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Abstract: In this study, the Sr isotope ratios (IRs; 87Sr/86Sr) of ferromanganese (Fe–Mn) crusts are
analyzed through laser ablation inductively coupled plasma multiple-collector mass spectrometry. A
sample collected from off Minamitorishima Island showed uniform Sr IRs (0.70906–0.70927) similar
to that of present-day seawater with more than 36 mm thickness. Meanwhile, a detritus-rich sample
collected from off northeast (NE) Japan showed a wide variation in Sr IRs (0.707761–0.709963). The Sr
IR variation in the Fe–Mn crust from off NE Japan suggests detrital influx contributions from both
the NE Japan arc (<0.708) and aeolian dust from China (>0.718). Detrital flux from the NE Japan
arc increases from the bottom to middle layers, possibly due to the uplift of the Ou backbone range
that occurred after ~2 Ma. The increased influx of the aeolian dust in the outer layer is attributable
to global cooling in the Quaternary that increased the loess dust transportation from China to the
western North Pacific Ocean. Meanwhile, the influence of the detrital influx on the sample from off
Minamitorishima Island appeared to be negligible. The Sr IR analysis with high spatial resolution
proposed in this study possibly improves the burial history of Fe–Mn nodules.

Keywords: western North Pacific; paleoceanography; ferromanganese crust; ferromanganese nodule;
Sr isotope ratio

1. Introduction

Submarine Fe–Mn crusts and nodules are chemical sedimentary rocks mainly com-
prising Fe and Mn (oxyhydr)oxides with a small amount of detrital materials (e.g., [1]) that
record paleoenvironmental information about the ocean (e.g., [2–6]). They simultaneously
provide geochronological information based on the variations in their chemical (e.g., Co
content) and isotopic (e.g., 10Be/9Be and 187Os/188Os) compositions [7–10]. Several schol-
ars have tried determining the depositional ages of Fe–Mn crusts using Sr isotope ratios
(IRs; 87Sr/86Sr) because the Sr isotope composition of seawater varies with age [11–13].
However, they did not succeed due to the exchange of Sr with ambient seawater [14]. For
example, unleached bulk Sr IRs of Fe–Mn crusts and nodules containing minimal detrital

Minerals 2022, 12, 943. https://doi.org/10.3390/min12080943 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min12080943
https://doi.org/10.3390/min12080943
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-2885-078X
https://orcid.org/0000-0003-0980-3929
https://orcid.org/0000-0002-4689-6231
https://orcid.org/0000-0002-1069-7214
https://orcid.org/0000-0002-3216-8698
https://doi.org/10.3390/min12080943
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12080943?type=check_update&version=1


Minerals 2022, 12, 943 2 of 16

materials show similar values with present-day seawater (0.70916; [15]) regardless of their
formation ages [13,16].

Fe–Mn crusts contain detrital materials existing in marine sediments without excep-
tion. The provenance and influxes of these detrital materials have been estimated using
mineral assemblages, chemical compositions, and Nd and Sr isotopic compositions to
detect geological events and climate changes. Arid climates in Asia associated with global
cooling have been discussed on the basis of the provenance and fraction of aeolian dust
influx recorded in marine sediments from the Pacific Ocean [17–19]. However, marine
sediments occasionally lack this information because of depositional hiatus or erosion.
Moreover, after their formation, Fe–Mn crusts are harder to be eroded than marine sedi-
ments and can even grow in an environment of sedimentary hiatus, preserving original
geochemical information, unless significant resorption otherwise occurs with an oxidation
of the deep-sea environment (e.g., the phosphatization of Fe–Mn crusts on the central
Pacific seamounts from the latest Eocene to the Early Oligocene [20,21]). Therefore, Fe–Mn
crusts are expected to supplement the paleoenvironmental records of deep-sea sediments.

The Sr and Nd isotopic and mineral compositions of the separated detritus in Fe–
Mn crusts are discussed regarding the Himalayan uplift [22] and paleoclimate in North
Africa [23] from the provenance of silicate detritus and its accumulation rate. The bulk Sr
isotopic ratio of Fe–Mn crusts must be a combination of the Fe–Mn oxide phase (same with
present-day seawater) and detrital fluxes. Hence, the provenance and influence of detrital
fluxes can be discussed on the basis of the bulk Sr IRs of Fe–Mn crusts.

Given the above background, we analyze the bulk Sr IRs (87Sr/86Sr) of two contrasting
Fe–Mn crusts collected from off northeast (NE) Japan and off Minamitorishima (Marcus)
Island in the western North Pacific Ocean. Laser ablation multiple-collector inductively
coupled plasma mass spectrometry (LA-MC-ICP-MS) with 200 µm spatial resolution in
both diameter and depth is used in this analysis. This method can measure bulk Sr IRs with
10 times higher spatial (i.e., temporal) resolution than that of previous studies, targeting
slices of a few millimeters′ thickness perpendicular to the growth layers of Fe–Mn crusts.
In order to discuss the provenance of detrital materials from bulk Sr IRs of Fe–Mn crusts, it
is suitable to analyze the samples without carbonates because carbonates enriched in Sr
and holding Sr IR at the time of formation make discussion complex. In a previous study
analyzing bulk Sr IRs of carbonate-rich Fe–Mn nodules from shallower than carbonate
compensation depth (CCD) using LA-MC-ICP-MS [24], probably due to the existence of
carbonates, the temporal Sr IR variation in the sample was interpreted confusingly as a
variation of Fe-Mn oxides’ Sr IRs, which should be overprinted by the Sr IRs of ambient
seawater of the present day regardless of the formation age of the layers (i.e., constant
value). Therefore, in this study, we discuss the provenance and temporal variation in
detrital fluxes in the Fe–Mn crusts collected from deeper than CCD based on Sr IRs.

2. Materials and Methods

The Fe–Mn crusts were collected from petit-spot volcanoes off NE Japan (6K#1389-R07)
and off Minamitorishima Island (6K#1201-R04) in the western North Pacific (Figure 1 and
Table 1) via dives 6K#1389 and 6K#1201 of the submersible SHINKAI 6500 during cruises
YK14-05 and YK10-05 of R/V Yokosuka, performed by the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC). The petit-spot volcano which 6K#1389-R07 grew on
was located on the outer rise associated with the Japan Trench, less than 400 km from NE
Japan where petit-spot volcanoes were first reported [25]. On the other hand, the petit-
spot volcano which 6K#1201-R04 grew on was located approximately 100 km southeast of
Minamitorishima Island where several petit-spot volcanoes have been reported [26] in the
North Pacific Gyre far from the continent. The thicknesses of the Fe–Mn oxide layers of
6K#1389-R07 and 6K#1201-R04 were 32 mm and 36 mm, respectively. Petit-spot volcanoes
are small volcanoes (< a few km) that occur on plate flexure, particularly around the
outer rise of the oceanic plate before subduction [25,26]. Therefore, the Fe–Mn crusts from
these volcanoes have hydrogenetic origin without the phosphatization reported in Fe–Mn
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crusts older than the Early Oligocene collected from shallower than a few km deep [20,21],
and are characterized by the submarine environment at depths of 5300–6000 m due to
the appearance of petit-spot volcanoes on the outer rise [27]. Considering that the CCD
in the western North Pacific Ocean is reported to be 4500 m deep [28], the samples in
this study must be free from marine carbonate deposits at least in the layer formed in an
environment resembling the present day. The substrate of the 6K#1389-R07 Fe–Mn crust
(off NE Japan) was peperite (volcanic breccia), including the highly vesicular basalt of
petit-spot volcanoes that erupted at an age between 0.20 and 1.33 Ma, which was estimated
from the palagonitization rate of basaltic glass [29].

Table 1. Sample locations and mineral compositions.

Sample Latitude Longitude Water Depth (m) Mineral Composition

6K#1389-R07 37◦39.40′ N 145◦11.96′ E 5305
L-iNEJ V, Q, Pl
L-iiNEJ V, T (minor), Q, Pl
L-iiiNEJ V, T (minor), Q, Pl

6K#1201-R04 23◦32.48′ N 154◦41.32′ E 5363
L0MI V, Q, Pl
L1MI V, Q, Pl
L2MI V, Q, Pl

V: vernadite, T: 10-Å manganate Q: quartz, Pl: plagioclase.

The Fe–Mn crust samples were cut into slices perpendicular to the growth surfaces and
were molded into epoxy resin after being dried. The cross-section surfaces were polished
dry (Figure 1B) and their Sr IRs were analyzed through multiple-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) (Thermo Fisher Scientific, Neptune,
Waltham, MA, USA) at JAMSTEC. For in situ Sr analysis, the Fe–Mn crusts were sampled
through laser ablation (LA) with a crater diameter and depth of 200 µm using a 193 nm ArF
excimer LA system (OK Laboratory, OK ExLA-3000, Mitaka, Tokyo, Japan). The analysis
points were selected from the cross-section surface covered with Fe–Mn oxides under the
observation of a reflection microscope attached on the LA system during the analysis. The
repetition rate of the LA pulse was set to 5 and 2 Hz for 6K#1389-R07 and 6K#1201-R04,
respectively, depending on the sample property. The ablated aerosols were transferred to
MC-ICP-MS to determine both Sr IRs (87Sr/86Sr) and relative Sr concentrations through the
88Sr signal intensity derived from the given crater volumes. Thus, the relative Sr concentra-
tions of 6K#1201-R04 were normalized to be comparable to those of 6K#1389-R07 based on
the ratio of the repetition rate. The Sr IRs were accurately analyzed without separating the
isobaric 87Rb from 87Sr because the Rb concentrations in the Fe–Mn crusts were typically
several orders of magnitude lower than Sr (Sr/Rb ≈ 100) [1]. Nevertheless, we routinely
checked the 87Rb isobars on 87Sr using experimentally determined 87Rb/85Rb ratios com-
bined with the mass bias factor measured from the canonical ratio of 86Sr/88Sr = 0.1194.
The suppressions of 84Kr and 86Kr gas blank baselines were significant for the mass loading
of sample aerosols from 200 µm craters. The blank effects on the 87Sr/86Sr ratios were
corrected by the linear relation between 87Sr/86Sr and 88Sr/84Sr (double correction). All
analytical details are in accordance with Kimura et al.’s study [30].

In addition, we performed qualitative elemental mapping of the Mn, Fe, and K con-
tents of the polished samples using micro-X-ray fluorescence (µXRF) (Hitachi, EA6000VX,
Chiyoda-ku, Tokyo, Japan) with energy-dispersive X-ray spectroscopy at JAMSTEC. The
analysis conditions were as follows: accelerating voltage of 45 kV, probe current of 0.9 A,
beam diameter (pixel size) of 70 or 80 µm, and scanning rate of 100 ms/pixel. Based on the
chemostratigraphy obtained from the µXRF analysis, 6K#1389-R07 was subdivided into
three layers to evaluate the bulk contents of Sr and rare-earth elements (REEs) through
inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher Scientific, iCAP
Q) at the Department of Systems Innovation, University of Tokyo, following the procedures



Minerals 2022, 12, 943 4 of 16

of Kato et al. [31] and Azami et al. [27]. The analysis yielded results generally within 5% of
the accepted values for the standard materials JB-2 and JMS-2 (determined by Makishima
and Nakamura [32] and Takaya et al. [33], respectively)

We also used a powder X-ray diffraction (XRD) analysis of the samples (6K#1389-R07
and 6K#1201-R04) to identify minerals. XRD analysis was performed using Ultima IV (Rigaku,
Akishima, Tokyo, Japan) at the Department of Systems Innovation, University of Tokyo, with
CuKα radiation of 40 kV and 30 mA and scanning between 3◦ and 75◦ 2θ at 1◦/min.

The substrate 6K#1201-R04 basalt sample was subjected to 40Ar/39Ar dating to de-
termine the upper limit of the starting age of the Fe–Mn crust growth. The process was
reasonable because the Fe–Mn crust immediately covered the quenched basalt glass rinds
formed at the margin of a basalt lava flow. The separated groundmass phases from the
basalt sample were crushed into 300–500 µm grains and leached with 1N HNO3 at 60–70 ◦C
for 3 h before 40Ar/39Ar dating. The samples wrapped in Al foil were neutron-irradiated
for 24 h using EB-1 biotite flux monitors [34], K2SO4, and CaF2 in the Kyoto University
Research Reactor. During the irradiation, the samples were shielded by Cd foil to minimize
the neutron-induced 40Ar production from 40K [35]. The Ar extraction and isotope analyses
were performed at the Isotope Science Center, University of Tokyo. During incremental
heating, gases were extracted using 11 steps between 600 ◦C and 1500 ◦C. The detailed
analytical methods are described by Ebisawa et al. [36].

Minerals 2022, 12, x FOR PEER REVIEW 4 of 17 
 

 

formed at the margin of a basalt lava flow. The separated groundmass phases from the 
basalt sample were crushed into 300–500 μm grains and leached with 1N HNO3 at 60°C–
70 °C for 3 h before 40Ar/39Ar dating. The samples wrapped in Al foil were neutron-irradi-
ated for 24 h using EB-1 biotite flux monitors [34], K2SO4, and CaF2 in the Kyoto University 
Research Reactor. During the irradiation, the samples were shielded by Cd foil to mini-
mize the neutron-induced 40Ar production from 40K [35]. The Ar extraction and isotope 
analyses were performed at the Isotope Science Center, University of Tokyo. During in-
cremental heating, gases were extracted using 11 steps between 600 °C and 1500 °C. The 
detailed analytical methods are described by Ebisawa et al. [36]. 

 
Figure 1. Sample locations and photos. (A) Location map showing Japan and white outline of the 
area shown in (C,D). (B) Photos of 6K#1201-R04 from off Minamitorishima Island and 6K#1389-R07 
from off NE Japan. (C) Detailed map of off NE Japan and the sampling location (white dot). (D) 
Detailed map of off Minamitorishima Island and the sampling location (white dot). All maps were 
generated using Generic Mapping Tools software [37,38]. Bathymetric data were from ETOPO1 [39] 
and determined through site surveys using a multi-narrow beam echo sounder during cruises 
KR03-07, KR04-08, YK05-06, YK10-05, MR14-E02, MR15-E01 Legs 2 and Legs 3, and MR15-02 by 
JAMSTEC. 

Table 1. Sample locations and mineral compositions 

Sample Latitude Longitude Water Depth (m) Mineral Composition 
6K#1389-R07 37°39.40′ N 145°11.96′ E 5305  

L-iNEJ    V, Q, Pl 
L-iiNEJ    V, T (minor), Q, Pl 
L-iiiNEJ    V, T (minor), Q, Pl 

6K#1201-R04 23°32.48′ N 154°41.32′ E 5363  

Figure 1. Sample locations and photos. (A) Location map showing Japan and white outline of the area
shown in (C,D). (B) Photos of 6K#1201-R04 from off Minamitorishima Island and 6K#1389-R07 from
off NE Japan. (C) Detailed map of off NE Japan and the sampling location (white dot). (D) Detailed
map of off Minamitorishima Island and the sampling location (white dot). All maps were generated
using Generic Mapping Tools software [37,38]. Bathymetric data were from ETOPO1 [39] and
determined through site surveys using a multi-narrow beam echo sounder during cruises KR03-07,
KR04-08, YK05-06, YK10-05, MR14-E02, MR15-E01 Legs 2 and Legs 3, and MR15-02 by JAMSTEC.
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3. Results

Because K is typically associated with detrital materials in Fe–Mn crusts [1], its ele-
mental map almost reflects the amount of detrital materials in the Fe–Mn crusts. Therefore,
we classified the samples into three layers based on the elemental maps of K (Figure 2). The
Fe–Mn crust off Minamitorishima Island (6K#1201-R04) was subdivided into a top layer
with some detritus (L0MI), a middle layer with less detritus (L1MI), and a bottom layer
(L2MI). These layer classifications are based on the Fe–Mn nodules off Minamitorishima
Island [40] (Figure 2). The Fe–Mn crust off NE Japan (6K#1389-R07) was subdivided into
the top layer that was Fe-rich (L-iNEJ), the detritus- and Mn-rich middle layer (L-iiNEJ),
and the bottom layer with less detritus (L-iiiNEJ), including thin detritus-rich sublayers
(Figure 2; detailed views in Figure 3).
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The 6K#1201-R04 from the Minamitorishima sample showed an almost constant Sr
IR (0.70906–0.70927) from L0MI to L2MI, which is similar to that of present-day seawater
(0.70916) [15] (Figure 2 and Table 2). The relative Sr contents (intensity of 88Sr signal) of
6K#1201-R04 were high in L1MI and decreased from the bottom side to the top side in
L0MI. Meanwhile, the 6K#1389-R07 from NE Japan sample exhibited higher Sr IRs in L-iNEJ
(0.708864–0.709963) than that of present-day seawater. Moreover, the L-iiNEJ detritus-rich
layer showed lower Sr IRs (0.707761–0.709069) and relative Sr contents than the other
layers. Notably, the layer with less detritus L-iiiNEJ showed higher relative Sr contents than
the layers with seawater-like Sr IRs (0.708418–0.708970) (Figure 2 and Table 2). Because
we analyzed Sr IRs of the sample surface covered with Fe–Mn oxides, the distribution
of analysis points in detritus-rich 6K#1389-R07 became uneven, especially in L-iNEJ. The
bulk Sr contents of L-iNEJ, L-iiNEJ, and L-iiiNEJ, determined via ICP-MS, were 499, 415, and
771 µg/g, respectively (Table 3).
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Table 2. Relative Sr concentrations and IRs measured by LA-MC-ICP-MS.

Sample Relative Sr Conc. 87Sr/86Sr 2σ Depth from
the Surface (mm)

6K#1389-R07
1389R7-1 1.990 0.70996 7.96 × 10−5 0
1389R7-2 2.276 0.70978 1.01 × 10−4 0
1389R7-3 1.507 0.70967 1.15 × 10−4 3.71
1389R7-4 1.365 0.70886 9.15 × 10−5 3.71
1389R7-5 1.695 0.70935 9.32 × 10−5 17.99
1389R7-6 1.222 0.70907 1.13 × 10−4 23.31
1389R7-7 1.236 0.70817 1.12 × 10−4 23.80
1389R7-8 1.221 0.70841 1.75 × 10−4 24.50
1389R7-9 1.089 0.70828 1.57 × 10−4 25.20
1389R7-10 0.688 0.70776 3.03 × 10−4 25.20
1389R7-11 0.895 0.70862 1.14 × 10−4 27.30
1389R7-12 3.001 0.70894 4.48 × 10−5 27.79
1389R7-13 1.934 0.70842 1.34 × 10−4 28.56
1389R7-14 3.939 0.70889 3.97 × 10−5 29.40
1389R7-15 2.615 0.70882 6.85 × 10−5 29.96
1389R7-20 3.564 0.70892 4.41 × 10−5 27.79
1389R7-21 2.116 0.70897 1.07 × 10−4 28.56
1389R7-22 2.381 0.70877 6.78 × 10−5 28.70

6K#1201-R04
1201R04-1 6.753 0.70916 4.21 × 10−5 0
1201R04-2 5.844 0.70924 6.28 × 10−5 0
1201R04-3 6.645 0.70910 4.04 × 10−5 1.12
1201R04-4 7.589 0.70909 4.79 × 10−5 4.08
1201R04-5 7.843 0.70923 4.33 × 10−5 5.28
1201R04-6 9.1374 0.70914 3.67 × 10−5 11.36
1201R04-7 12.6147 0.70906 2.87 × 10−5 13.12
1201R04-8 11.585 0.70910 2.99 × 10−5 14.24
1201R04-9 12.121 0.70913 3.04 × 10−5 17.28

1201R04-10 13.0312 0.70918 2.65 × 10−5 19.68
1201R04-11 12.340 0.70910 3.29 × 10−5 24.16
1201R04-12 8.451 0.70927 4.20 × 10−5 25.36
1201R04-13 10.884 0.70912 3.60 × 10−5 28.00
1201R04-14 7.271 0.70918 5.05 × 10−5 30.48
1201R04-15 8.0043 0.70912 3.26 × 10−5 31.12
1201R04-16 8.4368 0.70909 4.08 × 10−5 33.76
1201R04-17 7.6341 0.70917 4.08 × 10−5 35.52

Table 3. Chemical compositions of the layers.

Sample 6K#1389-R07 6K#1201-R04

Layer L-iNEJ L-iiNEJ L-iiiNEJ L0MI L1MI L2MI

Mn (%) 13.5 20.0 17.3 3.9 19.2 15.4
Fe 18.7 18.7 15.0 13.7 8.3 17.7

Sr (ppm) 853 1177 969 499 415 771
Y 146 180 142 67.0 54.0 121
La 208 272 200 93.7 66.4 198
Ce 1278 1655 1414 370 347 1130
Pr 51.0 64.0 45.0 29.1 19.1 49.1
Nd 199 247 175 117 79.5 198
Sm 44.6 53.3 39.3 27.2 19.7 43.8
Eu 11.1 13.2 9.5 6.6 4.8 11.0
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Table 3. Cont.

Sample 6K#1389-R07 6K#1201-R04

Layer L-iNEJ L-iiNEJ L-iiiNEJ L0MI L1MI L2MI

Gd 46.7 55.8 40.9 25.2 18.8 43.0
Tb 7.4 8.8 6.3 3.9 3.1 6.8
Dy 43.8 52.4 37.4 21.6 17.6 38.6
Ho 8.4 10.3 7.4 3.8 3.2 7.2
Er 23.5 28.8 21.4 10.4 9.3 20.3
Tm 3.4 4.1 3.1 1.5 1.3 2.9
Yb 22.7 26.9 20.8 9.2 8.9 19.1
Lu 3.4 4.0 3.2 1.3 1.4 2.8

Ce anomaly * 2.85 2.89 3.42 1.61 2.23 2.64
Y/Ho * 0.64 0.65 0.71 0.65 0.62 0.62

* Normalized by Post-Archean Australian Shale.

XRD analysis identified vernadite, which is a major mineral in hydrogenetic Fe–Mn
crusts, with broad peaks at approximately 2.4 and 1.4 Å, and with similar Fe–Mn minerals
in the samples from both regions [1,41]. A slight 10 Å manganate was found only in
the L-iiNEJ of 6K#1389-R07, which is sometimes noticed in hydrogenetic Fe–Mn crusts
(e.g., [42,43]). Quartz and plagioclase were also observed in the Fe–Mn crusts from both
regions. No carbonate minerals were detected.

The incremental heating 40Ar/39Ar dating was performed on the groundmass sep-
arations of 6K#1201-R04 (Figure 4). Table 4 presents the age results for each fraction.
The sample did not produce a clear age plateau because the three ages from 880 ◦C to
1000 ◦C, approximately equivalent within the 2σ errors, did not release 39Ar higher than
50% (e.g., [44]). The higher temperature steps (>1050 ◦C) associated with systematically
younger apparent ages are similar to those in the age spectra for the acid-leached samples
of altered submarine basalts reported by Koppers et al. [45]. Therefore, the mean age,
which was 36.8 ± 0.4 Ma for the three fractions from 880 ◦C to 1000 ◦C, was adopted as the
eruption age of 6K#1201-R04 in further discussion.
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Table 4. 40Ar/39Ar age of 6K#1201-R04.

Fractions (°C) 36Ar/40Ar ** 37Ar/40Ar 38Ar/40Ar ** 39Ar/40Ar ** 39Ar (%) Age * (Ma)

600 0.0028403 ± 0.0000056 0.0026 ± 0.0011 0.000526 ± 0.0000025 0.005341 ± 0.000011 9.0 45.96 ± 0.6
700 0.002758 ± 0.000028 0.0087 ± 0.0091 0.000562 ± 0.000012 0.010177 ± 0.000063 11.5 27.9 ± 1.3
800 0.001766 ± 0.000024 0.0278 ± 0.0077 0.000458 ± 0.000011 0.022763 ± 0.000096 16.5 32.22 ± 0.56
880 0.000496 ± 0.000017 0.0286 ± 0.0058 0.000322 ± 0.000012 0.03597 ± 0.00012 27.4 36.35 ± 0.38
950 0.000364 ± 0.000014 0.0282 ± 0.0047 0.0001886 ± 0.0000087 0.0365 ± 0.00018 41.2 37.45 ± 0.39
1000 0.000403 ± 0.000019 0.0207 ± 0.0038 0.000134 ± 0.0000072 0.036823 ± 0.000092 57.6 36.64 ± 0.38
1050 0.00047 ± 0.000015 0.028 ± 0.0039 0.00015 ± 0.00001 0.03779 ± 0.00014 76.4 34.92 ± 0.35
1120 0.000409 ± 0.000015 0.1042 ± 0.0045 0.000194 ± 0.0000082 0.04083 ± 0.0002 95.3 33.01 ± 0.35
1200 0.000707 ± 0.000088 0.895 ± 0.034 0.000305 ± 0.000035 0.04329 ± 0.00048 99.0 28.05 ± 0.99
1300 0.00162 ± 0.0006 1.83 ± 0.16 0.000392 ± 0.00025 0.0363 ± 0.0025 99.4 22.2 ± 7.6
1500 0.00365 ± 0.00022 1.898 ± 0.077 0.001138 ± 0.000066 0.01776 ± 0.00074 100.0 −6.9 ± 5.8

All data are shown by 2σ. *: J value is 0.0008577 ± 0.0000069, relating the production rate of 39Ar from 39K,
calculated using an age standard irradiated simultaneously with the sample. **: After corrections for interfering
isotopes from Ca and K, which are (36Ar/37Ar)Ca = 0.000322 ± 0.000017, (38Ar/39Ar)K = 0.018203 ± 0.000026, and
(39Ar/37Ar)Ca 0.001275 ± 0.000027. 40ArK and 38ArCa are not detected.

4. Discussion

The cobalt chronometer has generally been used to estimate the growth rate of Fe–Mn
crusts. However, it is inappropriate for Fe–Mn crusts near continents where cobalt flux
cannot be considered constant. Therefore, the average growth rate of 6K#1389-R07 was
estimated to be 24–160 mm/Myr from the thickness of the Fe–Mn oxide layer and the
substrate age [29]. In general, such a high growth rate of Fe–Mn crust is associated with
hydrothermal origin, although REE compositions of the samples clearly show that they
are of hydrogenetic origin (Figure 5) [46]. Such a high growth rate of hydrogenetic Fe–Mn
crust is not typical, except for only one report from the Arctic Ocean with a high supply of
detrital materials based on radiogenic 10Be age (<28 mm/Myr) [47]. Therefore, the Fe–Mn
crust’s average growth rate would be between 24 and 28 mm/Myr limited by the substrate
age and the highest growth rate of hydrogenetic Fe–Mn crusts. The 6K#1389-R07 had only
been moved approximately 1◦ west along the plate motion, as estimated using GPlates
software [48,49] based on the growth starting age estimated from the average growth rate
and thickness (1.14–1.33 Ma) [29]. This finding demonstrates that 6K#1389-R07 had grown
in almost the same geologic setting as that in the present day. Marine sediments offshore
of NE Japan are influenced by aeolian dust from China and detrital materials supplied
from NE Japan [17,18]. Meanwhile, the 6K#1201-R04 substrate occurred at 178◦46’ E and
16◦27’ N based on the 40Ar/39Ar age (36.8 ± 0.4 Ma), indicating that the early growth
layers of L2MI and L1MI (6K#1201-R04) containing less detritus would have grown in the
central part of the North Pacific Gyre.

The constant Sr IRs of the 6K#1201-R04 Minamitorishima sample clearly indicate
that these Fe–Mn crusts with less detritus on the present-day seafloor represent the Sr
IR of present-day seawater regardless of their growth ages due to the effect of the rig-
orous low-temperature exchange of loosely absorbed Sr [13,16]. In contrast, the Sr IRs
of the 6K#1389-R07 from the NE Japan sample varied from 0.70776 to 0.70996 (Figure 2
and Table 2) despite the almost constant seawater Sr IRs (0.7090–0.70916) during the
growth of Fe–Mn crusts from approximately 1.33 Ma [15,29,50]. The variations in Sr IRs of
6K#1389-R07 were attributable to the incorporation of detrital materials, as detailed in the
following discussion.

Notably, the North Pacific Ocean, including the offshore of NE Japan, has been under
the influence of aeolian dust from China since at least the Late Oligocene, according to the
chemical and isotopic composition of marine sediments [19]. The quartz and plagioclase
in the samples are also attributable to aeolian dust because these minerals are commonly
found in aeolian dust [51]. Aeolian dust from China shows high Sr IRs between 0.719 and
0.722 (values of Chinese loess at last 1.4 Myr [52]) due to the wide distribution of geological
terranes as old as the Precambrian. Therefore, the elevated Sr IRs in 6K#1389-R07 higher
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than that of the present-day seawater values are attributable to the effects of concomitant
Chinese loess dust (Figure 2).

In the western North Pacific, the marine sediments have Sr IRs lower (<0.710) than
Chinese loess dust due to materials from the Islands of Japan [17,18]. Therefore, 6K#1389-
R07 should also be influenced by the materials from NE Japan. The Quaternary volcanic
products, such as widespread rhyolitic tephra in Japan, show <0.707 of 87Sr/86Sr, which is
lower than the value of present-day seawater (i.e., 0.70916) [53]. However, the intermittent
and short-term supplies of tephra from NE Japan are probably more difficult to be constantly
recorded in Fe–Mn crusts than the continuous supply of surface debris of NE Japan due to
the slow growth rate of Fe–Mn crusts. Moreover, the NE Japan side of the Pacific Ocean
exhibits a low Sr IR (<0.709) in most areas from the geochemical map of the Sr IR based on
stream sediment analysis [54]. Thus, the lower Sr IRs of 6K#1389-R07 than that of present-
day seawater could be explained by the contribution of the surface debris of NE Japan
(including tephra fallen on land) rather than the direct supply of tephra. We verified in the
following discussion that variations in Sr IRs in 6K#1389-R07 were due to both the aeolian
dust from China and the detritus from NE Japan. The three-component mixing among
hydrogenetic Fe–Mn oxides (seawater), aeolian dust (Chinese loess dust), and detritus from
NE Japan is presented in a Sr IR diagram compared with the relative 1/Sr values of the
samples (Figure 6). Present-day seawater is described as having Sr IRs of hydrogenetic
Fe–Mn oxides [15]. The Fe–Mn crusts from the central Pacific Ocean are described as having
Sr contents of hydrogenetic Fe–Mn oxides because the Sr distributed in the detrital phase
was found to be less than 0.3% of the total Sr content in the leaching experiments [55]. The
weathering-resistant minerals (20% HCl residue) on the surface layer of loess sampled from
the central Loess Plateau in China, which are suitable for provenance tracing in marine
sediments, are described as having Sr contents and IRs of aeolian dust [51]. The surface of
the marine sediments (without carbonates) in the forearc basin and landward slope of the
Japan Trench [17], which were expected to have the average surface crustal composition of
the Pacific Ocean side of NE Japan, were described as having detritus from NE Japan. The
Sr contents of the referred materials were converted into relative Sr content simultaneously
measured by LA-MC-ICP-MS using the average relative Sr content of L2NEJ; the relative
Sr contents were almost constant and the Sr content of the powdered L2NEJ (bulk) was
measured using ICP-MS (Tables 2 and 5).

All data of the 6K#1201-R04 off Minamitorishima samples are plotted around the
corner of hydrogenetic Fe–Mn oxides (Figure 6). L-iiiNEJ in 6K#1389-R07 from the off NE
Japan samples was found in the mixing line between the hydrogenetic Fe–Mn oxides and
the detritus from NE Japan. The fraction of detritus from NE Japan in terms of total Sr
content increased from below 40% to approximately 80% between L-iiiNEJ and L-iiNEJ.
We analyzed the sample surface covered with Fe–Mn oxides, and one data point from
L-iiNEJ showed the NE Japan detritus as having the strongest influence (over 90% in total
Sr content). This point may have been a local accumulation point of debris just below
the sample surface of Fe–Mn oxides. Contrary to the change from L-iiiNEJ to L-iiNEJ, the
influence of the Chinese aeolian dust increased up to 50% in total Sr content towards the
outermost (present) layer of L-iNEJ.

The provenance of the detritus from NE Japan in 6K#1389-R07 was from the Pacific
Ocean side of NE Japan, excluding the northern part (northern Kitakami Mountains) and
southern part (southern Abukuma, Yamizo, and Tsukuba Mountains) due to the high Sr IRs
(>0.7091) of these areas in the geochemical map [54], explaining the low Sr IRs of the L-iiNEJ
and L-iiiNEJ layers. The detritus supply from NE Japan to 6K#1389-R07 (off NE Japan) was
due to the uplift event of the NE Japan arc. Based on the estimated growth rate, the Fe–Mn
crust of 6K#1389-R07 started to grow between 1.14 and 1.33 Ma. After ~2 Ma, the uplift
rate of the Ou backbone range of the NE Japan arc increased rapidly, thereby increasing the
detritus supply from NE Japan [56–58]. Therefore, the increase in detritus from NE Japan
from L-iiiNEJ to L-iiNEJ could have been promoted by the rapid uplift of the Ou backbone
range. Based on the chemical compositions of sediments in the western North Pacific, a
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relative increase in volcanic components compared with aeolian dust after 2 Ma has been
reported [19]. Volcanic rocks account for 38.4% of the Japanese land surface [59], and the
average chemical composition of the stream and coastal marine sediments in NE Japan is
similar to that of andesite, excluding highly incompatible elements, such as U and Rb [60].
Therefore, our results agree with the relative increase in volcanic components recorded in
the sediments.

We suggest two factors to explain the increase in aeolian dust towards the surface of
the L-iNEJ and L-iiNEJ layers: the distance change from China due to plate motion and the
net increase in aeolian dust flux supplied to NE Japan offshore. In the mid-latitudes of the
Pacific Ocean (30◦ N–45◦ N), the relationship between aeolian dust flux and longitude is
empirically expressed as follows:

y = 109.1 exp (−0.007x), (1)

where y and x denote the aeolian dust flux from China (mg/cm2/kyr) and longitude,
respectively [19]. Equation (1) indicates that the aeolian dust flux is barely explained
by the plate motion because 6K#1389-R07 moved only approximately 1◦ west during
1.33 Myr [29,48,49]. Therefore, the increase in the influence of aeolian dust from L-iiNEJ
to L-iNEJ is attributable to the net increase in aeolian dust flux to NE Japan offshore.
Particularly, the aeolian dust flux recorded in marine sediments exhibited an increasing
trend (more than a few times) during the last 0.5 Myr in the western North Pacific, reflecting
the aridification related to global cooling [61]. Assuming the same growth rate for all
layers (24–28 mm/Myr), the formation age of the boundary between L-iNEJ and L-iiNEJ
was 0.74–0.86 Ma, approximately coinciding with our suggestion that the increase in the
influence of aeolian dust from L-iiNEJ to L-iNEJ was caused by the net increase in aeolian
dust flux.

This study shows that the bulk (unleached) isotope composition of the Fe–Mn crusts
is affected by the detritus, despite the significant difference in Sr concentration between
Fe–Mn oxides and the detritus for detritus-rich Fe–Mn crusts (Figure 6). Such detritus-
rich Fe–Mn crusts are reported from off NE Japan [27], off California [62], and the Arctic
Ocean [47] and can reveal the temporal change in the influx and provenance of detrital
materials using our method. In addition, our method can be applied to Fe–Mn nodules
because Fe–Mn crusts and nodules comprise almost the same materials. Fe–Mn nodules can
take in detrital materials, not only settling dust but also contacting sediment. Therefore, the
application of our method to Fe–Mn nodules can identify sediments that Fe–Mn nodules
contacted with or were sometimes buried in. Understanding the burial history of Fe–Mn
nodules may elucidate why Fe–Mn nodules with slower growth and higher density than
sediments can persist on sediment surfaces for millions of years.

Offshore of NE Japan, the Fe–Mn crust contains detritus from NE Japan and aeolian
dust from China, which are marine sediment components in the same area [17]. Therefore,
the detritus in the Fe–Mn crusts (and nodules growing on sediments) should be the same
materials as the neighboring marine sediments. These sediments commonly contain clay
minerals, such as smectite, illite, kaolinite, and chlorite [63]. Owing to the dissolution
of chlorite and the release of elements from aluminosilicate clays in HCl [64], our results
indicate that the HCl leaching of Fe–Mn crusts and nodules before the assessment of isotope
compositions (e.g., [4,65,66]) should affect the estimation of the flux fractions of detritus
contained in Fe–Mn crusts.



Minerals 2022, 12, 943 12 of 16

Minerals 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 

can take in detrital materials, not only settling dust but also contacting sediment. There-
fore, the application of our method to Fe–Mn nodules can identify sediments that Fe–Mn 
nodules contacted with or were sometimes buried in. Understanding the burial history of 
Fe–Mn nodules may elucidate why Fe–Mn nodules with slower growth and higher den-
sity than sediments can persist on sediment surfaces for millions of years. 

Offshore of NE Japan, the Fe–Mn crust contains detritus from NE Japan and aeolian 
dust from China, which are marine sediment components in the same area [17]. Therefore, 
the detritus in the Fe–Mn crusts (and nodules growing on sediments) should be the same 
materials as the neighboring marine sediments. These sediments commonly contain clay 
minerals, such as smectite, illite, kaolinite, and chlorite [63]. Owing to the dissolution of 
chlorite and the release of elements from aluminosilicate clays in HCl [64], our results 
indicate that the HCl leaching of Fe–Mn crusts and nodules before the assessment of iso-
tope compositions (e.g., [4,65,66]) should affect the estimation of the flux fractions of de-
tritus contained in Fe–Mn crusts. 

 
Figure 5. Discrimination plots of origins based on REEs. Fields of each origin are defined by Bau et 
al. [46]. Ce anomalies and Y/Ho ratios of the samples are normalized by Post Archean Australian 
Shale [67]. All samples are plotted in the hydrogenetic field. 

Figure 5. Discrimination plots of origins based on REEs. Fields of each origin are defined by Bau
et al. [46]. Ce anomalies and Y/Ho ratios of the samples are normalized by Post Archean Australian
Shale [67]. All samples are plotted in the hydrogenetic field.

Minerals 2022, 12, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 6. Three-component mix of Sr IR and relative Sr concentration. L-iNEJ to L-iiiNEJ are connected 
from the inner to the outer side. The orange arrows indicate a general trend in the change from the 
inner to the outer layer. The details of the Fe–Mn oxides [15,55], aeolian dust from China [51], and 
the detritus from NE Japan [17] have been discussed in the main text. 

Table 5. Average Sr content and IR of reference materials used in Figure 6. 

 87Sr/86Sr Sr (µg/g) 1/Sr (Relative Conc.) n 
Fe–Mn oxides [15,55] 0.70916 1451 0.270  1 

Aeolian dusts from China [51] 0.719710456 143 2.742  6 
Detritus from NE-Japan [17] 0.706367488 171 2.293  3 

L-iiNEJ  415 0.945  6 

5. Conclusions 
To the best of our knowledge, this is the first study that reports the bulk (unleached) 

Sr IR of Fe–Mn crusts measured through LA-MC-ICP-MS to identify the provenances of 
detritus. Owing to the rapid uplift of the Ou backbone mountains, the L-iiiNEJ and L-iiNEJ 
layers of the Fe–Mn crust from off NE Japan were affected by detritus from NE Japan. 

Figure 6. Three-component mix of Sr IR and relative Sr concentration. L-iNEJ to L-iiiNEJ are connected
from the inner to the outer side. The orange arrows indicate a general trend in the change from the
inner to the outer layer. The details of the Fe–Mn oxides [15,55], aeolian dust from China [51], and
the detritus from NE Japan [17] have been discussed in the main text.
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Table 5. Average Sr content and IR of reference materials used in Figure 6.

87Sr/86Sr Sr (µg/g) 1/Sr (Relative Conc.) n

Fe–Mn oxides [15,55] 0.70916 1451 0.270 1
Aeolian dusts from China [51] 0.719710456 143 2.742 6
Detritus from NE-Japan [17] 0.706367488 171 2.293 3

L-iiNEJ 415 0.945 6

5. Conclusions

To the best of our knowledge, this is the first study that reports the bulk (unleached)
Sr IR of Fe–Mn crusts measured through LA-MC-ICP-MS to identify the provenances of
detritus. Owing to the rapid uplift of the Ou backbone mountains, the L-iiiNEJ and L-iiNEJ
layers of the Fe–Mn crust from off NE Japan were affected by detritus from NE Japan.
Thereafter, the influence of aeolian dust increased from the L-iiNEJ layer to the L-iNEJ layer,
corresponding to the increase in aeolian dust flux due to global cooling in the Quaternary.
Although LA-MC-ICP-MS is unsuitable for Fe–Mn crusts with a detritus fraction below
40% due to a large difference in Sr content between Fe–Mn oxides and detritus (Figure 6), it
is useful for understanding the growth history of detritus-rich Fe–Mn crusts around the
continental margin, such as off NE Japan (in this study and [27]), the Arctic Ocean [47], and
off California [62].

The analysis of Sr IRs of Fe–Mn crusts via LA-MC-ICP-MS has allowed us to discuss
the detritus provenances of the Fe–Mn crusts with higher time (spatial) resolution than
that of previous studies (with >15 analysis/Myr in this study versus 1.2 analysis/Myr
in a previous study [22]). The provenance investigation of detrital components in the
Fe–Mn crusts can provide geological and paleoclimatology information, even across age
intervals with marine sediment hiatus. Moreover, when LA-MC-ICP-MS is applied to Fe–
Mn nodules that are constantly in contact with sediment that is buried, the burial history of
Fe–Mn nodules may be revealed on the basis of the provenance of the contained detritus.
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