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Abstract  Based on the concentrations of the trace elements, rare earth elements (REE), and Sr isotopic compositions in reef car-
bonates from the well ‘Xike-1’ reef core of the Xisha Islands, the constraints on sediment provenance and paleoenvironment were 
defined. Variations of the terrigenous input into the paleoseawater were traced in detail and the paleoenvironment and sediment 
provenance were further investigated. The results show that the HREE/LREE values in the reef carbonates are negatively associated 
with their Th and Al concentrations; however, their Al and Th concentrations show positive correlation. The lowest 87Sr/86Sr values in 
the reef carbonates generally coincide with the lowest values of Al, Th concentrations and the highest values of HREE/LREE. These 
data indicate that the HREE/LREE, Al concentrations, and Th concentrations of the reef carbonates are useful indexes for evaluating 
the influence of the terrigenous inputs on the seawater composition in the study area. From top to bottom, the changing process of the 
HREE/LREE values and Al, Th concentrations can be divided into 6 intervals; they are H1 (0–89.30 m, about 0–0.11 Myr), L1 
(89.30–198.30 m, about 0.11–2.2 Myr), H2 (198.30–374.95 m, about 2.2–5.3 Myr), D (374.95–758.40 m, about 5.3–13.6 Myr), L2 
(758.40–976.86 m, about 13.6–15.5 Myr), and H3 (976.86–1200.00 m, about 15.5–21.5 Myr). Moreover, the changing trend of the 
HREE/LREE values coincides with that of the seawater δ13C values recorded by benthonic foraminiferal skeletons from the drill core 
of ODP site 1148 in the South China Sea (SCS), but not with that of the seawater δ18O values. The high uplifting rates of the Qing-
hai-Tibet Plateau coincide with the high Th and Al concentrations and the low HREE/LREE values in the reef carbonates. These data 
indicate that the main factors controlling the changes of terrigenous flux in the SCS are the tectonic activities associated with Qing-
hai-Tibet Plateau uplifting and the variations of uplifting rates rather than paleoclimatic changes. 
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(SCS); the uplift of Qinghai-Tibet Plateau 

 

1 Introduction 
The trace elements, rare earth elements (REE) and iso-

topic compositions of chemical precipitates (e.g., carbonate, 
phosphate, and chert) can record the geochemical charac-
teristics of paleoseawater. The geochemical characteris-
tics of seawater are dictated by a number of factors such 
as the changes of terrigenous influx, the physicochemical 
property of elements, paleoclimatic changes, and biological 
activities. Thus, the temporal and spatial variations of 
elemental and isotopic compositions of paleoseawater can 
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provide important information for reconstructing the pa-
leoclimatic and paleoenvironmental changes of the earth 
surface system. Elements and isotopes with known be-
haviors in modern marine sediments have been exten-
sively utilized to reconstruct the geochemical characteris-
tics of paleoseawater or to trace the changes of paleocli-
mate and paleoenvironment in the geological history. 
Previous studies have shown that Mg/Ca, Sr/Ca, and 
U/Ca values of coral skeletons can be used to estimate the 
variability of seawater surface temperatures (Wei et al., 
2000; Armid et al., 2011). The V/Ca values of foraminif-
eral skeletons can be used to decipher the areal extent of 
anoxic and suboxic sediments (Hastings et al., 1996; Mor-
ford and Emerson, 1999), and the P/Ca values of coral 
skeletons can be used to estimate the phosphate concen-
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tration of seawater and to trace the upwelling (Chen and 
Yu, 2011; Anagnostou et al., 2011). 

Marine carbonates can absorb trace elements in their 
crystal lattices, whose concentrations dependent on the 
geochemical compositions of seawater and the partition 
coefficients between carbonate and seawater (Zhao and 
Zheng, 2014). The insoluble elements, such as Be, Al, Sc, 
Co, Ga, Cs, REE, Hf, and Th, mainly relate to the terri-
genous detritus and can not be incorporated into carbon-
ate lattices (Zhao and Zheng, 2014), which can provide a 
proxy for contributions from terrigenous materials (Webb 
and Kamber, 2000; Kamber et al., 2004; Frimmel, 2009; 
Zhao et al., 2009). Thus, the paleoenvironment and sedi-
ment provenance can be further investigated. However, 
because of the limit of samples, most of the researches 
employing this method focused on the ancient carbonate 
platforms and short-term variations in previous studies  
(e.g., Xi et al., 2005; Zhao and Zheng, 2014). 

Carbonate platforms, which represent one of the most 
important types of reservoirs, comprise high volume of 
biogenic sediments and are widespread in tropical and 
subtropical areas; they are especially widespread in the 
clear shallow waters of Southeast Asia, such as the South 
China Sea (SCS) (Umbgrove, 1947; Bachtel et al., 2004). 
The coral reefs in Xisha area started to form at about 23 

Myr (Xia, 1996; Zhang et al., 2003), which are still de-
veloping. Thus, the continuous growing coral reefs pro-
vide the basic samples for reconstructing the long-term 
influx variations of terrigenous materials in the SCS. In 
this article, based on the concentrations of the trace ele-
ments and REEs, and isotopic compositions in reef car-
bonates from the well ‘Xike-1’ reef core of the Xisha Is-
lands, the constraints on sediment provenance and pa-
leoenvironment were defined. Variations of the terrige- 
nous input into the paleoseawater were traced in detail 
and the paleoenvironment and sediment provenance were 
further investigated. 

2 Geologic Setting 
The South China Sea is the largest marginal sea in the 

western Pacific Ocean, which exists in a semi-enclosed 
environment. It is connected to the East China Sea by the 
Taiwan Strait and connects to the Pacific Ocean through 
the Luzon Strait, which is located in the southern region 
of the South China continent (Wang et al., 2018; Xie et al., 
2018). The uplift of Qinghai-Tibet Plateau and the forma-
tion of SCS basin were produced by tectonic movements 
in almost the same geological period (Wang et al., 2015). 
The special geographical location and the rapid deposi-
tional feature (Sarnthein et al., 1994) amplify the responses 
to global paleoclimatic and paleoenvironmental changes in 
the SCS (Zhao and Wang, 1999). Due to its unique posi-
tion, the SCS has been shown to be one of the most sig-
nificant regions for carbonate platform development since 
the Miocene (Shao et al., 2017). 

The Xisha Islands (17˚07΄–15˚43΄N, 111˚11΄–112˚54΄E) 
are located on an elevated submarine plateau, which rises 
from the lower slope at the southeast of Hainan Island. 

Scientific and commercial drilling programs conducted in 
the 1970s and 1980s provided extensive data for describ-
ing the biostratigraphy, lithology, sedimentology, paleo-
magnetism, and seismology of the islands, as well as the 
information about the morphology of their biota (Wang  
et al., 1979; Zhang et al., 1994; Liu et al., 1997; Zhao et al., 
2001; Shi et al., 2002). However, these early boreholes 
were limited in their utility due to incomplete core recov-
ery and a lack of basement drilling.  

Well ‘Xike-1’ is located on Shi Island of the Xuande 
Atoll, Xisha Islands (16˚50΄45˝N, 112˚20΄50˝E; Fig.1). 
The designated drilling depth is 1300 m, with complete 
core recovery and basement drilling. The total length of 
the drilling core is 1268.02 m and the average rate of core 
recovery is approximately 80%. Thus far, this site repre-
sents the deepest scientific drilling site, with the highest 
rate of core recovery, in the Xisha area, which provides 
the basic samples for analyzing the geochemical charac-
teristics of the reef carbonates, continuously. In addition, 
the paleoenvironment and sediment provenance can be 
further investigated. 

3 Samples and Analytical Methods 
The samples in this study are from the well ‘Xike-1’ 

reef core. The logging and core data of the well ‘Xike-1’ 
indicate that the core sediments below 1200 m are mainly 
breccia with mudstone and argillaceous fine sandstone. 
Mineral compositions of the reef core also indicate that 
the concentrations of non-carbonate minerals (e.g., quartz, 
feldspar, mica, kaolinite, and montmorillonite) are rela-
tively high during this interval (Xiu, 2016). This indicates 
that the early environment of reef-forming was fringing 
reef or patch reef, which was significantly influenced by 
terrigenous detritus. However, the core sediments mainly 
consist of pure carbonate in the section above 1200 m, 
whose mineral compositions are mainly carbonate miner-
als (e.g., calcite, aragonite, and dolomite) (Zhai et al., 2015; 
Xiu, 2016). In detail, high-magnesian calcites appear in 
the segment of 0–36.00 m. Aragonites mainly appear in 
the segments of 0–36.00 m and 207.30–241.30 m (Figs.2B 
and 2C), but the aragonites in the segment of 207.30– 
241.30 m are fibroid aragonites, which were produced by 
cementation instead of protosomatic process (Fig.2B). Do- 
lomites appear in the segment below 181.25 m (Figs.2D, 
2E and 3). Thus, the drilled reef sediments generally suf-
fered from two stages of diagenesis: transformation from 
aragonite to calcite (calcitization) and further into dolo-
mite (dolomitization). Moreover, the island where well 
‘Xike-1’ is located has been isolated from the main con-
tinent since the formation of the Xisha Block during the 
early Cenozoic (Shao et al., 2017). Therefore, the geoche- 
mical characteristics of trace elements and REEs in the 
reef carbonates from the segment above 1200 m can be 
used to trace the paleoenvironment and the paleoseawater 
chemical properties. 

Based on the principle of equidistant sampling and the 
principle of increasing sampling density in the vicinity of 
lithostratigraphic boundaries, 266 samples were selected 
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for X-ray fluorescence (XRF) analysis to obtain the major 
elemental composition data; and 466 samples were sele- 
cted for inductively coupled plasma mass spectrometry 

(ICP-MS) analysis to obtain the trace element and REE 
composition data (the analysis methods and procedures were 
described in detail by Xiu et al. (2015) and Xiu (2016)).  

 

Fig.1 The location of the well ‘Xike-1’ and its lithologic section. It was modified from the data provided by Zhanjiang 
Branch of CNOOC Ltd. 

 

Fig.2 Geological features of carbonates in the well ‘Xike-1’ reef core. (A), The well ‘Xike-1’ reef core. (B), Microphoto-
graphs under scanning electron microscope for samples in the well ‘Xike-1’ reef core. (C), (D), and (E), Microphotographs 
in plane-polarized light for samples in the well ‘Xike-1’ reef core. (B), The cementation of calcite and aragonite. (C), The 
fibroid aragonites. (D), The cementation of dolomite. (E), Microphotograph of the sample from the dolomite layer. (B), (C), 
and (D) are provided by Zhanjiang Branch of CNOOC Ltd. a, aragonite; c, calcite; d, dolomite; s, skeleton. 
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4 Results 
The stratigraphic classification of the well ‘Xike-1’ reef 

core is provided by the Zhanjiang Branch of CNOOC Ltd. 
(Fig.1), which was divided based on the seismic data. At 
those stratigraphic and chronologic boundaries, the dia- 
genetic environment (Wang et al., 2015; Zhao et al., 2015), 
concentrations of elements (major, trace, and rare earth 
elements) (Xiu et al., 2015), mineral compositions (Zhai 
et al., 2015), and isotopic compositions (Qiao et al., 2015; 
Zhu et al., 2015; Bi et al., 2017) of the reef carbonates 
manifest as sudden changes, and the fossil assemblages in 
the reef core also show as significant changes (Ma et al., 
2015). Moreover, those boundaries coincide with the ex-
posure surfaces that identified in the reef core (You et al., 
2015). Thus, those stratigraphic and chronologic bounda-
ries are affirmed by the mineralogical, geochemical, and 
paleontological data of the well ‘Xike-1’ reef core, and 
the depth and chronologic data are extracted for contras-
tive researches. 

The results show that the concentrations of the trace 
elements and REEs in reef carbonates from the intervals  

 

above 1200 m are different from those from the interval 
below 1200 m (Tables 1 and 2). The HREE/LREE values 
in the reef carbonates from the interval above 1200 m 
range from 0.01 to 0.57, with an average value of 0.24. 
The concentrations of Th, Al, Sr, Fe, and Mn in the inter-
val above 1200 m range from 0 to 1.50×10−6, 0.01% to 
0.47%, 44.00×10−6 to 8803.52×10−6, 0.01% to 0.71%, and 
7.75×10−6 to 309.86×10−6, respectively. The average con-
centrations of Th, Al, Sr, Fe, and Mn are 0.19×10−6, 
0.05%, 937.82×10−6, 0.04%, and 35.87×10−6, respectively. 
The PAAS-normalized HREE/LREE values of the reef 
carbonates range from 1.17 to 3.42, with an average value 
of 2.38. The average PAAS-normalized HREE/LREE val-
ues of the reef carbonates are 1.17, 3.42, 2.95, 2.29, 2.53, 
and 1.90 in the intervals of H1, L1, H2, D, L2, and H3, 
respectively. 

5 Discussion 
5.1 Evaluation of Diagenetic Alteration 

The elemental and isotopic compositions of the marine 
carbonates might be modified by diagenetic alteration. 
Thus, the effects of diagenesis on the elemental and iso- 

Table 1 Variation ranges and average values of the concentrations of trace elements and REEs  
in the reef carbonates from the well ‘Xike-1’ reef core  

Series and depth  HREE/LREE Th×10−6 Al (%) Sr×10−6 Fe (%) Mn×10−6

Max 0.57 1.50 0.47 7457.33 0.40 139.44 
Min 0.01 0.01 0.01 414.87 0.01 15.49 

Pleistocene–Holocene 
(0–214.89 m) 

Ave 0.21 0.21 0.06 2008.60 0.04 45.03 

Max 0.41 0.39 0.12 1635.47 0.13 69.72 
Min 0.16 0.05 0.03 200.25 0.01 23.24 

Pliocene 
(214.89–374.95 m) 

Ave 0.26 0.17 0.06 571.25 0.04 39.33 

Max 0.35 1.49 0.10 694.12 0.16 85.21 
Min 0.14 0.05 0.02 166.49 0.01 15.49 

Upper Miocene 
(374.95–576.50 m) 

Ave 0.22 0.20 0.02 226.40 0.01 15.49 

Max 0.46 0.90 0.22 702.17 0.16 69.72 
Min 0.20 0.00 0.01 44.00 0.01 7.75 

Middle Miocence 
(576.50–1032.16 m) 

Ave 0.28 0.14 0.04 330.78 0.02 27.40 

Max 0.32 0.66 0.29 8803.52 0.71 309.86 
Min 0.06 0.06 0.01 142.62 0.01 15.49 

Lower Miocene (1) 
(1032.46–1200.00 m) 

Ave 0.22 0.26 0.06 430.25 0.07 50.00 

Max 0.18 18.38 10.86 666.55 4.43 883.10 
Min 0.05 0.32 0.05 119.75 0.03 30.99 

Lower Miocene (2) 
(1200.00–1257.52 m) 

Ave 0.10 4.13 1.82 323.04 0.85 241.38 

Max 0.57 1.50 0.47 8803.52 0.71 309.86 
Min 0.01 0.00 0.01 44.00 0.01 7.75 0–1200.00 m 

Ave 0.24 0.19 0.05 937.82 0.04 35.87 

Table 2 Average PAAS-normalized REE concentrations in carbonate samples from the 6 intervals  
(L1, L2, D, H1, H2, and H3) in well ‘Xike-1’ reef core 

PAAS-normalized REE concentrations 
Intervals 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu HREE/LREE

H1 0.04 0.36 0.04 0.04 0.06 0.01 0.10 0.09 0.08 0.08 0.08 0.10 0.07 0.07 1.17 
L1 0.01 0.01 0.02 0.02 0.03 0.00 0.03 0.04 0.04 0.04 0.04 0.05 0.03 0.03 3.42 
H2 0.02 0.01 0.02 0.02 0.04 0.00 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.04 2.95 
D 0.02 0.01 0.02 0.02 0.03 0.02 0.04 0.04 0.04 0.04 0.04 0.03 0.02 0.02 2.29 
L2 0.02 0.01 0.02 0.02 0.04 0.03 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.03 2.53 
H3 0.04 0.02 0.03 0.03 0.06 0.06 0.06 0.06 0.07 0.05 0.07 0.06 0.05 0.04 1.90 
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topic compositions should be evaluated. Previous studies 
have shown that the strong diagenetic alteration would 
greatly change the primary geochemical features of the 
marine carbonate (Veizer and Compston, 1974; Hess et al., 
1986). Numerous studies have indicated that the elemen-
tal concentrations of Sr are important indicators for evalu-
ating the degree of diagenetic alteration, including the 
effects of meteoric diagenesis and dolomitization (Kauf-
man and Knoll, 1995). Generally, Sr tends to be expelled 
out of marine carbonates during diagenesis (Li et al., 
2011; Edwards et al., 2015). The Sr concentrations in the 
reef carbonates range from 44.00×10−6 to 8803.52×10−6, 
with an average value of 936.27×10−6 (Table 1). The sam-
ples with Sr concentrations lower than 200×10−6 are mainly 
composed of dolomites (whose dolomite concentrations 
>70%) (Fig.3), due to their lower Sr distribution coeffi-
cient (Huang et al., 2008). The Sr concentrations in most 
samples are much higher than the minimum Sr concentra-
tion (200×10−6) for strontium-isotope stratigraphy research 
suggested by Derry et al. (1989). Thus, the reef carbon-
ates from the well ‘Xike-1’ reef core could record the 
geochemical compositions of seawater. Another principal 
geochemical signal, which is sensitive to diagenetic al-
teration, is the oxygen isotopic composition. The oxygen 
isotopic compositions of the marine carbonates tend to 
decrease during isotopic exchange with meteoric or hydro-
thermal fluids (Kaufman et al., 1993). The δ18O values 
ranging from 0 to −5‰ are observed in the least altered 
limestones. Values less than −5‰ would represent a mild 
degree of alteration, while those below −10‰ are consid-
ered to be unacceptably altered (Kaufman et al., 1993). 
Shao et al. (2017) reported that the δ18O values of reef 
carbonates from the well ‘Xike-1’ reef core range from 
−9.18‰ to 4.77‰, which do not belong to unacceptably 
altered carbonate. 

 

Fig.3 Cross plots of dolomite vs. Sr for reef carbonates 
from the well ‘Xike-1’ reef core. The red line represents 
the Sr concentration of 200×10−6.  

Diagenetic alteration can also increase the Mn and Fe 
concentrations of the marine carbonates, when they are 

influenced by the atmospheric water cycle (Brand and 
Veizer, 1980, 1981; Bruckschen et al., 1995). Thus, the Fe 
and Mn concentrations and Mn/Sr values in the marine 
carbonates are useful proxies to estimate the degree of 
diagenetic alteration (Li et al., 2011; Edwards et al., 2015). 
The Fe concentrations of reef carbonates from the well 
‘Xike-1’ reef core are low. The Mn concentrations in most 
samples are much lower than the maximum Mn concen-
tration (250×10−6) for seawater geochemical research 
suggested by Korte et al. (2013). Only one sample exhib-
its relatively high Mn concentration (> 250×10−6), but 
exhibits relatively low Fe concentration (Fig.4), so the 
effects of diagenesis can be excluded. Moreover, accord-
ing to Kaufman et al. (1992, 1993), the Mn/Sr values 
above 2–3 are observed in the unacceptably altered car-
bonate, which can not be used to reconstruct the paleoen-
vironment. The Mn/Sr values in the reef carbonates from 
‘Xike-1’ reef core range from 0.0041 to 1.4515, which 
indicates that reef carbonates from the well ‘Xike-1’ reef 
core can record the primary geochemical compositions of 
seawater.  

 

Fig.4 Cross plots of Fe vs. Mn concentrations for reef 
carbonates from the well ‘Xike-1’ reef core. The red line 
represents the Mn concentration of 250×10−6. 

The drilled reef sediments generally suffer from two 
stages of diagenesis: transformation from aragonite to 
calcite (calcitization) and further into dolomite (dolomiti-
zation). Previous studies have shown that the correlation 
between the mineral compositions and the concentrations 
of elements (trace elements and REE) or other geoche- 
mical indicators (Xiu et al., 2015; Zhai et al., 2015; Shao 
et al., 2017) was poor. This indicates that the reef carbon-
ates were not significantly influenced by diagenetic al-
teration, and they recorded their primary geochemical 
characteristics. These data indicate that all the samples 
from the well ‘Xike-1’ reef core are not significantly al-
tered by burial or meteoric diagenesis and they keep their 
original geochemical characteristics. 

5.2 Changes of the Terrestrial Detritus Input  
into the SCS 

The insoluble elements, such as Be, Al, Sc, Co, Ga, Cs, 
REE, Hf, and Th, mainly relate to the terrigenous detritus 
and can not be incorporated into carbonate lattices (Zhao 
and Zheng, 2014), whose concentrations can provide a 
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proxy for contributions from terrigenous materials (Webb 
and Kamber, 2000; Kamber et al., 2004; Frimmel, 2009; 
Zhao et al., 2009). A previous study has shown that Al 
and Th are the most insoluble (Taylor and McLennan, 
1985). Thus, the changes of Al and Th concentrations in 
the marine carbonates are more sensitive to the influx of 
the terrigenous detritus. The Al and Th exhibits increased 
concentrations for the intervals with high terrigenous in-
flux. Moreover, the ratios between elements with different 
solubilities can also trace the terrigenous influx. For the 
REE, the solubility increases from La to Lu. The REE 
patterns for the seawater and normal marine carbonate 
exhibit HREE enrichment, but that exhibit LREE enrich-
ment for the terrigenous detritus (Kamber et al., 2004; 
Frimmel, 2009; Zhao et al., 2009). Thus, the HREE/LREE 
values of the marine carbonates can also indicate the in-
fluence of the terrigenous detritus. The HREE/LREE val-
ues exhibit decreased concentrations for the intervals with 
high terrigenous influx. As shown in Fig.5, HREE/LREE 
values in the reef carbonates are negatively associated 
with their Th and Al concentrations; however, it shows 
positive correlation between their Al and Th concentra-
tions. This indicates that HREE/LREE values, Al concen-
trations, and Th concentrations of the reef carbonates are 
useful indexes for evaluating the influence on the sea-
water compositions from the terrigenous detritus in the 
study area. 

Based on the geochemical characteristics of the trace 
element and REE compositions and 87Sr/86Sr values of the 
reef carbonates (the 87Sr/86Sr data are reported in another 
article, which is under review), 6 intervals can be divided 
(Fig.6); they are H1 (0–89.30 m, about 0–0.11 Myr), L1 
(89.30–198.30 m, about 0.11–2.2 Myr), H2 (198.30–374.95 
m, about 2.2–5.3 Myr), D (374.95–758.40 m, about 5.3– 
13.6 Myr), L2 (758.40–976.86 m, about 13.6–15.5 Myr), 
and H3 (976.86–1200.00 m, about 15.5–21.5 Myr). In the 
intervals of H1, H2, and H3, the HREE/LREE values are 
relatively low, whereas the Al, Th concentrations and the 
87Sr/86Sr values are relatively high. In the intervals of L1 
and L2, the HREE/LREE values are relatively high, where- 
as the Al, Th concentrations and 87Sr/86Sr values are rela-
tively low. In the interval of D, the HREE/LREE values 
steadily increase with the depth, and the Al, Th concen-
trations and 87Sr/86Sr values decrease with the depth, al-
though the amplitudes and rates of variation are relatively 
small. The lowest 87Sr/86Sr values in the reef carbonates 
generally coincide with the lowest values of Al, Th con-
centrations and highest values of HREE/LREE. This also 
indicates that HREE/LREE, Al concentrations, and Th 
concentrations are useful indexes for evaluating the in-
fluence on the seawater compositions from the terrigenous 
detritus in the study area. The relatively low HREE/LREE 
values and the relatively high Al, Th concentrations in the 
intervals of H1, H2, and H3 indicate the high terrigenous 
input into the SCS during these geological periods. On 
the contrary, the relatively high HREE/ LREE values and 
the relatively low Al, Th concentrations in the intervals of 
L1 and L2 indicate the contemporaneous terrigenous in-
put into the SCS was relatively low. 

 

Fig.5 Cross plots of Th vs. HREE/LREE, Al vs. HREE/ 
LREE, and Al vs. Th for reef carbonates from the well 
‘Xike-1’ reef core. 

Because the trace element concentrations in terrigenous 
detritus are generally much higher than those of the pure 
carbonate, even a minor influence of the detritus can sig-
nificantly elevate the trace element concentrations of car-
bonate (Zhao and Zheng, 2014). This may lead to a loss 
of the primary signature in pristine carbonates, which 
may be inevitable due to a change in the acid strength 
during the digestion of impure carbonates (Nothdurft et al., 
2004). As shown in Fig.7 and Table 2, the REE patterns 
of carbonate samples from the well ‘Xike-1’ reef core 
generally show seawater-like REE patters (left-leaning), 
but those degrees of left-leaning are lesser than that of 
seawater. The PAAS-normalized HREE/LREE values of 
the intervals H1, H2, and H3 (with an average of 2.01) 
are lesser than those of the intervals of L1 and L2 (with 
an average value of 2.98). This indicates that carbonate 
samples from the well ‘Xike-1’ reef core inherited the 
geochemical characteristics of paleoseawater, but they 
also influenced by the terrigenous detritus, especially for 
the carbonate samples in the intervals H1, H2, and H3. 
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Fig.6 Changing curves of the HREE/LREE values, Al and Th concentrations, and 87Sr/86Sr values of reef carbonates from 
the well ‘Xike-1’ reef core. Changing curves of seawater δ13C and δ18O values in the SCS are also provided. The purple part 
was the segment below 1200 m. The HREE/LREE values are high in intervals H1, H2, and H3; and they are low in inter-
vals L1 and L2; whereas they exhibit an upward in interval D. The δ13C and δ18O data in the benthonic foraminifera skele-
tons from the drill core of ODP site 1148 are derived from Zhao et al. (2001); Wang et al. (2003). The time and depth data 
of stratigraphic and chronologic boundaries are from Ma et al. (2015); Qiao et al. (2015); Wang et al. (2015); Xiu et al. 
(2015); You et al. (2015); Zhai et al. (2015); Zhao et al. (2015); Zhu et al. (2015); Bi et al. (2017). 

 

Fig.7 PAAS-normalized REE patterns for carbonates from 
‘Xike-1’ reef core in the 6 intervals (L1, L2, D, H1, H2, 
and H3). Seawater REE data are from Kawabe et al. (1998), 
which has been enlarged 106 times. 

5.3 Paleoenvironment 

The depth data are transformed into chronologic data 
for further comparative analysis. The chronologic data of 
each points are calculated by weighted interpolation me- 
thod, based on the chronologic data of the stratigraphic 
and chronologic boundaries which have been proven and 
affirmed (the changing curves of the seawater δ13C and 
δ18O values recorded by the benthonic foraminiferal skele-
tons from the drill core of ODP site 1148 in the SCS are 
also provided in Fig.6). 

Carbon and oxygen isotopic compositions of foraminif-
eral skeletons have traditionally been the primary focus of 
the palaeoenvironmental studies, because these proxies 
allow the most direct insights into local palaeotempera-

tures and carbon cycle dynamics (Ullmann et al., 2017). 
The oxygen isotopic compositions of seawater are the 
leading factors controlling the δ18O values of the forami- 
niferal skeletons (Waelbroeck et al., 2002; Li et al., 2002). 
A larger amount of water with high 16O/18O values is frozen 
in the ice sheets, which results that the seawater δ18O 
values are relatively high during the glacial period (Chap-
pel and Shackleton, 1986). On the contrary, the seawater 
δ18O values are relatively low during the warming period. 
Thus, seawater positive δ18O excursions are usually hy-
pothesized to have a genetic link to ancient glacial events 
on Earth. As shown in Fig.6, the changing trend of the 
HREE/LREE values in the reef carbonates has no obvious 
correspondence with that of seawater δ18O values. This 
indicates that the influx of terrestrial detritus could be 
very high both in the warming period and glacial period. 
It has been known that wet and warm climates favor 
chemical weathering, whereas dry and cold climates favor 
physical weathering (Riebe et al., 2004). Both the enhanced 
physical weathering due to the relative sea level declining 
in the glacial period and the enhanced chemical weather-
ing in the warming period may lead to the increase of the 
terrigenous input into the SCS, and thus that the paleo-
climatic changes are unlikely to be the dominant factor 
for the increase of terrigenous influx in the study area. 

Many environmental and evolutionary events in Earth’s 
history are accompanied by the global carbon cycle dis-
turbance. Thus, carbon isotope stratigraphy is a valuable 
approach to elucidating the mechanisms of perturbation to 
ecologic environments (Huang et al., 2012). However, the 
influencing factors of seawater δ13C values are much 
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more complex than those of seawater δ18O values (Li et al., 
2002). As shown in Fig.6, the lowest values of HREE/ 
LREE values in the reef carbonates are associated with 
the lowest values of the seawater δ13C values recorded by 
the benthonic foraminiferal skeletons from the drill core 
of ODP site 1148 in the SCS, and thus that the changes of 
the terrigenous influx should be an important factor af-
fecting the changes of seawater δ13C values in this area.  

Factors controlling the terrigenous input at a single site 
include climate and tectonism (Kump and Arthur, 1997; 
Molnar, 2004). As mentioned above, the paleoclimatic 
changes are unlikely to be the dominant factor for the 
increase of terrigenous influx in the study area. Instead, 
rapid exhumation of high terrain (e.g., the Qinghai-Tibet 
Plateau) should provide the justification for the increase 
in terrigenous influx. Therefore, the increase in terri-
genous influx should be caused by the enhancement of 
erosion, weathering or transportation linked to the tec-
tonic activities in this area. 

5.4 Coupling Relationship Between the Changing 
Process of Terrigenous in Flux and the Up- 
lifting Process of Qinghai-Tibet Plateau 

The uplift of Qinghai-Tibet Plateau was a global geo-
logical event during the late Cenozoic, which was well 
recorded by the marine sedimentary system (Wang, 1995). 
The sediments of the Bengal Fan and the Indus River Fan, 
which were adjacent to the Qinghai-Tibet Plateau, were 
both derived from the continental weathering caused by 
the Qinghai-Tibet Plateau uplift (Johnson, 1994). The for- 
ming of the thick sediments in the Yinggehai Basin dur-
ing the Quaternary was also thought to be the result of the 
eastward stretch of the Qinghai-Tibet plateau uplifting 
(Wang, 1995). The core data from DSDP (Deep Sea Dril- 
ling Project) indicated that the accumulation rate of the 
marine sediments suddenly increased at about 17 Myr, 
which also responds to the uplift event of Qinghai-Tibet 
Plateau (Davis et al., 1977). These data indicate that the 
uplift of Qinghai-Tibet Plateau has important influence on 
the marine environments, and that the increase of riverine 
sediment influxes caused by the uplift of Qinghai-Tibet 
Plateau also has influence on the seawater compositions. 

A previous research has shown that there is a coupling 
relationship among the subsidence (deposition) of Qiong- 
dongnan Basin, the development of Xisha Islands and the 
uplift of Qinghai-Tibet Plateau, because these three events 
are highly consistent in the development time and process 
(Bi et al., 2017). Moreover, both the subsidence (deposi-
tion) process of Qiongdongnan Basin and the develop-
ment process of Xisha Islands can be divided into three 
phases corresponding to the three uplifting periods of 
Qinghai-Tibet Plateau, respectively. Among them, the 
period of about 16.0–23.0 Myr is the first uplifting phase 
of the Qinghai-Tibet Plateau, with relatively high uplift-
ing rate; the period of about 5.5–16.0 Myr is the steady 
up-lifting phase, with relatively low uplifting rate; and the 
period of about 0–5.5 Myr is the rapidly uplifting phase, 
with the highest uplifting rate. 

The changing process of the HREE/LREE values and 
Al, Th concentrations in reef carbonates from the well 
‘Xike-1’ reef core also can be divided into three phases, 
accordingly (Fig.6). Among them, the interval from H1 to 
H2 (about 0–5.3 Myr) is the fluctuating phase of the trace 
element and REE concentrations in the reef carbonates 
from ‘Xike-1’ reef core, and the Th, Al concentrations are 
high and the HREE/LREE values are low in this period; 
the interval from D to L2 (about 5.3–15.5 Myr) is the rela-
tively stable phase, and the Al and Th concentrations are 
low and the HREE/LREE values are high in this period; 
the interval of H3 (about 15.5–21.5 Myr) is the rapidly 
changing phase, and the Th, Al concentrations are high and 
the HREE/LREE values are low in this period (Fig.8). As 
shown in Fig.8, the low HREE/LREE values in the reef 
carbonates are generally associated with the high uplifting 
rates of the Qinghai-Tibet Plateau; whereas the high val-
ues of those Th and Al concentrations are associated to the 
high uplifting rates of the Qinghai-Tibet Plateau.  

 

Fig.8 Average values of the Al, Th concentrations, HREE/ 
LREE values and the uplifting rates of Qinghai-Tibet Pla-
teau in three phases. The data of the Qinghai-Tibet Pla-
teau uplifting rates are from Jiang and Li (2014). The data 
of the average accumulation rates of the sediments in the 
Yinggehai Basin and Qiongdongnan Basin are from Huang 
and Wang (2006). 

Moreover, the high average accumulation rates of the 
sediments in the Yinggehai Basin and the Qiongdongnan 
Basin are generally associated with the high uplifting 
rates of the Qinghai-Tibet Plateau. This indicated a sig-
nificant terrigenous contribution to the seawater composi-
tion of the SCS, which should be related to the changes of 
continental weathering area and terrigenous influx caused 
by the uplifting of Qinghai-Tibet Plateau. The uplift of 
Qinghai-Tibet Plateau has enlarged the continental weath-
ering area, and thus more weathered continental materials 
were transported into the SCS by rivers and winds. There-
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fore, the uplift of Qinghai-Tibet Plateau and the variations 
of uplifting rates should be the main factors controlling 
the variations of terrigenous influx. 

6 Conclusions 
1) The HREE/LREE values in the reef carbonates are 

negatively associated with their Th and Al concentrations; 
however, Al and Th concentrations show positive correla-
tion. Moreover, the lowest 87Sr/86Sr values in the reef car- 
bonates generally coincide with the lowest values of Al, 
Th concentrations and highest values of HREE/LREE. 
This feature indicates that the HREE/LREE values and Al, 
Th concentrations are good proxies for the influx of ter-
rigenous materials in the SCS. 

2) From top to bottom, the changing process of HREE/ 
LREE values and Al, Th concentrations can be divided into 
6 intervals; they are H1 (0–89.30 m, about 0–0.11 Myr), 
L1 (89.30–198.30 m, about 0.11–2.2 Myr), H2 (198.30– 
374.95 m, about 2.2–5.3 Myr), D (374.95–758.40 m, about 
5.3–13.6 Myr), L2 (758.40–976.86 m, about 13.6–15.5 

Myr), and H3 (976.86–1200.00 m, about 15.5–21.5 Myr). 
3) The changing trend of the HREE/LREE values in 

the reef carbonates coincided with that of the seawater 
δ13C values recorded by the benthonic foraminiferal ske- 
letons from the drill core of ODP site 1148 in the SCS, 
but not with that of the seawater δ18O values. This feature 
indicated that paleoclimatic changes are unlikely to be the 
dominant factor for the increase of terrigenous influx in 
the study area. Instead, the increase in terrigenous influx 
should be caused by the enhancement of erosion, weath-
ering or transportation linked to the tectonic activities. 

4) The low HREE/LREE values in the reef carbonates 
are generally associated with the high uplifting rates of 
the Qinghai-Tibet Plateau; whereas the high values of Th 
and Al concentrations are associated with the high uplift-
ing rates of the Qinghai-Tibet Plateau. Therefore, the up-
lift of Qinghai-Tibet Plateau and the variations of uplift-
ing rates should be the main factors controlling the varia-
tions of terrigenous influx. 
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