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Introduction

The rare earth elements comprise Rfteen lanthanide
elements (atomic number, Z"57}71) as well as
yttrium (Z"39) and scandium (Z"21), although
promethium (Z"61) does not appear in nature due
to its radioactive instability (Figure 1). They are an
extremely coherent group in terms of chemical be-
havior and have recently been subjected to intense
investigation in the Reld of marine geochemistry. All
rare earth elements occur as a trivalent state with
exception of Ce4` and Eu2`. In the lanthanide
series, the progressive Rlling of electron in the shiel-
ded inner 4f shell with increasing atomic number
leads to gradual decrease in the ionic radii from
La3` to Lu3`, which is called ‘the lanthanide
contraction’. Consequently, small but systematic
changes in chemical properties allow them to be
used for unique tracers in studying fundamental
processes that govern the cycling of rare earth ele-
ments in the ocean. For instance, the heavier lan-
thanides were predicted to be more strongly
complexed in seawater and hence more resistant to
removal by scavenging of particulate matter. Yt-
trium mimics the heavy lanthanides, particularly
holmium, because of similarity in the ionic radii.
However, Sc is a substantially smaller cation with a
geochemical behavior that differs from other rare
earths. In most literature, therefore, ‘rare earth ele-
ments (REEs)’ generally include only lanthanides
and Y, and Sc is treated separately.

Two elements, Ce and Eu can take the other
oxidation states. Although Ce is generally well ac-
commodated within the strictly trivalent lanthanide
series in igneous rocks, oxidation reaction of Ce3`

to Ce4` proceeds in oxygenated aqueous systems. In
seawater, the resulting Ce4` hydrolyzes readily and
tends to be removed by scavenging. For this reason,
seawater is typically depleted in Ce relative to that
expected from neighboring La and Pr, whereas Ce is
often enriched in some authigenic minerals such as
manganese nodules and phosphorites. Europium can
be reduced to Eu2`, a larger cation that can be
segregated from other REEs, during magmatic

processes. Anomalous concentrations of Eu are not
uncommon in various igneous and sedimentary
rocks. However reduction of Eu does not normally
take place within the ocean, although an Eu enrich-
ment has often be encountered in hydrothermal
Suids venting at midoceanic ridges. The anomalous
behavior of Ce due to oxidation}reduction reactions
can be best and quantitatively evaluated relative to
the trivalent neighbors (La and Pr) in the lanthan-
ides series without signiRcant inSuence of the other
processes affecting their oceanic distributions. This
is a notable advantage of the element over the other
transition metals, such as Mn and Fe, which behave
individually affected by the oxidation states.

In addition, there are two geochemically impor-
tant isotopes of the lanthanides, 143Nd and 138Ce.
The 143Nd is produced by decay of 147Sm with
a half-life of 10.6]1011 years. Natural variation of
143Nd/144Nd in terrestrial materials occurs depending
on mantle/crust segregation of Sm and Nd, and the
age of the rocks. Thus, the 143Nd/144Nd ratio may be
used to constrain the sources of the REEs and mix-
ing within the ocean. Likewise, the 138Ce/142Ce ratio
may also be used to constrain homogenization of
the element by oceanic mixing since the 138Ce is
produced by 138La decay (half-life, 2.97]1011

years). However, the 138Ce/142Ce ratio has not been
well exploited in marine geochemistry yet, because
of its smaller natural variation as compared to that
of Nd isotopes and analytical difRculty.

History and REE Normalization

The analysis of picomolar REE concentrations in
seawater has been difRcult due to lack of sensitivity
in the conventional methods. Earlier attempts to
measure REEs relied almost entirely on high-sensi-
tivity instrumental neutron activation analysis. In
1963 reliable REE concentrations were reported in
a few waters from the Eastern PaciRc as well as
those in a manganese nodule and a phosphorite and
their signiRcance was recognized. Basic features of
the REEs in seawater were found: a progressive
increase across the lanthanide series from the light
Pr to the heaviest Lu when the seawater concentra-
tions were divided by those of sediments, and that
Ce is markedly depleted in the seawater but en-
riched in the manganese nodule relative to neighbor-
ing La and Pr, as expected from its 4# valency
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Figure 1 Periodic table showing the position of rare earth elements.

state. Europium was normal relative to other
trivalent REEs in all the sample. It was also noted
that the concentrations of the heavy REEs (Ho, Yb
and Lu) in the PaciRc deep water were considerably
higher than those in the surface water. Although
these earlier Rndings had to be reRned and con-
Rrmed by subsequent workers with more precise
modern techniques, the fundamental aspects of the
REE marine geochemistry were developed for that
time. Prior to 1980, reliable data on the distribution
of REEs in seawater were few. Since the early
1980s, a growing number of reports on the subject
have become available. Now, several laboratories in
the world are capable of determining REEs in sea-
water with precision between one and a few percent
by use of isotope dilution thermal ionization mass
spectrometry (ID-TIMS) or inductively coupled
plasma mass spectrometry (ICPMS). Therefore,
more detailed arguments are possible regarding
geochemical processes controlling the concentration,
distribution, fractionation and anomalous behaviors
in the oceans.

When REE fractionation is discussed, it is com-
mon to normalize the data to the values in shale
which are thought to be representative of the REEs
in the upper continental crust. The shale-normaliz-
ation not only helps to eliminate the well-known
distinctive even}odd variation in natural abundance
(the Oddo}Harkins effect) of REEs but also visual-

izes, to a Rrst approximation, fractionation relative
to the continental source. It should be noted, how-
ever, that different shale values in the literature have
been employed for normalization, together with the
ones of the Post-Archean Australian Sedimentary
rocks (PAAS) adopted here (Table 1). Thus, caution
must be paid on the choice of the shale values if one
ought to interpret small anomalies at the strictly
trivalent lanthanides such as Gd and Tb. Alterna-
tively, for detailed arguments concerning fractiona-
tion between different water masses in the ocean, it
has been recommended that the data are normalized
relative to the REE values of a distinctive reference
water mass, for example, the North PaciRc Deep
Water (NPDW, Table 1). The NPDW-normalization
eliminates the common features of seawater that
appeared in the shale-normalized REE pattern and
can single out fractionation relative to the REEs in
the dissolved end product in the route of the global
ocean circulation.

The Oceanic Distributions

In 1982, the Rrst ‘oceanographically consistent’
vertical proRles were reported for nine out of ten
lanthanides that could be measured by the ID-TIMS
method in the North Atlantic. Since then, a signiR-
cant amount of data on the distribution of REEs
have accumulated from various oceanic regions. For
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Table 1 Ionic radii and the average REE concentrations in shale and seawater used
for normalization

Element Atomic number Ionic Radius (As )a PAAS a NPDW b

Z (lmol/kg) (pmol/kg)
CN"6 CN"8

Y 39 0.900 1.019 304 236.3
La 57 1.032 1.160 275 38.7
Ce 58 1.010 1.143 568 3.98
Pr 59 0.990 1.126 62.7 5.10
Nd 60 0.983 1.109 235 23.8
Sm 62 0.958 1.079 36.9 4.51
Eu 63 0.947 1.066 7.1 1.24
Gd 64 0.938 1.053 29.6 6.83
Tb 65 0.923 1.040 4.9 1.13
Dy 66 0.912 1.027 28.8 8.38
Ho 67 0.901 1.015 6.0 2.34
Er 68 0.890 1.004 17.0 7.94
Tm 69 0.880 0.994 2.4 1.23
Tb 70 0.868 0.985 16.3 8.37
Lu 71 0.861 0.977 2.5 1.46

aAfter Taylor and McLennan (1985) for trivalent cations; CN, coordination number.
bDissolved ((0.04lm) REE in the North Pacific Deep Water at 2500$100 m (after
Alibo and Nozaki, 1999).
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Figure 2 (A) World map for the REE data in the literature (Byrne and Sholkovitz, 1996) and Nd concentrations in the surface
water ((100 m in depth). The open and filled circles indicate the locations where filtered and unfiltered samples were analyzed.
The stars indicate the station locations for which the profile data are shown in Figure 3.

example, Figure 2 shows the station locations where
the REEs were measured in seawater, together with
the Nd concentrations in the surface water. Some of
them are based on Rltered samples, using generally

a 0.4}1.0lm membrane, of which results are called
‘dissolved’ concentrations. Many others, however,
were measured on unRltered and acidiRed seawaters,
and hence can be ascribed to ‘acid-soluble total’
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regions where NPDW-normalized REE patterns are grouped in Figure 9. The stations indicated by PA-numbers show the locations
where the vertical profiles of dissolved REEs were determined.

concentrations. The difference between the two is
generally small, less than 5% for all trivalent REEs
in the open oceans, even if the Rner 0.04lm mem-
brane is used for Rltration (Table 2), and gross
features of their vertical proRles remain unchanged.
Nevertheless, when Rne structures of the REE pat-
terns are discussed, Rltration becomes critical in
changing the pattern since the particulate fraction
decreases from &5% at the light and middle to less
than 1% at the heavy REEs. Furthermore, there is
an obvious exception for Ce of which more than
35% is associated with particles, being consistent

with its 4# oxidation state. Also, the REEs in
unRltered samples close to the bottom often show
anomalously high concentrations due to resuspen-
sion of underlying sediments.

The vertical proRles of dissolved ((0.04lm)
REEs for different oceanic basins are shown in Fig-
ure 3. Except for Ce, all REEs show ‘nutrient-like’
gradual increase with depth. There are small but
systematic differences in the proRles across the
series, although the North Atlantic proRles show
somewhat complex features dominated by horizon-
tal advection of different water masses (from the
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Table 2 Rare earth elements associated with particulate matter in seawater

Atomic Element Particulate fraction (%)
number
Z N.W. Pacific a W. Indian Ocean b N. Atlantic c Average

39 Y 0.8$1.6 I I 0.80
57 La 2.9$2.2 1.33$0.67 3.68$0.27 2.65
58 Ce 36.6$7.6 17.1$4.1 23.7$7.6 25.8
59 Pr 5.5$3.4 I I 5.49
60 Nd 4.4$2.7 2.10$0.65 3.42$0.66 3.31
62 Sm 5.1$2.9 2.10$0.63 2.75$0.69 3.30
63 Eu 5.4$5.6 1.50$0.37 3.00$0.58 3.30
64 Gd 4.8$3.1 1.28$0.33 1.70$0.27 2.58
65 Tb 4.2$3.7 (1.2)d (1.6)d 2.33
66 Dy 2.8$3.2 1.03$0.35 1.55$0.33 1.80
67 Ho 0.81$3.0 (0.80)d (1.1)d 0.90
68 Er 0.45$3.3 0.57$0.19 0.63$0.45 0.55
69 Tm I (0.50)d (0.62)d 0.56
70 Yb I 0.48$0.20 0.61$0.33 0.55
71 Lu I 0.44$0.21 0.48$0.34 0.46

aAcid-soluble particulate fraction ('0.04 lm), after Alibo and Nozaki (1999).
bBased on analysis on particulate matter collected on 0.4lm membrane filters (Bertram and Elder-
field, 1994).
cSum of analyses on successive chemical treatments on 0.4lm-filtered particles (Sholkovitz et al.
1994).
dEstimated value from neighboring trivalent REEs.

above, the Sargasso Sea Surface Water, the North
Atlantic Deep Water, and the Antarctic Bottom
Water). For instance, in the Southern Ocean and the
North PaciRc, the light and middle REEs (e.g. Pr-
Gd) almost linearly increase with depth, whereas the
heavy REEs (e.g. Ho-Lu) and Y show convex fea-
tures. The concentrations of the heavy REEs below
1500 m are in the order of North Atlantic(South-
ern Ocean(North PaciRc much like those of nutri-
ents, whereas those of the light REEs are Southern
Ocean(North Atlantic(North PaciRc, presum-
ably reSected by scavenging intensities in those re-
gions. Although the vertical proRles of the REEs are
similar to those of nutrients, e.g. dissolved silica,
there is a difference in that the REE concentrations
never approach zero in the surface water like nutri-
ents in the temperate oligotrophic zone. Analysis of
interelement correlations indicate that the heavy
REEs and Y better correlate with dissolved silica
and alkalinity than with nitrate and phosphate.
Within the REEs, the best correlations (R2

'0.99)
can be found between neighboring trivalent REEs,
and between Y and the heavy REEs. As a trivalent
REE pair is apart in their atomic number, the cor-
relation between the two becomes worse. Lan-
thanum often deviates in these general trends from
the light REEs toward the heavy REEs.

The vertical proRles of Ce is unique among the
REEs showing a decrease from the high concentra-
tions in the surface waters to the low and nearly
constant values in the deep waters (Figure 3). Such

a distribution pattern can be seen for other least-
soluble elements, such as Al, Co, and Bi which also
hydrolyze readily. The different proRles among the
basins may be governed by the balance in the
strength of external inputs (eolian#riverine) to the
surface ocean and particle scavenging throughout
the water column.

REE Patterns

Shale-normalized dissolved REE patterns for the
western North PaciRc are shown in Figure 4(A).
Generalized features common to all seawaters are:
a progressive heavier REE enrichment relative to the
lighter ones and a pronounced depression at Ce.
These features can be best understood by the
conceptual model for interactions between REEs in
solution and particles and subsequent removal of
particulate matter by settling (Figure 5). The former
is ascribed to a systematic increase in stability con-
stant with atomic number of complexes of REE-
ligands (mainly carbonate) in seawater. The latter is
explained by preferential removal of Ce4` species
from seawater relative to trivalent REEs. It is also
noted that La is always enriched compared to that
expected by extrapolation from heavier Pr and Nd.
Furthermore, the increasing trend from the light to
the heavy REE is nonlinear and often has a marked
break between Gd and Tb. These less-pronounced
features have been discussed in terms of the basic
physicochemical characteristics relating to absence
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for La and half Rlled for Gd of 4f electrons. How-
ever, the reasoning is somewhat controversial and
has not yet been conRrmed.

The NPDW-normalized REE patterns in the
water column of the western North PaciRc are
shown in Figure 4(B). In comparison with Figure
4(A), it generally shows a Sat pattern (no fractiona-
tion) including those between 400 and 600 m where
the North PaciRc Intermediate Water (NPIW) pen-
etrates. The exception is that the surface samples
((200 m) indicate a middle REE enriched pattern
being reSected by the sources and fractionation dur-
ing scavenging of REEs. The different water masses
have unique NPDW-normalized patterns (Figure 6).
Thus, the REE patterns are useful as tracers in
deRning those water masses.

Redox Reaction of Ce, and Ce
Anomalies

Cerium is oxidized in seawater according to the
following equation,

Ce3`#2H2O"CeO2#4H`#e~

where CeO2 is highly insoluble species and rapidly
removed by scavenging. This oxidation is considered
to occur mainly in the surface water through bacter-
ial mediation. There is no evidence that Ce oxida-
tion continues in the deep sea. The deviation of Ce
from other trivalent REEs in geochemical behavior
is generally expressed as ‘Ce-anomaly’ which is
deRned by the following equation,

Ce/CeH"2[Ce]/([La]#[Pr])

or

Ce/CeH"3[Ce]/([La]#2[Nd])

where [] indicates shale-normalized value of the
REE concentration. The negative Ce-anomaly im-
plies Ce/Ce*(1, vice versa. In the open oceans, the
negative Ce-anomaly is developed with increasing
depth (Figure 7) because of a decrease in Ce coincid-
ing with increases in La and Pr (or Nd) concentra-
tions.

In the aoxic basins, Ce4` is reduced to Ce3` and
the Ce-anomaly tends to be smaller than those in
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oxygenated waters. The Black Sea provides a best
example in which Ce/Ce* sharply increases from
less than 0.1 at the oxic/aoxic boundary of &100 m
depth to &1.0 (no anomaly) in reducing waters

below 200 m (Figure 8). Even positive Ce anomaly
can be found in the deep Cariaco Trench. Cerium
reduction also takes place in coastal and
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hemipelagic sediment pore waters and can affect the
distribution of Ce in the overlying waters.

Inputs of REEs to the Ocean

The most obvious source of REEs in the ocean is
riverine input. The concentrations of dissolved REEs
in river waters are signiRcantly higher than those of
seawaters. The behaviors of the dissolved REEs in
rivers and estuaries have been intensively studied as
a link of REE geochemistry between the crust and
the ocean. Shale-normalized REE patterns in river
and estuarine waters often show nonSat patterns
indicating that fractionation takes place with respect
to continental crust. One of the prominent features
derived from those works is that large-scale removal
of dissolved REEs (in particular, light REEs) occurs
in the estuarine mixing zone. Planktonic uptake,
coprecipitation with iron hydroxides, and salt-
induced coagulation of colloids have been suggested
as the removal mechanism. This reduces the effec-
tive Suvial Sux of dissolved REEs to the ocean
considerably and affects the budget calculation in
the ocean. For example, the river Sux of dissolved
Nd is estimated to be 4.6]106 mol year~1 (Table
3), being lowered by a factor of 3}4 in the estuaries,
and the mean oceanic residence time with respect to
the river input is about 104 years. This Nd mean
residence time appears too long in the light of het-
erogeneous distribution of its isotopic composition
observed in the different oceanic basins.

The 143Nd/144Nd isotopic composition is generally
expressed as,

e
Nd"C

(143Nd/144Nd)measured

0.512638
!1D]104

where the value of 0.512638 is referred to the
143Nd/144Nd ratio in the chondritic uniform reservoir
(CHUR). Rivers entering into the Atlantic Ocean
are inSuenced by old continental crust and have
a relatively nonradiogenic e

Nd value of !12, where-
as values for rivers entering into the PaciRc which is
surrounded by young oceanic islands and island arcs
are more radiogenic, !3 to !4. Rivers draining
into the Indian Ocean have intermediate values
around !9. The Nd isotopic compositions in the
riverine input are almost faithfully reSected in sea-
water. The measured e

Nd values for seawater also
average !12$2.5 for the Atlantic, !8$2 for
the Indian Ocean, and !3$2 for the PaciRc
Ocean. Thus, the mean residence time of Nd must
be short compared with the oceanic mixing time of
&103 years. This is in contrast to the Sr isotopes
which show a constant 87Sr/86Sr ratio in seawater
because of homogenization by oceanic mixing
during its residence time of &106 years. Some
additional sources of REEs appear to exist in the
ocean to maintain geochemical consistency for Nd
isotopes.

The concentrations of REEs in hydrothermal
Suids venting from hot springs at mid oceanic ridges
have recently been investigated. They are generally
1}2 orders of magnitude higher than those of ambi-
ent seawater with a distinctly positive Eu anomaly,
but are also intensively removed by scavenging in
the vicinity of hydrothermal vent Relds. Conse-
quently, the effective hydrothermal Sux of REEs to
the ocean is negligibly small compared to the Suvial
Sux.

Atmospheric input due to fallout of terrestrial
aerosols and subsequent solubilization into seawater
has been thought to be important, or even predomi-
nant in the open ocean for some reactive heavy
metals such as iron and aluminum. However, the
eolian Suxes are poorly quantiRed for the REEs as
yet. Available estimates (Table 3), though highly
uncertain, suggest that the eolian Suxes are
30}130% of the Suvial input of REEs. Terrestrial
aerosols are transported through the atmosphere for
relatively long distances from the sources by longi-
tudinally prevailing winds such as the westerlies and
the trade wind. This is in contrast to the Suvial
input which enters the ocean across the land}sea
interface. Thus, the relative importance of these
REE sources may be reSected in the geographical
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Figure 8 The vertical profiles of La, Ce, and Nd (A) and calculated Ce-anomaly (B) in the Black Sea. After German et al. (1991).

distribution of REEs in the surface waters. The dis-
tribution of dissolved Nd in the surface waters (Fig-
ure 2) shows the higher concentrations in regions of
strong coastal inSuence, such as BafRn Bay, the Bay
of Bengal, and the South China Sea. In the open
ocean, there is a general tendency of Atlantic'In-
dian Ocean'PaciRc for the surface dissolved Nd.
The surface waters of the different oceanic province
have different NPDW-normalized REE patterns due
to the input of REEs from local terrigneous sources
(Figure 9). The Nd isotopic composition (Figure 10)
that can serve as a ‘Rngerprint’ of REE source also
varies signiRcantly with location. The geographical
distributions of Nd concentration and its isotopic
composition, and the NPDW-normalized REE pat-
tern are hardly explained by the pattern of prevail-
ing winds. All suggest that the REEs are supplied to
the ocean from local sources and their mean resi-
dence times in the surface waters are relatively short
as compared to homogenization by lateral mixing.

The surface Nd distribution somewhat resembles
that of Suvially and coastally derived 228Ra with
a half-life of 5.7 years which is predominantly sup-
plied to the coastal and shelf waters from underly-
ing sediments.

Since the direct riverine Sux of dissolved Nd is
not sufRcient to yield its short mean residence time
required for the oceanic Nd isotopic heterogeneity,
some additional mechanism must be sought for the
coastal and shelf sources of the REEs. Remineraliz-
ation of REEs from river-transported sediments may
occur near the coast and on the shelf. For instance,
if only 1}2% of detrital Nd is released to the coastal
water, then the mean oceanic residence time of Nd
is shortened to less than 1000 years. In reality, there
is some evidence that the REEs are released from
sediments to the overlying water in the outer high-
salinity regions of the Amazon and Fly River estua-
ries. Fractionation can also take place in the sedi-
ment diagenesis, and hence, makes the REE patterns
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Table 3 Mean oceanic residence times derived from the particle reactivities and estimated
remineralization fluxes of the REEs

Element Mean dissolved
concentration (Cd)

Atmospheric
flux a

Riverine
flux a

Remineralization
flux b

Mean residence
time (qREE)c

(pmol kg!1) (106 mol y!1) (106 mol y!1) (106 mol y!1) (y)

Y 220 8.3d 15d 155 1670
La 30 4.1 5.0 72 500
Ce 4.5 8.5 6.3 107 50
Pr 3.8 1.1e 1.2e 19 240
Nd 20 4.4 4.6 59 400
Sm 4.0 0.91 1.1 11 400
Eu 1.0 0.20 0.3 2.8 410
Gd 4.7 0.85 1.4 10 520
Tb 1.1 0.13e 0.22e 2.3 570
Dy 6.5 0.72 1.2 9.9 740
Ho 2.0 0.15e 0.27e 1.1 1820
Er 6.5 0.45 0.8 2.4 2420
Tm 1.0 0.055e 0.14e 0.36 2430
Yb 6.5 0.32 1.1 2.2 2440
Lu 1.3 0.058 0.2 0.35 2890

aAfter Greaves and Elderfield (1994). The values may be uncertain by a factor of 2}3.
bRemineralization flux"(1.35]109]Cd)/qREE!Atmospheric flux!Riverine flux.
cBased on qREE"qp/aFp for qp"10 years, c"0.8$0.2 and Fp values given in Table 2. The values
may be uncertain by a factor of 2}3.
dAssumed to be 55 times of Ho flux from the crustal ratio.
eEstimated from neighboring trivalent REEs on the basis of shale (PAAS) composition.

of the surface waters different from those of river
waters, depending upon the oceanic province. The
highly radiogenic e

Nd values observed near the In-
donesian Archipelago (Figure 10) also suggest that
erosion of volcanic islands can be an important
source of REEs to the ocean. Although quantiRca-
tion of these local sources of REEs is difRcult at
present, the coastal and shelf mechanism appears to
be signiRcant in the balance of dissolved REEs in the
ocean (Table 3).

Particle Reactivity and Mean Oceanic
Residence Times of REEs

The major process that removes dissolved REEs
from the water column is considered to be adsorp-
tive scavenging by sinking particulate matter (Figure
5) which controls the distributions of not only REEs
but also a number of reactive elements in the ocean.
Some elements can also be removed by lateral trans-
port along with currents and subsequent intensiRed
particle scavenging and/or uptake at the sedi-
ment}water interface of the oceanic margins. This,
‘boundary scavenging’ is known to occur for 210Pb
and 231Pa, but this mechanism is probably insigniRc-
ant for dissolved REEs. The vertical proRles of dis-
solved REEs (Figure 3) strongly suggest that they
are involved in the oceanic biogeochemical cycle.

Marine particulate matter comprises biogenic or-
ganic matter, opaline silica, and carbonates as well
as inorganic oxides and terrestrial detritus. The bi-
ogenic particles are produced in the surface water
and transported by settling to the deep water and
the seaSoor where they are largely remineralized to
the water. Despite a rough similarity in the vertical
proRle between the REEs and dissolved Si or al-
kalinity, however, active processes such as bio-
logical uptake and incorporation of REEs into cal-
careous and opaline skeletons do not seem to play
any important role in this respect. For instance, the
REE concentrations of shells are extremely low.
Also, it is unlikely that the dissolved REEs are
actively taken up into organic tissues.

Adsorptive scavenging of reactive metals has been
clearly demonstrated, since some short-lived
radionuclides such as 234Th, 210Po and 210Pb are
highly enriched in particulate matter collected by
Rltration and sediment traps. The scavenging pro-
cesses of reactive metals may be governed by com-
petitive reactions between binding afRnity onto the
particle surfaces and complex formation with
ligands in seawater (Figure 5). Although marine
particles are composed of various materials, their
surfaces are thought to be coated with organic
matter and oxides of manganese and iron. The Rne
suspended particles, that can be conventionally col-
lected by Rltration, predominate in the surface area
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Figure 9 Comparison of NPDW-normalized REE patterns in the surface waters in the eastern Indian Ocean and its adjacent seas.
See Figure 2(B) for the locations. Adapted from Amakawa et al. (2000).

onto which reactive metals are adsorbed and the
standing stock of mass. In contrast, the large, fast
sinking particles, that can be effectively collected by
a sediment trap, virtually govern the vertical Sux of
materials. Those particles however, are frequently
exchanged through aggregation and disaggregation
during sinking through the water column. Since the
vertical transport of particulate matter to the sedi-
mentary sink is a process common to all associated
elements, the overall rate of removal from the ocean
for metals such as the REEs must depend on their
partitioning between dissolved and particulate
phases and a mean sinking velocity of the particles.
Available data on the REEs associated with sus-
pended particles are summarized in Table 2.

With the assumptions that a large portion of par-
ticulate REEs are exchangeable with dissolved REEs

and that the suspended Rne particles are incorpor-
ated into the large, fast-sinking particles through
repeated aggregation and disaggregation and event-
ually removed from the ocean with a certain mean
residence time (q

1
), the mean residence time of REEs

(q
REE

) is given by the following equation.

q
REE

"q
1
/cF

1

where F
1

is the fraction of particulate REEs in
seawater (Table 2) and c is the portion that is
effectively exchangeable with the dissolved REEs.
Based on the studies of Th isotopic systematics in
the water column, the Rne particles, on which most
reactive metals reside, settle with a mean speed of
&1 m day~1 corresponding to the mean oceanic
residence time of about 10 years. From the chemical
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Figure 10 The distribution of 143Nd/144Nd isotopic composition (expressed as eNd value) in the surface waters. Compiled from
Byrne and Sholkovitz (1996) and Amakawa et al. (2000).

leaching experiments of particulate matter and
acidiRcation treatment of both Rltered and unRltered
seawaters to pH&1.5 to determine acid-soluble
particulate fraction of REEs, the value of c is
deduced to be between 0.6 and 1.0. The mean
residence times of REEs estimated using these values
are given in Table 3. They range from 50 years for
Ce to 2900 years for Lu. The short mean residence
time of Ce is approximately equal to that of Th,
being consistent with their predicted dominance of
hydrolysis species in seawater. The 400 year resi-
dence time is well suited for Nd with its hetero-
geneous distribution of the isotopic ratios in the
oceans.

It is also clear that eolian and riverine sources
alone are insufRcient to yield such short residence
times and there must be additional sources of REEs
in the ocean. The most likely candidate of the po-
tential REE source is remineralization of nearshore,
coastal and shelf sediments as described earlier. The
magnitude of this remineralization Sux required to
balance each REE in the ocean is given in Table 3.
Those Suxes are quite large particularly for the light
REEs, whereas the relative importance of remineral-
ization decreases and becomes somewhat compara-
ble with the sum of eolian and riverine inputs for
the heavy REEs. This REE fractionation during re-
mineralization on the shelf may contribute the

different NPDW-normalized REE patterns observed
in the surface waters (Figure 9), although the mech-
anism is not well understood.

Summary and Conclusion

Although the oceanic distributions of rare earth ele-
ments somewhat resemble those of nutrients, their
behaviors are clearly different in that they are not
actively taken up by photoplankton but passively
scavenged by particles. Elemental reactivity with
suspended particles, which controls, together with
sinking of particle aggregates, the mean oceanic resi-
dence times of not only REEs but also a number of
other heavy metals, is best understood by the com-
petitive complexation reactions of dissolved REEs
with ligands on the surface of particles and in solu-
tion. This yields the progressive enrichment from
the light to the heavy REEs in the shale-normalized
pattern as commonly observed in seawater. Re-
mineralization of REEs from coastal and shelf sedi-
ments is thought to play a signiRcant role in the
global budget of REEs and the geochemical and
isotopic consistency of Nd in the ocean. The REEs
and Nd isotopes provide novel and unique oceano-
graphic tracers or chemical problems in studying (1)
particle scavenging processes, (2) redox sensitive
geochemical processes with Ce, and (3) identiRcation
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and modiRcation of water masses. Applications to
the wider problems are being explored.

See also

Estuarine Circulation. River Inputs. Tracers of
Ocean Productivity. Water Types and Water
Masses.
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Introduction

The Red Sea is a Rord type marginal sea in the
north-west of the Indian Ocean, exposed to the arid
climate of northern Africa and Arabia. Strong evap-
oration leads to a buoyancy-driven overturning cir-
culation and to the production of a dense and highly
saline water mass, the Red Sea Water. Near the
surface the circulation is substantially modiRed
through the forcing by the monsoon winds. Red Sea
water spills at a rate of 0.37]106 m3 s~1 through
the Strait of Bab El Mandeb into the Gulf of Aden
and spreads at intermediate depths in the Indian
Ocean, where it can be traced as far south as the
southern tip of Africa. The circulation of the Red

Sea appears not to be controlled by the hydraulics in
the strait. This article summarizes the circulation
internal to the Red Sea, the formation and trans-
formation of the deep water masses and the
exchange of water between the Red Sea and the
Gulf of Aden.

The Red Sea was created as part of the spreading
rift system between the African and the Arabian
plates. It stretches between 123 and 203N from
tropical to subtropical latitudes (Figure 1), is about
2000 km long, on average 220 km wide and reaches
depths of up to 2900 m, but its mean depth is only
560 m. The only connection to the oceans is in the
south to the Gulf of Aden}Indian Ocean via the
narrow Strait of Bab El Mandeb. The shallow Han-
ish sill of 163m depth in the north of the strait
limits the free communication to the upper part of
the water column. Northern appendices to the Red
Sea are the Gulf of Suez, a shallow shelf basin, and
the 1800m deep Gulf of Aqaba, a smaller version
of the Red Sea itself, bounded by a 260 m deep sill
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