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INTRODUCTION

Reverse magnetic polarization of rocks "in situ" is a
phenomenon which has been observed and reported by several workers
gince its discovery by Brunhes (1906) in baked clays and adjacent
basalts of Miocene age in Central France. REarlier, Folgheraiter
(1892) had noticed the reverse polarization of fragments of ancient
pottery discovered in Central Italy and he had concluded from
this observation that the earth's magnetic field was probably
temporarily reversed from its present direction in this part of
the world during Recent times. In Germany, Pockels (1901) and
Toepler (1901) noticed that sometimes rocks "in situ™ are reversely
polarized by the action of lightning. Both Pockels and Toepler
recognized however that lightning polarization of rocks is a very
local phenomenon which never extends over areas larger than a few
gquare metersg¥*. In more recent years, reverse polarigation of rocks
¥in sita"™ has been observed in many rock types of various ages and
in different countries of the world. A list of such observations,
as reported in the literature, is given in Table 1 below.

Although admittedly incomplete, this list shows that reverse

*Since lightning polarization is easily detected in the field
and since it is of no palaeomsgnetic interest, it is excluded from
the present discussion. The other trivial case of reverse polariza-
tion of rocks "in situ"™ due to overturning of beds is alse eliminated
8ince determination of magnetic polarizetion always includes &
correction for geological structure.

-1 -




-2-

TABIE 1

REPORTED OCCURRENCES OF REVERSE POLARIZATION OF ROCKS IN SITU

Country Rock Type Age Observer
krgentina Basalt Quaternary Creer (1958)
Australia Varved Clay Carboniferous ;rving (1957a)
" Bagalt Carboniferous Irving & Green (1958)
" Lava Permian Mercanton (1926)
" Basalt Tertiary Irving & Green (1957)
Canada Basalt Keewanawan DuBois (1967)
® Anorthogite ? Bourret (1949)
BEngland Sandstone Precambrian Irving (1957b)
" Lava & Intrusives Carboniferous Clegg & al. (1957)
n Red beds Triassic Clegg & al. (1954)
" Limestone Jurassic Nairn (19572a)
" Tholeite dyke Tertiary Bruckshaw &
Robertson (1948a)
b Lava Tertiary Bruckshaw &
Vincenz (1954)
France Sandstone Permian Nairn (1957b)
" Dolerite Permian Roche (1957)
" Andesite Permian Rutten (1957)
» Sandstone Triassic Clegg & al. (1957)
n Lava Tertiary Roche (1950, 1953)
Iceland Basalt TPertiary Hospers (1953)
" Lava & Seds. Tertiary Einarsson &
Sigurgersson (1956)
" Basalt Tertiary Brynjolfsson (1957)
o Lavs Quaternary Hospers (1963)

/s
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TABLE 1 (Conttd)

SRR — S—— -
Country Rock Type Age Observer

India Lava Cretaceous Clegg & al. (1956)
Japan Lava Tertiary Kato & Takagi (1955)

w Taff Tertiary Kawai (1961)

n Lava Quaternary Nagata & al. (1957)
Norway Andesite Permian Rutten & al. (19567)
Rusasia Limestone Tertiary Kalashnikov & al.

{1958)
South Africa Dyke Precambrian Gough (1956)
" " Basalt Jurassic Nairn (1957¢)
U.S. (Mich.) Dyke Precambrian Graham (1953)
* (N.Y.) 1Igneous & Precambrian Balsley &
Metamorphic Buddington (1958)

* (OGkla.) Granite ? Hawes (1952)

* (Md.) Sandstone Silurian Graham (1949)

" (Conn.) Sandstone Priageic DuBois (1957)

" (Dak.) Sandstone Cretaceous Runcorn (1956)

" (Ore.) Lava Miocene Runcorn &

Campbell (1956)

" (Ore.) Basalt Eocene Cox (1957)

® (N.Mex.) Basalt

Late Cenozolc

Muehlberger &
Baldwin (1958)

polarization of rocks ™in situ" is not an isolated phenomenon

in nature and, for this reason, many theories have in the past

been set forward to explain its existence. It is widely admitted
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today that the phenomenon is either the evidence of periodic
reversals of the earth's magnetic dipole (as suggested in 1899
by Folgheraiter) or, in some special cases, the result of a
"gelf-reversal mechanism" which is inherent in the minersal
assemblage of certain rock types. As more polarization measure-
ments are made, it seems that the hypothesis of dipole.reVeraals
is the most probable sxplanation in the majority of cases
(Creer, 1958). This fact along with others is used in the
foundation of the relatively new gscience knmown as palaeomagne-
tism.

One of the major problems in palaeomagnetism is the
selection of rocks which are suitable for this type of'study,
i.e., rocks which may be consldered as magnetically stable and
of chemical and miheralogical compositions such that a mechanism
of self-reversal cannot be evoked as the partial cause of their
"anomalous" polarization.

Graham (1949) designed a few tests to establish in the
field the magnetioc stability of sedimentary rocke with a minimum
of doubt. However, the application of these tests to igneous
and metamorphic rocks ig seldom possible. In these ocases
laboratory tests such as those suggested by Thellier (1937),
Thellier & Rimbert (1964), Rimbert (1955, 56, 57), Creer (1955),
Graboveki & Petrova (1956), Doell (1966), are necessary.

Now that Graham's tests have been applied to thousands
of sedimentary specimens (Runcorn, 1956) it can be stated that

red beds of either fine-grained sandstone, siltstone or shale
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are generally the most magnetically stable sedimentary recks.
This is due to the almost exclusive presence of hematite as
the ferromaguetic mineral in these rocks. Hemaﬁite is charac-
terized by a high coercive force (much higher than that of
magnetite) which iz one of the main factors in determining the
magnetic stability of a rock of a given grain size, (Graboveki
& Petrova, 1956). It is noted, however, that other sedimentary
rocks such as limestone, greywackes and impure sandstones have
also been successfully used in palaeomagnetism.

Volcanic rocks have also been used extensively in such
studies, as indicated in the above Table 1. Having magnetite
or titaniferous magnetite as their main ferromagnetic consti-

tuents, these rocks generally have a stronger polarization than

red beds. On the other hand, their magnetic stability is achieved

by a sufficiently fine-grained dissemination which allows fer a
good coercivity (Gottschalk, 1941).

Relati;ely few attempts have been made to use intrusive
rocke in palaeomagnetism. Polarization measurements of several
oriented specimens of granite from Oklahoma were made by Hawes
(1952). More recently, similar measurements on intrusive and
metamorphic rocks from the Adirondacks were reported by Balsley
& Buddington (1958). In both of these cases the directions of
polarization were considerably scattered and the data were not
considered suitable for a palaeomagnetic analysis. On the other
hand, Armstrong (1957) was able to establish the age of certain

basic intrusives in Ayrshire by comparing their direction of
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polarization with similar data obtained for rocks whose age
had been determined on the basis of palaeontology. Agein, Clegg
et al (1967) used peolarization measurements of intrusive rocks
in Bngland to determine the position of the earth's magnetic pele
during Carboniferoung time. It is interesting to nete that in sll
of the four groups of measurements just referred to, at least
some 0f the specimens were reversely polarized. Many more ocases
of reversely polarized intrusive rocks &are reperted in the geophy-
gical literature and it is probable that mest of these recks have
& stable component of remanent magnetization which was imposed on

them by the Ambient earth's field at the time of their cooling.

Gbject of Thesis

The object of the present thesis is to study the possible
geological significance of polarization measurements made on a
sulte of oriented specimens collected fram the core of two of
the Monteregian Hille in Southern Quebec. In particular, the
magnetic stability of these rocks and the origin of their reverse
polarization are considered. A comparison is made between the
direction of polarization of these rocks and similar dsts reported
in the literature for other rocks whose age has been determined
on the bagia of palaeontology. By means of this comparison an
attempt is made to establish the approximate age of the Moenteregian

Hills in general.
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CHAPTER I

NOTES ON THE GENERAL GEOLOGY OF YAMASXA AND BROME MOUNTAINS
Although it is not the specific object of this thesis
to deal with the general geology of Yamaska and Brome mountains,
it is pertinent to gi&e a brief account of the main geolegical
features insofar as they relate to the object of the thesis.
1- Yamaska Mountain

Yamaska mountain is situated about 30 miles east of
Montreal, Quebec. At this point the present geomagnetic field
would normally have & total intensity of 57,460 gammas, & decli-
nation of 16°18'W and an inclination of 74963'. The mountain
covers an area of 6% sq. miles, a little over 3 sq. miles of
which is occupied by a core of basiec intrusive rocks.

According to Young (1906) who first mapped in detail
the geology of this mountain, the igneous core is the erosion
remnant of a volcanic neck which punctures the Farnham (Cambro-
Silurian) slates to the west and the Sillery (Upper Cambrian)
slates to the East.

Considered from a petrologic point of view, the igneous
core grades inward from an alkali syenite (akerite) near the rim,
through a nepheline bearing gabbro (essexite), into a rock composed

almost entirely of ferromagnesian minerals (yamaskite). These rocks
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are medium- to coarse-grained and generally have a granitic
texture. Akerite forme only a small portion of the intrusive
and is made up of plagioclase, alkali feldspars and microper-
thite for the most part. This rock also containg biotite, some
pyroxene (diopside) and hornblende. Among the accessory minerals
Young reports pyrite, apatite, zircon, titanite and "iron oxide".
The latter is of particular interest in the present study owing
to its ferromagnetic properties. Essexite forms the bulk of the
igneous core and its composition and texture vary widely throughout
the rock masa. In general plagioclase and pdtash feldspars account
for ahout one third of this rock each and the rest is made up of
hornblende, titaniferous augite and biotite, nepheline and some
opaque minerals among which titaniferous magnetite is of msin
interest in the present study. Yamaskite occurs as isolated
patches engulfed in the essexite. Titaniferous augite and horn-
blende form the bulk of Yamaskite and "much ilmenite and magnetite”
are reported in it by Young (op. cit.).

According to Young the igneous core of Yamagks mountain
is the product of a single intrusion. His conclusion is based
upon the shape and dimensions of the body as well as on the fact
that the contacts that he observed between the various lgneous
rock types are always gradational.

The time of intrusion of the igneous core is not accurately

known. The youngest strata intruded are the Farnham slates which

were lagt folded during the Taconic or possibly during the Acadian
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disturbances. Since the folding of these strata is not appre-
ciably disturbed in the vicinity of the igneous core, Young
concludes that the maximum age of the latter is Ordovician or
possibly Middle Devonian. A minimum age has apparently not been
estimated due to lack of conclusive evidence.

2- Brome Mountailn

Brome mountain is located about 17 miles south east of
Yamaska mountain. It covers an area of about 30 gq. miles
23 of which are underlain by a core of basic intrusive rocks.

Brome mountain was considered by Dresser (1906) as the
erosion remmant of & lopolith. It has apparently not been
disturbed since its original emplacement. Dresser believed
however that two periods of intrusion contributed to the formation
of the igneous core. A first intrusion ofvessexite was followed
by the injection of nordmarkite between the former and the over-
lying sediments. In the present study, our attention was res-
tricted to the essexite in the southern part of the igneous core.
The essexite from Brome ressemblesa very much to that from Yamaske
and contains equivalent amounts of ferromagnetic minerals.

Although he lacked conclusive evidence, Dresser (op. cit.)
set the maximum age of the intrusions as Upper Ordovician and
the minimum age as Permo-Carboniferous. The reason for setting
the maximum age is the same as given above for Yamaska mountain.
Bvidence for establishing the minimum age is somewhat tenuous.
Dresser noticed some degree of parallelism between certain

gtructures in the igneous core and similar structures in the
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gurrounding sediments. Assuming that the structures in the
gediments could have been formed no later than the period of
mo8t recent folding east of the Logan's line, he concluded that
they could not have taken place later than Permian time. Since
the structures which he found in the igneous body were probably
contemporaneous with the intrusion itself, he suggested that the
intrusion did not take place later than Fermisn time.

The present study is connected in particular with two
aspects of the general geology of Yamaska and Brome mountains,
namely the times of intrusion of the igneous cores and the
composition of the ferromagnetic minerals referred to as "iron
ore" by Young and Dresser. A comparison of the measured directions
of magnetic polarization of these rocks with similar data obtained
for other rocks of known age provides additional information
concerning the probable age of these intrusives. Also, the Curie
point determinations described in Chapter V add to our knowledge
on the composition of the ferromagnetic minerals present in the
rocks. A few polished sections of "magnetite" grains shown in
Plate I also yield some information as to the intergrowth of

ilmenite and magnetite in the same rocks.




CHAPIER II

PRELIMINARY MEASUREMEHNTS
A, Pleld Surveys

The firast geophysical measurements ever published in
connection with Yamaska and Brome mountains are repreduced in
Figa. 1 and 2 below. Thaey a&are the result of an airborne magne-
tometer survey flown by the Geological Survey of Canada in 1960.

"A brief examination of Fig. 3 reveals a loocal magnetiec
reliaf of over 5,000 gammas near the core of Yamaska mountain
and & magnetic fepresszion of some I,000 gammas below the reglonal
magnetic background. These anomalies were also detected by the
writer on the ground by means of an Agkania type vertical magne-
tometer; on the ground, the observed magnetic relief reaches over
30,000 gammas with magnetic depressions of some 15,000 gammas.
The magnetic and tepographic depressions and pesks are net mpa-
tially interrelated, thus eliminating topography as the major
cause of the magnetic anomalies. On the other hand, the anomalies
spread horizontally over many hundreds of square feet, thus msking
lightning polarization the improbable cause of their occurrence,
because it is known that lightning polarization rarely spreads out

over more than a few square meters (Pockels, 1901; Toepler, 1901).

- 12 -
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The fact that magnetic peaks and depressions are
adjacent to one another could easily be explained by a variety
of geometrical configurations. For example, one could visualize
the whole intrusive as a complex arrangement of horse-shoe
magnets pointing in different directions. It would be more
difficult however to describe the geological mechanlam respon-
gsible for such a model, especially if we recall that there is
no evidence of tectonic movements within the intrusive since
the time of its cooling. On the other hand, it is relatively
easy to account for the coexistence of the positive and negative
anomalies by assuming that the overall magnetization of the
intrusive may be the resultant effect of several processes of
magnetization which have been active in different directions,
at different periods and more or less efficiently over different
gsections of the intrusive, depending upon the texture and
composition of the rocks in each of these sections.

Similar remarks may be applied to the Brome mountain area
with the difference that the magnetic fluctuations were less
pronounced in the latter. Although the isogams of the asero-
magnetic map never reach a value below the regional magnetio
background, ground magnetic traverses showed the presence of
a 12,000 gamma depression over an area roughly 2% miles due
Bast of Bull Pond.

The information disclosed by the above-mentioned surveys
was strongly indicative of the presence of reversely polarized

rocks on Yamaska and Brome mountains. The fact that there 1is no
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evidence that these rocks have been overturned in the past,
suggested further the possibility of attempting palaeomagnetic

gtudies in these aresas.,

B. Specimen Collection &and Preparation

Qriented specimens are required for the purpose of
studying the original direction of remanent magnetization of
rocks. In the present study the following technigque was used
for specimen collection. A flat surface, for instance a Joint
plane, was sought on the outcrop and a horigontal arrow was
drawn on that surface. The down~dip direction of the surfsace
was also marked by a line perpendicular to the arrow. The
azimnth of the arrow and the slope of the dip line were then
measured with a Brunton compass and a clinometer respectively
before the aspecimen was broken awey from the outcrop. To
eliminate errors from local effects, the compass reading was
corrected by adding the angular difference between the apparent
azimath of the sun and its true azimuth as given in tables for
the partiocular time at which the specimen was oriented. The
geographic positions of the collected samples®are shown in
Figs. 1 and 2.

In preparation for the actual measurements of their
polarization, the specimens were first embedded in a base of
plagter of Paris in such a way that their original attitude
in the field was reproduced. A two-inch vertical core was then

drilled from the specimen and the core was cut into two or

*The specimens from Yamaska mountain were collected by
Dr. R. Mitra of the G.S.C.
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three one inch cubes, precaution being taken that the orientation
reference lines were carried faithfully from the initial steps

of the operation.

C. Measuring Instruments for Remanent Magnetization

The most widely used instruments for remanent polarization
measurements are the astatic magnetometer and the rock generator
or spinner type remanent magnetometer. The former is & very
gsengitive instrument but its operation is very slow and tedious.
When the rocks to be measured are only weakly polarized, this
ingtrument is the only one which can be used satisfactorily.

A description of this apparatus and of its operation is given
by Collinson & al. (1957). The rock generator, on the other
hand, sacrifices some sensitivity and precision but its operation
is much simpler and considerably faster. As we shall ses later
in this chapter, the rocks under study have a relatively strong
magnetic polarization, and sensitivity was therefore considered
as not to be a critical factor for the measuring instrument.

On the other hand, it was desired to measure and remeasure a
relatively large number of ocubes. For these reasons preference
was given to the rack generator in the choice of measuring
instruments.

Rock generators have been fully desoribed in the litera-
ture by Bruckshsw & Robertson (1948), Johnson & McNish (1938),
Nagata & Rikitake (1943), Johnson, Murphy & Torreson (1948) and
Hood (1956). Furthermore, the unit* used in the present study

*This unit was designed and built by Mr. L.S. Collett & al.
of the Geophysics Division of the G.S.C. in 1954.
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is now superseded by much more refined instruments of the same
type. PFor these reasons & detailed description of the instrument
will be omitted here and only a description of the main features
and operation of the device will be given with the help of the
bleck diagram shown in Fig. 3 below.

When the motor is set in operation, two distinct voltages
are generated across colils Lj and Lg by the reference magnet
and the rock cube respectively. Colils Lg and L5 are two con-
centric flat coils which are wound in series opposition. Since
Lz 1s relatively far from the rotating rock cube, hardly any
voltage is generated acreoss it by the latter and the opposite
is true for Ly. On the other hand any transient fluctuations
in the magnetic field surrounding the instrument will affect
both coils and the voltage thus generated will cancel automatical-
ly since the two coils are wound in series opposition. Amplifiers
A and B are tuned to 30 c.p.s8. t0 reject harmonice or any other
type of disturbances. The output of these two amplifiers is fed
into an electronic switch which permite the simultaneous tracing
of the two generated voltages on the screen of a Cathode Ray
Oscilloscope. The balancing of these two traces is done by

revolving coil L, about the axis of the shaft and by varying

1
the input of amplifier A by means of a graduated potentiometer.
The first of these two adjustments cancels any phase shift
between the two traces and the second eliminates differences

in amplitude. When the two traces blend into one on the C.R.O.
soreen, the position of coil L and the reading on the peten-

tiometer are noted as a measure of the orientation and intensity
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0f the component of magnetization in the plane perpendicular
to the axis of rotation of the ocube.
The limit of resolution of the instrument is of the
order of 10™% emn and angles can be measured with an accuracy
of 5°. MTime involved in the measurement of a cube averages to

about 5 minutes.

D- Measurementa apd Calculations

Bach cube was spun about three muntually perpendicular
axes for the determination of its remanent polarization. The
nomenclature used in the representation of the various magnetic
components is indicated in Fig. 4-A below. The X axis of the
cube corresponds with the "in situ™ astronomic North of the
gpeclimen and its Z axis is along the Vertical and positive
downward. Since the specimens were spun clockwise, angle &
is the clockwise angle between the X axis and the magnetic
component in the XY plane. The intensity of this compenent
is‘referred to as I . Similarly,ﬁ?and)’refer to the clockwise
angles measured between the Y and Z axes and the components
of magnetization in the YZ and XZ planes respectively. The
three positions of spinning about the axes +Z, +X and +Y are
indicated in Figs. 4-B, 4-C and 4-D respeotively. Theoretically,
only two of the three sets of values (&, Ii) are neoéssary %o
determine both the orientation and intensity of the polarization
vector of a cube. The three sets of values were recorded

however for checking purposes.
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From FPig. 4-A it is easy to derive the following

relations:

I
(1)

sz
(@ 1
(3) 12
(4) 315
(5) 212
6) 1,

7
IBcosB = ;asina
chosy = IﬁsinB
2 2 2 2 2 2 2 2 2
Ix + Iy +I, = I,cosa+ IBcos B + chos 4
;g + Iscosay = Ig + ;scoszb = If + Igcoszb
2 2 2 2 2 2 2 2 2
Ip + IB + I7 + Iycos & + Ibcos B + chos b

2 2 2
Ia + IB + I7

Bquation (6) was used in the calculation of the total

intensity of polarization of the cubes.

If D and I refer to the "in situ" declination and

inclination (positive downward) of the magnetic vector respectively,

then:

(7) temD = I,/I,

(8) cos I

- I/t = f(Re2)/q,
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Theoretically angles D and Xshould be identical but

it is found in practice that this is seldom the case due both

to inhomogeneity in the ferromagnetic mineral distribution in

the rock, and to the possible error of 5° involved in the measure-
ments. The determinations of D and I were actually done graphic-
ally in the present study. The steps involved in this operation
are described in detail in Appendix I at the end of this thesis.

B- Results
The raw data as obtained from the measurements are

tabulated in Appendix I. A summary of the graphically determined
declinations and inclinations and of the calculated intensities
appears in Tables 2 and 3 below. The parameters given in these
tables are the arithmetic means of determinations on two or three
different cubes of a given sample. The north-seeking poles of
the magnetization vectors are plotted on stereographic projec-

tions in Figs., 5 and 6.

P~ Disenssion of Results and Conclusions

(i) Specimens from Yamaska mountain.

An examination of Table 2 and Fig. 5 reveals that there
is little consistency in the orientation of the magnetization
vectors of the rocks from Yamaske mountain. Exception being mmde
for specimens Nos. 104 and 111, it is noticeable however that all

other specimens have a North-South component plunging between 50°

and 70° either upward or downward. The fact that many of the
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gpecimens collected in zones of positive anomalies (see Pig. 1)
are reversely polarized is also of interest. Reversely and
normally polarized rocks are represented by specimens of both

gstrong and weak polarizations.

TABLE 2

SUMMARY OF POLARIZATIONE MEASUREMEHTS
FOR SPECIMENS COLLECTED ON YAMASKA MOUNTAIN

—

Sample Humber  Decli-  Inecli- Intensity Polarity
Ro. of nation nation emufeu. in
Cubes X10-%

63-A% 2 085° -14° 756 up
55-A 2 258 -35 1,895 up
67-Y 3 144 -43 40,400 up
71-B 2 219 -56 55,900 up
72-8 2 208 -57 72,400 ap
74-E 2 111 -46 26,900 up
87-Y S 036 +51 4,373 down
103-Y 3 242 +40 53,766 down
104-Y 2 a18 . =16 56,5600 up
105-Y 3 174 -69 2,540 up
111-8 3 al9 +38 4,586 down
113-E 3 265 +15 22,600 down
120-E 3 228 -63 29,200 up
121-Y 3 230 -57 _ 25,166 up
138-R 2 073° +46° 1,660 down

*Specimens labelled A are Akerite, those labelled Y are
Yamaskite and those labelled B are Esgsexite.
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Pig. 5 Stereographioc Projection of Magnetization Vectors for
15 samples from Yamaska Mountain, before Magnetic Washing.
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TABLE 3

SUMMARY OF POLARIZATION MSASUREMENTS
FOR SPECIMENS COLLECTED OF BROME MOUNTAIN

Sample  Number Decli- Incli- Intensity Polarity
Ko. of nation nation emu/cu. in
Cubes x10-%

36 2 145° +05° 5,880 down
a7 2 160 -24 14,675 up
37-B 2 123 -15 14,300 up
38 2 142 -2d 8,486 up
38~B 2 115 -24 10,6456 up
39 2 134 -16 35,0080 up
40 2 001 +38 37,680 down
41 2 014 +42 2,720 down
42 2 0453 -19 97,800 up
43 3 147 -28 51,030 up
44 3 1420 -280 9,080 up

These facts guggest the possibility that more than one agent
contributed in the pelarization of the specimens collected

from Yamaska mountain. Furthermore it is possible that some

of these agents were equally active in the polarization of all

the #pecimens whereas others were efficlent only on some specimens
and te different degrees. If the effect of the latter group
could be eliminated, the polarization directions would then be
more consistent from one specimen to another. This aspect of

the problem is considered in the following chapter.
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(1i) Specimens from Brome mountain.

Table 3 and Fig. 6 indicate a much more consistent
distribution in the magnetization vectors obtained for the
rooks from Brome mountain. Two reasons may explain this faect,
namely that the rocks were sampled in a more restricted area
and from the same rock type. Specimens Nos. 40 and 41 were
collectad from the flank of a positive anomaly and they are
pelarized almost in the direction of the present earth's field.
The suggeation that these rocks were once uniformly polarized
in one direction is even stronger then in the Yamaska case.

The suitability of the rocks from both Yamaska and
Brome mountains for palaecomagnetic studies depends upon their
magnetic stabillity agd on the possibility of removing the
components of magnetization which were pessibly imposed on
them after their cooling te ordinary surface temperatures.

These matters will be treated next.




CHAPTER III
STABILITY OF THE REMANENT MAGNBTIZATION

A . Separation of the Magnetic Components

If an igneous rock is susceptible of being permanently
polarized magnetically, it may reach that state by at least
three different processes. These have been described by the
terms “thermomagnetization”, ™anhysteritic™ magnetization*
and “isothermal™ or "viscoﬁs“ magnetization. Two or three of
these processes can occur successgively in the same rock mass
and the resultant magnetization corresponds to the vectorial
gum of the two or three components involved. We shall review
briefly the meaning of these three types of magnetization in
connection with the present problem.

It iz & well known fact that if a rock is heated above
a critical temperature (known as the Curie point of the ferro-
megnetic minerals present in the rock), it loses all of its
remanent magnetization. If the same rock is then cooled from
that temperature in a constant magnetic field, it acquires a
component of magnetioc polarization directed along the ambiént

field. This process is known as thermomagnetization.

*Referred to as "ideal"™ magnetization in Russian literature.

- 29 -
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Anhysteritic magnetization ig impressed on a rock
sapecimen when the latter is subjected to a rapidly fluctuating
magnetioc field to which is superposed a constant field, e.g.
the earth's field. This set of conditions is roughly repreo-
duced when a rock mass is struck by lightning. As mentioned
earlier, Pockels (1901) and Toepler (1201) observed field
examples of rock magnetic polarization resulting from lightning
and they both recognized that this phenomenon is localigzed
and can rarely be traced for more than a few meters around a
point. The effect of the electrostatic discharge taking place
during lightning is the only known natural mechanism of anhyste-
ritic magnetization of rocks. For this reason anhysteritic
magnetization and lightning polarization are generally considered
as the same in palaeomagnetism.

A rock becomes isothermally magnetized if it is subjecﬁed
to a constant field at ordinary surface temperatures for'a certain
period of time. The intensity of this component of magnetization
dependes upon several factors of which the main ones are the
intensity of the acting field, the interval of time elapsed
between the application and the removal of the field and the
size, distribution, and composition of the ferromagnetic minerals
in the rock.

Igsothermal magnetization may be applied over a whole rock
body, but for the reasons given in the previous paragraph, its
intensity may not necessarily be uniform over the whole region

of the body. Furthermore, diurnal and secular variations in the
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declination and inclination of the earth's field would create
so many components in a given rock mass over & period of millions
0f years that the vectorial sum of these components could not
refer to any particular stage in the history of the rock. This
component of magnetization is therefore not desirable in rocks
which are to be examined from the standpoint of palaeomagnetism.
Ag pointed out earlier, anhysteritic magnetization is
a localized phenomenon. Moreover, the direction of magnetic
poelarization resulting from this process 1s governed partly by
the declination and inclination of the ambient constant field
but mainly by the path of the electric currents circulating
through the reck after the electrostatic discharge. DPockels
(op. cit.) observed that the magnetization directions radiated
from a central point at the sites where he studied the phenomenon.
For these reasons anhysteritic magnetization cannot be used
reliably in establishing the orientation bf the earth's field
at the time of its imposition in the rock. Lightning polarigation
is thus considered as an undesirable component of magnetization
"in rocks which are to be used for palaecomagnetism.
The last component to be considered is thermomagnetization.
Its importance in palaecomagnetism lies in the fast that it regis-
ters the direction of the geomagnetic field for the limited period
of time it took an igneous rock to c¢ool from the Curie point of
its ferromagnetic minerals to ordinary temperatures at the surface
of the earth. It may be inferred that this interval of time is

in fact considerably shorter yet, since according to the results
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of Graboveki, Petrova and Isakova (1956), 90% of the thermo-
maguetic component is installed in the rock during the time
it tekes its ferromagnetic minerals to cool from their Curie
point ta a temperature about 50C°C. below it.

The possible coexistence of several components of
magnetization in the same roek sample brings with it the
problem of isolating these components if the rock is to be
ugsed for palasomaguetic studies. This will be posaible if
the different components respond differently %0 certain treat-
ments.

It has been shown experimentally by Nagata & Xassharsg
(1953), Thellier & Rimbert (1954) and Rimbert (1955, 56, 57)
that if a slowly decreasing alternating magnetic field is
imposed on a rock specimen which is otherwise lying in a magnetic-
field-free space, amplitudes of less than 200 cersteds for the
alter-nating field are sufflicient to destroy completely the
isothermal magnetization in the specimen. A similar treatment
applied to rocks whose magnetization is execlusively of the
thermomagnetic type has a considerably weaker effect in redu-
c¢ing the intensity of magnetization unless the peak values of
the alternating field reach seversal hundreds of oersteds.
Apnhysteritic magnetization resists to the same treatment consi-
derably more than isothermal magnétization but it is "softer"

than thermomagnetizatiaon. Therefore, if it can
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be ascertained by other means that no anhysteritic component
is present in a given roock sample, it will be possible to
isolate the desirable thermomagnetic component present in it
by the use of the above-described technigue. If, furthermore,
after repetition of the operation with increasing amplitudes
of the alternating field over successive runs, the sample
reaches a gtate where its magnetization remains constant, it
may be concluded that its thermoremmant component is stable.

The foregoing technigue will be referred to as *magnetic washing”
in the following. It has been used recently on intrusive rocks
by Armstrong (1957), and on volcanic rocks by Brynjolfsson (1957).

Another laboratory technique used in studying the magne-
tic stability of rocks consists in leaving the sample oriented
with its magnetization vector opposed to the earth's field, and
in measuring its polarization at intervals of days or weeks.

This method was suggested first by Thellier (1937). Clegg & al.
(1954) used a variation of this technique by replacing the
earth's field by a field of the order of 5 to 10 oersteds.

A third way of determining the magnetic stability of
rocks in the laboratory consists in heating the sample to 1000C.,
and in keeping it at this temperature for one hour or so in a
magnetic-field-free space which is sometimes referred to as a

"magnetic vacuum”. It has been suggested by Néel (1955) that

under these conditions, isothermal magnetization is very unstable
and is effectively destroyed. On the other hand, thermomagneti-

zation remains unaltered when exposed to the same treatment.
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If, after repetition of the above treatment, the sample's
magnetization remains unchanged, the specimen may be considered
ag stable and freed from an isothermal component. This technique
has been used recently by Doell (1956) on sediments, by Cox
(1957) on basalts, by Roche (1953) on lavas.

The first of the three techniques just described was
used in the present study. With the dual purpose of verifying
the applicability of this procedure to the rockes under study
and of testing the suitability of the equipment built for this
purpose, 8 series of simple experiments were carried out by
the writer. DBefore describing this equipment, mention will be

made of these experiments.

Experiment Ho. 1l: Complete magnetic washing

An oriented cube of essexite from Yamaska mountain was
heated to 700°C. and kept at this temperature for a period of
one hour. It was then permitted to cool to room temperature in
a magnetic vacuum. About 96j of the original magnetization was
destroyed by this operation. The 4% of the original magnetiza-
tion left in the sample is most likely an isothermal component
introduced in it during the interval of time between the cooling
operation and the measurement of the polarization. The changes

in the actual magnetic parameters of the cube are as follows:

Decli- Incli- Intensity
nation nation emu/cu. in.
x107°
Before heating: 126° -410 26,885

After heating : 24490 ~04° 1,110
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Bxperiment No, 2: Thermomagnetization

An oriented cube of essexite from Yamaska mountain was
heated to 700°C. and kept at this temperature for a period of
one hour. After orienting the cube 80 that its X axis pointed
North approximately and ite Z axis pointed downward, the rock
was allowed to cool to room temperature in the earth's field.
The result of this operation was that, although the original
intensity of magnetization was not changed appreciably in magni-
tude, its polarity was reversed by nearly 180° in space. The

changes in the actual parameters of the cube are as follows:

Decli- Incli- Intensity
nation nation emu/cu. in.
X10~9
Before heating: 230° -520 42,560
After heating : 35790 gge0 47,662

It is noted that the inclination of the thermomagnetiza-
tion obtained after cooling is slightly different from the actual
inclination of the earth's field in Ottawa (about 756°). This may
be explained partly by a possible error of 5° in the measurements
and partly by the fact that the cube was cooled while resting on

gurface which was not perfectly level.

Experiment Bo. 3: Isothermal Magnetization and Magnetic Washing

An oriented cube of essexite from Yamaska mountain was
submitted to a constant field of 115 oersteds for & period of
5 minutes. As a result of this its original intensity of magne-~
tization was increased 25.6 times. The specimen was then sub-

mitted to the treatment of magnetic washing. After the cube had




- 36 -
reached its original state of magnetization, little change

was obgerved in its magnetic parameters upon applying the treat-
ment of magnetic washing with demagnetizing fields of relatively
large amplitudes (390 oersteds). This experiment demonstrates
the relatively higher resistance of thermomagnetization to
magnetic washing as compared with isothermal magnetization.

The variations in the intensity of magnetization is plotted

in Pig. 7 and the most significant among the observed magnetic

parameters obtained after each run are as follows:

Decli- Incli-~ Intensity
nation nation emu/ocu. in.
X105
Before Magnetization:  225° -83° 12,150
After Magnetization ; 3020 -850 276,000
(115 Oersteds, D.C.)
After the 4th rumn  : 130° -82° 11,300
(150 Oersteds, A.C.)
After the 8th run : 138° -83° 5,870

( 390 Qersteds, A.C.)

It is noticed that the declination before magnetization
and after the 8th run are very different. However the angles
0f inclination are relatively large in both cases and it turns
out that the angle between the two vectors considered is less

than 100 .

Bxperiment No. 4: Thermomagnetization Stability

The cube of Experiment Ho. 2 was submitted to the treat-

ment of magnetic washing as described later in Part C of this
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chapter. An amplitude of 262 oersteds was given to the alter-
nating demagnetizing field. The initial and final magnetic

parameters are as follows:

Decli- Ineli- Intensity

nation nation emu/cu. in.
x10™%
After Bxperiment No.2: 357° -880 47,662
After Magnetic Washing: 304° ~-80° 22,994

(262 Qersteds, A.C.)

It is noticed from these results that even after the
application of & 262 oersted demagnetizing field almost 50% of
the thermomagnetization is still present in the rock specimen.
The fact that the declination changed by 53° during the treat-
ment is hardly significant for the same reason given in the
previous experiment.

B. Construction of the Magnetic Washing Apparatus

Two precautions are necessary in the application of the
treatment of rocks by magnetic washing using alternating magnetic
fields. Pirst, the specimen must be set in a magnetioc-field-
free apace in order to prevent the formation of an anhysteritic
component upon being exposed to the altermating field. Seocond,

a mechanism must be provided so that the amplitude of the alter-
nating fleld decreases gradually without any sudden jumps, no
matter how small the latter may be.

In the present apparatus, the magnetic free space is




PIG. 8: MAGNETIC WASHING APPARATUS
A= Vertical Pield Coil C- Counterweight
B- Horizontal Field Coil D- Demagnetizing Coil
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obtained by means of two mutually perpendicular Helmoltz colls
whoge axes correspond with the Vertical and the direction of
magnetic North respectively. The actual physical dimensions

of the coils are given in Fig. 9. Enamel cotted copper wire

No. 32 B & 8 gauge was used in the windings and precaution was
taken to use only aluminum and non-magnetic brass where metal
was required for mechanical strength. The electrical specifica-

tiong of the colls are as follows:

Coil A Number of Resistance Coil Constant Average
turns Ohns gamma s /ma Current
milliamps.
Coil A& (Vert.) 312 350 1,006. 59 .2
Coil B (Horiz.) 340 450 1,005 18.1

The two coils are connected in parallel to six 45-volt
dry batteries linked together in parallel. The current in each
coil is controlled by three variable resistofs in series with
each coil and it is measured by means of a Cambridge Potentio-
meter which is connected across precision resistors of 2 and 10
ohms respectively in series with each coil.

The assurance of zero intensity magnetic field inside
the non magnetic space was verified by meane of a transistorigzed
fluxgate magnetometer unit which was designed &nd built by the
Magnetic Division of the Dominion Observatory. The bullders of
this instrument claim its suitability to detect as little as
10 gammas. It was possible to balance the current in the coils

of the null-field device so that no deflection was indicated
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on the magnetometer dial. On the other hand, a considerable
deflection was indicated by the magnetometer needle if the
current varied by as little as 0.0l ma. It thus seems that the
magnetic vacuum was easily established to less than 50 gammas,
which is less than one part per thousand of the earth's field.

The alternating demagnetizing field was produced by
another Helmoltz coil of smaller dimensions, acroas which a
60 cps voltage source was coﬂhected. The dimensions and elec-
trical specifications of this coll are given in Fig. 10 below.
The maximum RMS current thraough this coil was 10 amperes.

The problem of varying slowly and regularly the alter-
nating field amplitude around the specimen could not be solved
by simply inserting a rheostat in series with the demagnetizing
coil. One of the reasons for this is that the current used in
some cases is fairly high (10 amps.). More important and
prohably less obvious is the fact that, because of its inherent
design, an ordinary rheostat permits voltage changes in discrete
jumps only. This might create an anhyste:itic component in the
gpecimen being treated. Similar drawbacks are brought in by the
use of a variable transformer. The method commonly used consists
either in removing the sample from the demagnetizing coil or
vice versa. Hood (1958) made use of the first method recently.
The second of these methods was used in the present projeet since,
in the writer's opinion, there is less chance in this way that
the alternating field affects the sample when it is out of the

magnetic vacuum. The Varisc shown in Fig, 8 was used only to set
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the amplitude of the demagnatizing field before the actual
operation of magnetie washing, i.e. when the coil was still

away frem the specimen.

When the demagnetizing co;l D is lowered 80 ag to surround
Specimen 8 (see Fig. 8), the two systems of coils (D and A-B) are
electromagnetically ocoupled. As a resmult of this coupling, an
A.C. current is induced in each of the Helmoltz coils if the
demagnetizing coil is comnnected to an A.C. voltage source. By
connecting & vecuum-tube voltmeter successively to the terminals
of coils A and B, it was verified that the D.C. component of the
total voltage across them is not modified by the introduetion of
the demagnetizing coll, even if the latter is energized to yield
an alternating field of 350 oersteda. It is concluded from this
test that the cancellation of the earth's field by the null-field
device in the region surrounding the specimen S is not affected
by the introduction of a demagnetizing field in this region.

In order to obtain an estimate of the alternating field
preduced by the A.C. ocurrent induced in the Helmeltz coils, an
alternating field of 250 oersteds was get along the axis of the
demagnetizing coil and the latier was lowered in the region of
the specimen §. A vacuum-tube voltmeter was connected suocessively
%o the terminals of coils B and A and the maximum A.C. voltages
induced acrosa them was noted ag the demagnetizing coil was
lowered. Maxzimum voltages of 0.20 gnd 25 volis were observed
across coils B and A respectively. Assuming that the reactance

of these coils is negligible* at 60 c.p.s., the approximate

*If the reactance of coils A and B is teken inte censidera-
tion, the induced A.C. field is even less.
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horizontal and vertical alternating field componenta were
calculated to 500 and 72,000 gammas respectively. Béocause the
fields yielded by coils A and D are out of phase by 180° the
amplitude of their resultant is equal to the algebraic sum

of their respective amplitude. It is noticed,however, that

the alternating field produced by coil A (72,000 gemmas or

0.72 oersteds) is very small compared to the field of 250 oersteds

produced by coil D.

C. Magnetic Washing and Results

Por the actual washing operation, the current necessary
in each of the Helmoltz colls for total cancellation of the
earth's field is first determined with the help of the fluxgate
magnetometer. The current in these coils is kept constant by
frequent checks during the operation. The cube is then intro-
duced at the center of the magnetic vacuum with, for instance,
its X axis along the vertical. For a first run, the demagnetizing
field amplitude is =met at 650 oersteds by means of the Variac.
The demegnetizing field source is then brought very slowly toward
the sample by lifting the counterweight (see Fig. 8) until the
specimen is completely surrounded by the coil. Successive runsa
were made with demagnetizing field amplitudes of 100, 150 and
200 oersteds. Most of the change took place in the magnetization
of the rock during the first two runs.

A summary of the results obtained in measuring the polariza-

tion of the magnetically washed samples is given in Tables 4 and 6§
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and stereographlic plots of the magnetization vectors appear in
Figs. 11 and 12, These are averages obtained for two or three
cubes of each sample measured. The method used in computing and
determining the various magnetic parameters was the same as that
described in Chapter II. The measured quantities are listed for
each cube in Table A-I of Appendix I.
TABLE 4

SUMMARY OF POLARIZATION MEASUREMENTS
FOR “WASHED" SPECIMEKS COLLECTED ON YAMASKA MOUNTAIN

8pe- HNumber| Before Magnetic Washing | After Magnetic Washing

cimen of |[Decli- | Inocli-]| Intensity|Decli-|lnoclli- | Intensity

No. Cubes |nation | nation | emu/cu,.in |nation|{nation | emn/cu.in
X10™ X10™

83 2 086° ~14° 766 1690 ~-599° 1,336

55 2 258 ~36 1,895 170 ~61 ‘190

67 3 144 -43 40,400 162 -57 b6 ,733

71 2 219 -56 33,900 171 -51 15,600

72 2 208 -87 72,400 160 -53 18,5580

74 2 111 -46 26,900 128 -70 20,600

87 3 036 +51 4,373 026 -565 1,586

103 3 242 +40 53,766 226 ~18 2,093

104 a 0ol18 -16 56,5600 341 -57 1,924

106 3 174 -569 2,340 148 -56 1,973

11l ko) . al9 +38 4,086 022 -70 2,303

113 3 265 +16 22,600 315 -60 3,166

120 3 228 -63 29,200 204 -66 40,950

121 3 230 ~57 25,166 198 -71 a7,533

138 2 Q73° +4690 1,660 3040 ~-659 1,430
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Pig. 11 :Steresographic Projection of Magnetization Vectors for
15 samples from Yamaska Mountain, after Magnetic Washing.

e : Pointing down o : Pointing up

B: Direction of Preseunt Earth's Field.
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SUMMARY OF POLARIZATION MEASUREMENTS
FOR "WASHED" SPECIMENS COLLECTED OF BROME MOUNTAIRN
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TABLE b

Spe- Number| Before Magnetic Washing | After Magnetic Washing
cimen of |[Decli-~| Incli-| Intensity|Decli-{Incli- | Intensity
No. Cubes |nation | nation | emu/cu.in|nation|nation | emn/cu.in
x10-° x10-5
36 a 145° +086° 3,880 1220 -400 2,670
37 2 160 -24 14,675 119 -81 6,560
37=-b 2 123 =158 14,300 118 -42 7,418
38 2 142 -22 8,485 113 -45 4,045
58-h a 1156 -24 10,6456 098 -45 4,480
39 2 134 -16 35,050 109 -41 5,155
40 2 0oL +38 37,650 136 -63 683
41 2 014 +42 2,720 111 -60 885
42 2 043 -19 97,800 139 -38 7,075
43 k) 147 -28 51,030 136 -35 13,923
44 3 1420 -280 9,080 087°  -40Q° 2,360

D. Discussion of Results

(1) Specimens from Yamasks meuntain:

specimens from Yamaska
polarization.
may be classified into

about a point South of

An examination

For the

of Pig. 11 reveals that all the washed
mountain have an upward pointing magnetic
sake of discussion, these polarizations

two groups, namely those which cluster

the Zenith (Nos. 83, 556, 67, 71, 72, 74,

1056, 120 and 121) and those which fall away from the same point
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400 790

42 0 0 43

Pig 12 Stereographiec Frojection of Magnetization Vectors for
11 samples from Brame Mountain, after Magnetic Washing.

e : Polnting down o : Polnting up
@ : Direction of Fresent Earth's Field
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(Nos. 87, 103, 104, 111, 115 and 138). It is interesting to
note that if exception is made of specimen No. 104, all the
gpecimens of the second group were polarized downward and those
of the first group Were polarized upward before the magnetic
washing.

It is shown in Table 4 that, as a rule, the intensities
of magnetization decreased appreciably by the magnetic washing.
However, increases in intensity are noticed for a few specimens
of the first group but for none of the second group. These facts
may be explained if it is considered probable that, prior to the
magnetic washing, an isothermal downward component was acting
against a more stable component which remained more or less
unaltered after thé magnetic washing.

The fact that from a chaotic distribution of polarization
directions a certain degree of order was achieved by magnetic
washing is interesting in itself. Still more interesting isg the
fact that the stable component of magnetization of the rocks is
directed almost opposite to the direction of the present earth's
field in the majorlity of cases.

The use of a demagnetizing field of about 400 ocersteds
was attempted in qrder to improve the clustering.of the specimens
of the second group with those of the first group. This last
treatment proved useless however because from a comparison of
the polarization directions of all the cubes of a specimen
submitted to this treatment, it was found that the declinations

and inclinations were distributed at random. The magnetization
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of the sample thus treated was measured repeatedly over a
period of a few days, and it was found to vary each time
according to the attitude given to the cubes in the ambient
earth's field between the measurements.,

At this point the hypothesis may be formmlated that,
among the speoimens from Yamaska mountain, some are apt to
acquire a strong but "soft™ component of isothermal magnetiza-
tion. The polarization of these rocks is complex and it may
have a significance only if the unstable isothermal component
is removed from them. On the other hand, the specimens whose
direction of polarization was practically not modified by
magnetic washing were probably not modified by the isothermal
magnBtization to any great extent.

(ii) Specimens from Brome mountain:

Just as the original polarizations of the Brome mountain
specimens were much more consistent than those from Yamaska
mountain, so are the polarization directions of the washed
samples. In all cases the intensities of magnetization were
reduced by magnetic washing. The resulte listed in Table 5 and
illustrated in Pig. 12 show that the stable component of magne-
tization is far from pointing in the direction of the present
earth's field. Although specimens Nos. 40, 41, 42 and 44 are
probably less stable than the others in the group, it is never-
theless considered that their stability is sufficient to give
the magnetization of these specimen a possible palaeomagnetic

significance.
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B. Statistical Analysis of Results

Given a group of unit vectors with different orienta-
tions in space, it is possible to find mathematically the
orientation of their mean which corresponds to that of their
vectorial sum. If each of the magnetization vectors referred
to above are given a unit length in order to give each of them
equivalent statistical importance, their mean orientation may
thusg be established. The problem of determining mathematically
the probability that this orientation is significant within a
given cone of confidence was very elegantly solved by Fisher
(19563) . The latter showed that, if @ is the half-angle of the

cone of confidence, then:

(1) (1-cos)e (_(N-B) [( 1 ) -1
(1-P) 1AF-1)

where N is the number of samples involved, R the magnitude of
their vectorial sum, and P the prohability that the orientation
of their vectorial sum lies within the cone of confidence of
half-angle @. It is common practice to use P= 95% in palaeo~
magnetic calculations.

The values of &, R, D and I were calculated separately
firat for the whole of the 15 specimens collected from Yamaska
mountain and second for the 9 specimens of the first group
mentioned above. The same quantities were also computed for
the specimens from Brome mountain. In all cages a P of 95% was
used for the calculation of @. The results of these calculations

are as follows:




Group of Specimens N R D I e
Yamaska (1) 15 |13.05 | 190° |-79° [15.5°
Yamaska (2) 9 8.85 | 167° | -68° | 07.0°
Brome 11 |[10.68 | 117° [-46.50( 08 .30

The values of D, I and @ for the two Yamaska groupings
are represented in red in Fig. 11. The large dotted line circle
represents the cone of confidence of half-angle 15.50 and the
open dot at its center indicates the position of the mean for
all the samples collected from Yamaske mountain. The smaller
full-line circle represents the cone of confidence whose half-
angle is 7° for the restricted group of 9 specimens from Yameaska
mountain. Similarly, the D, I and & calculated for the Brome
specimens are represented by the red dot and cirecle in Fig. 12.

In order to measure the scattering within & set of unit
vectors, Pisher (op. cit.) derived the equation:

(2) k =  (F-1)/[N-R)

where K 1s an index of the scatiering and R and N have the sane
meanings as in the above equation (1). When K is very large,
the scattering is very smell and vice versa. In particular, it
is easy to see that if all the vectors are parallel the value
of K is infinite since then N = R, On the other hand, X may be
smaller than unity if R is sufficiently small. The application
of the above formula (2) to the present data yields scattering
indices of 6.7, 53.4 and 31.2 for the Yamaska (1), Yamaska (2)

and Brome groupings respectively.
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. Conclusions

(1) The directions of polarization of more than half of
the specimens from Yamaska mountain and those of nearly all the
specimens from Brome mountain were only slightly modified by
the treatment of magnetic washing. It is concluded that the
main component of magnetization of these specimens is stable,
and that it is either the result of thermomagnetization or of
anhysteritic magnetization. On the other hand, the scattering
indices of these two groups of specimens are high, and this fact
leaves little doubt that anhysteritic magnetization by lightning
ig an impertant component of their polarization.

(2) If the data obtained for all the specimens from Yamaska
mountain are considered significant, the scattering index K is
considerably decreased, but it is still too 1arge for a random
distribution such as would be expected from anhysteritic magne-
tization by lightning.

(3) Whether ar not we consider significant the data obtained
from all the specimens from Yamaska or only the data obtained

from those of group one mentioned in section D of this Chapter,

the mean polarization of each grouping is oriented almost opposite

to the direction of the present earth's field. The same remark
applies to the specimens collected on Brome mountain.

(4) Since anhysteritic magnetization does not appear asg the
probable process by which these rocks were polarized, it is
concluded that their stable component of magnetization is the

result of thermomagnetization.
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(5) As pointed out earlier, a rock may be reversely polarized
"in situ®™ either because the earth's field had a direction oppo-
gite to its present one at the time of its cooling or because
a self-reversal mechanism once operated in it. Such a mechanism
would be inherent in the mineralogical assemblage in the rock.

(6) We have no proof that the earth's field was reversed at
the time of cooling of the Yamaska and Brome rocks because we
do not know at what time since Ordovician this cooling took place.
On the other hand, it was observed during Experiment No. 2 (p.35),
that a specimen of essexite from Yamaska mountain which was
originally reversely polarized "in situ™ acquired a normal polari-
zation upon cooling in the earth's field from 700°C to room
temperature. The same experiment was repeated with other speci-
mens from Yamaska and Brome mountains with the same result.
It is concluded that either a self-reversal mechanism never
existed in the rocks considered or that it is not present in
them any longer due to chemiocal alterations in the rock. It is
also possible that the mechanism which may have had to operate
for millions of years to achieve the present state of reverse
polarization could not yield the same result during the short
interval of time it took the rocks to cool from 700°C to room
temperature. It may be that the pressure under which rocks
acquire their polarization plays an important part in the orien-
tation of this polarization. If such is the osse, the -resulis
of tho.abevo-méntiened.&zperiméﬁtiareitar-from being comrolusive
because the heating and oacling of the raocks taok place under

atmospheric pressure.
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(7) If we consider that the results of Experiment No. 2
fail te show whether or not & self-reversal mechanism ever
exigted in these rocks, we must investigate further this
pessibility. As a first step towards this goal, & review
of the self-reversal ﬁechanisms suggested in the literature
is necessary. This forms the subject of the following
Chapter. ‘ |




CHAPTER IV

THR HYPOTHESIS OF MAGNETIC SELP-REVERSAL
A- A Review of the Literature

It is less than ten years ago that the possibility of
gself-reversal mechaniams was first given ceongiderstion in roek
megnetism. Graham (1949) was the firat to dispute the bellef
that reserve polarization of sedimentary racks *in situ" is
direat evidence of earth's field reversals in the past. His
reason wes that he observed both normally and reversely polarized
rocks with a relatively thin but widespread Silurian sedimen-
tary formation in Maryland, U.S.A. He argued that some physico-
chemical changes had probably taken place in those partaz of the
formation where he had observed reverse polarizatien.

To shew the theoretiocal possibility of such & physico-
chemical mechanism, Néel (1951) postulated shortly after his new
famous four posgible mechanisms of self-reversal. Some of Néel's
mechanisma have since then been tentatively used to explain
particular cases of reverged polarization. A brief review of
these mechanisms is made in the follewing paragraphs:-

(1) It may be that the rack centains a erystalline substance
which hag two sub-~lattices, 4 and B, with the magnetic moments
of all the magnetic atoms in lattice B oppositely directed to

- 57 -
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those of lattice A. Substances of this nature exist in faet and
they are called ferrimagnetics. Suppesing that the spontaneous
magnetization of lattice A, Jy, aligns itself with the ambient
£ield, the resulting magnetization of the whole lattice will be
(Jp-JB) at a given temperature. Né&el imagined further that for
somé férrimagnetic gubstanceasa, the spontaneous magnetizations

Jp and Jg react differently to changes in temperature. In parsi-

cular, he imagined that JB could become larger than Jj above &

critical temperature which he called the temperature of compensation.

If the temperature of compensation should turn out te be higher than
ordinary temperatures at the surface of the sarth, the ferrimagnetio
in question wodld be polarized reversely upon cooling from its Curie
point to room temperature in the ambient earth's field. Since Néel
first formulated this mechanism, Gorter and Schulkes (1963) were
able to synthesize a lithium-chromimm ferrite (Lig 507) o5Fey 250,)
whose temperature of compensation is 100°C. Thus, Ndel's first
mechanism is a physical possibility which may explain reverse polari-
zation in igneous and metamorphic rocks containing certain ferrites
of a very rare composition. On the other hand, such substances
have not been identified in any of the reversely polarised roocks
found so far.

(&) In his &eccnd mechanism, Néel assumed as pogssible the exis-
tence of'a ferrimagnetic substance whose compositien 1s such
that Jy is always larger than Jp, independently ef the temperature
ef the substance below its Curie point. If further Jy is leses

gtable than Jg under some physice~chemical action, the rock would
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become reversely polarized in the direction of Jy after this
action has taken place. The physical possgibility of this mecha-
nism has not been realized to date and, according to Street (1954),
chances are that it will never be.

(3) Néel's third mechanism is based on the interaction between
two minerals of different Curie points in a rock. The coexistence
of two minerals A and B of different Curie points is commonly
observed in igneous rocks. For instance titaniferous hematite-
magnetite intergrowths are reported in the description of many
iron ore deposits. Let us assume that the Curie point of mineral
A, ©p, is higher than that of mineral B, @g. When such a mixture
cools from a temperature ©g > €, > 6p to a temperature 8, where
8, > 91 >-QB, mineral A becomes magnetized in the direction of
the ambient field whereas mineral B remains unmagnetized at this
temperature. If certain geometrical conditions are fullfilled,
the demagnetizing field produced by mineral A is more intense in
the space occupied by the grains of mineral B than the ambient
field itself. Upon cooling below ©g mineral B will thus become
polarized in the direction opposite to that of the ambient field.
Finally, the whole rock will be reversely magnetized if Jg is
larger than Jy.

Laboratory experiments carried by Graboveki and Pushkov
(1954) to prove the physical possibility of this mechanism were
only partly successful. They aligned alternating plates of magne-
tite and of pyrrhotite parallel to the earth's field and heated

them above the Curie point of magnetite (58000.:). They then let
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the plates cool to room temperature i.e. past the Curie point
of pyrrhotite (320°C.i). They found that the pyrrhotite plates
were indeed reversely polarized after the cooling but that the
overall polarization due to the pyrrhotite and magnetite combined
was 8till normal.

An observation which proves the physical possibility of
Néel's third mechanism was re ported 1in 1912 by Smith and
Guild (1912) and later by Smith, Dee and Mainford (1924). These
authors showed that if an annealed steel rod is heated in a
"magnetic vacuum™ to about 250°C., its magnetic polarization is
reversed after its cooling in the same magnetic-field free space.
This was explained as due to the coexistence of iron carbide
(FeCz) and irou in the form of closely intergrown lamellae similar
to those observed in mineral intergrowths. The iron carbide,
also known as cementite, has a lower Curle point hut a higher
coercive force than the iron. When the rod is removed from the
action of the earth's field, ite end free poles reverse the spon-
taneous magunetization of the iron but hardly affect thé magnetiza-
tion of the irom carbide. Upon heating the rod slightly above
the Curie point of the carbide (240°C.), the latter loses its
remanent magnetization. When the rod is cooled again to room
temperature, the carbide reassumes its magnetization but the
latter is now opposite to its original direction, i.e. in the
direction dictated by the end free poles. As the rock is set
back under the effect of the earth's field, the end free poles

lose their effect and the magnetization of the iron is then
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oriented oppasite to that of the cementite. The net result is
that the total pelarization of the rod is reverased from its
original state.

An actual case where Néel's third mechanism was pestulated
ag the probable cause of reversely polarized rocks was reported
by Balsley end Buddington (1954). Their conclusion was supperted
by the fact that "after heating above the Curie point one specimen
containing the hematite~ilmenite mixture and cooling it in the
earth's field, it was found to posmess remanent magnetization
oppogite to that ef the impres=zed f£ield™.

(4) The coexistence of two minerals of different Curie points
is again assumed in Néel's fourth mechanism and the pelarization
of mineral B is also reversed by the demagnetizing field of
mineral A as in the third mechanism. It is also assumed that
the peolarization of mineral & (whose Curie point is higher) is
legs stable than that of mineral B. The rock eventually becomes
polarized in the direction of mineral B after mineral A either
has been destroyed or has loat its magnetization.

A variation of this mechanism was suggested by Graham
(1953) and by Asami (1956} for specific cases. In:.the first of
thqse cases a magnetite-ilmenite intergrowth waé assumed in the
original rock and the iatter was agsumed te be originally nermally
polarized. Subszequently, pe:colating-acidic waters are supposed
to have partly oxydized the magnetite into maghemite. The
latter was reversely polarized by the demagnetizing field
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of the former and since magnetite has a much lower coercive

force than maghemite it would have eventually lost its polariza-
tion. The rock would have then adopted the reverse polarization
of mineral B. Nicholls (19565) pointed out an objection to this
mechanism: since maghemite formes from magnetite under temperature
conditions much lower than its Curie point, ites polarization would
be of the isothermal type and consequently probably much less
stable than that of the thermally polarized magnetite. Neverthe-
less, Haigh (1958) has recently proved both theoretically and
experimentally that Nicholls views were not correct, i.e. that

the magnetization acquired by the maghemite under these conditions
referred to as "chemical" magnetization is much closer to thermo-
magnetization than to isothermal magnetization from the point

of view of magnetic stability.

The case reported by Asami (op.cit.) refers to a low
temperature exsolution of two phases of titanomagnetite from a
golid solution of magnetite-ulvbspinel of intermediate composition.
Asami observed both normal and reverse polarizations among 43
samples of basalts collected within an area of one meter square.
From a thermomagnetic ansalysis he was able to show that the rever-
gely polarized samples contained two different ferromagunetic
minerals whose Curie points were 120° and 500° respectively.

On the other hand, the normally polarized specimens were found to
bear only one ferromegnetic mineral whose Curie point was in
the vicinity of 370°C. He thus postulated a mechanism similar

to Néel's fourth mechanism.
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Since Néel first formulated the above mechanisms many
others have been suggested by other workers and by Néel himself.
In particular, Néel (1955) suggested possible self-reversals
by diffusion involving ionic exchange between the two sub-lattices
in a ferrimaguetic or by diffusion with complete change of
composition. Gorter (1953) had achieved the diffusion of Al
ions from the A sub-lattice in & (NiE‘ez_mAlm04) ferrite and he
had observed a resultant reversal of spontaneous magnetization
for this substance. An application of this mechanism to rock
magnetism wag suggested by Verhoogen (1956) for the case of
substituted magnetites. The latter suggested that the role of
Al in Gorter's experiment could be taken by Ti, Mg and Al ions
in various proportions. No experimental proof is available so
far to support Verhoogen's views.

Smelov (1957) introduced recently a new hypothesis to
explain the hegative polarization of the ore deposits in the
Angara~Ilim region in Russia., According to this hypothesis,
magnetite and magnesioferrite were first formed between 250°C
and 400°C. 1In this range of temperatures magnesioferrite has
a much higher permeability than magnetite and thus, relative to
magnesioferrite, the latter is diamagnetic. Magnetite wounld
then acquire a negative polarization in those conditions due
to the presence of magnesioferrite. At lower temperatures the
magnesioferrite would transform first into maghemite and finally
into hematite under which state it loses almost all of its

spontaneous magnetization. Magnetite remains relatively unaltered
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and it retains its reverse polarization which is then representa-
tive of the rock's magnetization as & whole.

The most outstanding body of experimental research done

g0 far on self-reversal mechanisms was carried eut between

. 1951 and 1958 by a group of Japanese sclentists under the
leadership of T. Nagata. The subject of their research was a
reversely polarized dacitic lava found by Nagata (1951) on Mount
Haruna in Japan. This rock has the extremely rare property*
of reassuming its reverse polarization after being heated to
700°C. in the laboratory and cooled in the earth's field. In
the early stage of this research project it was found that the
Haruna rock contains two very different ferromagnetic ingredients,
namely a titanomagnetite of Curie point of 500°C. and a ferro-
magnetio ilmenite whose Curie point is 200°C. The origin of the
reverse polarization was first attributed to the interaction of
these two minerals. It was later established however that the
intensity of the reverse magnetization was increased by leaching
the titanomagnetite from the powdered rock. The origin of the
reverse polarization was then assumed to be inherent in the
ferromagnetic character of the ilmenite. A series of synthetic
gspecimens of the ilmenite-hematite solid solution, x(FeQ<TiGs)-*
(1-x)Feg0z was then prepared to verify this possibility. It was
found that reverse polarization is indeed a characteristic of

the member (X % 0.5) of this series. Conclusive evidence that

*Balsley and Buddington (1958) report having found a
similar rock in the Adirondacks, as mentioned previously.
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this member of the ilmenite-hematite series has the inherent
property of self-reversal is provided by the fact that reverse
polarization is produced in a field as high as 17,000 cersteds.
According to Uyeda, the mineral whose composition is given
approximately by 0.5(Fe0*Ti0Op) *(0.5)Feg0z is present in two
phases which are intimately intergrown. The mechanism finally
postulated by Uyeda (1958) is one in which "a kind of exchange
interaction takes place over the phase boundary of two parti-
cipating constituents which are the parasitically ferromagnetic
titanhematite and the ferromagnetic ilmenite intermingled with

good atomic coherency."

B~ The Possibility of Self-Reversal Mechanisms in the Case of

the Yamaska and Brome Mounteins Rocks

Any attempt to discount the possibility of a self-reversal

mechanism in the case of the Brome and Yamaska mountains rocks

should be done with reserve. Firstly, it is doubtful that all the

possible mechanisme have been described so far in the literature.

Second, it may be that all traces of a mechanism which may have

once been active in the rocks have completely disappeared from the

rock as we see it today. Finally, the conditions required by some

of these mechanisms may not be reproducible in the laboratory.

Nevertheless, some of the mechanisms listed in the previous section

are most likely not applicable to the present case whereas others
are. At best, one can only estimate the probability that the
reversely polarized rocks dealt with here were magnetized by a

process different from the normal process of thermomagnetization
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in a field whoée direction was opposite to that of the present
earth's field.

The results of Experiment No. 2, page 36, show that the
reverse thermomagnetization of the rocks from Yamaska and Brome
is not reproducible in the laboratory at the time scale of the
experiment. This fact more or less eliminates the relevance of
Néel's first and second mechanisms since the presence of the
unusual ferrimagnetics required in the rocks for these mechanisms
would almost necessarily call for the laboratory reproducibility
of the polarization reversal.

Néel's third and fourth mechanisms require the coexistence
in a rock of two ferromagnetic minerals of different Curie points.
However, it can be shown mathematically that this condition is
not sufficient to produce a magnetically antiparallel coupling
between those two minerals. Uyeda (1955) made a study of some
particular configurations favourable to this type of coupling.

He studied the cases of concentric spheres and that of uniform
mixtures of small spheres of two hypothetical minerals. In both
cases he showed theoretically that there is no negative inter-
action. In the case of parallel plates of alternate constituents,
he demonstrated that this configuration is compatible with the
magnetic interaction of minerals. This texture is often encoun-
tered in natural rocks and the photomicrographs shown in Plate I
below indicate that it is present in some of the specimens from
Yamaska and Brome mountains. Ag far as it could be detected

from the microscope examination, the regular pattern of streaks




= B

PLATE I

A- Specimen No. 37-B: Photomicrograph of opaque mineral grain
showing exsolution lamellae of ilmenite (I) from magnetite
(M) and MgAl Spinel (8) intergrowth; magnification X 400.
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B- Specimen No. 38: Photomicrograph of eopaque mineral grain
showing exsolution lamellae of ilmenite (I) from magnetite
(M) and MgAl Spinel (S) intergrowth; magnification X 400.
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PLATE I (Cont'd)

P B LT r'.t;n: ;(. -

C~ Specimen No. 42: Photomicrograph of opaque mineral grain
showing exsolution lamellae of ilmenite (I) from magnetite
(M) and MgAl Spinel (8) intergrowth; magnification X 400.
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D- Specimen No. 71: Photomicrograph of opaque mineral grain
showing exsolution lamellae of ilmenite (I) from magnetite
(M) and MgAl Spinel (8) intergrowth; magnification X 400.
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PIATE I (Cont'd)
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E- Specimen No. 74: Photomicrograph of opaque mineral grain
showing exsolution lamellae of ilmenite (I) from magnetite
(M) and oxidation of magnetite into hematite (H) along
fissures; magnification X 400.
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P- Specimen No. 106: Photomicrograph of opaque mineral grain
gshowing exsolution lamellae of ilmenite (I) from magnetite
(M): magnification X 400.
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over the mere uniform background consists in exgolved ilmenite
or titaniferfous hematite along the cleavage planes of magnetite
or titanomagnetite. The question remains whether the ilmenite
ia of the ferromagnetic type or whether it ig paramagnetic.
Apart from the exsolution pattern observed at low magnification,
Hickel (19568) reported recently the existence of an exsolution
of magnetite from ulvdspinel in specimens from Yamasks mountain.
The scale of this structure is very fine,however,and ita deteotion
was possible only through electron microscope observation. At
this stage, therefore, it seems that the case dealt with could be
explained by either of Héel'é third or fourth mechanism. The
variation of Néel's third mechanism suggested by Graham (see p.6l)
does not seem to apply in the present case since prmctically no
deuteric action is indicated on any of the polished sections
examined.

As to the mechanism of diffusion suggested by Héel (1955),
where ienic exchange takes place hetween the two sub-lattices of
a ferrimagnetic, it mayunctbas poeaible to verify ite applidabdiljty in
the present case either with the infarmation in hand or with
further laboratory testa. The time scale involved in the migra-
tion of the ions may be far beyond the laberatory scale.

Smelov (19567) requires the presence of hematite as one
0f the ferromagnetic constituents in the rack fer his mechanism.
From the polished sections alone it is not possible to establish
whether this mineral 1s present ascXEezos or as & member of the

ilmenite-~hematite seriea. This mechanism is therefore olassified
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a8 paossible faor the time being.

Finally, & mechanism similar to that submitted by
Uyeda to explein the reverse polarization of the Haruna rocks
is not probable in the present case sinee the recks behave
differently upon being heated and coeled in the earth's field.
This conclusion would be more certainly stated if we eould
establish whether or nat the stipulated member of the ilmenite-
hematite series for this mechanism is present invthe rocks from
Brome and Yamaska mountains.

In conclusion, & certain number of the known mechanisme
geem possible in the present case but no one can be'suggeste&
ag probable. Mere information is required concerning the
chemical compositien of the minerals in presence in the majority
of the cages.

It is relatively easy to dietinguish between magnetite,
ilmenite and hematite by etching tests on the polished sectieons,
but it is not so feasible to determine a apecific member of the
ilmenite-hematite or wlvbepinel-magnetite s0lid molutiens. 1In
the present inveatigation this type of information is ef first
importance since 1t is new recognized that the ferromagnetic
properties of these minerals vary linearly with their composition.

dhevallier, Bolfa & Mathieu (1955) and Akimoto (1957)
have established tha relationships exiating between the compesitien
of the members of the series x(Fe0+Ti0p) +(1-x}Fe 05, their Curie
points and their lattice constants. Their reéﬁlts were obtained

from carefully synthesized compounds which were chemically analyzed.
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A summary of their combined results for the Curie points vs
compositions is given below. The Curie points @ are given in C°.
X 0 0.1[0.2] 0.3]| 0.4 005 0.6 00664 OOﬂ 708 0.8 ] 0.82 0.§

675 | B90 | 500 | 410 | 320 | 230 | 140 | 1b60*| 060 | 060%| -40 | -50¢| -160

C

Akimoto (op.cit,) has established further that the membera for

which .66) x> O are feebly ferromagnetic, those for which 76> x ) .66

are Iefromagnetic and those for which .?5(x<{1l are paramagnetic.
Por the series y{TiOg,<2Fe0) *(1-y)Fez04, Pouillard (1950)

and Akimoto (op.ocit.) have established similar relationships. Their

combined results for the Curie points ves compositions are given

below. The Curie points are given in C°,

¥ | O [.08%| Q.1 | Qo | 02 |0.88%| 0.3 | Oud| 04 0.6 | 0.6] 0.7 | 0.8

@,|580|624 | 510 | 486 | 4560 | 4668 | 380 | 320| 220 | 250 | 190| 120 | 6O

Although these data are subject to a ocertain error, it is
certain that they can be used to great advantage in determining the
approximate composition of & member of these series from its Curie
point.

For this purpose and for the purpose of detecting the possi-
ble coexistence of minerals of different Curie points. in the rocks
from Yamaska and Brome mountains, the construction of a Curie point
meter was considered desirable at this point of the present stady.
The details of this construction and the resultas ebtained with the

instrument form the subject of the next Chapter.,

* gfter Chevallier & al.
%k gfter Pouillard




CHAPTER V

CURIE POIN& DETERMINATIONS
According to Weiss's theory of ferromagnetism, a ferro-
magnetic substance is subdivided into elementary domains which
are polarized in random directions but whose intenslity is the
aaﬁe for all domains at a given temperature. This intensity of

magnetization, known as the spontaneous magnetization, varies only

with temperature for a given substance. The temperature at which
the spontaneocus magnetization is equal to zero is called the Curie
point of that substance. The Curie point of a ferromagnetic
gsubstance corresponds therefore to the temperature at which the
magnetic susceptibility of that substance vanishes,

Curie points have been determined by several scientiats
who used different types of magnetic balances for their determina-
tion. A complete review of these observations would be beyond
the scope of this chapter and it would involve the description of
many devices which were not used in the present project. Among
the best known Curie point measuring devices we shall only mention
the torsion balance type of P. Curie (1895), the translation
balance of Fo®x and Forrer (1926) and the ordinary magnetic balance
of Pacault (1946). Hagata (1953) suggests also the adaptation of
the astatic magnetometer for Curie point determinations.

The instrument originally designed by Pierre Curie was
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modified by Forrestier and later by Chevallier and Plerre (1932).
An instrument similar to the one built by Chevallier and Pilerre
was used in the present study.

The essential components of this instrument comprise &
torsion balance, an angle recording device, an electromagnet and
8 heating element. The main differences between Chevallier's
instrument and the writer's are in the eleotromagnet pole pieces
and in the recording device. Before entering into the detailed
description of each component, an explanation of the working

principles of the instrument will be given first.

A- Basic Principles of the Instrument

A T-ghaped structure which is suspended at point QO
(see Pig. 13) by a fine copper wire is balanced in the horiszontal
plane by the sample and by the two counterweights at the extre-
mities of the "T". A mirror which is linked rigidly to the "T"
at the point of suspension lies in the vertical plane. When the
electromagnet is energized by a sufficiently high direct current
(of the order of 0.2 ampere), the sample is attracted towards the
bottom of the heating element because of the field gradient
resulting from the shape of the electromagnet pole pieces. As a
result, the "I"™ rotates by an angle @ about point O and the mirrer
deflects a narrow two-inch-high 1light beam by an angle 20 from its
original pesition. The amount of light travelling past the two
V- shaped openings (whose sections are showm in Fig. 13) is con-

trolled by the angle @ of displacement of the "T". This light
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is further concentrated by a system of lenses ontoths screen of
a phototube. The output of the phototube 1s amplified through
a current amplifier which feeds into an Esterline-Angus graphic
ammeter.

In order to gimplify the discussion, we shall assume
temporarily that the specimen contains only one ferromagnetic
mineral. As the temperature of the specimen is raised by means
of the heating element, its magnetic susceptibility increases
glowly and gradually. When the specimen reaches its Curie point,
it is no longer attracted by the electromagnet due to the disap-
pearance of the spontaneous magnetization in the domain. The
torsion impressed on the suspension wire is sufficient to restore
the "T" to the position it occupied before the electromagnet was
energized. When the "T" is in this position, the light reflected
by phe mirror is completely 1nteroepted, being reflected outside
the V-shaped openings. The output of the phototube is immediately
reduced to zero and the information is automatically recorded by
the graphic ammeter. If the Specimen is later permitted to e001,
the reverse process takes place. .

The above described cycle may be repesated several times
without the fear of masking previous feoords a8 would happen with
Chevallier's inatrument which depends on photographic recording.
When the sample under consideration contains more than one ferro-
magnetic mineral: this advantage soon becomes important. Another
advantage of this type of recording over the photographic recording
is that the operator can follow the displacement of the sample
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directly from the record during the operation.

B~ The Components

(1) The Torsion Balance - The torsion balance whose design

is reproduced in FPigs. 15 and 16 consists essentially of an adjus-
table suspension Y and Z, a torsion wire W, 2 beam and crogs-beam
T, a damping mechanism D and V a specimen holder H, a levelling
mechanism U to set horizontal the base of the instrument and two
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