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Abstract: Deep-sea sediments enriched in rare earth elements and yttrium (REY-rich sediments) are
widely distributed on the deep-sea floor, and their formation mechanism remains elusive. Although
studies have recognized the link between seamounts and REY-rich sediments, in-depth analysis of the
specific roles and effects of seamounts in the formation of REY-rich sediments is lacking. In this study,
we analyzed surface sediments from the Marcus-Wake Seamounts for grain size, geochemistry, and
mineral composition and classified the samples into three types: samples with moderate REY content
and dominated by terrestrial detritus; samples with high REY and authigenic mineral content; and
samples rich in CaCO3 but poor in REY. The REY in the sediments of the study area partly originate
from Asian dust input and partly from seawater and/or pore water, and are mainly enriched in
REY carrier particles including bioapatite fossils and micronodules. The amount of REY carrier
particles influences the REY content in the sediments. The current field, primary productivity,
weathering process, and depositional environment around seamounts are different from those of
abyssal plains, which are conducive to the formation of REY-rich sediments. Strong bottom currents
may exist in the southeastern direction of some large seamounts (e.g., Niulang Guyot), leading to the
selective accumulation of REY-rich bioapatite fossils and micronodules, resulting in the formation of
REY-rich sediments.

Keywords: REY-rich sediments; western Pacific Ocean; seamounts; bottom currents

1. Introduction

Rare earth elements (REEs) and yttrium(Y) (termed REY) are essential to high-tech
industries. In 2011, Japanese scientists reported REY-rich mud in the Pacific Ocean and
suggested that this easily leachable REY-rich mud may represent a promising REY resource
for the future [1]. Since then, deep-sea REY-rich sediments have attracted much attention
from the international academic and mining communities as potential strategic metal
resources. Obvious differences in REY content in sediments exist in different regions of the
Pacific Ocean, and the REY-rich sediments with the highest known REY content (nearly
8000 ppm) were found around Minamitorishima (Marcus) Island in the western North
Pacific Ocean [1–4].

So far, the formation mechanism of REY-rich sediments is not all clear. Previous studies
have suggested that REY enrichment in deep-sea sediments may be related to low sedimen-
tation rates [5–8], high abundance of bioapatite fossils (mainly fish debris) and/or Fe-Mn
micronodules in the sediments, oxidized bottom water, strong bottom currents [3,6,7,9,10],
or a suitable distance from hydrothermally active areas [8,11]. According to previous

J. Mar. Sci. Eng. 2024, 12, 117. https://doi.org/10.3390/jmse12010117 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12010117
https://doi.org/10.3390/jmse12010117
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-7247-3374
https://orcid.org/0000-0001-6235-9148
https://orcid.org/0000-0002-8841-4499
https://doi.org/10.3390/jmse12010117
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12010117?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 117 2 of 17

studies on the geochemistry and mineralogy of manganese deposits (nodules and crusts),
pore water, bottom water and sediments in the Pacific Ocean, REY could be redistributed
in the sediment-bottom pore-water system through the adsorption–desorption processes
of Fe-Mn particles, degradation of organic matter, adsorption of bioapatite fossils and
reactivation of alumina-silicate components [12–17]. Among these processes, adsorption
by bioapatite fossils and micronodules are probably the most important [6,8–10,14,18]. Ob-
viously, the concentration of REY carriers (bioapatite fossils, micronodules, clay minerals,
etc.) in sediments determines the REY enrichment in the sediments. However, there is still
limited research on the geological processes that control the content of these carriers.

A few recent studies have mentioned that seafloor topography may affect REY enrich-
ment in sediments [9,10,19–21]. Wang et al. found that the surface sediments with high
REY content are mainly concentrated around seamounts, and the REY content decreases
with increasing distance from the seamounts [20]. Otha et al. also correlates differences in
REY content with local variations in topography, which they attributed to the upwelling
around the seamounts which led to increased productivity and enrichment of bioapatite
fossils, resulting in the formation of REY-rich layers [10]. Compared to abyssal plains, sea
and pore water around seamounts have higher REY content [19,21]. However, these studies
did not further investigate the relationship between topography and REY enrichment.
Results based on numerical simulations and in situ observations indicate that the presence
of seamounts affects the bottom current field, and the bottom current velocity is related to
the size of the seamounts [22–26]. In addition to creating complex flow fields that affect
the sorting of REY carriers in sediments, seamounts also provide large amounts of detrital
material to neighboring basins, which are important mediators of REY cycling [19,21].

The Marcus-Wake Seamounts in the western Pacific Ocean have attracted much atten-
tion because of the abundance of polymetallic nodules (crusts), and more recently because
of the discovery of highly REY-rich mud (ΣREY > 2000 ppm) and extremely REY-rich mud
(ΣREY > 5000 ppm) in this region [6,16,17,27]. However, the formation mechanism and
spatial distribution pattern of REY-rich sediments in this region still need to be studied in
more detail, especially the role of seamounts in the formation of REY-rich sediments de-
serves further investigation. Against this background, this paper presents a comprehensive
analysis of grain size, elemental geochemistry and mineralogy of surface sediments from
the Marcus-Wake Seamounts and attempts to explore the sources and carriers of REY in
the sediments as well as the correlation between the seamounts and the enrichment of REY
in the sediments.

2. Materials and Methods
2.1. Study Area

The study area is located in the southeastern part of the Marcus-Wake Seamounts,
which consist of submarine mountain ranges formed by intraplate volcanism and intraplate
tectonics, and of intermountain basins surrounding the seamounts [28,29]. The water depth
in the study area is generally more than 4500 m, with the water depth at the summit of the
seamounts ranging from 1200 to 2000 m, and the water depth in the intermontane basins
ranging from 5000 to 6500 m.

The Marcus-Wake Seamounts are influenced by a variety of ocean currents, including
the North Equatorial Current (NEC; [30]), the North Pacific Intermediate Water (NPIW; [31]),
and the Lower Circumpolar Deep Water (LCDW; [31–34]), of which the oxygen- and
nutrient-rich LCDW is the primary water mass influencing the modern deep-sea envi-
ronment in this region (see Figure 1). The bedrock of the seamounts in the study area is
dominated by basalt and volcaniclastic rocks, and the upper part is covered by Tertiary
Holocene sediments, mainly pelagic clay, calcareous ooze, siliceous mud, and volcanic
deposits [35–39]. The study area is an enriched area for polymetallic nodules (crusts),
and the polymetallic nodules are mainly distributed between water depths of 4500 m and
6200 m and are dominated by medium sized nodules [40,41]. The sedimentation rate in the
study area is relatively low [20,27,42].
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Figure 1. The location of the study area (a) and the distribution of the sampling stations (b). Major
ocean currents were modified after [31–35]. NEC: North Equatorial Current; NPIW: North Pacific
Intermediate Water; UCDW: Upper Circumpolar dDeep Water; LCDW: Lower Circumpolar Deep
Water; AABW: Antarctic Bottom Water. The location of the Marcus-Wake Seamounts after [41], the
locations of core B and core C after [6].

2.2. Sample Information

The 31 samples of sediment analyzed in this study were collected with a box sampler
by the Second Institute of Oceanography, Ministry of Natural Resources, People’s Republic
of China (PRC), during the DY54 cruise in 2019. Sediments in the 0–5 cm depth range of
the sampler were used as surface sediments. The information from the sampling stations is
shown in Table 1.

2.3. Analytical Method
2.3.1. Grain Size Analysis

Two grain size pretreatment methods, with and without bio-silica removal, were used
in this study. The pretreatment steps without removal of bio-silica include: (1) removing
organic matter with 30% hydrogen peroxide, (2) removing carbonate with 10% hydrochloric
acid, (3) washing three times with deionized water, and (4) dispersing the sample with
10 mL of sodium hexametaphosphate at a concentration of 0.05 mol/L. The major change
in the bio-silica removal pretreatment steps is that 10 mL of sodium carbonate at a concen-
tration of 2 mol/L is added between steps 2 and 3 above to remove bio-silica. The grain size
analysis instrument used was the Mastersizer 2000 (Malvern, UK), which has a measuring
range of 0.02–2000 µm and an analytical accuracy of better than 1%.

2.3.2. Microscopic Identification

Sediment samples were soaked, stired and sonicated in deionized water, then the
fine-grained components were washed out with deionized water on 0.063 mm and 0.25 mm
mesh sieves, and the coarse-grained samples on the sieve were collected. We used a
stereomicroscope to observe the dried coarse-grained fractions (>63 µm) and qualitatively
analyze the mineral composition.
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Table 1. Results of grain size analysis, coarse fraction identification and geochemical analysis of surface sediments.

Sta-
tion

Depth
/m

Bb
Sand

/%

Bb
Mz

/µm

Bf
Sand

/%

Bf
Mz

/µm
Tra Rof Phi Fish

Teeth Min Sbd For SiO2
/%

Al2O3
/%

Fe2O3
/%

MnO
/%

P2O5
/%

CaCO3
/%

TOC
/%

Co
/ppm

Ni
/ppm

ΣREY
/ppm

P01 5489 26.18 12.79 0.65 4.41 + - - - - +++ - 54.18 14.84 6.85 0.48 0.14 0.43 0.26 56.69 96.04 260.8
P02 4950 3.28 4.34 1.17 4.22 ++ +++ ++ ++ ++ ++ - 53.13 16.70 8.20 0.64 0.88 0.64 0.27 68.14 153.52 399.2
P03 4763 50.18 38.10 0.03 4.26 - - - - - +++ - 55.13 11.98 5.49 0.36 0.23 0.34 0.26 42.94 87.84 271.5
P04 5375 40.75 22.68 0.00 3.95 - - - - - +++ - 53.65 15.48 7.28 0.64 0.23 0.51 0.28 77.47 144.32 339.7
P05 1344 12.78 7.56 / / - - - - - - +++ 1.30 0.73 0.29 0.05 0.06 90.56 0.01 7.54 12.92 58.2
P06 5662 1.39 4.31 0.01 4.07 + + +++ +++ + ++ - 51.14 16.26 7.87 0.91 0.49 0.48 0.29 103.04 190.10 558.0
P07 5405 7.47 5.53 0.00 4.36 - - - - - +++ - 55.20 14.72 6.80 0.53 0.16 0.36 0.26 57.04 103.76 274.6
P08 5190 5.31 4.88 0.08 4.15 +++ +++ +++ ++ ++ + - 53.14 16.34 8.08 0.88 0.74 0.48 0.21 92.90 315.33 586.6
P09 5169 1.16 4.32 0.01 4.33 + ++ +++ ++ ++ ++ - 54.63 16.66 7.63 0.67 0.30 0.35 0.21 73.00 146.98 403.7
P10 4573 0.02 3.90 0.00 4.22 + ++ +++ ++ ++ ++ - 55.32 17.16 7.84 0.57 0.32 0.27 0.22 66.00 144.81 459.8
P11 5364 23.38 10.89 2.99 4.62 + +++ +++ +++ +++ + - 50.96 15.84 8.22 1.08 0.99 0.14 0.19 127.47 254.56 913.9
P12 4872 17.95 8.61 4.69 4.29 + +++ +++ ++ +++ + - 50.73 15.84 7.99 1.12 0.80 0.57 0.24 128.50 281.88 729.3
P13 5451 0.60 3.95 0.00 3.96 - - ++ ++ ++ ++ - 53.02 16.61 7.63 0.65 0.23 0.82 0.24 72.50 144.94 348.7
P14 5036 0.00 3.74 0.00 3.94 - - + - ++ ++ - 53.62 16.73 7.64 0.55 0.22 0.70 0.23 66.44 129.86 346.3
P15 4423 0.40 3.70 0.03 4.24 + + +++ - + + + 46.77 14.74 6.62 0.44 0.23 11.58 0.29 53.31 119.58 341.7
P16 5101 1.44 4.61 0.00 4.72 - + + + + +++ - 53.21 16.00 7.28 0.60 0.30 0.31 0.26 69.79 143.04 373.5
P17 3303 17.76 8.88 / / - + ++ + - + +++ 5.65 1.90 0.84 0.08 0.25 84.50 0.05 9.66 21.16 135.3
P18 5440 0.27 4.12 0.00 4.01 - + +++ ++ +++ +++ - 51.94 16.57 7.88 0.76 0.37 0.72 0.22 89.30 157.30 432.9
P19 4984 11.73 7.54 0.05 4.23 - - + - - +++ - 54.37 16.01 7.25 0.49 0.19 0.49 0.21 56.70 110.67 284.0
P20 5365 0.10 3.73 0.01 4.30 - - + ++ + +++ - 53.11 16.47 7.55 0.60 0.22 0.76 0.24 68.22 141.18 303.6
P21 4623 0.48 3.76 0.00 4.09 + - ++ ++ ++ ++ - 53.60 16.73 7.68 0.53 0.33 0.77 0.24 66.27 143.36 419.8
P22 4891 0.99 3.96 0.00 3.90 + - ++ +++ ++ + - 53.63 16.59 7.58 0.59 0.22 0.55 0.27 71.51 148.44 316.9
P23 5029 0.94 4.24 0.00 4.13 - ++ +++ +++ ++ + - 54.10 16.77 7.81 0.58 0.34 0.44 0.25 71.65 142.34 404.7
P24 5258 2.17 4.31 0.00 3.72 - - ++ + ++ +++ - 51.92 16.30 7.84 0.79 0.37 0.56 0.23 102.31 171.98 443.6
P25 5536 0.02 3.60 0.00 4.17 - - + ++ + +++ - 53.56 16.69 7.65 0.60 0.17 0.76 0.24 77.50 147.81 279.0
P26 5409 0.72 4.88 0.01 4.60 - - ++ +++ + +++ - 53.99 16.17 7.23 0.60 0.52 0.91 0.22 75.01 153.75 589.4
P27 4945 0.00 4.11 0.00 3.94 - - + + +++ +++ - 53.63 16.94 7.68 0.53 0.19 0.45 0.21 61.39 126.18 290.4
P31 5762 0.00 3.69 0.00 3.77 + - - - + + - 53.03 16.85 7.62 0.48 0.15 0.41 0.23 69.89 120.24 258.3
P32 5536 0.11 4.48 0.00 4.26 + - ++ ++ +++ +++ - 53.13 16.29 7.37 0.55 0.35 0.65 0.26 73.91 146.37 419.8
P33 5719 0.00 3.47 0.00 3.95 ++ - + ++ ++ +++ - 53.51 16.92 7.66 0.53 0.17 0.70 0.23 73.14 130.19 260.5
P35 5114 0.00 3.47 0.00 3.86 ++ +++ ++ ++ ++ ++ - 54.01 17.22 7.61 0.48 0.21 0.52 0.20 62.46 127.71 295.9

Abbreviations: Bb = biosilicone bearing; Bf = biosilicone free; Tra = transparent mineral; Rof = rock fragment; Phi = phillipsite; Min = micronodule; Sbd = siliceous biogenic detritus;
For = foraminifer. “-” means not found, “+” means little, “++” means moderate, “+++” means abundant, “/” means no data.
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2.3.3. Element Analysis

The major elements content of each sample were determined by X-ray fluorescence
(XRF) spectrometry The sample pretreatment process was as follows: (1) the 200-mesh
powdered bulk sample was dried at 110 ◦C for 6 h; (2) about 0.5 g of the above dried
sample was weighed into a constant weight ceramic crucible, burned in a muffle furnace at
1000 ◦C for 180 min, and then weighed and calculated the loss on ignition after cooling to
room temperature; (3) the well mixed 0.6000g of the above dried sample and 6.0000 g flux
(49.75% Li2B4O7: 49.75% LiBO2: 0.5% LiBr) were poured into a platinum crucible dedicated
to XRF, and then placed in the melting furnace at 1100 ◦C; (4) after the melting program
was completed, the crucible was shaken to expel air bubbles and allow the melt to fill the
bottom of the crucible, then the cooled piece of glass was removed, labeled, and prepared
for testing. The standard material (AGV-2, W-2a, BHVO-2, BCR-2) for quality control was
also prepared using the above procedure, and the analytical precision was better than 5%.
A Parnaco Zetium XRF was used for the XRF analysis.

The total carbon (TC) and total nitrogen (TN) content of the whole sample and the
total organic carbon (TOC) content of the sample after carbonate removal were measured
using a Thermo Fisher elemental analyzer (Flash 2000 CHNS/O, Thermo Fisher Scientific,
Waltham, MA, USA). The carbonate content was calculated using the following formula:
CaCO3 = (TC − TOC) × 8.33.

Trace elements were analyzed by inductively coupled plasma mass spectrometry (X
Series2 ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA). Approximately, 50 mg of
sample was first placed in a pre-purified Teflon beaker, to which distilled and concentrated
HNO3-HF mixture (1:4) was added. The solution was then dried to evaporate the HF
and the residue was redissolved in concentrated HNO3 and 1:1 HNO3 and dried again.
The sample was then dissolved in 3 mL of 2N HNO3 solution and then diluted with
2% HNO3 to a fixed volume for analysis. Standard W-2a and BHVO-2 were used as the
reference standard and the analytical precision of most trace elements was better than 10%.
Instrument drift was corrected with internal standards and external reference samples. The
REY content was calculated using the following formula: ΣREY = REEs + Y.

The major and trace elements were analyzed at the Key Laboratory of Submarine
Geosciences of the Ministry of Natural Resources, while the organic carbon and nitrogen
were analyzed at Guizhou Tongwei Analytical Technology Co., Ltd. in Guiyang, China.

3. Results
3.1. Grain Size

Grain size analysis of samples without biogenic silica removal shows that most of the
surface sediments are clayey silt (n = 20), followed by silty clay (n = 8). Silty sand (n = 2)
and sand-silty-clay (n = 1) are present to a lesser extent. The sand content ranged from
0.00% to 50.18% with a mean of 7.34%, the silt content from 38.45% to 58.15% with a mean
of 49.09%, and the clay from 10.97% to 54.11% with a mean of 43.57%. The mean grain size
(Mz) ranged from 3.74 µm to 38.10 µm with a mean of 6.84 µm.

Notably, grain size analysis of samples with bio-silica removal shows that most of
them are silty clay (n = 27), followed by clayey silt (n = 2). The sand content ranged from
0.00% to 4.69% with a mean of 0.34%, the silt content ranged from 41.00% to 51.62% with a
mean of 45.59%, and the clay content ranged from 46.19% to 56.41% with a mean of 51.61%.
The mean grain size (Mz) ranged from 3.72 µm to 4.72 µm with a mean of 4.16 µm.

Compared to the samples without biogenic silica removal, the sand content of the
samples with biogenic silica removal decreased significantly, the silt content increased, but
the Mz decreased, indicating that many samples had high contents of siliceous biogenic
detritus with larger grain size; alternatively, the biogenic silica was acting as cement,
binding (aggregating) finer particles together. Detailed grain size data is presented in
Supplementary Table S1.
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3.2. Mineralogical Characteristics of Coarse Fractions

The coarse fraction (>63 µm) of the surface sediments consist mainly of micronodules,
fish teeth, phillipsites, siliceous biogenic detritus, etc., with rock fragments, colored trans-
parent minerals, and foraminifers also occurring in some samples (Table 1 and Figure 2).
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detritus and micronodules; (g,h) dominated by siliceous biogenic detritus and phillipsites; (i–m) di-
versified coarse grains include rock fragments, phillipsites, fish teeth, micronodules, and minor
siliceous biogenic detritus; (n) dominated by phillipsites; (o) dominated by micronodules and phillip-
sites. Abbreviations: Phi = phillipsite; Min = micronodule; Rof = rock fragment; For = foraminifer;
Sbd = siliceous biogenic detritus.

Shallow water (water depth < 4500 m) stations (P05, P15, and P17) contain intact cal-
careous shells, while calcareous shells decrease with increasing water depth (Figure 2a–c).
Samples containing almost exclusively siliceous biogenic detritus in the coarse fraction (P01,
P03, P04, P07) are mainly located in the northwestern part of the study area (Figure 2d),
while samples with abundant siliceous biogenic detritus and micronodules (P14, P20, P24,
P25, P27, P31, P32, P33) are mainly located in the northeastern abyssal plain (Figure 2e,f).
There are also samples dominated by siliceous biogenic detritus and phillipsites (P16, P19,
P26) (Figure 2g,h).

P11 and P12 have the highest mineral content and diversity, both rich in rock (mainly
volcanic clastic rock) fragments, phillipsites, fish teeth, and micronodules, as well as small
amounts of siliceous biogenic detritus (Figure 2i–k). The same composition can be seen in
P08, P02, and P35 (Figure 2i,l,m).

3.3. Elemental Composition of Sediments

The surface sediments had a wide range of major and trace element contents. The
SiO2 content varies from 1.32% to 55.32% with a mean of 49.30%, and the high content
occurs in samples with high content of siliceous biogenic detritus. Al2O3 content reflects
the contribution of clay minerals and varies from 0.73% to 17.22% with a mean of 15.31%.
CaCO3 content varies from 0.14% to 90.56% with a mean of 6.51%. High CaCO3 contents
occurred at shallow water stations with water depths less than the carbonate compensation
depth (CCD), including P05, P15, and P17. Except for two shallow-water samples (P05 and
P17), most of the metallic elements (e.g., Mo, Co, Ni, Cu, Zn, etc.) are several or even tens
of times higher than upper crustal values [43]. The detailed geochemical results are listed
in Supplementary Table S2.

The ΣREY varies from 58.18 ppm to 913.85 ppm, with an average of 380.61 ppm.
The Post-Archean Australian Shale (PAAS) [44] normalized indices such as (La/Yb)PAAS,
(La/Sm)PAAS, and (Gd/Yb)PAAS with mean values of 0.69, 0.70, and 1.19, respectively,
indicate that the sediments are characterized by a relative enrichment of heavy rare earth
elements (HREEs). PAAS-normalized δCe varies from 0.34 to 1.47 with a mean of 0.98, and
δEu varies from 1.04 to 1.09 with a mean of 1.06.

The TOC content varies from 0.01% to 0.29% with a mean of 0.23%, while the TN
content varies from 0.02% to 0.10% with a mean of 0.06%, which was related to the low
primary productivity and poor organic matter preservation conditions in the study area.

4. Discussion
4.1. Factors Controlling the Chemical Composition of Sediments

Previous studies have shown that the sediments in the Marcus-Wake Seamounts have
multiple sources, including Asian dust, marine authigenic minerals, seamount weathering
material, and biogenic debris [35–39]. In the present study, micronodules, phillipsites, fish
teeth, siliceous and calcareous biogenic detritus, volcanic glass, and rock fragments from
nearby seamounts were observed in the coarse fraction of the surface sediments, suggesting
a polygenic origin of the sediments, which is consistent with previous results.

To further understand the controlling factors of the chemical composition of the
Marcus-Wake Seamounts sediments, R-type factor analysis based on normalized geochemi-
cal data and correlation analysis were conducted using SPSS18 software. The Kaiser–Meyer–
Olkin (KMO) test value of the factor analysis was 0.81, and the variances of the extracted
common factors were all greater than 0.7, indicating that the results of the factor analysis
had good credibility. After extracting the eigenvalues greater than 1 and rotating them by
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orthogonal rotation with large variance, three principal factors were obtained, and the total
variance contribution was 89.28%.

The variance contribution of the F1 factor is 50.654% (Table 2), indicating that it plays
a decisive role in the geochemical composition of the samples. The positive loadings of
F1 factor include SiO2, TiO2, Al2O3, Fe2O3, MgO, Na2O, K2O, Th, TOC, and TN, most
of them are closely related to detrital minerals and clay minerals sourced from continent
and/or marine volcano [45]. The negative loadings of F1 factor include CaO, CaCO3, and
Sr, which are mainly from biological deposition in deep marine sediments. Therefore, the
F1 factor can be considered to mainly represent the contribution of terrestrial and seamount-
derived detritus and local calcareous biogenic detritus to the geochemical composition of
the sediments.

Table 2. R-type factor analysis results of major and trace elements in surface sediments.

Element
Principal Factor Common Factor

VarianceF1 F2 F3

SiO2 0.957 0.260 0.026 0.985
TiO2 0.814 0.553 0.080 0.974

Al2O3 0.895 0.370 0.177 0.969
Fe2O3 0.851 0.487 0.130 0.979
MnO 0.390 0.891 −0.077 0.952
MgO 0.946 0.306 0.063 0.993
CaO −0.949 −0.303 −0.026 0.993

Na2O 0.637 0.013 −0.523 0.680
K2O 0.897 0.369 0.149 0.962
P2O5 −0.066 0.874 −0.140 0.788

CaCO3 −0.942 −0.324 −0.021 0.993
TOC 0.901 0.142 −0.004 0.832
TN 0.871 0.075 0.019 0.765
Co 0.426 0.863 −0.056 0.929
Ni 0.303 0.902 −0.040 0.908
Cu 0.480 0.837 0.018 0.932
Sr −0.949 −0.282 −0.001 0.980

Mo 0.481 0.709 0.009 0.734
Cd 0.267 0.846 0.207 0.830
Ba 0.244 −0.109 0.780 0.680
Th 0.790 0.478 0.188 0.888

ΣREY 0.164 0.929 −0.055 0.894
variance contribution 50.654% 33.729% 4.897% 89.280%

The variance contribution of the F2 factor is 33.729%, and its combinations are MnO,
P2O5, Co, Ni, Cu, Mo, Cd, and ΣREY. Mn, Co, Ni, and Cu are the main mineralizing or
associated elements of marine authigenic minerals, such as Fe-Mn micronodules, which
are closely related to seawater sources [36]. The P in marine sediments can originate
from riverine inputs, atmospheric deposition, volcanic activity, and biological effects [46].
Deep-sea REY-rich sediments generally have high levels of bioapatite fossils and micronod-
ules [6,8–10,14,18,35–39]. Therefore, the F2 factor may represent a combination of seawater-
derived elements influenced by authigenic minerals (e.g., micronodules) and bioapatite
fossils enrichment.

The F3 factor has a variance contribution of 4.897% and the only corresponding
element is Ba. The major sources of Ba in marine sediments include terrestrial detrital
inputs, biogenic and hydrothermal precipitation, and a small amount of Ba is incorporated
or adsorbed in carbonates, opal or Fe-Mn oxides [47,48]. In hydrothermal mid-ocean ridges
and back-arc basins, Ba interacts with seawater sulfate to form barite. Biogenic Ba is mostly
in the form of microcrystalline barite, which can account for more than 50% of the total Ba
content of non-clastic particles in deep-sea sediments [48]. The Ba in the surface sediments
of the study area is not significantly correlated with the terrestrial component, biogenic
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component, and authigenic Fe-Mn minerals, suggesting that the source and distribution of
Ba are complex.

4.2. Sources and Carriers of REY

REE fractionation parameters are often used as source indicators because REEs are not
easily fractionated during weathering, transport, and deposition and retain information
about the source area [49,50]. The absolute values of the correlation coefficients between
the REE fractionation parameters ((Gd/Yb)PAAS, (La/Sm)PAAS, and (Sm/Nd)PAAS) and the
chemical index of alteration (CIA) are less than 0.06, the absolute values of the correlation
coefficients between the REE fractionation parameters ((Gd/Yb)PAAS, (La/Sm)PAAS, and
(Sm/Nd)PAAS) and Mz are less than 0.25 (see Table S3), indicating that the REE fraction-
ation is less affected by weathering [51], and grain size [52]. After standardization of the
geochemical data and based on the Q-clustering method, the 31 samples were classified
into three classes: Class I are the sediments with moderate REY content dominated by
the contribution of terrestrial derived materials (250 ppm < ΣREY < 460 ppm, n = 24);
Class II are sediments rich in REY and authigenic minerals (ΣREY > 550 ppm, n = 5); and
Class III are CaCO3-rich and REY-poor sediments (ΣREY < 250 ppm, n = 2) (Table S4).
The PAAS-normalized REY partition curves and partition parameters of these three types
were compared with those of Asian dust, Marcus-Wake Seamounts bottom water, volcanic
debris, and typical REY-rich carriers [6], and the results are shown in Figures 3 and 4.

Most of the samples in this study belong to class I. The REY partitioning curves of
these samples are relatively flat, with very weak positive Y anomalies and insignificant
Ce and Eu anomalies, and their REY partitioning patterns are similar to those of Asian
dust [53–58] and non-REY-rich sediments (250 ppm < ΣREY < 400 ppm) near Minamitor-
ishima Island [6,16,17]. In addition, the Class I REY curves are somewhat similar to those
of the micronodules, which usually present obvious positive Ce anomalies [6,59,60], but the
ΣREY and Ce anomaly values of Class I are significantly lower than that of micronodules
(Figure 3). So, we suppose that the REY in this class mainly originated from the input
of Asian dust, with a small contribution from micronodules, bioapatite fossils and other
components (as indicated by the existence of micronodules, bioapatite fossils in coarse
component, Table 1 and Figure 2).

The Class II sediments have a high REY content, with obvious negative Ce anomalies
and positive Y anomalies (Figure 3), and are relatively enriched in medium-heavy REEs,
with REY partitioning curves very similar to those of the REY-rich sediments off Minami-
torishima Island (ΣREY > 500 ppm) [6,16,17]. Previous studies have confirmed that the
REY partitioning characteristics of REY-rich sediments are largely contributed by bioapatite
fossils in the sediments [6]. Compared to Class I sediments, Class II sediments are less
affected by the dilution effect of Asian dust (Figure 4), and the coarse fraction has a higher
content of REY-rich carriers such as bioapatite fossils and micronodules [6]. Therefore, the
REY in this class is mainly contributed by bioapatite fossils, whose REY are intrinsically
derived from seawater and/or pore water [6,22,37].

Class III sediments have low REY content, and their REY partitioning curves are
similar to those of bottom seawater [36]. This is because these sediments are dominated by
calcareous shells, which may have inherited the REY signals from seawater and diluted the
REY signals from dust, bioapatite fossils, and micronodules.

Previous studies have generally concluded that bioapatite fossils, represented by
fish teeth, are the primary and ultimate host for REY, and that Fe-Mn oxides/hydroxide,
represented by micronodules, are temporary “sinks” for REY [19,59–63]. During the early
stages of sedimentation, sediments mainly rely on Fe-Mn oxides for REY uptake, but during
early diagenesis, REY migrate between bioapatite fossils and Fe-Mn oxides [8,59–63], and
REY (except Ce) in hydrogenic micronodules are more easily transported into bioapatite
fossils [62–64]. Compared with the Class I and III sediments, which do not have high
REY contents, the REY-rich sediments (Class II) have higher contents of P2O5, MnO,
Fe2O3, rock fragments, authigenic minerals, fish teeth, and sand. In addition, ΣREY of
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both Class I and II sediments showed a strong positive correlation with P2O5 and MnO
contents, a weak positive correlation with Fe2O3, and a negative correlation with CaO/P2O5
(Figure 5), indicating that the carriers of REY in the samples are mainly coarse-grained
minerals containing P, Mn, and Fe, such as fish teeth and micronodules. Combined with
the geochemical data of other sediment samples from the Marcus-Wake Seamounts, it
is clear that ΣREY has a good correlation with P2O5, CaO/P2O5, LREE/HREE, and δCe.
However, as the REY content increases, the correlation between ΣREY and MnO and Fe2O3
becomes weaker, reflecting that the REY content of REY-rich sediments is mainly related to
the content of bioapatite fossils, while the micronodules acted as intermediate carriers of
REY in the early stage of sedimentation [59–63].

In summary, the REY in the surface sediments of the Marcus-Wake Seamounts partly
derived from Asian dust and partly from seawater and/or porewater. The REY content
of the sediments is mainly related to the quantity of fish teeth [6,8,62–64] and micronod-
ules [11,59,60], which are intermediate carriers of REY in the early stage of sedimentation,
and the REY will migrate from the micronodules to the fish teeth during diagenesis.
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Asian dust (black dotted line) after [53–58]; Marcus-Wake Seamounts sediment (light blue, green,
yellow and red lines) after [6,16,17]; micronodules (blue line), bioapatite fossils (purple line) and
philipsites (brown line) after [6]; basalt (pink line) after [65]; bottom water (light blue dotted line)
after [36], and volcanic debris (red dotted line) after [66].

4.3. Effect of Seamounts on REY Enrichment

Recently, the REY content in sediments and pore water near seamounts in the western
and central Pacific Ocean has been found to be higher than that in abyssal plains far
from seamounts, and REY content generally decreases with increasing distance from
seamounts [9,10,19–21]. The 23◦ N latitude section in the study area is also characterized
by a REY distribution that may be influenced by seamounts, as evidenced by the fact
that ΣREY is higher in samples closer to seamounts (e.g., P13) than in samples far from
seamounts (Figure 6c–f). In addition, the highest REY content occurs at station P11, which
is located on the southeastern side of a large seamount, Niulang Guyot (see Figure 6a,b).
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Bi et al. also found that the REY content of sediments from core C on the southeastern
side of the Niulang Guyot is significantly higher than that from core B on the other side
(Figure 6b), and that there is a REY-rich layer with a REY content of more than 2000 ppm in
the lower part of core C [6].
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Figure 4. PAAS-normalized plot of Gd/Yb vs. Sm/Nd (a) and Gd/Yb vs. La/Sm (b) in the deep-sea
sediments of this study (green, red and black circles) and other possible REY sources. Asian dust
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square) after [65]; micronodules (blue diamond), bioapatite fossils (red cross) and philipsites (orange
triangle) after [6], and volcanic debris (orange pentagram) after [66].
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in (a–g) are 0–2 m averaged data and 0–25 cm data of sediments in the Marcus-Wake Seamounts,
especially near Minamitorishima Island [6,16,17], respectively.
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There are several reasons why the presence of seamounts may affect the distribu-
tion of REY in sediments. First, the interaction between seawater and seamounts often
creates specialized current fields, such as Taylor columns, jet flows, upwelling, and ed-
dies around seamounts, which promote seawater mixing and improve nutrient condi-
tions in the vicinity of seamounts, making seamounts area more productive than abyssal
plains [9,10,23,24,67,68] and facilitating the formation of bioapatite fossils. Second, the
weathering process of seamount materials can supply REY to the surrounding seawater
and pore water, increasing the flux of REY and facilitating the formation of REY-rich sedi-
ments [19,23]. Finally, the geological and hydrodynamic environments around seamounts
are more favorable for the formation of REY-rich sediments. Ohta et al. suggested that
stronger bottom currents may lead to the selective accumulation of REY-enriched coarse
grains, such as bioapatite fossils, resulting in the formation of REY-rich sediments [3]. Shi
et al. also suggested that the REY-rich sediments are mostly formed in deep-sea areas sub-
ject to low deposition rates and erosion by oxygen-enriched bottom currents [5]. Therefore,
an environment with strong bottom currents and low sedimentation rates in the seamount
area is favorable for the formation of REY-rich sediments.

The factors analyzed above, such as ocean productivity, seamount weathering, and
hydrodynamics, are all strongly related to the current field around seamounts. The results
of numerical simulations in the seamount area of the northwest Pacific Ocean show that
mesoscale eddies often occur near Caiwei Guyot, Weijia Guyot, and Niulang Guyot, and
the clockwise bottom currents around the seamounts are more developed and tend to be
stronger toward the southeast of the seamounts [23]. Nearly one year of observations are
available from a mooring system located southeast of Niulang Guyot (water depth 5050 m),
not far from core C [69]. The main direction and average velocity of the bottom current
observed by the current meter deployed in the 4920 m layer were southwest and 10.1 cm/s,
respectively [69]. This current velocity can cause sediment resuspension [70], which is
conducive to the elution of clays that dilute the REY content and accelerate the redistribution
of REY in various media. In addition, prolonged seafloor erosion can cause landslides
around seamounts [71], and similar processes will transport coarse-grained materials
(including rock fragments, authigenic minerals, bioapatite fossils, etc.) into the surrounding
area. We found abundant rock fragments in samples P11 and P12 from the southeastern
flank of Niulang Guyot, which also indicates that the nearby depositional environment
is unstable and there is a possibility of landslide events. Turnewitsch et al. investigated
the relationship between the composition of the sediments in the seamount region and
the strength of the current and found that the Zr/Al of the sediments increased with the
strength of the current [72]. The ΣREY of our samples have a positive correlation with
Zr/Al (Figure 5g), indicating that stronger bottom currents are likely to be present where
the REY content is high, which is consistent with the previous assessment [3,6,10,16,17].
Strong bottom currents may coarsen the sediment grains. Higher ΣREY corresponds to
higher sand content (biosilicon free) (Figure 5h), suggesting that higher ΣREY may also
indicate stronger bottom currents to some extent. In addition, strong bottom currents are
unfavorable for TOC preservation, and the low TOC contents in P11 and P12 confirm that
there may be stronger bottom currents at P11 and P12 where REY contents are high and
even the modern deposits may be missing due to erosion.

The results of this study indicate that REY-rich sediments are more likely to occur in the
southeastern direction of large seamounts (e.g., Niulang Guyot). The REY-rich sediments in
the area near Minamitorishima Island are also mainly located in the southeastern direction
of a large seamount-Takuyo Daigo Seamount (Figure 6b). In summary, the southeastern
direction of some large seamounts in the western Pacific Ocean may have strong bottom
currents that can selectively enrich the REY-rich bioapatite fossils and micronodules to
form REY-rich sediments.
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5. Conclusions

First, the geochemical composition of the surface sediments in the study area is
mainly controlled by the input of terrestrial and seamount-derived detritus, calcareous and
siliceous biogenic detritus, and to a lesser extent by the formation of authigenic minerals
(e.g., micronodules) and bioapatite fossils. The samples of this study can be categorized
into Class I sediments (n = 24) with moderate REY content (250 ppm < ΣREY < 460 ppm)
dominated by terrestrial detrital contributions, Class II sediments (n = 5) rich in REY
(ΣREY > 550 ppm) and authigenic minerals, and Class III sediments (n = 2) rich in CaCO3
but poor in REY (ΣREY < 250 ppm).

Second, the REY in the surface sediments of the Marcus-Wake Seamounts partly
derived from Asian dust and partly from seawater and/or porewater and are enriched
in carrier particles such as bioapatite fossils and micronodules. The REY content of these
sediments is mainly related to the amount of bioapatite fossils and micronodules.

Finally, the presence of seamounts is conducive to the formation of REY-rich sediments.
Strong bottom currents may exist in the southeastern direction of some large seamounts
(e.g., Niulang Guyot), which can lead to the selective accumulation of REY-rich bioapatite
fossils and micronodules, thus forming REY-rich sediments. In order to better understand
the role of seamounts in the formation of REY-rich sediments, it is necessary to intensify in
situ observations of the current field in the seamount area in the future.
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