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The neodymium (Nd) isotopic composition of the surface layers of eleven ferromanganese crust samples collected
from the Takuyo-Daigo Seamount (northwest Pacific Ocean) was determined. This is the first systematic study of the Nd
isotopic composition of ferromanganese crusts collected by remotely operated vehicles (ROVs) from a single seamount
over water depths of 1000–5400 m, representing intermediate to deep water masses in the ocean.
We found that the depth profile of ferromanganese crusts is similar to the vertical seawater profile reported for a
station close to the seamount. This similarity suggests that Nd in the surface layer of the ferromanganese crust is directly
supplied by ambient seawater and reflects the oceanic water mass structure in the region. These samples are suitable for
determining time-series Nd isotopic data to study past ocean circulation of intermediate to deep water masses in the
northern Pacific.
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the ocean due to the shorter residence times of Nd (300–
500 yr; Amakawa et al., 2009) and Pb (50–200 yr;
Osborne et al., 2014) compared with global ocean mixing (~1500 yr; Amakawa et al., 2009). Therefore, timeseries data of Nd and Pb isotopic compositions could be
used to describe past ocean circulation changes triggered
by paleogeographic events, such as the closing of the
Panama gateway (Burton et al., 1997) or Indonesian seaway (van de Flierdt et al., 2004), or changes in continental dust flux (Ling et al., 2005). So far, however, the FeMn crust samples used for those studies were exclusively
collected by dredging, which drags a metal net along the
seafloor or seamount slope (Tokumaru et al., 2015). One
of the critical drawbacks of this technique is that the real
sampling depths are unknown. This information is essential for identifying which water masses overlie the samples (and are in contact with the seafloor) and complicate
further (paleo)oceanographic interpretations. Additionally, in-situ deep-sea camera observations have revealed
that Fe-Mn crusts frequently separate from their
substrates, such as a seamount flank, and then are in direct contact with the sediment, which might cause
diagenetic perturbation. To extract undisturbed seawater
geochemical information from Fe-Mn crusts, their occurrence should be monitored and checked during sampling
to avoid recovering samples inappropriate for research.

INTRODUCTION
Ferromanganese (Fe-Mn) crusts are chemical precipitates that are widely distributed on the ocean floor, including on topographic highs such as seamounts. They
form on substrates, such as silicate rocks, fish teeth and
debris, and lithified sediment, at a growth rate of 1–10
mm/Ma (Hein et al., 2000). The chemical composition of
hydrogenously formed Fe-Mn crusts is believed to directly
reflect that of seawater because it is normally free from
sedimentary diagenetic influences, which disturb the
original record. This is quite different from Fe-Mn nodules formed on/in sediment, which are strongly subjected
to diagenetic perturbation (Frank et al., 1999). Therefore,
a 10-cm-thick Fe-Mn crust potentially records an undisturbed record of seawater chemical composition spanning
the past 10 to 100 Ma (Hein et al., 2000). Many researchers have tried to derive chemical compositions of seawater
in the past by measuring various radiogenic isotopes, such
as Be, Pb, Nd, Os, and Sr, on Fe-Mn crusts (Frank, 2002
and references therein). Among these radiogenic isotopes,
Nd and Pb isotopic compositions are not homogenized in
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Fig. 1. a) Location of the Takuyo-Daigo Seamount. The location of Station TPS 24 271-1, where seawater Nd isotope data are
available, is also plotted. b) Detailed topography of the Takuyo-Daigo Seamount with sampling locations of the Fe-Mn crusts
recovered by ROV during each of the three research cruises (NT09-02, KR15-E01, KR16-01).
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Table 1. Nd isotopic composition for the surface of the ferromanganese crusts from the Takuyo-Daigo Seamount

0.08

0.35
0.08
0.13
0.24
0.27
0.35
0.35
0.08

0.26
0.08

0.24

0.27
0.24

External errorc

0.26

0.35
0.19
0.36
0.24
0.27
0.35
0.35
0.21

0.26
0.20

0.38

0.27
0.39

Reported errord

Fig. 2. q-S diagrams of ROV-based and TPS 24 271-1 water column data. The ROV data were obtained by CTD profilers during
each of the three research cruises (NT09-02, KR15-E01, KR16-01). TPS 24 271-1 data are from Piepgras and Jacobsen (1988).
The data from greater water depths are enlarged in (b). The potential density curves (sq = 22.4–27.8) are also shown.

Fortunately, recent progress in the use of remotely operated vehicles (ROVs) enables us to collect appropriate
Fe-Mn crust samples by allowing in-situ monitoring of
water depth and crust occurrence. However, only a few
recent studies have reported trace element isotopic compositions of Fe-Mn crusts sampled by ROV (U: Goto et
al., 2014; Os: Tokumaru et al., 2015). Thus, we report
here the first record of surface layer (outermost 0–1 mm)
Nd isotopic composition of Fe-Mn crusts collected by
ROV from various water depths (1000–5400 m) along the
Takuyo-Daigo Seamount (northwest Pacific), and compare our data with seawater Nd data previously reported
for a nearby station. The sampling depths correspond to
intermediate to deep water masses in the northwest Pacific, which allows us to reconstruct changes water mass
circulation.

01 Leg 1 (9–19 January 2016), both equipped with ROV
Kaiko. Fe-Mn crust samples were collected by a ROV
manipulator (Supplementary Fig. S1) with/without a rotator cutter. The video of the ROV sampling is available
on the following link: “http://www.jamstec.go.jp/e/about/
press_release/20160209/”. Very recently, Usui et al. (in
press) have determined the growth rates of 2.3 to 3.5 mm/
Ma for several Fe-Mn crusts from the Takuyo-Daigo
Seamount using 10Be/9Be dating method. This implies that
an 1 mm of surface layer crust sample from this area corresponds to a period of 0.29 to 0.43 Ma.
Station TPS 24 271-1, where a vertical profile of
seawater Nd isotopic composition has been reported
(Piepgras and Jacobsen, 1988), is located close to the
Takuyo-Daigo Seamount (Fig. 1a).
ANALYTICAL METHODS

SAMPLING LOCATION AND M ETHODS
The Takuyo-Daigo Seamount is located in the northwest Pacific, ~1900 km from Honshu Island, Japan (Fig.
1a). Several ROV dives confirmed that Fe-Mn crusts ubiquitously occur along the southwest ridge of the seamount
at water depths ranging from 900 m to 5500 m (Fig. 1b).
The Fe-Mn crust samples were collected during three
cruises with ROVs: RV Natsushima NT09-02 Leg 2 (8–
24 February 2009), equipped with ROV Hyper-Dolphin;
RV Kairei KR15-E01 (3–13 February 2015) and KR16-
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We selected Fe-Mn crust samples with intact and undisturbed surfaces for Nd isotopic analysis (Tokumaru et
al., 2015). In the laboratory, the topmost surface (<1 mm
thick) of each Fe-Mn crust was carefully scraped with a
ceramic knife. The sample was leached with either 2.5 M
HCl (Ling et al., 2005) or 1M HCl with H 2O 2 (Amakawa
et al., 1996), and the leachate was pipetted and transferred
to a Teflon-coated vessel. The leachate was subsequently
diluted with MilliQ water to ~0.5 M HCl and stored in a
polyethylene plastic bottle. An aliquot was taken, evapo-

Fig. 3. The profile of Nd isotopic compositions from Fe-Mn
crust surface layers collected from the Takuyo-Daigo Seamount.
The vertical seawater profile from TPS 24 271-1 (Piepgras and
Jacobsen, 1988), and previously reported data (Ling et al., 1997,
2005) are also plotted.

bracketing method was employed to correct the raw values using 20 ppb of the solution standards JNdi-1 (certified value = 0.512115; Tanaka et al., 2000) or La Jolla
(certified value = 0.511858; Lugmair et al., 1983). Nd
isotopic composition is expressed in epsilon (e) notation
(see Table 1 for definition). Errors are two standard deviations (2s, 2SD) of the external uncertainty of repeated
standard analysis, or propagated uncertainty, if two standard deviations of the mean (2sm) is larger than the 2SD.
Normally, 2SD of the standard over one session (one day)
ranges from 0.13 to 0.35 in epsilon units.
We also analyzed the Nd isotopic composition of
United States Geological Survey (USGS) reference material (NOD-P-1), which is a Fe-Mn nodule sample from
the Pacific Ocean. The average of repeated analyses of
NOD-P-1 is 0.512437 ± 0.000012 (n = 4; Table 1), which
is identical to the previously reported average value
(0.512432 ± 0.000014, n = 9) (Foster and Vance, 2006;
Huang et al., 2012).
The surface layers of four samples (HPD#959-R07,
HPD#956-R15, HPD#956-R09, and HPD#955-R12; Table 1) were previously studied for U (Goto et al., 2014)
or Os (Tokumaru et al., 2015) isotopic compositions.
RESULTS AND DISCUSSION

rated and then dissolved in 0.25 M HCl. This solution
was loaded onto an Ln Resin column (LN-C50-A,
Eichrom Technologies, Inc.) to separate and purify Nd
(Amakawa et al., 2009; Scher and Delaney, 2010; Huang
et al., 2012). Major elements and La were eluted with 4.5
ml of 0.25 M HCl, and then the Nd fraction was subsequently collected by elution of 10 ml of 0.25 M HCl. The
solution was passed through a Pre-filter Resin column
(PF-B100-A, Eichrom Technologies, Inc.) to remove organic matter, and was repeatedly treated with HClO4 and
HNO 3 to completely decompose any residual organic
matter. The purified Nd fraction was finally dissolved in
5% HNO3.
The Nd isotopic composition was determined with a
multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS; NEPTUNE Plus, Thermo
Fisher Scientific K.K.), housed at the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC). The
MC-ICP-MS has eight movable and one fixed central
Faraday cups and was operated in low-resolution mode
(M/DM = 400) and at a radio frequency power of 1200
W. A dry introduction system (desolvating nebulizer;
CETAC ARIDUS II) with a sample solution uptake rate
of 100 ml/min was used. Detailed instrumental settings
are described in Supplementary Table S1.
Measured 143Nd/144Nd ratios were exponentially normalized to 146Nd/ 144 Nd = 0.7219. A standard-sample

q-S diagrams from the Takuyo-Daigo Seamount and reference seawater station
Hydrographic data obtained by conductivity, temperature, and depth (CTD) profilers on the ROVs are plotted
on q -S diagrams (Fig. 2), together with the data from
seawater station TPS 24 271-1 (Piepgras and Jacobsen,
1988). The CTD profilers were an SBE9plus (NT09-02)
and an SBE-49 FastCAT (KR15-E01 and KR16-01); all
were from Sea-Bird Electronics, Inc. We did not plot all
of the related dive data from the ROVs because the CTD
data were reproducible within each research cruise. Although some discrepancies are observed between ROV
data and TPS 24 271-1 data at shallow water depths, they
show similar plots below 1000 m. This implies that the
water mass structure below 1000 m is similar for the
Takuyo-Daigo Seamount and TPS 24 271-1.
North Pacific Intermediate Water (NPIW) occupies
depths between 610–1130 m (s q (potential density) =
26.6–27.4; Amakawa et al., 2009), as shown by a characteristic salinity minimum at ~660 m (S = ~34.1; Fig. 2a).
North Pacific Deep Water (NPDW) is present between
1950–5400 m (S = 34.6–34.7, sq = 27.6–27.8; Fig. 2b,
Amakawa et al., 2009).
Nd isotopic composition of Fe-Mn crust surface layers
As a quality control step, we compared data obtained
by two leaching methods performed on three samples, and
found that both methods yielded almost the same data
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within analytical error (Table 1). This indicates that we
can directly compare data irrespective of the leaching
method used.
The Nd isotopic composition of the surface layer of
Fe-Mn crusts is plotted as a sampling depth profile in
Fig. 3, together with the Nd seawater vertical profile from
TPS 24 271-1. The previously reported data from Fe-Mn
crust surface layers in the North Pacific are also shown
(Ling et al., 1997, 2005). The results show a gradual decrease in Nd isotopic composition of the Fe-Mn crust samples from shallow water depths ( eNd = –2.85 at 1019 m)
to deep ( eNd = –4.89 at 5385 m), which mimics the
seawater data reported for TPS 24 271-1 (Fig. 3). Between 1000 m and 3000 m, the Fe-Mn crust and seawater
data show the same values within error. Although there
are some differences below 3000 m, both data are almost
identical when errors are considered.
The similarity between the vertical profiles of Nd isotopic composition for Fe-Mn crusts and seawater indicates that the surface layers of the Fe-Mn crust reliably
record ambient seawater, which is likely a result of the
hydrogenous origin of Nd (Fig. 3). This tight link between
the surface layer of Fe-Mn crusts and seawater has been
already suggested in the North Pacific between 1800 m
and 4800 m water depths (Ling et al., 1997; Amakawa et
al., 2009). Previous studies have reported that seawater
samples collected around 1000 m in subtropical North
Pacific stations, including TPS 24 271-1, show a narrow
range in Nd isotopic composition (eNd = –4 to –3), which
is attributed to NPIW originating off the coast of Sanriku,
Japan (Amakawa et al., 2009 and references therein).
Sample HPD#959-R07 (1019 m, eNd = –3.0 and –2.9)
shows an eNd value consistent with NPIW (Fig. 3). The
average eNd value of samples collected below 2000 m,
corresponding to NPDW, is –3.9 ± 0.5 (n = 8). This value
is consistent with previously estimated values for NPDW
(–3.9 ± 0.7, Amakawa et al., 2009; –3.5 ± 0.5, Fröllje et
al., 2016), which further highlights the close relationship
between Nd isotopic compositions from Fe-Mn crusts and
ambient seawater.
Previous studies on U and Os isotopic compositions
using the same Fe-Mn crust samples revealed that they
exhibit the same values as seawater (Goto et al., 2014;
Tokumaru et al., 2015). The Nd data presented in this
study corroborates those studies’ conclusions. Additionally, variations in the vertical distribution of seawater Nd
isotopic composition indicate that the Nd values from FeMn crusts directly reflect the water mass structure at the
sampling site.
It is interesting to note that our eNd surface layer (<1
mm) profile is consistent with previously reported data
for the northern Pacific Ocean (Fig. 3; Ling et al., 1997,
2005). This is surprising because those samples are from
a wide area (9∞18¢ N to 21∞45¢ N, 160∞44¢ E to 146∞03¢
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W) and most of them are located far from the TakuyoDaigo Seamount. This implies that the seawater Nd isotopic distribution in the northwest to central Pacific is
horizontally fairly homogenous below 1000 m and might
have been so for 0.1 to 0.2 Ma, assuming a 2.3 to 3.5
mm/Ma growth rate (Usui et al., in press) at the area and
a 0.5 mm sampling depth for the surface Fe-Mn crust.
CONCLUSIONS
We found that the Nd isotopic composition of Fe-Mn
crust surface layers, collected from various depths along
the Takuyo-Daigo Seamount, reliably reflects seawater
values. This suggests that the Fe-Mn crust samples were
not disturbed by diagenetic processes, and may be suitable for the production of accurate time-series Nd isotopic data for paleoceanographic studies. One benefit to
using Fe-Mn crust samples from the Takuyo-Daigo
Seamount for paleoceanography is that they cover a wide
water depth range at a single site. Several Nd isotopic
time-series datasets have already been generated using
Fe-Mn crust samples collected from various water depths
in the Pacific (Fig. 3; Ling et al., 1997, 2005; van de
Flierdt et al., 2004). However, their sampling locations
are widely distributed and the heterogeneous seawater Nd
isotopic distribution within the Pacific Ocean needs to be
taken into consideration (Amakawa et al., 2009). This
problem is circumvented by using data from Fe-Mn crusts
collected along a seamount ridge or flank, as demonstrated
in this study. This removes complications resulting from
the regional heterogeneity of water mass Nd isotopic compositions, and helps reconstructions of intermediate and
deep water mass circulation. Combined with ROV sampling, single site Fe-Mn crust sampling would greatly
improve the quality of radiogenic isotope time-series data
and subsequent paleoceanographic studies.
Acknowledgments—We would like to thank the captains, officers and crew of the RV Natsushima and RV Kairei, and the
operation teams of the ROVs Hyper-Dolphin and Kaiko for their
collaboration in sampling. We also would like to thank Associate Editor Yoshiki Sohrin for handling the manuscript, and Taryn
Noble and an anonymous reviewer for their useful comments.
This work is funded by “Scientific research on genesis of marine resources” for “Next-generation technology for ocean resources exploration (ZIPANG in ocean),” an initiative that is
part of the “Cross-ministerial Strategic Innovation Promotion
Program (SIP)” of the Japanese government.

REFERENCES
Amakawa, H., Nozaki, Y. and Masuda, A. (1996) Precise determination of variations in the 138Ce/ 142Ce ratios of marine
ferromanganese nodules. Chem. Geol. 131, 183–195.
Amakawa, H., Sasaki, K. and Ebihara, M. (2009) Nd isotopic

composition in the central North Pacific. Geochim.
Cosmochim. Acta 73, 4705–4719.
Burton, K. W., Ling, H.-F. and O’Nions, R. K. (1997) Closure
of the Central American Isthmus and its effect on deep-water
formation in the North Atlantic. Nature 386, 382–385.
Foster, G. L. and Vance, D. (2006) In situ Nd isotopic analysis
of geological materials by laser ablation MC-ICP-MS. J.
Anal. At. Spectrom. 21, 288–296.
Frank, M. (2002) Radiogenic isotopes: tracers of past ocean
circulation and erosional input. Rev. Geophys. 40, 1001
(http://dx.doi.org/10.1029/2000RG000094).
Frank, M., O’Nions, R. K., Hein, J. R. and Banakar, V. K. (1999)
60 Myr records of major elements and Pb-Nd isotopes from
hydrogenous ferromanganese crusts: reconstruction of
seawater paleochemistry. Geochim. Cosmochim. Acta 63,
1689–1708.
Fröllje, H., Pahnke, K., Schnetger, B., Brumsack, H.-J., Dulai,
H. and Fitzsimmons, J. N. (2016) Hawaiian imprint on dissolved Nd and Ra isotopes and rare earth elements in the
central North Pacific: local survey and seasonal variability.
Geochim. Cosmochim. Acta 189, 110–131.
Goto, K. T., Anbar, A. D., Gordon, G. W., Romaniello, S. J.,
Shimoda, G., Takaya, Y., Tokumaru, A., Nozaki, T., Suzuki,
K., Machida, S., Hanyu, T. and Usui, A. (2014) Uranium
isotope systematics of ferromanganese crusts in the Pacific
Ocean: implications for the marine 238U/235U isotope system. Geochim. Cosmochim. Acta 146, 43–58.
Hein, J. R., Koschinsky, A., Bau, M., Manheim, F. T., Kang, J.K. and Roberts, L. (2000) Cobalt-rich ferromanganese crusts
in the Pacific. Handbook of Marine Mineral Deposits 18,
239–273, CRC Press.
Huang, K.-F., Blusztajn, J., Oppo, D. W., Curry, W. B. and
Peucker-Ehrenbrink, B. (2012) High-precision and accurate
determination of neodymium isotopic compositions at nanogram levels in natural materials by MC-ICP-MS. J. Anal.
At. Spectrom. 27, 1560–1567.
Ling, H. F., Burton, K. W., O’Nions, R. K., Kamber, B. S., von
Blanckenburg, F., Gibb, A. J. and Hein, J. R. (1997) Evolution of Nd and Pb isotopes in Central Pacific seawater from
ferromanganese crusts. Earth Planet. Sci. Lett. 146, 1–12.
Ling, H.-F., Jiang, S.-Y., Frank, M., Zhou, H.-Y., Zhou, F., Lu,
Z.-L., Chen, X.-M., Jiang, Y.-H. and Ge, C.-D. (2005) Differing controls over the Cenozoic Pb and Nd isotope evolution of deepwater in the central North Pacific Ocean. Earth
Planet. Sci. Lett. 232, 345–361.
Lugmair, G. W., Shimamura, T., Lewis, R. S. and Anders, E.

(1983) Samarium-146 in the early solar system: evidence
from neodymium in the Allende meteorite. Science 222,
1015–1018.
Osborne, A. H., Newkirk, D. R., Groeneveld, J., Martin, E. E.,
Tiedemann, R. and Frank, M. (2014) The seawater neodymium and lead isotope record of the final stages of Central
American Seaway closure. Paleoceanography 29,
doi:10.1002/2014PA002676.
Piepgras, D. J. and Jacobsen, S. B. (1988) The isotopic composition of neodymium in the North Pacific. Geochim.
Cosmochim. Acta 52, 1373–1381.
Scher, H. D. and Delaney, M. L. (2010) Breaking the glass ceiling for high resolution Nd isotope records in early Cenozoic
paleoceanography. Chem. Geol. 269, 329–338.
Tanaka, T., Togashi, S., Kamioka, H., Amakawa, H., Kagami,
H., Hamamoto, T., Yuhara, M., Orihashi, Y., Yoneda, S.,
Shimizu, H., Kunimaru, T., Takahashi, K., Yanagi, T.,
Nakano, T., Fujimaki, H., Shinjo, R., Asahara, Y., Tanimizu,
M. and Dragusanu, C. (2000) JNdi-1: a neodymium isotopic reference in consistency with LaJolla neodymium.
Chem. Geol. 168, 279–281.
Tokumaru, A., Nozaki, T., Suzuki, K., Goto, K. T., Chang, Q.,
Kimura, J.-I., Takaya, Y., Kato, Y., Usui, A. and Urabe, T.
(2015) Re-Os isotope geochemistry in the surface layers of
ferromanganese crusts from the Takuyo Daigo Seamount,
northwestern Pacific Ocean. Geochem. J. 49, 233–241.
Usui, A., Nishi, K., Sato, H., Nakasato, Y., Thornton, B.,
Kashiwabara, T., Tokumaru, A., Sakaguchi, A., Yamaoka,
K., Kato, S., Nitahara, S., Suzuki, K., Iijima, K. and Urabe,
T. (in press) Continuous growth of hydrogenetic
ferromanganese crusts since 17 Myr ago on Takuyo-Daigo
Seamount, NW Pacific, at water depths of 800–5500 m. Ore
Geol. Rev.
van de Flierdt, T., Frank, M., Halliday, A. N., Hein, J. R.,
Hattendorf, B., Günther, D. and Kubik, P. W. (2004) Deep
and bottom water export from the Southern Ocean to the
Pacific over the past 38 million years. Paleoceanography
19, PA1020, doi:10.1029/2003PA000923.

S UPPLEMENTARY M ATERIALS
URL (http://www.terrapub.co.jp/journals/GJ/archives/
data/51/MS463.pdf)
Figure S1
Table S1

Surface layer Nd isotopic composition of Fe-Mn crusts collected from the Takuyo-Daigo Seamount

e7

