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Abstract: A total of 388 surface sediment samples taken from the northern South China Sea (SCS)
continental shelf were analyzed to characterize the signature of their rare earth elements (REEs).
The average REEs concentration was 192.94 ug/g, with a maximum of 349.07 pg/g, and a minimum of
32.97 ug/g. The chondrite-normalized REEs pattern exhibits a remarkably light REEs accumulation,
a relatively flat heavy REEs pattern, and a negative Eu anomaly. We subdivided the study area
into three zones using the characteristics of REEs and statistical characteristics. Zone I: continental
shelf off western Guangdong Province. Here, the sediment provenance is mainly river-derived from
the Pearl River, Taiwanese rivers, and those in the adjacent area. Zone II: Qiongzhou Strait and
Leizhou Peninsula. Here, the sediment provenance consists of the Qiongzhou Strait and the Hainan
Island. Zone III: Hainan Island and SCS slope sediments are dominated. The REEs compositions
are mainly controlled by source rock properties, hydrodynamic conditions, and an intensity of
chemical weathering. We reconstructed the sediment dispersal and transport route using the REEs
compositions, grain size, and other geochemical characteristics throughout the study area.

Keywords: rare earth elements; Pearl River; provenance; transportation and depositional processes

1. Introduction

The source of sediment is one of the key topics in modern marine sedimentary geology [1]. It is
important to establish the provenance of sediment to understand the geological and paleoclimatic
history presented therein. Terrigenous materials retain the information of the source rock properties,
the sedimentation affects, and changes in the composition of the sediments. The unique stability of
rare earth elements (REEs) makes them strong inheritance to the parent rock, and thus, they could
be used to indicate the evolution of sediment provenance [2]. Once the REEs enter the marine
environment, the REEs compositions and distribution patterns for the sediments basically do not
change significantly [3]. Therefore, the study of the REEs in marine sediments can provide help for
provenance determination, environmental evolution, and stratigraphic correlation [4-8].

Previous studies systematically analyzed the characteristics of REEs in seafloor sediments of
the Northwestern Pacific (Bohai Sea, Yellow Sea, and East China Sea [6,9-11]). The South China Sea
(SCS) contains significant information about the materials and energy exchange between the Pacific
Ocean and the marginal sea in Chinese coastal waters. In recent years, a breakthrough has been
made in understanding the evolution of the paleoclimate and the history of the East Asian monsoon
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in this region [12-15]. As the area with strong weathering and erosion, the origination, transport,
and deposition of the SCS sediments are highly localized and complicated. Comprehensive concepts of
the transport and accumulation processes of the weathering and erosion products still remain poorly
understood [16]. The northern SCS, which is adjacent to the Chinese mainland and Taiwan, receives
significant amounts of terrigenous materials [17]. The northern SCS sediments are good proxies for
analyzing the sedimentary processes from source to sink. This study selects 388 surface sediment
samples (Figure 1) for REEs analysis to (1) delineate the REEs distribution and concentrations in surface
sediments of the northern SCS continental shelf; (2) evaluate controlling factors of the REEs distribution
patterns; and (3) investigate modern sediment provenance and their transportation processes.
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Figure 1. Location of surface sediment samples on the northern South China Sea continental shelf.
The location of distal depocenter is cited from Ge et al. [17]. Seasonal variations of surface circulation
patterns on the northern South China Sea continental shelf are revised from Liu et al. [16]. 1. Chinese
Coastal Current; 2. South China Sea Warm Current.

2. Materials and Methods

During a joint cruise between the Second Institute of Oceanography, Ministry of Natural Resources,
and South China Sea Bureau of Ministry of Natural Resources in 2008, we collected 388 surface sediment
samples using a box corer at water depth around 4-135 m (for the samples locations, see Figure 1).
The samples were stored at 4 °C immediately after collection. The grain size was measured using
a Mastersizer-2000 laser particle size analyzer in Nanjing University and South China Sea Bureau
of Ministry of Natural Resources. The procedure of grain size analysis is reported in Ge et al. [18].
The identification of REEs constituents, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y
were carried out at the Institute of Geophysical and Geochemical Exploration, Chinese Academy
of Geological Sciences, China, using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
(iCAP Qc, Thermo Fisher Scientific, Waltham, MA, USA). The sample was dried at 105 °C for 12 h and
was crushed by agate mortar (200 mesh, #0.074 mm pore size). Then, the powdered samples (0.05 g)
were digested using high-purity HNOj3 (1.5 mL) and HF (hydrofluoric acid, 1.5 mL) in a tightly closed
Teflon bomb for 48 h at 190 °C. To remove residual HF, the dry samples were retreated with HNO3
(1 mL). Then, the samples were digested with 50% HNO3 (3 mL) in a tightly closed Teflon bomb for
another 12 h (190 °C). After cooling, the final solution was transferred to a 100 mL polyethylene bottle,
to which we added 1 mL (Rh + Re) of mixed standard solution and then diluted it by the addition
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of Milli-Q water for analysis. The GSD-9 and GSD-10 sediment samples were analyzed for quality
assurance and control, which showed a less than 5% REEs error.

3. Results

3.1. Grain Size Parameters

The results of grain size are reported in Ge et al. [18], and they show that the average values of
sand, silt, and clay fractions are 25%, 62%, and 13%, respectively. The contents of clay and silt fractions
exhibit a similar pattern, having high values on the shelf off western Guangdong Province, which are
opposite to those of sand fractions. The mean grain size (Mz) ranges from 0.05 ¢ to 7.28 ¢, with a
mean value of 5.60 .

3.2. Concentrations and Spatial Characteristics of REEs

Table 1 shows the total concentrations of REEs ()’ REE). The mean ) REE of surface sediments is
192.94 pg/g, with a minimum and maximum value of 32.97 and 349.07 ug/g, respectively. The light
REEs (LREE, from La to Eu) exhibit a mean value of 154.36 pg/g, dominating the REEs content; the mean
value of heavy REEs (HREE, from Gd to Lu) is 16.11 ug/g. The LREE/HREE values range from 5.91
to 10.93 with an averaged value of 9.50. The }REE exhibit significant spatial variabilities in the
study area (Figure 2). The high ) REE values are found in the western Guangdong coastal waters.
Two accumulation centers are identified around the Xiachuan and Hailing Islands (Figures 1 and 2),
where the }’REE values can reach more than 250 ug/g. Another high ) REE value area was found and
correlated to a distal depocenter (Figures 1 and 2), which is mentioned in Ge et al. [17]. The values
decrease as waters are moving off the Guangdong coast. The lowest value is located in the continental
shelf off the eastern Leizhou Peninsula and Qiongzhou Strait, where the Y} REE values are mostly
lower than 100 ug/g. The LREE and HREE exhibit similar spatial characteristics with } REE, yet with a
slightly smaller spatial gradient (Figure 2).

3.3. The REEs Fractionation Characteristics

To further investigate the fractionation characteristics of REEs, the chondrite-normalized REEs
of sediments were analyzed [19]. The trends reflect a remarkable accumulation of LREE. The even
distribution of HREE is relatively flat (Figure 3), with the (La/Yb)y ranging from 5.87 to 15.21 (Table 1).
The fractionation level of REEs was determined following, where cerium and europium anomalies
(8Ce and 0Eu) are derived by the comparison between the concentrations of Ce and Eu and those of
their neighboring elements [20]:

§Ce = Cen/(Lay X Pry) 2 (1)

§Eu = Eun/(Smy X Gdy)Y? ()

where N is the normalization to chondrite [19]. The 5Ce ranges from 0.79 to 1.08 with a mean value of
0.97. No notable Ce anomaly was identified. The 6Eu ranges from 0.28 to 1.05 with a mean value of
0.65 (Table 1), exhibiting a negative anomaly.
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Table 1. Statistical data of rare earth elements (REEs) values (ug/g) in surface sediments taken from the northern South China Sea continental shelf, together with some

important fractionation parameters.

Statistics La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y YREE LREE HREE §8Eu &8Ce (La/Yb)n
Min 6.80 10.00 1.40 4.70 0.97 0.21 0.95 0.16 0.91 0.18 0.51 0.08 0.51 0.07 540 3297 24.20 3.41 0.28 0.79 5.87
Max 7340 12540 1490 4940 939 183 879 142 837 168 515 077 458 071 4430 349.07 27330 3147 105 1.08 15.21
Average 38,50 71.50 832 2930 564 111 485 078 431 083 232 038 228 037 2246 19294 15436 1611 0.65 0.97 12.12
Standard deviation 1240  23.60 2.68 9.50 1.84 0.37 1.56 0.26 1.40 0.27 0.76 0.13 0.75 0.13 7.21 62.14 50.03 5.22 0.06 0.06 1.36
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Figure 2. Spatial characteristics of REEs in the surface sediments of the northern South China Sea continental shelf ((a) }.REE; (b) LREE; (c) HREE).
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Figure 3. Chondrite-normalized REEs distribution patterns of the samples in the study area (three
different zones) and the samples from the Pearl River [21], Qiongzhou Strait [22], Taiwanese rivers [23],
Hainan Island [24], and South China Sea slope [25].

3.4. Spatial Zones of REEs

The Q-cluster analysis has been widely used for the sediment distribution analyses [18,26,27].
We performed the Q-cluster analysis to investigate the spatial relationships among all REEs.
These analyses are carried out on the original data using Statistical Product and Service Solutions
software. The Q-cluster analysis indicated that the study area can be grouped into three zones (Figure 4),
which is similar to our previous study based on major elements [18]. Zone I designates the continental
shelf off the western Guangdong Province and distal depocenter extending to the southwest. The mean
Y.REE value of sediments in this zone is 233.96 nug/g. Zone II comprises the coastal area off Leizhou
Peninsula and the eastern exit of Qiongzhou Strait. The average value of }REE is 107.00 ug/g. Zone III
is located on the outer shelf (water depth >50 m) to the east of Hainan Island. The mean } REE value of
sediments in this zone is 180.81 ug/g (Table 2). In addition, the chondrite-normalized REEs parameters
in different zones, such as 6Ce, dEu, (La/Sm)y;, and (Gd/Lu)y;, are shown in Table 2.

Table 2. REEs characteristic parameters and mean contents of heavy minerals in three zones.

Zones &Ce SEu YREE (ug/g) LREE/HREE (La/Sm)y  (Gd/Lu)ny Contents of Heavy Minerals ? (%)

I 0.99 0.66 223.96 9.32 4.24 1.74 0.95
I 0.92 0.63 107.00 8.20 4.46 1.62 2.76
11T 0.97 0.65 180.81 9.94 4.59 1.81 0.89

a cited from [28].
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Figure 4. Three REEs geochemical zones on the northern South China Sea continental shelf (dashed lines
represent the estimated boundary of REEs zones).

4. Discussion

4.1. Controlling Factors of REEs Compositions

Many factors are responsible for REEs compositions in sediments, including source rock properties,
intensity of chemical weathering, mineralogy, grain size, and diagenesis [6,29]. Among these factors,
source rock properties (sediment provenance) are regarded as the most important controlling factor [2,6],
which will be discussed in the next section.

We found strong correlations between ) REE and granulometric data (contents of sand, silt,
and clay, Mz, Figure 5) [18]. In general, low ) REE values are found in coarse-grained sediments,
while high }'REE values are found in fine-grained sediments. There is a strong correlation between the
Y REE of the fine-grained fraction and coarse-grained fraction. Such a correlation is consistent with
the “element granularity control rate” mechanism, which indicates that }REE values are rich in the
fine fractions and deficit in the coarse sediments [30]. Hydrodynamics controls the transportation,
re-suspension, and deposition of sediments, and thus, they can explain the spatial characteristics of
Y REE and the dominant effect of grain size on the ) REE [27]. The surface sediments are mainly
transported from the surrounding rivers. The riverine sediments are deposited on the continental
shelf around the estuaries in summer. In the following winter, the coastal current transports the
re-suspended sediments southwestwardly [17,18]. The }_REE values in this region are high. The low
Y.REE values in Shuidong Bay (Figures 1 and 2) can be ascribed to the residual sand deposits [31].
The ) REE values are low in the coastal area off Leizhou Peninsula and the eastern exit of Qiongzhou
Strait, where the seismic sub-bottom profiles are dominated by sand waves [17]. These sandy deposits
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resulted from sediment eroded from the old stratum in the sea floor [32], implying a high-energy
depositional environment. The low ) REE value area off the eastern Hainan Island is associated with
the coarse-grained terrigenous sediments from the Wanquan River.
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Figure 5. Correlations between total concentrations of REEs (3, REE) with (a) Mz, (b) silt + clay, (c) sand
and (d) chemical index of alteration (CIA), and Mz with (e) light REEs (LREE)/heavy REEs (HREE),
and (f) 5Eu. The granulometric data and CIA are cited from Ge et al. [18].

As unstable minerals have been removed by acid digestion, the REEs reported in this study are
dominated by the weathering processes of siliciclastic minerals [29]. Chemical weathering affects the
residual fractions of the REEs compositions, and such an effect is most salient in LREE, which has high
contents of essential weathering minerals [33]. The chemical index of alteration (CIA) can be utilized
to quantify the weathering states of riverine sediments [34]. The plot of },REE and CIA [18] indicates a
strong positive correlation, with a correlative coefficient (R?) of 0.67 (Figure 5). Such correlation suggests
that the different weathering mechanisms exert an important influence on the }_REE values. The climate
in the sediment provenance area has been warm and humid. Chemical weathering promotes the REEs
mobilization and fractionation. While LREE is preferentially adsorbed onto suspended particles [35],
HREE is preferentially migrated away in forms of bicarbonate and organic complex in solutions [36].
Compared with LREE, HREE is more mobile for weathering products from granite.

Despite a relatively low abundance in sediments, heavy minerals could considerably contribute
to the fraction of bulk REEs [2]. As shown in Table 2, the mean content of heavy minerals in zone II
(2.76%) is the highest among the three zones [28]. Nevertheless, the parameters for REEs fractionation,
including 6Ce, 8Eu, LREE/HREE, (La/Sm)y, and (Gd/Lu)y, do not exhibit similar variations with
those of the heavy minerals. As heavy minerals contribute less than 20% of the Y REE in riverine
sediments [6], the heavy minerals will not be the dominant factor on ) REE. In general, diagenesis
will change the Ce anomalies and make 5Ce have strong correlations with both }’REE and 5Eu [37].
However, the Y REE and §Eu show weak relationships with 5Ce in this study area, yielding an R? of
0.17 and 0.01, respectively (Figure 6), which implies that diagenesis is not a dominant factor for the
Y.REE.
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Figure 6. Correlations between cerium anomalies (§Ce) with (a) . REE and (b) europium anomalies (5Eu).

4.2. Provenance and Transport Route of the Sediments

In general, terrigenous materials transported by rivers are the dominant sediment source in shallow
waters [27]. Due to the REEs’ conservative behavior in hypergene environments, REEs characteristics
can be used to trace the origins of fluvial sediments. Geologically, the South China continent mostly
consists of magmatic rocks (mainly granite) and metamorphic rocks [21,38]. If the source rock is granite,
the Y REE value is relatively high and LREE is relatively rich, while the Eu represents an obvious
negative anomaly [39]. The average }_REE value (192.94 ug/g) reported in this study is consistent with
the shelf sediments along the Western Pacific (156.00 pug/g, [30]). The REEs abundance of the sediments
in this study are also roughly close to the Chinese Loess (171.00 ug/g; [30]), the Taiwanese rivers
(193.12 pg/g; [23]), the Hainan Island (124.94 pg/g; [38]), and the Pearl River (255.40 pg/g; [21]), but they
are quite different from deep sea clay (411 pg/g; [40]). Chondrite-normalized REEs of sediments are
characterized by relatively high LREE and a negative Eu anomaly (Figure 3). The REEs fractionation
patterns of sediments in the study area are comparable of those of terrigenous materials, such as the
sediments from the Pearl River [21], Hainan Island [24], southwestern Taiwanese rivers [23], Qiongzhou
Strait [22], and SCS slope [25]. We also use the discrimination function (DF) to analyze the proximity
of the northern SCS sediments to these potential provenances.

DF=((C15/C25)/(C1p/Cop)-1] 3)

where C15/Cys and C1p/Cop represent the ratio of two elements, with similar chemical properties in
the sediments from the study area and potential provenance. In this study, we choose Sm/Nd to
calculate DF [37]. It is generally considered that the chemical properties of the sediments from the
study area are close to those of the potential provenance if the value of DF is less than 0.5. All DF values
between the study area and Pearl River, Hainan Island, southwestern Taiwanese rivers, Qiongzhou
Strait, and SCS slope sediments are very low (Table 3). Both REEs fractionation patterns and DF values
(Figure 3, Table 3) show that the REEs have strong terrigenous succession and the surface sediments in
the northern SCS shelf are mainly from the surrounding continents.

Table 3. Discrimination function (DF) values of the sediments.

Potential Provenance DF Reference
Pearl River 0.02 [21]
Hainan Island 0.05 [24]
Southwestern Taiwanese rivers 0.07 [23]
Qiongzhou Strait 0.03 [22]
SCS slope 0.03 [25]

As aresult of their weak correlations with grain size, fractionation parameters, such as LREE/HREE
ratio and OEu, are ideal proxies to trace the sources of the fluvial sediments (Figure 5). The LREE/HREE
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ratio in the study area ranges from 5.91 to 10.93 with an average value of 9.50, which is comparable
with those reported for the Pearl River (7.83-11.23; average: 8.98, [21]), Taiwanese rivers (7.48-13.03;
average: 8.88, [23]), and Hainan Island (5.16-12.33, average: 9.52, [38]). The diagram of LREE and
HREE exhibits a similar positive correlation in all sediment groups (Figure 7). In detail, the Pearl
River samples show the highest }_REE on average, and the Hainan Island sediments have the lowest.
The } REE values of the study area and Taiwanese riverine samples fall in the middle. Most of the
sediments from zone I have relatively uniform and higher LREE and HREE concentrations, indicating a
source from the Pearl and Taiwanese rivers. The LREE vs. HREE values in zone II show scattered REEs
fractionation, indicating a unique terrigenous source (Figure 7). The distribution patterns indicate
enhanced influences from the Hainan Island and Qiongzhou Strait. Sediments in zone III exhibit the
highest mean value of LREE/HREE ratio in the study area (Table 2), reflecting the highest fractionation
degree. The plots of LREE vs. HREE in zone III shift to the ranges of sediments from the Hainan Island
and SCS slope (Figure 7), which indicates the increased influences from these areas.
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Figure 7. Correlations between LREE and HREE in the study area and potential provenances (the Pearl
River data are cited from [21]; the Hainan Island data are cited from [24]; the Taiwanese rivers data are cited
from [23]; the Qiongzhou Strait data are cited from [22]; the South China Sea slope data are cited from [25]).

Here, we summarize the modern transportation and depositional processes of sediments on the
northern SCS continental shelf (Figure 8) based on the characteristics of the REEs from this study and
the grain size, geochemical characteristics [18], sub-bottom profiles [17], and hydrodynamic conditions
from previous studies. Under the impact of the East Asian summer monsoon, the weathering and
erosion rates in the South Chinese Mainland and Taiwan are high; thus, huge amounts of riverine
from the South Chinese Mainland rivers (Pearl River and surrounding small rivers, such as Moyang
River, Jian River and so on) and southwestern Taiwanese rivers could flow into the ocean and deposit
near the estuary. The strong East Asian winter monsoon strengthens the Chinese Coastal Current,
which controls the southwestward longshore transport of re-suspended sediments. During this process,
coarse fractions of re-suspended sediments could be transported over a relative short distance and
then be deposited firstly, while fine particles could be dispersed over 400 km to the east of Leizhou
Peninsula. The coastal current meets with the irregular diurnal tide to form a cyclonic circulation in this
area [41,42]. The seawater’s carrying capacity is reduced sharply and results in the rapid deposition
on the distal depocenter (Figure 8). The sediments distributed in the east end of Qiongzhou Strait
have the coarsest grain size and lowest }'REE in the study area. The coarse materials are mainly
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re-suspended and transported from the Qiongzhou Strait. With transport southward, the influence of
the Hainan Island-derived sediments (such as Wanquan River, Nandu River sediments, and so on)
increases. Meanwhile, the sediments from SCS slope could be delivered into the relatively deep-water
region during summer.

24°N
23°N
22°N
21°N
——
Qiongzhou Strai Sediments from Taiwanese rivers
°
20 N Sediments from surrounding rivers|
Sediments from Qiongzhou Strait
2
19°N Sediments from Hainan Island || &
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— Q
Sediments from Pearl River s
@
Distal depocenter Q
18°N Diutdepocenr @ |

110°E 115°E 120°E

Figure 8. Transport patterns of modern sediments on the northern South China Sea continental shelf.

5. Conclusions

REEs analysis was performed on 388 surface sediments in the northern SCS. The ) REE values
range from 32.97 to 349.07 ug/g, with an average value of 192.94 ug/g. The REEs are dominated by
LREE, with a mean value of 154.36 ug/g; the mean value of HREE is 16.11 ug/g. The }'REE values
are high in the western Guangdong coastal waters. Two accumulation centers are identified near the
Xiachuan and Hailing Islands, and the lowest value is located in the eastern Leizhou Peninsula and
Qiongzhou Strait. The fractionation parameters reflect a remarkable LREE accumulation, relatively flat
HREE patterns, and negative Eu anomalies. The REEs compositions are mainly controlled by source
rock properties, hydrodynamic conditions, and intensity of chemical weathering. The study area was
divided into three zones according the results of Q-cluster analysis. Zone I is around on the continental
shelf off the Guangdong Province, with a mean ) REE value of 233.96 pug/g. The sediments from zone I
have relatively uniform and higher LREE and HREE concentrations, indicating sources from the Pearl
River and Taiwanese rivers. Zone Il is located in the coastal area off Leizhou Peninsula and eastern end
of the Qiongzhou Strait, and it has an averaged }_REE value of 107.00 ug/g. The distribution patterns
of REEs indicate elevated influences from the Hainan Island and Qiongzhou Strait. Zone III covers
the outer shelf waters and eastern Hainan Island. The mean ) REE value in this zone is 180.81 pg/g.
The plots of LREE and HREE show that the Hainan Island and SCS slope sediments dominate in
this zone. Based on the compositions of REEs, grain size, geochemical characteristics, sub-bottom
profiles, and hydrodynamic conditions in the study area, a modern sediment dispersal route can
be reconstructed.
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