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Abstract 

The Rouyn-Noranda area in the center of the Abitibi subprovince is composed of 

comparatively unmetamorphosed Archean volcanics of Blake River Group (ERG). 

Rouyn-Nornada is one of the lozenge .shaped structural blocks in the area bounded by 

the Porcupine Destor Fault (PDF) zone and the Larder Lake Caddilac Fault (LCF) 

zone. 160 .samples were collected frpm 29 different site.s selected to lie in the center 

of the block, at or near the PDF zone and accro.ss the PDF zone in the neighboring 

lozenge. 

Stable 7T1-agnetizations have been obtained from the central relatively un.strained 

part.s of the lozenges. , These magnetizations show some improvement in precision 

statistics after .structural corrections implying that they are pre-folding and probably 

Archean in age. Sites along the PDF zone show scattered magnetization.s, which do 

not agree at sample or site level. 

The Zone I (Sites in the center of the Rouyn-Noranda block) .structurally cor

rected mean direction (D=154.0, I=-95.0, k=19.0, a 96 =19.0, N=6 site.s) differ from 

the Zone III (Site.s from the center of the adjacent block) mean direction {D=214.0, 

I=-49.0, k=16.0, a 96 =92.0) by 60-::_31° implying that the Rouyn-Norand block have 

rotated anti-clockwise by 60-::_ 9'? about a vertical axi.s relative to the adjacent .struc

tural block. 

http:accro.ss
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Chapter 1 

GENERAL INTRODUCTION 

'1.1 Object and Scope of the Project 

This report represents partial fulfillment of the requirements for the degree of M.Sc. 


Geology at the McMaster University, Hamilton, Ontario, Canada. Field work for 


· this project was carried out from August 7, 1988 to August 12, 1988 in the Rouyn-


Noranda area. 

The main objective was to test the "Collage Hypothesis" in the Abitibi sub-

province. The following procedures were adopted: 

1. Paleomagnetic sampling. 

2. Paleomagnetic measurements. 

3. Identification of magnetic remanence in the rocks. 

4. Identification of magnetic remanence carrier minerals. 

5. Identification of difference in magnetic direction from different parts of the area. 

6. Identification of block rotations and the role of major faults in the area. 

1 




2 CHAPTER 1. GENERAL INTRODUCTION 

1.2 Location of the Area 

The project area shown in figure 1.1 comprise a small portion between 78°.00' 

79°.30' longitude and 48°.15'- 49°.30' latitude in the southern part of the Abitibi 

Greenstone Belt around Rouyn-Noranda. It is adjacent to the Quebec-Ontario 

boundary in the Western Quebec. 

The sampled areas are covered by Ministry of Energy and Resources, Govern

ment of Quebec Geo-information maps number 32D/6- 0302, 32D/6-0204, 32D/7

0401, 32D/8-0402, 32D/8-0204, 32D/8-0401 and 32DE/6-0402. Area is accessible 

easily by roads. Most of the outcrops were exposed along road cuts. Only two sites 

were hidden in the bushes where we had to walk into them to get the samples. 

1.3 Introduction 

The Southern Volcanic Zone (Ludden et al., 1986) in the Abitibi subprovince is 

a region dominated by a series of east-west trending faults (Ludden et al, 1986), 

namely the Porcupine Destor Fault (PDF), the Larder Lake Cadillac Fault (LCF) 

and the Chicobi Lake Fault (CLF). These fault zones divide the region into several 

lozenge shaped blocks. Hubert et al (1984), Gelinas et al (1984) and Babineau 

(1983) carried out structural studies in the block between Rouyn-Noranda region 

and Val d'Or. Hubert et al, (1984) have recognized polyphase deformation in the 

area related to the E-W trending faults. 

The Rouyn-Noranda area is one lozenge shaped block bounded by the Larder 

Lake fault. (LCF) zone in the south and Porcupine Destor Fault (PDF) zone in 

the north. LCF and PDF are considered as strike slip faults (Hubert et al, 1984) 

http:48�.15'-49�.30


3 CHAPTER 1. GENERAL INTRODUCTION 

Figure 1.1: Geological map of the area (proposed by Ludden et al., 1986). The 
transparency shows the location of sampling sites. 
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5 CHAPTER 1. GENERAL INTRODUCTION 

continuing far beyond the Rouyn- Noranda area. Hubert et al (1984), after the 

detailed analysis of the structures of the Rouyn-Noranda area, suggested a mode 

of deformation in the area that resulted from oblique convergence and shortening 

along the strike slip faults as seen in the wrench fault tectonic regimes explained by 

Harland, (1971), Wilcox et al, (1973) and Beck (1976). They interpreted this area 

to be a mobile zone where terrains of very different properties converge obliquely, 

thus causing the block rotations about vertical axis. The amount and sense of 

displacement along strike slip faults and rotation of rigid blocks are different, but 

contemporaneous, consequences of a single deformation process and are related to 

each other (Ron et al, 1984). Therfore, the rotation of rigid blocks in the shear 

zones are detectable by structural and paleomagnetic methods. 

Structural studies wefe undertaken in the field by Clifford, P. M. to mark the 

shear zones and to identify the sense of movement along the fault zones. The sum

mary of his notes shows that there are no observable or measurable large faults with 

purely horizontal motion. Shear zones are not common in the outcrops. Mainly they 

strike E-W; dips are steep -to vertical. Two are left-handed, one at a low plunge; 

one is right-handed; two are dip slip. He inferred that there is no obvious interpre

tation of the fault data in terms of a single stress field. There has been considerable 

discussion about the nature of the structures which accommodate the rotations 

about vertical axes and various models have been proposed by Beck (1976), Ron 

et al (1984) and McKenzie and Jackson (1983, 1986). It seems that the structures 

on block boundaries are likely to be complicated and hard to interpret and paleo
..:,-· 

magnetic observations remain the main method of mapping such rotations where 

structural information is constrained geologically (McKenzie and Jackson, 1989). 
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Paleomagnetism is being increasingly used to analyze the behavior of the con

tinental crust in wide zones of deformation (Lamb, 1988). The declination and 

inclination of primary magnetizations obtained after thermal or alternating field 

demagnetization of samples from the different structural blocks can be used to de

termine a rotation of these blocks about vertical or horizontal axes. Recent work 

on the measurements of paleomagnetic declinations has shown that large rotations 

about vertical axes are common in regions of distributed continental deformation 

e.g., Iran (Freund, 1970), Western North America (Beck, 1976, Kamerling and 

Luyendyk, 1979, Luyendyk et al, 1980), Israel (Ron et al, 1984), and New Zealand 

(Lamb, 1988). For Paleomagnetic studies rotation is defined as; 

R =Do- D., 

where 

Do is the observed declination 

D., is the expected declination calculated from the APWP of the continent to 

which the rock is associated. 

A term Block Rotation is applied when insitu or nearly insitu rotation of a 

crustal fragment about a nearly vertical axis occurs. Such rotations are expected 

in extensional and compressional regions (Harland, 1971), where rigid blocks are 

bounded by faults. Block rotation, also known as Tectonic Rotation, is that of a 

crustal block in which the internal deformation is negligible. 
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1.4 Purpose of the Project 

The present study was carried out to test the "allochthonous collage" hypothesis of 

the evolution of Abitibi subprovince proposed by Hubert et al, (1984). Samples were 

collected from the central portion of the Rouyn-Noranda block which is relatively 

undeformed (Ludden et al., 1986) and preserves the classical primary volcanologi

cal features. Additionally samples were taken from the most deformed shear zones 

near PDF and outside the Rouyn-Noranda block from the easterly adjacent blocks. 

The Blake River Group was sampled from both of these adjacent blocks to com

pare the declinations of paleomagnetic remanence. Any diffrence in declinations 

was expected to show the post Blake River Group emplacement rotations in the 

area. Some sites were sa~pled from an area approximately 100 Km North of the 

Rouyn-Noranda across the Chicobi Lake Fault to see if there exists a difference in 

paleomagnetic declinations of the specimens from these different regions. 

1.5 Previous Paleomagnetic Work in the Area 

There are many previous contributions to the Paleomagnetic studies of the Archean 

rocks. Most of the previous work in the area emphasized the identification of pale

omagnetic remanence, the positions of the paleopoles, the establishment of APWP 

and the paleomagnetic dating of the thermal events. The principal previous contri

butions on the paleomagnetism of the Archean rocks from the Rouyn-Noranda area 

... . and the adjacent regions are as follows: 
--;', 

1. Pesonen, L. J., (1973) in M.Sc. Thesis at the University Of Toronto reported 

a southwesterly direction from the Matachewan diabase dikes (D=205 .6°, I=-7.4°, 
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k=42, a 95 = 10.5°, N=6 number of samples). 

2. Pullaiah and Irving, (1975) reported a direction (D=330°, I=71°, k=139, a 95 

=3°) from the Otto Stock situated in the Structural Province near Kirkland Lake, 

Ontario. It is now dated 2.6 Ga. They also reported a southerly magnetic direction 

(D=205°, I=-30°, k=68, a 95 =15°). 

3. Irving and Naldrett (1977) reported that the magnetization of the Archean 

country rock is reset by the intrusions of the diabase up to distances of 80 meters. 

They reported an Archean directions obtained from the Archean Gabbro (D=189°, 

I=-23°, a 95 =17°, n=8 oriented cores), from Kamiskotia Gabbro (D=289°, I=23°, 

k=144, a 95 =5°) and from Dundonald Sill (D=269°, I=32°, k=19, a 95 =18°). They 

reported Abitibi dike direction (D=267°, 1=63°, k=117, a 95 =4°) and Matachewan 

dike direction (D=207°, I=-16°, k=54, a 95 =7°). They also provided an APW curve 

for the late Archean based on the above mentioned magnetizations in the form of 

Track six. 

4. Schutts and Dunlop, (1981) of the University of Toronto studying the mafic 

extrusive and intrusive rocks from the Abitibi subprovince obtained an Archean 

magnetic direction (D=l14° 1 I=-32°, k=15, a 95 =11° 1 n=13 site averages) and 

three other direction corresponding to the post archean overprinting episodes. A 

direction (D=210, I=13°, k=44, a 95 =6°, n=14 site averages) corresponding to the 

Metachewan diabase dike intrusion episode dated approximately 2600 MYBP, an

other direction (D=277°, 1=70°, k=52, a 95 =8°, n=8 site averages) corresponding 

to Abitibi Diabase Dike intrusion episode dated approximately 2100 MYBP, and a 

third direction (D=166°, I=56°, k=14, a 96 =8°, n=28 site averages) corresponding 

to the 1900-1700 MYBP Hudsonian orogeny in the Churchill and Bear Provinces 
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and the Penokean orogeny in the Southern Province. They also mentioned that 

Archean characteristic direction was found in basalts far removed from intrusions 

and most of the post Abitibi directions were obtained in samples taken near the 

intrusive in the region 1700-1900 Myr ago, facilitated by hot fluid transport through 

faults and contact zones of weakness had occurred. 

5. Geissman et al, (1982) obtained a characteristic remanence of the Ghost 

Range intrusive complex, Central Abitibi Belt (D=280°, 1=2°, k=5.5 and a 95 = 

11.8°, VGP=l3° E,7° S). They reported both high-coercivity, high blocking temper

ature remanence residing in magnetite and low coercivity, low blocking temperature 

remanence residing in pyrrhotite. Their data too did not agree on site, geographic 

location or rock types. 

6. Tasillo-Hirt et al, (1982) ofthe Department of Geology, University of Toronto, 

Canada reported an Archean magnetization direction (D=190°, 1=-29.2°, k=1.5 and 

a 95 = 25.0°, n=21 specimens from 21 samples) from the Blake River Group dated 

2703~2 Ma in the Kirkland area. Their data had poor consistency of directions lin

early decaying to the origin in vector analysis on site, sample and subsample levels, 

but they described an important evidence supporting preservation of primary mag

netization in some parts of the central Abitibi Belt by performing a conglomerate 

test on the cobbles derived from Blake River Volcanics. They also suggested 80° 

clockwise rotation and 80° tilt of Holtyre Fault Block. 
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GEOLOGY OF THE AREA 

2.1 Regional Geology of Abitibi Subprovince 

The Archean Abitibi Greenstone Belt of the Superior Province, Canada is crudely 

a parallelogram-shaped structure (Goodwin and Ridler, 1970). It extends from 

the Grenville Front in the east and southeast through Noranda and Timmins to the 

Kapuskasing Structural Zone in the west. It is bounded in the north by the Opatica 

subprovince (Ludden et al. 1986) and in the south by the sedimentary sequence of 

the Bellecombe gneiss belt (Dimroth et al., 1982). 

The Abitibi Belt, composed of volcanic, plutonic and sedimentary rocks is sand

wiched between the Grenville Front and the Kapuskasing Structural Zone. These 

two are the younger tectonic structures in the area and seem to play an impor

tant role in the structural evolution of the Abitibi subprovince. These two struc

tures has placed high metamorphic grade terrains and low metamorphic grade 

Archean supracrustal rocks side by side (Ludden et al., 1986) in the Abitibi belt. 

10 
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The Grenville Front have placed Archean grey-gneisses of upper amphibolite grade 

side by side with Archean metavolcanic rocks in the Chibougamau region (Frith 

and Doig, 1975) and "reworked" Archean granulites side by side with the Pon

tiac metasediments and migmatites in the southeastern extremities of the Abitibi 

subprovince (Martignole, 1984; Frith and Doig, 1975). The Opatica granite-gneiss 

terrain is also Archean in age and associated with the structural evolution of Abitibi 

belt, but its exact structural relationships with the Abitibi belt are poorly under

stood (Ludden et al. 1986). 

Ludden et al, (1986) subdivided the Abitibi belt from north to south into a 

northern volcanic zone (NVZ), a central granite-gneiss zone (CGZ), a southern vol

canic zone (SVZ) and a southern granite-gneiss zone (SGZ) (Figure 2.2). The 

volcanic complexes in the Chibougamau, Chapais and Matagami areas make up the 

NVZ and the volcanics of the Val d'Or, Rouyn-Noranda, Porcupine and Timmins 

areas make up the SVZ, The central Granodiorite-gneiss terrain divides the NVZ 

and SVZ and the southern granite-gneiss zone comprises the Pontiac metasediments, 

monzonitic plutons and migmatites. The NVZ and SVZ are different in volcanism, 

plutonic rocks, structural evolution, sedimentary evolution and age relationships. 

The volcanoes of the NVZ were characterized by emergent activity and cored by 

tonalitic to granodioritic plutons (Pitcher, 1983) which were emplaced in a conti

nental crust whereas the SVZ is characterized by the presence of komatiite-tholeiite 

plateaux of subaqueous volcanics (Gelinas et al. 1984 and Dimroth et al. 1982). 

The volcanism in SVZ is centered on ring fractures and formed in rift basins 

located between major shear zones (Ludden et al., 1986). Ludden et al., (1986) in

terpreted that the volcanic and sedimentary rocks of the SVZ now represent a collage 
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Figure 2.2: Subdivision of Abitibi subprovince into 4 different lithological zones 
(proposed by Ludden et al., 1986). 
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of blocks. These blocks have contrasting lithologies and metamorphic grades and 

have been subjected to different degrees of uplift and erosion. They also suggested 

that the blocks of volcanic terrain in the SVZ were allochthonous relative to the 

NVZ and were rotated, uplifted and eroded during the wrench faulting prevalent in 

the region. 

2.2 Geology of Rouyn-Noranda Region 

Rouyn-Noranda region lies in the SVZ defined by Ludden et al, {1986) and comprises 

Blake River Group (BRG) lithologies which are a complex assemblage of basalt, 

andesite, dacite, rhyolite flows and minor pyroclastic rocks (Jensen, 1975a, b). The 

ages of these units are constrained between 2710 ~ 2 and 2703 ~ 2 Ma. (Nunes and 

Jensen, 1980) by U-Pb zircon dating. Two major east-west trending fractures, the 

PDF and the LCF represent the northern and southern limits of the Blake River 

Group (BRG). The Kinojevis Group, comprising a series of volcanic units lies to 

the north of PDF and metasedimentary rocks of the Timiskaming Group lie to the 

south of LCF (Hubert et al. 1984). The region has undergone prehnite-pumpellyite 

to lowermost green schist facies of burial or regional metamorphism (Jolly, 1974; 

Jensen, 1978a, b, 1981). Rocks sampled for the present study are mostly massive 

basalt, lava flows, gabbro, dacite and diorite. Komatiites were sampled at one site. 
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2.3 Regional Structure ofthe Abitibi Subprovince 

Porcupine Destor Fault and Larder Lake Fault which are the most significant struc

tural features of the Abitibi subprovince represent zones of high ductility. The PDF 

described by Bannerman (1939, 1940), Ambrose (1941), Graham (1954), Boivin 

(1974) consists of a ductile fault zone 20-100 m wide that branches into several 

secondary faults. It follows a general east-west trend and dips steeply toward the 

south in the eastern part of the area. Minor strike slip faults are observed adjacent 

to the PDF zone (Boivin, 1974; Trudel, 1979). Most of them are right handed 

vertical faults, whereas, a few of them are left-handed. 

The LCF described by Gunning (1937,1941), Wilson (1962) and Goulet (1978) 

also consists of a ductile fault zone of width varying between 20 and 250 m. 

2.4 Structure of the Rouyn-Noranda Region 

According to Hubert et al., 1984 the folded structures in the Rouyn-Noranda region 

and the planar and linear elements associated with them are divided into three 

generations of deformation. In addition to the PDF and LCF there are other faults 

in the area which remain inside the Rouyn-Noranda block. These faults correspond 

to a system of normal and reverse faults compatible with the geometry of a system 

of wrench fault tectonics (Harland, 1971; Wilcox et al., 1973). Hubert, Gelinas and 

Trudel, (1984) have defined structural patterns in the Rouyn-Noranda region which 

are interpreted to result from left lateral wrench fault movements between the LCF 

and the PDF. 
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METHODOLOGY 

3.1 · Sampling 

Sampling was an important factor in order to study the block rotations in the 

Rouyn-Noranda area. Sites were to be situated in different parts of the area so 

that the magnetic directions obtained could be compared and their systematic dif

ferences, if any, could be determined. The area was divided into four structurally 

different zones {figure 2.2) for the sampling purposes: Seven sites were sampled from 

Zone I i.e., the area in center of the Rouyn-Noranda block, seven from Zone II i.e., 

the area along PDF, five from Zone III i.e.,the area adjacent to the PDF outside the 

Rouyn-Noranda block and four sites from Zone IV i.e., the area near Casa Berardi 

approximately 80 Km away from the Rouyn-Noranda block across the Porcupine 

Destor Fault and the Chicobi Lake Fault. 5 to 8 oriented samples were collected 

from each site. These were block samples approximately 1000 cm3 in volume. The 

outcrop in the area was scarce so often the samples from a site were not more than 

16 
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5 meters apart. All the samples were oriented in the field by marking on them the 

Strike and Dip directions determined with a Brunton Compass. 

Altogether 160 samples were collected from 24 sites. Sites ABl to AB6 and 

ABM lie in Zone I , sites AB7 to AB14 lie in Zone II, sites AB15 to AB20 lie in 

Zone III and sites AB21 to AB23 lie in Zone IV. 

3.2 Laboratory Work 

In t~e laboratory, additional reference lines were drawn on the samples with the 

waterproof ink. The blocks were fixed in concrete such that their surfaces marked 

with the strike and dip were horizontal. Cores of 2.1-2.3 em diameter were drilled 

from the samples. These' cores were then sawn into cylinders of 2.1-2.2 em length 

that were used as specimens for the measurement of NRM of the rocks. Palaeo

magnetic measurements were carried out in the laboratory using the Schonstedt 

SSM'-2 Spinner Magnetometer which could successfully measure NRM intensities as 

low as 10-3 Afm. A Schonstedt Geophysical Specimen Demagnetizer was used for 

Alternating Field demagnetizations. A large batch furnace capable of heating up 

to 60 specimens was used for thermal demagnetizations. A field of 0 :J:: 12 nT was 

maintained in the center of a 3 axis Helmholtz coil system. Most of the specimens 

were demagnetized in 6 coil set, whereas some of the specimens were demagnetized 

in a 12 coil set. 
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3.3 Measurement of NRM 

The Schonstedt SSM-2 Spinner Magnetometer was used for palaeomagnetic mea

surements. It comprises a Fluxgate system enclosed in a cylindrical magnetic shield 

and a sample holding arm attached to an electric motor to facilitate spinning. It 

has a micro-processor attached to the spinner magnetometer for processing the flux

gat~ output. After each spin this micro-processor calculates values for two of the 

three orthogonal components of specimen's magnetization. The whole assembly is 

interfaced to a Texas Instrument micro-computer for further data processing and 

operation of the spinner magnetometer. 

The cylindrical specimens are fitted into a cubic SJ?ecimen holder made of plas

tic, which is conveniently fixed in the chuck of the magnetometer's spinning arm. 

The continuous spin of the magnetic specimen generates the fluctuating magnetic 

field. The component of the magnetic moment perpendicular to the rotation axis 

is compared with a reference signal which is generated from the rotating system. 

Fourier analysis of an alterna~ing voltage proportional to the magnetization vector 

is done to find the phase difference between the reference and signal voltages. The 

phase difference between the reference and signal voltages is proportional to the 

angle between the direction of the measured component and a fixed direction across 

the sample holder, oriented such that when component of magnetic moment perpen

dicular to the rotation axis and fiducial direction are parallel the phase difference 

is zero (Collinson, 1983). 

Each specimen was spun in six mutually orthogonal orientations such that each 

of the six faces of the cubical sample holder were in turn presented to the fl.uxgate 
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and any two of the X, Y and Z axes were in turn perpendicular to the spin axis. 

Two orthogonal components of magnetization were obtained from each spin. Six 

orientations thus provided four determinations each of the X,Y and Z components, 

two of each sign. The Intensity, Declination and Inclination of the magnetization 

was then obtained from the average values of the X, Y and Z components. 

The specimens were demagnetized in steps either by alternating field or by 

heating and their residual magnetization was measured after every step. 

3.4 Demagnetization· of Specimens· 

A magnetic sample may contain two or more types of magnetizations. The rock 

acquires a primary remanent magnetization at the time of its formation which is 

parallel to the ambient magnetic field direction. The primary magnetization can be 

Thermo-remanent magnetization (TRM) in igneous rocks (Neel,1955. Verhoogen, 

1959. Stacey, 1962,1963.), Depositional remanent magnetization (DRM) in sedi

mentary rocks (Griffiths et al,1960. Irving and Major, 1964. Collinson, 1965a,. 

Lovelie, 1974. Nagata, 1961. Stacey, l962). Chemical remanent magnetization 

(CRM) may be present as primary remanent magnetization in sedimentary and 

igneous rocks (Kobayashi, 1959. Larson and Walker, 1975. Stacey,1963. 

The rock may then acquire a secondary magnetization between the time of its for

mation and the present time. Viscous remanent magnetization (VRM) is acquired if 

there are magnetic grains in a rock in which thermal fluctuations cause metastable 

changes in domain alignment or domain wall positions (Collinson,1983. Neel, 1955. 

Stacey, 1963). Partial thermoremanent magnetization (PTRM) is acquired by rocks 



20 CHAPTER 3. METHODOLOGY 

whose temperature is raised by burial under deposits or by intrusions. If the temper

ature of the rock exceeds the blocking temperature of any magnetic grains present in 

the rock they will acquire a PTRM when the rock subsequently cools (Briden, 1965. 

Irving & Opdyke, 1965). Lightening strikes on the exposed rocks may produce a 

local magnetization (Cox, 1961., Purucker, 1974). The vector sum of primary and 

secondary magnetizations as they exist at present in the rock is called the Natural 

Remanent Magnetization (NRM). 

The rocks in the present study are volcanic lava flows which have been affected 

by prehnite-pumpellyite to lowermost greenschist facies of burial or regional meta

morphism (Jolly 1974, 1977; Jensen 1978a,b, 1981). Pullaiah et al, 1975 showed 

that magnetization of single-domain pure magnetite and hematite should survive 

the prehnite-pumpellyite and low greenschist facies metamorphism provided there 

has been no chemical change of the iron minerals. In this case the expected NRM 

contained in the rocks under study may be TRM. On the other hand it is also 

expected that regional geological events involving deep- erosion and various genera

tions of burial and intrusion may have resulted in thermal and/or chemical resetting 

of part of the pre-existing NRM (Schutts & Dunlop, 1981). Since it is the primary 

NRM or the NRM acquired by the rocks prior to rotation of the blocks which is 

important for this study. To compare the declinations of magnetization in various 

zones, it is first necessary to remove any secondary magnetizations acquired by the 

rocks after rotation, leaving the primary or the pre-rotation NRM intact as much 

as possible . 
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3.5 Presentation and Analysis of Data 

The basic data obtained are directions and intensities of magnetization measured 

in rock specimens from various sites. After magnetic cleaning a well defined stable 

direction remained in some specimens. The stable directions obtained from these 

samples were averaged to obtained the sample average directions. The sample 

average directions obtained from each site were averaged to obtain a site average 

direction. Site Average directions obtained from each zone were averaged to obtain 

zonal average directions. At sample level the number of specimens used was 1-3, at 

site level the number of samples averaged was 3-5, and at zonal level the number of 

sites averaged was 3-6. 

A Basic language computer program "Spimag" written in the. McMaster Uni

versity Palaeomagnetism Laboratory wa:s used to operate the spinner magnetome

ter and to obtain values of the X, Y and Z magnetization components from the 

magneto-meter's processing unit. The program used the X, Y and Z components 

to calculate the Intensity of Magnetization, Declination and Inclination after each 

demagnetization step. It also performed the spherical trigonometric calculations for 

converting directions of NRM derived from the magnetometer to directions referred 

to the regional system. 

The changes in NRM that occurred during demagnetization were displayed on 

stereographic plots, demagnetization curves (plots of normalized NRM verses the 

applied AF peak field or the temperature) and Zijderveld diagrams ( Zijderveld, 

1967). 

Declinations and inclinations calculated after NRM measurements were plotted 
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on a Wulff's Net using the Spimag program. The stable end points reached during 

demagnetizations of specimens were interpreted to represent the primary (stable) 

NRM directions of the specimens. These directions were then used for sample 

averaging. 

The changes in the Intensity with demagnetization were plotted against the peak 

AF or Temperature. The AF decay curves were used to determine the Median De

magnetization Field and coercivity distribution of the magnetic grains whereas the 

Thermal decay curves indicate the blocking temperatures of the magnetic minerals. 

Zijderveld diagrams were made using a computer program written in Basic lan

guage for principal component analysis (Kirschvink, 1980) . These diagrams com

bine Intensity and Directional changes on the same di'agram. The end of the total 

magnetization vector is projected as points on two orthogonal planes. The horizon

tal plane containing the vector (X2 + Y2 ) 
112 and either the vertical and X(X2 + Z2 

112
) or vertical and Y(Y2 + Z2

) 112 plane, where X, Y and Z are magnetization compo

nents referred to the diagram axes. These planes are shown as super-imposing areas 

with a common axis on the diagram and the axes are scaled in suitable intensity 

units. The intensity of each projected NRM component after each demagnetization 

step is proportional to the distance from the origin to the corresponding point. As 

demagnetization proceeds the points on each plane will trace out paths according 

to the changes in D, I and Intensity see figure 3.3. A straight line was fitted to 

the component of NRM decaying to the origin (Kirschvink, 1980) and its D and I 

were calculated. This direction was considered to be the characteristic (primary) 

NRM of the specimen and was further used for sample averaging. 
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Figure 3.3: Orthogonal diagrams. {a) Representation of a magnetization vector as 
orthogonal components and the projection on a horizontal plane "H" and a vertical 
plane "V", (b) Zijderveld (1967) plots showing the projection of the vectors on to 
the horizontal "h" and vertical "v" planes. Intensity of NRM is shown on EW axis 
in suitable scales. After Piper, J.D. A., (1988). 
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3.6 Statistical Methods 

Scatter and dispersion in the NRM directions obtained from the specimens may be 

due to systematic or random errors arising from magnetometer noise, inaccuracies 

in sample orientation, and imperfections in demagnetizing procedures. There may 

be dispersion in NRM directions among a group of specimens from a sample, site or 

zone due to the secular variation of geomagnetic field and variation in the strength 

of residual secondary magnetization. 

Statistical methods were applied to describe the dispersion in the NRM direc

tions while averaging was done to calculate the sample mean, site mean, and zonal 

mean directions (Fisher, 1953). 

For N number of unit _:yectors a mean direction of resultant vector R was cal

culated by first expressing the individual directions in their direction cosines l,m,n 

where 

l=cos D cos I 

m=sin D cos I 

n=sin I 

D=Declination 

!=Inclination 

Then direction cosines of the resultant lr ,fir and nr were found by the following 

equation: 

lr =1/R (l1 +b ........IN) 


IDr =1/R (m1 +m2 ........mN) 
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and the resultant R was calculated by equation 

The declination and inclination of the mean were found by the following relations. 

Tan Dr =(mi +m2 ..... mN)/(11 +l2 .... .IN) 

Sin Ir =(ni +n2 .....nN)/R 

The probability distribution proposed by Fisher for points on a sphere is of the form 

where 

t/J = angle between the true mean direction and one of the N vectors 

K =Precision parameter 

The best estimate k of the,Fisherian precision parameter K (Fisher Kappa) is given 

for k>3 by Fisher as; 

k = N-1 
N-R 

k was calculated by using the above relation. k may be in the range of 10-1000, the 

higher the value the more tightly grouped the directions. 

The accuracy of the mean direction derived from N vectors with resultant R is 

expressed as the semi-angle a of a cone about the observed mean within which the 

true mean lies with 95% probability. a 95 the circle of 95% confidence was calculated 

by the equation: 

N-R[ 11/N-1 ]Cosa(l-P) = 1-~ P -1 

where 

p = 0.05 

Smaller values of a 95 imply that the directions are more tightly grouped. 
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PALAEOMAGNETIC RESULTS 


4.1 NRM Intensities of Specimens 

Intensities of natural remanent magnetization (NRM) of 303 specimens measured 

are shown in figure 4.4 and figure 4.5. These figures are histograms of intensities. 

In figure 4.4 the specimens are divided into 4 structurally different zones. The 

NRM intensities of specime~s from all the zones range between 0.0001 A/m and 10 

Ajm. Most of the specimens have intensities between 0.01 A/m and 10 A/m. Few 

specimens have intensities greater than 10 A/m. 

Intensities of Zone I specimens are unimodal ranging between 0.01 A/m and 10 

A/m (Fig. 4.4a). Intensities of Zone II specimens can be divided into 3 groups i.e., 

less than 0.01 A/m, between 0.01 and 1.0 A/m and greater than 1.0 A/m (Fig. 4.4b). 

There are relatively more specimens in Zone II which have intensities higher than 

1 A/m. Zone III specimens have most intensities between 0.01 A/m and 10 A/m 

(Fig. 4.4c). The distribution of intensities in Zone III is similar to the distribution 

28 
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Figure 4.4: Histograms of the intensity of natural remanent magnetization (a) Zone 
I, (b) Zone II, (c) Zone III and (d) Zone IV. 
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Figure 4.5: Histograms of the intensity of natural remanent magnetization (a) 
Basalt, (b) Dacite, (c) Gabbro and (d) Diorite. 
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of intensities in Zone I. Most of the Zone IV intensities range between 0.001 A/m 

and 1.0 A/m (Fig. 4.4d) showing that this zone has relatively lower intensities than 

the other zones. 

In ·figure 4.5 the specimens have been divided into different lithology types that 

were sampled. Mainly Basalt was sampled from all the zones. Dacite was sampled 

from 2 sites in Zone II only. Gabbro was sampled from 1 site each in zones I, II and 

III. Diorite was sampled from 1 site in zone I and from 1 site in zone II. 

Intensities of Basalts mainly lie between 0.01 A/m and 10 A/m (Fig. 4.5a), 

however, a few specimens have values lesser or greater than this range. Intensities 

of Dacite specimens can be divided into 3 groups i.e., less than 0.01 A/m, between 

0.01 and 1.0 A/m and greater than 1.0 A/m (Fig. 4.5b). Gabbro specimens have 

intensities distributed bet,;een 0.001 A/m and 10 A/m with most specimens having 

values between 0.01 A/m and 10 A/m (Fig. refint:rokc). Intensities of the Diorite 

specimens are distributed between 0~0001 A/m and 100 A/m with most intensities 

greater than LO A/m (Fig. 4.5d). 

It is apparent from figure ·4.5 that the intensities of basalt and gabbro specimens 

are similarly grouped, whereas, the intensities of dacite and diorite specimens are 

distributed. This distribution of intensities may be due to the varying amounts 

of primary opaques present in the dacite and diorite specimens. Some Basalt and 

Diorite specimens possess very high intensities (>10 A/m), which may reflect the 

abundance of primary opaques in the them. The presence of more Diorite samples 

in zone II is the cause of increased number of higher intensities in this zone II and 

their distribution over all the ranges (Fig. 4.4b). 
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4.2 Stability of Specimens 

The magnetic stability of the specimens is shown in figure 4.6 and figure 4.7. 

Figure 4.6 is a histogram of median demagnetization field (MDF) determined in 

alternating field demagnetization procedures. In this figure the specimens have 

been differentiated into 4 zones . All the MDF's can be divided into 3 groups, soft 

coercivities (MDF < 10 mT) seen in all the zones, medium coercivities (MDF=lO

40 mT) present mostly in zones II and Iv, and hard coercivities (MDF=40-60 mT) 

seen in zones I and IV. Although these 3 groups of coercivities are present in all the 
i~ 

zones but their amount varies. 

Zone I specimens show two types of coercivities (Fig. 4.6a), soft and hard. Zone 

II specimens also show two_types of coercivities (Fig. 4.6b), soft and medium. Most 

of the Zone III specimens have soft coercivities. Some specimens have medium and 

a few have hard coercivities (Fig. 4.6c). Zone IV specimens have all the 3 types of 

coercivities (Fig. 4.6d): 

In figure 4.7 the specimens have been divided into dif- ferent lithologies. Basalt 

specimens show all the 3 types of coercivities (Fig. 4.7a). Dacite specimens show 

only soft and medium coercivities (Fig. 4.7b). Gabbro specimens show all the 

3 types of coercivities (Fig. 4.7c) like the basalt specimens . Diorite specimens 

show soft coercivities with a very few specimens of medium and hard coercivities 

(Fig. 4.7d). 

It is apparent from figure 4. 7 that most of the specimens from all the lithologies 

.,; 
' • have soft coercivity with smaller number of medium and hard coercivities. Dacite 

specimens have no hard coercivities. Figure 4.8 is a histogram of the tempera
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Figure 4.6: Histograms of the median demagnetization fields (MDF) (a) Zone I, (b) 
Zone II, (c) Zone III and (d) Zone IV. 
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Figure 4.7: Histograms of the median demagneti fields (MDF) (a) Basalt, (b) Dacite, 
(c) Gabbro and (d) Diorite. 
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Figure 4.8: Histograms of the temperatures at 50% NRM of the specimens is re
moved (MDT) in thermal demagnetization (a) Zone I, (b) Zone II, (c) Zone III and 
(d) Zone IV. 
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tures at which 50% NRM of the specimens is removed (MDT). The specimens are 

divided into different zones. There are three types of NRM stabilities, low stabili

ties (MDT<l00°C) present in all the zones, medium stabilities (MDT=l00-400°C) 

present mostly in zones II and IV, and high stabilities (MDT>400°C) present mostly 

in zones I and IV. Zone I specimens (Fig. 4.8a) have low and high stabilities with 

a few specimens with medium stabilities. Zone II specimens have low and medium 

stabilities (Fig. 4.8b ). Zone III specimens have low stabilities with a few specimens 

showing medium and high stabilities {Fig. 4.8c). Zone IV specimens have medium 

and high stabilities (Fig. 4.8d). In figure 4.9 the specimens are divided into differ

ent lithologies. Basalt specimens have all the 3 types of NRM stabilities (Fig. 4.9a). 

Dacite specimens have dominantly low NRM stabilities (Fig. 4.9b). Gabbro spec

imens also have all the 3 types of NRM stabilities (Fig. 4.9c). Diorite specimens 

have only low and high NRM stabilitieS (Fig. 4.9d). 

In multidomain grains and near the singledomain-multidomain grain size bound

ary i.e., 3.0:v1o-s mm for magnetite and 0.15 em for hematite (McEllhiny, 1973), the 

magnetic hardness increases with decrease in grain size (Stacey, 1962) or the differ

ence in oxidation states, which with the decrease in grain size causes the magnetic 

hardness to increase (Watkins and Ha~gerty, 1967) . 

Since the coercivities and the types of NRM stabilities are not strictly dependent 

on the zones or the lithologies they may be a function of oxidation state of the rocks 

or the grain size of the opaque minerals. 
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Figure 4.9: Histograms of the temperatures at 50% NRM of the specimens is re
moved (MDT) in thermal demagnetization (a) Basalt, (b) Dacite, (c) Gabbro and 
(d) Diorite. 
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4.3 Demagnetization Behavior of Specimens 

Zone I specimens show two types of demagnetization curves i.e., Low and High coer

civity curves (Fig. 4.10). In low coercivity specimens MDF's range between 50-80 

Oe.(5-8 mT) as shown in figure 4.10a. In high coercivity specimens the MDF's range 

between 500-600 Oe.(50-60 mT) as shown in figure 4.10b. Both types of curves are 

found from samples from sites AB3 and AB5. Thermal demagnetization of speci

mens from this zone also reveals two type of behavior (Fig. 4.11 ). One is the rapidly 

decreasing intensity curve with blocking temperatures distributed between 100 and 

550°C (Fig. 4.11a). 50% of the NRM in this type of behavior is removed between 

100 and 350°C. The second type of curve observed in zone I specimens is a square 

shouldered curve with dis<;reet blocking temperatures between 520° 580°C with a 

small component retained at 640°C (Fig. 4.11b). The coercivities and blocking tern

peratures of these specimens indicate that the remanence is carried by magnetite. 

Specimens with low coercivities and distributed blocking temperatures may be car

ried by magnetites or titanomagnetites of relatively large grain size. The specimens 

with high coercivities and discreet blocking temperatures may be carried by mag

netites of relatively small grain size. Specimens showing these curves are from sites 

AB4 and AB5 which show well grouped southerly steep negative directions. 

Zone II specimens show three type of coercivity curves (Fig. 4.12) Low co

ercivity curves with MDF's ranging between 40- 125 Oe.( 4-12.5 mT) as shown in 

figure 4.12a, medium coercivity curves with MDF ranging between 500-900 Oe., (50

90 mT), remanent coercivities exceeding 1000 Oe (100 mT) as shown in figure 4.12b, 

and unstable demagnetization curves showing zig-zag unstable behavior as shown in 
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Figure 4.10: Alternating Field demagnetization of rocks in zone I (a), Low coercivity 
behavior and (b) high coercivity behavior. 
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Figure 4.11: Thermal demagnetization of zone I rocks (a) distributed blocking tem
peratures and (b) discreet blocking temperatures. 
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Figure 4.12: Alternating Field demagnetization of rocks in zone II (a) Low coercivity 
behavior, (b) high coercivity behavior and (c) unstable coercivity behavior. 
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figure 4.12c. Thermal demagnetization curves are of two types (Fig. 4.13). Grad

ually decreasing intensity curves with blocking temperatures distributed between 

100-580°0 (Fig. 4.13a). 50% of the remnance of these specimens is removed between 

200-450°0. The second type of curves show zig-zag unstable behavior (Fig. 4.13b ). 

The soft (low coercivity) remanences with blocking temperatures ranging be

tween 100-580°0 may be carried by large magnetite or titanomagnetite grains. The 

hard (high coercivity) remanences with blocking temperatures ranging between 100

58000 may be carried by very fine grained magnetites or titanomagnetites. 

Zone III specimens show three types of behavior in AF demagnetization (Fig. 4.14). 

Low coercivity curves with MDF's between 20 and 50 Oe. (2-5 mT) as in fig

ure 4.14a. Medium coercivity curves with MDF's between 200-500 Oe. (20-50 mT) 

as in Figure 4.14b, and zig.::zag unstable behavior·as in Figure 4.14c. Thermal de

magnetization curves show two types of behavior {Fig. 4.15). One is characterized 

by ·rapidly decreasing remnance curves with blocking temperatures distributed be

tween 100-500°0 (Fig. 4.15a). Their 50% remnance is removed between 200 and 

300°0. The second is characterized by zig-zag curves showing unstable behavior as 

shown in figure 4.15b. The low coercivity remanence with blocking temperatures 

distributed between 100-500°0 may be carried by magnetite grains of very· large 

grain size seen at in site AB15 thin sections. The presence of different coerciv

ities in specimens from same site (low, medium and unstable coercivities in site 

AB18 specimens. Low and unstable coercivities in site AB16 specimens) reflect the 

variation in opaque abundances and their grain sizes ·in the rock. 

Zone IV specimens show two types of AF demagnetization behavior (Fig. 4.16). 

Specimens from sites AB20, AB21 and AB22 show zig-zag unstable curves as shown 
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Figure 4.13: Thermal demagnetization of zone II rocks (a) distributed blocking 
temperatures and (b) unstable demagnetization behavior. 
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Figure 4.14: Alternating Field demagnetization of rocks in zone III (a) Low coer
civity behavior, (b) high coercivity behavior and (c) unstable coercivity behavior. 
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Figure 4.15: Thermal demagnetization of zone III rocks (a) distributed blocking 
temperatures and (b) unstable demagnetization behavior. 
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Figure 4.16: Alternating Field demagnetization of rocks in zone IV (a) unstable 
coercivity behavior and (b) high coercivity behavior. 
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in figure 4.16a. Specimens from site AB23 show high coercivity curves (Fig. 4.16b) 

with MDF's between 400-600 Oe. ( 40-60 mT). Some of this remanence is retained 

at 100 mT applied peak field. Thermal demagnetization curves also show two 

types of behavior (Fig. 4.17). Sites AB20, AB21 and AB22 show zig-zag unstable 

curves (Fig. 4.17a). Specimens from site AB23 show square shouldered thermal 

demagnetization curves (Fig. 4.17b) with discreet blocking temperatures between 

400-550°C. These high blocking temperatures and the hard remanence behavior 

characterized by high coercivity reflect that the magnetization may be carried by 

magnetite. It is present only in site AB23 specimens, which show well grouped 

northeasterly directed intermediate inclination magnetization. 

4.4 NRM Directions 

The Natural Remanent Magnetization (NRM) directions and stable ultimate di

rections from all the specimens were analyzed and are described as follows. The 

NRM directions of 309 specimens from 24 sites divided into 4 zones are plotted on 

separate equal area nets in figure 4.18. Figure 4.18a is a plot of zone I (sites AB1

AB6 & ABM) specimens. These specimens have a cluster of southerly, negative 

and steep directions. NRM directions of specimens from Zone II (sites AB7-AB14) 

are plotted in figure 4.18b. These directions are scattered all over the stereonet and 

do not agree at sample, site or zone level. The directions of specimens from Zone 

III (sites AB15-AB19) form a cluster of Northwesterly steep directions as shown 
., 
., in figure 4.18c and the specimens from Zone IV (sites AB20-AB23) plotted in fig

ure 4.18d form a group of North-easterly intermediate inclination directions. Both 
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Figure 4.17: Thermal demagnetization of zone IV rocks (a) unstable demagnetiza
tion behavior and (b) discreet blocking temperatures. 
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Figure 4.18: Equal area stereographic projections of natural remanent magneti
zation (NRM) directions obtained from specimens of (a) Zone I, (b) Zone II, (c) 
Zone III, and (d) Zone IV. Open circles indicate upward directions and solid circles 
indicate downward directions. 
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positive and negative directions are present in all the zones. 

4.5 Demagnetization Results 

Directional changes in the NRM of specimens were analyzed by Stereographic Plots 

and Zijderveld Diagrams after demagnetization by AF or Thermal methods. 

4.5.1 Zone I 

51 specimens from zone I were demagnetized by alternating field out of which only 

30 specimens show some stable directions while the rest show unstable randomized 

demagnetization behavior. Typical examples of stable end points from this zone 

are shown in figure 4.19, and typical examples of Zijderveld diagrams are shown in 

figure 4.20 

42 specimens were demagnetized by heating upto 600°0. Of these 18 specimens 

gave stable end points with southerly, steep, negative directions. Typical examples 

are shown in figure 4.21. · 15 specimens gave Zijderveld diagrams with single 

component magnetization. 6 of them decay to the origin univectorilly (Fig. 4.22). 

and 9 stay stable upto 400°C and then quickly decay to the origin. 

Most of the stable directions from zone I are southerly steep and negative. These 

directions agree reasonably well on sample and site level. They are mostly single 

component showing very little change in direction even after demagnetization upto 

1000 Oe (100 mT) applied peak field or a temperature of 600°C. Magnetizations 

obtained from this zone are more stable than other zones, have higher coercivity 

and MDF's. Their 50% NRM is removed at higher temperatures than the other two 
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Figure 4.19: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone I specimens during step wise AF demagnetization. 
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Figure 4.20: Typical examples of progressive orthogonal AF demagnetization dia
grams of Zone I specimens. 
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Figure 4.21: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone I specimens during step wise Thermal demagnetization. 
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Figure 4.22: Typical examples of progressive orthogonal Thermal demagnetization 
diagrams of Zone I specimens. 
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magnetizations found in the region and is present in different type of rock suites in 

the zone i.e., Basalts, Gabbro and Diorite. 

4.5.2 Zone II 

47 specimens were AF demagnetized from this zone out of which only 17 specimens 

show stable end points. 11 of these show positive, steep directions and 6 speci

mens show negative shallow to intermediate directions either easterly or westerly 

(Fig. 4.23). Both negative and positive polarities are present, but they are scattered. 

24 specimens show single component magnetization decaying univectorilly to 

the origin (Figure 4.24).. These directions do not agree at sample or site level. 

46 specimens were demagnetized by Thermal Methods. 21 specimens show stable 

end points shown in figure 4.25). 15 of these have positive steep directions which 

are dispersed and 6 specimens have NRM directions which are negative steep and 

easterly . 5 specimens show swinging demagnetization pattern. 

Zijderveld diagrams show that 18 specimens have single component magneti

zation decaying univectorilly to the origin and 6 specimens show two component 

magnetization. Typical examples fro!n this zone are shown in figure 4.26. The 

specimens from this zone show stable end points in stereo plots and linear segments 

in Zijderveld diagrams but their directions do not agree on sample or site level. 

Most of the stable directions from this zone are scattered and do not agree on 

sample or site level. Most of these directions are single component showing very 

little change in direction during demagnetization (Fig. 4.23). They do not show 

any grouping and appear to be scattered. Both normal and reversed polarities are 
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Figure 4.23: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone II specimens during step wise AF demagnetization. 
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Figure 4.24: Typical examples of progressive orthogonal AF demagnetization dia
grams of Zone II specimens. 
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Figure 4.25: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone II specimens during step wise Thermal demagnetization. 
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Figure 4.26: Typical examples of progressive orthogonal Thermal demagnetization 
diagrams of Zone II specimens. 
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present. Although these magnetizations are stable, their MDF's and 50% NRM 

removal temperatures are lower than the Zone I specimens. Some specimens show 

unstable moving behavior during AF demagnetization (Fig. 4.23a). 

4.5.3 Zone III 

31 specimens were demagnetized by AF method from this zone. 18 specimens show 

stable end points. 12 of these have positive steep westerly directions {Fig. 4.27). 

Zijderveld diagrams show that 10 specimens possess single component magnetiza

tions decaying smoothly to the origin. Typical examples are shown in figure 4.28. 

33 specimens were demagnetized by Thermal methods from this zone. 13 spec

imens exhibit Westerly steep positive directions as shown in figure 4.29 and 20 

specimens possess scattered random magnetization. Zijderveld diagrams show that 

9 specimens have single component magnetization which decays to the origin mak

ing a straight line and 3 specimens show two component magnetization. Typical 

examples are shown in figure 4.30. 

Most of the stable directions from this zone are Westerly steep and positive. 

Some directions with intermediate negative and steep positive polarities are present 

in northeastern quadrant. These directions agree on sample and site level. They 

are mostly single component showing very little change in direction even after de

magnetization upto 1000 Oe. {100 mT) applied peak field or 600°C temperature. 

These magnetizations have comparatively low MDF's (mostly below 10 mT) and 

their 50% NRM removal temperatures are below 300°C. 
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Figure 4.27: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone III specimens during step wise AF demagnetization. 
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Figure 4.28: Typical examples of progressive orthogonal AF demagnetization dia
grams of Zone III specimens. 
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Figure 4.29: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone III specimens during step wise Thermal demagnetiza
tion. 
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Figure 4.30: Typical examples of progressive orthogonal Thermal demagnetization 
diagrams of Zone III specimens. 
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4.5.4 Zone IV 

26 specimens were demagnetized by AF methods. 11 specimens show stable end 

points. 7 of them possess north-easterly intermediate positive directions, and 2 

specimens show swinging end points. Typical examples are shown in figure 4.31. 

Zijderveld diagrams show that 3 specimens possess single component magnetization 

decaying to the origin univectorilly and 5 specimens show two or more component 

magnetization. Typical examples are shown in figure 4.32. 

27 specimens were demagnetized by thermal methods from this zone. 5 speci

mens possess easterly positive intermediate stable direction as shown in figure 4.33 

and 21 specimens show randomly scattered directions. Zijderveld diagrams show 2 

specimens possessing singl~ component magnetization and 8 specimens possessing 

two or more components of magnetization as shown in figure 4.34. 

Most of the stable directions from this zone come from the site AB21 and AB23 

specimens. These directions agree well on sample and site leveL Site AB23 di

rections are northeasterly, intermediate and positive and the site AB21 directions 

are westerly, positive and steep, similar to the zone III directions. They are mostly 

single component showing very little change in direction even after demagnetization 

upto 1000 Oe. (100 mT) applied peak field or 600°C temperature. The magnetiza

tions found in site AB23 specimens have high MDF's and High 50% NRM removal 

temperatures. 
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Figure 4.31: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone IV specimens during step wise AF demagnetization. 
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Figure 4.32: Typical examples of progressive orthogonal AF demagnetization dia
grams of Zone IV specimens. 
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Figure 4.33: Typical examples of equal area stereographic projection of residual 
magnetic directions of Zone IV specimens during step wise Thermal demagnetiza
tion . 
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Figure 4.34: Typical examples of progressive orthogonal Thermal demagnetization 
diagrams of Zone IV specimens. 
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4.6 Characteristic Directions 

Characteristic directions were analyzed by visual inspection of Zijderveld diagrams 

(Zijderveld 1967) for straight line segments, stereonet plots for stable end points, and 

the principal component analysis by the use of a Basic language computer program 

(Kirschvink 1980), by linear least square fitting of the linear segments obtained on 

orthogonal vector plots. If the error in least square fitting was greater than ~12° 

then stable end points on stereonet plots were selected by visual inspection. 

Stable end points of the 188 specimens obtained by the above mentioned criteria 

from four zones after progressive demagnetization upto 100 mT or 600°0 are plotted 

on separate equal area stereonets in Figure 4.35. 38specimens did not yield any sta

ble directions. It can be seep. from the figure 4.35 that the directions obtained from 

the four zones are different and can be distinguished. Zone I specimens (Fig. 4.35a) 

show dominantly negative directions. There are few specimens that give positive 

directions. These positive directions lie in the southern and north-western parts of 

the stereonet. There is a well grouped southerly, steep and negative polarity cluster. 

This group of directions is the characteristic direction of zone I specimens. The sta

ble directions obtained from zone II specimens (Fig. 4.35b) are scattered all over the 

stereonet. Both normal and reversed polarities are present. Only sites AB10, AB11 

and AB13 from this zone show easterly intermediate to steep positive directions 

that are very poorly grouped. Zone III specimens (Fig. 4.35c) show dominantly 

positive, north-westerly steep directions. Very few reversed polarities are present, 

but they are not grouped at sample or site level. The northwesterly, steep positive 

group of directions is characteristic of zone Ill specimens. The directions obtained 
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Figure 4.35: Equal area stereographic projections of characteristic magnetization 
directions obtained from specimens of (a) Zone I, (b) Zone II, (c) Zone III, and (d) 
Zone IV. Open circles indicate upward directions and solid circles indicate downward 
directions. 
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from zone IV can be distinguished into two groups (Fig. 4.35d). One group is seen 

in the northwestern quadrant of the stereonet. These directions are obtained from 

site AB21 and AB22 specimens and seem to resemble the zone III characteristic 

directions. The other group seen in the northeastern quadrant is obtained from the 

site AB23 specimens. These directions are well grouped at sample and site level and 

are characteristic of the site AB23 specimens only. Few scattered reversed polarities 

are also seen from zone IV specimens. 

These clusters of stable directions from different zones appear after demagneti

zation. Most of the magnetizations are single component and after demagnetization 

they remain stable close to the NRM directions. There are some specimens which 

show unstable behavior i.e., they seem to be moving from one point to another, not 

stabilizing at one point. 

4.7 Averaging of Directions 

Averaging of the stable directions was carried out at three levels i.e., sample, site 

and zonal levels. 

At first level, Sample Mean Directions were obtained by averaging the specimen 

directions. 2-4 specimens were used to obtain sample averages. If the direction of 

a specimen disagreed with the other specimen directions from the same sample by 

more than 50° it was rejected. Only 1% specimen directions were rejected at this 

level. 

At second level, Site Mean Directions were obtained by averaging the sample 

mean directions. 2-6 sample averages were used to obtain the site mean directions. 
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If the direction of a sample disagreed with the other sample directions from the 

same site by more than 50° it was rejected. 37% sample directions were rejected at 

this level. 

Summary of Site Average Directions is given in table 4.1 and they are plotted 

on stereographic nets in figure 4.36 

Finally, Zonal Mean Directions were obtained by averaging the Site Mean Di

rections. 3-6 site averages were used to obtain the zonal mean directions. 

Summary of Zonal Average Directions and their corresponding palaeomagnetic 

poles is given in Table 4.2. and the zonal averages directions are plotted on stereo

graphic nets in figure 4.37 with their respective site average directions. 

Averages for sites AB6,__AB7, ABB, AB11, AB14, AB18, AB20 and AB22 could 

not be obtained because their sample directions failed to pass the above mentioned 

criteria. It is interesting to note .from figure 1.1 that sites AB7, AB8, ABU and 

AB14 from zone II and sites AB16 and AB20 from zone III lie near the shear 

zone (along the PDF). The specimens from sites near the PDF mostly fail to pass 

the above mentioned selection criteria and hence yield no characteristic sample or 

site directions. However, the directions of specimens from some sites located near 

the shear zone e.g., AB9, ABlO, AB12, AB13 and AB16 do agree on sample and 

site level but these directions do not agree on zonal levels. It implies that the 

magnetization in the shear zones have either been scattered or have been locally 

rotated. 
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Table 4.1: Summary of Site Average Directions 
(Before Structural Corrections) 

Site N Dec Inc F.Kappa a95 

ABOl 4 271.0 -54.0 4.0 53.0 
AB02 3 187.0 -75.0 41.0 19.0 
AB03 5 205.0 -41.0 30.0 14.0 
AB04 4 188.0 -60.0 33.0 16.0 
AB05 6 172.0 -57.0 10.0 23.0 
AB06 
ABM 4 147.0 -67.0 3.0 69.0 
AB07 
AB08 
AB09 2 63.0 -30.0 30.0 47.0 
ABlO 3 54.0 37.0 20.0 28.0 
AB11· 
AB12 3 265.0 50.0 5.0 66.0 
AB13 4 106.0 49.0. 9.0 33.0 
AB14 
AB15 5 306.0 46.0 34.0 13.0 
AB16 4 78.0 41.0 7.0 38.0 
AB17 2 284.0 38.0 31.0 46.0 
AB18 
AB19 3 320.0 52.0 74.0 14.0 
AB20 -.0 
AB21 4 297.0 52.0 9.0 33.0 
AB22 
AB23 6 34.0 29.0 28.0 13.0 

N No. of Samples 
Dec Declination 
Inc Inclination 
k F. Kappa (A measure of scatter of N vectors) 
a 95 Angle of 95% probability of true mean direction 
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Figure 4.36: Equal area stereographic projections of site average directions for Zone 
I (a), Zone II (b), Zone III (c) and Zone IV (d). 
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Figure 4.37: Equal area stereographic projections of zonal average directions for 

Zone I, Zone II, Zone III, and Zone IV with their respective site average directions. 
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Table 4.2: Summary of Palaeomagnetic Results Before Structural Corrections. 

Zone/Site N Dec Inc k ags Lat Long dp dTn 

Zone I 6 197.0 -65.0 11.0 21.0 78.0 165.0 40.0 10.0 ~'=,. 
Zone II -4 66.0 48.0 2.0 36.0 166.0 112.0 129.0 ) <; -r::.. 
Zone III 3 301.0 46.0 31.0 23.0 41.0 346.0 26.0 24.0<\ 

I 

6 ·.Site AB23 34.0 29.0 28.0 13.0 47.0 207.0 17.0 10.0 

N No. of Sites (Samples) for Zones (Sites) 
Dec Declination 
Inc Inclination 
k F. Kappa (A measure of scatter of N vectors) 
ags Angle of 95% probability of true mean direction 
Lat Ancient Latitude 
Long Ancient Longitude 
dp&dm - Polar errors 

4.8 Structural Correction of Stable Directions 

The Fold test proposed by Graham, 1949 was applied and the site average directions 

obtained were corrected for the local strike and dip of the rocks (Collinson, 1983). 

Geo-information map sheets of the Ministry of Energy and Resources, Govt. of 

Quebec were used to obtain the local strike and dip of the sites. 

Zone I mean direction after structural correction (Dec=l54.0, lnc=-35.0, k=13.0, 

ag5 =19.0, N=6 sites) shows some improvement ink (Fisher Kappa, a measure of the 

scatter of directions) and a 95 (the angle of 95% probability of true mean direction) as 

compared to the Zone I uncorrected mean direction (Dec=197.0, Inc=-65.0, k=ll.O, 

·, a 95 =21.0, N=6 sites). Although this improvement is very small, it is evidence 

suggesting that the Zone I magnetization is pre-folding and hence, may be Archean 
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mage. 

The rotated Zone II mean direction (Dec= 68.0, lnc= 52.0, k=2 .0, N=4 sites) 

does not show any improvement in k and ass compared to the unrotated Zone II 

mean direction (Dec= 66.0 , lnc=47.0 , k= 2.0, N= 4 sites). Very low value fork and 

very large values for ass imply that these directions are randomly distributed. Since 

the Zone II sites are located near the PDF zone, their magnetization may have been 

destroyed by shearing (Hale and Lloyd, 1989). 

The rotated Zone III mean direction (Dec=211, lnc=-23, k=3.0, N=4 sites) also 

does not show any improvement in k and ass as compared to the unrotated Zone III 

mean direction (Dec=323, Inc=59, k=4.0, N=4 sites). After structural corrections 

three sites (AB15, AB17 and AB19) from this zone are well grouped and give a 

zonal mean direction (Dec . 213.0, Inc=-43.0, k=l6.0, as5 =32.0, N=3 sites). Site 

AB16 which lies near the fault zone (see figure 1.1) gives a different magnetization 

direction which does not agree with the other site mean directions of this zone. 

The structurally corrected directions from sites AB15, AB17 and AB19 are similar 

to the southerly, negative directions obtained from Zone I sites in inclination and 

polarity, but differ significantly in declination. 

The rotated mean directions from Zone IV sites shift to the southwestern quad

rant with out any change in their statistics because same the structural correction 

was applied to all the sites. 

Summary of Zonal Average Directions and their corresponding palaeomagnetic 

poles after structural corrections is given in Table 4 .3 and the zonal average direc

tions are plotted in figure 4.38 with their respective site average directions. 

( 
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Figure 4.38: Equal area projection of structurally corrected zonal average directions 
for Zone!, II, III and IV with their respective site averages. Open(closed) symbols 
are used for upper (lower) hemisphere directions. 
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Table 4.3: Summary of Palaeomagnetic Results After Structural Corrections. 

Zone/Site N Dec . Inc k a9s Lat Long dp dTn 

Zone I 
Zone II 
Zone III 
Site AB23 

6 
4 
3 
6 

154.0 
68.0 

214.0 
229.0 

-35.0 
52.0 

-43.0 
210.0 

13.0 
2.0 

16.0 
28.0 

19.0 

32.0 
13.0 

54.0 
38.0 
55.0 
-4.0 

304.0 
160.0 
199.0 

21.0 

29.0 
130.0 
48.0 

6.0 

14.0 
160.0 

25.0 
15.0 

> 

N No. of Sites (Samples) for Zones (Sites) 
Dec Declination 
Inc Inclination 
k F. Kappa (A measure of scatter of N vectors) 

a95 Angle of 95% probability of true mean direction 
Lat Ancient Latitude 
Long Ancient Longitude 
dp&dm Polar errors 

4.9 Palaeomagnetic Rotation 

Figure 4.39 is a map showing the locations of sampling sites of zones I, II, III and 

IV. The site mean declination obtained after structural correction for every site is 

m?Xked by the arrow. It is apparent from the map that zone I directions (sites 1-5 

& M) are similar to each other lying in the southeastern direction. These appear 

to be rotated with respect to the zone III directions (sites 15-20) which lie in the 

southwestern direction. 

Summary of Zonal average directions before and after structural corrections is 

given in Table 4.2 and Table 4.3. It is apparent from the structurally corrected 

(pre-folding) Zone I mean direction (D=154, I=-35, k=13.0, a 95 =19, N=6 sites) 

and Zone III mean direction (D=214, I=-43, k=16.0, a 95 =32, N=3 sites) that 
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Figure 4.39: Map of the area showing the direction of mean declination at each 

sampling site in zone I, II , III and IV. 
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their inclinations and polarities are similar but their declinations are different. The 

difference between the zone I magnetization declination (154 ~19°) and zone III dec

lination (214 ~32°) suggest that Rouyn-Noranda Block has rotated anti-clockwise 

about a vertical axis with respect to the adjacent block by approximately 60 ~ 37°. 



Chapter 5 

DISCUSSION AND 

CONCLUSIONS 

5.1 General Discussion 

The specimens from Zone I and Zone III carry remanence which is reason-ably 

grouped at the sample, site. and zonal levels. The specimens from Zone II carry 

dispersed remanences which do not agree at sample, site or zonal levels. The rema

nences from Zone IV specimens agree at sample and site levels but do not agree at 

zone level. The NRM intensities of most of the specimens are strong between 0.01 

A/m and 10 A/m. The stabilities of the remanences fall in 3 categories low (MDF 

< 10mT), medium (MDF = 10-40 mT), and high (MDF> 40 mT). 

Sites AB6, AB7, AB8, ABll, AB14, AB16, AB20 and AB22 which lie on the 

fault zones see figure 1.1 failed to yield site averages because their specimen di

rections were too dispersed to pass the criteria (explained in Chapter 4) set for 

l19 
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averagmg. 

Three different magnetizations were obtained from Zone I (D = 197 .0, I=-65.0, 

K=ll, a 95 =21.0, N= 6 sites), Zone III (D=323.0, I=59.0, K = 4, a 95 = 54.0, N=4 

sites) and site AB23 in Zone IV (D=34.0, I=29.0, K=28, a 95 = 13.0, N= 6 samples) 

before structural corrections. Zone II specimens show dispersed directions (D=66.0, 

I= 47.0, K=2, a 95=-, N=4 sites). After structural corrections Zone I average 

direction becomes (D=154.0, I=-35.0, K=13, a 95 =19.0, N=6 sites) and Zone III 

average direction becomes (D=214.0, I=-43.0, k=16, a 95 =32.0, N=3 sites). The 

Zone I and Zone III directions show difference in declination of magnetization inside 

the Rouyn-Noranda block (154~19°) and in the adjacent block (214~32) suggesting 

that there have been a 60~37° anti-clockwise rotation of the Rouyn-Noranda lozenge 

shaped block relative to the adjacent block. 

Some improvement in the statistics of the Zone I mean direction after structural 

correction indicates that the magnetization in these rocks is pre-folding and may 

be Archean in age. This evidence is further strengthened by the fact that these di

rections are obtained from the relatively central and unstrained parts of the Abitibi 

greenstone belt and are present in different sampled lithologies i.e., Basalt, Gabbro 

and Diorite. The preservation of primary remanence in Abitibi belt have been re

ported earlier from Archean basalts far removed from any intrusions (Tassilo-Hirt 

et al., 1882 and Schutts & Dunlop, 1981), although their statistics too were not 

very good. Furthermore, in the present study the directions are stable, have high 

stability and agree reasonably well on sample and site and zonal level. 

Zone II specimens show dispersed directions before and after structural correc

tions. The statistics (k=2, a 95 > 50°) of these directions before and after structural 
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corrections imply that they are randomly distributed. 

Structurally corrected Site AB21 mean direction (D=200, I=-45, K=9, a 95 = 33) 

are similar to the zone III directions. Site AB23 specimens of Zone IV give a 

northeasterly direction (D = 34, I=29, k=28, a 95 = 13) before structural correction 

which becomes (D = 229, I=30, k=28, a 95 =13) after structural correction. This 

direction is not obtained from any other site in the area and may be a locally 

acquired magnetization, probabily by lightening strike or by a local hydrothermal 

event . 

Hubert et al, 1984 explained the evolution of Abitibi belt by wrench fault tecton

ics (Moody and Hill, 1956; Harland, 1971; Wilcox et al, 1973) model, summarized 

in figure 5.40. The diagram suggests that in response to the left lateral wrench 

fault movements between Larder Lake Cadillac fault and Porcupine Destor Faults 

the area has been deformed in several phases. Deformation D 1 produced by large 

scale movements along megashears caused stretching and shortening, deformation 

D 2 produced compression along Z axis (shown in figure 5.40) and resulted in the 

formation of reverse faults ~nd later deformation D3 produced a set of conjugate 

strike-slip faults. Hubert et al. proposed that SVZ represents allochthonous blocks 

of volcanic terranes that have been rotated, uplifted and eroded during wrench fault 

ing. In a left lateral wrench zone the fault-bounded blocks are expected to rotate 

anti-clockwise (Wilcox et al, 1973). The apparent discrepancy between the palaeo

magnetic declinations obtained from zone I and zone III specimens are consistent 

with this hypothesis and indicates an anti-clockwise rotation of Rouyn-Noranda 

block by 60 !37° relative to the adjacent blocks see figure 4.39. 

The anti-clockwise rotation of Rouyn-Noranda block also suggests a right lateral 
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Figure 5.40: Wrench Fault Tectonics model for the evolution of southern volcanic 
zone (Abitibi subprovince) proposed by Hubert et al., 1984. 
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movement along the northwest-southeast trending faults that separate the lozenge 

shaped blocks in the area. This movement is in the opposite sense to that of the 

PDF and LCF zones. 

The Archean basalt-gabbro direction obtained by Schutts and Dunlop, (1981) 

from western side of the present project area from the Kirkland Lake Matheson 

area in Ontario, (D=ll4.0, I=-32.0, K=l5,a95 =11.0) differs both in declination 

and inclination from the characteristic direction of Rouyn-Noranda block (Zone 

I mean direction) but has the same polarity. The difference in declination (143

114) suggests a 29° anti- clockwise rotation of Kirkland area relative to the Rouyn

Noranda block and the difference in inclination ( 45-32) suggests a tilt of 13° . Earlier 

reported Archean gabbro (unbaked) direction (D=189.0, I=-23.0, a 95 =17.0) and 

Archean lava direction (D -32.0, I=-87.0, a 95 =6.0) by Irving and Naldrett (1977) 

and (D=190.0, I=-29.2, K=L5, a 95=25.0) for Blake River Group by Tassilo-Hirt 

et al, (1982) also suggest that the declinations and inclinations in various parts of 

the Abitibi belt do not agree and may have been displaced relative to one another 

implying block rotations and tilting. However, there remains the possibility that 

these directions are acquired in different ages. 

Since the magnetization directions in the Abitibi belt are rotated so the pole 

positions obtained from them are also displaced from their original positions. There

fore, the pole positions from the Abitibi belt can only be used to construct APWP 

for the local structural blocks and not for the North America. 
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5.2 Conclusions 

1. 	Pre-folding probably Archean magnetization is preserved in the central, 

unstrained parts of the Abitibi Greenstone belt. 

2. 	The remanences in the fault zones have been severely dispersed by the 

tectonism. 

3. 	Declinations of primary magnetization obtained from Rouyn-Noranda structural 

block and the adjacent block differ by 60 ~37°. 

4. 	The discrepancy of declinations from the two adjacent zones is consistent 

with the "Allochthonous Collage" hypothesis proposed by Hubert et al. 

suggesting anti-clockwise rotation of Rouyn-Noranda block. 

5.3 Suggestions For Further Work 

1. 	The palaeomagnetic directions from the Abitibi belt are rotated/tilted 

along vertical/horizontal axis and their corresponding paleopoles would be 

displaced. Therefore the palaeopoles obtained from the Abitibi belt may not be 

used to make APWP for the North America. 

2. 	The magnetization directions of samples collected near the shear zones are 

scattered whereas, the magnetization directions of samples collected from the 

unstrained parts are well grouped at sample, site and zonal level. Therefore, 

only the unstrained central parts of the Abitibi belt be used for paleomagnetic 

work. 

3. 	Some improvement in the precision statistics shown by zone I specimens 

indicate that the Abitibi belt have undergone structural deformations and the 
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palaeomagnetic directions in the area have been folded. Therefore, detailed 

structural corrections are necessary to obtain the primary remanence from the 

Abitibi belt. 
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