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During DSDP Leg 65, we achieved significant base-
ment penetration at three sites (482, 483, and 485) in the
mouth of the Gulf of California (Lewis and Robinson,
this volume). Since these holes were all drilled into ex-
tremely young crust near the crest of the East Pacific
Rise, the rocks we recovered present an unusual oppor-
tunity to study the magnetic properties of submarine ba-
salts before alteration has become pervasive. To take ad-
vantage of this opportunity and to complement the pa-
leomagnetic studies conducted on these basalts by Day
(this volume), we have studied, in the same samples, the
following properties: saturation magnetization (Js); in-
tensity and stability of isothermal remanent magnetiza-
tion (IRM); hysteresis parameters, such as the coercive
force (Hc), the remanent coercive force (HRC), and the
ratio of saturation remanence (JRS) to saturation mag-
netization; susceptibility (x); and Curie temperature
(7^). In this chapter we will discuss the results of these
studies in conjunction with the opaque mineralogy of
the samples.

METHOD

With the exception of thermomagnetic analysis and microscope
observations, we conducted studies of the samples' magnetic proper-
ties at the Rock Magnetism Laboratory, University of California,
Santa Barbara.

We took the remanent magnetization measurements before and
after AF demagnetization on a Schönstedt spinner magnetometer.
Samples were progressively demagnetized to at least 10% of their in-
itial intensity with a Schönstedt single-axis demagnetizer. We studied
the acquisition of isothermal remanent magnetization in selected sam-
ples from each hole before these were given in a saturation isothermal
remanent magnetization. Hysteresis loops were obtained using a
vibrating sample magnetometer similar to that described by Koba-
yashi and Fuller (1967). From each loop we read saturation magnet-
ization, coercive force, and the ratio of saturation remanence to
saturation magnetization. The remanent coercive force was obtained
from the direct field demagnetization of the saturation remanence.
Susceptibility was measured both aboard ship (Day, this volume) and
on an AC susceptibility bridge. All of the instruments can accom-
modate standard paleomagnetic cores (2.54 cm diameter × 2.54 cm
length).

Thermomagnetic curves were measured at the Institut für
Geophysik, Ruhr-Universitàt, Bochum, using an automatic recording
magnetic-translation balance with an applied field of 2.5 kOe. All
measurements were made in argon to a maximum temperature of
about 625 °C at heating and with a cooling rate of 40°C/min. The ex-
tremely low oxygen fugacity atmosphere effectively prevents oxida-
tion of the magnetic oxides. As illustrated in Figure 1A, Curie tem-
peratures were determined using a simple graphic technique (Grommé
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et al., 1963). As an aid to interpreting the thermomagnetic data, we
examined polished sections of selected samples under reflected light
using a Leitz Ortholux Pol microscope.

RESULTS

The magnetic properties we studied are listed in Table
1 in order of increasing depth in each hole for all of the
samples studied. Also shown in Table 1 are the Curie
temperatures of the samples in polished section and the
values of natural remanent magnetization (JNRM)> stable
inclination (70), and the Koenigsberger ratio (Q),
presented by Day (this volume) for the same samples.

Thermomagnetic Analysis

We selected 37 samples for thermomagnetic analysis.
The Curie temperatures found during heating and cool-
ing are listed in Table 1, and Figure 1 shows typical ther-
momagnetic curves. As has been found in most other
studies of oceanic basalts, the thermomagnetic curves
reflect both reversible and irreversible behavior and a
wide range of Curie temperatures. With few exceptions
only one Curie temperature is observed per sample, in-
dicating the presence of what is essentially a single phase
magnetic mineral. None of the samples exhibited a truly
reversible curve, but as in previous studies, a curve is
considered reversible if the Curie temperature between
the heating and cooling limbs differs by less than 50 °C
and if only minor changes (< 20%) in magnetization oc-
cur between the initial and final room-temperature mag-
netization. Figure 1A, for example, shows a reversible
thermomagnetic curve.

Though most commonly associated with samples in
which the Curie temperature is low (<250°C), revers-
ible curves are also associated with samples that have
intermediate or high Curie temperatures (e.g., Sections
482C-11-1, 97 cm and 482D-8-1, 106 cm, respectively),
and an approximately reversible curve was obtained for
one of the samples (Section 482B-16-1, 117 cm) that dis-
played two Curie temperatures (Fig. 1C).

In contrast, about 30% of the thermomagnetic curves
are clearly irreversible, and the Curie temperatures deter-
mined from the heating and cooling limbs differ by up
to 277°C. Figures IB and ID are typical examples of
this behavior. Without exception, samples whose curves
were irreversible exhibited a lower Curie temperature
and a decrease in magnetization upon cooling. This be-
havior is not typical of oceanic basalts; in most studies,
the irreversible thermomagnetic curves are characterized
by an initial Curie temperature between 200 °C and
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Table 1. Magnetic properties and Curie temperatures of basalts from Sites 482, 483, and 485.

Sample
(level in cm)

Hole 482B

11-1, 21
11-2,41
11-3, 15
12-1, 63
12-2, 143
13-1, 126
14-1, 97
14-3, 126
15-1, 16
15-2, 39
15-3, 114
15-4, 125
16-1, 31
16-1, 84
16-1, 100
16-1, 117
16-2, 87
16-3, 78
16-4, 42
16-», 125
17-1, 70
17-2, 55
18-1, 16
18-2, 84
19-1, 78
19-1, 108
19-1, 134
20-1, 39
20-1, 143
20-3, 17
20-3, 141
21-1, 95
21-2, 33
21-2, 78
21-2, 111
21-3, 69
22-1, 83
22-2, 32
22-3, 99
22-4, 57
24-1,43
24-2, 106
24-3, 70

Hole 482C

9-1, 113
9-1, 138
10-2, 58
10-2, 61
10-2, 78
10-3, 119
11-1, 97
11-2, 11
11-2, 44
11-3, 26
11-3, 63
11-3, 128
11-4, 107
12-1, 39
12-1, 146
12-2, 92
13-1, 56
13-2, 17
13-2, 96
13-3, 25
13-3, 80
13-3, 132
14-1, 44
14-2, 22
14-2, 131
14-3, 77
14-3, 122
1 4 - * , 6 1
14-*, 132
14-5, 46
15-1, 42
15-2, 11
15-2, 92
15-4, 68
15-4, 117

Hole 482 D

8-1, 10
9-1, 51
9-2, 106
9-3, 23
9-3, 54
10-1,69
10-2, 11
10-2, 57
10-2, 111
10-3, 18
10-3, 109
11-1, 128
11-3, 80
12-1, 27
12-1, 65

V o l .
( c m 3 )

1 2 . 1 6
11.91
11.91
11.91
11.91
11.91
11.40
11.91
11.91
11.91
11.91
11.91
12.16
11.65
11.91
12.16
11.91
11.91
11.91
11.91
12.16
11.65
11.65
11.91
12.16
11.65
10.64
11.91
11.91
11.65
11.65
11.15
11.91
12.06
11.91
11.91
11.65
11.91
12.16
11.40
11.91
11.40
11.40

11.91
11.50
11.65
11.91
11.91
11.65
11.40
11.65
11.40
11.65
11.65
11.76
11.40
11.76
11.76
11.30
11.65
11.65
12.16
11.40
11.50
11.15
11.50
11,81
11.76
11.65
11.40
11.65
11.40
11.40
11.91
11.76
11.65
11.91
11.15

11.15
11.40
11.15
11.65
11.65
10.89
11.15
10.89
11.65
11.40
11.40
10.64
11.40
11.65
11.65

Depth
(m)

137.21
138.91
140.15
139.63
141.93
145.26
148.97
152.26
157.16
158.89
161.14
162.75
166.31
166.84
167.00
167.17
168.37
169.78
170.92
171.75
175.70
177.05
184.16
186.34
193.78
194.08
194.34
197.89
198.93
200.17
201.91
202.95
203.83
204.28
204.61
205.69
211.83
212.82
214.99
216.07
224.93
227.06
228.20

133.13
133.38
141.08
141.11
141.28
143.13
148.97
149.61
149.94
151.26
151.63
152.28
153.57
157.39
158.46
159.42
162.06
163.17
163.96
164.75
165.30
165.82
166.44
167.27
168.81
169.77
170.22
171.11
171.82
172.46
175.42
176.61
177.42
180.18
180.67

139.06
142.01
144.06
144.73
145.04
151.19
152.11
152.57
153.11
153.68
154.59
160.78
163.30
168.77
169.15

./NRM
(× 10-3 gauss)

9.37
7.43
9.75

26.4
18.9
10.1
17.2
13.8
19.1
10.2
8.61
5.85
10.3
10.9
12.3
11.5
5.11
4.07
6.33
7.10
4.79
6.29
7.69
15.0
20.2
11.3
11.2
8.75
10.7
14.1
19.6
12.5
6.72
8.24
6.79
15.8
19.0
13.5
14.9
6.46
6.33
6.57
6.40

3.61
5.59
4.27
4.02
4.10
4.07
2.08
5.30
0.55
4.74
4.05
4.53
5.26
3.58
3.39
3.30
5.96
3.28
2.62
3.07
2.60
2.80
4.90
4.25
5.02
3.68
2,63
2.49
2.46
2.10
2.76
8.35
5.43
3.42
3.68

4.39
3.96
6.74
6.16
5.88
17.0
8.81
4.76
3.53
3.48
15.92
15.88
10.25
4.50
5.82

;

(°)

40
35
40
32
31
33
25
28
24
25
28
26
26
20
12
2
29
50
41
24
30
27
36
51
54

-53
-45
53
53
50
53
44
58
53
55
54
49
53
41
53
43
47
47

30
31
27
28
30

-30
28
37
36
35
36
38
37
12
14
11
11
11
9
27
26
19
7
13
11
17
27
32
27
36
18
18
15
14-18
21

24
25
26
25
26
40
31
32
40-42
37
16
22
24
13
19

MDF(l)
(Oe)

68
35
50
40
62
317
47
68
48
32

30
37
80
110
47
35
41
35
50
70
38
63
68
59
68
40
35
47
37
44
40
35
39
41
32
40
47
47
57
45
57

55
81
57
53
64
70
41
66
55
62
54
54
59
45
34
45
50
72
81
37
30
53
73
46
43
33
35
43
29
50
50
40
45
50
37

385
490
229
108
109
78
85
50
61
58
145
107
68
59
53

JRS
(gauss)

0.352
0.411
0.259
0.512
0.380
0.417
0.573
0.343
0.521
0.476
0.361
0.397
0.361
0.406
0.406
0.786
0.324
0.224
0.296
0.327
0.313
0.333
0.338
0.569
0.649
0.481
0.461
0.381
0.374
0.530
0.569
0.367
0.314
0.335
0.299
0.444
0.425
0.393
0.453
0.350
0.325
0.345
0.345

0.441
0.321
0.330
0.314
0.331
0.362
0.218
0.315
0.096
0.227
0.195
0.189
0.263
0.340
0.329
0.356
0.382
0.421
0.350
0.297
0.313
0.270
0.259
0.274
0.282
0.275
0.238
0.243
0.248
0.293
0.310
0.480
0.368
0.299
0.321

1.71
1.90
1.02
0.583
0.569
0.508
0.397
0.239
0.278
0.267
0.655
0.632
0.542
0.338
0.361

MDF(2)
(Oe)

24
35
20
35
30
35
270
33
43
30
30
28
25
30
50
105
33
28
30
30
33
33
33
43
38
35
35
25
25
35
27
33
28
26
25
30
23
27

30
30
28
25

50
30
30
28
35
30
30
30
30
33
30
30
35
30
25
35
35
43
43
38
27
30
50
30
32
23
25
28
30
32
33
30
25
30

330
420
145
60
60
36
41
20
23
25
47
65
40
36
30

Js
(gauss)

2.51
2.94
1.99
2.33
2.24
2.98
1.17
1.63
1.68
2.27
2.12
2.65
2.12
2.14
2.45
3.28
2.70
2.24
2.69
2.52
2.61
2.38
2.41
2.59
3.25
3.01
3.55
2.93
2.67
2.79
2.99
2.29
2.62
2.58
2.30
2.96
2.36
2.31
2.16
2.50
2.95
3.14
3.14

4.41
3.21
4.13
3.14
3.31
3.62
2.18
2.63
1.07
2.52
2.17
2.36
2.63
2.43
2.35
2.74
2.39
3.01
2.69
2.97
3.13
2.70
2.16
2.11
2.35
2.29
1.98
2.43
2.25
2.44
3.10
2.53
2.30
2.30
2.29

3.98
4.04
4.43
3.43
3.35
3.63
3.31
2.66
3.09
2.97
1.82
1.98
1.94
2.11
2.12

JRS/JS

0.14
0.14
0.13
0.22
0.17
0.14
0.49
0.21
0.31
0.21
0.17
0.15
0.17
0.19
0.19
0.24
0.12
0.10
0.11
0.13
0.12
0.14
0.14
0.22
0.20
0.16
0.13
0.13
0.14
0.19
0.19
0.16
0.12
0.13
0.13
0.15
0.18
0.17
0.21
0.14
0.11
0.11
0.11

0.10
0.10
0.08
0.10
0.10
0.10
0.10
0.12
0.09
0.09
0.09
0.08
0.10
0.14
0.14
0.13
0.16
0.14
0.13
0.10
0.10
0.10
0.12
0.13
0.12
0.12
0.12
0.10
0.11
0.12
0.10
0.19
0.16
0.13
0.14

0.43
0.47
0.23
0.17
0.17
0.14
0.12
0.09
0.09
0.09
0.36
0.32
0.28
0.16
0.17

HC
(Oe)

34
42
25
45
34
42
225
45
68

37
39
31
42
56
115
42
28
34
39
39
37
39

51
55
45
39
34
45
45

34
39
34
53
34
37
45
31
39
34
31

42
34
23
32
34
34
39
37
34
31
25
28
37
39
37
39
39
56
45
34
34
34
34
36
28
28
28
25
28
37
34
45
34
35
37

326
405
118

59
45
34
23
28
30
107
82
62
39
39

HRC
(Oe)

54
76
41
62
53
67
312
60
83

60
58
52
60
88
180
68
53
57
62
69
68
65

69
70
81
56
55
62
55

58
53
54
58
46
45
65
60
63
61
55

78
62
52
55
58
65
73
62
67
64
58
62
63
55
58
63
64
96
79
65
63
60
83
57
56
61
46
47
56
69
68
58
55
48
53

443
558
174

82
81
58
28
43
45
134
82
78
69
58

HRCMC

1.59
1.81
1.64
1.38
1.56
1.60
1.39
1.33
1.22

1.62
1.49
1.68
1.43
1.57
1.57
1.62
1.89
1.68
1.59
1.77
1.84
1.67

1.35
1.27
1.80
1.44
1.62
1.38
1.22

1.71
1.36
1.59
1.09
1.35
1.22
1.44
1.94
1.62
1.79
1.77

1.86
1.82
2.26
1.72
1.71
1.91
1.87
1.68
1.97
2.06
2.32
2.21
1.70
1.41
1.57
1.62
1.64
1.71
1.76
1.91
1.85
1.76
2.44
1.58
2.00
2.18
1.64
1.88
2.00
1.86
2.00
1.29
1.62
1.37
1.43

1.36
1.38
1.74

1.39
1.80
1.71
1.22
1.54
1.50
1.25
1.00
1.26
1.77
1.49

X,
(× 10-3gauss)

2.87
2.76
3.18
1.96
2.57
2.33
0.55
1.57
1.25
1.89
2.26
2.44
2.28
2.39
2.00
1.93
2.19
2.69
2.56
2.38
2.30
2.53
2.13
2.00
2.32
2.95
2.97
2.58
2.50
2.28
2.45
2.42
2.69
2,54
2.67
2.18
2.28
2.38
1.89
2.40
3.01
3.45
3.43

4.74
3.28
3.57
3.62
3.87
3.34
2.16
2.70
1.34
3.25
3.33
3.09
2.75
2.70
2.61
2.40
2.33
2.17
2.28
2.43
2.91
2.85
2.76
2.38
2.52
2.71
2.53
2.58
2.92
2.42
2.37
1.98
2.23
2.44
2.52

1.80
1.75
3.15
3.27
2.95
3.41
3.24
3.35
3.11
3.23
.08
.17
.38
.95
.97

Q

7.3
6.0
6.8
30.0
16.3
9.7

69.6
19.6
34.0
12.0
8.5
5.3
10.0
10.1
13.6
13.2
5.2
3.4
5.5
6.2
4.6
5.5
8.0
16.7
19.4
8.5
8.4
7.6
9.5
13.8
17.7
11.4
5.6
7.2
5.6
16.1
18.6
12.6
17.6
6.0
4.7
4.2
4.2

1.7
2.4
2.7
2.5
2.4
2.6
2.1
4.4
0.9
3.2
2.7
3.3
4.3
2.9
2.9
3.1
5.7
3.4
2.6
2.8
2.0
2.2
3.9
4.0
4.4
3.1
2.3
2.1
1.9
1.9
2.6
9.4
5.4
3.0
3.3

5.57
5.03
4.75
4.19
4.42
11.1
6.0
3.16
2.5
2.39
32.9
30.2
16.54
5.1
6.6

Tc (heating)

(°Q

208
108

144

234

260 + 527

166

195

195

227

424

371

197

164

229

519

326

190

Tc (cooling)
(°C)

135
92

98

127

526 + 227

117

147

125

133

147

361

152

109

182

529

98

133
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Table 1. (Continued).

Sample
(level in cm)

Vol.
(cm3)

Hole 482D(Cont.)

12-1, 119
12-2, 86
12-3, 21
12-3, 61
12-3, 122
124, 45
13-1, 127
13-2, 12
13-3, 33

Hole 482F

4-3, 129
5-1, 7
5-1, 141

Hole 483

13-4, 13
134, 89
14-1, 31
14-1, 83
14-2, 10
14-2, 53
14-2, 106
15-1, 20
15-1, 102
15-2, 99
15-3,4
16-1, 54
16-1, 112
16-1, 138
16-2, 14
16-2, 62
16-2, 140
17-1, 60
17-2, 30
17-2, 96
17-3, 20
184, 110
184, 148
20-1, 14
20-1, 110
20-1, 142
20-2, 22
20-3, 29
21-1, 106
21-2, 4
21-2, 39
21-2, 124
22-1, 84
22-1, 135
22-2, 77
22-3, 103
224, 35
224, 103
23-1, 64
23-1, 113
23-2, 37
23-2, 120
24-1, 48
24-2, 4
24-2, 61
25-1, 24
25-1, 84
25-2, 74
26-1, 11
26-1, 138
26-2, 13
26-2, 60
26-3, 8
26-3, 118

Hole 483B

2-7, 91
3-1, 46
3-1, 121
4-1, 64
4-2, 83
4-3, 127
44, 111
4-5, 94
4-7, 4

Hole 485A

11-3, 79
12-1, 59
13-i, %
14-1, 60
17-1, 108
17-2, 77
18-2, 29
23-1, 99
234, 12
24-2, 21
25-2, 29
25-3, 29
29-1, 20
29-2, 123

11.65
11.65
11.65
11.65
11.27
11.00
10.89
11.15
9.63

11.65
11.40
11.40

11.30
10.64
11.65
9.98

11.45
10.39
11.25
11.40
10.39
11.40
11.50
11.25
11.25
11.65
11.35
11.40
11.65
11.55
10.24
10.13
9.98

11.65
11.15
10.29
12.16
11.40
10.13
10.64
11.40
11.15
11.00
10.89
11.40
9.98
7.88

10.13
11.40
11.25
11.65
9.88

11.65
9.83

11.25
11.30
11.55
11.20
12.16
11.65
12.06
12.26
10.44
10.39
12.16
10.64

10.74
10.69
10.13
9.93

11.15
10.94
11.15
11.05
11.25

11.15
11.18
11.40
11.65
11.15
10.89
11.15
11.15
10.89
11.40
10.89
10.89
11.40
11.15

Depth
(m)

169.69
170.86
171.71
172.11
172.72
173.45
178.77
179.12
186.83

136.79
142.07
143.41

110.13
110.89
115.31
115.83
116.60
117.03
117.56
124.20
125.02
126.49
127.04
133.54
134.12
134.38
134.64
135.12
135.90
142.60
143.80
144.46
145.20
156.60
157.08
169.14
170.10
170.42
170.72
178.29
179.06
179.54
179.89
180.84
183.34
183.85
184.77
186.53
187.35
188.02
187.64
188.13
188.87
189.70
191.98
193.04
193.61
196.24
196.84
198.24
200.11
201.38
201.63
202.10
203.80
204.18

110.91
110.96
111.71
120.14
121.83
123.77
125.11
126.44
128.54

149.29
155.59
158.96
160.10
182.30
183.77
183.79
212.49
216.12
217.71
222.79
225.29
239.70
242.23

•/NRM
(× 1 0 - 3 gauss)

6.00
20.4
10.2
11.5
3.25

17.99
6.99
9.66
2.41

9.30
9.79

11.35

6.63
5.91
5.33
4.28
5.25
2.47
3.92
3.03
2.23
3.01
3.42
3.62
1.21
2.38
2.53
3.98
1.85
1.59
1.46
2.71
1.85
2.03
2.72

18.9
19.4
18.8
12.4
21.1
7.32

17.3
18.7
12.3
24.4
28.5
25.8
22.5
24.5

8.43
25.5
14.1
10.3
19.9
7.52

13.9
6.95

31.2
14.9
5.89
7.88
5.22
6.55

28.5
16.2
6.34

8.14
7.28
6.05
2.27
2 . 1 3

2.38
1.31
2.03
2.64

2.90
12.47
6.42
7.48

10.06
9.16
7.21
8.07
6.60
5.08
6.92
7.15
1.87
3.78

/

(°)

30
2

4
5
9
6

14
18
25

41
43
34

32
36
23

± 2 9
- 2 6
- 1 8
± 2 1

?

- 1 6
11

- 3 6
-38

34
34

-26
- 3 4

36
- 4 0

40
-40

44
49
22
48
42
44

- 48
- 4 3
- 4 7

50
47

- 5 0
39

- 5 0
49

- 4 9
- 34

35
- 3 6

42
- 4 3

29

-31
- 3 2

28
28
33

-31
- 3 2

- 30
- 3 4
- 35
- 3 3
- 34

27
29

- 2 2
- 16

12
- 16
- 12
- 19
- 18

32
49
49
42
31
33
31
36
32
55
46
44
38
20

MDF(l)
(Oe)

50
80
57
55
75
62
45
77
52

65
42
47

68
65
55
94
75
75

110
18
57
45
BO
67

107
70
59
81

100
91

96
130
75
85

102
138
100
122
82

138
80

130
90

155
185
339

122
93
78
90

110
230

76
85

92

67
74

81
122

82
128
106

75
77

115

54
64

115?
100?
71

62
65
40
60
90
64
45
70
43
62
55
70

155
179

JRS
(gauss)

0.356
0.683
0.505
0.438
0.342
0.706
0.543
0.846
0.299

0.353
0.329
0.395

0.303
0.735
0.274
0.298
0.308
0.230
0.232
0.170
0.193
0.206
0.279
0.254
0.238
0.228
0.208
0.280
0.262
0.155
0.143
0.190
0.179
0.191
0.270
0.473
0.758
0.631
0.500
0.673
0.492
0.552
0.732
0.539
0.735
0.635
0.527
0.562
0.622
0.443
0.548
0.390
0.426
0.717
0.523
0.424
0.388
0.649
0.443
0.327
0.382
0.456
0.445
0.681
0.443
0.387

0.242
0.241
0.268
0.202
0.170
0.175
0.137
0.172
0.210

0.302
0.762
0.437
0.432
0.503
0.281
0.286
0.373
0.433
0.248
0.278
0.347
0.174
0.388

MDF(2)
(Oe) (g
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30
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35
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37
35
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43
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33
30
50
33
82

117

.40

.43

.28

.82

.72
.58
.49

.52
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..47

.53

.14

.61

.99
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.78
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.16
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43
47
33
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50
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34
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23
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..46
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.77
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..73
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0.20
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0.14
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0.12
0.11
0.17
0.15
0.16
0.13
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0.10
0.13
0.11
0.12
0.12
0.11
0.12
0.10
0.1 3
0.12
0.12
0.12
0.14
0.14
0.14
0.13
0.21
0.38
0.31
0.25
0.32
0.22
0.27
0.36
0.26
0.44
0.47
0.57
0.60
0.37
0 . 1 8

0.29
0.22
0.22
0.48
0.17
0.16
0.15
0.25
0.18
0.12
0.13
0.14
0.17
0.26
0.17
0.14

0.11
0.10
0.12
0.09
0.10
0.10
0.09
0.10
0.14

0.20
0.24
0.16
0.17
0.14
0.11
0.11
0.11
0.12
0.09
0.10
0.11
0.19
0.10

HC
(Oe)

45
65
45
37
34
53
42
64
32

38
35
41
39
32
39
45
48
34
31
25
28
25
39
35
30
30
28
37
38

35
53
45
44
32
44
84

59
42
68
45
45
79
48

132
248
183

52
62
41

169
51
39
31
93
37
31
41

46
52
62
46
28

35
35
42
32
23
28
24
31
31

39
60
35
35
51

24
46
39
31
31
37

104
70?

HRC
(Oe) HR

66
88
63
61
61
77
62
87
57

68
55
52
69

.47

.35

.40

.65

.19

.45

.48

.36

.78

.79

.57

.27

.77

67 2.09
63
68
70
70

.62

.51

.46

.06
70 2.26
45
57
58
72
63
62
62
60
80
78

103
108
113
93
94 :
63
68

110

83
64
82
63
73
81
65

172
318
270

86
76
65
70

215?
84
68
57

105
'62
65 ;
60
69
88
87
89
60 ;

85 :
88
88? t
68 ;

.80

.04

.32

.85

.80
..07
..07
..14
>.16
.05
.51
.09

..13

..07
.14
.97
.55
.31

.41

.52

.21

.40

.62

.03

.35

.30

.28

.48

.65

.23

.59

.46

.27

.65

.74

.84

.13

.68

.10

.46

.50

.69

.40

.93

.14

.43

.51

.10

.13
63 2.74
63 :
60 ;

.25

.50
74 2.42
69 :

80
80
65
70 :

115
65

.23

.05

.33

.86
..0
.25
.32

55 2.29
94 2.04
60
85
67
85

274
160

.54
..74
.16

..30

..63

..29

X
(× 1 0 - 3 gauss)

1.71
2.18
1.88
2.28
2.65

62.0
45.0

1.82
2.62

2.85
3.04
2.85
2.40
2.76
2.31
2.12
1.91
2.13
2.43
2.46
2.03
2.36
2.51
2.42
2.36
2.37
2.62
2.35
2.34
1.24
1.29
1.18
1.14
1.23
2.21
2.30
1.22

1.73
2.12
1.61
2.31
1.99
1.24
1.89
0.92
0.648
0.35
0 43
1.92
2.13
1.50
2.02
1.82
0.70
2.28
2.87
3.52
1.97
3.09
3.15
2.99
2.37
2.55
1.70
2.63
3.30

2.76
2.82
2.23
2.31
2.40
2.20
2.22
2.14
2.30

1.51
2.62
3.35
3.17
2.80
4.29
4.46
3.60
2.49
2.97
4.0
3.42

2.66

Q

7.81
20.81
12.0
11.2
2.7

19.4
7.5

11.8
2.0

7.3
7.2
8.9
6.1
4.8
5.1
4.5
6.1
2.6
3.6
2.7
2.4
2.8
3.0
3.3
0.9
2.2
2.1
3.8
1.8
2.8
2.5
5.1
3.6
3.7
2.7

18.3
35.4

24.0
13.0
29.1
7.0

19.3
33.6
14.5
59.2
97.8

163.0
117.0
53.2

8.8
37.9
15.5
12.5
63.5

7.3
10.7
4.4

35.3
10.7
4.1
5.9

4.9
5.7

36.1
13.8
4.3

6.5
5.7
6.0
2.2
2.0
2.4
1.1
2.1
2.5

4.28
10.57
4.26
5.25
7.97
4.74
3.59
4.98
4.2
3.80
3.84
4.64

3.16

Tc (heating)
(°C)

155

258

182

158

220

227

162

132
205

164

166

141

166

222

501

Tc (cooling)
(°C)

111

168

141

139

189

192

128

107
169

132

133

107

122

182

379

729



R. DAY, M. OSTERHOUDT, U. BLEIL

Table 1. (Continued).

Sample
(level in cm)

Vol.
(cm3)

Hole 485A (Cont.)
29-4, 48
30-1, 43
30-3, 105
31-2, 85
32-1, 10
32-3, 58
32-5, 138
32-6, 69
33-2, 81
34-2, 68
35-1, 26
35-3, 72
35-4, 47
35-6, 44
38-2, 67
38-4, 102
38-6, 35
39-2, 77
39-4, 27
39-5, 8

11.15
11.15
11.40
11.15
10.89
10.89
11.40
11.15
11.15
11.15
11.15
11.40
11.15
11.15
11.40
11.15
11.65
11.15
11.40
11.40

Depth
(m)

244.48
249.93
253.55
256.85
259.10
262.55
266.38
267.19
270.31
274.18
286.26
289.72
290.97
293.94
315.17
318.52
320.85
324.27
326.72
328.80

./NRM
(x 10-3 gauss)

7.03
9.34

- 5.60
5.77
5.30
2.25
3.18
2.37
2.64
6.79
6.40
6.29
5.38
5.68
0.83
1.16
2.31
2.78
2.98
1.14

n

30
24
19
20
25
22
22

25
39?
38
38
39
38

- 5 5
- 4 3

64
?
'/
•>

MDF(l)
(Oe)

117
155
75

115
140
123?
130
148
110

34
45
55
45
40

135
22
35
28
40
20

JRS
(gauss)

0.385
0.474
0.281
0.415
0.286
0.247
0.264
0.239
0.306
0.268
0.260
0.281
0.256
0.283
0,472
0.284
0.307
0.410
0.393
0.340

MDF(2)
(Oe)

40
70
36
62
75
50
56
50
75
22
25
25
23
23
65
42

23
27
33

Js
(gauss)

3.50
2.49
3.12
3.46
2.60
2.06
3.30
2.99
3.40
2.98
2.60
2.81
2.33
2.18
2.78
2.58
3.07
3.15
3.02
2.83

JRS/JS

0.11
0.19
0.09
0.12
0.11
0.12
0.08
0.08
0.09
0.09
0.10
0.10
0.11
0.13
0.17
0.11
0.10
0.13
0.13
0.12

"C
(Oe)

45
62
38

53
27
45
38

27
24

27
25
79
37
32
32
30
39

HRC
(Oe)

105
127
83

110
138
107
118
110
170
47
53
59
57
53

115
88
64
57
60
66

"RC'HC

2.33
2.05
2.18
1.83
2.60
3.96
2.62
2.89
2.74
1.74
2.21
2.10
2.11
2.12
1.46
2.38
2.0

1.78
2.0

1.69

X
(× 1 0 - 3 gauss)

3.68
3.26
2.98
2.89
2.41
3.09
3.07
3.01
2.55
3.49
3.98
3.77
3.38
3.21
2.20
2.86
3.22
3.13

2.71

Q

4.25
6.36
4.17
4.44
4.90
1.62
2.30
1.75
1.99
4.33

3.7

3.53

0.84
0.90
1.60
1.97

0.93

Tc (heating)
(°C)

269 + 512

293 + 482

182

253

273

Tc (cooling)
(°C)

217

262

122

158

197

Note: /NRM = n a t u r a l remanent magnetization; IQ = stable inclination; MDF(l) = mean destruction field from isothermal remanençe demagnetization; Jg = saturation magnetization; HQ= co-
ercive force; / / / J C = remanent coercive force; % " susceptibility; Q = Koenigsberger ratio based on a magnetic field HQ = 0.45 Oe; Tc (heating) = Curie temperature from heating curve; Tc (cool-
ing) = Curie temperature from cooling curve.

400°C during heating, followed by an increase in mag-
netization between 400°C and 500°C, which falls off to
zero at about 55O°C. After cooling, furthermore, the
magnetization usually increases by a factor of two or
more. These features were not observed in any of our
samples.

We performed a number of tests to exclude the possi-
bility that this effect was due to our measuring tech-
nique. For the heating rate (40°C/min.), only a small
contribution (<20°C) could be attributed to instrument
error, and the data in Table 1 and in the figures have
been corrected accordingly. It should also be noted that
similar thermomagnetic properties have been reported
for Leg 65 basalts by Pechersky et al. (this volume).

Microscope Observations

We made polished sections from the same samples that
were used for thermomagnetic analysis. In all samples,
the predominant opaque mineral is titanomagnetite,
the volume content of which varies from about 0.5% in
the pillow basalts to about 5% in the flow units. The
grain size of the opaques in the pillow basalts ranges
from below the limit of optical resolution to about 10
µm, and the grains are typically anhedral. Coarser-
grained opaques occur in the flow units where grain size
averages several tens of microns and occasionally reaches
several hundred microns. Skeletal-to-subhedral forms are
most abundant, and inclusions could be seen in many of
the larger grains. Some samples from the flow units had a
second, finer-grained titanomagnetite fraction (10 µm or
less) in the matrix. Most of the titanomagnetite grains ap-
peared to be homogeneous and features associated with
low temperature oxidation, such as curved and branching
cracks, are clearly developed only in a few samples show-
ing a high Curie temperature.

In some samples, ilmenite occurs as separate primary
laths. Ilmenite is also present as a secondary mineral in
Sections 482D-8-1, 106 cm and 482B-16-1, 117 cm. It is
not a result of high temperature deuteric oxidation in
this instance, since there are no systematic lamellae pres-
ent. Instead, there is an irregular intergrowth within the

host titanomagnetite, indicating that it was produced by
decomposition of titanomaghemite (perhaps because of
hydrothermal activity).

Saturation Magnetization (Js) and Saturation
Isothermal Remanençe (JRS)

The variation in saturation magnetization both within
and between holes is very small. This can be seen in the
average values given in Table 2 as well as in the in-
dividual measurements listed in Table 1. The saturation
magnetization averages 2.0 gauss, a value close to the
mean value found for unoxidized samples from Leg 49
(Day et al., 1979). There is a greater variation in the
saturation isothermal remanençe values; but this is to be
expected since JRS is dependent on grain size and shape
as well as on composition and concentration, whereas Js
is independent of grain size, although it is related to
grain size by oxidation, when oxidation has taken place.
The distribution of JRS/Js values is shown in Figure 2.
The majority of the samples have values of 0.1 to 0.2,
indicating pseudo single domain grains. There is only
one peak in the Leg 65 histogram whereas the Leg 49
histogram was bimodal. Again, it is apparent that only
relatively fresh titanomagnetites are found in the Leg 65
basalts. Many of the high JRg/Js values are associated
with pillow basalts, as would be expected since they con-
tain much finer titanomagnetite grains.

Coercive Force (Hc), Remanent Coercive Force (HRC),
and Mean Destructive Field (MJ)F)

Figures 3 and 4 show the distributions of Hc and
HRC, and the distribution of the ratio HRC/HC is shown
in Figure 5. These values are typical of large pseudo
single domain titanomagnetites. According to a theory
proposed by Stoner and Wohlfarth (1948), in the limit-
ing case of a random assemblage of identical, noninter-
acting single domain grains, HRC/HC = 1.09. As grain
size increases through the pseudo single domain range,
HRC/HC increases to about 3. For values of HRC/HC
greater than 3, one is looking at predominantly multi-
domain grains. In the absence of HRC and Hc measure-
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300 400
Temperature (°C)

300 400
Temperature (°C)

500 600

Figure 1. Variation of magnetization with temperature for representative samples. (Heating and cooling curves are indicated by arrows.) (A) Thermo-
magnetic curve showing reversible behavior (Section 485A-17-1, 108). Broken lines denote the graphical method of Curie temperature determina-
tion; (B) curve showing irreversible behavior (Section 482C-10-2, 58); (C) two Curie temperature curves (Section 482B-16-1, 117); (D) irreversible
curve showing almost perfect reversibility of second heating and cooling cycle (Section 482D-10-2, 57).
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Table 2. Average magnetic properties of basalts for each hole drilled on Leg 65.

Hole

482B
482C
482D
482F
483
483B
485A

MDF(l)
(Oe)

53
51

110
51

102
84
79

•JRS
(gauss)

0.409
0.301
0.605
0.359
0.414
0.202
0.344

MDF(2)
(Oe)

38
31
68
29
49
36
45

•fs
(gauss)

2.54
2.64
2.81
2.51
2.04
1.92
2.84

JRS/JS

0.17
0.12
0.21
0.14
0.21
0.11
0.12

He
(Oe)

47
35
79
38
51
31
42

HRC
(Oe)

70
62

111
58
87
73
92

HRC/HC

1.55
1.82
1.48
1.54
1.83
2.38
2.19

X
(gauss/Oe)

2.38
2.75
6.62
2.91
2.03
2.37
3.14

Q

12.2
3.2
9.8
7.8

19.3
3.4
3.8

Note: MDF(l) is the mean destructive field from NRM demagnetization; JRS= saturation remanence;
MDF(2) is mean destructive field from isothermal remanence demagnetization; J$ = saturation magnetiza-
tion; HQ- coercive force; HRC= remanent coercive force; x = susceptibility; Q = Koenigsberger ratio
based on a magnetic field HQ = 0.45 Oe.
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Figure 2. Histogram of the ratio JRS/JS (all sites).

ments, the median destructive field (MDF) has com-
monly been used to estimate the coercivity distribution.
Two MDFs are listed in the tables. MDF(l) is the me-
dian destructive field from the NRM demagnetization
curve, and MDF(2) is from the saturation isothermal
remanence demagnetization curve. The observation that
MDF(l) is generally greater than MDF(2) again indi-
cates the presence of pseudo single domain grains on the
basis of the Lowrie-Fuller test.

Other Magnetic Measurements

The paleomagnetic results for the Leg 65 basalts have
been presented elsewhere (Day, this volume). For com-
pleteness we have shown the distributions of NRM, the
Koenigsberger ratio (Q), and stable inclination (70) in
Figures 6, 7, and 8.

120

100

80

60

40

20

40 80 120 160 200 240 280 320 360 400
Coercive Force, Hc{Oe)

Figure 3. Histogram of coercive force, Hc (all sites).

Several samples were selected for thermal demag-
netization studies (Day, this volume). Although the tem-
perature dependence of the NRM appears to be valid,
the stable inclinations determined from the demagneti-
zation curves are noticeably different from those found
in neighboring samples that were AF demagnetized.

DISCUSSION

The Curie temperature of a completely unaltered
oceanic basalt should be about 125 °C (Peterson et al.,
1979). Since the variability of the primary composition
(i.e., the presence of minor constituents such as Mg, Al,
and Cr) is limited in submarine basalts, we can expect an
unaltered oceanic basalt to have a Curie temperature of
125 °C with a variation of about ±50°C from this
value. The Curie temperatures obtained from the cool-
ing curves in our thermomagnetic experiments fall with-
in this range. Values obtained from the heating curves,
however, are systematically higher. In fact, the dif-
ference, ATC, between the two Curie temperatures (a
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Remanent Coercive Force, H__ (Oe)
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Figure 4. Histogram of remanent coercive force, HRC (all sites).
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Figure 5. Histogram of the ratio HRC/HC (all sites).

measure of the degree of irreversibility), increases with
increasing Curie temperature (Fig. 9). The most likely
interpretation for this would be a variable degree of
alteration, despite the young age of the Leg 65 basalts.

It is well known that submarine weathering leads to
maghemitization (i.e., low-temperature oxidation) of
titanomagnetite grains. The metastable alteration prod-
uct, a cation-deficient spinel phase, has a higher Curie
temperature than the original titanomagnetite. Using
data obtained from synthetic samples, many authors
have used the increase in Curie temperature to deter-
mine the degree of oxidation (assuming a uniform orig-

inal composition). It has been shown, however, (John-
son and Melson, 1978; Peterson et al., 1979) that the
low-temperature oxidation is essentially accomplished
by Fe-migration out of the titanomagnetite. Hence the
original Fe/Ti ratio will not be preserved. Our thermo-
magnetic results show that a chemical change takes
place during the first heating, and that the metastable
titanomaghemite is reduced to a stable stoichiometric(?)
titanomagnetite because of the low oxygen fugacity. On
repeated heatings (Fig. ID), the behavior is always re-
versible, but subsequent Curie temperatures are lower
than the initial Curie temperature. With the aid of
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Figure 6. Histogram of NRM intensity (all sites).
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Figure 7. Histogram of Koenigsberger ratio, Q (all sites).

microprobe analyses, it should be possible to relate this
difference to the amount of low temperature oxidation
that took place. In the present instance, however, the
anomalous behavior of the basalts may be due to the
fact that the original titanomagnetite composition in the
Leg 65 basalts is more variable than in other oceanic
basalts. For example, samples from Cores 482C-11, 483-
22, 485A-29, and 485A-39 appear to have unusually low
initial titanium contents.
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Figure 8. Histogram of stable inclination, 70 (all sites).

Alteration is limited in the inner parts of the massive
flow units, but for thinner cooling units, the maghemit-
ization can be very high. Moreover, multiphase mag-
netic mineral assemblages occur in several samples (i.e.,
Cores 485A-29 through 32), and the titanomagnetites
are completely decomposed in Sample 482D-8-1, 106
cm. In view of the young age of the basalts, such ex-
tremes may indicate the presence of hydrothermal ac-
tivity and deuteric alteration.

The magnetic properties of the Leg 65 basalts are re-
markably uniform. The only distinct differences reflect
the finer grain size of the titanomagnetites in the pillow
basalts. The titanomagnetites for the most part are fresh
or slightly oxidized with an occasional example of ex-
treme alteration. As can be seen in Figure 10, the mag-
netic grains fall in the pseudo single domain grain-size
category, though grains in the pillow basalts approach
single domain size. In comparing the magnetic prop-
erties of Leg 65 basalts with those from Leg 49 (Day et
al., 1979), it becomes obvious that the Type II basalts
found on Leg 49 are missing. While most of the Leg 49
magnetic properties exhibit bimodal distributions, the
properties of basalts from Leg 65 each group around a
single peak.
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