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ABSTRACT

The major element geochemistry of basalts recovered from Leg 83, Hole 504B, shows the typical features of mid-
ocean ridge basalts (MORB). The range of variation in their composition, together with the behavior of compatible
trace elements (Co, Ni, Cr), indicate the well-known relative abundance of minerals that crystallize from these basaltic
liquids: plagioclase, olivine, pyroxene, and spinel in decreasing abundance. The hygromagmaphile (or LILE or incom-
patible) elements are extremely depleted in light rare earths. Nevertheless, some units show flat and enriched REE pat-
terns. These patterns, together with the values of the La/Ta ratio, are interpreted in terms of local mantle heterogeneity.

INTRODUCTION

Hole 504B, located about 200 km south of the Costa
Rica Rift in the East Pacific, has been drilled to a total
depth of 1350 m below the seafloor (1075.5 m into the
basement rocks). The drilling was accomplished by Legs
69 and 70 in 1979 and by Leg 83 in 1981."Drilling on Leg
83 penetrated the pillow lavas and reached the sheeted
dike complex and massive units of Layer 2C (Anderson
et al., 1982). At present, 147 lithological units have been
identified (see Hole 504B summary chapter, this volume).
In this report, we present major and trace element data
for 57 basalt samples from different units recovered from
the Leg 83 section, 836 to 1350 m below the seafloor.
These samples were selected for their apparent freshness
in hand specimen. In addition, 14 samples most repre-
sentative of the lithologic units from this hole were cho-
sen for precise REE analyses by the isotopic dilution
method. The newly acquired geochemical data will be
used for petrogenetic discussions.

METHODS

All major oxides were analyzed by the X-ray fluorescence (XRF)
method as described by Bougault (1977). Trace elements such as Zr,
Rb, Sr, V, Y, and Nb were also measured by XRF. Matrix and instru-
mental effects were corrected following the procedures of Bougault et
al. (1977) and, particularly for Nb measurements, Etoubleau et al. (in
press). Sc, La, Eu, Tb, Hf, Ta, and Th were determined by neutron ac-
tivation analysis (NAA) using epithermal neutrons (OSIRIS reactor in
Saclay). Cr, Co, and Ni were determined by both XRF and NAA me-
thods (Jaffrezic et al., 1977). The analytical method for the 14 sam-
ples subjected to precise analysis can be found in Jahn, Auvray, et al.
(1980) and Jahn, Griffiths, et al. (1980). The uncertainties were esti-
mated at 3% for La, Lu, and Gd, and 2% for the rest of REE. Similar
basalt geochemical data from sections from Legs 69 and 70 are given
by Etoubleau et al. (1983), Autio and Rhodes (1983), Marsh et al.
(1983), Hubberten et al. (1983), and Natland et al. (1983). The geo-
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chemistry of Leg 83 basalts from Hole 504B is also discussed by
Emmerman (this volume), Kempton (this volume), and Alt et al. (this
volume).

RESULTS

Major Element Composition

The major element data are presented in Table 1. It is
assumed that most of the basalt samples that have been
analyzed can be considered representative of liquid com-
positions. All samples show relatively homogeneous com-
position. The composition of the three rocks chosen as
reference samples by the shipboard party is given in
Table 2.

The range of variation of basalt composition is al-
most identical to those of the samples of the upper col-
umn from Legs 69 and 70 (Etoubleau et al., 1983). No
chemical distinction can be made between pillow lavas
and dike samples nor between various lithologic units as
defined by the shipboard party. A comparison with the
data of Leg 54 (EPR 9°N, Sites 420 to 423, 428, and 429;
Joron, Briqueu, et al., 1980) and Leg 65 (EPR 22°N,
Sites 482 and 483, Cambon et al., 1983; Kudo et al.,
1982) reveals that for rocks of similar SiO2 content, the
basalts of Leg 83 apparently have lower TiO2 and P2O5

but are similar to those of the tholeiites from other spread-
ing ridges (MAR, Leg 37, Leg 49, Sites 411 and 412).

Like the majority of ocean floor basalts, the Leg 83
basalts are hypersthene normative and could be called
olivine-tholeiites (0-16% olivine in the norm) according
to the classification of Yoder and Tilley (1962). Judging
from the high mg (Mg + + / (Mg + + + Fe+ +) atomic ratio
values, 0.62 to 0.70 with a mean of 0.67, some of the
basalts are rather primitive and had experienced only a
small degree of fractional crystallization before their erup-
tion or intrusion. Some mg values are close to the most
primitive basalts identified to date for MORB (mg =
0.70-0.73; Frey et al., 1974; Langmuir et al., 1977;
Donaldson and Brown, 1977; Dungan and Rhodes, 1978;
Bougault, 1980; Wilkinson, 1982). In Figure 1, TiO2
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Table 1. Major element composition (wt. Vo) and trace element concentrations (ppm) in Hole 504B basalts.

Sample
Interval in cm

Piece

SiO2

Ap2O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
TiO2

P2O5

Lol
Total

mg x 100

Sc
Ti
V
Cr
Coa

Co
Nia

Ni
Rb
Sr
Y
Zr
Nb
HP
Taa

Tha

Laa

Cea

Eua

Tba

8-2
125-131

49.50
16.06
9.26
0.15
8.05

12.93
1.74
0.02
0.87
0.06
1.15

99.79

63

n.d
5280

284
381

39
n.d
126
n.d

tr
71
29
47

0
n.d
n.d
n.d
n.d
n.d
n.d
n.d

Leg 69

18-1
84-98

48.29
16.56
10.02
0.18
6.80

12.59
2.34
0.39
1.22
0.16
1.72

100.27

57

36.5
7440

254
390
34
35

110
105
10.1
153
28
87

9.9
2.20
0.70
0.80
6.10
n.d

1.01
0.57

19-1
78-77

48.49
16.95
9.28
0.20
6.39

13.07
2.29
0.15
1.35
0.19
1.56

99.92

58

37.2
8220

279
400

39
40

117
110
1.8
178
30
96

13.2
2.47
0.85
0.84
7.90
n.d

1.12

0.62

44-1
25-28

49.46
15.43
9.80
0.16
8.27

13.09
1.96
0.07
0.92
0.10
0.96

100.22

62

43.3
5520

314
414

43
46

103
102
0.8
62
29
49

0.2
1.41

0.018
n.d

0.78
n.d

0.85
0.54

Leg 70

56-1
139-142

49.37
14.57
10.53
0.17
8.54

12.34
2.12
0.05
1.36
0.18
0.57

99.80

61

46.5
8160

356
285

43
n.d
86

n.d
0.4
107
37

106
3

2.54
0.16
0.18
3.20
n.d

1.24
0.72

57-1
51-55

49.43
14.71
9.99
0.16
8.43

12.22
2.23
0.11
1.34
0.18
1.25

99.99

62

45.8
8040
366
357

44
n.d
132
n.d
0.3
107
37

105
4

n.d
0.16
0.18
2.90
n.d

1.22
0.72

1

72-3
41-43

5a

48.21
15.44
9.58
0.19
8.54

12.47
1.45

<0.02
0.82
0.08
1.81

98.61

68

37
49.80

241
371
44
46

146
170
0.4
63
23
46
1.1

1.26
0.021
0.008

0.89
4.6

0.74
0.48

2

73-1
43-46

5a

48.33
14.92
9.63
0.16
9.15

12.31
2.23

<0.02
0.83
0.07
1.56

99.22

69

37.5
5040

237
383
42
46

152
159
0.6
64
24
51

0.2
1.34

0.019
0.026
0.85

3
0.75
0.49

3

75-1
119-121

6

48.08
15.99
9.72
0.17
7.86

12.96
1.42

<0.02
0.91
0.08
1.94

99.15

65

38.7
5580

251
370
44
46

154
159

tr
75
27
57

2.1
1.56

0.021
0.011

0.7
3.9

0.80
0.51

Leg 83
4

77-1
71-74

4

48.81
15.60
9.92
0.16
8.35

12.10
2.29

<0.02
0.95
0.08
1.56

99.84

66

39.7
5760
228
313
40
43

131
122

tr
75
26
60

0.1
1.56

0.025
0.016

1
3.5

0.85
0.17

5

77-2
123-126

10

48.68
14.31
11.11
0.18
8.44

12.15
2.11

<0.02
1.02
0.11
1.43

99.56

64

429
6180

323
219
44
44
86
89
tr

57
29
60
1.7

1.51
0.034
0.051

1.07
6.6

0.84
0.59

6

78-2
52-54

1

47.67
16.04
10.05
0.19
8.47

12.71
1.74

<0.02
0.92
0.08
2.10

99.99

66

39.2
5640

220
318

45
47

158
157

tr
75
26
56
1.1

1.38
0.019
0.025

0.91
n.d

0.83
0.52

aNAA

0.5 -

Figure 1. Plot of TiO2 contents (wt.%) vs. FeOVMgO ratios (all iron
as FeO) for whole rock analyses and for primary mid-ocean ridge
from the literature (1) Frey et al., 1974; (2) Rhodes, Dungan, et al.,
1979; (3) Bryan and Moore, 1977.

contents are plotted against FeO*/MgO ratios (total Fe
as FeO) for the present samples. It appears that TiO2 in-
creases with increasing FeOVMgO. This positive corre-
lation is consistent with the trend of fractional crystalli-
zation and may serve as an indicator of extent of differ-
entiation.

Figures 2 and 3 show that CaO/TiO2 and Al2O3/TiO2
ratios decrease with increasing TiO2 Similarly, the CaO/
P2O5 and A12O3/P2O5 ratios decrease with increasing
P2O5 contents. Together with Figure 1, all these correla-
tions could be interpreted as follows:

1. Fractional crystallization. Separation of olivine and
pyroxene would lead to a simultaneous increase of the
FeO/MgO ratio and TiO2 content in the residual liq-
uids, whereas CaO/TiO2 would decrease. On the other
hand, plagioclase separation should lead to a decrease
in Al2O3/TiO2 as well as CaO/TiO2 ratios in residual
liquids.

2. Various degrees of melting during progressive melt-
ing of mantle peridotite. According to Sun et al. (1979),
TiO2 would decrease in the melt due to the "dilution"
effect. Meanwhile, the phases carrying most of Al and
Ca such as pyroxene, plagioclase, and spinel become
progressively exhausted as the melting advances. There-
fore, the Al2O3/TiO2 and the CaO/TiO2 ratios would
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Table 1.

7

79-1
98-100

17

(Continued).

8

80-3
132-134

8f

9

82-3
44-46

5

10

83-2
2-5

1

11

84-1
105-107

6

Leg 83
12

85-2
113-117

4a

13

86-1
6-9

1

14

87-1
93-95

6d

15

88-1
48-50

2d

16

89-1
67-69

7

17

90-4
69-71

6c

18

91-1
134-137

18

47.54
16.55
9.89
0.15
7.86

12.96
1.63

<0.02
0.89
0.07
1.94

99.50

65

39.8
5460

217
340
43
48

155
159

tr
76
26
67
1.0

1.38
0.015
0.018

1.04
n.d

0.92
0.50

47.00
17.03
9.58
0.26
7.30

12.98
2.09

<0.02
0.79
0.09
2.47

99.61

64

n.d
4860

238
427

47
n.d
153
n.d

tr
60
24
49

0.3
n.d
n.d
n.d
n.d
n.d
n.d
n.d

49.09
15.32
9.50
0.25
8.87

12.50
1.31
0.02
0.91
0.10
1.56

99.55

69

39.5
5520
279
344

38
42

127
129

tr
47
26
63

0.9
1.34

0.017
0.027

0.9
3.4

0.71
0.52

48.58
15.19
9.23
0.25
8.67

12.66
1.91

<0.02
0.99
0.08
2.05

99.63

69

39.8
6060

274
314

36
41
95

114
tr

49
27
54
0

1.43
0.022
0.015
0.88

3.5
0.65
0.53

48.63
14.79
9.35
0.25
9.11

11.84
1.52

<0.02
0.87
0.09
2.15

98.62

70

38
5340
285
379
41
39

141
129

tr
45
26
62

0.8
1.38

0.021
0.025

1.14
n.d

0.72
0.49

48.47
14.89
10.10
0.22
8.54

12.86
1.40

<0.02
0.97
0.11
1.96

99.54

66

42.7
5940
289
364

39
44

105
111

tr
59
29
68

0.9
1.54

0.033
0.026

1.29
5.4

0.93
0.56

49.24
14.70
10.70
0.20
8.46

12.66
1.48

<0.02
0.87
0.08
0.70

99.15

63

41.3
5280
318
325
43
46
97

102
2.4
53
26
58
1.1

1.26
0.02

0.016
0.98

4
0.75
0.52

49.05
14.40
10.88
0.24
8.12

12.91
196

<0.02
1

0.08
1.40

100.06

64

42.7
6060
309
216
43
44
89
86
tr

47
30
70
1.4

1.48
0.029
0.035

1.03
4.2

0.83
0.52

47.75
15.19
10.35
0.25
8.51

12.31
2.04

<0.02
1.02
0.12
2.70

100.26

66

40.2
6300

271
272
42
43

111
114

tr
73
27
78

3.9
1.76
0.23
0.22
2.75

8.3
0.87
0.54

47.55
16.38
9.60
0.24
9.12

12.35
1.71

<0.02
0.81
0.07
2.20

100.05

69

39.1
4980

275
346

37
37

122
124

tr
46
25
54

0.3
1.14

0.016
0.018

0.7
4.4

0.63
0.47

49.62
15.09
9.67
0.21
8.33

11.11
1.49

<0.02
0.86
0.08
3.10

99.58

67

37.9
5340
217
264

35
37
94

102
tr

59
23
61
1.2

1.31
0.033
0.037

1.04
6.1

0.63
0.49

48.05
15.62
9.89
0.25
9.06

13.23
1.49

<0.02
0.74
0.06
1.90

100.31

68

38.6
4500

268
369
42
45

134
136
0.5
36
23
46
0

1.07
0.015
0.011
0.52
n.d

0.68
0.43

20

15

10

_ Chondritic valu
Field of MOR B
(Sun etal.,1979)

0.5 1.0
TiO,

1.5 2.0

Figure 2. Plot of CaO/TiO2 ratio vs. TiO2 contents (wt.%) for whole
rock analyses. Chondritic values also reported.

increase in liquids produced from greater degrees of
melting.

3. Magma mixing. It is still possible that the correla-
tions were produced by mixing various proportions of at
least two end-member magmas, which were perhaps cre-

30

25

20

15

10

Chondritic value

0.5

Field of MORB
(Sun et al.,1979)

1.0
TiO,

1.5 2.0

Figure 3. Plot of Al2O3/TiO2 ratio vs. TiO2 contents (wt.%) for whole
rock analyses. Chondritic values also reported.

ated earlier by different degrees of melting or by other
processes.

In Figures 4 and 5, CaO and A12O3 do not form clear
linear correlations with TiO2. In fact, this is expected
when a parent magma is subjected to various degrees of
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Table 1. (Continued).

19 20 21 22 23
Leg 83
24 25 26 27 28 29 30 31

Sample
Interval in cm

Piece

92-2
118-121

Lla

92-3
64-67

93-2
33-35

3

94-1
38-41

5

94-2
65-67

5

94-3
100-103

11

97-2
26-29

3a

98-1
75-77

11

99-2
61-63

7

100-1
139-144

16

101-2
39-43

5

102-1
48-51

5a

104-2
85-87

4d

SiO2

Ap2O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
TiO2

P2°5
Lol
Total

mg x 100

Sc
Ti
V
Cr
Coa

Co
Nia

Ni
Rb
Sr
Y
Zr
Nb
HP
Taa

Tha

Laa

Cea

Eua

Tba

47.37
15.28
9.55
0.24
8.45

12.30
1.94

<0.02
0.81
0.05
2.50

98.51

67

39.7
4980

245
360

36
38

122
136
0,4
60
25
60

0.6
1.26
0.03

0.023
1.2
4.6

0.73
0.48

48.82
14.51
1.83
0.22
8.10

12.90
1.95

<0.02
0.94
0.08
1.50

99.87

64

43.5
5700

281
175
43
45

101
87

0.9
47
28
64

0
1.36

0.039
0.046

1.27
4

0.81
0.52

51.21
14.31
10.02
0.24
7.83

11.32
1.18

<0.02
0.88
0.08
1.80

99.89

65

37.7
5400

251
294
42
41
97
96

0.3
50
25
62

1
1.39

0.058
0.042

1.02
3.5

0.69
0.66

48.92
15.26
10.38
0.18
8.20

12.71
1.43

<0.02
0.95
0.10
1.50

99.65

65

40.6
5760

241
262
42
45

134
121

tr
56
26
58

0.6
1.57

0.023
0.028
0.97
4.1

0.91
0.53

47.72
15.43
9.78
0.20
8.67

12.64
1.70

<0.02
0.87
0.08
2.90

100.01

67

38.5
5400
240
379
40
45

132
151

tr
56
25
56

0.1
1.37

0.018
0.017
0.76

3.4
0.69
0.49

48.97
15.57
10.13
0.17
8.46

12.67
1.13

<0.02
0.90
0.08
1.20

99.30

66

37.8
5460
260
337
41
45

132
131
0.8
59
25
60

0.2
1.33

0.022
0.020
0.68
4.1

0.78
0.52

49.62
14.14
10.65
0.19
8.24

12.77
1.83

<0.02
0.95
0.08
1.00

99.49

64

45.5
5760

307
252
43
46
95
95

0.3
63
28
62
1.3

1.58
0.023
0.020
0.89
n.d

0.94
0.52

45.64
16.09
9.59
0.18
9.25

11.87
1.08

<0.02
0.89
0.08
3.90

98.59

69

34.2
5580

215
283

47
47

222
208

tr
57
27
73
1.4

1.47
0.047
0.055

1.26
6.7

0.83
0.52

49.39
14.09
11.16
0.21
8.23

12.54
1.31

<0.02
1

0.10
1.10

99.15

63

42.6
6060
314
222
43
46
76
92
tr

46
30
62
1.4

1.79
0.024
0.036

1.2
n.d

0.86
0.58

48.25
16.20
9.40
0.17
7.73

12.40
1.71

<0.02
0.82
0.07
1.70

98.47

66

38.3
4980

277
286

38
42

114
114

tr
62
24
57

0.4
1.29

0.025
0.027

1.09
2.4

0.71
0.49

49.71
14.23
11.20
0.19
7.85

12.39
1.95

<0.02
1.04
0.07
1.30

99.95

62

41.6
6300
318
184
44
45
78
83
tr

52
31
58

0.1
1.49

0.027
0.038
0.98
n.d

0.91
0.67

48.51
15.14
9.77
0.17
8.81

12.84
2.23

<0.02
0.83
0.08
1.70

100.10

68

42.1
5040
268
390
41
46

121
123

tr
56
24
54

0.7
1.37

0.018
0.011
0.81
3.2

0.68
0.49

47.28
16.23
9.92
0.17
8.16

12.20
1.63

<0.02
0.89
0.08
2.10

98.64

66

35.6
5460

237
334
41
46

154
158

tr
64
25
59
1.1

1.45
0.032
0.031

1.3
4.7

0.79
0.51

1.5

1 0

0.5

n

- / 02 #\ °'3

: /

Ol

\
\

Cp×

i i I i >

0.5 1.0
TiO,

1.5 2.0

Figure 4. Plot of CaO contents (wt.%) vs. TiO2 contents (wt.%) for
whole rock analyses. Common mineral phases composition also
reported.

multiphase fractionation. The fractionation trends of
different minerals are illustrated to help in understand-
ing the probable proportions of fractionating phases.
Graphically depicted, the possible phase assemblage frac-
tionated could be estimated as ol + pig + cpx with pig

TiO2

Figure 5. Plot of A12O3 contents (wt.97o) vs. TiO2 convents (wt.°7o) for
whole rock analyses. Common mineral phases composition also
reported.

> ol > cpx in abundance. This is compatible with pre-
vious studies of the common crystallization sequence
for ocean floor basalts (Bryan et al., 1976); Donaldson
and Brown, 1977; Bender et al., 1978; Dungan et al.,
1978; Fisk, 1978; Rhodes, Dungan, et al., 1979; Walker
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32

105-1
61-63

9

(Continued).

33 34

106-1 107-1
35-37 116-119

4 5

35

10-81
57-60

7

36

110-1
34-39

6

37

111-1
86-89

9

Leg 83
38 39

113-1
68-70

6

116-1
24-27

4

40

118-1
33-35

2c

41

122-1
116-119

9

42

123-1
39-62

5a

43

126-1
30-34

4b

44

127-1
50-53

6

45

128-1
47-49

4

48.63
14.84
10.10
0.18
9.12
12.74
2.78

<0.02
0.81
0.07
1.10

100.39

68

39
4920
275
360
43
46
126
128
tr
55
24
48
1.5

1.22
0.019
0.018
0.81
2.9

0.74
0.60

48.45
15.00
9.67
0.19
8.76
12.90
1.62

<0.02
0.84
0.06
1.80

99.31

68

43.4
5100
279
365
42
44
107
108
tr
53
26
49
1.5
1.23

0.011
0.007
0.77
3.7
0.76
0.51

49.25
14.72
9.57
0.16
8.53
12.72
1.68

<0.02
0.81
0.08
1.30

98.84

68

39.8
4920
264
303
42
43
92
99
tr
54
23
50
1.8

1.17
0.02
0.016
0.69
3.5

0.73
0.46

49.77
14.41
10.02
0.18
8.57
12.60
1.23

<0.02
0.76
0.07
1.00

98.63

67

42.5
4620
280
285
41
46
103
102
0.8
58
24
62
0.5
1.37

0.023
0.009
0.93

4
0.8
0.68

48.82
14.72
10.37
0.19
8.22
12.40
2.31

<0.02
0.93
0.08
1.40

99.46

65

41.2
5640
287
281
41
44
82
106
0.3
59
27
57
tr

1.45
0.02
0.031
1.08
3.3

0.75
0.14

44.70
16.71
10.10
0.14
9.33
12.16
1.38
0.06
0.91
0.09
3.80

99.44

68

36.3
5640
201
496
53
54

312
295
0.2
92
25
72
0.7
1.54

0.048
0.044
1.36
6.7
0.88
0.49

48.92
15.42
9.64
0.16
9.30
13.13
1.55

<0.02
0.76
0.06
1.00

99.96

69

38
4620
240
346
42
45
136
136
0.8
51
23
48
1.1
1.14

0.018
0.026
0.97
n.d
0.67
0.44

49.50
14.58
10.36
0.18
9.06
12.72
1.80

<0.02
0.82
0.08
0.70

99.82

67

39.4
4980
298
307
46
46
115
114
tr
47
25
50
0.5
1.19

0.014
0.006
0.58
3.5

0.75
0.49

50.09
14.67
10.44
0.18
8.71
12.64
1.65

<0.02
0.94
0.11
0.85

100.30

66

40.4
5700
299
279
42
45
110
104
tr
51
28
60
0.8
1.46

0.011
0.022
0.83
5.4

0.81
0.55

48.10
15.88
9.34
0.16
7.84
12.72
1.78

<0.02
0.89
0.07
1.90

98.70

66

39
5460
260
358
41
43
125
125
tr
68
24
60
0

1.35
0.021
0.0008
0.77

5
0.78
0.51

48.51
15.64
9.95
0.18
8.28
12.91
1.09

<0.02
0.84
0.06
1.20

98.68

66

41
5100
248
333
42
45
130
131
tr
61
26
57
1.7

1.20
0.026
0.027
0.95

4
0.79
0.11

48.54
15.90
9.11
0.16
8.95
13.01
1.24

<0.02
0.75
0.07
1.10

98.85

70

36.6
4560
216
385
41
45
157
159
tr
65
22
56
0

1.12
0.018
0.035
0.92
n.d
0.71
0.43

48.84
15.91
9.13
0.16
8.15
12.99
1.14

<0.02
0.75
0.06
1.20

99.35

70

36.7
4980
245
335
40
45
144
165
tr
61
21
53
0.4
1.17

0.021
0.033
0.88
4.1
0.67
0.44

48.36
15.87
9.38
0.16
8.68
13.15
1.18

<0.02
0.82
0.06
1.30

98.98

68

37.5
4980
245
335
40
45
136
138
tr
62
23
58
0.1
1.22

0.026
0.019
0.65
n.d
0.74
0.48

et al., 1979). The concentration data of compatible ele-
ments (i.e., Ni, Cr, Co, V, Sc) appear to confirm this
observation (see below).

Trace Elements

Compatible Elements

The concentration ranges of the compatible elements
(Co, Ni, Cr) are typical of oceanic tholeiites (Blanchard
et al,. 1976; Rhodes, Blanchard, et al., 1979; Johnson,
1979; Wood et al., 1979). In order to estimate the bulk
distribution coefficients for these elements, we use the
classical relationships deduced from the Rayleigh law
(Bougault and Hekinian, 1974):

log Clc = (1-DC) log Q, + K,

where

Clc = concentration of a compatible element in the
liquid;

Qj = concentration of a hygromagmaphile element in
the liquid; and

Dc = bulk partition coefficient of the compatible ele-
ment.

Therefore, in a log-log plot of the concentration of a
compatible element versus that of an incompatible ele-

ment, the resulting straight line will have a slope corre-
sponding to (1-Z>C), so that Dc can be calculated.

Using Ti as the incompatible element, some compati-
ble elements are plotted in this manner in Figures 6A-C.
It has been shown that Ti in oceanic tholeiites behaves
in a similar manner to Sm (Bougault, 1980). Thus, the
plots in Figures 6A-C correspond to plots of compatible
elements versus the equivalent of Sm. The KD values
used here are given in Table 3.

In the samples that we have analyzed, Co varies be-
tween 35 and 53 ppm (Fig. 6A); there is a tendency for
Co to increase with increasing Ti content, suggesting
that the bulk distribution coefficient for Co is < 1. Based
on our knowledge of mineral melt distribution coeffi-
cients for Co, we can calculate the following equation:

× 3) + (Xplg × 0.1) + (*cpx × 1.0)
× 3),

where X = weight proportion of phase / that is frac-
tionated from the liquid.

This implies that the percent of separation of olivine
or olivine + spinel is not significant, whereas the frac-
tionation of a low KD mineral such as plagioclase may
be important.

Ni is expected to partition into olivine and spinel and
should be an indicator of olivine ± spinel fractionation.
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Table 1. (Continued).

Sample
Interval in cm

Piece

SiO2

Ap2O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
TiO2

P2O5

Lol
Total

mg x 100

Sc
Ti
V
Cr
Coa

Co
Nia

Ni
Rb
Sr
Y
Zr
Nb
HP
Taa

Tha

Laa

Cea

Eua

Tba

46

129-1
35-39

3b

48.23
16.21
8.91
0.16
9.19

12.80
0.98

<0.02
0.72
0.06
1.60

98.88

70

33.4
4380

209
415

41
46

196
195

tr
61
20
53
1.1

1.05
0.018
0.026
0.83
4.2

0.61
0.42

47

129-2
118-121

10

50.03
14.49
10.07
0.18
8.44

12.84
1.56

<0.02
0.89
0.06
1.00

99.58

66

43.6
5400

284
214
42
46
90
97
tr

58
26
58

0.4
1.43

0.026
0.026

1.06
4.1

0.79
0.50

48

130-2
9-12

19

48.46
15.62
8.94
0.15
9.11

12.94
1.10

<0.02
0.73
0.05
1.30

98.39

70

35.7
4440

211
399
40
45

166
164

tr
61
22
49
tr

1.15
0.022
0.016
0.94

4
0.68
0.43

49

131-1
67-70

7

49.11
15.59
9.09
0.16
9.33

13.12
1.53

<0.02
0.76
0.06
1.10

99.87

70

36.6
4620

227
382
40
46

143
162

tr
61
22
54

0.5
1.14

0.025
0.026
0.92

3.4
0.73
0.44

Leg 83
50

132-1
59-61

8

48.98
15.89
9.24
0.16
8.79

13.18
1.05

<0.02
0.81
0.07
1.20

99.39

69

37.2
4920

245
356
40
44

133
139

tr
62
23
56
tr

1.23
0.024

0.03
0.92

3.8
0.75
0.47

51

133-1
18-22

3

49.54
14.49
10.71
0.19
8.49

12.75
2.26

<0.02
0.95
0.12
0.79

100.29

65

41.1
5760

279
288
41
45
88
98

0.3
45
28
55

0.7
1.37

0.021
0.022

0.75
3.8

0.90
0.55

52

135-2
69-76

8

49.20
14.49
10.86
0.21
8.19

12.93
1.68

<0.02
0.99
0.14
0.81

99.49

64

42.5
6000

265
284
40
45
96

101
tr

45
29
57

0.3
1.56

0.029
0.033
0.92

3.6
0.96
0.58

53

134-1
53-57

7

49.00
15.41
10.48
0.18
8.09
2.70
1.03

<0.02
0.97
0.14
0.77

98.77

65

41.3
5880

259
203
39
45

100
94

0.3
56
26
63
0

1.56
0.024
0.018

1.11
4.1

0.89
0.56

54

136-1
35-40

5

46.30
14.02
12.47
0.21
8.29

12.74
1.18

<0.02
1.19
0.14
2.13

98.07

61

43.5
7320

315
232
48
49
95

108
tr

45
33
72

0.8
1.91

0.035
0.018

1.24
5

0.95
0.68

55

137-1
41-47

5

48.96
16.13
9.23
0.16
9.02

13.20
1.24

<0.02
0.79
0.15
0.90

99.78

70

36.4
4800

203
347
38
44

139
150

tr
61
21
43

0
1.16

0.028
0.034

0.76
n.d

0.68
0.45

56

138-1
8-12

2

49.13
15.28
10.05
0.17
8.57

12.91
1.29

< 0.02
0.87
0.11
0.60

98.98

67

37.7
5340

210
331

39
44

116
135

tr
62
24
49

1
1.3

0.025
0.014
0.81
3.6

0.73
0.48

57

138-1
40-45

6

48.85
15.72
9.33
0.16
8.63

13.12
1.51

<0.02
0.81
0.15
0.82

99.10

68

40.2
4920

248
338

38
46

112
126

tr
60
22
52
1.6

1.47
0.029
0.029

1.07
3.9

0.87
0.52

A* = (‰ × 20) +
+ (Xcpx × 4).

× 12) + × 0.06) Dv = (Xsp × 1) + (Xol × 0.09) +
+ (*cpx × 2);

We observe in Figure 6B that the samples do not clus-
ter around a single straight line. The data suggest that D
values are more likely to lie between 3 and 5, assuming
the parental liquid has CoNi = 250 ppm and CoTi =
4000 ppm. The scattering of data points indicate that
the investigated basalts possibly do not derive from the
same parental liquid, which may in turn imply that the
mantle sources are not so homogeneous and/or that the
samples investigated represent the results of magma mix-
ing (Rhodes, Dungan, et al., 1979).

In Figure 6C, we have plotted log Cr versus (log Ti).
Chromium is expected to partition into clinopyroxene
and spinel.

A * (*sP × 60) + (Xol × 1) + (Xplg × 0.02)
+ (Xcpx × 10).

As for Ni, the data are scattered, giving a range of D
values from 2 to 4 if CoCr = 500 ppm is assumed. Cer-
tainly the spinel fractionation cannot be very important.
Because the partition coefficient of Cr in clinopyroxene
is very high (> 10; Bougault, 1980), the fractionation of
clinopyroxene cannot be very important, even if it is
greater than the fractionation of spinel.

V and Sc are expected to partition into clinopyroxene
and should be indicators of this mineral fractionation.

= (*sP × 1) +
+ (Xcp× × 3).

× 0.15) +

× 0.01)

× 0.02)

However, there is a tendency for V to increase (Fig. 6D)
with increasing TiO2 content, thus suggesting Dv < 1
and that the effects of fractionation of plagioclase and
olivine overshadow those of clinopyroxene. A similar
behavior may have also governed Sc. The abundancy of
Sc is nearly constant (Fig. 6E); there is also a tendency
to increase slightly with degree of fractionation, which
suggests that the bulk partition coefficient is close to
unity. This implies that pyroxene fractionation is not an
important mechanism.

These observations can be summarized as follows:
1. From Co-Ti data: plagioclase fractionation is very

important and olivine ± spinel is not very significant.
2. From Ni-Ti data: olivine ± spinel fractionation

must exist but plagioclase fractionation can be impor-
tant.

3. From Cr-Ti data: spinel fractionation is relatively
unimportant; clinopyroxene fractionation is present.

4. From V-Ti data: plagioclase and olivine fractiona-
tion overshadow that of clinopyroxene.

5. From Sc-Ti data: clinopyroxene fractionation is
not an important mechanism.
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Table 2. Major and trace element
concentrations for 3 rocks from
Hole 504B chosen as i
samples.

SiO2

Ap2O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
TiO2

P2O5

Lol
Total

mgx 100

Sc
Ti
V
Cr
Coa

Co
Nia

Ni
Rb
Sr
Y
Zr
Nb
HP
Taa

Tha

Laa

Cea

Eua

Tba

77-1
44-53

47.96
15.90
9.99
0.18
8.58

12.59
1.74
0.02
0.93
0.10
1.32

99.31

67

39.5
5580

235
342
40
44

138
128

tr
78

26.5
55
1.1

1.41
0.052
0.018
0.85

5.5
0.87
0.54

97-2
74-89

50.04
14.40
10.82
0.18
8.69

12.93
1.41

<0.02
0.98
0.10
0.48

100.03

66

45
5880

300
280
40
46
84
97

0.1
65

26.9
64
1.1

1.49
0.025
0.023

1.05
5.8

0.91
0.59

eference

130-2
44-58

48.70
16.15
9.20
0.15
9.38

13.32
1.36

<0.02
0.76
0.09
0.95

100.06

70

36.5
4560

221
441

40
44

154
158

tr
63

21.4
48
1.5

1.21
0.043
0.012

0.95
2.8

0.69
0.45

aNAA

It is concluded that the most important fractionated
phase is plagioclase which, in turn, is followed by oliv-
ine, clinopyroxene, and spinel.

Incompatible Elements or Hygromagmaphile Elements

According to the Rayleigh law, a plot of two hygro-
magmaphile elements will result in a straight line pass-
ing through the origin with a slope governed by the ini-
tial ratio of the element concentrations in the liquid. This
line should be unique (single initial ratio) provided that
all samples are cogenetic.

It has been shown that transition metal elements such
as Y, Zr, and Nb (second series) and La, Tb, Hf, and Tc
(third series) have similar KD values (Bougault, Treuil, et
al., 1979). Sun et al. (1979) and Bougault (1980) have
established the order of compatibility of trace elements
in basaltic magma as follows (in the order of decreasing
KD values):

Lu - Yb - Er - Y - Dy - Tb - Gd - Eu (Ti) -
Sm (Zr-Hf) - Nd - Ce - La - (Nb - Ta) - Th.

The values of the Y/Tb, Zr/Hf, and Nb/Ta ratios are
given in Table 4 for the North Atlantic basaltic samples
and in chondrites.

In Figure 7, Hole 504B samples cluster in the upper
part of the range defined by the Atlantic Ocean samples
(as do Legs 54 and 65 samples) given a Y/Tb ratio close
to 50 ± 3, which is not statistically different from the
presently accepted mean value of 46 for chondrites (Bou-
gault, 1980). This small discrepancy observed for the
Y/Tb ratio is probably a product of the analysis. In
Figure 8, samples appear in the range of the Atlantic
Ocean samples (Bougault, Cambon, et al., 1979) show-
ing a similar dispersion of the Zr/Hf ratios (38 and 40).
In these two figures, the concentrations of these ele-
ments for the majority of Hole 504B samples are very
low. A plot of Nb/Ta is shown in Figure 9. Most con-
centrations found for these elements are close to the de-
tection limit of XRF techniques. The determination of
low Nb concentration by XRF techniques is accurate to
about 30%. For this reason it is not possible to calculate
a Nb/Ta ratio from a single analysis if the sample has an
Nb concentration of between - 1 and 3 ppm. There is
no ambiguity for the larger concentrations encountered
in four samples from Leg 69 (18-1; 18-2; 19-1; 19-2),
three samples from Leg 70 (54-1; 56-1; 57-1) and one
sample from Leg 83 (88-1) whose average fits the value
16 ± 1 found in oceanic basalts and in chondrites, indi-
cating that this ratio is also independent of any mantle
heterogeneity. (Note: As Hole 504B is the only hole un-
der consideration the hole number has been eliminated
from sample designations. They should be read as core,
section, range in cm). The important aspect is that the
ratios Y/Tb, Zr/Hf, and Nb/Ta are nearly constant for
a large variation of concentration, suggesting that they
do not fractionate during magma evolution. It can be
deduced from these results that the mantle is homogene-
ous with respect to these ratios and close to chondritic
composition.

A plot of La versus Ta for North Atlantic samples de-
fines two different correlation lines (Fig. 10). The line
with a slope of 19 includes samples recovered from 22°
and 25°N; the other line corresponds to hot spot sam-
ples (i.e., Azores Triple Junction) and alkali basalts (Bou-
gault et al., 1979; Bougault, 1980). The two different
slopes suggest that two initial concentration ratios exist.
This further implies the derivation of parental liquids from
heterogeneous mantle sources in terms of La/Ta ratios.
The higher La/Ta ratio of approximately 19 corresponds
to a characteristic "depleted" oceanic mantle, and the
lower ratio of 9 corresponds to an "enriched" mantle.
Most of the samples of Hole 504B have low La and Ta
concentrations; hence, it is difficult to establish precise
La/Ta ratios. However, most data in Figure 10 seem to
be close to the line corresponding to La/Ta = 19. Nev-
ertheless, four samples from Leg 69 (504B-18-1; 504B-
18-2,; 504B-19-1, 504B-19-2), three samples from Leg
70 (504B-54-1; 504B-56-1; 504B-57-1), and one sample
from Leg 83 (504B-88-1) have higher concentrations,
and their La/Ta ratios can be determined with greater
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Figures 6A-E. Co, Ni, Cr, V, and Sc (ppm) vs. Ti (ppm) for whole rock analyses. We have also reported lines corre-
sponding to different bulk distribution coefficients from a hypothetical parental liquid.

precision. Among the data points plotted in Figure 10,
only three samples yield a value of about 9, whereas all
other samples are found close to the line of 19. This is a
very important result because it is the first time that two
distinct La/Ta ratios have been found in a single hole.

Similarly, a diagram using an incompatible element
ratio plot may be used to distinguish different source re-
gions (e.g., Joron, Treuil, et al., 1980).

Fractional crystallization will not substantially alter
the elemental ratios, therefore the linear arrays as shown
in Figure 11 should represent the chemical characteris-
tics of their source regions.

In Figure 11, available data from Hole 504B and oth-
er regions of the East Pacific Rise and North Atlantic

Ocean are plotted. The majority of the basalts from
Hole 504B are very LREE depleted (Th/Hf very low)
compared to other sites in the Pacific or Atlantic oceans.
However, there are some exceptions: Samples 18-1, 18-2,
19-1, and 19-2 (Leg 69) are similar to Leg 49, Site 412
samples. Samples 54-1, 56-1, and 57-1 (Leg 70) are close
to Legs 45, 46, and 65 samples. Sample 88-1 is similar to
Leg 49, Site 409 basalts. Consequently, a large variation
of Th/Hf ratio found in a single hole enhances the prob-
ability of local mantle heterogeneity.

REE Concentrations

Fourteen samples were selected for precise REE anal-
ysis by the isotopic dilution method. The results are shown
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Table 3. Distribution coefficients of Co, Ni, Cr, V, and Sc in basaltic magmas.

Co Ref Ni Ref Cr Ref Ref Sc Ref

Olivine

Clinopyroxene

Plagioclase

Spinel

2-4.5

3 - 5

3

0.5-1.5

0.6-1.3

0.1

2 - 3

4 - 5

Leeman, 1974
Duke, 1976

Muir et al., 1964
Dale and
Henderson, 1972;
Frey et
al., 1974

Bougault and
Hekinian, 1974

Lindstrom and
Weill, 1978;

Bougault and
Hekinian, 1974;
Taylor et al., 1969;
Frey et al., 1978

Bougault and
Hekinian, 1974

Bird, 1971

Gast, 1968; Evans, 1969;
Haku and Wright, 1967;
Bougault and
Hekinian, 1974

12

10-20

1-4

2 - 4

0.06

10-50

11

Hart and
Davis, 1978;
Bougault and
Hekinian, 1974

Dale and
Henderson, 1972
Thompson
et al., 1972;
Frey et al.,
1974

Gast, 1968;
Wager and
Mitchell, 1951

Bougault and
Hekinian; 1974

Bougault and
Hekinian, 1974

Mysen and
Kushiro, 1976

Gast, 1968;
Bougault and
Hekinian, 1974;
Evans, 1969;
Haku and
Wright, 1967

0.85±0.15

1

5-10

13

0.02

50-100

Akella et
al., 1976

Bougault
and
Hekinian,
1974;

Gast, 1968;
Schrebier and
Haskin, 1976

Bougault and
Hekinian, 1974'

Bougault and
Hekinian, 1974

Akella et
al., 1976

0.09

< 2

1.5

0.1

1.3

Bougault and
Hekinian, 1974

Taylor et
al., 1969;
Frey et
al., 1978

Duke, 1976
Muir et
al., 1964
Frey et
al., 1974

Taylor et
al., 1969;
Frey et
al., 1978

Bougault and
Hekinian, 1974

Bougault and
Hekinian, 1974

Gast, 1968;
Evans, 1969;
Haku and
Wright, 1967;
Taylor et
al., 1969

0.15

0.25

3

0.02

Sun and
Nesbitt,
1978

Taylor et
al., 1969;
Frey et
al., 1978

Muir et
al., 1964;
Onuma et
al., 1968

Sun and
Nesbitt,
1978; Frey
et al., 1974

Taylor, et
al.. 1969

Sun and
Nesbitt,
1978

Table 4. Y/Tb, Zr/Hf, and Nb/Ta ra-
tio values in North Atlantic basalt
samples and in chondrites.

Y/Tb Zr/Hf Nb/Ta

Basalts 40-50 39 ± 5 17 ± 2
Chondrites 46 30-40 15-17

Note: From Bougault, Joron, et al., 1979.

in Table. 5 and the chondrite-normalized patterns are
displayed in Figure 12. The major observations are as
follows:

1. Except for five samples, all REE patterns show
distinct REE depletion with (La/Sm)N = 0.30-0.48. This
degree of depletion is more pronounced than typical "nor-
mal" MORB with (La/Sm)N = 0.4-0.7 (Schilling et al.,
1975; Sun et al., 1979; Jahn, Griffiths, et al., 1980) but
is comparable to samples from Leg 3 (Sites 14 and 18;
Frey et al., 1974). The strong LREE depletion is associ-
ated with low Nb, Ta, and Th concentrations.

2. (La)N values are about 3.5x whereas (HREE)N are
10-14x chondrite abundances.

3. They show either negative or no Eu anomalies sug-
gesting that plagioclase has played a role in some sam-
ples during fractional crystallization. However, samples
from Unit 5 of Leg 69 (28-1; 19-1), Unit 36 of Leg 70
(50-1; 51-1), and Unit 69 of Leg 83 (88-1) show different
REE abundance patterns. Two samples from Unit 5 show

1.0
Tb(ppm)

2.0

Figure 7. Y (ppm) vs. Tb (ppm). We have reported some samples from
the Pacific Ocean: Legs 69 and 70, Hole 504B (D); Leg 83, Hole
504B (O); Leg 65, Holes 482 and 483 (A); Leg 54, Holes 420 to
423, 428, and 429 ( • ) . Y/Tb ratio reported corresponds to chon-
dritic value.

LREE-enriched patterns with (La/Sm)N = 1.60. This
characteristic is similar to that of T-type MORB (Schil-
ling, 1975; White and Schilling, 1978). On the other
hand, the samples from Units 36 and 69 have moder-
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2.0

200

N 100 -

1 2 3 4
Hf(ppm)

Figure 8. Zr (ppm) vs. Hf (ppm). Zr/Hf ratio reported corresponds to
chondritic value. Same symbols as Figure 7.

12 -

0.8

Figure 9. Nb (ppm) vs. Ta (ppm). Nb/Ta ratio reported corresponds to
values for chondritic and North Atlantic oceanic basalts. Same
symbols as Figure 7.

0.4 0.6
Ta(ppm)

Figure 10. La (ppm) vs. Tk (ppm). La/Ta ratios correspond to 2 differ-
ent values found for North Atlantic oceanic basalts. Same symbols
as Figure 7.

1.5

1.0

0.5

rm 411-412
Leg 49 < O 407-408

( 409
πxi Leg 4 5 - 4 6

Δ Leg 65
T504B

0.2 0.4 0.6

Th/Hf

Figure 11. Th/Ta ratio vs. Th/Hf ratio for samples from Hole 504B
from the Pacific and North Atlantic oceans (Bougault, Treuil, et
al., 1979; Bougault, Cambon, et al., 1979; Wood et al., 1979).

ately depleted LREE with (La/Sm>N = 0.6-0.7. We note
that these samples are also enriched in Nb, Ta, and Th.

PETROGENETIC CONSIDERATIONS

Due to the low mineral-melt KD values (Table 6), the
REE in melt produced by equilibrium batch melting will
be enriched roughly according to the reciprocal of the
degree of melting (i.e., Cv/C0 = l/F). Thus, the
REE pattern of the melt will mimic that of the source
[(La/Sm)N

s o u r c e (La/Sm)N

li(iuid and (Gd/Yb)N

s o u r c e (Gd/
Yb)N

li£iuid] and the overall abundance of the REE can be
used to estimate the percentage of melting. The HREE
of the most primitive basalts analyzed from Hole 504B are
about lOx chondrites. This leads to an approximation of
about 20% of melting of mantle peridotite, assuming
initial values of 2x chondrites. Again, due to generally
low KD values, any reasonable degree of fractional crys-
tallization will not substantially alter the REE patterns
except for, perhaps, Eu.
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Table 5. REE concentrations (ppm) in Hole 504B basalts.

Sample
Interval in cm
Piece

La

Ce

Nd

Sm

Eu

Gd

Tb

Dy

Er

Yb

Lu

(La/Sm)N

(La/Yb)N

(Gd/Yb)N

( + NAA)

8-2
125-131

+ n.d.
1.09

+ n.d.
4.02

4.63

1.87

+ n.d
0.73

2.96

+n.d.

3.82

2.54

2.55

0.40

0.36

0.28

0.93

18-1
84-98

6.10
6.71

n.d
15.09

9.61

2.82

1.01
1.02

3.56

0.57

4.16

2.55

2.50

0.39

1.45

1.77

1.14

19-1
73-77

7.90
8.18

n.d
18.08

10.97

3.12

1.12
1.11

3.85

0.62

4.33

2.75

2.67

0.41

1.60

2.03

1.16

44-1
25-28

0.78
1.03

n.d
4.01

4.71

1.99

0.85
0.79

3.09

0.54

4.20

2.83

2.87

0.45

0.32

0.24

0.87

56-1
139-148

3.20
3.47

n.d
10.66

9.39

3.16

1.24
1.16

4.34

0.72

5.30

3.43

3.39

0.53

0.66

0.68

1.03

57-1
51-55

2.90
3.27

n.d
10.47

9.31

3.18

1.22
1.15

4.28

0.72

5.35

3.43

3.41

0.53

0.63

0.63

1.00

72-3
41-43

5a

0.89
0.91

4.6
3.75

4.50

1.85

0.74
0.71

2.90

0.48

3.61

2.37

2.30

0.36

0.30

0.26

1.02

87-1
93-95

6d

1.03
1.19

4.2
4.59

5.38

2.

0.83
0.85

3.45

0.52

4.44

2.93

2.89

0.43

0.33

0.27

0.96

88-1
48-50

2d

2.75
2.75

8.3
7.62

6.42

2.22

0.87
0.79

2.98

0.54

3.80

2.37

2.26

0.34

0.75

0.80

1.06

91-1
134-137

18

0.52
0.76

n.d
2.80

3.53

1.55

0.68
0.61

2.50

0.43

3.36

2.26

2.27

0.36

0.30

0.22

0.88

108-1
57-60

7

0.93
0.92

4
3.51

4.25

1.71

0.60
0.68

2.63

0.68

3.30

2.15

2.07

0.31

0.33

0.24

1.02

111-1
86-89

9

1.36
1.49

6.7
5.09

5.14

1.88

0.88
0.75

2.60

0.49

3.30

2.15

2.01

0.31

0.48

0.49

1.04

136-1
35-60

5

1.24
1.28

5
4.87

5.72

2.31

0.95
0.76

3.40

0.68

4.48

2.89

2.79

0.43

0.34

0.30

0.98

137-1
41-47

5

0.76
1.00

h.d
3.66

4.16

1.71

0.68
0.68

2.56

0.45

3.26

2.10

2.01

0.30

0.36

0.33

1.02

LaCe Yb Lu MgO LaCe Yb Lu MgO

Figure 12. Rare earth patterns for 14 selected samples from Hole 504B (Legs 69, 70, and 83). The chondrite normalization values are from Masuda
(1973), divided by 1.2.

From the REE patterns, together with the MgO data
and refractory trace element distribution seen earlier, we
may conclude that the mantle sources are not homoge-
neous. There are zones enriched in LREE that served as
the source for the basalts from Unit 5. However, most

source regions are strongly depleted in LREE and other
characteristic elements such as Ta, Nb, and Th.

The effect of fractional crystallization on REE distri-
bution may be examined in Figure 13. These rocks have
relatively high MgO (6.3-9.5, average 8.5) and mg val-
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Table 6. Distribution coefficient values.

Mineral La Sm Yb

Clinopyroxene
Olivine
Plagioclase
Garnet

0.07 0.26 0.30
0.01 0.011 0.02
0.08 0.05 0.025
0.005 0.15 4.0

0.5

0.4

0.2

to 0.75 145 160

I t t
H I 88 18 19
o

0.66 0.63

ft

Cp*

Plag

10 12
Yb

14 16

Figure 13. (La/Sm)N vs. (Yb)N variation diagram showing monomin-
eralic fractionation from a hypothetical parental liquid.

ues (0.61-0.70). This suggests that the liquids may not
have undergone a very significant fractional crystal-
lization. Some samples have negative Eu anomalies,
probably the result of plagioclase fractionation. Using
KD Eup l g / l i q = 0.55, fθ 2 = 108 (Drake and Weill, 1975),
Eu/Eu* = 0.81 (Sample 136) can be accounted for by
30% of plagioclase fractionation from a primitive ba-
salt with Eu/Eu* = 1 (Sample 108). Ni and Cr concen-
trations suggest that olivine and clinopyroxene are also
phases of fractionation. We have chosen a primary liq-
uid (P) with Yb = lOx chondrites and (La/Sm)N = 0.3.
Thus, olivine and/or plagioclase fractionation can only
enhance the REE concentrations in the liquid's resid-
uals, but not change their La/Sm ratios appreciably.
Clinopyroxene is capable of changing the La/Sm ratios,
but given a reasonable amount of crystal fractionation,
the wide spread in La/Sm ratios observed cannot be ad-
equately explained. Therefore, crystal fractionation in-
volving the common phases will not effectively fraction-
ate the REE patterns. Consequently, the exceptional
chemical characteristics of Units 5, 36, and 69 must sug-
gest their derivation from a distinct source. Even if only
samples with highly depleted LREE patterns are consid-
ered, the variation of La/Sm ratios cannot be accounted
for by the fractional crystallization process of a single
parental magma. Although there is close similarity in
major element chemistry, there is not such coherence in
trace element abundances. Such differences are pre-
sumed to reflect heterogeneity in the mantle source or in
magma generating processes.

Magma mixing (Rhodes, Dungan, et al., 1979) may
explain several enigmatic features of ocean floor basalt
petrogenesis not readily understandable in terms of the
crystal fractionation process alone. The hypothesis of
"dynamic melting" (Langmuir et al., 1977) of a homo-
geneous source region can explain the different REE
patterns within a single hole. This process can produce
different melts from a homogeneous source that has a
different degree of LREE enrichment and crossing REE
patterns. This is observed for FAMOUS area samples
(DSDP Leg 37).

Among the basaltic rocks drilled in Hole 504B, only
three (Units 5, 36, and 69) of the 167 units have excep-
tional trace element chemistry. It is likely that more than
three units with exceptional chemistry would have been
detected had a higher percentage of the drilled core been
recovered (Legs 69, 70, and 83 penetrated 1075 m of
oceanic basement with a total recovery of 224 m, an av-
erage of only 20.8%).

CONCLUSIONS

1. The basement rocks recovered by the drilling of
Hole 504B consist of basaltic rocks formed by a number
of discrete eruptive and intrusive events. In their major
bulk composition, these rocks are rather uniform from
the top to the bottom of the hole. No chemical distinc-
tions can be made between lava flows that make up the
upper (Legs 69 and 70) part of the basement and dikes
that prevail in the lower (Leg 83) part.

2. Most of the Hole 504B samples have relatively high
mg values suggesting that they are rather primitive and
had experienced only a small degree of fractional crys-
tallization before their eruption or intrusion. The obser-
vation of major elements and compatible trace element
data suggests that the relative importance of mineral
fractionation is plagioclase, followed by olivine, clino-
pyroxene, and spinel.

3. These basalts are very depleted in the most incom-
patible or hygromagmaphile elements (Th, Ta, and Nb)
and show very LREE-depleted patterns.

4. Within the 1075.5 m of basement cored, only three
units (namely Units 5, 36, and 69 with a combined length
of 35 m) differ significantly in trace element chemistry
from all other rocks. They show LREE-enriched or
slightly depleted patterns in the same way as most hy-
gromagmaphile elements (Th, Ta, and Nb). For Units 5
and 36, TiO2 and P2O5 concentrations are also higher.

5. Magmatic mixing, as advocated by Rhodes, Dun-
gan, et al. (1979), can account for some of the varia-
tions observed. Neither partial melting nor fractional
crystallization processes could account for all the REE
and other hygromagmaphile element characteristics of
these rocks. This implies that the liquids are probably
derived from heterogeneous sources.
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