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Abstract

A broad area densely covered by ferromanganese nodules was recently discovered
around Minamitorishima (Marcus) Island, representing a high-potential metal resource,
particularly for Co, Ni, Mo, and W. We studied 16 nodule samples from nodule fields
around Minamitorishima Island. To define the fine-scale chemostratigraphy of the nod-
ules, polished cross-sections of the samples were analyzed by microfocus X-ray fluo-
rescence. Our results show that a general pattern of compositional variation was
common throughout the growth history of the nodules in all the regions we studied.
Chemical mapping clarified changes in the chemical signature and proportion of five
lithological components throughout the growth history: Mn represented columnar
5-MnO,; Fe represented layered amorphous FeOOH*xH,O; Ti represented
TiO5*2H,0 intergrown with an amorphous FeOOH phase; P, Ca and Y represented
particles of biogenic calcium phosphate; and Si, Al, K, Cu, and Ni represented pelagic
sediment infills. We proposed a method for a creating a multi-dimensional composi-
tional map of the fine-scale chemostratigraphy observed in the ferromanganese oxide
layers on the basis of merging the mapped Mn, Fe, Ti, P, Si and Cu intensities. Multi-
dimensional compositional mapping of the sampled nodules from the western North
Pacific revealed two fundamental findings: (1) previously recognized first-order Fe-Mn
layers, LO, L1, and L2, were further divided into two, three, and four sublayers, respec-
tively, and (2) a delayed supply of material to be nuclei of nodule or a growth hiatus of
Fe-Mn layer(s), leading to missing sublayers in the layers LO and L2, regulated the nod-
ule size. In contrast, layer L1, which does not have any missing sublayers, was com-
monly observed in the samples for this study and has been reported in studies of other
regions in the western Pacific. We propose, therefore, that the layer L1 is a key facies
for examining chemostratigraphic correlations with other areas of seafloor.
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1 | INTRODUCTION

Ferromanganese (Fe-Mn) nodules are polymetallic concretions mainly
composed of Fe-Mn (oxyhydr)oxides with significant concentrations
of metals, crucial for developing a variety of high-tech and green-tech
technologies and devices (Hein et al., 2013; Hein et al, 2020;
Petersen et al., 2016). Even though the nodules are found worldwide
on deep-sea floors, only recently, a broad area of the field densely
covered by hydrogenous Fe-Mn nodules was discovered in the
Japanese exclusively economic zone (EEZ) around Minamitorishima
(Marcus) Island, hereafter referred to as the Minamitorishima EEZ, in
the western North Pacific (Machida et al., 2016; Machida et al., 2019).
A geochemical study of nodules collected from the eastern end of the
Minamitorishima EEZ (Machida et al., 2016) indicated that they are
mainly of hydrogenous origin, and the structure of the Fe-Mn layers,
corresponding to compositional changes, are the same as those of the
Fe-Mn crust on large seamounts in the Prime Crust Zone (Hein
et al., 2009, 2013) in western Pacific. Machida et al. (2016) concluded
that these nodules have a high-potential for future metal resource,
particularly for Co, Ni, Mo, and W. Moreover, an acoustic survey using
a vessel-equipped multiple narrow-beam echo sounder (Machida
et al., 2019) defined an approximately 61,200 km? region of high
backscatter intensity around Minamitorishima Island that corresponds
to an area densely covered by hydrogenous Fe-Mn nodules. There-
fore, this broad distribution of nodules can demand its development
of them as high-potential metal resources.

A study of nodules from the eastern Minamitorishima EEZ
(Machida et al., 2016) defined two features of their structure and geo-
chemistry. The large nodules generally consisted of three concentric
layers: an outermost sediment-filled mottled layer, LO; a massive black
layer, L1; an innermost porous sediment-filled layer, L2. They found
that Fe, Ti, and Co were concentrated in the nodule rims compared to
the center, and, in contrast, Mn, Al, P, Ca, Ni, and Zn were concen-
trated in the centers and decreased toward the rims. However, spatial
resolution of Fe-Mn oxide layer chemical profiles reported by
Machida et al. (2016) was quite low. Moreover, the structural and
chemical affinities of nodules distributing in the whole broad nodule
fields around Minamitorishima are not confirmed.

Recently, several studies have employed microfocus X-ray fluo-
rescence chemical mapping to visualize either the chemical stratigra-
phy or micro-fabric of complex multi-phase materials, including Fe-
Mn oxide. Spatial resolution of the X-ray mapping vary from 100 to
1 um (Kashiwabara et al., 2014; Marini et al., 2019; Sipos et al., 2016;
Tharalson et al., 2019; Usui et al, 2017) depending on the X-ray
source. Particularly, to visualize fine-scale chemical stratigraphy on
the cm-sized nodules, an X-ray source with a visual resolution in the
order of 100 pm is the most suitable. However, as found in previous
studies, it is difficult to investigate compositional correspondence in
detail in multipaneled comparisons of several maps of more than two
different elements.

To solve the problem, we present a new method for constructing
a single map showing multielemental features of Fe-Mn oxide layers

by merging several elemental maps constructed via microfocus X-ray

fluorescence analysis. Then, we discuss the chemostratigraphic corre-
lations of nodules collected from different regions around the Min-

amitorishima Island.

2 | GEOLOGICAL BACKGROUND

The Minamitorishima EEZ is located on the northern margin of the
Prime Crust Zone (Hein et al., 2009, 2013). Fe-Mn crusts in the Prime
Crust Zone are developed on the surface of large seamount slopes. All
seamounts in this area are grouped in the West Pacific Seamount Prov-
ince (WPSP; Koppers et al., 2003; Sager et al., 1993). Seamounts in this
region including Minamitorishima Island were formed by the Early-Mid-
dle-Cretaceous hotspot volcanism (Aftabuzzaman et al., 2021; Koppers
et al., 2003); however, Minamitorishima Island is thought to be over-
printed by Paleogene volcanism (Hirano et al., 2021). The oceanic base-
ment below these seamounts, the Cretaceous Pacific Plate, formed
between 165 and 157 Ma (Miiller et al., 2008; Nakanishi et al., 1989).
In the WPSP, Fe-Mn nodules cover a pelagic sediment layer on the
abyssal seafloor between the seamounts. The broad area covered
densely by nodules in the Minamitorishima EEZ corresponds to an area
of a T, echo type; an acoustically transparent layer with irregular surface
morphology, classified on the basis of acoustic surveys using a sub-
bottom profiler (SBP; Nakamura et al., 2016).

The broad area of densely nodules examined in this study was
separated into four regions. Region “East EEZ” was located at the
eastern end of the Minamitorishima EEZ (Figure 1). Based on an
acoustic backscatter intensity map (Machida et al., 2019); we recog-
nized that this region is the northern end of the broad, dense nodule
field in the Minamitorishima EEZ. North of the field, thick pelagic sedi-
ments are present (Nakamura et al., 2016) containing no or less nod-
ule coverage (Machida et al, 2019). The southern half of the
Minamitorishima EEZ was separated into two large basins, the
“Southeast EEZ” and “Around Takuyo Daigo Seamount” regions,
along the Northern Wake seamount trail (Figure 1). Region “Northeast
of EEZ,” isolated from the other three regions and the Prime Crust
Zone, was located to the northeast.

3 | FIELD OBSERVATION AND SAMPLE
SELECTION

Field observations and sample collection were conducted during
10 dives of the submersible SHINKAI 6500, 5860-4960-m deep, dur-
ing the cruises YK10-05, YK16-01, and YK17-11C of the R/V Yoko-
suka in 2010, 2016, and 2017, respectively (Figure 1). The following
describes the geology of the dive sites and features of the studied
samples in the East EEZ, Southeast EEZ, Around Takuyo Daigo Sea-
mount, and Northeast of EEZ regions in this order. The samples were
collected from locations that included the different topographic fea-
tures of each region. We also describe the results of an acoustic sur-
vey in northeast of the EEZ region conducted during cruise YK17-11C
of the R/V Yokosuka.
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3.1 | EastEEZregion

Two dives of SHINKAI 6500 (6K#1207 and 6K#1459) were con-
ducted on the same small seamount located approximately 300 km
east of Minamitorishima Island, the representative site for this region.
As described by Machida et al. (2016), the northwestern ridge and
southern slope of the seamount shows high acoustic backscatter
intensity and are almost completely covered by well-rounded,
5-10 cm diameter Fe-Mn nodules. Sample 6K#1459N1-006
(Figure S1) was collected from the same site as sample 6K#1207R02
reported by Machida et al. (2016). The sampling site was located on
the lower northern flank of the northwestern ridge, corresponding to
where the SHINKAI 6500 landed on the seafloor during both dives.
After analyzing both samples, we looked for a correlation between
Machida et al.'s (2016) quantitative chemical analysis and the fine-
scale chemical mapping conducted in the current study. Sample
6K#1459N3-001 (Figure S1) was collected from a site located on the
northwestern ridge. The seafloor facies at both of these sampling
sites are classified as Type-V facies (Machida et al., 2019), character-
ized by almost complete coverage by rounded nodules with a
bimodal grain-size distribution. All three samples were classified as
large grain-size type (76-101 cm in maximum length; see Table 1) for

this region.

3.2 | Southeast EEZ region

Three dives of SHINKAI 6500 (6K#1462, 6K#1463, and 6K#1497)
were conducted in the Southeast EEZ region (Figure 1). Site 6K#1462
was located on flat seafloor surrounded by several large seamounts.
In contrast, sites 6K#1463 and 6K#1497 were located on gentle
slopes at the foot of large seamounts. Samples 6K#1462N3-005,
6K#1462N4-004, 6K#1463N2-002, 6K#1463N3-002, 6K#1497N1-
011, and 6K#1497N1-030 (Figure S1) were collected from sampling
sites corresponding to Type-H seafloor facies (Machida et al., 2019),
consisting of a dense distribution of rounded nodules with a bimodal
size distribution. Although most of the selected samples had large
grain sizes (63-98 cm in maximum length), to represent each sampling
site, samples 6K#1463N3-002 and 6K#1497N1-011 were addition-
ally selected for their smaller grain sizes (55 and 54 cm in maximum
length, respectively) to determine the reason for this size differences.
The grain sizes of the samples are listed in Table 1.

3.3 | Around Takuyo Daigo Seamount region

Machida et al. (2019) found a high acoustic backscatter intensity
region quite widely distributed around the Takuyo Daigo Seamount.
The regions east and southeast of the Takuyo Daigo Seamount, par-
ticularly, exhibited relatively higher acoustic backscatter intensity than
other regions and were classified as Type-H or Type-V seafloor facies
(Machida et al., 2019). Some small seamounts or knolls are distributed

across the flat seafloor in this region (Figure 1).

We conducted four dives of SHINKAI 6500 (6K#1460, 6K#1464,
6K#1498, and 6K#1499) at different sites covering the following
topographic features. Although sites 6K#1460 and 6K#1498 were sit-
uated on the flat seafloor east of the Takuyo Daigo Seamount, a small
seamount was located near the former site (Figure 1). We selected
samples 6K#1460N2-004 and 6K#1498N2-002 as representative of
the large-sized rounded nodule (71 and 55 cm in maximum length,
respectively) from each site (Figure S1; Table 1). Dive 6K#1464 was
conducted on a knoll approximately 50 km southeast of the Takuyo
Daigo Seamount (Figure 1). This knoll was surrounded by a moat, so
we observed a survey line across the moat. Samples 6K#1464N1-004
and 6K#1464N4-004 (Figure S1) were collected from the bottom of
the moat and the shallower outer rim of the moat, respectively.
Although the former sample (66 cm in maximum length) was larger
than the latter (48 cm in maximum length), as shown in Figure S1 and
Table 1, both were representative of each sampling site. In contrast to
the other dive sites, the dive 6K#1499 was conducted on the south-
ern slope of the Takuyo Daigo Seamount (Figure 1). Sample
6K#1499N4-004 (Figure S1; Table 1) was collected from a flat terrace
on the moderately steep slope, representative of the large grain-size

type (67 cm in maximum length) of this sampling site.

3.4 | Northeast of EEZ region

The surveyed area was located approximately 100 km northeast of
the Minamitorishima EEZ (Figure 1). Based on Japan Coast Guard
vessel-equipped multiple narrow-beam echo sounder survey
(Figure S2; Oikawa & Morishita, 2009), the region is bounded by a
seamount to the west and a seamount chain to the east. Topographic
lineament trending northwest-southeast direction with high acoustic
backscatter intensity is located in this area. We conducted a strati-
graphic survey in the southern part of this region using a vessel-
equipped SBP of R/V Yokosuka, prior to the SHINKAI 6500 dive. The
profile of the SBP survey (Figure S2) indicate a thin sedimentary layer
covering the topographic lineaments (in the northeastern section of
the survey line) in contrast to the southwest part of the survey line
that has low acoustic reflectivity. The stratigraphic feature of the
topographic lineaments corresponds to T,-type of facies—an acousti-
cally transparent layer with irregular surface morphology—as obtained
in the Japanese EEZ around Minamitorishima Island by Nakamura
et al. (2016). The acoustic backscatter intensity was remarkably higher
on the top of the lineaments than that at the foot of the lineaments
(Figure S2b).

For detailed observations using the SHINKAI 6500 (6K#1500), we
selected a topographic lineament exhibiting the highest backscatter
intensity and thinnest sediment layer among in this region (Figure S2).
The survey line of the SHINKAI 6500 corresponds almost to the sur-
vey line of the vessel-equipped SBP. Along the survey line of dive
6K#1500, although the nodule density was variable (Figure S3), the
seafloor facies was classified as Type-H, as proposed by Machida
et al. (2019). Samples 6K#1500N2-002 and 6K#1500N5-003
(Figure S1; Table 1) were collected from the bottom and top of the
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topographic lineament, respectively, as the representative large grain-
size type (95 and 105 cm in maximum length, respectively) of the

sampling site.

4 | METHODS
To clarify the compositional structure (chemostratigraphy) for the
entire ferromanganese nodule, we performed elemental imaging using
microfocus X-ray fluorescence (u-XRF). In contrast to the analysis of
thin section(s) using an electron microprobe analyzer, a nondestruc-
tive analysis of large samples is the principal advantage of p-XRF.
Because Fe-Mn oxide is very brittle, the sample gets severely dam-
aged upon by cutting during thin-section making. Thus, we decided
that all the collected samples would be cut in half using rock saw, and
analyze the surface of the cross-sectioned samples via p-XRF.

The sample sawing was conducted after X-ray Computed
Tomography (CT) scanning (Shimomura et al., 2018) to create a

150°E 152°E 154°E

representative cross-section for each sample. The underside (sedi-
ment side) of the nodule was recognized on the basis of sediment-
attachment on the surface, and the vertical and horizontal directions
of sample were determined on the basis of their original position on
the seafloor. Then, all the samples were cut vertically except for sam-
ple 6K#1462N4-004. CT scanning for the horizontally cut sample
6K#1462N4-004 confirmed that this cross-section covered all the
recognized layers. The sample 6K#1207R02 was already cut owing to
compositional analysis by Machida et al. (2016). Therefore, the repre-
sentability of the cross-sectioned sample 6K#1207R02 was confirmed
by CT scanning. Subsequently, the cut surface was ground with a
120-pm diamond disc to eliminate sawing scuff, followed by polishing
with a 70-pm diamond disc. Finally, the polished samples were
allowed to dry naturally in a well-ventilated place for up to 1 week.
The p-XRF analysis was conducted at Kyoto University. The
intensities of Al, Ca, Cu, Fe, K, Mg, Mn, Ni, P, Si and Ti were deter-
mined by an energy-dispersive X-ray spectrometer (EDS) attached to
a p-XRF spectroscopy (XGT7000V; Horiba, Kyoto, Japan). Multiple
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FIGURE 1 Topography around Minamitorishima Island. The mapped area is indicated in the yellow box in the index map on the upper left-
hand corner. The red triangles indicate the locations of the sampling sites (submersible SHINKAI 6500 dive sites) during the cruises YK10-05 and
YK16-01 of the R/V Yokosuka. The red diamonds indicate the locations of the sampling sites (submersible SHINKAI 6500 dive sites) during the
cruise YK17-11C of the R/V Yokosuka. The colored fine-scale topographic data of a vessel-equipped multiple narrow-beam echo sounder (MBES)
were compiled with previous datasets obtained by Machida et al. (2019) and during the cruises MR16-07 of the R/V Mirai and YK17-11C of the
R/V Yokosuka. Topographic data for the gray background of the main map and the map in the upper left-hand corner are from ETOPO1 (NOAA
National Geophysical Data Center; https://www.ngdc.noaa.gov/mgg/global/). The white dashed line indicates the Japanese exclusive economic

zone around Minamitorishima Island
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measurements were made using a tube voltage of 50 kV, a tube cur-
rent of 0.9 A, and an X-ray beam of 100 pm in vacuo. The samples
were scanned in approximately 92-194 um intervals (pixel size)
depending on the range of the mapping area (Table 1). Intensity was
determined from the cumulative intensity of the repeated analyses
(more than 10 times and up to 15 times), with a total analysis time of
76-178 ms/pixel (Table 1). The analysis results were outputted to
TIFF-formatted files using the instrument's operation program. The
analysis of the elemental maps was conducted using the Image J pro-

gram (https://imagej.nih.gov/ij/index.html).

5 | RESULTS AND DISCUSSION

5.1 | General features of the elemental maps

To recognize the general features of each elemental intensity map, we
initially focused on sample 6K#1207R02 (Figure 2) and the geochemi-
cal data reported by Machida et al. (2016). The most identifiable fea-
ture is that the Fe is concentrated in the nodule rim rather than the
center, in contrast to the Mn being concentrated in the center and
decreasing toward the rim, as indicated by the previous chemical anal-
ysis (Machida et al., 2016). The Ti is layered and corresponds to the
concentrated Fe layers. However, our p-XRF mapping indicates high-
Ti-intensity zones clearly in parts of the layers independent of Fe con-
tent, which indicates that the Ti enrichment occurs independently.
Multiple spots of high intensity of P, Ca, and Y were mainly observed
in the inner Mn-enriched area of the nodule. The Si distribution mat-
ched that of the Al and K, infilling the Fe and Mn framework. Area of
high-intensity Cu and Ni were presented not only as thin layers in the
outer layers but also correlated with Si, Al, and K in the inner layers.
Although these correspondences of Al, K, P, Ca, Y, and Cu with Mn
were previously recognized by Machida et al. (2016), fine-scale struc-
tural nature was clarified by the p-XRF mapping. The general
chemostratigraphical features of sample 6K#1207R02 from the East
EEZ region were commonly observed in all the samples collected from
the entire of Minamitorishima EEZ (Figure 3; Figures S4-518).

As shown in Figures 2 and 3, the Mn concentration exhibits a
columnar structure of 5-MnO,. In contrast, the Fe exhibits a layered
structure (except in the inner part around a nuclei) and is anti-
correlated with Mn, representing amorphous FeOOH*xH,0, as was
previously recognized (Aplin & Cronan, 1985a, 1985b; Burns &
Burns, 1979; Calvert & Price, 1977). The Ti is concentrated with Fe,
so that consistent with the affinity of Ti and Fe (i.e., TiO,*2H,0 inter-
grown with an amorphous FeOOH phase) defined by leaching experi-
ments (Koschinsky & Halbach, 1995). Small particles of biogenic
calcium phosphates (BCP) in deep-sea pelagic sediment highly contain
rare-earth element including Y (Fujinaga et al, 2016; lijima
et al., 2016; Kashiwabara, Toda, et al., 2014; Kashiwabara et al., 2018;
Kato et al., 2011; Liao et al., 2019; Ohta et al., 2016, 2020; Takaya
et al., 2018; Yasukawa et al., 2014). Therefore, we consider that
high P, Ca, and Y spots in the nodule indicate the existence of BCP
particles. The Si distribution matched that of the Al and K, infilling the

Fe and Mn framework. Si, Al, K, Cu, and Ni were concentrated on the
surface of the underside (sediment side) of the nodule. Therefore, we
consider that sedimentary materials (i.e., clay minerals) had enriched
these elements, representing the existence of and different propor-
tions of sediment infill, as observed by Machida et al. (2016). The
results of X-ray diffraction analysis for the sample 6K#1463N3-001
(Figure 4) show that the peaks of 5-MnO, (Vernadite), quartz, and
feldspar are visible in all layers, and no other minerals (phases) are
identified. This indicates that other expected phases, such as
FeOOH*xH,0, TiO,*2H,0, and BCP, are amorphous. These results
strongly support our interpretation of mapping results and the results
of previous studies.

As shown in Figure 3, the outermost Fe-enriched layer appeared
thinner in the nodules sampled from the two southern regions
(i.e., Southeast EEZ and Around Takuyo Daigo Seamount) than the
samples from the East EEZ region. Moreover, area containing particles
of BCP were inconsistently associated with Mn-enriched layers. How-
ever, we were unable to objectively constrain these observations
because several elemental maps were compared. Thus, we propose
constructing a multichemical feature map to investigate the
chemostratigraphical history in detail by identifying common strati-

graphic layers, as discussed in Section 5.2.

5.2 | Method for creating a multichemical
feature map

As described in Section 5.1, the intensity of each element corresponded
to a lithological component comprising the Fe-Mn nodule layers. Fe,
Mn, and Ti exhibited characteristic distributions throughout the growth
history of the nodules. In contrast, the elemental groups of Ca-P-Y, Si-
Al-K, and Cu-Ni share the same concentration features. Here, we thus
posited Fe, Mn, Ti, P, Si, and Cu as representative elements for charac-
terizing the chemostratigraphic features. Histograms for each of these
representative elements in large-sized samples representing the four
regions are shown in Figure 5. They indicate that the frequency distri-
bution of each element was similar for the different regions except for
Fe. The frequency distribution of Fe was slightly variable; for example,
the irregular single peak of sample 6K#1207R02 and the broad bimodal
peak of sample 6K#1500N5-003. This similar chemostratigraphy sup-
port a common general growth history for all nodules across the entire
Minamitorishima EEZ region; therefore, we are able to adjust the
observed X-ray intensity using the same criteria for each representative
element, and objectively create a compositional map to visually identify
the chemostratigraphic features.

The multichemical feature map was constructed using Image J.
Each black and white Fe, Mn, Ti, P, Si, and Cu intensity map was
assigned to a colored channel: green, magenta, cyan, yellow, gray, and
blue, respectively. They were then merged into a multi-colored map.
The level of each element in the merged image was then adjusted on
the basis of the following strategy. First, for Ti and Mn, the Window
was minimized and the Level was shifted to match the line with the

peak of the histogram, followed by the raising of the Window to match
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the maximum and minimum of the histogram (i.e., the width of the
intensity distribution was matched with the width of the Window).
Reducing the Level to match the minimum of the Window to the peak
(Figure 5) only improved the visualization of the Ti layering. Second, for
P and Cu, the Window was minimized and the Level increased to
remove the noise from P (i.e., only the highest P intensity is shown),

East EEZ: YK05-10 6K#1207R02

=

Tomm Tomm

Tomm Tomm

and the Level increased to place the line in the middle of the intensity
distribution for Cu (i.e., to visualize lower Cu intensity than for the other
elements). The Fe signals were optimized by only shifting the Level
after adjusting for all the elements except for Si. The Si signals should
be minimized to improve the visualization of the fundamental Fe-Mn
oxide layer features and any other elemental stratigraphy. However, we

Tomm

——————
Tomm

FIGURE 2
nuclei of this sample

Results of the u-XRF mapping analysis of sample 6K#1207R02 collected from the East EEZ region. The gray field indicates the
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FIGURE 3 X-ray intensity maps of representative samples for Mn, Fe, Ti, P, Si, and Cu for the Southeast EEZ, Around Takuyo Daigo
Seamount, and Northeast of EEZ regions. The gray field indicates the nuclei of this sample

note that the presence of sedimentary materials infilling the Fe and Mn YK16-01 6K#1463N3-002 Qz Quartz
frameworks were easily recognized in the merged map. PI: Plagioclase
s Ve: Vernadite (5-MnOz)
The maps for each element obtained by an EDS represent qualita- 3§ 8 S Bu: Buserite
tive differences in the intensity of element signals. Because of the dif- - N :"}?;_ 52
— o
ferent sensitivities of each element, a direct comparison of intensities <] o >1L é q,‘ﬁ
>
is not inherently possible. Therefore, it should be noted that the mer- 5
ged map only shows which elements are most characteristic of the §
individual layers of nodule, even if the map is useful to identify layers. =
10 20 30 40 50 60 70 80
5.3 | Definition of the layers based Cu Ka 26 [deg]
on the merged map . . . .
FIGURE 4 Results of X-ray diffraction analysis for Fe-Mn oxide

layers of sample 6K#1463N3-002. Definition of Fe—-Mn oxide layers
are discussed in the main text and shown in Figure 7. L2m, L2 Middle

We defined chemostratigraphic layers on the basis of the merged mul-
sublayer; L20, L2 Outer sublayer; L2om, L2 Outermost sublayer

tichemical feature map. To examine the correlation with lithologically
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discriminated layers proposed by Machida et al. (2016), we used sam-
ple 6K#1207R02 as a reference, as in Section 5.2. The first-order
criteria used to divide the Fe-Mn oxide layers were Fe, Mn, and Ti
(Figure 6). We identified three concentric layers corresponding to
those proposed by Machida et al. (2016): the outermost Fe-enriched
layer corresponded to the mottled sediment-filled layer LO; the inter-
mediate layer, exhibiting high-Ti laminations, corresponded to the
massive black layer L1; and the innermost Mn-enriched layer cor-

responded to the porous layer L2. Layer L1 was also characterized by

lower Si than the other two layers. High Fe in LO and high Mn in L2
indicated higher and lower Fe/Mn, respectively, as shown Machida
et al.'s (2016) compositional analysis.

As shown in Figure 7, the first-order layers, LO, L1, and L2, were
respectively subdivided into two, three, and four layers on the basis of
a combination of features observed in the Fe, Mn, Ti, P, and Si. The
subdivision of LO and L1 was relatively simple; LO Inner and LO Outer
were distinguished by a thin low-Si and high-Ti layer. The middle part
of L1 exhibited the highest Ti and the lowest Si compositions of the

Mn Fe Ti P Si Cu
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Window: 217.15 Window: 255.00 Window: 59.77 Window: 1.99 Window: 255.00 Window: 1.99
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FIGURE 5

Intensity histograms of representative samples for Mn, Fe, Ti, P, Si, and Cu for each region. The “window” indicates a range of

minimum and maximum. The “level” indicates the position of that range in the intensity space. Black lines connect values of minimum and
maximum, showing the results of level adjustment for each element in the merged image (see text for details)
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FIGURE 6 Merged multichemical feature map of sample
6K#1207R02 from the East EEZ region. The strategy used to create
this map by merging of Mn, Fe, Ti, P, Si, and Cu, and the colors used
for each element are discussed in Section 5.2 of the main text. The
intensity of the Si is minimized to improve the visualization of the
fundamental features of the Fe-Mn oxide layers. The thick white lines
indicate the boundaries of the layers LO, L1, and L2, and the thin
white lines indicate the sublayer boundaries of each layer. The white
box indicates the area shown in Figure 7. The gray field indicates the
nuclei of this sample

L2 L1

| Low Ti & Low Fe/Mn |

entire Fe-Mn oxide of nodule. In contrast, the inner and outer rims of
L1 exhibited a slightly increased Si intensity owing to the increasing
abundance of sediment fill. We thus subdivided the layer L1 into L1
Inner, L1 Middle, and L1 Outer. The layer L1 Inner is distinguished by
having lower Fe than the outer two sublayers, corresponding to a
growth section of columnar 5-MnO,. The inner part of L2 (around the
nuclei) is characterized by having lower Si than the other L2 sublayers.
The abundance of BCP particles drastically decreases just inside the
boundary of the layers L2 and L1. Independent of these two observa-
tions, the texture of the Fe changes from massive to layered in the
middle part of L2. Therefore, we defined the layers as L2 Inner, L2
Middle, L2 Outer, and L2 Outermost. Although the layers L2 Middle
and L2 Outer are irregularly bounded, the critical constraint for the
identification is that the layer L2 Outer was commonly composed of a

few growth sections of columnar 5-MnO.,.

5.4 | Chemostratigraphic correlations
of the Minamitorishima EEZ nodules

A multichemical feature map of all the samples was constructed by
applying the same adjustment strategy for each merged intensity
channel (see Section 5.2; Figure 8); characteristics of the first-order
LO (high Fe and high Fe/Mn), L1 (high Ti), and L2 (high Mn and low
Fe/Mn) layers were represented by the same coloration. As stated by
Machida et al. (2016), the textural and compositional changes
throughout the growth history of their nodules are similar to those of

the Fe-Mn crust on large seamounts in the western Pacific

LO FIGURE 7 Flowchart
- defining the sublayers of the
ferromanganese nodule sampled
from around Minamitorishima
Island. The lower panel are

| BCP | ||ess BCPl | Low Fe | | High Fel Low Si portlons. ?f the representative
& compositional are of sample
High Ti 6K#1207R02 from the East EEZ
@ region, as indicated in Figure 6
Massive Fe | Layered Fe | |Lowest si| Lowsi | ’ ; :
| asswvere ayered Fe owest S ow S Boundary The panels have been inverted to
match the flowchart and are
- - - separated into four areas: Si, Fe,
| Low Si | High Si | Mn, and merged. BCP, biogenic
calcium phosphates
Y Y
Inner Inner Middle Outer Outer

Middle Outer Outermost

Inner
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FIGURE 8 (Continued)

(Kim et al., 2005, 2006; Pan et al., 2005), the Takuyo Daigo Seamount
(Nozaki et al., 2016), and petit-spot volcanoes (Azami et al., 2018).
Therefore, we consider that our multichemical feature map solely
visualizes a hydrogenetic Fe-Mn-(oxyhydr)oxide precipitation pro-
cess, which had formed the Fe-Mn nodules and crusts.

Tomm,

In this study, compositional map data were obtained for the nod-

YK16-01 6K#1463N2-002

ules collected from different geographic and geological backgrounds

around Minamitorishima Island. It was expected that local problems
YK16-01 6KH#1463N3-002 caused by different geomorphological and geological backgrounds may
be responsible for the formation of specific layer structures for each
locality. However, this is not the case, and the fact that the same struc-
ture is found in all of nodules and crusts leads to the following geologi-
cal implications. The important aspects are that a common deep-sea
water mass had contributed to the formation of hydrogenous nodules
and crust, and a common water-mass transformation history was

recorded as the compositional change of Fe-Mn oxides which are dis-
tributed across the wide area in western Pacific. Structure change of Fe
YK17-11C 6K#1497N1-011 from L2 Middle (massive) to L2 Outer (layered) may reflect variation in
precipitation process. Drastic decrease in the abundance of BCP parti-
cles between L2 Outer and Outermost layers suggest reduction of bio-
logical productivity in western Pacific. Future investigation of the
growth history is required on the basis of detailed compositional and
isotopic analysis including age determination for each layer.

In addition to these common chemostratigraphic features, we also
recognized a regional variation, particularly in the lack of a Fe-Mn oxide
sublayer(s), that had affected the size of the nodules (Figure 8). The lack

FIGURE 8 Merged multichemical feature map for all the samples of sublayer(s) was categorized as either completely missing, an
analyzed in this study. In each map, the thick white lines indicate the extremely thin layer, or missing from one side. The completely missing
boundaries of the layers LO, L1, and L2, and the thin white lines category is rare, and the most often missing sublayer is the layer L2

indicate the sublayer boundaries of each layer. The gray field indicates Inner, as observed in sample 6K#1459N1-006 from the East EEZ
the nuclei of thi [ ’
© nucier of this sampie region, sample 6K#1500N2-002 from the Northeast of EEZ region, and
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sample 6K#1463N3-002 and 6K#1467N1-011 from the Southeast
EEZ region. This indicates that nuclei of the L2 Inner layer-missing sam-
ples were supplied later than for the samples with a layer L2 Inner.

The most remarkable example of the thin sublayer category was
observed in the layer LO of the samples from the Southeast EEZ
(except for those from the site 6K#1462) and Around Takuyo Daigo
Seamount regions (Figure 8). Although we observed that both the
layer LO Inner and the LO Outer were thinned, this was not observed
in all samples. The case missing-from-one-side category was only ran-
domly observed. Therefore, we consider that the hiatus in Fe-Mn pre-
cipitation can be regulated on the basis of the local geomorphological
and geological backgrounds. Future investigation of the cause of the
hiatus in Fe-Mn precipitation is required using p-XRF mapping analy-
sis that focuses especially on smaller samples. The layer L1 is present
in all the samples collected from all the regions, and the layer thick-
ness is almost the same, except for a few of the smaller nodules, such
as the sample 6K#1463N3-002. As discussed by Machida
et al. (2016), a massive layer (L1) is commonly observed in hydroge-
nous Fe-Mn crust on large seamounts in the Prime Crust Zone.
Therefore, the layer L1 would be key to investigate stratigraphy and
the presence or absence of hiatus of Fe-Mn oxides between different

regions in the western Pacific in the future study.

6 | CONCLUSION

To investigate the fine-scale chemostratigraphic growth history of
Fe-Mn nodules from the Minamitorishima EEZ, we conducted micro-
focus X-ray mapping analysis with EDS of cross-sectioned nodules,
and compared this with the compositional profile of a previously
reported nodule from the eastern end of the Minamitorishima EEZ.

The results led to the following conclusions:

1. A first-order concentric layer comprising layers LO, L1, and L2 are
confirmed by the pu-XRF mapping analysis. Moreover, our analysis
revealed that the general pattern of compositional variation is com-
mon throughout the nodule growth process across different regions.

2. We found that the X-ray intensity could be adjusted using the
same criteria for each element. Therefore, we are able to merge
several compositional maps into one map visualizing multi-
dimensional data. Mn, Fe, Ti, P, Si, and Cu represent the main litho-
logical components involved in the hydrogenous Fe-Mn oxides in
the Minamitorishima EEZ. Based on a merged multielemental map,
the first-order concentric Fe-Mn layer was subdivided into nine
sublayers exhibiting different chemical signatures.

3. Factors regulating the size of the nodules included not only differ-
ences in the size of the nuclei but also the thickness of the Fe-Mn
oxide. The merged multielemental map reveal a missing sublayer in
some samples owing to either a delay in the supply of nuclei or a
growth hiatus in the layers LO and L2. In contrast, it was commonly
observed in all the samples that the layer L1 did not have a missing
sublayer. Since the layer L1 is also recognized in Fe-Mn crust from

the western Pacific, the chemostratigraphic correlation of Fe-Mn

oxides from other areas could be explored on the basis of the layer
L1 as the key facies.
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