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ABSTRACT

Major and trace element studies of five fresh basalts from DSDP
Leg 37, Holes 332A and 332B, adjacent to the crest of the Mid-
Atlantic Ridge, reveal that four of the samples can be related to
derivation by varying degrees of partial melting, from a
homogeneous source region. The fifth sample is derived from a dis-
tinct source region. The chemistry of the samples cannot be derived
by fractional crystallization from a common parental magma. The
trace element abundance levels in the source regions lie within a
range of 1-2 times those of chondrites, and there is no light REE
depletion. Thus the source regions appear to be undepleted. Four of
the samples experienced severe fractionation of ferromagnesian
elements before eruption, and one sample contains 30% cumulate
plagioclase.

INTRODUCTION

Major and selected trace element abundances have
been determined for five basaltic rocks recovered on
Leg 37 at Holes 332A and 332B adjacent to the crest of
the Mid-Atlantic Ridge. The objectives of this study
have been to determine the chemistry and mineralogy
of the upper mantle source regions of these basalts,
characterize the chemistry of the parental liquid(s) and
the conditions of magma genesis, and the subsequent
fractionation paths of the derivative liquids. Ulti-
mately we wish to use our findings to constrain possible
models of oceanic crust formation of an actively
spreading rift.

Four of the five samples studied are basalts, whereas
the fifth is a gabbro. These represent the freshest
samples made available to us for this preliminary
report. One of the samples (332A-34-2, 6-9 cm) is from
the second drilling attempt at Site 332. The remainder
are from the third penetration (Hole 332B) made a
short distance away. Preliminary mineralogical studies
have been conducted on these samples by Hodges and
Papike (this volume).

MAJOR ELEMENT CHEMISTRY

Major element abundances were obtained for the five
samples by fusion of a split of each sample on an
iridium strip heater and subsequent analysis of the glass
beads by electron microprobe. The details of the tech-
nique are described by Nicholls (1974). The analyses
obtained in this manner are reported in Table 1 and in
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Chapter 2 (this volume). USGS standard basalt
powders were also fused and interspersed as monitors
among the unknowns. Results obtained for one of these
standards (BCR-1) are reported in Table 1. Approxi-
mate detection limits for the less abundant constitu-
ents are: Na2O: 0.15%; K2O: 0.05%; TiO2: 0.07%;
CnOa: 0.08%; and MnO: 0.08%. Total iron as "FeO"
and FeO and Fe2θ3 were obtained on splits of three of
the samples.

The five samples from Holes 332A and 332B studied
for this report show extreme major element differences
between them with the most pronounced differences oc-
curring for "FeO," MgO, and AI2O3 . Titania also
varies significantly between the samples. All of the
samples are subalkaline and, on the basis of normative
mineralogy, are tholeiitic (Figure 1). However they
range from olivine tholeiite (332B-21-1, 27-30 cm) with
27% normative olivine to quartz. Normative
hypersthene varies from about 11% to 18%.

Values of Mg/(Mg+Fe2+) (for iron recalculated to
Fe3+/[Fe2+ + Fe3+] = 0.1) range from 0.785 to 0.613.
Ratios less than about 0.69-0.71 are thought to be a
consequence of the fractionation of ferromagnesian
phases from the parental liquids in the upper mantle
assuming mantle olivine has the composition of ~Foβ9
and the liquids were derived by partial melting not ex-
ceeding about 20% (Green et al., 1974). On that basis,
Samples 332A-34-2, 6-9 cm) and 332B-22-4, 18-20 cm
have experienced significant fractionation involving
ferromagnesian phases and 332B-19-1, 107-110 cm is
relatively unfractionated. Sample 332B-2-5, 109-111
cm, the coarse-grained specimen, although apparently
unfractionated with respect to ferromagnesian phases,
contains approximately 30% plagioclase phenocrysts
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TABLE 1
Major and Trace Element Data and CIPW Norms of Basalts.

(Major Element Data in wt %; (Trace element data in ppm (wt)

SiO2

TiO2

A12O3

C r 2 0 3

"FeO"
MnO
MgO
CaO
Na20
K20

Mg/Mg+Fe2+*

CIPW Norms
Q
Or

Ab
An
Di

Hy
01
Mt
Cm
11

332A-
34-2,
6-9

51.0
0.99

16.9
0.12
8.76
0.17
6.92

13.0
2.01
0.27

.61

0.65
1.60

17.04
36.47
23.14
17.96

-

1.57
0.18
1.88

2-5,
109-111

48.7
0.32

22.0
0.12
5.34

_

7.11
14.9
1.48
0.09

.73

-

0.53
12.52
53.20
16.86
10.70
4.64
0.96
0.18
0.61

332B
19-1,

107-110

49.4
0.68

15.8
0.14
9.35
_

10.6
11.9

2.02
0.23

.70

-

1.36
17.09
33.37
20.82
11.44
12.92
1.68
0.21
1.29

Independent Chemical Iron (E. Kiss ana•yst)

FeO
Fe2°3
"FeO"

Large Cations

Ba
Pb

5.93
2.58
8.25

36
0.56

Large high valency cations

Th
U
Zr
Hf
Nb
Sn
Mo

0.49
0.16

56
1.4
8.6
0.52
0.51

Rare earth elements

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
EREE
Y
La/Yb
La/Sm

5.0
13

1.7
7.5
2.2
0.74
2.8
0.51
3.2
0.79
2.3
0.33
2.0
o.31

42
20
2.51
2.27

3.84
1.28
4.99

7.4
0.32

0.09
_

17
0.6
1.8
0.21

-

1.3
3.2
0.46
2.1
0.73
0.32
1.1
0.22
1.4
0.32
0.99
0.15
0.9
0.14

13.4
10
1.60
1.78

-
-

19
0.19

0.29
0.11

38
0.9
5.4
0.42
0.48

3.5
8.0
1.16
5.2
1.65
0.63
2.3
0.43
2.7
0.68
1.9
0.29
1.7
0.27

30.5
20.5

2.0
2.12

21-1,
27-30

48.0
0.46

13.5
0.17
9.45

_

17.2
9.67
1.58
0.13
.62

_

0.77
13.37
29.28
14.96
12.85
26.19

1.70
0.25
0.87

-
-

-

7.8
0.24

0.18
_

18
0.7
2.9
0.24
0.36

1.6
4.1
0.58
2.7
1.0
0.40
1.5
0.28
1.9
0.47
1.4
0.21
1.3
0.19

17.6
12
1.27
1.6

22-4,
18-20

49.6
0.77

16.1
0.16

10.7
0.16
8.65

11.5
2.30
0.31

-

_

1.83
19.46
32.69
19.85
11.82
11.10

1.90
0.24
1.46

7.09
3.38

10.13

16
0.10

0.26
_

36
1.0
4.1
0.38
0.38

2.6
6.6
0.91
4.2
0.39
0.59
1.8
0.36
2.4
0.64
1.8
0.28
1.6
0.26

26
18
1.58
1.87

BCR-la

54.2
2.27

13.4
-

12.4
0.18
3.60
6.86
3.16
1.68

-

672
15.7

5.53
1.64

175
5.01

12.7
2.32
-

25.2
52.6

6.54
23.7
6.00
1.88
6.45
0.99
6.20
1.29
3.70
0.61
3.66
0.57
-

29.8

BCR-lb

54.5
2.20

13.61
-

11.79
0.18
3.46
6.92
3.27
1.70

-

661
13.4

5.67
1.74

185
4.8

13
_
-

24.9
53.6

7
30.05
6.90
1.95
7.16
1.07
6.19
1.22
3.77
0.5
3.49
0.56

-
40

580-713
-

4.98-6.02
1.68-1.8

-
4.57-5.23

—
-
-

23.7-26.2
51.3-54.9

—
28.5-32.1
6.52-7.44
1.87-1.98
6.45-8.02
0.96-1.15
5.65-6.55
1.15-1.46
3.51-4.5

-
3.21-3.74
0.53-0.63

-
-

aUSGS standard basalt BCR-1 volatile corrected microprobe (ANU) analysis of fused glass (no flux).
bUSGS BCR-1 recommended values.
CANU data, spark source mass Spec, Precision (<± 5%).

Range of values from: Arth and Hanson (1975); Brunfelt and Heier (1971); Frey et al., (1974); Gast,
et al., (1970); Goles et al., (1971; Haskin (1970); PhUpotts and Schnetzler (1970).

eCalculated for iron redetermined as Fe /Fe + Fe =0.1
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Ne

Figure 1. Leg 37 Holes 332A and 332B compositions pro-
jected on Di-Ol-Hy ternary. Olivine tholeiite compositions
I, II, and III with 0-kbar (dashed) and atmospheric (dot-
ted) fractionation paths from Green et al (1967) also
shown. Note that the Leg 37 samples plot parallel to a
low pressure olivine fractionation path. Such a process
cannot be used to explain both the major and trace ele-
ment characteristics of the samples.

(F. Hodges, personal communication) and, in view of
the difficulty of producing liquids containing in excess
of about 18% AI2O3 by partial melting of pyrolitic up-
per mantle (A.E. Ringwood, personal communication),
is almost certainly a plagioclase cumulate.

Sample 334-21-1, 27-30 cm contains xenocrystic
aggregates of olivine (~Fθço).(F. Hodges, personal
communication) accounting for its high Mg/(Mg +
Fe2+) ratio (0.785). Assuming that these olivines are
truly xenocrysts and not xenoliths, the liquid from
which they crystallized would have Mg/(Mg+Fe2+) =
0.7. If the present rock contains the two components of
that assemblage (xenocrysts + host liquid), it contains
approximately 40% xenocrystic and phenocrystic
olivine.

On an MgO-AhCh variation diagram (Figure 2),
selected because of its sensitivity to olivine and
plagioclase fractionations, all but one of the samples
studied fall along an olivine (F090) extraction line. Only
the coarse-grained plagioclase cumulate 332B-2-5, 109-
111 cm is not located along this path. Consequently,
one is tempted to relate the four samples to a common
parent by olivine fractionation. However, as will be
shown below, this is not possible.

In addition to their extreme chemical diversity, the
basalts studied for this report are unique in another
way —they contain some of the lowest titania concen-
trations observed in basalts recovered by DSDP
(Figure 3). From the observed parallel behavior of Ti
and most of the trace elements (see below), we conclude
that Ti behaves as an incompatible element in these
basalts, and the wide variations observed in ocean floor
basalts, which can be accounted for only in part by
fractionation processes, reflect titania heterogeneities in
the upper mantle source regions of the basalts.

20

18

16

14

12
MgO

Figure 2. MgO-A^Oj variation diagram for Leg 37 Holes
332A and 332B samples studied. Olivine tholeiite com-
positions I, II, and III with 9-kbar fractionation paths
from Green et al, 1967. Addition lines for plagioclase
(Angs), olivine (Foço_gQ), and clinopyroxene (W043

are shown. See text for discussion.

im

37-332A.B

'44 46 48 50 52
SiO,

Figure 3. Ti02-Siθ2 variations diagram. Data for other
DSDP sites are as follows: 2, 3, Frey et al. (1974); 6, Rid-
ley etal. (1974); 11, Bence (unpublished data); 15, Bence
et al (in press); 17, Bass et al (1973); 22, Hekinian
(1974); 23, Coleman et al. (1973); 26, Kempe (1973);
27, Robinson, and Whit ford (1974).

TRACE ELEMENTS
Twenty-four trace elements (Table 1 and Chapter 2,

this volume) have been measured by spark source mass
spectrometry using the procedures described by Taylor
(1965, 1971). A comparison of results obtained for
USGS standard basalt BCR-1 with the range of results
reported in the literature by other investigators using a
variety of techniques is also given. Our data for BCR-1
fall generally within the range of values reported by the
other workers, except for Nd, where our values may be
systematically low. The precision of our analytical data
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is < ±5%, and accuracy, as judged by this interlabora-
tory comparison with BCR-1 and also with lunar data,
is satisfactory.

All the samples have relatively flat REE patterns
(Figure 4) with the heavy rare earths (Gd-Lu) varying
from ~4 to 9 times chondritic. In this respect these
samples are depleted by factors of 2 to 4 relative to
typical mid-ocean ridge basalt (MORB's). However,
unlike the large majority of MORB's the light rare
earths (La-Sm) are slightly enriched relative to the
heavy rare earths. Similar LREE enrichment (but with
larger La/Yb ratios) has been previously noted in a
relatively small number of ocean floor basalts by Kay et
al. (1970); Frey et al. (1974); Schilling (1973); Bence et
al. (in press) and is typical of oceanic island tholeiites,
e.g., Hawaii (Schilling and Winchester, 1969).
Interestingly the Site 332 basalts exhibit both LREE
and HREE enrichments relative to Sm (Table 1 and
Figure 4).

Two of the basalts, both containing cumulate plagio-
clase, have small positive Eu anomalies, (Eu/Eu* 1.15
and 1.20, respectively) (Figure 4). The other samples
(Figure 4) show no detectable Eu anomaly (Eu/Eu*
ranging from 0.97 to 1.06, within the limits of precision
of the data).

The concentrations of Y, Ba, Zr, Hf, Nb, and Sn
(Table 1) parallel those of the REE (excluding Eu).
These elements vary in abundance between samples by
a factor of about 4. These variations are quite con-
sistent and regular (Table 1) in terms of major and
other trace element variations between the samples.
The five basalts are thus clearly distinguishable on this
basis. A similar but not quite so well defined variation
is shown by Pb, while the data for U, although in-
complete, show the same trend. The Th/U value of 0.25
for Sample 332B-19-1, 107-110 cm is similar to that of
other MORB samples. The value of 3.15 obtained for
Sample 332A-34-2, 6-9 cm is similar to that for alkali
basalts and is consistent with the relatively high abun-
dance levels for the other trace elements and the high
La/Yb and La/Sm ratios in this sample.

DISCUSSION

Models for the petrogenesis of the DSDP Site 332
basalts must account for the following chemical and
mineralogical characters. (1) The diversity of their ma-
jor element chemistry (especially FeO, MgO, AI2O3 and
TiO2); (2) Ratios of Mg/(Mg + Fe2+); (3) The olivine
cumulate character of 332B-21-1, 28-30 cm and the
plagioclase cumulate character of 332B-2-5, 109-111
cm. (4) The REE data including: overall depletion of
total REE relative to MORB, the generally flat parallel
patterns with total abundance levels varying by a factor
of 6, and the La/Yb and La/Sm ratios; (5) The similar
and parallel behavior of the REE's, Pb, U, Th, Y, Ba,
Zr, Hf, Nb, and Sn.

According to the drilling records, none of the sam-
ples studied for this report come definitely from the
same cooling unit making it difficult to evaluate post-
emplacement fractionation effects on the liquids from
which they crystallized. However, from major and trace
element arguments, it is possible to establish whether or

34-2(6-9).

332B 21-1(27-30)

332B 2-50O9-IID

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb

Figure 4. REE abundance patterns for Leg 37 Holes 332A
and 332B samples. Range for Mid-Atlantic Ridge dredge
samples from Kay et al. (1970).

not any of the samples can be related to the same
primary liquid or liquids.

On major element and textural grounds, it appears
that the sample that has experienced the least frac-
tionation involving ferromagnesian phases is 332B-19-
1, 107-110 cm, and it is logical to attempt to relate the
other samples to it. From Figure 2 it is seen that 332B-
19-1, 107-110 cm is intermediate between the samples
that fall along an olivine extraction (or addition) line.
Addition of 15%-20% olivine (F090) to this composition
would produce the major element composition of 332B-
21-1, 27-30 cm (the olivine cumulate). However the
trace element abundances of the two samples (Table 1)
cannot be explained by such a model. Addition of 50%
olivine to 332B-19-1, 107-110 cm is required to explain
the concentrations in 332B-21-1, 27-30 cm. Conse-
quently the latter must be derived from a different
primary liquid generated by a higher degree of partial
melting. Because olivine (Foβó-ββ) is the liquidus phase
in Sample 332B-19-1, 107-110 cm and because its ratio
Mg/Mg+Fe of 0.695 is consistent with slight olivine
fractionation, its parent liquid was probably displaced
along the olivine extraction line to slightly higher MgO
concentrations from 332B-19-1, 107-110 cm in Figure 2.

Sample 332B-22-4, 18-20 cm which also falls along
the olivine extraction line of Figure 2 is so extensively
fractionated (Mg/(Mg + Fe2+) = 0.62) that it cannot
be related to 332B-19-1, 107-110 cm solely through
olivine fractionation. Removal of 5% olivine from
332B-19-1, 107-110 cm results in the MgO concentra-
tion of 332B-22-4, 18-20 cm, but does not produce the
necessary decrease in Mg/(Mg + Fe2+) nor does it give
the required AI2O3 and CaO concentrations. The
observed high values of CaO and AI2O3 in Sample
332B-22-4, 18-20 cm can be accounted for by 25%
plagioclase accumulation, which is consistent with the
observed positive Eu anomaly (Figure 4). However, the
trace element characteristics of the two samples are
such that the two cannot be related to each other
through crystal fractionation processes. Consequently,
a separate primary liquid must be invoked for 332B-22-
4, 18-20 cm. Furthermore, again on both major and
trace element grounds the two samples cannot be
related to each other through different degrees of par-
tial melting of the same source region.
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To relate Sample 332A-34-2, 6-9 cm to Sample 332B-
19-1, 107-110 cm requires approximately 10% olivine
(Fos>o) extraction and <5% plagioclase cumulation.
Both are consistent with the petrography of Sample
332A-34-2, 6-9 cm. Higher percentage of olivine and
plagioclase fractionation would be inconsistent with the
major element relationships. On the other hand, the
trace element abundances, if related solely through
crystal fractionation, require concentration increases of
from 60% to 70% in 332A-34-2, 6-9 cm liquids. Conse-
quently, we conclude that the liquids cannot be related
to a common parental liquid. However, the trace
elements are consistent with the two being related to
liquids derived from the same source region through
different degrees of partial melting.

The plagioclase cumulate 332B-25, 109-111 cm is ap-
parently unfractionated with respect to ferromagnesian
phases, but contains 30% cumulate plagioclase. The
major element characteristics of this sample are
generally consistent with it being derived from 332B-19-
1, 107-110 cm through the accumulation of 3O%-35%
plagioclase (Anβs). However, the trace element
relationships require a dilution factor of from 2.3 to 2.6
or the addition of 50%-60% plagioclase. Consequently,
we suggest that the parental liquid to 332B-2-5, 109-111
cm may be related to 332B-19-1, 107-110 cm through
different degrees of partial melting of a relatively
homogeneous source region.

In summary, the major and trace element chemistry
of the five samples is not consistent with their being de-
rived from the same parental liquid through near-
surface crystal fractionation. However, with the excep-
tion of 332B-22-4, 18-20 cm, both the trace and major
element characteristics are consistent with derivation
from different parental liquids which were in turn de-
rived by different degrees of partial melting of a
chemically and mineralogically homogeneous source in
this region.

The similar behavior of all of the incompatible
elements studied suggests that these elements are pres-
ent mainly in accessory phases in the upper mantle and
are strongly partitioned into the early liquids during
partial melting. Their abundance levels in the derivative
liquids then reflect the degree of partial melting of the
source.

Assuming that Sample 332B-19-1, 107-110 cm is the
most primitive sample of the five studied, and that it
was derived by ~20% partial melting, it is possible to
estimate the relative degrees of partial melting of the
source necessary to produce the trace element
characteristics of the parental liquids of the other
samples. Furthermore, an estimate can be made of the
incompatible trace element abundances in the source.

From 332B-19-1, 107-110 cm, which contains ~8
times chondritic REE's, it appears that the source
region contained ~2 times chondritic abundances.
Sample 332B-2-5, 109-111 cm, corrected for 30%
cumulate plagioclase and assuming a similar degree of
partial melting, leads to a source region having about
chondritic REE abundances. If the source regions are
characterized by 1-2 times chondritic REE, then, when
corrected for fractionating phases, the following

degrees of partial melting are required to produce the
measured REE concentration in the other samples.
332A-34-2, 6-9 cm, <5% p.m.; 332B-21-1, 27-30 cm, 8-
10% p.m.

Sample 332B-22-4, 28-30 cm has major and trace ele-
ment characteristics incompatible with its parental liq-
uid being derived from the same chemical source as the
other four samples.

We conclude that the REE abundance patterns
reflect the patterns in the source regions and that these
sources are not depleted in La relative to Sm and Yb.
Apparently these sources have not experienced a
previous melting event as appears to be the case for the
source regions of the majority of MORB's. The
patterns are consistent with the retention of clinopyrox-
ene in the source. The unfractionated REE patterns in-
dicate no differences in the source region phase
assemblages for phases that would fractionate the rare
earths (e.g., clinopyroxene or garnet).
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