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Summary 

A petrological examination has been made of palaeomagnetic basalt 
samples from Kinghorn, Scotland ; Cape Kawajiri, Japan ; and Western 
Iceland. 

The Kinghorn samples are of Carboniferous age. Previous palaeo- 
magnetic field evidence and magnetic tests had suggested that the Earth’s 
magnetic field had reversed its polarity a few times during the time 
interval studied. However, there is a distinct petrological difference 
between specimens of opposite magnetic polarity, which suggests a 
possible self-reversal mechanism in the basalts. The field evidence and 
magnetic tests therefore lead to the opposite conclusion to that formed 
on the basis of petrological observations. The resolution of this dilemma 
is of considerable importance for the proper interpretation of palaeo- 
magnetic results. 

Similar petrology-polarity correlations exist in Tertiary basalts from 
Cape Kawajiri, Japan. The Icelandic basalts show a slight trend towards 
the same correlation, although the statistics are not significant. 

1. Previous palaeomagnetic work on the Kinghorn basalts 

Thermal demagnetization of thirty-three oriented specimens from seventeen 
Carboniferous basalt lavas from Kinghorn, Scotland, has previously revealed at 
high temperatures what appears to be their original direction of magnetization 
(Wilson & Everitt 1963). These directions fell clearly into two groups of normal and 
reversed magnetization. Wilson & Everitt concluded that the evidence supported 
reversals of the polarity of the Carboniferous magnetic field because : 

(a) three sets of baked rocks have the same polarity as their associated lavas 
(two normal and one reversed). 

(b) normal and reversed lavas occur in well-defined chronological groups. 
(c) laboratory tests on saturation magnetization and Curie points showed no 

systematic difference between normal and reversed specimens. 

2. Petrological measurements on the Kinghorn basalts 
Ade-Hall & Wilson (1963), Ade-Hall (1964) and Wilson (1964) had discovered 

that magnetically similar normal and reversed Tertiary basalts from the Isle of 
Mull, Scotland, were nevertheless different petrologically. The major distinction 
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was that, even within a single lava, normal specimens contained homogeneous 
(single phase) titanomagnetite grains, while reversed specimens contained titano- 
magnetic grains with abundant fine lamellae of ilmenite (two phases). The natural 
directions of magnetization were distributed in a complex manner which made 
interpretation difficult. But the Kinghorn Carboniferous lavas contained only two 
clear-cut groupings of normal and reversed directions, and were therefore good 
material for petrology-polarity correlation. 

Polished thin sections were prepared of virgin rock from near to each of the 
thirty independent cores (of the total thirty-three) which had been thermally 
demagnetized. Six polished thin sections were prepared from further separately 
collected samples from lavas 19, 20, 25 and 27. 

On observing the thirty-six basalt specimens at x 1200 in oil, using a Reichert 
Zeto-Pan Pol microscope, only one sample was found which contained titano- 
magnetite grains with exsolved ilmenite lamellae (no. 46A). All the other sixteen 
lavas, and no. 46B, contained only homogeneous titanomagnetite grains with some 
whitened and some stippled regions, and also some separate (‘discrete’) ilmenite 
grains. 411 samples looked similar qualitatively-none were very highly altered or 
oxidized. Looking for something to measure, we decided to measure the relative 
amounts of homogeneous titanomagnetite and of separate ilmenite in the following 
manner : 

A graticule was prepared for the eyepiece of the microscope, which provided 
about thirty equal squares covering to total field of view. The areas of each of 
fifty opaque grains (the first fifty encountered) were estimated using the graticule, 

Table 1 

The percentage separate ilmenite observed in each of thirty-six 
samples from the Kinghorn Carboniferous basalts (the error is the 

Normal specimens Reversed specimens 
Bed no. Separate ilmenite (%) Bed no. Separate ilmenite (%) 

standard deviation of the mean) 

12A 0 9 31 
12B 0 10 12 
15A 1 . 1  16A 0 
15B 1.6 16B 0.8 
15c 3.9 18A 7.9 
25A 0 18B 5.2 
25B 0 19A 22 
25C 0 19B 27 
25D 0 19C 38 
27A 0 20A 41 
27B 0 20B 30 
27C 0 2 0 c  26 
21A < 1  21A 23 
21B 0 21B 36 
32 5.6 2 1 c  9 .O 
36 0 54 35 
46A Highly exsolved 
46B 22 
48A 21 
48B I .6 
Mean 3.05 1.5 21.5 f 3.4 
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while grains of area less than 5 p 2  were ignored unless the rocks were extremely 
fine-grained. In finer grained rocks, about ten grains were measured locally and 
then the field of view was moved a larger distance, so as to distribute the data over 
a wide region of the slide. The fifty grain areas were tabulated under the headings 
‘titanomagnetite’ and ‘ilmenite’. The total areas were found for each type of grain, 
and these areas were taken as a relative measure of the amounts of each grain-type 
present. A very few titanomagnetite grains contained ‘granules’ or irregular lumps 
of ilmenite within themselves (Buddington & Lindsley 1964, p. 323). These areas 
were added into the ilmenite column. 

Table 1 gives the separate ilmenite area as a percentage of total opaque grain 
area, and correlates it with the palaemagnetic polarity of the corresponding lava. 
The histogram in Fig. 1 demonstrates this correlation. Specimen 46A has been 
left out because it cannot be classified in the same way as the rest, containing 
titanomagnetite with abundant ilmenite lamellae. Squares containing a zero mean 
that no separate ilmenite was observed in that specimen. 

- 

a 

a 
C 

a 
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C 

C 
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FIG. 1. A histogram of the amount of separate ilmenite, as a percentage of total 
opaque area, seen in polished thin sections from the Kinghorn Carboniferous 

lavas. 

Sixteen of the twenty normal specimens contained less than 5 % separate 
ilmenite. Only two of the sixteen reversed specimens contained less than 5 %  
separate ilmenite. The mean percentage ilmenite is 3.0f 1-5 % for normal specimens, 
and 21.5+3.4% for reversed specimens (errors are one standard deviation of the 
mean). 

Within the statistical limits of the numbers of flows involved, there exists a. 
clear correlation between the polarity of the natural magnetization and the chemistry 
of these lavas. 
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3. Discussion of the Kinghorn results 
The chemical difference observed between normal and reversed specimens 

strongly suggests an internal ‘self-reversing’ mechanism in the rocks. All other 
tests (see section 1) show no differences, and the baked rocks positively suggest 
not self-reversal, but field reversal. Only three possible types of explanation can 
account for this internal contradiction : 

(a) It does seem unlikely that the petrology-polarity correlation is accidental, 
since the polarity inverts at  least four times in the succession, and the petrology 
would have to change in the same manner each time. Nevertheless, the correlation 
may be purely accidental. Then field reversal is consistent with the remaining 
observations. 

(b) The field and laboratory magnetic tests may be misinterpreted. For example, 
the baked rocks’ polarities may have been influenced by the chemistry of the baking 
lava, so that baking and baked rocks do not really constitute independent evidence 
of the field direction. Then the argument based on baked rocks would fail. 
Similarly, the magnetic tests may not be capable of revealing differences between 
normal and reversed specimens. In this way the case for field reversal could break 
down, leaving self-reversal consistent with the petrological evidence. 

(c) If all the evidence is valid and correctly interpreted, then the petrology 
(chemistry) of the lavas must depend on the polarity of the magnetic field. 

4. The Cape Kawajiri basalts 

Professor E. Asami of Shimane University, Japan, has sent us eighteen samples 

Table 2 

Quantitative petrological measurements made on Asami‘s Cape Kawajiri 
basalt samples (the error is the standard deviation of the mean) 

Specimen no. 

JN 1 
JN2 
JN3 
JN4 
JN5 
JN6 
JN7 
JN8 
JN9 
JNlO 
Mean 

JR 1 
JR2 
JR3 
JR4 
JR5 
JR6 
JR7 
JR8 
Mean 

Polarity 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

R 
R 
R 
R 
R 
R 
R 
R 

Separate 
ilmenite (%) 

43.0 
11.0 
35.7 
19.1 
30.0 
32.7 
24.4 
12.0 
0 

39.0 
24.7 f 4.2 

34.1 
66.3 
44.3 
47.9 
40.6 
61.2 
41 3 
62.2 
49.8 f 3.9 

Homogeneous 
titanomagnetite (%) 

55.9 
27.9 
62.3 
80.9 
41.5 
67.1 
66 
88.0 

100 
61 .O 
65.1 f6.4 

12.3 
8.7 

27.4 
15.0 
32.7 
5.3 

25.8 
17.3 
18.1 +3.2 

Titanomagnetite 
with ilmenite 
lamellae ( %) 

1.1 
61.1 
2 .o 
0 

28.5 
0.2 
9.6 
0 
0 
0 

10.3 + 6.0 

53.6 
25.0 
28.3 
37.1 
26.7 
33.5 
32.7 
20.5 
32.2 3.4 
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of Tertiary age from Cape Kawajiri (Asami 1954a, b, 1956, 1957, 1964). Ten are 
normally magnetized, and eight are reversed. The ten normal samples were taken 
from an outcrop a few hundred metres from the outcrop of the eight reversed 
samples. Professor Asami believes these two outcrops belong to the same lava, 
although the region between them is covered. If they are not the same lava, then 
we are investigating two closely contemporaneous lavas of opposite palaeomagnetic 
polarity* 

Polished thin sections from these eighteen samples were prepared. The micro- 
scopic analysis is more complex than for the Kinghorn lavas, because some of the 
titanomagnetite grains contain abundant ilmenite lamellae. As with the Kinghorn 
lavas, the areas of fifty opaque grains were measured, but these were divided into 
three categories : 

(1) Separate ilmenite grains. 
(2) Homogeneous titanomagnetite grains (no lamellae). 
(3) Titanomagnetite grains containing abundant fine lamellae. Most of these 

lamellae are brightly reflecting and probably are hematized. 

FIG. 2 Cape Kawajiri basalts Histograms of (a) percentage separate 
ilmenite grains, (b) percentage homogeneous titanomagnetite, (c) percentage 

titanomagnetite with abundant ilmenite lamellae. 

The percentage area occupied by each of these three categories is given in 
Table 2 for each sample. Histograms of the three percentage areas are shown in 
Fig. 2. Nine of the ten normal samples have less than 40% separate ilmenite: 
seven of the eight reversed samples have more than 40% ilmenite. A similar dis- 
tinction is obvious in the percentage of homogeneous titanomagnetite ; nine of the 
ten normal samples have more than 40 % homogeneous titanomagnetite, all of the 
reversed samples have less than 40%. The percentage in the third histogram is not 
independent of the first two, and reflects their trend. It is clear that the normal 
and reversed samples differ greatly. 

Asami (1964) has puformed chemical analyses on the ferromagnetic fractions 
from normal, reversed, and mixed polarity samples of the Cape Kawajiri basalts. 
These, too, reveal the increasing oxidation state on going from normal to reversed 
polarity. 

Subsequent private communications from Professor Asami suggest that two separate lavas are 
indeed involved. 
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Table 3 

Quantitative petrological measurements made on Sigurgeirsson’s Icelandic 
basalts (the error is the standard deviation of the mean) 

Specimen no. Polarity Separate 

QUATERNARY LAVAS 

ilmenite (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

TERTIARY LAVAS 
25 
26 

Mean 

N 66.0 
N 8.7 
N 2.9 
N 4.9 
N 6 .O 
N 0 
N 39.8 
R 9.9 
R 374 
R 18.0 
R 18.6 
R 84.8 
R 50.5 
R 4.4 
R 34.9 
N 14.4 
N 6.2 

Homogeneous 
titanomagnetite ( %) 

34.0 
53.2 
97.1 
86.7 
8.5 

loo 
60.2 
90.1 

1.4 
0.8 

81.4 
15.2 
49.5 
90.2 
65.1 
85.6 
93.8 

N and R locally in sample, varying petrology 
R 24.8 75.2 
R 23.3 33.0 
R 17.2 11.7 
R 70.6 7.9 
N 35.8 7.6 
N Too fine-grained 

R Too fine-grained 
N 
N 
R 

(r) 

- 
1 1 .o 89.0 
1743k6.1 65.0 & 9.8 
32.8 k 13.7 43.4k 10.5 

Titanomagnetite 
with ilmenite 
lamellae (%) 

0 
38.1 
0 
8.4 

85.5 
0 
0 
0 

61.2 
81.2 
0 
0 
0 
5.4 
0 
0 
0 

0 
43.7 
71.1 
21.5 
56.6 

0 
17.1 k 12.9 
23.6 k 8.7 

FIG. 3. Icelandic basalts Histograms of (a) percentage separate ilmenite 
grains (b) percentage homogeneous titanomagnetite, (c) percentage titano- 

magnetite with abundant ilmenite lamellae. 
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5. Some Icelandic lavas 

Professor T. Sigurgeirsson of the University of Iceland, has sent twenty-six 
samples from twenty-four separate Quaternary lavas and two Tertiary lavas. The 
twenty-four Quaternary lavas are in a known chronological sequence, given in 
Table 3. Of the twenty-six samples, twenty-three were suitable for analysis similar 
to that used on the Cape Kawajiri basalt. Two were so fine-grained that opaque 
grains could not be classified; and the third sample (no. 18) did not have a distinct 
polarity, but had different polarities throughout itself. Its petrology also varied 
widely throughout itself. 

The analysis of the twenty-three samples is shown in Table 3 and Fig. 3. 
Although the mean percentages show the same trend as in the other two sets of 
basalts (more separate ilmenite and more ilmenite lamellae in reversed specimens), 
nevertheless the statistics are insufficient to pmve such a weak correlation.. 

6. Further evidence and discussion 
The three sets of lavas considered in this paper are widely spaced (Scotland, 

Iceland, Japan) and are of different ages (Tertiary, Carboniferous). With the 
reservation that the Icelandic results alone are not statistically significant, all three 
sets of lavas show the same trend-that there is more separate ilmenite and more 
ilmenite lamellae in reversely magnetized specimens than in normally magnetized 
specimens. This chemical difference suggests a self-reversal mechanism, rather than 
magnetic field reversals. Yet the other evidence concerning the Carboniferous lavas 
suggests field reversal (see section 1). As a further test, we looked back through all 
the petrological data collected over the past few years, and found that four speci- 
mens contained no apparent titanomagnetite, but only anisotropic opaque material. 
Two are a dyke and a lava of Jurassic age from South America, kindly given to me 
by Dr K. M. Creer; and two are Northern Irish Tertiary basalts. All four are 
reversely magnetized, which supports the association of separate ilmenite with 
reversed polarity. 

We do not suggest that the ilmenite itself is necessarily magnetic. However, its 
presence may be an indicator of the chemistry of any magnetic material present. 
In particular it very likely indicates the state of oxidation of titanomagnetites 
(Buddington & Lindsley 1964). Self-reversal has already been observed in partially 
oxidized titanomagnetites (Havard, personal communication), and has been shown 
to be theoretically possible by Verhoogen (1959). To press for further conclusions 
requires more evidence of the kind presented in this paper, but in general, basalts 
do not contain such a simple set of opaque grains that each sample can be described 
by measuring only separate ilmenite, homogeneous titanomagnetite, and titano- 
magnetite containing ilmenite lamellae. The three sets of basalts described here 
are exceptional in their simplicity. A technique has now been developed for classi- 
fication of a wider range of rock types according to the state of oxidation of opaque 
grains (iron-titanium oxides). This is already bringing out further petrology- 
polarity correlations in other sequences of basalts with more complex petrology. 
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