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Detrital zircon ages: A key to
unraveling provenance
variations in the eastern
Yinggehai–Song Hong Basin,
South China Sea
CeWang, Xinquan Liang, David A. Foster, Xirong Liang,
Chuanxin Tong, and Ping Liu

ABSTRACT

The Yinggehai–Song Hong Basin has received a large amount of
terrigenous sediment from different continental blocks since the
Paleogene. The Yingdong slope, which is located on the eastern
side of this basin, is an important potential gas province, but the
provenance of the marine sediments in this area are poorly un-
derstood. The detrital zircon U-Pb geochronology of sedimentary
rocks from the lower Miocene to Quaternary is examined in this
study to investigate the temporal and spatial variations in prove-
nance since the early Miocene. The U-Pb ages of detrital zircon
range from 3078 to 30 Ma, suggesting that sediment input is
derived from multiple sources. Detailed analyses of these com-
ponents indicate that both the Red River and Hainan are likely
the major sources of the sediments on the Yingdong slope, with
additional minor contributions from central Vietnam (eastern
Indochina block) and possibly the Songpan–Garze block. Varia-
tions in the dominant detrital zircon populations within strati-
graphic successions display an increasing contribution from the
Red River since the middle Miocene. This resulted from the
progradation of the Red River Delta in the northern basin and
may have also been influenced by regional surface uplift and
associated climate changes in East Asia. This study shows that the
Red River has had a relatively stable provenance since at least
the early Miocene, indicating that any large-scale drainage capture
of the Red River should have occurred before circa 23 Ma.
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INTRODUCTION

Provenance studies can offer crucial constraints on drainage scales
and sediment pathways in ancient depositional systems (Cawood
et al., 2004; Hallsworth and Chisholm, 2008) and aid in the
prediction of sandstone distribution and reservoir quality in
petroliferous basins (Fontanelli et al., 2009). Clastic sedimentary
rocks may contain important information regarding their prove-
nance and sedimentary processes during deposition (Benyon
et al., 2016) and can thus be used to investigate the spatial and
temporal variations in source evolution and depositional history
(Cawood and Nemchin, 2000; Lowe et al., 2011). Different
source terranes will yield detrital zircons with U-Pb ages indica-
tive of the zircon ages within the crystalline and sedimentary
rocks that may be unique enough to assess sediment provenance
and associated changes (Cawood et al., 2003; DeCelles et al.,
2004; Liang et al., 2008; Clift et al., 2012; Bracciali et al., 2015).

The Yingdong slope within the Yinggehai–Song Hong
(Y-SH) Basin (Figure 1) is an important target of potential hy-
drocarbon exploration, but no consensus has been reached re-
garding the origin of the sedimentary rocks and contributions of
different source terranes (Wang et al., 2014). Numerous factors
can control the distribution of hydrocarbon reservoirs, such as the
depositional environment, diagenesis, sediment distribution, and
nature of the source region (Morton et al., 2008; Wang et al.,
2016a). Analyzing the provenance of this region is crucial, there-
fore, to understand the paleogeography and improve predictions of
reservoir properties (He et al., 2005).

Previous studies using seismic profiles and petrographic data
sets from sandstones (e.g., Gong et al., 1997; Clift and Sun, 2006;
Xie, 2009; Lei et al., 2015) proposed that the Truong Son belt
in the Indochina block (central Vietnam), the hinterland of the
southern Yangtze block (Yunnan Province of China), and the
Hainan uplift in the Cathaysia block (Hainan Island) are all po-
tential source terranes for the Y-SH Basin (Figure 1). However,
these studymethods had some inherent and critical shortcomings
because they could not effectively identify, characterize, or de-
termine the potential source terranes. The proximity of the
Yingdong slope in the eastern Y-SH Basin to Hainan Islandmakes
this island an obvious potential sediment source for this region
(Figure 1). For instance, Gong et al. (1997) and Xie (2009) ana-
lyzed heavy minerals and seismic profiles to constrain the prove-
nance and suggested that Hainan was the main source terrane for
this region. Based on the presence of zircon with ages from the late
Permian to Cretaceous, Yan et al. (2011) proposed that sedi-
mentary rocks in the Yingdong slope were mainly derived from
Hainan. Nevertheless, recently published heavy mineral, detrital
zircon U-Pb dating, and Nd and Pb isotope provenance studies
revealed that these sedimentary rocks were probably derived
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Figure 1. (A, B) Geologic map and borehole locations of the Yinggehai–Song Hong Basin. The Moho depth in the map is based on
seismic analysis from the China National Offshore Oil Corporation and was adapted after He et al. (2002) and Zhu and Lei (2013). L11,
L15, L26, and L35 are the borehole names. DF1112, DF1312, DF1313, QLSH, QMSH, QSYA, and S2 are the sample names.
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from the Red River (southern Yangtze block) and
central Vietnam (eastern Indochina block) rather
than from Hainan to the east (Clift et al., 2006b,
2008; Jiang et al., 2015; Wang et al., 2016a). In re-
cent years, studies of modern river sediments and
outcropping bedrock in potential source areas around
the Y-SH Basin showed that well-defined detrital
zircon populations from the Red River are funda-
mentally different from those from central Vietnam
and Hainan (Clift et al., 2006a; Hoang et al., 2009;
Wang et al., 2014; Jonell et al., 2017). These studies
suggest that geochronological information is well
suited to assess the sedimentary provenance in this
basin (Yan et al., 2011; Jiang et al., 2015).

Surface uplift changes continental topographic
gradients and can influence regional drainage patterns,
which may control the discharge of eroded sediments
to the ocean (Clift et al., 2002, 2008; Liang et al.,
2008). The Red River, which is the dominant river
system that transports sediments from eastern
Tibet and southern China to the South China Sea,
has been proposed to have progressively lost its
headwater drainage because of Cenozoic drainage
reorganization that was caused by the uplift of the
Tibetan Plateau (Brookfield, 1998; Clark et al.,
2004; Clift et al., 2006b, 2008; Zheng et al., 2013).
The timing of any major drainage reorganization
is controversial and remains a major question. For
example, mass balancing of eroded and sedimen-
tary volumes indicated that the Red River catch-
ment should have been much larger in the past than
it is at present (Clift et al., 2006b). This model proposed
that the upper reaches of the Yangtze (Jinshajiang),
Salween, Irrawaddy,Mekong, and upper Brahmaputra
(Yarlung) Rivers probably flowed into the head of
the paleo–Red River and were diverted as the re-
gional topography changed after the Tibetan uplift at
the initiation of the Miocene (Clark et al., 2004).
Other studies, such as Hoang et al. (2009), indicated
that the Irrawaddy, Mekong, and Salween have never
been connected to the paleo–Red River and inferred
that any capture must have been pre-middle Mio-
cene. Based on the Nd and Pb isotopic data, Clift et al.
(2006b, 2008) indicated that drainage capture affected
the Red River prior to circa 24 Ma. On the basis of
40Ar-39Ar ages from basalts along with detrital zircon
U-Pb ages from sand, Zheng et al. (2013) suggested
that the diversion of the upper and middle reaches of
the Yangtze River away from the paleo–Red River

must have occurred before 23 Ma. Drainage re-
organization resulted from the regional extension of
eastern China, strike-slip tectonism, and surface uplift
in eastern Tibet. Based on detrital zircon U-Pb geo-
chronological and paleogeographic data, Chen et al.
(2017) suggested the existence of a paleo–Red River
during the Paleocene to late Eocene, which lost its
northern sources after circa 35 Ma. In addition, other
observations negate the idea that large-scale river
capture occurred in the geological past or predated
the Oligocene (e.g., Yan et al., 2011; Zhao et al.,
2015a; Wei et al., 2016; Wissink et al., 2016). Zhao
et al. (2015a) found a more stable provenance from
the Red River by geochemical data in the north-
western South China Sea and demonstrated no drain-
age capture for this drainage system since the late
Oligocene. Wei et al. (2016) suggested that the upper
Yangtze River had not been established until the late
Miocene through the reconstruction of paleoflow, with
no connection between the Red and Yangtze Rivers.
Similarly, detrital zircon records in the Eocene to
Pleistocene sedimentary basins indicated a stable fluvial
system thatwas similar to themodern drainage network
and excluded a link between the Yangtze and Red
Rivers since at least the Eocene (Wissink et al., 2016).
Large-scale drainage reorganization should affect
the volume and composition of sedimentary rocks in
basins (Clift et al., 2006b; Chen et al., 2017). If the
drainage capture hypothesis is true, then the sedi-
ments that are transported to the Y-SH Basin may
have changed over time, which should be displayed
by distinct age populations of detrital zircons (Clift
et al., 2006a; Hoang et al., 2009; Yan et al., 2011;
Zheng et al., 2013).

In this study, we conducted detrital zircon U-Pb
geochronology by means of laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) to
better understand the provenance of the Yingdong
slope sedimentary rocks in the eastern Y-SH Basin,
identify temporal and spatial variations in the sedi-
ment sources and contributions, and constrain the
drainage evolution of the Red River since theNeogene.

GEOLOGICAL SETTING

The Y-SH Basin, which is located along the northern
margin of the South China Sea continental shelf,
is bounded by the Beibuwan Basin to the north and
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Qiongdongnan Basin to the east (Figure 1). The
Y-SH Basin is one of the most gas-rich sedimentary
basins in the region, forming at the southeastern
termination of the Red River strike-slip fault during
the Cenozoic (Morley, 2002; Zhu and Lei, 2013),
and it was the principal repository of eroded detritus
from the Red River and its tributaries (Lei et al.,
2015). The basin was filled with a thick section of
Paleogene to Quaternary sedimentary rocks, which
are up to 17 km (11 mi) thick in the Central de-
pression (Gong et al., 1997; Yan et al., 2011), cre-
ating one of the thickest sedimentary sections on
Earth. In addition to its large sediment volume, the
basin is characterized by a high subsidence rate during
the rifting stage, high overpressures, and widely de-
veloped diapirs in the central Yinggehai depression
(Hao et al., 1995; Zhang et al., 1996; Huang et al.,
2009; Lei et al., 2011). These characteristics have
been recognized as important features for hydrocar-
bon exploration and production (Hao et al., 2000;
Huang et al., 2004). The Y-SH Basin can be divided
into four first-order tectonic units, namely, the Yingxi
slope (Western slope), Central depression, Yingdong
slope (Eastern slope), and Lingao uplift (Figure 1B).
The primary strata boundaries can be effectively
marked from the analysis and correlation of seismic
sequences and nannofossil biostratigraphy (Duan and
Huang, 1991). Numerous stratigraphic units that are
related to hydrocarbon generation and accumulation
can be further divided into the Lingtou Formation
(Eocene); Yacheng and Lingshui Formations (middle
and upper Oligocene, respectively); Sanya, Meishan,
and Huangliu Formations (Miocene); and Yinggehai
Formation (Pliocene). These units are covered by
Quaternary sediments and underlain by a sub-Cenozoic
basement (Figure 2).

The formation and development of the Y-SH
Basin has been linked to the southeastward-oriented
strike-slip deformation of the Ailao Shan–Red River
fault zone (RRFZ) and clockwise rotation of the
Indochina block (Guo et al., 2001; Sun et al., 2003;
Zhu et al., 2009). The RRFZ extends over 1000 km
(621 mi) between eastern Tibet and the South China
Sea and is exposed as 10–20-km (6–12-mi)-wide
belts of high-grade metamorphic and deformed gra-
nitic rocks (Gilley et al., 2003). Strike-slip motion
along the fault zone has been widely regarded as
compensation for the convergence between India
and Asia (Tapponnier et al., 2001; Sun et al., 2003).

Although controversial, the left-lateral strike-slip
movement along the fault zone is dated to have oc-
curred from 35 to 17 Ma based on stratigraphic and
structural correlations, resulting in an offset between
500 and 1000 km (310–620 mi) (Leloup et al., 1995;
Searle, 2006). However, the timing of reversal of slip
within the RRFZ from 17 to 5 Ma is not well docu-
mented (Zhu et al., 2009). Pliocene–Quaternary
right-lateral motion in the RRFZ occurred at 8–5Ma,
with the estimated slip ranging from several meters to
60 km (40 mi) (Leloup et al., 1995; Replumaz et al.,
2001; Zhu and Lei, 2013). The evolution of the
southeastern segment of the RRFZ in the offshore
Tonkin Gulf area was divided into three stages by
Rangin et al. (1995): (1) widespread left-lateral mo-
tion along the northwest-trending faults prior to circa
30 Ma; (2) localized left-lateral strike-slip within a
30-km-wide (20-mi-wide) area from 30 to 5.5 Ma,
with the corresponding amount of offset not exceed-
ing a few tens of kilometers; and (3) no detected
tectonic activity after 5.5 Ma.

The Cenozoic tectonic evolution of the Y-SH
Basin is divided into three periods: the synrift stage
(Eocene to Oligocene), the postrift stage (middle–late
Miocene), and a stage of renewed thermal subsidence
(Pliocene to Holocene) (Figures 2 and 3) (Rangin
et al., 1995; Gong et al., 1997; Lei et al., 2011). The
basin began to open during the Eocene (after ca.
50 Ma) and then rapidly subsided after circa 34 Ma
(Clift and Sun, 2006; Hoang et al., 2010b). The
opening of the Y-SH Basin has often been linked to
the large-scale left-lateral movement and clockwise
rotation of the Indochina block along the RRFZ
(Rangin et al., 1995; Guo et al., 2001), when the
basin underwent a rifting period with northeast–
southwest extension. The basin entered a postrift-
ing period with limited tectonic activities since the
Oligocene, although significant inversion occurred
in the northern basin during the middle Miocene
(Clift and Sun, 2006; Jiang et al., 2015). Three
successive deformation phases were identified by
high-resolution seismic reflection and borehole data,
including left-lateral movement from 30 to 15.5 Ma,
slip reversal between 15.5 and 5.5 Ma, and slow
right-lateral movement after 5.5 Ma (Figure 2) (Zhu
et al., 2009).

The intensification of the East Asian monsoon
may be one of the most important factors that con-
trol continental weathering processes and, thus,
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sedimentation (Wan et al., 2006). The inception
age of the East Asia monsoon remains controver-
sial, but has likely been established at least since
the beginning of the Neogene (Clift et al., 2008),
and significant variations in the monsoon system
have occurred since, including the enhancement
of aridity and monsoon intensity at circa 15–13, 8,
and 3 Ma (Sun and Wang, 2005). On the basis of
sedimentary records of the Y-SH and Qiongdongnan

Basins, Hoang et al. (2010b) proposed that the
initial intensification of the southeastern Asia
monsoon occurred circa 22 Ma and was pre-
dominantly controlled by tectonic forces. Chem-
ical weathering decreased since the Miocene,
changing to more physical erosion and thus in-
creasing sedimentation rates between 15.5 and 10
Ma. The monsoon intensity decreased from 10.5 to
3.3 Ma and increased again thereafter, consistent

Figure 2. Regional stratigraphic column of the Yinggehai–Song Hong Basin, modified after Gong et al. (1997) and Liu et al. (2016). The
global eustatic sea level is from Miller et al. (2005). The sedimentation rate for the basin is from Lei et al. (2015).
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with the sediment flux to the ocean basins (Clift
et al., 2008).

The depositional environments of the clastic sed-
iments in the Paleogene to Quaternary deposits of
the Y-SH Basin (Figure 2) vary over time, including
lacustrine, fluvial, littoral, and neritic during the
Eocene–Oligocene (before 23 Ma); littoral, delta,
and neritic at the early–middle Miocene (30–10Ma);
and littoral and bathyal during the late Miocene to
Quaternary (after 10 Ma) (Gong et al., 1997; Sun
et al., 2003; Liu et al., 2016). The sedimentation
rates were modest from 50 to 29.5 Ma, lower
between 21 and 15.5 Ma, and higher from 15.5 to
10.5 Ma (Figure 2) (Clift and Sun, 2006; Hoang
et al., 2010b), which is consistent with the Red River
depositional system. Rapid erosion occurred in East
Asia during the early–middle Miocene (24–11 Ma)
(Clift and Sun, 2006) and was mostly related to the
strengthening monsoon and tectonic rock uplift
(Clift, 2006). Subsequently, the erosion rate gradu-
ally slowed but began to increase again during the
late Pliocene and Pleistocene. The depocenters in
the basin were mainly controlled by northwest- and
roughly north-south–trending faults (Sun et al.,
2003) and generally migrated to the southeast over
time until being interrupted by fault reversal at circa
15.5 Ma. Inversion at 15.5 Ma produced an angular
unconformity and caused the depocenters to migrate
back to the northwest, pausing in the northwestern
basin (Xie, 2009). The slowdown of right-lateral
movement and high rates of sediment led to over-
spill into the neighboring Qiongdongnan Basin (Yan
et al., 2011), and the depocenters again migrated
southward (Zhu et al., 2009).

SAMPLING AND ANALYTICAL METHODS

Sampling

Ten sedimentary rocks were collected from four
boreholes (L11, L15, L26, and L35) that were drilled
by the China National Offshore Oil Corporation
along the Yingdong slope in the eastern Y-SH Basin
(Figure 1). Samples of fine- to coarse-grained sand-
stone and siltstone of 2–4 kg (4.4–8.8 lb) were col-
lected in this study. The stratigraphic units of these
samples range from the lower Miocene Sanya Forma-
tion to the Quaternary Ledong Formation (Figures 2
and 3). The detailed positions of the boreholes and
information of the samples are shown in Figure 1 and
Table 1, respectively.

Zircon U-Pb Isotopic Analysis by Laser
Ablation Inductively Coupled Plasma
Mass Spectrometry

The zircons were separated from 1 kg (2 lb) or
greater samples by using conventional heavy liquid
and magnetic separation techniques that were de-
signed to minimize intersample cross-contamination
(Rudnick and Williams, 1987). After hand sorting
under a binocular stereoscope, the zircon grains were
mounted in transparent epoxy and polished down to
approximately half sections to expose the internal
structures. Cathodoluminescence (CL) images were
taken by using a Mono CL3 detector that was at-
tached to an electron microprobe (JXA-8100, JEOL,
Japan) to identify internal structures and choose po-
tential target sites. Zircon grains were carefully observed

Figure 3. Interpreted seismic profiles across the Yinggehai–Song Hong Basin. The positions are shown in Figure 1 and modified after
Zhu and Lei (2013). Fm. = Formation.
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to avoid any visible imperfections, such as inclusions
and metamict zones, to avoid performing an analysis
across zircon domain boundaries.

The zircons were dated by using LA-ICP-MS at
the State Key Laboratory of Isotopic Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences. Samplemountswere placed at the two-
volume sample cell that had been flushed with Ar and
He. Laser ablationwas performed at a constant energy of
80mJ (75,825 Btu) and a frequency at 8Hz, with a spot
diameter of 33 mm. The ablated ions were carried by He
gas to the Agilent 7500a inductively coupled plasma
mass spectrometry. Element corrections were made for
mass bias drift, which was evaluated by reference to the
glass standard NIST SRM 610. TEMORA was used as
the age standard (206Pb/238U = 416.8 Ma). The details
of the analytical operation and data processing pro-
cedures in this study were similar to those in Jackson
et al. (2004). Isotopic ratios of U-Th-Pb were calculated
with ICPMSDataCal (Version 7.2) (Liu et al., 2010).
206Pb/238U ages less than 1000 Ma were used, whereas
207Pb/206Pb ages were selected if the 206Pb/238U ages
were older than 1000Ma. Common Pb was corrected
with ComPbCorr#3_151 by using the method of
Andersen (2002). Probability diagrams for the zircon
populations were constructed by using Kernel Den-
sity Estimation by Vermeesch (2012).

RESULTS

A total of 845 detrital zircon grains that were extracted
from different stratigraphic units in the Yingdong slope
were analyzed by LA-ICP-MS, including the cores and

rims of the grains. The zircon grains were colorless to
light pink and transparent, and their morphologies in-
clude a wide range of prismatic to oval-shaped crystals
(Figure 4). The size of the zircon grains was gen-
erally 70–160 mm, and a proportion of these grains
had subrounded or rounded corners. The euhedral
grains generally suggest a relatively short transportation
distance, whereas the rounded grains implied prolonged
or multicycle transport. The U-Pb data are presented
in detail in Table S1 (supplementary material available
as AAPG Datashare 108 at www.aapg.org/datashare).
Some grains displayed a typical metamorphic origin
with low Th/U ratios (<0.1) (Table S1, supplementary
material available as AAPG Datashare 108 at
www.aapg.org/datashare), whereasmost zircon grains
had oscillatory growth zoning under CL (Figure 4)
with overwhelmingly high Th/U values (>0.4) (Table
S1, supplementary material available as AAPG Da-
tashare 108 at www.aapg.org/datashare), suggesting a
predominantly magmatic origin. The sedimentary rocks
from the Yingdong slope can be roughly divided into
two primary groups based on the detrital zircon U-Pb
age populations (Figures 5 and 6): (1) those with
complex populations of zircons, withU-Pb ages of circa
234–251, 420–445, 730–760, 940–970, 1600–1950,
and 2420–2530 Ma and (2) those with significant bi-
modal age populations of circa 98 and 235–250 Ma.

Group 1: Samples L11-1, L11-2, L11-4,
L11-12, L35-4, and L35-3

Sample L11-1 was collected from the Ledong For-
mation I in borehole L11. We analyzed 90 U-Pb

Table 1. Location and Stratigraphic Information of Samples Analyzed during This Study

Sample Number Chronostratigraphy Formation Units Lithology Borehole Depth, m (ft)

L11-1 Quaternary Ledong Sandstone L11 645 (2116)
L11-2 Pliocene Upper Yinggehai Siltstone L11 750 (2461)
L11-4 Pliocene Lower Yinggehai Sandstone L11 1680 (5512)
L11-5 Upper Miocene Upper Huangliu Sandstone L11 1998 (6555)
L11-12 Upper Miocene Lower Huangliu Siltstone L11 2150 (7054)
L15-1 Lower Miocene Upper Sanya Sandstone L15 1104 (3622)
L15-3 Pliocene Lower Yinggehai Sandstone L15 750 (2461)
L35-3 Pliocene Upper Yinggehai Sandstone L35 720 (2362)
L35-4 Quaternary Ledong Siltstone L35 520 (1706)
L26-5 Pliocene Lower Yinggehai Sandstone L26 2020 (6627)

All the samples were collected from the core chips. The positions of borehole are shown in Figure 1.
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spots on 90 zircon grains, 88 of which were con-
cordant within uncertainties (>90%, the same
below). The measured U-Pb ages ranged from 3078
to 30 Ma (Table S1, supplementary material avail-
able as AAPG Datashare 108 at www.aapg.org/
datashare). The majority of the grains ranged be-
tween 200 and 450 Ma, with two primary peaks at
circa 251 and 432 Ma, and several subordinate age
peaks at circa 165, 749, 940, 1670, and 2420 Ma
(Figure 5A).

Sample L11-2 was collected from the upper
Yinggehai Formation in borehole L11. We analyzed
90 U-Pb spots on 90 zircon grains, 86 of which were
concordant. The measured U-Pb ages ranged from
2984 to 82 Ma (Table S1, supplementary material
available as AAPG Datashare 108 at www.aapg.
org/datashare). Three major age peaks were ob-
served at circa 100 Ma, 248 Ma, and 444 Ma, with

a subordinate age peak at circa 159 Ma and one
“broad” age group at 730–980 Ma (Figure 5B).

Sample L11-4 was collected from the lower
Yinggehai Formation in borehole L11. All 80 ana-
lyses that were conducted on the 80 zircons from this
sample were concordant within uncertainties. The
measured U-Pb ages ranged from 2487 to 78Ma (Table
S1, supplementary material available as AAPG Data-
share 108 at www.aapg.org/datashare), with one major
age peak at circa 238 Ma and three subordinate peaks
at circa 103, 439, and 1837 Ma (Figure 5C).

Sample L11-12 was collected from the lower
Huangliu Formation in borehole L11. Of the 90 ana-
lyses that were conducted on the 90 zircons from this
sample, 83 were concordant within uncertainties. The
measured U-Pb ages ranged from 2606 to 99
Ma (Table S1, supplementary material available as
AAPGDatashare 108 atwww.aapg.org/datashare). Two

Figure 4. Cathodoluminescence images of representative detrital zircons from the U-Pb age analysis. The circles and numbers denote
the laser ablation inductively coupled plasma mass spectrometry analytical spots and numbers, respectively. The numbers outside the
circles are the zircon U-Pb ages.

WANG ET AL. 1533

Downloaded from https://pubs.geoscienceworld.org/aapgbull/article-pdf/103/7/1525/4798814/bltn17270.pdf
by Sun Yat-Sen Univ Library user
on 12 November 2019

http://www.aapg.org/datashare
http://www.aapg.org/datashare
http://www.aapg.org/datashare
http://www.aapg.org/datashare
http://www.aapg.org/datashare
http://www.aapg.org/datashare


Figure 5. (A–I) Kernel density estimation plots of detrital zircons from boreholes L11 and L15. The data of L11-13 and L15-2 are from
Wang et al. (2016a). Fm. = Formation.
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Figure 6. (A–H) Kernel density estimation plots of detrital zircons from boreholes L26 and L35. The data of L262-1 and L262-2 are from
Wang et al. (2015a), and the data of L35-2, L26-2, and L26-1 are from Wang et al. (2016a). Fm. = Formation.
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major age peaks were observed at circa 236 and
964 Ma, with two subordinate peaks at circa 98 and
849 Ma (Figure 5E).

Sample L35-4 was collected from the Ledong
Formation in borehole L35. We analyzed 80 U-Pb
spots on 80 zircon grains, and 71 of the analyses were
concordant within uncertainties. The measured U-Pb
ages ranged from 2739 to 32 Ma (Table S1, supple-
mentary material available as AAPG Datashare 108
at www.aapg.org/datashare). Three major age peaks
were observed at circa 248, 431, and 948 Ma, with two
subordinate peaks at circa 144 and 1071Ma (Figure 6F).

Sample L35-3 was collected from the upper
Yinggehai Formation in borehole L35. Of the 85
analyses that were conducted on the 85 zircons from
this sample, 80 were concordant within uncertainties.
The measured U-Pb ages ranged from 2435 to 92 Ma
(Table S1, supplementary material available as AAPG
Datashare 108 at www.aapg.org/datashare). One ma-
jor age peak was observed at circa 423 Ma, with
three subordinate peaks at circa 127 Ma, 234 Ma,
and 956 Ma (Figure 6G).

Group 2: Samples L11-5, L15-1, L15-3, and
L26-5

Sample L11-5 was collected from the upper Huangliu
Formation in borehole L11. We analyzed 80 U-Pb
spots on 80 zircon grains, 75 of which were con-
cordant. The measured U-Pb ages ranged from 2076
to 99 Ma (Table S1, supplementary material avail-
able as AAPG Datashare 108 at www.aapg.org/
datashare). The majority of the grains ranged be-
tween 220 and 280 Ma, with one age peak at circa
243 Ma and a subordinate peak at circa 101 Ma
(Figure 5D).

Sample L15-3 was collected from the lower
Yinggehai Formation in borehole L15. We analyzed
80 U-Pb spots on 80 zircon grains, all of which were
concordant. The measured U-Pb ages ranged from
2173 to 83 Ma (Table S1, supplementary material
available as AAPG Datashare 108 at www.aapg.org/
datashare). Two major age peaks were observed at
circa 98 Ma and 236 Ma (Figure 5G).

Sample L15-1 was collected from the Sanya For-
mation in borehole L15. We analyzed 90 U-Pb spots
on 90 zircon grains, all of which were concordant.
The measured U-Pb ages ranged from 1567 to 86Ma

(Table S1, supplementary material available as AAPG
Datashare 108 at www.aapg.org/datashare). This sam-
ple was similar to L15-3 and contained detrital zircons
with two major age peaks at circa 96 and 234 Ma
(Figure 5I).

Sample L26-5 was collected from the lower
Yinggehai Formation in borehole L26. Of the 80
analyses that were conducted on the 80 zircons from
this sample, 79 were concordant within uncer-
tainties. The measured U-Pb ages ranged from 2706
to 96 Ma (Table S1, supplementary material avail-
able as AAPG Datashare 108 at www.aapg.org/
datashare). Two major age peaks were observed at
circa 99 and 239 Ma (Figure 6A).

DISCUSSION

Age Signatures of Possible Sediment
Sources

The Truong Son belt in the Indochina block, the
hinterland of the southern Yangtze block, and the
Hainan uplift in the Cathaysia block (Figure 1) all
constitute potential sedimentary sources for the
Y-SH Basin (Gong et al., 1997; Yan et al., 2007,
2011; Cao et al., 2015; Jiang et al., 2015;Wang et al.,
2015a). Increasing amounts of zircon geochrono-
logical data from modern sands in the major drain-
ages and bedrock in these potential source terranes
have been collected over the past decade and provide
the basis to assess the provenance and tectonic evo-
lution (e.g., Clift et al., 2006a; Hoang et al., 2009;
Wang et al., 2015b; Jonell et al., 2017). The zircon
U-Pb age spectra for the potential source terranes
from the available published age data of major
drainages and bedrocks are outlined in Figure 7.
Generally, the zircon U-Pb ages from central Viet-
nam and Hainan show well-defined bimodal age
spectra, whereas sources along the Red River (south-
ern Yangtze block) exhibit relatively complex age
populations.

The Yangtze block in the South China block is
bounded to the north by the Qinling–Dabie orogenic
belt and is adjacent to the Tibetan Plateau and
Indochina block to the west and south, respectively
(Figure 1A). The basement of the Yangtze block
includes Proterozoic and Archean rocks with U-Pb
zircon ages of circa 1700–2100 and 2300–2800 Ma,
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respectively (Zheng et al., 2006; He et al., 2013).
The Neoproterozoic volcanic rocks, granitic plu-
tons, and ophiolite complexes distributed around
the Yangtze block are probably related to a mantle
plume that marked the breakup of Rodinia and
subsequent separation of the South China block
between 1000 and 700 Ma (Li et al., 2003). Late
Paleozoic igneous rocks are widespread in China’s

Yunnan Province and adjacent areas (Figure 1A) and
yield U-Pb ages between 480 and 400 Ma (Carter
et al., 2001; Liu et al., 2009; Wang et al., 2011).
Permian to Triassic igneous rocks that are associated
with the Emeishan mantle plume or collision between
several microcontinents and the Yangtze block yielded
ages from 280 to 220 Ma (Chen et al., 2014). Middle
Jurassic to Cretaceous basaltic lavas and related mafic

Figure 7. Zircon U-Pb age probability density plots of the bedrocks (A–F) and major drainages (G–K) of the potential source terranes.
The data for the southern Yangtze block are from Zhang and Schärer (1999), Zhou et al. (2007), and Wang et al. (2007b). The data for
Hainan Island are from Xie et al. (2006), Li et al. (2008), Xu et al. (2007a), and Wen (2013). The data for the eastern Indochina Block are
from Carter et al. (2001), Roger et al. (2007), Liu et al. (2012), and Kamvong et al. (2014). The data for the hinterland of the Cathaysia
block are from Wang et al. (2007a), Xu et al. (2007b), Yu et al. (2008), Yao et al. (2011), and Li et al. (2012). The data for the Qiangtang
block are from Roger et al. (2003), Dong et al. (2011), and Ding et al. (2013). The data for the Songpan–Garze block are from Weislogel
et al. (2006), Enkelmann et al. (2007), and Ding et al. (2013). The data for the Red River are from Clift et al. (2006a) and Hoang et al.
(2009). Data for the rivers in western Hainan are from Wang et al. (2015b). The data for the rivers in central Vietnam are from Usuki et al.
(2013) and Wang et al. (2016a). The data for the upper Yangtze are from Hoang et al. (2009), Kong et al. (2012), Yang et al. (2012), and
He et al. (2013). The data for the western tributaries of the Pearl River are from Zhao et al. (2015b).
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dikes, whose ages ranged from 180 to 80 Ma, are
present in the southern Yangtze block (Li et al., 2004).
The numerous magmatic and metamorphic rocks
that are located in the southern Yangtze block
along the RRFZ yielded U-Pb ages between 60 and
20 Ma (Zhang and Schärer, 1999) (Figure 7A).

Late Paleozoic to Mesozoic igneous rocks
dominate Hainan Island, at the southern end of the
Cathaysia block (Figure 1). Paleoproterozoic zircon
with ages of circa 2600–2300 and 2000–1600Ma are
contained in the lower Paleozoic (Zhou et al., 2015).
Mesoproterozoic volcaniclastic rocks related to the
“Jinning movement” in the southern China block
have been reported in western Hainan and exhibited
ages of circa 1450 Ma (Li et al., 2008). The Permian
to Triassic intrusive rocks in this region are pre-
dominantly high-K A-type and I-type granites and
range in age from 280 to 220 Ma (Xie et al., 2006;
Wen, 2013). Cretaceous granitic and volcanic rocks
yielded zirconU-Pb ages of circa 100 and 160Ma and
are concentrated in southern Hainan (Zhou et al.,
2015) (Figure 7B).

The Truong Son belt in the Indochina block
(Figure 1) is characterized by Ordovician–Silurian
and Permian–Triassic granitic and metamorphic
rocks, which correspond to the Caledonian and
Indosinian orogenic events, respectively. The lower
Paleozoic granitoids within the Truong Son belt
mainly occur in the southwestern region of the oro-
genic belt and yield ages of 430–460 Ma (Figure 7C)
(Carter et al., 2001). Early Permian–Triassic arc
magmatism (270–280 and 240–250Ma) can be widely
observed in the belt (Liu et al., 2012; Usuki et al.,
2013). Furthermore, Archean to Neoproterozoic
zircon grains have been discovered in the modern
rivers and Paleozoic sedimentary rocks in central
Vietnam (Usuki et al., 2013; Wang et al., 2016b;
Jonell et al. 2017) (Figure 7I).

In addition to the above three primary po-
tential source terranes, other possible sources that
could have been delivered by the Red River system
include the Qiangtang, Songpan–Garze, and hin-
terland of the Cathaysia blocks (Figure 1) (Van
Hoang et al., 2009). These blocks are currently no
longer part of drainage systems that are connected
to the Y-SH Basin, so the detritus could not have
been directly eroded but instead were recycled
through sedimentary basins (Clift et al., 2006a).
All three source terranes have relatively complex

age populations, manifesting as multiple peaks
(Figure 7D–F). The hinterland of the Cathaysia
block in southeastern China (Figure 1) consists of
Precambrian basement and an overlying Phaner-
ozoic igneous and sedimentary sequence (Xu et al.,
2016). Paleoproterozoic and Mesoproterozoic gra-
nitic rocks within this block were given ages of
1890–1800 and 1450–1430 Ma (Li et al., 2008; Yu
et al., 2009), respectively. Neoproterozoic rocks
with an age peak at circa 967 Ma (Figure 7D) occur
widely throughout the block. Voluminous Paleo-
zoic to Mesozoic granitic plutons that are related to
tectonic–thermal events in the southern China block
yielded major age peaks ranging from 450 to 130 Ma
(Figure 7D). The Qiangtang block in the northern
Tibetan Plateau is bounded by the Jinsha suture to
the north and the Bangong–Nujiang suture to the
south (Figure 1A). This block mainly consists of sub-
Jurassic strata and metamorphic rocks in the central
segment and Jurassic sedimentary rocks along the
northern and southern margins. The lower Paleo-
zoic and Mesozoic magmatic and metamorphic
rocks within the block were dated at 470–430 and
240–200 Ma (Zhai et al., 2011), respectively. A
major young Indosinian peak was observed at circa
221 Ma, with five subordinate age peaks observed
at circa 440, 639, 972, 1938, and 2505 Ma
(Figure 7E). The Songpan–Garze block, which
formed during the closure of the paleo-Tethys
Ocean, is located in the eastern Tibetan Plateau
(Figure 1A) (Bruguier et al., 1997). This block is
bounded by the Yangtze, NorthChina, andQiangtang
blocks and is characterized by marine Triassic flysch
deposits and widespread granitic rocks. Previous
studies (Weislogel et al., 2006; Enkelmann et al.,
2007; Ding et al., 2013) showed awide range of U-Pb
ages in this block, with four major age peaks of circa
245, 448, 781, and 1852 Ma (Figure 7F).

Source of Detrital Zircons

The age populations for the samples in this study were
comparedwith the age signatures of the aforementioned
potential sediment sources. In these samples (Figures 5
and 6), detrital zircons with ages of circa 2200–2800
Ma are interpreted as having been derived from the
southern Yangtze block (Zheng et al., 2006) or pos-
sibly recycled from Paleozoic sedimentary rocks in the
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eastern Indochina block (Wang et al., 2016b). The
Proterozoic ages of circa 1700–2100 Ma are consistent
with the tectonic–magmatic event in the Yangtze
block. However, significant age populations between
1852 and 1938 Ma could also be derived from the
Cathaysia, Qiangtang, and Songpan–Garze blocks
(Figure 7D–F). Neoproterozoic zircons with age peak
at circa 865 Ma are likely from a distinctive signature
in the Yangtze block and are absent or only account
for a small fraction in other source terranes (Li et al.,
2003; Hoang et al., 2009). The Neoproterozoic ages
between 900 and 1000 Ma could have been
derived from the hinterland of Cathaysia, Qingtang
(Figure 7D, E), or eastern Indochina (Jonell et al.,
2017). The Paleozoic zircons with U-Pb ages be-
tween 420 and 480 Ma correspond to widespread
Paleozoic magmatic and metamorphism in eastern
Asia and elsewhere in Gondwana (Li et al., 2010);
these zircons could have been derived from the
Yangtze, Cathaysia, or Indochina blocks (Figure 7).
Mesozoic-aged zircon populations dominated the
provenance record (Figures 5 and 6), indicating a
significant provenance that was associated with a
Triassic thermo-tectonic event (Indosinian orogeny)
in East Asia. These ages, which ranged from 280 to
230 Ma, were ubiquitous for all the source terranes
(Figure 7) and had limited potential as a decisive source
indicator. The Cretaceous zircons from circa 100 Ma
are probably from the distinctive sources in Hainan
(Figure 7B), so they could have been derived from
different drainage systems in western Hainan (Cao
et al., 2015; Wang et al., 2015b). Cenozoic zircon
grains in these samples (e.g., L11-1, 30 Ma) are most
likely from a distinct source along the RRFZ in the
southern Yangtze block (Zhang and Schärer, 1999;
Clift et al., 2006a).

Compared to these potential source terranes,
4 of the 10 Cenozoic samples from group 2
(i.e., L11-5, L15-1, L15-3, and L26-5) contained
high proportions of Cretaceous (ca. 98 Ma, 35.2% in
total) and Triassic (ca. 240 Ma, 51.5% in total) zir-
cons, with a limited number of ages older than 450
Ma, which suggests that Hainan was the main source
region for the Yingdong slope during the Miocene–
Pliocene (Yan et al., 2011; Wang et al., 2014). In
addition, the zircon grains from these samples were
angular without rounded corners (e.g., L15-1, L26-5)
(Figure 4), which are consistent with a proximal
source. This interpretation is further supported by

detrital zircon U-Pb geochronological studies of
modern drainage systems in Hainan (Cao et al.,
2015; Wang et al., 2015b) (Figure 7H).

The zircon age populations of six samples as-
signed to group 1 (i.e., L11-1, L11-2, L11-4, L11-12,
L35-3, and L35-4) were relatively complex and sig-
nificantly distinct from the group 2 samples (Figures
5 and 6). Some zircon grains in these samples were
rounded to subrounded, indicating that they were
probably transported a long distance or multicycle
detrital zircon that were eroded from the sedimen-
tary rocks around the basin (Usuki et al., 2013). The
age spectra of these samples were broadly similar,
with age peaks ranging from the Archean to Ceno-
zoic (Figures 5 and 6), which is consistent with the
polyphase evolution of the Yangtze block (Wang
et al., 2010). The abundant Neoproterozoic zircons
with ages of circa 730–760 and 940–970 Ma were
interpreted to have been originally derived from the
southern Yangtze block. However, a recent study
by Jonell et al. (2017) showed that these age pop-
ulations could also be found in central Vietnam, al-
though they were still presumed to have eroded
from the Yangtze block in the distant geological past.
A source from the Red River is also supported by
scattered Cenozoic zircons, which were likely de-
rived from the RFFZ in some samples, such as L11-1
and L35-4 (Table S1, supplementary material avail-
able as AAPG Datashare 108 at www.aapg.org/
datashare). The lower Paleozoic (ca. 420–445 Ma)
and Neoarchean to Paleoproterozoic zircons (ca.
2420–2530 Ma) were presumably shed from the
southern Yangtze block or the Truong Son belt in
the eastern Indochina block. Nevertheless, samples
L11-2 and L11-4 showed several distinct character-
istics between the two groups of sedimentary rocks
(Figure 5B, C): these samples had identical compo-
nents to those of the samples in group 1 but also
contained Cretaceous zircons (ca. 100 and 104 Ma,
respectively), similar to the samples from Hainan.
These two samples probably had mixed sources with
sediments from both the Yangtze block and Hainan.

Detritus in group 1 samples might have also been
derived from other sources, including the Songpan–
Garze, Qiangtang, and the hinterland of the Cathaysia
blocks, and delivered by the Red River (Figure 1)
(Clift et al., 2006a; Hoang et al., 2009). The Ca-
thaysia block (Figure 7D) had a more complicated
age distribution pattern and was largely characterized
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by an age population that was centered at circa 133
Ma, with distinct age peaks at circa 1437 Ma. Such
grains were rare in the studied samples, indicating
that the hinterland of the Cathaysia block was prob-
ably not the main source terrane for the eastern Y-SH
Basin. Although samples L35-4 and L35-3 had sim-
ilar Cretaceous peaks (144 and 127 Ma, respec-
tively), they should have also been derived from the
Hainan at the southern end of the Cathaysia block
(Cao et al., 2015; Wang et al., 2015b). The relatively
limited zircon grain ages that ranged from 220 to 200
Ma could have come from the Qiangtang block (Van
Hoang et al., 2009), but the absence of 500–700 Ma
zircons makes this a less likely source. The Songpan–
Garze block exhibits a wide range of zircon U-Pb
ages, with a large peak at 1852 Ma, which is differ-
ent than the southern Yangtze block (Figure 7F).
Although the age population at 1700–2000 Ma was
observed in the samples (such as L11-1 and L11-4),
this range probably represents input from the
Yangtze and Songpan–Garze blocks. Hoang et al.
(2009) also proposed that this distinctive age pop-
ulation in the modern Red River should have been
reworked via sedimentary basins in the upper Red
River. Therefore, we cannot preclude additional
input from the Songpan–Garze block.

Multidimensional scaling (MDS) plots (Figure 8)
were used in this study to assess the relative dis-
similarities of samples (Vermeesch, 2013, 2014a, b,
2016). Generally, samples with similar age compositions

were grouped in the MDS plots and separated if they
were dissimilar. In the metric MDS plots of zircon U-Pb
data, these samples showed a distinct affinity with the
potential source terranes (Figure 8A) and the drain-
age systems around the Y-SH Basin (Figure 8B).
Notably, both eastern Indochina and the drainage
systems in central Vietnam plotted far from these
samples, distinguishing a source from the west and
suggesting a minor contribution from the Indochina
block. The samples along the eastern side of the basin,
such as L11-5 and L26-5, showed a greater affinity for
the Hainan area as defined by the zircon ages from
the bedrocks and modern rivers (Figure 8). By
contrast, L11-2 and L11-4 were more similar to the
eastern Indochina provenance. This correlation
probably occurred because these two samples were
primarily sourced from central Vietnam (eastern
Indochina); alternatively, the sediments from these
two samples were derived from a mixed-source area,
producing more similar age spectra to that of eastern
Indochina. Many of the samples showed a stronger
affinity to the southern Yangtze block rather than the
Indochina block and reflected an important contri-
bution from this source terrane. In addition to the
southern Yangtze block, samples L262-1 and L11-1
were associated with sources that were related to the
Cathaysia, Qiangtang, and Songpan–Garze blocks,
which plotted far from most samples and were
clearly distinguishable based on their relative clus-
tering (Figure 8A), indicating the possible influences

Figure 8. Metric multidimensional scaling plots based on the Kolmogorov–Smirnov (K-S) distances between samples and potential
source terranes (A) and drainage systems around the Yinggehai–Song Hong Basin (B) based on the data in this paper and associated
studies that were discussed in the text.
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of these sources. However, some overlapping age
populations existed between the Yangtze block and
these three source terranes (Figure 7D–F), making
this relationship difficult to distinguish within the
MDS plots.

In summary, detrital zircon data from the Yingdong
slope showed that the sedimentary rocks were de-
rived from multiple sources. A comparison of the
age populations with the potential source terranes
indicate that the Red River and Hainan were key
factors in the sedimentary provenance contributions to
the eastern Y-SH Basin, and additional minor sources
likely shed westwards from central Vietnam (eastern
Indochina block) and possibly the Songpan–Garze
block. In contrast, the Qiangtang and the hinterland
of the Cathaysia blocks do not appear to have been
source terranes but could have provided limited
sedimentary contributions to the eastern Y-SH Basin.

Variations and Similarities between
Samples

Detrital zircons from the eastern Y-SH Basin samples
give U-Pb ages that ranged from 3078 to 30 Ma,
revealing input from multicomponent sources. The
possible provenance and transport pathways that
would produce this mixture are shown in Figure 9,
where the example shows detritus arriving in the
Yingdong slope mainly by long-distance transport
from the Red River to the northwest and by short-
distance transport from Hainan. The Red River was
the main source because of its large flux and trans-
port capacity (Wang et al., 2015a). The modern Red
River drains an area of 160,000 km2 (62,000 mi2)
and flows approximately 1200 km (~750 mi) from
the mountains of Yunnan Province, with a total
sediment and water discharge of 100–130 · 106 t/yr
(98–128 · 109 lb/yr) and 120 km3/yr (28.8 mi3/yr),
respectively (Milliman et al., 1995; Pruszak et al.,
2002).

No clear correlation exists between the current
sample locations and the source terranes for strata above
the lower Miocene Sanya Formation, suggesting that
the source remained broadly diverse at least for the
sampled succession (Sircombe et al., 2001; Benyon
et al., 2016). Notwithstanding, the detrital zircon
ages also indicated several changes in the dominant
source terranes over time. Borehole L15 shows similar
age spectra among different strata and reveals a

relatively stable source system since the early Mio-
cene (ca. 17.5 Ma) (Figure 5G–I). The Red River
detritus was not significant at this location, as indicated
by the absence or scarcity of Neoproterozoic and Pa-
leoproterozoic zircon ages (>600 Ma). The L15 lo-
cation, therefore, maintained a stable source supply
only from Hainan. The age spectra of the Meishan
Formation (ca. 15.5–13.8 Ma) for borehole L35 give
bimodal age populations, which change from the
upper Yinggehai (ca. 2.4–1.8 Ma) and Ledong (ca. 1.8
Ma–present) formations. The strata with multipeak
zircon age distributions (Figure 6F–H) suggest mixed
provenance from the Hainan and Red River sources.

The systemic analyses of L26 and L11 provide an
example of the provenance variations in the strata
(Figures 5 and 6). Changes in the zircon age spectra
in borehole L26 (Figure 6A–E) indicate that Red
River sources dominated during the early-middle
Miocene (ca. 15.5–13.8 Ma) and late Miocene
(ca. 8.2–5.5 Ma). Whereas, the detrital zircon pop-
ulations from the other strata, which contained mod-
erate to high concentrations of Triassic and Cretaceous
grains, are consistent with the local bedrock in Hainan
(Figure 7B). The zircon age spectra in borehole L11
showed that the sedimentary source patterns in-
termittently changed over time (Figure 5A–F). The
middle–upper Miocene (13.8–5.5 Ma) exhibited
bimodal age spectra and consisted of 98–101 and
236–243 Ma components, indicating that they were
locally derived from Hainan, with smaller amounts of
detritus from the Red River during the late Miocene
(10.5–8.2 Ma). In contrast, the age spectra became
more complicated during the Pliocene (5.5–1.8 Ma)
with the addition of Paleoproterozoic, Neoproterozoic,
and lower Paleozoic ages, indicating that the detritus
was derived from both the Red River and Hainan
source regions.

Provenance Evolution and Contributions

The possible sediment transportation directions of
sediments throughout the Y-SH Basin based on the
previously published data and the detrital zircon
U-Pb geochronological data analysis in this study
is shown in Figure 10. Comparing the zircon age
spectra for the coeval strata of boreholes across the
basin suggests systematic changes in sediment supply
for different parts of the basin through time. The
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provenance evolution of the Y-SH Basin can be sum-
marized as follows.

From the late Oligocene to early Miocene (ca.
30.0–15.5 Ma), the major depocenter was located
in the northwestern Y-SH Basin and gradually mi-
grated southeastward to the Central depression be-
cause of the left-lateral slip movement of the RRFZ
(Figure 10A, B). The populations of detrital zircons
from the upper Oligocene indicate that the sedi-
ments in the eastern and southeastern basin were
mainly from the nearby Hainan area (Yan et al.,
2011). The influence of Red River detritus could not
be evaluated for upper Oligocene strata because of
the limited sample and geochronological data from
the boreholes. Hainan was also an important source
of detritus to the eastern Y-SH Basin during the early
Miocene (Figure 10B). Red River detritus has been

identified in the northern basin at the same time
(Wang et al., 2016c).

During the middle Miocene (ca. 15.5–10.5 Ma),
both Hainan and the Red River were the major
source terranes for the Y-SH Basin (Figure 10C, D).
Slip reversal on the RRFZ affected basin sedimen-
tation by causing the depocenters to move from
the southern area of the basin to the center. In the
eastern basin, with the exception of sample L26-1,
the wide detrital zircon age ranges from 2728 to
103 Ma were similar to sources within the southern
Yangtze block, implying long-distance transport from
the Red River (Wang et al., 2016a). The remaining
samples in this study all originated from Hainan
through different drainage systems (Cao et al.,
2015; Wang et al., 2015b), including the Chan-
ghua River (Figure 9). This suggests that Hainan

Figure 9. Hypothesis that depicts the sediment transportation pathways of the eastern Yinggehai–Song Hong Basin. The modern
drainage systems were adopted from Sun et al. (2014). R. = River.
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was a major source for eastern Y-SH Basin sedi-
ment. By contrast, the northwestern basin was
dominated by the Red River source in the middle
Miocene (Figure 10C, D).

During the late Miocene (10.5–5.5 Ma), the de-
pocenters migrated to the center of the basin because
of fault reversal (Figure 10E, F). Discrepant U-Pb
age patterns between the lower and upper Huangliu
Formation at boreholes L11 and L26 probably indi-
cate intraformational provenance variations in the

study region. Sediments that were transported south-
eastward by the Red River could have reached the
location of borehole L26 in the basin (Figure 10F), likely
indicating the long submarine transport of detrital
material from the Red River or recycling of clastic
sedimentary rocks around the basin. The sedi-
mentary rocks in the central basin mainly origi-
nated from the Red River during the late Miocene,
with minor contributions from central Vietnam
and Hainan.

Figure 10. (A–I) Possible provenance evolution of the sedimentary rocks in the eastern Yinggehai–Song Hong (Y-SH) Basin since the
late Oligocene. The depocenters are from Sun et al. (2003) and Zhu et al. (2009). H29, H30, L11, L15, L20, L26, L35 are boreholes. QLSH,
QMSH, QSYA, and S2 are the sample names. Samples from borehole H29, H30, LO and L20 are from Wang et al., (2016a).
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From the Pliocene to Quaternary (since 5.5 Ma),
the major depocenters migrated to the southeast,
eventually reaching the neighboring Qiongdongnan
Basin. At this time, the provenance of the eastern
Y-SH Basin shifted from Hainan to the Red River
(Figure 10G–I). Detritus from the Red River rapidly
increased over this interval and became the main
source to the southeastern basin, reaching the loca-
tion of borehole L35 in the south of Hainan by circa
2 Ma (Figure 10H–I).

Generally, the Paleozoic and Neoproterozoic
detrital zircons gradually increase in population from
the upper Oligocene Lingshui Formation to Qua-
ternary Ledong Formation (since ca. 30 Ma) (Figures
5 and 6). Variations in the dominant detrital zircon
populations within the vertical stratigraphic succes-
sions clearly show increasing contributions from
the Red River since at least the middle Miocene
(Figure 10) as the result of the expansion of the delta
in the northern Y-SH Basin. Coverage area of the
Red River Delta in the northern region of the basin
has been extending since the early Miocene (Xie,
2009), and sediments have since been transported
over long distances (Figure 9). Progradation into the
central and southeastern area of the basin is consis-
tent with the evolution of the depocenters over time.
The relatively stationary depocenters during the
Oligocene–early Miocene (30–15.5Ma) (Figure 10A,
B) trapped most of the Red River detritus in the
northern and central basin (Hoang et al., 2010b).
Migration of the primary depocenters back to the
northwest between 15.5 and 5.5 Ma was probably
because of motion on the RRFZ more than delta
growth (Figure 10C–F). After the Pliocene (ca. 5.5
Ma), depocenter migration to the northeastern Y-SH
Basin resulted in sediment overspilling to the east
into the Qiongdongnan Basin (Figure 10G–I).

The intensification of the East Asian monsoon
could have been another important factor that con-
trolled continental weathering-erosion processes and
affected the composition and volume of sediments
from the Red River (Wan et al., 2006; Hoang et al.,
2010b). The sediment provenance was undeniably
influenced by the regional surface uplift and associated
climate changes in East Asia (An et al., 2001; Clift
et al., 2008; Li et al., 2014). The stratigraphic record
and thermochronometric data indicated that in-
tensified erosion began and reached a peak at circa 15
Ma and lasted until 10.5 Ma (Clift et al., 2008). This

timing is consistent with the increase in sediment
accumulation rates in the Y-SH Basin. Hoang et al.
(2010b) suggested a relationship between the shift to
more physical erosion and increasing sedimentation
rates in Southeast Asia after circa 15.5 Ma. Changes
in the Y-SH Basin sediment flux since the middle
Miocene (ca. 16Ma), especially the apparent increase
in sediment accumulation rates between 15.5 and
10 Ma (Clift and Sun, 2006; Hoang et al., 2010b),
caused the accumulation of deltaic material and
progradation to the central basin. The uplift of the
Tibetan Plateau (Schoenbohm et al., 2006) and the
associated monsoon governed the regional erosion
and sedimentation rates (Zhang et al., 2001) and
increased the volume, changed the composition, and
affected the transportation distance of sediments that
were delivered from the Red River to the Y-SH Basin
(Hoang et al., 2010a). Thus, we attribute the in-
creased source contribution from the Red River since
the middle Miocene to the progradation of the delta
and possible influence of regional surface uplift and
associated climate changes in East Asia.

Constraining the Drainage Capture of the
Red River

Changes in the regional drainage that were associated
with the Red River capture inevitably affected the
volumes and compositions of the sediments that
reached the deltas in the South China Sea; therefore,
we could use the sediment record from the Y-SH
Basin to better understand the evolution of the
Red River. Compared to other potential source
terranes, the Qiangtang block in central Tibet is
largely characterized by Triassic zircon grains that
concentrated at circa 221 Ma (Roger et al., 2003),
along with a Paleoproterozoic age peak at circa 1938
Ma and a distinct population of 500–700-Ma zircons
(Figure 7E). In contrast, the Songpan–Garze block
shows a Neoproterozoic age peak of circa 781 Ma
and a higher proportion of Paleoproterozoic pop-
ulations at circa 1852 Ma (Figure 7F). If the upper
Yangtze was once connected with the paleo–Red
River, then these distinct age populations from
the Qiangtang and Songpan–Garze blocks should be
detected in samples from the Y-SH Basin (Figure 11).
Such age peaks (especially zircon ages of 500–650
and 1800–2000 Ma) were not observed or did not
comprise a significant part of the total age spectrum
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in the Y-SH Basin (Figures 5 and 6), suggesting that
the sediments were not derived from the Qiangtang
block. We could not evaluate contributions from
the Songpan–Garze block because of the age overlap
with the southern Yangtze block (Figure 7A). These
observations preclude much sediment flux from the
Qiangtang block and probably suggest that there was
no connection between the Red River and upper
Yangtze River if most of the sediments in the river
were derived from the Qiangtang block as it is today.
Although samples L11-1 and L262-1 showed an af-
finity with the upper Yangtze River in the MDS plot
(Figure 8B), it is not unique. The sedimentary rocks
in the Y-SH Basin do not yield a zircon age peak of
circa 1437 Ma, which is considered an important sig-
nature for the Cathaysia block (Figure 7D) (Hoang
et al., 2009), negating the hypothesis that the Red
River was once connected to the Pearl River (Figure 11).
In addition, sample L35-3 shows aweak correlationwith
the Pearl River but a close correlation to the Red
River (Figure 8B). This does not mean that a part of
the sediments was derived directly from the Pearl
River. Conversely, it was caused by the overlapping
age populations that existed between these two rivers
(Figure 7).

The new and previously published detrital zircon
data with a different geological age from the early
Miocene to Quaternary with a Red River source are
plotted in Figure 12A to further understand the

provenance evolution of the Red River sediment.
Statistical zircon data from the Archean to Carbon-
iferous (ages older than 300 Ma) are presented in
Figure 12B. This was done to avoid the Hainan
source with a high proportion of Permian to Creta-
ceous zircons. The detrital zircon data show no ob-
vious anomalies among most of the samples giving
similar age characteristics to the modern Red River
sediment. This suggests that the Red River prove-
nance has been relatively stable since at least the early
Miocene (ca. 23Ma) and does not support large-scale
drainage capture of the Red River since the Miocene.
This conclusion is also corroborated by geochemical
evidence from sedimentary rocks in the Y-SH Basin,
which shows no change in composition since the late
Oligocene (Zhao et al., 2015a).

In the detrital zircon signatures of the strata, there
are some minor changes (Figure 12B). The lower
Huangliu Formation gives a smaller proportion of
lower Paleozoic zircons than all other formations.
This could be explained by additional flux of Paleo-
zoic zircons from Song Lo when it joined the Red
River after circa 9 Ma (Clift et al., 2008), delivering
more detritus from the Cathaysia and Yangtze
blocks. In addition, the Sanya and lower Meishan
Formations (23.0–13.8 Ma) contained relatively few
Mesoproterozoic grains (Figure 12B), whereas the
upper Yinggehai Formation (2.4–1.8Ma) had a higher
content of Paleoproterozoic zircons, similar to those

Figure 11. Simplified maps that show the evolution of drainage systems in East Asia at (A) 32 Ma and (B) 16 Ma, modified after Zheng
et al. (2013). JHB = Jianghan Basin; PRMB = Pearl River Mouth Basin; RRFZ = Red River fault zone; SBSYB = Subei–South Yellow Sea Basin;
SCS = South China Sea; Y-SH = Yinggehai–Song Hong.
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with a Red River provenance, suggesting slight prov-
enance changes among the sedimentary periods since

the early Miocene.
Although we cannot exactly determine the time

of drainage capture in this study, the similarity be-
tween the borehole zircon ages and the U-Pb ages
of zircon in the modern Red River source suggests
that no significant provenance changes occurred in
the Red River area since at least the early Miocene
(Figure 12). Characterization of the current detrital
zircon record does not support a connection between
the Red and Yangtze Rivers in the Neogene. If large-
scale drainage reorganization of the Red River did
occur, it should have been before the early Miocene
(ca. 23 Ma).

CONCLUSIONS

The new data set of detrital zircon ages that was
provided by this work improved our understanding
of the provenance for the eastern Y-SH Basin. The
synthesis of new and published detrital zircon U-Pb
ages from the Yingdong slope demonstrate spatial
and temporal changes in sediment provenance, re-
flecting the evolution of sediment dispersal patterns
from the early Miocene to Quaternary. The mea-
sured zircon age distributions show that approxi-
mately half of the age components in the Cenozoic
sedimentary rocks could be attributed to a local
source that was mainly derived from Hainan. The
other component with zircon U-Pb ages that range

Figure 12. Detrital zircon age distribution of different strata in the eastern Yinggehai–Song Hong Basin (sourced from the Red River)
based on geological time statistics from (A) the Archean to Cenozoic and (B) the Archean to Carboniferous (ages older than 300 Ma).
Fm. = Formation.
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from Archean to Cenozoic with multipeak char-
acteristics are consistent with detritus originally
derived from the southern Yangtze block and
transported along the Red River. A comparison of
these age populations with potential source terranes
indicated that both the Red River and Hainan were
key factors in contributing to the eastern Y-SH Basin,
with additional minor sediment contributions from
central Vietnam (eastern Indochina block) and pos-
sibly the Songpan–Garze block. The local source in
Hainan significantly influenced the eastern Y-SH
Basin before the middle Miocene, suggesting a sta-
ble provenance from Hainan during deposition. The
sediment supply from the southern Yangtze block
through the Red River gradually increased since the
middle Miocene, becoming the dominant source
thereafter. The increased input of Red River detritus
suggests the progradation of the river delta from the
north of the basin and possibly the regional surface
uplift and associated climate changes in East Asia. The
Red River sources have not changed considerably
since at least the early Miocene, suggesting that any
Red River capture should have occurred before the
early Miocene (ca. 23 Ma).
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