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Abstract—Based on publications devoted to the composition of P-rich ferromanganese crusts on Pacific sea-
mounts, relationships between the REE distribution in the crusts and the contents of phosphates and Fe—-Mn
hydroxides therein are considered. It is shown that REEs in the crusts are related to all three mineral phases and
their contents are variable. In general, the REEs show weak correlations with P, Mn, and Fe in different varieties
of ore crust. Average REE contents are comparable in samples with the maximal and minimal phosphorus con-
tents, suggesting irregularity of REE distribution in the phosphates and ferromanganese phases. This fact is con-
sistent with data on the presence of natural REE minerals in the phosphates.
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The REE distribution in rocks and ores is widely
used for the reconstruction of their primary settings in
various environments, including the ocean. Marine
geologists and geochemists are particularly interested
in the REE distribution in ferromanganese crusts and
nodules with high concentrations of nonferrous metals,
as well as in phosphorites that are among the major use-
ful minerals on the ocean floor. At the same time, ferro-
manganese crusts (also called “ore crusts”) of sea-
mounts often overlie phosphorites and contain phos-
phate interlayers and inclusions. Therefore, the ore
crusts are enriched in phosphorus.

The REE distribution in ore crusts and phosphorites
of seamounts is discussed in numerous publications
(Anikeeva and Kazakova, 2000; Aplin, 1984; Baturin,
1986, 1993, 2004; Baturin and Yushina, 1991a, 1991b,
1996, 1998; Baturin et al., 1972; Bogdanov et al., 1990,
1995, 1998; Burnett et al., 1983; De Carlo, 1991;
De Carlo and McMurtry, 1992; De Carlo et al., 1991;
Dubinin, 2004; Gaioty zapadnoi..., 1995; Hein et al.,
1990, 1993; Toth, 1980). Authors of these publications
have noted a significant difference in the REE distribu-
tion in the crusts (positive Ce anomaly) and phospho-
rites (negative Ce anomaly). For example, the layer-by-
layer analysis of ore crust from seamount near Kiribati
Island (central Pacific) revealed that the La/Ce ratio
varies from 0.1-0.4 in the upper ferruginous portion of
the crust to 2.3-8.4 in the lower phosphate portion
(De Carlo et al., 2000). Based on results of the analo-
gous investigation of REE distribution in ore crusts
recovered by the DSDP holes from Pacific guyots,
Bogdanov et al. (1995, 1998) proposed a model of the
REE composition variation depending on relationships
between the ferromanganese and phosphate phases. In
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so doing, they used conditional pure standards for each
mineral phase.

However, the available data suggest that the REE
content and composition are variable even in relatively
pure ferromanganese and phosphate samples. More-
over, the bulk REE composition in some samples with
a subordinate content of the associated (secondary in
abundance) phase is strongly governed by the latter
phase. In other words, the REE distribution is charac-
terized by the phosphate trend in some ore crusts with
a minor phosphate admixture. In contrast, some phos-
phorites with a minor admixture of oxides demonstrate
the ferromanganese trend.

Therefore, the present communication attempts to
scrutinize specific features of the REE distribution
based on the study of several samples of ore crusts with
different phosphorus contents.

MATERIALS AND METHODS

Our choice of representative material was dictated
by the following principles: confinement to a single
region; single analytical method; and compositional
diversity in terms of both general chemistry and REE
distribution. In this respect, the northwestern Pacific
near the Marshall Islands (Fig. 1) is a perfect region,
where ore crusts were sampled from 17 seamounts and
guyots during the joint South Korean-American
(KORDI-USGS) R/V Farnell cruise F10-89-CP in
1989 (Hein et al., 1990). During the subsequent inter-
national DSDP program (Leg 144), some guyots were
explored by drilling deep holes that recovered compo-
sitionally analogous ferromanganese crusts (Bogdanov
et al., 1995, 1998). These researchers investigated the
REE distribution in ore crusts from the Wodejebato and
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Fig. 1. (1) Scheme of the location of sampling points of ore crusts; (2) location of DSDP Hole 144 on the Wodejebato Guyot, Pacific

(Bogdanov et al., 1995).

MIT guyots. In total, 107 high-precision analyses of
REE contents and general chemical analyses were car-
ried out in materials collected in the course of cruises
mentioned above. However, Lu is absent in the first data
array (Hein et al., 1990), while Ca is missing in the sec-
ond data array.

According to data presented in the works mentioned
above, the Sr isotopic age of volcanic rocks from the
seamounts ranges from 75 to 85 Ma. The ore crust over-
lies breccias, basalts, hyaloclastites, partially phos-
phatized limestones, volcaniclastites, and phosphorites.
The predominant breccias are composed of basalt clasts
with compositionally variable cement or matrix of fine-
grained volcaniclastic material and carbonate sediment.
The cement consists of the following components (in
the decreasing order): phosphate, phillipsite, calcite,
Fe—Mn oxyhydroxides, and iron hydroxides. Based on
one isotope dating, the breccias are Campanian rocks.
Layered hyaloclastite—sandstone sequences from
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another seamount contain Eocene or Oligocene nanno-
fossil.

The ore crusts vary from <1 to 18 cm in thickness
and reveal a layered structure (from two to seven lay-
ers). Vernadite, the major component, makes up inter-
growths with the amorphous goethite. Carbonate-fluo-
rapatite (francolite) occurs as inclusions and interlayers
in several samples (up to 27 wt %). Average contents of
other components in the crusts are as follows (%): Fe
12.2, Mn, 18.8, and total REE 0.16 (variation from 0.09
to 0.28). The maximal REE content is recorded in the
lower layer of sample RD59-2L (horizon 53—63 mm)
characterized by high Mn/Fe ratio, phosphorus concen-
tration (3.9%), and low content of clastic material.

Based on the study of cores, Bogdanov et al. (1995,
1998) revealed that the ferromanganese ore material
continued to accumulate on seamounts until the late
Paleocene—early Eocene. The seamounts with summits
primarily represented by islands formed in the Creta-
ceous in the southwestern sector of the Pacific. During
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the subsequent 90 Ma, the lithospheric plate with the
seamounts underwent northwestward migration toward
their present-day location.

At the Wodejebato Guyot, the crust overlies late
Paleocene and middle Eocene gravels related to the ero-
sion of Late Cretaceous carbonate platform. The basal
horizon was also repeatedly subjected to erosion, phos-
phatization, and ferromanganese mineralization. This
is indicated by the alternation of ferromanganese oxide
and phosphate layers in the ore crusts. At the MIT
guyot, the crust was probably developed on the Albian
carbonate platform at the Cenomanian—early Miocene
interval (90-23 Ma ago).

The crust is mainly composed of Fe-vernadite at the
Wodejebato Guyot and the asbolane—buserite associa-
tion with a minor admixture of Fe-vernadite at the MIT
Guyot. The chemical composition of the crust is domi-
nated by Mn (5.10-24.70%) and Fe (3.92-15.08%).
Among 30 samples studied, 20 samples are enriched in
phosphate material (>5% P), and only five samples are
depleted in P (<2%).

The studied data array also included P-rich ore crust
from one of the seamounts of the Mid-Pacific system
(Site 6369, northern equatorial Pacific) (Bezrukov, 1976).

All REE determinations were carried out with the
ICP-MS method characterized by the highest sensitiv-
ity and accuracy (Dubinin, 2004).

Previous calculations of coefficients of correlation
between elements in crust samples from the guyot sur-
face (Hein et al., 1990) and DSDP cores (Bogdanov et
al., 1995) did not reveal any distinct correlations
between REE and other elements. However, according
to (Dubinin, 2004), the crusts are generally character-
ized by correlation between the trivalent REE and Fe.
For example, Nd (ppm) = (15.5Fe (%) — 36) at the cor-
relation coefficient (r) equal to 0.657, while the r value
for the Ce—Fe pair is low (0.289).

Therefore, we divided all compositional data on the
ore crusts into different groups in terms of the Ce anom-
aly (groups 1 and 2) and the P content (groups 3 and 4).
For each group, we calculated average contents of ele-
ments, coefficients of pair correlation between ele-
ments, and multiple correlations by the Q-factor
method used previously for the elucidation of analo-
gous problems (Baturin and Yushina, 1996, 1998). The
main attention was devoted to samples with the P con-
tent of >2%, which corresponds to ~10% of the phos-
phate phase.

CRUSTS WITH DECREASED AND INCREASED
VALUES OF THE CERIUM ANOMALY

The Ce anomaly (Ce*) value in sedimentary rocks
and ores is usually determined as the ratio of shale-nor-
malized contents 2Ce,/(Lay + Ndy) (Balashov, 1976).
Data presented in (Gromet et al., 1994) were accepted
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as the average REE contents in shales. The Eu anomaly
was similarly determined as Eu* = 2Eu,(Smy, + Gdy).

Group 1 included P-rich (>2% P) crusts with Ce* <
1.3 (20 samples). Group 2 included P-poor (1.3-2%)
crusts (23 samples).

Analysis of these data shows that the rocks are char-
acterized by an insignificant discrepancy in terms of
their major components (Tables 1, 2). Average contents
of Mn, Ca, and P (14.43-15.48, 10.87-10.88, and 4.45—
4.90%, respectively) in both groups are almost similar.
However, samples of group 1 are slightly enriched in Fe
than those of group 2 (9.38 and 7.60%, respectively)
and more strongly enriched in Si (2.55 and 1.18%,
respectively) and Al (0.87 and 0.21%, respectively).
One can also see some discrepancies in the behavior of
the major ore elements. For example, samples of group
1 are enriched in Cu, Ni, and Zn. At the same time, they
are depleted in Co and Pb.

Discrepancy in the REE distribution is primarily
related to the behavior of Ce. The Ce content varies
from 100-730 ppm in group 1 to 532-2400 ppm in
group 2. At the same time, the Ce* value varies from
0.28 to 1.28 (average 0.91) in group 1 and from 1.45 to
3.9 (average 2.47) in group 2. In general, the Ce* value
varies nine times in the whole data array, and the aver-
age value in group 1 is 2.5 times lower than that in
group 2. Discrepancy in the distribution of other REEs
is insignificant: samples of group 1 are slightly
enriched in MREE, HREE, and Y.

Values of pair correlation coefficient () for samples
of group 1 (Table 3, upper side) show that Ti, V, and
partly Pb correlate with Fe, while Co, Pb, Ce, and partly
Zn correlate with Mn. The high Ca-P correlation (r =
0.994) suggests that both elements are almost totally
incorporated in the apatite phase. As was shown in
(Hein et al., 1990), the whole carbon dioxide of ore
crusts is included in the apatite phase. Cu, Ni, and Zn
are also partly related to this phase. In contrast to La, Ce
is unrelated to the apatite phase, and the r value
increases from LREE to MREE and, particularly,
HREE. At the same time, all REEs, except Ce, correlate
well with each other. Like the Ce* value, Ce correlates
with Mn, Co, Pb, and V.

In Ce-rich samples of group 2, Fe correlates with Ti.
Correlation with V, Pb, and Zn is appreciably weaker
(Table 3, lower side). Manganese has a stronger corre-
lation with all these metals and Co. Its correlation is
weaker with Ce* (r = 0.488) and very weak with Ce
(r=10.324). As in the previous case, Ca is almost com-
pletely associated with P (r = 0.986). All REEs, except
Ce, have a weak or moderate correlation with P and Ca
(i.e., with calcium phosphate). In contrast to the previ-
ous case, Ce correlates with La and other REEs, but the
correlation with Co and Pb is weaker.
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Table 4. Average contents of elements in the P-rich four groups of ore crusts

Group Group
Element Element

Ce*<13|Ce*>13| P>5% P<5% Ce*<13|Ce*>13| P>5% P<5%
Fe 9.38 7.60 6.64 9.15 ||Ce, ppm 449 1237 667 963
Mn, % 14.43 15.48 11.01 16.68 ||Pr 38.36 39.19 35.16 40.90
Mn/Fe 2.03 1.53 1.66 1.82 ||Nd 175.7 171.9 156.5 180.0
Si 2.55 1.18 1.39 1.99 ||Sm 31.46 29.78 27.93 31.64
Ti 0.53 0.46 0.35 0.55 ||Eu 8.36 7.29 7.26 8.02
Al 0.87 0.21 0.31 0.60 ||Gd 30.07 36.83 38.76 38.04
Ca 10.88 10.87 16.66 9.95 ||Tb 6.06 5.68 5.50 6.00
P 4.45 4.90 7.38 3.57 ||Dy 39.80 36.11 37.39 37.95
Fe/P 1.55 2.11 0.90 2.57 ||Ho 9.14 8.23 8.96 8.51
(Fe + Mn)/P 4.69 5.35 242 7.23 ||Er 27.49 25.23 27.82 25.61
Co 2415 2875 1860 3069 Tm 3.85 341 3.81 3.53
Cu 913 667 840 752 Yb 25.20 21.95 24.72 22.88
Ni 5109 4254 5138 4435 Lu 4.62 3.04 3.89 341
A% 419 398 270 465 Y 315 309 455 289
Pb 826 1041 693 1048 REE 1134 1887 1321 1639
Zn 751 641 659 704 Ce* 0.91 2.47 1.49 1.88
La 271 268 264 271 Eu* 1.04 0.96 0.94 1.02

Note: Elements from Fe to P (from the top of the column) are given in %; other elements, in ppm.

ELEMENTAL COMPOSITION OF CRUSTS
WITH DIFFERENT CONTENTS
OF PHOSPHORUS

Tables 1 and 2 present compositions of samples of
groups 3 and 4 with high and moderate P contents
(>5 and 2-5%, respectively). Therefore, the further
description will be based on average contents of ele-
ments in these groups (Table 4).

Relative to P-poor samples of group 4 (P,, 3.57%),
P-rich samples of group 3 (P,, 7.38%) are depleted in
lithogenic elements (Si, Al, and Ti), as well as Fe, Mn,
Co, Pb, V, and Ce. However, they are slightly enriched
in Cu, Ni, and Y. At the same time, contents of La, Pr,
Nd, Sm, Eu, and Tb are lower; contents of Gd, Dy, and

[\
e
1

—
\]
T

Ho are similar; and contents of Er, Tm, Yb, and Lu are
higher (Fig. 2).

Table 5 (upper side) shows correlations between ele-
ments in crusts of group 3 characterized by the maximal
P content. Fe correlates with the following elements (in
decreasing order): Pb, Ti, V, Co (less prominent), two
LREEs (Pr, Nd), all MREEs, and Eu*. Mn correlates
with Co, V, Zn, La, and all HREEs. Correlation with
LREE and MREE is less significant. Correlation of Ca
is strong with P (r = 0.986) and moderate with Zn (r =
0.617). However, both Ca and P lack any correlation
with any REE. La correlates with all REEs (except Ce),
Cu, and Zn. It has a weaker correlation with Co, Zn, and
V. Correlation of Ce is strong with Ti, moderate with Si

La Ce Pr Nd

1 1
Sm Eu Gd

Tb Dy Ho Er Tm Yb Lu

Fig. 2. The shale-normalized (N) average REE contents in P-rich ore crusts. (1, 2) Varieties with decreased and increased Ce anom-
aly values, respectively; (3, 4) varieties with maximum and moderate phosphorus contents, respectively.
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Table 6. Coefficients of correlation of REE with Fe, Mn, Ca, and P in four groups of P-rich samples

Group
Correlation

Ce*< 1.3 Ce*>13 P>5% P<5%
Fe-La - - - -
Fe—Ce - - 0.21 -0.48
Fe-REE Pr-Eu: 0.25-0.31 - Pr-Dy: 0.44-0.65 -

Ho-Yb: 0.19-0.25
Mn-La - - 0.55 -
Mn-Ce 0.53 0.32 - 0.31
Mn-REE - - Pr-Tb: 0.23-0.45 Pr—Yb: —(0.21-0.47)
Dy-Yb: 0.54-0.61
Ca-La 0.50 0.38 -0.39 0.51
Ca—Ce - 0.26 -0.34 0.32
Ca-REE Pr-Dy: 0.27-0.40 Pr: 0.26 Pr-Yb: —(0.28-0.56) |[Pr-Yb: 0.39-0.49
Ho-Yb: 0.36-0.49 Nd-Yb: 0.35-0.45

P-La 0.44 -0.31 -0.54 0.17
P-Ce - -0.47 -0.29 -
P-REE Dy-Yb: 0.21-0.44 Pr—-Yb: —(0.17-0.40) |Pr-Yb: —(0.59-0.61) |Gd-Yb: 0.22-0.33
Fe-P -0.62 -0.45 -0.63 -0.19
Mn-P -0.20 -0.90 -0.81 -0.07

and Pb, and weak with Pr and Nd. Like the Ce content,
the Ce* value has a weak correlation with Si and Ti.

In crusts of group 4 characterized by a lesser P con-
tent (average 3.57%), Fe correlates only with Cu and V,
whereas Mn correlates with all nonferrous metals, Ce
(to a lesser extent), and Ce* (Table 5, lower side). Like
in previous cases, P correlates with Ca (r = 0.975),
while Ca correlates with all REEs, including Ce
(although very weakly). The Ce* value shows correla-
tion with Mn, Co, and Pb.

Table 6 presents summary data on the pair correla-
tion of REE with Fe, Mn, and P in all four groups of ore
crusts. The table also shows a wide range of relation-
ships between these elements. In general, P lacks any
correlation with Fe or Mn in these groups. Hence, the
phosphate and hydroxide phases of ore crusts are genet-
ically different.

Dendrograms presented in Fig. 3 show that the ele-
ments mentioned above have more complicated interre-
lations.

In Ce*-depleted samples of group 1, all REEs,
except Ce, make up a complex stepwise association
including three subgroups: (Tb + Gd) + Eu + La + Y,
[(Er + Yb) + Dy](Ho + Tm), and (Pr + Nd) + Sm. Ce
and Ce* correlate with two metal groups: (Mn, Pb, V)
and (Ni, Zn, Co). P and Ca have significant correlation
with Cu and total REE and insignificant correlation
with three associations, including twelve REEs
(Fig. 3a).

In Ce*-rich samples of group 2, all REEs, including
Ce, also make up a complex stepwise association [(Gd+
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Dy)(Pr + Nd) + Tb + Sm + Eu + (Ho + Er) + La] +
Tm + Yb +Y (Fig. 3b). This association is conjugated
with Ce, total REE, and Ce*. The REE association is
linked with the manganese association that also
includes Zn, Co, and Ni. The assemblage of elements
associated with Fe includes Ti, Pb, V, Cu, Si, and Al It
is worth mentioning that REEs are absent and both P
and Ca are alien in this association.

In the P-rich (>5% P) samples of group 3 (Fig. 3c),
the common association includes six REEs: (Pr + Sm) +
Gd + Dy + (Er + Yb). Ce and Nd make up a separate
subgroup associated with V and Pb. The latter associa-
tion can also include Co. Eu and Ho associate with Fe
and P. La is associated with Mn. Tb and Tm also make
up a separate subgroup. The Ce* value correlates with
Si and Ti, while the Eu* value correlates with P and Fe.

In P-poor samples of group 4 (<5% P), the correla-
tion pattern is similar: association of six REEs (Pr-Yb),
separate [(Eu + Ho) + Fe] and (Tb + Tm) associations,
as well as correlation of Ce* with Si and Ti (Fig. 3d).
However, this group is characterized by close La—Nd-
V and Ce-Pb correlations. When considering the influ-
ence of P on the REE behavior in ore crusts, it is also
expedient to analyze their distribution in samples with
the minimal content of the phosphate phase (<1% P).
We divided the data on 40 such samples presented in
(Hein et al., 1990) into three groups (Table 7) depend-
ing on the Ce* value: >3, 2-3, and 1-2 (average 4.12,
2.55, and 1.34, respectively). According to this subdivi-
sion, the three groups are virtually similar in average
contents of Mn (20.4-21.7%) and P (0.36-0.39). How-
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Fig. 3. Plots showing multiple correlation of REE with trace elements in P-rich ore crusts. (a, b) Varieties with decreased and
increased Ce anomaly values, respectively; (c, d) varieties with maximum and moderate phosphorus contents, respectively.

ever, the average Fe content increases from 11.4 to
15.4%. Correspondingly, the Mn/Fe ratio decreases
from 1.91 to 1.37. Simultaneously, one can see
decrease in Co (7500-5530 ppm) and Pb (1530-
1330 ppm), but a slight increase in Cu (770-900 ppm)
and V (540-610 ppm).

The REE composition of these groups exhibits the
decreasing trend of contents of Ce (from 1750 to
617 ppm) and total REE (from 2262 to 1226 ppm). At
the same time, contents of other REEs increase slightly
(Fig. 4).

FACTORS INFLUENCING THE CONTENT
AND COMPOSITION OF RARE EARTH
ELEMENTS IN ORE CRUSTS

The facts presented above indicate that the REE
content and composition in ore crusts are characterized
by a wide variation range due to several factors.

If the ore crusts contain abundant phosphate phase,
the latter can significantly control the REE behavior.
This is evident from the appearance of negative Ce
anomaly, which is virtually universal in phosphorites of
seamounts that often serve as substrate for the crusts

Table 7. Average contents of elements in three groups of P-poor ore crusts

Group Group
Element Ce* >3 Ce*=2-3 | Ce*=1-2 | Element Ce* >3 Ce*=2-3 | Ce*=1=22

N=8 N=15 N=17 N=8 N=15 N=17
Fe 114 13.6 15.5 Nd 99 175 175
Mn 21.7 20.4 21.1 Sm 18 33 33
Mn/Fe 1.91 1.50 1.37 Eu 4.6 7.9 8.5
P 0.36 0.365 0.39 Gd 18 33 35
Fe/P 35 37 39 Tb 3.1 54 5.8
Co 7500 6053 5535 Dy 18 32 35
Cu 770 810 899 Ho 3.9 6.7 7.2
Ni 4600 4237 4460 Er 12.0 18.7 20.3
v 540 561 609 Tm 1.7 2.6 29
Pb 1530 1433 1330 Yb 13 17 19
Zn 640 640 692 REE 2262 1809 1226
La 147 225 225 La/Yb 13.82 13.82
Ce 1496 1200 617 Ce* 4.12 2.55 1.34
Pr 25 43 38 Eu* 0.994 0.976
Note: Elements from Fe to P (from the top of the column) are given in %; other elements, in ppm.
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Fig. 4. The shale-normalized (N) average REE contents in P-poor ore crusts with (1) increased, (2) moderate, and (3) decreased

Ce anomaly values based on (Hein et al., 1990).
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Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5. REE distribution in samples of P-rich ore crusts with positive and negative Ce anomaly values from the Wodejebato Guyot,
Pacific. (1, 2) Hole 874A; (3, 4) Hole 878A. The phosphorus content in samples 1—4 is 6.9, 7.1, 10.2, and 8.3%, respectively

(Bogdanov et al., 1995).

(Baturin, 2004). However, the REE distribution in
crusts of the mixed composition is more complicated
owing to the rivalry between two (phosphate and ferro-
manganese) mineral phases that can concentrate REE.
The role of these phases is ambiguous.

For example, the P-rich (>2% P) mixed crusts with
the maximal and minimal Ce* values (2.47 and 0.91,
respectively) have virtually similar average P contents
(4.45 and 4.90%, respectively). In the P-poor variety,
this element does not appreciably influence the Ce*
value. For example, the Ce* value in the groups varies
from 1.34 to 4.12, while the P content remains virtually
constant (0.36-0.39%). However, if we divide the sam-
ples into four groups with the average P content ranging
from the maximal (7.30%) to high (3.57%), moderate

(1.49%), and low (0.37%) values, the correlation
becomes more definite. The Ce* value in these four
groups is equal to 1.49, 1.88, 2.27, and 2.35, respec-
tively. The relationship with phosphorus is irregular,
because the REE distribution in the ore crusts is often
independent of the relationship between the phosphate
and ferromanganese phases. For example, the REE dis-
tribution follows the phosphate trend instead of the
hydroxide trend in some crust samples recovered by
boreholes drilled at the Wodejebato Guyot with the
P content ranging from 8.2 to 10.2% and the Fe/P ratio
varying from 0.46 to 0.89 (Fig. 5). According to
(Bogdanov et al., 1995), four samples of the Wodeje-
bato series exhibit the following contrast composition
(macrocomponents are given in %; REE, in ppm):

Sample Fe Fe,0;  Mn  MnO, P Apatite
no.
1 39 558 13.6 215 69 359
2 43 6.15 146 231 7.1 36.9
3 4.7 6.76 5.6 8.8 102  53.0
4 7.4 10.57 52 15.5 83  43.0

La Ce Nd Ce/La Ce* Apatite/Hydro-
xides

356 222 158 0.27 0.39 1.32

292 610 137 0.91 1.27 1.26

156 571 87 1.60 2.09 3.40

277 851 156 1.34 1.74 1.70

As is evident, the REE distribution shows the hydrox-
ide trend in the phosphate-rich samples 3 and 4. Samples 1

LITHOLOGY AND MINERAL RESOURCES  Vol. 42

No. 2

and 2 with nearly similar contents of the phosphate phase
exhibit the phosphate (or intermediate) trend.
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The detailed (layer-by-layer) investigation of ore
crust from the MacKin Guyot in the central equatorial
Pacific also demonstrated that the REE distribution
shows the phosphate trend in the lower portion of the
crust (horizon 60 mm, Fe 7%, P 1.8%). At the same
time, the adjacent layer (horizon 58 mm) of the same
composition shows the hydroxide trend (De Carlo et
al., 2000). Thus, relationship between the major REE-
concentrating mineral phases is not always the main
regulator of REE distribution in the ore crusts.

The aggregate state and mineral and chemical com-
positions of the major mineral phases in the ore crusts
are among the reasons responsible for such peculiari-
ties in the behavior of REE. For example, phosphate
can occur in these phases as holocrystalline aggregates,
phosphatized biogenic carbonates, apatite interlayers
and veinlets, and fine-dispersed particles (Baturin and
Dubinchuk, 1979, 1989). At the same time, phosphate
phases can be composed of different minerals ranging
from apatite to carbonate-apatite. This is evident from
the wide range of CO, (from <0.3-0.5 to n%) in the rel-
atively pure phosphorites (Gaioty zapadnoi..., 1995).

In the hydroxide phase, phosphorus can probably
occur not only in apatite, but also in the inferred ferro-
phosphate. This fact is evident from the correlation
detected by Indian scientists (Pattan and Banakar,
1993) between Fe, P, and REE in the ferromanganese
nodules from the Indian Ocean. In addition, the REE-
rich iron hydroxophosphates have been detected in
Pacific pelagic sediments (Dubinin, 2001, 2004). Pre-
sumably, phosphates mentioned above have different
capacities of REE concentration. This is demonstrated,
for example, by the behavior of these elements in the
different-aged biogenic phosphates on the Namibia
shelf (Baturin, 2004, 2005).

The ferromanganese phase of ore crusts has no less
diverse composition than the phosphate phase,
although Fe-vernadite and iron hydroxides are the
major ore minerals (Baturin, 1986; Baturin and Dubin-
chuk, 1989; Burns and Burns, 1979; Chukhrov et al.,
1989). The degree of difference between the ferroman-
ganese phases in terms of their capacity to accumulate
REE remains a controversial issue. The content of Co,
which is similar to Ce in terms of distribution pattern,
can provide an indirect solution.

According to previous investigations of the elemen-
tal composition of the major minerals in ocean ferro-
manganese nodules and crusts (Andrushchenko, 1976;
Burns and Burns, 1979; Burns and Fuerstenau, 1966;
Chukhrov et al., 1978), the cobalt oxide content is
approximately one order of magnitude higher in Fe-
vernadite (1.53-3.41%) than in todorokite (0.2-0.5%)
and birnessite (0.13-0.25%). Probably, this trend is
also valid for Ce. Correlations presented above and rel-
evant data reported by many researchers indicate that
other REEs do not exhibit stable correlation with the
Fe- or Mn-rich phase. Nevertheless, experimental data
on the leaching of several polyvalent metals from the
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ore crusts testify to their correlation mainly with the Fe-
rich phase (Hein et al., 2003; Nath et al., 1994).

The composition and concentration of REE in phos-
phates and Fe—-Mn hydroxides are also governed by the
rate of their accumulation on seamounts, more pre-
cisely, the duration of their contact with the bottom
water, which is the source of metals. This dependence
is evident for phosphorites at the Mid-Pacific sea-
mounts (Baturin, 2004; Baturin and Yushina, 1998).
The accumulation rate also significantly controls the
deposition of Co, Ce, and Te in the ore crusts (Halbach
et al., 1983; Hein et al., 2003; Manheim and Lane-
Bostwick, 1988, 1989).

Concentration of elements in hydroxide phases is
also fostered by the motion of water masses. This is evi-
dent from the preferential growth of crust on the wind-
ward slopes of seamounts noted in several complex
investigations of ore genesis on seamounts (Shkol nik
et al., 2001).

Concentration of elements can also be fostered by
the additional supply of material from hydrothermal
sources. The detailed investigation of morphology of
seamounts and guyots revealed that their summits often
include volcanic cones, indicating a significant postvol-
canic hydrothermal activity (Mel nikov, 2005).

Numerous investigations have shown that hydro-
thermal springs in the oceanic rift zones are strongly
enriched in REE relative to the oceanic water. The
hydrothermal solutions are also characterized by the
absence of Ce anomaly, the development of prominent
positive Eu anomaly, and the excess of LREE relative
to the HREE (Bau and Dulsky, 1999; Douville et al.,
1999; James et al., 1995; Klinkhammer et al., 1984;
Michard et al., 1983, 1984; Mitra et al., 1994). There-
fore, bottom sediments of all types with the hydrother-
mal admixture are characterized by differently mani-
fested positive Eu anomaly related to the precipitation
of hydrothermal Fe and Mn. These metals are trans-
formed into hydroxides that entrap REE derived from
both hydrothermal solutions and oceanic waters.

The typical hydrothermal signature of REE in the
ferromanganese crusts (reduced positive Eu anomaly)
has been reported from several regions of the Pacific
(Baturin and Yushina, 1991a, 1991b; Hein et al., 1990,
1993) and Atlantic oceans (Varentsov et al., 1989). The
contribution of hydrothermal component to the crustal
composition has also been estimated quantitatively for
the first region.

In the studied material, the hydrothermal contribu-
tion to the REE composition is noted only for some
samples with the Eu* value ranging from 1.08 to 1.16.
Like the general chemical composition of ore crusts
from seamounts in the northwestern Pacific, the REE
composition is generally close to the average chemical
composition of hydrogenetic ferromanganese crusts in
the World Ocean (Anikeeva and Kazakova, 2002;
Baturin, 1993; Usui and Someya, 1997).
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The REE composition in the studied ore crusts can
also be influenced by their occurrence mode. It is usu-
ally believed that REEs are in the sorbed state in the
hydroxide phase of crusts, while they are mainly con-
fined to the crystal lattice of apatite in phosphorites.
However, natural minerals of REE (monazite, xeno-
time, bastnasite, cerianite, and parasite) have been
detected in both shelf phosphorites and seamount phos-
phorites associated with ore crusts (Baturin and Dubin-
chuk, 1999, 2004, 2005). Such minerals are so far
unknown in the hydroxide phase. However, their devel-
opment in the phosphate phase of ore crusts undoubt-
edly influences the bulk composition of REE in the P-
rich crusts. Since cerianite is the major REE mineral in
the phosphate phase of crusts, the above influence is
obviously expressed in the relatively high Ce content,
which compensates to some extent the negative Ce
anomaly related to the extraction of REE from the oce-
anic water by phosphates.

Mechanism and constraints of REE accumulation in
the hydroxide phase of ore crusts have remained debat-
able issues for many years. According to the initial
assumption, REEs are absorbed by manganese hydrox-
ides. In contrast to other REEs, Ce is oxidized by the
manganese hydroxides and, therefore, is more intensely
accumulated, resulting in the positive Ce anomaly
(Goldberg et al., 1963). According to the currently pop-
ular alternative hypothesis based on various experi-
ments with the leaching of metals from crusts, the
REEs are absorbed by iron hydroxides and then Ce is
oxidized (Nath et al., 1994). Co, Te, and probably Pt are
absorbed by the tetravalent Mn (Hein et al., 2003).

The validity of the last assumption is unclear so far.
According to the commonly accepted notion, manga-
nese hydroxides have a strong negative charge, while
iron hydroxides have a weak positive charge. At the
same time, all REEs dissolved in the oceanic water are
mainly located in the form of positively charged car-
bonate complexes (Bruland, 1983). The cationic occur-
rence mode of metals is subordinate. Therefore, the
REEs are preferentially connected with manganese
hydroxides. Nevertheless, some samples of the Pacific
hydrogenetic crusts show a significant correlation with
all REEs (r = 0.657) except Ce (Dubinin, 2004).

This peculiarity can at least partially be related to
the following experimental fact. If the pH value of sea
water is ~8.3, it can contain negatively charged REE

carbonate complexes of the Ln(CO;), type (Byrne and
Sholkovitz, 1996).

According to experimental data reported in (De
Carlo et al., 2000), the synthetic iron hydroxide can
extract >90% of the dissolved REE at seawater pH
equal to >8. Moreover, the REE distribution in some
layers of the ore crusts depends on the state of carbon-
ate system in the oceanic water; e.g., the Sm/Yb ratio is
inversely proportional to the carbonate compensation
depth, which repeatedly changed in the Cenozoic.
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CONCLUSIONS

According the conventional opinion, ferromanga-
nese crusts and phosphorites on seamounts drastically
differ in terms of REE composition. The crusts are
characterized by the positive Ce anomaly, whereas the
phosphorites are marked by the negative Ce anomaly.
In the first case, the positive anomaly is related to the
following process: the trivalent Ce dissolved in seawa-
ter is oxidized up to the tetravalent insoluble oxide and
precipitated. This process is particularly active at the
surface of ferromanganese sediments on the seafloor
(Goldberg et al., 1963). This process is responsible for
the negative Ce anomaly in the oceanic (particularly,
benthic) water. In contrast to the ore crusts, phospho-
rites at seamounts extract the REE from the oceanic
water without fractionation and inherit the oceanic neg-
ative Ce anomaly.

Since the phosphate phase is significant in many
polymetallic crusts on seamounts, the influence of this
factor on the total REE content in them becomes an
interesting issue. In order to elucidate this issue, we
compared the bulk and microelement compositions of
ore crusts with the Ce anomaly value and the content of
phosphate phase therein. Our work was based on the
comprehensive analysis of published data on the com-
position of 84 crust samples recovered from the surface
of seamounts and DSDP holes drilled in the northwest-
ern tropical Pacific.

In P-rich (>2% P) crust samples with high (>1.3)
and low (<1.3) Ce* values, the average P content
appeared to be virtually similar. At the same time, sam-
ples with the maximal and moderate P contents (>5 and
2-5%, respectively) are characterized by significantly
different Ce* values (1.49 and 1.88, respectively).

If we divide the P-poor (<1% P) samples into three
groups with high, moderate, and low Ce* values (4.12,
2.55, and 1.34, respectively, on the average), they are
characterized by decrease in the total content of REE
and average contents of Co and Pb; insignificant
increase in contents of Cu, V, and Zn; and almost simi-
lar content of P (0.33-0.39%).

Pair and multiple correlations between the elements
in the ore crusts indicate that virtually the whole
amount of P, Ca, and CO, in them is confined to apatite.
However, the groups show weak and fragmentary cor-
relations in the phosphate—REE and hydroxide phase—
REE systems owing to the rivalry between two phases-
carriers, instability of their sorption properties, vari-
ability of their aggregate state and mineral composi-
tion, and the formation of authigenic REE minerals in
the phosphate phase. The REE accumulation in the ore
crusts is also governed by the following factors: their
growth rate, circulation of water masses around the sea-
mounts, sporadic and local hydrothermal activity, and
probably variations in the carbonate compensation
depth in the Cenozoic ocean. Interplay of these factors
was responsible for occasional disturbances in the cor-
relation between the REE distribution and the dominant
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mineral phase of crusts, leading to mismatch of their
bulk chemical composition and REE composition.
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