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ABSTRACT

The 80 contents of 22 whole-rock samples and 36 separated
minerals of oceanic crust material from DSDP Leg 45 and the D/H
(deuterium/hydrogen) composition of 7 whole-rock samples and 2
serpentines were analyzed. The D/H content increases with depth,
as does the 150 content.

Isotope equilibrium temperatures of several basalts were ob-
tained: the l‘30 content decreases slightly with lower isotope tem-
peratures. The role of ocean water during the formation of mag-
matic rocks is discussed.

Serpentinization temperatures 280°C and 380°C were calcu-
lated from serpentine-magnetite isotope fractionations.

Five whole-rock samples and separated phenocrysts of plagio-
clase, olivine, clinopyroxene, magnetite, and serpentine were ana-
lyzed for Na, Rb, Cs, Ca, Sr, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy,
Tm, Yb, Lu, Sc, Cr, Fe, Co, Ni, Zn, Th, Hf, Ta, U, Au, and Sb, us-
ing instrumental neutron activation analysis.

Uniform REE (rare-earth element) distributions, with enrich-
ment factors between 11 and 15 relative to chondrites, a distinct
light REE depletion (La/Sm),o, = 0.55, but no Eu anomaly,
have been observed in the basaltic samples.

One serpentinized peridotite shows very low REE concentra-
tions, only 0.2 times the chondrite value.

Trace-element analyses of different phenocryst phases revealed
elements for each mineral that are sensitive indicators for fractional
crystallization of partial melting processes: Eu, Eu/Sm, and Sr for
plagioclase, Ni and Co for olivine, and light REE/heavy REE, Cer,
and Sc for clinopyroxene.

Titanomagnetite was the main Fe-Ti-oxide phase. Zn, Ni, and
Co are enriched in titanomagnetite, but remarkable concentrations
of Hf. Ta. and Th were also found. Titanomagnetite was found to
be an important carrier for REE. Because divalent Eu is not incor-
porated into titanomagnetite, pronounced negative Eu-anomalies
are developed during crystallization if oxygen fugacity permits high

Eu2+/Eu’* in the melt.
INTRODUCTION

Garlick and Epstein (1966), Taylor (1968, 1974),
and Magaritz and Taylor (1976) have demonstrated
that many shallow intrusive and extrusive magmatic
rocks have exchanged oxygen isotopes with meteoric
ground water. The amount of meteoric water (depleted
in 180) which percolated through the magmatic bodies
at high temperatures, lowering the initial 180-value of
silicate minerals, has been calculated. In several cases,
more than one-third of the oxygen in the silicates has
exchanged with the fluid phase. Similarly, extensive
isotopic exchange between ocean-crust basalts and
seawater should be expected during emplacement of
the basalts. Low-temperature reactions yielding smec-
tite minerals have been demonstrated by Muehlen-

bachs and Clayton (1972) on dredged and drilled
ocean-crust basalts. Isotopic exchange at these low
temperatures results in smectites with high 180-values
(6180 up to + 25 %o), and a reacting fluid phase de-
pleted in 180. Significant formation of clay minerals
could lower the 180/160 ratio of seawater with time.
Muehlenbachs and Clayton (1972) suggest, however,
that the 180 enrichment of the seawater caused by
high-temperature interaction with basalt is essentially
cancelled by the depletion of the 80/1€0 ratio in the
seawater by formation of clay minerals. Hence, one
would not expect a long-term variation in the 80/160
ratio of seawater with time.

Until now, only a small part of the oceanic crust has
been investigated and, in particular, the crust has been
drilled to only about one-tenth of its total thickness.
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Few data exist on material balance calculations con-
cerning exchange reactions between basalts and
seawater.

The aim of this study was to determine (1) the tem-
perature of the last equilibration between the various
silicate phases of the basalts, and (2) the general na-
ture of the distribution of oxygen and hydrogen iso-
topes among the silicate phases.

For this investigation, as many minerals as possible
from the available samples (phenocrysts and minerals
of the fine-grained groundmass) were separated and
analyzed for their oxygen isotope composition.

In addition, five selected samples were analyzed for
their minor- and trace-element contents, including
eleven rare-earth elements determined by INAA (in-
strumental neutron activation analysis), to compare the
exchange mechanisms for major (oxygen) and trace el-
ements.

EXPERIMENTAL PROCEDURES

Thirty-six minerals in 12 rock samples from Leg 45,
Hole 395A, were separated by standard techniques.
The weight of the samples was between 10 and 20
grams. The mineral samples and also 20 powdered
whole-rock samples were analyzed for their oxygen iso-
tope composition, using the BrF; method (Clayton and
Mayeda, 1963) for extraction of oxygen. The method
described by Godfrey (1962) was used to extract hy-
drogen from 9 whole-rock samples.

Oxygen and hydrogen isotope compositions are re-
ported using common é-notation relative to SMOW
(standard mean ocean water) (Tables 1 and 2). Rou-
tine reproducibility of d-values is typically 0.1 %. for
oxygen, and 1 to 2 %- for hydrogen.

RESULTS AND DISCUSSION

Whole Rocks

The average oxygen isotope composition of 20 ba-
salts (whole-rock samples) is + 7.65 %.. Compared
with unaltered mantle differentiates, 180 in these al-
tered basalts is enriched by 2 %o (Taylor, 1968; Mueh-
lenbachs and Clayton, 1972). All whole rock 18Q/160
ratios of the basalts are distinctly higher than those of
the separated phenocryst minerals (Figure 1), and in-
dicate that the groundmass is not in isotopic equilib-
rium with the phenocrysts. The basalt groundmass in
these rocks has interacted with sea water at low tem-
peratures (less than 100°C). Large amounts of
seawater must have percolated through the ocean crust
to yield an enrichment of 2 %. in 850 in the ground-
mass.

The 6'80 whole-rock values of the basalts show a
slight increase with depth, with a sharp inflection be-
tween 300 and 340 meters, followed by a slight in-
crease in 6'80 below 340 meters (Figure 2).

Near 340 meters depth in Hole 395A, a strati-
graphic change occurs from a thick series of phyric
(mainly ol-plag-phyric) basalts in the upper part to
mainly aphyric basalts in the lower part. A variation of
the 6'80 whole-rock values with depth similar to that
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TABLE 1
Oxygen Isotope Data Leg 45, Hole 395A
Sample
(Interval 18 . .
in cm) Piece Rock Type/Minerals [ 1] Min-Fractionations T (°C)
4-1, 90-100 9 gabbro
opx +59 plagmag 3.0 920
cpx +5.0 cpx mag 0.8
plag +72 plag-opx 13
mag +42=:203 plagecpx 2.2
4-2, 5661 3 serpent.peridotite
whole rock +2.0:02
serp +2.7 serp-mag 6.7 280
mag -4.0
5-1,115-120 | 16 G aphyric basalt
whole rock +7.2201
9-2, 17-28 3 aphyric basalt
whole rock +6.6 + 0.05
11-1, 56-66 1 aphyric basalt
whole rock fresh +76+01
altered +74
13-1, 55-60 1 serpent.peridotite
opx +53 opx-chrom 0.9
cpx +4.8 serp-mag 55 380
serp +4.5
chromite +49
mag =10
14-1, 87-99 12 plag-ol phyric basalt
plag +59 plag-mag 1.8 1220
ol +4.9 plag-ol 1.0
mag +4.1 ol-mag 0.8
14-2, 125-134 9 plag-ol phyric basalt
whole rock +6.8+0.5
plag +58 plag-mag 2.9 930
ol +4.8 plag-ol 1.0
mag +29 ol-mag 1.9
154, 8691 1k plag-ol phyric basalt
whole rock + 7.1
17-1, 69-7% 9 plag-ol-cpx phyric basalt
whole rock +8.2:01
25-1, 3643 5 plag-ol-cpx phyric basalt
whaole rock +8 plag-ol 0.4
plag +5.7
ol +53
26-2, 3342 Ir basalt
whole rock +7.7:05
plag +5.7 plag-ol 1.0
ol +4.7 plagcpx 04
Cpx +53
331, 7077 8 basalt
whole rock +62:02
plag +59 plag-ol 0.8
wl +51
46-1, 88-94 B aphyric basalt
whole rock + 7.0 = 0.05
52.1, 45-50 | microeryst.basalt
whole rock +6.2:05
56-3, 50-57 M aphyric basalt
whole rock +83+02
61-2, 75-85 s cpx-ol-plag phyric dolerite
whale rock +70:02
plag *6.0 plag-mag 2.4 1020
ol +5.0 plag-ol 1.0
epx +5.7 epx-mag 2.1
mag +3.6 ol-mag 1.4
61-3, 90-110 7 dolerite
whole rock +7.0:01
plag +59 plag-mag 2.6 990
ol +5.2 plag-ol 0.7
cpx +54 cpx-mag 2.1
mag +33 ol-mag 1.9
63-2, 8090 16 dolerite
whole rock +75:0.15
plag +59
opx +5.7
64-1, 137-142 Ij dolerite
whole rack +83
plag +59 plag-mag 2.1 1100
ol +53 plag-ol 0.6
mag +3.8 ol-mag 1.5
66-3, T1-79 aphyric basalt
whole rock +9.1:0.1
11-2, 100-106 | 12§ aphyric basalt
whole rock +6.9:0.5
19-1,135-138 | 16 plag-phyric basalt
whole rock +73:02

shown in Figure 2 was also found on Leg 37 (Hoernes
and Friedrichsen, 1976).

Muehlenbachs and Clayton (1972) and Pineau et al.
(1976) demonstrated that a relation exists between
whole-rock 6180 values and the water content of the
basalts. A similar relationship can be calculated from
our isotope data and the chemical analyses carried out
by S. Lee in Munich (Figure 3). Since the only water-
bearing mineral phases in these basalts are the smec-
tite-minerals generated during alteration of the basalts,
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TABLE 2
& DSMOW — Values %/oo
Sample
(Interval
in cm) Piece Sample &§D

4-2, 56-61 3 serpent.peridotite - 60
5-1,115-120 | 16G  aphyric basalt -118
11-1, 56-66 1 aphyric basalt -143
13-1, 55-60 1 serpent.peridotite - 65
17-1, 69-75 9 plag-ol-cpx phyric basalt - 135
33-1, 70-77 8 plag-ol phyric basalt - 158
46-1, 88-94 8 aphyric basalt -123
61-2, 75-85 5 dolerite - 86
64-1,137-142 1j dolerite - 108

OXYGEN ISOTOPE COMPOSITION OF ROCKS AND MINERALS OF LEG 45 AND LEG 37
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Figure 1. Histograms of whole-rock and mineral §180
values.
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Figure 2. Whole-rock 8180 variation with depth (Hole
3954 ), showing an inflection at 340 meters.

a relation between §'80 of the rock and amount of clay
minerals should be expected.

The 6D values of seven whole-rock basalt samples
and two serpentines were measured. The 8D values of
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Figure 3. Correlation diagram of whole-rock 5180 and
weight 7% total H>0. Coefficient of correlation r = 0.76.

the basalts vary between -85 and —158 %%, and the
two serpentines are around —60 “%., despite their rela-
tively large differences in 6180. In Figure 4, 6D is plot-
ted against the depth of the recovered core, and a
rough correlation between these parameters is appar-
ent. The dD-value of the pore water is not known, but
since the oxygen isotope variations in the altered rocks
indicate that large amounts of seawater interacted with
the basalts, a large amount of hydrogen must have
been available during the formation of clay minerals.
Deuterium enrichment in the pore fluids caused by pre-
ferred incorporation of protium in the solid phase is
negligible, because the hydrous minerals represent only
a tiny portion of the total hydrogen in the system. The
variation in the 6D content of the rocks is most likely a
result of the formation of the clay minerals at different
temperatures.

High-temperature fractionation of D and H between
hydroxyl-bearing solids and water have been deter-
mined by Suzuoki and Epstein (1976). They found that
a decrease in the equilibration temperature was accom-
panied by an increase in the hydrogen isotope fraction-
ation between the solid phases and the HyO, with the
solid phase always depleted in D with respect to H,0.
The extrapolation of their data to lower temperatures
is compatible with the large D/H fractionation be-
tween clay minerals and sea water implied in Figure 4.

Mineral Data

The minerals separated from Hole 395A rocks show
a relatively small spread in 680 (Figure 1). Plagioclase
in the basalt varies in 680 from +5.7 to +6.0 %o,
whereas plagioclase from a gabbro has a distinctly
higher 4150 value of +7.2 %.. The §'80-values of the
pyroxenes fall in a range of +4.8 to +5.9 %., the
higher values for orthopyroxenes. Olivines have §'*0 val-
ues of +4.7 to +5.3 %o.. The magnetites from basalts
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HYDROGEN ISOTOPE COMPOSITION OF LEG 45 BASALTS
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Figure 4. Hydrogen isotope variation of some basalt whole-
rock samples, showing a slight increase of the D/H ratios
with depth.

show a relatively large spread in 6180, from 2.9 to 4.2
oo

Plagioclase and olivine from Leg 45 have signifi-
cantly higher 6'80 values then rocks from Leg 37. This
seems to indicate differences in the oxygen isotope
composition of the magmas, resulting from exchange
with the oxygen-rich seawater. Secondary magnetites,
which formed as products of serpentinization of perid-
otites, have 6180 values of -2 to -4 %, and coexisting
serpentines have 6180 values of +2.7 and +4.0 %..

Geothermometry

The fractionation of oxygen isotopes between coge-
netic minerals can be used to estimate the temperature
of last equilibration of oxygen isotopes in the system.
In the case of magmatic rocks this is, or is close to, the
crystallization temperature. A good indication for iso-
tope equilibrium in rocks is concordant isotope temper-
atures for more than one mineral pair.

In Figure 5, Al80 (plagioclase/magnetite) is plotted
versus A'80 (olivine/magnetite). With few exceptions
the values for most rocks plot on the *“‘concordancy
curve.”” Temperature calibration points on this curve
were calculated from the plagioclase-water curve of
O’Neil and Taylor (1967) for a plagioclase of Ang,
and the magnetite-water curve of Bertenrath et al.
(1972).

In Figure 6, the plagioclase-magnetite isotope frac-
tionation is plotted against 8!50-magnetite. In Figure 7,
the plagioclase-olivine isotope fractionation is plotted
against 6'50-olivine. A regression curve in both dia-
grams indicates that the d-values of both magnetite and
olivine change with the A plagioclase-magnetite and A
plagioclase-olivine isotope fractionations. But it ap-
pears that the change in the é-values of the above
phases is higher than the change of the fractionation
values. If we calculate the whole-rock isotopic composi-
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Figure 5. “Concordancy diagram” of A plagioclase-
magnetite against A olivine-magnetite. Lit. A: Muehlen-
bachs and Clayton (1972). Lit. B: Andersonetal, (1971).
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Figure 6. Plot of 6180 plagioclase, magnetite, olivine, and a
calculated whole-rock isotopic composition versus the
plagioclase-magnetite fractionation. The whole-rock
composition is calculated from the mineral data presented
in Table 1 and an estimated modal composition.

tion from the composition of these phases, it seems that
there is a slight 180/160 decrease of the whole rocks
with the higher A values of both mineral pairs. These
data are summarized in Figure 6. If the decrease of the
whole-rock isotopic composition is caused by an addi-
tion of seawater—which to us is the only light-oxygen-
isotope source for these rocks—then the decrease of the
crystallization temperature (or increase of both mineral
pair fractionations) is caused by seawater.

Therefore, seawater has interacted with the silicates
at magmatic temperatures, and the increase of the wa-
ter pressure has decreased the crystallization tempera-
ture.

Metamorphic reactions in either basalts or perido-
tites yield rocks of low 180-composition. The Hole 395
serpentinized peridotites are reduced in their oxygen
isotope content by 2 to 4 %., which can only be accom-
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Figure 7. Plot of §180 olivine versus the plagioclase-olivine
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plished by a 10 to 30 per cent oxygen contribution
from the seawater. Peridotites which reacted with
higher amounts of seawater yielded lower serpentiniza-
tion temperatures (derwecl from serpentine-magnetite
fractionations) of 280°C; those peridotites which were
partly serpennmzed yielded a serpentinization temper-
ature of 380°C. For calculating these temperatures, the
isotope thermometer of Wenner and Taylor (1973) has
been applied.

Further detailed studies are necessary to calculate
whether a low-temperature interaction of the basalts,
with a decrease of the 180/160-ratio of the seawater, or
a high-temperature reaction, with an increase of the
180/160-ratio of the seawater, is dominant.

Trace-Element Investigations

Whole-rock samples of two plagioclase-olivine-phy-
ric basalts (Sections 395A-14-2 and 395A-25-1), two
samples of the plagioclase-olivine-phyric dolerite (Sec-
tions 395A-61-3 and 395A-63-2) and one highly ser-
pentinized peridotite (Section 395A-4-2) were selected
for trace-element analyses. Concentrations were deter-
mined after a two-day irradiation of samples and sin-
gle-element standards with 7 « 10" n/cm?s, followed
by instrumental analysis according to methods publish-
ed elsewhere in greater detail (Schock, 1973,1977a). The
results are presented in Table 3, together with those of
separated minerals.

If rare earth element (REE) concentrations are nor-
malized to chondritic abundances, remarkably uniform
distribution patterns are obtained for the basaltic sam-
ples (Figure 8). All curves show a distinct light REE
depletion [(La/Sm) ., =0.55]. The distribution of
elements heavier than Nd is almost pure chondritic,
with an over-all enrichment factor that varies only be-
tween 11 and 15. (The small, but significant deviation
of the Yb values from the smooth curve is not under-

stood at present.) These patterns resemble in all details
those observed in samples of Leg 37, Site 335 (Blan-
chard et al., 1976; O’Nions and Pankhurst, 1976).

The REE compositions of the two doleritic samples
and of one basalt sample (Section 395A-25-1) are
identical, within the limits of error. This would support
the presumption that the doleritic unit is an intrusive
equivalent of some basalts sampled in higher parts of
the hole (Chapter 7, this volume). The significantly
higher REE contents of the second basaltic sample
(Section 395A-14-2) from the uppermost phyric unit
indicates a higher degree of fractionation, which can
also be seen in elevated contents of some large, high-
valency cations like Hf and Th, and in the relatively
low contents of Cr and Ni. On the other hand, nearly
identical concentrations of Sc (about 34 ppm) are
rather surprising.

A Eu anomaly was observed in none of the samples;
hence, in all differentiation processes that took place
before eruption of the melts, only very limited amounts
of plagioclase could have been involved.

From the ultramafic rocks only an almost com-
pletely serpentinized peridotite was analyzed. Its REE
contents were very low, about two orders of magnitude
below basaltic samples, or one-fifth of normal chon-
dritic concentrations; for that reason, only five ele-
ments could be determined. The REE distribution pat-
tern (Figure 8) seems not to be chondritic or light-REE
depleted; on the contrary, a significant enrichment of
La over Sm was found. Whether this observation re-
flects the REE distribution of the original peridotite or
whether this is only a secondary effect caused by the
serpentinization, cannot be answered definitely. The
effect of serpentinization on REE distribution is still
controversial, but light REE depletion is favored (c.f.
Menzies, 1976). Of course, this conflicts with our obser-
vation that there is marked enrichment of La in the
serpentine separate (Table 3). Also, Sc clearly behaves
in another manner than the REE; its content in this per-
idotitic sample is only 5 times below that of basaltic
samples.

Among transistion elements, Fe, Co, and Zn concen-
trations are comparable to those in the basalts, whereas
the Ni content (1600 ppm) is more than 10 times and
Cr content (1500 ppm) is about 5 times higher than in
basalts. Additionally, we found about 30 ppb of Au
and 150 ppb of Sb in the peridotites.

Plagioclase

Plagiclases from four different rock samples were
analyzed (Table 3). Three of them show nearly identi-
cal anorthite contents (Ans4z75), whereas one plagio-
clase separate from one of the doleritic samples has an
An-content of only 67. Total iron (as FeO) varies be-
tween 0.5 per cent and 0.7 per cent.

If we look at the distribution of REE as a function
of their ionic radii, relative concentrations show a mo-
notonous increase from Lu to La, as trivalent REE ions
fit successively better into the Ca sites of the plagio-
clase structure. This trend can also be seen in Figure 9,
where REE contents are normalized to whole-rock
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TABLE 3
Elemental Concentrations (ppm) in Whole-Rock and Mineral Samples From Leg 45, Hole 395A
Sample 14-2, 125-134 cm, Piece 9 Sample 25-1, 3643 cm, Piece 5 | Sample 4-2, 56-61 cm, Piece 3
Whole Plagio- Magne- Whole- Plagio- Whole- Serpen-
Ele- Rock clase Olivine tite Rock clase Rock tine
ment 42.5 mg 87.2mg | 741 mg | 404 mg 37.64 mg 83.76 mg 792 mg 48.7 mg
Na 21100 +£300 17600 230 2200 19130 18000 500 215
Rb <6 0.8 <9 55 <7 <0.3 <7 <5
Cs <0.25 0.05 <03 0.3 <0.27 0.04 < 0.22 < 0.02
Ca? 64500 112000 20000 10300 84500 109000 380 1250
S 160 200 <50 <20 145 162 <5 <5
Ba <55 e, <40 <65 < 60 = <35 <35
La 3.0 £0.25 0.24 0.003 5.5 2.1 0.18 0.10 0.90
Ce 8.8 0.6 0.80 0.04 13.1 7.5 0.52 0.16 0.6
Nd 9.2:+1.8 0.62 < 0.25 14.6 9.9 0.33 <0.38 < 0.8
Sm 3.18 £0.04 0.152 0.003 4.39 2.61 0.103 0.021 0.027
Eu 1.19 £0.02 0.281 0.04 1.01 1.01 0.226 0.015 0.03
Gd 4.2 +0.8 b <0.15 4.6 3.2 b <04 <0.9
Tb 0.70 +0.04 0.022 | < 0.004 0.80 0.57 0.018 < (0.008 < 0.02
Dy 5.3+0.5 0.17 | <0.004 5.2 3.8 0.16 < 0.10 < 0.17
Tm 0.52 +0.04 0.013 0.003 0.59 0.35 0.007 - < 0.03
Yb 2.73 0.07 0.089 0.07 2.7 2.30 0.052 0.04 0.10
Lu 0.54 +0.05 0.014 |<0.015 0.50 042 0.011 < 0.025 < 0.025
Se 34.1 02 0.56 6.46 17.7 334 0.67 6.90 18.1
Tid 11500 1550 - 144000 9530 2950 2400 3000
Cr 228 +4 10.4 264 29 315 8.0 1480 2525
Fe 65000 £600 4160 94200 | 497000 61700 3950 58100 19700
Co 77.7 0.5 1.48 139.1 165 92.7 1.11 90.3 41.9
Nid 100 130 1410 320 180 100 1550 1500
Znd 88 60 110 880 165 45 65 88
Th 0.20 £0.25 0.004 0.21 0.67 <0.16 < 0.005 <0.12 <0.12
Hf 2.04 £0.04 0.063 |<0.015 5.6 1.71 0.037 < 0.03 < 0.07
Ta 0.31+0.02 | 0.0045 |[<0.002 0.83 0.45 0.0020 2.35 < 0.01
U <0.12 0.012 < 0.03 <0.18 0.07 0.001 0.43 0.82
Au — s - 0.15 0.050 - 0.027 -
Sb < 0.03 0.018 - 0.17 0.03 0.012 0.14 0.28
Sample 61-3, 90-110 cm, Piece 7 Sample 63-2, 80-90 cm, Piece 16
Clino- Clino-

Whole- Plagio- pyro- Magne- | Whole- Plagio- pyro- Magne-
Ele- Rock clase xene Olivine tite Rock clase xene Olivine tite
ment | 38.1mg | 429mg | 4.95mg | 11.0mg | 29.0mg | 405 mg | 113.1mg | 6.28mg | 9.70 mg | 254 mg
Na 18400 15100 4600 - 2400 19200 14900 5900 3200 1640
Rb <6 0.8 <15 <5 < 16 <6 1.1 <16 <6 62
Cs <0.26 0.11 <0.8 <0.13 <045 | <0.26 0.12 <0.9 <0.9 14
Cad 80000 112500 | 137000 4200 10100 | 83000 97000 140000 18000 10000
Srd 120 156 <230 - <20 130 185 <190 - <20
Ba < 45 1.6 <170 <25 <90 < 50 <2 < 190 <30 < 150
La 2.2 0.14 0.36 0.02 33 24 0.39 0.6 0.08 4.2
Ce 7.5 0.47 2 < 0.1 7.8 8.3 1.1 1 <0.2 10
Nd 8.8 0.16 <3 0.2 17 7.2 0.89 2 <0.15 12
Sm 2.63 0.077 1.5 0.01 2.83 2.713 0.231 1.40 0.02 33
Eu 1.02 0.215 0.56 0.009 0.64 1.03 0.378 0.57 0.03 0.62
Gd 3.1 b 3.7 <0.2 34 3.4 b <2 <04 5.4
Tb 0.56 0.018 0.47 0.002 0.68 0.59 0.047 046 | <0.008 0.58
Dy 3.8 0.10 2.6 <0.2 3.7 4.2 0.20 3.7 < 0.05 4.8
Tm 0.43 0.004 0.68 0.010 049 043 0.021 0.59 < 0.01 0.59
Yb 2.34 0.053 1.88 0.07 2.1 2.3 0.13 1.8 0.039 2.4
Lu 0.44 0.0063 0.72 | <0.012 0.40 0.45 0.019 0.70 | <0.013 0.46
Sc 34.3 0.675 104 6.24 19.9 348 048 95.8 5.40 233
Ti? 9800 1450 - - 141000 12000 800 - - 152000
Cr 334 37 4530 349 13.3 360 34 4020 290 30
Fe 63200 4410 48100 99600 | 478000 | 62700 5900 37000 84100 | 459000
Co 92.8 0.71 38.1 153 208 77.2 3.25 36.5 128 135
Ni# 130 160 < 600 1530 780 180 130 <650 1300 470
Znd 105 85 ~ 75 900 110 140 - 80 900
Th <0.14 | <0.005 <0.5 < 0.07 <0.24 | <0.15 0.016 <0.5 < 0.08 0.55
Hf 1.65 0.020 0.7 < 0.02 54 1.77 0.11 04 < 0.03 7.5
Ta 0.70 0.0030 <0.02 | <0.003 0.84 0.46 0.004 <0.02 | <0.004 1.08
u <0.10 | <0.015 <0.25 < 0.05 0.2 | <0.10 <0.01 <0.2 0.02 <0.2
Au 0.013 =R = = - - - - 0.01 0.019
Sb < 0.03 0.25 - - - <0.03 0.008 ~ - 0.10

2In most cases (whole-rock, plagioclase, magnetite), determination by atomic absorption spectrometry.
bGd determination in feldspars using 152Gd(n,y) 153Gd is strongly impeded, because 152Gd is produced from Eu
during neutron irradiation according to 151Eu(n.y) 152Eu(9.5h) — [52Gd.
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Figure 9. REE concentrations of plagioclases relative to
whole-rock composition versus ionic radius. Ionic radii
from Whittaker and Muntus (1970). Error bars include
standard deviation (02) of each sample counting rate.

compositions and give a type of partition coefficient.
These values are of the same order of magnitude as
those reported from experimental (e.g., Drake and
Weill, 1975) or analytical (e.g., Higuchi and Naga-
sawa, 1969) investigations on systems of basaltic com-
position.

In the case of the two basalt samples (Sections
395A-14-2 and 25-1), the difference in REE content is

also reflected by a similar difference in the plagioclase
separates. By contrast, the REE concentrations of the
plagioclases from the dolerite differ by a factor of 2.5,
although there is no difference between the whole-rock
contents. Of course, it must be mentioned that the pla-
gioclase with the higher REE content is less calcic than
all others (Ang; compared with Angg,g). Nevertheless,
such a striking difference in REE concentrations is not
easy to understand. In principle, there exist two possi-
ble origins. Assuming constant partition coefficients, the
melt from which these plagioclases crystallized was ei-
ther strongly enriched in REE or partition coefficients
were 2 to 3 times higher, for instance because of a
lower crystallization temperature. But the temperature
dependence of REE partition coefficients is not strong
(Drake and Weill, 1975) and, additionally, there is no
corroborative indication from oxygen isotope data for
differences in crystallization temperature. Moreover,
the difference in Eu concentrations is only a factor of
1.7, apparently caused by a lower Eu?* concentration
in the melt. In addition, elements like Co, Zn, Hf, and
Th are also enriched in the plagioclase sample with the
higher REE contents, whereas Sc and Cr are markedly
depleted. This all points to crystallization of this plagi-
oclase from a melt differentiated to a higher degree. Fi-
nally, magnetites separated from the same dolerite
sample show elevated REE contents too.!

Olivine

Olivines from three different samples were analyzed
(Table 3). Because of scarcity of very pure material
and of tiny concentrations of many elements, only

! Editor’s note: Rhodes et al. (this volume) support this argument
by suggesting mixing between a ‘primitive’ magma with high-An
plagioclases and a fractionated magma with lower-An plagioclases.
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about 12 elements containing 4 or 5 REE could be de-
termined by instrumental analysis.

From Fe analyses, we calculate a compositional
range from Fa,, to Fa5. High contents of Ni (1300 to
1500 ppm) and Co (130-150ppm) and moderate con-
centrations of Cr (250 to 350 ppm) and Zn (80-
110ppm) were found. If these data are divided by the
corresponding whole-rock concentrations, the resulting
partition coefficients decrease in the order Ni>Co>/
Fe>Cr>Zn. That is in agreement with analytical data
from Henderson and Dale (1970) and Gunn (1971),
and reflects the differences in octahedral site preference
energy of these transition elements in the olivine struc-
ture.

REE concentrations in olivine are very low, and
many are below the detection limit for instrumental
neutron activation analysis. In all cases, the data are
comparable to those determined by Higuchi and Naga-
sawa (1969) and Mysen (1976). A slight preference for
heavy REE (because of their smaller size) should be
expected in olivines (Higuchi and Nagasawa, 1969).
This is underscored by the much better incorporation
of the still smaller Sc ion. Nevertheless, even this ion is
too large for octahedral sites of the olivine structure.
Therefore, its partition coefficient in olivine is only
about 0.2, and during crystallization of olivine, Sc is
enriched in the melt.

Clinopyroxene

Two samples of clinopyroxene (about 5 mg each)
separated from the dolerite have been analyzed (Table
3). Ca contents are about 14 per cent and Fe contents
are 4.8 per cent and 3.7 per cent, respectively. REE
concentrations are relatively high and of the same or-
der of magnitude as in the whole-rock samples. This is
because of the presence of sites in the clinopyroxene
structure which are large enough to accept trivalent
REE in appreciable amounts. Not all REE were incor-
porated to the same extent, however. If normalized
REE concentrations are plotted against ionic radius
(Figure 10), a strong increase from La to the heavier
REE is evident. This trend of the curve and the abso-
lute values agree with experimental results (Masuda
and Kushiro, 1970; Grutzeck et al., 1968; Schock,
1977b), if one disregards the two deviating points for
Tm and Lu (Figure 10). In nearly all REE partition
coefficient investigations, a broad maximum near the
ionic radius of Dy has been found, indicating of opti-
mal ionic size for incorporation into the Ca position of
the clinopyroxene structure.

No Eu anomaly is observed in the clinopyroxenes,
and normalized concentrations of Sm and Eu are
equal, within the limits of error. This may be attributed
to incorporation of both Eu3* and Eu?* into the struc-
ture to a similar degree. Experimental studies (Sun et
al., 1974; Weill et al., 1974) indicate that, although the
partition coefficient for trivalent Eu in clinopyroxene
exceeds that for divalent Eu, the difference in partition
coefficients is not as extreme as in the case of plagio-
clase.
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Figure 10. REE concentrations of two clinopyroxenes,
Samples 61-3, Piece 7, and 63-2, Piece 16, relative to
whole-rock composition versus ionic radius. Ionic radii
from Whittaker and Muntus (1970).

We found, among other trace elements, very high
contents of Cr and Sc in clinopyroxenes. Normalized to
whole-rock compositions, the partition coefficient of Cr
is >10 and Sc is about 3. Because of their smaller ionic
radii, we conclude that these elements are preferen-
tially incorporated into the smaller six-coordinate Mg-
sites of the structure, Sc as a trivalent and Cr as a diva-
lent ion. Co, another divalent ion, is accepted to a dis-
tinctly lesser degree, with a partition coefficient of
about 0.4. In spite of its high charge, Hf** seems to fit
into the Mg-site, and therefore it is incorporated in ap-
preciable amounts.

Magnetite

Three magnetic separates were analyzed (Table 3).
They all consist of titanomagnetite; only traces of il-
menite could be detected by X-ray methods. TiO, va-
ries between 24 and 25 per cent, the same order of
magnitude as determined for titanomagnetites sepa-
rated from Leg 34 samples (Mazzullo and Bence,
1976).

Surprisingly, we found many trace elements in mag-
netite. Relatively high amounts of Ca (about 1%) and
Na (about 0.2%) were detected. If elemental concen-
trations are normalized to whole-rock composition, Zn
is the element with the highest enrichment factor (8 to
10), followed by Ni (3 to 5) and Co (about 2),
whereas Cr (about 0.1) is extremely depleted. This re-
lates to an appreciable depletion of Cr already present
in the fractionated liquids from which these magnetites
crystallized, and demonstrates that whole-rock compo-
sitions are not well suited for normalization, at least in
the case of magnetite. Nevertheless, the high concen-
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tration of large high-valency cations like Hf, Ta, and
Th is remarkable.

Most surprising are the high concentrations of REE.
From structural considerations and comparisons of
ionic radii, a marked depletion of REE in titanomag-
netites should be expected. But, on the contrary, equiv-
alent or even higher contents than the whole-rock sam-
ples were measured. If whole-rock normalized REE
concentrations are plotted against ionic radius (Figure
11), only a very flat pattern can be observed, with an
increasing tendency towards higher ionic radius.

All samples of magnetite show a strong negative Eu-
anomaly (Figure 11). This is caused by an effect simi-
lar to that in the plagioclases, but in the magnetite
structure, Eud* is preferred to Eu2+, If Eu3+ concentra-
tion in the melt is substantially lower than the normal-
ized concentrations of other trivalent REE, which is
true for all deep-sea basalts, this must lead to negative
Eu-anomalies in magnetite as a reflection of a positive
Eu-anomaly in the plagioclases.
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