


A SiUDY O!l THE PALAEOMAGNE!l!ISM OF ROOX:S 

FROM 

YAMASKA AND BROME JllU.NTAINS, QUEBEC 

by 

André Laroo-helle, B • .A., B. A pp. So., M:. Sc. 

Submi~ted to the Department o~ Geologioal Sciences, 

Mo-Gill Universi~y, in partial fulfi~nt of the requirements 

for the degree of Dootor of Philoaophy. 

Deoember, 1958 KoGill University 
Montreal, P.Q. 



TABLE OF OONTSN~S 

LIST OF TABLES • • • • • 

LIST OF ILLUSTRATIONS. 

. . . . . . . . . . . . . . 

INTROIXJCTION • • • • • 

Object of thesis 
Acknowledgemen~s 

Chapter 

. . . . . . • • • • • 

. . . . . . 

I. NO'l!ES ON THE GmNERAL GEOLOGY OF YAMAS.KA 
AND BROME MOUNTAINS • • • • • • • • • • 

1. Yamaska Mou.ntain 
2. Brome M:ou.ntain 

• • 

. . . 

• • • 

II • PRELIMINARY MEA SUR~MmNTS • • • • • • • • • • • 

A. Field Su.rveys 
B. Specimen Collection and Preparation 
c. Measuring Instruments for Remanent 

Magnetiz.ation 
D. Measurements and Calculations 
E. Resulte 
F. Discussion of Resulta and Conclusions 

(i) Specimens from Yamaska Mountain 
(ii) Specimens from Brome Mountain 

Page 

v 

vi 

1 

8 

12 

III. STABILITY OF REMAN"ENT MAGNETIZATION • · • • • • z.g 

A. Separation of the Magnetic Components 
B. Construction of the Magnetio Washing 

Apparatus 
c. Magnetic Washing and Resulta 
D. Discussion of Results 

(i) Specimens from Yamaska Mountain 
(ii) Specimens from Brome Mountain 

E. Statiatioal Analyais of Resulta 
F. Conolusiona 

- ii -



Chapter 

IV. THE HYPOTHESIS O'P' MA GN~TIC ,s~LE'-R1V"mSA L • 

A. A Reviéw of the Litera ture 
B. The Possibility of a Self-Reversal 

Meohanism in the Case of the Yamaska 
and Brome Rocks 

• • 

V. CURIE PO !NT DETERMINATION • • • • • • • • • • • 

A. Basic Principles of the Instrument 
B. The Components 

(1) The Torsion Balance 
(11) ~he Recording Syatem 
(iii} The ~lectromagnet 
(iv) The Heating Element 

c. The Sample 
D. Operation of the Instrrument 
E. Preliminary Tests and Interpretation 

of the Records 
F. Resulta and Interpretation 
G. Conclusions 

Page 

57 

73 

VI. MAGl:·fH:TIC MEASUREM91NTS OF OTHmR RELATED ROCKS • 102 

A. Collection of Specimens and Measurements 
B. Resulte and Interpretation 
c. Conclusions 

VII. PALAEOMAGNETIC IBTNRPRET'ATION AND CONCLUSIONS. llô 

A. The Significanoe of Remanent 
Magnetism in Rnolœ 

B. Method of Determining the Pole 
Positions 

c. Magneti~tion Measurements of North 
Amerioan Rocks 

D. Pale Positions Inferred from the 
Monteregian Hills Rocks 

E. Interpretation of the Pole Positions 
Inferred by the Magneti~atian of ~he 
Monteregian Hills Rocks 

F. Age Determinations of the MDnteregian 
Racks by Other Methade 

G. Surnmary 
H. Suggestions for Further Work 

- iii -



BIBLIOGRAPHY • • • • 

APPB:NDIX I • 

APPENDI.X II. • • 

• • • • • • • • • 

• • • • • • 

• • • • • • • • • • • 

- iv -

Page 

14.0 

146 

160 



LIST OF TABLES 

Table 

~. Reported Ocaurrenoes of Reverse Polarization 
of Rocks in Situ • • • • • • • • • • • • • • • • 

2. Summary of Polarization Measurements for 
Specimens Collected on Yamaska Mountain. 

3. Summary of Polarization Meaaurements for 
Specimens Collected on Brome Mountain •• 

4. Summary of Polarization Measurements for 

• • • • 

• • • • 

Page 

2 

24 

2.6 

11 Washed" Specimens Colleoted on Yamaska Mountain. 45 

5. Summary of Polarization Measurements for 
"Washed" Specimens Collected on Brome Mountain • 48 

6. Curie Points of the Ferromagnetio Minerale 
Present in Specimens from Yamaska and Brome 
Mountains • • • • • • • • • • • • • • • • • • • • 97 

7. Summa.ry of Magnetization Measurements of Rocks 
Related to the Above from Yamaska and Brome 
Mounuina • • • • • • • • • • • • • • • • • 

8. !noient Pole Positions Inferred from North 
American Roolts. • • • • • • • • • • • • • • 

• • 

. . 
9. Pole Positions Inferred from Monteregian Hills 

• 104 

.125 

Rocks . • • • • • • . . • • • • • . • . . . • • • 12.9 

A-~ Remanent Magnetometer Readings tor Rocks from 
Yamaska and Brome Mountains • • • • • • • • • • • 

A-2. Remanent Magnetometer Readinga for Other Related 

154. 

Rooks . . • . • . . • . • • . . • . . • • . . • . ~61 

- v -



LIST OF ILLrrSTRATIONS 

l!'igu.re Page 

1. Aeromagnetic Map of Yamaeka Mountain • • • • • • 14 

2. Aeromagnetio Map of Southern Portion of 
Brome Mountain • • • • • • • • • • • • • • • • • 15 

3. Block Diagram of Rock-Generator. • • • • • • • • 19 

4. Nomenclature Diagram and Spinning Positions 
of Cubes • • • • • • • • • • • • • • • • • • • • 

6. Stereographie Projection of Magnetization Veotore 
for 16 Samplea from Yamas·ka Mountain, before 

21 

Ma.gnetic Washing • • • • • • • • • • • • • • • • 25 

ô. Stereographie Projection of Magnetization Vectors 
for ll Samplea from Brome Monntain, before 
Magnetio Washing • • • • • • • • • • • • • • • • 2.7 

7. Progressive Destruction of Isothermal Component. 37 

8. Magne tic Waehing Apparatu.a • • • • • • • • • • • 

9. Null-Field Deviee. • • • • • • • • • • • • • • • 

10. Demagnetizing Coil Design •• • • . . . • • • • • 

11. Stereographie Projection of Magnetization Veotore 
for 15 Samplea from Yamaaka Mountain After 

39 

41 

43 

Magnetio Waahing • • • • • • • • • • • • • • • • 47 

12. Stereographie Projection of Magneti~tion Veotors 
for 11 Samplea from Brome Mountain After 
Magnetio Washing • • • • • • • • • • • • • • • • 49 

13. Sohematic Diagram of Curie Point Meter •• • • • 

14. Curie Point Meter Assemblage ••••• • • • • • 

15. Torsion Balance for Curie Point Meter 
(Plan View) •••••••••••••• • • • • • 

- vi -

75 

77 

79 



Figure 

16. Torsion Balance for Curie Poin~ Meter 
(Longitndinal Section) •••••••• • • • • 

17. Gircui~ Diagram of Stable Cnrren~ Amplifier • 

18. Electromagnet Core and Pole Pieces for 

. . 
• • 

Curie Point Meter • • • • • • • • • • • • • • • • 

19. Heat.ing Element tor Curie Point Meter • • . . . . 
ao. Maps Showing Sites of Specimen Collection • • • • 

21. Stereogram of Magnetization Vectors for 30 
Samples of Rocks Related to Yamaska and Brome 
Mountains, before Magnetia Washing •••••• 

ZZ. Stereogram of Magnetiœtion Veators for aa 
Samples of Rocks Related to Yamaska and Brome 
Mountains. after Magnetio Washing •••••• 

• • 

• • 

Page 

ao 
83 

a a 
90 

( Pocket) 

105 

107 

23. Pole Position Determination for Hypothetiaal Case 122 

Z4. Polar Stereographie Projeation of Anoient Poles 
Inferred :from North Ameriaan Rocks. • • • • • • • 1~8 

A-1 EXample of Declination and Inclination 

A-2 

PLATE 

I 

II 

Determination • • • • • • • • • • • • • • • • • • • 

Cube Poai tions- for the Mea.surement of cJ.. • , ~ ' ~ 
and v• 6 • • • • • • • • • • • • • • • • • • • • • 

Photomiarographs of Opaque Mineral Grains 
Showing Exeolution Lamellas of Ilmenit.e 
Fxom Magnetite - X400 • • • • • • • • • • • • • • 

Recorde Obtained Wi th Curie Point Meter • • • • • 

- vii -

147 

151 

67 

95 



INTRODUCTION 

Reverse magnetic polariz.ation of rocks "in situ" is a 

phenomenon whioh haa been observed and reported by aeveral workers 

since its discovery by Brunhes (190&) in baked claye and adjaoen~ 

basalte of Miocene age in Central France. Earlier, Folgheraiter 

( 1899) had noticed the reverse polariza ti on of fragments of ancient 

pottery disoovered in Central Italy and he had concluded from 

this observation that the ear~'a magnetic field was probabl7 

temporarily reveraed from its present direction in this part of 

the world during Recent times. In Germany, Pockels ( 1901} and 

Toepler (1901) noticed that sometimea rocks "in situ" are reversel7 

polari~ed by the action of lightning. Both Pockels and Toepler 

recognized however that lightning polarization of rocks is a very 

local phenomenon which never axtenda over areas larger than a few 

square meters*. In more recent yeara, reverse polarisation of rocks 

•in sitn" has been observad in many rock types of various ages and 

in different countries of the world. A liat of auch observa tiona, 

as reported in the literature, is given in Table 1 below. 

Although admittedly incomplete, this liat shows that reverse 

*Sinoe lightning polarization is easily detected in the field 
and since it is of no palaeomagnetio interest, it is excluded from 
the present discussion. The other trivial case of reverse polariza­
tion of rocks "in situ" due to overturning of beda is ale& eliminated 
since determination of magnetic polarization always includes a 
correction for geologioal structure. 

- 1 -
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TABLm 1 

RllPORTmD OCCURRENCES OF REVImST:!J POLARIZA TION OF ROCKS IN SITU 

Country Rock Type 

Argentina Baealt 

Australia Varved Clay 

" Basalt 

" Lava 

" Baealt 

canada Baealt 

M Anorthoaite 

England Sandstone 

Age Observer 

Quaternary Creer (1968) 

Carboniferous Irving (1957a) 

Carboniferous Irving & Green (1968) 

Permian Mercanton (1926) 

Tertiary IrTing & Green (1967) 

Keewanawan DuBois (1957) 

? Bourret (19~9) 

Precambrian 

" Lava & Intrusivea Carboniferous 

Irving ( 1957b) 

Clegg & al. (1957) 

Clegg & al. {1954) 

Nairn {1957a) 

n Red beds 

Lime stone 

" Thole~te dyke 

" Lava 

l'rance San detone 

" Dolerite 

" Andeaite 

" Sandatone 

" Lava 

Ioe1and Basa1t 

n Lava & Seds. 

lt Basalt 

• Lava 

Triasaic 

Juras sic 

Tertiary 

Tertiary 

Permian 

Permian 

Permian 

Triaaaio 

Tertiary 

Tertiary 

Tertiary 

Tertiary 

Quaternary 

Bruckahaw & 
Robertson (1948a) 

Bruckshaw & 
Vinoen~ (1954) 

Nairn (1957b) 

Roche (1957) 

Rutten (1957) 

Clegg & al. {1957) 

Roche (1950, 1953) 

Hoapers (1953) 

Einarsaon & 
Sigurgersson {1966) 

Brynjo1fsson (1957) 

Koapers (1953) 

1 ••• 
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TABLE l ( Cont 1 d) 

Country Rock T1pe Age Observer 

In dia Lava Cretaceous C.legg & al. (1956) 

Japan Lava T'ertiar1 Kato & Takagi ( 1955) 

" Tuff Tertiary Kawai (1951) 

" Lava Quaternary Nagata & al. ( 1957) 

.Norwa1 Andesite Permian Rutten & al. ( 1957) 

Rusaia Lime stone Tertiary Kalashnikov & al. 
( 1958) 

South Africa Dyke Precambrian Gough (1956) 

" " Baaa1t Juras sic Nairn (1957c) 

u- .s. (Mich.) Dyke Precambrian Graham ( 1953) 

" ( N .Y.) Igneous & Precam.brian Ba1s1ey & 
Metamorphic Buddington (1958) 

"' ( Oltla.) Granite ? Hawes (1952) 

" (Md.) Sandstone S11urian Graham ( 1949) 

" (Conn.) Sandstone Tria asie DuBois (1957) 

" ( Dak.) Sandstone Cretaoeous Runoorn (1956) 

" (Ore.) Lava Mio cene Runcorn & 
Campbell (1956) 

" (Ore.) Baealt Eocene Cox (1957) 

.. (.N.Mex.) Basa1t Lat.e Cenoz.oic Muehlberger & 
Baldwin (1958) 

polarization of rocks ain situ" is not an isolated phenomenon 

in nature and, for this reason, many theories have in ~e past 

been set forward to e:x:p1ain its existence. It is widely admitted 
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today that the phenomenon is either the evidenae of periodio 

reversala of the earth's magnetia dipole (as suggested in 1899 

by Polgheraiter) or. in some special cases, the result of a 

"self-reversa! mechanism" which is inherent in the mineral 

assemblage of certain rock types. As more polarillltion measure­

ments are made, i~ seems that ~he hypothesis of dipole reversals 

is the most probable ex:planation in the majority of cases 

(Creer, 1958). This fact along with ethers is ueed in the 

foundation of the relatively new science known as pa1aeomagne-

tism. 

One of the major prob1ems in pa1aeomagnetiam is the 

selection of rocks which are suitable for this type of study, 

i.e., rocks whioh may be oonsidered as magnetioally stable and 

of chemica1 and mineralogica1 compositions auch that a meahanism 

of self-revereal cannat be evoked as the partial cause of their 
/" 

"anomalous" po1arization. 

Graham ( 1949) designed a few tests to establish in the 

field the magnetic stability of sedimentary rocks with a minimum 

of doubt. However, the applica tian of the se ~esta to igne ons 

and metamorphic rocks is seldom possible. In these oases 

1aboratory tests auch as those suggested by Thellier (1937), 

!hellier ~ Rimbert (1964), Rimbert (1955. 66, 57), Creer (1955), 

Grabovski & Petrova (1956), Doe11 (1966), are necessary. 

Now that Graham'a testa have been applied to thouaands 

of sedimentary specimens (Runcorn, 1956) it can be stated that 

red beda of either fine-grained sandstone, siltetone or sha1e 
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are generally the most magnetioally stable eed~en~ary rocks. 

This is dne to ~he almost exclusive presence of hemati~e as 

the ferroma~etic mineral in ~hese rocks. Hematite is charac­

terized by a high coercive foroe (much higher ~an that of 

magnetite) which ia one of the main factors in determining the 

magnetic stability of a rock of a given grain siae, (Grabovaki 

& Petrova, 1956). It ie noted. however, that other eedimentary 

rocks suoh as limeetone. greywackes and impure eandstones have 

also been sucoeasfully used in palaeomagnetism. 

Voloanic rocks have aleo been ueed extensively in auch 

etudies, as indicated in the above Table 1. Having magnetite 

or titani!erous magnetite as their main ferromagnetic coneti­

tuents, these roeks generally have a etranger polarization than 

red bede. On the other hand, their magnetic stability ia achieved 

by a sufficiently fine-grained dissemination which allows for a 

good ooercivi~y (Gottschalk, 1941). 

Relatively few attempts have been made to use intrusive 

rocks in palaeomagnetiam. Polarization measurementa of severa1 

oriented specimens of granite from Oklahoma were made by Hawes 

( 1952.) • More recent1y, simi1ar meaeurement.s on intruaive and 

metamorphio rocks from the Adirondaoke were reported by Ba1eley 

& Budd1ngt~n (1958). In both of these cases the directions of 

polar1zation were oonsiderably soattered and the data were not 

cons idered sui table for a palaeomagnetio. analyais. On the other 

hand, Armstrong (1957) waa able to establieh the age of certain 

basic intrueives in Ayrshire by comparing their direction of 
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polariza~ion with similar data obtained for rocks whose age 

had be en determined on the basie of palaeontology. A gain. Clegg 

et al ( 1967) used polariz.ation measurements of intrusi ve rocks 

in "England t.o de~ermine the poei tian of the earth 1 s magnetia pale 

during Carboniferoua time. It is interesting ta no~e that in all 

of the four groups of measurement.s just referred to, at least. 

seme of the specimens were reversely polari~ed. Many more cases 

of reversely polari~ed in~rusive rocks are repor~ed in the geophy­

sical literature and i~ is probable that most of these rccks have 

a stable component of remanen~ magneti~tion which wae impoeed on 

them by the Ambient. earth 1 S' field at the time of the ir aoe>ling. 

Objeo~ of Theeis 

The abject of the presen~ theeis is ta study ~e possible 

geologioal significance of polariaatio.n measurements made on a 

suite of oriented mpe~imens aolleoted from the core of ~wo of 

the Monteregian Hills in Southern ~uebec. In particular, the 

magnet!~ etability of these rocks and the origin of their reTerse 

polariz.ation are aonsidered. A comparison is made between the 

direction cf polariaation of theee roeks and similar data reported 

in ~he literature for ether rocks whose age has been determined 

on the basie of palaeontology. By meana cf thie comparison etn 

at~mpt is made ~o establish the approximate age of the Monteregian 

Hills in general. 
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CHAPTER I 

NOTES ON THE GENERAL GEOLOGY OF YAMAS.KA AND BROME MOUNTAINS 

Although it is not the specifia objeot of this ~hesis 

to deal with the general geology of Yamaska and Brome mountains, 

it is pertinent to give a brie! aooount of the main geologioal 

features inaofar as they relate to the object of the thesia. 

1- Yamaska Kountain 

Yamaska mountain is situated about 30 miles east of 

Montreal, Quebeo. At this point the present geomagnetio field 

would normally have a total intenaity of 57,450 gammaa, a deoli­

nation of 16°18' W and an inclination of 74053'. The mountain 

oovers an area of Dt sq. miles, a little over 3 sq. miles of 

whioh is ocoupied by a core of basic intrusive rocks. 

Aocording to Young (1~06) who first mapped in de~il 

the geology of this mountain, the igneous core is the erosion 

remnant of a voloanic neck whiah punoturee the Farnham (Cambro­

Silurian) elates to the west and the Sillery (Upper Cambrian) 

elatee to the East. 

Considered from a patrologie point of view, the igneous 

core gradee inward from an alkali syenite (akerite) near the rim, 

through a nepheline bearing gabbro (essexite), into a rock aomposed 

almost entirely of ferromagneaian minerale (yamaakite). These rocks 

- 8 -
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are mediwn- to ooarse-grained and generally have a grani~io 

texture. Akeri ~ forma only a small portion of the intruei ve 

and ia made up of plagioclase, alkali feldspara and microper-

thi~e for the most part. This rock alao oontains biotite, some 

pyro.x:ene (diopside) and hornblende. Among the acceasory minerale 

Young reporte pyrite, apatite, ~iroon, titanite and "iron oxide". 

The latter is of particular interest in the present study owing 

to ita ferromagnetic propertiee. Essexite forma the bulk of the 

igneous core and ita composition and texture vary widely throughout 

the rock maas. In general plagioclase and pdta.àh feldspars aocount 

for about one third of this rock each and the reet is made up of 

hornblende, titaniferous augite and biotite, nepheline and some 

opaque minerale among which titaniferous magnetite i• of main 

interest in the present study. Yamaskite ocoura as iaolated 

patchea engulfed in the essexite. Titaniferoua augite and horn­

blende form the bulk of Yamaskite and nmuoh ilmenite and magnetite" 

are reported in it by Young (op. oit.). 

Aocording to Young the igneous core of Yamaska mountain 

ia the prodnct of a single intrusion. His conclusion is based 

upon the shape and dimensions of the body as well as on the faot 

that the contacts that he observed between the various igneous 

rock types are always gradational. 

The time of intrusion of the igneous core is not aocurately 

known. The youngest strata intruded are the Farnham slatea whioh 

were last folded during the Taconic or posaibly during the Acadian 
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disturbancee. Since the folding of theee strata ie not appre­

ciably dieturbed in the vicinity of the igneous core. Young 

concludes that the maximum age of the latter ie Ordovician or 

poeeibly Middle Devonian. A minimum age hae apparently not be en 

est~ated due to lack of conclusive evidence. 

2- Brome Mountain 

Brome mount.ain ie located about 17 miles south east of 

Yamaeka mountain. It covers an area of about 30 sq. miles 

23 of which are underlain by a core of basic intrueive rocks. 

Brome mountain was considered by Dresser (1906) as the 

erosion remnant of a lopolith. It hae apparently not been 

disturbed eince ite original emplacement. Dresser believed 

however that two periode of intrusion contributed to the formation 

of the igneous core. A first intrusion of essexite wae followed 

by the injection of nordmarkite between the former and the over­

J.ying sediments. In the present study, our attention wae res­

trioted to the eseexite in the southern part of the igneous core. 

The essexite from Brome ressemblee very much to that from Yamaska 

and contains equivalent amounta of ferromagnetic minerale. 

Although he lacked conclusive evidence, Dresser (op. oit.) 

set the maximum age of the intrusions as Upper OrdoTician and 

the minimum age as Permo-Carboniferous. The reason for setting 

the maximum age ie the same as given above for Yamaska monntain. 

Evidence for establishing the minimum age ia eomewhat t.enuous. 

Dresser noticed eome degree of paralleliem between certain 

structures in the igneoua core and similar structuree in the 
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surrounding sediments. Aesuming that the structures in the 

sed~ente could have been formed no later than the period of 

most recent folding east of the Logan•s line, he conclnded that 

they could not have taken place later than Permian tima. Since 

the struc~ures which he found in the igneoua body were probably 

contemporaneous with the intrusion itaelf, he suggested that the 

intrusion did not ~ake place later than Permian time. 

The present etudy is connec~ed in particular with t~ 

aspects of ~e general geology of Yamaeka and Brome mountains, 

namely ~e times of intrusion of the igneous cores and the 

composition of the ferromagnetic minerale referred to as "iron 

ore" by Young and Dresser. A comparison of t.he meaaured directions 

of magnetic polarization of these rocks with eimilar data obtained 

for other rocks of known age provides additional information 

concerning the probable age of theee intrueivea. A lao, the Curie 

point determinations described in Chapter V add to our knowledge 

on the composition of the ferromagnetic minerale present in the 

rocks. A few poli shed sections of "magne ti te" grains shown in 

Flate I alea yield some information as ~o the intergrowth of 

ilmenite and magnetite in the same rocks. 



CRAPTER II 

PRELIMINARY MEASUREMENTS 

A. :field. Surveys 

The firs~ geophysical measurements ever published in 

oonnection wi~h Yamaska and Brome mountains are reproduoed in 

Fige. land 2 below. Th.ey are 'the result. of an airborne magne­

tom.eter eurvey flown by the Geologie al Survey of Canada in 196-0. 

· A brief examination of Fig. 3 reveala a loaal magnetic 

relief of over 5,000 gammaa near the aore of Yamaska mountain · 

and a magnetio depression of aoma Z,OOO gammas below the regional 

magnetio background. These anomalies were aleo deteated by the 

writer on the gronnd by means of an Askania type vertical magne­

tometer; on t.he ground. the observed magnetic relief reaches over 

30,000 gammas with magnetio depressions CJf eome 15.,000 gammas. 

~he magnetio and ~opographic depressions and peaka are not epa­

ti&lly int.errelatedp thus eliminating topography as the major 

cause of the magne tic anomalies.. On t.he other hand. the anomalies 

apread horizontally over many hundreds of square feet, thus making 

lightning polarization the improbable oauae of their ooourrenoe, 

because it. is known that lightning polarization re..rely spreada out 

over more than a few. square meters (Poakels, l<i01; Toep1er, 1901}. 

- 12-
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The faot that magnetio peaks and depressions are 

adjacent to one another oo~ld eaeily be explained by a variety 

of geometrical configurations. For example. one oo~ld visualize 

the whole intrusive as a complex arrangement of horse-shoe 

magneta painting in different directions. It would be more 

diffioult however to describe the geologioal meohaniam respon­

sible for auch a model, espeoially if we reoall that there is 

no evidence of tectcnic movements within the intruaive since 

the time of its oooling. On the other hand. it is relatively 

easy to account for the coexistence of the positive and negative 

anomalies by assuming that the overall magneti~ation of the 

intrueive may be the resultant effect of several processes of 

magnetization which have been active in different directions, 

at different periode and more or lese efficiently over different 

sections of the intrusive, depending upon the texture and 

composition of the rocks in eaoh of theee sections. 

Similar remarks may be applied to the Brome mountain area 

with the difference that the magnetic fluctuations were lees 

pronounced in the latter. Although the isogame of the aero­

magnetic map never reaoh a value below the regional magnetio 

background, ground magnetio traverses showed the presence of 

a 12.000 gamma depression over an area roughly 2t miles due 

East of Bull Pond. 

The information disclosed by the above-mentioned surveys 

was atrongly indicative of the presence of reversely polarized 

rocks on Yamaska and Brome mountains. The fact that there is no 
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evidence that these roaks have been overturned in ~he past, 

suggested further the possibili~y o~ attempting palaeomagnetic 

etudies in ~hese areas. 

B. Specimen Colleetion and Preparation 

Orien~ed specimens are required for the purpose of 

studying the original direction of remanent magnetization of 

roca. In the present study the following technique wae used 

for specimen collection. A flat surface. for instance a joint 

plane, was sought on the outcrop and a horiaontal arrow was 

drawn on that surface. ~he down-dip direction of the surface 

was also marked by a line perpendioular ~o the arrow. The 

azimnth of the arrow and the slope of the dip line were then 

measured with a Brunton compass and a clinometer respeotively 

before the specimen was broken away from the outcrop. !ro 

eliminate errera from local effects, ~he compass reading was 

corrected by adding the angular difference between the apparent 

azimuth of the sun and its true a~imuth as given in tables for 

the partioular time at which the specimen was oriented. The 

geographie positions of the colleoted sample~are shawn in 

Fige. 1 and a. 
In preparation for the aotual measurements of their 

polarization, the specimens were first embedded in a base of 

plaster of Paris in auch 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 ou~ into two or 

*The specimens from Yamaska mountain were oollected by 
Dr. R. Mitra of the G.s.c. 



- 17 -

three one inch cubes, precaution being taken that the orientation 

reference linas were carried faithfully from the initial steps 

of the operation. 

c. Measuring Instruments for Remanent Magnet1zat1on 

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 a very 

sensitive instrument but its operation is very slow and tedious. 

When the rocks to be measured are only weakly polarized, this 

instrument is the only one which can be used satisfa~torily. 

A description of this apparatus and of its operation is given 

by Collinson & al. (1957). The rook generator, on the other 

hand, sacrifices some sensitivity and precision but its operation 

is much simpler and considerably faster. As we shall see later 

in this ohapter, the rocks under study have a relative~ strong 

magnetic polarization, and sensitivity was therefore considered 

as not to be a critioal factor for the measuring instrument. 

On the other hand, it was deeired to measure and remeasure a 

relatively large number of aubes. For these reasons preference 

was given to the rack generator in the choice of measuring 

instrumenta. 

Rock generators have been fully desoribed in the litera­

ture by Bruokshaw & 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 MX. L.S. Collett & al. 
of the Geophyeics Division of the G.S.C. in 19&4. 
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ie now eupereeded by much more refined instrumen~s of the same 

type. ~or these reasone a detailed description of the instrumen~ 

will be omitted here and only a description of the main features 

and operation of the deviee will be given with the help of the 

blook diagram shawn in Fig. 3 below. 

When the motor is set in operation, two die~inct voltages 

are generated across coils L1 and L2 by the reference magnet 

and the rock cube respectively. Coils L2 and L3 are two con­

centric flat coils which are wound in series opposition. Since 

L3 ia relatively far from the rotating rock cube, hardly any 

voltage is generated across it by the latter and the oppoeite 

is true for L2 • On the other hand any ~ransient fluctuations 

in the magnetic field surrounding ~he instrument will affect 

bath coils and the voltage thue generated will cancel automatical­

ly since the two coila are wound in series opposition. Amplifiera 

A and B are tuned to 30 o.p.a. to reject harmonies or any ether 

type of disturbancee. The output of these two amplifiera is fed 

into an electronic switch which permits the simultaneous tracing 

of the ~wo generated voltages an the screen of a Cathode Ray 

Oscilloscope. The balancing of these two traces is done by­

revolving coil L
1 

about the axis of the ahaft and by varying 

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 coll L1 and the reading on the poten­

tiometer are noted as a meaeure of the orientation and intenaity-
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of the component of magnetization in the plane perpendicular 

to the axis of rotation of the cube. 

The limit of resolution of the instrument is of the 

arder of 10-~ emu and angles can be measured with an acouraoy 

of 5°. Time involved in the measurement of a cube averages te 

about 5 minutes. 

D- Meaeurements and Calculations 

Each cube was spun about three mntually perpendionlar 

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 nin situ"" astronomie North of the 

specimen and its z axis ia along the Vertical and positive 

downward. Since the speci~ns were spun clookwise. angle« 

ie the clookwise angle between the X axis and the magnetia 

oomponent in the XY plane. The intensity of this aomponent 

is referred to as Io< • Similarly ,fJ and y refer to the olooltlritte 

angles measured between the Y and Z axes and the components 

of magnet.ization in the YZ &nd xz planee reepeoti vely. The 

three positions of spinning about the axes +Z, +X and +Y are 

indioated in Figs. ~-B, 4-c and 4-D respeotivel1• Theoretiaally, 

only two of the three sets of values (Q, Ii) are neceasary to 

determine both the orientation and intensity of the polarization 

vector of a cube. The three sets of values were recorded 

however for cheoking purposes. 
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From Fig. 4-A it is easy to derive the following 

relations: 

(2) 
2 2 2 2 2 2 2 2 2 2 lt = ~ + Iy + Iz a Iacos a + ~cos r;l + I1cos 7 

(3) 

2 2 2 2 2 2 2 2 2 2 
(4) 3It = ra + Iii + r,. + racos a + ~cos f3 + r,.cos 1 

( 5) 2~ = I~ + r: + I~ 

(6) lt = 

2 

Equation (ô) waa 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 respeotively, 

then: 

(7) tan D • Iy/Ix 

( 8) cos I = Ia/It .. ~ ( Ii + I~) f lt 
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Theoreticall.y angles D and o( ehou.l.d be identical but 

i~ is found in practice that this is seldom the case due both 

to inhŒmogeneity in the ferromagnetic mineral distribution in 

the rock. and to the possible errer of 6° involved in the measure­

ments. The determinations of D and I were actually done graphie­

ally in the present study. The steps involved in this operation 

are described in detail in Appendix I at the end of this thesis. 

E- Resul~ 

The raw data as obtained from the measurements are 

~bulated in Appendix I. A swnmary of the graphicall.y de~ermined 

deolinations and inclinations and of the calculated intensities 

appears in Tables 2 and 3 below. The parameters given in theee 

tables are the arithmetic means of determinations on two or three 

different cubes of a given sample. The north-seeking peles of 

the magnetization vectors are plotted on stereographie projec­

tions in Figs. 6 and 6. 

P- B!acnasion of Resulta and Conclusions 

(1) Specimens from Yamaska mountain. 

An examination of Table 2 and Fig. 5 reveals that there 

is little consistency in the orientation of the magneti~tion 

vectors of the rocks from Y amas ka mount ain. Exception being IŒl de 

for specimens Nos. 104 and lll, it is noticeable however that all 

ether specimens have a North-South component plunging between 60° 

and 70° ei ther u.pward or downward. The fa ct tha t many of the 
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specimens aolleeted in ~ones of positive anomalies (see lig. 1) 

are reversely polarized is also of interest. Reversely and 

normally polari&ed rooks are represented by specimens of both 

strong and weak polarizations. 

TABLE 2 

SUMMARY OF POLARIZATIOB WASUREMEBTS 
FOR SPECIWNS COLL1i:CTED ON YAMASKA MOUNTAIN 

Sample Number Deoli- Incli-
Bo. of nation nation 

Cubes 

53-.&* 2 085° -~4° 

55-A 2 258 -35 

ô7-Y 3 144 -43 

71-E 2 219 -56 

72-E 2 208~ -67 

74~ a 111 -4ô 

87-Y 3 036 +51 

103-Y 3 2.42 +40 

~04-Y 2 OlS -16 

105-Y 3 174 -69 

111-E 3 319 +38 

113-E 3 2ô5 +15 

120-E 3 2.28 -63 

121-Y 3 230 -57 

138-E 2 073° +lao 

Intensity 
emu/cu .. in 

x~o-5 

756. 

1,895 

40,400 

33,900 

72,400 

26,900 

4,373 

59,.7ôô 

55,600 

2,MO 

22,600 

2.9,200 

25 ,1ô6 

1,66:0 

Polarity 

up 

up 

up 

up 

up 

up 

do111n 

down 

up 

up 

down 

down 

up 

up 

dawn 

*Specimens labelled A are Akerite~ those labelled Y are 
Yamaskite and those 1abelled E are Essexite. 
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TABLE 3 

SUMMARY OF POLARIZATION MI!:ASUREMENTS 
FOR SPEC IMEHS COLLECTED ON BROME MOUNTAIN 

Sample Number Decli- Incli- Inteneity Polarit.y 
No. of nation nation emu/ou. in 

Cubee no-5 

36. 2. 145° +05° 3,880 down 

57 2 150 -2.4 14,675 up 

S7-B 2. 12.3 -15 14,300 up 

~.8 2. 14.2 -2.2! 8,4S6 up 

38-B 2. 115 -24 10,545 up 

39 2. 134 -16 35,050 up 

40 2. 001 +5S 37,650 down 

41 2. 014 +42. 2.72.0 down 

42 2 043 -19 97,800 up 

4.3 3 147 -as 51,.030 ap 

44.· 3 142.0 -280 9,080 up 

Theae facts suggeat the poseibility that more than one agent 

oontributed in the po1arization of the specimens colleoted 

from Yamaaka mountain. Furthermore i t. is possible that aome 

of these agents were equally active in the polarization of al1 

the speoi~ne whereaa others were efficient only on some specimens 

and lo different degrees. If the effect of the latter group 

could be eliminated, the po1arization directions would then be 

more consistent from one specimen to another. This aspect of 

the prob1em is considered in the following chapter. 
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(ii) Specimens from Brome mountain. 

~able 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 thie faot. 

namely that the rocks were sampled in a more reatricted area 

and from the aame rock type. Specimens Noe. 40 and 41 were 

oolleoted from the flank of a positive anomaly and they are 

polari~ed almoet in the direction of the present earth's field. 

The suggestion that these rocks were once uniformly polarize4 

in one direction is even stronger than in the Yamaaka case. 

The auitability of the rook.e from bath Yamaalœ and 

Brome mountains for palaeomagnetio etudies depends upon their 

magnetic stability and on the posaibility of removing the 

aomponent.a of magnetietio.n which were poasibly impoaed on 

them after their cooling ta ordinary surface temperatures. 

These mattera will be treated next. 



CHAPTER III 

ST"ABILITY OF THE REMANENT MAGNETiz:ATION 

A. Separation of the Magnetic Components 

If an igneous rock is susceptible of being permanently 

polari~ed magnetioally. it may reach that state by at least 

three different processes. These have been desoribed by the 

t.erms "thermomagneti~ation", "anhysteri tic" magnetiz.ation* 

and "iso thermal" or "viso oua" magnetiz.ation. Two or three of 

these processes can ocour succeseively in the sams rook mass 

and the resultant magnetization corresponds to the veotorial 

sum of the two or three oomponents involved. We shall review 

briefly the meaning of these three types of magneti~tion in 

conneotion with t.b.e present problem. 

It is a well known fact that if a rock is heated above 

a critioal temperature (known as the Curie point of the ferro­

magnetio minerale present in the rock), it leses all of its 

remanent magnetization. If the same rock is then oooled from 

that temperature in a constant magnetio field. it. aoquires a 

oomponent of magnetio polari~tion direoted along the amblent 

field. This process is known as thermomagneti~tion. 

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

- a9 -
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AnhVs~eritic magnetization is impresaed on a rock 

specimen when the latter is subjected to a rapidly fluctuating 

magnetio field to which is superposed a cons~ant field, e.g. 

the earth's field.. This set of conditions is roughly repro­

duced when a rock maas is etruck by ligh~ning. As mentioned 

earlier, Pockels {190~) and Toepler (190~) observed field 

examples of rock magnetic polari~tion resulting from ligh~ning 

and they both recogni~ed that this phenomenon is locali~ed 

and oan rare!y be traced for more than a few meters around a 

point. The effect of the electrostatic d.isoharge taking place 

during ~ghtning is the only known natural mechanism of anhyste­

ritic magnetization of rocks. For this reaaon anhysteritic 

magneti~ation and lightning polarization are generally considered 

as the aame in palaeomagnetism. 

A rock beoomes ieothermally magnetized if it is eubjected 

to a constant field at ordinary surface temperatures for a certain 

period of time. The intensity of this oomponent of magnetization 

depends upon several factors of which the main onea are the 

intensity of the acting field, the interval of time elapsed 

between the application and the removal of the field. and the 

siz.e, distribution, and composition of the ferromagnet.io minerale 

in the rock. 

Isothermal magnetization may be applied over a whole rock 

body, but for the reasons given in the previens paragraph, ite 

intensity may not neoessarily be unifor.m over the whole region 

of the body. Furthermore. diurnal and seoular variations in the 
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declination and inclination of the earth's field would create 

so many components in a given rock maas over a period of millions 

of years that the vectorial swm of these components oould not 

refer to any particular stage in the history of the rock. This 

componen~ of magnetization is therefore not desirable in rocks 

which are to be axamined from the standpoint of palaeomagnetism. 

As pointed out earlier. anhysteritio magnetization is 

a looali~ed phenomenon. Moreover. the direction of magnetic 

polarization resulting from this prooese is governed partly by 

the declination and inclination of the ambien~ constant field 

but mainly by the path of the electric currenta oiroulating 

through the rock after the eleotrostatic discharge. Pookels 

(op. oit.) observed that the magnetization directions radiated 

from a central point at the sites where he studied the phenomenon. 

For these reasons anhysteritic magnetization oannot be used 

reliably in establishing the orientation of the earth's field 

at the time of its imposition in the rock. Lightning polarization 

is thus oonsidered as an undesirable oomponent of magnetization 

in rocks which are to be used f~r palaeomagnetiam. 

The last oomponent to be oonaidered ia thermomagnetization. 

Ita importance in palaeomagnetism lies in the fact that it regis­

tare the direction of the geomagnetic field for the limited period 

of time it took an igneous rock to cool from the Curie point of 

its ferromagnetic minerals to ordinar,r temperatures at the surface 

of the earth. It may be inferred that this interval of time is 

in !act considerably ahorter yet, since aooording to the resulta 
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of Grabovaki, Petrova an~ Isakova (1956), ~o% of the thermo­

magnetio component la inatalled in the rock during tha t.ime 

it takes ita ferromagnetic minerale to cool from their Curie 

point to a temperature about sooc .. below it. 

The possible coexistence of several components of 

magnetization in the same rock sample brings with i~ the 

prob~em of isolating these oomponenta if the rock ie to be 

used for palaeomagne~io etudies. ~his will be possible if 

the different oomponents respo:nd differently to certain traat­

m.enta. 

It hae been shown experimentally by Nagata & Kasahara 

( 1953), Thellier & Rimbert ( 1954) and Rimbert ( 1955, 56. 57) 

that if a alowly decreaeing alternating magnetio field ia 

imposed on a rock specimen whioh is otherwise l.ying in a magnetic­

field-free space, amplitudes of lese than 200 oersteds for the 

alter-nating field are sufficient ~o destroy oomple~l7 the 

isothermal magne"tiution in t.he specimen. A simil.ar treatment 

applied to rocks whose magneti~tion la exeluaively of the 

thermomagnetio type has a oonaiderably weaker effeot in redu-

oing the intensity of magnetization unless the peak values of 

the alternating field reaoh several hundreds of oersteds. 

Anhysteritie magnetization resiste to the same treatment consi­

derably more than ieothermal magnetization but it is •aofter" 

than ~bermomagnetization. Therefore, if it can 
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be ascertained by ether means that no anhysteri~ic oomponent 

is present in a given rook sample, it will be possible to 

isola~e the desirable thermomagnetic component present in it 

by the use of the above-described technique. If, furthermore, 

after repetition of the operation with increasing amplitudes 

of the alternating field over euooessive rune, the sample 

reaches a state where its magnetization remains constant, it 

may be concluded that its thermoremnant component is stable. 

The foregoing technique will be referred to as •magnetio waahin~ 

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 consista in leaving the sample oriented 

with its magneti~ation vector opposed to the earth's field, ·· and 

in measuring its polarization at intervals of days or weeka. 

This method was suggested first by Thellier (1937). Clegg & al. 

(1954) nsed 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 atability of 

rocks in the laboratory consista in heating the sample to loooc •• 

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 magnetizstion ie very unstable 

and is effectively destroyed. On the other hand, thermomagneti­

zation remains unaltered when exposed to the aame treatment. 
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If~ after repetition of the above treatment. 'tihe eample's 

magnetization remaine unchanged. the specimen may be considered 

as etable and freed from an ieothermal component. This technique 

hae been ueed recently by Doell (1956) on sediments, by Cnx 

(1957) on basalte~ by Roche (1953) on lavas. 

The firet of the three techniques just desoribed was 

ueed in the present study. With the dual purpose of verifying 

the applioability of this procedure to the rocks under study 

and of teeting the suitability of the equipment built for this 

purpose, a eeriee of simple experimenta were oarried out by 

the writer. Before deecribing this equipment, mention will be 

made of theee experimenta. 

Experiment- Bo. ~: Complete magnet.io washing 

An oriented aube of essexite from Yamaska mountain was 

heated to 700°0. and kept at this temperature for a period of 

one hour. It was then permitted to cool to room temperature in 

a magne tic vacuum. A bout 961b of the original magnetisation waa 

destroyed by this opera ti on. The 4~~ of the original magnetiza­

tion left in the aample is most likely an isothermal oomponent 

introduoed in it during the interval of time between the oooling 

operation and the measurement of the polarization. The changea 

in the actual magnetie parameters of the aube are as follows: 

Dea li- Incli- Intensit;y 
nation nation emu/ou. in. 

no-5 

Before heating: l26° -410 2.6.885 
After heating : 244° -()40 l,llO 
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11Xperiment. No. 2: Thermomagnetization 

An oriented cube of essexite from Yamaska mountain was 

heated to 7oooc. and kept at this temperature for a period of 

one hour. After orienting the cube so that i te X axis pointed 

North approximatel.y and i ta z axis pointed downward. the rock 

waa allowed to cool to room temperature in the earth'a field. 

The result of this operation was that, although the original 

intensity of magneti~tion was not changed appreciably in magni­

tude. its polarity was reveraed by nearly 180° in apace. The 

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

Deoli- Inoli- Intensity 
nation nation emu/ou. in. 

no-5 

Before heating: 2.300 -52° 42.560 
After heating : 3570 aa0 47.662 

It is noted that the inclination of the thermomagnetisa­

tion obtained after oooling is slightly different from the actual 

inclination of the earth's field in Ottawa {about 750). This may 

be explained partly by a possible error of 50 in the measurements 

and partly by the faot that the cube was cooled while resting on 

surface which was not perfeotly level. 

Experiment No. 3: Isothermal Magnetization and Magnetic Waahing 

An oriented cube of essexite from Yamaaka mountain was 

aubmitted to a constant field of 115 oersteds for a period of 

5 minutes. As a result of this its original inteneity of magne­

tization waa inoreased 23.6 timga. The specimen was then eub­

mi tted to the treatment of magnetio washing. After the cube had 
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reaohed its original state of magnetization. little change 

was observed in ita magnetio parameters upon applying the treat-

ment of magnetio waehing 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 ie plotted 

in Fig. 7 and the most significant among the observed magnetio 

parametere obtained after eaoh run are as follows: 

Deoli- Incli- Intenaity 
nation nation emu/ou. in. 

Xlo-5 

Before Magnetisation: a25° -85° l2.150 

After Magnetization : 3020 -850 276,000 
( 115 Oersteds, D .c.) 

After the 4th run : 1300 -820 11.300 
( 150 Oersteds, A .c.) 

After the 8th run . 138° -83° 5.870 . 
( 390 Oersteds, A .c.) 

It ie noticed that the declination before magnetization 

and after the 8th run are very different. However the angles 

of inclination are relatively large in both casee and it turne 

out that the angle between the two veotors considered ia lees 

than 10°. 

!%periment No. 4: Thermomagnetization Stability 

The aube of Experiment No. 2 waa submitted to the treat­

ment of magnetic washing as desoribed later in Part C of this 
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chapter. An amplitude of 262 oersteds wae given ta the alter­

na~ing demagnetizing field. The initial and final magnetio 

parameters are as followa: 

Dea li- Incli- Inteneity 
nation nation ema./ou. in. 

no-5 

After Experiment No.2~ 357° -asa ol7.662 

After Magnetic Washing: 3Qol0 
( 262 Oersteds, A .c.) 

-aoo 22.994 

It is notioed from these resulta that even after the 

application of a 262. oersted demagnetiaing field almost 50J' of 

the thermomagnetization is still present in the rock spaoimen. 

The faot that the declination changed by 530 during the treat­

ment is hardly eignificant for the same reason given in the 

previous experiment. 

B. Construction of the Magne tic Waehing Apparatus. 

Two precautions are neaesaary in the application of the 

treatment of rocke by magnetic waahing uaing alternating magnetio 

fields. First, the specimen must be se~ in a magnetic- field­

free space in order ta prevent the formation of an anhyeteritio 

component upon being exposed ta the alternating field. Seoond. 

a mechanism must be provided ao that the amplitude of the alter­

nating field deareases gradually Without any sudden Jumpe, no 

matter how small the latter may be. 

In the present apparatus, the magnetio free epaoe ie 



FIG. 8: MAGNETIC WASHING APPARATUS 
A- Vertical Field Coil C- Counterweight 
B- Hori~ontal Field Coil D- Demagnetizing Coil 
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obtained by means of two mutually perpendicular Helmo~t5 c~ils 

whoae axes correspond with the Vertical and the direction of 

magnet-io Nortab. respectively. 11he actual phyaioal dimensions 

of the ooils are given in Fig. ~. Bnamel coated copper wire 

Bo. 32. B & B gauge waa ueed in the windinga and precaution wae 

taken to use only aluminum and non-magnetio brasa where metal 

was required for meohanioal atrength. The eleotrioal epeoifioa-

tiona of the ooils are as followa: 

Cail A Number of Resistance Coil Constant Average 
turne Ohms gammaa/ma Current 

milliam.ps. 

Coil A (Vert.) 312 350 1,006. 5~.2 

Coil B (Hori~L.) 340 4:50 1,005 18.1 

The two ooila are oonneoted in parallel to aix 45-vo1t 

dry batteries linked together in parallel. The ourrent- in eaoh 

ooil is oontrolled by three variable resistors in series with 

eaoh coll and it ia measured by means of a Cambridge Potentio­

meter whioh ia oonnected aorosa precision resistors of 2. and 10 

ohms respeotively in seriee with eaoh ooil. 

The assurance of aero intensity magnetio field inside 

the non magnetio apace was verified by meana of a transistori5ed 

fluxgate magnetomet.er unit. whioh was designed and built. by the 

Magnetio Division of the Dominion Observatory. The buildere of 

this instrument olaim its suitability to deteot as little as 

10 gammaa. It was possible to balance the current in the coils 

of the null-field deviee ao that no defleotion was indioated 



~ 
UJ -> 
L&J 
0 

en 

~ 
L&J -> 
1-
z 
0 
a: 
LL 

L&J ..J 
(.) <i -> 
L&J 
0 

0 
..J 
L&J 

LL ,.._ 
10 

..J 0) 

..J 
~ ci 
z ~ 



- 4a-

o.n the magnetometer dial. On the other hand, a considerable 

defleotion wae indioated by the magnetometer needle if the 

current varied by as little as 0.01 ma. It thue eeeme that the 

magnetio vacuum wae eaeily established to lese than 50 gammae, 

which is lesa than one par~ per thouaand of the earth'a field. 

The alternating demagneti~ing field was produced by 

another Helmolt.z. ooil of smaller dimensions, aoroas which a 

50 eps voltage source wae oonnected. The dimensions and eleo­

trioal speoifioations of this coil are given in Fig. 10 below. 

The maximum RMS ourrent thraugh this coil was 10 amperes. 

The problem of varying alow1y and regularly the alter­

nating field amplitude around the specimen oould not be molved 

by simply inaerting a rhaoetat in series with the demagneti~ing 

coil. One of the reaeons for this is that the ourrent used in 

some cases is fairly high (10 amps.). More important and 

probably lese obvious· is the fa ct that, becmuse of i te inherent 

design, an ordinary rheostat permita voltage changes in disorete 

jumps only. This might create an anhyateritic component in the 

specimen being treated. Similar drawbacks are brought in by the 

use of a variable transformer. The method commonly used consista 

either in removing the sample trom the demagnetiaing coil or 

vice versa. Hood (1958) made use of the firat method recently. 

The seoond of these methode was used in the present prajeot since, 

in the writer's opinion, there is lees chance in this way that 

the alternating field affects the sample when it is out of the 

magnetic vacuum. The Variac ehown in Fig. 8 wae used only ~o set 
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'the ampli tude of the- demagne-t.izing field ~tore the aotual 

operation of magnet.io washing, i.e. When the coil na still 

away from ths specimen. 

When the demagneti~ing ooil D is lowered so ae ~ surround 

SpecimenS {eee ~ig. 8}, the two systeme of o~ils (D and A-B} are 

eleotromagne~ically ooapled. As a reeult of ~ie coupling. an 

A.C. current ia induoed in eaoh of the Helmoltz. ooils if the 

demagneti~ing ooil ia oonneoted ~an A.~. voltage sourae. By 

conneoting a vacuum-tube voltmeter successively to the terminale 

of ooila A and B, 1~ was verified that 'the D.C. component- of the 

tota.l voltage acrosa them is not modified by the in't.roduat-ion of 

the demagnetiaing coil, even if the latter ia energi~ed to yield 

an a.lternating field of 350 oersteds. It ia aonola.ded from this 

test that the canoellation of the eart.h'e fie~d by the na.ll-field 

deviee in ~e region aurrounding the apeci~n S is no~ affeo~d 

by the introduction o! a demagnetising field in ~his region. 

In order to obtain an estimate of the alternating field 

produced by the A.C. ourrent induoed in the Helmol~~ ooils, an 

alternating field of 250 Gersteds was set along the axis of the 

demagnetizing ooil and ~e latter was lowered in the region of 

the speoimen 8. A vacuum-tube voltmet.er waa oo:rmect.ea. euooeseively 

to the t8%minals of co ils B and A and the maxima.m. A .c. Tol tage a. 

induoed aarosa them waa noted as the demagnetifiing coll was 

lowe red. ll.aximum vol tage a of 0.25 and 25 volts were obaened 

aarosa coi le B and A respectively. As.suming that t.he reactance 

of these ooila is negligible* at 60 a .p .a •• the approxima t e 

*If the reactance of ooils A and B is taken into considera­
tion, the induaed A.C. field is even less. 
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horiaontal and vertical alternating field componenta were 

oalculated to 500 and 72,000 gammas reapectively. Beoaua~f . '\he 

fields yielded by colla A and D are out of phase by 180° the 

amplitude of ~heir resultant is equal to the algebraic sum 

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

the alternating field produced by coil A (7Z,OOO gammas or 

0.72 oersteds) is very small compared ~ ~he field of Z50 oersteds 

produced by aoil D. 

C. Magne tic Washing and Resulta 

For the actual washing operation, the ourrent necessary 

in eaoh of the He~oltz coils for total oanoellation of the 

earth1 s field is first determined With the help of the fluxgate 

magneto~ter. 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 

fie~d amplitude is set at 50 oersteds by means of the Variao. 

The demagnetizing field source is then brough~ very slowly toward 

the sample by ltfting the counterweight (aee ?ig. 8) until the 

specimen 1s completely aurrounded by the coil. Successive rune 

were made with demagnetiz.ing field amplitudes of lOO, 150 and 

200 oersteds. Most of the change took plaoe in the magne~1zat1on 

of the rook during the firat two runs. 

A aummary of the resulta obtained in measuring the polariza­

tion of the magnetically washed samplea is given in Tables 4 and 6 
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and stereographie plots of the magnetization vectors appear in 

Fige. 11 and 1a. These are averages obtained for two or three 

cubes of eaoh sample measured. The method used in oomputing and 

determining the varions magnetic parameters was the same as that 

described in Chapter II. The measured quan~ities are listed for 

eaoh cube in Table A-I of Appendtx I. 

TABLE 4 

SUMMARY OF POLARIZATIOH MEASURE:Mm.NTS 
FOR "WASHmD" SPECIMENS COLLEOTED ON YAMASKA MDUBTAIN 

55 2. 085° -14t0 756 1690 -69° 1,336 

56 2. 268 -36 1,895 170 -ô1 ·190 

67 3 144 -4t3 40,400 16.2 -67 56,733 

71 2. 219 -56 33,900 171 -ôl. 15,600 

72. 2 208 -67 72,400 160 -53 18-.550 

74 2. lll -46. 2:6,900 128 -70 2.0,6.00 

87 3 03.6 +51 ~.373 025 -6.5 1.555 

1.03 5 2.4:2. +40 59,766 225 -18 2: .. 593 

104 2 018 -lô 56,500 341 -57 1,924 

1.06 3 174 -69 2,340 148 -66 1,973 

lll 3 319 +3S. 4,586 02.2. -70 2,303 

113 3 265 +16 2.2,6.00 315 -60 3,156 

1..20 3 228 -63 2.9,200 2.04 -ôG 40,9.50 

12.1 3 230 -57 25,166 198 - 71. 2.7,535 

138 2. 073° +460 1,66.0 3040 -650 1.,435 
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TABLE 6 

SUMMARY Oli' POLARIZATION MEASUREMB:NTS 
FOR nWASHE~ SPECIMENS OOLLECTED ON BROME MDUNTA IN 

Spe- Number Before Magnetio washing After Magnetic Waahing 
cimen of Dea li- Inoli- Intensity Dea1i- Incli- Inteneity 
No. Cube a nation nation emu/ou.in nation nation emn/ou.in 

no-5 . no-6 

36 2 145° +050 3,880 J..220 -400 2,6.70 

37 2. 160 -24 14.,675 ll.S: -51 6,650 

37-b 2. 123 -15 14,300 118 -42. 7.2:15 

38 2. 142 -2.2. 8,485 113 -45 ~.045 

38-b 2. 11.5 -2.4 10,646 098 -45 4,480 

39 2 134 -16 35,000 109 -u 5-.1.55 

40 2 001 +38 37,660 136 -63 683 

4.1 2. 014 +42. 2.,720 111 -60 885 

42. 2. 043 -19 97,800 139 -38 '!,075 

43 3 147 -2.8 61,030 136 -35 13,92.3 

44 3 142.0 -280 9.080 087° -400 2.,360 

D. Disousaion of Reau~ta 

(i) Specimens from Yamaska mountain: 

An examination of Fig. 11 revea1s that all the waahed 

specimens from Yamaaka mountain have an upward painting magnetic 

polarization. For the sake of discussion, these po1arizations 

may be classified into two groups, namely those whioh o1uster 

about a point South of the Zenith (Nos. 53, 56, 67, 71, 72, 74, 

105, 120 and 121) and those which fall away from the same point 
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(Nos. 87, 103, ~04, 111. 115 and 138). It is interesting ta 

note that if exception is made of specimen No. 104, all the 

specimens of the second group were polari~ed downward and those 

of the firat group were polariaed upward before the magnetic 

wa.shing. 

It is shawn in Table 4 that, as a rule, the intensities 

of magnetization decreased appreciably by the magnetic waahing. 

However, increases in intensity are noticed for a few specimens 

of the firat group but for none of the second group. These facts 

may be explained if it is considered probable that, prior ta the 

magnetic washing, an isothermal dow.nward component was acting 

againet a more stable component which remained more or lesa 

unaltered after the magnetic washing. 

The fact that from a chaotic distribution of polariaation 

directions a certain degree of arder was achieved by magnetic 

washing is interesting in itself. Still more interesting is the 

fact that the stable component of magnetizatian of the rocks is 

direoted almast opposite ta the direction of the present earth's 

field in the majarity of cases. 

The use of a demagnetir.ing field of about 400 oersteds 

was attempted in arder to improve the clustering of the specimens 

of the second group with those of the first group. This last 

treatment proved uselesa however because from a comparison of 

the polarisation directions of all the cubes of a specimen 

submitted ta this treatment, it was found that the deolinations 

and inclinations were distributed at random. The magnetisation 
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of ~he sample thus treated was measured repeatedly over a 

period of a few daye, and it was found ~ vary each time 

according to the attitude given to the cubes in the amblent 

earth'a field between the measurements. 

At this point the hypothesis may be formnlated that, 

among the specimens from Yamaska mountain, some are apt to 

aoquire a strong but "softft component of isothermal magne~iza­

tion. The polarization of these rocks is oomplex and it may 

have a aignifioanoe only if the unstable ieothermal component 

ia removed from them. On the ether band, the specimens whose 

direction of polarization was practically not modified by 

magnetia washing were probably not modified by the iaothermal 

magn!tization to any great extent. 

(11) Specimens from Brome mountain: 

Just as the original polarizations of the Brome mountain 

specimens were mnoh more consistent than those from Yamaska 

mcuntain, so are the polarization directions of the washed 

samples. In all cases the intensities of magnetization were 

reduced by magnetic waahing. The resulte listed in Table 5 and 

illuatrated in Fig. 12 show that the stable component o! magne­

tization is far from painting in the direction of the present 

earth' s field. Although specimens Nos. 40, 41, 4.2 and 44 are 

probably lesa etable than the othera in the group, it ia never­

theleas considered that their atability ia aufficient to give 

the magnetization of these specimen a possible palaeomagnetic 

significance. 
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E. Sta tis'tioal Ana].ysis of Resulta 

Given a group of unit vectors with different orienta­

tions in spaoe, it. is passible 'to find mathematically the 

orientation of their mean which corresponds ta that of their 

veotorial sum.. If each of the magnetiz.atian veotors referred 

to above are given a unit length in arder ta give each of them 

equivalent statiatical importance, their mean orientation may 

thus be established. The prablem of determining mathematioally 

the probability that this orientation ie eignificant within a 

given cane of confidence was very elegantly solved by Fisher 

( 1953) • The la tt.er showed tha t, if 9 ia the half-angle of tJle 

oone of confidence. then: 

( 1) (l-coaQ-)a ( (11-R) ) [ ( l ) 
R ( l-P) 1/( 1-1) 

w.here N is the number of aamples invQlVed, R t.he magnitude of 

their veotorial sum, and P the probability that the orientation 

of their veo'torial sum lies within the cane of confidence of 

half-angle Q. It is common praotioe ta use P= 95% in palaeo­

magnetio oalculations. 

The valu.es of 9, R, D and I were calculated separately 

first for the whole of the 15 specimens collected from Yamaeka 

mountain and second for the 9 specimens of the first group 

mentioned above. The same quantities were also oomputed far 

the specimens from Brome mountain. In all cases a P of 95% was 

used for the oalonlation of Q. The resulta of these calculations 

are as follows: 
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Group of Specimens N R D I 9 

Yamaeka ( 1) 15 13.05 190° -79° 15.5° 

Yamaska ( 2) 9 8.85 16.7° -66° 07.0° 

Brome 11 10.6.8 117° -45.5> 08.3° 

The values of D,· I and B for the t.wo Yarnaeka groupings 

are represented in red in Fig. 11. The large dotted line oircle 

representa the cone of confidence of half-angle 15.50 and the 

open dot at ita center indicates the position of the mean tor 

all the samples oollected from Yamaska mountain. The smaller 

full-line oircle representa the cone of confidence whoae half­

angle is 70 for the restricted group of 9 specimens from Yamaska 

mountain. Similarly, the D, I and~ oalculated for the BromB 

specimens are represented by the red dot and oircle in Fig. la. 

In arder to measure the acattering within a set of unit 

veotors, Fisher (op. oit.) derived the equation: 

( 2) K • ( N-l) /{ N-R) 

where K is an index of the scattering and R and N have the eame 

meaninga as in the above equation (1). When K ia very large, 

the scattering is very small and vice versa. In particular, it 

is eaay to see that if all the vectors are parallel the value 

of K is infinite aince then N • R. On the ether band, K may be 

amaller than unity if R is sufficiently emall. The application 

of the above formula (2) ta the present data yielda scattering 

indices o! 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 Yamaaka mountain and those of nearly all the 

specimens from Brome mountain were only slightly modified by 

the treatmen~ of magnetio washing. It ie ooncluded that the 

main component of magnetization of these specimens is etable, 

and that it ia either the result of thermomagnetization or of 

anhysteritic magnetization. On the ether hand, the saattering 

indices of these two groups of specimens are high, and ~his faot 

leavea little doubt that anhysteritic magnetization by lightning 

is an important 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 decreaaed, but it is still too large for a random 

distribution auch as would be expeoted from anhysteritic magne­

tization by lightning. 

(3} Whether or not we consider signi.ticant 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 as the 

probable process by which these rocks were polarized, it is 

concluded that their stable component of magnetization is the 

result of thermomagnetizatian. 
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(5) As pointed out earlier, a rock may be revèrsely polarized 

"in situ• either because the earth's field had a direction oppo­

site ta its present one at the time of its cooling or because 

a self-reversa! 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 beoause we 

do not know at what time since Ordovioian this oooling took place. 

On the other band, it wae observed during Experiment No. 2 (p.35), 

that a specimen of essexite from Yamaska mountain which was 

originally reversely polariaed "in situ• acquired a normal polari­

zation upon cooling in the earth's field from 7oooc to room 

temperature. The same experiment was repeated with other speci­

mens from Yamaska and Brome mountains with the same result. 

It is oonclnded that either a self-reversa! mechanism never 

existed in the rocks considered or that it is not present in 

them any longer due to ohemioal alterations in the rook. It is 

also possible that the mechanism which may have had to operate 

!or millions of years to aahieve the present state of reverse 

polarization could not yield the same reault during the short 

interval of time it took the rocks to cool from 7oooc 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~ auoh 18 ~he •••,~ -the ~~eaLtlts 

o.! 1h.e .above-m.&ntt~ned. e:pêî'"liu~a'l :erre far f'~om being o-ouclusive 

beoauae the heating and oooling o~ the rocks to~ place under 

a~epheric pressure. 
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{ '1) I:f we aonsider that the resu.lt.a of Experiment. No. 2. 

fail ~o ehGW wnether or no~ a self-reversal meohanism ever 

exis~ed in theme rocks. we mue~ investigate ~urther this 

po sei bi li ty. As a first a tep ton. rda this goal t a review 

of the self-revereal mecnanisms euggested in the literature 

ie necessary. This for.ms the subjeot of the folloWing 

Chapter. 



CHAPTER IV 

THE HYPOTHRSIS OF MAGNETIC SlDL:Rt-REVlmSAL 

A- A Review of the Li~erature 

It is lesa than ten years ago that the possibility of 

eelf-revereal meahanisma wae firet given consideration in roek 

magnetiam. Graham ( 1949) waa the :first t.o diap11~e t.he belief 

that r~~m polariaa'tion of sedimen'tar'7 rocks •in situ" ie 

direot evidence of earth' a field reversale in the pa.at.. Rj.s 

reason was that he obaervsd bath no~lly and reTereely polar1$ed 

rocks with a relatively thin bu~ widsapread Silurian sedimen­

tary formation in Maryl~d~ U .s.A. He argued that aome physiao­

chemioal ~hanges had probablY taken plaoe in thoae parta of tne 

formati~n whers he had obserTed reverse polari~a~ion. 

!fo show t.he theoretioal possibility of euah a phyaic.o­

oh.emioal meahaniem., Béel ( 1951} po.s:~nl&ted shortly a:fter his· now 

famons four possible meob.anisma of aelf-reversal. Sorne o.f N&el's 

mechaniama have sinc.e then been tentatively used to explain 

particn.lar oases of reversed polariution.. A brief revie1f ~f' 

these meohanisma is maae in the foll&wing paragraphs~-

(1) I~ may be that the rook contains a erystalline substance 

'llb.ioh haa two sub-latt.ioes, A. and B., w:l. th the magnetia mom.en"ts 

of all the magnetic atoms in lattice B oppositely directed ~o 

- o7 -
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those of lattioe A. Substances of this nature exist in fact and 

they are oalled ferrimagnetias. Supposing that the epontaneoue: 

magnet,iution of lattioe A,. JA, aligne itsel.f with 'the ambien't 

field, the reeulting magnetiaation o.f the whole lattioe Will be 

( JA-JB) at a given temperature. NEel imagined .further that for 

eome ferrimagne~io aubstanoes,. the spont-aneous magnetizations 

JA and JB. react dif!erently to ctb.anges in temperature. In parti­

cular, he imagined that JB oould beoo.me larger than JA above a 

oritical temperature which he aalled the temperature of compensation. 

If the tempera~re of compensation should tQrn ou~ to be higher than 

ordinary temperatures at the surface of the sarth, the ferrimagnetio 

in question would be polari~ed reversely upon oooling from its Curie 

point tco room t -emperature in the ambient earth' s field. Since Néel 

first formulated this meohanism,. Gorter and Sohulkel!l' {1953) were 

able to synthesiae a lithium-ahromium ferrite {Lio.scr1 •25re-1 •25o4) 

whose temperato.re of compensation is 100°0. Thus. Néel's first 

raeohanism is a phyaica.l possibility whioh may explain reverse polari­

z.ation in igneous and metam.orphio rocks oontaining oertain ferrit.e-s 

of a very rare compoe 1 "ti on. On the ot.her hand • sua:h eubetanose 

have no~ been identi~ied in any of the reversely polarisad roake 

found so far. 

( 2:) In his aeaand mecha:niem, Néel assumed aa possible 'the exis­

tence of a ferrimagnetie. substance who sa o.o.mpoa i ti on is-, au ah 

that JA is alwaya la~ger than JB, independently of the temperature 

of the subs-tance below ite Curie point. If fu.rther JA ia lesa 

stable than JB under e.ome physio.o-ohemiœl aotion. the rock woulcl 
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become reversely polarized in the direction of JB after this 

action has taken place. The physioal possibility of this mecha­

nism has not been reali~ed to date and, aooording to Street (1954), 

ahanees are that it will never be. 

(3) Néel's third mechanism is based on the interaction between 

two minerale of different Curie points in a rock. The coexistence 

of two minerale A and B of different Curie points is oommonly 

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, ~A• is higher than that of mineral B, ~· When auch a mixture 

cools from a temperature 9o > 9A ) 9B to a temperature e1 where 

9A ) e1 ) ~ , mineral A becomes magneti~ted in the direction of 

the amblent field whereas mineral B remains unmagneti~ed at this 

temperature. If certain geometrioal conditions are fullfilled, 

the demagneti~ing field produoed by mineral A is more intense in 

the space ocoupied by the grains of mineral B than the ambient 

field i tself. Upon cooling below 9B mineral B will thus be come 

polari~ed in the direction opposite to that of the ambient- field. 

Finally, the whole rock will be reversely magnetized if JB is 

larger than J A • 

Laboratory experimenta carried by Grabovski and Pushkov 

(1954) to prove the physical poasibility of this mechanism were 

only partly successful. They aligned alternating plates of magne­

tite and of pyrrhotite parallel to the earth'e field and heated 

them above the Curie point of magnetite (5S0°c.±). They then let 
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the plates cool to room temperature i.e. past the Curie point 

of pyrrhotite (320°c.±). They found that the pyrrhotite plates 

were indeed reversely polari~~d after the cooling but that the 

overall polarization due to ~he pyrrhotite and magnetite oombined 

was etill normal. 

An observation whioh proves the physical possibility of 

Néel's third mechanism was r ·e J..Q.r ·te d in 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 vaouumr to about 250°C., its magnetic polari~tiGn is 

reveraed after its cooling in the same magnetio-field free epace. 

This waa explained as due to the coexistence of iron oarbide 

(FeC3) 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 Curie point but a higher 

coeroive force than the iron. When the rod is removed from ~he 

action of the earth's field, ita end free pales reverse the spon­

taneous magneti~tion of the iron but hardly affect the magnetiza­

tion of the iron carbide. Upon heating the rod slightly above 

the Curie poin~ of the carbide (240°C.), the latter leses its 

remanent magnetization. When the rod is oooled again to room 

temperature, the oarbide reassumes its magnetization but the 

latter is now opposite to its original direction, i.e. in the 

direction diotated by the end free pales. As the rock ia set 

back under the effeot of the earth'e field, the end free pales 

lese their effeot and the magneti~ation of the iron ia then 
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orien~d opposite \o t-hat of the eementite. The net result is 

that the total polarization of the rod is reversed from i~s 

orig.inal et.ate. 

An acrt-ual case where .Néel' s t-hird mechanism was pos-tula.ted 

as the probable cause of reversely polarized rooka was repor~ed 

by Balsley and Buddington (1964}. Their conclusion was aupported 

by ithe fact that. ttafter hea~ing above the Curie point one specimen 

aontaining the hematite-ilmenite mixture and oooling it in the 

earth' s field, i t wae found to posaess remanent magnetisation 

oppoai t.e to that cf the impre-s~ted field". 

(<l) 'l!he ooexistenoe of two minerale of different Curie points 

ia again assumed in Néel's fourth meahanism and the polarisation 

of mineral B is also reversed by the demagneti~ng field af 

mineral A as in the third mechaniam. It is also aaaumed that 

the polari~tion of mineral A (whose Curie point ie higher) is 

leBa stable than that of mineral B. The rock eventually betlomes 

pQlari~ed in ~e direction of mineral B after mineral A either 

has been deatroyed or has lost its magneti&ation. 

A variation of this mechanism waa euggested by Graham 

( 1963) and by Aaami ( 1956} for epe<lifio casee. In ·;'the first o.:f 

~ese cases a magnetite-ilmenite intergrowth was assumed in the 

original roalç and the latt.er na asswned to be origina.lly norm.ally 

polarized. Subaequent.l.y, peretolating a<lidic waters are euppose4 

to have part.ly oxydiaed the magnetite into maghemi te. The 

latter was reversely polari~ed by the demagnetiling 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 (1955) pointed out an objection to this 

mechanism: since maghemite forme from magnetite under temperature 

conditions much lower than its Curie point, ita polarization would 

be of the isothermal type and consequently probably much lesa 

stable than that of the thermally polari~ed magnetite. Neverthe­

lesa, 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 ft.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.) refere to a low 

temperature exsolution of two phases of titanomagnetite from a 

solid solution of magnetite-ulvespinel of intermediate composition. 

Asami observed both normal and reverse polarizations among 43 

samples of basalte collected within an area of one meter square. 

From a thermomagnetic analysis he was able to show that the rever­

sely polarized samples contained two different ferramagnetic 

minerale whose Curie points were 120° and 500° respectively. 

On the other hand. the normally polariaed specimens were found to 

bear only one ferromagnetic 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 ionie exchange between the two sub-lattices 

in a ferrimagnetic or by diffusion with complete change of 

composition. Gorter (1953) had achieved the diffusion of Al 

ions from the A sub-lattice in a (Ni~e2 Al 04) ferrite and he 
-m m 

had observed a resultant reversal of spontaneous magnetization 

for this substance. An application of this meohaniem to rock 

magnetism was suggested by Verhoogen (1956) for the case of 

substituted magnetites. The latter euggested that the role of 

Al in Gorter's experiment could be taken by Ti, Mg and Al ions 

in various proportions. No axperimental proof ie available so 

far to support Verhoogen'e viewa. 

Smelov (1957) introduced recently a new hypothesis to 

explain the negative polari~ation of the ore deposits in the 

Angara-Ilim. region in Russia. According to this hypotheeie, 

magnetite and magnesioferrit.e were first formed between 250°0 

and 400°C. In this range of temperatures magnesioferrite hae 

a much higher permeability than magnetite and thus, relative to 

magnesioferrite, the latter is diamagnetic. tmgnetite would 

then aoquire a negative polarization in those conditions dne 

to the presence of magnesioferrite. At lower temperatures the 

magnesioferrite would transform first into maghemite and final~ 

into hematite under which state it loses almost all of its 

apontaneous magnetization. M.agneti te remains relatively unaltered 

-------------- ---------------- ---------·· · 
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and it retains its reverse polarization which is then representa­

tive of the rock's mag.netization as a whole. 

The most outstanding body of experimental resear~ done 

so far on self-reversa! mechanisms was carried ~ut b~eeD 

1951 and 1958 by a group of Japanese scientiste under the 

leadership of T. Nagata. The subject of their research waa a 

reversely polari~ed dacitic lava found by Nagata (1951) on Mount 

Haruna in Japan. This rock has the extremely rare propert~ 

of reassuming its reverse polari~tion 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 5oooc. and a ferro­

magnetic ilmenite whose Curie point is 200°C. The origin of the 

reverse polari~ation was first attributed to the interaction of 

these two minerale. It wae 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 polari~ation was then assumed to be inherent in the 

ferromagnetic character of the i~enite. A series of synthetic 

specimens of the ilmenite-hematite solid solution, x{FeO•Ti02)• 

(l-x)Fe2o3 was then prepared to verify this poasibility. It was 

found t.hat reverse polariz.ation is indeed a characteristic of 

the member (x ~ 0 .5) of this series. Conclusive evidence that 

*Balsley and Budd~ngton (1958) report having found a 
eimilar rock in the Adirondacke, as mentioned previouely. 



- 65 -

this member of the ilmenite-hematite series has the inherent 

property of self-reversal ie provided by the fact that reverse 

polarization is produced in a field as high as 17,000 oersteds. 

Acoording to Uyeda, the mineral whose composition is given 

approximately by 0.5(FeO·~i02 )•(0.5)Fe2o3 is present in ~wo 

phases which are intimately intergrown. The mechanism finally 

postulated by Uyeda (1958) is one in which "a kind of exohange 

interaction takes place over the phase boundary of two parti­

cipating constituants which are the parasitically ferromagnetia 

titanhematite and the ferromagnetic ilmenite intermingled with 

good atomic ooherency." 

B- The Possibility of Self-Reveraal Mechanisms in the Case of 

the Yamaska and Brome Mountains Rocks 

Any attempt to discount the possibility of a self-reversal 

meohanism in the case of the Brome and Yamaska mountains rocks 

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

possible mechanisms have been described so far in the literature. 

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

once been active in the rocks have completely disappeared from the 

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

of these mechanisms may not be reproduaible in the laboratory. 

Nevertheless, some of the mechanisms listed in the previous section 

are most likely not applicable to the present case whereas ethers 

are. At beat, one can only estimate the probability that the 

reversely polari~ed rocks dealt with here were magneti~ed by a 

process different from the normal process of thermomagnetization 
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in a field whose direction was opposite to that of the presen~ 

earth's field. 

The resulte 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 ecale of the 

experiment. This fact more or lees eliminates the relevance of 

Néel's first and second mechanisms since the presence of the 

unusual ferrimagnetics required in the rocks for these meohanisms 

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 minerale of different Curie points. 

However, it can be shawn mathematically that this condition is 

not sufficient to produce a magnetically antiparallel coupling 

between tho se two minerale. Uyeda { 1955) made a study of seme 

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 minerale. In both 

cases he showed theoretically that there ie no negative inter­

action. In the case of parallel plates of alternate constituente, 

he demonstrated that this configuration is compatible with the 

magnetic interaction of minerale. This texture is often encoun­

tered in naturel rocks and the photomicrographs shawn in Plate I 

below indicate that it is present in some of the specimens from 

Yamaska and Brome mountains. As far as i t could. be detected 

from the microscope examination, the regular pattern of streaks 
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PLATE I 

A- Specimen Bo. 37-B: Photomiorograph of opaque mineral grain 
ahowing exaolution lamellae of ilmenit~ (I) from magnetite 
(M) and ~1 Spinel {S) intergrowth; magnification X 400. 

'. . . .•. . . . ; ~- · ~ 
. ·•· . ~ . ~- . · .. . ... . ....... :--· . · ~ - · · 

_ B- Specimen No. 38: Photomiorograph of opaque mineral grain 
ahowing exaolu.tion lamellae of 1lmeni te ( I) from magne ti te 
(M) and MgAl Spinel (S) intergrowth~ magnifiaation X 400. 
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PLATE I (Con~' d) 

c- Specimen No. 42: Photomicrograph of opaque mineral grain 
showing exsolution lamellae of ilmenite (I) from magnet-ite 
(M) and MgAl Spinel ( S) intergrowth; magnification X 400. 

'·;,• • r ~· \ • 
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PLATE I (Cont'd) 

E- Specimen No. 74: Photomicrograph of opaque mineral grain 
showing exsolution lamellae of ilmenite (I) from magnetite 
(M) and oxidation of magnetite into hema~ite {ff) along 
fissures; magnification X 400. 

J ' J et 
F- Specimen No. 105: Photomicrograph of opaque mineral grain 

showing exsolution lamellae of ilmenite (I) from magnetite 
(M); magnification X 400. 



- 70 -

o.ver the 1110re uniform background oonaist.s in exflolved ilmeni t.e 

or titanifetous hematite along the cleavage planes of magne~ite 

or ~i tanomagneti te. The question remains w:hether the ilmeni te 

ia of the ferramagnetic ~ype or whether it is paramagnetio. 

Apart from the exsolution pattern observed at law magni!iaation, 

Nickel (1958) repor\ed recent.ly the existence of an exeolution 

of magneti~e from ulvlspinel in specimens fr~ Yamaska mountain. 

fhe saale of this atructure is very fine, however, an4 i t. det,ection 

was possible only ~rough electron microscope obserTation. At 

this stage, therefore, it eeeme that the case dealt with could be 

explained by either of Néel's t,hird or fourth mechaniam. The 

variation of B.âel • s third mechaniam eugges~ed b7 Graham ( eee p .61) 

does not seem to apply in the present oaae since practioall7 no 

deuteric act,ion ie indicated on any of the polished sections 

e::mmined. 

Ae to ~he mechaniem o~ diffusion suggested by Bé.el ( 1955), 

where ionie ~change takes place bet~en ~e two sub-lattioes of 

a ferrimagnetio, it •no.tbt possible to -verify 1 t.s appli~t.'bilj.tj in 

the present case ei't;her Wit.h. t.he information in hand or with 

further laboratory testa. ~e time ecale involved in the migra­

tion of the ions may be far beyond the laborat.ory ecale. 

Smelov {1957) requires the presence of hematite as one 

of the ferromagnetic oonetitnents in the rock fer hia mechanism. 

rrom the polished sections alone it is not possible to establish 

wb.ether this mineral is present. as o( l'e2o3 or as a member of the 

ilmenite-hematite seriee. ~is mechaniem is therefore olassified 
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as possible for the ~ime being. 

Finally, a meohaDiam similar t.o t.hat submitt.ed by 

Uyed.a to upla.in the reverse polarization of the Haru.na rocks 

is not probable in the present case aince- the rocks behave 

different.ly upon being heated and cooled in the earth 1 B field. 

This oonolusion would be more oertainly etated if we oould 

establish whether or not the st.ipulated member of the ilmenite­

hematite series for this meQhanism is present in the rocks from 

Brome and Yamaska mountains. 

In conclusion, a. certain number of. the k:nown meehanislll8 

seem possible in the present. case but no one can ba euggested 

as probable. More information ie required oonaerning the 

chemiaal composition of the .minerale in presence in ~he majority 

of the cases • 

It. is re la ti v ely eaery to distinguish bet.Ween magnet.i te, 

ilmenite and hemat.ite by e~ohing tests on the polieh•d sections. 

but it is not.e:o feasible to determine a specifia member of the 

ilmenite-hematite or ulveapinel-magnetite solid solutions. In 

the present inve-atiga'tion thia type of informat-ion ia ef first 

importance since it is now reeogni&ed that the fe-rromagnet.ic 

properties of theae minerala vary linearly with th.eir composition. 

Chevallier, Bolfa & Mathieu (l95Sl and Akimo~o (~967) 

have established tha relat.ionahips exiating between the- ~ompGai'\1n 

of the m.embers of t.he seriee x(P.O•Ti02) •(l-x):re203, their Curie 

points and their ~ttice constants. Their resu~t.s were obtained 

from care!ully synthesiaed oompounds whioh were ~hemioally analysed. 
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A eummary of their combined resulta for the Curie points vs 

compoei~ione ie given below. The Curie poin~s Q are giTen in C0
• 

% 0 0.1 0.2 0.3 0.4 0.5 0.6. a.~ 0.7 .708 o.a 0.82 O.i 

9c ô75 690 500 410 S20 2.30 ~-lO 150* 050 06~ ~0 -501' -150 

Akimoto ( op.cit.) has establish~d furt,her 'that the members for 

which .55) x) 0 are feebl.y ferromagnetio, thoae for wb.ich .76) x) .56 

are ferromagnetic and those for which • 75 <x< 1 are paramagnetic. 

Por the seriee y{ Ti02 •UeO) •( l-y)R'e~4 , :Pouillard ( 1~50) 

and Akimoto (op.oit.) haTe estab1iahed similar relationshipe. iheir 

combined resulta for the Curie pointa vs compositions are given 

below. The Curie pain~ are given in 0°. 

1 0 .~ 0.1 0.1 0.2 0~ 0.3 0.4 0.481* 0.5 0.6 0.7 0.8 

9o 580 624 510 485 450 4&8 380 320 œo 250 190 ~ 50 

Although these data are subject to a .o-e.r:tal'n error, it ie 

certain that they oan be used to great advantage in determining the 

approximate composition of a member of theae seriee from its Curie 

point. 

~or this purpoee and for the purpoae of deteoting the posai­

ble coexistence of minerale of different Curie pointa . in the rooka 

from Yamaaka and Brome moun~ina, the construction of a Curie po~t 

meter waa oonaidered desirable at this point of the prese~t s~. 

The details of this construction and the resulta obtained wi~ the 

instrument form the aubjeot of the next Chapter. 

* after Chevallier & al. 

~ after :Pouillard 



CHAPTER V 

CURI& POINT DETERMINATIONS 

According ~ Weiea•e theory of !erromagnetiem, a ferro­

magnetic substance is aubdivided into elementary domaine whioh 

are polarized in random directions but wbose intenaity ia the 

same for all domaine at a given temperature. This intenai~y of 

magnetization, known as the apon~neous magnetization, variee only 

With temperature for a given substance. The temperature at wh.ich 

the apontaneous magnetization is equal to aero ie called the Curie 

point of that substance. The Curie point of a ferromagnetic 

substance corresponds therefore ta the temperature at whioh the 

magnetio auaoeptibility of that ~bstance vanishee. 

Curie points have been determined by eeveral scientiste 

who used different types of magnetic balancee for their determina­

tion. A complete review of these observations would be beyond 

the ecope of this ohapter and it would involve the description of 

many deviees which were not used in the present project. Among 

the beat known Curie point measuring deviees we ehall only mention 

the torsion balance type of P .. Curie (1895), the translation 

balance of R'o!x and Forrer ( 192ô l and the ordinary magne tic balance 

of Paoault (19~6}. Nagata (1953) suggeats also the adaptation of 

the aetatio magnetometer for Curie point determinations. 

The instrument originally designed by Pierre Curie was 
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modified by l!.'orrestier and later by Chevallier and Pierre (1932). 

An instrumen~ similar to ~he one built by Chevallier and Pierre 

was used in the present. study. 

The essen~ial oomponents of this instrument aompriee a 

torsion balance, an angle reoording deviee, an elec~romagnet and 

a heating elemen~. The main differeno~between Chevallier'• 

instrument and the writer'e are in the eleotromagnet pole pieoes 

and in the recording deviee. Before ent.ering into the detailed 

description of eaoh oomponent, an explanation of the working 

prinoiples of the instrument will be given first. 

A- Basic Prinoiples of the Instrument 

A T-ahaped structure whioh is suspended at point 0 

(see Fig. 13) by a fine oopper wire ie balanoed in the horizontal 

plane by ~he sample and by the two oounterweight~ at the extre­

mities of the •T". A mirror whioh 1s linked rigidly to the ~T" 

at the point of suspension lies in the vertical plane. When the 

eleotromagnet is energiaed by a suffioiently high direct ourrent 

(of the order of 0.2 ampere), the sample is attraoted tawards the 

bottom of the heating _element because of the field gradien~ 

resulting from the shape of the electromagnet pole pieoes. As a 

result, the "T~ rotates by an angle 9 about point 0 and the mirror 

defleots a narrow two-inoh-high light beam by an angle 29 from its 

original position. The amount of light travelling paat the two 

V- shaped openings {whoae sections are ehown in Fig. l~) is oon­

trolled by the angle Q of displaoement of the 0 T". This ligh~ 
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is further concent.rated by a system of lensea olltO-'the soreen of 

a phototube. ~he output of the phototube is amplitied t.hrough 

a current amplifier which feeds into an Beterline-Angus graphie 

ammeter. 

In arder to simplify the disauseion, we shall aeeume 

temporarily that the specimen contains only one ferromagnetic 

mineral. As the temperature of the specimen is raised by meana 

of the heating element, its magnetic susceptibility increases 

elowly 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 impresa·ed on the suspension Wire ia su!ficient to reatore 

the "!" to the poe i ti on i t oocupied be fore the eleotromagnet was 

energized. When the "T" is in this position. the light refleoted 

by the mirror is completely interoepted, being refleoted outside 

the V-shaped openings. The output of the phototube is immediately 

reduoed to ~ero and the information i~ automatioally reoorded by 

the graphie ammeter. If the specimen is later permitted to cool, 

the reverse prooeae takes place. 

The above described cycle may be repeated several times 

Without the fear of maaking previous recorda as would happen With 

Chevallier's instrument which depends on photographie recording. 

When the aample under consideration containa more than one ferro­

magnetia mineral. this advantage eoon beoomes: important. Another 

advantage of this type of reoording over the photographie- reoord.ing 

is 'tillat the operator can follow the diaplacement of the sample 
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directly from the record during the operation. 

B- The Compo~en~ 

(i) ~e ~orsion Balance- The torsion balance whose design 

ia reproduc.ed in Flgs. 15 and 16 consiste eseentially of an adjus­

table suspension Y and Z, a torsion \Ure W, a beam and oross-beam 

T, a damping mechaniem D and V a specimen holder H, a levelling 

meohanism U to set horiaontal the base of the instrument and ~wo 

sets of caunterweight B and F to balance the ~T" in the horizontal 

plane. Ezoept far H and the adjacent part- of the oross-beam, the 

moving meohanism is held in a olosed container in order 'to prevent­

effects from air displaaements in the roœn. K1 , K2 and K3 are 

used to control the parallelism be'tween the •T" and the base of 

the instrument.. 

Two adjustments are possible by means of the suspension, 

namely the height of the "~ with respect ta the base of the 

instrument and the equilibrium position of the same member in 

the hori~ontal plane when no magnetio force is impressed on the 

specimen. 

The suspension wire is passed through pinholes along the 

axes of the setscrews Z to Which it is eoldered. The upper set­

screw is locked to the suspension by means of another set.screw 

coaxial to it and the lower one is tightened againat the aluminum 

tubing of the n~. The free length of the wire is exactly 12 

inohes and its diameter is 0.2019 mm. (Gauge No. 32 B&S). Assuming 

a rotation of 4° for the "Tft about its point of suspension, i.e. 

a linear displacement of 21.2 mm. for the specimen. it is easy 
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to oalculate the elaetio couple impreesad upon the twisted wire. 

~he magnituae of this couple is given by the application of the 

formula*: 

( l) T= 
where r ia the couple in dyne-oms , R the radius of the wira in 

oms, e the angle of torsion in radians, L the length of tha wire 

in ams, and 0 the ~oraion modulus of the material forming the 

wire. In the present case the value o! C is of the order of 

'x 1011 according to tablee**· Then: 

y: • 14 .3 dyne-ou • 
67 .5x2xl.2x2.54 

Since the arm of the couple is 30.5 om long, the minimum force 

impreesed on the specimen to cause the aesumed 4° torsion of the 

wire ie 14.3/30.5 or 0.475 dJne. The action of a force of that 

magnitude is easily deteoted by the present torsion balance as 

will be shown in the description of the following experiment. 

A single crystal of magnetite weighing 10.34 milligrame 

was set in t.he specimen holder and the electromagnet was energi~ed 

by a direct current of 0.2 ampere. Althaugh very amall, this 

quantity of magnetite was attracted by the eleotromagne~ by a 

force larger than 0.476 ~e since the •T~ was rotated by the 

full range of 4°. As the energizing ourrent was disoontinued 

the •T" reaesumed its original position by the action of the 

t-orque stored in the wire. 

*~rank, B.H., Introduction ta mechanics and Heat, MoGraw­
Hill Book Co., New York and London, 1939 - page 273. 

** ibid., page 374. 
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This shows that the si~e of the specimen whose Curie point is to 

be determined may be relatively small*, with the adTantage ~hat 

the entire specimen reaohes very quiàt:Js :a uniform temperature upon 

being cooled or heated. 

The stem of the n~ was made of aluminum tubing in arder 

to satisfy the requisites of light weight, rigidity and non-magnetio 

oharaater. Sin ce Fïg. 15 was dravm, a slight modifioa ti on was made 

to the sample end of the orosa-arm. The silver hQlder and the 

adjacent brasa rod were replaoed by two loops of platinum wire 

inserted at the end of a pyrex rod. !he insulator I was replaoed 

by a oopper sleeve joining the pyrex rod to the rest of the crosa-

arm. 

In order to provide the ~~ with extra etability in the 

horizontal plane in the event of amall diaturbing vertical vibra­

tions, its center of gravit.y waa lowered by t-he addition of a brasa 

oone D whioh dipe in high viecosity silicone oil. This provides 

at the same time a damping mechaniem for the hori~ontal rotation 

of the ft~· • The amount of dwnping may be adjusted by changing the 

relative height of the oil surf~oe. 

(11) !he Recording System- This system may be divided in~o two 

distinct sections, namely the optical and the eleotronic section. 

The components of the former are represented in Fig. 15 

above. · The light source S consiste o! three No. 222 flashlight. 

lamps conneoted in series to the seoondary of a 115/6.6 vol~ trans­

former x. The primary of the latter is conneoted to the output 

* ~he average weight of the rock specimen was of ~e 
or der of 300 mg. 
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of a constan~ voltage Sola transformer in order to elimina~e any 

variation in the ligh~ source in~ens1ty which would be caused by 

line voltage fluctuations. The light ie beamed through a one 

millimeter ali t A on the median line of the mirror IL. Depending 

upon the position ot the·~, more or lesa of this ligh~ ie 

permitted to pass through the V-shaped openinga B and c. The 

purpose of the two lenses L1 and L2 ia to focus 'this light .on the 

screen of the phototube P. ~hey are identical cylindrical plano­

convax lenses which have a focal distance of 154 mm., their focus 

lying on the median line of the mirror and on the ecreen of the 

phototube regpectively. 

The phototube used is the vacuum type No. 917. A 22 megohm 

output resistor wae selected !or the tube, this resietanae permit­

ting a linear response of the tube as well as a sufficient input 

voltage for the current amplifier. ~he latter is diagrammatically 

shawn in Pig. 17 along witb. t.he power supply of the circuit. This 

circuit was adapted to the present needs ~rom a circuit originally 

designed by Rively (1948). The main feature of this amplifier ia 

its stability in the event of line voltage Tariation•. This wae 

verified in the laboratory by connecting the primary of tne trans­

former to the output of a Variac. It waa found that Tariationa 

of 20 vol~s, whioh are oonsidered aa severe for line voltage 

fluctuations, were not perceptible on the trace of the recorder. 

(iii) !he Ele~tromagnet- If a volume dv of material whoae 

magnetic volume susceptibility is k is set in a magnetio field H, 

-it will aaquire a magnetio moment I whioh is determined by the 
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relation: 

{ 1) il = [kif/( l+Bk)] ( dv) * 
11here li is known as the demagne"tciz.ing factor of the volume and 

is a funotion of the partiale' s shape **. 
If, on the other hand, a magnetio dipole of moment 1 

is set in a magnetio field ~. it aoquires a potential energy 

whose value ia given by the relation: 

( 2) W = :MHooaQ = Il • If 

where Q is the angle between ~he dipole and the magnetio field. 

~rom (1) and (2) we may derive the eXpression for the potential 

energy of a magnetio partiale of volume dv in a magnetio field, 

namely: 

t 3) w = [kif/{ l+kN) J dv• li - k:H2dv /( l+Bk} -
The forae impressed on the partiale in aDJ' direction ""a"" is then: 

( 4) B's - - owf as -
- [-2kdv /( ~-tBk) J [ HxdH:z./ à a-rH7()Ky/oB-tH~Hz/ ~a} -

and in partioular if: 

( 5) H = 0 & and Ky = H, 

we get: 

(ô) B'x = [ -2k/{l+Nk)] [ Hy o:a-y/àx J d.v 

By an appropriate design of the pole pieoes of the eleotro-

*See Eleotrioity and Magnetiam by S.G. Starling. Cambr. 
Univ. Press, 5th edition, page 268. 

**The value of N for a aphere turns out to be 4/3 and 
formulae to oaloulate N for other spheroida have been derived and 
may be found in Rock Magnetism by ~ • .Na ga ta, Mamren Co. Ltd., 
~okyo, 1963, page 81. 
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magnet the produc~ Hy o HY/o x can be made a constant over an 

interval of at least 20 mm. along the x axis and the conditions 

in (5) may be aohieved at the same time. The force attraoting 

the specimen would then be: 

{7) :P:z: : X: [k:/C~+Nk)] 
where X: is a constant equal to ~2lrydT( o Hyf d x) • 

It is known from experience that k is a function of tha 

temperature T of the a:pecimen, i.e., k: f (T). It follows that 

:rx is also a funotion of T, cb ( T). I:t f ( T) iB a fu"ion' .. 

of T, differentiable in the interval 0~~490 , it is possible to 

evaluate oFxfo T for any temperature of t.hat interval. Then: 

( 8) o Px/ o T : K [ 1/{ l.+Nk) 2] dlt/ o T 

Aocording to the available experimental data ( see Baga ta, 

1953. page 44t) , when a ferrome:gnetio mineral is heat.ed from room 

temperature to a temperature above i ts Curie. point 9-0 , i te magnetio 

sueoeptibility k increasee very elowlY up to the Curie point and 

it deoreasea abruptly at this temperature. Mathematically, ~his 

may be expreeeed as: 

(9) fok/oT\ o, 
\ fr<Qo 

Introduoing t~ data in equation (8) yielda: 

(lOe.) (olfx/oT) = 0 
1'<Qc 

(lOb) fop /à'J!) · = K( ok{oT) ,ueing k~O as 'r_.9c 
\' x ~-è 

c 

wh er e j à k/ à T 1 >> 0 • 
r-ao 
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Prom equations (lOa} and (lOb) it comes out that the force impres­

sed upon ~he specimen at any temperature below the Curie point 

is constant for all intenta and purposea and ~hat it varies abruptly 

at the Curie point. Furthermore. from equation (7) rx = 0 at the 

Curie point aince k vanishee at this temperature. 

The fact that ferromagnetic minerale may eometimes be 

polarized permanently in a direction Which is not that of the y axis 

ia negligible,considering that the polarization induced in the spe­

cimen by a field of 500 oersteds ie considerably larger than the 

remanent polarization of the specimen. 

The above theory shows that it ia possible to determine 

very accurately the Curie point of ferromagnetic minerale if the 

candi ti ons Rx = Hz ~ 0 ana(HjHy/ à x) • Constant are fulfilled by 

the magnetic field. 

The design of the eleotromagnet used for the present- instru­

ment is shown in fig. 18. fhe shape of the pole piecea ie similar 

to those deacribed by Foix and Ferrer (1926) and by Pacault (1946). 

Armco Iron was selected for the material forming the ocre 

and pole pieaes on aceount of the high permeabilitt and law reten­

tivity of ~his material. The air gap between the pole pieces is 

adjust.able by meane of non magnetia brase clamps in arder to avoid 

distortions in the magnetic field. 

The coil of the eleatromagnet (not shawn in Fig. 18) wae 

wound with No. 22 B&S gauge enamel ooated w~re and it centaine 

approximately 2,300 turns. Ite n.c. resistance is Z9 ohms. The 

electromagnet is energiaed by one or two 12 volt car batteries. 
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In this way the ourrent in the coil may be adjuated to the required 

intensity by ahanging the voltage aorose the ooil in stepa of two 

volt.a from the batteries int.ermediate terminale and by meane of a 

variable resistor in seriee with the coil for finer adjustments. 

When large ourrents are neoessar.y {in t.he oase of very weakly 

magnetic specimens) the batteries are made to "float" on a Heathkit 

battery eliminat.or. The average current used through the coil for 

the samples from Yamaska and Brome mountains was 0.25 ampere. 

(iv) The Heating Element - Several requirements had to be 

fulfilled in the design of the heating element: 1- in arder to 

make the magnetio gap between the pole pieces as short as possible, 

the height of the element had tc be reduoed tc ·a minimum: 2- mince 

the specimen (abou~ 1 inch long ) was to travel along a oiroular 

path, the inside Width of the element had to be at least 1.5 inch; 

3- the temperature in the element had to be as uniform as possible, 

at least in the region ~ere the specimen was to travel; 4-

provisions had tc be made so that the specimen oould be heated to 

7oooc. without risk of damaging the furnace lining; 5- provisions 

had to be made for the pole pieoes of the eleotromagnet not to be 

appreciably heated by heat radiating from the element; 6- the 

installation or removal of the specimens without the need of band­

ling the •T- manually was oonsidered desirable in arder tc avoid 

damaging the torsion wire; 7- in the case of an eleotrioally 

operated element, low A.C. current was required so that the magnetio 

field ocoasioned by it would not interfere with the field of the 

electromagnet; 8- the element had tc be provided with a temperature 
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meaeuring deTioe indioating the temperature of the specimen at 

any t.ime. 

The heating element built a!ter the design shown in Fig. 19 

fulfills these requirements t.o a satisfactory extent. Items l-

and 2- were taken oare of by ~he tabular shape given to the ele­

ment: items 3- and 4.- were satia!ied partly by u.aing eilver for 

the lining and by adding the ailver bell B around the spaoe oocupied 

by the specimen; condition 5- was taken care of by meanm of an 

aluminum shield around the element (this item is a modification 

from the original design shawn in Fig. 19); the A.C. ourrent doee 

not need to exoeed a amperea for the heating of the specimen up 

to 600°0 and a relatively amall number of turne (3Z in all) of 

No. 20 B&S gange Nichrome wire forma the element~ to aatisfy the 

deaired condition 6- , t.he element is eaeily removed and replaoed 

into the normal operating position. being mounted on tracke; 

finally, the temperature measnring deTioe consista of a ohromel­

aln.mel thermocouple T which is aonnected to a Cambridge Potentio­

meter through a mercury aold junction held at 0°C. by melting ice 

in an ordinary thermos flask. The actual calibration of the ther­

mocouple was done up to 500°0. and extrapolated for the temperatures 

ranging bet.ween 500 and 700°0. Below 500°0 .. a mercnr7 thermometer 

wae introduced in the region of the heating element normally 

occupied by the specimen and simultaneous readings of the thermo­

meter and Potentiometer were made after the temperature indieated 

by the thermometer had stabili~ed. Five pointa equally epaced 

between 200 and 500°C. were establiehed in this way during the 
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heating as well as during the cooling of the element. ~he five 

pointe fell on a perfeotl.y straight line on a temperature vs 

voltage diagram. thue justifying the extrapolation from 500°c. 

to 700°C. The heating and aooling curves were ~ctly the same. 

The possible error in temperature readinge is of the order of 5oc. 

C- The Sample 

As mentioned previouaJ.y. only a emall quantity of material 

is required for Curie point determinations w.ith the above deacribed 

instrument. In order to prevent possible oxidation of the .ferro­

magnetic numerale, the solid eample is used in preference to the 

rock powder when the rock is sufficiently magnetic. Cylinders 3 mm. 

in diameter and 8 to 10 mm. in length are eut and polished on the 

grinding wheel with non magnetic abrasive. The aamples are enclosed 

in 6 mm. sealed pyrex vials whoae total length is lesa than one inch. 

Before the vials are sealed. the air and mmisture are removed from 

them by means of a diffusion pump. 

D- Operation of the Instrument 

After the installation of the specimen in its bolder. the 

w~ is balanced into the horizontal plane and the eleotromagnet 

ia energiaed with sufficient ourrent to attract the specimen to 

its position of maximum displacement. The heattng element is then 

puahed towards the specimen until the latter almoat touches the 

bottom of the bell B. The magnetic field is then teœporarily 

released to verity that the specimen will be free to gain 1te 

original position when the Curie point 1s reached. 
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The next atep consista in adjueting the intenaity of 

the magnetio ~ield to the miDimnm value neceesary to keep the 

specimen in its position of maximum diaplacement. This precaution 

is necessary beoauae if two minerale of different Curie points 

are present in the specimen and if the magnetio field is too lligh., 

the passage of the lower Curie point may not be noticed sinoe the 

force acting on the higher Curie point mineral alone would be 

sufficient to keep the entire specimen in its position of maximum 

displaoement. 

The rate of increaee of the temperature is kept at about 

5°C. per minute by meane of a Variac control. It ie important 

to keep this rate relatively low in order that the instrument ie 

given time to resolve two or more Curie pointe if they are present. 

Temperature readings are made every 4 or 5 minutee unless a noti­

ceable break ia indicated on the record. The instant of eaeh 

temperature reading ia indioated on the record by means of a fidu­

oial mark opposite whioh is indioated the Potentiometer reading or 

the oorreaponding temperature in degrees c. 
When the higheet Curie point of the specimen hae been 

obeerved, the temperature ia slowlf reduced and reoorded until the 

lowest Curie point ia indicated on the oooling curTe. 

E- Preliminary tests and Interpretation of the Reoords 

Before Curie point determinations were made on ~he rocks 

from Yamaeka and Brome mountains, a few tests were made with mine­

rale of k:nown composition in arder to verify the suitability of 
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t.he instrument and t.o obta.in an estimate of its precision. 

A few ootahedral crystals of a magnetia, black mineral 

were extract.ed !rom a hand specimen of ohlorite schist of u.nk:novm 

provenance. An X-Ray powder pattern con:firmed. that this mineral 

ie magne ti 'tte*. Aa heat was applied to the specimen. 1 t.s pasi ti on 

remained unahanged unt.11 ita temperature reached 580°C. At. this 

temperature the force exerted on tha specimen by the eleatromagnet 

vaniahed abruptly as in.dicated on a reproduo.tion of the record in 

Plate II-A. As long as the specimen remained at a temperature 

above 680°C. the force remained null but it was abruptly restored 

at a t-emperature alightly below 580°C:. This lag observed on the 

cooling curve is easily explained by the inertia of t.he 8 Ttt. 

The higheat Curie point !or magnetit.e quoted by Chevallier. 

Mathieu and Vincent (1954) is 583°. On the other hand, Akimot.o 

( 1957) gave 578°C. as the Curie point o.f this mineral. It. is 

possible that the mineral8 inveetigated in thos·e two determinations 

were alightl.y different. The value obtained in the present experi­

ment. is nevertheless very alose to the Cn.rie point of magnetite 

as reported by ei th er one o:f the above-mentioned au thors. 

As a second test, the Curie point of a sample of pyrrhotite** 

was det.ermined. As indioated .in Plate II-B. this specimen lost its 

magnetization at about 335°C. On ~he cooling ourve, however. the 

~peoimen reco~ered completely ite magnetic oharacter only at 310°C. 

*This pattarn wae o~tained through the ooartesy of Dr. R.W. 
Traill of the Geologi~al Survey. The lattioe constant of the mineral 
was oomputed t& 8.385X ! o.ooa.· · . 

**This specimen oomes from the YelloWknife mining area and was 
kindly given ta the writer by Dr. R.W .. Boyle of the Geologioal Survey. 
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PLATE n 

MA Dl!: IN U.S.A. THE ESTERLINE-ANGUS CO., INC ., IN DI-'N,..POLI II .INO .• U.S.A. 

A- RECORD OBTAINED WITH CURIE POINT METER FOR A SAMPLE OF MAGNETITE 

THE ESTERLINE-ANGUS CO., INC., INDIANAP0 \..1 5 , INO., u. s . A. CHART NO. 4304-X 

8- RECORD OBTAINED WITH CURIE POINT METER FOR A SAMPlE OF PVRRHOTITE 

4E ESTERLINE-ANGUS CO., INC., INDIANA PO LI II, IND., U. S.A. CHART NO. 4304-X 

C- RECORD OBTAINED WITH CURIE POINT METER FOR A SAMPlE COMPOSED 

OF PART OF THE MAGNETITE AND PVRRHOTITE USED FOR A- AND 8-
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The heating-oooling cycle waa repea~ed several ~imes with the 

same specimen, with the aame resulta eaoh time. This phenomenon 

c.ould be explained by a ch amical or phase change which ia reverai ble 

above the mineral's Curie pain~. It is also possible that a 

hystereais phenom.enon takes place in ~he mineral du.ring the heating 

and eooling cycle. It is noted, however, that the lag is probably 

due par~ly to the inertia of the "T", as suggested previously for 

the magnetite case. Dagata (1963, p. 3Z) states ~hat the Curie 

point of pyrrhotite vartee between 300 and 326°0. depending upon 

the composition of the mineral. Haraldsen (1957} established 

independently the temperature range of 250 to 530°C. for the same 

series of minerale. Conaidering the additional fact that we do 

not know ~he exact composition of the mineral in hand, it is not 

possible to use it as a basie for estimating the accuraGy of the 

present instrrument. 

A third test was designed to observe ~he type of aurve whioh 

should be axpected in presence of a sample containing two minerale 

of different Curie points. The two minerale ~ntioned above were 

mixed in about equal proportions and enclosed in an evaeuated pyrex 

vial. The record obtained from this sample is reproduoed in Plate 

II-C. TwU distinct breaks are indicated on the record and these 

breaks took place in the neighbourhood of S38 and 5930 respectively. 

Coneidering that an aocuracy of ± 5°0. is olaimed for the tempera­

ture measuremente, the above experimente show that the present 

instrument can be used to determine the Curi8 point of minerals 

to this accuraoy and, more important in th~ present problem. to 

detect the presence of more than one ferromagnetic mineral. 
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~. Reaul~e and Interpretation 

Curie pointa were determined for some of the specimens 

discueaed prev1oue1y in Chapters II and III. ~ese are lieted 

in table 6 be1ow. 

TABLE ô 

CURIE POIN~S OF Tim FERROMAGH~IC MINERALS 
P!mSEBT IN Sl7mCIMmNS FIDM YAMASKA AND BROMB: MOUNTAINS 

~pecimen Looat.ion Curie Speoimen Location Curie 
Ho. Points No. Pointa 

co co 

~7 Brome Mtn <l<a2 c!o 530 71.*. ** Yama.alœ. Mtn -i62. to 

37-B* " 565 72 lt 542. 

38* 1t 580 74,11 " 535 

~B " 2.96 & 4;75 S7 " 566 

-lO " 670 106* Il" 653 

ü* " 580 11~ • 568 

-i3 " 565 113 • 576 

44 " 567 1.2:0 lt 538 
-

~ Yamaaka :Mtn 682 1.21 .. 55 a 

55 " 581. 1.38 " 462 & 

6'1 ft. 5:i8 - - -

5~ 5 

565 

~e firs~ conclusion tha~ can be derived from theee 

resulta ia that the ferromagnetio minerale present. in the rocka 

.trom Yamaaka and Brome Mountains vary over a wide range of' 

*Speoimena whose photomicrographe appear in Plate I. 

**Gradual drop from 452.0 to 535°C. and sharp drop at 
535°0 •• 
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onmpo~ition as indicated by ~he number of Curie poin~s enaoun-

tered. 

The presence of a mineral having a Curie point higher 

than 68o0C. wae no~ detected in any of the specimens teeted. 

On the other hand, hematite (Curie point. 580°0.) ie indicated 

on ~he pho~omicrograph of specimen No. 74, Plate I-ll. This 

paradox may be explained in different ways. It ie notiaed that 

the hematite ie of deuterio oris~n and formed by oxidation of 

the magnetite along fissuree in the latter. Pirst, it is possible 

that ~he part of the apeoimen used in the Curie point. determina­

tion was free of auch oxidation in oontraat to the part of the 

specimen used for ~e poliehed section. Seoond. it i• possible 

that the mineral iden~ified as hemati~e under the microscope ia 

in reality a non-magnetio impure iron oxide mineral. Kore planai­

ble, perhape, is the following explanation. On the one hand,the 

magne~ic sueceptibility of hematite is hundreds of timea amaller 

than that of magnetite and, on the other hand, the amount of 

hematite in Specimen No. 71 is ooneiderably smaller than that of 

magnetite, as indicated by the photomiarograph. It ie possible 

that the oomponent of magnetiaation due ta the hematite was 

negligible in comparieon to the oomponent due to magnetite and 

that the Curie point oould not resolve the former. 

Similarly, the faot that the photomicrographs of &peaimena 

Ioe. 37-B, 38, 42 and 74 indicate the presence of ~solution in 

thoee specimens although only one Curie point wae obeerved for 

~hem may be explained either by the ineuffioient amount of the 
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exeolved mineral or by its non-magnetic aharacter. The second 

o~ these hypotheses aeems more probable sinee for specimen No. 105 

(Plate I-P) the quantity of exeolved material is considerable 

although only one Curie point waa reoorded. 

The case of specimen No. 71 ia somewhat unusual among 

the specimens studied. The continuons drop in magne~ism from 

462°0. to 535°0. and the sharp d~op at 535°c. are interpreted as 

the reault of an exsolution of ilmenite from a titanomagnetite 

whose Curie point is 46Z°C. It is possible that exsolution took 

place to different degrees in the different grains o! the specimen. 

~he reeult would be a rise in the Curie point o! each grain up 

to a maximum of 535°c., the composition of whiah ' mineral would 

not allow any further exsolution under a specifie set of conditions. 

From the microscope observations as well as from the range 

of Curie pointa observed it is very probable that the "iron ore 

minerale" are in faot members of the ulT~spinel magnetite series 

rather than members of any of the two dieoontinuoue solid solu­

tions ilmenite-hematite. The actual composition of each of these 

specimens could be established approximately with the aid of 

Akimoto'a resulta which are tabulated on page 7Z of the preceding 

Chapter. 

G. Conclusions 

It is noticed that all the specimens examined under the 

microscope bear aigne of exsolution whereas most of the Cu~ie 

point determinations are indicative of only one ferromagnetic 
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minera~ in the rocks deal~ With. On the other hand. the rocks 

are relatively etable magnetioally and reveraely palari&ed. Thua, 

there aeems to be no relationship be~ween the coexistence of two 

minerale of different Curie points in some of the specimens and 

the fact that they are reversely polarized. It is etill possible, 

however, that a multioomponent meohaniem is present in the rock 

but that it ia on auch a fine saale that it could not be detected 

by either the Curie point mater or by the ordinary ore microscope. 

In faot, Nickel (1968) described recently a eample of •magnetite" 

from Yamaska Mountain in which he was able to see a very fine 

exsolution of magnetite from u~v~epinel by means of the electron 

microscope. Therefore, it seems reasonable to retain the possi­

bility, however remote, that a bioomponent meohanism, eimilar 

ta those postulated by Néel may have oauaed the reveree polarization 

in the rocks from Yamaska and Brome Mountains. 

On the other hand, it is not apparent that a unicomponent 

meohanism auch as the one developed by Uyeda for the Haruna rocks 

oan explain the present reverse polarization. First, as pointed 

earlier, the ferromagnetio minerais present are by all evidence 

not membera of the FeO•Ti02 •fegQ3 which is a neoeseary condition 

in Uyeda's meohanism. Second, ~he Yamaeka and Brome rooke differ 

from the Haruna . rocks in that they polarise normally when heated 

and cooled in the earth's field. 

The mechanisme suggested by Balsley & Buddington, Graham, 

Verhoogen and Smelov alao do not aeem to apply in the present asse 

because only in one occasion was evidence of deuterio action 

observed under the microscope. 
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Therefore, from the Curie point determinations there is 

no definite evidence established to permit stating whether or not 

a self-reversal meohaniem wae responsible for the reverse polariza­

tion oase under atu~. The eame determinations indioate however 

that the chance that auch mechaniem was involved ia relatively 

small. 



CHAPTl!lR VI 

MAGNETIC MmASUREMENTS OF OTHER R'FJLA TED ROCKS 

A. Collection of Specimens and Yeasur&ments 

From ~he conclusions of ~~ last chapter alone, i~ 

would be diffioul~ to ignore completely the possibility that 

a self-reversal meohaniem ie the explanation of the reveree 

polarization of the raoke from Yamaska and Brome MDuntains. 

As a further at~empt to elucidate the probl&m, ramanent magneti~ 

~tion measurements were made on rocks related to the above~ 

either spatially or genetically. ~hese rocks inolude metasedi­

ment.a oolleoted as close as posai ble t.o the ir contacts wi th the 

igneous cores and rooks from other intruaive bodies belonging 

~o ~he Monteregian Hilla series. rhe sites of collection of 

these specimens are indioated in Fig. 20 {see pooket}. 

The oolleotion of the specimens and their preparation 

for magnetic measurement.s were done aooording to the general 

procedure described earlier. with slight modifications. Whenever 

possible, a solar oompaee* was used in place of a Brunton oompass 

*Ma.nufactured by Bendix Aviation Corp., ~et~r,bo~Q · , N.J., 
U .S.A. 
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to establish the a~imuth of the arrows drawn on the apeoimens 

ftin situ". The vertical ~aces of the cubes were eut either 

parallel or perpendicular to the vertical planes through the 

arrows, instead of being eut parallel and perpendioular to the 

astronomie meridiane as done for the specimens discussed in 

previous ahaptera. 

When the magnetization of the racks was aufficiently 

strong it was measured by means of the spinner type magnetameter 

according to the method desoribed in Chapter II. The magneti~a­

tion of aome specimens was too weak. however to be meaaured with 

this instrument and in those casee use wae made of an aatatio 

magnetometer*. A description of an instrwnent of this type may 

be found in an article by Collinaon et al. (1957). 

B. Reaul~s and InterpretatiQn 

The aotual magnet.ometrer readings are li.sted in Table A-2 

in Appendix II and a •ummar,y of the results appears in ~able 7 

and Fig. 21 below. The figures given in ~abl& 7 are the means 

of figures obtained for the ~wo or tbree cubes of a given sample. 

When the direction of magnetization of the different cubes belonging 

to the aame specimen differ by more than 25°, the average is not 

lieted in Table 7 because the rock in question is then oonaidered 

as unatable magnetically. The intensities of magneti~tion of 

the cubes measured with the astatic magnetometer are not lieted 

beoause the work involved in the caloulation of theae figures 

*This instrument was kindly put at the writer'e dispoaal 
by Mr. Jean Roy of the Dominion Obaervatory and most of the 
measurements were made by Mr. Robert Black. 
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TABLm 't 

SUWARY OF MAGNETIZATION MB:ASUREMENTS OF ROCKS RELATED TO 
THE ABOVE J!IROM YJ.MASKA AND BROMR MOUNTA.IBS 

-
Sara- Loca- .Rumbe! Be:fora Magnetic Waehing After Kagnetio W&shing 
ple ti on o! Dea11- Incli- Intenait.y Deo11- Ina li- In~eneity 

** Cube a nation nation emu/a~6in nation nation emu/o~5in No. XlO XlO 

l-..l* y 2 204° •57° --- 210° +Oôo -
l-B* y 2. œa +-35 --- 052 ~9 ---
2.-A y 2 --- -- 586 3:52 -œ --
a-B* y 2 303 -02. 2t680 -- -- ---
3* y 2 2:66 -40 --- 159 -so ---
4r* B 2. --- -- --- --- -- ---
6-A B 2. 355 •50 2.70 Ota +-28 ---
6-B B 2 307 ...oô --- --- - ---
6* B a 100 -16. - 04:8 -71 ---
7-A s 2 -- - - --- -- ---
7-B 8 5 OlS +-05 56.003 003 +41 2.710 
7-c* s 2. 002 •65 --- --- -- ---
8 B 2. --- - --- --- -- ---9* B 2. 173 +27 - ~ -26 ---
10 s ~ 118 -63 ü8 lM -a a 2.94 
11 s 3 281 +l~ 4..483 --- -- 521 
12 s 2. ll~ •16. 567 150 -~ '196 
15 R 2. 333 +4ol SZl :.U4 +53 454 
14 R 3 22.3 -oz 1,.617 166 -38 676 
15* R 2. --- -- --- 050 +4.5 ---
16 R a 217 ofo82 20.900 33? +72. 6,.6:90 
17 R a 340 +32 1~.150 335 +64 4:.686 
1S H 3 143 +ll 2.36,.167 146 +12. 12:5,300 
li H 2 -- - - 297 +-23 --
20* H 2 3~6 -57 31.6 lôi -ôl ---
21 K 2 2ô7 +-70 2,6~0 150 -52. 6U 
22 H 2. 189 -04 19,~5 147 -18 .U7 
23* BH 2. --- - 1,4.95 2.67 +-i6 ---
2.~ BN 2 349 -43 14.,800 180 -51 a,-l90 
26 BB 5 000 +06. 10,.2.00 ].67 -6]. oi5 
2:5 BB ~ ~10 -68 4,31.0 ou -84 515 
a7 Blf 2. 159 -60 7.240 151 -56 74.5 
~ BB 2 ].76 -47 - 160 -61 ---
ag R 2. 216 -44 4.930 --- -- ---
30 J 2. 333" +57 5,960 MO +57 3t'i30 
31 J a 106. +lg 82.500 ..... _. -- 3,050 
32 J 3 332. +-59 9.~80 343 +-67 6,.10'1 

*Ketasediment.e 
**Y- Yamaaka• B- Brome~ S- Shefford• R-Rougemon~ t t t 

H- St.. Hilaire; BB- St.. Bruno• J- Johnson. 
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was not justified by their utility. These intensities are all 

lesa than lOO x l0-5amu/au.in. 

An examination of Pig. 21 reveals a considerable soatter 

in the directions of magnetisation of · these rocks. Nevertheless, 

it ia interesting ~o note that at least some of the ~edimentary 

rocks (e-.g. specimens Nos. 3. 6 and 28) and some of t.he iDtrusive 

rocks (e.g. specimens Nos. 10, 26. ~7 and ~9) are polarised almoet 

parallel wi~ the reveraely polarised Yamaska and Brome rocks 

diacussed earlier. On the other hand., other intruaive rocka 

(e.g. Nos. 32, 30} had a polariPtion almoat parallel t.o the 

direction of the present earth's field. 

As in the case of the rocks from Yamaska and Brome Mountains 

previously disoussed, it seemed that the randam distribution of 

polarisation directions was posaibly the result of ~e simulta-

neous presence in some of the rocks of several cœnponen~s of 

magnetisation of different stability. The rocks were then eubjeoted 

to the treatment of magnetio washing aaaording to the technique 

deacribed in Chapter III. The ampli tude of the m&XiiDUIIl demagneti&ing 

field was set at 228 Oersteds. 

The magnetometer readings obtained after magnetic washing 

are lieted in Table A-2 in !ppendix II and a eummary of the resulte 

ia given in Table 7 and Fig. 2:2. This summary wae computad as 

described in the previous page. 

As indicated by a comparison of Flgs. e1 and ~2. the treat­

ment. of magnetio washing had the effeot of deoreaeing the soatter 
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in the directions of polarization of the rocks under consideration. 

It ia aleo shawn in Fig. 22 (still more strongly than lR 11~. 21) 

that the direetions of polarization have a tendenoy to aluster 

into two main groupa one of which has its mean painting upward 

and southeaster!y whereas the other haa its mean poin~ing downward 

and roughly northwesterly. 

Before attemp~ing t~caloulate these mean directions and to 

establish their palaeomagnei;ia signifioanoe, it. aeems pertinent 

ta diseuse the suitability of the individual specimens for 

palaeomagne1;io etudies. 

1- Specimens from. Yamaska Mountain (.Nos. l-A. l-B, 2-A, Z-B and. 5) 

Specimens Nos. l-A and 1-B, both metasedimenta, ~re oollec­

ted lesa than 5 feet from one another and lees than 10 feet from 

the akerite contact on the west aide of the mountain. They haTe 

both a very stable polarization as indicated by the negligible 

effeat the i;rea~ent of magnetio washing had on them. The oonsis­

tenoy from cube to aube for each specimen is also excellent. On 

the other hand, their direction of magnetisation diff~r by as mnah 

as 90°, whiah suggests that the specimens may have been magne~i~ed 

by lightning. It is conaidered as doubtful that theee specimens 

aan be ueed reliably for palaeomagne~ic purposes. 

Specimens Nos. a-A and 2-B, whioh are aleo baked sediments, 

were colleeted lesa than 10 feet from one another and lesa than 

20 feet from the akerite oontaet on the east aide of the mountain. 

The inatability of specimen 2-B is indicated by the random shift 
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of its magnetic vector after magnetic washing. On the other 

hand, the st.abili ty of specimen 2.-A was teated by measuring 

its magnetiaation repeatedly over a period of a few daye. It 

wa.s found that the latter changed appreciably each time acoording 

to the position it ocoupied in the mean intervals with respect 

to the earth's field. Theae two specimens were then eliminated 

from the list of specimens suitable for palaeomagnetic purposes. 

Specimen No. 3 is a metasediment collected about 50 feet 

from the essexite border on the southeast aide of the mountain. 

Its magnetic stability, although not perfeot, is considered as 

sufficient for palaeomagnetic purposes. 

2- Specimens from Brome Mountain (Nos. 4, 5-A, 5-B, 6, 8 and 9) 

Specimens Nos. 4 and 8 are obviously inconsistent as 

indicated in Table A-2 and it would be misleading to consider 

their mean directions as signi~icant in terme of palaeomagnetism. 

Specimens 5-A and 5-B were aollected Within a radius of 

10 feet from an outcrop of syenite in the northeastern part of 

the mountain. Specimen 5-A is a flne-grained rock whereas 

specimen 5-B is the coarse-grained. The instability of specimen 

5-B is shawn by the random ahift of i ts magnet.iz.a ti on from cube 

to cube after magnetio washing~ The stability of specimen 5-:A 

ia indioated on the other hand by its excellent consistency from 

cube to cube after the same treatment. For these reasons the 

former was rejected from the list of suitable aamplea and the 

latter was added to it. 
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Specimen No. 6 is a me~asediment collected less than 

10 feet from the essexite contact in the southern part of the 

mountain. It was considered as magnetically stable on account 

of its good magnetic consistency after magnetic washing. 

Specimen No. 9 is of sedimentary origin and it was collected 

at least i mile from the assumed igneous contact in the northern 

part of the mountain. ~he màgnetization of this specimen is 

consistent from cube to cube and it is thus considered as stable. 

However, due to its considerable distance from the igneous contact, 

i~ is probable that the magnetization left in it after magnetic 

washing is not related to the intrusion of the igneoua rock. On 

this basie this specimen will not be considered in the present 

a tudy. 

3- Specimens from Shefford Mountain (Nos. 7-A. 7-B, 7-C, 10. 11 

and 12} 

Specimen 7-A was taken from a dyke cutting through the 

esaexite mass from which specimen 7-B was collected. The two 

specimens were collected within a radius of 20 feet. The former 

was found to have a very weak and unstable magneti~ation whereas 

the latter is relatively strangly magneti~ed, its magneti~tion 

showing all signe of stability. 

Specimen 7-C was collected from a limestone outcrop about 

five hundred feet from the neareat exposure of essexite. Its 

magnetic stability is relatively poGr and its magnetization is 

probably not related to the intrusion of the mountain core. For 
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these two reasons this specimen was conaidered as unauitable 

for the present atudy. 

Specimens Noe. 10,. 11 and 12 were col1ected from the igneoua 

core on the east aide o.f the mountain. Specimen No. ll. ia 

aonsidered as magnetically unstab1e unlike specimens Nos. 10 and 12. 

4- Specimens from Mount Rougemont (Nos. 13,. 14, 15, 16, 17 and 29) 

Specimens Nos. 13, 14, 16 and 17 were colleoted from the 

igneoua maas and are conaidered as magnetically stable, in view of 

the conaistency of their magnetiaation from one cube to another 

after magnetic washing. Specimen No. 15 waa collected from the 

sediments near the igneous contact and it is considered as magne­

tically stable. Specimen No. 29 waa co1lected from the igneous 

maas in the northern part of the mountain. .After magnetic washing 

the magnetization of one of its cubes pointed steep1y upward 

whereas that of ~e other pointed downward. For this reason this 

specimen is considered as unsuitab1e for the present atu4y. 

5- Specimens from:Y:ount. St. Hilaire (Nos. 18, 19, 2:0, 21 and 22) 

Specimens Nos. 18, 19, 21 and 22 were oollected from the 

igneous maas and proved to be magnetically stable after magnetic 

waehing. Specimen No. 20 was collected about 20 feet from the 

igneous core on the west aide of the mountain. Its magnetic 

atability after magnetic waahing is indicated in table A-2. 

Specimen No. 18 was unique in having an extremely strong 

magnetiz.ation which pers.isted in the specimen even after aubmi tting 
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the latter to a demagneti~ing field of over 300 oersteds. This 

indicates that the specimen was polari~ed either by thermal or 

lightning effects. To verify the plaueibility of the second of 

these possibilities, a simple experiment was carried out on the 

specimen. Cube No. 18-2 was heated to above 7oooc. and kept at 

this temperature for one hour after whioh it was allowed to cool 

slowly in the ambient earth's field. Its magneti~tion was then 

measured. The resulting thermomagnetiaation was 6.6&o~o-5 

emu/cu in. in comparison with 228,500 X 10-5 and 102,200 X lo-5 

emu/cu in. as obtained for the same cube before magnetic washing 

and before heating respectively. If we compare these resulta with 

those quoted in experiment No. 2, p. 35, we see that in the latter 

case the total intensity of magneti~tion of a cube of essexite 

from Yamaska mountain was hardly changed whereas in the present 

case the intensity of magnetiz.a.tion of cube No. 18-2 waa reduced 

to 5% of its original value by the same treatment. Furthermore, 

the value of 5,660 X 10-6 emu/cu in. is muah closer ta the inten­

sities of other essexite samples collected throughout the Mountere­

gian Hills. Another reason for suspecting lightning polarization 

in the case of sample No. 18 is the fact that it was collected on 

the peak of the mountain, which is a site favourable for lightning 

polari~ation. On aocount of these facts, specimen No. 18 is 

rejected from the group of specimens whose stable component of 

magneti~ation may have a significance in terms of palaeomagnetism. 

ô- Specimens from Mount St. Bruno (Nos. 43, 24, 25, 26, 27 and 28) 
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Except for specimens Nos. 23 and 28, these specimens were 

collected from the igneous maas. After magnetic washing their 

magnetization proved to be stable. Specimen No. 23 was collected 

from the sedimentary rocks near the border of the intrusive and 

it is considered as magnetically stable. Specimen No. 28 was 

oollected about ô inches from the border of the igneoua maas in 

proximity of specimen No. 27. Its good stability is shown by 

the figures liated in Table A-2. 

7- Specimens from Mount Johnson (Nos. 30, 31 and 32) 

These three specimens were collected from the igneous core 

of the mountaiu and specimens 30 and 32 are considered as magneti­

aally stable. 

c. Conclusions 

In aummary, of the number of specimens whose magnetization 

was measured, a certain number are conaidered u.nsuitable in terme 

of palaeomagnetism due to their magnetic inatability. These are 

accordingly not repreaented in Fïg. 22. Another grou.p of specimens 

was fou.nd magnetically stable but unsuitable for the present stu.dy 

for the different reasons given in the above paragraphe. This 

grou.p includes specimens Nos. 1-A, 1-B, 2-A, Sand 18. The other 

specimens are conaidered magnetically stable and the direction of 

their magnetic polari~ation ia most probably related to the direc­

tion of the earth's field at the time of cooling of the intrusives. 

This laat grou.p of specimens only will be considered in the rernain­

ing part of the present chapter. 
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It is clear from Fig. 22 that the magnetiz.ation vectors 

represented on the stereogram may be classified into two principal 

groups, namely those whioh are almost parallel to the direction 

of the present earth's field and those whioh are almoat opposite 

to the same direction. The mean directions of these two groups* 

and the corresponding cones of confidence for 95% probability were 

oalculated according to the method previously described in Chapter 

III. The crosses and large circles in red in Fig. 22 represent 

tJlese mean directions. A measure of sca.tter was also calculated 

acoording to formula (2) on page 53. The computed values are 

summarized as follows: 

Group I ~ 
Group II : 

9 K 
Mean Mean Radius of Measure of 

Declination Inclination Circle of the Scatter 
Confidence 

339 .. 5° 
153° 

18.5° 
12.5° 

7 .. 9 
12.5 

The palaeomagnet-ic significanoe of these figures will be 

int-erpreted in the next ohapter.. At this point it is interesting 

to note that the mean directions for each group are diametrically 

opposite ta one anot-her within lees than 10°. 

Another interesting fact concerning the above resulte is 

that among the magnetically stable and reversely polarized speci­

mens of group II are rocks of sedimentary origin. This is atrong 

evidence that the reverse polarization observed in the intrusive 

rocks is very likely not related to the particular mineralogie 

*Specimens Nos. 1~, 1-B, a-A and 18 were not included 
in either of these groupa. 
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composi~ion or structure of these roaks but that it ia the result 

of ordinary thermomagneti~ation at a time where the ambient earth's 

field had an orientation opposite to its present one. The conclu­

sions arrived at in Chapter V also support this view even though 

favourable structures for aelf-reversal had been observed by micros­

cope examination and evidence of the coexistence of minerale of 

different Curie points had been found for some of the specimens. 

Another conclusion which can be derived from ~he above 

re sul ta is tha t the Monteregian Hills prob~bly _. di~ not cool simul­

tane oua ].y but their cooling extended over an interval of time 

during which the earth's field was reversed at least once. It is 

not implied here that the Monteregian Hills are necessarily of 

different geological age but rather that their cooling took place 

at different rates and that different parts of any one intrusive 

may have reached the Curie point of magnetite .at very different 

times. The slow rate of cooling of the igneous masses is also 

indicated by the development of large crystals in some of them. 

This would explain the coexistence of normally and reversely 

polari~ed rocks on some o.f the intrueives and the fact that all 

the specimens oolleoted from Mount Johnson are normally polariz.ed 

whereas all of those collected from Mount St. Bruno (except for 

No. 23) are reversely polariz.ed. 



CHAPTER VII 

PALAEOMAGNETIC IHIJ!ERPRET.A TION AND CONCLUSIONS 

A. ~e Signifioanas of Remanent Magn,e-.tism in Rocks 

The faat that aome rocks possess permanent magne~iza-

t.ion as repor~ed about a hundred years ago by Melloni ( 1853) 

but it. waa not unt.il E'olgheraiter (1896) had measured the 

remanent polarization of Et.ruscSll vases (dated 600 ta 800 B.C.) 

that the suggestion was made to usa t.hia property for determining 

the approsimate attitude of the earth's magnetic dipo~e at 

different epochs of the eart.h'a hist.ory. Shortl.y after 

~olgheraiter's resulta were published, however, Car~eim-Gyllenekj~ld 

(~900) diepu~ed their va1idity on the basie of the observati&ne 

of the geomagnetia field for ~he paet 500 yeare. In the light 

of later polari~tion measurements of Recent lava flows (Chevallier, 

1925} and Reoent varved olaye (Johnson & MoNiah, 1938), it aleo 

appears today that Folgheraiter's resulte were erroneous. 

Neverth.elese, from the measuremente made by Brunhes (1901), not 

long after ~olgheraiter's findings, it was estab1ished that the 

polarization direo~ion of a rock formation cou1d be consistently 

in etrong disagreement with the direction of the present earth's 

field~ 
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~hus the basie of •palaeomagnetism" was set early at 

the beginning of the present century but 'this branch of science 

remained almost unexplored until the beginning of the las~ 

decade. It would be beyond the soope of this Chap~er ~o review 

all the palaeomagnetio work done since then and, fUrthermore, 

excellent summaries of this work were made up to 1956 by Runcorn 

( 1955} and Blaaket:~ ( 1956) • Some of th.e more recent. work haa 

already been mentioned and a review ot 110-rk pertinent to the 

present etudy is given in section C o~ this Chapter. 

All the conclusions derived from palaeomagnetio stndies 

are based on the assumption that the direction of remanent 

magnetization of rocks indicatee the attitude of the ambiant 

earth's field at the time the rocks acquired their remanent 

magnetization. In the case of igneous rocks, if it can be 

ahown that the main component of stable magnetization is due 

to thermcmagnetiza~ion, there should be little doub~ abou~ the 

question. The experiment of cooling a rock from above ita 

Qurie point to room teœperature haa been carried out many ~imee 

by different workera and each time the amblent field was found 

t.o have dictated the orientation of magnetisation in the rock 

after the cool1ng. Furthermore, it. haa been showu by magnetia.a­

tion meaaurements of contemporaneous lavas (e.g. Chevallier, 1925) 

that the remanent magnetization of theae rocks is aonaistently 

parallel to the direction of the amb-ient. earth's field. lb:cept 

for the iaolated case of the Haruna rocks mentioned earlier (p.64) 
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the polarity of the magnetization vector in the rocks has 

always been found to be normal. In the case of recen~ly 

deposited sediments. auch as varved claye, it has been obmerved* 

that t.he magnetiz.ation veetor ia always pointing t.f> the magnetic 

North but that tha angle of its inclination is often amaller 

·than that. of the ambiant earth'S' field. Such meohanioal factors 

as turbidity ourrents, partiales siae and aha;pe and oompaction 

are apparently the cause of this discrepancy. 

Palaeomagnetio inferences depend also on the validity 

of the approximation that the earth'a field is similar ~o that 

whioh would be p·roduced by a dipole magne~ placed at t.he center 

of the earth along the geographie axis. This approximation 

finds its justification in that the non-dipole componenta of 

the earth'a field are averaged out over periode of 103 to 104 

years and that the Qlean magnet.1o axis of the earth is oeinaident 

with its geographie axis over these intervals of time. This is 

auggested a priori by ao'tual. observations of the geom.agnetic 

field during the past four Gr five centuries whereby it ia found 

that the magnetio pales tend to revolve about the geographie 

pol es once every l ,600 years or so. More conv1ncing perhaps 

ia the faQt. "that the mean magnet.te pole det.e.rmined from. the 

magnetization directions measured sn far for Tertiary or younger 

rooka correspond oloeely to the present geographie pole. On 

this basie, from an estimate of the mean dire-ction of polarisation 

*Gr if fi th • e·, D .H. , King, R.F. & 'lrigh~, A .E. ; Some l'isld 
and Lab~rato17 Studiea o-f '\he nepoai tio.nal Remanence of Recent 
Sedimenta. Adv. in PhTB• vol. 6, Jul.y 1957, Ba. 23, p. 306-. 
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of a rock formation, one oan estimate the position of the earliar 

geographie poles in terœa of the preee~t geographie o~ordinatee 

of the eample looality at the t.ime the rook aoquired it.e remuent 

magnet.isa ti on. 

Thirdly, there ie the question of polarity reTereals 

within one rock formation of either sedimentary or igneou• origin. 

~is ie the caae 111 th t-he Konteregian Rille rocks , a a ind1oa ted 

in Chapter VI. It is ment1oned above that there are good reaeons 

to believe that the geomagnetio d1po1e 1s o1oeely re1ated to the 

axis of rotation of the earth. It haa been auggested (e.g. 

Runoorn & Elsaeser, 1954) t.hat the earth's field may be genera"t;ed 

by oonduoting fluid motions in the earth's core from a primary 

field. On a theoret1oal basie, Heraenberg (1958) eetab11ahed 

reoent:Lz that suoh a meohanism. oould aot as a d3namo producing a 

magnetio field ~ending outside the oonductor, i.e. outside the 

earth a a c.ore. Pu.rthermore, Allan ( 1968) reoent13' demonstra ted 

mathematioally that if a meohe.nism of this type is aotu.all.j' 

responeible for the earth'a dipole ~ield, 1t 11 possible tha~ the 

magne tic pole a reTerae w1 thout an aooompanying reversal of the 

direction of rQtation. Therefore. the faot that. man7 1gneoua 

and aedimentary rocks have been obeerved to be reverse17 polariaed 

"in situ• ia aompat.ible with the prinaiplee of PalaeGmagne~iam 

and do es not des troy the validi ty Qf 1 ts iaferenna. On the 

other hand. even in the improbable case where all the reversel7 

polari~ed rooka would be due to self-revers&l meoh&nieme, a~ 
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least the .attit-ude i~ not the polarity of the earth'a axis of rotation 

cauld be eetimated from magneti~tion data. Thus, on this basie, a 

magnetiaation veetor having a D of 170° and a I of 54° indicate the 

eame pole position as another veot.or having a D of 350° and aI of -54. 

:Btinally., i t may be objeoted t.hat the· earth' a field at a 

given point. on the ear'th's surface may be dietorted by the presence 

of a magnetio body or that the varying pole position with periode of 

about 1,500 years are not aonsidered in palaeomagnet.io st~di~s. 

Theee objections would be very pertinent if palaeomagnetio inferences 

were derived from one or two ~a.mples colleoted within a very res­

t.rioted area. However, when the same inferences are d.erived from a 

large number of specimens oollected over widely eeparated areas, it 

is assumed that local causes o! magnetia field distortions are ave­

raged out. :Pilrthermore, even in the case of a oonsanguinous rock 

series auch aa th~ Mont.e~egian Hills, it must be realiaed that two 

different part-s of the series may have oooled below their Curie point, 

at periode differing by as muchas 10.000 years. It ie thus aesumed 

that both local and temporal causes of magnetio field distortions 

are averaged out if the specimens are oolleoted in large enough number 

and aver a wiae enough area. 

Holding the above assumptions true, magnetization data have 

been uaed as a tool for inyestigating problems auch as polar wandering 

and oon~inental drift or for determining the approximate age of rocks. 

B. Kethod of Determining the Pole Positions 

Aesuming that the ear~h's magnetic field has approximately 

the configuration of a dipole field and given the inalination I 

of the magne~ization vector of a rock sample, i~ is pQssible to 
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de~ermine the magne~1c co-la~itude of the sampling site by meane 

of the dipole formula~ 

( l) -cot 't' - i tan! 

Th, geographie pole po-sition (9, +) for the time at whiah ~he rock 

waa œagnetised may be computed in terms of ~he present geographie 

coordinatea by the r~+at~ons:* 

{a) coe9 ::. cos&' cos~ + ain&' ain~ co aD 

( 3) sin( •1>') = einDsin \fi /sin9 

where (9', '')are the co-latitude and longitude respectively of 

the oolleoting ai te poai tion and D is the declina t 'ion of the 

magnetisation veetor. 

Graphical methode are well suited for the determination 

of 9 fiDd ~ after t.he value of f has been oalculated from the 

dipole formula(~). Graham (1954) described auch a method. and 

. another graphioal metho.d waa ueed in the present atudy'. The use 

of the latter method ia illuetrated in Pig. 23, by the working 

out of a hypothetiaal case. In this e.:mmp~e it ie aesumed that 

the rock haa a magnetization vector Whos& D ia ~00° and whose I 

is 60° while the aampling si~e is aasumed to be at 400N latitude 

and 85°West longitude. The magnetic co-latitude aalcula~ed from 

the dipole formula (l) ia 49°. In ~ig. 23 the center of projection 

corresponds to the projection of the colleating si~ and the present 

geographie pole is projected at point B1 • The magnetic pole liee 

along the line whose &5imuth is 3000, at poin~ K1, 4g0 from ~he 

aollecting site. If now the sphere is rotated by an angle of 500 

*Bee Creer, K.M. & al ... ( 1967), p. 145. 
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about the normal ~o the colleoting site meridian, point N1 is 

shift.ed to N2 and point. M1, to M2 • Point. Me corresponds to the 

magnetic pole position and it lies at. 48°N la~i~ude and 19° west 

of the 86°W meridian, 1 .e. ·at l64°W longitude. 

Correeponding to the oircles of confidence descri~ed 

about. the mean polarisation directions J Chapt-er III} are ovale 

on the globe ineide of whioh the pole poei~ions lie wit.h a 

probabili ty of 96%. The eemi-axee {.1'+' , A X) of the se ol'ala 

along and perpendioular reapeotively to the meridia~ joiuing the 

o·ollecting si tee to the pole poai tiona are gi ven by the expressions:.* 
q 

(4t} JJ..X. • o{ain lJI/ooei .· 
(. 

( 5) Ll yJ = o<. ain2tp /2.cos2I ~-- i <9{( 1 t 3o.o•2 Wl 
where a{ ie the radius of the oirole of confidence (in degrees) 

oorrespondiug t,o Q in formula ( 2) , . p. 52, and I ie the- inclination 

o:f the magnetiza ti on. . The semi-axes Il. o/ aild A X may al~o be 

determined graphioally, using a method analogons to ·that desoribed 

for determining the pole positions. 

a. Magne~iz.ation Meaau.rement.a of North Ameriloan Rocks 
• 

From the magnetisa ti on m.eaau.rements made by va rioU~!! worke:l:'e 

~roughout t.he world, it is found that the pole positiona inferred . 
from Cretaoeous or younger rocks e:orrespond relatively olosely 

to the present geographie poles, indeJ)endentl.y of t.he c~ntinent 

from whioh the rockS were aolleoted. lt is aleo .tound from the 

*See Creer, K~M. & al. (l957}, p. l4.$. 
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aame resulta that. although the dipolee determined from these 

rooka are more or lesa parallel. their polaritT 1~ generallY 

mixed within a given formation. On the ot.her hand. it is 

aotioeable that rocks older than Jurassio indioate magnetio 

(and therefore probably also geographie) polee substantially 

different from the present ones, and that roaks of approximately 

the same age but from diff&rent continents do not indicate 

'the sam.e pole positions. Theee faots are used to support the 

hypothesee of continental drift and polar-wandering. Beoause 

we do not k:now definitely the age of the .Monteregian Hilla, 

it could be mieleading to compare the anoien~ pole positions 

indioated by their magneti~tion with aimilar data obtained 

from rocks from other continente, and to use this as evidence 

to etudy the above-mentioned theories. On the other hand. if 

the comparison is made with pole positions derived from dated 

rocks oolle~ted on the North Amerioan Continent. it shoald be 

possible ta establish approximately the age of the MDnteregian 

Hills, provided the latter prove magnetically stable. 

Magnetization meaeurements have been made on this conti­

nent on a variet.y of rocks. Some of these rooks were found 

unsuitable for palaeomagnetic etudies on acooant of their incon­

aist.ent or unatable magnetiz.ation. Among these are roolœ meaaured 

by Hawea (1952), Morley (1952), Mnehlberger & Baldwin (1968) and 

Balaley & Buddington (1958}. On the other hand. o~her workere 

haTe found Pre•Cambrian or younger rocks whose me.gnet.iz.e:tion 

was found t.o be oonaiatent. and veey stable. A aummary of these 



TABLE 8 

ANCIENT POLE POSITIONS INFERRED FRCM NORTH AMERICAN ROCKS 

Mean Magnetizatmon Collecting Ancient IOle 
Age Formation Direction Site Position Reference 

D I a Lat. Long. Lat. Long. 

1: Pliocene and Columbia River 60 -t-650 go 47N 118w 86N 53E Creer, K.M. et al 
Miocene Basalts (1957) 

2: Cretaceous Dakota Sandstone* 344 -t-62 7 36N 113W 77N 173W Runcorn, S.K. 
(1956) 

3-A: Triassic Springdale Sandstone 338 +16 9 36N 113W 55N 107E Irving, E.(l957C) 

3-B: Triassic Lavas near Holyoke, 10 +14 11 42N 73W 54N 90E Du Bois, P. M. 
Mass. et al. (1957) 

3-C: Triassic Lavas and sediments 12 +14 15 42N 73W 55N 88E Du Bois, P. M. 
of Connecticut et al. (1957) 

3-D: Triassic Brunswickian, N.J. 6 +28 3 41N 75W 63N 93E Du Bois, P. M. 
et al. (1957) 

4-A: Permian Supai Beda (Graham's 330 -3 5 36N 113W 43N 113E Irving, E.(1957C) 
data) 

4-B: Permian Supai Beds 133 +23 8 36N 113W 26N 119E Runcorn,S.K.(1956 

*The published pole position (76.5N, 127E) was found incorrect1y camputed by Runcorn (op. cit.) 
from the given direction of magnetization of these rocks. 

• 
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TABLE 8 (Cont'd.) 

Mean Magnetization Collecting Ancient Pole 
Age Formation Direction Site Position Reference 

D I 0: Lat. Long. Lat. Long. 

4-c: Permian Supai Beds 146° +80 70 36N 113W 39N 115E Doell, R.R. (1955) 

5 : Pennsyl vanian Naco Sandstone* 150 -3.4 4 36N 113W 45N 112E Runcorn, S.K.(l956) 

6: Mississippian Ba.rnett Shales - - - - - 41N 128E Howell, L.G. and 
Martinez,J.D. (1957 

7: Silurian Rose Hill Beds 322 -39 5 4oN 78w 19N 138E Irving, E. (1957C) 
(Graham' s data) 

7-A: Silurian Clinton Iron Ore - - - - - 35N 138E Howell, L.G. and 
Martinez,J.D.(l958) 

7-B: Cambrian Wilburns - - - - - 0 158E Howell, L.G. and 
Martinez,J.D.(l958) 

8: Precambrian Portage Lake 282 +41 4 - - 25N 170W Du Bois,P.M. (1957) 

9: Pre cam brian Copper Harbour 294 +32 7 - - 30N 176E Du Bois, P.M.(1957) 

10: Precambrian Freda and None Such 285 -1 3 - - 9N 169E Du Bois, P.M.(1957) 

*The published pole position (49N, l20E) was found incorrectly computed by Runcorn (op.cit.) 
from the given direction of magnetization of these rocks. 

) 
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measurements appeara in Table 8 together wi~ references to 

the original reports. Ancient pole po-sitions were deri ved 

from theBe magnetisation direetiona and the former are plotted 

on a polar stereographie pro-jection of the earth's nort.hern 

hemisphere in Pig. 24. Because the Monteregian Hills rocks 

are certainly not older than Ordovician, the pole positions 

determined from the magnetiaation of Pre-Cambrian rookm reported 

by Graham (1953), Runoorn (1965), Doell (1955), DuBois (1957) 

and Howell & Martins a ( 1968} are not a11 rsproduoed in i'ig. a4. 
In general the pole pnaitions inferred by the direetiona of 

magnetisation of these roak8 are at low latitude North or South 

of the present Equator, and are comparable to the ~ew· ~pleB 

plot:~ed in :fig. 24. 

D. Pole positions Inferred from the ~nteregian H1lle Rocks 

The above described graphioal method of oomputing pole 

positions and ovale of confidence was applied to the magnet1$8t1on 

data obtained for the rocks from the Monteregian Hills disoussed 

in the previous Chapters. Pole positions and ovale of confidence 

were determined separately from the mean direction of magneti~ation 

&nd ciroles of confidence of five different groupa, namely: 

Yamaska (l}*, Yamaska (2), Brome, Related Rocks Normally Polari~ed** 

and Related Rocks Reveraely Polari~ed. A summary of the computa­

tions appears in Table 9 and the pole positions and their oorres­

ponding ovale of oon~idenoe are represented in Fig. 24. 

*See page 53 for the meaning of symbole (1) and (2). 

**See page 114. 
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FIG. 24 - POLAR STEREOGRAPHie PROJECTION OF ANCIENT POLES 
INFERRED FROM 

À TERTIARY ROCKS + MESOZOIC ROCKS 

• PALAEOZOIC ROCKS 0 PRECAMBRIAN ROCKS 

e MONTEREGIAN HILLS ROCKS 

*PRESENT NORTH MAGNETIC PO LE 

- ( LABEL.LING REFERS TO· TABLES 8 AND 9 ) 
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TABLE 9 

POLE POSITIONS INFERRED FROM THE MAGN1!:TIZATIOB 
OF MONTEREGIAN HILLS ROCKS 

Gron p. Mean Magnetisations Ancient. Pole 

D I 0( Lat. Long. 

A- Yamaska { 1)* 190° -79° l5.5o 5'l'R 68W 

B- Yamaska { 2.)* 167 -65 Cll..O SOl{ l.5-3W 

C- Brome 1~7 -46.5 08.3 38N 161\t 

D- Others, +ve 339 +65.5 18.5 1~ lSZW 

E- Others, -va 153 -55 12-.5 57B ~aaw 

Positions 

Ai lllp 

250 2.4.0 

12.0 go 

llo 70 

2.60 no 

].90 14° 

11. Interpret.a-t#ion of 'the PGle Po si tiona Inferred by the Ma.gnet-iz.a­

tion of the Kont.eregian Rille Roaks 

1b:c.eption being made of the Brame Mountain data. the pole 

positions derived from the magnetization directions of the MOnteregian 

Hills rocks eorrespond almost to that of the pres&nt magnetic Barth 

pole, unlike other pole positions inferred from the magnetisation 

directions of Triassic or alder rocks. 

On the other band, the pole positi~n suggested by the Brome 

Mountain rooks does not correspond to any of the pole positions 

compu.ted so far from the magnetiaation directions of North Amerioan 

rocks. Because the Brome MOuntain rocks were previously shawn 

to be magnetically stable and consistent and because the aval of 

*See page 53 for the meaning of symbole (1) and (a). 
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confidence about the carrespanding pale position ia relatively 

small, an explanation is required for t.his atate of affaira. 

First it is no~ed that the specimens from Brome Mountain ~re 

colleoted over a ra.ther restricted a rea, which would exp lain 

the relatively small aval of confidence about their corresponding 

pole position. On the other band, t.he speoimens were collected 

over an area suffioiently large to remove any possibility that 

the rocks could have been magneti~ed anomalously by lightning. 

Nor does it seema likely that the discrepancy is due to an error 

in the orientation of the specimens in the field or to an errer 

introduced during the measurements beoause the number of specimens 

taken ia sufficient to permit the assumptian that 'these errors 

would cancel upon oaloulating the mean direction of magnetiaation. 

With these facts in mind, one possible explanation is that the 
-

rocks have be en disturbed in block, subsequently to the ir ma.gneti-

~tion. Although there is little geologioal evidence ta support 

this hypotheeis, it is recalled tbat Brome Mountain conaiete of 

a dual intrusion and that the rocks under discussion were oalleoted 

in the part of the igneoua maas which was intruded first. It ie 

therefore suggested that the anomalous magnetization of the 

measured Brome rocks could be dne partly ta their disturbance 

during the second phase of the intrusion. This second phase of 

intrusion probably took place after the first intrusion had cooled 

beoause, according ta Dresser (1906)*, it was injeoted between 

the essexite and the overlying sediments. Assnming that the pole 

*See page 10 of the present thesis. 
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position derived ~rom the Brome rocks had been ~&0°W longitude 

and 60°N latitude (near the present magnetic North pole), their 

magnetization veator would have ha~ aD of 140° and a I of -58°. 

As indioated in table 9, these two quantities are actually 11?0 

and -45.5° respectively. The discrepanoy between those two sets 

of values aould be the result of a olockwise rotation of 180 about 

an axis normal ta the plane striking North-South and dipping roughly 

&oGre. On the ether hand there is na fiel~ evidence that the diacre­

pancy between the expected and observed magnetization veotors could 

be due to the distortion of the earth'a ~ield by ~he preBence of a 

very strongly magnetia bo~ in the vicinity of Brome mountain. 

There is however the possibility that the part of the mountain 

from which the specimens were oollected cooled over a relatively 

short interval of time as compared with the longer interval through 

which the cooling of all the Monteregian Hills ~oak place; further­

more it is possible that the earth's field had an extreme attitude 

during this short interval of time and that this oould aooount 

for part of the observed diaorepanoy between the expeeted and 

observed values of D and I. It is concluded that the pc~e position 

derived from the 11 stable specimens colleoted from the southern 

part of Brome mountain is probably not as representative of t~e 

mean earth's field attitude during the cooling of all the MDntere~ian 

Hills as are the pole positions derived from the ~9 other etable 

specimens oolleoted from different sites throughout the Konteregian 

Rille. 
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Among the 15 specimens colleClt.ed on Yamaska mounte.in. those 

of ~e group labelled Yamaska (2) were previously considered (Chapter 

III) muah more stable than those which do not belong to that group. 

For this reason, the pole position enolosed by oval A in Fig. 24 

is probabl.y not as reliable as the pole position .enciraled by oval 

B. However. t.he result.s obtained from. both groups are compati ble 

av er a Wide a rea in the vioini ty of the present geographie North 

Pole. 

Finally, the two groups of •Rel~ted. Ro·cks"' indioate pole 

positio-ns whio.h alm.ost ooinaide. Although the ovale of confidence 

D and K are re la ti v ely large. the pole poe.i tioaa at the ir center a 

are probablJ more signifioant than any of ~be others becauae 

they reflect an average for rocks collectet nver a wide area, 

thus favoring the oancellation of dieorepu•ies due to local 

dis~u.rbanaes in the ambient magnetic field a\ ~ time of t.heir 

oooling or to subsequent movements in the rock. Again, the avala 

of confidence about these two polea are compatible with ovale 

A and B over a certain area in the vicinit.y of the pree&nt 

magnetia pole. 

Summing up ~he above paragraphe: 1- The Brome Mountain 

resulte are probably affected by local factors whioh appear to be 

mainly teotonio in nature. It ie conolu.ded that the pole position 

deri ved from these magneti~tion da ta alone are probably . not 

indicative of the mean pole po~ition at the time the Monteregian 

Hills· oooled below 580°0.;. 2 ... If the resulte obtained from the 
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lees atable ones among the Yamaeka roake are taken as valid, the 

most probable pole position inferred from all the magnetisation 

data deecribed in this theeie (the Brome rocks exoepted) lies 

where t.he ovale of confidence overlap on the sphere (hachured area 

in Fig. 24), i.e. close by the present magnetio No~th pole, the 

Cretaceous pole of Runaorn and the f'ertiary pole of Creer et al.; 

3- If the lees stable rocks among those from Yamaska as well as 

those from Brome are omitted from the disQueeion, then ~he most 

probable pole posit-ion lie$ inside ~e area of t.he globe llhioh ie 

encl&sed in common by ovals B, D andE. This area is again about 

equidistant. frGm the present and Tertiary pelee and it aontaina 

the Cretaceous pole o! Runcorn. 

It might be objected that one is not justified to set aside 

the resulte of the Brome rocks or those of the lesa stable rocks 

among the Yamaska samplea. and that the mean direction of magneti­

zation of all the samples coneidered stable in this thesia should 

be used as a basie for the derivation o~ the most probable pole 

position. By aseigning each of the A, a, D and~ ~roups a weight 

factor equal to the nnmber of specimens in its group (15. 11, 9 and 

13 respectively), the mean direction of magnetisation of all these 

samples was found to have aD of 347.5° and a I of 63°, the questiGD 

of aign being disregarded. Uaing the method desoribed in section 

B of this Chapter. the pole position waa derive! from this direction 

of magnetiaation and it was found to lie at l48°W longitude and 

76°N latitude. · fhia point is shawn in red in J.i'ig. 24. Again, 

it is noted that the pole position obtained on that basie is 
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about half-way between the present and the Cretaceous pales and 

that it is relatively far from the ~riassic poles. 

I~ ia conoluded from the evidence that we have that the 

Monteregian Rille in general were probably not magneti~ed before 

the end of the Meso~oic. Furthermore. aasuming that the rocks 

acquired their magneti~tion relatively shortly after the intrusion, 

it is suggested that t.heir age is post-Triassio. 

~. A5e Determina ti ons of the Mon teregian Ro·cks by OtJler Methode 

Heretofore, several attempts have been made to eatimate 

the age of the rGcks of the Monteregian Hills and of related rocks. 

A brief review of this work will be made. for oomparison wi th the. 

conclusion of the previoue section. 

Osborne (1935) used the halos aurrou:nding .a.ircon erystals 

in biotite as a mea:ns of comparing the age of the Nordmarkite rim 

in · ~he northeaat se~tion of Mount Megantic with that of other 

intrusive rocks . of lo:Lown age. On this basis he oonclu.ded tha~(~e 

Nordm.arki te rim wae probably intruded during the Tertiary. :M:oreove;r, 

if the Mount Megant.io .Nordmarkite ia genetioall.i' related t.o the 

Monteregian Hilla series and if both were intruded at the same time, 

the lat~er may be considered as Tertiary, provided the method 

utili~ed by Osborne is reliable. It ia generally accepted ~oday 

however that this method of dating rooks ie aubjeot to considerable 

error and. an the other hand. there 1e no definite proof that the 

Nordmarkite of Mount Megantic b.elongs. to the Monteregian Hills eeri.es. 

Therefore. Osborne' a resulta oannot be considered hare as_ a tbe~•ugh-

11 aound- 'ôaaii fl)r asàuming the validity of the result-a desaribed 

in the previo.ne ae~tion of ~his Chapter. 
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Ueing the Heliwn method. Urry ( 1938) estimated the age 

of a Tinguai~e eample from Moun~ Royal as 57 ± 1.5 million years. 

He also gives (ibid.} 60 to 80 million years as an estimate of 

the age of the same rock by the lead method. Urry gives no details 

desoribing the lead method be utili~ed. These age estimates would 

place the intrusion of Mount Royal and probab~ of the other 

Monteregian Hill.a near the end of t.he Te·rtiary or the beginning 

of the Meso~oic. 

Urry's resulte were disput.ed by Lyons et al. (1967) in 

the ligh~ of resulta obtained by the lead-alpha method (also known 

as Larsen's method) for t.he ~ircon in biotite in a specim-en of 

tinguai te from Mount Ro7a1. !he ir estima te of 224 million yeara 

would place the intrusion of Mount Royal in the Carboniferoua. 

In disaussing the disarepanoy between their resulte and thoae 

obtained by Urry. they state: "Beoause of the well-known diff1-

cul~ies inheren~ in the helium method •••• the odds that the 

Monteregian Hills are late Palaeo~oia rather than Tertiary are 

overwhelming." On the other hs.nd. Grunenf'elder & Silver (1958) 

have shown reaent1y that the lead-alpha method ie itself eubjeot 

to a considerable degree of error and that i~s tendenoy is to 

indioate ages older than the roaks actually have. Grunenfelder & 

Silver'a aonalusion is baS'ed on a oomparison of 'the agea Ôbtained 

for a given rock by the lead-alpha, (450 million years) the 

potassium-argon and the rubidium-atrontiwn metho·ds ( 250 to 290 

million years). 

Hurley & Fairbairn ( 19.58} reoentlJ" gaTe an eatimate o:f 
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145 million years for the age of a samp1e of okaite from Oka, 

Quebea. This eatimate waa obtained by ~he potassium-argon methnd. 

If this rock ia, as it is believed to be, related to the Montere­

gian Hille, the latter would th&refore have been intruded during 

the Jurasaic. 

Dr. R.K. Wanleaa of t.he Geologioal Survey of Canada haa 

Just. oompleted the age determination of a apeoimen of easexite 

from Brome Mountain by the potassium-argon meühod. Aac.ording 

to hia resulta, Brome Mountain and probably the other Montereg1an 

Hills were intruded 115 to 140 million years ago*, i.e. during 

Cretaoeoua or Juraaaio timea. 

It ia interesting to note that the ages augges~d from the 

observatione of Osborne, Urry, Hurley, Fairbairn and Wanless !.re 

in fair agreement with those obtained from the magnetisation data 

disoussed in the present thesis whereaa the age obtained by Lyons 

et al. (op. cit.) ie in sharp diaagreement with them. !a mentioned 

above, indications that the age estimate of Lyons et al. ie somewhat 

exaggerated. On the other band the wri ter do-es not. oonaider himself 

~ompeten~ to disauss authori~atively the respective merita of the 

varioua radiogenio methode mentioned above, and therefore it should 

not be interpreted that in his mind the age indioat.ed by the 

magnetiu.tio-n data oan be used as a strong argument againat. the 

validity of the age estimate given by Lyona et al. Rewever. it is 

auggeated that if, wh&n more data for plutonic roaks are available, 

the ages indieated by magneti~tion data correspond eonsistently 

*~hese resulta are reproduced here prior to their publiaa­
tion with Dr. We.nleas' kind permission. 
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with the ages indica~ed by aome proved radiogenio method, the 

former could be valuable as a rough and rapid check far the latter. 

G. Swnmary 

~he negatiTe anomalies- indioa ted on the aeromagnetic mapa 

of Yamaska and Br&me Mountains firet a~traoted aar atten~ion inae­

muoh as we were interested in !inding ~heir cause. The topography 

of the mountains was found to haTe little bearing on ~he •anomalans" 

polarity of the anomalies. The remanent magnetization measurements 

of a suite of oriented specimens from ~eae localities indicated, 

on the other hand, that- some of the speeimens were reversely 

polariaed "in situ". ~e problem then arose of why same of the 

specimens were reversely palari~ed and others normally polarized 

"in situ". It waa found later that the normally polari&ed roaks 

were relatively lese stable than the reversely polari&&d ones and 

that they had probably aaquired their normal oomponen~ of polariaa­

tion aubeequently to t.heir oooling in the earth 1 e field by an 

iao'thermal procesa. It waa shawn also that. the reTersely polaris.ed 

rocks probably acquired the etable component of their remanent 

polarization at the time of their cooling in the ambiant earth 1 s 

field rather 'Ulan by the effect of lightning. The next problem 

as to find whether the reverse magnetiution waa due to a reveraal 

of the earth'a .field at the time the roak oooled or whether a ael.f­

reveraal mechanism inheren~ in the- rock mineralogie&l oompoaition 

waa responsible for this phenomenon. Observations of poliehed 

eeationa, and Curie point determinations were made firat i n an 
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effort- to eluaidat.e this question. Although it was not possible 

to deriTe any definite conclusions from these observations, little 

if any evidence was foo.nd in t.hem to support 'Ule view that a self­

reveraal mechaniem waa the cause of the present case of reveree 

polari~tion. ~& next approaoh to the problem oonsisted in deter­

mining the magnetisation directions of orien~d specimens eolleoted 

on other Monteregian Rille and from sediments adjacent to t.he 

igneous a ores of the se mountains. Among the fao.ts de ri ved from 

theae measurements, the reverse polari~tion of some of the sedi­

ments furnished almost inoontroversial eviden~e that the present 

case of reverse polarization is not related to t-he mineralogioal 

composition of the igneous rocks. The polari~ation reversals are 

rather probably related to tha reversal of the earth'e fiel4 from 

i ts present direction at the time the rock oooled. A st.a.tistioal 

analyais of the magnetization direction measurements was made and 

from the mean directions of magnetization obtained, the positions 

ot the magnetic poles a~ the aooling time of the rocks were oomputed 

in terme of the present geographie ooordinatea. Theae pols positions 1 

were then oompared w.ith the pole positions derived from the magneti­

zation atudies of dated rocks from other loaalitiea in North America. 

As a result of this compariaon, it ia oonolu.ded that the Monteregian 
1 

Hilla were probably intrudecl during the Cretaoeou.s or la ter. Although! 

we oan decipher no magnetic indication that they oould not have 

oooled during Jurassio time, they were not likely oooled during or 

before Triassic time aocording to the magnet.io data. ~h18 conclusion 

is in fair agreement with age determinations made by different radio­

genie methode.. 

! 



- 139 -

H. Suggea~ions !or Fur~her Work 

A large percentage of time was spent in the present study in 

designing and building basic laboratory equipment and in experimenting 

on t.he e!o.itability of the Mont.eregian Hilla rocks for palaeomagnetio 

etudies. This neaessarily limited the amount of time that aould 

reaeonably be spent on the oolleetion. preparation and repeat~d mea­

surements of a large number of field specimens. Even though it is 

!el~ that suffiaient data were secured to euggest useful conclusions, 

it is without doubt that the magnetization measurement of a l&rger 

number of oriented speoimens of this rock series would be bighly 

desirable to strengthen the validity of these conclusions. Oriented 

epecimens from Mount Royal, the Oka district, the basic rocks of . 

Mount Megantic and from numeroua ~kea ooneanguinoua with the Mont&re- ! 

gian Hilla &eries would supply adequate material for an extension of 

the present study. The work eould alao be extended to granitic rocks 

for whiah the age has been determined by either field evidence or by 

radiogenia methode. 

The oonoluaions arrived at in the present atudy depend partly 

on pole positions derived from magnetization meaeurements of sedimen­

tary or volcanic rooks whiah do not belong to the Mont.eregian Hills 

series. Because o! this, the availability of more data of this type 

eould have important bearings on the validity of the above-mentioned 

conclusions. 

~inally, more detailed etudies on the mineralogy of the ferro­

magnetio ~omponents oontained in the Monteregian Hills series oould 

poeeibly bring new light to the prablem of their reverse magnetization 

"in situw. Curie poin~, saturation magnetization and ooercivity are 

suggew\ed as very diagnostic mineral properties for this type of 
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AFPENDIX I 

It was stated in Chapter II that, theoretioally, onlf 

two of the three eet.s of values ( la , a) , ~ , ~ ) and ( I
1 

• r) 

are neoessary to define completely the magnetization of a rock 

cube. More speoifically, i t oan be sta ted. that in t.heory only 

two of the three angles a,~ and rare neoessary to determine 

the deolination D and the inclination I of the magnetio veotor. 

However, einoe an error of 5° is assumed possible in the measure­

ment of the anglee a.~ and r , if the determination of D and I 

is based only on two of these three angles, it is possible that 

the declination and inclination thus obtained differ by more than 

50 from their true value. In arder to reduce this errer as much 

as possible, the three angles a , ~ and r were used in the present 

etudy. 

Binee a graphical method wa.s n.sed to compute D and I, t;he 

same method will be uaed here to show that the possible error for 

D and I is considerably reduced if use is made of the three measured 

angles a , ~ and r in this computation. Let us assume for example 

that the true declination of a magnetic vector is 130° and that its 

true inclination is 44°. It is easy ta see on a stereographie 

projection that the theoretioal values of a , ~ and r would be 

1300, 5a0 and 326° respectively for this Veotor. This iS shawn 

in Fig. A-l below. In practice, however, the prooess ie reversed, 

i.e. the three angles are measured and D and I are derived from 
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them. In the present case the measured angles could have been, 

say, 126°, 66° and 322° respectively, since a possible error ot 

50 is considered in the measurements. It ie shawn in Fig. A-1 

that the great circles corresponding to these angles on a s~ereo-

graphic projection do not intereect at one point as it was the 

case before but that the intersections of any two of them form 

the corners of a apherical triangle ABC projected on the hori~ontal 

plane. If each of theae cornera ia used to determine D and I 

(which would be equivalent to using only two of the three angles 

a , 13 and 1 } the pairs of values obtained for D and I are 

( 126°, 50°) , ( 125°, 36.0 ) and ( 1400, 45°} for corners A, B and C 

respeotively. If it ia equally probable that any of these pairs 

of values approaohea the true values of D and I, the possible 

error in using any one of them is fairly large. We ahall define 

the possible error as the difference in absolute value between 

the D and the I defining a given point inside the triangle ABC 

and the D and the I defining any one of the three points forming 

the cornera of triangle ABC. It seems more probable that a point 

inside the triangle ABC will represent better the true values of 

D and I. In practice we do not know however how far off a , 13 , 

and 1 are from their theoretical values and whether they are 

larger or smaller thau the latter. For these reaaons it is logi-

cal to diatribute the error equally over each of them. On a 

stereographie projection this ie done by revolving by an equal 

angle about its main diameter each of the circlee representing 

a , 13 , and 1 , respectively. The value of this angle is 
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correct when the three great circles intersect at one point. 

In the present case it was found that the angle is 4° and that 

i t is clock:Wiee in the case of a and 1 but count-erclockwise 

in 'the case of ~ • If the point 0 of intersection of the revolved 

circles is ueed to determine D and I, it is found that the latter 

are 130° and 44° reapectively with a possible error of 10° for 

D and of 6o for I. As another example let us assume that the 

values of 133°, 46° and 531° would have been the magne~meter 

readings for a , ~ and 1 , respectively. The values of D and I 

obtained with these angles by t.he methad described above are 

129° and 43° respeotively. Examplea of this type oould be set 

almost ad infinitum and there is no doubt that in certain cases, 

in partioular when only one of the measured angles ia off its 

theoretical value, one of the cornera of triangle ABC oould be 

used to determine D and I mnch more acourately than any point 

inside the triangle. Even in those oases however one would not 

know in general whioh of the three corners is to be used. and 

the possible error would still be smaller if a point at the center 

of the triangle would be used. An exception to this rule would 

be the oaae where it is probable that one of the three angles ia 

more likely to be correct than the other two or vice versa. 

These cases are met when the magnetic veotar ia almoat horizontal 

and vertical reapectively. In the first case Ia ia much larger 

than I~ and I
1 

, and consequently angle a may be aoourately better 

determined than angles ~ and 1 • In the s econd case, the horizontal 
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oomponent ie very small as compared with the vertical component 

and angle ex may not be measured as acourat.ely as angles ~ and 

'Y • 

The faot that very often the great oiroles representing 

the three angles ex , ~ and 1 do not intersect at one point is 

partly due to errors in the measurements but mostly to inhomo­

geneity in the ferromagnetic mineral distribution throughout the 

rock cube. Thia factor may be greatly eliminated however if the 

cube is spun bath clockWise and counterclockwise about its three 

axes. Since the motor driving the spinner is an ordinary A.C. 

motor, ita sense of revolution could not easily be ~eYeraal • . The 

equivalent result. was reached however by spinning the cubee first 

in the positions given in Fig. 4 of Chapter II for the olockwise 

angles and then in the positions shawn in Fig. A-2 below for 

the counterolockwise angles. The latter will be referred to as 

ex•, ~· and 1'. By a comparison of Fige. 4-B, 4-G and 4-D with 

Figs.A-2(A), A-2(B) andA-2(C) respeotively, it is eaay to derive 

that. for a homogeneous rook ou be 1 exc 360°-a' ,. ~ = 360°- ~ ' and 

1 = ~60°- 1 ' • If the ra ok is not homogeneous 1 then: 

, eto., 

where 4 is a mean value for a. 

The importance of magnetic inhomDgeneity as a factor 

increasing the possible error in polarization measurements ie 

illuatrated by the following angles which were obtained in th.e 

measurement of cube No. 18-l to which reference is made elsewhere 

in this thesis: 
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a• • 308° 

~· - 32~0 

.,. - 2.:70° 

fr = 017.5° 

;; = o73.6° 

By plo"toting t-he firat of theae sete of angles on a stereographie 

net and by uaing the method deaoribed in the previoua pagea ta 

determine the most probable values for the inclination and the 

declination, a D of a9° with a possible error of 550 and a I 

of 13° with a possible error of 20° were obtained. On the other 

hand, by plot ting the angles 360°- a' , 360°- 13 1 and 360o- r' , 

the most probable D obtainab~ from this data ia 37° with a 

possible error of 33° and the most probable I ia 11° with a 

possible error of 15°. Finally, if the mean values a,~ and 

are plotted, a D of 3a0 with a possible error of 8° and a I 

of 12° with a possible error of 4° are determined as the most 

x y z 

-t 
z x 

z 

(A) (B) (C) 

Fig. A-2: Cube positions for the meaaurements of 
oc'(A), ,B'(B) and y'(C). 



FIG . A - 3 : REDUCTION OF POSSIBLE ERROR BY 

CLOCKWISE AND COUNTERCLOCKWISE 

SPINNING OF CUBE NO. 18-1 
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probable declination and inclination of the magnetic vector of 

this aube. Fig. A-3 illustrates the above deecribed operations. 

The reduction of the data found in Table A-l below wae 

performed accarding to the principles developped in the previoue 

paragraphe. Tables a to 5 inclusive of Chapters II and III give 

a eummary of theee resulta where the meane of two or three aubes 

eut out of one eample are given as the most probable repreeanta­

tion of the magneti~tion of that eample. The intensities listed 

in Tables a to 5 are also the arithmetic meane of the inteneities 

of the individual cubes repreeenting each specimen. 



TABLE A-1 

REMANEitT MAGIE'l'<ME'.rER READDJGS FOR ROCKS FRQ4: YAMASKA ABD BReME MOUlfl'AIRS 

Betore Magnetic Washing Atter Masnetic Washing 
Cube No. 

a 13 ., la ~ :r., D I a 13 ., la ~ r., D I 

36-1 143 003 265 4,&:><> 3,000 3,000 140 ..03 123 323 208 2,670 2,475 1,98o J.20 -38 

36-2 11&8 015 265 3,570 1,950 2,100 150 ..o6 133 323 200 1,980 1,800 2,100 123 -43 

37-1 163 318 241 11,920 11,076 12,700 158 -22 126 313 193 2,76o 5,100 4,500 117 -51 ...... 
~ 

37-2 168 308 238 11,230 11,230 13,510 162 -26 125 308 201 2,865 9,450 5,250 121 -51 

37-B-1 128 348 233 9,266 13,350 8,670 121 -16 123 318 205 3,000 1,200 6,945 120 -42 

37-B-2 131 348 239 14,230 13,416 10,233 125 -15 118 318 203 4,275 8,175 3,720 117 -112 

38-1 148 333 236 5,770 5,148 5,148 142 -23 113 313 200 2,130 2,610 2,250 112 -lt6 

38-2 1116 330 241 6,396 5,928 12,355 143 -21 113 315 205 2,295 6,375 3,000 114 -43 

38-B-1 118 338 208 4,992 5,TI2 8,049 lll -27 095 323 182 3,225 4,200 4,905 093 -42 

38-B-2 126 343 220 11,169 11,169 11,169 119 -21 103 313 191 1,815 3,150 4,095 102 -48 
- ------------ ---



Cube No. 

a 13 ., 
39-1 153 336 248 

39-2 128 346 233 

140-1 oo8 103 065 

lt0-2 018 098 o6o 

41-1 018 103 076 

41-2 053 086 053 

42-1 038 243 121 

42-2 035 336 118 

43-1 1~ 323 238 

43-2 151 316 230 

43-3 153 321 231 
-~--

TABLE A-1 (Cont'd.) 

Be~ore Magnetic Washing After Magnetic Waehing 

la ~ :r., D I a (:\ ., la ~ I., 

37,515 28,536 42,o66 148 -16 118 318 203 4,050 4,875 5,100 

23,493 22,632 15,559 121 -17 103 323 191 3,300 3,975 3,870 

35,301 30,135 38,437 358 +34 138 287 198 323 295 5lt0 

27,367 22,1140 30,258 004 +42 131 288 208 684 634 810 

2,095 1,9&> 2,682 001 +25 133 306 195 344 504 91&0 

1,865 2,16o 2,"-1 028 +58 lll 305 171 765 589 933 

86,100 50,430 95,9lt0 045 -18 136 311 221 3,975 4,920 4,515 

85,485 52,275 95,9lt0 041 -20 141 309 227 5,775 7,500 1,185 

38,130 37,884 46,494 146 -25 153 313 223 3,525 4,Ek>O 4,575 

34,4110 34,440 49,815 147 -32 118 313 215 4,650 6,300 5,250 

38,130 41,205 51,66o 147 -28 148 316 228 21,709 25,522 25,522 

D I 

115 -42 

102 ~ 

136 -67 

136 -59 

124 -56 

98 -64 

136 -39 

141 -37 

143 -34 

l20 -39 

146 -32 
---

1-' 
01 
01 



-- --------------

Cube No. 

a ~ 1 

44-1 1.45 323 231 

44-2 1.46 330 228 

44-3 1.51 326 236 

53-1 078 353 176 

53-2 083 013 1.53 

55-1 256 220 206 

55-2 268 220 193 

67-1 146 308 213 

67-2 150 308 223 

67-3 1lt6 298 218 

71-1 218 248 2ll 

71-2 223 248 204 

TABLE A·1 ( Cont' d.) 

- -- - -- - ------- · -

Before Masnetic Washing Atter Magnetic Washing 

la ~ :r, D I a ~ 1 la ~ Ir 

7,176 8,767 7,800 141 -29 103 323 183 2,026 2,182 2,070 

6,240 6,302 5,678 1.39 -27 98 326 1.63 2,217 1.,782 1,782 

8,268 8,330 8,268 145 -29 78 328 158 1,692 1,692 1,864 

700 6o1 799 088 -15 166 276 216 1,656 957 1,004 

702 a.68 342 082 -14 161. 264 218 1,512 979 1,242 

1,249 1,965 1,854 252 -36 158 268 218 156 176 137 

1,o62 1,36o 1,314 264 -34 183 283 198 162 237 1.62 

18,096 34,300 15,930 140 -45 153 268 006 u,oo8 49,507 56,272 

22,755 29,766 30,135 146 -38 171 273 208 28,105 46,002 56,272 

20,418 30,381 33,825 147 -!J6 154 283 200 28,413 53,812 61,8o7 

21,621 27,362 30,~ 217 -54 176 278 210 8,860 1.1,793 14,788 

21,653 38,745 110,897 222 -58 169 273 203 8,299 16,723 18,002 
---

--

D I 

098 -45 

086 -45 

077 -31 

1.67 -55 

172 -63 

167 -61 

173 -61 

l6o -72 

172 -61!. 

153 -65 

173 -54 

170 -68 

..... 
(11 
(J1 



Bef'ore Magnetic Washing 
Cube No. 

a ~ 1 la ~ t, 

72-1 213 261 203 23.,119 55,965 59,163 

72-2 ..--~261 203 14,664 76,875 83,025 

74-1 117 311 199 19,593 27,456 30,264 

74-2 1o8 318 198 20,904 16,692 15,288 

87-1 063 083 058 3,044 3,667 4,743 

87-2 058 o86 043 2,562 3,1J80 3,863 

87-3 043 078 053 2,830 3,ll8o 4,093 

103-1 235 135 337 53,074 53,136 39,913 

103-2 2lt0 141 337 52,336 51,352 38,007 

103-3 242 144 333 53,935 55,657 37,330 

104-1 018 316 105 51, 229 12, 177 54,612 

104-2 018 308 107 56,395 22,816 57,933 
- - --

TABLE A-1 (Cont'd.) 

Af'ter Magnetic washing 

D I a ~ 1 Ia ~ t, 

211 -67 168 287 218 11,013 14,352 16,473 

205 -67 158 284 208 12,604 17,004 18,501 

115 -50 138 284 192 8,268 20,233 22,386 

108 -42 120 288 192 8,455 18,158 18,158 

040 +48 018 273 156 592 1,339 1,599 

040 +58 OliS 305 158 856 1,520 1,919 

029 +JJ6 020 268 158 720 965 1,362 

239 +45 222 200 2110 2,490 2,355 1,68o 

244 +110 229 209 254 2,448 2,210 2,149 

244 +36 232 209 245 1,966 1,874 1,813 

018 -15 353 261 149 979 1,641 1,973 

017 -18 333 253 153 1,0110 1,717 1,814 
-- - ---- -- ----

D 

163 

156 

138 

121 

014 

052 

010 

226 

222 

228 

351 

331 

I 

-48 

-59 

-72 

-69 

-68 

-74 

-52 

-17 

-17 

-20 

-55 

-58 

1-' 
Qt 
~ 



TABLE A-1 (Cont'd.) 

Betore Magnetic WashiDg After Magnetic Washina 
Cube No. 

a ~ 1 la ~ 17 D I a ~ 1 l"(l ~ Ir 
105-1 148 265 188 643 1,763 2,248 213 -80 145 288 199 1,063 1,422 1,790 

105-2 188 262 206 1,303 2,196 2,822 191 -61 16o 278 201 1,1.17 1,652 2,025 

105-3 1.18 295 190 1,494 2,657 3,225 118 -65 142 290 198 1,193 1,797 2,ll5 

l.l.l-1 316 133 043 2,004 . lt;95 3,557 316 +36 008 278 178 200 2,16o 2,8lt0 

l.l.l-2 321 133 043 2,317 4,131 3,863 320 +37 048 321 178 1,415 1,933 2,268 

11.1-3 325 131 038 2,lt09 5,431 5,278 320 +40 338 268 163 464 1,584 2,376 

1.13-1 26o 163 343 23,985 24,907 20,295 263 .. 20 288 235 178 1,729 2,285 2,304 

113-2 278 183 351 16,6o5 16,605 8,917 268 +07 346 253 151 1,872 3,204 3,211 

1.13-3 263 163 338 19,680 19,680 11,992 263 +17 328 251 163 1,602 3,193 3,204 

120-1 220 251 207 13,350 30,150 30,150 219 -59 200 258 210 10,380 12,78o 12,750 

120-2 223 2140 196 ll,316 27,675 27,675 230 -59 215 263 203 15,195 49,507 56,580 

120-3 218 239 178 9,225 25,092 26,814 235 -71 205 263 200 20,910 48,277 59,796 
--- - - -- - --- - -- - - ---

D 

143 

16o 

140 

018 

064 

343 

282 

340 

322 

200 

211 

200 

I 

-65 

-68 

-64 

-82 

-53 

-75 

-62 

-54 

-64 

-59 

-68 

-70 

t-J 
Ol 
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TABLE A-1 {Cont'd.) 

Before Magnetic Washing 
Cube No. 

a f3 ., Ia ~ :r., D I a f3 

121-1 238 263 196 15,675 25,522 24,907 230 -63 179 263 

121-2 238 259 203 9,655 21,525 22,017 229 -58 185 263 

121-3 232 247 202 10,639 24,231 24,292 230 -50 211 258 

138-1 091 058 025 1,220 1,584 1,123 070 +44 315 243 

138-2 091 o66 028 1,274 1,882 946 076 +49 302 253 
- -- - - - ----- - ------

After Magnetic Washi.Dg 

., Ia ~ :r., 

193 7,564 25,270 27,982 

188 29,784 24,108 25,830 

198 7,995 23,493 25,030 

158 231 1, lf.22 1,897 

173 100 1,242 1,098 

D I 

189 -70 

194 -75 

211 -69 

312 -57 

297 -73 

....., 
(n 
tO 



APPENDIX II 

l'or the specimens who se magnetisa ti on was d.etermined 

with the spinner type magnetometer the inclinations and 

deolinations with respect to the X axis nre oom.puted 

aooording t.o the graphioal method described in Appen!ix L. 

The atrike of the X axis was t.hen added to the deolination 

thas obtained and the sum corresponde to the true declination 

of t.he specimen. 

In the cases where t.he magnetisa ti on was det.ermined 

by meana of the astatio magnetometer, the oomponents Ix' IY 

and Iz* were meaaured and the declination with respect to 

the X axis waa oalculated according to the formula: 

( 1) tauD = Iy/Ix • 

and the true deolination was obtained by adding the strike 

ot the X axis. The inclination was oaloulated aooording to 

the expression: 

( 2.) oo~I : Ix/C IzcosD) 

The specimens, the strike of their X uee and the 

aotual magnetometera readings are liated in Table A-2 below. 

*See fig 4-A, Chapter II for the signifioance of theee 

aymbole. 

- ~60 -



Cube strike 
No. a 13 

1-A-1 188 - -
1-A-2 " --
1-B-1 310 - -
1-B-2 " - -
2-A-1 344 074 313 

2-A-2 " 074 353 

2-B-1 358 303 183 

2-B-2 " 303 173 

3-1 184 - -
3-2 " --
4-1 124 - -
4-2 " - -
5-A-1 190 158 087 

5-A-2 n 158 08o 

TABLE A-2 

REMANEtn' MAGNEl'QŒI'ER RFADINGS FOR <11'HER RELATED ROCKS 

Before Magnetic Washing After Magnetic Washing 

1 la ~ Ly D I a 13 1 Ia ~ Ir 

- - - - 204 +63 - - - - - -
- - - - 204 +51 - - - - - -
- - - - 033 +37 - - - - - -
- - - - 032 +35 - - - - - -

153 780 451 451 053 -40 - - - - - -
139 428 344 344 o62 -11 - - - - - -

091 2,620 1,840 2,215 303 +02 - - .. - - -
o83 2,496 1,560 2,215 302 -05 - - - - - -

- - - - 262 -41 - - - - - -
- - - - 268 -39 - - - - - -
- - - - 072 -01 - - - - - -
- - - - 149 +49 - - - - - -

319 190 256 190 352 +56 - - - - - -
308 232 192 251 354 +44 - - - - - -
-~ -- - -------- ----- --- ------- -- ----- - -- --

D I 

210 +60 

2ll +53 

032 +45 

032 +34 

334 -10 

331 -o6 

228 -77 

306 -36 

163 -39 

154 -20 

082 +26 

268 +36 

012 +27 

012 +29 

t-' 
()) 
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TABLE A-2 (Cont'd.) 

Be:fore Magnetic Washing A:fter Magnetic Washing 
Cube strike 

No. a ~ 1 !a ~ Ir D I a ~ 1 Ia !tl !-y D I 

5-B-1 197 - - - - - - 309 +63 - - - - - - 118 +14 

5-B-2 Il - 3o6 +70 152 +29 - - - - - - - - - - -

6-1 076 - - - - - - 105 -10 - - - - - - 051 -72 

6-2 " 101 -22 045 -70 - - - - - - - - - - - -
7-A-1 015 - - - - - - 193 +73 - - - - - - 326 -14 

7-A-2 " 288 ..69 298 -03 - - - - - - - - - - - -
7-B-1 283 102 002 301 61,254 61,oo8 19,311 023 +05 090 0~ 000 2,322 3,222 1,661 013 +40 

7-B-2 .. 090 004 000 51,414 51,66o 14,391 013 +04 o69 048 020 1,845 2,28o 1,785 352 +45 

7-B-3 " 094 oo6 315 52,275 52,115 12,669 018 +06 o8o 035 367 2,025 2,625 1,815 005 +38 

7-c-1 319 - - - - - - 005 +68 1 - - - - - - 355 +68 

7-c-2 " - - - 359 +63 032 +46 - - - - - - - - -
8-1 229 - - - - - - 047 +06 - - - - - - 092 -52 
8-2 Il 038 +44 059 +27 - - - - - - - - - - - -
9-1 328 - - - - - - 177 ~24 - - - - - - 28o -26 

1 9-2 1 • i - - - 1 - - - 1:169 +30 Il - - - 1 - - - 1287 -26 

t-' 
Ol 
['.:) 



Cube strike 
No. a 13 ., 

10-1 070 038 292 160 

10-2 Il 044 279 164 

10-3 Il 058 304 163 

11-1 333 302 160 058 

ll-2 n 303 158 078 

11-3 n 306 162 081 

12-1 170 304 168 065 

12-2 " 307 155 059 

13-1 18o 148 065 319 

13-2 n 146 074 319 

14-1 200 028 353 078 

14-2 n 024 344 o84 

14-3 n 019 338 029 

L_ 

TABLE A-2 (Cont'd.) 

Before Magnetic Washing After Magnetic Washing 

la ~ :r,. D I a f3 ., Ia ~ r., D I 

342 343 615 111 -61 057 3o6 183 175 337 165 142 -65 

126 266 176 112 -72 o6o 305 164 167 290 172 134 -54 

256 590 428 130 -55 050 295 175 156 357 245 127 -68 

4,462 4,150 3,182 274 +17 278 172 084 565 716 271 254 +01 

5,46o 4,462 3,869 284 +12 301 182 095 581 578 38o 272 -03 

3,120 2,621 2,621 284 +10 297 212 140 452 548 339 270 -30 

481 481 252 ll2 +13 346 241 125 738 551 691 153 -31 

627 459 352 ll7 +20 354 270 138 651 623 630 147 -45 

619 635 643 332 +41 124 068 328 201 342 353 311 +54 

329 428 428 334 +46 131 o68 324 277 443 461 317 +52 

1,530 956 1,316 239 +02 321 240 127 370 441 619 167 -37 

1,759 688 1,461 216 -02 327 238 129 397 446 650 169 -38 

1,446 727 1,568 216 -05 320 233 134 285 420 503 161 -39 
--- ------------ ---- --

.... 
en 
(ii 



TABLE A-2 {Cont'd.) 

Cube Strike Before Magnetic Washing 

No. 
a 13 r la ~ :r,. D I a 13 

15-1 207 - - - - - - 074 +16 - -
15-2 Il o&) +55 - - - - - - - -
16-1 225 oao 073 353 6,211 18,573 18,696 217 +82 106 077 

16-2 " o81 073 352 6,273 19,557 20,541 218 +82 115 070 
1 

17-1 060 i 'Z77 143 018 15,621 18,450 10,332 340 +34 273 116 
i 

17-2 " ! tzr8 
0 

148 018 16,359 20,172 10,332 340 +30 285 120 
i 

18-1 111 1 030 
1 

018 073 192,478 186,472 191,620 143 +12 035 023 

18-2 Il 030 010 082 187,330 186,757 185,900 142 +06 040 009 

18-3 " 031 025 068 202,202 194,766 200,486 144 +16 033 033 

19-1 310 - - - - - - 299 +59 - -
19-2 n - +90 1 - - - - - - - -
20-1 066 253 258 183 158 241 371 320 +77 - -
20-2 : 066 i 253 246 200 238 202 331 313 -58 - -
21-1 ! 250 012 082 010 2,621 1,840 2,215 268 +75 260 236 

21-2 l n 005 073 015 2,496 1,560 2,215 266 +66 256 220 
~ ---- --

After Magnetic Washing 

r la ~ r., 
- - - -
- - - -

353 1,736 5,834 6,146 

350 2,363 6,967 6,877 

001 2,062 4,669 4,182 

003 1,68o 4,8o9 4,325 

o8o 119,262 81,796 105,534 

081 98,384 62,920 85,228 

074 133,276 99,528 128,700 

- - - -
- - - -
- - - -
- - - -

184 616 405 581 
184 635 115 473 

---

D I 

054 +36 

046 +57 

334 +74 

340 +70 

330 +64 

341 +63 

143 +il 

152 +07 

142 +17 

290 +19 

304 +26 

154 -6o 

183 -61 
150 -59 
149 -46 

1-' 
()) 
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Cube Strike 
No. a f3 7 

22-1 349 194 187 262 

22-2 n 194 188 258 

23-1 063 144 068 303 

23-2 n 106 024 318 

24-1 146 199 247 223 

24-2 Il 199 237 217 

25-1 123 237 172 284 

25-2 " 240 168 282 

25-3 Il 238 172 274 

26-1 015 148 278 206 

26-2 n 155 275 201 

TABLE A-2 (Cont' d.) 

Before Magnetic Washing After Magnetic Washing 

lQ ~ :r, D I a f3 ., Ia ~ 

18,033 6,240 17,597 188 -04 173 319 237 204 382 

20,374 6,895 19,219 190 -05 157 327 246 357 314 

1,116 1,178 1,362 215 +38 - - - - -
1,354 1,392 765 171 +21 - - - - -

10,888 11,606 12,918 347 -43 034 284 158 1,461 2,180 

12,074 10,920 14,009 352 -42 035 287 148 1,663 2,012 

10,265 9,890 4,742 001 +07 055 294 149 355 512 

10,015 10,015 5,772 002 +08 051 297 147 373 407 

9,110 8,174 4,649 357 +04 033 296 149 378 458 

2,738 4,085 3,733 168 -66 012 271 184 109 520 

2,594 3,832 3,840 173 -70 032 285 178 156 537 

!7 

308 

443 

-
-

2,440 

2,142 

637 

546 

619 

474 

494 

D I 

154 -16 

11!0 -20 

273 +52 

262 +6o 

180 -65 

179 -56 

172 -52 

170 -50 

159 -52 

- -90 

042 -77 

1-' 
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Cube Strike 
No. ex ~ l 

27~1 271 263 247 

27-2 n 262 242 

28-1 34o - -
28-2 n - -
29-1 345 237 230 

29-2 Il 223 232 

30-1 145 188 093 

30-2 Il 191 097 

31-1 041 061 014 

31-2 n 058 016 

31-3 Il 060 015 

32-1 102 232 113 

32-2 Il 233 ll5 

32-3 Il 238 llO 

TABLE A-2 (Cont'd.) 

Before Magnetic Washing After Magnetic Washing 

., Ia ~ Ir D I ex ~ ., Ia ~ 

190 1,384 2,815 2,493 169 -63 227 251 192 256 627 

191 4,238 11,544 10,857 169 -56 250 244 190 656 703 

- - - - 183 -56 - - - - -
- - - - 170 -38 - - - - -

203 2,157 3,044 2,876 21.5 -35 - - - - -
197 3,794 6,045 6,075 216 -53 - - - - -
327 2,915 4,184 6,180 332 +59 192 101 329 1,671 2,530 

325 3,570 5,46o 6,000 335 +56 196 099 328 1,927 3,089 

039 102,388 106,964 74,36o 109 +20 031 069 033 2,394 3,228 

048 77,506 77,506 41,756 104 +19 358 091 028 1,385 2,479 

053 45,387 43,050 24,108 105 +17 337 106 027 1,056 2, 470 

333 5,895 7,530 7,530 330 +57 234 ll9 34o 3,108 6,022 

338 5,580 8,6lt0 8,655 333 +58 241 129 346 2,902 5,928 

339 6, 600 8,760 8,775 334 +62 242 ll7 346 3,089 5,897 
-~~- --- ~- -

-·------~ -

Ir 

665 

645 

-
-
-
-

3,543 

3,433 

3,511 

2,846 

2, 410 

5,491 

5,429 

5,522 

D I 

141 -69 

161 -63 

155 -50 

145 -52 

338 +42 

299 -55 

340 +56 

340 +59 

072 +53 

039 +6o 

016 +59 

338 +57 

347 +53 

344 +61 

.... 
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