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13. EXTREME INCOMPATIBLE TRACE-ELEMENT DEPLETION OF DIOPSIDE
IN RESIDUAL MANTLE FROM SOUTH OF THE KANE FRACTURE ZONE1

Kent Ross2 and Don Elthon2

ABSTRACT

Mineral compositions of primary phases in serpentinized peridotites drilled during Leg 153 of the Ocean Drilling Program
have been determined by electron probe and ion probe. These peridotites have major-element mineral compositions that are
typical of other suites of abyssal peridotites. Incompatible trace-element compositions of diopside in these rocks are extremely
depleted, reaching levels that approach those in the most depleted diopsides in abyssal peridotites previously studied (Bouvet
Fracture Zone and Hess Deep). The extreme depletion of incompatible trace elements of diopside in peridotites at the Kane
Fracture Zone area is notable because this site is distant from any hot-spot-related volcanic activity, and it has been suggested
that such extreme depletions only result from plume-related, high-degree melting. The Leg 153 peridotites are quite uniform in
composition, both within individual samples and for the suite as a whole. The mantle in this region was fractionally melted to
the extent that it was in equilibrium with melts much more depleted than erupted mid-ocean ridge basalts (MORBs), as has
been shown for other suites of abyssal peridotites.

INTRODUCTION

Samples for this study were taken from two holes drilled into ser-
pentinite outcrops exposed along the western wall of the median val-
ley of the Mid-Atlantic Ridge, approximately 30 km south of the
Kane Fracture Zone. These holes (Holes 920B and 920D) penetrated
to depths of 126 and 201 meters below seafloor (mbsf), respectively.
Forty-eight m of core was recovered from Hole 920B and about 95 m
was recovered from Hole 920D. The dominant lithology at both holes
was serpentinized harzburgite to lherzolite, with minor orthopyrox-
ene-bearing dunite, pyroxenite, crosscutting gabbroic veins, and rare
diabase dikes also recovered. This study focuses on the geochemistry
and petrogenesis of peridotites sampled distally from crosscutting
magmatic veins, such as pyroxenites and gabbroic dikes. Shipboard
characterization of the mineralogy and modes of the peridotites sug-
gests that they are predominantly harzburgite (Cannat, Karson, Mill-
er, et al., 1995). Point-counting of several large thin sections of peri-
dotite samples was used to "calibrate" visual estimates of peridotite
modes. Clinopyroxene occurs as relatively coarse multigrain clusters
and as occasional fine grains within or near large orthopyroxene
grains. Chrome spinel is a ubiquitous accessory phase in these peri-
dotites. Only rarely is Plagioclase observed, in samples that were in-
terpreted to have been influenced by melt percolation or impregna-
tion. The area in the vicinity of the Kane Fracture Zone has been re-
ferred to as the MARK area (Mid-Atlantic Ridge near Kane), and this
abbreviation is used to refer to this area in this report.

ANALYTICAL METHODS

Major- and minor-element mineral compositions have been deter-
mined by electron microprobe analysis. These data were collected on
the JEOL JXA-8600 Superprobe at the University of Houston. Pol-
ished thin sections were prepared from 28 rock samples from Site
920. X-ray intensity data were reduced using an on-line NORAN
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ZAF routine. The instrument was operated using an accelerating volt-
age of 15 kV and a beam current of 30 nA. Six to nine spots on several
grains for each major constituent phase were analyzed; average anal-
yses are presented in the microprobe data tables that follow. Pyrox-
ene analyses were obtained using a defocused beam with a diameter
of 25 µm, in order to attempt to determine magmatic (pre-exsolution)
pyroxene compositions. Exsolution lamellae of low-Ca pyroxene in
host diopsides and of high-Ca pyroxene in orthopyroxene are ubiqui-
tous. Chrome spinel and olivine were analyzed using a 1-µm spot di-
ameter. Elements were calibrated using natural and synthetic mineral
and glass standards. Counting times were generally set at 100 s for
the peak, with 50-s counting times on background positions on each
side of the peak.

Rare-earth and trace-element compositions of clinopyroxene
were obtained by secondary ion mass spectrometry at the Woods
Hole Oceanographic Institution in N. Shimizu's laboratory. Round,
1-in, thin-section mounts of peridotites were prepared for ion probe
studies, so that clinopyroxene grains could be analyzed in situ to per-
mit evaluation of trace-element zoning. Energy filtering suppressed
molecular interferences (Shimizu and Hart, 1982). The ion beam
used for analyses of rare-earth elements (REEs) and trace elements
was approximately 20-25 µm in diameter, and the pit from which
material was sputtered was about 20-25 µm deep. The sizes of exso-
lution lamellae are small (<l to 3 µm in width) relative to that of the
probed spot in both ion probe and electron probe techniques. The
presence of exsolution lamellae in diopside could contribute to vari-
ability in secondary ion yields during individual analyses (sputtering
lasts about 20 min for analyses of the elements Zr, Y, V, Sr, Ti, and
Cr, and for about 30 min for REE analyses) but is unlikely to contrib-
ute to variability in averaged data presented for these elements based
on measurements of spots on 3 to 5 grains in each sample.

MAJOR-ELEMENT MINERAL COMPOSITIONS

Mean olivine compositions in MARK peridotites vary between
Fo903 and Fo910. Mean NiO in olivine ranges from 0.39 to 0.42 wt%.
Olivine data are presented in Table 1. Olivine compositions from Leg
153 are typical of those found in other abyssal peridotites. Clinopy-
roxene Mg# ranges from 90.9 to 93.6 (data in Table 2). Mean alumi-

277



K. ROSS, D. ELTHON

Table 1. Olivine compositions in Site 920 peridotites.

Core, section,
interval (cm)

153-920D-
8R-2, 94-100
8R-3, 13-18
11R-4, 9-16
12R-4, 6-12
14R-3, 99-106
14R-4, 134-138
15R-3, 21-28
15R-4, 9-16
15R-4, 102-108
15R-4, 102-108
15R-6, 59-64
16R-1, 125-131
16R-3, 92-98
16R-4, 14-20
17R-4, 47-56
22R-2, 77-83
22R-3, 48-52
22R-7,7-12

153-920B-
7R-1,94-97
12R-1,43-47
12R-1, 78-83
12R-2, 60-64
12R-5, 97-100
12R-6, 8-12
13R-2, 59-64

n

8

8

8
8
8
8

8
8

8

8

7

7

SiO2

41.07
41.09
41.02
40.52
40.95
40.90
41.21
40.97
40.45
40.82
41.14
40.92
40.84
41.14
40.65
41.14
40.70
41.04

40.96
40.93
40.47
40.72
41.01
40.96
40.62

FeO

9.25
9.39
9.36
9.27
8.15
9.04
9.22
9.34
9.37
9.11
9.16
9.03
8.73
9.11
9.27
9.16
9.13
9.23

9.14
9.34
9.37
9.27
9.30
9.36
9.27

MnO

0.14
0.13
0.14
0.14
0.15
0.14
0.14
0.14
0.14
0.14
0.13
0.14
0.13
0.14
0.14
0.13
0.14
0.14

0.13
0.14
0.14
0.15
0.14
0.14
0.15

MgO

49.35
49.29
49.72
49.56
49.68
49.37
49.54
49.73
49.62
49.73
49.16
49.70
49.69
49.44
49.88
49.65
49.34
49.79

49.67
49.91
49.60
49.66
49.74
49.69
49.95

NiO

0.42
0.41
0.41
0.40
0.41
0.41
0.42
0.41
0.42
0.39
0.41
0.42
0.41
0.41
0.42
0.42
0.41
0.41

0.42
0.41
0.40
0.42
0.41
0.41
0.39

CaO

0.03
0.04
0.04
0.03
0.04
0.05
0.04
0.06
0.05
0.05
0.05
0.03
0.05
0.04
0.03
0.04
0.05
0.05

0.03
0.03
0.05
0.03
0.04
0.03
0.03

Total

100.26
100.35
100.69
99.92
99.38
99.91

100.57
100.65
100.05
100.24
100.05
100.24
99.85

100.28
100.39
100.54
99.77

100.66

100.35
100.76
100.03
100.25
100.64
100.59
100.41

Fo

90.47
90.33
90.45
90.50
90.52
90.69
90.57
90.47
90.42
90.71
90.54
90.75
91.03
90.63
90.55
90.62
90.59
90.58

90.64
90.50
90.42
90.52
90.50
90.50
90.54

1 s.d.

±0.17
±0.05
±0.10
±0.16
±0.06
±0.25
±0.26
±0.19
±0.14
±0.13
±0.06
±0.11
±0.20
±0.06
±0.11
+0.16
±0.09
±0.21

±0.09
±0.08
±0.16
±0.18
±0.04
±0.19
±0.13

Notes: n = the number of analyses per sample; s.d. = standard deviation. Fo is forsterite, the molar ratio 100Mg/(Mg+Fe).

Table 2. Clinopyroxene compositions in Site 920 peridotites.

Core, section,
interval (cm)

153-920D-
8R-2, 94-100
8R-3, 13-18
llR-4,9-16
12R-4, 6-12
14R-4, 67-71
14R-4, 67-71r
15R-3, 21-28
15R-4, 9-16
15R-4, 102-108a
15R-4, 102-108b
15R-6, 59-64
16R-1, 125-131
16R-1, 125-131
16R-3, 92-98
16R-4, 14-20
17R-4, 47-56
22R-2, 77-83
22R-3, 48-52
22R-7, 7-12

153-920B-
7R-1,94-97
8R-1,45-51
12R-1,43-47
12R-1,78-83
12R-2, 60-64
12R-6, 8-12
13R-2, 59-64

n

6
6
7

8
6
6
7
6
5
8
7
8
8
5
8
9
6
6

8
9
6
9
5
5
5

SiO2

51.27
50.89
51.39
51.88
51.61
51.41
51.57
50.96
51.29
51.37
51.62
51.10
50.97
51.32
51.00
51.32
51.44
51.40
51.66

50.83
51.71
51.39
51.72
52.16
51.59
51.56

TiO2

0.10
0.10
0.08
0.10
0.08
0.09
0.12
0.11
0.10
0.10
0.10
0.10
0.08
0.09
0.14
0.09
0.10
0.11
0.09

0.11
0.11
0.09
0.09
0.08
0.1

0.09

A12O3

5.21
4.90
5.05
4.36
5.00
5.18
5.01
5.04
5.26
5.05
4.91
5.04
4.97
4.89
5.27
5.05
4.84
5.06
5.40

4.65
5.11
4.97
4.96
4.29
4.94
5.17

Cr2O3

1.26
1.20
1.20
1.04
1.19
1.25
1.27
1.23
1.26
1.24
1.17
1.16
1.15
1.18
1.30
1.22
1.18
1.21
1.28

1.15
1.28
1.22
1.19
0.98
1.17
1.25

FeO1

3.01
2.62
2.71
2.11
2.62
3.25
3.11
2.87
3.06
2.97
2.84
2.98
2.85
2.89
2.81
2.68
2.45
2.88
3.28

2.65
2.67
2.55
2.73
2.61
2.7
2.76

MnO

0.09
0.09
0.09
0.09
0.10
0.10
0.10
0.10
0.09
0.09
0.09
0.09
0.10
0.09
0.08
0.09
0.09
0.10
0.11

0.09
0.10
0.09
0.10
0.09
0.1
0.09

MgO

17.79
17.58
17.78
17.20
17.94
18.30
18.07
17.60
17.58
17.76
17.75
17.56
17.88
17.58
17.27
17.82
17.53
17.58
18.41

17.95
17.93
16.88
17.62
17.61
17.4
17.38

NiO

0.05
0.06
0.06
0.05
0.06
0.06
0.05
0.05
0.05
0.06
0.06
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.06
0.06
0.05
0.06
0.05
0.06
0.05

CaO

21.03
21.43
21.23
23.10
20.94
20.41
20.58
21.42
21.34
21.18
20.84
21.28
21.30
21.54
21.56
21.78
21.65
21.08
19.88

21.57
20.78
22.66
21.84
22.33
21.7

21.75

Na2O

0.07
0.08
0.06
0.08
0.07
0.07
0.10
0.08
0.08
0.08
0.07
0.07
0.07
0.08
0.08
0.07
0.11
0.07
0.06

0.10
0.08
0.06
0.06
0.06
0.1
0.07

Total

99.88
98.95
99.65

100.01
99.61

100.12
99.98
99.46

100.11
99.90
99.45
99.43
99.43
99.72
99.57

100.18
99.45
99.55

100.23

99.16
99.83
99.96

100.37
100.26
99.86

100.17

Mg#

91.33
92.28
92.13
93.57
92.34
90.94
91.19
91.62
91.12
91.44
91.78
91.25
91.81
91.46
91.64
92.24
92.74
91.61
90.97

92.35
92.29
92.20
92.00
92.33
92.02
91.82

1 s.d.

±0.39
±0.34
±0.32
±0.65
±0.71
±0.30
±0.35
±0.29
±0.41
±0.231
±0.58
±0.38
±0.31
±0.38
±0.38
±0.34
±0.69
±0.61
±0.59

±0.32
±0.53
±0.38
±0.66
±0.76
±0.46
±0.31

Notes: FeO' = total iron as FeO. Mg# is the molar ratio 100Mg/(Mg+Fe) with all iron as FeO. In some cases, more than one thin section was prepared from a sample. The suffixes "r,!

"a," and "b" denote subsamples. Other symbols and abbreviations are as in Table 1.

num oxide contents in clinopyroxene vary from 4.4 to 5.4 wt%. In
Figure 1, Mg# vs. A12O3 in clinopyroxene is shown for the Leg 153
peridotites and for other abyssal peridotites. The Leg 153 data define
a trend in which A12O3 decreases with increasing Mg#, but less steep-
ly than the trend exhibited by abyssal peridotites overall. A12O3 levels
in MARK peridotites lie approximately midway between the least
and most depleted abyssal peridotites. Chromium oxide varies from
1.0 to 1.3 wt%. Cr2O3 decreases moderately as Mg# in clinopyroxene
increases (Fig. 2). Mean titanium oxide varies from 0.08 to 0.14 wt%
(Fig. 3), and mean sodium oxide varies from 0.06 to 0.11 wt% (Fig.

4). Sodium and titanium oxides in Leg 153 peridotites are near the
most depleted compositions of abyssal peridotites overall.

Mean Mg# in orthopyroxene ranges from 90.5 to 91.7. Figure 5
shows Mg# vs. A12O3 in orthopyroxene. Mean A12O3 in orthopyrox-
ene varies from 3.7 to 4.6 wt%. Chromium oxide in orthopyroxene
varies from 0.76 to 0. 97 wt%. CaO contents in orthopyroxene range
from 1.8 to 2.4 wt%. Orthopyroxene data are presented in Table 3.
The most interesting feature of mineral compositions in Leg 153 peri-
dotites is the apparent difference between the degree of depletion
suggested by A12O3 in pyroxenes and that suggested by Na2O and
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Figure 1. Mg# of clinopyroxene (CPX) vs. A12O3 (wt%) in clinopyroxene.
Data for abyssal peridotites from Johnson et al. (1990), Johnson and Dick
(1992), Bonatti et al. (1992), Michael and Bonatti (1985), Shibata and
Thompson (1986), Arai and Fujii (1979), Hamlyn and Bonatti (1980), and
Sinton(1979).
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Figure 2. Mg# in clinopyroxene vs. Cr2O3 (wt%) in clinopyroxene. Data
sources and abbreviations as in Figure 1.

TiO2. Aluminum in pyroxenes has been viewed as a function of the
degree of melting of abyssal peridotites (Michael and Bonatti, 1985).
The alumina contents in orthopyroxene and clinopyroxene suggest
that the degree of melting in the MARK area proceeded to intermedi-
ate levels of depletion, but the Na2O and TiO2 contents are quite low,
suggesting more extreme degrees of melting.

Cr spinel in MARK peridotites have Cr# values of 27 to 31 with
Mg# values of 72 to 70. TiO2 in Cr spinel varies from 0.03 to 0.08
wt% (data displayed in Table 4). Ferric iron in these Cr spinels is low,
with the ratio 100 • Fe3+/(Cr + Al + Fe3+) varying from 0.8 to 1.4. In
Figure 6, the Cr# of spinel is plotted vs. the Mg# of spinel in MARK
peridotites and other abyssal peridotites. Ocean Drilling Program
(ODP) Leg 109, at Site 670, drilled peridotites exposed approximate-
ly 15 km south of Site 920, and these peridotites also had low Cr#
(19-30, Juteau et al, 1990; Komor et al., 1990). The Cr# of spinel in
abyssal peridotites is interpreted to be a function of the degree of
melting (Dick and Bullen, 1984), with the low-Cr# spinels represent-
ing less-depleted peridotite and high-Cr# spinels representing more-
depleted peridotite (higher extents of melting). The MARK samples
again show evidence for less extensive melting, with Cr# closer to
those in relatively fertile mantle. This reinforces the apparent contra-
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Figure 4. Mg# vs. Na2O (wt%) in clinopyroxene. Data sources and abbrevia-
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ations as in Figure 1.
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Table 3. Orthopyroxene compositions in Site 920 peridotites.

Core, section,
interval (cm)

153-920D-
8R-2, 94-100
8R-3, 13-18
11R-4, 9-16
12R-4, 6-12
14R-4, 67-71
14R-4, 67-71 r
15R-3, 21-28
15R-4, 9-16
15R-4, 102-108a
15R-4, 102-108b
15R-6, 59-64
16R-1, 125-131
16R-1, 125-131
16R-3, 92-98
16R-4, 14-20
17R-4, 47-56
22R-2, 77-83
22R-3, 48-52
22R-7, 7-12

153-920B-
7R-1,94-97
8R-1,45-51
12R-1,43-47
12R-1,78-83
12R-2, 60-64
12R-6, 8-12
13R-2, 59-64

n

6
6
6
7
7
5
6
6
5
5
7
6
6
6
5
7
7
6
6

7
5
5
7
4
5
5

SiO2

54.63
54.52
54.48
54.80
54.74
54.82
55.07
54.90
54.75
55.05
55.02
54.38
54.51
54.63
54.37
54.09
54.52
54.92
55.32

54.62
55.11
54.51
55.30
54.89
54.69
54.66

TiO2

0.05
0.04
0.04
0.04
0.03
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.06
0.05
0.04
0.04
0.05

0.05
0.05
0.04
0.04
0.05
0.05
0.05

A12O3

4.20
4.32
3.97
4.16
4.03
3.88
3.68
4.01
4.17
4.01
3.94
4.23
4.08
4.21
4.44
4.35
4.05
3.98
4.00

3.79
3.98
4.38
4.00
4.59
4.22
4.32

Cr2O3

0.90
0.95
0.80
0.86
0.85
0.78
0.76
0.84
0.89
0.82
0.83
0.88
0.84
0.91
0.97
0.93
0.84
0.80
0.81

0.79
0.87
0.93
0.81
0.96
0.88
0.91

FeO1

5.96
5.65
5.68
5.33
5.37
5.91
5.65
5.75
5.93
5.90
5.68
5.91
5.63
5.35
5.72
5.79
5.39
5.52
5.59

5.74
5.21
5.47
5.76
5.92

5.7
5.78

MnO

0.13
0.13
0.14
0.14
0.13
0.13
0.14
0.13
0.14
0.13
0.14
0.14
0.14
0.14
0.13
0.14
0.13
0.15
0.14

0.15
0.13
0.13
0.15
0.13
0.13
0.13

MgO

32.00
31.65
32.37
32.46
32.25
32.27
32.28
31.96
32.06
32.46
31.96
31.97
32.46
32.13
31.58
32.18
32.33
32.07
32.05

32.97
32.34
31.90
32.57
31.88
31.76
31.85

NiO

0.10
0.11
0.11
0.11
0.10
0.11
0.11
0.11
0.10
0.10
0.10
0.12
0.11
0.11
0.1]
0.10
0.10
0.10
0.10

0.10
0.11
0.10
0.10
0.11
0.09
0.10

CaO

2.01
2.14
2.07
1.83
2.04
2.09
1.97
2.24
2.17
1.77
1.87
2.14
1.98
2.16
2.35
2.18
1.95
1.93
2.04

1.49
1.92
2.06
2.03
2.03
2.26
2.19

Na2O

0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.02
0.01

Total

99.99
99.52
99.67
99.74
99.55

100.05
99.73
99.99

100.26
100.29
99.59
99.82
99.80
99.69
99.74
99.82
99.36
99.52

100.11

99.71
99.73
99.53

100.77
100.57
99.80

100.00

Mg#

90.54
90.90
91.04
91.57
91.46
90.69
91.06
90.84
90.60
90.75
90.93
90.61
91.13
91.46
90.78
90.83
91.45
91.19
91.09

91.10
91.71
91.23
90.98
90.57
90.85
90.76

ls.d.

±0.13
±0.21
±0.24
±0.54
+0.35
±0.06
±0.13
±0.32
±0.10
±0.15
±0.16
±0.06
±0.31
±0.53
±0.10
+0.18
±0.39
+0.28
+0.29

±0.34
±0.69
±0.21
±0.22
±0.08
±0.04
±0.18

Note: Symbols and abbreviations as in Tables 1 and 2.

Table 4. Chrome spinel compositions in Site 920 peridotites.

Core, section,
interval (cm)

153-920D-
HR-4,9-16
12R-4, 6-12
14R-3, 99-106
14R-4, 67-71
14R-4, 134-138
15R-4, 9-16
15R-4, 102-108
15R-6, 59-64
16R-1, 125-131
16R-3, 92-98
17R-4, 47-56
22R-3, 48-52
22R-7, 7-12

153-920B-
7R-1, 94-97
12R-1,78-83
12R-5, 97-100
12R-6, 8-12
13R-2, 59-64

n

7
6
6
5
6
7
7
7
6
7
7
6
4

8
8
6
6
6

SiO2

0.01
0.01
0.01
0.00
0.02
0.01
0.00
0.00
0.00
0.02
0.01
0.00
0.00

0.00
0.00
0.01
0.01
0.02

TiO2

0.05
0.06
0.05
0.05
0.05
0.08
0.06
0.07
0.05
0.06
0.04
0.04
0.03

0.08
0.05
0.05
0.06
0.06

Cr2O3

25.72
25.91
25.78
25.91
25.64
26.17
26.57
26.85
25.07
26.52
24.62
26.00
25.06

27.50
25.85
26.38
26.15
25.86

A12O3

43.08
43.26
42.65
42.86
42.88
40.95
42.36
41.79
43.29
42.73
43.41
42.88
43.60

40.96
42.55
42.40
42.58
42.67

FeO1

13.26
12.68
13.78
13.65
13.46
12.89
13.36
13.80
12.87
13.29
13.15
13.46
14.17

13.59
13.09
13.25
13.28
13.31

MnO

0.08
0.07
0.09
0.07
0.07
0.05
0.08
0.08
0.07
0.08
0.06
0.07
0.07

0.07
0.07
0.08
0.07
0.07

MgO

17.22
17.48
17.11
17.17
17.14
16.98
17.24
17.05
17.33
17.34
17.00
17.19
17.04

16.92
17.15
17.32
17.32
17.22

NiO

0.23
0.25
0.25
0.25
0.23
0.24
0.25
0.23
0.24
0.23
0.24
0.23
0.21

0.24
0.24
0.24
0.24
0.24

Recalculated

FeO Fe2O3

12.38 (
11.97 (
12.59
12.59
12.45
11.77
12.33
12.62

).97
179
.31
.16
.10
.23
.13
.29

12.01 0.95
12.31 .08
12.39 0.84
12.52
13.04

12.50

.04

.24

.20
12.21 0.97
12.20
12.23
12.28

.15

.15

.14

Total

99.74
99.80
99.84

100.06
99.58
97.48

100.02
99.98
99.01

100.37
98.61
99.97
100.2

99.47
99.09
99.83
99.81
99.56

Cr#

28.60
28.66
28.85
28.86
28.63
30.01
29.65
30.12
27.98
29.40
27.56
28.92

927.83

31.05
28.95
29.45
29.17
28.91

Mg#

71.26
72.24
70.79
70.85
71.04
71.99
71.37
70.65
72.01
71.51
70.97
71.00
69.96

70.7
71.46
71.66
71.62
71.43

Notes: n = the number of analyses per sample. Mg# is the molar ratio 100Mg/(Mg+Fe2+). Cr# is the molar ratio 100Cr/(Cr+Al). FeO1 = total iron as FeO. Iron is recalculated on the
basis of stoichiometry and charge balance.

diction mentioned above, with Cr# in spinel and Al in pyroxenes sug-
gesting lower degrees of melting, and minor elements in clinopyrox-
ene, such as TiO2 and Na2O, suggesting more extensive melting.

TRACE-ELEMENT ABUNDANCES IN DIOPSIDE

Rare-earth elements, minor elements, and other trace elements
have been determined in clinopyroxene in Site 920 peridotites using
the ion probe. These data are displayed in Table 5. Figure 7A shows
REE patterns for clinopyroxene in Hole 920B samples, calculated
melts in equilibrium with clinopyroxene and basalts erupted near the
Kane Fracture Zone (data for basalts from Bryan et al., 1981). Figure
7B shows similar data for Hole 920D. It is clear that the residual man-
tle south of the Kane Fracture Zone would not be in equilibrium with

erupted basalts from this area. Fractional melting of the mantle led to
extreme depletion, producing late-stage melts that were strongly de-
pleted in incompatible trace elements. Rare-earth element abundanc-
es in MARK peridotite diopside are compared to those in peridotites
from the southern ocean basins in Figure 8 (Vulcan and Bouvet Frac-
ture Zone data are from Johnson et al., 1990). Vulcan Fracture Zone
samples are the least depleted abyssal peridotites in terms of rare-
earth elements, and the Bouvet Fracture Zone samples are the most
depleted among samples studied by Johnson et al. (1990) and
Johnson and Dick (1992). The MARK data have similar levels of de-
pletion as the Bouvet data in light REEs (LREEs) and heavy REEs,
but are not as low in middle REEs. The extreme levels of depletion
in the Bouvet samples were attributed to extensive melting associated
with plume activity. The data in this study, and that in Hess Deep
samples (Dick and Natland, 1996) show that extreme depletion of the
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mantle is not unique to plume-influenced locations. At Hess Deep,
the peridotites are strongly depleted in both major- and trace-element
indicators of degree of melting, in contrast to Leg 153 peridotites,
which are strongly depleted in incompatible trace elements, but are
not so strongly depleted in major elements such as A12O3 in py-
roxenes and Cr# in spinel. The MARK peridotites are spatially asso-
ciated with basalts that are among the more enriched N-MORBs
(Bryan et al., 1981; Bryan et al., 1993). The spatial association of
strongly depleted peridotites with relatively enriched basalts has been
noted previously (Le Roex et al., 1983). The later stages of melting
in the MARK area produced melts similar to the ultradepleted melt of
Sobolev and Shimizu (1993).

Mean Ti in clinopyroxene in the MARK peridotites ranges from
420 to 598 ppm, mean Zr varies from 0.3 to 1.2 ppm, and mean Sr
from 0.4 to 1.1 ppm. Mg# in clinopyroxene is plotted vs. Zr in cli-
nopyroxene in Figure 9, and vs. Sr in clinopyroxene in Figure 10. The
extreme levels of depletion of the MARK peridotites relative to other
abyssal peridotite data is clear in these figures, although the data set
presently available is limited to samples from the Southwest Indian
Ridge and Hess Deep, and further studies are needed to understand
the relationship between major and incompatible trace elements in
abyssal peridotites. Estimated late-stage melts in equilibrium with the

60

CD
C

"α.
CO
c

50

401

ü 30

20

10

Abyssal
Peridotites

Leg 153o
Peridotites

90 80 70 60 50 40
Mg # in Spinel

Figure 6. Mg# in spinel vs. Cr# in spinel. Abyssal peridotite field from Dick
and Bullen (1984) and from references in caption to Figure 1.

MARK mantle (using distribution coefficients from Hart and Dunn,
1993) had less than 1500 ppm Ti (0.25 wt% TiO2), less than 10 ppm
Zr, and less than 10 ppm Sr. The level of depletion in high-field-
strength elements (HFSEs) in these late-stage melts is similar to that
in boninite magmas. It appears that the production of such strongly
depleted magmas is a routine feature of magma generation at mid-
ocean ridges. Such extreme HFSE depletions in lavas or cumulate se-
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Figure 7. REE patterns of diopsides in Leg 153 peridotites. A. Hole 920B. B.
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using the distribution coefficients from Grutzeck et al. (1974). Kane MORB
field is from Bryan et al. (1981). REE data in this figure and those that follow
were normalized to chondrite values in Anders and Ebihara (1982) multi-
plied by 1.27. CPX = clinopyroxene.

Table 5. Ion probe data for diopsides in Site 920 peridotites.

Core, section,
interval (cm)

153-920D-
8R-2, 94-100
11R-4, 9-16
14R-4, 67-71
15R-3, 21-28
15R-4, 102-108a
16R-1, 125-131
16R-3, 92-98

153-920B-
8R-1,45-51
12R-1,43-47
13R-2, 59-64

n

4
5
4
5
5
4
3

4
4
5

Ce

0.016
0.024
0.012
0.015
0.009
0.016
0.015

0.010
0.010
0.021

Nd

0.065
0.113
0.114
0.058
0.035
0.132
0.074

0.070
0.031
0.133

Sm

0.09
0.18
0.18
0.15
0.06
0.20
0.11

0.13
0.11
0.24

Eu

0.067
0.066
0.065
0.085
0.060
0.083
0.040

0.055
0.061
0.091

Dy

0.74
0.72
0.81
0.79
0.59
0.86
0.21

0.46
0.77
0.89

Er

0.56
0.54
0.69
0.48
0.32
0.62
0.24

0.40
0.53
0.66

Yb

0.59
0.62
0.80
0.64
0.52
0.67
0.18

0.38
0.69
0.82

Ti

514
420
465
555
507
534
506

598
485
509

V

237
203
207
243
230
214
189

186
244
217

Cr

7199
7281
7307
7071
6651
7259
6180

7266
6909
7471

Sr

0.7
0.6
0.6
0.5
0.7
1.1
0.4

0.9
0.7
0.5

Y

4.7
4.2
4.2
4.9
4.6
5.1
4.3

4.4
4.7
5.0

Zr

0.3
0.4
0.3
0.3
0.3
1.2
0.6

0.8
0.3
0.5

Notes: All data are in ppm. Data are average analyses, where "n" is the number of spots analyzed per sample. Representative analytical uncertainties at these abundance levels are
25%-40% for Ce, Eu, Zr, and Nd; 10%-20% for Sm, Sr, and Er; and 3%-10% for Yb, Ti, V, Y, and Cr. The suffix "a" is as in Table 2.
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quences in ophiolites are now routinely cited as evidence for an arc-
related origin for these ophiolites, but the data that have become
available for abyssal peridotites and some oceanic cumulates (Ross
and Elthon, 1993) make it clear that mid-ocean ridges produce late-
stage melts that have arc-like levels of HFSEs.

DISCUSSION

Quantitative estimates of the degree of melting for the MARK
peridotites depend on assumptions of the starting mantle composition
at the initial stages of melting. The rather uniform, low abundances
of trace elements in these peridotites provide no constraints on the
composition of the mantle prior to melting, so that any estimates of
melting derived from the Leg 153 data set are wholly dependent on
assumptions about the initial mantle composition. Approximately
12%-20% fractional melting of primitive upper mantle (PUM; Sun
and McDonough, 1989) would be required to produce the extreme
trace-element depletions observed in the MARK mantle (see Johnson
et al. [1990] for fractional melting equations and modeling and
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Figure 10. Mg# vs. Sr in clinopyroxene (CPX) from Leg 153 and other abys-

sal peridotites. Data for other abyssal peridotites are from Johnson et al.

(1990) and Johnson and Dick (1992).

Elthon [1992] for fractional melting models based on PUM). As not-
ed above, Al in pyroxenes and Cr# in spinels suggest less extensive
melting for the MARK mantle, although we have not developed
quantitative models of Al and Cr behavior during melting. A possible
resolution of this apparent contradiction is suggested by the data plot-
ted in Figure 11, where Ce/Ybn in clinopyroxene is plotted vs. Cr# in
coexisting spinel for various abyssal peridotites. The data define a
curved path with low Cr# in spinel associated with high Ce/Ybn in cli-
nopyroxene, trending toward very low Ce/Ybn at high Cr# in spinel.
It appears from these data that the initial stages of fractional melting
result in an early collapse in light to heavy rare-earth element ratios,
because of early collapse in light rare-earth element abundances, and
that continued melting results in progressive increase in Cr# at low
Ce/Ybn. Al in pyroxenes is dependent not only of degree of melting,
but also pressure of melting and perhaps also subsolidus equilibration
between Cr spinel and pyroxenes. We cannot rule out the influence
of starting mantle heterogeneity on the ultimate compositions
reached during melting in these samples. It is interesting to note that
both the Hess Deep and MARK data show some variability in Ce/Ybn

and scatter toward higher Ce/Ybn at essentially constant Cr# in spinel
(defining a trend that is normal to the curve defined by the data set a
whole). This feature suggests that Hess Deep and Leg 153 peridotites
have interacted with melts or have been re-impregnated with melt,
causing local enrichments in LREEs and increases in Ce/Ybn.

In Figure 12, A12O3 is plotted vs. the TiO2 contents of diopsides in
abyssal peridotites, from the same set of samples that was used to
construct previous plots (samples for which REE and other incompat-
ible trace-element data are available). This plot shows that these sam-
ples define two groups: one that has relatively high Al and Ti, and a
second that has much lower Al and Ti. There is a discontinuity in
TiO2 contents between these two groups at approximately 5 wt%
A12O3. Samples from the Vulcan Fracture Zone and some from the
Atlantis II Fracture Zone make up the high TiO2, high A12O3 group.
Samples from the other localities make up the low TiO2 group. These
data suggest that the low TiO2 group, (including the Site 920 sam-
ples) result from melting of a mantle source that was initially more
depleted in TiO2 (and perhaps other incompatible elements) than the
mantle source of the other group.

CONCLUSIONS

Extraction of basaltic melt from the MARK mantle resulted in ex-
treme depletion of incompatible trace elements in clinopyroxene in
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Johnson et al. (1990), Atlantis II Fracture Zone data are from Johnson and
Dick (1992), and data from Hess Deep are from Dick and Natland (1996).
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Zone (FZ), and Bouvet Fracture Zone form a group with relatively low TiO2,
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these rocks. As with other suites of abyssal peridotites, fractional
melting proceeded until the late-stage melts were much more deplet-
ed in incompatible trace elements than any erupted MORBs. Na, Ti,
Zr, Sr, and rare-earth elements in clinopyroxene in MARK abyssal
peridotites are well below levels that would be in equilibrium with
erupted Kane basalts, or with melts that crystallized gabbroic rocks
also drilled during Leg 153 (see Ross and Elthon, Chapter 17, this
volume). Melting of the suboceanic mantle appears to result in an ear-
ly severe depletion in incompatible trace-element abundances during
initial stages of melting, with relatively small changes in other indi-
ces of the degree of melting such as Cr# in spinel. Evidence suggest-
ing heterogeneity in initial mantle composition for different abyssal
peridotite locations is revealed by Al2O3-TiO2 systematics in peridot-
ite diopsides.
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