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Abstract: The element geochemical behavior and provenance of marine sediments are of significance
to understanding the oceanic material cycle. Here, we tested the grain size and major and trace ele-
ments of 35 surface sediments in the offshore area of Sierra Leone, analyzed the content characteristics
and controlling factors of the elements, discussed the material source of the sediments, and made a
comparative study with the sediments in the offshore area of China. The results show that sandy
silt is the main sediment type in the research area, and the average sediment mean grain size (Mz) is
4.15®. The content of Ca in the samples is the highest among the major elements (except Si), with an
average of 5.1%. The content of Sr is the highest among the trace elements (except Ti, P, and Mn),
with an average of 378.2 ug/g. The results of correlation analysis and factor analysis show that there
are three main sources of sediments in the research area, namely, terrigenous weathering products,
ilmenite-dominated ore, and oceanic biochemical substances. Compared with the sediments in China
offshore, the sediments in the study area are more affected by marine biochemistry and have special
ore input characteristics.

Keywords: offshore area of Sierra Leone; surface sediments; major and trace elements; element
geochemical behavior

1. Introduction

The offshore of the continental shelf is an important hub connecting the land and the
deep sea in the regional position, and the region is significantly affected by the land-sea
interaction [1]. These unique factors make it play a vital role in the study of the global
material cycle process [2,3]. Therefore, the discussion of sediment sources and sinks in
the offshore of the continental shelf has become the focus of researchers [4-9]. There are
numerous studies only on the offshore areas of China and surrounding countries, such as
the Yellow River Delta [10,11], the Yangtze River Delta [12,13], the Pearl River Delta [14],
and the Bengal sedimentary fan [15,16], which have all attracted much attention.

Marine sediment, classified by formation mode, mainly comes from cosmic, rocky,
biological, or aquatic components [17]. In a series of processes of weathering, transportation,
sedimentation, resuspension, and redeposition, the content of major and trace elements
will change with it, so the content and combination characteristics of major and trace
elements in sediments record a lot of information about the source-to-sink process and
sedimentary environment [18,19]. The elements (e.g., Al, Fe, Mg, K, Na, etc.) are mainly
controlled by rock-forming minerals, and their combination characteristics can reflect the
composition of the parent rock in the source area [20-23]. The elements Ca and Sr are
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not only controlled by the source rock, but are also important indicators of biological
processes in the ocean [24-26]. Elements, such as Cr, Cu, Mo, Fe, Mn, etc., are sensitive to
the changes in redox conditions in the sedimentary environment, and are often used to
explore the changes of redox state in the marine sedimentary environment [27-31]. Over
the years, relatively stable elements in the surface environment (such as Ti, Al, Sc, Th, etc.)
and their ratios have also become important indicators for exploring the source of marine
sediments [32-34]. In addition, human exploitation of the ocean will also cause changes in
the element contents in marine sediments, especially some heavy metals. Some metals are
toxic to the environment (such as Co, Ni, Cd, Cu, As, Hg, Pb, etc.). It is of great significance
to study the background concentration of and variation in these metal elements for marine
environmental protection and development [35-38].

Although a large number of related studies have been carried out on the geochemical
characteristics and provenance of marine sediments, these studies have some drawbacks.
These are due to funding and other reasons: either the research area is large, but the data
volume is small, or the data volume is large, but the area is small. And there is a large
blank area of basic survey data in this research. Therefore, if we want to understand the
characteristics of global marine sedimentation, we can only work together and enrich the
basic survey data step by step. From this scientific perspective, we choose an offshore area
with relatively poor water system development and relatively disadvantaged economic
development. Sierra Leone is located on the west coast of Africa, bordering Guinea in
the north and northeast, Liberia in the East and Southeast, and the Atlantic Ocean in the
West and south. The terrain of Sierra Leone is characterized as high in the East and low
in the West. It gradually transitions from a plain about 70 km wide along the coast to a
plateau on the eastern border. Sierra Leone has a tropical monsoon climate and is one of the
countries with the most rainfall in West Africa. In order to reveal the elemental geochemical
behavior of the sediments in the offshore area of Sierra Leone, we tested the grain size and
major and trace elements of 35 surface sediments in the research area, analyzed the content
characteristics and controlling factors of the elements, discussed the material source of the
sediments, and made a comparative study with the characteristics of the sediments in the
offshore area of China. We aim to fill some gaps in the study of elemental chemistry in
sediments. The research area and sampling stations are shown in Figure 1.
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Figure 1. Location map of research area (a) and sampling sites (b). The coordinate system of (b) is

CGCS2000, and the central longitude is 12° W.
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2. Materials and Methods
2.1. Sample Collection

The samples were collected from a western area offshore of Freetown, Sierra Leone
(Figure 1a). A clam-type sediment sampler was used to collect these sediment samples at a
depth of <20 cm. The sampling sites are shown in Figure 1b.

2.2. Grain Size Analyses

The particle size measurement of sediment was carried out using a laser particle size
analyzer (Mastersizer 2000, Malvern Panalytical, Westborough, MA, USA), whose measure-
ment range and resolution are 0.017-2000 pm and 0.19, respectively. Organic matter and
calcium components were removed by using hydrogen peroxide and hydrochloric acid
before measurement. Afterwards, samples were rinsed several times with deionized water,
then separated with sodium hexametaphosphate, and finally tested on the machine. The
grain size parameters were calculated based on the moment method [39]. The measure-
ments of these samples were completed at the Institute of Geophysical and Geochemical
exploration, Chinese Academy of Geological Sciences.

2.3. Major and Trace Element Analyses

The content of major and trace elements in the sediments was tested by two instru-
ments, with the major elements measured by ICP-OES (Inductively Coupled Plasma-
Optical Emission Spectrometry, SPECTRO Analytical Instruments, Kleve, Germany) and
the trace elements measured by ICP-MS (Inductively Coupled Plasma—-Mass Spectrometry,
Agilent Technologies, Santa Clara, CA, USA). After low-temperature drying, the sediment
samples were ground to 200 mesh. After grinding, 0.05 g of the sample was weighed and
placed in a polytetrafluoroethylene digestion tank, and then digested by adding twice-
distilled hydrofluoric acid and nitric acid (volume ratio was 1:1). After digestion, the
sample was placed in a 190 °C oven for 48 h, and then cooled and evaporated on an electric
heating plate. Afterwards, about 3 mL of 50% HNO3 was added to the sample container,
and then it was placed in a 150 °C oven to continue dissolving the sample for more than 8 h.
After reaching a certain volume, we waited for testing. We conducted repeated analysis
of several samples and standard sample (GSD-9) analysis to ensure testing accuracy and
precision (relative error < 2%). These testing experiments were completed at the Institute
of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences.

3. Results
3.1. Grain Size Characteristics

Based on Folk and Ward [40], these samples can be divided into five types: sandy silt,
silty sand, sand, gravelly muddy sand, and gravelly sand (Figure 2). And sandy silt is the
main sediment type. From the nearshore to offshore, the content of clay and silt gradually
increases, while the content of sand gradually decreases (Figure 3). The contents of the
three particle size components in the sediment vary greatly, among which the average
content of sand is 53.31% (varying from 12.6% to 99.47%), the average content of silt is
41.57% (varying from 0.53% to 77.66%), and the average content of clay content is 4.66%
(varying from 0 to 9.79%) (see details in Table 1).

The average mean grain size (Mz) of the samples is 4.15® (varying from 0.96 to 6.03D).
The average sorting coefficient (5) is 1.75 (varies from 0.57 to 2.74). The average skewness (Sk)
is 0.8 (varies from —1.37 to 1.91). The average kurtosis (Ku) is 2.32 (varies from 0.72 to 3.34).
Overall, these four parameters increase gradually from the nearshore to offshore area (Figure 4).
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Figure 2. Grain size classification and sediment type distribution. (N11 (gravelly muddy sand) and
N14 (gravelly sand) stations are not shown in the left figure).
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Table 1. Particle size parameters and fraction content of sediments (1 = 35).
Content of Fractions (%) Particle Size Parameters
Clay Silt Sand Mz () 5 Sk Ku
Max 9.79 77.66 99.47 6.03 2.74 1.91 3.34
Min 0.00 0.53 12.60 0.96 0.57 —-1.37 0.72
Ave 4.66 41.57 53.31 4.15 1.75 0.80 2.32
STD 3.55 22.50 25.10 1.13 0.60 0.96 0.72
C. V. (%) 76.08 54.14 47.08 27.30 33.99 120.36 31.29
Note: “Ave” means “average”, “STD” means “standard deviation”, and “C. V.” means “coefficient of variation”.
3.2. Major and Trace Element Contents
The statistics of the content of constant and trace elements in sediments are presented
in Table 2. Unlike in China’s coastal areas, the content of Ca is the highest among the major
elements, with an average of 5.1% (varying from 0.7% to 18.4%), except for silicon. The
content of Al ranks only second, with an average of 4.8% (varying from 1.7% to 10.1%).
Like the major elements, the trace element content of sediments in the research area is also
significantly different from that in China’s coastal areas. The content of Sr in the sediments
is the highest, with an average value of 378.2 ug/g (varying from 63.5 to 1566.1 ug/g),
among all trace elements (except for Ti, P, Mn). The Ba content is the second highest, with
an average of 81.2 ug/g (varying from 6.8 to 137.1 ug/g).
Table 2. The major and trace element content in sediments of research area and the offshore area of China.
Research Area China Sea
Elements
Max Min Ave STD C.V.(%)  South China Sea East China Sea South Yellow Sea North Yellow Sea Bohai Sea
Al* 101 17 48 18 383 65 7.2 7.1 6.8 6.5
Mg * 16 03 1.1 03 25.1 11 15 1.1 14 14
Fe * 47 18 34 0.6 17.8 2.9 39 3.0 3.1 31
K* 0.6 0 03 0.1 49.2 17 2.2 23 21 21
Ca* 184 0.7 5.1 3.4 66 3.1 32 18 26 48
Na * 22 03 0.9 0.5 50 12 14 2.1 16 0.0
Ti 28,0643 31245 85518 57141 6638 3840.0 2838.0 3540.0 3598.0 3960.0
P 12218 330 6709 2293 342 480.3 279.4 523.9 586.0 393.0
Mn 11592 2272 5411 1876 347 542.3 565.5 774.6 637.0 *
Sr 15661 635 3782 2669 70.6 209.7 159.9 * 194.4 *
Ba 137.1 68 81.2 35.9 442 " 4269 » 457.0 **
Li 105.7 8.9 47.1 20.6 438 * * 393 384 »
Zn 101.9 10.1 425 166 39.1 711 86.3 “* 80.6 w
Sc 129 3 8.1 25 30.4 * * # 117 *
Co 17.9 3.4 8.1 2.7 33.6 * 149 120 132 *
Rb 254 0.7 9.6 5.8 60.1 ** * » 1132 #
Th 146 19 83 33 40 = * ** * =

Note: The unit for elements with “*” is “wt.%"” and that of the others is “nug/g”. The data of the South China Sea
are from [41], the data of the East China Sea are from [42], the data of the South Yellow Sea are from [43], the data
of the North Yellow Sea are from [44], and the data of the Bohai Sea are from [45]. “**” means no data.

Figure 5 shows the distribution of major and trace elements of the sediments. Except
for Ca, Ti, Sr, and Mn, the content of most elements shows a decreasing trend from the
nearshore to offshore area. The contents of Ca are relatively stable except for a few stations.
The distribution patterns of Ti and Sr are similar, with some stations showing high content
and others showing little change. The Mn content in the sediment of the research area does
not change significantly, and there is no obvious distribution pattern (Figure 5).
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Figure 5. Distribution of major and trace elements of sediments in research area.

4. Discussion
4.1. Correlation Analysis

We use software (SPSS 25.0) to analyze the correlation of element contents and grain
size parameters of the sediment samples. Table 3 shows the correlation coefficients between
all indicators. Mean grain size (Mz) is highly correlated with clay components (>8®) and
silt components (40~8®), with correlation coefficients (r) of 0.91 and 0.93, respectively,
and is highly negatively correlated (r = —0.91) with sand components (—1$~4®). The
correlation coefficient (r) between sediment element content and Mz varies greatly, from
—0.3 to 0.77. The content of most elements (except Ca, Ti, and Sr) is positively correlated
with Mz, which indicates that the elements are more enriched in fine particle components.
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Due to the large amount of SiO; in the sand component, the content of other elements is
relatively diluted.

Table 3. Correlation coefficients between some indicators of samples (1 = 35).

Mz Clay Silt Sand Al Mg Fe K Ca Na Ti P Mn Sr Ba Li Zn Sc Co Rb Th
Mz 1.00
Clay 091 1.00
Silt 093 091 1.00
Sand —0.91-0.93-0.991.00
Al 067 068 059 —0.601.00
Mg 050 048 0.38 —0.390.84 1.00
Fe 0.17 0.07 013 —-0.100.29 041 1.00
K 077 081 0.80 -0.82091 0.71 0.28 1.00
Ca —0.30-0.02—-0.05-0.02—-0.23 -0.24 —0.22—-0.031.00
Na 057 073 0.61 —0.660.86 0.68 0.21 0.88 0.18 1.00
Ti —014-0210.00 0.03 —0.48-0.490.50 —0.230.13 —0.351.00
P 053 068 058 —0.630.86 0.74 031 0.88 0.22 095 -0.321.00
Mn 019 018 028 -0.25-0.18—-0.320.33 0.05 —0.03—0.100.61 —0.101.00
Sr  —0.34—-0.04—-0.080.00 —0.23—0.21-0.16—-0.040.96 0.19 0.16 024 —0.081.00
Ba 072 066 077 -0760.74 0.57 027 091 -0.110.63 -0.070.66 0.13 —0.131.00
Li 068 074 0.61 —0.64096 0.84 029 090 -0.10091 -0.450.90 —-0.14—0.100.66 1.00
Zn 043 043 029 -0.300.67 063 028 053 —0.350.55 —0.380.52 —0.05—-0.320.37 0.69 1.00
Sc 046 044 059 -057041 024 070 0.63 0.08 047 058 050 045 0.10 0.67 041 019 1.00
Co 0.07 0.00 018 —-0.15-0.11-0.160.75 0.09 0.05 —0.040.90 0.01 054 0.10 0.20 —0.10—0.090.81 1.00
Rb 075 082 077 —0.800.91 0.69 028 098 0.00 093 —-0.260.91 0.05 —0.010.81 094 059 0.61 0.07 1.00
Th 068 0.69 080 —0.800.62 042 046 086 0.09 068 025 0.70 037 007 0.84 0.64 034 089 049 083 1.00

The correlation between the elements of typical terrigenous weathering products (Al, Mg,
K, Na, Rb, etc.) is high (r > 0.84), which indicates the terrigenous characteristics of sediments
in the research area. The correlation between the content of Ca and terrestrial weathering
products elements (Al, Mg, etc.) is very poor, while the correlation between Ca and Sr content
is very high (r = 0.96), indicating that Ca and Sr have homologous characteristics, and are likely
to be affected by marine biochemistry. Although Fe is also a typical terrigenous weathering
product element, its content is not highly correlated with other terrigenous representative
elements (Al, Mg, K, Na, Rb, etc.), indicating that terrigenous input is not the main source of
Fe. Although there is a positive correlation between Fe and Mn, the correlation is not high (r =
0.33), indicating that Fe-Mn nodules have a limited impact on the content of Fe in sediments
of the research area. Among all elements, only Fe has a relatively high correlation with Ti
(r = 0.5), indicating that Fe may be affected by the input of ilmenite. In conclusion, Fe may
be carried in by multiple sources. The correlation between Mn and all elements is not high,
but the correlation between Mn and Ti is the largest, reaching 0.61. This indicates that the
Mn content may be controlled by symbiosis with ilmenite. In conclusion, the materials in the
research area may be the result of the joint action of terrigenous weathering products, ilmenite,
and marine biochemistry. See Figure 6.
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Figure 6. Correlations of content of Al, Fe, Ti, Ca, Sr, and Mz.

4.2. Factor Analysis and Provenance Discussion

To discuss the controlling factors, R-type factor analysis is conducted on the element
contents in the samples by the statistical software (SPSS 25.0). Based on the method and
covariance matrix, common factors (eigenvalues >1) are extracted. In this analysis, the Kaiser—
Meyer-Olkin value and p-value of Bartlett’s spherical test are 0.60 (>0.5) and 4.2 x 107184
(<0.001), respectively. The values of these two statistical parameters indicate that the analysis
method is appropriate and the statistical results have a high level of confidence [44]. We extract
three common factors from the statistical data, accounting for 86.19% of the total variance
(Table 4). Therefore, we believe that the contents of major and trace elements of sediment in the
research area are mainly controlled by three factors.

Factor 1 accounts for 48.69% of the total variance, and we believe it is the determining
factor for element content in the sediments. In Factor 1, most element contents have a high
load. In particular, the load factor of typical terrestrial weathering product elements (Al, Na, K,
Rb, etc.) reaches more than 0.9. Although Fe and Ti are also the main elements in terrigenous
weathering products, the load factor of Fe in Factor 1 is only 0.30, and the load factor of Ti
is negative (—0.38). The results show that Fe is not only affected by terrigenous weathering
products, but also by other sources, and Ti is even diluted by terrigenous weathering products.
To sum up, Factor 1 represents the input of terrigenous weathering products.

Factor 2 accounts for 23.14% of the total variance with high load factors of Fe, Ti, Mn,
etc. The load factor of Ti in Factor 2 is even as high as 0.90, which is in sharp contrast to
the load factor (—0.38) in Factor 1, indicating that Factor 2 may be related to the genesis of
Ti-related ores. As we all know, Sierra Leone is a country rich in minerals, of which iron
ore is its largest output [46]. However, the load factor of Fe in Factor 2 is not high enough
compared with Ti, and the source of iron ore cannot represent Factor 2. Ilmenite often exists
in iron ore in the form of accessory minerals, so the input of ilmenite may represent Factor
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2. At the same time, Fe?* and Mn?* in ilmenite can be completely replaced by isomorphism,
which also explains why the Mn element load in Factor 2 is as high as 0.72. In conclusion,
Factor 2 can be interpreted as ore input dominated by ilmenite.

Table 4. Results of factor analysis (1 = 35).

Elements Factor 1 Factor 2 Factor 3 Elements Factor 1 Factor 2 Factor 3
Al 0.95 —0.09 —0.22 Sr 0.00 0.00 0.97
Mg 0.82 —-0.17 —0.28 Ba 0.79 0.29 —0.07
Fe 0.30 0.71 —0.27 Li 0.97 —0.08 —0.11
K 0.96 0.15 0.00 Zn 0.64 —0.09 —0.42
Ca —0.01 —0.01 0.98 Sc 0.52 0.83 0.11
Na 0.94 —0.04 0.20 Co —0.02 0.96 0.07
Ti —0.38 0.90 0.15 Rb 0.97 0.12 0.03
P 0.95 0.00 0.23 Th 0.75 0.57 0.12
Mn —0.11 0.72 —0.04
Variance /% 48.69 23.14 14.36 Variance /% 48.69 23.14 14.36

Factor 3 explains 14.36% of the total variance with high load factors of Ca and Sr. The
load factors of Ca and Sr in Factor 3 are as high as 0.98 and 0.97, respectively, while the load
factors of other elements are very low (<0.3), which indicates that Factor 3 may represent
the input of marine biochemical substances. Sr and Ca belong to the second main group of
elements, with similar chemical properties and frequent isomorphic substitution. After the
death of marine organisms, the organic matter of the corpses is completely decomposed,
and only the biological shells or bones rich in Ca and Sr are crushed under the physical
action of marine dynamics (waves and currents). The deposition of these substances
increases the contents of Ca and Sr in marine sediments. In conclusion, Factor 3 represents
the input of marine biochemical substances.

4.3. Comparison of Element Contents in Sediments from the Research Area and the Offshore Area of
China

To better understand the elemental geochemical behavior of the sediments in the
research area, we select the surface sediment elements of five typical areas in China offshore
to compare with them. They are located in the South China Sea (taking the northern
coastal waters of the South China Sea as an example) [41], the East China Sea (taking the
coastal waters of Zhejiang Province as an example) [42], the Southern Yellow Sea (taking
the Jiaozhou Bay as an example) [43], the Northern Yellow Sea (taking the Weihai Bay as an
example) [44], and the Bohai Sea (taking the Laizhou Bay as an example) [45]. Through
comparison, we find that the contents of Al, K, and Na in the study area are significantly
lower than those in the coastal waters of China, but the contents of Fe, Ca, Ti, and Sr are
significantly higher (Table 3, Figure 7). This feature corresponds to the analysis results
of provenance in the research area. Compared with West Africa, China’s river system is
developed, and the river sediment flux into the sea is larger [47]. The terrigenous materials
carried by rivers into the sea make the content of terrigenous elements (Al, K, Na, etc.)
in the sediments of offshore China relatively high. On the contrary, the continental shelf
width of the research area is smaller, the water depth is larger, and the ecosystem is more
developed compared with China [48]. In addition, the input of terrigenous sediments
in the study area is relatively small, which also leads to the relative increase in marine
biological materials. This phenomenon is embodied in the high content of Ca and Sr. At
the same time, Sierra Leone’s rich ore resources (especially ilmenite, a bymineral of iron
ore) also have a great impact on the supply of sediments. The content of Fe and Ti in the
sediments of the research area is much higher than that in the sediments of offshore China.
The element content of sediments in the research area is very different from that in the
offshore of China, but its unique sediment source characteristics have great reference value
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for the elemental geochemistry of sediments in the offshore of China and even the whole
world. See Figure 8.
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Figure 8. Comparison of element contents in sediments of different regions (“0” means no data).
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5. Conclusions

To fill some gaps in the study of elemental chemistry, we chose less popular areas to
carry out this supplementary research. Based on 35 surface sediments in the offshore area
of Sierra Leone, we tested the grain size and major and trace elements, analyzed the content
characteristics and controlling factors of the elements, discussed the material source of the
sediments, and made a comparative study with the characteristics of the sediments in the
offshore area of China. The results show that sandy silt is the main sediment type in the
research area, and the average sediment mean grain size (Mz) is 4.15®. The content of Ca
in the sediments is the highest, with an average of 5.1%. The content of Sr is the highest
among the trace elements (except Ti, P, and Mn), with an average of 378.2 ug/g. There
are three main sources of sediments in the research area, namely, terrigenous weathering
products, ilmenite-dominated ore, and oceanic biochemical substances, based on factor
analysis. The element content of sediments in the research area is very different from that
in the offshore of China, but its unique sediment source characteristics have great reference
value for the elemental geochemistry of sediments in the offshore of China and even the
whole world.
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