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Abstract

The reconstruction of sea surface temperature (SST) is a key issue in research on paleoceanography. The recently
related studies are mainly concentrated on the Quaternary.  The skeletons of  a typical  species of  benthonic
foraminifer (Amphistegina radiata) in the top 0–375.30 m interval of Well “Xike-1” reef core, Shidao Island, the
Xisha Islands, are uniformly selected. The ratios of magnesium to calcium concentrations and other indicators are
analyzed by an electron microprobe analysis (EMPA) with the purpose of estimating the paleo-SSTs since the
Pliocene  and  further  investigating  the  periodic  change  law  of  paleoclimate  in  the  South  China  Sea  (SCS).
Meanwhile, the geologic significance of paleoclimatic events in the SCS is discussed with global perspectives. The
results indicate that the paleo-SSTs reconstructed by the ratios of magnesium to calcium concentrations in the
SCS show a general periodic trend of “high–low–high–low” in values changes since the Pliocene. By comparison,
the fluctuations of reconstructed paleo-SSTs are much stronger in the Quaternary. Moreover, the variations of the
ratios of  magnesium to calcium concentrations in the A. radiata  skeletons have recorded a series of  major
paleoclimatic events since the Pliocene, of which the Quaternary glaciation events and the Arctic ice cap forming
events during the late Pliocene are more significant. Thus, using the changes of the ratios of magnesium to
calcium concentrations in the A. radiata skeletons from Well “Xike-1” reef core to reflect the relative changes of
paleo-SSTs is a relatively feasible and reliable way in the SCS, which is also proved by the correlation of drilling
cores characteristics in this area.
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1  Introduction
The reconstruction of paleoceanographic and paleoclimatic

records has great significance in exploring the changing laws of
global climate and environment. The quantitative reconstruc-
tion of the sea surface temperature (SST) is not only the first is-
sue needed to be solved, but also the key to studying the climatic
evolution in the earth surface system (Li, 2005). The SST is one of
the most important oceanic environment parameters. Recon-
structing the SST has become a key issue in research on pa-
leoceanography (Wei et al., 1999). According to the available in-
formation, the skeletons are still the most valuable record among
all the geological records of the SST. From the methods of pale-
ontological index species and faunal transfer functions to the
geochemical methods of stable isotopes and the ratios of mag-
nesium to calcium concentrations (c(Mg)/c(Ca) ratios), and so
on, the reconstruction of the SST experiences a process from
qualitative, semi-quantitative to quantitative (Guo, 2013).
c(Mg)/c(Ca) ratios in foraminiferal skeletons show strong tem-
perature sensitivity due to the temperature-dependent partition-
ing of magnesium during the calcification process, as a result, the

higher the ambient sea water temperature, the more the mag-
nesium being incorporated into carbonate (Nürnberg, 1995;
Nürnberg et al., 1996; Lea et al., 1999; Hasenfratz et al., 2017).
During the past 2 decades, foraminiferal c(Mg)/c(Ca) thermo-
metry has been successfully used to reconstruct sea water tem-
peratures in the surface and deep ocean (e.g., Lea et al., 2000;
Barker et al., 2009; Elderfield et al., 2012). The c(Mg)/c(Ca) ratios
in foraminiferal skeletons have been constructed as a good ther-
mometer of the SST.

Recent studies have confirmed that the geochemical charac-
teristics of trace elements in biogenic carbonate can provide im-
portant information for the reconstruction of paleoclimate and
paleoenvironment (Wei et al., 1999, 2000). Magnesium, stronti-
um, and other elements are incorporated into the skeletons of fo-
raminifera, ostracoda, gastropods, and other aquatic organisms
from the sea water directly (Li et al., 2008). Thus, the geochemic-
al characteristics of the trace elements in the skeletons recorded
the information about the conditions of surrounding sea water at
that time, if never or less influenced by a post-diagenetic altera-
tion. As early as the 1920s, scientists found that there was a cer-  
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tain correlation between the magnesium concentrations of skel-
etons and the SST. From then on, scientists carried out large
numbers of experimental works. In the 1990s, they concluded
that temperature is the leading mechanism controlling the
c(Mg)/c(Ca) ratio under natural conditions. (Russell et al., 1994;
Nürnberg, 1995; Nürnberg et al., 1996; Rosenthal et al., 1997).
Since then, the c(Mg)/c(Ca) ratios and c(Sr)/c(Ca) ratios (the ra-
tios of strontium to calcium concentrations) in foraminiferal
skeletons have been widely considered as potential proxies of the
paleo-SST. The electron microprobe analysis (EMPA) techno-
logy and other geochemical microanalysis technologies have
been quickly developing. The EMPA is extremely useful techno-
logies suitable for elemental analysis of sample compositions and
the direct observation of material microstructures. Thus, the re-
construction of the paleo-SST by foraminiferal c(Mg)/c(Ca) ther-
mometry in the long-time scales becomes possible.

The South China Sea (SCS) is the largest marginal sea of the
western Pacific Ocean, which exists in a semi-enclosed environ-
ment. 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 con-
tinent. The uplift of the Qinghai-Tibet Plateau and the formation
of the SCS basin are produced by tectonic movements in almost
the same geological period (Wang et al., 2015b). A special geo-
graphical location and a rapid depositional feature (Sarnthein et
al., 1994) amplify the responses to the global climate changes in
the SCS (Zhao and Wang, 1999). The SCS, which partly involves
the western Pacific warm pool, plays an important role in con-
trolling the East Asian monsoon climate (Wang et al., 1999; Tam-
burini et al., 2003; Xie et al., 2007; Liu et al., 2010; Zhao et al.,
2011). In recent years, the reconstructions of the paleo-SSTs in
the SCS were mainly based on the study of coralline (reefs). The
reconstruction of long time scale paleo-SSTs was limited by the
samples. In this paper, a species of typical benthonic foraminifer-
al (Amphistegina radiata) skeletons in the top 0–375.30 m inter-
val of Well “Xike-1” reef core, Shidao Island, the Xisha Islands,
were selected uniformly. The c(Mg)/c(Ca) ratios and other indic-
ators were analyzed by the EMPA with the purpose of estimating
the paleo-SSTs by foraminiferal c(Mg)/c(Ca) thermometry and
further investigating the periodic change law of paleoclimate
since the Pliocene in the SCS. Meanwhile, the geologic signific-
ance of paleoclimatic events in the SCS was discussed with glob-
al perspectives.

2  Samples and analytical methods
Strontium, calcium and magnesium have relatively long res-

idence time of 2.5, 5.1, and 12.0 Ma in the modern ocean (Gold-
berg and Arrhenius, 1958; Swart, 1981; Vollstaedt et al., 2014).
The c(Mg)/c(Ca) ratios and c(Sr)/c(Ca) ratios have good stability
both in time and space (Veizer, 1989; Wei et al., 2000; Marshall
and McCulloch, 2002). During the growth process of fo-
raminifera, the strontium, calcium, magnesium and other ele-
ments are incorporated into the foraminiferal skeletons from sea
water directly. It has been proved that the paleo-SST is the lead-
ing mechanism controlling the c(Sr)/c(Ca) and c(Mg)/c(Ca) ra-
tios in the foraminiferal skeletons (Rosenthal et al., 1997). The
process of Mg2+ substituting Ca2+ in the marine carbonate is en-
dothermic. The higher the ambient sea water temperature, the
more the magnesium being incorporated into the carbonate (He
et al., 1985; Nürnberg, 1995; Nürnberg et al., 1996; Lea et al.,
1999). Since the 1990s, some scientists have calculated the em-
pirical relationship between the c(Mg)/c(Ca) ratios and the ambi-
ent sea water temperature: c(Mg)/c(Ca) (mmol/mol)=b·emT (Fig. 1),

where T is the sea water temperature, m and b are constants
(Nürnberg, 1995; Nürnberg et al., 1996; Lea et al., 1999; Lea,
2003). Li (2005) indicated that the constant m is between 0.085
and 0.110, the coefficient b is between 0.30 and 0.52 for some fo-
raminiferal species.

The samples selected for this study are from the reef core of
Well “Xike-1” located on Shidao Island of Xuande Atoll, the Xisha
Islands (16°50’45″N, 112°20’50″E) (Fig. 2). The designated drilling
depth of Well “Xike-1” is 1 300.00 m, with complete core recovery
and basement drilling. The total length of the drilling core is
1 268.02 m, and the average rate of the core recovery is approxim-
ately 80%. Thus far, this site represents the deepest scientific
drilling site, with the highest rate of core recovery, in the Xisha
area. The complete drilling core with high rate of core recovery
provides the basic conditions for reconstructing the paleo-SSTs
in the SCS. Despite there are large numbers of coral and fo-
raminiferal fossils in the SCS which can be used as valuable
archives for paleoclimate reconstruction, most of them are lack
of continuity. Only the skeletons of A. radiata are distributed
continuously and well preserved (Zhang et al., 2015). According
to the sample observation (including microscopic observation), it
is found that in an interval below 375.30 m, the drilling core was
strongly influenced by a diagenetic alteration and the fo-
raminiferal skeletons were difficult to recognize. Only in an inter-
val above 375.30 m, the skeletons were complete. Thus, depend-
ing on the distribution of lithostratigraphic boundaries and com-
plete skeletons, 154 samples were selected from the top 0–375.30 m
interval of Well “Xike-1” reef core. The sampling interval ranged
from 1.00 to 20.00 m. The average time interval was about 34 ka.

For different species, the parameters taken in the empirical
formula purposed by Nürnberg (1995) and Nürnberg et al. (1996)
are different (Fig. 1). So far, no empirical formula dependent on
the species of A. radiata can be referenced in this area. In this
article, b=0.52 and m=0.11, were taken by contrast, which were
more reasonable and reliable. In addition, the samples experi-
enced different degrees of the diagenetic alteration. Therefore,
the paleo-SSTs calculated by the c(Mg)/c(Ca) ratios in the A. ra-
diata skeletons do not represent the true SST values and are just
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Fig. 1.   The plot of c(Mg)/c(Ca) ratios vs. temperature. The plot
was modified from Nürnberg (1995), Nürnberg et al. (1996), Lea
et al. (1999), Lea (2003), and Li (2005). The plot indicated the re-
lationship between c(Mg)/c(Ca) ratios in the foraminiferal skelet-
ons and SST.
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used to discuss the relative changes of the SST in the SCS since
the Pliocene.

In the process of analysis, the skeletons of the same benthon-
ic foraminiferal species (A. radiata) were selected (Fig. 3). The
analyses were under the same test conditions. The calculation of
the paleo-SSTs uniformly selected the same parameter (m=0.11,
b=0.52). All these were designed to make sure that the relative
changes of the SST reconstructed by the c(Mg)/c(Ca) ratios in the
foraminiferal skeletons were reliable.

2.1  Sample preparation
Over 300 samples were selected from the Well “Xike-1” reef

core, Shidao Island, the Xisha Islands. The sampling interval was
about 2.00 m. Desalinizing the samples as followed: (1) an appro-
priate amount of sample was immersed in deionized water for
6–8 h; (2) stirred with glass rod to filter out the supernatant; (3)
repeated (1) and (2) over three times and placed the samples in
an oven at 100°C for 24 h; (4) placed the dried samples in a sealed
bag and put them into the clean plastic bottles. The beakers, glass
rods, plastic bottles, and so on, used during the treatment were
rinsed three times with deionized water. The EMPA sections were
made with the desalinized samples.

2.2  Microscopic observation
Before the EMPA analysis, the sections with complete (less in-

fluenced by the diagenetic alteration) and larger A. radiata skel-

etons (Fig. 3, 154 in total) were selected under an optical micro-
scope.

2.3  EMPA analysis
First, the above-mentioned 154 pieces of sections were car-

bon-coated. Afterwards, the concentrations of strontium, mag-
nesium, calcium, and some other elements (such as iron and
manganese) in the skeletons were tested by a JXA-8230 (JEOL)
micro-area X-ray spectrometer. The test conditions are as follow-
ing: the test voltage is 15 kV, the test current is 2.0×10–8 A, the
beam spot diameter is <1 μm, the test environment temperature
is 22°C, the humidity is 40%, and the correction samples are cal-
cium-calcite, magnesium-diopside, strontium-celestite, iron-al-
mandite and manganese-rhodonite. Three or more (3–13) rep-
resentative points of each skeleton were chosen to analyze based
on the results of an EMPA linear analysis (Fig. 4). The average
values were shown in Tables 1 and 2.

3  Results
As mentioned above, 154 samples were selected from Well

“Xike-1” reef core. The concentrations of strontium, magnesium,
calcium, and other elements (e.g., iron and manganese) in a typ-
ical species of foraminiferal (A. radiata) skeletons were tested by
the EMPA technique. The mean c(Mg)/c(Ca) ratios and the relat-
ive standard deviation (RSD) values of the c(Mg)/c(Ca) ratios in
each sample were also calculated (Table 1). According to the ba-
sic principles of statistics, the highly discrete points cannot re-
flect the true information of the samples. Thus, the highly dis-
crete points (RSD>50%) were left out in the follow discussion.
The measured concentrations of magnesium, strontium, calci-
um, iron, and manganese in the skeletons of A. radiata range
from 0.1% to 2.7%, 0 to 0.7%, 34.5% to 44.3%, 0 to 0.035%, and 0 to
0.029%, respectively. Whereas the average concentrations of
magnesium, calcium, iron, and manganese are 0.5%, 39.6%,
0.009% and 0.009%, respectively (Tables 1 and 2).

As shown in Table 1, the computed c(Mg)/c(Ca) ratios in the
skeletons of A. radiata range from 3.2 to 116.4 mmol/mol, with a
mean value of 21.9 mmol/mol. Whereas the computed c(Sr)/
c(Ca) ratios range from 0 to 7.8 mmol/mol. The RSD values of the
c(Mg)/c(Ca) ratios in each sample range from 2% to 50%, with a
mean value of 23%. The paleo-SSTs reconstructed by c(Mg)/
c(Ca) thermometry range from 16.5 to 49.2°C, with a mean value
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Fig. 2.   Simplified map of the Xisha Islands. The Well “Xike-1” is located on Shidao Island of Xuande Atoll, the Xisha Islands.
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Fig. 3.   Photomicrograph of the A. radiata skeleton.
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of 32.1°C. The range of paleo-SSTs reconstructed by the c(Mg)/
c(Ca) thermometry is larger than that reconstructed by other in-
dicators, most of the reconstructed paleo-SSTs in this article are
higher. Therefore, the reconstructed paleo-SSTs in this article
cannot represent the true SST values, which are just used for dis-
cussing the relative changes of the SST in the SCS. The recon-
structed paleo-SSTs were standardized using 35.9°C (a recon-
structed paleo-SST value with the sampling depth of 14.43 m) as
a standard in order to indicate the relative changes of the SST
better. The standardized paleo-SSTs range from 0.46 to 1.37, with
a mean value of 0.89 (Table 1).

4  Discussion

4.1  Influence of diagenetic alteration
The element compositions in the skeletons might be influ-

enced by the diagenetic alteration. Because of this, evaluating the
effects of diagenesis on the element compositions are very im-
portant. The drilled reef sediments generally suffer from two
stages of diagenesis: transformation from aragonite to calcite
(calcitization) and further into dolomite (dolomitization). It was
found that the diagenesis types of the reef carbonates in Well
“Xike-1” reef core predominately included weak compaction,
neomorphism, micritization, dissolution and cementation dur-
ing the Quaternary (Zhao et al., 2015). Aragonite and calcite are
the major mineral components of the carbonate sediments in the
Quaternary (Fig. 5a). Hence, the diagenetic alteration is mainly
stay in the superficial phase (calcitization) during this period. Al-
though magnesium-calcite lost Mg2+ during the diagenetic peri-

od, they may still have sufficient reserves to indicate that the ori-
ginal Mg2+ was high (Marshall and Ashton, 1980; Prezbindowski,
1985). Thus, the variations of measured c(Mg)/c(Ca) ratios can
represent the relative changes of the SST during the Quaternary.

In addition, the concentrations of iron and maganese are
good indicators for diagenetic alteration of carbonates. The iron
and maganese concentrations in the foraminiferal skeletons are
very low (<0.04%), which shows no obvious correlation with the
mineral compositions of the reef carbonates in Well “Xike-1” reef
core (Fig. 5b). As shown in Figs 5a and b, the changes of the min-
eral compositions in the reef carbonates have no linear depend-
ence relation with that of the c(Mg)/c(Ca) ratios in the fo-
raminiferal skeletons. The c(Mg)/c(Ca) ratios do not increase
with the concentrations of dolomite. On the contrary, the dolo-
mite layer (289.30–312.30 m) corresponds to the relative low
c(Mg)/c(Ca) ratios. Hence, the diagenetic alteration did not signi-
ficantly influence the measured c(Mg)/c(Ca) ratios in the fo-
raminiferal skeletons since the Pliocene. Thus, although the car-
bonates in Well “Xike-1” reef core experienced different degrees
of the diagenetic alteration, the diagenetic alteration did not sig-
nificantly influence the relative changes of the measured
c(Mg)/c(Ca) ratios in the A. radiata skeletons from Well “Xike-1”
reef core. The variations of measured c(Mg)/c(Ca) ratios can rep-
resent the relative changes of the SST since the Pliocene in the
SCS.

The formation of reefs is harsh for environmental conditions.
The SST is one of the important factors controlling the growth of
reef-building organisms. Studies have shown that the suitable
temperature for corals is 18–30°C (Wang, 2001). The SST ranged
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Fig. 4.   Secondary electron image of the A. radiata skeleton and the results of an EMPA linear analysis. The red dots are the detecting
points. The red line is the line of the EMPA linear analysis.
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Table 1.   Mean concentrations of strontium, magnesium, calcium and the mean values of c(Mg)/c(Ca), c(Sr)/c(Ca) ratios in the A.
radiata skeletons from Well “Xike-1” reef core.

Depth/m
c(Mg)

(mean)/%
c(Sr)

(mean)/%
c(Ca)

(mean)/%
c(Mg)/c(Ca) (mean)/

mmol·mol–1
RSD
/%

c(Sr)/c(Ca) (mean)/
mmol·mol–1

Paleo-
SSTs/°C

Standardized
paleo-SSTs

14.43 0.6 – 38.2 27.1 37 – 35.9 1.00

14.73 2.4 0.1 34.5 116.4 41 1.6 49.2 1.37

15.21 0.8 0.1 40.3 31.4 30 1.5 37.3 1.04

15.51 1.0 0.1 38.3 44.3 47 1.3 40.4 1.13

15.81 0.4 – 38.9 17.8 11 – 32.1 0.89

16.26 0.8 0.2 36.2 39.5 107   2.6 39.4 1.10

16.53 0.6 0.1 38.0 27.3 41 1.7 36.0 1.00

16.93 0.9 0.1 39.2 36.8 62 1.5 38.7 1.08

17.32 0.5 – 37.6 20.9 50 – 33.6 0.94

17.62 0.5 0.1 38.9 22.1 35 1.0 34.1 0.95

17.92 1.1 – 38.2 49.9 55 – 41.5 1.16

18.22 0.6 0.2 38.2 25.3 68 1.7 35.3 0.98

18.52 0.6 – 37.6 24.4 14 – 35.0 0.97

19.11 1.0 0.1 39.3 42.0 41 1.2 39.9 1.11

19.41 0.7 0.1 39.8 27.0   4 1.6 35.9 1.00

19.71 1.7 0.1 37.9 75.0 92 1.1 45.2 1.26

20.01 1.6 – 35.4 78.2 110   – 45.6 1.27

20.31 0.8 0.1 41.9 33.7 58 0.9 37.9 1.06

21.06 0.8 – 35.3 38.1 37 – 39.0 1.09

21.36 0.4 – 39.3 17.3 61 – 31.9 0.89

21.66 0.9 0.1 37.2 39.3 29 1.7 39.3 1.09

21.78 0.6 0.1 38.5 24.1 25 1.5 34.9 0.97

22.30 0.4 0.1 38.9 17.6 21 1.4 32.0 0.89

22.60 0.4 0.1 39.3 17.5 58 0.6 32.0 0.89

24.15 0.5 – 36.0 22.7 63 – 34.3 0.96

24.91 0.5 0.1 39.4 20.0   8 1.3 33.2 0.92

25.21 0.5 0.1 35.9 21.5 50 0.9 33.8 0.94

25.98 0.6 0.1 39.9 23.2 23 1.3 34.5 0.96

26.78 0.6 – 40.0 24.5 69 – 35.0 0.97

27.08 0.2 0.1 38.2 9.9 41 0.5 26.8 0.75

27.54 0.4 0.4 41.4 14.3 76 3.9 30.1 0.84

28.14 0.5 0.1 39.3 21.0 49 1.0 33.6 0.94

28.44 0.1 – 39.8 3.2 32 – 16.5 0.46

29.31 0.1 0.1 38.7 6.0 34 1.6 22.3 0.62

29.61 0.1 0.7 42.0 3.5 12 7.8 17.4 0.48

30.49 0.2 0.1 39.9 7.5 28 1.5 24.3 0.68

31.35 0.1 0.1 39.5 5.1 11 0.6 20.7 0.58

32.12 0.3 0.2 36.5 14.0 41 2.0 30.0 0.84

32.68 0.4 0.3 39.6 15.0 106   3.2 30.5 0.85

33.29 0.3 0.1 40.8 11.6 23 1.2 28.2 0.79

34.58 0.7 0.3 36.8 33.4 76 3.7 37.8 1.05

35.48 0.6 – 36.9 28.0 76 – 36.2 1.01

36.13 0.6 0.1 39.0 24.9 11 1.2 35.2 0.98

36.69 0.4 0.1 39.4 16.9   6 1.1 31.6 0.88

37.29 0.4 0.0 38.7 18.8   5 0.5 32.6 0.91

38.14 2.7 0.1 39.8 113.9 17 0.5 49.0 1.36

39.31 0.4 0.1 38.7 14.9 14 1.6 30.5 0.85

39.97 0.4 – 38.8 16.1 14 – 31.2 0.87

40.24 0.3 0.2 38.9 13.4 26 2.8 29.5 0.82

42.00 0.2 0.1 39.2 8.7 41 1.3 25.6 0.71

42.55 0.1 0.0 40.2 4.8 16 0.3 20.1 0.56

43.15 0.2 0.1 39.7 6.2 23 1.2 22.5 0.63

44.05 0.3 0.2 38.5 11.6   8 2.8 28.2 0.79

44.35 0.2 0.2 39.7 6.4 14 2.6 22.9 0.64

44.87 0.2 0.1 36.9 8.4 74 0.6 25.3 0.70

to be continued
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Continued from Table 1

Depth/m
c(Mg)

(mean)/%
c(Sr)

(mean)/%
c(Ca)

(mean)/%
c(Mg)/c(Ca) (mean)/

mmol·mol–1
RSD
/%

c(Sr)/c(Ca) (mean)/
mmol·mol–1

Paleo-
SSTs/°C

Standardized
paleo-SSTs

45.17 0.1 0.2 39.5 6.0 30 2.5 22.2 0.62

45.47 0.2 0.2 39.3 6.5 29 1.9 22.9 0.64

46.34 0.1 0.0 40.1 6.0 73 0.4 22.2 0.62

46.63 0.1 0.1 39.2 6.1 52 1.2 22.3 0.62

47.26 0.1 0.1 39.6 6.0 55 1.3 22.2 0.62

48.12 0.4 0.2 39.7 15.2 28 2.0 30.7 0.86

48.54 0.2 0.2 39.9 7.8 42 1.8 24.6 0.69

49.19 0.3 0.2 39.2 13.7 40 1.7 29.7 0.83

50.07 0.4 0.2 38.1 18.6 41 2.2 32.5 0.91

50.37 0.3 0.1 37.7 10.9 36 1.0 27.6 0.77

51.00 0.4 0.2 38.9 14.8   8 1.7 30.4 0.85

51.67 0.4 0.2 37.6 15.4   8 1.9 30.8 0.86

52.49 0.4 0.1 40.4 16.9 83 1.1 31.6 0.88

53.11 0.4 0.2 39.2 14.9 74 2.0 30.5 0.85

54.32 0.2 0.2 38.3 7.3 15 1.8 24.0 0.67

54.62 1.4 0.1 40.9 56.2 22 0.9 42.6 1.19

55.44 0.2 0.1 38.4 9.4 26 1.5 26.3 0.73

56.12 0.3 – 39.3 13.1 25 – 29.4 0.82

57.17 0.1 0.2 39.7 6.1   9 2.3 22.3 0.62

59.21 0.4 0.2 39.3 16.9 27 2.3 31.7 0.88

59.51 0.1 0.0 39.3 3.0 50 0.5 15.9 0.44

60.10 0.7 0.5 38.0 32.5   9 5.6 37.6 1.05

60.97 0.5 0.1 40.2 20.6   4 1.5 33.5 0.93

61.29 0.2 0.2 39.0 6.3 46 2.7 22.6 0.63

62.49 0.4 0.2 40.4 15.5 20 1.8 30.8 0.86

63.30 0.4 0.2 40.7 15.0   2 2.5 30.5 0.85

65.30 0.3 0.1 41.0 13.8 21 1.6 29.8 0.83

71.32 0.5 0.1 42.2 18.2 29 1.4 32.3 0.90

73.30 0.4 0.1 39.0 17.0 13 1.3 31.7 0.88

76.98 0.4 0.1 40.3 14.7 15 1.0 30.4 0.85

80.30 0.3 0.1 36.6 15.0 15 0.8 30.6 0.85

84.38 0.3 0.1 40.2 11.9 36 0.9 28.5 0.79

106.30 0.1 0.1 38.8 5.6 67 1.0 21.5 0.60

110.30 0.2 0.0 42.8 5.8 25 0.2 22.0 0.61

118.30 0.2 0.1 42.3 6.6 85 1.2 23.1 0.64

120.30 0.2 0.1 41.9 7.2 14 0.8 23.8 0.66

128.30 0.2 0.0 44.1 6.4 30 0.5 22.8 0.64

143.00 0.2 0.0 41.8 7.9 23 0.5 24.7 0.69

147.30 0.2 0.0 42.1 6.5 20 0.2 22.9 0.64

148.60 0.2 0.0 41.8 6.5 26 0.5 23.0 0.64

149.30 0.3 0.1 44.2 9.7 11 0.6 26.6 0.74

153.30 0.3 0.1 42.3 11.3 44 1.0 28.0 0.78

156.30 0.2 0.1 41.8 9.8   7 1.1 26.7 0.74

173.27 0.4 0.1 40.5 16.0 47 1.4 31.1 0.87

178.30 0.5 0.1 40.8 20.1 10 1.0 33.2 0.92

186.30 0.6 0.1 42.5 23.9 23 1.4 34.8 0.97

188.30 0.6 0.1 34.8 26.7 13 1.7 35.8 1.00

190.30 0.8 0.1 39.5 33.8 32 1.3 38.0 1.06

192.30 1.0 0.1 41.8 38.6 10 0.6 39.2 1.09

202.15 0.7 0.1 40.2 27.2 13 1.1 36.0 1.00

211.20 0.8 0.2 42.0 32.8 17 1.7 37.7 1.05

213.30 0.6 0.1 35.8 27.5 29 1.0 36.1 1.01

215.30 0.8 0.2 42.4 32.9 32 1.8 37.7 1.05

219.30 0.9 0.1 40.5 38.6 22 1.3 39.2 1.09

to be continued

  Bi Dongjie et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 3, P. 78–92 83



from 23.3°C to 28°C during the Holocene and 21.5°C to 25°C dur-

ing the last glacial period in the northern SCS. The lowest tem-

perature occurred in the marine isotope stage 2 (MIS 2) (Pelejero

et al., 1999; Oppo and Sun, 2005; Zhang et al., 2005; Wei et al.,

2007; Li et al., 2012). Thus, even during the glacial period, the SST

was still suitable for corals and other reef-building organisms, the

coral reefs still could develop in the SCS. As mentioned above,

the range of paleo-SSTs reconstructed by the c(Mg)/c(Ca) ther-

mometry is from 16.5°C to 49.2°C, which is larger than that recon-

structed by other indicators. The main reason for this may be that

reconstructing the paleo-SSTs by the c(Mg)/c(Ca) ratios in A. ra-

diata skeletons has not been studied before. No empirical for-

mula dependent on the species of A. radiata could be referenced

in the study area. Because of this, the selection of parameters (b

Continued from Table 1

Depth/m
c(Mg)

(mean)/%
c(Sr)

(mean)/%
c(Ca)

(mean)/%
c(Mg)/c(Ca) (mean)/

mmol·mol–1
RSD
/%

c(Sr)/c(Ca) (mean)/
mmol·mol–1

Paleo-
SSTs/°C

Standardized
paleo-SSTs

221.30 1.1 0.1 41.7 44.4 13 0.9 40.4 1.13

223.60 0.7 0.1 42.4 25.5 47 1.6 35.4 0.99

228.90 0.9 0.1 42.5 35.6 26 1.4 38.4 1.07

230.40 0.5 0.1 37.5 22.0 23 0.8 34.0 0.95

232.81 0.7 0.1 40.0 30.2 26 1.5 36.9 1.03

238.30 0.7 0.1 41.2 27.2 55 1.2 36.0 1.00

242.30 0.6 0.1 40.9 24.4 45 1.4 35.0 0.97

245.30 0.8 0.2 42.0 31.6 25 1.6 37.3 1.04

246.30 0.9 0.0 37.2 39.7 23 0.4 39.4 1.10

251.30 0.9 0.2 42.2 33.7 21 1.7 37.9 1.06

255.30 0.6 0.2 41.3 23.5 42 1.8 34.7 0.97

257.30 0.4 0.2 42.6 15.7 24 1.8 31.0 0.86

259.30 0.7 0.0 37.1 32.7 10 0.5 37.7 1.05

261.30 0.5 0.1 41.0 18.3 51 1.3 32.4 0.90

263.30 0.5 0.1 37.2 22.1 19 0.9 34.1 0.95

268.30 0.4 0.1 43.3 15.1 15 1.5 30.6 0.85

270.30 0.6 0.1 35.7 90.5 118   1.0 46.9 1.31

272.30 0.6 0.1 39.7 25.6 21 1.3 35.4 0.99

276.30 0.5 0.1 39.8 20.1 19 1.2 33.2 0.92

278.30 0.5 0.1 37.4 21.0 11 0.7 33.6 0.94

280.30 0.6 0.1 42.2 21.8 22 1.3 34.0 0.95

282.30 0.6 0.1 36.9 25.0 14 1.2 35.2 0.98

285.30 0.6 0.1 41.7 24.9 11 1.0 35.2 0.98

288.30 0.5 0.1 40.7 21.6   7 0.9 33.9 0.94

304.30 0.5 0.1 42.1 21.1   8 1.1 33.6 0.94

309.30 0.5 0.0 42.3 21.2 19 0.5 33.7 0.94

311.30 0.4 0.1 35.5 19.4   9 0.7 32.9 0.92

317.30 0.5 0.1 42.4 18.7 11 1.3 32.5 0.91

320.30 0.5 0.1 40.6 21.2   7 1.2 33.7 0.94

323.30 0.4 0.1 38.2 16.8 21 1.4 31.6 0.88

325.30 1.4 0.1 36.3 65.8 61 1.4 44.0 1.23

327.30 0.9 0.1 36.9 43.3 115   1.1 40.2 1.12

333.30 0.6 0.1 39.3 24.0 25 0.9 34.8 0.97

337.30 0.7 0.1 39.7 28.2 25 1.0 36.3 1.01

342.30 0.6 0.1 41.4 23.4 26 1.0 34.6 0.96

344.30 0.6 0.1 36.2 28.1 28 1.2 36.3 1.01

346.30 0.4 0.1 42.8 16.3 13 1.1 31.3 0.87

348.30 0.6 0.1 37.3 27.3 41 1.5 36.0 1.00

356.30 0.6 0.1 36.2 25.7 25 1.3 35.4 0.99

360.30 0.5 0.1 35.1 23.8 32 1.1 34.8 0.97

362.30 0.5 0.1 39.5 22.0 27 0.9 34.0 0.95

366.30 0.6 0.1 44.3 20.9 14 1.1 33.6 0.94

368.30 1.5 0.1 34.7 73.5 47 0.7 45.0 1.25

370.30 0.4 0.1 39.3 14.8 25 0.9 30.5 0.85

375.30 0.5 0.1 40.1 20.3 10 1.2 33.3 0.93

          Note: “–” means below the limit of detection. The paleo-SSTs were calculated by the formula: c(Mg)/c(Ca) (mmol/mol)=b·emT, b=0.52 and
m=0.11. Standardizing the paleo-SSTs reconstructed by the c(Mg)/c(Ca) thermometry using 35.9°C (a reconstructed paleo-SST with the
sampling depth of 14.43 m) as a standard. The relative standard deviation values (RSD) of the c(Mg)/c(Ca) ratios in each sample were also
provided.
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and m) was lack of existing standards. Moreover, although the se-
lected fossils are complete individuals of the same species, the
chemical compositions of the fossils may be more or less af-
fected by the diagenetic alteration. Owing to the above-men-
tioned limitations, the reconstructed paleo-SSTs are not the true
SST values at the corresponding time, but they can be used to in-
vestigate the relative changes of the SST based on the above dis-
cussion. Some paleoclimatic events, especially the drastically
fluctuation of the SST under the background of glacial/intergla-
cial alternations during the Quaternary, have good responses on
the changes of the c(Mg)/c(Ca) ratios (Fig. 5b).

4.2  Characteristics of the reconstructed paleo-SSTs in the SCS
The paleo-SSTs reconstructed by the c(Mg)/c(Ca) ratios in the

A. radiata skeletons from Well “Xike-1” reef core have shown a
general periodic trend of “high‒low‒high‒low” periodic cycle in
values variations since the Pliocene (Fig. 6). The reconstructed
paleo-SSTs fluctuated significantly, especially during the Qua-
ternary, which overall showed a trend of rising. The changing
process of the reconstructed paleo-SSTs can be substantially di-
vided into four stages from the bottom to the upper:

The interval of 246.30–375.30 m (about 2.7–5.3 Ma) corres-
ponds to a low temperature period. The standardized paleo-SSTs
range from 0.85 to 1.25 in this period, with a mean value of 0.96.

The interval of 190.30–246.30 m (about 1.8–2.7 Ma) corres-
ponds to a high temperature period. The standardized paleo-
SSTs range from 0.95 to 1.13 in this period, with a mean value of
1.04. The variations of the reconstructed paleo-SSTs are relat-
ively significant and the climate is instable.

The interval of 63.30–190.30 m (about 0.8–1.8 Ma) corres-
ponds to another low temperature period. The standardized pa-
leo-SSTs range from 0.61 to 1.06, with a mean value of 0.80. Dur-
ing this period, the reconstructed paleo-SSTs are generally low
and stable.

The interval of 0–63.30 m (about 0–0.8 Ma) corresponds to the
fluctuating period. The maximum and minimum values of the re-
constructed paleo-SSTs appear during this period. The standard-
ized paleo-SSTs range from 0.46 to 1.37, with a mean value of
0.86. Significant variations of the reconstructed paleo-SST indic-
ate that the climate changed sharply during the Quaternary, with
the main feature of glacial/interglacial alternations.

The sudden change of c(Mg)/c(Ca) ratios near the depth of
36.00 m indicates an obvious change of the paleoclimate. In the
vicinity of the interface, mineral compositions and other para-
meters of geochemical characteristics also existed a significant
change. The causes are still uncertain (Zhai et al., 2015). Accord-
ing to the evidences provided in this article, there should be an
important paleoenvironmental changing interface near the
depth of 36.00 m.

In addition, the fluctuating period (0–63.30 m) of the recon-
structed paleo-SSTs can be further subdivided into four periodic
cycles (Fig. 7). The corresponding geological age at the depth of
63.30 m is about 0.8 Ma. The significant variations of the recon-
structed paleo-SSTs indicate that the climate was very instable
under the background of glacial/interglacial alternations during
the Quaternary. The reconstructed paleo-SSTs during this period
overall show an upward trend.

4.3  Changes of the reconstructed paleo-SSTs in the SCS respond to
the global paleoclimatic events
The Quaternary glaciation events were global glacial events,

which began from about 2 Ma. The Quaternary glaciation events
were the most recent large glaciation events during the geologic-

Table 2.   Mean concentrations of iron and manganese in the A.
radiata skeletons from Well “Xike-1” reef core
Depth/

m
c(FeO)

(mean)/%
c(MnO)

(mean)/%
c(Fe)

(mean)/%
c(Mn)

(mean)/%
63.30 0.006 0.022 0.005 0.017
65.30 0.001 0.010 0.001 0.008
71.32 0.027 0.018 0.021 0.014
73.30 0.045 0.010 0.035 0.007
76.98 0.011 0.006 0.009 0.005
80.30 0.006 0.010 0.005 0.008
84.38 0.043 0.004 0.033 0.003

106.30 0.016 0.010 0.012 0.008
110.30 0.022 0.022 0.017 0.017
118.30 0.019 0.012 0.015 0.009
120.30 0.021 0.000 0.016 0.000
128.30 0.009 0.003 0.007 0.002
143.00 0.018 0.003 0.014 0.002
147.30 0.000 0.000 0.000 0.000
148.60 0.000 0.031 0.000 0.024
149.30 0.012 0.016 0.010 0.012
153.30 0.003 0.018 0.003 0.014
156.28 0.019 0.000 0.015 0.000
173.27 0.010 0.006 0.008 0.004
178.30 0.005 0.015 0.004 0.011
186.30 0.005 0.019 0.004 0.014
190.30 0.002 0.013 0.001 0.010
192.30 0.025 0.000 0.020 0.000
202.15 0.022 0.006 0.017 0.005
211.20 0.012 0.006 0.009 0.004
215.30 0.002 0.005 0.002 0.004
219.30 0.006 0.038 0.004 0.029
221.30 0.021 0.020 0.016 0.016
223.64 0.003 0.016 0.002 0.013
228.01 0.000 0.007 0.000 0.006
232.81 0.011 0.020 0.008 0.015
238.30 0.007 0.026 0.005 0.020
242.30 0.003 0.006 0.002 0.005
245.30 0.009 0.010 0.007 0.008
251.30 0.014 0.015 0.011 0.012
255.30 0.012 0.024 0.010 0.019
257.30 0.000 0.007 0.000 0.005
261.30 0.008 0.008 0.006 0.006
268.30 0.030 0.004 0.024 0.003
272.30 0.012 0.007 0.009 0.006
276.30 0.003 0.006 0.002 0.005
280.30 0.021 0.009 0.016 0.007
285.30 0.007 0.013 0.006 0.010
288.30 0.006 0.016 0.005 0.013
304.30 0.016 0.004 0.013 0.003
309.30 0.026 0.017 0.020 0.013
317.30 0.023 0.018 0.018 0.014
320.30 0.017 0.012 0.013 0.009
323.30 0.037 0.000 0.029 0.000
327.30 0.009 0.014 0.007 0.011
333.30 0.005 0.010 0.004 0.008
337.30 0.000 0.000 0.000 0.000
342.30 0.010 0.000 0.008 0.000
346.30 0.005 0.008 0.004 0.006
352.30 0.007 0.013 0.006 0.010
362.30 0.011 0.028 0.008 0.022
366.30 0.003 0.020 0.002 0.016
370.30 0.005 0.005 0.004 0.004
375.30 0.013 0.011 0.010 0.008
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al history. During this period, the climate changed sharply, with
the glacier advancing and retreating many times. The global rel-

ative sea level also changed many times in this period. The Qua-
ternary glaciation events can be divided into many glacial and in-
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Fig. 5.     Plots of the mineral compositions in the reef carbonates of Well “Xike-1” reef core (a) and plots of the iron, manganese
concentrations and c(Mg)/c(Ca) ratios in the A. radiata skeletons from Well “Xike-1” reef core (b). cal represents calcite, ara aragonite,
dol dolomite, and mag-cal magnesium-calcite. The mineral compositions of carbonates were from Zhai et al. (2015), Xiu et al. (2015),
and Cao et al. (2016). The data of stratigraphic division and chronological subdivision were from Wang et al. (2015), Zhai et al. (2015),
Zhu et al. (2015), Xiu et al. (2015), Zhao et al. (2015), Qiao et al. (2015), You et al. (2015), Ma et al. (2015), and Bi et al. (2017); followed
as the same.
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Fig. 6.     Plots of the c(Mg)/c(Ca) and c(Sr)/c(Ca) ratios in the A. radiata  skeletons and the standardized paleo-SSTs. The relative
standard deviation (RSD) values of the c(Mg)/c(Ca) ratios in each sample were also provided.
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terglacial periods, which were characterized by the glacial/inter-
glacial alternations. The global temperature was further reduced
and the Arctic ice cap was further expanded in this period. The
glaciers were widely distributed all over the world (Wang et al.,
2001; Li et al., 2016).

According to the evidences of moraines, glacial erosion land-
forms, and sporopollen of cold-tolerant plants all over the world,
the Quaternary glaciation events can be roughly divided into
four‒six sub-glacial periods with sharp changes of the temperat-
ure (Yang et al., 1979; Zhao, 1985, 1986). Among them, the four
sub-glacial periods of Würm, Riss, Mindel, and Günz, which were
classified according to the landforms of moraine and glacial
erosion in the Alps area, were popular abroad (Raymo, 1997).
However, the four sub-glacial periods of Dali, Poyang, Dagu, and
Lushan, which were classified according to the remnants of gla-
cial erosion in the Lushan area and the glacial relics in the west-
ern China, were popular in China (Li, 1940; Yang and Xu, 1980;
Deng, 1992).

On the basis of mineralogy, geochemistry, and paleontology
studies of the reef carbonates from Well “Xike-1” reef core, a
series of stratigraphic and chronologic boundaries were identi-
fied (Wang, Cui et al., 2015; Zhai et al., 2015; Zhu et al., 2015; Xiu
et al., 2015; Zhao et al., 2015; Qiao et al., 2015; You et al., 2015; Ma
et al., 2015). Combined with the variation trend and the chrono-
logical data, the c(Mg)/c(Ca) ratios in the A. radiata skeletons of
Well “Xike-1” reef core can be used to compare with other paleo-
climatic indicators, although the age control of the Well “Xike-1”
reef core is relatively poor. Comparisons among the changes of
c(Mg)/c(Ca) ratios in the A. radiata skeletons from Well “Xike-1”
reef core, the changes of sea water δ18O values recorded by the
benthonic foraminifera in the drilling core of ODP Site 1 148, and
the relative changes of global sea level (Figs 7, 8 and 9) show that
there is a good correlation among the three. The significant fluc-
tuation period of the reconstructed paleo-SSTs coincides with the
sharp change period of the global relative sea level. The four peri-
odic cycles of the c(Mg)/c(Ca) ratios in the fluctuating period
(0–63.3 m) are consistent with the four significant variations of
the sea water δ18O values: MIS 2, 6, 12 and 16. Similar variations
of sea water δ18O values were also observed in other sea areas
(e.g., ODP 677) (Wang et al., 2001). Moreover, the above-men-
tioned results also can demonstrate the feasibility of reconstruct-

ing the paleo-SSTs by the c(Mg)/c(Ca) ratios in the A. radiata
skeletons from Well “Xike-1” reef core.

MIS 2, 6, 12 and 16 correspond to the four sub-glaciations in
the Alps area, respectively (Figs 7 and 8): MIS 2 corresponds to
the Würm glaciation, MIS 6 corresponds to the Riss glaciation,
MIS 12 corresponds to the Mindel glaciation, whereas MIS 16
corresponded to the Günz glaciation (Raymo, 1997). Moreover,
the Baoji section is judged to be the most complete and access-
ible Quaternary loess-paleosol section in the north-central China
Loess Plateau (Ding and Liu, 1991; Rutter et al, 1990). There is a
good corresponding relationship between the changes of sea wa-
ter δ18O values and the stratigraphy at Baoji (Fig. 8). MIS 2, 6, 12
and 16 corresponded to the thick loess units L1, L2, L5 and L6, re-
spectively (Ding and Liu, 1991). These thick loess units indicate
the glacial climate. These sub-glaciations were characterized by
glacier advanced in the mountainous areas and sea level re-
gressed in coastal areas all over the world, which were global
phenomenon (Wang et al., 2001). In addition, these four sharp
changes in the temperature also had responds in the SCS which
was non-glaciation areas. It indicates that the variations of
c(Mg)/c(Ca) ratios in the foraminiferal skeletons well recorded
the global paleoclimatic events with a sharply temperature fluc-
tuate. Moreover, the c(Mg)/c(Ca) ratios are relatively low in an
interval of 63.30–190.30 m, which may represent a large glacial
event with a long duration in the geological history. During this
period, the paleo-SSTs were relatively low.

In addition, the Arctic ice cap forming events during the Late
Pliocene were also global paleoclimatic events in the geological
history, which changed the earth from “unipolar ice cap” to “bi-
polar ice cap”. It turned to the glacial climate all over the world
during this period. The carbon and oxygen isotopes of the
benthonic foraminifera in the SCS (ODP Site 1 148) were signific-
antly heavier in this period (Fig. 9) (Zhao et al., 2001). As shown
in Fig. 9, these global paleoclimatic events also have manifesta-
tions on the variations of c(Mg)/c(Ca) ratios in the A. radiata
skeletons from Well “Xike-1” reef core. The c(Mg)/c(Ca) ratios
during this period are relatively low (Figs 8 and 9). Moreover, the
dolomite layer (289.30~312.30 m) corresponds to the relative low
c(Mg)/c(Ca) ratios, which indicates that the dolomite layer was
formed during the glacial climate. It is consistent with the re-
search results based on the geochemical researches of reef car-
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Fig. 7.   Plots of the c(Mg)/c(Ca) ratios in the A. radiata skeletons, the sea water δ18O values recorded by the benthonic foraminifera,
and the relative changes of the global sea level. The sea water δ18O data recorded by the benthonic foraminifera in the drilling core of
ODP Site 1148 were derived from Wang et al. (2001). The data of relative sea-level changes was derived from Bintanja et al. (2005).
These plots indicate that there is a good correlation among the changes of c(Mg)/c(Ca) ratios, the variations of sea water δ18O values,
and the relative changes of the global sea level.
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bonates from Well “Xike-1” reef core (Zhai et al., 2015; Xiu et al.,
2015; Cao et al., 2016; Bi et al., 2018).

In summary, the variations of the c(Mg)/c(Ca) ratios in the fo-
raminiferal skeletons from Well “Xike-1” reef core have relative
good responses to the major global paleoclimatic events. The
fluctuating period of the reconstructed paleo-SSTs in an interval
of 0–63.30 m corresponds to the four sub-glaciations of the Qua-
ternary glaciation events. The low temperature period of the re-
constructed paleo-SSTs in an interval of 246.30–272.30 m corres-

ponds to the Arctic ice cap forming events during the Late Plio-
cene.

4.4  Comparison of the drilling cores characteristics in Xisha area
The Well “Xiyong-1” is a scientific drilling located on Yongx-

ing Island, the Xisha area. Many scholars have conducted de-
tailed studies on the reef core of Well “Xiyong-1” since the 1970s
(Wang et al., 1979; Zhang et al., 1994; Zhao, 2010). The comparis-
on results reveal that there is a positive correlation between the
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Fig. 8.   Correspondence relationship between the variations of c(Mg)/c(Ca) ratios and the global paleoclimatic events. The data of
Baoji section were modified from Ding and Liu (1991). The sea water δ18O data recorded by the benthonic foraminifera in the drilling
core of ODP Site 1148 were derived from Wang et al. (2001).
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Fig. 9.   Correspondence relationship between the variations of c(Mg)/c(Ca) ratios and that of sea water δ18O values. The sea water
δ18O values recorded by the benthonic foraminifera in the drilling core of ODP Site 1 148 were derived from Wang et al. (2003).
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variations of c(Mg)/c(Ca) ratios in the A. radiata skeletons from
the top 0–375.30 m interval of Well “Xike-1” reef core and the
changes of δ18O values in reef carbonates from the top 0–350.00 m
interval of Well “Xiyong-1” (Fig. 10). They both show a general
periodic trend of “high‒low‒high‒low” in values variations. As
shown in Fig. 10, the rangeability of c(Mg)/c(Ca) ratios are great-
er than that of the δ18O values, which indicates that the c(Mg)/
c(Ca) ratios are more sensitive to the changes of environmental
conditions, especially to the changes of the SST. Moreover, it fur-
ther indicates that the relative changes of the paleo-SSTs in this
region were well recorded by the c(Mg)/c(Ca) ratios in the A. ra-
diata skeletons. The Well “Xike-1” is the deepest scientific
drilling with the highest rate of core recovery in the Xisha area,
which has a higher resolution than the Well “Xiyong-1”. There-
fore, using the c(Mg)/c(Ca) ratios in the A. radiata skeletons from
Well “Xike-1” reef core to reflect the relative changes of the SST in
this area is feasible and reliable.

It should be noted that, according to the mineralogical stud-
ies of Well “Xike-1” reef core (Zhai et al., 2015), a thick layer of
dolomite is found below 375.30 m. However, in an interval above
375.30 m, the dolomitization is weak and dolomite minerals are
not present in most stratus. The dolomitization must have signi-
ficant impact on the chemical compositions of the reef carbon-
ates, especially on the concentrations of magnesium and calci-
um. The microscopic observation of the sections find that in an
interval below 375.30 m, the A. radiata skeletons in the reef core
are influenced by the diagenetic alteration and the outline of the
skeletons are blurred (Fig. 11). Moreover, the analysis results also
show that in an interval below 375.30 m, the concentrations of
Mg in the A. radiata skeletons are more than 10%, the highest is

even about 20%. These indicate that there should be a diagenesis
changing interface near the depth of  375.30 m and the
c(Mg)/c(Ca) ratios in the A. radiata skeletons from Well “Xike-1”
reef core below 375.30 m cannot be used to reflect the paleocean-
ographic characteristics of the sea water in the SCS during the
geological history. Therefore, only the samples selected from an
interval above 375.30 m can be used to analyze the relative
changes of the SST.

5  Conclusions
(1) The paleo-SSTs reconstructed by the c(Mg)/c(Ca) ratios in

the A. radiata skeletons from Well “Xike-1” reef core in the SCS
show a general periodic trend of “high‒low‒high‒low” in values
changes since the Pliocene. The reconstructed paleo-SSTs fluctu-
ated significantly, especially during the Quaternary, which over-
all showed a trend of rising. The changing process of the recon-
structed paleo-SSTs can be substantially divided into four stages
from the bottom to the upper: An interval of 0–63.30 m (about
0–0.8 Ma) corresponds to the fluctuating period of the recon-
structed paleo-SSTs; an interval of 63.30–190.30 m (about 0.8–1.8 Ma)
corresponds to a low temperature period; an interval of 190.30–
2 246.30 m (about 1.8–2.7 Ma) corresponds to a high temperat-
ure period; whereas an interval of 246.30–375.30 m (about 2.7–
5.3 Ma) corresponds to another low temperature period.

(2) The variations of c(Mg)/c(Ca) ratios in the A. radiata skel-
etons well recorded the major global paleoclimatic events. The
fluctuating period of the reconstructed paleo-SSTs in an interval
of 0–63.30 m corresponds to the four sub-glaciations of the Qua-
ternary glaciation events. The low temperature period of the re-
constructed paleo-SSTs in an interval of 246.30–272.30 m corres-
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Fig. 10.   Correspondence relationship between the changes of c(Mg)/c(Ca) ratios and that of the δ18O values in the reef carbonates.
The δ18O data in the reef carbonates of Well “Xiyong-1” were derived from Zhao (2010).
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ponds to the Arctic ice cap forming events during the Late Plio-
cene.

(3) The good corresponding relationship between the vari-
ations of c(Mg)/c(Ca) ratios in the A. radiata skeletons from Well
“Xike-1” reef core and that of the δ18O values in the carbonates of
Well “Xiyong-1” reef core indicates that using the c(Mg)/c(Ca) ra-
tios to reflect the relative changes of the SST is feasible and reli-
able in this area.
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