, Oligocene Kankou, Tsuku and Tatungshan Formations
(Upper Wulai Group) and Lower Miocene Mushan and Taliao Forma-
tions (Fig. 3). There has been a general consensus in earlier studies
that the Oligocene Upper Wulai Group which consist of argillites
and siltstones with abundant shallow marine fossils (Chang, 1962;
Huang, 1977) is conformably overlying the Lower Wulai Group
(Chang, 1975), which is predominated by conglomerates, sand-
stones and siltstones with rich plant remains, indicating braided
river-lacustrine depositional environment. The recent study on stra-
tigraphy by Huang et al. (2012) demonstrates that the depositional
age of the Szeleng Formation is Middle Eocene and that an unconfor-
mity occurs between the Upper and Lower Wulai Group (Fig. 3).

3. Sampling and analytical methods

The sandstones collected from theWestern Foothills and Hsuehshan
Range in Taiwan (Figs. 2 and 3) were crushed to 60 mesh. Zircon grains
were separated by washing, electromagnetic and heavy liquid tech-
niques followed by handpicking under a binocular. Around 300 zircon
grains were mounted randomly in epoxy resin and polished to expose
the core of each grain. The analytical spotswere chosen based on careful
examination of cathodoluminescence (CL) images for internalmorphol-
ogy prior to analysis. The CL images were acquired with a Mono CL3 +
(Gatan, USA) attached to a scanning electron Microscope (Quanta 400
FEI) in the State Key Laboratory of Continental Dynamics, Northwest
University, Xi'an. The sample surface was cleaned with ethanol to elim-
inate possible contamination before analysis. In order to reduce the
probability of error (Dodson et al., 1988; Zhang et al., 2012), we ana-
lyzed at least 120 zircon grains from each sample.

3.1. U-Pb dating

Zircon U-Pb dating was performed by laser-ablation-inductively
coupled plasma- mass spectrometry (LA-ICP-MS) at the Guangzhou
Institute of Geochemistry. The RESOLUTIONM-50 laser-ablation system
equipped with a 193 nm excimer ArF laser-ablation system was used,
which is connected with an Agilent7500a ICP-MS. Helium was used as
the carrier gas to enhance the transport efficiency of the ablated mate-
rial. The helium carrier gas inside the ablation cell was mixed with
argon gas before entering the ICP tomaintain stable and optimum exci-
tation conditions. The analyses were conducted with a beam diameter
of 32 μm with analysis time including ~30 s background measurement
with laser off and a 60s measurement of peak intensity. Zircon Temora
(the U-Pb age is 416.75 ± 0.24 Ma; Black et al., 2003) was used as the
standard, and the standard silicate glass NIST 610 was used to optimize
the instrument. The age of Plešovice zircon as used as unknown is
338 ± 5 Ma, which is close to the recommended age of 337 ± 0.4 Ma
(Sláma et al., 2008). Offline selection and integration of background
and analytic signals and time-drift correction and quantitative calibra-
tion for trace element analyses and U-Pb dating were performed using
software ICPMSDataCal (Liu et al., 2009; Y. Liu et al., 2010). U, Th and
Pb concentrations were calibrated using 29Si as an internal standard
and NIST 610 as reference material. The age calculation and age spectra
plots were made using ISOPLOT (version 3.0) (Ludwig, 2003). Counting
statistics shows that 206Pb/238U ages are generally more precise for
younger zircons, whereas 206Pb/207Pb ages are more precise for older
ones, so we choose to use 206Pb/238U ages for ≤1000 Ma zircons and
207Pb/206Pb ages for those above 1000 Ma (Xu et al., 2007; Duan et al.,
2011).

3.2. Lu-Hf isotope analysis

In situ zircon Hf isotopic analyses were conducted at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi'an using
a Nu Plasma HR MC-ICP-MS (Nu instruments Ltd., UK), coupled to a
GeoLas 2005 excimer ArF Laser-ablation system. The analytical tech-
nique followed those described by Yuan et al. (2008). During analyses,
the Harvard zircon 91500 standard was used as a standard; the
176Hf/177Hf ratio obtained was 0.282299 ± 9, similar to the recom-
mended 176Hf/177Hf ratio of 0.282306 ± 10 measured using the
solution method (Woodhead et al., 2004). The 176Lu decay constant of
1.865 × 10−11 yr−1 reported by Scherer et al. (2001) was adopted
in this study. The chondritic values of 176Hf/177Hf (0.282772) and
176Lu/177Hf (0.0332) reported by Blichert-Toft and Albarède (1997)
were used in calculations.

4. Analytical results

Zircons extracted from the samples are light yellow to colorless.
Most of the zircons show oscillatory zoning (Fig. 4), indicating typical
igneous origin, but the others show irregular internal structure of meta-
morphic zircons. Themajority of the zircons have Th/U N 0.3, suggesting
igneous origin, and few grains show Th/U b 0.1 corresponding to meta-
morphic origin (Fig. 5) (Corfu et al., 2003; Hoskin and Schaltegger,
2003).

4.1. Zircon U-Pb geochronology

In situ U-Pb ages of the zircon grains listed in Appendix A. The age
distribution of zircon grains from the sandstones in central Western
Foothills, northernWestern Foothills and Hsuehshan Range, respective-
ly, are presented in Fig. 6.

4.1.1. Central Western Foothills in Taiwan
The age distribution of zircon grains from sandstones in the Central

Western Foothills (Fig. 2C and D) can apparently be divided into two
groups: the Eocene to Oligocene group (within purple dotted line in
Fig. 6) and the Miocene group (within blue dotted line in Fig. 6)
(Fig. 6a–h). The U-Pb age of two Eocene samples (PL-11, SZ-738) from
Chungliao Formation in Tsukeng Anticline Section and Paileng Forma-
tions in Kuohsing Peikangchi Section, respectively, indicates that over
65% zircons are younger than 500 Ma, with main age peaks of 115 Ma,
140 Ma, 240 and 431 Ma for PL11 and 80 Ma, 163 Ma, 264 Ma and
430 Ma for SZ-738 (Fig. 6g, h). The remaining zircon grains show
scattered age distribution from 700 Ma to 2500 Ma with no major
peak. TheOligoceneWuchihshan (PL-6) sample has over 70% young zir-
cons (b500 Ma) with 96 Ma peak and shows scattered distribution for
the older zircon grains (Fig. 6f).

TheMiocene samples have very distinctiveU-Pb age pattern of detri-
tal zircon grains. The percentage of zircon grains that is younger than
500 Ma is markedly lower (Fig. 6a–e). For example, the young zircons
(b500 Ma) in Mushan, Taliao and Shihti Formations account for less
than 30% except for those in the Kuanyinshan Formation with 36% and
show major age clusters of 110–130 Ma, 180–250 Ma and 350–
450Ma (Fig. 6b–e). There is a sharp increase in the old zirconpopulation
during Miocene with major peaks at 740–810 Ma for the 650–1000 Ma
group, at 1720–1890 Ma and 2440–2520 Ma for the 1500–2800 Ma
cluster. Zircons with ages over 3000 Ma are scarce (Fig. 6a–h).
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4.1.2. Northern Western Foothills in Taiwan
The U-Pb zircon age spectra from the Northern Western Foothills in

Taiwan (Fig. 2B) are very similar with the central ones (Fig. 6a–n). The
zircon grains with ages below 500 Ma are dominant (N50%) in the
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Fig. 5. The Th/U ratio of zircon grainswith different ages. The zircon grainswith Th/U N0.3
or b0.1 suggest igneous ormetamorphic origin respectively (Corfu et al., 2003; Hoskin and
Schaltegger, 2003). The data suggest that most of the zircon grains from Taiwan are of
igneous origin, and therefore, their U-Pb ages reflect the time of crystallization.
two Oligocene samples (XINBEI-22, XINBEI-25) with age clusters of
90–180 Ma, 200–270 Ma and 370–450 Ma, including peaks at 137 Ma,
169 Ma, 223 Ma and 407 Ma. The remaining zircon grains yield
scattered age distribution from 700Ma to 2600Mawithout any obvious
peaks (Fig. 6m, n). The Miocene sandstones, however, show markedly
different age pattern as compared with the Oligocene ones in having
over 66% old zircons (N600 Ma), with major age peak at around
800 Ma and a wide age distribution between 1500–2100 Ma and
2200–2800 Ma (Fig. 6j–l).

4.1.3. Hsuehshan Range in Taiwan
Samples collected from Hsuehshan Range are dominated by young

zircon grains (b500 Ma) with an exception of those in sample XINBEI-
12, where they account for only 38% (Fig. 6w–z). The four sandstones
from Hsuehshan Range show similar age pattern with clusters of 90–
180 Ma, 200–300 Ma and 380–450 Ma. The remaining zircon grains
showwide and discontinuous ages from 700 to 2700Mawith no signif-
icant age peaks except for the zircons in sample XC11-1 which display
minor peaks at 715 Ma and 926 Ma (Fig. 6z).

4.2. Hf isotopic characteristics of detrital zircon grains in Taiwan

The Hf isotopic results for 312 zircon grains from seven samples are
shown in Appendix B and plotted in Fig. 7. The εHf(t) values of detrital
zircon grains from Taiwan exhibit a wide range from −63.8 to +14.8.
The zircon grains from Eocene samples have negative εHf(t) values
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(ranging from −24.1 to−0.9 and with an average of−9.9) except for
two spots (+1.9, +1.6) (Appendix B, Fig. 7A). The majority of Phaner-
ozoic zircons in Oligocene samples show εHf(t) values ranging between
−15 and +5, and about 20% of zircon grains show positive values. The
Precambrian zircon grains have εHf(t) values ranging from −17.2 to
7.8. The zircon grains with age of 1500–2000 Ma show negative εHf(t)
values between −17.2 and −3.2 (Fig. 7B).

A marked change is observed in Early Miocene samples, where the
young zircons with U-Pb ages below 500 Ma show more variable
εHf(t) values ranging from−65 to+15.Most of the values fall between
−16.8 and+14.8, and 37% of zircon grains display positive εHf(t) value
(Fig. 7B). The Neoproterozoic zircon grains have a larger range than
thosewith similar age in the Eocene andOligocene samples. The zircons
with age range of 1500–1900 Ma and 2100–2500 Ma possess εHf(t)
values between −15 and +10, and almost symmetrically fall across
the zero line (Fig. 7C). The zircon grains in Late Miocene samples
seem to share Hf isotopic characteristics with those in Early Miocene
samples, although the number of grains analyzed are limited (Fig. 7D).

5. Discussion

5.1. The provenance of Western Foothills and Hsuehshan Range

Although the paleo-current studies of strata inWestern Foothills and
Hsuehshan Range indicate west or northwest source region (Tan and
Youh, 1978; Chou, 1988), Yokoyama et al. (2007) interpreted that the
provenance of Hsuehshan Range is located within the drainage basin
of the Pearl River and not the Western Foothills source from Korean
Peninsula and paleo-Yangtze River, based on the detrital monazite age
distribution of Eocene to Oligocene sandstones from Western Foothills
and Hsuehshan Range.

Our age spectra of detrital zircon grains from Taiwan demonstrate
that the Late-Middle Silurian (460–400 Ma), Early Triassic (260–
210 Ma), Middle Jurassic to Early Cretaceous (180–120 Ma) and Early
to Late Cretaceous (120–90 Ma) zircon grains are dominant in Eocene
(Fig. 8B) to Oligocene (Fig. 8A) rocks from both Western Foothills and
Hsuehshan Range. The Silurian zircon grains might have been derived
from the Caledonian (570–400 Ma) granitoids in southeast China
(Shu, 2006; R. Liu et al., 2010), which might be broadly related to the
0 100 200 300 400 500 600 700 800 900 1000

Hsuehshan Range

Western Foothills

Western Foothills

Hsuehshan Range

Age (Ma)

B

0 100 200 300 400 500 600 700 800 900 1000

A

Fig. 8. Comparison of U-Pb age spectra for detrital zircon grains from Eocene (B) and Oli-
gocene (A) samples inWestern Foothills and Hsuehshan Range. The strata with the same
age in Western Foothills and Hsuehshan Range show similar distribution of U-Pb age.
assembly of the Gondwana supercontinent (Rino et al., 2008; Duan
et al., 2011). The Indosinian (257–205 Ma) and Yanshanian (180–
67 Ma) granites in South China might have contributed the Mesozoic
zircon grains in Taiwan. It can therefore be inferred that the Eocene to
Oligocene sandstones from Hsuehshan Range and Western Foothills
sourced from the same region. The reason that detrital monazite age
distribution is quite different between Hsuehshan Range and Western
Foothills (Yokoyama et al., 2007) is probably due to the limited detrital
monazite grains in Hsuehshan Range samples and also because the age
comparison was not conducted in the strata with the same depositional
age.

5.2. The evolution of sedimentary source of Cenozoic stratigraphy in Taiwan

The South China Craton has a complex tectonic evolution history and
is composed of Yangtze Block to the northwest and Cathaysia Block to
the southeast, separated by a series of major faults (Fig. 1). The
Cathaysia Block has a Paleoproterozoic basement and the 1.9–1.7 Ga pe-
riod is also regarded as an important period of crustal growth in the
Cathaysia Block (Li, 1997; Yu et al., 2009; Li et al., 2012; Yu et al.,
2012). The Yangtze Block has an older history than Cathaysia Block.
The Neoproterozoic magmatic activities are considered to be important
in the Yangtze Block and less significant in the Cathaysia Block, possibly
related to the breakup of the Rodinia supercontinent (Wong et al., 2011;
Li et al., 2012).

Abundant Neoproterozoic igneous rocks have been reported from
the southeastern margin of the Yangtze Block (Li et al., 2008; Wang
et al., 2010; Li et al., 2011) (Fig. 9). The detrital zircon grains of modern
rivers in East Cathaysia Block show Mesozoic ages, with Yanshanian
population dominating, and with no or less Neoproterozoic and
Paleoproterozoic grains (Xu et al., 2007; Xu and Chen, 2010 and our un-
published data) despite the fact that Neoproterozoic igneous rocks are
present in the Cathaysia Block (Li et al., 2005; Wan et al., 2007). This
is possibly because most of these rocks are mafic in composition, with
less or no zircon grains.

The comprehensive analysis of 312 Hf isotopic data and 1119 U-Pb
age data of detrital zircon grains obtained from Eocene to Late Miocene
sandstones in Taiwan in our study provide important insights into prov-
enance evolution. The relative probability plots of the U-Pb zircon ages
demonstrate that the Yanshanian period (180–67 Ma) zircon grains
are dominant in Eocene and Oligocene rocks (Fig. 6). However, theMio-
cene sandstones show a different scenario where Indosinian period
(257–205 Ma) zircon grains (Fig. 6) constitute the major population.
The Permian to Cretaceous igneous rocks, which can be grouped into
Indosinian periods and Yanshanian period, are widely distributed in
the coastal region of South China. Although the petrogenesis of these
rocks is disputed, a systematic variation younging from inland to
coast region for the age of igneous rocks have been recognized (Li,
2000; Zhou and Li, 2000; Zhou et al., 2006; Li and Li, 2007) (Fig. 9).
Thus, the change of provenance in Oligocene and lower Miocene
strata might suggest that the source area migrated inland over
time. Furthermore, the percentage of Precambrian zircon grains in
Cenozoic rocks of Taiwan also shows a dramatic change. The Eocene
and Oligocene sandstones rarely contain any Neoproterozoic (1000–
600 Ma), late Paleoproterozoic (2000–1600 Ma) and Neoarchean–
early Paleoproterozoic (2800–2300 Ma) zircon grains, in contrast to
their abundance in the Miocene rocks (Fig. 6). One exception is that
the Eocene Hsitsan Formation shows two minor Neoproterozoic peaks
at 715 and 926 Ma (Fig. 6). Although the reason is unclear, the young
zircons still dominate, which is consistent with the other Eocene and
Oligocene Formations (Fig. 6).

TheU-Pb age spectra of detrital zircon grains indicate that the source
region of Oligocene to Eocene sandstones located coast of southeast
China, and then migrated inland over time. The inland signals of zircon
ages are clearly represented in Miocene sandstones. The source area of
Miocene rocks may reach to southeast Yangtze Block as indicated by
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the Neoproterozoic (1000–600), late Paleoproterozoic (2000–1600Ma)
and Neoarchean–early Paleoproterozoic (2800–2300 Ma) populations,
which mainly distribute along the southeast margin of Yangtze Block
(Li et al., 2008; Wang et al., 2010; Li et al., 2011) (Fig. 9).

We compiled the published εHf(t) data of detrital zircon grains from
Lower Yangtze, eastern and western Cathaysia regions (Xu et al., 2007;
He et al., 2013) in order to assess the detailed sedimentary source of
Cenozoic rocks in Taiwan. The results show obvious disparities
(Fig. 10). The Phanerozoic zircon grains with positive εHf(t) values are
mainly distributed in the Lower Yangtze region (Fig. 10), although
their percentage is limited. This is consistent with the previous study
which suggested that the Yanshanian granitoids possess systematic Hf
isotopic compositional variation across the Jiangshan–Shaoxing Fault
(the boundary of Yangtze and Cathaysia Blocks) with the εHf(t) values
falling between +7 and −7 in southeast Yangtze Block and between
+1.9 and −13 in East Cathaysia (Wong et al., 2011). The majority of
Phanerozoic zircon grains in the Lower Yangtze region have negative
εHf(t) values (as low as ca. −50), suggesting derivation from magmas
generated by recycling of crustal materials (He et al., 2013). Most of
the εHf(t) values of zircon grains from Eastern Cathaysia show mostly
negative values for the 1500–2000 Ma zircon grains, which is different
from the data from further inland area of Western Cathaysia and
Lower Yangtze region (Figs. 9 and 10). Although the 600–1000 Ma
zircon grains in the Lower Yangtze area and Cathaysia Block show no
significant differences in their εHf(t) values (+15 ~ −20) (Fig. 10),
the zircon grains of this age aremainly distributed inWestern Cathaysia
and southeastern margin of the Yangtze Block (Li et al., 2011).

Our Hf isotopic data in this study show that almost all of the Phaner-
ozoic and Paleoproterozoic zircon grains in Eocene sandstones have
negative εHf(t) values (ranging from +1 to −18) (Fig. 7), which is
comparable to the data from Eastern Cathaysia. The data suggest that
the source region of the Eocene rocks located in the coast of southeast
China at that time. The Oligocene sandstones shows transitional charac-
teristic from Eocene to Early Miocene. The Phanerozoic zircon grains
display large range in εHf(t) values (+10 ~ −22) in Oligocene sand-
stones, which is broadly similar with those of the zircons in Eocene
rocks, although a comparison of the Hf isotope data show that part of
the zircons, especially those with positive εHf(t) values were possibly
derived from the Lower Yangtze region. The data suggest that the prov-
enance of Oligocene strata is still dominated by the coastal area,with lit-
tle contribution from Lower Yangtze or Western Cathaysia during late
Oligocene (Figs. 7 and 10). Similar to the U-Pb age spectra, the Hf iso-
topes of detrital zircons also show amajor change in theMiocene sand-
stones, which include many grains with Lower Yangtze and Western
Cathaysia characteristics that the εHf(t) values display large variation
for both Phanerozoic and Paleoproterozoic zircon grains (Figs. 7 and
10). Thus, the variation trends of U-Pb ages andHf isotope of detrital zir-
con grains from Cenozoic sandstones in Taiwan indicate that their prov-
enance migrated inland greatly during Late Oligocene and Early
Miocene, which is consistentwith the variation of the Nd isotope values
reported from mudstones (Lan et al., 2014). The source region of Neo-
gene formations might have already reached up to the Lower Yangtze
area or West Cathaysia, although it is more likely derived from the
Yangtze Craton.

5.3. The tectonic controls on evolution of drainage system and landscape in
East Tibet

We consider the change in provenance as a passive signal of an evo-
lution of landscapes and river systems. The U-Pb age spectra of detrital
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zircon grains in Cenozoic strata in Taiwan can apparently be divided
into two groups: the Eocene–Oligocene group that is comparable to
the modern sediments collected from river mouth in coast of southeast
China, especially Minjiang River, and the Miocene group that is analo-
gous to those in Yangtze delta and Lower Yangtze region (Fig. 11).
This transition trend may indicate that the Minjiang River systems or
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Fig. 11. Left: Comparison of U-Pb age spectra of detrital zircon grains fromEocene–Oligocene str
River, Jiulongjiang River (our unpublished data) andOujiang River (Xu et al., 2007). These strata
Right: the U-Pb age distribution of detrital zircon grains from Miocene strata in Taiwan and m
rivers draining like the Minjiang that drain similar sources supplied
the main sediments for Paleogene strata in Taiwan.

The change of sedimentary source for Miocene stratigraphy may
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explain at present, some evidence suggests that the paleogeographic
framework of East China Sea is different with what it is today (Zhang,
2008; Clift et al., 2013a,b). However, some workers consider that the
paleo-Yangtze river mouth was in the Subei Basin in the north (Zheng
et al., 2013). Therefore, the more likely scenario is that the Minjiang
River could have been larger than what it is now in Early Miocene and
reached up to the boundary of the Yangtze and Cathaysia Blocks. The
headwaters of this river were subsequently captured by the Yangtze
River systems at some time after Late Miocene.

During the seafloor spreading of marginal sea, the northern conti-
nental margin of South China Sea had gone through extensive thermal
subsidence stage starting from late Oligocene (Zhou et al., 1995). The
erosion rate of northern margin of the South China Sea apparently
decreased and thewestward propagation of the paleo-Pearl River drain-
age since late Oligocene (Pang et al., 2006; Yan et al., 2009a,b). Together
with the evolution of drainage systems recorded by the Cenozoic sedi-
ments in Taiwan in this study, it is possible that the opening ofmarginal
sea, such as the South China Sea, exerted a major influence on the evo-
lution of topography and drainage system in southeast China. This can
also be proved from the diachronism features of breakup unconformity
and transition of provenance in basins in northern margin of South
China Sea (Lan et al., 2014). The transition time of provenance in rifted
basins in northern margins of South China Sea, the same with break-
up unconformity, shows obvious diachronism. For example, the transi-
tion time of provenance in Taiwan is 31–25 Ma, the ODP site 1148 and
Pearl River Mouth Basin is 27–23Ma and the Yinggehai-Qiongdongnan
Basin is ~13 Ma. The diachronism of breakup unconformity and transi-
tion time of provenance implied that the opening of SCS had great influ-
ence on the evolution of provenance, topography and river systems in
southeast China.

Although a large amount of data suggest the multi-stage growth dur-
ing Cenozoic (Harrison et al., 1992; Zhong and Ding, 1996; Tapponnier
et al., 2001), thermochronology study shows that the Eastern Tibet Pla-
teau had undergone rapid uplift starting in Late Oligocene (Wang et al.,
2012). Previous studies have shown that the middle Yangtze River
flowed westward in to paleo-Red River (Clift et al., 2006; Yan et al.,
2012). The river systems in East Tibet have gone through major adjust-
ment during late Oligocene to early Miocene (Clift et al., 2006; Zheng
et al., 2013; Robinson et al., 2014). The Nd isotopic composition of sed-
iments from the Hanoi Basin and zircon age spectra from the down-
stream of Yangtze River show the establishment of modern drainage
systems in East Tibet by ca.24 Ma (Clift et al., 2006; Zheng et al.,
2013). This is in conformity with the change in time of topography
and drainage systems in southeast China as recorded in this study.
Therefore, the establishment of present topography and drainage sys-
tem in East Tibet was mainly controlled by the tectonic events of East-
ern Tibet uplift and the opening of marginal sea, as well as the
evolution of topography and drainage systems in southeast China,
which were mainly controlled by the opening of marginal sea.

6. Conclusion

This study employed U-Pb age and Hf isotope of detrital zircon
grains in probing the provenance evolution as a passive marker to
landscapes and river systems. The zircon U-Pb data show that the
Hsuehshan Range and Western Foothills share the same sedimentary
source. The evolution history of provenance of Cenozoic strata in
Taiwan is restored in this study. Our U-Pb and εHf data demonstrate
that zircon grains in the Eocene–Oligocene sedimentary rocks in
Taiwanmainly originated in Phanerozoic igneous rocks along the coast-
al area of southeast China. The provenance gradually migrated inland
and the source region of Miocene strata probably migrated to Lower
Yangtze region, which was accompanied by inland erosion of river sys-
tem in southeast China. TheMinjiang Rivermight have been larger than
what it is now with its upper reaches extending to the Lower Yangtze
region. The river was then captured by the tributary of Yangtze River
system at some time after late Miocene. The provenance reconstruction
emphasizes the role that opening of marginal sea plays in the evolution
of drainage systems and landscapes in southeast China during late
Oligocene to early Miocene.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2015.07.008.
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