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Abstract: Rare earth element and Yttrium (REY)-rich deep-sea sediments have been identified as
significant potential resources. Although grain size analysis is important for the study of deposition
environment and the future exploration of REY, related research is limited. Here, we have investigated
the grain size and mineral composition of bulk pelagic sediments from Western North Pacific to
indicate the evolutions of deposition environment. Grain size analysis results reveal that silt contents
are dominant, and the grain size ranges between 20 and 40 um and can be an additional grain
characteristic indicator for REY-rich sediments. Furthermore, the better sorting coefficient of REY-rich
sediments reflects the scouring action of bottom currents, which allows the preservation of coarse-
grained bioapatite and the removal of clay fraction particles. ZREY is negatively correlated with
clay fractions but positively correlated with sand and silt fractions for the REY-rich sediments, and
this is consistent with the dominant distribution of silt-sized biogenic apatite. In addition, grain size
distribution (GSD) varies significantly after HCI treatment in the REY-rich sediment. Therefore, for
deep-sea sediments collected below the carbonate compensation depth (CCD), an additional presence
of a grain size peak at ~20-40 pm and distinct differences in GSD after HCI treatment can serve as
important indicators for REY enrichment sediments.

Keywords: REY-rich sediment; grain size distribution; phillipsite; apatite

1. Introduction

Rare earth elements and yttrium (REY) are crucial metallic elements that find widespread
application in various fields such as new energy, electronics, and medicine [1,2]. The increasing
importance of REY has led to a rise in their demand year after year [3]. Extensive new REY
resources in pelagic sediment from the Pacific Ocean were first reported by Kato et al. [4].
Subsequently, several research cruises were conducted to comprehensively understand the
distribution of REY-rich sediments in global oceans [5-11]. Recently, XREY concentrations as
high as 8000 ppm have been found near Minamitorishima Island with a water depth below
the CCD (usually deeper than 5000 m) [12,13], where the dissolution of CaCOj5 together with
a small supply of diluting materials indirectly leads to the physical enrichment of REY-rich
materials in the sediments. Considering the higher exploration costs and the XREY values
observed in ion adsorption-type rare earth element (REE) ore deposits in Southern China, REY-
rich sediments were defined as deep-sea sediments with ZREY concentrations higher than
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700 ppm, while sediments with REY concentrations less than 700 ppm are classified as normal
sediments [6]. Previous studies have summarized three factors facilitating the formation of
REY-rich sediments, namely, greater seawater depth (below CCD), low sedimentation rate,
and strong bottom current activity [14]. The combination of greater seawater depth and
low sedimentation rate ensures a reduced supply of diluting materials. Additionally, the
presence of strong bottom current activity leads to the removal of fine-grained fractions and
the preservation of coarse fractions such as fish debris or biogenic apatite, which have been
identified as the main host phases of REY-rich sediments [4,15-17]. Thus, it makes the Pacific
Ocean preferable for the widespread occurrence of REY-rich muds since a large area of its
seafloor is below the CCD compared to Indian and Atlantic Oceans [18].

Previous studies on REY-rich sediments have primarily focused on the geochem-
istry and characteristics of monominerals, such as bioapatite, Fe/Mn micronodule, and
phillipsite [8,13,16,19-23]. REY-rich pelagic sediments are commonly composed of clay,
biogenic apatite, Fe/Mn oxyhydroxides, Fe/Mn micronodule, and phillipsite [24]. Biogenic
apatite is capable of adsorbing REY from ambient seawater during early diagenesis [9].
However, the incorporation of REY slows down during burial due to the limited input
of REY in ambient pore water. This leads to a cessation of REY incorporation at deeper
depths [25]. Phillipsite, a common authigenic mineral formed through the alteration of vol-
canic glass, indicates a relatively slow sedimentation rate [4,21,26-28]. It has been verified
by Dubinin et al. [29] that phillipsite itself does not accommodate REY in its crystal lattice.
However, some REY-rich minerals incorporated in phillipsite aggregates can contribute to
the enrichment of REY. Other studies have also focused on the contribution of clay min-
eral [30,31], Fe/Mn oxyhydroxides [4,32], and Fe/Mn micronodules [33] to the enrichment
of REY-rich sediments.

The determination of grain size of host phase (mainly bioapatite) is crucial to indus-
trially explore the REY-rich mud in the future [27]. On the other hand, the grain size
of sediments can also reflect the hydrodynamic intensity [27]. Grain size can not only
determine the nature and energy conditions of the transport medium, but also clarify
the transport mode and sedimentation form to differentiate sediment types. Therefore,
the reconstruction of the depositional dynamics and environmental information during
sedimentation could provide a basis for the determination of sedimentary facies and deposi-
tional environments [34]. However, limited research on granularity characteristic has been
reported before [24,35]. Ohta et al. [24] conducted grain analyses on discontinuous REY-
rich samples (both from the phillipsite-rich layer and apatite-rich layer) from the Western
Pacific Ocean, showing unimodal and bimodal patterns of distribution but lacking other
granularity parameter characteristics. Takaya et al. [27] confirmed that most of biogenic
apatite grains were distributed in the >20 pm size fraction and provided an easily applicable
method to selectively recover the biogenic apatite that could increase REY content in the
future exploration study. In addition, Sa et al. [35] analyzed the mean grain size and the
components of different grain sizes from almost normal sediments in the Central Pacific
Ocean, with a conclusion that clay-sized contents were positively correlated with XREY.
However, systematic research conducted on the granularity analyses of a sediment core
in the Western Pacific Ocean is still limited. In this study, we conducted the granularity
analyses of original samples and acidified samples to illustrate the differences in grain
size distribution and the major grain range of apatite. Furthermore, we examined the
relationship between LREY and the contents of different grain sizes. Our results could
provide significant implications for the enrichment of REY in the pelagic sediments.

2. Materials and Analytical Methods
2.1. Sediment Samples

Gravity core S027GC27 (161.98 °E, 22.57 °S; 5361 m) was collected from the Markus-
Wake Seamounts of Pigiffeta Basin in the Western North Pacific Ocean in 2020. The
formation of the Markus-Wake Seamounts can be attributed to a combination of multi-
hotspot-derived inter-plate movement, plate movement, and fault activity. These geological
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processes are associated with the extensive eruption of mantle magma during the Cre-
taceous period [6,36]. The seamounts migrated northward along with the Pacific Plate
after crossing the Equator after Cretaceous [36]. The study area is influenced by the Lower
Circumpolar Deep Water (LCDW) mass, which originates from the Southern Pacific Ocean
and flows northward towards the North Pacific Ocean. The LCDW is characterized by low
temperature, high salinity, and high dissolved oxygen content [37]. The presence of this
cold, oxygen-rich, and dense water mass may lead to sediment discontinuity and hiatuses
in sedimentation along its northward path [37].

Core S027GC27 was retrieved from a water depth of 5361 m and penetrated the seafloor
to a depth of 449 cm with a diameter of 11 cm. This sediment core consists of homogenous
brown-to-dark-brown pelagic clay sediment with no visible sand-sized particles. Brown
pelagic sediments are barren in calcareous microfossils due to the sampling depth being
below the CCD, where calcareous fossils would have dissolved. There is a significant
enrichment of fish teeth and fish bone debris found in the lower part of the core (Figure 1).
The sediment composition indicates that the pelagic clay was likely deposited at a low
sedimentation rate of less than 1 m/myr [38]. A total of 45 samples were collected from the
core at intervals of 10 cm and numbered sequentially from top to bottom (from S027GC27
0-2 to S027GC27 445-447). Each sample was divided into two portions, and all subsamples
were immediately sealed in clean polyethylene bags and stored at a temperature of 4 °C.
The preparation and analysis of the samples were performed at the Key Laboratory of
Marine Geology and Metallogeny, First Institute of Oceanography, MNR.
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Figure 1. Geographic location of the core S027GC27. The pathways of the bottom currents were
modified by Hu and Piotrowski [37] (gray arrow). Abbreviations: PC, pelagic clay; ZC, zeolitic-rich
clay; and BAC, biogenic apatite-rich clay.

2.2. Grain Size Analysis

The grain size of bulk sediment was determined using a Mastersizer 3000 laser
(Malvern, Malvern, UK) diffraction particle size analyzer. The measurement range of
the instrument was 0.01-3500 um. Based on previous discussions, it is believed that cal-
cium phosphate (biogenic apatite) should be the main Ca-based mineral due to the lack of
calcium carbonate. Previous studies by Takaya et al. [39] have shown that the extraction
rate of phosphorus (P) in REY-rich sediments can reach up to 99% when using dilute
hydrochloric acid with concentrations ranging from 0.5 to 3 mol/L at a temperature of
25 °C. To determine the grain size of fish debris, the first treatment involved analyzing the
original sample without any reaction with hydrochloric acid, while the second treatment
involved dissolving the fish debris in hydrochloric acid. Hence, 90 samples were obtained,
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with 45 original samples and 45 acidified samples. Prior to the instrument measurement,
each bulk sample was treated with hydrogen peroxide (15 mL, 15%) for 24 h at 20 °C,
followed by a 2 h incubation in a water bath at 85 °C. This process was repeated twice to
ensure the complete removal of all organic matter. The acidified samples were then treated
with hydrochloric acid (5 mL, 2 mol/L) for 24 h at 20 °C to ensure the complete removal of
any calcareous matter. The residual materials were rinsed with distilled water to minimize
the influence of reagents, and any potential sample aggregates were disaggregated using an
ultrasonic cleaner for 1 min. Finally, grain size measurements were immediately conducted
in deionized and degassed water to avoid any gaseous interference.

2.3. Geochemical Analyses

One portion of the samples was freeze-dried and grounded into a powder of 200 mesh
diameter for the geochemical analyses of the bulk sediments. The detailed methods used
for analysis were consistent with those outlined by Bi et al. [6].

2.4. Microscopic Observation

A detailed smear-slide analysis of the core was conducted to comprehensively under-
stand the mineral composition. A ~1 mm3 sample aliquot was obtained from each sediment
sample and dispersed on a glass slide using Mill-Q water. After drying, the sample was
then sealed under a cover glass using an ultraviolet curing resin provided by Norland
products, INC, Jamesburg, NJ, USA. Then, mineral compositions were determined under a
polarizing microscope.

Furthermore, one portion of the freeze-dried samples was immersed in deionized
water for 24 h and subsequently wet sieved in 200 mesh sieves to obtain its coarse fractions
(>63 um). The coarse fractions were then dried at 50 °C for their mineral identification
under a binocular microscope.

2.5. X-ray Diffraction Analyses (XRD)

Four samples were selected from each unit (30-32 cm, 190-192 c¢m, 350-352 cm, and
420-422 cm) and were analyzed using X-ray diffractometer. The bulk sediment samples
were freeze-dried and grounded to a powder of less than 200 mesh size. The bulk powders
were then ground gently using a pestle into round aluminum sample holders to retain their
random particle orientation. The XRD diagrams were obtained using X-ray diffractometer
with CuKa radiation using a D/Max 2500PC diffractometer at a voltage of 40 kV and an
intensity of 100 mA. Diffraction patterns (20) were scanned from 3° to 75°, with a step size
of 0.02°.

3. Results
3.1. Mineral Composition
3.1.1. Smear Slides

The smear slides results are shown in Figure 2. It is divided into four units based
on the abundance of biogenic components, phil-lipsites, Fe/Mn micronodules, and other
rock-forming minerals (such as quartz and feldspar).

1. Unit 1, ranging from the surface to approximately 90 cm (Figure 2a—c), is characterized
by dominant clay-sized fractions, with minor biogenic components, rock-forming
minerals.

2. Unit 2, ranging from approximately 100 cm to 340 cm (Figure 2d—f), shares similarities
with unit 1. It mainly consists of clay-sized fractions and detritus of rock-forming
minerals. However, it exhibits an increasing abundance of Fe/Mn micronodules, fish
debris, and sporadic occurrences of phillipsite.

3. Unit 3 is phillipsite-rich layers (~350-370 cm) containing large amounts of euhe-
dral phillipsites and moderate amounts of Fe-Mn micronodules and fish debris
(Figure 2g—i). The phillipsite grains are relatively large, ranging from approximately
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40 to 120 um. The size of Fe/Mn micronodule grains ranges from approximately 10 to
100 pum.

4. Unit 4, the lower section of the core (~380—449 cm) is extremely rich in fish debris,
with minor amounts of Fe/Mn micronodules and phillipsites (Figure 2j-1).
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Figure 2. (a-1): Photomicrographs of samples from the selected four units of the core; white arrow
represents in (a) radiolarians, in (b) colored mineral, and in (e) benthic foraminifera. Abbreviations:
Bia, bioapatite debris; Php, phillipsite; and Min, micronodule.

3.1.2. Mineral Components in Coarse Fraction

The binocular observations of coarse fractions (>63 um) from 45 samples revealed
variations in mineral assemblages at different depth layers. The mineral distribution
characteristics were similar to those observed in smear slides; thus, the classification
characteristics in smear slides were also applicable to this section.

1. In the upper part of unit 1 (~0-20 cm), three samples were mainly composed of bio-
genic components, such as radiolarians (Figure 3a) and sponge spicules (Figure 3b).
Although rock-forming detritus was occasionally scattered, there was hardly any pres-
ence of Fe/Mn micronodules in these samples. On the contrary, the lower part of unit
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1 (~30-90 cm) is characterized by an increasing abundance of Fe/Mn micronodules
and rock-forming detritus and by the absence of biogenic components (Figure 3c). In
addition, the sporadic distribution of well-conserved fish teeth and fish bone debris
was observed in the lower part of unit 1.
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Figure 3. Photos of the coarse fraction of samples from four units of the core under stereomicroscope;
white arrow points at the following in the above images: (a) radiolarine; (b) sponge spicule; (¢,d f,g)
Fe-Mn micronodule; (e) fish teeth; (h,i) phillipsite; (j) octopussy leg-shaped substance; (k) white
large loose flakes; and (1) white small sphere. Scale bar represents 100 pum.

2.

In unit 2 (~100-340 cm), the abundance of Fe/Mn micronodules continuously in-
creased, while rock-forming detritus (such as quartz and feldspar) dramatically de-
creased with depth. The Fe-Mn micronodules commonly exhibited ellipsoidal and
sub-spherical shapes with diameters ranging from 100 to 800 um. Occasionally, warty-
like protrusions were developed on their rough surfaces (Figure 3d—f). On the other
hand, biogenic components diminished with the increase in phillipsite, with only the
sporadic distribution of fish debris among these samples.

Unit 3 contained large amounts of phillipsite. Fe-Mn micronodules and phillilpsite are
predominant in the coarse fractions. The first layer (~350 cm, Figure 3g) was almost
entirely composed of Fe-Mn micronodules with loose crusts. It was determined that
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almost all micronodules were characterized by sub-parallel growth layers around
the nuclei, which usually consisted of detrital minerals such as phillipsite, basalt
fragments, or other biological remains [40]. The Fe-Mn micronodules in this unit
were strikingly different from those in unit 1 and unit 2, with nuclei mainly composed
of phillipsite grains that were either entirely wrapped (data not published yet) or
half-wrapped by loose Fe-Mn crust. Hence, Fe-Mn micronodules were dominant,
and fish debris and rock-forming detritus were absent in this sample. In contrast, the
lower part of this unit (~360-370 cm, Figure 3h,i) was composed of huge amounts
of euhedral phillipsites and phillipsite aggregates, with decreased amounts of Fe—
Mn micronodules. Interestingly, the amounts of fish debris in the layer at 370 cm
(Figure 3i) began to increase compared to all the samples described above.

4. Huge amounts of “white fractions” were widely distributed in unit 4 (~380-449 cm).
Beyond fish teeth and bone debris, there was a notable presence of numerous small
white spheres (Figure 31) and large loose flakes (Figure 3k). Notably, both white sub-
stances were observed to dissolve upon the addition of hydrochloric acid and showed
the characteristic peaks of PO~ with the application of microscopical laser Raman
spectroscopy (data not published yet). Additionally, peculiar octopussy leg-shaped
substances were discovered within this unit, suggesting their probable biogenic origin
(Figure 3j). However, the abundance of Fe-Mn micronodules and phillipsites was
significantly reduced within this unit. In summary, the composition of this layer,
rich in calcium phosphate, exhibited distinct differences compared to the other units
described above.

3.1.3. XRD Analysis

The bulk XRD analysis (Figure 4) revealed that unit 1 and unit 2 exhibit similar mineral
compositions, primarily consisting of quartz and illite. In contrast, unit 3 is characterized
by a significant abundance of phillipsite but with a decrease in quartz and illite. It is
noteworthy to mention that apatite peak is present in unit 4, with a further reduction in
quartz and illite. In conclusion, unit 1 and unit 2 are mainly composed of quartz and illite,
while phillipsite and apatite are strikingly more abundant in unit 3 and unit 4 than those in
unit 1 and unit 2.
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Figure 4. Bulk XRD patterns of samples from four units. Abbreviations: Ill, illite; Php, phillipsite; Qz,
quartz; Apa, apatite; and Hal, halite.

3.2. Grain Size Analyses
3.2.1. Grain Distribution Variation in Original Samples and Acidified Samples

Depth profiles of XREY, the percentages of sand, silt, and clay contents, and the mean
grain size (Mz) of original samples and acidified samples are shown in Figure 5. Grain
size analysis of the original samples reveals that silt and clay fractions are predominant,
with no presence of gravels larger than 2000 pm. Furthermore, the grain size variation is
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minimal. The average contents of sand (63—2000 pum), silt (4-63 pm), and clay (<4 um) are
0.98%, 51.67%, and 47.34%, respectively. According to Folk’s sediment ternary classification
diagram [41], most of samples fall into the mud (M) class except for the sample at 400 cm,
which belongs to the silt class. All granularity parameters are calculated using the formulas
by Folk and Ward [41].
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Figure 5. Depth profiles of ZREY, the percentages of sand, silt, and clay contents and the mean grain
size (Mz) of original samples (blue) and acidified samples (orange).

On the other hand, the addition of HClI leads to a total reduction of the acid-dissolvable
calcium phosphate fraction, which is a major component of fish bones and fish detri-
tal. Thus, the acidified samples can reflect the phosphate-free fractions, mainly terres-
trial detritus. The average compositions of sand (63-2000 um), silt (4-63 pm), and clay
(<4 um) are 0.81%, 61.19%, and 38.00%, respectively. According to Folk’s sediment ternary
classification diagram [41], most samples belong to M (mud) class except for the five
REY-rich samples at 380, 390, 400, 410, and 447 cm, which belong to the silt class.

3.2.2. Granularity Structure

The granularity parameter of sediments could partially reflect the deposition envi-
ronment of sediments. Sorting coefficient is used to determine the degree of uniformity
of sediment particles, while skew can reflect the degree of asymmetry of grain size distri-
bution. The original samples show a negative relationship between sorting coefficient (5)
and skew (Sk). However, this negative relationship is not observed in the acidified samples
(Figure 6a). The acidified samples show a wider range of skew compared to the original
samples, but the sorting coefficient remains similar, with the sorting coefficient ranging
between 1.3 and 1.5, as seen in normal sediments. Conversely, REY-rich sediments display
a larger sorting coefficient, ranging from 1.5 to 1.9, while the normal sediments only range
from 1.3 to 1.6 (Figure 6a). Figure 6b depicts the relationship between the mean grain size
(Mz) and sorting coefficient (5) of REY-rich sediments, demonstrating that the acidified
samples have a smaller Mz compared to the original samples, while maintaining a similar
degree of sorting. However, REY-rich sediments exhibit both a higher sorting coefficient
and a lower Mz than the normal sediments. The variations in sorting coefficient and mean
grain size are similar between the original and acidified samples.

3.2.3. Grain Size Distribution (GSD)

The grain size distributions of the normal sediments (unit 1 and unit 2) all exhibited
similar bimodal patterns, as shown in Figure S1 (similar to those in Figure 7a). These
patterns featured smaller peaks at around 1 pm, representing clay-sized particles, and
larger peaks at approximately 4-6 um, representing silt-sized grains. In contrast, the grain
size distributions of the original REY-rich sediments exhibited an additional prominent
peak at approximately 20-40 um, as illustrated in Figure 7b—d. Notably, only REY-rich
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The grain size distributions of the acidified normal sediments displayed bimodal
patterns resembling those observed in the original normal sediments (see Figure S1). The
finer peak remained unchanged, while the coarser peak shifted to around 6 pm. In acidified
REY-rich samples, the GSD exhibited significant variations in unit 4; however, unit 3 still
showed a similar bimodal GSD like that of the original sediments (Figure 7a).

4. Discussion
4.1. Components Forming the Peaks in the GSDy,j

In the analysis of normal sediments, both original and acidified samples showed
similar bimodal patterns with two distinct peaks at ~1 pum and ~4 um for the original
samples and ~1 pm and ~5 pm for the acidified samples. Due to the sampling depth being
below the CCD, the contribution of carbonate components is limited [42]. In addition, the
samples are collected far from land, resulting in limited terrigenous inputs. The occurrence
of a finer peak at approximately 1 pm, observed in both the original and acidified samples,
indicates the clay-sized particles resistant to dissolution in acid. Furthermore, a previous
study by Takebe et al. [42] has confirmed the significant contribution of eolian dust input
in the Western North Pacific Ocean, suggesting that the finer peak observed in the normal
sediments probably originate from the eolian input. Ohta et al. [24] have also identified
phillipsite and calcium phosphate as significant components in REY-rich sediments in
the Western North Pacific Ocean. Phillipsite, as a silicate mineral, is resistant to erosion
by HCI, whereas calcium phosphate may dissolve upon the addition of HCl. Therefore,
variations in the granularity distribution can serve as a significant indicator to reflect the
impact degree of calcium phosphate. The decline in Mz after the addition of HCI (Figure 5)
in the normal sediments (unit 1 and unit 2) demonstrates that they only contain a minor
amount of biogenic apatite; however, this does not apply to the REY-rich sediment with
large contributions of phillipsite to its grain size. The similarities observed in the GSD
of both the original and acidified samples indicate that the normal sediments deposited
within unit 1 and unit 2 (0-340 cm) were subjected to a relatively stable environment, with
no significant variations in granularity distribution.

In unit 3 (approximately at a depth of 350-370 cm), two distinct peaks at around
1 pm and 4 um are still observed. Furthermore, an additional bulge is observed in the peak
range of approximately 20 um to 40 um. Both the original and acidified samples exhibit
a similar trend in GSD, suggesting that the dissolution influence of biogenic phosphate
is likely limited. Microscopic observation and XRD results confirm the predominance of
phillipsites in the coarse fractions. Therefore, it is hypothesized that the additional peak
at ~20 pm to 40 pm compared with that of unit 1 and unit 2 (Figure S1) may represent the
grain size range of phillipsite, which is partially consistent with the results of grain size of
phillipsite conducted by Ohta et al. [24].

Unit 4 shows obvious distinction of GSD between original samples and acidified
samples with only exception in the layer of 400 cm. All the original samples of unit 4
displayed an additional peak similar to that of unit 3. However, the participation of HCI
resulted in two different results of GSD. One result demonstrated the disappearance of
the additional peak at ~20 um to 40 um in the samples of 420 cm and 430 cm, indicating
the dissolution of biogenic phosphate. Thus, it is suggested that biogenic apatite is mainly
present in the grain size ranging from 20-40 um. Conversely, the other result reflected the
existence of an additional peak like that observed in unit 3. Based on the XRD results of
bulk micronodules (data not published yet) and the discussion above, the additional peak
likely represented phillipsite. The experimental data have proved that some of phillipsite
may be completely wrapped by micronodule crust, which is mainly composed of Fe/Mn
oxides. Therefore, they remain unchanged after acidification. Toyoda et al. [15] suggested
that the larger fractions (10-38 um and 38-100 um) have remarkably high Ca, P, and REY
contents, primarily because of an abundance of biogenic apatite grains in these larger
fractions. Therefore, the additional peak observed at approximately 20 to 40 um was
probably composed of biogenic apatite and phillipsite.
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4.2. Analyses between LREY Contents and Grain Size Characteristics

To further elucidate the relationship between ~XREY and grain size, the percentages
of sand, silt, and clay contents of the original sediments were analyzed in Figure 8. The
results indicate that both the sand and silt fractions exhibit a positive correlation with
~REY, with correlation coefficients of 0.61 and 0.63, respectively. Conversely, the clay
fraction shows a negative correlation with ZREY, with a correlation coefficient of —0.71.
The result is consistent with the grain-sized separation experiments conducted by Takaya
et al. [27] that showed that the smallest grain-sized fraction (<20 um) had the lowest ZREY,
while the highest XREY was observed in the silt-sized fraction (~37-75 pm) of REY-rich
mud. However, it is significantly different from the granularity analyses conducted by
Sa et al. [35], who supported the notion that clay fractions were positively correlated
with XREY. However, when considering the correlation relationship within the normal
sediments, different grain sizes exhibit distinct correlations. Specifically, the correlation
coefficients between the sand, silt, and clay fractions and £REY are 0.10, 0.82, and 0.84,
respectively. The results indicate that there is no correlation between the sand fraction and
2REY in normal sediments, whereas the silt and clay fractions are more strongly correlated
with 2REY in normal sediments. This is probably because the coarse-grained fraction found
in normal sediments and mainly consists of terrestrial detritus and micronodules (some
containing phillipsites), which have already been verified in the host phases of ZREY [6].
In contrast, REY-rich sediments display a more scattered distribution due to the limited
number of samples. Therefore, the silt fraction can serve as an important indicator to reflect
the content of ZREY combined with the discussion in Section 4.1, while the clay fraction
contributes negatively to the enrichment of XREY.
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Figure 8. Correlation diagrams of REY vs. percentage of sand, silt, and clay contents in the original
sediments.

Previous studies have confirmed that fish debris is the final host phase of
REY [15,16,25,40,43-45]. Takaya et al. [27] had verified that most biogenic apatite grains
were primarily found in the size fractions of larger than 20 pm. Combined with results
discussed above, it is proposed that fish debris constitutes a major component of the silt
fraction of the sediment. Sa et al. [35] once pointed that the XREY will increase with the
decrease in grain size, presenting a contrasting conclusion to the findings of this study. Clay
minerals are thought as an important transition “sink” of REY due to their strong ability of
adsorption [31,46]. Therefore, clay minerals may serve as the major host of REY in normal
sediments with a limited supply of biogenic phosphate (Figure 9), resulting in a positive
correlation between the clay fraction and ~REY, as observed in the results analyzed by
Sa et al. [35]. Alternatively, in the condition that an abundant supply of biogenic apatite
and a influence of bottom currents are present, biogenic apatite may concentrate in the
sediments (Figure 9). Therefore, the silt fraction is mainly composed of fish debris, but clay
minerals only act as an accessory component in the sediments. In such a case, a positive
correlation is established between the silt fraction and ~REY, but this is not applicable to
the clay fraction (Figure 9).
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Figure 9. The schematic diagram reflects that the grain size is influenced by bottom currents in
biogenic apatite-rich and normal deposition areas.

4.3. Implications for the Deposition Environment of REY-Rich Sediments

Depth profiles of different grain size fractions in the original sediments revealed very
scarce amounts of sand fractions (approximately 0.00%-1.75%, with an average of 0.34%)
in unit 1 and unit 2. The silt and clay fractions exhibited distinct predominance at different
depths. Above 200 cm, clay fraction dominated the sediments with an average content
of 52.49%, which decreased to an average of 46.96% below 200 cm. Conversely, the silt
fraction displayed an opposite trend compared to the clay fractions, with averages of 47.28%
and 52.55%, respectively. Variations of silt and clay percentage in different depth layers
suggest slight differences in the provenance of the sediments. The sampling location was
in the Marcus-Wake Seamounts area, where eolian dust was considered the primary source
material [47]. The clay fraction-dominant compositions were consistent with those found
in Asian loess [42], rather than with the terrestrial input. The depth profile distributions of
each grain size fraction did not show any significant abrupt changes, indicating a relatively
stable deposition environment in unit 1 and unit 2.

Phillipsite-rich layers, located at depths between approximately 350 cm and 370 cm,
exhibit a significant increase in the sand fraction, ranging from 3.52% to 4.94%. Conversely,
the clay fraction shows a further decreasing trend. Microscopic observation reveals an
increase in the amounts of phillipsite crystals as well as the micronodules. The finding sug-
gests the wide distribution of phillipsite crystals, indicating a relatively low sedimentation
rate, as supported by previous studies [6]. Phillipsite is commonly formed through the
interaction between volcanic glass alteration and cold bottom seawater, and it is widely
distributed across the Pacific seafloor [48]. While phillipsite crystals themselves do not in-
corporate REY [16,29], they have been identified as important sinks for porewater PO43~ in
oxic pelagic environment [46]. Hence, phillipsite, as a significant adsorbent of PO43~, may
contribute to the enrichment of REY. Additionally, the low sedimentation rate facilitates the
adsorption of REY by bioapatite and Fe/Mn micronodule from bottom seawater in pelagic
sediment [49]. In conclusion, unit 3 represents a relatively stable and slow deposition
environment, which may be associated with volcanic activities.

Unit 4 represents a layer rich in biogenic apatite, exhibiting a decrease in the amount
of phillipsite and an increase in large fragments of fish bone debris and other white
material. Previous studies [37] have suggested that strong bottom currents can influence
the distribution of particle size in pelagic sediments. The bottom currents tend to remove
fine particles, such as clay-sized particles, and concentrate coarse particles, leading to a
good sorting coefficient that is verified in this study. Consequently, it is suggested that
the concentration of coarse fish bone debris and phillipsite in pelagic sediments increases
after the removal of fine particles. The average fractions of sand, silt, and clay in unit 4 are
2.83%, 62.41%, and 34.76%, respectively. The results are consistent with the effect of bottom
currents, indicating a lower proportion of fine fractions and a higher proportion of sand
fraction. The accumulation of fish bone debris can contribute to the enrichment of REY,
as fish bone debris serves as a host phase for these elements [6,8,13,16,19,23]. Fish bone
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debris is considered thermodynamically metastable, and the crystallites within the debris
are prone to react, dissolve, or spontaneously recrystallize when exposed to pore water
during the initial stages of deposition [49]. As the burial depth increases, the growth of
crystals reduces their surface area, limiting intracrystalline porosity. This, in turn, effectively
reduces the exchange rate of REY between fish bone debris and pore waters, resulting in
the stability of REY within the fish bone debris. The depth profile of REY corresponds well
with that of the sand and silt fractions in this study, suggesting that coarser particles are
predominantly composed of fish bone debris. As a result, the effect of bottom currents
plays a significant role in the formation of unit 4.

In conclusion, the sampled sediment core underwent at least three phases during the
deposition process. Firstly, the upper layers (unit 1 and unit 2) were consistently deposited
in a stable environment, where the main source of material was eolian dust. Secondly, the
middle layers (unit 3) exhibited REY-rich thin sedimentary layer, indicating a relatively
slow sedimentation rate, and suggesting the predominance of volcanic source rather than
eolian input. Lastly, the bottom layers (unit 4) were influenced by strong bottom current
activities, resulting in the accumulation of fish bones debris and the formation of highly
REY-rich sediments. The schematic diagram, reflecting the grain size is influenced by
bottom currents in biogenic apatite-rich and normal deposition areas, is illustrated in
Figure 9. However, the extent of the influence of bottom currents on REY-rich sediments
and their relative contribution remain unclear. Detailed chronological information may
further provide insights into both the formation mechanisms of highly enriched REY and
the potential distribution of REY resource.

5. Conclusions

We conducted a case study of grain size and mineral compositions for sediment
samples from the core S027GC27 in Western Northern Pacific.

Four sedimentary units were classified in the core. The upper two units are charac-
terized by the presence of Fe/Mn micronodules and other rock-forming minerals, with
2REY ranging from 280.32 to 554.90 ppm (average: 392.83 ppm). In contrast, the lower two
units are enriched with phillipsite and apatite, respectively. The ZREY content in these two
units ranges from 768.94 to 1271.82 ppm, with an average of 1023.20 ppm. The extensive
presence of phillipsite grains in unit 3 suggests a relatively stable and slow deposition
environment, probably associated with volcanic activities. The apatite-rich layer in unit 4
corresponds well with the high REY content and a better sorting coefficient, indicating
strong influences of bottom currents.

GSD of both original and acidified bulk sediments varies significantly, specifically
in REY-rich sediments rather than normal sediments. The presence of an additional peak
observed in the REY-rich sediments at approximately 20 to 40 um is suggested to be mainly
composed of biogenic apatite, with minor amounts of phillipsite.

Furthermore, a positive correlation between 2REY and both the sand and silt fractions
were observed, with correlation coefficients of 0.61 and 0.63, respectively. Conversely, there
is a negative correlation between ZREY and the clay fraction, with a correlation coefficient
of 0.71.

In conclusion, for deep-sea sediments collected below the CCD, a sorting coefficient
higher than 1.5, the presence of a peak at ~20—-40 pm in the original samples, and distinct
differences in GSD after HCI treatment can serve as important indicators to reflect the
occurrence of REY-rich sediments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13121470/s1, Figure S1: GSD analyses of normal samples
(unit 1 and unit 2) of the core. The black line represents original samples and the orange line represents
acidified samples.
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