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ABSTRACT

Rare earth elements (REE)—Sc, Co, Cr, Hf, and Th—were deter-
mined in basalts, gabbros, and peridotites from Site 334 by neutron
activation analysis. The basalts show generally flat REE patterns
with slight light REE depletion or enrichment. Total REE content
and FeOtot/MgO ratios increase progressively from the base to the
top of the basalt sequence and are thought to reflect the evolution of
the basalts from a similar parent magma body undergoing shallow
fractional crystallization.

The gabbros show considerably lower total REE content and
more fractionated patterns. A gradual and systematic depletion of
the light relative to the heavy REE produces sloping patterns, and
Eu shows distinct positive anomalies. The REE data are consistent
with the derivation of the gabbros as crystal cumulates from a
basaltic liquid.

Peridotite REE patterns resemble those of the gabbros and total
REE abundances of these two groups overlap. This similarity
suggests that they may be derived as cumulates from the same or
similar parental magmas. The absence of distinctive Eu anomalies in
the overlying basalts makes it unlikely that the basalts represent the
residual liquid from which the gabbroic and peridotitic cumulates
separated.

INTRODUCTION

Ultramafic and gabbroic rocks from the ocean floor
are of considerable interest since many lines of evi-
dence indicate that they may be the key to explaining
the petrology of mid-ocean ridges (e.g., Thayer, 1969)
and may also provide some constraints on the
chemistry of the suboceanic upper mantle or lower
crust. Thus the basalt-gabbro-peridotite sequence en-
countered at Site 334 provides an opportunity to
evaluate the subsurface igneous processes beneath the
mid-ocean ridge system and possibly to determine the
nature of the original magmas. The major purpose of
this study is to report the abundances of rare-earth
elements (REE)—Sc, Cr, Co, Hf, and Th—in some
samples of the basalt-gabbro-peridotite section of Site
334 and to briefly discuss the genetic implications of
these data.

ANALYTICAL METHODS
The content of Sc, Co, Cr, Hf, and Th in all samples

and that of REE in basalts was determined by instru-
mental activation analyses using W-l as a standard
(Gordon et al., 1968). Based upon duplicate analyses,
the precision is better than 5% for Sc, Co, and Cr; about
30% for Hf; 50% for Th; better than 10% for REE. In
the determination of REE in gabbros and peridotites, a
radiochemical neutron activation technique adapted
from that of Denechaud et al. (1970) was used. The
procedure involves postirradiation chemical group

separation of REE and their radioassay by 7-ray spec-
trometry using a high resolution Ge (Li) detector. The
analytical precision is better than 10% for La, Sm, Eu,
Tb, Yb, and Lu and better than 25% for Ce, Nd, and
Gd. Replicate analysis of standard rock W-l indicates
that the accuracy is comparable to the precision. Data
are presented in Table 3 (Chapter 4, this volume).

BASALTS
On shipboard the tholeiitic basalts of Site 334 were

divided into an upper phyric and a lower aphyric
lithologic unit. One of the analyzed basalts (334-15-2,
30-32 cm) comes from the upper phyric unit, which in
general has lower Mg and higher Ti content and
FeOtot/MgO ratio, while four others represent the
lower aphyric unit. The REE data for basalts are con-
ventionally normalized to the average chondrites (Hub-
bard and Gast, 1971) in Figure la.

The total REE abundances of all analyzed basalts fall
well within the range of typical oceanic tholeiites (e.g.,
Frey et al., 1968; Corliss, 1970; Kay et al., 1970; Schill-
ing, 1971). All samples have a flat pattern for heavy
REE, but show some variability in light REE. Sample
334-20-2, 140-145 cm has a light REE-depleted pattern
similar to that commonly found along other "normal
ocean ridge" segments, although the depletion is less
pronounced. All other basalts show a small but
noticeable light REE enrichment. Such minor light
REE is similar but less pronounced than that found in
MAR basalts at 45°N (Frey et al., 1968; Nicholls and
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Figure 1. Chondrite-normalized REE distribution patterns
of basalts, gabbros, and peridotites from Site 334, Leg
37.

Islam, 1971) or Leg 2 (Frey et al., 1974). Differences in
REE abundances and patterns are reflected in other
chemical parameters. The light REE-enriched basalts
have distinctly lower Cr and higher Ti and total REE
than basalt (334-20-2, 140-145 cm), and within this
group total REE content increases with increasing
FeOtot/MgO ratio.

As far as the REE are concerned, the light REE-
enriched basalts can be derived from typical large ion
lithophile element (LIL)-depleted tholeiite or from
basalt (334-20-2, 140-145 cm) by fractional crystal-
lization mainly of clinopyroxene. Although basalt (334-
20-2, 140-145 cm) is relatively unfractionated, it still is
more evolved than the basalts which were suggested by
Frey et al. (1974) to represent undifferentiated oceanic
magma generated by partial melting of mantle
peridotite. The increase of total REE content with
FeOtot/MgO with little change in REE fractionation
pattern can be attributed to shallow magmatic differen-
tiation of minerals low in REE (mainly olivine) which
enriches the residual magma in total REE (Kay et al.,
1970; Schnetzler and Philpotts, 1968, 1970).

The total REE content, as exemplified by La abun-
dances, increases gradually with stratigraphic position
of the basalts from bottom to top of the sequence. This
evolutionary trend suggests that the entire sequence
could have been derived from the same or a similar
parent magma body which underwent progressive
shallow fractional crystallization.

GABBROS

The chondrite-normalized REE patterns of gabbros
(Figure lb) show gradual depletion from heavy to light
REE with distinct positive Eu anomalies. These
patterns are similar to those of other oceanic gabbros
(Kay et al., 1970; Masuda et al., 1971; Shih, 1972), of
gabbros from ophiolitic complexes (Montigny et al.,
1973) and also of gabbros from some layered intrusions
(e.g., Stillwater and Bushveld—Frey et al., 1968). This
similarity together with the small differences in the
relative REE fractionation among analyzed gabbros
also indicates that the REE in these rocks probably re-
tained their original patterns although some samples
display a varying degree of alteration and shearing.

In comparison with associated basalts, REE of
analyzed gabbros are more fractionated and are
significantly lower in total concentrations. The contents
of REE in gabbros appear to increase with the increase
of the FeOtot/MgO ratios of the rocks, i.e., from
olivine-rich gabbros to olivine-free opes, while there is
little change in relative fractionation. A differentiation
trend similar to that of oceanic gabbros of REE enrich-
ment without distinct fractionation was reported for
layered complexes such as Skaergaard (Haskin and
Haskin, 1968; Haskin et al., 1971). This seems to
suggest that the differentiation processes in both cases
were similar despite the fact that the composition of the
original magma was probably different as indicated by
significant differences in REE fractionation patterns
between oceanic gabbros and those of the Skaergaard
intrusion.
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The slope of the REE patterns of analyzed gabbros
probably reflects the fractionation of REE between
cumulus pyroxenes and basaltic liquid, whereas the Eu
enrichment is due to the accumulation of plagioclase
(cf. Schnetzler and Philpotts, 1968, 1970; Shih, 1972).
Since gabbros with low FeOtot/MgO ratios have higher
Mg and Cr and lower Al, Ca, and Na contents than
gabbros with high ratios, it appears that the rocks with
low REE contents have a higher amount of olivine,
orthopyroxene, and spinel. This indicates that the REE
variation in gabbros reflects the variation in the
proportions of individual mineral phases.

The trace element data are consistent with the deriva-
tion of the gabbros as crystal cumulates from a basaltic
liquid similar to the ocean floor basalts which have
higher FeOtot/MgO ratios and higher and less frac-
tionated REE abundances than analyzed gabbros. The
low content of REE in gabbros also suggests that the
residual liquid was effectively expelled from these
rocks.

PERIDOTITES

Three partially serpentinized peridotites were ana-
lyzed for REE and their chondrite-normalized patterns are
shown in Figure lc. Two peridotite samples (334-26-1,
20-22 cm and 334-26-2, 5-10 cm) have well-fractionated
REE patterns similar to those of gabbros, i.e., display-
ing gradual depletion from Lu to La with distinct
positive Eu anomalies. Concentration levels of Sample
334-26-2, 5-10 cm are comparable to those of the
olivine-rich gabbros. The third sample (334-22-2, 61-63
cm) has a U-shaped pattern once again with the distinct
Eu anomaly.

None of these patterns appears to represent an un-
differentiated upper-mantle material. Significant Eu
anomalies in these peridotites reveal that plagioclase
accumulation played an important role in their evolu-
tion. Assuming that serpentinization does not
significantly affect the REE distribution, the REE
patterns of peridotites are consistent with their deriva-
tion as accumulates of early crystallized minerals
(olivine, pyroxenes, plagioclase) from basic magma
probably similar to the ocean-floor basalts. The
differences in total and relative REE abundances
among analyzed peridotites would mainly reflect varia-
tions in the proportions of individual mineral ac-
cumulates.

CONCLUSIONS
With respect to the petrogenesis of the coarse-

grained rocks of Site 334, the important problem is the
relation between peridotites, gabbros, and basalts.
Since the olivine-rich gabbros and peridotites have not
only about the same FeOtot/MgO ratio but also overlap
in REE abundances, olivine-rich gabbros could not
represent the magma from which olivine accumulated
to form the peridotite. However, the similarity of the
REE abundances in peridotites and olivine-rich gab-
bros suggests that gabbros and peridotites of Site 334
are genetically related and both could have been de-
rived from the same or similar parental basic magma
although probably not by a single continuous

magmatic differentiation, as also suggested by the
stratigraphic sequence. The alternation of ultramafic
and mafic plutonic rocks of Site 334 is reminiscent of a
rhythmically layered series.

Thus our data suggest that coarse-grained rocks at
Site 334, such as analyzed gabbros and peridotites, are
accumulates produced by various stages of differentia-
tion of basaltic liquid in a quiet environment and might
represent part of a layered oceanic complex. Frac-
tional crystallization can also account for the evolu-
tionary sequence observed in the overlying basalts.
However, the absence of distinct negative Eu anomalies
in basalts of Site 334 complementary to those of gab-
bros and peridotites indicates that basalts at Site 334 do
not represent the residual liquid from which gabbros
and peridotites were already separated.
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