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Abstract: The origin of deep-sea sediments in the western North Pacific Ocean, which are significantly
enriched in rare-earth elements and yttrium (REY), and its paleoceanographic implications have been
poorly constrained. Here, we investigated stratigraphic variations in the chemical compositions and
textures of ferromanganese (Fe-Mn) micronodules separated from western North Pacific sediments.
The characteristics of the micronodules of an extremely REY-rich mud layer vary from almost purely
diagenetic to relatively hydrogenetic. This indicates the abundant supply of organic matter to the
sediment together with fish debris that accumulates REY at the onset of the REY-enrichment of the
mud, followed by the exposure of the seafloor to oxic water masses during the latter half of the
formation of the REY-rich mud. These results support a previously proposed formation mechanism
based on which enhanced bottom water currents caused pelagic fish proliferation via the upwelling of
nutrients and fish debris was physically sorted and selectively accumulated on the seafloor. After the
main REY-enrichment, the micronodules exhibit varying diagenetic signatures, suggesting changes
in the bottom current intensities after the main REY-enrichment. However, the bulk REY contents
do not increase. This implies that a sufficient increase in the fish productivity is an essential factor
affecting the formation of REY-rich mud.

Keywords: seafloor mineral resources; ferromanganese micronodule; REY-rich mud; deep-sea
sediment; bottom water current; Pacific Ocean; Minamitorishima Island

1. Introduction

Ferromanganese (Fe-Mn) micronodules are ubiquitous constituents of oxic deep-sea
sediments. They are submillimeter-sized particles that are mainly composed of Fe-Mn
(oxyhydr)oxides and rich in multiple transition metals with significantly varying abun-
dances, reflecting environmental factors such as redox conditions. Thus, they are expected
to be effective indicators of the sedimentary environment in the pelagic realm [1-9].

Deep-sea sediments around Minamitorishima Island, that is, the easternmost island
of Japan in the western North Pacific Ocean, exhibit a total rare-earth element and yttrium
(XREY) content of up to 8000 ppm [10-14]. To the best of our knowledge, this is the highest
REY content reported for REY-rich mud among marine sediments worldwide (e.g., [15-26]).
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The main host of REY in deep-sea sediments is calcium phosphate (apatite), which is present
in form of fish teeth and bone fragments (fish debris) in the sediments [12,27-33]. Because
teeth and bones in living fish indicate REY contents several orders of magnitude lower than
those in deep-sea sediments [29], previous studies concluded that fish debris incorporate
REY from seawater after deposition on the seafloor and/or from pore water during early
diagenesis after burial [28-30,33]. The average ZREY of fish debris in western North Pacific
sediments is >15,000 ppm (maximum: 22,000 ppm) [12]. Therefore, the very high XREY
contents of the bulk sediments have been attributed to a significant accumulation of fish
debris (up to 30 modal percent [34]). From a palaeoceanographic perspective, it is likely
that such an anomalous concentration of REY, or fish debris, in deep-sea sediments reflects
specific conditions of the pelagic environment.

Based on the multi-elemental chemostratigraphy of bulk sediments, Tanaka et al. [35] re-
vealed at least three distinct layers that are significantly enriched in REY (XREY > 2000 ppm)
in the Minamitorishima area. Tanaka et al. [35] named these characteristic layers in the
sediment column 1st, 2nd, and 3rd REY peaks, from shallow to deep. By using marine
osmium isotopes and ichthyolith (i.e., fish teeth and denticles) stratigraphy, Ohta et al. [36]
demonstrated that the 1st REY peak was formed 34.4 million years ago, concurrent with
the temporal expansion of the Antarctic icesheet (called “Late Eocene event”) preceding
the Eocene—Oligocene climate transition (global cooling). Based on this synchronicity, Ohta
et al. [36] proposed the following hypothesis regarding the genesis of the extremely REY-rich
mud. The Late Eocene event induced the formation of bottom water around Antarctica and
enhanced the northward inflow of bottom water in the North Pacific. The strengthened
bottom current caused the upwelling of deep-ocean nutrients along with topographic highs,
such as large seamounts, and stimulated the biological productivity in the surface ocean.
These processes resulted in an increased fish productivity, leading to the substantial depo-
sition of fish debris that accumulate REY on the seafloor. However, the sequence of the
changes in the sedimentary environment remains unclear.

Yasukawa et al. [37] reported that Fe-Mn micronodules in the deep-sea sediments
south of Minamitorishima Island, including the extremely REY-rich mud, have a diagenetic
origin and contain up to 2900 ppm Co, 7200 ppm Cu, and 39,000 ppm Ni. Although
the authors did not investigate these Fe-Mn micronodules from a paleoceanographic
perspective, these geochemical features could be indicators of the environmental conditions
during the formation of the extremely REY-rich mud. Hence, in this study, we focused
on the downcore variations of the geochemical features of the Fe-Mn micronodules in
the sediment column, including the extremely REY-rich mud. We first characterized the
chemical compositions of the Fe-Mn micronodules using multivariate statistical analysis.
We also focused on the morphology and surficial textures of the micronodules. Based on
the combination of all results, we discuss possible changes in the sedimentary environment
during and after the formation of the 1st REY peak in the Minamitorishima area as well as
the implications for the environment/oceanography with respect to the formation of the
extremely REY-rich mud.

2. Materials and Methods
2.1. Samples and Data

In this study, three piston cores were investigated, which were collected south of
Minamitorishima Island in the western North Pacific Ocean during the MR14-E02 cruise
operated by the Japan Agency for Marine-Earth Science and Technology and the University
of Tokyo. The targeted cores MR14-E02 PCO05, PC09, and PC11 (Figure 1) consist of pelagic
brown clay with variable abundances of silt-sized zeolite (phillipsite) and apatite (fish
debris) grains (Figure 2). The ZREY content and chemostratigraphic classification of the
bulk sediment defined by Tanaka et al. [35] are shown in Figure 2. Considering that the
REY-enriched layers in the studied cores are located between Units II and III, all bulk
sediment REY peaks from which the Fe-Mn micronodules were separated correspond to
the 1st REY peak [35].
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Cores PCO05 and PC09 contain extremely REY-rich mud (ZREY > 5000 ppm; [10]) and
exhibit prominent peaks with bulk XREY contents reaching 6200 ppm (3.28 m below the
seafloor, mbsf) and 8000 ppm (4.81 mbsf), respectively. In contrast, PC11 is characterized
by a broader peak with a bulk ZREY content reaching up to 4100 ppm (9.98 mbsf), which
corresponds to highly REY-rich mud (defined as XREY = 2000-5000 ppm; [10]).

Yasukawa et al. [37] handpicked Fe-Mn micronodules from 30 horizons of the three
cores (11 horizons in PCO05, 11 horizons in PC09, and eight horizons in PC11) and deter-
mined their chemical compositions using an inductively coupled plasma quadrupole mass
spectrometer. Note that the analytical results represent the bulk chemical composition of
multiple micronodules (~5 to 15 mg of the micronodules per sampling horizon were used
for acid digestion), not that of a single sample. All chemical composition data have been
presented in Yasukawa et al. [37].
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Figure 1. Locations of the study sites modified from [10] and [37].
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Figure 2. Lithostratigraphic and chemostratigraphic information about the studied cores. The sediment color, lithology,
and chemostratigraphic units were obtained from [35]. The total rare-earth element and yttrium (XREY) contents in
bulk sediments were taken from [13]. The black triangles indicate the horizons from which Fe-Mn micronodules were
collected [37]. Col.: sediment color; Litho.: sediment lithology; mbsf: meters below seafloor.

2.2. Statistical Classification

In this study, we employed K-means cluster analysis (KCA) to classify the Fe-Mn
micronodules based on their geochemical characteristics. The KCA is a widely used
classification method based on which samples are partitioned into a set of K-clusters
using multivariate data [38—42]. In this study, we used the Fe, Mn, Co, Ni, Cu, and
Mo contents as a set of variables because these elements are abundant in the Fe-Mn
(oxyhydr)oxide phase of the micronodules and thus reflect the geochemical features of the
micronodules [37]. Although the Fe-Mn (oxyhydr)oxides also contain Ce, we excluded
Ce from the analysis because Yasukawa et al. [37] reported that the bulk Ce contents of
several Fe-Mn micronodules from extremely/highly REY-rich mud layers are affected
by fish debris in the micronodules. The effect of fish debris on the other six elements is
minimal because of their low concentrations in fish debris [12].

First, the original data were centered according to the mean of each variable. Subse-
quently, they were uncorrelated using a principal component analysis (PCA) algorithm
and scaled based on the standard deviations (i.e., square roots of the eigenvalues) along
the principal components. This preprocessing, called “whitening,” highlights the essential
structure of the multivariate dataset [14,39,40]. In addition, a “dimensionality reduction”
considering the eigenvalues was performed to exclude noise and stabilize the numerical
process. Subsequently, we applied KCA to the whitened and dimensionality-reduced
data to classify them based on their essential data structures [39]. The results of the KCA
vary depending on the initial centroid values (i.e., mean of a cluster), which are generally
pseudorandom numbers provided by a numerical program. Therefore, 100,000 KCA trials
with different initial conditions were performed to optimize the clustering and minimize
the total distance between the centroid and individual data points within each cluster [39].
The number of clusters, K, is an arbitrary parameter in KCA. Because there is no objec-
tive principle to determine K, we performed the analysis by varying K and subsequently
determined the final result based on comparison.
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3. Results and Discussion
3.1. Downcore Geochemical Variations of the Fe-Mn Micronodules

Figure 3 shows the downcore variations of the key elements of the Fe-Mn micron-
odules reported by Yasukawa et al. [37]. For comparison, the ZREY content of the bulk
sediment from which the Fe-Mn micronodule samples were separated is also shown in
Figure 3. The following characteristic trends or maxima were observed for the elemental
contents depending on the core depth.
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Figure 3. Downcore variations of the key element contents for each piston core. (a—f,h-m,o-t) Element contents of the
Fe-Mn micronodules (data were obtained from [37]). (gn,u) The ZREY contents of the bulk sediments are shown in
gray [13]. Horizontal pink bars indicate the 1st REY peaks [35]. The black solid circles indicate the horizons from which the
Fe-Mn micronodules were collected.

The Fe content is relatively high in the top (0.05-0.30 mbsf in MR14-E02 PCO05 and
0.86—1.86 mbsf in PC09) and middle (2.29-2.79 mbsf in PCO05 and 3.29-4.81 mbsf in PC(09)
parts of the profiles (Figure 3a,h). The Fe content of the micronodules in the upper halves
of the bulk sediment REY peak is increased. The Co and Mo contents also show prominent
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maxima in the middle of each profile in cores PC05 and PC09, corresponding to those of
the Fe content (Figure 3c¢,f,j,m). However, in contrast to Fe, neither the Co nor Mo contents
in the micronodules in the uppermost parts of the profiles are high. Similar to Fe, it should
be noted that the maxima of the Co and Mo contents of the micronodules were determined
slightly above the maxima of the bulk sediment ZREY content in both PC05 and PC09.
Compared with PC05 and PC09, general features are less notable in the element content
profiles of PC11, which is partly due to the lack of a continuous profile of the micronodule
composition because of the paucity of sand-sized micronodules [37].

The Ni and Cu contents of the micronodules between 0.80-1.78 mbsf in PC05 and
2.31-2.79 mbsf in PC09 are high (Figure 3d,e k,1). Furthermore, significantly higher Ni
contents of up to 36,000-39,000 ppm were observed at 3.78 and 5.80 mbsf in PC05 and
PCO09, respectively (Figure 3d k). These maxima correspond to the lower halves of the bulk
sediment REY peaks. The Mn content of the micronodules in these intervals is also high; it
decreases toward the tops of the profiles (Figure 3b,i).

3.2. Results of the KCA

Based on the results of the PCA (Table S1), three principal components account
for 95.3% of the total sample variance (component 1: 54.6%, component 2: 36.2%, and
component 3: 4.5%). The fourth to sixth principal components only account for less
than 2.4% of the variance. We regarded these signals, which might include noise or data
uncertainty, to be unimportant. Thus, we reduced the dimensionality from the original
six-element data to three-dimensional whitened data. Although there is no rule for the
determination of the number of clusters K, Iwamori et al. [39] suggested K = r to 3r as a
reasonable range to search for an appropriate K, where r is the reduced data dimension.
Therefore, we started searching for an appropriate number by using K = 3 in the present
analysis. One caveat is that the numbering of the clusters (e.g., cluster 1, cluster 2, etc.) in
each calculation is random and does not indicate any priority or importance of clusters.
Note also that the numbering of clusters for each result of the classification based on a
different clustering parameter K is independent.

The results obtained with K = 3 are presented in Supplementary Figures S1 and S2.
Note that the distribution of each cluster appears to be stratigraphically systematic rather
than random when each sample horizon is labeled by the cluster (Supplementary Figure S1).
The top- and lowermost samples in the sediment columns of all three cores were classified
as cluster 1 (C1) and C2, respectively. In addition, C3 commonly occurs between C1 and
C2 in PC09 and PC11. However, C2 and C3 alternate in PC05, leading to a somewhat
ambiguous relationship between the clusters and geochemical features of the samples.

When K is increased to four (Supplementary Figures S3 and S4), the stratigraphic
distribution of each cluster becomes clearer compared with the use of K = 3. In PC05 and
PC09, the clusters of the Fe-Mn micronodules can be stratigraphically ordered from the
seafloor to the depth as follows (Supplementary Figure S3): C4, C3, C1, and C2. This order
is consistent with that observed in PC11, although the sample set from this core lacks C1.

When K is further increased to five (Figures 4 and 5), the samples with the highest Ni
contents (Ni = 36,000-39,000 ppm) in PC05 and PC09 are separated and constitute a new
cluster. The other clusters remain unchanged. The stratigraphic order of the five clusters
from the seafloor to the depth is as follows (Figure 4): C2, C3, C5, C1, and C4.

The results obtained with K = 6 are presented in Supplementary Figures S5 and 56. In
this case, the lowermost sample in PC09, which has the highest Ni content (39,000 ppm)
of the entire dataset, constitutes a cluster (C1) by itself. In addition, the stratigraphic
distributions of the other clusters are complex; for example, C5 occurs both above and
beneath C3 around the maximum Cu content in PC05 and PC09. In PCO05, the sample with
the highest Ni content (36,000 ppm) is classified as C5 and intercalates with C4.

Considering that (1) sufficiently detailed classification is required to capture the
geochemical features of each sample, (2) the consistency of the stratigraphic alignment of
the clusters in different cores is geologically meaningful, and (3) clusters composed of only
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a single sample seem to be too detailed, we finally chose the results obtained with K =5 as
the favorable results of our KCA (Table 1). In the remainder of the manuscript, we use five
clusters to describe the Fe-Mn micronodules and sedimentary horizons from which they
were collected.

Table 1. Element contents used for the cluster analysis, clustering results, and surface textures of the Fe-Mn micronodules.

Sample Depth Mn Fe Co Ni Cu Mo Cluster .
(Core, Sectio?l, Interval) (mlI;sf) (wt.%) (wt.%) (ppm) (ppm) (ppm) (ppm) (K=05) Texture of Micronodules Note
MR14-E02 PC05
Sec. 1,4-6 cm 0.05 13.6 6.60 1206 7955 3078 172 2 B -
Sec. 2,4-6 cm 0.30 16.7 5.06 1408 12,082 3324 205 2 B -
Sec. 2, 54-56 cm 0.80 22.2 3.45 1132 16,684 4971 274 3 B -
Sec. 3,4-6 cm 1.28 26.4 3.20 953 21,158 6620 353 3 B -
Sec. 3, 54-56 cm 1.78 229 3.82 1835 20,997 6435 381 3 B -
Sec. 4,4-6 cm 2.29 19.1 6.44 2739 6545 2846 595 5 Sand SL Mixed.
Sec. 4, 54-56 cm 2.79 21.9 5.80 2706 8357 3427 595 5 Sand SL S is dominant.
Sec. 5,4-6 cm 3.28 219 417 1818 18,036 4371 388 1 S -
Sec. 5, 54-56 cm 3.78 26.5 2.60 1171 35,979 5932 229 4 B -
Sec. 9, 10-12 cm 7.33 244 3.70 1770 12,547 2982 387 1 Sand SL S is dominant.
Sec. 9, 54-56 cm 7.77 26.3 3.73 1754 13,425 3504 429 1 Sand SL S is dominant.
MR14-E02 PC09
Sec. 2,4-6 cm 0.86 12.9 591 1110 6225 2027 190 2 S -
Sec. 2, 54-56 cm 1.36 16.2 5.65 1309 9546 2676 236 2 S -
Sec. 3,4-6 cm 1.81 19.0 4.89 1449 13,430 3241 275 2 Band S Mixed.
Sec. 3, 54-56 cm 2.31 26.8 3.12 1494 27,635 7247 305 3 B -
Sec. 4,4-6 cm 2.79 24.2 2.58 1424 26,270 6259 201 3 B -
Sec. 4, 54-56 cm 3.29 18.8 6.07 2519 11,072 3666 459 5 S -
Sec. 5,4-6 cm 3.79 20.9 6.04 2937 7474 3014 640 5 SL -
Sec. 5, 54-56 cm 4.29 241 5.93 2875 9022 3440 624 5 SL -
Sec. 6,4-6 cm 4.81 26.1 5.23 2617 10,000 3683 621 5 SL -
Sec. 6, 54-56 cm 5.31 24.4 4.26 1856 19,225 4241 343 1 S -
Sec. 7,4-6 cm 5.80 28.4 2.52 1076 39,338 4453 249 4 B -
MR14-E02 PC11
Sec. 5, 54-56 cm 448 15.1 5.92 1244 8217 2654 190 2 S -
Sec. 6,4-6 cm 4.98 144 5.38 1334 8027 2466 220 2 S -
Sec. 6, 54-56 cm 5.48 14.6 5.82 1659 7079 2236 295 2 S -
Sec. 7,4-6 cm 6.00 77 4.84 894 3519 1472 156 2 S -
Sec. 7, 54-56 cm 6.50 11.3 5.45 1447 6281 2723 235 2 B -
Sec. 8,4-6 cm 7.00 16.4 3.88 1716 13,658 5108 217 3 B -
Sec. 11, 4-6 cm 998 269 349 1750 25,157 4532 343 1 B,S,SL Mixed; SL. is
less abundant.
Sec. 12,4-6 cm 10.99 24.2 4.66 2374 14,419 3688 384 1 S,B S is dominant.

Notes: mbsf: meters below the seafloor. Elemental content data were obtained from Yasukawa et al. [37]. B: botryoidal, S: spherical, and SL:
spherical with metallic luster (see text).

3.3. Geochemical Characteristics of the Classified Fe—~Mn Micronodules

Scatter diagrams of the original elemental contents of the Fe-Mn micronodules provide
information on the geochemical features of each cluster (Figure 5). Cluster 4 is characterized
by Ni contents above 36,000 ppm. Cluster 5 is discriminated based on Co contents above
2500 ppm. Clusters 2 and 5 have relatively high Fe contents (>4.8 wt.%), but C2 exhibits
lower Co contents than C5. Clusters 1 and 3 generally overlap in the element subspaces.
Focusing on the Ni-Cu diagram, C1 and C3 can be discriminated by relatively low and
high Cu/Ni ratios, respectively. Cluster 3 has high Cu contents (>5000 ppm) compared
with the other clusters, although one sample of C4 exhibits a Cu content of 5900 ppm.

The stratigraphic distributions of these features can be visualized by depth profiles of
elemental ratios (Figure 6). Clusters 2 and 5 have relatively lower Mn/Fe ratios (Mn/Fe < 5;
Figure 6a,h,0) than C1, C3, and C4 (Mn/Fe > 5, except for one C3 sample in PC11; Figure 60).
Cluster 2 is further characterized by the lowest Co/Fe ratios (Co/Fe < 0.03; here, the Co
content was converted to wt.%; Figure 6b,i,p), whereas C5 exhibits the lowest Ni/Co ratios
(Ni/Co < 5; Figure 6d k). Among the clusters with high Mn/Fe ratios, C4 has the highest
Mn/Fe (Mn/Fe > 10; Figure 6a,h), highest Ni/Co (>30; Figure 6d k), and lowest Cu/Ni
(<0.18; Figure 6e,1) ratios. Cluster 3 exhibits high Cu/Mn ratios (generally Cu/Mn > 0.025;
Figure 6¢j,q). Although the elemental ratios of C1 are moderate, it has relatively low
Cu/Ni ratios (Cu/Ni = 0.18-0.26; Figure 6e l,s). This suggests that C1 reflects the transition
between two distinct clusters (C4 and C5). Although PC11 lacks both C4 and C5, the
occurrence of C1 at or just below the bulk sediment REY peak in PC11 is consistent with
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Figure 4. Downcore variations of the key element contents colored by clusters (K = 5) (a-f,h-m,o-t). The ZREY contents of

the bulk sediments and the clustering based on the Fe-Mn micronodule composition are also shown for comparison (g,n,u).

In the ternary discrimination diagram (Figure 7; [43]), the data of all Fe-Mn micron-
odules are scattered around the domain of oxic diagenetic origin [37] as well as other
Fe-Mn micronodules reported from the North Pacific Ocean [8,9]. Yasukawa et al. [37]
pointed out that several samples, which have been classified as C3 and C4 in this study, plot
closer to the corner of (Ni + Cu) x 15 than the oxic diagenetic domain derived from bulk
chemical compositions of macroscopic polymetallic nodules (Figure 7). Considering that no
clear signature of hydrothermal activity has been identified in the sediments of the study
area [14,35], the authors suggested that the samples with extreme compositions (e.g., very
high Ni contents) could reflect diagenetic endmembers of Fe-Mn (oxyhydr)oxides, such as
7-A and 10-A phyllomanganates [44,45], which are not contaminated by detrital compo-
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nents or other Fe-Mn phases of different origin. Yasukawa et al. [37] also reported that the
entire data structure of the micronodules shows a variation parallel to the trend between
oxic diagenetic and hydrogenetic domains (Figure 7). This indicates that the source materi-
als and/or environmental factors, such as the redox conditions, involved in the growth
of the Fe-Mn micronodules might have fluctuated throughout the depositional history of
the sediment column. Indeed, C5 micronodules showing a shift toward the hydrogenetic
domain from the possible pure diagenetic endmember (i.e., C3 and C4) exhibit high Co
contents and low Ni/Co ratios compared with the other clusters (Figures 4 and 6). Samples
of C1 are scattered between C5 and C3/C4, which is consistent with the transitional feature
inferred from the downcore compositional variations.
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Figure 5. Scatter plot matrix of the Fe-Mn micronodule compositions. The diagonal components represent the variables

used in the K-means cluster analysis. The upper panels in the matrix indicate the correlation coefficients for all data. The

lower panels show two-dimensional scatter plots for each pair of variables (element contents). The color-coding of the data

points is the same as that in Figure 4.
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bulk sediments and the clustering are also shown for comparison (f,m,t). The color-coding of the data points is the same as

that in Figure 4.

Although C2 micronodules broadly overlap with C5 micronodules in the discrimina-
tion diagram (Figure 7), C2 samples do not exhibit an enrichment in Co (Figure 4c,j,q). This
suggests that the geochemical signature of C2 cannot simply be interpreted as hydrogenetic.
Considering their relatively low Co/Fe ratios (<0.03; Figure 6b,i,p) compared with the
other clusters, the C2 micronodules seem to be enriched in Fe that is not associated with
Fe-Mn (oxyhydr)oxides but possibly related to detrital material such as clay minerals.
Given that their Cu/Mn, Ni/Co, and Cu/Ni ratios fall in the ranges of those of the other
micronodules, the C2 micronodules reflect a moderately diagenetic origin.
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Figure 7. Ternary discrimination diagram for the genetic classification of oceanic Fe-Mn deposits [43].
All data for the Fe-Mn micronodule samples used in this study are plotted. The color-coding of the
data points is the same as that in Figure 4.

3.4. Morphological Characteristics and Surficial Textures of Fe-Mn Micronodules

The Fe-Mn micronodules investigated in this study exhibit two distinct types of mor-
phological features and visible textures [37] (Figure 8a-d): botryoidal with rough surfaces
and spherical with smooth surfaces. In addition, a subtype of spherical micronodules was
observed, exhibiting a metallic luster and remarkably smooth surfaces (Figure 8e,f). In this
study, we categorized these features of the Fe-Mn micronodules as “B”, “S”, and “SL”,
corresponding to botryoidal, spherical, and spherical with metallic luster, respectively.

The morphological features and surficial textures of the Fe-Mn micronodules obtained
from stereomicroscopic observations are listed in Table 1. Several sample horizons contain
a mixture of micronodules of different categories. Although these categories do not corre-
spond to the clustering based on the geochemical features, note that SL-type micronodules
overlap with C5 or occur in the upper half of the bulk sediment REY peak. The S-type
micronodules occur as C1, C5, and partially as C2 micronodules, sometimes mixed with
SL- and B-type nodules. The B-type micronodules generally occur as C3, C4, and partially
as C2 micronodules. The B-type micronodules within the lower part of the bulk REY
peak incorporate multiple sedimentary grains of phillipsite and fish debris (Figure 8b), as
previously reported by Yasukawa et al. [37].

The results of several previous studies of seafloor Fe-Mn nodules showed that the
surficial texture of macro-sized Fe-Mn nodules can be classified into smooth (i.e., “S”-type)
and rough (i.e., “R”-type) types [46—48]. The S-type macronodules are generally spherical
and composed of 5-MnO;. The 5-MnQO; directly precipitates onto the nodule surface from
ambient seawater under oxidizing conditions at a very low sedimentation rate [47,48],
resulting in concentric layer structures reflecting the growth history of the nodule. R-type
macronodules have irregular shapes, are mainly composed of 10-A phyllomanganates that
show microscopic, dendritic patterns, and are considered to be of diagenetic origin [46,47].
The oxidation of organic matter in deep-sea sediments leads to oxygen-poor conditions that
can reduce and dissolve Mn-oxides resulting in the release of associated transition metals
(e.g., Ni and Cu; [49]). Because of the concentration gradients in the sediment column,
these metals diffuse upwards and are incorporated at the bottom-side of the nodules on
the seafloor through the reoxidization by oxic bottom seawater [49].
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Rishldebrisyg

Rhillipsite

Figure 8. Photomicrographs taken with a stereomicroscope and scanning electron microscope images of representative
Fe-Mn micronodule grains. (a) Visual appearance and (b) backscattered electron (BSE) images of B-type micronodules.
The samples were taken from (a) MR14-E02 PCO05, section 1, 4-6 cm (0.05 m below the seafloor, mbsf; from [37]) and
(b) MR14-E02 PCO09, section 7, 4-6 cm (5.80 mbsf). (c) Visual appearance and (d) BSE images of S-type micronodules. The
samples were taken from (c) MR14-E02 PCQ9, section 4, 54-56 cm (3.29 mbsf; from [37]) and (d) MR14-E02 PC(9, section 2,
54-56 cm (1.36 mbsf). (e) Visual appearance and (f) BSE images of SL-type micronodules. The samples were taken from
(e) MR14-E02 PCO09, section 5, 54-56 cm (4.29 mbsf) and (f) MR14-E02 PC09, section 6, 4-6 cm (4.81 mbsf).

Although the diameters of the micronodules in the sediments are generally two orders
of magnitude smaller than those of the seafloor macro-sized nodules and their genetic
relationship remains uncertain, the textures and geochemical features of the micro- and
macronodules are similar. The S-type macronodules have high Co contents due to the
oxidation of Co?* to Co®" in hydrogenetic §-MnO, as well as low Ni and Cu contents and
low Mn/Fe ratios [47-49]. Such features were reported for hydrogenetic Fe-Mn deposits,
including S-type macronodules and Fe-Mn crusts, close to the study area [50-52]. Our
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S- and SL-type micronodules, especially those classified as C5, exhibit features of S-type
macronodules such as high Co contents (>2500 ppm; Figures 4 and 5) and low Ni/Co
ratios (<5; Figure 6). Although our results suggest that all our samples are of diagenetic
origin (Figure 7), these features support our interpretation that the C5 micronodules might
have been formed under relatively oxic conditions compared with the other micronodules
analyzed in this study. Yasukawa et al. [37] reported that the S-type micronodules (classified
as C5 in this study) have finely layered, concentric inner structures similar to S-type
macronodules, which could reflect repetitive changes in the physicochemical conditions
and/or constituent materials during the growth of the micronodules.

On the other hand, R-type macronodules are characterized by high Ni and Cu con-
tents and high Mn/Fe ratios, reflecting the effective adsorption or incorporation of Ni%*
and Cu?" into Mn mineral layers [44,45,49], and relative depletion of Co. Our B-type
micronodules classified as C3 and C4 show very high Cu (up to 7200 ppm) and Ni (up to
39,000 ppm) contents and relatively high Mn/Fe ratios (>5; Figures 4 and 6). Therefore,
compared with the S- and SL-type micronodules, these B-type micronodules might reflect
a relatively stronger diagenesis during their formation and could be comparable to that of
R-type macronodules.

3.5. Changes in the Sedimentary Environment during and after the Formation of Extremely
REY-Rich Mud

Based on the combination of all results, we discuss the possible history of sedimentary
environmental changes since the formation of the 1st REY peak in the bulk sediment.
Figure 9 summarizes the stratigraphic correlation of the geochemical clusters and morpho-
logical/textural categories of the Fe-Mn micronodules. The C3 and C4 micronodules reflect
an almost pure diagenetic origin, whereas C5 micronodules are likely to be of relatively
hydrogenetic origin. The C2 micronodules are of moderately diagenetic origin and have
relatively low Co contents. The C1 micronodules exhibit transitional features between
C3/C4 and C5. The sequence of clusters and morphological/textural types correlate well
among the cores. Because these cores are several tens to >100 km apart from each other
(Figure 1), this good correlation validates the following discussion of the formation of the
extremely REY-rich mud, at least on a regional scale, including a promising area with high
REY resource potential in the south of Minamitorishima Island [12,13,35,53].
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Figure 9. Summarized stratigraphic correlation of the clustering (K = 5) and surficial textures of the Fe-Mn micronodules

together with the environmental conditions inferred for the sedimentation layers characterized by each cluster.

In the lower part of the 1st REY peak of the bulk sediment, C4 micronodules with a
B-type texture were observed. Their very high Ni contents and irregular shapes suggest
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a strong diagenesis. Because diagenetic micronodules can form both on the seafloor
and within the sediment column, it is difficult to determine the exact time of formation.
However, because C1 micronodules with moderately diagenetic origin occur in the deeper
part of PC05 (Figures 7 and 9), the strong diagenetic feature of the C4 micronodules is
likely due to the environmental conditions in which they formed instead of the depth at
which they are buried. Given that strongly diagenetic features are attributable to relatively
oxygen-poor conditions (but remain more oxic than suboxic conditions with an oxygen
concentration below 5 uM; [54]), the onset of the 1st REY peak could have accompanied
an increase in the organic matter supply and consumption of dissolved oxygen by the
oxic degradation of organic matter near the sediment-water interface. In addition, the
very high Ni contents and low Cu/Ni ratios of the C4 micronodules might reflect the
element behaviors in the ocean. The vertical distributions of Ni and Cu in the ocean can
be classified as “nutrient type” and “intermediate type between scavenged and nutrient
types”, respectively [55]. Nutrient-type elements, including Ni, show vertical concentration
profiles with low concentrations in surface water due to the biological uptake and higher
concentrations at depth due to the degradation of biomaterial and redistribution of the
elements in the deep ocean [55]. In contrast, scavenged-type elements show relative
enrichment in the surface water and depletion at depth, resulting from the removal of the
elements by adsorption onto sinking particulate matter (called “scavenging mechanism”).
Although the behavior of dissolved Cu in the ocean is complex, reflecting the biological
cycling, scavenging, and additional release from seafloor sediments [55], an increase in
the surface bioproductivity could have led to an increase in the Ni concentration in deep
water, resulting in the efficient incorporation of Ni into C4 micronodules at the onset of
the formation of extremely REY-rich mud. We call this phase characterized by C4 Phase 1
(Figure 9).

Subsequently, at the culmination and in the upper half of the 1st REY peak of the bulk
sediment, C5 micronodules with S- and SL-type textures became characteristic components
of the sediment. The C5 micronodules indicate a relatively hydrogenetic origin, suggesting
the prolonged exposure to oxic conditions. This is consistent with an enhanced bottom
current proposed by Ohta et al. [36], which could be associated with the rise of Antarctic
glaciation during the late Eocene event. A coupled ocean—atmosphere model demonstrated
that growth of the Antarctic ice sheet could have invigorated Antarctic bottom water
formation and reorganized ocean circulation [56]. Indeed, oxygen isotope ratios of benthic
foraminifera indicated that a deep-water mass, that likely originated in the Southern Ocean,
spread into the North Pacific Ocean in the latest Eocene (ca. 36.5-34 Ma) [57]. The activation
of ocean overturning and strengthened bottom current should have supplied oxygen-rich
water mass to the study area. Such an enhancement of the bottom current could have also
contributed to the bulk REY-enrichment through a physical process. For example, Ohta
et al. [34] proposed that a strong bottom current could have hampered the deposition of
fine particles with low REY contents (e.g., clay-sized detrital minerals) and facilitated the
sorting of relatively coarse and dense grains, represented by fish debris, on the sediment
surface. The finely layered inner structures of the C5 micronodules might reflect short-term
changes of the bottom current intensity, for example, those associated with orbital-scale
climatic oscillations [58,59]. We call this phase characterized by C5 Phase 2 (Figure 9).

According to Ohta et al. [36], the surface bioproductivity could have been stimulated
by the upwelling of deep ocean nutrients induced by enhanced bottom currents that
collided with large seamounts, which caused proliferation of pelagic fish and increased
deposition of fish debris. If this is the case, the sequence of Phases 1 and 2 appears unusual
because the increase in the organic matter deposition seems to have preceded the bottom
current enhancement. However, this can be explained by the lack of information on the
background conditions before the formation of the REY peak. The increased bioproductivity
and, thus, increased deposition of organic matter and fish debris involved in the formation
of C4 micronodules could also be a result of the enhanced bottom current via possible
upwelling, as suggested by Ohta et al. [36]. Subsequently, the bottom current could
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have strengthened, resulting in the culmination of fish debris deposition due to both
increased fish population of the surface ocean and effective sorting of sedimentary grains
on the seafloor. The increased supply of oxygenated bottom water due to the vigorous
ocean overturning can explain the relatively oxygen-rich conditions at the sediment-water
interface despite the high surface ocean productivity. The C1 micronodules with S-type
texture and intermediate geochemical features between C4 and C5 probably reflect the
transitional conditions between Phases 1 and 2 (Figure 9).

After the formation of the extremely REY-rich mud, C3 micronodules with B-type
texture are common in all three cores (Figure 9). The C3 micronodules show strongly
diagenetic features similar to C4. This implies that the sedimentation environment be-
came relatively oxygen-poor. Considering that the Ni contents and Cu/Ni ratios of the
C3 micronodules are intermediate between those of C4 and C5 (Figures 4 and 6), the
surface bioproductivity was likely smaller than that in Phase 1. We call this phase Phase 3
(Figure 9).

Subsequently, C2 micronodules with both B- and S-type surficial textures occurred
(Table 1 and Figure 9). Stratigraphically, the B-type micronodules in PC09 and PC11 occur
immediately after Phase 3; subsequently, S-type micronodules became dominant (Table 1
and Figure 9). This morphological change suggests a further change in the sedimentary
environment. Although being of moderately diagenetic origin, the C2 micronodules show
relatively hydrogenetic features compared with the C3 and C4 micronodules of almost pure
diagenetic origin. Therefore, combined with the S-type texture, the C2 micronodules imply
a reoccurring shift towards relatively oxic conditions compared with Phase 3. However,
the much lower Co contents than those of the C5 micronodules indicate that the exposure
time of the C2 micronodules to bottom seawater might have been shorter than that of the
C5 micronodules. We call this phase Phase 4.

Based on the chemostratigraphic correlation of the bulk sediments, Tanaka et al. [35,53]
demonstrated that vigorous bottom currents repetitively eroded several sediment layers
in the Minamitorishima area. The thin or partially absent sediment layers above the 1st
REY peak, which is 34 million years old (i.e., Units I and II; Figure 2), strongly suggest
that the bottom currents regained strength after the formation of the extremely REY-rich
mud, which is consistent with our interpretation of Phase 4. The absence of S-type C2
micronodules in PC05 might be due to sediment erosion.

3.6. Implications for the Genesis of Extremely REY-Rich Mud

The features of the Fe-Mn micronodules support the previously proposed enhance-
ment of bottom currents during the formation of the extremely REY-rich mud [35,36,53].
This reinforces the importance of micronodules as effective indicators of the sedimentation
environments of oxic pelagic sediments [1-9].

From a perspective of the sedimentation environment, not only the period of the ex-
tremely REY-rich mud formation (Phases 1 and 2) but also Phase 4 were likely characterized
by enhanced bottom currents. However, no bulk REY peak has been detected above the 1st
REY peak in the study area, although sediment erosion has occurred [35,53]. This implies
that the enhancement of the bottom current is not sufficient for extreme REY-enrichment,
but an increased supply flux of fish debris to the sediment surface is likely an essential
factor. The combination of multiple physicochemical processes triggered by a sufficiently
energetic bottom water current in the pelagic realm might be responsible for the formation
of extremely REY-rich mud, including a cascade of processes, such as the sufficient supply
of nutrients to the oligotrophic surface ocean (probably via upwelling; [36]), the biological
response to the nutrient supply, an increase in the fish population [36], an increase in the pre-
cipitation of abundant fish debris as most important REY host in the sediment [10,12,34,36],
and an effective sorting of sedimentary grains that selectively accumulates fish debris on
the seafloor and, thus, hampers the dilution of the bulk REY content by other materials [34].
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4. Conclusions

We investigated the geochemical features, morphological features, surficial textures,
and stratigraphic distributions of Fe-Mn micronodules separated from deep-sea sediments
in the western North Pacific Ocean. The main results can be summarized as follows.

1.  The studied Fe-Mn micronodule samples can be classified into five clusters based on
KCA of whitened data of the Fe, Mn, Co, Ni, Cu, and Mo contents. These five clusters
are systematically distributed in the sediment column of all studied cores. The order
from the bottom to the top is as follows: C4, C1, C5, C3, and C2.

2. Although all Fe-Mn micronodules investigated in this study are generally of diage-
netic origin, C5 micronodules show relatively hydrogenetic features, such as high Co
contents (>2500 ppm). In contrast, C3 and C4 micronodules with high Cu (>5000
ppm) and very high Ni (>36,000 ppm) contents seem to be almost pure diagenetic
endmembers of Fe-Mn (oxyhydr)oxides. The C1 micronodules show transitional
features between two distinct clusters (C4 and C5). The C2 micronodules seem to be
enriched in Fe associated with detrital material such as clay minerals.

3. The morphological and textural features of the Fe-Mn micronodules can be catego-
rized into three types: B-type (botryoidal), S-type (spherical), and SL-type (spherical
with metallic luster). The B-type micronodules are mainly classified into strongly
diagenetic C3 and C4, showing Cu- and Ni-enrichment with relatively high Mn/Fe
ratios (>5). The B-type micronodules are likely comparable to rough-type macro-sized
Fe-Mn nodules on the seafloor. The S-type micronodules occur as C1, C5, and par-
tially as C2 micronodules, showing features of relatively oxic conditions compared
with C3 and C4. The SL-type micronodules can only be found in C5 samples that
occur in the upper half of the extremely REY-rich mud. The SL-type micronodules
exhibit geochemical features, such as high Co contents and low Ni/Co ratios (<5),
similar to those of smooth-type seafloor macronodules.

4.  Based on the stratigraphic changes of the Fe-Mn micronodules, we suggest that the
sedimentation environment has changed since the formation of the 1st REY peak of
the bulk sediment. At the onset of the 1st REY peak, the organic matter supply and
consumption of dissolved oxygen by the oxic degradation of organic matter increased
near the sediment—water interface due to the enhanced bottom current that caused
the upwelling of deep-sea nutrients and an increased pelagic fish productivity. At
the culmination and in the upper half of the 1st REY peak of the bulk sediment, the
further activation of ocean overturning and strengthened bottom current supplied
oxygen-rich bottom water. After the formation of the extremely REY-rich mud,
the sedimentation environment became relatively oxygen-poor. Subsequently, the
sedimentation environment shifted toward relatively oxic conditions.

5. The absence of a bulk REY peak above the 1st REY peak implies that the enhancement
of the bottom current is not sufficient for the formation of the extremely REY-rich mud.
A significantly increased supply flux of fish debris to the sediment surface, which is
probably induced by the upwelling of deep-sea nutrients to the surface ocean, might
be essential for the accumulation of REY in deep-sea sediments.
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