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Nd isotopic composition and concentration distributions were determined in surface waters of the Northwest Pacific
Ocean and its adjacent seas, i.e., the Okhotsk and Japan Seas. The Okhotsk and Japan Seas samples showed higher Nd
concentrations (19~31 pmol/kg) than the Northwest Pacific Ocean samples, suggesting a large amount of Nd input from
the land areas surrounding the Okhotsk and Japan Seas. Although the Nd isotopic composition data were limited for those
regions, each oceanic area showed a distinctive value. The lone sample from the Okhotsk Sea had radiogenic Nd (eNd =
–3.6) that was comparable to samples from the Pacific Ocean, indicating a large amount of radiogenic Nd supply from the
Kuril Islands. On the other hand, the Japan Sea samples had the most highly unradiogenic Nd (eNd = –8.9~–7.2). The
southernmost sample had the most negative value, due to the influence of the Tsushima Warm Current (TWC) having a
low eNd value. The latitudinal distributions of Nd isotopic composition and concentration in the surface waters of the
Northwest Pacific Ocean showed marked variations. Nd concentration was low at low latitudes (3~8 pmol/kg) and was
increased with increasing latitude (16~20 pmol/kg). On the other hand, Nd isotopic composition showed a mid-latitude
minimum (eNd = ~–6) and high eNd values at low and high latitudes (eNd = –2~–1). The distribution of the eNd values
seemed to be controlled by three currents: Kuroshio Extension, Oyashio Current and North Equatorial Current (NEC).
The Kuroshio Extension, which showed a low eNd value, seemed to play an important role in transporting continentally
derived Nd to the central Pacific. The Oyashio Current and NEC are supplied with large amounts of radiogenic Nd from
the Kuril and Aleutian Islands, and the Hawaiian Islands, respectively.

Based on the Nd isotopic composition and concentration distributions, we calculated the radiogenic Nd flux to the
Pacific Ocean surface waters and estimated the Nd residence time. Our calculation suggested that the radiogenic Nd flux
required to account for the Nd isotopic composition is higher than 70% of the unradiogenic Nd flux including Nd
remobilization from coastal and shelf sediments and atmospheric input. It was also revealed that a large Nd remobilization
flux is necessary to attain a global Nd residence time of ~400 y as estimated in previous studies.
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The Nd isotopic composition is generally expressed
as:
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where CHUR stands for Chondritic Uniform Reservoir,
the present-day CHUR value being 0.512638 (Wasserburg
et al., 1981). The Nd isotopic compositions (143Nd/144Nd)
of terrestrial rocks vary because of their initial Sm/Nd
ratios and their formation or metamorphic ages. If the Nd
isotopic growth curve of a rock were identical with
CHUR, the e value would be 0. A rock with time-
integrated (Sm/Nd)N (normalized value of the CHUR Sm/
Nd ratio) lower than 1 would give a negative e value and

I NTRODUCTION

Nd isotopic composition, one of the most versatile iso-
topic tracers, is utilized in such diverse fields as marine
chemistry, cosmochemistry, and petrology. The Nd iso-
topic composition is frequently used for identifying wa-
ter masses (Piepgras and Wasserburg, 1982, 1987; Spivack
and Wasserburg, 1988; Jeandel, 1993; Bertram and
Elderfield, 1993; Jeandel et al., 1995, 1998; Tachikawa
et al., 1999; Lacan and Jeandel, 2001; Amakawa et al.,
2004), because, compared with the rare earth elements
(REE) concentration of seawater, it is less susceptible to
evaporation or scavenging and more faithfully keeps its
original signal.
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vice versa. Typical rocks for the former are continental
crustal rocks with eNd = –30~–10 and those for the latter
are mantle-derived rocks, such as Mid Ocean Ridge
Basalts (MORB), Island Arc Basalts (IAB) and Ocean
Island Basalts (OIB), with eNd = 0~+10. The Nd in the
rocks is transported to the ocean by various processes and
mixed there. The relative contribution of continental
crustal materials and mantle-derived materials is revealed
by the determination of Nd isotopic composition.

Based on the Nd isotopic compositions of surface
seawaters in the East Indian Ocean, Amakawa et al. (2000)
pointed out the predominance of fluvial and coastal input
over eolian input of dissolved Nd in the surface water.
They further estimated the Nd residence time for the en-
tire ocean. Lacan and Jeandel (2001) reported the Nd iso-
topic compositions of waters sampled from several
Equatorial Pacific stations and suggested that radiogenic
Nd is supplied from the Papua New Guinea slope. Re-
cently, Amakawa et al. (2004) found that the North
Pacific Intermediate Water (NPIW) and the North Pacific
Tropical Water (NPTW) collected at stations close to the
Japanese Islands show distinctive isotopic signals. They
also pointed out that the Kuroshio and Oyashio Currents
show distinctive Nd isotopic compositions. However,
detailed circulation patterns including those for the sur-
face currents in the Northwest Pacific are yet to be eluci-
dated.

The objectives of this study are to determine the Nd
concentration and isotopic composition distributions in
surface waters collected from the Northwest Pacific Ocean
and its adjacent seas, i.e., the Okhotsk and Japan Seas,
and to elucidate the factors controlling such distributions.
We also discuss the Nd budget in the Pacific Ocean.

M ETHODS

Unfiltered surface seawaters were collected along the
tracks of the Canis Minor Expedition (KH-98-3, July 15,
1998 to August 14, 1998) and the Bootes Expedition (KH-
00-3, June 20, 2000 to July 27, 2000) on R.V. Hakuho-
Maru. For Nd isotopic analysis, approximately 300 L of
seawater was collected and transferred by means of a
built-in pump system from an inlet located at the ship
bottom (~5 m below sea level) to a plastic container on
the ship deck.

The procedure for the chemical separation of Nd was
identical with that described in Amakawa et al. (2004).
Nd isotopic composition was determined with a thermal
ionization mass spectrometer (Finnigan MAT262). Nd
isotopes were measured as Nd+ using a Re double fila-
ment assembly. The measured Nd isotopic ratios were
normalized to 146Nd/144Nd = 0.7219. During the Nd iso-
topic measurements, the isotopic ratios measured for the
standards, i.e., La Jolla and JNdi-1 (supplied by the Geo-

logical Survey of Japan), were 0.511856 ± 0.000007 (2s,
n = 9) and 0.512112 ± 0.000006 (2s, n = 29), respec-
tively, and were in good agreement with those reported
by O’Nions et al. (1977) and Tanaka et al. (2000). As the
contribution of blank to each sample was less than 1%,
no blank correction was performed.

For Nd concentration measurement, surface seawaters
were also collected via the inlet at the ship bottom. Im-
mediately after collection, the seawaters were filtered on
board through a 0.04 mm hollow-fiber membrane
(Millipore HF-400) in a built-in clean room of the vessel.

The filtered samples were transferred into pre-cleaned
5-L plastic cubic containers and then acidified to pH <
1.5 with ultra-pure HCl (TAMAPURE AA-100). The
water samples were brought to the Ocean Research Insti-
tute, University of Tokyo. The concentrations of REE,
including Nd, were measured with an ICP mass
spectrometer (YOKOGAWA PMS-2000) according to the
procedures described in Zhang and Nozaki (1996) and
Alibo and Nozaki (1999).

RESULTS

Hydrography and sampling locations
The hydrographic data for the occupied stations are

given in Tables 1 and 2. We focused on the stations for
Nd isotopic analysis.

Along the west coast of the Japanese Islands, a warm
high-salinity current called “Kuroshio” and a cold low-
salinity current called “Oyashio” flow northward and
southward, respectively (Fig. 1). The Kuroshio Current
is a western boundary current similar to the Gulf Stream

Fig. 1.  Map showing sampling stations for Nd isotopic compo-
sition measurement (closed triangles and circles) and surface
current patterns in the Northwest Pacific Ocean and its adja-
cent seas. The previously studied locations (open diamonds,
squares and circles) for Nd isotopic composition measurement
(see Fig. 2) are also shown.
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in the Atlantic, and plays an important role in transport-
ing heat from low to high latitudes.

The origin of the Kuroshio Current is traced back to
the North Equatorial Current (NEC) that flows westward
at 10∞N~15∞N. Five sampling stations (BO-S-5, BO-6,
BO-S-6 and BO-7 (duplicate)) located around 20∞N are
north of the NEC pathway. Their locations should be re-
garded as within the Subtropical Gyre, as their tempera-
ture (T > 25∞C) and salinity (S > 34.9) are similar to those
of previously studied locations within the Subtropical
Gyre, i.e., TPS 24 (Piepgras and Jacobsen, 1988) and LM2
(Amakawa et al., 2004). Station BO-S-7 is also within
the Subtropical Gyre.

The NEC makes a turn near the Philippine Islands,
where the Kuroshio is considered to originate (Nitani,
1972). The Kuroshio Current flows at the east boundary
of the East China Sea along the Ryukyu Islands, and sepa-
rates into two at the east of the Kyushu Island. One flows
further along the east coast of the Honshu Island, the main
part of the Japanese Islands, and the other flows into the
Japan Sea through the Tsushima Strait, and is called the
Tsushima Warm Current (TWC, Lie et al., 1998). The
former meets with the Oyashio Current at the Mixed Water

Region (MWR) centered around ~40∞N, which is famous
for its good fisheries industry (station CM-S-2 is located
within the MWR). Subsequently, it flows to the central
North Pacific, which is called the Kuroshio Extension.
The four samples collected around ~40∞N (BO-S-1, BO-
1, BO-S-2 and BO-2) were in between the Kuroshio Ex-
tension and the Oyashio Current circulated along the
Subarctic Gyre. The latter two samples showed lower
salinity and temperature than the former two samples,
probably because of the relatively large contribution of
the Oyashio Current compared to that of the Kuroshio
Extension in the latter two samples. The water sampled
from stations CM-S-3 and CM-5 showed very low salin-
ity (S = 32.6, 32.9), indicating the regime of the Oyashio
Current.

As mentioned above, TWC flows into the Japan Sea
through the Tsushima Strait. Lie and Cho (1994) reported
that water in the Tsushima Strait has very low salinity
(S < 32.5) in summer, and pointed out the influence of
fresh water from the southern coast of Korea and the
Changjiang River. The water sampled from the
southernmost station, CM-20, in the summer of 1998
showed the lowest salinity (S = 32.9) among the samples

Table 1.  Nd isotopic compositions in surface waters (KH-98-3 and KH-00-3)

Errors are 2sm.
*Amakawa et al. (2004).
#The data are from Table 2 (CM samples) and Hongo et al. (submitted, BO samples). Note that the Nd concentration data are not reported for all
the stations. The values in parentheses are data from the nearest stations where Nd concentration data are available (within 250 km, see Table 2
and Fig. 3).
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collected from the Japan Sea including those for Nd con-
centration determination. Considering both salinity and
location, station CM-20 was much more strongly influ-
enced by TWC than stations CM-10 and CM-19.

The Okhotsk Sea has been intensively studied in terms
of the formation mechanism of NPIW (Talley, 1993).
Based on the Nd isotopic composition, Amakawa et al.
(2004) discussed the formation mechanism of NPIW. The
surface water of the Okhotsk Sea actively exchanges with
the Pacific seawater. By contrast, there is little water ex-
change between the Okhotsk Sea and the Japan Sea
(Preller and Hogan, 1998). The low salinity of the water
sampled at station CM-6 (S = 32.4) is indicative of the
large input of fresh water.

Nd isotopic composition and concentration
The Nd isotopic composition and concentration data

are given in Tables 1 and 2, respectively. Not all stations
have both Nd isotopic composition and concentration data
because the water samples for those two determinations
were separately collected. To this end, for the stations
with no Nd concentration data, the Nd concentrations from
the nearest stations (within ~250 km) are shown as surro-
gates in Table 1.

The Nd concentrations reflect those of dissolved Nd,

being free from particulate matter due to the filtration.
On the other hand, the unfiltered samples were used for
determining Nd isotopic compositions. In hemipelagic and
open oceans, particulate Nd is less than 5% of total Nd
(Alibo and Nozaki, 1999). We believe that the Nd iso-
topic compositions of the samples from the Pacific Ocean
are almost identical with the “dissolved” ones, whereas

Table 2.  Dissolved Nd concentration (pmol/kg) in surface waters (KH-98-3)

*Amakawa et al. (2004).

Fig. 2.  Distribution of eNd values in surface waters.
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Sample code Location Region Salinity Temp. Nd

Latitude Longitude (psu) (°C)

KH-98-3
CM SSW-1 37°06¢ N 142°28¢ E Pacific Ocean 34.05 22.3 13.0

CM SSW-3 42°22¢ N 145°50¢ E Pacific Ocean 32.65 13.5 16.1

CM SSW-4 43°22¢ N 151°20¢ E Pacific Ocean 32.49 11.6 19.0

CM SSW-5 43°39¢ N 152°58¢ E Pacific Ocean 32.57 11.4 15.3

CM-5* 44°01¢ N 155°00¢ E Pacific Ocean 32.58 13.1 15.2

CM SSW-6 46°09¢ N 152°05¢ E Pacific Ocean 32.70 10.5 15.1

CM SSW-17 40°28¢ N 144°30¢ E Pacific Ocean 33.07 21.9 14.0

CM SSW-7 45°44¢ N 146°14¢ E Okhotsk Sea 32.32 12.8 22.1

CM-6 45°25¢ N 145°04¢ E Okhotsk Sea 32.38 12.6 26.5

CM SSW-8 44°45¢ N 145°10¢ E Okhotsk Sea 32.70 13.2 26.6

CM SSW-9 44°31¢ N 145°00¢ E Okhotsk Sea 32.49 15.5 28.5

CM SSW-10 45°38¢ N 141°38¢ E Soya Strait 33.74 16.7 24.3

CM-10 44°10¢ N 139°00¢ E Japan Sea 33.83 18.4 29.4

CM SSW-12 43°16¢ N 139°31¢ E Japan Sea 33.79 23.1 25.6

CM-18 42°43¢ N 138°13¢ E Japan Sea 33.94 22.6 24.5

CM-19 41°21¢ N 137°20¢ E Japan Sea 33.70 22.4 23.5

CM SSW-14 39°29¢ N 135°03¢ E Japan Sea 33.67 23.6 23.1

CM-20 37°44¢ N 135°14¢ E Japan Sea 32.90 26.4 31.4

CM SSW-15 40°17¢ N 138°46¢ E Japan Sea 33.68 25.3 21.9

CM SSW-16 41°20¢ N 140°18¢ E Tsugaru Strait 33.51 24.4 19.0
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particulate Nd may significantly contribute to the Nd iso-
topic compositions of the samples from such semi-closed
basins as the Okhotsk and Japan Seas. We surmise that
the Nd isotopic data of those regions reflect both dissolved
and particulate Nd.

To check the reproducibility of the Nd isotopic com-
position determination, we collected two samples at sta-
tion BO-7 (A and B). The results showed good agreement
with each other within 2sm error (see Table 1).

The Nd isotopic composition distribution is shown in
Fig. 2 together with previously reported data (Piepgras
and Jacobsen, 1988; Amakawa et al., 2000, 2004). The
Nd isotopic compositions differed among the oceanic re-
gions. The Japan Sea samples had the most highly
unradiogenic Nd (eNd = –8.9 to –7.2). The lone sample
from the Okhotsk Sea had relatively less radiogenic Nd
than a sample from the Pacific Ocean close to the Kuril
Islands (eNd = –2.2). It should be noted that the North-
west Pacific Ocean samples showed a very wide range of
eNd values (–5.6~–0.1). At the latitude around 20∞N and
above 40∞N, most of the samples showed eNd values higher
than –3, whereas the samples collected from the latitude
between 25∞N and 40∞N showed eNd values lower than
–4. Within those latitudes, a systematic change in eNd val-
ues was observed in both our data and the previously re-
ported ones. This feature will be discussed later. Although
the number of data was limited, some heterogeneity in
eNd value was observed for the Japan Sea samples.

The Nd concentration distribution is shown in Fig. 3,
together with the reported and unpublished data of the
Northwest Pacific Ocean near the Japanese Islands

(Piepgras and Jacobsen, 1988; Greaves et al., 1999;
Amakawa et al., 2000, 2004; Hongo et al., submitted).
Good agreement was observed between our data and the
previously reported data at one location, i.e., 40∞30¢ N,
144∞30¢ E. It was revealed that the Okhotsk and Japan
Seas showed almost the same range of Nd concentrations.
In the Pacific Ocean, the data showed a systematic in-
crease from south (3~8 pmol/kg) to north (16~20 pmol/
kg).

DISCUSSION

Nd concentration and isotopic composition distributions
in semi-closed oceanic basins, the Okhotsk and Japan
Seas

The Okhotsk and Japan Seas are semi-closed oceanic
basins surrounding the Japanese Islands. The Nd concen-
tration and isotopic composition distributions in the sur-
face waters from semi-closed oceanic basins have been
reported by several researchers.

Andersson et al. (1992) reported very high Nd con-
centrations (>30 pmol/kg) and low eNd values (<–14) for
surface waters collected from the inner regions of the
Baltic Sea that was surrounded by very old rocks having
eNd < –20. Henry et al. (1994) reported Nd concentra-
tions and isotopic compositions of surface waters from
the Mediterranean Sea. Combined with the data of Spivack
and Wasserburg (1988), they discussed surface water
transport in the Mediterranean Sea. More recently,
Amakawa et al. (2000) reported Nd concentrations and
isotopic compositions of surface waters from the Sulu and

Fig. 3.  (a) Nd concentration distribution (pmol/kg) in surface waters. The Okhotsk Sea and the Japan Sea are enlarged in (b) and
(c), respectively. The stations where Nd isotopic compositions were analyzed are indicated. The stations in parentheses indicate
the nearest stations where Nd isotopic composition data are available (see Table 1).
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South China Seas. Although those oceanic areas did not
show distinctive Nd concentrations compared with the
open ocean, their Nd isotopic compositions showed char-
acteristic values. The Sulu Sea sample showed an eNd of
–1.3, which was indicative of a supply of radiogenic Nd
from surrounding young volcanic rocks. On the other
hand, the South China Sea samples showed eNd values
ranging from –9.5 to –6.4, suggesting a greater contribu-
tion of continentally derived Nd than that of the Sulu Sea.
Taken together, the above observations suggest that the
Nd isotopic compositions of surface waters in semi-closed
basins are strongly influenced by the surrounding rock
type.

The Okhotsk and Japan Seas surface water samples
showed relatively high Nd concentrations (>20 pmol/kg)
compared with the Northwest Pacific Ocean samples. As
for the Japan Sea, the high Nd concentrations suggest the
strong influence of fluvial/coastal inputs because the sur-
face waters have very high 228Ra concentrations (76~164
dpm/L; Nozaki et al., 1998) that indicate a large supply
from coastal areas. The low salinity of Okhotsk Sea sam-
ples (S = 32.3~32.7) suggests a large riverine input from
land areas, which may result in the high Nd concentra-
tions of those samples.

The difference in Nd isotopic composition among
those seas is worth noting, even if the isotopic composi-
tion may reflect both dissolved and particulate Nd due to
the absence of filtration. The lone Okhotsk sample shows
much more radiogenic Nd than the Japan Sea samples,
indicating the strong influence of the volcanic islands,
i.e., the Kuril Islands (eNd = +6.7~+10.1, McCulloch and
Perfit, 1981; Zhuravlev et al., 1987; Amakawa et al.,
2004). The radiogenic Nd isotopic composition of the
Pacific Ocean surface water near the Kuril Islands (CM-
S-3, eNd = –2.2) supports this idea.

Two Japan Sea samples collected from stations located
at latitudes higher than 40∞N, CM-10 and CM-19, showed
almost identical eNd values, whereas one sample collected
from a station located at a latitude of ~38∞N, CM-20,
showed a slightly lower value (eNd = –8.9). The latter sam-
ple is located more closely to the TWC pathway than the
former two samples. As shown in Fig. 1, one branch of
the Kuroshio Current flows along the west of the Kyushu
Island, the southern part of the Japanese Islands, and en-
ters the Japan Sea through the Tsushima Strait. TWC may
be supplied with unradiogenic Nd during its passage
through the Strait, because the Korean Peninsula is com-
posed of very old rocks with low eNd values (Lan et al.,
1995). Furthermore, in summer, TWC has very low sa-
linity due to the supply of fresh water from the Changjiang
River (Lie and Cho, 1994), which may have a low eNd
value. These facts suggest that TWC may have supplied
Nd with low eNd value to water sampled at station CM-
20.

It should be noted that although the surface waters at
stations CM-19 and CM-20 showed different eNd values,
the deep waters below 500 m at both stations showed al-
most the same eNd values of approximately –7 (Amakawa
et al., 1999). Furthermore, it has been reported that the
226Ra concentrations in waters below 500 m collected at
various stations in the Japan Sea are very uniform (Harada
and Tsunogai, 1986), indicating an active mixing of the
deep waters of the Japan Sea. Although the number of
data is limited, most of the Japan Sea water samples would
show a uniform eNd value of approximately –7. We think
that the low eNd value observed at station CM-20 is not
ubiquitous in the Japan Sea.

Assuming that the eNd value of the entire Japan Sea
water is –7 and explaining it with a simple two-
component mixing model, i.e., the continental source and
the mantle source, the fraction of the continentally de-
rived Nd can be calculated. We employ eNd = –11.2 (Liu
et al., 1994) as the continental end member and eNd =
+0.1, the only datum of a Japanese river that flows into
the Japan Sea (Goldstein and Jacobsen, 1987), as the
mantle source. The calculated fraction of the continental
source is approximately 63%, which is only nearly twice
as large as the fraction of the mantle source (37%).
Amakawa et al. (2000) found that the eNd values (less
than –11) of surface waters from the Gulf of Bengal indi-
cated the continental source fraction to be almost 100%.
Considering the location of the Japan Sea, which is in the
vicinity of the Asian continent, the fraction of the conti-
nental source for the Japan Sea seems to be small. The
influence of Japanese coastal sediments with a radiogenic
eNd signal may play an important role in supplying Nd to
the Japan Sea. However, to well elucidate the contribu-
tion of the Japanese coastal sediments to the Nd budget
in the Japan Sea, we need more data on the Nd isotopic
compositions of Japanese rivers and the coastal sediments
around the Japan Sea. It is also necessary to determine
the contribution of particulate matter to the Nd isotopic
composition in the Japan Sea.

Nd isotopic composition distribution in Northwest Pacific
Ocean surface water

228Ra, a naturally occurring nuclide (half-life, 5.76 y),
is regarded as a useful tracer for monitoring the lateral
transport of elements from the continental shelf to the
open ocean. The main sources of 228Ra are estuarine,
coastal and shelf sediments, where 228Ra is produced by
the a decay of 232Th. The supplied 228Ra spreads over the
ocean surface waters by lateral mixing and decays with
transport, resulting in high concentrations in the coastal
region and low concentrations in the central oceanic re-
gion. Nozaki et al. (1998) compiled the distribution of
228Ra in the Northern Hemisphere. 228Ra data in the cen-
tral Pacific Ocean is limited, partly because of its very
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low concentration. In such regions, other chemical trac-
ers are required to well elucidate the mechanism of the
lateral transport of elements from the coastal regions. Nd
isotopic composition is one candidate alternative for
228Ra, because the minimum surface water volume re-
quired for the determination of Nd isotopic composition
(~50 L) is fivefold lower than that for 228Ra.

There are several pathways for supplying Nd to the
ocean, such as fluvial/coastal, eolian and hydrothermal
inputs. In ocean surface waters, as hydrothermal input is
negligible, the first two inputs are perceived to mainly
control Nd concentration and isotopic composition. Pre-
vious studies have revealed that Nd remobilization from
coastal and shelf sediments is a much more important Nd
source than atmospheric input (Amakawa et al., 2000,
2004; Sholkovitz and Szymczak, 2000; Lacan and Jeandel,
2001). Amakawa et al. (2004) studied Nd concentration
and isotopic composition distributions in the surface wa-
ters of the Northwest Pacific Ocean near the Japanese
Islands and concluded that the eolian input is relatively
minor in the surface water. However, as the stations em-
ployed in the study of Amakawa et al. (2004) were lo-
cated only in the vicinity of the Japanese Islands, it should
be verified whether that conclusion could be extended to
the central North Pacific region.

We plot our data together with reported and unpub-
lished North Pacific data between 125∞E and 180∞E
against latitude (Fig. 4). For comparison, the Nd isotopic
data from the other North Pacific regions are also shown
(Lacan and Jeandel, 2001). Both Nd concentration and
isotopic composition showed trends similar to those of
the oceanic region near the Japanese Islands presented
recently by Amakawa et al. (2004). Although our Nd con-
centration data show a slight scatter (Fig. 4(a)), they show
a common trend with data from the other studies, i.e., an
increase with increasing latitude. As suggested by
Amakawa et al. (2004), this increase with increasing lati-
tude indicates a small influence of atmospheric input,
because this trend is quite different from that of 210Pb
distribution having a mid-latitude maximum (Nozaki et
al., 1976), which is a good indicator of atmospheric flux.

It should be noted that the “V-shaped” distribution of
Nd isotopic composition (Fig. 4(b)), i.e., a mid-latitude
minimum with gradual increases toward both high and
low latitudes, is clearly distinguishable, even if samples
from the central Pacific are included. This implies that
the observed mid-latitude minimum is a feature common
to both the Northwest and the Northcentral Pacific. On
the other hand, the data of Amakawa et al. (2000) and
Lacan and Jeandel (2001) did not follow the “V-shaped”
distribution. This may be due to differences in the sam-
ple location and the surface current pattern. The samples
collected between 128∞E and 132∞E were close to the
continent and subject to unradiogenic Nd from the conti-

nental margins, whereas those collected from 140∞W were
within the South Equatorial Current and were not sus-
ceptible to the surface currents in the North Pacific, such
as NEC.

Figure 4(b) reveals that there are at least three water
masses or currents showing distinctive Nd isotopic com-
positions: two radiogenic at high and low latitudes and
one unradiogenic at mid latitude. This seems to corre-
spond to the surface current patterns in the North Pacific
(Fig. 1), i.e., the predominance of the westward current
(NEC) and eastward currents (Kuroshio Extension and
part of the Oyashio Current circulating along the Subarctic
Gyre) in the Northwest Pacific. The Kuroshio Extension,
which flows eastward at a latitude of around 35∞N~40∞N,
shows eNd values ranging from –5.6 to –3.9. While flow-
ing eastward, the Kuroshio Extension mixes with the cir-
culating Oyashio Current that shows a higher eNd value
(eNd > –3) than the Kuroshio Extension. Water sampled
from stations BO-S-2 and BO-2 showed slightly higher
eNd values (–3.9 and –4.1) than those sampled from sta-

Fig. 4.  Latitudinal distributions of Nd concentration (a) and
its isotopic composition (b) in surface waters of the Northwest
Pacific Ocean between 125∞E and 180∞E. The reported data
((a) Piepgras and Jacobsen, 1988; Greaves et al., 1999;
Amakawa et al., 2000, 2004, and (b) Piepgras and Jacobsen,
1988; Amakawa et al., 2000, 2004) and unpublished data
((a) Hongo et al., submitted) from the same area are also plot-
ted. The Nd isotopic data from other North Pacific regions
(Lacan and Jeandel, 2001) are also shown in (b).
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tions BO-S-1 and BO-1 (–5.0 and –4.5) at the same lati-
tude (Fig. 2), indicating the larger contribution of the
Oyashio Current than the Kuroshio Extension in the
former samples. This is compatible with the salinity data
(see Subsection “Hydrography and sampling locations”).

The radiogenic Nd signal of the Oyashio Current is
due to such radiogenic sources as the Kuril and Aleutian
Islands (Amakawa et al., 2004). As suggested by
Amakawa et al .  (2004), the ult imate source of
unradiogenic Nd in the Kuroshio Extension is a conti-
nental margin, i.e., the East China Sea.

As shown in Fig. 1, NEC flows westward at 10∞N to
15∞N, and changes its direction to the north near the
Philippine Islands. The gradual decrease of eNd values
from 20∞N to 30∞N as observed in Fig. 4(b) suggests the
decrease of the influence of NEC (a radiogenic Nd source)
toward the north. The gradual decrease in salinity of the
samples from 20∞N to 30∞N (~20∞N, S > 35; ~26∞N, S =
~34.9; ~29∞N, S = ~34.7 (LM2, Amakawa et al., 2004))
supports this idea. We deduce that NEC would show eNd
values that are higher than or comparable to those of the
samples from 20∞N (eNd = –1.7~–1.6), because the water
samples collected from the North Pacific Gyre were sup-
plied with unradiogenic Nd from the Kuroshio or
Kuroshio Extension, resulting in the lower eNd values than
those of NEC.

NEC flows into the East China Sea where it attains
unradiogenic Nd isotopic signals. It flows further east-
ward to become the Kuroshio Extension (Fig. 1). These
surface current patterns may have transported the conti-
nentally derived Nd to the central Pacific. On the other
hand, the radiogenic Nd signals of the samples collected
at a latitude around ~20∞N suggest that the Hawaiian Is-
lands, which are composed of mantle-derived volcanic
rocks (eNd = +3~+8, Mukhopadhyay et al., 2003), may be
the main source of radiogenic Nd for NEC. The contribu-
tion of volcanic island rocks, such as those from the
Hawaiian and Kuril Islands, will be discussed later.

Nd budget in the Pacific Ocean
In the above section, we pointed out the importance

of radiogenic Nd flux from volcanic islands in the
Pacific Ocean. Goldstein and Jacobsen (1987) reported
the dissolved Nd load in rivers from various areas and
discussed the Nd budget in seawater. Jeandel et al. (1998)
proposed that coastal areas could be the important sources
of additional Nd to the oceans. Amakawa et al. (2000)
pointed out that the estimation of Nd flux to the ocean by
Goldstein and Jacobsen (1987) would result in an over-
estimation of the residence time because of the non-
incorporation of Nd remobilization from coastal and shelf
areas. We cannot neglect the remobilization of Nd in our
discussion of the global Nd budget in the ocean.

Based on Nd concentration and isotopic composition,

we discuss herein the Nd budget in the Pacific Ocean sur-
face waters and estimate the radiogenic Nd flux, i.e., the
Nd supplied from volcanic islands, such as the Kuril and
Hawaiian Islands.

We employed the box model presented by Bertram and
Elderfield (1993), which was originally proposed by Keir
(1988) (Fig. 5), to estimate radiogenic Nd flux to the
Pacific Ocean surface waters. The Pacific Ocean was sepa-
rated into two reservoirs, namely, surface (above 100 m)
and deep (below 100 m).

A schematic diagram of water mass transport is shown
in Fig. 5(a). The water input and output, as well as the
water discharge from various land areas are shown in
Table 3 (Goldstein and Jacobsen, 1987; Bertram and
Elderfield, 1993), together with the average Nd concen-
tration and isotopic composition data of the water masses
and river waters. Evaporation and precipitation at the sur-
face were assumed to be equal.

For convenience, we set two major Nd land sources, a
radiogenic source and an unradiogenic source. The former
corresponds to the flux from the continental areas in Ta-
ble 3, and the latter, to the flux from volcanic islands that
are made of mantle-derived rocks, such as the Hawaiian
and Kuril Islands. The total flux from the continental ar-

Fig. 5.  Schematic diagrams of the box model used for calcu-
lating radiogenic Nd flux and Nd residence time in the Pacific
Ocean surface water. Water mass transport is shown in (a).
Water fluxes are from Bertram and Elderfield (1993). The Nd
fluxes shown in (b) were calculated from the parameters listed
in Table 3.
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eas is 1.3 ¥ 106 (mol/y) (see Fig. 5(b)), which was calcu-
lated from the data shown in Table 3 (water discharges
from various land areas).

The total riverine flux shown in Table 3, however, is
not necessarily equal to the flux from the continental ar-
eas. As mentioned above, Nd remobilization from coastal
and shelf areas may be an important source of Nd in the
ocean. Furthermore, we cannot completely neglect the
contribution of atmospheric flux from the continental ar-
eas to the ocean surface. Here, we introduce a parameter,
f ,  which incorporates the contributions of Nd
remobilization from coastal and shelf areas and atmos-
pheric flux (Fig. 5(b)). f is defined as follows:

f
F

F
= ( )

CT

C 2

where FC and FCT (mol/y) are, respectively, Nd input flux
from rivers in the continental areas and real total Nd in-
put flux from the continental areas including Nd
remobilization from coastal and shelf areas and the at-
mosphere, etc. If f is 1, the flux from the continent will
be equal to the continental riverine flux; therefore, due to
the Nd remobilization, etc., f is usually higher than 1.

Under a steady state, if f and the average of the Nd
isotopic composition of the mantle sources are given, the
flux from the mantle sources is calculated from a bal-
anced equation of the Nd isotopic composition in the
Pacific Ocean surface. The isotopic balanced equation for
inputs of the Pacific Ocean surface is given by:
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where eNd
PS, eNd

W, eNd
C and eNd

M are eNd values of the
Pacific Ocean surface, the input from the Indian Ocean
and the Pacific Ocean deep (the exchanged water masses),
and the river inputs from continental areas (unradiogenic
sources) and mantle sources (radiogenic sources), respec-
tively. On the other hand, FI

W and FM (mol/y) are the Nd
input flux from other oceans and mantle sources, respec-
tively. Combining the above equations, we obtain:
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Solving this equation, FM is expressed as follows:
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Furthermore, the Nd removal flux from the Pacific
Ocean surface (FR) is calculated using the obtained man-
tle flux from a balanced equation of Nd concentration.
FR is given as follows:

F F F f F FR
I
W

O
W C M= - + ∑ + ( )Â Â Â 6

where FO
W is the Nd output flux from the Pacific Ocean

surface to the other oceans. This process consequently
leads to the estimation of Nd residence time in the
Pacific Ocean surface by dividing the Nd inventory in
the Pacific Ocean surface by FR. The calculated results
are shown in Table 4. We tentatively set the eNd values of
the mantle sources at 0 and +2. There are scarce river

Table 3.  Parameters used for Nd budget calculation

*Water fluxes from other oceans and water discharges from various land areas are from Bertram and Elderfield (1993) and Goldstein and
Jacobsen (1987), respectively.
#References: [1] Zhang and Nozaki (1996); [2] Nozaki (2001); [3] Amakawa et al. (2004); [4] Hongo et al. (submitted); [5] Piepgras and
Jacobsen (1988); [6] Amakawa et al. (2000); [7] Goldstein and Jacobsen (1987).
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data showing eNd values higher than +2 (Goldstein and
Jacobsen, 1987); therefore, we think our choice of eNd
values is reasonable. Calculation errors due to uncertain-
ties of Nd concentrations and isotopic compositions (see
Table 3) are approximately 70% (data not shown).

As shown in Table 4, the radiogenic flux/unradiogenic
flux ratio (FM/fFC) is decreased as f is increased. Further-
more, even at the highest f value, the mantle source flux
is required for at least 70% of the unradiogenic flux.

Although the calculated values contain large uncer-
tainties, it is revealed that a high f value is required for
the high Nd removal flux from the ocean surface, and
hence, the short residence time. Amakawa et al. (2000)
estimated Nd residence time in the ocean surface to be
1.5 to 2.6 y. We need high f values to match our calcu-
lated values with their estimates. Nd remobilization from
the coastal area as suggested by previous studies is one
of the candidates for the additional flux (Jeandel et al.,
1998; Amakawa et al., 2000, 2004; Sholkovitz and
Szymczak, 2000; Lacan and Jeandel, 2001).

If we assume that the shortest obtained residence time
of 3.8 y can be applied to the global oceans, the Nd resi-
dence time in the entire ocean can be estimated. Follow-
ing Amakawa et al. (2000), the total dissolved Nd in the
ocean surface (100 m in thickness) is 2.5 ¥ 108 moles for
an average concentration of 7 pmol/kg. The Nd flux to
the ocean surface is calculated to be 6.6 ¥ 107 (mol/y).
Assuming a global average concentration of 20 pmol/kg
(Nozaki, 2001), the Nd inventory in the entire ocean is
2.8 ¥ 1010 moles. The Nd residence time is calculated by
dividing the inventory by the flux to the surface ocean,
i.e., 420 y, which somehow shows good agreement with
the previous estimates by Tachikawa et al. (1999, ~400
y), Tachikawa et al. (2003, ~500 y) and Amakawa et al.
(2000, 260~440 y). We conclude that both the large Nd
remobilization from coastal and shelf areas and the
mantle-derived fluxes are required for realizing a reason-
able Nd residence time in the ocean.

SUMMARY  AND CONCLUSION

The Okhotsk and Japan Seas surrounding the
Japanese Islands show higher surface Nd concentrations
than the Pacific Ocean. This may be due to the large Nd
input from the land area close to the seas. However, the
Nd isotopic compositions show highly contrasting val-
ues: a high eNd value in the Okhotsk Sea and low eNd val-
ues in the Japan Sea. The radiogenic eNd value in the
Okhotsk Sea apparently indicates the large Nd supply
from the Kuril Islands that also have high eNd values.
There are at least two unradiogenic Nd sources for the
Japan Sea: the fluvial/coastal sediments of the Asian con-
tinent and TWC. We think that the lowest eNd value mea-
sured for the sample from the southernmost station, CM-
20, is mainly influenced by TWC that may be supplied
with unradiogenic Nd from the Korean Peninsular or the
East China Sea. However, the contribution of particulate
matter to Nd isotopic composition is yet to be elucidated
for these semi-closed oceanic basins.

As for the North Pacific surface waters, the Nd con-
centration shows a gradual increase with increasing lati-
tude. By contrast, the Nd isotopic composition distribu-
tion shows a more complicated feature that is not found
in Nd concentrations. There are at least three surface
waters with distinctive Nd isotopic compositions. One
water with unradiogenic Nd signal prevails at the mid
latitude and two waters with radiogenic Nd signals pre-
vail at high and low latitudes. The mid-latitude minimum
is ascribable to the lateral Nd transport by the Kuroshio
Extension. The radiogenic eNd values at high and low lati-
tudes are due to the influence of the Oyashio Current and
NEC, respectively, which are supplied with large amounts
of radiogenic Nd from the volcanic islands. The lateral
Nd transport of the three currents results in the latitudi-
nal eNd variation in the North Pacific. Again, this feature
is not found in the Nd concentration distribution.

Based on our data and those of previous studies, we

Table 4.  Nd budget in Pacific Ocean surface
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estimated radiogenic Nd flux and Nd residence time in
the Pacific Ocean surface waters. The calculations indi-
cate that a large Nd remobilization from coastal and shelf
areas is required to match our results with the previous
estimation of Nd residence time in the surface waters.
Using the shortest calculated residence time at the sur-
face, we tentatively estimated Nd residence time in the
global ocean and obtained a value of ~400 y, which is
almost identical with previous estimates (Tachikawa et
al., 1999, 2003; Amakawa et al., 2000).

Acknowledgments—We are grateful to the captain, officers and
crew of R.V. Hakuho-Maru, and the scientific parties of the
“Canis Minor” and “Bootes” Expeditions for their collabora-
tion in the sampling. H.A. and D.S.A. also thank Drs. H. Obata,
M. Uematsu and Y. Sano, and Dr. Matsuda, the Executive Edi-
tor of Geochemical Journal, for giving us an opportunity to join
the Nozaki Memorial Issue. This work was supported by the
Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT), Japan, under the Grant-in-Aids Nos. 13304045
and 12740301 to the University of Tokyo.

REFERENCES

Alibo, D. S. and Nozaki, Y. (1999) Rare earth elements in
seawater: Particle association, shale-normalization and Ce
oxidation. Geochim. Cosmochim. Acta 63, 263–272.

Amakawa, H., Alibo, D. S. and Nozaki, Y. (1999) Vertical and
horizontal distributions of neodymium isotopic ratio of the
Northwestern Pacific, Sea of Okhotsk and Japan Sea. 9th
Annual V. M. Goldschmidt Conference, Abstract #7170, LPI
Contribution No. 971, Lunar and Planetary Institute,
Houston (CD-ROM).

Amakawa, H., Alibo, D. S. and Nozaki, Y. (2000) Nd isotopic
composition and REE pattern in the surface waters of the
eastern Indian Ocean and its adjacent seas. Geochim.
Cosmochim. Acta 64, 1715–1727.

Amakawa, H., Nozaki, Y., Alibo, D. S., Zhang, J., Fukugawa,
K. and Nagai, H. (2004) Neodymium isotopic variations in
Northwest Pacific waters. Geochim. Cosmochim. Acta 68,
715–727.

Andersson, P. S., Wasserburg, G. J. and Ingri, J. (1992) The
sources and transport of Sr and Nd isotopes in the Baltic
Sea. Earth Planet. Sci. Lett. 113, 459–472.

Bertram, C. J. and Elderfield, H. (1993) The geochemical bal-
ances of the rare earth elements and neodymium isotopes
in the oceans. Geochim. Cosmochim. Acta 57, 1957–1986.

Goldstein, S. J. and Jacobsen, S. B. (1987) The Nd and Sr iso-
tope systematics of river-water dissolved material: Impli-
cations for the sources of Nd and Sr in seawater. Chem.
Geol. 66, 245–272.

Greaves, M. J., Elderfield, H. and Sholkovitz, E. R. (1999)
Aeolian sources of rare earth elements to the Western
Pacific Ocean. Mar. Chem. 68, 31–37.

Harada, K. and Tsunogai, S. (1986) 226Ra in the Japan Sea and
the residence time of the Japan Sea water. Earth Planet.
Sci. Lett. 77, 236–244.

Henry, F., Jeandel, C., Dupre, B. and Minster, J.-F. (1994)

Particulate and dissolved Nd in the western Mediterranean
Sea: sources, fate and budget. Mar. Chem. 45, 283–305.

Hongo, Y., Obata, H., Alibo, D. S. and Nozaki, Y. (submitted)
Surface distribution of yttrium and rare earth elements in
the North Pacific. Earth Planet. Sci. Lett.

Jeandel, C. (1993) Concentration and isotopic composition of
Nd in the South Atlantic Ocean. Earth Planet. Sci. Lett. 117,
581–591.

Jeandel, C., Bishop, J. K. and Zindler, A. (1995) Exchange of
neodymium and its isotopes between seawater and small
particles in the Sargasso Sea. Geochim. Cosmochim. Acta
59, 535–547.

Jeandel, C., Thouron, D. and Fieux, M. (1998) Concentration
and isotopic compositions of neodymium in the eastern
Indian Ocean and Indonesian straits. Geochim. Cosmochim.
Acta 62, 2597–2607.

Keir, R. S. (1988) On the late Pleistocene ocean geochemistry
and circulation. Paleoceanography 3, 413–445.

Lacan, F. and Jeandel, C. (2001) Tracing Papua New Guinea
imprint on the central Equatorial Pacific Ocean using neo-
dymium isotopic compositions and Rare Earth Element pat-
terns. Earth Planet. Sci. Lett. 186, 497–512.

Lan, C. Y., Lee, T., Zhou, X.-H. and Kwon, S.-T. (1995) Nd
isotopic study of Precambrian basement of South Korea:
Evidence for early Archean crust. Geology 23, 249–252.

Lie, H.-J. and Cho, C.-H. (1994) On the origin of the Tsushima
Warm Current. J. Geophys. Res. 99, C12, 25081–25091.

Lie, H.-J., Cho, C.-H., Lee, J.-H., Niiler, P. and Hu, J.-H. (1998)
Separation of the Kuroshio water and its penetration onto
the continental shelf west of Kyushu. J. Geophys. Res. 103,
C2, 2963–2976.

Liu, C.-Q., Masuda, A., Okada, A., Yabuki, S. and Fan, Z.-L.
(1994) Isotope geochemistry of Quaternary deposits from
the arid lands in northern China. Earth Planet. Sci. Lett.
127, 25–38.

McCulloch, M. T. and Perfit, M. R. (1981) 143Nd/144Nd, 87Sr/
86Sr and trace element constraints on the petrogenesis of
Aleutian island arc magmas. Earth Planet. Sci. Lett. 56,
167–179.

Mukhopadhyay, S., Lassiter, J. C., Farley, K. A. and Bogue, S.
W. (2003) Geochemistry of Kauai shield-stage lavas: Im-
plications for the chemical evolution of the Hawaiian plume.
Geochem. Geophys.  Geosyst .  4,  Paper number
2002GC000342.

Nitani, H. (1972) Beginning of the Kuroshio. Kuroshio: Physi-
cal Aspects of the Japan Current (Stommel, H. and Yoshida,
K., eds.), 129–163, University of Washington Press, Seattle,
Washington.

Nozaki, Y. (2001) Rare earth elements and their isotopes. En-
cyclopedia of Ocean Sciences (Steele, J. H., Thorpe, S. A.
and Turekian, K. K., eds.), Vol. 4, 2354–2366, Academic
Press, London.

Nozaki, Y., Thomson, J. and Turekian, K. K. (1976) The distri-
bution of 210Pb and 210Po in the surface waters of the
Pacific Ocean. Earth Planet. Sci. Lett. 32, 304–312.

Nozaki, Y., Dobashi, F., Kato, Y. and Yamamoto, Y. (1998) Dis-
tribution of Ra isotopes and the 210Pb and 210Po balance in
surface seawaters of the mid Northern Hemisphere. Deep-
Sea Res. I 45, 1263–1284.



504 H. Amakawa et al.

O’Nions, R. K., Hamilton, P. J. and Evensen, N. M. (1977)
Variation of 143Nd/144Nd and 86Sr/87Sr ratios in oceanic
basalts. Earth Planet. Sci. Lett. 34, 13–22.

Piepgras, D. J. and Jacobsen, S. B. (1988) The isotopic compo-
sition of neodymium in the North Pacific. Geochim.
Cosmochim. Acta 52, 1373–1381.

Piepgras, D. J. and Wasserburg, G. J. (1982) Isotopic composi-
tion of neodymium in waters from the Drake Passage. Sci-
ence 217, 207–217.

Piepgras, D. J. and Wasserburg, G. J. (1987) Rare earth ele-
ment transport in the western North Atlantic inferred from
Nd isotopic observations. Geochim. Cosmochim. Acta 51,
1257–1271.

Preller, R. H. and Hogan, P. J. (1998) Oceanography of the Sea
of Okhotsk and the Japan/East Sea. The Sea Vol. 11
(Robinson, A. R. and Brink, K. H., eds.), 429–481, John
Wiley & Sons, Inc., New York.

Sholkovitz, E. R. and Szymczak, R. (2000) The estuarine chem-
istry of rare earth elements: comparison of the Amazon, Fly,
Sepik and the Gulf of Papua systems. Earth Planet. Sci.
Lett. 179, 299–309.

Spivack, A. J. and Wasserburg, G. J. (1988) Neodymium iso-
topic composition of the Mediterranean outflow and the
eastern North Atlantic. Geochim. Cosmochim. Acta 52,
2767–2773.

Tachikawa, K., Jeandel, C. and Roy-Barman, M. (1999) A new

approach to the Nd residence time in the ocean: the role of
atmospheric inputs. Earth Planet. Sci. Lett. 170, 433–446.

Tachikawa, K., Athias, V. and Jeandel, C. (2003) Neodymium
budget in the modern ocean and paleo-oceanographic im-
plications. J. Geophys. Res. 108, 10-2–10-13.

Talley, L. (1993) Distribution and formation of North Pacific
Intermediate Water. J. Phys. Oceanogr. 23, 517–537.

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 iso-
topic reference in consistency with La Jolla neodymium.
Chem. Geol. 168, 279–281.

Wasserburg, G. J., Jacobsen, S. B., De Paolo, D. J., McCulloch,
M. T. and Wen, T. (1981) Precise determination of Sm/Nd
ratios, Sm and Nd isotopic abundances in standard solu-
tions. Geochim. Cosmochim. Acta 45, 2311–2323.

Zhang, J. and Nozaki, Y. (1996) Rare earth element and yttrium
in seawater: ICP-MS determinations in the East Caroline,
Coral Sea and South Fiji Basins of the Western Pacific.
Geochim. Cosmochim. Acta 60, 4631–4644.

Zhuravlev, D. Z., Tsvetkoz, A. A., Zhuravlev, A. Z., Gladkov,
N. G. and Chernyshev, I. V. (1987) 143Nd/144Nd and 87Sr/
86Sr ratios in recent magmatic rocks of the Kurile island
arc. Chem. Geol. 66, 227–243.


