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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 radiaggric Nd (
—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 unradiogeRjc=Ne8(9~-7.2). The
southernmost sample had the most negative value, due to the influence of the Tsushima Warm Current (TWC) having a
low g4 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 (gyy = ~—6) and higheyy values at low and high latitudesy( = —2~—1). The distribution of thg values
seemed to be controlled by three currents: Kuroshio Extension, Oyashio Current and North Equatorial Current (NEC).
The Kuroshio Extension, which showed a leyy 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:

Nd isotopic composition, one of the most versatile iso-
topic tracers, is utilized in such diverse fields as marine 14301 4114
chemistry, cosmochemistry, and petrology. The Nd iso- _ ( Nd/ 4Nd)measured 1lx10
topic composition is frequently used for identifying wa- End = (143Nd/14“Nd) Bl (3
ter masses (Piepgras and Wasserburg, 1982, 1987; Spivack
and Wasserburg, 1988; Jeandel, 1993; Bertram and
Elderfield, 1993; Jeandet al., 1995, 1998; Tachikawa where CHUR stands for Chondritic Uniform Reservoir,
et al., 1999; Lacan and Jeandel, 2001; Amakaival., the present-day CHUR value being 0.512638 (Wasserburg
2004), because, compared with the rare earth elemestsl., 1981). The Nd isotopic compositiodt43Nd/*4*“Nd)
(REE) concentration of seawater, it is less susceptible @b terrestrial rocks vary because of their initial Sm/Nd
evaporation or scavenging and more faithfully keeps itaitios and their formation or metamorphic ages. If the Nd
original signal. isotopic growth curve of a rock were identical with
- CHUR, thee value would be 0. A rock with time-
*Corresponding author (e-mail: amakawa@comp.metro-u.ac.jp) integrated (Sm/Ng)(normalized value of the CHUR Sm/
Copyright © 2004 by The Geochemical Society of Japan. Nd ratio) lower than 1 would give a negatizgalue and
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vice versa. Typical rocks for the former are continentallogical Survey of Japan), were 0.511856.000007 (2,
crustal rocks witheyy = —30~-10 and those for the lattern = 9) and 0.512112 0.000006 (&, n = 29), respec-

are mantle-derived rocks, such as Mid Ocean Riddwely, and were in good agreement with those reported
Basalts (MORB), Island Arc Basalts (IAB) and Oceary O’Nionset al. (1977) and Tanaket al. (2000). As the
Island Basalts (OIB), witlgyy = 0~+10. The Nd in the contribution of blank to each sample was less than 1%,
rocks is transported to the ocean by various processes adblank correction was performed.

mixed there. The relative contribution of continental For Nd concentration measurement, surface seawaters
crustal materials and mantle-derived materials is revealaere also collectetia the inlet at the ship bottom. Im-

by the determination of Nd isotopic composition. mediately after collection, the seawaters were filtered on

Based on the Nd isotopic compositions of surfackoard through a 0.04#m hollow-fiber membrane
seawaters in the East Indian Ocean, Amaketah (2000) (Millipore HF-400) in a built-in clean room of the vessel.
pointed out the predominance of fluvial and coastal input The filtered samples were transferred into pre-cleaned
over eolian input of dissolved Nd in the surface wateh-L plastic cubic containers and then acidified to pH <
They further estimated the Nd residence time for the et-5 with ultra-pure HClI (TAMAPURE AA-100). The
tire ocean. Lacan and Jeandel (2001) reported the Nd iseater samples were brought to the Ocean Research Insti-
topic compositions of waters sampled from severdute, University of Tokyo. The concentrations of REE,
Equatorial Pacific stations and suggested that radiogeniccluding Nd, were measured with an ICP mass
Nd is supplied from the Papua New Guinea slope. Repectrometer (YOKOGAWA PMS-2000) according to the
cently, Amakawaet al. (2004) found that the North procedures described in Zhang and Nozaki (1996) and
Pacific Intermediate Water (NPIW) and the North Pacifid\libo and Nozaki (1999).

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. HoweverHydrography and sampling locations

detailed circulation patterns including those for the sur- The hydrographic data for the occupied stations are

face currents in the Northwest Pacific are yet to be eluajiven in Tables 1 and 2. We focused on the stations for
dated. Nd isotopic analysis.

The objectives of this study are to determine the Nd Along the west coast of the Japanese Islands, a warm
concentration and isotopic composition distributions ihigh-salinity current called “Kuroshio” and a cold low-
surface waters collected from the Northwest Pacific Oceaalinity current called “Oyashio” flow northward and
and its adjacent seas, i.e., the Okhotsk and Japan Seasithward, respectively (Fig. 1). The Kuroshio Current
and to elucidate the factors controlling such distributiongs a western boundary current similar to the Gulf Stream
We also discuss the Nd budget in the Pacific Ocean.

RESULTS

50Y! 7
METHODS @Q@kgowk\ ) /OVasAichrrent | |
Unfiltered surface seawaters were collected along therN— /c@f Q‘,.,sf;%—srms [
tracks of the Canis Minor Expedition (KH-98-3, July 15'orN‘ /J;pc/ang—m ’\/gk%/: 2052 sz |
1998 to August 14, 1998) and the Bootes Expedition (KH- ;;/7:, T /W,MM/,WR ,Bf,'s'l/yh_'—} o N
00-3, June 20, 2000 to July 27, 2000) on R.V. Hakuh@sin_ ey Zoens A oo e
. . . . S e . A KH-98-3 > Amakawa et al. (2000)
Maru. For Nd isotopic analysis, approximately 300 L of < e )
NEast China | .7 s“(,c ® KH-00-3 OO Amakawa et al. (2004)
seawater was collected and transferred by means of ‘a|. s 7.e O Piepgras and Jacobsen (198§)
built-in pump system from an inlet located at the shigsrn /0’ Y =
bottom (~5 m below sea level) to a plastic container on @ N v—//ﬁogm/{ <./</
the Shlp deCk 200 5 N :Nonh Equatorial Curren:a(()l\;zz) o BO,SVS 7
The procedure for the chemical separation of Nd wasrNg K —
identical with that described in Amakawehal. (2004). gy Df;};% | | | | | |
Nd isotopic composition was determined with a thermal 120E  130E  140E  150E 160E  170E  180°

ionization mass spectrometer (Finnigan MAT262). N‘fiig. 1. Map showing sampling stations for Nd isotopic compo-

isotopes were measured as*Nwsing a Re double fila-

sition measurement (closed triangles and circles) and surface

ment assemb|2/- Thli measured Nd iSO_tOpiC ratio? WEE rent patterns in the Northwest Pacific Ocean and its adja-
normalized to"*Nd/***Nd = 0.7219. During the Nd iso- cent seas. The previously studied locations (open diamonds,

topic measurements, the isotopic ratios measured for thgiares and circles) for Nd isotopic composition measurement
standards, i.e., La Jolla and JNdi-1 (supplied by the Ge(see Fig. 2) are also shown.

494 H. Amakawaet al.



in the Atlantic, and plays an important role in transportRegion (MWR) centered around ~40 which is famous
ing heat from low to high latitudes. for its good fisheries industry (station CM-S-2 is located
The origin of the Kuroshio Current is traced back tavithin the MWR). Subsequently, it flows to the central
the North Equatorial Current (NEC) that flows westwardNorth Pacific, which is called the Kuroshio Extension.
at 10N~15°N. Five sampling stations (BO-S-5, BO-6,The four samples collected around <MQBO-S-1, BO-
BO-S-6 and BO-7 (duplicate)) located around¢dR@re 1, BO-S-2 and BO-2) were in between the Kuroshio Ex-
north of the NEC pathway. Their locations should be réension and the Oyashio Current circulated along the
garded as within the Subtropical Gyre, as their temper&8ubarctic Gyre. The latter two samples showed lower
ture (T > 25°C) and salinity $> 34.9) are similar to those salinity and temperature than the former two samples,
of previously studied locations within the Subtropicaprobably because of the relatively large contribution of
Gyre, i.e., TPS 24 (Piepgras and Jacobsen, 1988) and L2 Oyashio Current compared to that of the Kuroshio
(Amakawaet al., 2004). Station BO-S-7 is also within Extension in the latter two samples. The water sampled
the Subtropical Gyre. from stations CM-S-3 and CM-5 showed very low salin-
The NEC makes a turn near the Philippine Islandgy (S= 32.6, 32.9), indicating the regime of the Oyashio
where the Kuroshio is considered to originate (NitaniCurrent.
1972). The Kuroshio Current flows at the east boundary As mentioned above, TWC flows into the Japan Sea
of the East China Sea along the Ryukyu Islands, and sepa-ough the Tsushima Strait. Lie and Cho (1994) reported
rates into two at the east of the Kyushu Island. One flovikat water in the Tsushima Strait has very low salinity
further along the east coast of the Honshu Island, the mg®i< 32.5) in summer, and pointed out the influence of
part of the Japanese Islands, and the other flows into thiesh water from the southern coast of Korea and the
Japan Sea through the Tsushima Strait, and is called tbhangjiang River. The water sampled from the
Tsushima Warm Current (TWC, Liet al., 1998). The southernmost station, CM-20, in the summer of 1998
former meets with the Oyashio Current at the Mixed Watahowed the lowest salinitysE 32.9) among the samples

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

Sample code Location Region Salinity Temp. 145Nd/1*Nd €na Ng*
Latitude  Longitude (psu) °C) (pmol/kg)

KH-98-3
CM-S-1 36°13'N 141°55E  Pacific Ocean 34.34 24.0 0.512351 £ 0.000011 -5.6+0.2 (13.00
CM-S-2 42°23’'N 145°50’E  Pacific Ocean 32.63 143 0.512481 +0.000012 -3.1+£0.2 (16.1)
CM-S-3 45°43'N 152°42'E  Pacific Ocean 32.94 8.8 0.512527 £ 0.000011 -22%02 (15.1)
CM-5* 44°01’ N 155°00°E  Pacific Ocean 32.58 13.1 0.512494 + 0.000013 -28+03 152
CM-6 45°25'N 145°04’E  Okhotsk Sea 32.38 12.6 0.512455 £0.000010 -3.6+02 26.5
CM-10 44°10'N 139°00°E  Japan Sea 33.83 18.4 0.512258 + 0.000009 -74£02 29.4
CM-19 41°21'N 137°20E  Japan Sea 33.70 22.4 0.512269 + 0.000008 -7.2102 235
CM-20 37°44’N 135°14°E  Japan Sea 32.90 26.4 0.512184 + 0.000011 -8.9+0.2 314

KH-00-3
BO-S-1 38°26"N 153°47°E  Pacific Ocean 34.15 19.6 0.512384 +£ 0.000015 -50103 6.7)
BO-1 39°57’N 159°57"E  Pacific Ocean 34.27 14.5 0.512406 + 0.000012 45102 —_
BO-S-2 40°00° N 174°34’E  Pacific Ocean 33.85 12.5 0.512436 £ 0.000011 -39+02 8.9)
BO-2 40°00"N 180°00"E  Pacific Ocean 34.00 12.7 0.512428 +0.000014 -4.1+03 (8.3)
BO-S-5 20°00" N 176°26’E  Pacific Ocean 35.25 28.4 0.512556 £ 0.000015 -1.6+03 (6.3)
BO-6 20°00° N 169°00'E  Pacific Ocean 35.05 28.9 0.512553 £ 0.000018 -1.7+0.3 (6.8)
BO-S-6 20°34’N 163°57E  Pacific Ocean 35.30 28.6 0.512555 +0.000013 -1.6+03 (6.2)
BO-7 A 22°00° N 151°00°E  Pacific Ocean 35.05 293 0.512498 +0.000014 -27+03 5.8)
BO-7B 22°00’ N 151°00°E  Pacific Ocean 35.05 29.3 0.512509 + 0.000029 -2510.6 5.8)
BO-S8-7 26°10° N 145°03’E  Pacific Ocean 34.90 28.0 0.512435 +0.000015 —4.0+0.3 (6.0)

Errors are 20,

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

Sampe code Location Region Salinity Temp. Nd
Latitude Longitude (psu) (°C)
KH-98-3
CMSSW-1  37°06 N  142°28E  Pacific Ocean  34.05 223  13.0
CM SSwW-3 42°2Z N 145°50E Pacific Ocean 32.65 13.5 16.1
CM SSw-4 43°2Z N 151°20E Pacific Ocean 32.49 11.6 19.0
CMSSW-5  43°3gN  152°58E  Pacific Ocean  32.57 11.4 153
CM-5* 44°0Y N  155°00E  Pacific Ocean  32.58 131 152
CMSSW-6  46°09 N  152°08E  Pacific Ocean  32.70 105  15.1
CMSSW-17 40°28 N  144°30E  Pacific Ocean  33.07 219 14.0
CMSSW-7  45°44N  146°14E  Okhotsk Sea 32.32 128 221
CM-6 45°28 N 145°04E  Okhotsk Sea 32.38 12.6 265
CMSSW-8  44°48N  145°10E  Okhotsk Sea 32.70 132  26.6
CMSSW-9  44°3TN  145°00E  Okhotsk Sea 32.49 155 285
CMSSW-10 45°38 N  141°38E  Soya Strait 33.74 167 243
CM-10 44°10N  139°00E  Japan Sea 33.83 18.4 29.4
CMSSW-12 43°16 N 139°31E  Japan Sea 33.79 231 256
CM-18 42°43N  138°13E  Japan Sea 3394 226 245
CM-19 41°2Y N 137°20E  Japan Sea 3370 224 235
CMSSW-14 39°29N  135°03E  Japan Sea 33.67 236 231
CM-20 37°44N  135°14E  Japan Sea 3290 264 314
CMSSW-15 40°17 N  138°46E  Japan Sea 33.68 253 219
CMSSW-16 41°20N  140°18E  Tsugaru Strait ~ 33.51 244  19.0
* Amakawa et al. (2004).
collected from the Japan Sea including those for Nd coserN T
centration determination. Considering both salinity and MSE

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)35'N

Based on the Nd isotopic composition, Amakastal.

(2004) discussed the formation mechanism of NPIW. The
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A KH-98-3 & Amakawa et al. (2000)
@ KH-00-3 O Amakawa et al. (2004)
O Piepgras and Jacobsen (198
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BOS6 po.g

surface water of the Okhotsk Sea actively exchanges with'N
the Pacific seawater. By contrast, there is little water exs.

BO-S-5

o -2.7,-2.5 _ ® 0
change between the Okhotsk Sea and the Japan Sea| 1617 16
(Preller and Hogan, 1998). The low salinity of the watet®™; o $6 7
sampled at station CM-6(= 32.4) is indicative of the 10rN R \ \ \ \ \
120E  130E 140E 150E 160E 170E  180°

large input of fresh water.
Fig. 2. Distribution of g4 values in surface waters.
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 dabeing free from particulate matter due to the filtration.
because the water samples for those two determinatioba the other hand, the unfiltered samples were used for
were separately collected. To this end, for the statiomigtermining Nd isotopic compositions. In hemipelagic and
with no Nd concentration data, the Nd concentrations froopen oceans, particulate Nd is less than 5% of total Nd
the nearest stations (within ~250 km) are shown as surf@libo and Nozaki, 1999). We believe that the Nd iso-
gates in Table 1. topic compositions of the samples from the Pacific Ocean
The Nd concentrations reflect those of dissolved Nécre almost identical with the “dissolved” ones, whereas
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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).

particulate Nd may significantly contribute to the Nd iso{Piepgras and Jacobsen, 1988; Greasteal., 1999;
topic compositions of the samples from such semi-closédnakawaet al., 2000, 2004; Honget al., submitted).
basins as the Okhotsk and Japan Seas. We surmise thabd agreement was observed between our data and the
the Nd isotopic data of those regions reflect both dissolvgdeviously reported data at one location, i.e 300N,
and particulate Nd. 14430 E. It was revealed that the Okhotsk and Japan
To check the reproducibility of the Nd isotopic com-Seas showed almost the same range of Nd concentrations.
position determination, we collected two samples at st the Pacific Ocean, the data showed a systematic in-
tion BO-7 (A and B). The results showed good agreemeatease from south (3~8 pmol/kg) to north (16~20 pmol/
with each other within &, error (see Table 1). kg).
The Nd isotopic composition distribution is shown in
Fig. 2 together with previously reported data (Piepgras
and Jacobsen, 1988; Amakawtaal., 2000, 2004). The
Nd isotopic compositions differed among the oceanic réNd concentration and isotopic composition distributions
gions. The Japan Sea samples had the most highihysemi-closed oceanic basins, the Okhotsk and Japan
unradiogenic Nd g4 = —8.9 to —7.2). The lone sampleSeas
from the Okhotsk Sea had relatively less radiogenic Nd The Okhotsk and Japan Seas are semi-closed oceanic
than a sample from the Pacific Ocean close to the Kubhsins surrounding the Japanese Islands. The Nd concen-
Islands €yy = —2.2). It should be noted that the Northtration and isotopic composition distributions in the sur-
west Pacific Ocean samples showed a very wide rangefate waters from semi-closed oceanic basins have been
&ng Values (-5.6~-0.1). At the latitude around’l¥Gand reported by several researchers.
above 40N, most of the samples showsg, values higher Anderssonret al. (1992) reported very high Nd con-
than -3, whereas the samples collected from the latitudentrations (>30 pmol/kg) and logy, values (<-14) for
between 29N and 40N showedgyy values lower than surface waters collected from the inner regions of the
—4. Within those latitudes, a systematic changgjrval-  Baltic Sea that was surrounded by very old rocks having
ues was observed in both our data and the previously &g < —20. Henryet al. (1994) reported Nd concentra-
ported ones. This feature will be discussed later. Althoudglons and isotopic compositions of surface waters from
the number of data was limited, some heterogeneity the Mediterranean Sea. Combined with the data of Spivack
&ng Value was observed for the Japan Sea samples. and Wasserburg (1988), they discussed surface water
The Nd concentration distribution is shown in Fig. 3transport in the Mediterranean Sea. More recently,
together with the reported and unpublished data of tAenakawaet al. (2000) reported Nd concentrations and
Northwest Pacific Ocean near the Japanese Islanidstopic compositions of surface waters from the Sulu and
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South China Seas. Although those oceanic areas did notlt should be noted that although the surface waters at
show distinctive Nd concentrations compared with thstations CM-19 and CM-20 showed differeqy values,
open ocean, their Nd isotopic compositions showed chahe deep waters below 500 m at both stations showed al-
acteristic values. The Sulu Sea sample showesgjaof most the samgy values of approximately —7 (Amakawa
—1.3, which was indicative of a supply of radiogenic Nét al., 1999). Furthermore, it has been reported that the
from surrounding young volcanic rocks. On the othet*®Ra concentrations in waters below 500 m collected at
hand, the South China Sea samples shoggdralues various stations in the Japan Sea are very uniform (Harada
ranging from —9.5 to —6.4, suggesting a greater contriband Tsunogai, 1986), indicating an active mixing of the
tion of continentally derived Nd than that of the Sulu Seaeep waters of the Japan Sea. Although the number of
Taken together, the above observations suggest that ttegta is limited, most of the Japan Sea water samples would
Nd isotopic compositions of surface waters in semi-closehow a uniformey, value of approximately —7. We think
basins are strongly influenced by the surrounding rodkat the loweyy value observed at station CM-20 is not
type. ubiquitous in the Japan Sea.

The Okhotsk and Japan Seas surface water samplesAssuming that the,y value of the entire Japan Sea
showed relatively high Nd concentrations (>20 pmol/kgyvater is —7 and explaining it with a simple two-
compared with the Northwest Pacific Ocean samples. Asmponent mixing model, i.e., the continental source and
for the Japan Sea, the high Nd concentrations suggest the mantle source, the fraction of the continentally de-
strong influence of fluvial/coastal inputs because the sutived Nd can be calculated. We emplgy = —11.2 (Liu
face waters have very highfRa concentrations (76~164 et al., 1994) as the continental end member agg=
dpm/L; Nozakiet al., 1998) that indicate a large supply+0.1, the only datum of a Japanese river that flows into
from coastal areas. The low salinity of Okhotsk Sea sarnhe Japan Sea (Goldstein and Jacobsen, 1987), as the
ples &= 32.3~32.7) suggests a large riverine input frormantle source. The calculated fraction of the continental
land areas, which may result in the high Nd concentraeurce is approximately 63%, which is only nearly twice
tions of those samples. as large as the fraction of the mantle source (37%).

The difference in Nd isotopic composition amongAmakawaet al. (2000) found that theyy values (less
those seas is worth noting, even if the isotopic compoghan —11) of surface waters from the Gulf of Bengal indi-
tion may reflect both dissolved and particulate Nd due tated the continental source fraction to be almost 100%.
the absence of filtration. The lone Okhotsk sample shov@onsidering the location of the Japan Sea, which is in the
much more radiogenic Nd than the Japan Sea sampleginity of the Asian continent, the fraction of the conti-
indicating the strong influence of the volcanic islandsiental source for the Japan Sea seems to be small. The
i.e., the Kuril Islandsgyy = +6.7~+10.1, McCulloch and influence of Japanese coastal sediments with a radiogenic
Perfit, 1981; Zhuravlewet al., 1987; Amakaweet al., &4 signal may play an important role in supplying Nd to
2004). The radiogenic Nd isotopic composition of théhe Japan Sea. However, to well elucidate the contribu-
Pacific Ocean surface water near the Kuril Islands (CMion of the Japanese coastal sediments to the Nd budget
S-3,&yg = —2.2) supports this idea. in the Japan Sea, we need more data on the Nd isotopic

Two Japan Sea samples collected from stations locateaimpositions of Japanese rivers and the coastal sediments
at latitudes higher than 28, CM-10 and CM-19, showed around the Japan Sea. It is also necessary to determine
almost identicak, 4 values, whereas one sample collectethe contribution of particulate matter to the Nd isotopic
from a station located at a latitude of =B CM-20, composition in the Japan Sea.
showed a slightly lower valuey, = —8.9). The latter sam-
ple is located more closely to the TWC pathway than thed isotopic composition distribution in Northwest Pacific
former two samples. As shown in Fig. 1, one branch @cean surface water
the Kuroshio Current flows along the west of the Kyushu ??®Ra, a naturally occurring nuclide (half-life, 5.76 y),
Island, the southern part of the Japanese Islands, and isnregarded as a useful tracer for monitoring the lateral
ters the Japan Sea through the Tsushima Strait. TWC nmtagnsport of elements from the continental shelf to the
be supplied with unradiogenic Nd during its passagepen ocean. The main sources?éiRa are estuarine,
through the Strait, because the Korean Peninsula is coovastal and shelf sediments, whétRa is produced by
posed of very old rocks with low, values (Laret al., theo decay of?*?Th. The supplied?®Ra spreads over the
1995). Furthermore, in summer, TWC has very low sacean surface waters by lateral mixing and decays with
linity due to the supply of fresh water from the Changjiantransport, resulting in high concentrations in the coastal
River (Lie and Cho, 1994), which may have a leyy region and low concentrations in the central oceanic re-
value. These facts suggest that TWC may have suppligibn. Nozakiet al. (1998) compiled the distribution of
Nd with low g4 value to water sampled at station CM-?%Ra in the Northern Hemispher®®Ra data in the cen-

20. tral Pacific Ocean is limited, partly because of its very
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low concentration. In such regions, other chemical trac- 20 " T " T " T " ——
ers are required to well elucidate the mechanism of the (a) ® This study
lateral transport of elements from the coastal regions. Nd ;5| ~ © Hongo etal. (submitted) ‘e &L
. . ... . . . = O Previous studies )
isotopic composition is one candidate alternative for 2 °
??Ra, because the minimum surface water volume re-2 | Q0 i
quired for the determination of Nd isotopic composition & o °8
(~50 L) is fivefold lower than that f&?Ra. Z Bo8oon o ©°°

There are several pathways for supplying Nd to the | - Bo g i
ocean, such as fluvial/coastal, eolian and hydrothermal
inputs. In ocean surface waters, as hydrothermal inputis %, 15 20 ® a0 50
negligible, the first two inputs are perceived to mainly Latitude (WN)

control Nd concentration and isotopic composition. Pre- 1 : : : — : : :
vious studies have revealed that Nd remobilization from ;| (b) e This study El’ )
coastal and shelf sediments is a much more important Nd O Previous studies

source than atmospheric input (Amakaetaal., 2000, i z *

Lacan and Jeandel (2001) §‘ . .
(1400) N

2004; Sholkovitz and Szymczak, 2000; Lacan and Jeandelz -2 ‘3 (1 . e
2001). Amakawaet al. (2004) studied Nd concentration -3 5 4~ N q] ad
and isotopic composition distributions in the surface wa- _, | B \\é AN |
ters of the Northwest Pacific Ocean near the Japanese i EIJ i

Islands and concluded that the eolian input is relatively > [ e e N ;1"5 ;‘* ’
minor in the surface water. However, as the stations em- ¢ ——— 3" " 50
ployed in the study of Amakawet al. (2004) were lo- Latitude (1N)

Eite:rc.)fhgjm :]Z?r:/é?mz%]:)t:slj;%?]nfjjlésgzngiéétnzg%u ig. 4. Latitudinal distributions of Nd concentration (a) and
ventied w |Ps isotopic composition (b) in surface waters of the Northwest

the central North Pacific reg'on‘_ Pacific Ocean between 125°E and 180°E. The reported data
We plot our data together with reported and unpula) piepgras and Jacobsen, 1988; Greaves et al., 1999;
lished North Pacific data between TE5and 180E  aAmakawa et al., 2000, 2004, and (b) Piepgras and Jacobsen,
against latitude (Fig. 4). For comparison, the Nd isotopitogs; Amakawa et al., 2000, 2004) and unpublished data
data from the other North Pacific regions are also show(a) Hongo et al., submitted) from the same area are also plot-
(Lacan and Jeandel, 2001). Both Nd concentration atefi. The Nd isotopic data from other North Pacific regions
isotopic composition showed trends similar to those dkacan and Jeandel, 2001) are also shown in (b).
the oceanic region near the Japanese Islands presented
recently by Amakawat 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., aental margins, whereas those collected fronf\M@ere
increase with increasing latitude. As suggested hyithin the South Equatorial Current and were not sus-
Amakawaet al. (2004), this increase with increasing lati-ceptible to the surface currents in the North Pacific, such
tude indicates a small influence of atmospheric inpuas NEC.
because this trend is quite different from that¥Pb Figure 4(b) reveals that there are at least three water
distribution having a mid-latitude maximum (Nozaki masses or currents showing distinctive Nd isotopic com-
al., 1976), which is a good indicator of atmospheric fluxpositions: two radiogenic at high and low latitudes and
It should be noted that the “V-shaped” distribution obne unradiogenic at mid latitude. This seems to corre-
Nd isotopic composition (Fig. 4(b)), i.e., a mid-latitudespond to the surface current patterns in the North Pacific
minimum with gradual increases toward both high an@rig. 1), i.e., the predominance of the westward current
low latitudes, is clearly distinguishable, even if sample@NEC) and eastward currents (Kuroshio Extension and
from the central Pacific are included. This implies thagbart of the Oyashio Current circulating along the Subarctic
the observed mid-latitude minimum is a feature commo@yre) in the Northwest Pacific. The Kuroshio Extension,
to both the Northwest and the Northcentral Pacific. Owhich flows eastward at a latitude of around!8540°N,
the other hand, the data of Amakaetaal. (2000) and showse,y values ranging from —5.6 to —3.9. While flow-
Lacan and Jeandel (2001) did not follow the “V-shapedhg eastward, the Kuroshio Extension mixes with the cir-
distribution. This may be due to differences in the santulating Oyashio Current that shows a highgf value
ple location and the surface current pattern. The sampleg, > —3) than the Kuroshio Extension. Water sampled
collected between 128 and 132E were close to the from stations BO-S-2 and BO-2 showed slightly higher
continent and subject to unradiogenic Nd from the contg, values (-3.9 and —4.1) than those sampled from sta-
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tions BO-S-1 and BO-1 (-5.0 and —4.5) at the same lati- [y
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 | Imdian 3.7 . Pacific surface | 13,9 - Atlantic
(see Subsection “Hydrography and sampling locations”). |surface- 3.2 7 surface

Rivers

: 1.3 From cantinental sureest Il"'-j

- d 5
uniiz 18 km-y From manile sanroes) 0L

r

The radiogenic Nd signal of the Oyashio Current is “‘q 18,9
due to such radiogenic sources as the Kuril and Aleutian =g i
Islands (Amakawaet al., 2004). As suggested by Pacific deep
Amakawa et al. (2004), the ultimate source of
unradiogenic Nd in the Kuroshio Extension is a conti- (I Cantizanbil wonress| [ENSRENE
nental margin, i.e., the East China Sea. e _L® ::‘“ =
As shown in Fig. 1, NEC flows westward at®hN0to waie: 100 sly! LIRS (> 1) .
15°N, and changes its direction to the north near the . TPatiilc sarface -
Philippine Islands. The gradual decreaseggf values h'.:-lldrﬂf_ﬂ% w75 gy 140 :‘,',',“,gi'f
from 20°N to 30N as observed in Fig. 4(b) suggests the | mu: ssjpmeang | Fr 4
decrease of the influence of NEC (a radiogenic Nd source) ' “#* ™ 6.7 1.4
toward the north. The gradual decrease in salinity of the l"aciﬂé deep
samples from 2N to 3C°N (~20°N, S> 35; ~26N, S= Bz 2L [pmukiyp
~34.9; ~29N, S= ~34.7 (LM2, Amakawat al., 2004)) B 3
supports this idea. We deduce that NEC would shgw
values that are higher than or comparable to those of the Remaval

samples from 2N (gyy = —1.7~-1.6), because the water_.

| I df he North Pacific G Fig. 5. Schematic diagrams of the box model used for calcu-
samples collected from the North Pacific Gyre were Sl"ﬁ’é\ting radiogenic Nd flux and Nd residence time in the Pacific

plied with unradiogenic Nd from the Kuroshio 0rgcean surface water. Water mass transport is shown in (a).

Kuroshio Extension, resulting in the longyy values than \wgter fluxes are from Bertram and Elderfield (1993). The Nd

those of NEC. fluxes shown in (b) were calculated from the parameters listed
NEC flows into the East China Sea where it attainis Table 3.

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 othewe discuss herein the Nd budget in the Pacific Ocean sur-

hand, the radiogenic Nd signals of the samples collectéate waters and estimate the radiogenic Nd flux, i.e., the

at a latitude around ~2N suggest that the Hawaiian Is-Nd supplied from volcanic islands, such as the Kuril and

lands, which are composed of mantle-derived volcanidawaiian Islands.

rocks g = +3~+8, Mukhopadhyagt al., 2003), may be Weemployed the box model presented by Bertram and

the main source of radiogenic Nd for NEC. The contribuelderfield (1993), which was originally proposed by Keir

tion of volcanic island rocks, such as those from thgl988) (Fig. 5), to estimate radiogenic Nd flux to the

Hawaiian and Kuril Islands, will be discussed later.  Pacific Ocean surface waters. The Pacific Ocean was sepa-
rated into two reservoirs, namely, surface (above 100 m)

Nd budget in the Pacific Ocean and deep (below 100 m).

In the above section, we pointed out the importance A schematic diagram of water mass transport is shown
of radiogenic Nd flux from volcanic islands in thein Fig. 5(a). The water input and output, as well as the
Pacific Ocean. Goldstein and Jacobsen (1987) reportedter discharge from various land areas are shown in
the dissolved Nd load in rivers from various areas arnthble 3 (Goldstein and Jacobsen, 1987; Bertram and
discussed the Nd budget in seawater. Jeast@dél (1998) Elderfield, 1993), together with the average Nd concen-
proposed that coastal areas could be the important sourtrasion and isotopic composition data of the water masses
of additional Nd to the oceans. Amakawtaal. (2000) and river waters. Evaporation and precipitation at the sur-
pointed out that the estimation of Nd flux to the ocean biace were assumed to be equal.

Goldstein and Jacobsen (1987) would result in an over- For convenience, we set two major Nd land sources, a
estimation of the residence time because of the noradiogenic source and an unradiogenic source. The former
incorporation of Nd remobilization from coastal and shelforresponds to the flux from the continental areas in Ta-
areas. We cannot neglect the remobilization of Nd in olle 3, and the latter, to the flux from volcanic islands that

discussion of the global Nd budget in the ocean. are made of mantle-derived rocks, such as the Hawaiian

Based on Nd concentration and isotopic compositiomnd Kuril Islands. The total flux from the continental ar-
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Table 3. Parameters used for Nd budget calculation

Water input (10* km*/y)*  Water output (10° km’/y)* Nd (pmol/kg) Exna Reference#
Pacific surface — — 75+39 -34%1.6 [1],[2], [3], [4]
Pacific deep 31.5 18.9 21.4+109 —-42+15 [1],[3], [5]
Indian surface 32 3.2 59+1.7 -52+14 [6]
Atlantic surface —_ 13.9 —_ —
Water discharge from
various land areas
Asia (continent) 4.2x 107" — 165 -10.1 [7]
North America 25x10? — 163 33 [71
South America 1.3 x 10 — 166 -3.0 [7]
Australia 1.1x10% — 104 2.0 [7]

*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).

eas is 1.% 10° (molly) (see Fig. 5(b)), which was calcu-where gy, gyq", engC and ey are gy values of the
lated from the data shown in Table 3 (water discharg@acific Ocean surface, the input from the Indian Ocean
from various land areas). and the Pacific Ocean deep (the exchanged water masses),
The total riverine flux shown in Table 3, however, isand the river inputs from continental areas (unradiogenic
not necessarily equal to the flux from the continental asources) and mantle sources (radiogenic sources), respec-
eas. As mentioned above, Nd remobilization from coastavely. On the other handr,Y andF™ (molly) are the Nd
and shelf areas may be an important source of Nd in thput flux from other oceans and mantle sources, respec-
ocean. Furthermore, we cannot completely neglect thi@ely. Combining the above equations, we obtain:
contribution of atmospheric flux from the continental ar-
eas to the ocean surface. Here, we introduce a parameter, W W c c M. M
f, which incorporates the contributions of Nd b= 2ena®h -CVZSN" of .CF +MF *ENd (4)
remobilization from coastal and shelf areas and atmos- YR+ feFT+F
pheric flux (Fig. 5(b))f is defined as follows:

Solving this equatiorF™ is expressed as follows:

f=—r (2) FM={€E§'(ZF|W+Zf'FC)

whereFC and FCT (molly) are, respectively, Nd input flux —Y ey e R - Yegae foFC/(eNg-eta).  (5)
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- Furtherfmo;% the Nld rlem(()jval_fluthrorg the gaC'f'C
mosphere, etc. Ifis 1, the flux from the continent will cean surface() is calculated using the obtained man-

be equal to the continental riverine flux; therefore, due t%ﬁ flux from a balanced equation of Nd concentration.
the Nd remobilization, etcf,is usually higher than 1. F"is given as follows:

Under a steady state, fifand the average of the Nd
isotopic composition of the mantle sources are given, the FR=YFY-SR+Y feFC+FM (6)
flux from the mantle sources is calculated from a bal-
anced equation of the Nd isotopic composition in th@hereF " is the Nd output flux from the Pacific Ocean
Pacific Ocean surface. The isotopic balanced equation f§lirface to the other oceans. This process consequently

inputs of the Pacific Ocean surface is given by: leads to the estimation of Nd residence time in the
Pacific Ocean surface by dividing the Nd inventory in
ifi R
ps 28,\% . F|W +2€ﬁd eFCT L EM ,gmj the Pacmc.Ocean surface By. The calculated results
ENd = SEV LS FOT LN (3) are shown in Table 4. We tentatively set thgvalues of
' the mantle sources at 0 and +2. There are scarce river
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Table 4. Nd budget in Pacific Ocean surface

f &yq value of  Calculated radiogenic Nd flax ~ Radiogenic Nd flux Nd removal from Nd residence time in
mantle sources /Unradiogenic Nd flux  Pacific Ocean surface Pacific Ocean surface

(FM, 10° mol/y) (FR, 10° mol/y) 162}
1 0 3.12 234 8.7 14.2
1 2 1.96 147 7.5 16.4
2 0 4.46 1.67 114 10.8
2 2 2.80 1.05 9.7 12.7
5 0 8.49 1.27 194 6.4
5 2 5.32 0.80 16.2 7.6
10 0 152 1.14 328 38
10 2 9.52 0.71 27.1 4.6

data showingeyy values higher than +2 (Goldstein and
Jacobsen, 1987); therefore, we think our choice,gf
values is reasonable. Calculation errors due to uncertain- The Okhotsk and Japan Seas surrounding the
ties of Nd concentrations and isotopic compositions (s€apanese Islands show higher surface Nd concentrations
Table 3) are approximately 70% (data not shown). than the Pacific Ocean. This may be due to the large Nd

As shown in Table 4, the radiogenic flux/unradiogeniput from the land area close to the seas. However, the
flux ratio (FM/fFC) is decreased dss increased. Further- Nd isotopic compositions show highly contrasting val-
more, even at the highefsvalue, the mantle source flux ues: a higleyy value in the Okhotsk Sea and layy val-
is required for at least 70% of the unradiogenic flux. ues in the Japan Sea. The radiogesjg value in the

Although the calculated values contain large unce@khotsk Sea apparently indicates the large Nd supply
tainties, it is revealed that a higlvalue is required for from the Kuril Islands that also have higj, values.
the high Nd removal flux from the ocean surface, antihere are at least two unradiogenic Nd sources for the
hence, the short residence time. Amakaaval. (2000) Japan Sea: the fluvial/coastal sediments of the Asian con-
estimated Nd residence time in the ocean surface to tieent and TWC. We think that the lowes}, value mea-

1.5 to 2.6 y. We need highvalues to match our calcu- sured for the sample from the southernmost station, CM-
lated values with their estimates. Nd remobilization fror20, is mainly influenced by TWC that may be supplied

the coastal area as suggested by previous studies is i unradiogenic Nd from the Korean Peninsular or the
of the candidates for the additional flux (Jeanetedl., East China Sea. However, the contribution of particulate
1998; Amakawaet al., 2000, 2004; Sholkovitz and matter to Nd isotopic composition is yet to be elucidated
Szymczak, 2000; Lacan and Jeandel, 2001). for these semi-closed oceanic basins.

If we assume that the shortest obtained residence time As for the North Pacific surface waters, the Nd con-
of 3.8 y can be applied to the global oceans, the Nd resentration shows a gradual increase with increasing lati-
dence time in the entire ocean can be estimated. Follode. By contrast, the Nd isotopic composition distribu-
ing Amakawsaet al. (2000), the total dissolved Nd in thetion shows a more complicated feature that is not found
ocean surface (100 m in thickness) is2 B2® moles for in Nd concentrations. There are at least three surface
an average concentration of 7 pmol/kg. The Nd flux twaters with distinctive Nd isotopic compositions. One
the ocean surface is calculated to be>6 B0’ (molly). water with unradiogenic Nd signal prevails at the mid
Assuming a global average concentration of 20 pmol/Kgtitude and two waters with radiogenic Nd signals pre-
(Nozaki, 2001), the Nd inventory in the entire ocean igail at high and low latitudes. The mid-latitude minimum
2.8x 10'°moles. The Nd residence time is calculated bis ascribable to the lateral Nd transport by the Kuroshio
dividing the inventory by the flux to the surface oceargxtension. The radiogenig  values at high and low lati-
i.e., 420 y, which somehow shows good agreement witbhdes are due to the influence of the Oyashio Current and
the previous estimates by Tachikaetaal. (1999, ~400 NEC, respectively, which are supplied with large amounts
y), Tachikawaet al. (2003, ~500 y) and Amakavet al. of radiogenic Nd from the volcanic islands. The lateral
(2000, 260~440 y). We conclude that both the large Ndd transport of the three currents results in the latitudi-
remobilization from coastal and shelf areas and theal g4 variation in the North Pacific. Again, this feature
mantle-derived fluxes are required for realizing a reasois not found in the Nd concentration distribution.
able Nd residence time in the ocean. Based on our data and those of previous studies, we

SUMMARY AND CONCLUSION
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estimated radiogenic Nd flux and Nd residence time in Particulate and dissolved Nd in the western Mediterranean
the Pacific Ocean surface waters. The calculations indi- Sea: sources, fate and buddéar. Chem. 45, 283-305.

cate that a large Nd remobilization from coastal and shé#Pngo, Y., Obata, H., Alibo, D. S. and Nozaki, Y. (submitted)

areas is required to match our results with the previous Surface distribution of yttrium and rare earth elements in
estimation of Nd residence time in the surface Waterj'atr:]c?ell\lcgth(angcf;f)lcgc?rz::ZEl?:t?;nsgﬁé_?gc.)topic composition of
Using the shartest calculated residence time at the SU?_ Nd in the South Atlantic OceaBRarth Planet. Sci. Lett. 117,

face, we tentatively estimated Nd residence time in the g, g7

global ocean and obtained a value of ~400 y, which iganqel, c., Bishop, J. K. and Zindler, A. (1995) Exchange of
almost identical with previous estimates (Tachikaava neodymium and its isotopes between seawater and small

al., 1999, 2003; Amakawet al., 2000). particles in the Sargasso S&eochim. Cosmochim. Acta
59, 535-547.
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