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Abstract
We present a monthly dataset (AD 2002e2005) of rare earth elements (REEs) recorded in Porites coral, which were obtained from the
Weizhou Island (WZI), Beibu Gulf, northwest of South China Sea (SCS). This offshore coral shows a strong seasonal cycle in REE/Ca ratios,
with enriched REEs (total REEs, 100~140 ppb) in winter and depleted REEs (40~60 ppb) in summer. Since the influence of the river discharge is
limited to the river mouth, its contribution to the dissolved REEs is negligible for the offshore area of WZI. Given the similar seasonal pattern of
Ba/Ca, we suggest that the remobilization of REEs from river-transported sediments on the shelf of SCS through winter monsoon-driven mixing
is the major source of REEs to WZI. Moreover, the peak time of the Nd/Yb ratio (occurred in spring) is not coupled with the occurrence of the
maximum REEs, which could mainly be attributed to the degradation of biogenic particles that causes more light REE released in comparison to
heavy REE. The Ce anomaly also displays a distinct seasonality (i.e., enhanced anomaly in winter and summer and diminished anomaly in
spring), likely reflecting the microbial oxidation activities driven by seasonal temperature and nutrient cycles. Large Gd anomaly (Gd/Gd* up to
1.7) recorded in coral skeletons is unlikely originated from the natural sources, but reflects anthropogenic activities through the recent excessive
use of Gd complexes by magnetic resonance imaging of medical examination in this region.
Copyright © 2019, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The fourteen rare earth elements (REEs) (La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) are a group of a
chemically coherent elements. As atomic mass increases, their
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radii decrease systematically. Distinct REE distribution patterns and abundance anomalies can be identified by normalizing REEs of samples to those of standard shale or chondrite,
and have been widely used to anchor the sources and encode
geochemical processes (De Baar et al., 1985; McLennan,
1989; Lawrence et al., 2006). REEs are particularly powerful in the studies of aquatic geochemistry (Sholkovitz et al.,
1999; Hara et al., 2009; Hatje et al., 2016). Due to the preferential sorption of light REEs (LREEs; LaeEu, larger ionic
radius) on the particles and the strong complexation of heavy
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REEs (HREEs; GdeLu, smaller ionic radius) to solution
carbonate, LREEs are depleted in seawater relative to HREEs
(De Baar et al., 1985; Byrne and Kim, 1990; Sholkovitz et al.,
1994). Cerium is readily oxidized (bacteria involved) to the
insoluble tetravalent state and fractionated from other trivalent
REEs in seawater, producing a negative Ce anomaly
(Elderfield and Greaves, 1982; Elderfield, 1988; Moffett,
1994). The relative abundances of REEs varies regionally
across the modern oceans, enabling REEs as robust tracers of
continental weathering, oceanic water masses and particleseawater exchange processes (Zhang and Nozaki, 1998;
Sholkovitz et al., 1999; Amakawa et al., 2000). Recently, the
large consumption of REE compounds in high-tech products
and industrial processes has caused increasing amounts of
anthropogenic REEs released into the ocean (Hatje et al.,
2016). This has resulted in the enrichment of specific REEs
(Gd, La and Sm) in river and coastal waters posing potential
ecotoxicological concerns (Bau and Dulski, 1996; Nozaki
et al., 2000; Kulaksız and Bau, 2013). However, our knowledge about the seasonal variation and biogeochemical cycles
of REEs in the ocean is still limited.
Aragonite skeletons of coral are unique archives recording
temporal variations of trace metals in the surface ocean.
Trace metals, such as Hg, Cu, Zn, Pb, Mn, Fe, V, Cd, and Ba,
in annually banded corals have provided invaluable information on the oceanic processes and recent anthropogenic
activities (Shen et al., 1987; McCulloch et al., 2003; Kelly
et al., 2009; Saha et al., 2016; Sun et al., 2016; Jiang et al.,
2017). REEs could be incorporated into coral aragonite lattice in proportion to seawater concentrations with the distribution coefficients close to one (Sholkovitz and Shen, 1995;
Akagi et al., 2004). However, owing to the low concentrations
of REEs (total REEs: 1~100 ppb) in coral skeletons, their
precise measurement is a great challenge until recent
improvement in sample preparation protocols and detection
limits of ICP-MS (Akagi et al., 2004; Wyndham et al., 2004;
Lewis et al., 2007; Liu et al., 2011; Shen et al., 2011; Saha
et al., 2019). High resolution REEs measurement by laser
ablation inductively coupled plasma mass spectrometry (LAICP-MS) showed that the coastal corals from the Great
Barrier Reef (GBR) of Australia were characterized by high
REE concentrations and LREE enrichment, indicative of a
significant terrestrial influence (Wyndham et al., 2004).
Although
extremely
high
REE
concentrations
(800~2300 ppb) have also been reported in the coastal corals
from the Misima Island, Papua New Guinea (Fallon et al.,
2002) and Nha Trang Bay, Vietnam (Nguyen et al., 2013),
these corals were suspected to be severely impacted by
human activities, such as local mining, coastal development,
dredging, and dumping. Mostly previous works focused on
the use of REEs in coastal corals as a proxy for terrestrial
riverine input into coastal areas (Saha et al., 2016, 2019).
However, the offshore coral REEs from the shallow reef
environments are far less reported (Jiang et al., 2018). Thus,
monthly-resolved analysis of coral REEs in different
geographic settings is necessary to fully explore the potential

of REEs as a tracer of continental and oceanic processes on
seasonal scale.
In a previous study by Shen et al. (2011), we developed a
method based on an inductively coupled plasma sector field
mass spectrometer (ICP-SF-MS), coupled with a microflow
nebulizer and a desolvation system, to determine the REEs in
corals. This method requires only subpicogram-to-picogram
quantities of REEs and 10e20 mg of carbonate. The reported high sensitivity and precision (±1.9e6.5%, 2s) provided us the opportunity to analyze REEs in the monthlyresolved offshore Porites coral from Weizhou Island (WZI)
in the Beibu Gulf, northwest of the South China Sea (SCS).
Lacking stream inputs and far from rivers, corals from this
region receive a minimal quantity of materials brought by
continental runoff, and served as an ideal archive of seawater
REEs. In this study, we further investigate the seasonal variations of REE pattern and the relevant REE parameters,
including Ce anomalies, Gd anomalies, and LREE/HREE
ratio, to understand the forcing(s) on seasonal cycling of
seawater REEs with limited continental influences. We suggest
that offshore coral REEs could provide unique information on
the water mixing and stratification, paleogeography, and
human activities.
2. Sampling and analytical methods
2.1. Regional settings and coral sample
The Beibu Gulf, covering an area of 126 km2, is a semiclosed gulf located at the northwest corner of the SCS and
southern fringe of East Asia (Fig. 1A). This shallow gulf, with
an average depth of <60 m, was formed by the extension of
the shelf system of South China. Red River provides the major
riverine discharge into the gulf (Liu et al., 2016). Discharge
from the Pearl River, 400 km to the northeast, may reach the
gulf through the Qiongzhou Strait of 20 km width and 44 m
depth (Fig. 1B). The gulf has a typical subtropical climate
situated in the East Asian monsoon realm. During May to
September, the southwest summer monsoon and occasional
typhoons bring the seasonal rainfall of ~1400 mm, more than
88% of the yearly precipitation (2002e2005) (Fig. S1). From
October to March, the prevailing northeast winter monsoon
brings cold and dry continental air masses from Siberian high.
The average sea surface temperature (SST) during 2002e2005
ranges from 19.1  C in winter to 30.3  C in summer (Fig. 2D).
A core WZI-09-2-1, 20 cm in length and 5 cm in diameter,
was drilled from the top of a living Porites lutea coral at a
water depth of 7 m near WZI in the year 2009. WZI, a small
volcanic island with an area of 24.7 km2, is mainly composed
of alkaline basalt, including alkaline olivine basalt and picrite
(Fan et al., 2008). This primitive island, isolated from Asian
continent, is an offshore area at the northeast of the Beibu Gulf
and the northern limit of coral reef distribution belt of the SCS
(Yu et al., 2004). Recently, WZI reefs are disturbed by
increasing human activities, such as oil spill events, constructions of offshore oil platforms (Xu et al., 2018).
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(HISPEC), the Department of Geosciences, National Taiwan
University (Shen et al., 2006).

Fig. 1. Bathymetric map of the South China Sea (SCS) showing the locations
of (A) Beibu Gulf and (B) Weizhou Island (WZI). The circle indicates the
sample site of WZI coral used in this study, and triangles indicate the open
surface seawater of the SCS (station PA-11) and surface seawater near Luzon
Strait (station SSW 36) which were measured by Amakawa et al. (2000) for
REEs. The map was created using ODV (Schlitzer, 2015).

2.2. Analytical methods
2.2.1. Subsampling process and chemical treatment
A 5-mm-thick slice was cut from coral core WZI-09-2-1,
washed with deionized water, and dried for X-ray photographing (Fig. S2). Based on the annual density bandings on
X-ray photographs, the growth rate of this coral is estimated to
be 7e8 mm/year.
Subsample cubes (1  1  1 mm3), 7e8 per year, spanning
from 2002 to 2005, were cut along the maximum growth axis
of the coral slice using the micro-surgical subsampling technique (Shen et al., 1996). After crushing into powder, the
subsamples were cleaned with 10% H2O2 and ultrapure water
in an ultrasonic bath. The cleaned subsamples were dissolved
using 5% HNO3 in Teflon vials before analysis. Matrixmatched standard was prepared by dissolving super-pure calcium (purity  99.999%, SigmaeAldrich Inc.) and REE
multi-element standard solution (10 mg/ml with an accuracy of
±0.5%, high-purity) in 3% HNO3 (Shen et al., 2011). All
chemical procedures were performed on a class-100 laminarflow bench in a class-10,000 clean room in the High-precision
Mass Spectrometry and Environment Change Laboratory

2.2.2. Instrumental analyses
The dissolved subsample solution with ~400 ppm of Ca
was divided into two aliquots. One was diluted with 40-ppm
Ca for REE/Ca measurements (Shen et al., 2011). A
standard-bracketing method was used for elemental ratio
determination on a single secondary electron multiplier of an
ICP-SF-MS, Element II (Thermo Electron, Bremen, Germany), under a hot-plasma condition with RF power of
1200 W. A desolvation nebulization device, Aridus (CETAC
Technologies, NE), was used as the introduction system to
minimize spectral interference and the formation of hydrides
and oxides of REEs and to enhance instrumental sensitivity
(Shen et al., 2011). Ion beams including 46Ca, 139La, 140Ce,
141
Pr, 146Nd, 147Sm, 153Eu, 160Gd, 159Tb, 163Dy, 165Ho, 166Er,
169
Tm, 172Yb and 175Lu were detected. Every four samples
were bracketed with one matrix-matched standard. All REE/
Ca ratios were calculated directly from ratios of ion beam
intensities after correcting for blanks, instrumental mass
discrimination and ratio drifting using the external matrixmatched standards. The two-month 2-sigma reproducibility
is ±1.9e6.5% for REE/Ca ratios. The detailed instrumental
settings and analytical details are described in Shen et al.
(2011). The total REE concentrations were calculated from
the determined REE/Ca ratios and the Ca concentration of
9.52 mmol/g for Porites corals in the SCS (Sun et al., 2005).
Another aliquot was diluted with 3-ppm Ca for Sr/Ca and
Ba/Ca analyses by a standard-bracketing method on the same
SF-ICP-MS (Lo et al., 2014). A cold-plasma condition with
RF power of 800 W was set. A quartz Scott-type double-pass
spray chamber was employed for sample introduction. Ion
beams of 43Ca, 86Sr and 138Ba were measured at a low resolution (M/DM ¼ 300) and peak hopping mode (Lo et al.,
2014). The six-month 2-sigma reproducibility is ±0.4% for
Sr/Ca and ±0.2% for Ba/Ca.
Coralline aragonite Sr/Ca is considered as a robust SST
proxy (Shen et al., 1996). Coral trace elemental records are
thus calendared by matching Sr/Ca maxima (Fig. 2C) to the
instrumental SST minima and an assumed constant intraannual growth rate (Fig. 2D).
3. Results
3.1. Temporal variations of REE/Ca and Ba/Ca
Measured REE/Ca ratios for the WZI coral are listed in
Table 1. The individual REE/Ca ratios vary from 2 to 20 nmol/
mol for LREEs (LaeEu), and from 0.3 to 5 nnol/mol for
HREEs (GdeLu). Variations of total REEs, Ba/Ca, and Sr/Ca
along the growth axis of the studied coral during 2002e2005
are illustrated in Fig. 2AeC. Notably, the total REEs display a
strong seasonal cyclicity with high values of 100e140 ppb in
winter and low values of 40e60 ppb in summer (Fig. 2A).
All the individual REE time series show large variations
and mutually significant correlations (Table 2). The correlation
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Fig. 2. Seasonal variations of (A) total REEs; (B) Ba/Ca; (C) Sr/Ca; (D) SST and (E) wind speed of WZI. The REE/Ca and Ba/Ca along the coral growth axis was
transformed into a time series by matching Sr/Ca to instrumental SST data (see details in section 3.1). SST data is from WZI meteorological station. Wind speed is
from https://www.esrl.noaa.gov/. The REE patterns of the numbered sample points (1e16) in Fig. 2A are shown in Fig. 6.

coefficients (R) are as high as 0.91e0.99 between neighboring
REEs and 0.7e0.9 among LREEs and HREEs. Ce shows the
weakest correlation with neighboring REEs (0.9) and HREEs
(0.7).
3.2. Normalized REEs ratios
The PAAS-normalized (McLennan, 1989) REE distribution
pattern of WZI coral during 2002e2005 is depicted in Fig. 3,
along with those of Chinese loess (Liu et al., 1993), red earth
in South China (Xiong et al., 2002), WZI volcanic rocks (Fan
et al., 2008), unfiltered winter surface seawater of WZI (Ge

et al., 2008), open surface seawater of SCS and surface
seawater near Luzon Strait (Amakawa et al., 2000). The REE
pattern in WZI coral is characterized with a negative Ce
anomaly, a positive Gd anomaly, and an enrichment of HREEs
over LREEs. Such attributes are consistent with typical REE
features of shallow, oxic seawater, corroborating the previous
studies that coral REE patterns can reliably mirror those of
ambient seawater (Sholkovitz and Shen, 1995; Akagi et al.,
2004; Wyndham et al., 2004; Saha et al., 2019).
Gd and Ce anomalies are calculated by geometrically
extrapolating Tb and Dy, Pr and Nd respectively (Lawrence
et al., 2006) and is given as follows:
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Table 1
Summary of REE/Ca ratio (nmol/mol), Ce and Gd anomalies, and Nd/Yb ratio (mol/mol) in WZI coral.
Sample No.

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Ce/Ce*

Gd/Gd*

Nd/Yb

WZI-1
WZI-2
WZI-3
WZI-4
WZI-5
WZI-6
WZI-7
WZI-8
WZI-9
WZI-10
WZI-11
WZI-12
WZI-13
WZI-14
WZI-15
WZI-16
WZI-17
WZI-18
WZI-19
WZI-20
WZI-21
WZI-22
WZI-23
WZI-24
WZI-25
WZI-26
WZI-27
WZI-28

12.8
14.7
14.1
17.7
15.1
19.9
24.1
17.9
13.8
7.87
13.9
13.3
18.3
22.2
11.2
9.94
8.20
9.92
10.8
9.12
15.8
13.2
9.33
16.1
11.5
12.0
20.0
18.7

6.87
9.01
8.35
9.95
8.93
10.3
13.0
12.0
8.29
4.01
7.65
6.84
9.30
11.5
6.77
5.53
4.20
5.48
5.52
4.95
8.64
7.62
5.68
8.77
6.14
8.6
11.3
9.70

2.38
2.85
2.79
3.52
2.96
3.79
4.63
3.49
2.73
1.51
2.62
2.60
3.55
4.25
2.18
1.91
1.63
1.93
2.17
1.81
3.09
2.66
1.77
2.16
1.74
2.29
3.55
3.56

10.3
12.5
12.3
15.7
13.2
16.3
20.5
14.7
11.9
6.84
12.0
10.9
15.4
19.1
9.91
8.51
6.84
8.37
9.98
7.72
13.1
11.1
7.51
9.32
7.81
9.55
15.6
15.4

2.29
2.76
2.60
3.61
2.72
3.9
4.23
3.24
2.50
1.50
2.78
2.58
3.59
4.64
2.19
1.78
1.40
1.87
2.05
1.66
2.76
2.26
1.61
2.05
1.57
2.33
3.96
3.70

0.64
0.71
0.66
0.83
0.74
0.89
1.12
0.86
0.58
0.35
0.67
0.67
0.92
1.19
0.51
0.51
0.36
0.52
0.6
0.48
0.76
0.6
0.42
0.53
0.45
0.5
0.96
1.08

3.26
4.19
4.06
5.56
3.64
6.18
6.69
4.53
3.24
2.78
4.31
3.92
5.63
6.96
3.20
2.87
2.33
3.41
3.59
2.96
4.42
3.66
2.52
3.04
2.34
4.25
6.46
6.84

0.60
0.62
0.60
0.79
0.67
0.87
0.95
0.65
0.48
0.35
0.63
0.60
0.88
1.00
0.45
0.47
0.40
0.50
0.53
0.40
0.69
0.60
0.36
0.52
0.47
0.56
0.96
0.96

4.19
4.73
4.02
5.93
4.55
6.17
7.23
4.58
3.36
2.79
4.68
4.74
6.28
7.27
3.04
3.10
2.85
3.68
3.95
3.17
4.94
3.90
3.09
3.81
3.01
4.46
6.97
7.44

1.05
1.11
0.96
1.42
1.18
1.53
1.75
1.06
0.84
0.70
1.13
1.14
1.53
1.76
0.79
0.79
0.73
0.87
0.99
0.86
1.28
0.95
0.75
0.89
0.77
0.93
1.71
1.69

3.35
3.26
2.93
4.43
3.72
4.81
5.39
3.09
2.58
2.08
3.76
3.69
5.07
5.59
2.32
2.35
2.35
2.97
3.10
2.72
4.09
3.05
2.44
2.97
2.45
2.99
5.54
5.50

0.47
0.43
0.39
0.55
0.49
0.66
0.73
0.39
0.35
0.29
0.52
0.52
0.74
0.78
0.32
0.31
0.34
0.37
0.43
0.38
0.56
0.38
0.36
0.41
0.32
0.45
0.80
0.77

3.01
2.72
2.23
3.67
2.97
4.43
4.81
2.42
2.29
1.70
3.13
3.47
4.72
5.20
1.89
1.83
2.01
2.62
2.90
2.48
3.85
2.44
2.24
2.79
2.03
2.81
5.33
5.33

0.46
0.44
0.31
0.60
0.45
0.71
0.74
0.38
0.35
0.26
0.54
0.51
0.72
0.88
0.29
0.28
0.33
0.44
0.45
0.40
0.57
0.36
0.35
0.44
0.29
0.46
0.92
0.90

0.37
0.41
0.39
0.37
0.40
0.34
0.37
0.42
0.39
0.35
0.39
0.32
0.33
0.36
0.41
0.38
0.32
0.36
0.35
0.34
0.35
0.35
0.40
0.52
0.46
0.46
0.41
0.34

1.05
1.41
1.24
1.46
1.04
1.40
1.50
1.38
1.29
1.75
1.42
1.43
1.28
1.41
1.31
1.11
1.14
1.41
1.41
1.66
1.28
1.11
1.70
1.18
0.88
1.68
1.37
1.54

3.43
4.61
5.52
4.26
4.46
3.69
4.26
6.06
5.19
4.03
3.83
3.13
3.26
3.66
5.26
4.66
3.41
3.19
3.45
3.12
3.41
4.56
3.35
3.34
3.84
3.40
2.93
2.88

Table 2
Correlation coefficient (R) matrix between individual REEs in WZI coral.

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

0.955

0.967
0.932

0.964
0.922
0.996

0.955
0.907
0.977
0.979

0.943
0.875
0.964
0.965
0.969

0.902
0.835
0.927
0.926
0.966
0.949

0.934
0.850
0.937
0.937
0.963
0.968
0.967

0.912
0.828
0.917
0.915
0.952
0.957
0.980
0.982

0.913
0.808
0.922
0.924
0.952
0.961
0.966
0.983
0.990

0.887
0.769
0.887
0.888
0.926
0.938
0.951
0.974
0.984
0.993

0.853
0.732
0.845
0.844
0.898
0.904
0.931
0.949
0.968
0.975
0.989

0.842
0.714
0.829
0.825
0.880
0.895
0.924
0.939
0.964
0.969
0.986
0.992

0.814
0.693
0.797
0.796
0.867
0.876
0.922
0.923
0.954
0.954
0.973
0.982
0.990

Gd ðGd=Gdshale Þ  ðDy=Dyshale Þ



¼
Gd* ðTb Tbshale  Tb Tbshale Þ

ð1Þ

Ce ðCe=Ceshale Þ  ðNd=Ndshale Þ



¼
Ce* ðPr Prshale  Pr Prshale Þ

ð2Þ

Gd/Gd* in WZI coral varies significantly, from 0.88 to 1.75
(Fig. 4A). Four samples (WZI-10, 20, 23 and 26 in Table 1)
exhibited extremely high Gd anomalies (~1.7) where the total
REE concentrations were low (<80 ppb). After excluding
these four samples, a significant positive correlation between

total REEs and Gd anomaly (R ¼ 0.58, p ¼ 0.03, Fig. 4B) is
observed.
Ce/Ce* in WZI coral varies from 0.3 to 0.5 (Fig. 5B and
Table 1), which is within the range of Ce anomalies observed
in seawater (Wyndham et al., 2004). The negative Ce anomaly
is a well-established feature in oxic seawater, because the
oxidation of Ce(III) to Ce(IV) results in a preferential removal
of insoluble Ce(IV) from seawater (Moffett, 1994). Like total
REEs, Ce/Ce* reveals a strong seasonal cycle (Fig. 5B).
However, no significant correlation is observed between total
REEs and Ce/Ce* (R ¼ 0.12, p ¼ 0.55).
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Fig. 3. PAAS-normalized REE patterns of (A) WZI volcanic rocks (Fan et al.,
2008), (B) Chinese loess (Liu et al., 1993), (C) red earth in south China (Xiong
et al., 2002), (D) WZI coral (this study), (E) unfiltered surface seawater of
WZI (Ge et al., 2008), (F) open surface seawater of the SCS (station PA-11)
and (G) surface seawater near Luzon Strait (station SSW 36) (Amakawa
et al., 2000). REE pattern for the WZI coral represents the average values
of the analyzed sections.

Nd/Yb ratio is one way to describe the enrichment or
depletion of LREEs relative to HREEs (Wyndham et al.,
2004), and it’s ratios in WZI coral are plotted in Fig. 5A.
Also displaying seasonal cyclicity, Nd/Yb peaks around 5e6
in spring and stabilizes around 3e4 in other seasons.
Furthermore, a considerable positive correlation with Ce
anomaly (R ¼ 0.61, p ¼ 0.0011, Fig. 5C) is observed, however, no significant correlation is exhibited between Nd/Yb
and total REEs (R ¼ 0.05, p ¼ 0.81).
4. Discussions
4.1. Sources of the coral REEs
To decode the source of REEs incorporated into the studied
coral, we delved into following possible sources: (a) discharge
of rivers from the Asian continent, (b) local erosion within
WZI, (c) distant eolian input, and (d) remobilization of sediments on the shelf.

Fig. 4. Seasonal cycle of Gd anomaly in (A) WZI coral and (B) the relationship between Gd anomaly and total REEs concentrations. Samples in the
ellipse in Fig. 4B reveal abnormally high Gd anomaly and their corresponding
points (solid triangles) are indicated in Fig. 4A. The vertical lines in Fig. 4B,
from left to right, denote the values of Gd anomaly in unfiltered surface
seawater of WZI (Ge et al., 2008), open surface seawater of the SCS (station
PA-11) and surface seawater near Luzon Strait (station SSW 36) (Amakawa
et al., 2000), respectively.

Riverine source of REEs cannot explain the temporal patterns of coral REEs. As shown in Fig. S1, more than 88% of
the yearly precipitation in this region occurs between May to
September. Heavy rainfall usually brings large amounts of
terrestrial REEs into coastal seawater (Fallon et al., 2002;
Wyndham et al., 2004). However, our coral REEs exhibit
highest values during winter (December to February) associated with very limited precipitation. Furthermore, the studied
coral site is far from river sources. Therefore, the riverine
source of REEs in WZI seems negligible, especially during
winter season marked with declined terrestrial flux. This is
consistent with the observations by Amakawa et al. (2000)
who showed that the input of river-dissolved REEs to the
offshore regions of SCS is negligible.
Weathering and erosion of volcanic rocks is suggested as an
important seawater REEs source, as indicated in the case
studies from Philippine and Indonesian Archipelago

X. Li et al. / Solid Earth Sciences 4 (2019) 131e141

Fig. 5. Seasonal cycle of (A) Nd/Yb ratios, (B) Ce anomaly in WZI coral and
(C) the relationship between Nd/Yb and Ce anomaly.

(Sholkovitz et al., 1999). However, the erosion and transport
of terrestrial materials in tropical islands occur mostly during
wet summer monsoon (Liu et al., 2015), excluding the likelihood of local erosion as a source of REEs within WZI.
Furthermore, the PAAS-normalized REEs pattern of volcanic
rocks in WZI is characterized by an enrichment of LREEs and
a strong Eu enrichment (Fig. 3A) (Fan et al., 2008), which is
quite different from what is observed in the studied coral
(Fig. 3D).
Eolian dust followed by the solubilization of particle-bound
REEs in the seawater has been suggested to be an important
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source for the REEs in the western North Pacific Ocean
(Greaves et al., 1999), but this conclusion was later retracted
(Greaves et al., 2001). And a previous study shows that the
REE concentration in the offshore seawaters of SCS is
enriched by a factor of >2 compared to the western North
Pacific Ocean which is under direct transport path of Asian
eolian dust (Amakawa et al., 2000). Moreover, the surface
seawater in SCS is reported with very low values of 210Pb, a
tracer for atmospheric deposition (Nozaki et al., 1998). Besides, the shale-normalized flat REE pattern of eolian dust is
distinctively different from the coral pattern (Fig. 3). The shift
from a Ce-depleted pattern to a flat pattern in surface seawater
probably reflects the input of wind-blown Asian dust in the
Xisha (Jiang et al., 2018), which is not observed in our study.
Thus, the contribution of eolian dust to REEs at least in
offshore WZI is small.
We suggest that the dissolution of particulate REE phases
within shelf sediments, followed by the winter monsoon driven
mixing sources REEs to offshore seawater in WZI. Although
the direct input of river-dissolved REEs to the offshore
seawater is quite limited, a large amount of river-transported
sediments are accumulated on the shelf area of SCS (Liu
et al., 2016). The continental shelf areas of the SCS are as
large as 1.8 million km2 (Wang et al., 1997), and receive ~700
million metric tons (Mt)/year of river-transported sediments
from the surrounding large rivers such as Pearl River (84 Mt/
year), Red River (130 Mt/year) and Mekong River (160 Mt/
year) (Liu et al., 2016). Shelf sediments are an important
source of dissolved trace metals in the ocean (Spivack and
Wasserburg, 1988). The concentration of dissolved REEs in
sediment pore water is much higher than that of seawater
(Haley et al., 2004). Upwelling and lowering of SST induced
by strong winter monsoon (Fig. 2D and E) could effectively
weaken the seawater stratification, thereby, developing a wellmixed seawater during winters across the shallow Beibu Gulf
(Tang et al., 2003). A coupled effect of remobilization and
mixing thus leads the dissolved REEs in the bottom sediments
to surface, contributing positively to the REE budget of the
offshore sea water in the Gulf. Interestingly, we observed
higher REE values in the studied coral during winter seasons,
coincident with the prevailing northeast monsoon with higher
wind speed (Fig. 2). In contrast, the observed low REE concentrations during summer are possibly related to seawater
stratification caused by increased SST and lower wind speed.
Our proposed mechanism is further supported by the synchronous seasonal changes between Ba/Ca (Fig. 2B) and total
REEs (R ¼ 0.55, p ¼ 0.0025). Pore-water Ba concentrations
are also higher than that of seawater (Paytan and Kastner,
1996). Furthermore, our coral record shows a distinctly positive Gd anomaly (Gd/Gd* ¼ 1.4 ± 0.42, 2s, Fig. 3D) which
significantly correlates with total REEs (R ¼ 0.58, p ¼ 0.03,
excluding samples WZI-10, 20, 23 and 26). Positive Gd
anomaly has been reported in the weathered soils and rocks
(Braun et al., 1990; Koppi et al., 1996; Ma et al., 2007), and in
corals from central Vietnam shelf, western SCS (Gd/
Gd* ¼ 1.3e1.4) (Nguyen et al., 2013). In contrast, the open
seawater of SCS is influenced by the western North Pacific
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seawater (Gd/Gd* ¼ 0.55, Fig. 3G) (Alibo and Nozaki, 2000)
through Taiwan and Luzon Strait (Fig. 1) and is reported with
a slightly negative Gd anomaly (Gd/Gd* ¼ 0.88, Fig. 3F)
(Amakawa et al., 2000). Therefore, the positive Gd anomaly
and its significant correlation with REEs in the studied coral
further indicate the remobilized REEs from the shelf sediments as a primary contributor to the dissolved REE budge of
WZI offshore seawater.
Conspicuously, four coral subsamples (WZI-10, 20, 23 and
26, given in Table 1) show extremely high Gd anomaly values
(Gd/Gd*, ~1.7). These anomalous values are observed where
the total REE concentrations are low (<80 ppb) (Fig. 4B).
Unfiltered seawater of WZI collected in 2007 also exhibited an
extremely high Gd anomaly (Gd/Gd* ¼ 1.8; Ge et al., 2008)
(Fig. 3E). It is unlikely that these large anomalous Gd values
are derived from the natural sources or the fractionation of
REEs. Recently, extremely positive Gd anomaly (Gd/
Gd* ¼ 1.6e3) has been reported in the contaminated seawater
of San Francisco Bay and Tokyo Bay, presumably related to
the widespread use of Gd complexes in magnetic resonance
imaging (MRI) for medical examination (Nozaki et al., 2000;
Kulaksız and Bau, 2013; Hatje et al., 2016). South China is
one of the most populous and fastest growing regions in the
world. Large scale human activity is anticipated to source
excess anthropogenic Gd (Hatje et al., 2016) resulting in its
significant enrichment in the gulf. To our knowledge, this is
the first report of anthropogenic Gd contamination recorded in
a natural archive in SCS. Therefore, the REE anomalies
recorded in corals could potentially serve as a new tracer of
anthropogenic REEs in the seawater through Anthropocene.
4.2. LREEs and HREEs fractionation
Nd/Yb time series from our coral record reveal a clear
fractionation between LREEs and HREEs during spring
compared to other three seasons (Fig. 5A). To investigate the
mechanisms for this fractionation of Nd/Yb, detailed REE
patterns of WZI coral from winter to summer are illustrated
for each year in Fig. 6.
Generally, offshore seawater is characterized by enriched
HREEs (low Nd/Yb ratio), while as coastal waters are relatively augmented in LREEs (high Nd/Yb ratio) due to terrestrial flux (Saha et al., 2016, 2019). As reported in Okinawa
Island, both Nd/Yb ratios and REE concentrations were higher
in seawater and corals that received terrestrial runoff than
those distant from riverine sources (Akagi et al., 2004).
Similarly, coastal corals of GBR subjected to terrestrial influence were more enriched in REEs and revealed higher Nd/
Yb ratios than the mid-shelf corals (Wyndham et al., 2004).
These researchers found high Nd/Yb ratios consistent with
summer flooding events from the nearby Burdekin River
(Wyndham et al., 2004). However, our studied coral reveals
Nd/Yb peaks in spring (4.6e6.1, Fig. 5A) and exhibits no
correlation with total REEs (R ¼ 0.05, p ¼ 0.81) which are
otherwise high during winter (Fig. 2A). This further confirms
that the coral REEs were not derived directly from the
terrestrial sources. We suggest that the seasonal cycle in coral

Nd/Yb is caused by mineralization and desorption processes
occurring on the biogenic particles in seawater.
During winter, the strong northeast monsoon not only
brings REEs to the surface, but also nutrients, supporting
phytoplankton bloom (Tang et al., 2003). Following this
phytoplankton bloom, a large amount of biogenic particles are
generated (Ma et al., 2014). The satellite images in Figs. S3S4 shows elevated levels of Chlorophyll-а (Chl-a) and particulate organic carbon (POC) concentrations during winter in
the Beibu Gulf. As the northeast monsoon retreats, Chl-а and
POC concentrations decrease sharply following the onset of
spring (Figs. S3-S4). The net mineralization of biogenic particles in spring would release more LREEs than HREEs (Hara
et al., 2009), thus producing coral Nd/Yb peaks during spring
(Fig. 5A). The REE patterns ([2], [3], [6], [7], [10], [11] and
[14] in Fig. 6) in each spring did show that the increase in Nd/
Yb is largely as a result of LREE release (LaeEu). With the
end of spring or beginning of summer, this process finishes
and the REE pattern returns to ones similar to other seasons
(Fig. 6).
4.3. Seasonal cycle of Ce anomaly
Our coral displays the most negative (enhanced) Ce
anomaly during summer and winter, indicating intense oxidization of Ce (III) in seawater during these seasons. Summer
associated enhancement of Ce anomaly in seawater was first
reported in Chesapeake Bay by Moffett (1994), who observed
a significantly lower Ce anomaly in winter (~0.18) than
summer (0.35e0.45). GBR coastal corals near the mouth of
Burdekin River in Australia also showed a similar enhanced
negative Ce anomaly during summer (Wyndham et al., 2004).
It has been suggested that the changes in Ce anomaly are
primarily controlled by the abundance of Ce oxidizing bacteria, which increases during summer due to high temperature
and/or strong solar radiation. Moffett (1994) indicated that
the specific Ce oxidation rate during summer increased by
200 times compared to winter. Surprisingly, apart from
summer, the enhanced Ce anomaly is also observed during
winter in our sample which is contrary to previous observations by other workers (Wyndham et al., 2004). This is likely
related to enhanced Ce oxidation by high levels of nutrient
brought up by winter monsoon. Furthermore, a low Ce
anomaly is observed during spring, which could be linked to
the transient reducing conditions induced by the degradation
of biogenic particles in such a high productive region. This is
consistent with the process, we proposed for Nd/Yb peaks for
the same season. Under reducing condition, Ce(IV) is
reduced to Ce(III) and released back to the seawater (Haley
et al., 2004).
It is noted that the Ce anomaly is relatively higher during
summer of 2005 (0.46e0.52) (Sample WZI-24, 25 and 26 in
Table 1). Instrumental record shows that summer SST during
2005 was as high as 31  C (typically ~30  C) but the rainfall
was only ~1100 mm (typically ~1400 mm). We suspect that
the combined effects of thermal and saline stress might disrupt
the coral metabolism and the associated Ce incorporation.
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Fig. 6. The variations of REE pattern in WZI coral from late winter to early summer during 2002e2005. The numbered points beside each REE pattern corresponds
to those in Fig. 2A.

5. Conclusions
Monthly-resolved record of REEs in an offshore coral from
WZI, Beibu Gulf, SCS is presented with high precision
analytical protocols. We found that the remobilization and
mixing during winter monsoon plays a key role in REE seasonality in offshore seawater. Remobilization of REEs from
river-transported sediments on the shelf of SCS is identified as
an important source of dissolved REEs. The coral record of
Nd/Yb shows a strong seasonal cycle, exhibiting highest
values during spring and appears to be primarily controlled by
LREE release processes following the degradation of biogenic
particles. Ce anomaly also displays a strong seasonal cycle,
with enhanced anomalies during summer and winter. The
former is likely caused by increased Ce oxidation rates due to
enhanced solar radiation and summer SST, while the latter
appears to be related to high productivity. Extremely high Gd
anomaly (Gd/Gd* ¼ ~1.7) recorded in the coral indicates

increased input of the anthropogenic Gd in recent years. The
seasonal patterns of various REE parameters highlight the
potential of corals as a recorder of historical REEs cycling in
marine environments.
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