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moteness is an obstacle to mining operations. However,
large Fe-Mn nodules have also been found to be densely
distributed on a seamount in the eastern part of the Japa-
nese Exclusive Economic Zone (EEZ) around
Minamitorishima (Marcus) Island, Japan, where their re-
source potential is more promising because they are lo-
cated closer to the main islands of Japan than the CCZ.
Thus, further exploration in the EEZ can be expected,
along with future development followed by the self-suf-
ficiency and the stabilization of the market for critical
metals. In this report, we describe results of a geological
survey using the submersible SHINKAI 6500 and a mul-
tiple narrow-beam echo sounder system during cruise
YK10-05 of R/V Yokosuka. We also present the results of
chemical analyses to define geochemical features for rep-
resentative Fe-Mn nodules and adjacent Fe-Mn crusts.
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A dense field of ferromanganese (Fe-Mn) nodules was discovered on a seamount approximately 300 km east of
Minamitorishima Island, in the Japanese Exclusive Economic Zone. To evaluate its potential as a resource for critical
metals, we describe results of a geological survey using the SHINKAI 6500 submersible (dive No. 6K 1207) during cruise
YK10-05 of R/V Yokosuka in 2010, and geochemical analyses of collected samples. Submersible observations showed that
spherical nodules 5–10 cm in diameter almost fully cover the region of high acoustic reflectivity. The large nodules
generally consist of three concentric layers: the outermost mottled (sediment-filled) layer L0, the massive black layer L1,
and the innermost porous (sediment-filled) layer L2. Elements including Fe, Ti, Co, As, rare earth elements other than Ce,
Th, U, and Pb are concentrated in the nodule rim rather than the center. In contrast, Mn, Al, P, Ca, Ni, Zn, Y, Mo, Ce, and
W are concentrated in the center, and decrease toward the rim. Geochemical and structural features indicate that the
nodules are compositionally and morphologically similar to Fe-Mn crusts, suggesting that they owe their origin solely to
prolonged hydrogenetic precipitation of Fe-Mn-(oxyhydr)oxides. As the nodules include metals of economic interest,
especially Co, Ni, Mo, and W, this deposit should have high potential for future mining. The changes in nodule composi-
tion from the center to the rim may yield information on paleoceanographic events since early Oligocene time.
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INTRODUCTION

Ferromanganese (Fe-Mn) nodules have long been con-
sidered a potential resource for metals, such as Ni, Cu,
Co, and Li, that are important in contemporary technol-
ogy (e.g., Hein et al., 2010, 2013). Extensive areas of
densely distributed high-grade nodules have been recog-
nized in the region between the Clarion and Clipperton
Fracture Zones (CCZ) in the central Pacific Ocean (e.g.,
Hein et al., 2013). Japan has approved exploration licenses
for future mining in the CCZ, although the location’s re-
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FIELD OBSERVATIONS AND SAMPLING

In precise bathymetric data recently acquired by the
Japan Coast Guard, clusters of small conical knolls or
seamounts were identified southeast of Minamitorishima
Island by Oikawa and Morishita (2009), who remarked
upon their morphological resemblance to petit-spot vol-
canoes in the northwestern Pacific (Hirano et al., 2006,
2008). Cruise YK10-05 of R/V Yokosuka subsequently
visited two sites in the area (sites A and B in Fig. 1) to
perform acoustic surveys, using a multiple narrow-beam
echo sounder system (SeaBeam2112.004) to map the

bathymetry and acoustic reflectivity of the seafloor. Dur-
ing this cruise, we chose a small seamount approximately
300 km east of Minamitorishima Island at Site B (Site
6K 1207 in Fig. 1c) for investigation by SHINKAI 6500.
The seamount at Site 6K 1207 is located on the Creta-
ceous Pacific Plate formed between 163 and 164 Ma
(Müller et al., 2008; Nakanishi et al., 1989), that is in the
region of the West Pacific Seamount Province (Koppers
et al., 2003) or the northernmost region of the Prime Crust
Zone (Hein et al., 2009, 2013).

The seamount at Site 6K 1207 rises about 400 m above
the surrounding seafloor and has a ridge trending

Fig. 1.  Maps of the dense ferromanganese nodule field in the Japanese Exclusive Economic Zone around Minamitorishima
Island. (a) Location map showing Japan (upper left) and red outline of area shown in (b). (b) Detail of (a) showing Minamitorishima
Island, the Japanese EEZ (within the white circle), and sites surveyed during cruise YK10-05 of R/V Yokosuka. Bathymetric data
are from ETOPO2 (NOAA National Geophysical Data Center; http://www.ngdc.noaa.gov/). (c) Bathymetric and (d) acoustic
reflectivity maps of the area outlined in red in (b), on the basis of data collected by a multi narrow beam system SeaBeam2122.004
during cruise YK10-05.
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northwestward from its summit (Fig. 2a). Acoustic re-
flectivity was strong on the summit and slopes of this
seamount (Fig. 2b). The SHINKAI 6500 landed on the
seafloor on the lower northern flank of the northwestern
ridge in an area of strong acoustic reflections. There the
seafloor was fully covered with hard, well rounded Fe-
Mn nodules 5–10 cm in diameter along with very thin
soft pelagic sediment (Fig. 3a). Some nodules were
loosely connected by Fe-Mn crusts. Five nodule samples
were collected using the manipulator at the landing point
(R01, R02, R03, R04, and R05), and small fragments of
nodules were collected using the scoop near the summit
(R06) (Fig. 2, Tables 1 and 2). Nodules were densely dis-
tributed throughout the dive track (Fig. 3b). In contrast,

scattered boulders were observed on the slightly steep
slope near the summit (Fig. 3c). This slope had slightly
lower acoustic reflectivity than the surrounding area. Four
samples from boulders on this slope (R07, R08, R09, and
R10) consisted of Fe-Mn crusts on a substrate of altered
volcanic rocks (Fig. 2 and Table 2). Therefore, we inter-

Fig. 2.  Maps of (a) bathymetry and (b) acoustic reflectivity at
Site 6K1207 derived from shipboard data. Orange line illus-
trates the survey track of SHINKAI 6500 dive No. 6K 1207.
Locations of sampling sites are shown in red (for nodules) and
gray (for crusts) open stars.

Fig. 3.  Photographs showing representative seafloor at Site
6K 1207. Locations of each photo are shown in Fig. 2.
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pret these boulders as pillow lavas, indicating that this
small seamount was formed by volcanic activity. A sam-
ple of Fe-Mn crust on a substrate of sedimentary rocks
(R11) and a nodule (R12) were collected on the summit
(Fig. 2, and Tables 1 and 2).

The large nodules generally consist of three more or
less concentric layers, designated L0 to L2 from the sur-
face to the core (Fig. 4). The innermost layer L2 has a
porous texture, with the pores containing brown sediment.
It is covered by layer L1, consisting of massive black
material. Blanketing this is the mottled and sediment-
filled layer L0. The texture of each layers was observed
under a microscope (Fig. 5). L2 is composed of dendritic
grown d-MnO2 (showing dark grey color; e.g., Usui, 1983;
Usui et al., 1987) and large pores and vugs containing
biogenic and detrital (clay minerals) grains. d-MnO2 in
L1 show parallel to subparallel growth laminations. The
number and size of pores and vugs are drastically de-
creased in L1 compared to L2. In L0, d-MnO2 show
petaline growth laminations. The openings between col-
umns of d-MnO2 are stuffed by biogenic and detrital
grains.

METHODS

We selected two representatives for large (R01 and

R02, Fig. 4) and small nodules (R06, Supplementary Fig.
S1). As mentioned in the previous section, other nodule
samples, except for R06 and R12, were collected at the
same sampling site for samples R01 and R02. R12 was
eliminated for chemical analysis, because a large number
of inclusions (possibly pelagic sediment) were observed.
Samples R01 and R02 were cut vertically in half on board.
To determine compositional changes from the center to
the rim of the nodules, the interior was further split into
ten slabs, each slightly less than 5 mm thick from
subsample 01 at the top (seawater side) to subsample 10
at the bottom (sediment side) (Fig. 4). The two outermost
subsamples (01 and 10) correspond closely to layer L0,
the next two inner subsamples (02 and 09) match layer
L1, and the remaining subsamples correspond to layer
L2. The nucleus material in subsamples 05, 06, and 07
was carefully separated by hand-picking before analyzing
the remainder. Whole of two pieces of R06 (R06a and
R06b) were also analyzed without further separation, be-
cause a large nucleus was not observed. In addition, Fe-
Mn crusts adhering to basalt samples R07, R08, R09, and
R10 (Fig. S1) were analyzed for comparison with the
nodules. A slab of ~5-mm-thickness containing the entire
sequence of the Fe-Mn crust from the bottom to the sur-
face was cut from each of these samples.

All of the cut samples were carefully polished with a

Event Latitude (N) Longitude (E) Depth (m)

Landing point (on bottom) 24∞35.7433¢ 157∞00.9824¢ -5503

Collection of samples R01-05 24∞35.7368¢ 157∞00.9891¢ -5503

Collection of sample R06 24∞34.4847¢ 157∞01.5693¢ -5349

Collection of samples R07 and R08 24∞34.3150¢ 157∞01.8714¢ -5306

Collection of samples R09 and R10 24∞34.2604¢ 157∞01.9038¢ -5255

Collection of samples R11 and R12 (off bottom) 24∞34.0950¢ 157∞02.0163¢ -5226

Sample No. Rock type Diamiter (mm) Wt (g) Mn coating (mm) Remarks

X Y Z

R01 Manganese nodule 80 110 90 850 With nucleus of silt
R02 Manganese nodule 100 90 70 800 With nucleus of silt
R03 Manganese nodule 100 70 70 750 With nucleus of silt
R04 Manganese nodule 70 70 90 700 With nucleus of silt
R05 Manganese nodule 80 75 90 750 Without nucleus?
R06 Manganese nodule 540 Collected using scoop
R07 Basalt 210 90 80 2150 13-32 With manganese crust

R08 Basalt 120 80 35 550 14 With manganese crust
R09 Basalt 200 140 160 5200 19 With manganese crust and soft silt
R10 Basalt 200 140 120 5500 12-50 With manganese crust and solid silt

R11 Sedimentary rock (silt) 90 50 35 200 7 With manganese crust
R12 Manganese nodule 90 60 40 400 With nucleus of silt

Table 1.  Locations of sampling points

Table 2.  Description of samples
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residue, which was heated at 110∞C for 12 h, then evapo-
rated at 90∞C until dry. The residue was then dissolved
with 4 mL of HNO3 and 1 mL of HCl, and the solution
was diluted to 1:100,000 (for nodules) or 1:20,000 (for
crust) by mass using ultra high purity water (18 MW-cm).
Spectral overlaps from oxides and hydroxides (44Ca16O
on 60Ni, 47Ti16O on 63Cu, 50Ti16O on 66Zn, 135Ba16O and
134Ba16O1H on 151Eu, 137Ba16O and 136Ba16O1H on 153Eu,
141Pr16O and 140Ce16O1H on 157Gd, 143Nd16O on 159Tb,
and 165Ho16O on 181Ta) were corrected following Aries et
al. (2000). Analyses of reference material JB-2, issued
by the Geological Survey of Japan, were generally within
2% of accepted values, and reproducibility of replicate
analyses (n = 5) was typically <3% of the relative stand-
ard deviation (RSD). Results of the analyses are listed in
Table 3. Because our analysis demonstrated contamina-
tion from the nucleus of the nodule in subsample R02-

Fig. 4.  Photographs of samples R01 (upper) and R02 (lower) showing vertical cross sections (left) and side views of counterpart
(right). Numbered white squares show positions of sub-sampling for geochemical analysis. The nucleus portions, outlined in
white within subsamples 05, 06, and 07, were separated from the samples before analysis. Dashed concentric circles illustrate
boundaries of layers L0 to L2.

diamond plate to remove any contamination from the saw
on the cut surface. After rinsing with ultra high purity
water (18 MW-cm) and air-drying, the samples were pul-
verized in an agate mortar prior to major and trace ele-
ment analyses.

Abundances of major and trace elements were deter-
mined using an Agilent 7500c inductively coupled plasma
mass spectrometer (ICP-MS) at the Department of Sys-
tems Innovation, the University of Tokyo, following pro-
cedures described by Kato et al. (2005, 2011b). After dry-
ing the powdered samples at 110∞C for ~12 h, 0.010 g
subsamples were dissolved by HNO3-HF-HClO4 diges-
tion in tightly sealed 12 mL Teflon PFA screw-cap beak-
ers, and heated for several hours on a hot plate at 110∞C.
The dissolved sample was then progressively evaporated
at 110∞C for 12 h, 160∞C for 6 h, and 190∞C until dry-
ness. Subsequently, 2 mL aqua regia was added to the
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Fig. 5.  Photomicrographs of the sample R02 showing features
of texture of layers L0 (a), L1 (b), and L2 (c).

06, results from that subsample were discarded.
Bulk nodule compositions for samples R01 and R02

(Table 3) were calculated assuming a sphere separated
into eight hemispherical shells corresponding in compo-

sition to subsamples 01, 02, 03, 04, 07, 08, 09, and 10,
and a center corresponding to subsamples 05 and 06. The
nominal diameter of this sphere was 9.5 cm for R01 and
8.5 cm for R02, values that were intermediate between
the maximum and minimum dimensions of the nodules
measured on board (Table 2). Mean density was 1.89 for
R01 and 2.48 for R02 on the basis of their masses deter-
mined on board (Table 2) and their diameters. The com-
position of subsample R02-06 was assumed to be equal
to that of subsample R02-05. In addition, the composi-
tions of R06-a and R06-b were averaged to represent R06
(Table 3).

RESULTS AND DISCUSSION

General geochemical features of nodules
We compare the general geochemical features of nod-

ules from Site 6K 1207 and nodules and crusts from other
localities in Fig. 6. The center of nodules from Site 6K
1207 (Fig. 6a, subsamples R01-6 and R02-5) have Mn/
Fe ratios of 1.65–1.84 and are enriched in Ni compared
to Co and Cu. In the observation of slightly high Mn/Fe
and Ni contents in the center of nodules, they resemble
nodules formed solely by diagenetic mechanisms (e.g.,
for nodules from the Peru Basin) or by mixed diagenesis
and hydrogenetic (e.g., for nodules from CCZ) Fe-Mn
precipitation (Fig. 6b). However, the Mn/Fe ratio and Cu
abundance of the center of the nodules from Site 6K 1207
are lower than those of diagenetic nodules from other re-
gions (e.g., Calvert and Price, 1977; Hein et al., 2013;
Bau et al., 2014). Compared to the center, the rims of the
nodules from Site 6K 1207 (Fig. 6a, subsamples R01-01,
R01-10, R02-01, and R02-10) have lower Mn/Fe ratios
(0.78–1.12) and Ni concentrations, and higher Co con-
centrations. These features, especially on the upper rims,
are similar to those of hydrogenetic Fe-Mn crusts (Fig.
6c; Hein et al., 2013; Tokumaru et al., 2015; Nozaki et
al., 2016).

The REE plus Y (REY) profiles of bulk nodules from
Site 6K 1207, normalized to post-Archean average Aus-
tralian shale (PAAS; Taylor and McLennan, 1985), dis-
play relative depletion in light REE (LREE) and positive
Ce and negative Y anomalies (Fig. 6a), although the Y
anomaly is smaller in subsamples 05 and 06 around the
nucleus than in the other subsamples (Fig. 6b). Average
concentrations of all the REY in nodules from Site 6K
1207 are higher than those in the Fe-Mn nodules from
other regions such as the CCZ and Peru Basin (Bau et al.,
2014) (Figs. 6b and 7), and similar to those of the non-
phosphatized Fe-Mn crusts (Hein et al., 2013; Bau et al.,
2014) (Figs. 6a and 6c). All of these observations sug-
gest that Fe-Mn nodules at Site 6K 1207 did not follow a
simple growth process. Consequently, their bulk compo-
sition is not typical of diagenetic Fe-Mn nodules (Fig.
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6b) and is relatively similar to the composition of
hydrogenetic Fe-Mn crust (Fig. 6c).

Compositional change through the growth of nodules
Detailed cross-sectional compositional profiles of

nodules from Site 6K 1207 are shown for comparison with
other nodules and crusts in Fig. 8. Elements including Ti,
Co, As, REE other than Ce, Th, U, and Pb have the same
pattern as Fe, concentrating in the nodule rim rather than
the center. Among these, REEs and Pb are slightly en-
riched in the innermost part around the nucleus. In con-
trast, Al, P, Ca, Ni, Zn, Y, Mo, Ce, and W resemble Mn in
having concentrations that are high in the center and de-
creasing toward the rim. The negative Y anomaly de-
creases from the surface (subsamples 01 and 10) to the
nucleus (subsamples 05 and 06) (Figs. 7 and 8). Only Cu
is the only exception to these tendencies, concentrating
in the bottom rim of the nodule and decreasing from the
center to the top rim (Fig. 8).

Geochemical trends within the nodules from Site 6K
1207 differ from those of the nodule rim, as well as nod-
ules from other regions (Figs. 6 and 7). In comparison to
nodules from CCZ, the most critical observation is that
enrichment of Mn, Ni, Zn, Mo, and Cu in center of the
Site 6K 1207 nodules is less pronounced whereas other
elements including REY have higher concentrations.
Halbach et al. (1981) reported that enrichment of Ni and
Cu increases with Mn/Fe ratio up to about Mn/Fe = 5,
and that a Mn/Fe ratio of 2.5 separates predominantly
hydrogenetic nodules from the hybrid and the diagenetic
nodules. Therefore, the lower Mn/Fe ratio (<2.5) and
lesser enrichment in Mn, Ni, Zn, Mo, and Cu of Site 6K
1207 nodule centers suggest that diagenetic Fe-Mn-
(oxyhydr)oxide precipitation did not persist through all
stages of nodule growth.

That the Site 6K 1207 nodules have a growth history
similar to that of Fe-Mn crusts is further suggested by
their structural change from center to rim, and by com-
parison with hydrogenetic Fe-Mn crusts from the central
and western equatorial Pacific. These Pacific seamounts
crusts generally consist of a lower (older) phosphatized
layer and an upper (younger) non-phosphatized layer (e.g.,
McMurtry et al., 1994; Koschinsky et al., 1997; Hein et
al., 1993, 1999). Recent detailed descriptions (Pan et al.,
2005; Kim et al., 2005, 2006), however, have shown that
each of these layers is itself divided into two distinct lay-
ers for a total of four layers. The younger two layers of
Fe-Mn crust, which formed after phosphatization by car-
bonate fluorapatite, are respectively characterized by
mottled and porous or vuggy (inner; Layer 2), and mas-
sive (outer; Layer 1) texture (Pan et al., 2005; Kim et al.,
2005, 2006). Similar porous sediment-filled (inner) and
massive (outer) layers are also observed in Fe-Mn crust
especially from deeper depths (2209–2987 m) of the

Fig. 6.  Block diagrams showing composition of Fe, Mn, Co,
Cu, Ni, and REE (other than Ce) plus Y of (a) Fe-Mn nodules
from Site 6K1207 and (b) nodules and (c) crusts from other
locations. Fe-Mn nodule data from the Clarion and Clipperton
Fracture Zone (CCZ), Peru Basin, and Indian Ocean, and crusts
from the Atlantic, Indian, and northern Pacific (prime zone)
oceans are from Hein et al. (2013). Hidden datum of Co*10 of
the nodules from the CCZ and the Peru Basin in (b) is 2.098
and 0.475 (Hein et al., 2013), respectively. Surface data (3 mm
thickness) of Fe-Mn crusts from Takuyo Daigo Seamount in the
western Pacific are from Tokumaru et al. (2015) and Nozaki et
al. (2016).
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Takuyo Daigo Seamount, which is located near the
seamount at Site 6K 1207 (Tokumaru et al., 2015). In the
case of the Takuyo Daigo Seamount, these two layers are
further covered by an outermost mottled layer (Tokumaru
et al., 2015). However, the three-layered-structure of Fe-
Mn crust from the Takuyo Daigo Seamount completely
corresponds to the three concentric layers (L0 to L2 from
the surface to the center) of nodules from Site 1207 (Fig.
4). Based on microscopic observation (Fig. 5), the po-
rous L2 and massive L1 features of our nodules is com-
parable to porous Layer 2 and massive Layer 1, respec-
tively, of the Fe-Mn crust as described by Kim et al. (2005,
2006), although the texture of L0 of the nodules does not
match to any layer of crust. We thus suggest that L1 and
L2 of nodules from Site 6K 1207 and crust from the
Takuyo Daigo Seamount correspond to Layers 1 and 2 of
crusts from seamounts in the western equatorial Pacific.

The textural relationship between nodules from Site
6K 1207 and crust from the Takuyo Daigo Seamount (and
seamounts in the western equatorial Pacific) is also sup-
ported by geochemical correspondences between them
(Fig. 9). A simultaneous increase in Fe and decrease in
Mn, Ni, and Cu from L2 to L0 of the seawater side of the

Fig. 7.  REE, Y, Th, and U concentrations normalized to post-Archean average Australian shale (PAAS; Taylor and McLennan,
1985) for the ferromanganese (Fe-Mn) nodules from Site 6K 1207, and nodules and crusts from other locations. Fe-Mn nodule
data from CCZ and Indian Ocean, and crusts from the northern Pacific prime zone are from Hein et al. (2013). Fe-Mn nodule
data from the Peru Basin, and the hydrogenetic and phosphatized Fe-Mn crusts are from Bau et al. (1996, 2014).

Site 6K 1207 nodule (Figs. 8 and 9) is quite consistent
with compositional change of those elements observed
in the Takuyo crust (Nozaki et al., 2016) (Fig. 9). Fur-
thermore, the most important geochemical feature on the
Takuyo crusts during growth of L2 is that there are strong
Ti concentration peaks (Fig. 9). Such a tendency is dis-
played by subsamples R01-05 and R01-03 of the Site 6K
1207 nodule (Figs. 8 and 9). This line of observations
suggests that nodule and crust were formed by a common
process. In the case of Fe-Mn crusts from the western
equatorial Pacific, increasing Fe, decreasing Mn, Ni, and
Cu, and strong Ti concentration peaks have been previ-
ously obtained (Pan et al., 2005; Kim et al., 2005, 2006).
Kim et al. (2006) considered that the peak in Ti content,
together with enrichment of Al, K, and Rb in Layer 2,
indicated a high flux of detrital components when the
crust-bearing site lay under the Intertropical Convergence
Zone (ITCZ). In addition, Usui et al. (2007) showed that
porous and mottled layers grew more rapidly than the
massive layer on the basis of age determination using
10Be/9Be method. Enrichment of Al, K, and Rb is also
observed in L2 of nodules from the Site 6K 1207 (Fig. 8;
K and Rb not shown), in the same sense as in Layer 2 of
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the western equatorial Pacific crust. Therefore, we con-
sider that the porous and mottled texture, together with
the geochemical features, of L2 of the nodules and Layer
2 of the crust to be formed by hydrogenetic precipitation
with high flux of detrital components, probably when they
were under the ITCZ. Thereafter, the massive texture of
L1 nodules and Layer 1 of the crust is considered to be
formed by hydrogenetic precipitation without detrital flux
at out of the ITCZ.

The profiles in Figs. 8 and 9 show that the composi-
tions of Co, Ni, W, and Mo in the rims of nodules from
Site 6K 1207 (L0; subsample 01) resemble those on the
surfaces of the Fe-Mn crust from the Takuyo Daigo
Seamount (Tokumaru et al., 2015; Nozaki et al., 2016),
especially crusts from deeper depths (e.g., 2967 m). Fur-
thermore, Fe/Mn (Fig. 6) and the smooth surface of these
nodules appear to indicate that the most recent phase of
growth is solely by hydrogenetic precipitation of Fe-Mn-
(oxyhydr)oxides (e.g., Halbach et al., 1981; Elderfield et
al., 1981; Usui et al., 1987; Koschinsky and Halbach,
1995; Usui and Someya, 1997; Koschinsky and Hein,
2003; Kashiwabara et al., 2011, 2013). However, we con-
sider the mottled texture of L0 of the nodules to be formed
by rapid hydrogenetic precipitation (Usui et al., 2007),
the same as L2. At the time of L0 formation, the nodule
field at Site 6K 1207 were moved to higher latitudes and
lower longitudes (closer to Asia) by plate motion rather
than at the time of L2 and L1 formation. We thus con-
sider that the high sedimentation rate during L0 forma-
tion was due to the production of terrigenous components
such as eolian dust by westerly winds (e.g., Rea, 1994)
and/or particulate materials by the riverine transport (e.g.,
Jeandel and Oelkers, 2015). In contrast, the absence of
the outer-most mottled layer (corresponding to L0 of the
nodules) on Fe-Mn crust from seamounts in the western
equatorial Pacific (reported by Pan et al. (2005) and Kim
et al. (2005, 2006)) could be explained by the absence of
detrital flux from the Asian continent because of the lower
latitude of these seamounts compared to Site 6K 1207.

We conclusively consider that our observations of
geochemical signature essentially indicate a common
hydrogenetic precipitation process for nodules from Site
6K 1207 and crust from Pacific seamounts. However,
some differences are also recognized between them. Par-
ticularly, the abundance of Fe, Cu, Ti, Al, Ca, and Th of
the Site 6K 1207 nodules are much greater than those of
crust from the Takuyo Daigo Seamount (Fig. 9; Nozaki
et al., 2016) or seamounts in the western Pacific (Pan et
al., 2005; Kim et al., 2005, 2006), even though the ten-
dencies of the compositional profiles of these elements
are remarkably similar to one another. We think that the
different abundances of these elements could be explained
by differences in the sedimentary environment, which
depended particularly on the water depth of the nodules

(5503 m) and crust (e.g., 2967 m), as follows. The high
level of abundance of Al, Ca, and K (K is not shown in
Figs. 8 and 9) indicate constant contamination of clay
minerals, as supported by microscopic observations (Fig.
5). Diagenetic enrichment explains the high Cu composi-
tion, especially on the bottom side (subsample 10) of the
nodules. Both these phenomena occur because nodule
formation occurs on pelagic sediments. Gradual enrich-
ment in Fe, Ti, and Th with increasing water depth of
crusts and nodules at the given, especially younger, layer
(Fig. 9) should reflects the increasing of amount of dis-
solved Fe, Ti, and Th in seawater of the deep ocean (e.g.,
Nozaki et al., 1987; Orians et al., 1990; Johnson et al.,
1997).

Constraints on formation age of nodules
Recent age determinations for the boundary between

Layers 2 and 3 of Pacific Fe-Mn crusts (Hyeong et al.,
2013) lead us to consider that the growth of the Layer 2
of crusts begins earlier on seamounts at higher latitudes
rather than at lower latitudes. Such systematic latitudinal
time migration on Layer 2 formation should be caused by
earlier secession from the region of phosphatization by
northwestward movement of the Pacific plate. As the
seamount of Site 6K 1207 lies north of the seamounts
studied by Hyeong et al. (2013), we can expect that the
nodules at Site 6K 1207 began forming earlier than 32
Ma, the oldest age of the boundary between Layers 2 and
3 at the northernmost seamount (OSM 7) reported by
Hyeong et al. (2013).

Hyeong et al. (2013) also showed that phosphatization
on Pacific seamounts was intermittent between 36 and
12 Ma, putting the peak for phosphorite deposition near
the Eocene/Oligocene transition (~34 Ma). Therefore, it
is likely that layer L2 of the Site 6K 1207 nodules formed
at a time when phosphatization of the Fe-Mn crusts con-
tinued at lower latitudes. Such a scenario would have re-
sulted in slight enrichment of P and Ca around the nu-
cleus of the nodules (subsamples R01-05 and R01-06)
because of slightly high biogenic productivity in surface
water that supplied biogenic phosphate to the abyssal
environment (perhaps from the south). The slight enrich-
ment in Y (as shown by a smaller negative Y anomaly)
and Pb around the nucleus of the Site 6K 1207 nodules
(Fig. 8) is also explained by an increased contribution of
phosphate (Bau et al., 1996; Koschinsky et al., 1997;
Koschinsky and Hein, 2003). Hein et al. (1999) reported
that phosphatization of Fe-Mn crusts was not observed
in samples collected from depths greater than 3000 m. If
such observation indicates that phosphatization occurs
only at shallow depth, the limited influence of phosphate
on the center of Site 6K 1207 nodules can be interpreted
as depth-dependence of phosphatization. Namely, there
is a possibility that the formation of nodules had occurred
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during the period of phosphatization of Fe-Mn crust at
shallow depth. If we conduct future detailed investiga-
tions, especially on geochronology, the hydrogenitic Fe-
Mn nodules in the EEZ around Minamitorishima Island
are expected to contribute strongly to our understanding
of the abyssal ocean environment and paleoclimate in the
western Pacific.

Implications of nodules as critical metal resource
As previously discussed, the geochemical features of

layer L2 of Site 6K1207 nodules are consistent with
hydrogenetic precipitation of critical metals, with dilu-
tion by detrital (and possibly biogenic) components. How-
ever, the compositional profiles (Fig. 8) indicate that these
dilution effects were less pronounced in the latter period
of layer L2 formation, as shown by the increase of REY
and Co with the decrease of Al, P, and Ca in subsample
03. Furthermore, it is clear that further enrichment in REY
occurred during the rest of nodule formation. Therefore,
we infer that dilution affected only the inner layers of the

Fig. 8.  Compositional profile of samples R01 and R02, with representative values from Fe-Mn nodules and crusts from the other
locations (vertical lines). Fe-Mn nodule data from CCZ and Fe-Mn crusts from the northern Pacific prime zone are from Hein et
al. (2013). Surface data (3 mm thickness) of the Fe-Mn crusts from Takuyo Daigo Seamount in the western Pacific are from
Tokumaru et al. (2015). The first group of elements is affiliated with Fe, the second group is affiliated with Mn, Cu has an
independent profile (see the text).
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nodules, which are small in volume. Reduced dilution in
these nodules at higher latitudes increases their potential
as rare metal resources.

Our results show that the Fe-Mn nodules from Site
6K 1207 include moderate enrichments of critical met-
als, such as Co, Ni, Mo, and W, comparable to their lev-
els in Fe-Mn crusts from the nearby Takuyo Daigo
Seamount (Tokumaru et al., 2015; Nozaki et al., 2016).
High concentrations of total REY (other than Ce) in bulk
nodules match those of REY-rich mud collected from the
central Pacific (Kato et al., 2011a) and the region south
of Minamitorishima Island in the Japanese EEZ (Fujinaga
et al., 2016). We propose that this dense nodule field is a
newly identified area of high potential for mining of Fe-

Mn nodules.
One notable fact learned during the geological survey

of cruise YK10-05 is that the nodule field displays ex-
tremely strong acoustic reflectivity. This can be explained
as a “mirror ball effect”, whereby strong acoustic reflec-
tivity regardless of seafloor slopes (topography) and
acoustic beam angle represents specular returns from a
concentration of hard, spherical nodules. This phenom-
enon should be considered in future exploration.

Recent acoustic surveys using a sub-bottom profiler
in the Minamitorishima EEZ (Nakamura et al., 2016)
showed that the seamount at Site 6K 1207 is situated
within an area of TI echo type. Nakamura et al. (2016)
noted that the TI-type sediment corresponds to the region

Fig. 8.  (continued).
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Fig. 9.  Comparison of compositional profile between samples R01 and R02 (left) and the Fe-Mn crusts from Takuyo Daigo
Seamount (SMT) in the western Pacific (right). Profiles for R01 and R02 are the same as the upper half (from subsample 01 to 05)
of profiles in Fig. 8. Fe-Mn crust data from Takuyo Daigo Seamount are from Nozaki et al. (2016). Subsample data from the
massive layer of the Fe-Mn crusts from Takuyo Daigo Seamount, except for the samples from 1424 and 1440 m water depths, are
fixed to the position of L1 of the nodules, which are illustrated by gray bands. Subsample data at the upper boundary of porous
and sediment-filled layers (corresponding to L2 of nodules) of the samples from 1424 and 1440 m water depths are fixed to the
underside of the gray bands. Other data are proportionally posited, thus depth of profiles for Takuyo Daigo Seamount are not to
scale in L0 and L2, even though they roughly correspond to those of the nodules. Open symbols for Fe-Mn crust data from Takuyo
Daigo Seamount indicate subsamples with more than 1.1 wt.% P2O5.
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where REY-rich mud is directly exposed on the seafloor,
as reported by Iijima et al. (2016) and Fujinaga et al.
(2016). From another point of view, geochemical studies
of sediment cores drilled from the Indian Ocean
(Yasukawa et al . ,  2015) showed that Fe-Mn-
(oxyhydr)oxides contribute to form REY-rich mud as a
critical component of REY-enrichment. In the case of the
Indian Ocean REY-rich mud, co-enrichment of Fe, Mn,
Co, and REY in bulk sediment correlates with increasing
numbers of micro-ferromanganese nodules in sediment
(Yasukawa et al., 2015). Similar accumulation of micro-
ferromanganese nodules was also observed in the REY-
rich mud cored from the Minamitorishima EEZ (Iijima et
al., 2016). Therefore, coincidence of distribution of the
Fe-Mn nodules and REY-rich mud, and the contribution
of Fe-Mn-(oxyhydr)oxides to REY-rich mud formation
imply a geologic and genetic relationship between them
in the Minamitorishima EEZ. Further extensive explora-
tion for Fe-Mn nodules using acoustic reflectivity, as a
“simple” method, is expected to be a key to clarifying
full potential of sea floor critical metal resources, includ-
ing Fe-Mn crust and REY-rich mud in the Minami-
torishima EEZ.

CONCLUSIONS

Our geological and geochemical investigations of the
dense Fe-Mn nodule field approximately 300 km east of
Minamitorishima Island have resulted in five major con-
clusions. (1) Seafloor with extremely strong acoustic re-
flectivity is densely covered with the Fe-Mn nodules, a
feature that should be noted in future exploration. (2)
Concentrations of Mn, Al, P, Ca, Ni, Zn, Y, Mo, Ce, and
W are highest in the inner parts of nodules, whereas Fe,
Ti, Co, As, REE other than Ce, Th, U, and Pb are en-
riched in the outer parts. (3) Textural and compositional
changes over the growth history of the nodules are quite
similar to those of the Fe-Mn crust on large seamounts in
the western Pacific. Therefore, (4) the Fe-Mn nodules
investigated in this study formed solely by hydrogenetic
Fe-Mn-(oxyhydr)oxide precipitation that records
paleoceanographic events probably beginning in the early
Oligocene, and (5) these nodules have a high potential as
a future metal resource, especially for Co, Ni, Mo, and
W.
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