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Abstract Seawater samples were collected from four
locations in the Equatorial Pacific Ocean during the
MRO02-K06 cruise of the R/V Mirai and analyzed for
dissolved rare earth elements (REEs) using inductively
coupled plasma mass spectrometry. According to
variations of REE concentrations and Yb/La ratios, the
results show that the river input of the Papua New
Guinea islands may affect the compositions of REEs in
the Equatorial Pacific surface water. The Yb/La values
and the REE concentrations in the waters deeper than
3,000 m in the western South Pacific and the Equato-
rial Pacific Oceans, which represent the characteristics
of Antarctic Bottom Water (AABW), demonstrate
similar variation trend with depth. This result also
indicates that the REEs which originated from the
South Pacific Ocean have entered the North Pacific
Ocean across the equator with AABW intrusion.
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Introduction

The rare earth elements (REEs) and Y are an
extremely coherent group in terms of chemical
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behavior and they have been investigated intensively
as geochemical tracers for characterizing water masses
and ocean circulation (Elderfield and Greaves 1982;
De Baar et al. 1983, 1985; Klinkhammer et al. 1983;
Piepgras and Jacobsen 1992; Bertram and Elderfield
1993; German et al. 1995; Zhang and Nozaki 1996;
Jeandel et al. 1998; Alibo and Nozaki 1999). In the
oceans, the REEs show ‘“‘nutrient-like” profiles in that
their concentrations increase with depth. In addition,
due to suitable residence time and sensitive affability
to scavenging, REEs and Y have been demonstrated to
respond quickly to variations of vertical particulate flux
and REE composition of detrital particles of terrestrial
lithogenic sources in the Bay of Bengal (Nozaki and
Alibo 2003), the Sulu Sea (Nozaki et al. 1999) and the
South China Sea (Alibo and Nozaki 2000). That is to
say in the presence of lithogenic inputs (aeolian,
riverine or derived from sediments), the REEs can be
used as a sensitive water mass tracer for discriminating
different water masses.

The Western and Central Equatorial Pacific Oceans
are characterized by their great variation in oceano-
graphic conditions associated with El Nifio Southern
Oscillation events (Goddard and Graham 1997). In
addition, the strong diffusive and advective fluxes
characterizing these areas yield water mass exchanges
between the shelve/slope and open ocean (Houghton
et al. 1994; Huthnance et al. 2002), as well as resus-
pension of sediments on continental shelves and export
of resuspended sediments to deeper waters (Anderson
et al. 1994; Biscaye et al. 1994). Greaves et al. (1999)
have explored the degree to which aeolian input affects
the composition of North Pacific surface seawater
through the use of REEs. In a companion paper,
Sholkovitz et al. (1999) considered the role of river
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inputs on the REE composition of western Pacific
seawater. However, there are few data on the REEs in
seawater that have previously been systemically
reported for the Equatorial Pacific Ocean. The
purposes of this paper are to present vertical profiles of
REEs and Y in the Equatorial Pacific Ocean and to
describe the geochemical and oceanographic implica-
tions of these observations.

Materials and methods

Seawater samples were collected from aboard the R/V
Mirai of the Japan Marine Science and Technology
Center in January 2003 (MR02-K06; leg 3). The col-
lections were done vertically at four stations in the
Equatorial Pacific Ocean (St. 6, 160°E; St. 9, 175°E; St.
12, 170°W; and St. 14, 160°W) (Fig. 1) using 12-L ro-
sette-mounted Niskin-X bottles. The water samples for
dissolved REEs analysis were transferred to acid-
cleaned polyethylene bottles, then immediately filtered
through a 0.22-pum filter membrane (Millipore) in the
clean room of the R/V Mirai, acidified to pH < 1.6
using Q-HCIl and finally stored in 2-L high-density
polyethylene bottles.

Preconcentration and purification of Y and REEs
were performed by solvent extraction and back
extraction procedures, using a mixture of HDEHP (2-
ethylhexyl hydrogen phosphate) and H,MEHP (2-
ethylhexyl dihydrogen phosphate) in heptane before
determination with an inductively coupled plasma
mass spectrometer (ICP-MS) (HP-4500, Yokogawa
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Fig. 1 Map of station locations where seawater was collected
along the equator. The stations of SAS, SA7, SA12 in the
western South Pacific that studied by Zhang and Nozaki (1996)
are also drawn for comparing
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Analytical Systems, Tokyo, Japan). Indium was used as
an internal standard to monitor the chemical proce-
dure on a quantitative basis, and Rh was used to
monitor the stability of I[CP-MS determination. Details
of the analytical procedure for dissolved REEs have
been described by Shabani et al. (1990) and Zhang
(1995). Blanks for the entire procedure and reagents
were measured in parallel with the samples. All work
was done in the clean room and Millipore-Q water
(182 MQ) and high-purity reagents were used
throughout. The blanks were 10% for La and Ce, and
about 5-8% for other REEs and Y. The accuracy and
precision of REE measurements were better than
+10%.

The temperature and salinity were measured by
CTD (SBE 911plus; Sea-Bird Electronics Inc.). Nutri-
ents were analyzed on board using the Bran + Luebbe
continuous flow analytical system Model Traacs-800.
These routine data are listed in the preliminary cruise
report of MR02-K06 (leg 3) (Matsumoto 2003).

Results

The hydrographic properties, i.e., temperature, salinity,
dissolved O,, are given in Fig. 2 with the nutrients such
as phosphate, nitrate and silicate. The results of REEs
and Y determinations are listed in Table 1. The verti-
cal profiles of Y and the REEs are given in Fig. 3.

Discussion
Oceanography

Hydrographic features, deduced from oceanographic
properties, are very similar for the four sites in the
Equatorial Pacific Ocean from 160°E to 160°W
(Fig. 2). The T-S diagram (Fig.4) indicates that
there are four typical water end-members in the
studied region. Antarctic Bottom Water (AABW;
T < 2.0°C, S = 34.69-34.70) occupies the deepest part
from about 2,500 m to the bottom of Sts. 9, 12 and
14 and about 2,000 m to the bottom of St. 6. Typical
Antarctic Intermediate Water (AAIW; T = 5-6°C,
S =~34.4) is located at about 700 m and typical
South Pacific Subtropical Water (SPSW; T = 18-
20°C, S = 35.7) is located at about 100-200 m for the
four stations. Pacific Deep Water (PDW), which
overlies AABW, is characterized by a mixture of
AABW and AAIW and it is centered around 2,500-
700 m. AAIW also mixes with SPSW across the
thermocline. The surface water above SPSW in the
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Fig. 2 Vertical distributions
of temperature, salinity,
dissolved oxygen, phosphate, 33 34
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Equatorial Pacific Ocean at a depth less than 100 m
is Tropical Surface Water, which has local tempera-
ture and salinity characteristics.

The profiles of silicate, phosphate and nitrate also
show the same vertical distribution features at the four
stations (Fig. 2). Their concentrations exhibit strong
increases with depth above the nutriclines and then
smooth decreases with depth under the nutriclines,
although the depths of the nutriclines are shallower for
PO4 and NOj (about 700 m) than for Si (about
3,000 m). Silica depletions in the bottom waters of the
North Pacific have been interpreted by Edmond et al.
(1979) as resulting from AABW having lower silica
contents spreading northward under the PDW, which
has much higher silica concentrations. Therefore, de-
creases with depth of Si, PO, and NOj; under the nu-
triclines in the Equatorial Pacific Ocean in the present
study are apparently controlled by a water mixing
process of AABW with lower nutrient contents and
PDW with higher nutrient concentrations (Fig. 2).
Assuming silica concentrations to be conservative in
bottom waters (Broecker 1979; Edmond et al. 1979),
Sts. 6,9, 12 and 14 would have the larger component of
PDW than SAS, 7 and 12 stations reported by Zhang
and Nozaki (1996), since the concentrations of Si, PO,
and NOj are nearly consistent with depth under the
nutriclines at SAS, 7 and 12.

Distributions of Y and REEs

The vertical profiles of Y and the REEs (Fig. 3) show
that Y and REEs exhibit generally increasing concen-
trations with depth. Furthermore, the dissolved Y and
REE:s at the four stations in the present study show
very similar vertical distribution patterns when com-
paring them with each other, suggesting the sources of
REEs in subsurface and deep waters of the Equatorial
Pacific Ocean should be same and they should be
controlled by the same water mass transport processes.
The distributions of REEs have been found to be
closely associated with nutrient cycles in the oceans. In
the present study, the REE profiles are also analogous
to the silica profiles except for the bottom water at
depths of more than 3,000 m. From the surface to a
3,000 m depth, the concentrations of REEs are linearly
correlated with those of silica (Fig. 5).

When comparing the concentrations and vertical
distributions of dissolved REEs in the western South
Pacific Ocean such as the Coral Sea (SA7) and the
South Fiji basin (SA12) and the western Equatorial
Pacific Ocean (SAS) (Zhang and Nozaki 1996), some
different features in the Equatorial Pacific Ocean can
be observed clearly. First, the concentrations of dis-
solved REEs in surface water of the Equatorial
Pacific Ocean are higher than that of SAS5, SA7 and
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Table 1 REE and Y concentrations in the seawater of the Equatorial Pacific Ocean (pmol/kg)

Depth (m) Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
St. 6 (160°E; depth: 2,882 m)

0 70.3 8.33 446 149 693 155 039 205 03 216 056 1.8 026 181 0.28
50 79.7 9.16 341 152 688 136 038 223 041 234 056 174 026 174 028
101 87.1 9.12 360 159 7.16 158 042 231 040 243 064 205 030 206 032
199 90.2 10.1s 391 1.68 727 140 041 224 038 227 059 173 028 198 031
299 103.0 1205 370 216 935 177 045 272 050 301 079 259 037 253 039
496 1172 1357 439 233 1018 174 046 264 048 291 080 281 042 292 045
695 1370 1551 352 272 1213 222 061 335 059 355 0.88 280 043 3.04 046
992 168.7 1644 347 295 1305 225 060 346 060 38 110 368 056 3.86 0.60
1,487 2181 2047 474 356 1552 297 074 412 074 481 131 456 070 471 075
1,980 2432 2617 444 442 1896 371 1.00 589 105 645 167 525 076 528 0.83
2,473 282.1 2929 597 484 2032 38 113 605 108 724 18 675 09 635 1.00
2,782 2804 3031 539 501 2148 415 114 616 110 704 179 651 096 635 099
St. 9 (175°E; depth: 4,913 m)

0 66.0 6.63 310 123 545 125 036 204 034 218 047 201 028 172 028
25 70.5 5.78 288 1.16 5.18 120 034 194 035 209 051 152 022 152 024
50 69.3 7.26 290 133 588 132 036 209 037 227 055 175 025 175 026
70 76.4 7.10 263 121 545 122 036 194 034 204 051 179 028 197 0.30
100 75.0 7.59 288 127 565 113 031 172 032 199 052 179 027 190 0.29
200 91.9 8.29 3.06 137 5.89 131 037 203 036 210 055 202 030 207 032
300 1149  9.96 313 170 7.88 174 045 248 044 292 071 235 036 258 040
496 1255 1070 334 192 855 175 047 252 045 292 083 271 040 292 045
695 1471  13.68 326 242 1112 229 056 307 055 350 103 359 052 353 054
992 165.0 1566 344 275 1252 263 071 389 066 420 1.06 338 050 3.65 057
1,982 2393 2444 507 420 1798 352 086 492 08 566 147 534 077 530 0.82
2,964 2902 3139 549 503 2169 411 111 621 111 7.01 175 574 083 587 0.90
3,940 3003 3524 618 532 2196 433 119 646 119 736 192 688 099 683 1.06
4,813 320.1 3576 657 532 2239 444 118 672 117 796 214 737 107 737 114
St. 12 (170°W; depth: 5,478 m)

0 75.0 6.94 330 150 6.82 141 038 211 036 211 053 1.8 027 185 029
50 67.2 6.86 283  1.09 487 099 027 148 026 161 040 130 019 131 020
100 80.1 7.39 3.04 113 5.09 098 028 159 030 183 048 151 022 149 023
199 90.3 8.41 320 138 621 132 035 194 035 215 053 181 028 195 0.30
298 97.5 9.18 331 152 673 148 039 226 040 253 067 235 034 241 036
498 1338 1060 355 178 811 180 048 274 049 307 090 3.00 045 308 047
696 1453 1333  3.64 204 929 191 047 273 049 3.09 093 321 049 338 053
993 167.0 1532 3.66 257 1156 223 058 320 057 359 1.02 338 051 346 053
1,980 2432 2222 468 381 17.07 343 08 502 091 58 153 510 072 513 0.77
2,962 3032 2755 479 451 1976 393 109 6.09 111 7.04 18 658 096 650 1.02
3,941 3147 3124 542 501 2169 434 119 669 124 797 200 681 09 672 1.05
5,378 3030 3124 536 493 2106 420 117 646 114 715 192 651 091 632 0.99
St. 14 (160°W; depth: 5,205 m)

0 70.0 6.86 311 110 5.09 112 030 166 029 175 046 148 022 148 023
50 67.5 6.82 285 111 496 1.03 027 150 027 164 042 144 021 143 022
99 84.0 7.94 323 133 6.00 132 034 196 034 202 049 162 024 162 025
200 86.6 8.50 324 136 6.37 140 035 209 038 224 059 201 030 208 033
299 1102 945 362 177 794 175 045 247 045 284 072 241 035 249 038
498 129.8 10.13  3.67 2.04 9.01 1.80 048 274 050 308 079 249 036 263 041
696 1394 1254 380 210 922 200 055 309 054 346 089 286 043 296 047
994 1709 1466 383 244 1138 237 062 329 059 393 103 334 049 349 053
1,981 2403 2465 510 416 1807 346 090 480 089 563 145 470 070 502 0.77
2,964 2941 3131 542 501 2008 425 108 636 114 701 180 580 083 587 093
3,942 3004 3363 571 496 2069 433 110 633 115 692 184 643 089 647 0.99
5,105 3002 3288 570 485 2060 449 111 621 112 684 194 640 091 658 1.00

SA12, implying the sources of REEs and the flow
patterns may be different in those surface waters. The
same divergence of concentrations of silicate,
phosphate and nitrate in those surface waters
confirms the above explanation. The higher concen-
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tration of phosphate in surface waters of Sts. 12 and
14, due to equatorial upwelling, was interpreted by
Abe (2005) for the same research cruise. However, it
is difficult to explain why the concentrations of
nutrients at St. 6 are higher than that of the neighbor
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Fig. 3 Vertical distributions
of Y and REE:s for Sts. 6,9, 12
and 14
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station SAS. Secondly, below 3,000 m, where AABW
dominates, the REE concentrations at the central
equatorial stations are nearly same with those of SA7
and SA12, but clearly lower than those of SAS. This
comparing result suggests that REEs in the deep
water of the western South Pacific and Equatorial
Pacific Oceans may have same source. High concen-
trations of REEs in the deep water of station SAS
which locate at the East Caroline basin may reflect
the additional local source due to export of resus-
pended sediments to deeper waters (Anderson et al.
1994; Biscaye et al. 1994).

REE ratios as REE source tracers

Among the REEs, the ratio between heavy and light
REEs (HREEs/LREESs) such as Yb/La is suitable as a
REE tracer for different sources. This is because rocks
such as silicate, carbonate and shale have their own
representative REE compositions and patterns. Fur-
thermore, particulate REEs constitute generally less
than 5% of the total REEs in the open ocean (Sho-
lIkovitz et al. 1994; Bertram and Elderfield 1993), which
implies REE behavior is relatively conservative, Yb/La
of dissolved REEs in the seawater can also serve as
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water mass tracers in the ocean. Piepgras and Jacobsen
(1992) have suggested that the REE ratios such as Nd/
La and Er/La are useful in characterizing water
masses.

In the Equatorial Pacific Ocean, there are several
features of Yb/La vertical profiles which can be ob-
served when comparing these Yb/La ratios to their
adjacent water masses, such as the western South Pa-
cific (Zhang and Nozaki 1996) and North Pacific
Oceans (Piepgras and Jacobsen 1992; Shimizu et al.
1994) (Fig. 6). First, a large variation of Yb/La ratios

@ Springer

Yb/La (mol ratio)
0.15 0.2 0.25 0.3 0.35

Depth (km)

6

Fig. 6 Vertical profiles of Yb/La ratios in the Equatorial Pacific
and the western South Pacific Oceans. The data of SAS, SA7 and
SA12 are from Zhang and Nozaki (1996)

(0.2-0.35) in the surface waters of the three Pacific
regions is observed but these ratios are comparatively
constant in the waters of about 100 m depth of the
Equatorial Pacific Ocean (Fig. 7). Second, the Yb/La
ratios in the waters deeper than 3,000 m show similar
values (about 0.2) and converge to nearly the same
variation trend with depth (Fig. 8).
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Fig. 7 Yb/La ratios plotted against the concentration of La at
about 100 m depth in the Equatorial Pacific Ocean. The data of
SAS5, SA7, SA12, Papua New Guinea rivers (NGR) and North
Pacific surface waters (NPS) are from Zhang and Nozaki (1996),
Sholkovitz et al. (1999) and Greaves et al. (1999), respectively
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Fig. 8 Yb/La ratios plotted against the concentration of La in
deep water from 3,000 m depth to the bottom of the Equatorial
Pacific Ocean. The data of SAS, SA7, SA12, DE-4 and TPS
stations are from Zhang and Nozaki (1996), Shimizu et al. (1994)
and Piepgras and Jacobsen (1992), respectively

The large variation of Yb/La ratios in the surface
waters of the Equatorial Pacific Ocean is considered to
reflect the difference in sources of REEs, e.g., that
transported by fluvial processes and that transported
by aeolian processes. REEs determinations have been
made on 25 surface seawater samples on a longitudinal
transect from Asia to North America within a latitu-
dinal band of 24-32°N by Greaves et al. (1999). REE
concentrations are significantly higher close to Asia
and decrease to the lowest recorded for surface waters
at the 180° International Dateline. REE patterns also
vary systematically and near Asia are similar to pat-
terns for Chinese Loess. Thus, contrary to previous
inferences based on Nd isotopes, atmospheric deposi-
tion of mineral dust from the Asian continent signifi-
cantly affects the REE composition of the western
North Pacific Ocean seawater. However, according to
the Yb/La-La diagram in the present study (Fig. 7),
this affection is seemly weak for the Equatorial Pacific
Ocean. This is because the concentrations of dissolved
REEs in the Equatorial Pacific surface water are
higher than those of the North Pacific surface waters
which were determined by Greaves et al. (1999). Duce
et al. (1991) also indicated that aeolian inputs are low
in the central Equatorial Pacific near the 180° Inter-
national Dateline.

Therefore, the river input may have a more impor-
tant effect on the compositions of REEs in the Equa-
torial Pacific surface seawater. Sholkovitz et al. (1999)
have interpreted the REE composition in the Pacific

Equatorial Undercurrent (EUC) at SAS as reflecting
the entrainment of an island weathering signature by
the regional water currents. This process involves the
entrainment of dissolved and particulate matter from
rivers of the New Guinea islands such as the Fly and
Sepik Rivers into the EUC. Specifically, Sholkovitz
et al. (1999) REE data are consistent with hydrog-
raphical and sedimentological studies showing that the
rivers on New Guinea’s north coast directly inject their
dissolved and particulate matter into the New Guinea
Coastal Undercurrent, which then feeds the EUC. The
major feature of the circulation of the surface Central
Pacific Ocean along the equator is the South Equato-
rial Current (SEC), which extends from 5°N to 20°S at
the surface and flows westwards. Along the equator,
underneath the SEC, the EUC flows eastwards. This
current (EUC) originates north of Papua New Guinea
at about 200 m depth and rises gently along its
14,000 km pathway across the basin. It is located be-
tween 2°N and 2°S and is about 200 m thick (Wyrtki
and Kilonsky 1984; Lukas and Firing 1984). Lacan and
Jeandel (2001) have characterized the Nd isotopic
composition of the Equatorial Pacific Ocean along
140°W. They showed that the Nd isotopic compositions
of AAIW and of the lower layer of EUC at 140°W are
much more radiogenic at the equator than at their
origin in the SEC (12°S), revealing that these water
masses have been in contact with the highly radiogenic
New Guinea slope. Recently, Tazoe et al. (2006)
determined the '**Ce/'*?Ce ratio, together with
143N d/"*4Nd data, in surface water of the Pacific Ocean,
and discussed it in terms of REE sources. Their result
showed that, in the West Equatorial Pacific Ocean
(150°E) and Sulu Sea, REEs are influenced by mantle-
derived material supplied from island arcs such as the
New Guinea islands, while in the East Equatorial Pa-
cific Ocean (170°W), REEs are mostly affected by
continental-derived matter (Tazoe et al. 2006).

In spite of the large difference of Yb/La ratios in the
surface waters, the Yb/La values in the waters deeper
than 3,000 m in the western South Pacific Ocean (SA7
and SA12) (Zhang and Nozaki 1996) and the Equa-
torial Pacific Ocean (Sts. 6,9, 12, 14 and SAS) converge
on close to the same distribution on the Yb/La-La
diagram and demonstrate the same variation trend
with depth, which is very different from that of sam-
pling stations (DE-4 and TPS stations) in the North
Pacific Ocean (Piepgras and Jacobsen 1992; Shimizu
et al. 1994) (Fig. 8). This is because the REE sources in
the bottom water of the Equatorial and western South
Pacific Oceans are the same, and they represent the
characteristics of AABW. There seems to be an
agreement among physical oceanographers that
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AABW enters the North Pacific across the equator
(Schmitz 1995). Piepgras and Jacobsen (1992) also
indicated that the most obvious influence on the REE
distributions in the North Pacific is the northward
spreading AABW. The result of steady and wide
spreading of the AABW in the Pacific Ocean also
implies that the vertical mixing is not sufficient to
cancel the vertical structure of water masses or col-
umns. It is suggested that REE transport is strongly
influenced by horizontal advection, even in the sluggish
circulation of the Pacific. The Nd isotopic data of Pa-
cific water masses also demonstrated that advective
transport influenced the distribution of REE in the
water column of the Pacific Ocean (Piepgras and Jac-
obsen 1988). It should be pointed out here that the top
of the AABW in the Equatorial Pacific Ocean (about
2,500 m at Sts. 9, 12 and 14, 2,000 m at St. 6) is nearly
the same as that of the western South Pacific Ocean
(SA7 and SA12) (Zhang and Nozaki 1996), suggesting
the spread of AABW is very wide in the South,
Equatorial and North Pacific Oceans.

Conclusions

(1) The river input of the New Guinea islands play an
important role in affecting the compositions of
REEs in the Equatorial Pacific surface water,
according to variations of REE concentrations
and Yb/La ratios. This process involves the
entrainment of dissolved and particulate matter
from island rivers such as the Fly and Sepik into
the EUC.

(2) The Yb/La values and the REE concentrations in
waters deeper than 3,000 m in the western South
Pacific and the Equatorial Pacific Oceans, which
represent the characteristics of AABW, demon-
strate the same variation trend with depth. This
result also indicates that the REEs which origi-
nated from the South Pacific Ocean have entered
the North Pacific across the equator with AABW
intrusion.
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