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Abstract: Ferromanganese nodule nuclei are considered crucial to the formation and distribution of
nodules. However, because it is difficult and time-consuming to study ferromanganese nodule nuclei,
few studies have been performed, despite the large number of samples. Here, we analyzed the nuclei
of 934 ferromanganese nodules from the abyssal seafloor around Minamitorishima Island (western
North Pacific Ocean) using X-ray computed tomography (CT). Based on the CT number distribution
(describing X-ray absorption in Hounsfield units, HU), we classified the nuclei as Type I (>1800 HU)
or Type II (<1800 HU). Additionally, some Type I nuclei had characteristic conical shapes (Type I-C)
distinct from the shapes of other nuclei (Type I-O). Based on the chemical compositions determined
by microfocus X-ray fluorescence analyses of selected samples, we identified Type I-C, I-O, and II
nuclei as fish teeth, hard rocks (volcanic rock, ironstone, or phosphorite), and sediments, respectively.
These nucleus types were observed in sufficient quantities at all dive sites that we conclude them to
be typical of nodule nuclei in the study area. Fish-tooth nuclei were the rarest at all sites, whereas
sediment nuclei dominated at most sites, suggesting their significance for understanding the origin
of ferromanganese nodules. Hard-rock nuclei dominated at only three sites and probably originated
from seamounts.

Keywords: ferromanganese nodule; nucleus; X-ray computed tomography; microfocus X-ray fluorescence;
western North Pacific Ocean

1. Introduction

Ferromanganese nodules are spherical chemical deposits composed of iron and man-
ganese oxides and hydroxides, and are widely distributed on the deep seafloor. Because
they are enriched with economically critical metals such as nickel, copper, cobalt, and
rare-earth elements, they may represent a potential resource for high-tech and green
products [1]. Large nodule fields have been identified in various locations, such as the
Clarion—Clipperton Zone (CCZ), Peru Basin, Penrhyn-Samoa basins, and Central Indian
Ocean Basin [2]. Since the 1970s, the CCZ has attracted particular interest due to its
vast dimensions, high spatial density of nodules, and high concentrations of copper and
nickel [1,3]. In addition, a large field of ferromanganese nodules with high concentrations
of cobalt, nickel, and copper was recently discovered in the Japanese Exclusive Economic
Zone around Minamitorishima Island, in the western North Pacific Ocean [4,5].

Elucidating the geological/environmental factor(s) that control the distribution of
ferromanganese nodules is important to exploration efforts for this critical metal resource.
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Because exploration of the deep seafloor is difficult and costly, efficiently constraining the
locations of potential nodule fields requires a theoretical understanding of nodule formation.
However, the factors that control the distribution of ferromanganese nodules remain poorly
understood; most studies have focused on determining the conditions that promote the
growth of ferromanganese oxides and hydroxides [6-8] rather than understanding nodule
distributions [5,9].

Almost all ferromanganese nodules contain an identifiable nucleus upon which layers
of ferromanganese oxide/hydroxide began to grow. The importance of these nuclei to
nodule formation has been noted in previous studies [9-12]. In other words, without their
nuclei, nodules would not form. Therefore, we consider that the origin(s) of nuclei is one of
the most important factors controlling the formation and distribution of ferromanganese
nodules. However, examining a nodule’s nucleus is challenging because it requires identi-
fying the cross-section containing the nucleus and dividing it in half for examination; by
extension, examination of numerous nodule nuclei has proven time-consuming, costly, and
impractical. Therefore, despite their significance to our understanding of ferromanganese
nodules, few studies have focused on ferromanganese nodule nuclei.

X-ray computed tomography (CT) provides an effective method for the non-destructive
observation of ferromanganese nodule interiors [13-15] because it can be used to easily
visualize any cross section of an object and is more efficient than physically splitting the
nodules in half. This method also facilitates the analysis of multiple nodule samples. Here, we
used X-ray CT to investigate 934 ferromanganese nodule samples collected from the seafloor
around Minamitorishima Island. After identifying nuclei in CT images, we sectioned some
samples for elemental analyses of the nuclei by microfocus X-ray fluorescence (p-XRF).

2. Materials and Methods
2.1. Samples

Ferromanganese nodules were collected during 16 dives using the manned sub-
mersible DSV Shinkai 6500 in the western North Pacific Ocean around Minamitorishima
Island during the YK16-01 and YK17-11C cruises of R/V Yokosuka in 2016 and 2017, respec-
tively (Figure 1). Nodules were sampled from 13 of the 16 dive sites using a manipulator, a
scoop, or push cores. Some large samples were collected by targeted sampling using the
manipulator arm of the Shinkai 6500 (Figure 2A), whereas most samples were obtained
using a scoop to collect variously sized nodules without bias (Figure 2B). However, scoop
sampling was not possible when nodules were connected stuck in the sediment. Push cores
were used to collect nodules along with sediment samples (Figure 2C). Nodules sampled
using push cores were kept in the same vertical orientation as on the seabed until their
onboard recovery. The location, water depth, and sampling method employed at each site
are listed in Table 1, alongside the number of nodule samples collected.

Table 1. Sampling locations, sampling methods, and the number of nodules sampled at each site
during cruises YK16-01 and YK17-11C.

Location

Samplin Number of
Di Sto Depth (mbsl) png
e P P Longitude (E) Latitude (N) Tools Nodules Sampled
6K#1459 1 5499 157°00.98' 24°35.70 M, S 16
2 5485 157°00.88' 24°35.55 M 2
3 5590 156°59.66' 24°33.63' S 5
4 5503 157°00.49’ 24°34.36 S 5
5 5565 156°59.98' 24°33.99’ P 2
6K#1460 1 5531 154°26.55' 23°05.02’ M 7
2 5549 154°25.36' 23°04.96 M 5
6K#1461 1 5730 153°56.33' 21°59.05 M,S, P 32
2 5731 153°56.02' 21°59.00 , 20
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Table 1. Cont.

. Location Sampling Number of
Dive Stop Depth (mbsl) Longitude (E) Latitade (N) Tools Nodules Sampled
6K#1462 1 5456 155°44.06' 22°19.91/ M,S, P 46
2 5455 155°43.17' 22°19.03’ - -
3 5458 155°43.13/ 22°18.89’ M, P 11
4 5446 155°42.50' 22°18.34 M,S, P 11
5 5445 155°42.27' 22°18.18’ S, P 10
6K#1463 1 5461 156°06.64' 21°57.15 M, P 17
2 5459 156°06.77' 21°57.08’ S 23
3 5289 156°07.81' 21°56.83’ S 28
4 5190 156°08.03' 21°56.82' S, P 32
5 5030 156°08.27' 21°56.77' S 8
6K#1464 1 5781 153°51.38' 22°15.43’ M,S, P 5
2 5785 153°51.66' 22°15.14 M 2
3 5785 153°52.26' 22°14.79’ S, P 18
4 5755 153°53.17' 22°14.77' S, P 14
5 5759 153°53.42/ 22°14.76' S, P 14
6 5763 153°53.84/ 22°14.78' S 15
6K#1465 1 5729 153°56.32/ 21°59.11’ S 13
2 5725 153°56.30 21°59.70 P 3
3 5696 153°56.29' 22°01.12/ M 0
4 5685 153°56.29’ 22°01.68’ M,S, P 12
6K#1497 1 5163 155°32.51' 22°07.88’ M,S, P 126
2 4936 155°30.62' 22°07.57 S, P 28
3 4847 155°30.20" 22°07.64' M, S 0
6K#1498 1 5639 154°00.94/ 22°59.01’ M,S, P 62
2 5644 154°00.51' 22°57.97 M, S 41
3 5657 154°00.21' 22°57.20 M, S 25
4 5686 153°59.84/ 22°56.74 S, P 40
6K#1499 1 5264 153°02.03' 22°36.26' S, P 59
2 5085 153°02.07’ 22°38.42' - -
3 5001 153°02.10 22°38.49’ - -
4 4966 153°02.17' 22°38.60’ S, P 57
6K#1500 1 6066 158°11.03' 26°15.06 S, P 24
2 6046 158°11.37' 26°15.35 M 4
3 6034 158°11.61' 26°15.51’ S, P 9
4 6013 158°12.32/ 26°16.14 M 1
5 6015 158°12.48' 26°16.11" M 7
6K#1501 1 5866 157°02.79' 24°48.64 S, P 6
2 5861 157°02.69’ 24°47.30 M,S, P 4
3 5871 157°02.04/ 24°47.67' S 17
4 5838 157°01.56' 24°47.59 S 35
6K#1503 1 5860 154°35.08' 25°49.99/ P 0
2 5849 154°34.80' 25°48.71' P 0
3 5866 154°34.69’ 25°48.16' S, P 13
4 5736 154°34.55' 25°47.28' P 0

Abbreviations: mbsl, meters below sea level; M, manipulator; S, scoop; P, push corer; *~’ indicates that nodules
were not sampled.
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Figure 1. (A) Location and (B) bathymetric maps of the study area. Hatched areas in (A) represent

the extended continental shelves of Japan. Star symbols in (B) are DSV Shinkai 6500 dive sites during
cruises YK16-01 and YK17-11C of R/V Yokosuka. Colored (yellow and orange) and white stars indicate
sites where ferromanganese nodules were and were not sampled, respectively. The dashed white

circle in (B) represents the Japanese Exclusive Economic Zone, and areas in which no bathymetric

data are available are shown in gray.
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Figure 2. Representative photographs of ferromanganese nodule sampling using (A) the DSV Shinkai

6500 manipulator arm, (B) a scoop, and (C) a push core.
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2.2. Analytical Method

X-ray CT: To observe nodule nuclei, we performed X-ray CT analysis of 934 samples
using a Lightspeed medical X-ray CT scanner (GE Healthcare, Chicago, IL, USA) for
samples from dives 6K#1459 to 1464 (cruise YK16-01) and an Aquilion PRIME/Focus
Edition X-ray scanner (Canon Medical System Corp., Otawara, Tochigi, Japan) for samples
from dives 6K#1465 (cruise YK16-01), 6K#1497 to 1501, and 6K#1503 (cruise YK17-11C) at
the Center for Advanced Marine Core Research, Kochi University (Kochi, Japan). Both
scanners were operated at 120 kV and 100 mA. CT analyses using the Lightspeed medical
X-ray scanner were performed with a slice width of 0.625 mm, image resolution of 512 x 512
pixels, pixel sizes of 0.1875 x 0.1875 mm? to 0.334 x 0.334 mm? depending on the sample
size, and 0.5 s of X-ray exposure time per slice. The analyses carried out with the Aquilion
PRIME /Focus Edition X-ray scanner were performed with a slice width of 0.5 mm, image
resolution of 512 x 512 pixels, pixel sizes of 0.128 x 0.128 mm? to 0.618 x 0.618 mm?
depending on the sample size, and 0.5 s of X-ray exposure time per slice.

The signal at each point in a CT image is the CT number, which describes the X-ray
absorption of the material within that voxel (i.e., volumetric pixel) in Hounsfield units (HU)
as follows:

CT number [HU] = 1000 x ' —#v
Hw
where p and pyy are the linear X-ray absorption coefficients of the sample and pure water,
respectively. Both CT scanners were calibrated to yield CT number of 0 HU for pure water
and —1000 HU for air. The CT number of a material in any voxel depends on its density
and chemical composition. The analytical results were output to the Digital Imaging
and Communications in Medicine (DICOM) file format using the instrument’s operation
program. Details on the principles of X-ray CT scanning are available elsewhere [16,17].

The DICOM files were visualized as CT images and contour plots in Python. In the
contour plots, voxels are colored according to their CT number in increments of 200 HU.
From these representations, the CT numbers corresponding to nuclei were determined
in the following two steps: (1) nuclei were identified and outlined in the CT images
based on their distinct CT numbers compared to the surrounding ferromanganese oxide
layers, i.e., from the continuous CT number spectrum (left in Figure 3); and (2) the specific
CT number of a nucleus was determined as the dominant CT number within the same
area of the associated contour plot (right in Figure 3). In the examples of Figure 3, the
nuclei are characterized by CT numbers in the range 1400-1600 HU (blue, Figure 3A) and
2800-3000 HU (pink, Figure 3B).

Elemental mapping by u-XRF: To further characterize the nuclei and their constituent
materials, some samples were cut into half for elemental mapping by p-XRE. Cutting planes
were determined based on the 3D X-ray CT images so that the nuclei would appear within
the cut sections. Then, the exposed nuclei were analyzed by p-XRF spectroscopy using a Rh
X-ray tube at Kyoto University (XGT-7000V; Horiba, Kyoto, Japan) following the method
described by [18].

We determined the intensities of Al, Ca, Cr, Fe, K, Mg, Mn, Ni, P, Si, and Ti. Multiple
measurements were made using a tube voltage of 50 kV, a tube current of 0.9 A, and an
X-ray beam diameter of 100 pm in vacuo. The samples were scanned in approximately 90—
178 pum intervals (pixel size) depending on the dimension of the mapping area. Elemental
intensities were determined from the cumulative intensity of the analysis, with a total
analysis time of 76-543 ms per pixel.
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Figure 3. X-ray CT images (left) and CT number contour plots (right) of representative nuclei in
ferromanganese nodules (A) #1463N2-007 and (B) #1501N4-008.

3. Results and Discussion
3.1. Classification of the Ferromanganese Nodule Nuclei

Various materials have been suggested as nodule nuclei in previous studies, includ-
ing volcanic rock fragments, pumice, both consolidated and soft seafloor sediments, and
shark teeth [19-21]. Consistently, we observed a wide distribution of nuclei CT numbers
(Figure 4A). Because the CT number depends on density and chemical composition, mate-
rials with essentially the same density and composition show identical CT numbers. Thus,
the multi-modal distribution of CT numbers in Figure 4A suggests that various materials
constitute nuclei with different CT numbers.

A notable proportion of our samples had CT numbers lower than 1800 HU, particularly
in the range 1200-1800 HU, whereas many had broadly higher CT numbers in the range
1800-3600 HU (Figure 4A). Kernel density estimation of the histogram showed two peaks
in the CT number distribution (Figure 4A), and Gaussian mixture modelling reasonably
explained the histogram as the mixture of two Gaussian components (Figure 4B). Consid-
ering the central 81% of each component’s distribution (1.31 standard deviations; shaded
in Figure 4B), these two areas touch at approximately 1800 HU (1821 HU). Therefore, we
consider that nuclei with CT numbers above and below 1800 HU are essentially different
materials; accordingly, we classified nuclei with CT numbers above and below 1800 HU as
Type I and Type II, respectively.
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Figure 4. (A) The distribution of nucleus CT numbers from ferromanganese nodules collected at
all dive sites and the corresponding kernel density estimate (KDE). (B) A Gaussian mixture model
(GMM) fitted to the CT number histogram. The GMM components and the overall mixture are shown
in different colors and overlaid on the histogram. Shaded areas represent 1.31 standard deviations on
either side of the mean of each component (i.e., the central 81% of the distribution of each component),
which we used to delimit the boundary between the two components (see text for details).

We noted that some Type I nuclei showed a characteristic conical morphology (i.e., V-
shaped in cross section; Figure 5A). Therefore, we further subdivided Type I nuclei into the
following two groups: Type I-C (conical) and Type I-O (others). Type I-C samples accounted

for 12.8% of the Type I nuclei. Types I-O and II nuclei did not show any characteristic shape
(Figure 5B,C).

3.2. Identification of the Nuclei of Each Type

For each type of nucleus, representative samples with sufficiently large nuclei were
analyzed by pu-XRF elemental mapping, and the materials comprising the nuclei were
determined based on their chemical characteristics in the p-XRF elemental maps and any
other identifying features. We performed p-XRF analyses of one Type I-C, three Type I-O,
and three Type Il nuclei.

Type I-C nuclei are V-shaped and white in color (Figure 6A). In u-XRF elemental maps,
only P and Ca are concentrated in the nuclei (Figure 6E,F). These results clearly suggest that
these nuclei are fish teeth. Indeed, biogenic calcium phosphate (BCP), mainly comprising

P and Ca and known to include fish teeth, is ubiquitously found in seafloor sediments
(e.g., [22,23]).
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Figure 5. X-ray CT images (left) and CT number contour plots (right) of representative nuclei

classified as (A) Type I-C, (B) Type I-O, and (C) Type II.

The three Type I-O nuclei were markedly different. The first is reddish-brown in color
(Figure 7A) and is only enriched with Fe (Figure 7I). Previous studies have reported Fe-rich
hydrothermal materials of a similar brown color, known as ironstones, that originated from
pelagic seamounts [24,25], and we accordingly interpret this nucleus to be ironstone.

The second Type I-O nucleus is white to yellow in color (Figure 8A) and rich in P and
Ca (Figure 8E,F). Although this chemical characteristic might suggest calcium phosphate
and/or BCD, this particular nucleus shows massive texture and is unlike the tooth or bone
fragments of marine vertebrates. Thus, we interpret this nucleus not to be BCP, but a
phosphorite, known to form when carbonate rocks on seamounts are phosphatized by

P-rich seawater [26,27].
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Figure 6. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type I-C nucleus (#1463N1-015) interpreted to be a fish tooth.
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Figure 7. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type I-O nucleus (#1463N4-010) interpreted to be an ironstone.

#1463N4-007

photo Si Al K
A "!“! C high
“omm
P Ca Mg Ti Relative
E F G elemental
Fe Mn ‘ Ni Cr low
| A ¢

Figure 8. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type I-O nucleus (#1463N4-007) interpreted to be a phosphorite.

The third Type I-O nucleus is generally gray in color (Figure 9A), is rich in Si and Al,
and locally rich in K, Mg, Ti, and Fe (Figure 9). These elements are consistent with the main
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components of igneous rocks that form seamounts (e.g., [28]). Therefore, according to its
gray color, we interpret this nucleus to be an igneous rock.

#1464N4-004
photo

high

Relative
elemental
abundance

low

Figure 9. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type I-O nucleus (#1464N4-004) interpreted to be an igneous rock.

Although the Type I-O nuclei identified in this study are of different origins, they
are all hard rocks that occur on seamounts [24,27,28]. This conclusion is consistent with
their high CT numbers that are indicative of their high densities. The CT numbers of
the ironstone (#1463N4-010), phosphorite (#1463N4-007), and igneous rock (#1464N4-004)
nuclei were 3000-3200 HU, 2800-3000 HU, and 2000-2200 HU, respectively. These CT
numbers correspond to the order of density of constituent minerals. From these results, the
wide range of CT numbers above 1800 HU reflects the presence of several rock types with
different CT numbers.

All three Type II samples were light brown in color and consistently rich in Si, Al,
and K (Figures 10 and 11). These characteristics are similar to pelagic clays composed
of aluminosilicates [29], suggesting that Type II nuclei are solidified pelagic clay. We
note that nucleus #1462N1-003 shows local concentrations of P and Ca (Figure 11E,F).
Small BCP grains constitute an important host of rare-earth elements and Y (REY) in
deep-sea sediments [30], and a certain type of sediment known to concentrate BCP, and
thus REY, is called REY-rich mud [31,32]. Therefore, we interpret this nucleus to be REY-
rich mud containing a substantial amount of BCP, which is widely distributed around
Minamitorishima Island [30,33,34].

#1459N1-006

high

Relative
elemental
abundance

Fe Mn N Cr ow

Figure 10. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type II nucleus (#1459N1-006) interpreted to be pelagic clay.
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Figure 11. (A) Photograph and (B-L) u-XRF elemental maps of the cross section of a representative
Type II nucleus (#1462N1-003) interpreted to be REY-rich mud containing a substantial amount
of BCP.

3.3. Nuclei Proportions

As described above, we identified three materials (fish teeth, hard rocks, and sed-
iments) as ferromanganese nodule nuclei around Minamitorishima Island. Figure 12A
shows the observed proportions of each nucleus type at each dive site. All three nucleus
types were observed at all dive sites, except 6K#1459, 6K#1460, and 6K#1503 (Figure 12A),
indicating that these materials are commonly supplied to the seafloor over a wide area
around Minamitorishima Island.

It is unclear whether the observed proportions of the three materials accurately reflect
their true proportions, especially at sites where few samples (<50) were obtained. Nonethe-
less, fish-tooth nuclei were observed at all except three sites, but in small proportions,
consistent with the reported ubiquity yet infrequency of teeth and bone fragments on the
deep seafloor (e.g., [23,35]). Notably, these nuclei were not observed at the three sites where
we sampled the fewest nodules, and their observed absence at those sites may represent a
sampling bias. Therefore, we interpret fish teeth to be ubiquitous but minor constituents
of nodule nuclei, and thus only a minor influence on the distribution of ferromanganese
nodules in the study area.

In contrast, hard-rock and sediment nuclei were major components of ferromanganese
nodule nuclei (>30 samples observed) at all sites except 6K#1460 and 6K#1503, where we
observed exclusively sediment nuclei. Hard-rock nuclei were the dominant nuclei type at
only three sites (6K#1463, 6K#1464, 6K#1501), whereas sediment nuclei dominated at all
other sites (Figure 12A).

Igneous rocks, ironstones, and phosphorites that we observed to compose hard-rock
nuclei are known to be present on seamounts [24,27,28]. Because no hard rocks have
been reported in sediment cores recovered from the study area [33,34,36] and no signs of
geologically recent major volcanic activity have been observed in the surrounding areas, we
infer that these nuclei were supplied directly to the seafloor from their seamounts of origin
after volcanic and hydrothermal activity had subsided. We note that we observed hard-rock
nuclei in nodules collected far from seamounts (e.g., sites 6K#1461, 6K#1465; Figure 12B).
Although the specific process of transporting these nuclei to such sites is beyond the scope
of this study, we speculate that such rock fragments can be transported up to ~50 km from
their source seamounts. We note that the proportion of hard-rock nuclei may not necessarily
correlate with distance to the nearest seamount because the amount of hard rocks supplied
to a given site depends on which seamount collapsed and on which scale a collapse of
the seamount occurred. Recently, based on geophysical surveys, it was suggested that
seamount collapses may supply the debris that forms ferromanganese nodule nuclei [37];
accordingly, our findings suggest that some, but not all, nodule nuclei may derive from
seamount collapses.
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Figure 12. (A) Stacked column charts indicating the relative amounts of the three nodule nucleus
types observed overall (left column) and at each dive site (other columns). Numbers in brackets
under the dive sites indicate the total number of nodules collected at each site. (B) Pie charts of
the column data from (A) at each dive site are linked to the site locations to indicate the relative
geographical distributions of the nodule nucleus types. In (B), areas in which no bathymetric data
are available are shown in gray.

Because sediment nuclei are the most common nodule nuclei around Minamitorishima
Island, determining their origins is of paramount importance in elucidating the factors that
control the ferromanganese nodule distribution there. Sediments are ubiquitous on both
seamounts and seabeds, but our data do not allow us to determine the seamount vs. seabed
provenance of these nuclei. Therefore, a more detailed characterization of sediment (i.e.,
Type II) nuclei using u-XRF is an important goal for future studies, and X-ray CT analysis
will help identify target nuclei.

4. Conclusions

We performed X-ray CT analysis of the nuclei of 934 ferromanganese nodules collected
from the seafloor around Minamitorishima Island in the western North Pacific Ocean.
Based on those results, we performed p-XRF elemental mapping of selected samples. We
drew the following conclusions.

1. Weidentified two groups (Types I and II) of nodule nuclei based on their CT numbers.
We further subdivided Type I into Type I-C (conical) and Type I-O (other) based on
nucleus shape.

2. Based on macroscopic observations and elemental maps, we identified Type I-C,
Type I-O, and Type Il nuclei as fish teeth, hard rocks (igneous rocks, ironstones, or
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phosphorites), and sediments (pelagic clays or REY-rich muds containing substantial
amounts of BCP), respectively.

3. Fish-tooth (Type I-C) nuclei were observed at all sites where a sufficient number of
nodules was collected. Fish teeth, therefore, represent a ubiquitous but minor nodule
nucleus type in the study area.

4. Hard-rock (Type I-O) nuclei represented a major proportion of nodule nuclei at most
sites, but were most often subordinate to sediment nuclei. We interpret that hard-rock
nuclei were supplied from seamounts, consistent with recent geophysical data [36].

5. Sediment (Type II) nuclei dominated nodule nuclei overall, but we could not deter-
mine their seamount vs. seabed provenance. Therefore, to better understand the
ferromanganese nodule distribution in the study area, it is essential to determine the
provenance of the sediments in Type Il nuclei.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/min13060710/s1, Table S1: CT numbers and shapes of
ferromanganese nodule nuclei collected during cruises YK16-01 and YK17-11C.
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