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Summary. The penetration of igneous basement in the Nazca Plate during 
DSDP Legs 16 and 34 provided samples of both fine-grained pillow-basalt 
and coarse-grained massive flow units. The magnetic mineral in these basalt 
samples is initially a titanomagnetite (Fe,-,Ti,O4) with a narrow range of 
composition of x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.62 f 0.05. Subsequent to formation, the titanomagnetite 
grains are generally subjected to low temperature oxidation to titanomag- 
hemite with a corresponding rise in Curie temperature from the initial values 
of 120-150°C up to a maximum of 400°C. Both grain size and low-tempera- 
ture oxidation state play important, and interrelated, roles in controlling the 
intensity and stability of magnetic remanence and other magnetic properties. 
Overall grain size can, in some cases, be related to oxidation state since some 
sections of the relatively impermeable massive flows can remain unoxidized 
for as long as 40 Myr while pillow basalts are extensively oxidized within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
34 Myr. Low-temperature alteration in turn effects magnetic grain size since 
oxidation and subsequent Fe cation migration results in grain subdivision by 
the formation of shrinkage cracks. A five-stage sequence of the microscopic 
changes that are associated with progressive low-temperature oxidation is 
proposed and illustrated with photomicrographs from these basalt samples. 

A hierarchy in the intensity of magnetic remanence may exist with unoxi- 
dized pillow basalts having a much higher intensity and oxidized pillow basalts 
having a much lower intensity than the massive flow units. While pillow 
basalts are relatively immune to the addition of secondary components of 
magnetization, the coarse-grained massive flows readily acquire components 
of viscous remanence. Although they oxidize much more slowly than pillows, 
when oxidation does take place, components of chemical remanence can be 
acquired by the multi-domained grains in the massive flow units. 

1 Introduction 

Leg 34 of the Deep Sea Drilling Project penetrated a total of 105 m of the igneous oceanic 
crust at three sites in the Nazca Plate. A total of 41 basalt samples were taken for magnetic 
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46 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and opaque mineralogy studies and included both fine-grained pillow and coarse-grained 
holocrystalline material (Fig. 1). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn addition, four samples were taken from the massive 
basalt core of DSDP Leg 16, site 157, which was also situated within the Nazca Plate. The 
palaeomagnetic data from these samples has been reported earlier (Johnson &Hall 1976), and 
in this study, we report the results of an intensive rock magnetic and opaque mineralogy 
investigation. It is hoped that a detailed examination of these parameters would provide 
some insight into the magnetic properties of submarine basalts, in general, and perhaps 
shed some light on the origin and evolution of the upper part of oceanic igneous layer 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP. Johnson and J, M. Hall 
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Figure 1. Lithological units for the four drill sites in the Nazca Plate. 

2 Experimental methods 

The magnetic properties determined for these submarine basalt samples were: saturation 
magnetization, Curie temperature, weak field susceptibility, median demagnetizing field, and 
natural remanent magnetization. The oxide petrography, the oxidation state, and the bulk 
titanomagnetite content were studied by reflected light microscopy. The saturation mag- 
netization and Curie temperatures of the samples were measured in a Cahn R-100 electro- 
balance using a 7.5 kilogauss (6.0 x lo5 A/m) electromagnet. The heating rates were of the 
order of 100"C/min, and heating was done at atmospheric pressure with nitrogen as the 
residual gas. Repeated purging of the furnace with nitrogen prior to heating insured that the 
effective oxygen fugacity was below that which would oxidize the titanomagnetite grains. 

Weak-field susceptibility was measured using a commercial bridge (Soil Test Model MS3). 
Remanence measurements were made on a Schonstedt SSM 1 spinner magnetometer. Opaque 
mineralogy studies were conducted by the authors at Dalhousie University and by L. K.  Fink 
at the University of Maine. The photomicrographs in the paper were taken using the facilities 
at the US Geological Survey at Golden, Colorado. 
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Magnetic study of submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 1. Measured compositions of titanomagnetite grains from Pacific and Atlantic basalt samples. 

Site Location zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(i 1 SD) Number of Technique References 
in Fe3-xTix04 analyses used 

DSDP 319 

DSDP 320 

DSDP 321 

DSDP 157 

DSDP 169 

AM 49 

MOHOLE EM-7 
DSDP 342 
DSDP Leg 15 
DSDP 395A 

All in 
Nazca Plate 

Nazca 

Central Pacific 
Basin 
Mid-A tlantic 
Ridge 
Guadalupe Site 
Norwegian Sea 
Caribbean Sea 
Mid-Atlantic 
Ridge at 23" N 

0.65 f 0.05 

0.54 

0.66 f 0.01 

0.63 

0.57 f 0.04 

0.68 

0.67 
0.65 f 0.03 
0.54 f 0.06 
0.60 f 0.04 

4 2  grains from 
23 samples 
1 grain from 
1 sample 
11 grains from 
8 samples 
1 grain from 
1 sample 
5 analyses from 
5 samples 
1 sample 

1 sample 
3 samples 
7 samples 
237 analyses of 
50 grains from 
10 samples 

1 

Microprobe 

Microprobe 

Microprobe 

Microprobe 

Microprobe 

X-ray 

Microprobe 
Microprobe 
Microprobe 

5 

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

8 
9 
10 

Average of all sites: x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.62 f 0.05. 

References 

1 .  Donaldson, Brown & Reid (1976). 2. Mazzulo, Bence & Papike (1976). 3. Bunch & La Borde (1976). 
4. Ridley & Ajdukiewicz (1976). 5 .  Yeats e f  al. (1973). 6 .  Myers e f  al. (1975). 7 .  Ozima, Joshima& Kino- 
shita (1974). 8. Ridley, Perfit & Adams (1976). 9 .  Bence, Papike & Ayuso (1975). 10. Johnson & Melson 
(1977). 

3 Magnetic mineralogy of submarine basalts 

The major magnetic mineral in almost all submarine basalts recovered to date is a member 
of the titanomagnetite solid solution series that is either unoxidized or, more commonly, 
has undergone various stages of posteruptive low-temperature alteration. Two variables, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 
and z,  are needed in order to define the composition of this type of magnetic mineral (Fig. 
2). Upon initial eruption, the mineral that is originally formed is a member of the solid 
solution series between magnetite and ulvospinel, which is defined by 'x' in the relationship 
Fe3-xTix0,. Table 1 shows a compilation of values of x for samples from both the Pacific 
and the Atlantic Oceans. While there are not a large number of analyses, there is not much 
variation around the average value of x = 0.62 ? 0.05. There does not seem to be any 
systematic difference between the sites, which vary in age from very recent to 40 Myr old. 
This value agrees very closely with the value of x = 0.64 obtained for 49 analyses of conti- 
nental tholeiite basalts described by Petersen (1976). Using geochemical arguments, Car- 
michael & Nicholls (1967) predict a value fo rx  between 0.85 and 0.50 for titanomagnetites 
crystallizing from basaltic liquids. The value of x is dependent upon the relative order of 
silicate and oxide crystallization and, therefore, will depend on the temperature, oxygen 
fugacity, and composition of the basaltic magma. The narrow range of titanomagnetite 
composition generally found in the igneous submarine basement rocks seems to reflect both 
a narrow range of conditions present during oceanic igneous crust formation and the fact 
that in tholeiite basalts, titanomagnetite is one of the last mineral phases to crystallize. 

The second variable that must be determined in order to characterize titanomagnetite 
that has been altered to titanomaghemite is the fraction of the original ferrous ions that are 
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48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. P. Johnson and J. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. Hall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 2. The relevant part of the familiar FeO-Ti0,-Fe,O, ternary diagram. Characterization of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
titanomagnetite-titanomaghemite series by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and z ,  as described in the text, is shown. Line A shows the 
progressive low-temperature oxidation where the Fe/Ti ratio is constant. Line B is an example of low- 
temperature oxidation where the Fe/Ti ratio is decreasing by iron migration out of the original crystal 
lattice and into the surrounding silicates. 

oxidized to ferric ions. This parameter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz, can be expressed as 

Fe" + %zO, + z F ~ + ~  + (1 - z )  Fe+' + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0 -  

with z = 0 describing completely unoxidized and z = 1 completely oxidized conditions, 
respectively (O'Reilly & Banerjee 1967; Readman & O'Reilly 1971). Characterization of the 
titanomagnetite-titanornaghemite series in submarine basalts by x and z allows the correla- 
tion of magnetic properties with mineral composition during progressive alteration. 

Fig. 2 shows the relationship of the two variables, x and z ,  on the familiar ternary 
diagram of iron-titanium oxides. The two parameters can be determined by measuring Curie 
temperature and either the lattice parameter by X-ray diffraction or the iron and titanium 
content by electron microprobe analysis. In practice, the latter method is limited to coarse- 
grained basalts (median titanomagnetite grain size of 20 pm and larger), and even then some 
degree of spreading of the electron beam into the adjacent silicates can occur (Ade-Hall, 
Fink & Johnson 1976). The diagram is normalized so that oxidation without any change in 
the Fe/Ti ratio will be a horizontal straight line, as in A. Line B represents a possible oxida- 
tion path where the iron is selectively migrating out of the titanomaghemite lattice during 
Dxidation. There is growing evidence that low-temperature alteration of titanomagnetite 
involves a diffusion of some of the Fe" cations away from the original lattice site into the 
surrounding silicates during oxidation to Fe+3 (Johnson & Melson 1977). This would result 
in a decrease in the Fe/Ti ratio for the remaining oxide phases and an oxidation path similar 
to B rather than A (Privot, Rimond&Caye 1968;Marshall&Cox 1972;Grommi&Mankinen 
1976; Ade-Hall, Johnson & Ryall 1976). 

4 Results 

Fig. 1 shows the basement lithology for the Nazca Plate drill holes. The presence of both 
fine grained material and massive flow units in the same holes (319 and 321) allows us to 
compare the magnetic properties and to estimate the similarities and differences in evolution 
of these two types of lithological units. Hole 320 consists entirely of pillow basalt units. 

4.1 C O N C E N T R A T I O N  O F  M A G N E T I C  M I N E R A L S  

Two independent techniques were used in this study to determine the volume percentage of 
the magnetic mineral: first, by a direct measurement of the titanomagnetite grain volume 
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Magnetic study zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA49 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
220. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200- 

180- 

160- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i40- 

--. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(20- 

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'co- 
X - 

x 
L 80- 

-a 

60- 

MAGNETIC MINERAL CONCENTRATION 
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Figure 3. The relationship between intensity of magnetic remanence and the concentration of the magnetic 
mineral in each individual rock sample. Grain size, oxidation state, and grain interactions are not taken 
into account in this figure and are probably responsible for the relationship being only broadly linear. 

using reflected light-microscope observation of polished sections (100 grain count per 
sample) and, second, an indirect calculation from the saturation magnetic moment (J,) of 
the whole rock. In the latter, an estimate of the specific saturation magnetization for the 
particular value of z involved is made from the Curie temperature and the contours given in 
Readman & O'Reilly (1972, Fig. 2). The range of concentration of magnetic minerals in the 
samples in this study was roughly within one order of magnitude (volume percent of titano- 
magnetite ranged between 0.2 and 5 per cent), with the pillow basalts averaging about 1 per 
cent or less and the massive flow units usually between 2 and 3 per cent, with some higher 
values. Fig. 3 shows the relationship between volume percentage of the magnetic mineral 
and intensity of remanence corrected for the addition of secondary remanence, for the three 
sites. While there is a general increase in intensity with increasing content of magnetic 
mineral, the relationship appears to be only broadly linear, and there are clearly other van- 
ables, like grain size, which must be taken into account. Some of the scatter in Fig. 3 should 
be attributed to the difficulty in making accurate estimates of the magnetic mineral concen- 
tration as well as the possible addition of secondary components to the NRM intensity. 

4.2 S A T  u R A T  ION M A G N ETI  z AT ION 

Fig. 4(a) shows the plot of the intensity of remanence against the values for the whole rock 
saturation moment. Only those samples with clearly identifiable single components of NRM 
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50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. P. Johnson and J.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. Hall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

WHOLE ROCK MAGNETIC MINERAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) (b) 

Figure 4. Intensity of magnetic remanence as a function of saturation magnetization. (a) The variation 
of intensity with whole rock saturation magnetization. (b) The dependence of remanence intensity of the 
saturation magnetization of  the specific magnetic mineral in each sample (obtained by dividing J, (rock) 
by the concentration). (a) Shows only the separation of pillows and massive flow units into two groups, 
while (b) shows that intensity is broadly dependent onJ, (mineral). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
were used. Since the saturation magnetization, J,, of the whole rock sample is proportional 
to the product of the saturation moment of the magnetic mineral present and its concentra- 
tion, it is possible to obtain the saturation moment of the specific magnetic mineral by 
dividing the saturation moment of the rock by the percentage concentration of the mineral. 
Fig. 4(b) shows a plot of NRM intensity against the calculated value of J, of the magnetic 
mineral. In both Fig. 4(a) and (b) there is general increase in NRM intensity with increasing 
J,, but the large amount of scatter in the data conceals any identification of the functional 
dependence. If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall other parameters are held constant, the intensity of magnetic remanence 
should be linearly proportional to both the saturation magnetization and the concentration 
of the magnetic mineral. Fig. 3 shows that, while this is roughly true for concentration, 
Fig. 4(a) and (b) indicate that it is true only in the most general sense for J,. Some of the 
scatter in Fig. 4 must be due to the uncertainty in determining the values of the experimental 
data, particularly the mineral concentration, but the poor correlation may also indicate that 
the intensity of remanence is also controlled by factors other than the saturation moment. 

4.3 C U R I E  T E M P E R A T U R E  

An unoxidized titanomagnetite of the composition (x = 0.62 * 0.05) has a Curie tempera- 
ture of between 120 and 150°C with a reversible J,(T)  curve when heated in a non-oxidizing 
environment. Previous studies on the very young rocks from Mid-Atlantic Ridge have found 
that other unaltered submarine basalts have Curie temperatures in the range 120-150°C 
with a continuous rise in Curie temperature with progressive low-temperature oxidation up 
to  maximum values of about 400°C (Schaeffer & Schwarz 1970; Johnson & Atwater 1977). 
Curie temperatures were determined on all samples from the four sites in this study and 
ranged from 120°C to just below 400°C. Samples within the range 120-175°C showed 
reversible heating and cooling curves, while the higher Curie point samples (greater than 
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Magnetic study of submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

51 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D O  200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 400 
CURIE TEMPERATURE (TI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 5. The dependence of magnetic intensity on Curie temperature. While the scatter is sufficiently 
large to obscure any functional dependence, the high intensity values are clearly associated with the low 
Curie points and Curie temperatures above 300°C are associated with low magnetic intensities. Since 
Curie temperature is related to degree of low-temperature oxidation, this figure indicates that the amount 
of oxidation plays an important role in controlling the magnetic intensity. 

225°C) showed the characteristic breakdown of titanomaghemite upon heating. Work on 
the Mid-Atlantic Ridge basalts recovered during DSDP Legs 37 and 45  showed that reversible 
J,(T) curves can occur in samples that are slightly oxidized with Curie temperatures as high 
as 200°C (Hall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Ryall 1977; Johnson 1977a). One basalt sample from this Nazca Plate 
study (16-157-49-2; 135 to 137) showed a reversible Curie temperature of490"C and sub- 
sequent microscopic examination confirmed the presence of a low titanium magnetite with 
exsolved ilmenite lamellae - evidence of high-temperature oxidation. 

Fig. 5 shows the correlation of intensity of remanence and Curie temperature. Clearly, 
the high intensity values are associated with low Curie points, near 12O-15O0C, and low 
intensity values are associated with high Curie temperatures, near 40OoC. This indicates that 
low-temperature oxidation plays an important role in controlling the intensity of magnetic 
remanence. 

Fig. 6 shows a plot of the magnetic mineral saturation moment (.Is (rock) divided by con- 
centration) as a function of Curie temperature. A factor of from 5 to 10 separates the inten- 
sities of little and highly oxidized samples and thus is a true measure of the control on 
remanence intensity by low-temperature oxidation. As has been determined from other 
studies (Readman & O'Reilly 1972; Ozima & Ozima 1971; Johnson & Merrill 1973), low- 
temperature oxidation of titanomagnetite produces both an elevation of Curie point above 
the initial low values and a corresponding decrease in the saturation magnetization. It should 
be noted in Fig. 6 that the values of Js for the unoxidized titanomagnetites with composi- 
tions close to  x = 0.62 are substantially greater (average twice as high) than the values of 
25 emu/gm (25 Am2/kg), which has been obtained for synthetic titanomagnetites of the 
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s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60- 
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100 200 300 400 

CURIE TEMPERATURE (“C) 

Figure 6. The relationship between the saturation magnetization of the magnetic mineral and Curie 
temperature. This decrease in J, (mineral) with increasing oxidation has been both predicted by various 
cationdistribution models and observed in progressively oxidized pillow basalts. 

same composition (Readman & O’Reilly 1972). This could be due either to a cation order- 
disorder phenomena in the natural samples that is not present in the synthetic samples or to 
the presence of a large quantity (approximately 50 per cent of the total volume) of sub- 
microscopic titanomagnetite grains that are undetected even at the limit of optical resolution. 

4.4 G R A I N  S I Z E  

The recovery, at sites 319 and 321, of both relatively coarse grained and fine grained pillow 
basalts allows us to compare the effects of grain size on the magnetic properties. All of the 
pillow basalt material was at least partially oxidized while the coarse-grained massive flow 
units were in either the oxidized or unoxidized state. Fig. 7 shows the relationship between 

4001 1 0 Site zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3t9 

100 -I 
0 5 10 15 20 25 30 

MEDIAN GRAIN SIZE (MICRONS) 
Figure 7. Curie temperature as a function of grain size. The dividing line between pillow basalts and 
massive flows is not clearly defined but can be taken as between 10 and 15 pm. This figure shows that the 
relatively impermeable massive flows are much less oxidized than the more permeable pillow basalt units 
of the same age. 
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Magnetic study o f  submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA53 

Sife 3f9 
0 Sife zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Sife 32f 

'F 'Or mr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GRAIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIZE (MICRONS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 8. The dependence of coercivity on magnetic grain size. Coercivity is expressed as median damag- 
netizing field, or the peak alternating demagnetizing field that reduces the intensity of remanence by one 
half. If this figure is compared with Fig. 12, it would appear that the magnetic minerals in the samples in 
most of this study are all larger than singledomain in size. 

grain size and Curie temperature. Again, within the scatter of the data, the smaller, fine- 
grained pillow basalts are much more oxidized than the coarse-grained, massive flow material. 

Fig. 8 shows the plot of grain size versus median demagnetizing field for the Nazca Plate 
samples with an increase in median demagnetizing field with decreasing grain size. As 
expected, the fine-grained pillow basalt material shows a higher stability against AF demag- 
netization than the coarser grained material. There is a problem of separation of variables 
since this could be due to either grain size or the oxidation state. The fine-grained material 
is, in general, more oxidized than the coarser material, and it has been established previously 
that increasing the oxidation state in titanomagnetite grains also increases the coercivity up 
to the upper limit of single domain grain size (Johnson & Merrill 1973 ;Johnson & Ade-Hall 
1975). 

Fig. 9 shows the relationship between grain size and NRM intensity. There seems to be a 
clear division into three categories: oxidized pillow basalts, and oxidized and unoxidized 
massive flow material (no unoxidized pillow material was recovered in Legs 16 and 34). In 
order to compare the magnetic properties of these different types of material, Table 2 shows 
some of the averages for unoxidized pillow basalts from the F A M O U S  area compared with 
that from the current study of Nazca Plate material. Although the average remanent inten- 
sity for the unoxidized massive flows may be a minimum value due to the presence of 
opposing secondary components, the in situ value is unlikely to approach that of the unoxi- 
dized pillow basalts. 

5 Susceptibility 

The measurement of initial susceptibility is important in submarine basalts in order to deter- 
mine the in situ intensity of the magnetization induced in the present field. Fig. 10 shows 
the variation of susceptibility with the parameters saturation magnetization, grain size, and 
Curie temperature. We have previously shown (Johnson & Hall 1976) that these samples 
show a correlation between JNRM and susceptibility with decreasing susceptibility associated 
with the decreasing intensity of magnetization. The slope of the correlation line insures that, 

for these samples at least, the values of the ratio of remanence intensity to induced compon- 

ent (Q)  will always be greater than 1 during progressive low-temperature oxidation and the 
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54 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. P. Johnson and J. M. Hall 

site 319 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Site zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA320 
A Site 321 

A 125 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*I 70 

At57 

0144 0134 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
‘1 36 

oi72 At57 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-*+ UNOXlDlZED MASSJE FLOWS 30i &\ OXIDIZED MASSIVE FLOWS 

291 
382 

0 288 

0 0  \ 0 1 I I 

0 5 10 15 20 25 30 

MEDIAN GRAIN SIZE (MICRONS) 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. The relationship between intensity of remanence and grain size. The numbers next to the data 
points are Curie temperatures in degrees centigrade. The field can be divided into the three areas shown, 
with unoxidized pillow basalts having substantially higher remanence intensities (Table 2). 

Table 2. Comparison of pillow basalt and massive flow units in the oxidized and unoxidized state. 

Lithological Remanent Weak-field Curie Median 
classification intensity susceptibility temperature demagnetizing field 

(1 x lO”emu/ (1 x 10-3emu/cc/ (“C) Oersteds X 103A/m 
cm3=l  A/m) oe =1 A/m/oe) 

Unoxidized pillow 24 3.5 145 190 15.1 

Unoxidized massive 6.5 $ 0.84 147 64 5.1 
basalts* 

flowst 

flowst 
Oxidized massive 1.2 0.1 3 290 167 13.3 

Oxidized pillow 0.86 0.086 340 258 20.5 
basaltst 

From the FAMOUS area of the Mid-Atlantic Ridge (Johnson & Atwater 1977). 
t This study. 
$ Due to the addition of opposing secondary components, this is probably a minimum value (Ade-Hall & 
Johnson 1976a). 

remanence will always dominate. Fig. 1 O(a) shows the relationship between saturation mag- 
netization and weak field susceptibility. The range of variation of susceptibility seems to be 
much larger than the simple linear relationship that would be expected if the parameters 
other than concentration were held constant. Fig. 10(b) shows a general increase in suscepti- 
bility with increasing grain size, but, since oxidation also clearly varies with grain size (Fig. 
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Magnetic study of submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA55 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J, (ernulgm) TITANOMAGNETITE GRAIN SIZE (rncrcns) CURIE TEMPERATURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA("C) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. The variation of weak-field susceptibility with saturation moment (J,), grain size, and Curie 
temperature. (a) The dependence of susceptibility on the saturation magnetization of the whole rock 
sample and includes data from this study and from Gromm6 & Mankinen (1976) on samples from the 
same drill cores. (b) Has a smaller number of samples (grain size was not determined on the entire suite of 
samples) and illustrates the general increase in susceptibility with increasing grain size. This increase is 
probably related to both the decrease in coercivity (Fig. 8) and the increase in saturation magnetization 
(Fig. 6) that accompany increasing grain size. (c) The strong decrease in susceptibility with increasing 
Curie temperature and the corresponding increase in degree of low temperature oxidation, again including 
samples from this study and from Grommk & Mankinen (1976). 

7), there is again a problem of separation of variables. Finally, Fig. 1O(c) shows that, as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 
J N R M ,  weak-field susceptibility shows a general decrease with increasing Curie temperature 
and associated low-temperature oxidation. 

6 Secondary components of magnetization 

The ability of the coarse-grained massive flow samples to acquire secondary components of 
magnetization has already been reported in detail earlier. In particular, these samples seem to 
be able to readily acquire viscous remanent magnetization (Lowrie & Kent 1976; Denham & 
Guertler 1976; Tarasiewicz, Tarasiewicz & Harrison 1976), a vertical component of remanence 
during drilling (Ade-Hall & Johnson 1976a), rotational remanent magnetization (GrommC & 
Mankinen 1976; Ade-Hall & Johnson 1976b), and chemical remanent magnetization 
(GrommB & Mankinen 1976; Johnson & Hall 1976). We will not discuss these particular 
studies further, except to comment in general about the ability of submarine basalts to 
acquire chemical remanent magnetization (CRM) during low-temperature oxidation. 

It would appear that there are sometimes certain circumstances present within rock 
samples which can prevent the acquisition of a CRM component parallel to the external 
field even though the magnetic mineral is undergoing drastic physical changes in the presence 
of an external magnetic field. Table 3 gives a summary of two different types of grain sizes 
of submarine basalts along with some artificial magnetite samples and their ability to acquire 
a CRM component during low-temperature oxidation. It would seem clear from the studies 
listed in Table 3 that fine-grained pillow basalts, have the unexpected property of not being 
able to acquire a CRM component in the direction of the external field, even with substan- 
tial amounts of oxidation, at the ambient temperatures present on the sea floor. This resist- 
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Table 3. Ability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof magnetic minerals to acquire chemical remanent magnetization. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH. P. Johnson and J.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. Hall 

Type of magnetic mineral 
Oxidation temperature 
4°C to 50°C 50°C and above 

Finegrained pillow basalts: titanomagnetite grain size; 1-10 pm 
Coarsegrained massive flows: titanomagnetite grain size; 10-100pm 
Single domain magnetite rods 0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 0.04 pm 
Equi-dimensional magnetite cubes 0.2 pm Not done CRM (9) 
Coarsegrained magnetite particles 2-44 pm Not done CRM (9) 

References 

(1) Marshall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Cox 1972; (2) Ryall & Ade-Hall 1975b; (3) Johnson & Atwater 1977; (4) Marshall & Cox 
1971b; (5) Johnson & Merrill 1973; (6) Johnson & Hall 1976; (7) Grommk & Mankinen 1976;(8) Johnson 
& Merrill 1974; (9) Johnson & Merrill 1972. 

NoCRM (1,2,3) CRM (4 ,s )  
CRM (6,7) 
Not done No CRM (8) 

Not done 

ance to CRM acquisition is also shared by single domain magnetic needles when oxidized 
at temperatures of 100 and 200°C. This inability to acquire a CRM component during 
extensive low-temperature oxidation could be due either to a pinning of the magnetic 
remanence by a strong shape anisotropy of the magnetic grains (as with the long, thin, 
artificial magnetite rods) or by a positive exchange coupling between the unoxidized and 
oxidized magnetic phases (Johnson & Merrill 1974). 

In magnetic grains that are large enough to allow domain wall motion, domain wall 
readjustment during oxidation could allow an uncoupling of the unoxidized and oxidized 
phases and a CRM component would be acquired. Thus, we have the situation that, while 
coarse-grained massive flows are much more resistant to oxidation than fine-grained pillow 
basalts due to their relative impermeability to sea water, these massive flow units can acquire 
secondary magnetic components, both viscous and chemical, and as a consequence, post- 
formation changes in magnetic remanence directions. Pillow basalts are much more resistant 
to these magnetic direction changes. 

7 Opaque mineralogy 

In the previous section, we have discussed how some of the magnetic properties have varied 
with grain size, oxidation state, and concentration. While some of the variation in magnetic 
properties can be attributed to the simple oxidation of ferrous to ferric ions in the conver- 
sion of titanomagnetite to titanomaghemite, some of the parameter variation seems to 
require at least one and perhaps several additional factors. 

All samples studied were examined in polished section using an incident light microscope. 
Unlike the standard techniques for the preparation of thin sections, these samples were pre- 
pared and polished completely at room temperature. This is important since even the 
moderate heating of 200°C normally used to prepare microscope samples can cause substan- 
tial phase changes in the opaque mineralogy of submarine basalts (Johnson & Merrill 1973; 
R y d  & Ade-Hall 1975a). 

Fig. 11 shows a schematic diagram of the microscopic changes associated with progressive 
low-temperature oxidation. Since low-temperature oxidation is not a uniform process, the 
Curie temperatures shown with each stage are only representative of the samples in this 
study and should be interpreted only generally (e.g. submarine basalt samples with Curie 
temperatures between 300 and 400°C will not atways zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshow the features of Stage 4). 

Plates 1-5 show a sequence of samples selected to show progressive stages of oxidation at 
low temperature. Plate 1 shows a typical example of Stage 1 unaltered titanomagnetite 
grains. These high-titanium, unoxidized, titanomagnetite grains are an homogeneous medium 
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Plate 1. A grain of unoxidized titanomagnetite from sample 34-321-14-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 12 to 15. The white bar in 
the plate is 50 pm long. 

lfaciug zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA561 
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Plate 2. Two grains of partially oxidized titanomaghemite from sample 34-319A-1-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 39 to 42. These 
samples show the fine-scale cracking that is typical of the end zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Stage 2 or the beginning of Stage 3. These 
grains have probably already passed through the initial discoloration associated with the onset of Stage 2. 
The white bars in these plates are 25 pm. 
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Plate 3. A titanomaghemite grain from sample 16-157-49-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 136 to 138. These grains show the pro- 
nounced curvilinear volume change cracks and the increased reflectivity associated with Stage 3. The 
lower photomicrograph shows evidence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a small amount of non-opaque material filling the void gen- 
erated by the crack. The white in the upper plate is 50 pm. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/5
2
/1

/4
5
/5

9
5
6
7
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Plate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Three titanomaghemite grains showing the filled cracks or veins associated with Stage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. The 
upper photomicrograph is from 16-157-49-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 136 to 138, and the lower two figures are from 34-319A- 
3-2: 108 to 111. All three grains show the replacement of the titanomaghemite phase with non-opaque 
materials within the veins. The upper plate shows a general eroded appearance in addition to the veins. 
Although not shown in the photomicrograph, the type of grains would generally be accompanied by 
red staining of the surrounding silicates. The length of the white bars in the three plates is 25 pm. 
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Plate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Two titanomaghemite grains from sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34-319A-3-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 108 to 1 1 1 .  These grains show the 
eroded and replaced texture associated with the final stages of low temperature oxidation. Red stain- 
ing of the surrounding silicates by, presumably, ferric oxide/hydroxide phases is common. The white 
bar in the upper plate is 25ym long and in the lower figure it is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50ym long. 
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Plate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. Two titanomagnetite grainslfrom sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34-319A-2-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 106 to 109. These grains were taken 
from a polished section cut perpendicular to a large vein present within a massive flow. The upper 
plate is a grain only 1 mrn away from the vein and clearly shows the exsolved ilmenite lamellae along 
the ( I  11) planes of the host magnetite, indicating the exposure to high temperature (probably deuteric) 
oxidation. The lower figure is a grain that is 5mm away from the vein and shows only the high re- 
flectivity and eroded texture associated with low temperature alteration. The white bar is 25 pm long 
in the upper figure and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50pm long in the lower zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfigure. 
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Magnetic study zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof submarine basalts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
STAGE 1: 
Curie temperatures between 120°C and 160°C with 
reversible JJT) curves 

UNOXIDZED, CLASS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI, TITANOMAGNETITE. 

57 

STAGE 2 PARTIALLY OXIDIZED. 
Submicroscopic crocking present around rim or along 
pe-existing fractures 
regions becoming brighter Curie temperatures between 
150°C and 250°C 

Color changes present with oxidized 

STAGE 3: CRACK FORMATION 
Curvilinear cracks becoming pronounced with some 
non-opaque moterial replacing originol tilanomagnetite. 
Some red staining of surrounding silicate phases indicates 
mgration of iron cations out of magnetic groins Curie 
temperatures generally in the ronge between 200°C 
and 330°C. 

STAGE 4 VEIN FORMATION 
Previous crocks have now become filled veins Remaining 
parts of grain beginning to become eroded in appearance 
Red staining of surrounding silicates is common 
Curie temperatures between W C  and 400°C 

STAGE 5: RELIC GRAINS 
Original opaque grain is almost cmpletely replaced 
with non-opaque moterial Remaining groin fragments 
are very bright, olmost white in color Curie temperatures 
close to 4CQ"C, indicating completely oxidized 
titanomaghemite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA schematic diagram illustrating the various microscopic stages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof progressive low-temperature 
oxidation and alteration of titanomagnetite grains in submarine basalts. The dark, straight line present 
within the grain in Stages 1 and 2 represents a grain boundary or preexisting structure within the grain. 
The fine cross-hatch marks in Stages 2 and 3 represent uneven colour changes (generally lightening) within 
the opaque grain. 

brown-grey colour. Although the grains occasionally show cracks due to the presence of 
grain boundaries (or polishing scratches), the surface of the grains are largely unbroken and 
the grain colour is very uniform. This lack of alteration features is associated with high 
intensity of magnetization, low (120-150°C) Curie temperatures, and reversible J,(T) 

curves, indicating an unoxidized, stoichiometric titanomagnetite. 
Plates 2(a) and (b) show examples of the second stage of low-temperature alteration. 

Small sometimes conchoidal hairline cracks, associated with the volume change of the mag- 
netic mineral as it oxidizes, begin to appear within the grains. Some colour changes begin to 
occur during this stage, generally a lightening of colour to a light grey. These colour changes 
are not always pronounced and are not visible in these photomicrographs. Generally the 
Curie temperatures during this stage are between 150 and 250°C. 

Plate 3 shows the third stage of oxidation where the cracks become more pronounced 
and there are suggestions of non-opaque material now filling the spaces between the edges 
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of the cracks. These pronounced low temperature oxidation cracks have been reported 
previously, as a general feature of low temperature oxidation (Haggerty 1976), and specifi- 
cally for submarine basalts (Cockerham zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Hall 1976; Ryall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAer al. 1977) and continental 
dike swarms (Larson & Strangway 1969). The cracks are associated with a change in volume 
(shrinkage) that takes place during oxidation and are related to the migration of some of 
the ferric cations out of the original lattice. 

The colour of the grains during this stage has now become significantly lighter grey, and 
there are mottled zones of nonuniform colouring. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs in Stage 2, these zones of lighter grey 
are usually found surrounding a preexisting crack or are associated with a grain boundary. 
Occasionally, there is a red staining of the surrounding silicates that is associated with 
the titanomaghemite grains - again suggesting a migration of ferric iron cations out of the 
opaque grains into the surrounding ground mass. Curie temperatures for samples in this 
stage of oxidation seem to be usually in the intermediate range 200-300°C. 

Stage 4 is represented in Plate 4(a), (b) and (c). At this point in the progregsive oxidation 
sequence, the enlarged cracks of the previous stage are generally filled with non-opaque 
material and there seems to be a general erosion of the opaque grains. The remaining titano- 
maghemite is very bright and generally a light grey. Red staining of the ground mass is 
common surrounding the opaque grains. Replacement of the titanomaghemite with a dull 
grey phase is common, but, in some cases, the grains look eroded without obvious subse- 
quent replacement. Curie temperatures for this stage are usually above 300°C and below 
400°C but generally closer to the lower temperature. 

The final stages of oxidation are shown in Plate 5(a) and (b) where the original titano- 
magnetite grains are largely eroded and replaced with only relics of very bright, light-grey 
titanomaghemite serving as indicators of the site of the original grain. Generally, the rims of 
the grains remain after the interiors have been completely replaced. The Curie temperature 
for this sample was close to  the maximum temperature of 400°C that seems to be obtained 
for completely oxidized titanomaghemite with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0.62 (Readman & O'Reilly 1972). 

Some caution should be noted in using the alteration sequence of Fig. 1 1 and Plates 1-5 
to  describe low-temperature oxidation phenomena in submarine basalts. Due to the low 
temperatures involved (alteration in the DSDP leg 34 samples took place at close to the sea- 
floor ambient temperature of 4°C (Seyfried, Shanks & Bischoff 1976)) most individual 
samples do not show uniformly all the features of a single stage of oxidation. There was, 
in general, an overlap of at least two stages for each sample examined. In an extreme case, 
the sample shown in Plates 4 and 5 had Curie temperatures that differed by almost 100°C 
when chips were taken from different ends of a one-inch minicore (291 and 382°C). The 
schematic diagram shown in Fig. 11 is only meant as a general outline for the progressive 
oxidation of an individual titanomagnetite grain. A sample of low-temperature altered sub- 
marine basalt with a Curie temperature of, say, 300°C may show titanomaghemite grains 
with low-temperature oxidation stages of from 2 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (but is unlikely to have any in Stage 
1). In the low-temperature submarine environment, as is also the case for the intermediate 
temperature zeolite and the high-temperature deuteric oxidation ranges, non-uniformity of 
alteration seems to be the rule rather than the exception. 

H. P. Johnson and J. M. Hall 

8 High-temperature oxidation 

So far, the discussion of altered submarine basalts has concentrated on oxidation that occurs 
at temperatures of well below 100°C. At these low temperatures, the dominant oxidation 
product is a cation-deficient titanomaghemite. At temperatures of approximately 1 50"C, 
titanomaghemite begins to break down submicroscopically to a low-titanium magnetite 
phase and a rhombohedral (ilmenite) solid solution phase during laboratory oxidation (John- 
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son zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Merrill 1973; Ryall & Ade-Hall 1975a). At oxidation temperatures between 100 and 
200" for subaerially erupted basalts, this unmixing is in the form of a granulated texture,still 
without the formation of the characteristic ilmenite lamellae (Ade-Hall, Palmer & Hubbard 
1971). At higher temperatures, presumably around 400°C and above, the ilmenite phase 
forms characteristic lamellae along the (1 11) directions of the magnetite host lattice. This 
oxidation sequence is probably not solely temperature dependent and will, in part, be deter- 
mined by the additional presence of water and other catalytic agents. 

The high-temperature form of oxidation is common in subaerial igneous rocks and has 
been described previously. We will be concerned here with what has been described as Class 
2 and 3 (Ade-Hall, Khan & Wilson 1968; Wilson, Haggerty & Watkins 1968). The uncommon 
occurrence of high-temperature oxidation in the submarine basalts has been discussed in 
Ade-Hall et al. (1976). Only two of the samples from the Nazca Plate sites showed evidence 
of high temperature oxidation, one of them in the massive flow units of site 157 (15749-2: 
135 to 137) and one associated with a vein in a massive basalt unit in site 319 (319A-2-1: 
140 to 143). In the later sample, a split minicore was taken perpendicular to the vein and 
one half was polished and the other half sampled for magnetic studies. This core has been 
discussed in detail in Ade-Hall et al. (1976), but Plates 6(a) and (b) show the opaque 
mineralogy close to the vein. Plate 6(a) was taken 1 mm from the vein and shows the clear 
effects of high-temperature alteration with abundant ilmenite lamellae along the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(111) axes. 
Plate 6(b) shows a grain at a distance of 5 mm from the vein in an eroded and highly 
oxidized form but with no lamellae. 

It would appear that while high-temperature oxidation is not common in submarine 
basalt, it can sometimes occur, either with deuteric alteration associated with veins zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor in 
some massive flow units. Preliminary microscopic examination of the basalt cores from 
DSDP leg 45 also indicates the presence of these ilmenite lamellae associated with high 
temperature oxidation in samples from the edges of a thick dolerite intrusion and from a 
highly altered breccia zone that may have been a conduit for hydrothermal circulation 
(Johnson 1977b). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 Discussion 

The evidence from the previous sections indicates that the rock magnetic parameters that 
largely control the intensity and stability of magnetic remanence in submarine basalts are: 
magnetic mineralogy and oxidation state, concentration of the magnetic mineral within the 
rock samples, and the magnetic grain size and domain state. 

The predominant magnetic mineral in newly formed oceanic submarine basalts is a titano- 
magnetite, Fe3-xTix04, with a very narrow range of initial composition (x = 0.62 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.05). 
This titanomagnetite oxidizes at the ambient sea floor temperature of 4°C to a cation- 
deficient titanomaghemite phase. 

With increasing degree of progressive low-temperature oxidation of submarine basalts: 

(1) The Curie temperature increases from the values of 120 to 150°C for the original 
titanomagnetite of composition x = 0.62 to  a maximum of 400°C for completely oxidized 
titanomaghemite. This rise in Curie temperature during the formation of titanomaghemite is 
due to the increase in exchange anisotropy energy associated with the smaller lattice size of 
the oxidized phase. 

(2) The saturation magnetization decreases by more than a factor of two. There are a 
number of different models of cation distribution for titanomagnetites (Verhoogen 1962; 
O'Reilly & Banerjee 1966; Ozima & Sakamoto 1971; Readman & O'Reilly 1972) and, while 
all of them predict a different rate of decrease with progressive oxidation, all of them agree 
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with the general trend shown in Fig. 6. The errors associated with this figure are too large to 
allow us to distinguish between any of the models. If the decrease in Fe/Ti ratio due to iron 
migration out of the crystal lattice is a widespread effect, then all of the above models will 
be generally inapplicable to natural low-temperature oxidation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 3 )  The intensity of magnetic remanence decreases by as much as an order of magnitude. 
This result is consistent with what has been observed previously in pillow basalts from mid- 
ocean ridges (Irving et al. 1970; Carmichael 1970; Marshall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Cox 1971b; Ryall & Ade-Hall 
1975b; Johnson & Atwater 1977); The reduction in intensity is due, in part, to the corre- 
sponding reduction in saturation magnetization of the mineral (Fig. 6). In addition, the 
decrease in effective grain size by the formation of volume-change cracks and the lowering 
of the Fe/Ti ratio by cation migration will also play a role in the reduction in intensity of 
the original magnetic remanence. 

(4) The stability of magnetic remanence increases. Since, as will be discussed later, the 
bulk of the grains for the samples in this study seem to be larger than single-domain size, the 
reduction in effective grain size by the volume-change cracks in Plates 2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 could be 
responsible for the increase in coercivity. Because of the decrease in saturation magnetiza- 
tion, it is unlikely that the observed increase in coercivity is due simply to a change in the 
contribution due to shape anisotropy. In addition to changes in effective grain size, it is 
likely that an increase in either the magnetocrystalline or magnetostrictive anisotropies also 
contribute to the increased coercivity with increasing oxidation. Since these constants have 
not been determined for titanomaghemites, their relative contributions are unknown. 

(5) Weak-field susceptibility decreases. This is the result that would be expected since 
saturation magnetization is decreasing and coercivity is increasing with increasing oxidation. 
Examination of the ratio of remanent magnetization to  induced magnetization, Q, indicates 
that, for these samples at least, the reduction of both induced and remanent magnetization 
occurs simultaneously and Q remains greater than unity even for highly oxidized samples 
(Johnson & Hall 1976). 

The first two of the above categories are changes that can be solely attributed to the 
mineralogical changes involved in the oxidation of titanomagnetite to titanomaghemite. In 
the last three categories, it is impossible to sort out the effects of mineralogical changes from 
those associated with the effective grain size and concentration changes that result from the 
formation of volume change cracks. 

If the effects of grain size on the magnetic properties are examined separately, looking 
now only at the gross grain size and not the microstructure within the grain, the following 
trends are apparent: with decreasing grain size, from massive flows to pillow basalts (at least 
down to the 2-pm limit that was observed in Fig. 8) 

H. P. Johnson and J. M. Hall 

(1) the stability of magnetic remanence increases, 
(2) the intensity of remanence decreases, 
(3) weak-field susceptibility decreases and 
(4) there is an increasing degree of oxidation, with the pillow basalts being much more 

oxidized than the massive flow material of the same age. The first three of these 
effects are also a consequence of their oxidation state and therefore directly related 
to this last category. 

The effect of grain size on magnetic stability, as characterized by the median demagnetiz- 
ing field, has been studied previously for titanium-free magnetite grains. Parry (1965) 
showed that. for grains in the size range 120-1.5 pm, the coercivity increases withdecreasing 
grain size. Johnson, Lowrie & Kent (1975) showed that, for magnetite particles in the size 
range 0.2-0.015 pm, the coercivity decreases with decreasing particle size. Fig. 12 shows a 
composite of the data for titanium-free magnetite from Levi & Merrill (1976) and Johnson 
et al. (1975). This composite curve shows a peak in coercivity for equi-dimensional magne- 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' " . . - r S  
Y 01# 1 / r  10 Y 

GRAIN DIAMETER (MICRONS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 12. The dependence of coercivity of anhysteritic remanent magnetization on grain size for titanium- 
free magnetite cubes. With decreasing particle size, the coercivity (median demagnetizing field) rises to a 
maximum at about 0.2 pm and then decreases to zero. Grains less than the maximum point on the curve 
are singledomain and those with grain size greater than the maximum probably contain some type of 
pseudo-single domain or multidomain wall structure. The relatively low maximum coercivity of 400 Oe 
(31.8 X 103A/m) is due to the roughly cubical size of the particles, with much higher coercivities being 
possible for samples with substantial shape or magnetostriction anisotropies. 

tite grains at about 0.2 pm with single domain grains being to the left of the peak and grains 
with domain walls or wall-like structures being to the right. While it should be expected that 
this curve would be somewhat different for titanomagnetite grains with 65 per cent ulvo- 
spinel in solid solution, the general features of the curve of Fig. 12 are those that are 
required by theory and have been observed experimentally for iron, cobalt, and cobalt 
ferrite particles (Luborsky 1961). Comparison of the data shown in Fig. 8 with that in Fig. 
12 seems to indicate that, in agreement with Soffel(l971) for samples of the same composi- 
tion, the upper limit of single domain grain size is smaller than 1 pm. Since the bulk of the 
titanomagnetite grains from pillow basalts which are visible in a microscope are on the 
average larger than 1 pm (Watkins & Paster 1971 ;Marshall & Cox 1971a; Johnson & Atwater 
1977; Ryall et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1977), it follows that most of the magnetic material in submarine basalts 
is larger than single domain grain size. 

Studies of pillow basalts exposed on the surface of the sea floor indicate that they 
become extensively oxidized in a very short period of time (5 x 105yr) (Johnson & Atwater 
1977). It is interesting to note that the 15 Myr old site 319 and the 40 Myr old site 321 both 
have substantial amounts of unoxidized massive flow material. Since oxidation state is 
correlated with intensity of remanence (Figs 5 and 9), it appears that one of the major roles 
that grain size plays in controlling the remanent intensity is largely through the inhibition 
of low-temperature oxidation in the coarser grained material. It would seem that the struc- 
ture and permeability of the rock units, whether as massive flows or pillow basalt, can 
have a more important effect on the oxidation state and magnetic properties than age alone. 

In considering the relative importance of oxidation state and grain size in controlling the 
magnetic properties, we are faced with the classical dilemma of separation of variables. The 
fine-grained pillow basalts recovered so far oxidize at least two orders of magnitude faster 
than the coarse-grain, relatively impermeable, massive flow material. In turn, oxidation acts 
in reducing the effective grain size by the formation of volume change cracks within the 
magnetic grains. It does not seem possible to separate the two effects for individual con- 
sideration. 
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If the results of Table 2 can be taken as a generally applicable result, it might be useful 
to establish a hierarchy for pillows and massive flow units with respect to their potential 
ability to contribute to oceanic magnetic anomalies. 

Unit Magnetic remanence 
Unoxidized pillows Highest intensity 
Unoxidized massive flows 

Oxidized massive flows 
Oxidized pillows 

As previously mentioned, studies of pillows indicate that they can pass from the state of 
having the highest intensity to the lowest intensity in a very short (5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 105yr) time. Con- 
sidering the limited sampling studies so far, the massive flow units with their reduced 
permeability seem to oxidize at a much slower rate (greater than 40 Myr for site 321) than 
pillow basalts (oxidized in less than 0.5 Myr for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF A M O U S  area for Mid Atlantic Ridge). 
This would seem to suggest a mechanism for some of the two-layered, time-dependent 
models that have been proposed as the source of linear marine magnetic anomalies (Blakely 
1976; Cande & Kent 1976). However, subsequent drilling at the Mid Atlantic Ridge (DSDP 
legs 37,45, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA46) has not recovered large amounts of massive flow material, and it remains 
for future investigations to determine if these models are correct. 

Intermediate 

Lowest intensity 
1 
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Note added in proof 
After the above manuscript was accepted for publication, it was brought to our attention 
that a sequence of low-temperature oxidation features very similar to our Fig. 1 1, had been 
previously described as occurring in the opaque minerals of Icelandic basaltic flows and 
dikes. The reader is referred to Hafferty (1 968). 
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