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Abstract

Making full use of modern analytical and testing techniques to explore and establish new indexes or methods for
extracting paleoseawater geochemical information from sediments will  help to reconstruct the sedimentary
paleoenvironment in different research areas. The connection between the subsidence of the South China Sea
basin and the uplift  of  the Tibetan Plateau has been a scientific  concern in recent decades.  To explore the
information on the sedimentary paleoenvironment, provenance changes and uplift of Tibetan Plateau contained
in core sediments (debris), we selected core samples from Well LS33 in the Qiongdongnan Basin, South China
Sea, and analyzed the contents of typical elements (Al, Th, and rare earth elements) that can indicate changes in
provenance  and  the  Sr  isotopic  compositions,  which  can  reveal  the  geochemical  characteristics  of  the
paleoseawater depending on the type of material (authigenic carbonate and terrigenous detritus). The results
show the following: (1) during the late Miocene, the Red River transported a large amount of detrital sediments
from the ancient continental block (South China) to the Qiongdongnan Basin. (2) The authigenic carbonates
accurately record changes in the 87Sr/86Sr ratios in the South China Sea since the Oligocene. These ratios reflect
the semi-closed marginal sea environment of the South China Sea (relative to the ocean) and the sedimentary
paleoenvironment evolution process of the deep-water area of the Qiongdongnan Basin from continental to
transitional and then to bathyal. (3) Since the Neogene, the variations in the 87Sr/86Sr ratio in the authigenic
carbonates have been consistent with the variations in the uplift rate of the Tibetan Plateau and the sediment
accumulation rate in the Qiongdongnan Basin. These consistent changes indicate the complex geological process
of the change in the rock weathering intensity and terrigenous Sr flux caused by changes in the uplift rate of the
Tibetan Plateau, which influence the Sr isotope composition of seawater.
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1  Introduction
Of the natural Sr isotopes, 87Sr is formed from 87Rb by β-de-

cay. Due to the long half-life of 87Rb (approximately 4.9×1011 a),
only very old continental material has a high 87Sr/86Sr ratio ori-
ginating from 87Rb decay. Terrigenous detritus from the same
provenance should have similar 87Sr/86Sr ratios, and the obvious
change in the 87Sr/86Sr ratio of terrigenous detritus in sediments
indicates a change in provenance. In the process of weathering,
denudation and transport, some elements, such as Al, Th and
light rare earth elements (LREEs), often exist in residues and do
not easily migrate. Studies have shown that the parent rock prop-
erties of the provenance remain the main factor controlling the
geochemical composition of the clastic rocks despite the modific-
ation of the sedimentary process (Rollinson, 1993). Therefore, the
Al and Th contents, LREE/heavy rare earth element (HREE) ratio

and 87Sr/86Sr ratio in detrital sediments can indicate changes in
the input of old terrigenous material.

Sr isotopes generally do not fractionate due to temperature,
pressure and microbial effects, and the residence time of Sr in
seawater (approximately 2×106 a) is much longer than the mix-
ing time of seawater (approximately 1 500 a), so the 87Sr/86Sr ra-
tio of ocean water is theoretically uniform at any given time glob-
ally (DePaolo, 1986; McArthur et al., 1992). The 87Sr/86Sr ratio of
carbonate minerals that formed in seawater is the result of a mix-
ture of terrigenous Sr (87Sr/86Sr average: 0.711 9) and mantle-de-
rived Sr (87Sr/86Sr average: 0.703 5) (Palmer and Elderfield, 1985).
Therefore, the 87Sr/86Sr ratio of marine carbonate minerals can
show the input of the two Sr sources to the seawater in the geolo-
gic period (Harris, 1995; Zakharov et al., 2018; Bagherpour et al.,
2018; Wang et al., 2018). When the 87Sr/86Sr curve of marine car-  
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bonate components is compared with the 87Sr/86Sr reference
curve of ocean water for the same time period, anomalies indic-
ate the occurrence of major regional geological events (Ruppel
et al., 1996; Kroeger et al., 2007; Edwards et al., 2015). To recover
the Sr isotopic composition of the paleoseawater in the South
China Sea, existing studies have been mainly based on the ana-
lysis of pure carbonates such as carbonate platform or reef
biocarbonate samples. However, in the absence of pure carbon-
ate rocks, it is very difficult to extract paleoseawater geochemical
information. Making full use of modern analytical and testing
techniques to explore and establish new indexes or methods for
extracting geochemical information of paleoseawater from sedi-
ments will help to reconstruct the sedimentary paleoenviron-
ment in different research areas.

The regional sedimentary environment of the northwestern
South China Sea (Qiongdongnan Basin) has gradually changed
from a continental environment to a bathyal environment (Cai et al.,
2013; Liu et al., 2015). This process has been occurring since the
Oligocene and has coincided with the uplift of the Tibetan Plat-
eau over time, representing a major geological event in South-
east Asia. During the uplift process, the Tibetan Plateau experi-
enced continuous erosion (van der Beek et al., 2009). Many rivers
(such as the Red River, Zhujiang River and Mekong River) flowed
into the South China Sea and transported large amounts of
weathering products from the Tibetan Plateau to the South China
Sea. As the South China Sea features a semi-closed environment
relative to the open ocean, most of the terrigenous detritus im-
ported into the South China Sea through the abovementioned
rivers is trapped in the basin. The sedimentary strata formed by
these sediments in different periods must contain information
about the uplift of the Tibetan Plateau or record the uplift pro-
cess of the Tibetan Plateau. Although studies have demonstrated
a coupling relationship between the uplift of the Tibetan Plateau
and the subsidence of the South China Sea basin based on geo-
chemical records in reef carbonate rocks (Bi et al., 2017), evid-
ence from basin sedimentary records is still lacking. The sedi-
ments of the Qiongdongnan Basin in the South China Sea can be

divided into two types: authigenic carbonate and terrigenous de-
tritus. The former can be used to extract information on the
nature of the paleomarine environment, and the latter can be
used to reveal the provenance and changes in it. Based on the
analysis of the major and trace elements (including rare earth
elements) and Sr isotope compositions of authigenic carbonate
and terrigenous detritus in the core samples from Well LS33 (see
Fig. 1 for well location) in the Qiongdongnan Basin, combined
with research data on the heavy minerals (Liu et al., 2015),
particle size composition (Li, 2013) and micropaleontology (Liu
et al., 2018) in the core sediments of Well LS33, this paper dis-
cusses some important scientific issues, such as the evolution of
the chemical properties of paleoseawater and the changes in sed-
iment provenance in the region of Well LS33 since the Oligocene,
and further reveals the geochemical response of the Qiongdong-
nan Basin to the uplift of the Tibetan Plateau.

2  Regional geological characteristics
The Qiongdongnan Basin (17°00'–18°50'N, 108°50'–114°40'E)

is located in the northwestern South China Sea, bounded by the
Hainan Uplift in the north, Shenhu Uplift in the east, Yongle Up-
lift in the south and Yinggehai Basin in the west, with an area of
over 3×104 km2 (Fig. 1). The main structural pattern of the Qiong-
dongnan Basin is characterized by north-south zonation and
east-west blocks (Tian, 2010; Lei et al., 2011). The north-south
zonation means that the basin can be divided into north uplift
area, central depression area and south uplift area by the north
No. 2 fault zone and south No. 11 fault zone (Fig. 1). The east-
west blocks refer to the division of the Qiongdongnan Basin into
two rift zones (Fig. 1), with the No. 14 fault zone in the middle of
the basin as the boundary. Since the Oligocene, the sedimentary
provenance of the Qiongdongnan Basin has been very complic-
ated, and the volcanic activities in the basin, the adjacent uplift
zone and the surrounding land have provided sediments to the
basin that cannot be ignored. However, the contribution of
provenance to the sedimentary filling of the basin is different in
different geological periods. To date, nearly 20 scientific or pro-
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Fig. 1.   Topographic map of the Qiongdongnan Basin (modified from Liu et al. (2015)).
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duction wells have been drilled in the Qiongdongnan Basin,
mainly in the northeast, central and southwest. The research res-
ults are mainly in the fields of geophysics, mineralogy, petrology,
elemental geochemistry and micropaleontology. For the analysis
of provenance evolution in the deep-water area of the Qiong-
dongnan Basin, there is still a lack of geological evidence based
on isotopic geochemistry.

Well LS33 is located in the middle of the Lingnan Low Uplift
in the deep-water area of the Qiongdongnan Basin (Fig. 1); the
well has a water depth of 1 462.8 m, a drilling completion depth
of 4 356 m, and reaches the lower Oligocene Yacheng Formation
(Fig. 2). The bottom of Well LS33 is mainly composed of pre-
Cenozoic igneous rock, metamorphic rock and sedimentary rock
(Wei et al., 2001; Mi et al., 2009; Sun et al., 2011); the bottom over-
lies a sediment layer with a thickness of more than 2 000 m and
that is dominated by Cenozoic sandstone, mudstone and loose
sediments. Well LS33 is one of the largest, most continuous, and
best-preserved wells in the Qiongdongnan Basin to date. Core
sampling has covered continuous sediment formations since the
Oligocene, and hence, the LS33 drill core provides the most ideal
sample for studying the paleoseawater characteristics of the
South China Sea basin, the sedimentary filling history and the re-
lationship with the surrounding major geological events.

3  Samples and analytical methods

3.1  Core chronostratigraphic framework
Based on a comprehensive study of the data on seismicity,

paleomagnetism and micropaleontological fossils (Liu et al.,
2009, 2018; Du, 2013; Chen et al., 2015), the formation boundar-
ies from the lower Pleistocene to the lower Oligocene in Well
LS33 (Fig. 2) have been determined, namely, the Quaternary Le-
dong Formation (2 111–2 214.5 m), Pliocene Yinggehai Forma-
tion (2 214.5–2 692 m), upper Miocene Huangliu Formation
(2 692–3 152 m), middle Miocene Meishan Formation (3 152–
3 373 m), lower Miocene Sanya Formation (3 373–3 672 m), up-
per Oligocene Lingshui Formation (3 672–3 931 m) and lower Oli-
gocene Yacheng Formation (3 931–4 356 m). The chronostrati-
graphic framework has been widely used in Qiongdongnan Basin
geological research (Chen, 2012; Li et al., 2013; Liu et al., 2015; Bi
et al., 2017; Xiu et al., 2018), and its authenticity and accuracy
have been fully verified.

3.2  Core description and sampling
The Quaternary strata are mainly composed of light gray or

gray-green clays intermixed with thin layers of silt or fine sand;
these sediments are rich in bioclasts and lack obvious diagenesis.
The Pliocene strata are mainly composed of argillaceous and
clayey sediments with thin layers of light gray silty or argilla-
ceous sediments. The upper Miocene strata are mainly dark gray
mudstone interbedded with thin dark gray siltstone, with fo-
raminifera and fossil fragments and a small amount of glaucon-
ite. The middle Miocene strata are mainly dark green-gray to
olive-gray calcareous mudstones with carbonate-rich deposits.
The upper part of the lower Miocene strata is composed of fine
sandstone, siltstone and mudstone, while the lower part is com-
posed of thick massive mudstone with a small amount of thinly
bedded argillaceous siltstone. The upper Oligocene strata are
mainly olive-gray, dark green-gray, and brown-gray mudstone in
the upper part and thick mudstone interbedded with thin lime-
stone in the lower part. The upper part of the lower Oligocene
formation is mainly composed of limestone, fine sandstone, ar-

gillaceous siltstone and mudstone, while the bottom is character-
ized by dark green andesite clasts and pyroxene. The lithological
changes indicate that the LS33 core is mainly composed of sedi-
mentary rocks or loose sediments, except at the bottom of the
lower Oligocene formation. A total of 28 samples were collected
for grouping analysis (Fig. 2) and authigenic carbonates were ex-
tracted for the analysis of Sr isotopic compositions. The Al2O3,
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Fig. 2.   Lithological profile of Well LS33 (modified from Liu et al.
(2018)).
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Th, and REE contents and Sr isotopic compositions of terrigen-
ous detritus in the 23 core samples were analyzed.

3.3  Analytical method
First, the “organic distillation extraction method” (Chen,

2012) was used to wash oil and pretreat the samples (to remove
organic substances, such as lubricating oil, that were mixed in
during the drilling process). After oil washing, the samples were
dried for 12 h at a constant temperature of 60℃ and ground to
below 200 mesh with an agate mortar. The 200 mg sample
powder was weighed and placed in a clean Teflon sampler, and
HAc (10%) was added. After the carbonate was completely dis-
solved, the supernatant was centrifuged and used to analyze the
authigenic carbonate. Then, 1.5 mL HF, 1.5 mL HNO3 and 0.2 mL
HClO4 were added to the residue and heated on an electric heat-
ing plate for 36 h until the sample was completely dissolved. The
samples were then steamed until they were nearly dry at 180℃ to
remove HF and HClO4 from the solution. Finally, HNO3 (2%)
solution was added for terrigenous detritus analysis. The Sr iso-
topes were purified by AG50W×12 cation exchange resin (the ra-
tio of HCl to the recycled resin column was 1:1). The sample li-
quid was added to the exchange column, washed with HCl
(2.5 mol/L), received Sr, and then received rare earth elements
with HCl (6 mol/L). Finally, the Sr receiver liquid was heated and
dried on an electric heating plate. This process was followed for
additional purification.

The Al2O3 and MnO contents were analyzed by ICP-OES. The
Th and REE contents were analyzed by ICP-MS. The reference
material was GBW07309. The Sr isotope composition was ana-
lyzed by MC-ICP-MS. The reference materials were GBW04411
and NBS987. The detection limits of Al2O3, Th and Sr were
24×10–6, 50×10–9 and 1×10–6, respectively. The detection limits of
the REEs (La–Lu) were 9×10–9, 12×10–9, 6×10–9, 21×10–9, 9×10–9,
6×10–9, 9×10–9, 6×10–9, 6×10–9, 6×10–9, 6×10–9, 3×10–9, respectively.
The chemical yield of Sr is the ratio of the sum of Sr contents of
each component to the total Sr content of the whole rock, and the
values range between 90% and 110%. The samples were pre-
treated at the Key Lab of Submarine Geosciences and Prospect-
ing Techniques of Ministry of Education (Ocean University of
China). The analysis of major and trace elements and Sr isotopes
was performed at First Institute of Oceanography, Ministry of
Natural Resources.

4  Analytical results
The analytical results of Al2O3 and Th contents, LREE/HREE

ratios and Sr isotope tests in the LS33 drill core samples are listed
in Table 1. The 87Sr/86Sr ratios of the terrigenous detritus varied
from 0.712 763 1 to 0.720 349 9, with an average value of 0.715 387 7,
showing a certain fluctuation range (Table 1, Fig. 3a). During the
late Oligocene to middle Miocene (28.4−11.6 Ma), the 87Sr/86Sr
ratio was relatively low (mean value: 0.713 605 4), indicating that
the sediment provenance was relatively stable during this period.

Table 1.   87Sr/86Sr ratios of the authigenic carbonate and terrigenous detritus, the Al2O3 and Th contents, and LREE/HREE ratios of the
terrigenous detritus in the LS33 drill core samples

Chronostratigraphy Depth/m

87Sr/86Sr ratio
(Authigenic carbonate)

Al2O3 content/% Th content/10–6 LREE/HREE
ratio

87Sr/86Sr ratio
(Terrigenous detritus)

Measured
value

Mean
value

Measured
value

Mean
value

Measured
value

Mean
value

Measured
value

Mean
value

Measured
value

Mean
value

Quaternary 2 210 0.709 404 0

0.709 284 3

15.72

17.43

14.48

14.71

8.83

9.12

0.716 263 5

0.716 794 2
Pliocene

2 265 0.709 304 2 17.40 14.44 9.27 0.716 865 0
2 395 0.709 365 3 17.28 15.18 9.20 0.716 392 3
2 450 0.709 413 3 17.35 14.73 9.33 0.717 357 1
2 525 0.709 149 9 18.04 14.72 9.11 0.716 676 4
2 635 0.709 069 1 18.78 14.68 8.97 0.717 211 1

Late Miocene

2 730 0.709 053 0

0.709 031 4

19.27

19.47

14.68

15.80

9.84

9.50

0.720 349 9

0.717 977 4
2 775 0.709 054 8 19.07 15.53 9.58 0.719 497 1
2 905 0.709 045 7 19.17 16.27 9.24 0.716 178 4
3 015 0.709 011 1 19.52 15.73 9.44 0.716 745 9
3 120 0.708 992 4 20.30 16.79 9.39 0.717 115 6

Middle Miocene

3 160 0.708 988 5

0.708 944 4

17.94

16.41

14.37

15.11

8.92

8.43

0.714 366 2

0.713 605 4

3 255 0.708 964 8 18.18 14.23 7.77 0.713 745 0
3 305 0.708 933 0 17.44 14.47 7.43 0.713 747 6
3 340 0.708 891 2 17.28 16.25 8.03 0.714 577 1

Early Miocene

3 451 0.708 774 3
0.708 750 1

17.14 15.94 7.96 0.713 905 8
3 523 0.708 764 7 17.00 17.61 8.78 0.713 531 2
3 598 0.708 711 3 17.65 17.67 9.64 0.714 441 6

Late Oligocene

3 673 0.708 529 8

0.708 509 5

16.02 13.00 8.11 0.712 878 8
3 694 0.708 523 9 16.06 15.11 8.41 0.712 763 1
3 766 0.708 458 1 15.74 15.47 8.05 0.713 027 0
3 847 0.708 548 0 12.90 13.29 8.39 0.713 023 4
3 931 0.708 487 5 13.53 13.96 9.72 0.713 258 4

Early Oligocene

4 015 0.708 489 0

0.709 023 8

−

−

−

−

−

−

−

−

4 102 0.708 833 7 − − − −

4 189 0.708 919 0 − − − −

4 267 0.709 243 4 − − − −

4 339 0.709 633 8 − − − −

      Note: − represents no data.
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During the late Miocene (11.6–5.5 Ma), the 87Sr/86Sr ratio
changed significantly and reached its maximum value (maxim-
um value: 0.720 349 9, average value: 0.717 977 4), indicating that
the sedimentary environment or provenance of the study area
changed significantly and that relatively old terrigenous sedi-
ments entered the Qiongdongnan Basin. In the Pliocene (5.5–
1.8 Ma), the 87Sr/86Sr ratio (mean value: 0.716 794 2) was relat-
ively stable, but the 87Sr/86Sr ratio was higher than that in the
stable period from the late Oligocene to middle Miocene, indicat-
ing that the change in provenance in the Pliocene tended to be
stable again. The trends of the 87Sr/86Sr ratios, Al2O3 and Th con-
tents, and LREE/HREE ratios of the terrigenous detritus were
generally consistent (Fig. 3).

In the Oligocene, the 87Sr/86Sr ratio of the authigenic carbon-
ate component gradually decreased from a high value (early Oli-
gocene) to a stable value (late Oligocene) (Fig. 4). Since the Neo-
gene, the 87Sr/86Sr ratio of the authigenic carbonate has gradu-
ally increased overall, which is consistent with the trend in the
87Sr/86Sr ratios of ocean water and reef carbonate rocks of Well
Xike-1 in the South China Sea during the same period, but the
values of the other two are generally higher than those of ocean
water (Fig. 4).

5  Discussion

5.1  Sr isotopic composition of terrigenous detritus and its proven-
ance implications
As previously mentioned, the 87Sr/86Sr ratios of the terrigen-

ous detritus in core samples have experienced three stages since
the late Oligocene (Fig. 3a), namely, low-value stage I (late Oligo-
cene to middle Miocene), high-value stage (late Miocene) and
low-value stage II (Pliocene), indicating that there have been
three major sedimentary provenance changes in the Qiongdong-
nan Basin since the late Oligocene.

In low-value stage I (late Oligocene to middle Miocene), the
87Sr/86Sr ratio is lower than that in the other two stages, and the

average Al2O3 and Th contents and average LREE/HREE ratios
are also lower in the same period (Fig. 3). During this period, the
87Sr/86Sr ratio of the terrigenous detritus generally changes little,
indicating that the proportion of ancient terrigenous detritus in
the sediments was relatively stable. Compared with the 87Sr/86Sr
ratio, the Al2O3 and Th contents and the LREE/HREE ratio vary
greatly, and the latter three should be affected by the mineral
composition. This period is a transitional stage from the rifting
stage to the postrifting subsidence stage of the basin. The proven-
ance is mainly adjacent highlands, and the mineral composition
of the sediments varies greatly (Liu, 2015). The 87Sr/86Sr ratio in-
dicates the relative age of the source rock and has little relation
with the mineral composition. For example, the 87Sr/86Sr ratios in
different minerals (such as feldspar, pyroxene and olivine in un-
mixed mafic magmatic rocks) are similar or consistent.

In the high-value stage (late Miocene), the 87Sr/86Sr ratio in-
creased rapidly and even reached a maximum (Fig. 3a). This res-
ult indicates that a provenance change occurred during this peri-
od, which greatly increased the proportion of ancient terrigen-
ous detritus in the sediments. Previous studies (van Hoang et al.,
2009) have shown that a tributary of the Red River (highlighted in
red in Fig. 5a) developed and flooded in South China in the late
Miocene. The Red River Basin mainly includes the southwestern
Yangtze Plate and the western Cathaysia Plate. More importantly,
the rocks exposed in the southwestern Yangtze Craton and the
western Cathaysia Plate are mainly Triassic and late Paleozoic
sedimentary rocks, all of which have relatively high 87Sr/86Sr ra-
tios. During this period, a large number of slump deposits de-
veloped in the shelf slope break of the Yinggehai Basin between
the Qiongdongnan Basin and the mouth of the Red River (Wang
et al., 2011b). These slump bodies migrated southward slowly
with the help of the topography (high in the north and low in the
south) of the Yinggehai Basin and crossed the Ying-Qiong junc-
tion into the Qiongdongnan Basin (Fig. 6). Deep canyon turbid-
ity channels across the two basins began to develop (Xie et al.,
2006; Yuan et al., 2010; Gong et al., 2011; Su et al., 2014), which
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Fig. 3.   Comparison curves of the 87Sr/86Sr ratios (a), Al2O3 contents (b), Th contents (c) and LREE/HREE ratios (d) of the terrigenous
detritus in the LS33 drill core samples. The red dotted line represents the average value of each stage.
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created favorable conditions for the Red River to carry a large

amount of terrigenous detritus into the Qiongdongnan Basin.

High-resolution seismic profiles show a giant submarine fan that

developed in the late Miocene at the junction of the Yinggehai

Basin and the Qiongdongnan Basin (Wang et al., 2011b). This

submarine fan is connected to the Red River delta by channels

(Wang et al., 2011b). Zircon U-Pb ages show that the source of

the submarine fan is the Red River Basin (Shao et al., 2019; Xu et
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Fig. 4.   Comparison curves of the 87Sr/86Sr ratios of ocean water (black), reef carbonate of Well Xike-1 (blue) and authigenic carbonate
components of Well LS33 core samples (red dot). 87Sr/86Sr ratios of reef carbonates in Well Xike-1 are from Bi et al. (2019); 87Sr/86Sr
ratios of ocean water are from Prokoph et al. (2008).
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Fig. 5.   Changes in the Red River Basin in the late Miocene (a) and modern times (b) (modified from van Hoang et al. (2009)). Orange
indicates  late  Paleozoic  sedimentary  rocks,  blue  indicates  Triassic  sedimentary  rocks,  and  purple  indicates  early  Paleozoic
sedimentary rocks. YGHB: Yinggehai Basin; QDNB: Qiongdongnan Basin.
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al., 2020), thus confirming the existence of a Red River proven-
ance in the western Qiongdongnan Basin from another point of
view. In addition, the heavy mineral results also indicate that the
sediments from the Red River entered the Qiongdongnan Basin
on a large scale in the late Miocene (Liu et al., 2015). Although
the current length and basin area of the Red River are not large
compared with the surrounding rivers (such as the Changjiang
River and the Zhujiang River), its sediment transport to the South
China Sea is quite considerable (approximately 130×106 t/a; Mil-
liman and Syvitski, 1992). In the late Miocene, the length and
basin area of the Red River were much larger than those at
present (Fig. 5), and the sediment transport was much larger
than that at present. Therefore, the Red River carried a large
amount of ancient terrigenous detritus with high 87Sr/86Sr ratios
from South China into the South China Sea during this period,
which may be the main reason for the obvious increase in the
87Sr/86Sr ratios. The Al2O3 and Th contents and LREE/HREE ra-
tios in the sediments from the same period also show abnor-
mally high values (Fig. 3). On the other hand, these results sug-
gest that more ancient terrigenous detritus entered the Qiong-
dongnan Basin in the late Miocene.

During the low-value stage II (Pliocene), the 87Sr/86Sr ratios
decreased rapidly and became stable, indicating that the propor-
tion of ancient terrigenous detritus in the sediments decreased
significantly. Under the influence of tectonism, the Red River
Basin gradually shrank, and its tributaries gradually shrank to the
northern margin of the Indo-China Peninsula (Fig. 5b; van Ho-
ang et al., 2009). As a result, ancient terrigenous detritus from
South China was greatly reduced in the basin. In addition, the
contribution of Hainan Island to the provenance of the basin in-
creased while the contribution of the Red River provenance de-
creased (Cao et al., 2013; Liu et al., 2015). The timing of the above
geological processes coincides with the rapid decrease in the
87Sr/86Sr ratio, indicating that the decrease in the input of an-
cient terrigenous detritus from South China is the main reason
for the rapid decrease in the 87Sr/86Sr ratio during this period.
The rapid decrease in Al2O3 and Th contents and LREE/HREE ra-
tios in sediments during the same period (Fig. 3) also supports
this conclusion.

In conclusion, the change in the 87Sr/86Sr ratio of the terrigen-
ous detritus reflects the change in the proportion of old terrigen-
ous detritus in the sediments and thus reveals the change in

provenance in the Qiongdongnan Basin since the late Oligocene
from the perspective of isotope geochemistry. The three stages
show the relative variations in Sr input from the ancient contin-
ent. The 87Sr/86Sr ratio is the highest in the late Miocene, indicat-
ing that the stage in which the detrital sediments from the an-
cient continental block (South China) were numerous extended
to the Qiongdongnan Basin. Although the sediments in the
Qiongdongnan Basin exhibit the characteristics of multiple het-
erogenous sources, based on the analysis results of this paper
and a large amount of existing research data, the authors suggest
that the increase in the 87Sr/86Sr ratio in the late Miocene reflects
a geological process in which sediments from South China were
imported into the western Qiongdongnan Basin (drill location)
via the Red River. The vast area of the Red River Basin and the an-
cient rocks exposed in the basin provided the material basis for
the western Qiongdongnan Basin to receive a large number of
ancient terrigenous detrital deposits. The deep-water turbidity
channel crossing from the Yinggehai Basin into the Qiongdong-
nan Basin was a transport channel allowing detrital sediments
from the Red River to enter the western Qiongdongnan Basin.
The Red River submarine fan and its transport channel revealed
by the high-resolution seismic profile provide strong evidence for
the above viewpoint.

5.2  Sr isotopic composition of authigenic carbonate and its pa-
leoenvironmental implications

5.2.1  Sr isotopic composition of paleoseawater in the South China
Sea

The premise of using carbonate rocks to reconstruct the geo-
chemical characteristics of paleoseawater assumes that the car-
bonate rocks have not undergone diagenesis and basically retain
the original geochemical characteristics present at the time of the
rocks’ formation. Existing research results (Derry et al., 1989;
Kaufman and Knoll, 1995; Le Guerroué et al., 2006) show that au-
thigenic carbonate rocks with Sr contents greater than 200×10−6

and Mn/Sr ratios less than 3 are not or are affected only by weak
diagenesis, and their Sr isotopic compositions can represent the
Sr isotopic compositions of contemporaneous paleoseawater.
The Sr contents of authigenic carbonate in the LS33 drill core
samples vary from 274.30×10−6 to 2 130.22×10−6 (Table 2) with an
average value of 1 343.967×10−6, which is much higher than 200×
10−6, indicating that they are not affected by diagenesis. However,
individual samples in the Yacheng Formation (4 339 m, 4 267 m),
Yinggehai Formation (2 450 m, 2 395 m, 2 265 m) and Ledong
Formation (2 210 m) have high Mn/Sr ratios (greater than 3),
which likely indicate that the paleoseawater in the South China
Sea was significantly affected by fresh water (fresh water has a
higher Mn/Sr ratio). The Mn/Sr ratios of authigenic carbonate in
other samples are less than 3 (the Mn/Sr ratio of the sample at a
depth of 4 015 m is greater than 3, which needs to be further stud-
ied; Table 2) and have no significant correlation with the 87Sr/86Sr
ratio (Fig. 7), indicating that the 87Sr/86Sr ratio is less affected by
diagenesis. Therefore, the Sr isotopic compositions of these
samples can be used as an indicator of the Sr isotopic composi-
tion of the paleoseawater.

Previous studies (Bi et al., 2019) have shown that the vari-
ation trend of the 87Sr/86Sr ratio of the reef carbonates in Well
Xike-1 in the South China Sea can well reflect the trend of the
87Sr/86Sr ratio of the coexisting paleoseawater in the South China
Sea. As shown in Fig. 8, the variation trend (slowly rising) of the
87Sr/86Sr ratio of authigenic carbonates in the LS33 drill core
since the Neogene is basically consistent with that of seawater
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Fig. 6.   Schematic diagram of Red River sediment entering the
Qiongdongnan Basin in the late Miocene (modified from Wang
et al. (2011b)).
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and the reef carbonates in Well Xike-1 during the same period.
This indicates that the authigenic carbonates also effectively re-
cord the change in the 87Sr/86Sr ratio of the paleoseawater in the
South China Sea. However, compared with the 87Sr/86Sr ratio of
ocean water, the 87Sr/86Sr ratios of the authigenic carbonates in
Well Xike-1 and Well LS33 are generally higher, which may be re-
lated to the semi-closed marginal marine environment of the
South China Sea basin. The 87Sr/86Sr ratio of the paleoseawater in
the South China Sea is affected by the fluxes of terrigenous and
mantle-derived Sr. The expansion of the South China Sea was ac-
companied by a certain scale of volcanic eruptions, resulting in a

lower seawater 87Sr/86Sr ratio due to the input of mantle-derived
Sr. However, the flux of mantle-derived Sr entering the seawater
through the seafloor or through surrounding volcanic activity is
much smaller than the flux of terrigenous Sr. Even in the global
mid-ocean ridge system, where magmatic eruption and hydro-
thermal activity are the most intense, the flux of mantle-derived
Sr to the sea is only about 1/3 of that of terrestrial Sr (Palmer and
Edmond, 1989). Therefore, the change in the 87Sr/86Sr ratio in the
South China Sea since the Neogene has mainly been controlled
by the change in the flux of terrigenous Sr. The land surrounding
the South China Sea includes many large rivers such as the Red

Table 2.   Sr and Mn contents and Mn/Sr ratios of authigenic carbonate in LS33 drill core samples
Chronostratigraphy Depth/m Sr content/10−6 Mean value Mn content/% Mean value Mn/Sr ratio

Quaternary 2 210 710.66 710.66 0.37 0.37 5.19

Pliocene

2 265 849.50

1 070.63

0.30

0.28

3.53

2 395 909.12 0.33 3.62

2 450 886.74 0.29 3.24

2 525 1 400.33 0.26 1.89

2 635 1 307.45 0.22 1.69

Late Miocene

2 730 1 321.12

1 497.18

0.27

0.24

2.01

2 775 1 372.93 0.20 1.48

2 905 1 383.49 0.23 1.63

3 015 1 678.38 0.22 1.29

3 120 1 729.99 0.27 1.56

Middle Miocene

3 160 1 342.02

1 587.38

0.31

0.32

2.33

3 255 1 652.94 0.35 2.10

3 305 1 593.73 0.31 1.92

3 340 1 760.85 0.30 1.72

Early Miocene

3 451 1 500.05

1 908.61

0.15

0.20

0.97

3 523 2 095.57 0.24 1.16

3 598 2 130.22 0.22 1.01

Late Oligocene

3 673 1 536.91

1 335.33

0.13

0.16

0.86

3 694 1 489.59 0.11 0.73

3 766 1 486.84 0.15 0.98

3 847 1 070.38 0.20 1.90

3 931 1 092.91 0.19 1.75

Early Oligocene

4 015 877.33

1 065.87

0.35

0.40

3.96

4 102 928.04 0.23 2.44

4 189 2 914.12 0.52 1.78

4 267 335.57 0.43 12.92

4 339 274.30 0.49 18.03

R2= 0.007 1
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Fig. 7.   Covariant diagram of the 87Sr/86Sr and Mn/Sr ratios of authigenic carbonate in LS33 drill core samples (4 189–2 525 m).
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River, the Mekong River and the Zhujiang River, which transport
large amounts of terrigenous Sr to the sea. Surrounded by the
Indo-China Peninsula, South China Mainland and a series of is-
lands, the South China Sea is only connected with the ocean
through channels or waterways. The paleoseawater therefore
mixed unevenly with ocean water, resulting in a large amount of
terrigenous Sr enrichment in the South China Sea. Therefore, the
authigenic carbonates of the Well LS33 and the reef carbonates of
Well Xike-1 located in different regions of the South China Sea
have higher 87Sr/86Sr ratios than the ocean water of the same
period.

A comparison of Figs 3a and 4 shows that the 87Sr/86Sr ratio

curves of authigenic carbonate and terrigenous detritus are quite
different. First, the 87Sr/86Sr ratio of the authigenic carbonate
component (maximum value: 0.709 413 3; Table 1) is signific-
antly lower than the 87Sr/86Sr ratio of the terrigenous detritus
(minimum value: 0.712 763 1; Table 1). Second, the variation in
the 87Sr/86Sr ratio of the authigenic carbonate since the Neogene
is consistent with that of contemporaneous ocean water (increas-
ing slowly) but obviously different from that of the terrigenous
detritus (in the three stages). The completely different character-
istics of the curve further indicate that the 87Sr/86Sr ratio of the
authigenic carbonate component in the LS33 drill core can ad-
equately reveal the variation in the Sr isotope composition of the
ancient seawater in the South China Sea.

5.2.2  Sedimentary paleoenvironment
The sediments deposited in the early Oligocene in Well LS33

did not contain glauconite or other marine minerals. Sub-
sequently, glauconite and other marine minerals began to ap-
pear, indicating that the sedimentary environment in the study
area changed from continental to a transitional environment.
The clay content in the sediments of the Yacheng Formation
gradually increased from a low value (Fig. 9), indicating that the
hydrodynamic conditions in the early Oligocene changed from
strong to weak. The contents of dolomite and pyrite in the core
sediments during this period fluctuated (Fig. 9), reflecting the
fluctuation in water depth, but the content of terrigenous heavy
mineral continued to decrease. In addition, benthic foraminifera
were very rare in the bottom sediments of the Yacheng Forma-
tion, and their content began to increase in the middle and up-
per part of the Yacheng Formation (Liu et al., 2018). The above
facts indicate that during the early Oligocene, the sedimentary
environment in the study area changed from a continental envir-
onment to a transitional and neritic environment. In the early
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Fig. 8.   87Sr/86Sr ratio (dots represent average values and line seg-
ments represent the range of variation) of authigenic carbonates
(red), reef carbonates in Well Xike-1, seawater of the South China
Sea (blue; Bi et al., 2019) and the ocean (black; Prokoph et al.,
2008).
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Fig. 9.   87Sr/86Sr ratio of authigenic carbonates, heavy mineral composition (Liu et al., 2015), clay content (Li, 2013), and benthic
foraminifer assemblage (Liu et al., 2018) in the LS33 drill core.
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Oligocene, the 87Sr/86Sr ratio of authigenic carbonates experi-
enced a gradual decrease from a high value with very large vari-
ations (Fig. 9). In the early continental and transitional environ-
ments, the authigenic carbonates mainly formed from river wa-
ter (or seawater greatly influenced by river water), and the river
water had a high 87Sr/86Sr ratio due to the terrigenous Sr influ-
ence. Therefore, the authigenic carbonates had high 87Sr/86Sr ra-
tios in the early Oligocene. As the sedimentary environment
gradually changed to the neritic environment, the composition of
the water that formed authigenic carbonates gradually ap-
proached that of seawater, and the seawater had a lower 87Sr/86Sr
ratio than the river water. Therefore, the 87Sr/86Sr ratio of the au-
thigenic carbonates continued to decrease in the middle and late
early Oligocene (Fig. 9).

The particle size of the sediments in the Lingshui Formation
was significantly smaller than that in the Yacheng Formation
(Fig. 9), indicating that the hydrodynamic conditions in the study
area during this period were weak. Benthic foraminifera in sedi-
ments during this period were more abundant and distributed
continuously, with dominant species gradually evolving from off-
shore to neritopelagic species (Liu et al., 2018). With the change
in the sedimentary environment, the content of authigenic pyrite
formed in a deepwater anoxic environment also increased signi-
ficantly (Fig. 9). The above facts indicate that in the late Oligo-
cene, the water depth in the study area increased further, and the
sedimentary environment basically changed into a stable neritic
environment. At this time, the composition of the water that
formed the authigenic carbonates was close to that of seawater,
and the effect of terrigenous Sr on the Sr isotopic composition of
seawater gradually decreased. Therefore, the 87Sr/86Sr ratios of
the authigenic carbonates were relatively stable (Fig. 9).

The particle size of the sediments in the Sanya Formation was
relatively coarse due to the influence of the Baiyun Movement at
the end of Oligocene (Li, 2013; Fig. 9). Subsequently, the clay
content increased, indicating that the hydrodynamic conditions
changed from strong to weak. During the middle and late Mio-
cene, the clay content of the core sediments was always high (Fig. 9),
indicating that the hydrodynamic conditions were always weak
during this period. During the Miocene, dolomite almost disap-
peared from the core sediments, while authigenic pyrite content
was extremely high (Fig. 9), indicating that the study area was in
a stable bathyal environment during this period. In addition,
benthic foraminifera in the sediments of Sanya and Meishan
formations were dominated by bathyal species (Liu et al., 2018),
indicating that the study area was in a bathyal environment. The
benthic foraminifera in the sediments of the Huangliu Forma-
tion were mainly abyssal species (Liu et al., 2018), indicating that
the study area was once in a deep-sea environment with a great
water depth. The above facts indicate that in the Miocene the wa-
ter depth of the study area changed to some extent, but it was ba-
sically in the neritic to bathyal environment. The slow increase in
the 87Sr/86Sr ratio of the authigenic carbonates in this period (Fig. 9)
reflected the stable bathyal environment in the study area.

The clay content in the bottom sediments from the Yinggehai
Formation to the Ledong Formation decreased significantly (Fig. 9),
indicating that the hydrodynamic conditions became stronger
during this period. From the late Pliocene to the early Quatern-
ary, the proportion of terrigenous heavy minerals increased sig-
nificantly (Fig. 9), indicating that the basin received a large amount
of terrigenous sediments during this period. The benthic forami-
nifera in the sediments of the Yinggehai Formation were mainly
bathyal, and neritic species appeared at the bottom of the Ledong
Formation (Liu et al., 2018), reflecting that the water depth in the

study area gradually became shallower. The above facts indicate
that from Pliocene to early Quaternary, the water depth in the
study area became shallower and more terrigenous sediments
entered the basin. Therefore, the obvious increase in the 87Sr/86Sr
ratio of the authigenic carbonates in this period (Fig. 9) reflected
the greater input of terrigenous Sr into the seawater.

5.3  Coupling relationship among the 87Sr/86Sr ratio of authigenic
carbonates, uplift of the Tibetan Plateau and subsidence of the
South China Sea basin
The uplift of the Tibetan Plateau is the result of the collision

between the Indian and Eurasian plates. As early as the 1990s, it
was recognized that the uplift of the Tibetan Plateau could be di-
vided into different stages (Li, 1995). Zhong and Ding (1996),
based on the fission track dating data of apatite, proposed that
the uplift of the Tibetan Plateau had multiple stages (45–38 Ma,
25–17 Ma, 13–8 Ma, and 3 Ma to present) and an uneven velocity,
among which the uplift at 3 Ma was the most intense. Luo et al.
(2006) traced the formation and evolutionary history of the
Tibetan Plateau based on the study of Cenozoic mantle-derived
magmatic activities on the Tibetan Plateau and believed that ap-
proximately 45 Ma, 27 Ma and 4 Ma were three important evolu-
tionary time nodes, and approximately 45 Ma was the initiation
time of the plateau formation. The plateau was formed at approx-
imately 27 Ma, and the maximum uplift speed and amplitude of
the Tibetan Plateau occurred at 4 Ma. Wang et al. (2011a) system-
atically summarized and studied the cryogenic thermochrono-
logy records, sedimentary records and tectonic deformation re-
cords of Cenozoic strata in different areas of the Tibetan Plateau
and suggested four major tectonic uplift and exhumation stages,
namely, 60–35 Ma, 25–17 Ma, 12–8 Ma (18–13 Ma in southern
Tibet) and approximately 5 Ma to present, among which 18–13
Ma and 5 Ma all show rapid uplift. Thus, the multistage uplift
model of the Tibetan Plateau has been widely accepted. Recently,
Jiang and Li (2014) proposed a new model of episodic uplift of
the Tibetan Plateau based on an analysis of high-resolution seis-
mic profile and borehole data in the southern Tarim Basin, for
which the uplift rates of the Tibetan Plateau in different stages of
geological history can be calculated. This result provides valu-
able data for studying the uplift history of the Tibetan Plateau
since the Neogene.

As an important global geological event in the late Cenozoic
and the most active tectonic movement in Southeast Asia since
the Neogene, the uplift of the Tibetan Plateau has greatly af-
fected the sediment supply of the surrounding ocean basins. The
South China Sea is adjacent to the Tibetan Plateau and connec-
ted to it by three rivers (the Red River, Zhujiang River and Mekong
River). The uplift of the Tibetan Plateau greatly influences the
sedimentary filling of the South China Sea basin. The formation
of thick Quaternary sediments in the Yinggehai Basin located at
the mouth of the Red River is the result of the eastward extension
of the uplifted area of the Tibetan Plateau, resulting in large
amounts of sediments flowing into the sea (Wang, 1995). Previ-
ous studies (Sun et al., 1997; Bi et al., 2017, 2019) have shown that
the Xisha Islands located in the southeastern Yinggehai Basin
were also affected by the uplift of the Tibetan Plateau during their
formation process, and the uplift rate of the Tibetan Plateau since
the Neogene showed a very consistent trend with the growth rate
of the reefs and the rate of increase in the 87Sr/86Sr ratio of the
reef carbonate rocks.

Figure 10b shows that the change in the Tibetan Plateau up-
lift rate has four obvious stages, namely, rapid uplift stage I (early
Miocene), slow uplift stage (middle Miocene, uplift rate de-
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creases), stable uplift stage (late Miocene, uplift rate is at a min-
imum) and rapid uplift stage II (since the Pliocene, uplift rate in-
creases rapidly). The Qiongdongnan Basin sediment accumula-
tion rate (Fig. 10c) is also similar to the trend of the former,
namely, rapid accumulation stage I (early Miocene), slow accu-
mulation stage (middle Miocene, accumulation rate decreases),
steady accumulation stage (late Miocene, accumulation rate is at
a minimum) and rapid accumulation stage II (since the Pliocene,
accumulation rate increases rapidly). Sedimentary filling and tec-
tonic subsidence are usually synchronous in basins. Sediment
supply and tectonic subsidence are the most important factors
controlling sedimentary accumulation. On the one hand, the
weathering products formed by the uplift of the Tibetan Plateau
directly or indirectly provided sufficient sediments to the basin.
On the other hand, the expansion and subsidence of the South
China Sea basin provided the accommodation in the basin. The
full collision between the Indian and Eurasian plates occurred in
the Eocene−Oligocene (Xu et al., 2011) and the Tibetan Plateau
began to uplift. The strong collision caused the Indo-China Block
to escape southward relative to the South China Block. Thus, the
Red River fault zone was formed (Briais et al., 1993). This large
fault zone divided the South China Sea and its surrounding areas
into two completely different regions with different structural
styles and dynamic deformation mechanisms (Lei et al., 2015),
namely, the extrusion escape zone to the west of the fault zone
(where the Yinggehai Basin was located) and the subduction
drag zone (where the Qiongdongnan Basin was located) to the
east of the fault zone. The subduction drag zone was mainly con-
trolled by the subduction of the ancient South China Sea under
Borneo (Hutchison, 1989; Holloway, 1982). The southward sub-
duction of the South China Sea resulted in the stretching and
thinning of the South China continental margin and the forma-
tion of a series of fault basins, including the Qiongdongnan
Basin. Therefore, the present tectonic pattern of the Tibetan Plat-
eau and the South China Sea basin was formed by the collision of
the Indian and Eurasian plates and the subduction of the ancient
South China Sea. The good correspondence between the uplift
rate of the Tibetan Plateau and the sediment accumulation rate
in the Qiongdongnan Basin is a macroscopic reflection of litho-
spheric plate movement, which is driven by the deeper mantle.
The driving mechanism must be explored from the perspective of
internal dynamics and tectonics of the Earth, and further studies
are needed.

The rate of increase in the 87Sr/86Sr ratio of the authigenic car-
bonates in Well LS33 (Fig. 10a) and that of the reef carbonates in
Well Xike-1 (Fig. 10d) also showed a trend consistent with the
above two trends, namely, rapid growth stage I (early Miocene),
slow growth stage I (middle Miocene, gradual decrease in the
growth rate), slow growth stage II (late Miocene with the lowest
growth rate) and rapid growth stage II (since the Pliocene, rapid
increase in the growth rate). First, the uplift of the Tibetan Plat-
eau caused mechanical extrusion, an expansion of the weather-
ing area and an increase in the surface of the slope, which has
greatly increased the strength of the rock weathering in the
Tibetan Plateau and its surrounding areas and the efficiency of
the fluvial transport of terrigenous sediment to the sea. These
processes have led to an increase in the flux of terrigenous Sr and
the 87Sr/86Sr ratio of seawater. The consistent change in the rate
of change in 87Sr/86Sr ratios of authigenic carbonates and the up-
lift rate of the Tibetan Plateau is the concrete embodiment of this
geological process. In addition, the South China Sea is a semi-
closed marginal sea connected with the western Pacific through
waterways. The mixing of seawater in the South China Sea and
Pacific is limited to a certain extent. The geochemical character-
istics of the seawater in the South China Sea are more signific-
antly affected by the input of terrigenous materials than those of
ocean water.

6  Conclusions
The changes in the 87Sr/86Sr ratio of the terrigenous detritus

from Well LS33 record the change in sediment provenance in the
Qiongdongnan Basin since the late Oligocene, which can be
clearly divided into three stages (low-value stage I of the late Oli-
gocene to middle Miocene, high-value stage of the late Miocene
and low-value stage II of the Pliocene), among which the late
Miocene was the peak period when detrital sediments from the
ancient continental block (South China) entered the Qiongdong-
nan Basin.

The authigenic carbonates can accurately record the changes
in the 87Sr/86Sr ratios in the South China Sea since the Oligocene.
The 87Sr/86Sr ratio in the South China Sea is generally higher than
that in global ocean water, which is a reflection of the influence of
the Tibetan Plateau uplift on the South China Sea and (relative to
the ocean) the semi-closed marginal sea environment of the
South China Sea.

Combined with particle size, heavy mineral and micropale-
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ontological data, the Sr isotopic compositions of authigenic car-
bonates can clearly reveal the evolution of the sedimentary pa-
leoenvironment in the deep-water area of the Qiongdongnan
Basin since the Oligocene. During the early Oligocene, the sedi-
mentary environment of the basin changed from continental and
transitional to neritic. In the late Oligocene, the basin was basic-
ally in a marine sedimentary environment dominated by littoral
and neritic environments. In the Miocene, the basin developed a
bathyal environment. In the Pliocene to early Quaternary, the
basin developed a neritic environment.

Since the Neogene, the variation in the 87Sr/86Sr ratio of the
authigenic carbonates has been consistent with the variation in
the uplift rate of the Tibetan Plateau and the sedimentary accu-
mulation rate in the Qiongdongnan Basin. This consistency in-
dicates a complex geological process involving changes in the
rock weathering intensity and terrigenous Sr flux caused by
changes in the uplift rate of the Tibetan Plateau, which influ-
ences the Sr isotopic composition of seawater.
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