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ABSTRACT 

A major east-west s t r u c t u r a l discontinuity, termed the Minas 

Basin - Chedabucto Bay - Orpheus f a u l t zone, transects Nova Scotia 

and the adjacent Nova Scotian continental s h e l f . To the north of th i s 

discontinuity, the geophysical evidence indicates s t r u c t u r a l continuity 

between the late Precambrian basement rocks of southeastern Newfoundland 

and eastern Cape Breton Island. The generally dense basement rocks 

of the northern Scotian Shelf are pierced by intrusions of magnetic 

granite and traversed by linear belts of volcanic rocks. The basement 

i s depressed into a regional east-west trough which i s f i l l e d by 

Palaeozoic and younger sedimentary rocks. To the south of the major 

east-west discontinuity, the southern Scotian Shelf consists of a 

southeasterly dipping early Palaeozoic basement complex intruded by 

granite and overlain by a wedge of late Palaeozoic and younger 

sedimentary rocks which reach their maximum thickness east of Sable 

Island. The most notable feature on the Nova Scotian continental 

shelf i s the Orpheus Graben which l i e s along the Minas Basin -

Chedabucto Bay - Orpheus fa u l t zone and which i s f i l l e d with Mesozoic 

sedimentary rocks. Many of the basement s t r u c t u r a l features on the 

Nova Scotian continental shelf appear to be products of continental 

c o l l i s i o n s during the early Palaeozoic Era while other features are 

probably due to continental separation i n the late Palaeozoic and 

Mesozoic Eras. In parti c u l a r , the Minas Basin - Chedabucto Bay -

Orpheus f a u l t zone was probably i n i t i a t e d i n Siluro-Devonian times 

as the r e s u l t of the thrusting of the northwestern portion of A f r i c a 

into the l a t e Precambrian rocks of the Avalon (Acado-Baltic) Platform 



of southeastern New Brunswick, eastern Cape Breton Island and south­

eastern. Newfoundland. Later on,the Orpheus Graben was formed along 

the existing zone of weakness probably i n T r i a s s i c or J u r a s s i c time 

as a result of continental break-up and the formation of the 

present-day A t l a n t i c Ocean. 
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CHAPTER 1 

INTRODUCTION 

1.1 DESCRIPTION OF AREA OF INVESTIGATION 

The continental shelf area under investigation i n this thesis 

i s about 200 km wide and 700 km long and runs northeast from Cape 

Sable, on the southern tip of Nova Scotia to Burin Peninsula, New­

foundland (Figure 1.1). The northwest-southeast trending Laurentian 

Channel i s the major bathymetric feature on the Nova Scotian 

continental shelf and i t separates St. Pierre Bank on the northeast 

from a se r i e s of banks and basins to the southwest. Except for the 

Laurentian Channel, the bathymetric trends, where they can be defined, 

are primarily northeast-southwest as in Hermitage Channel or 

approximately east-west as i n the severely dissected area north of 

Banquereau. 

li.2 IMPORTANCE OF THE NOVA SCOTIAN CONTINENTAL SHELF 

Since the advent i n the l a t e 1960's of the concept of moving 

"plates" of lithosphere (McKenzie and Parker, 1967; Morgan, 1968), a 

major revolution has taken place i n concepts of the earth|s geological 

structure and history and an orderly network of hitherto poorly 

related observations and theories i s currently being woven together. 

There are, nevertheless, many unsolved problems and some of these 

involve continental shelves and margins. For example, l i t t l e i s yet 

known about the transition from continental to oceanic crust at con­

tinenta l margins nor are the causes of the considerable warping, 

fracturing and v e r t i c a l movement of continental shelves completely 



Figure 1.1: Location map showing the main bathymetric 

features of the continental shelf off 

Nova Scotia and southern Newfoundland. 

Maximum depth of the Laurentian Channel 

i s 535 meters i n the area between Cape Breton 

Island and Newfoundland. Maximum depth on the 

Scotian Shelf i s 291 meters i n Emerald Basin. 
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understood although considerable progress has been made in the l a s t 

decade or so, towards solving these problems (e.g. Drake et a l . , 

1959; Worzel, 1968; Bott and Dean, 1972). 

The continental shelf off Nova Scotia, Canada i s of interest 

from the point of view of plate tectonics because most of the geological 

structures are probably r e l i c s of c o l l i s i o n s of continental land masses 

during the Palaeozoic Era (e.g. McKerrow and Ziegler, 1972) while some 

of the structures may be due to the separation of A f r i c a and North 

America during the Mesozoic Era (e.g. Stephens and Cooper, 1973). There 

were at l e a s t two Palaeozoic c o l l i s i o n s which affected the Scotian Shelf. 

The f i r s t c o l l i s i o n , which brought the B a l t i c and Canadian shields to­

gether, l o c a l l y brought the 600 m.y. old rocks of the Avalon Platform 

(Poole, 1967), now preserved i n southeastern Newfoundland and parts of 

Cape Breton Island, central. Nova Scotia and southeastern New Brunswick 

(Zone H i n Figure 1.2), into proximity with the 1000 m.y. old basement 

rocks of the St. Lawrence Platform, which i s exposed i n northwestern 

Newfoundland (Zone A of Figure 1.2) and l i e s beneath the Gulf of 

St. Lawrence in the area north of the Laurentian Channel (Figure 1.1). 

The f i r s t approach of two land masses and the i r subsequent c o l l i s i o n i s 

manifested by the Taconic (Ordovician) and Acadian (Devonian) Orogenies. 

The second c o l l i s i o n occurred when Gondwanaland and Laurasia came to­

gether i n late Palaeozoic time and produced the Hercynian Orogeny in 

Europe and the Appalachian Orogeny i n North America (e.g. Burrett, 

1972). Some of the Devonian tectonic a c t i v i t y that affected the Avalon 



Platform may r e f l e c t early stages of the second c o l l i s i o n (McKerrow 

and Ziegler, 1972). A major geological problem i s to determine the 

relationship of southern Nova Scotia (Zone I i n Figure 1.2) and the 

adjacent continental shelf to the r e s t of the Canadian Maritime 

Appalachians. Schenk (1971) suggests that t h i s area may have once 

been part of northwest A f r i c a . One of the puzzling aspects of the 

second continental c o l l i s i o n i s why i t affected a wide band i n 

Europe and Africa running from southern England to Morocco but 

apparently only two narrow zones in the Canadian maritimes. One 

zone runs northeast through the Bay of Fundy, eastern Prince 

Edward Island and the central part of western Newfoundland, the 

other zone extends east from the Bay of Fundy, runs south of the 

Cobequid Highlands and passes out to sea through Chedabucto Bay 

(Figure 1.1). 

I t i s also interesting to note that there was very l i t t l e 

tectonic a c t i v i t y associated with the opening of the A t l a n t i c 

when North America moved away ( i n a r e l a t i v e sense) from A f r i c a 

(e.g. Pitman and Talwani, 1972). Apart from a few scattered 

T r i a s s i c and younger dikes, Mesozoic tectonic a c t i v i t y was 

r e s t r i c t e d mainly to the Bay of Fundy - Chedabucto Bay zone. 

Because the Scotian Shelf i s adjacent to a passive margin i t has 

probably been subjected to downwarping and fracturing, tectonic 

processes that are common to passive margins (Bott, 1971); the 

Scotian Shelf should therefore, provide s c i e n t i s t s with an 

opportunity to outline the evolution of a passive-margin-type 

continental shelf. 



Figure 1.2: Map showing main Tectonic zones bordering 

the Nova Scotian Continental shelf (after 

Williams et a l •» 1972) 

Zone A: Cambro-Ordovician carbonate rocks 

unconformably overlying Grenville basement 

rocks. Transported rocks are ophiolite 

complexes. 

Zone B: Cambro-Ordovician carbonate rocks uncon-

formably overlying polyphase deformed s c h i s t s . 

Zone C: Thick c l a s t i c sedimentary and volcanic rocks 

overlying gneissic basement rocks. 

Zone D: Mainly lower and middle Ordovician mafic 

volcanic rocks. 

Zone E: Chiefly lower and middle Ordovician 

sedimentary and volcanic rocks. 

Zone F: Generally Ordovician s l a t e s and other 

sedimentary rocks with minor mafic and 

ultramafic intrusions. 

Zone G: Pre-middle Ordovician metasedimentary rocks, 

gneisses and migmatites. Some intrusive 

Devonian granite. 

Zone H: Thick succession of la t e Precambrian volcanic 

and sedimentary rocks overlain i n places by 

Cambrian and Ordovician shales and sandstones. 

Zone I : Thick succession of Cambro-Ordovician shales 

and greywackes intruded by Devonian granite. 

Some Ordovician/Silurian mafic volcanic rocks. 
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The S c o t i a n S h e l f i s c u r r e n t l y of great economic i n t e r e s t 

s i n c e the d i s c o v e r y of o i l a t Sable I s l a n d ( F i g u r e 1.1). 

1.3 SCOPE OF THE THESIS. 

The main emphasis i n t h i s t h e s i s i s on a s t r u c t u r a l i n t e r p r e ­

t a t i o n of underwater g r a v i t y data obtained on the S c o t i a n S h e l f by 

the G r a v i t y D i v i s i o n of the E a r t h P h y s i c s Branch of the Department 

of Energy, Mines and Resources, Ottawa during the summers of 1970 and 

1971 (Stephens e t a l . , 1971; Stephens and Cooper, 1973) but, where 

they are a v a i l a b l e , published magnetic anomalies and s e i s m i c data a r e 

i n c o r p o r a t e d i n t o the a n a l y s i s . Because the underwater g r a v i t y obser­

v a t i o n s a r e spaced about 13 km a p a r t , only s t r u c t u r e s whose l a t e r a l 

dimensions are of the order of t e n s of k i l o m e t e r s or g r e a t e r can be 

e f f e c t i v e l y considered so the t h e s i s i s o r i e n t e d more towards problems 

of s c i e n t i f i c i n t e r e s t r a t h e r than those of p u r e l y commercial i n t e r e s t . 

I n a d d i t i o n , the problems s t u d i e d r e l a t e p r i m a r i l y to the c o n t i n e n t a l 

s h e l f and a d j a c e n t land a r e a s as there i s i n s u f f i c i e n t g e o p h y s i c a l 

i n f o r m a t i o n to study the c o n t i n e n t a l margin proper. 

Because t h e r e a r e not enough n o n - c l a s s i f i e d s e i s m i c data to 

a c c u r a t e l y d e l i n e a t e the Mezozoic and younger sedimentary rocks and to 

enable a proper study of the f r a c t u r i n g and downwarping of the c o n t i n ­

e n t a l s h e l f and other i n t e r e s t i n g problems r e l a t e d to the s e p a r a t i o n 

of A f r i c a and North America, I have concentrated on studying the 

deeper-seated s t r u c t u r e s a s s o c i a t e d w i t h p l a t e convergence during the 

P a l a e o z o i c E r a . C o r r e l a t i o n s between g e o p h y s i c a l data are developed 



where p o s s i b l e on a d j a c e n t land a r e a s and a p p l i e d to the S c o t i a n 

S h e l f ; the s u c c e s s of these e x t r a p o l a t i o n s depends upon the degree 

of c o r r e l a t i o n which i s obtained on l a n d . I n some a r e a s , convincing 

e x t r a p o l a t i o n s a r e u n a t t a i n a b l e but the g e o p h y s i c a l data s t i l l s e t 

l i m i t s on: 

( i ) the v a r i a t i o n of the magnitude of p h y s i c a l parameters 

such as d e n s i t y , magnetization, and s e i s m i c v e l o c i t y 

( i i ) The shapes and s i z e s of g e o l o g i c a l s t r u c t u r e s . 

The a n a l y s i s i s mainly a " s t a t i c " one i n t h a t i t g i v e s an 

i n d i c a t i o n of the present-day g e o l o g i c a l s t r u c t u r e but i t does not 

give d i r e c t i n f o r m a t i o n about the g e o l o g i c a l h i s t o r y of the a r e a . 

An e x c e p t i o n to t h i s , however, i s combined a n a l y s i s of g r a v i t y and 

magnetic data which, under f a v o u r a b l e c o n d i t i o n s , puts l i m i t s on 

the d i r e c t i o n of the remanent magnetization i n the s u b j a c e n t r o c k s 

and hence d i s t i n g u i s h e s between r e g i o n s of d i f f e r i n g paleomagnetic 

h i s t o r y . Because such a n a l y s i s has broad a p p l i c a t i o n to s t u d i e s 

of a r e a s of d i f f i c u l t g e o l o g i c a l a c c e s s , I devote a s i g n i f i c a n t 

p a r t of the t h e s i s to combined a n a l y s i s of g r a v i t y and magnetic 

data. Other a s p e c t s of the t h e s i s a r e concerned w i t h the use of 

n o n - l i n e a r o p t i m i z a t i o n i n modelling g r a v i t y , magnetic and s e i s m i c 

data. 

Because t h e r e i s i n c r e a s i n g evidence t h a t the S c o t i a n S h e l f and 

the a d j a c e n t province of Nova S c o t i a a r e .transected by a major e a s t -

west t r e n d i n g f a u l t zone which p a s s e s through Chedabucto Bay, I have, 

f o r convenience, s p l i t the S c o t i a n S h e l f up i n t o three s e c t i o n s f o r 

study: a northern and southern s e c t i o n on e i t h e r s i d e of the f a u l t 



F i g u r e 1.3: The northern, c e n t r a l and southern 

s e c t i o n s of the Nova S c o t i a n 

c o n t i n e n t a l s h e l f 
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zone and a c e n t r a l s e c t i o n which encompasses i t ( F i g u r e 1.3). A 

chapter i s devoted to each s e c t i o n and each chapter summarizes the 

a v a i l a b l e land geology and p rovides a s t r u c t u r a l i n t e r p r e t a t i o n of 

the major ge o p h y s i c a l f e a t u r e s i n the water-covered a r e a s . The 

f i n a l chapter d i s c u s s e s the o v e r a l l s t r u c t u r e and p a l e o h i s t o r y of 

the S c o t i a n S h e l f . 
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CHAPTER 2 

OBSERVATION AND REDUCTION OF THE GRAVITY DATA AND ESTIMATION 

OF THE ERRORS IN THE BOUGUER ANOMALIES 

2.1 THE SURVEY EQUIPMENT 

2.1.1 Underwater g r a v i t y meter, c a b l e and winch. 

The underwater g r a v i t y meter used to survey the S c o t i a n S h e l f 

i s manufactured by LaCoste and Romberg of A u s t i n , Texas, U.S.A. 

The instrument i s e s s e n t i a l l y a l a n d - g r a v i t y meter suspended i n 

gimbal r i n g s and housed i n a w a t e r - t i g h t case ( F i g u r e 2 . 1 ) . A f t e r 

the instrument i s lowered to the sea f l o o r , the gravimeter i s 

l e v e l l e d a u t o m a t i c a l l y and operated by means of a remote c o n t r o l 

u n i t on board the s h i p . A r e l i a b l e e l e c t r i c a l connection between 

the g r a v i t y meter and the c o n t r o l u n i t i s important and t h i s i s 

provided by an armoured 13-wire c a b l e which a l s o supports the 

instrument.as i t i s lowered to and r a i s e d from the s e a f l o o r . A 

h y d r a u l i c winch ( F i g u r e 2.2) provides smooth, p o s i t i v e c o n t r o l 

and f a c i l i t a t e s s a f e h a n d l i n g of the g r a v i t y meter. 

Pr e v i o u s experience w i t h the g r a v i t y meter (Goodacre, 1964) 

i n d i c a t e s t h a t i t provides an observed g r a v i t y v a l u e a c c u r a t e to 

about ± 0.2 mgal. 

2.1.2 N a v i g a t i o n 

. H o r i z o n t a l p o s i t i o n i n g of the sh i p was accomplished by Decca 

n a v i g a t i o n supplemented by r a d a r f i x e s when the s h i p was s u f f i c i e n t l y 

c l o s e to shore. The Decca r e c e i v e r measures phase d i f f e r e n c e s be-



F i g u r e 2.1: The LaCoste and Romberg underwater g r a v i t y 

meter ready f o r lowering to the sea f l o o r . 
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F i g u r e 2.2: The h y d r a u l i c winch wound w i t h armoured 

m u l t i - w i r e c a b l e . 
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tween s i g n a l s r e c e i v e d from shore-based t r a n s m i t t i n g s t a t i o n s . 

The i n t e r s e c t i o n of l i n e s of constant phase d i f f e r e n c e s d e f i n e s a 

p o s i t i o n which i s converted to geographical c o o r d i n a t e s by means of 

c h a r t s , or when g r e a t e r a c c u r a c y i s r e q u i r e d , by d i g i t a l e l e c t r o n i c 

computers. 

The e r r o r i n a Decca p o s i t i o n depends upon the time of day 

when the reading i s taken and on the d i s t a n c e between the s h i p and 

the t r a n s m i t t e r . E r r o r s a r e g e n e r a l l y g r e a t e r a t n i g h t time and i n 

those a r e a s which a r e f a r away from the t r a n s m i t t e r s . A comparison 

of 27 s e t s of Decca and s a t e l l i t e n a v i g a t i o n f i x e s i n d i c a t e s average 

random e r r o r i n the Decca f i x e s i s about 0.8 km (Goodacre e t a l . , 

1973). 

2.1.3. Echo Sounder and P r e s s u r e Gauge 

The C.N.A.V. S a c k v i l l e i s f i t t e d w i t h a Kelvin-Hughes echo 

sounder and a Westrex p r e c i s i o n r e c o r d e r f o r water depth determin­

a t i o n s . The echo sounder i s c a l i b r a t e d f o r a standard speed of 

sound i n water of 1463 m/s. However the speed of sound i n water 

v a r i e s both i n space and time so the harmonic mean speed of sound 

was computed from r e p r e s e n t a t i v e v e l o c i t y - d e p t h data s u p p l i e d by 

the Canadian Oceanographic Data Centre, Department of Energy, Mines 

and Resources, Ottawa, and c o r r e c t o n s a p p l i e d to the echo sounder 

r e s u l t s . Independent depth measurements were obtained during the 

g r a v i t y surveys from a Bourns p r e s s u r e t r a n s d u c e r mounted i n s i d e 

the underwater g r a v i t y meter and c o r r e c t i o n s to the depth readings 

were a p p l i e d u s i n g pressure-depth data s u p p l i e d by the Oceano-



g r a p h i c Data Centre. 

The two s e t s of data were compared u s i n g the method of l e a s t 

squares and i t was found that the echo sounder depth measurements 

ar e s y s t e m a t i c a l l y about 1% s h a l l o w e r than the p r e s s u r e gauge 

r e s u l t s and t h a t the standard d e v i a t i o n of a s i n g l e depth measure­

ment i s about ± 5 m (Stephens e t a l . , 1971). No e x p l a n a t i o n i s 

o f f e r e d f o r the s y s t e m a t i c d i s c r e p a n c y between the two s e t s of data 

but i t must be pointed out t h a t i t i s exceedingly d i f f i c u l t to 

reduce s y s t e m a t i c e r r o r s i n depth measurement to l e s s than 1% and 

random e r r o r s to l e s s than 2 m. 

2.2 THE GRAVITY OBSERVATIONS 

Table 2.1 summarizes the c r u i s e s made on the C.N.A.V. S a c k v i l l e 

I was i n charge of the f i r s t c r u i s e i n 1970 and took p a r t i n 

planning the remaining two c r u i s e s i n 1970. R. Cooper and L. 

Stephens planned and were i n charge of the May and September c r u i s e s 

r e s p e c t i v e l y , i n 1971. The thr e e of us p a r t i c i p a t e d i n p r e l i m i n a r y 

i n t e r p r e t a t i o n s of the g r a v i t y data (Stephens e t a l . , 1971; 

Goodacre e t a l . , 1973). A more d e t a i l e d i n t e r p r e t a t i o n , i n c l u d i n g 

modelling of the g e o p h y s i c a l anomalies i s presented h e r e . 

The r e g i o n a l underwater g r a v i t y s t a t i o n s were spaced about 

13 km a p a r t on a r e c t a n g u l a r g r i d to provide uniform coverage. When 

ther e was s u f f i c i e n t time, d e t a i l e d t r a v e r s e s were made a c r o s s i n t e r 

e s t i n g g r a v i t a t i o n a l f e a t u r e s . During normal o p e r a t i o n s about 10 to 

15 minutes were r e q u i r e d to p o s i t i o n the sh i p and o b t a i n a g r a v i t y 

r e a d i n g and about 40 to 45 minutes were taken to steam between 
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TABLE 2.1 

Summary of the 1970 Underwater G r a v i t y Surveys on the 

6NAV S a c k v l l l e 

C r u i s e 1 C r u i s e 2 C r u i s e 3 

C r u i s e dates June 8 to June 28 Aug. 5 to Aug. 13 Sept.10 to Sept.30 

No. of days a t s e a 

Observers 

16 

A.K.Goodacre 
R.V.Cooper 
E.S.Wainwright 
D.M.Ablett 

No. of o b s e r v a t i o n s 335 

No. s t a t i o n s per day 21 

Decca c h a i n s used 6 and 7 

8 

R.V.Cooper 
L.E.Stephens 
D.M.Ablett 

150 

19 

6 and 7 

18 

R.V.Cooper 
L.E.Stephens 
J .M.McCance 

207 

12 

2, 6 and 7 

Summary of the 1971 Underwater G r a v i t y Surveys on the 

CNAV S a c k v i l l e 

C r u i s e 2 

C r u i s e dates 

No. of days a t sea 

P a r t y C h i e f 

Observers 

C r u i s e 1 

May 3 to May 28 

214 
R.V.Cooper 

J.Over 
J . McCance 
J.Powell 

No. of o b s e r v a t i o n s 339 

No. of s t a t i o n s per day 16 

Decca c h a i n s used 6 and 7 

Sept. 8 to Sept. 28 

5 

L.E.Stephens 

J.Over 
J.McCance 
B.Hearty 

110 

22 

2, 6 and 7 
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s t a t i o n s ; i n good weather about 20 to 24 s t a t i o n s were occupied 

each day. Whenever.possible, the g r a v i t y meter was.read a t a land 

g r a v i t y base s t a t i o n or a s e a - f l o o r s t a t i o n , was occupied i n order 

to determine the instrument's d r i f t r a t e . 

2.3 METHOD OF DATA REDUCTION 

The g r a v i t y data.over the S c o t i a n S h e l f are presented i n the 

form of simple. Bouguer anomalies (see map i n pocket) to make them 

compatible w i t h the g r a v i t y data over the ad j a c e n t land a r e a s 

(Garland, 1953; Weaver, 1967) and the Gulf of S t . Lawrence 

(Goodacre e t a l . , 1969). 

To reduce the underwater g r a v i t y v a l u e s to a common datum, the 

observed g r a v i t y readings a r e e x t r a p o l a t e d to the sea s u r f a c e 

t a k i n g i n t o account the standard f r e e a i r v e r t i c a l g radient of 

g r a v i t y and the a t t r a c t i o n of the l a y e r of water above the instrument 

according to the f o l l o w i n g formula: 

g s = 8 o ( 1 " 2 d / R ) + 4 7 F Y p d 

= ( g Q - 0.223d) mgal 

where g i s the g r a v i t y a t the s u r f a c e s 
g i s the observed g r a v i t y 

(mgal) 

(mgal) 

d i s the water depth On) 

R i s the r a d i u s of the e a r t h (m) 

p i s the d e n s i t y of sea water (gm/cm ) 

and Y i s the g r a v i t a t i o n a l c o n s t a n t 



Bouguer anomalies are then c a l c u l a t e d by adding to the s u r f a c e 

g r a v i t y v a l u e a c o r r e c t i o n of . 069d mgal f o r the mass d e f i c i e n c y of 
3 

water w i t h r e s p e c t to rock of standard d e n s i t y of 2.67 gm/cm and 

s u b t r a c t i n g a t h e o r e t i c a l g r a v i t y v a l u e g , a t the s t a t i o n computed 
tn 

from the I n t e r n a t i o n a l G r a v i t y Formula of 1930. The simple Bouguer 

anomaly i s giv e n by 

A gBouguer = ( g o " ° - 1 5 4 d " 8 t h } m g a l 

and i s a f u n c t i o n of observed sea bottom g r a v i t y , t h e o r e t i c a l s ea 

l e v e l g r a v i t y and a l i n e a r c o r r e c t i o n f o r water depth. 

2.4 SOURCES OF ERROR IN THE BOUGUER ANOMALIES 

I n a r e a s of rugged underwater topography the approximation of 

the topographic v a r i a t i o n s by a plane s u r f a c e i s not adequate and a 

t e r r a i n c o r r e c t i o n i s a p p l i e d to the "si m p l e " Bouguer anomaly to 

form a "complete" Bouguer anomaly. I have not made a d e t a i l e d study 

of t e r r a i n c o r r e c t i o n s f o r the S c o t i a n S h e l f but previous e x p e r i e n c e 

(Goodacre e t a l . , 1969) i n d i c a t e s i t i s u n l i k e l y to exceed about 

1 mgal except i n the rugged a r e a n o r t h of Banquereau. 

Marine t i d e s (e.g. Bott, 1961) were not taken i n t o account a s 

they a r e r e l a t i v e l y s m a l l (± 1 metre) over the S c o t i a n S h e l f and the 

magnitude of the c o r r e c t i o n i s only about ± 0 . 2 mgal. 

The v e r t i c a l g r a d i e n t of g r a v i t y may not be constant but 

experience on the Shipborne Gravimeter T e s t i n g Range near H a l i f a x , 

N.S. (Goodacre, 1964) i n d i c a t e s t h a t the e r r o r s i n the adopted 



v e r t i c a l g r a d i e n t due to anomalous mass d i s t r i b u t i o n s i s probably 

l e s s than 0.5 mgal i f the water depth i s l e s s than 300 m, a v a l u e 

g r e a t e r than any depth observed on the S c o t i a n S h e l f . 

2.5 ESTIMATES OF SYSTEMATIC AND RANDOM ERRORS IN THE ANOMALIES 

Es t i m a t e s of the magnitude of s y s t e m a t i c and random e r r o r s i n 

the Bouguer anomalies a r e summarized i n Table 2.2. Systematic 

e r r o r s of up to 1 or 2 mgal may occur i n the data p a r t i c u l a r l y where 

the water i s deep and where the s t a t i o n s a r e f a r away from the Decca 

t r a n s m i t t e r . 

Random e r r o r s are estimated to be of the order of 1.3 mgal. 

Although these e r r o r s a r e caused by an accumulation of e r r o r s i n : 

(1) the observed g r a v i t y r e a d i n g , (2) the h o r i z o n t a l p o s i t i o n of 

the g r a v i t y meter and (3) the observed water depth, the s i n g l e most 

important source of random e r r o r i n the Bouguer anomaly i s i n the 

v e r t i c a l p o s i t i o n i n g of the g r a v i t y meter, t h e r e f o r e improved 

r e s o l u t i o n and accura c y of depth measurements w i l l pay good dividends 



TABLE 2.2 

SUMMARY OF SYSTEMATIC AND RANDOM ERRORS 

IN THE BOUGUER ANOMALIES 

Observed g r a v i t y 

Water depth c o r r e c t i o n 

Navigation 

V e r t i c a l g r a d i e n t 

Lack of t e r r a i n c o r r e c t i o n 

Lack of marine t i d e c o r r e c t i o n 

Random e r r o r s 
mgal 

0.2 

0.7 

0.6 

0.4 

0.2 

Systematic e r r o r s 
mgal 

0.1 

0.3 

1 to 2 

up t o 1 



CHAPTER 3 

INTERPRETATION METHODS 

3.1 INTRODUCTION 

This chapter describes two i n t e r p r e t a t i o n methods which have 

been used e x t e n s i v e l y i n the study of the geophysical anomalies 

on the Scotian Shelf. The f i r s t method i s combined a n a l y s i s of 

g r a v i t y and magnetic data; the second method i s the a p p l i c a t i o n o f 

n o n -linear o p t i m i z a t i o n techniques t o modelling g r a v i t y , magnetic, 

and seismic data. . 

3.2 GENERAL REMARKS ABOUT COMBINED ANALYSIS 

Combined analysis of geophysical data can give much important 

i n f o r m a t i o n . For example, i f good c o r r e l a t i o n can be established 

between two sets of data i n one area, one set of data can then be 

used t o e x t r a p o l a t e r e s u l t s t o an adjacent area where the other 

set i s not a v a i l a b l e . Combined a n a l y s i s of geophysical data also 

determines the r a t i o s of p h y s i c a l param^ers; these r a t i o s help 

t o set l i m i t s on the pos s i b l e ..range of composition of the rocks 

t h a t create the geophysical anomalies and s i g n i f i c a n t v a r i a t i o n s 

of these r a t i o s from one area t o another i n d i c a t e t h a t the d i f f e r e n t 

areas show, i n one manner or another, s i g n i f i c a n t g e o l o g i c a l 

d i f f e r e n c e s . 

An example of the usefulness of combined a n a l y s i s of geophy­

s i c a l data i s t h a t , i n the case of g r a v i t y and seismic data, the 

determination of the r a t i o o f de n s i t y c o n t r a s t t o v e l o c i t y c o n t r a s t 

i n d i c a t e s whether the density and v e l o c i t y v a r i a t i o n s are due s o l e l y 

to phase or compositional changes i n the subjacent rocks or due to a 



combination of these w i t h p a r t i a l m e l t i n g (e.g. Goodacre, 1972). 

I n the case of g r a v i t y and magnetic data, determination of the r a t i o 

of the c o n t r a s t of magnetic moment per u n i t volume to d e n s i t y 

con t r a s t may al l o w us t o set an upper l i m i t to the magnetization 

c o n t r a s t . This i s normally d i f f i c u l t t o do from magnetic data alone 

because magnetization can vary by several orders of magnitude.-

Density, on the other hand, v a r i e s by less than, say, 25%, i n the 

c r u s t . Therefore, an estimate of the maximum allowable d e n s i t y 

c o n t r a s t , provides a reasonable upper l i m i t to the magnetization 

c o n t r a s t . This i n t u r n gives us some idea of the magnetite content 

of the rock. 

However, as mentioned i n the i n t r o d u c t o r y chapter, perhaps the 

most important aspect of combined a n a l y s i s of g r a v i t y and magnetic 

data i s t h a t i t provides an estimate,of the d i r e c t i o n of the t o t a l 

magnetization v e c t o r . This plus a knowledge o f , or a reasonable 

estimate o f , the r a t i o of remanent t o induced magnetization (the 

Koenigsberger r a t i o ) allows us to estimate the d i r e c t i o n of the 

remanent magnetization vector and t h i s l a t t e r d i r e c t i o n , when 

considered i n c o n j u n c t i o n w i t h palaeomagnetic data, provides 

i n f o r m a t i o n about the g e o l o g i c a l h i s t o r y of the region s t u d i e d . An 

i n t e r e s t i n g a p p l i c a t i o n of the combined a n a l y s i s of g r a v i t y and 

magnetic data i s the work of Lundbak (1956) who, as Deutsch (1969) 

p o i n t s out, presented a t a meeting i n 1952 an " e a r l y Palaeozoic" 

pole p o s i t i o n one or two years before any comparable pole p o s i t i o n s 

obtained by conventional techniques were published. 
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There are some problems which combined an a l y s i s cannot solve. 

For example, combined an a l y s i s of g r a v i t y and magnetic data gives 

no f u r t h e r i n f o r m a t i o n about the magnitude and d i s t r i b u t i o n of 

anomalous mass or magnetic moment than does an i n t e r p r e t a t i o n of 

e i t h e r the g r a v i t y of the magnetic f i e l d alone. 

Combined a n a l y s i s of g r a v i t y and magnetic data can be accom­

p l i s h e d by Fourier analysis ( C o r d e l l and Taylor, 1971) or- by s o l v i n g 

sets of l i n e a r equations; the l a t t e r approach i s used here. Important 

aims of the l i n e a r analysis presented i n t h i s t h e s i s are: 

(1) t o determine the degree of l i n e a r c o r r e l a t i o n t h a t e x i s t s 

between g r a v i t y and magnetic data. 

(2) t o o b t a i n confidence l i m i t s of the various q u a n t i t i e s 

t h a t c h a r a c t e r i z e the r e l a t i o n s h i p and, 

(3) to detect s i t u a t i o n s where the system of equations to be 

solved i s poorly c o n d i t i o n e d . 

These aims are met by the FORTRAN subroutine MULREG (Appendix 

1) which provides the c o e f f i c i e n t of m u l t i p l e c o r r e l a t i o n between 

the dependent parameter and the independent paramters and t-values 

of the regression c o e f f i c i e n t s . The t-values are c l o s e l y r e l a t e d 

to the eigenvalues of the m a t r i x of c o e f f i c i e n t s of the normal 

equations (Appendix 2) and the presence of one or more very small 

t-values i n r e l a t i o n t o the other t-values i n d i c a t e s an i l l -

c o nditioned system of equations. B o t t and Hutton (1971) give 

examples of i l l - c o n d i t i o n e d systems t h a t a r i s e i n studies of 

magnetic anomalies. Bott (personal communication) f i n d s t h a t 

problems of i l l c o n d i t i o n i n g are less severe i n the ana l y s i s of 
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Figure 3.1 (A) The p o t e n t i a l f i e l d anomaly due 

to an anomalous source body. 

(B) An equivalent l a y e r r e p r e s e n t a t i o n 

of the source body showing the 
th 

r e l a t i o n s h i p of the j prism to the 
t h 

i observation p o i n t ( s o l i d c i r c l e ) . 

The e x t r a prism to the r i g h t of the 

equivalent l a y e r shows how a prism i s 

defined by the coordinates U l , U2, V I , 

V2, Wl and W2 (see expression 3.2). 
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g r a v i t y f i e l d s than i n the study of magnetic f i e l d s . 

3.3 RELATION OF GRAVITY AND MAGNETIC FIELDS. 

I f the r a t i o of magnetic moment per u n i t volume, m (u,v,w), 

to the mass per u n i t volume, d (u,v,w), has a constant value R, 

everywhere throughout a given heterogeneous body (u,v and w are 

the bodypoint coordinates) and i f the d i r e c t i o n of the t o t a l 

magnetization vector ( t h e v e c t o r sum o f the permanent and induced 

magnetizations) i s everywhere the same, the magnetic p o t e n t i a l , 

V, of a body can be expressed as a l i n e a r combination of the three 

components Ĝ , Gy, and G z of i t s g r a v i t a t i o n a l a t t r a c t i o n : 

J V (x, y, z) = a G x(x, y, z) + b G y(x, y, z) + c G z(x, y, z) + h 

(3.1) 

where a, b and c are the d i r e c t i o n cosines d e f i n i n g the 

o r i e n t a t i o n of the t o t a l magnetization v e c t o r , 

h i s an a d d i t i v e constant which takes i n t o account 

the r e g i o n a l l e v e l of the g r a v i t y f i e l d . 

R i s the r a t i o of magnetization c o n t r a s t to density 

c o n t r a s t . 

Y i s the g r a v i t a t i o n a l constant, 

x, y and z are the f i e l d p o i n t coordinates. 

The component of magnetic a t t r a c t i o n i n some a r b i t r a r y d i r e c t i o n , 

s, i s obtained by t a k i n g the d i r e c t i o n a l d e r i v a t i v e of V, i . e . 
<5V 

; the r e s u l t i n g expression involves nine p a r t i a l d e r i v a t i v e s of 

the g r a v i t y f i e l d , f i v e of which are independent q u a n t i t i e s . This 



r e l a t i o n was f i r s t published by Eotvos (1906) based on a memoir by 

Poisson (1826) and the above c o n d i t i o n s are r e f e r r e d t o as the 

"Poisson c o n d i t i o n s " (e.g. B o t t and I n g l e s , 1973). Although some 

authors (Baranov, 1957 and B o t t et a l . , 1966) recognise t h a t 

Poisson's r e l a t i o n holds f o r heterogeneous bodies, others (Garland, 

1951 and C o r d e l l and Taylor, 1971) r e s t r i c t i t s a p p l i c a t i o n t o 

homogeneous bodies. The f a c t t h a t the r e l a t i o n holds f o r hetero­

geneous bodies renders i t more u s e f u l i n p r a c t i c e than i f i t a p p l i e d 

s o l e l y to homogeneous ones but the important question i s whether the 

Poisson c o n d i t i o n s hold throughout the g e o l o g i c a l s t r u c t u r e under 

i n v e s t i g a t i o n . 

Equation 3.1 i n d i c a t e s t h a t i f we know the g r a v i t y and magnetic 

f i e l d s at a s u f f i c i e n t number of p o i n t s we can determine the r a t i o 

R, the d i r e c t i o n cosines a, b ..and c and the a d d i t i v e constant h. 

Conversely, i f we know (or assume) the values of R, a, b, c and h 

we can c a l c u l a t e the magnetic f i e l d from the d e r i v a t i v e s of the 

three components of the g r a v i t y f i e l d and v i c e versa. The main 

problems i n performing these c a l c u l a t i o n s are to o b t a i n the 

r e q u i r e d components of the g r a v i t y f i e l d from the observed data and 

to compute the r e q u i r e d d e r i v a t i v e s . A method and i t s t h e o r e t i c a l 

j u s t i f i c a t i o n was published by Baranov (1953) and used by Lundbak 

(1956). Two methods which circumvent some of the computational 

d i f f i c u l t i e s i n Baranov 1s method i n v o l v e e i t h e r Fourier a n a l y s i s 

of the g r a v i t y and magnetic f i e l d s ( C o r d e l l and Taylor, 1971) or 

the r e p r e s e n t a t i o n of the g r a v i t y and magnetic f i e l d s by means of 

an equivalent l a y e r of r e c t a n g u l a r blocks which have appropriate 
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values of density and magnetization ( B o t t and I n g l e s , 1973). 

The t h e o r e t i c a l basis f o r the transformations -described above 

i s t h a t i f i t i s possible to s u i t a b l y reproduce one component of a 

g r a v i t y (or magnetic) f i e l d by sets of f u n c t i o n s t h a t s a t i s f y 

Laplace's equation such as those of the form of 

3 i n [ j x 1 . s i n [ k y ] . e " ^ + ^ * 

or I n [ x + ( x 2 + y 2 + z 2 ) h ] + I n [;(y * ( x 2 + y 2 + z2)H J 

+ arctan _xy_ 
, 2 2 M 2M z (x + y + z ) 

etc. 

then, by s u i t a b l e i n t e g r a t i o n and d i f f e r e n t i a t i o n of these f u n c t i o n s , 

we can s p e c i f y a n a l y t i c a l l y 

( i ) the g r a v i t y (or magnetic) p o t e n t i a l 

( i i ) other components of the g r a v i t y (or magnetic) f i e l d 

( i i i ) d e r i v a t i v e s of these components 

Once these are obtained, we can c a l c u l a t e the pseudo-magnetic (or 

pseudo-gravity) anomaly. Mathematically, i t i s probably easier t o 

understand the process v i a Fourier a n a l y s i s ( C o r d e l l and Taylor, 

1971) but- p h y s i c a l l y , i t seems easier t o v i s u a l i z e the tr a n s f o r m a t i o n 

using the equivalent l a y e r method (B o t t and I n g l e s , 1973). Bott and 

Ingl e s (1973) apply the equivalent l a y e r method t o g r a v i t y and 

magnetic p r o f i l e s ; I make the s t r a i g h t f o r w a r d extension t o a r e a l l y 

d i s t r i b u t e d data. 



3.4 DESCRIPTION OF THE METHOD 

The r a t i o of magnetic moment t o mass and the d i r e c t i o n of the 

t o t a l magnetization v e c t o r can be computed e i t h e r by 

(1) transforming the observed g r a v i t y anomaly i n t o three 

separate magnetic anomalies i n the measured d i r e c t i o n f o r three 

orthogonal d i r e c t i o n s of magnetization then determining the 

propor t i o n s of each of the three computed magnetic anomalies required 

t o reproduce the observed magnetic f i e l d ; or by the reverse 

procedure of 

(2) transforming the observed magnetic anomaly i n t o separate 

g r a v i t y anomalies corresponding t o each of three orthogonal 

d i r e c t i o n s of the t o t a l magnetization vector and determining the 

prop o r t i o n s of each of the three computed g r a v i t y anomalies 

required t o reproduce the observed g r a v i t y anomaly. 

I n the f i r s t case the d i r e c t i o n and magnitude of the t o t a l 

magnetization v e c t o r can be found because the observed magnetic 

f i e l d can be regarded as a l i n e a r combination of three p a r t i a l 

magnetic anomalies due, r e s p e c t i v e l y , t o three orthogonal components 

of the t o t a l magnetization vector and the r e q u i r e d combination i s 

obtained by a least-square f i t o f the three c a l c u l a t e d anomalies t o 

the observed anomaly. I n the second case, each set of blocks 

magnetized i n each of the three orthogonal d i r e c t i o n s of magnetiz­

a t i o n reproduces the magnetic anomaly, t h e r e f o r e any l i n e a r combina­

t i o n o f the three sets of magnetized blocks w i l l also reproduce 

the magnetic anomaly. The p r o p o r t i o n r e q u i r e d of each set i s 

determined by the l i n e a r combination of the three corresponding sets 



of g r a v i t a t i n g blocks needed to produce a set of blocks which w i l l 

c l o s e l y reproduce the observed g r a v i t y anomaly. However, r a t h e r 

than work w i t h the derived q u a n t i t y of d e n s i t y , I p r e f e r t o work 

d i r e c t l y w i t h the g r a v i t y anomaly. 

To perform the c a l c u l a t i o n i n the f i r s t case we: 

( i ) approximate the source t h a t produces the observed g r a v i t y 

anomaly by an equivalent l a y e r of rectangular prisms (Figure 3.1). 

The number of blocks, M, must be at l e a s t one less than the number 

of g r a v i t y observations, N. 

( i i ) c a l c u l a t e the g r a v i t a t i o n a l a t t r a c t i o n s , a „ , of each 

prism at each g r a v i t y observation p o i n t ; a.. i s the a t t r a c t i o n of 
t h t h the j block at the i observation p o i n t and t h i s value i s 

c a l c u l a t e d using the f o l l o w i n g expression f o r a homogeneous 

rectangular prism (e.g. Goodacre, 1973): 

a. . = -d.Y u I n (v + r) + v I n (u + r ) 

-w ar c t a n uv wr 

x -u r 

x -u, 

y -v. 

y -v. 

z -w„ 

z -w. 

(3.2) 

t h 
where x, y, z are the coordinates of the i observation p o i n t 

( u 1 ? Vj^, w^, ( u 2 , v ^ w 1 ) , (u , v 2 , w^ e t c . d e f i n e 
t h 

the corners of the j prism 

r = (u + v + w )• 

d j i s the density of the prism 

Y i s the g r a v i t a t i o n a l constant 

z i s p o s i t i v e upwards 
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( i i i ) compute the prism density c o n t r a s t values d n , d„ d 
1 2 M 

t h a t render the q u a n t i t y | J A d_ - £ || at .least-squares minimum 

where A i s the N by M + 1 mat r i x composed of the elements 

a., and a column vector whose elements are u n i t y , 

d̂  i s the v e c t o r of density values 

j> i s the v e c t o r of observed g r a v i t y values 

and the double bars i n d i c a t e the norm or len g t h of 

the e r r o r v e c t o r . 

The l e a s t squares m i n i m i z a t i o n i s achieved i n the usual way by 

s o l v i n g the f o l l o w i n g m a t r i x equation (Draper and Smith, 1966) 

T - 1 T d = (A 1 A) A j> 

to f i n d el. A column vec t o r whose elements are u n i t y i s added t o the 

mat r i x A t o take i n t o account any a r b i t r a r y constant r e g i o n a l l e v e l 

present i n the observed g r a v i t y data. I n p r a c t i c e , the m a t r i x 
T 

product A A i s not i n v e r t e d d i r e c t l y and some computational method 

designed t o minimize e f f e c t s of i l l - c o n d i t i o n i n g i s used (e.g. 

Anderssen,1969) t o solve the equations. The procedure used here 

i s the Modified D o o l i t t l e Method of Gaussian e l i m i n a t i o n (Goulden, 
T 

1952) which takes advantage of the f a c t t h a t the m a t r i x A A i s 

symmetric. The IBM subroutine LLSQ, based on the Householder Method 

(Golub, 1965) may also be used but p r o v i s i o n must be made t o solve 

f o r an a d d i t i v e constant (e.g. h i n expression 3.1). This i s r e a d i l y 

done by adding a column of l ' s to the m a t r i x of observation equations 

and s o l v i n g f o r the a d d i t i o n a l unknown which i s a constant m u l t i p l i e r . 

I n p r a c t i c e the Modified D o o l i t t l e Method and the modified v e r s i o n 



of LLSQ give r e s u l t s which are the same t o several s i g n i f i c a n t 

f i g u r e s . 

( i v ) C a l c u l a t e , a t each magnetic observation p o i n t , three 

sets of magnetic anomalies of the set of prisms f o r three 

orthogonal d i r e c t i o n s of the t o t a l magnetization vector where the 

magnetization c o n t r a s t of each prism i s n u m j e r i c a l l y equal to i t s 

c a l c u l a t e d density c o n t r a s t , bJL i s the v e c t o r of values of l e n g t h 

N corresponding t o the f i r s t orthogonal d i r e c t i o n , e t c . The value 

of N may, i n general, be d i f f e r e n t from t h a t given i n Section ( i i i ) 

An i n d i v i d u a l value of magnetic anomaly, b i L j j of the 
t h 

prism a t the i observation p o i n t i s given by: 

b l . . = -m f 1 + f 2 j f i - + f 3 «i 
6 x 6 y 

ml | £2 fiGx + f 3 ^ + 5 ° x 

5 y x 

m 2 | * 3 ^ + f l - ^ + '2 
6 z 6 x I ] (3.3) 

where m̂  i s the i n t e n s i t y of magnetization of the prism 

d_j i s the density of the prism 

Y i s the g r a v i t a t i o n a l constant 

m̂ , m̂ , m̂ , are the d i r e c t i o n cosines of the f i r s t , 

second or t h i r d orthogonal component of magnetization 

f ^ , f^i f g are the d i r e c t i o n cosines of the component 

of magnetic f i e l d being observed. (Throughout the 



t h e s i s these are s p e c i f i e d by the d i r e c t i o n of the 

earth's f i e l d since t o t a l magnetic f i e l d anomalies are 

considered). 

The d e r i v a t i v e s are given by the f o l l o w i n g expressions: 

*G = - d.Y 
o z j 

x 

I n (v + r ) 
x -u„ 

x -u. 

y -v r 

y -v. 

z -w„ 

z -w„ 

fig = - d.Y. 
6 y 

I n (v +r) 
x " U2 y " V2 

X " U l y ~ v i 

z -w„ 

z -w. 

-G 
o z = 
6 z 

d.y 
J . 

a r c t a n uv 
wr 

X ~ U2 y " V2 

X _ U 1 y " v i 

Z -Wr 

z -wH 

Expressions f o r the other d e r i v a t i v e s are obtained by c y c l i c 

permutation of the f i e l d and body coordinate parameters. 

As i s the case f o r expression ( 3 . 2 ) : 

t h 
x, y, z, are the coordinates of the i observation p o i n t 

, 2 ^ 2 , 2. h r = ( u + v + w ) 
and (u.^ vlt v ^ ) , ( u 2 > w^^), ( u 1 , v 2 > v;̂ )̂ e t c . 

t i l 

define the corners o f the j prism, 

(v) Compute the v e c t o r c_ of c o e f f i c i e n t s which renders the 

q u a n t i t y 1 1 B̂c — m_ 1 1 a least-squares minimum 

where B i s the N by 4 m a t r i x composed of the column 

vectors _bj^, b2,and b3 and a column v e c t o r whose 

elements are u n i t y . This l a t t e r v e c t o r allows 



f o r a constant r e g i o n a l l e v e l of the 

magnetic f i e l d . 

c. i s the vector of c o e f f i c i e n t s c l , c2, c3. 

m i s the vec t o r of observed magnetic anomalies 

The r a t i o of magnetization c o n t r a s t t o de n s i t y c o n t r a s t , R, i s 

given by the l e n g t h of the vector £, i . e . : 

R = ( c l 2 + c 2 2 + C 3 2 ) 1 * 

and the x, y, an d . z - d i r e c t i o n cosines of the t o t a l magnetization 

vector are given by cl/R, c2/R, c3/R r e s p e c t i v e l y . From these 

the i n c l i n a t i o n , INC1, and the azimuth, AZI1, of the t o t a l 

magnetization vector are given by: 

INC1 = a r c s i n (c3/R) 

AZI1 = arctan ( c 2 / c l ) 

To perform the c a l c u l a t i o n i n the second case we: 

( i ) Approximate the source of the magnetic anomalies by an 

equivalent l a y e r of blocks whose number, M, i s a t l e a s t one less 

than the number of magnetic observations, N. 

( i i ) Compute the magnetic a t t r a c t i o n s of each b l o c k a t each 

magnetic observation p o i n t f o r the f i r s t of the three orthogonal 

d i r e c t i o n s of t o t a l magnetization; p ^ i s the a t t r a c t i o n of 
t h t h the j block at the i observation p o i n t c a l c u l a t e d f o r the 

f i r s t orthogonal d i r e c t i o n of the t o t a l magnetization, e t c . 

( i i i ) Determine the vector of magnetization c o n t r a s t values 

t h a t renders the q u a n t i t y 

|| P ml - h || a least-squares minimum 



where P i s the N by (M + 1) m a t r i x of c o e f f i c i e n t s p̂ _. and a 

column vector whose elements are u n i t y . As bef o r e , t h i s l a t t e r 

v e c t o r takes i n t o account a constant r e g i o n a l background: 

ml i s the v e c t o r of magnetization c o n t r a s t 

corresponding t o the f i r s t orthogonal d i r e c t i o n 

of the t o t a l magnetization v e c t o r . 

_h i s the vect o r of observed magnetic anomaly values. 

( i v ) Repeat ( i i ) and ( i i i ) f o r the other two orthogonal d i r e c t i o n s 

of magnetization to o b t a i n m2 and m3. 

(v) Calculate a t each g r a v i t y observation p o i n t , three sets of 

g r a v i t a t i o n a l a t t r a c t i o n s produced by the equivalent l a y e r of 

prisms whose density values are n u m e r i c a l l y equal t o the 

corresponding three sets of magnetization c o n t r a s t s ml, m2 and 

m3; s i i s the vector o f g r a v i t y values corresponding t o the f i r s t 

orthogonal d i r e c t i o n e t c . 

( v i ) Determine the v e c t o r _t o f c o e f f i c i e n t s which renders the 

q u a n t i t y . 

St - j» || a least-squares minimum, 

where S i s the N by 4 m a t r i x composed of column 

vec t o r s s i , s2 and sj} and a column vec t o r whose 

elements are u n i t y . 

As before t h i s l a t t e r v e c t o r allows f o r a constant r e g i o n a l g r a v i t y 

anomaly. The r a t i o of de n s i t y c o n t r a s t to magnetization c o n t r a s t 

Q i s given by: 

9 9 9 J--Q = ( t l + t2 + t 3 ) 2 



and the x, y and z - d i r e c t i o n cosines of the t o t a l magnetization 

v e c t o r are t l / Q , t2/Q and t3/Q r e s p e c t i v e l y . The i n c l i n a t i o n , 

INC2, and the azimuth, AZI2, are given by: 

INC2 = a r c s i n (t3/Q) 

AZI2 = ar c t a n ( t 2 / t l ) 

The subroutine MULREG provides the standard e r r o r s o f the 

q u a n t i t i e s c l , c2, c3 and t l , t 2 , and t 3 . These are used t o 

c a l c u l a t e the standard e r r o r s i n R, INC1, AZI1 and Q, INC2 

AZI2 r e s p e c t i v e l y . 

Appendix 1 documents a FORTRAN main program MGTRAN and 

companion subroutines COEFF, CG3D, MULREG and POLE which perform 

the r e q u i r e d c a l c u l a t i o n s and provide numerical values and 

standard e r r o r s of the i n c l i n a t i o n and azimuth of the t o t a l 

magnetization vector and the r a t i o o f magnetic moment to mass. 

The program also gives the v i r t u a l magnetic n o r t h pole which 

i s c o n s i s t e n t w i t h the d i r e c t i o n of the t o t a l magnetization v e c t o r 

under the somewhat u n r e a l i s t i c but simple assumption t h a t there i s 

no induced magnetization i n the anomaly source. 

3.5 DISCUSSION OF THE PROGRAM MGTRAN 

3.5.1 Possible u n c e r t a i n t i e s i n the r e p r e s e n t a t i o n of g r a v i t y and 

magnetic f i e l d s 

I n the second case discussed i n s e c t i o n 3.4, the transform­

a t i o n of a magnetic f i e l d to a g r a v i t y f i e l d depends upon the 

assumption t h a t an equ i v a l e n t l a y e r , magnetized i n a uniform 



d i r e c t i o n , can reproduce an observed magnetic f i e l d no matter what 

d i r e c t i o n of magnetization i s assumed. I know of n o - t h e o r e t i c a l 

j u s t i f i c a t i o n f o r t h i s but i n p r a c t i c e t h i s assumption i s almost 

always j u s t i f i e d . Of course, i n the s p e c i a l case where the 

number o f f i e l d p o i n t observations i s equal to the number of 

unknown magnetizations (plus the a d d i t i v e c o n s t a n t ) , an exact 

f i t can always be obtained as long as no s i n g u l a r i t y i s present. 

Occasionally, when there are more equations than unknowns, a good 

f i t can not be obtained f o r c e r t a i n d i r e c t i o n s of magnetization. 

As y e t , no co n s i s t e n t p a t t e r n has emerged to i n d i c a t e why. I t 

i s probably r e l a t e d t o the observation p o i n t - eq u i v a l e n t source 

l a y e r geometry and the angle of magnetization. 

I t i s i n t e r e s t i n g t o note t h a t the assumption i m p l i e s a 

c e r t a i n non-uniqueness i n the source causing a magnetic f i e l d . For 

example, the magnetic f i e l d due t o a homogeneous body magnetized 

i n a uniform d i r e c t i o n can be d u p l i c a t e d by an equ i v a l e n t surface 

l a y e r of m a t e r i a l magnetized i n the same, d i r e c t i o n but i n which 

the i n t e n s i t y o f magnetization v a r i e s i n some s u i t a b l e manner. 

I f another e q u i v a l e n t l a y e r magnetized i n a second, d i f f e r e n t , 

d i r e c t i o n can also reproduce the magnetic anomaly then there must 

be a second, probably inhomogeneous, body magnetized i n t h i s 

second d i r e c t i o n which generates the same anomaly as the o r i g i n a l . , 

homogeneous, un i f o r m l y magnetized body. I n general, i f t h i s 

assumption i s c o r r e c t , there must be an i n f i n i t e number o f source 

bodies, each magnetized i n a d i f f e r e n t d i r e c t i o n , t h a t can 

produce the same magnetic anomaly. One r e s u l t of t h i s i s t h a t the 
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d i r e c t i o n o f magnetization i n a body can not be determined from 
the magnetic anomaly unless some r e s t r i c t i o n such as homogeneity 
i s a p p l i e d . 

The non-uniqueness concerning the magnetic f i e l d t r a n s f e r s 

t o the g r a v i t y f i e l d because a g r a v i t y anomaly can be associated 

w i t h the source producing the magnetic anomaly through the 

a p p l i c a t i o n of expression 3.1. There should, therefore,be an 

i n f i n i t e class of heterogeneous mass d i s t r i b u t i o n s each of which 

produces the same g r a v i t y anomaly as the o r i g i n a l homogeneous body. 

I t i s also worthwhile t o p o i n t out t h a t i n the tr a n s f o r m a t i o n 

of a g r a v i t y f i e l d t o a magnetic f i e l d the generation of a good, 

or p o s s i b l y an exact, approximation of a f i e l d a t only a f i n i t e 

number o f p o i n t s i s no guarantee of a good approximation o f the 

d e r i v a t i v e s o f the f i e l d . To i l l u s t r a t e by means of a simple 

example, the g r a v i t y f i e l d s due t o the i n f i n i t e h o r i z o n t a l 

c y l i n d e r and prism shown i n Figure 3.2 are coi n c i d e n t a t the f o u r 

l o c a t i o n s x = ± 1.5 km and x = ± 5.9 km (see downward p o i n t i n g 

arrows i n Figure 3.2). Although i n t h i s case the v e r t i c a l 
G 

d e r i v a t i v e s of the g r a v i t y f i e l d , 6 z are the same at these p o i n t s , 
G 6 Z 

the h o r i z o n t a l d e r i v a t i v e s , 6 z d i f f e r by 30%. This means t h a t we 
6 z 

might e x a c t l y represent, a t fou r p o i n t s , the g r a v i t y f i e l d due t o 

the c y l i n d e r by the rectangular prism but we can not generate the 

c o r r e c t magnetic anomaly because the h o r i z o n t a l d e r i v a t i v e s are 

i n c o r r e c t . The e f f e c t of t h i s e r r o r i s t o give i n c o r r e c t values 

o f the d i r e c t i o n of the t o t a l magnetization vector and o f the 

r a t i o o f magnetic moment t o mass. Nevertheless, i n p r a c t i c e , g r a v i t y 
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Figure 3.2; The g r a v i t a t i o n a l a t t r a c t i o n s , and the 

v e r t i c a l and h o r i z o n t a l d e r i v a t i v e s of these 

a t t r a c t i o n s , of an i n f i n i t e h o r i z o n t a l c y l i n d e r 

and an i n f i n i t e prism chosen to produce 

approximately the same observed anomaly. 
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and magnetic f i e l d s are u s u a l l y s u f f i c i e n t l y w e l l behaved and an 

adequate number of blocks can be used to form the equivalent l a y e r 

of magnetic, g r a v i t a t i n g matter t h a t we can generate s u f f i c i e n t l y 

good approximations t o the g r a v i t y and magnetic f i e l d s and t h e i r 

d e r i v a t i v e s . I n t h i s connection the equivalent l a y e r of blocks 

should not be too shallow or too deep. A depth equal t o one or 

two times the mean h o r i z o n t a l s t a t i o n spacing i s u s u a l l y 

s a t i s f a c t o r y ( B o t t , personal communication). 

As i n any i n t e r p r e t a t i o n method i t i s , of course, mandatory 

t h a t the anomaly observation p o i n t s are s u f f i c i e n t i n number and 

p r o p e r l y placed to adequately d e l i n e a t e the g r a v i t y and magnetic 

f i e l d s and i t i s also necessary t o ensure t h a t each system of 

l i n e a r equations to be solved i s l i n e a r l y independent and 

reasonably w e l l conditioned through the proper placement of the 

blocks forming the equivalent l a y e r r e l a t i v e t o the data p o i n t s . 

3.5.2 Background l e v e l s 

As mentioned i n Section 3.4, a constant r e g i o n a l anomaly 

i s allowed f o r when using an equivalent l a y e r t o represent a 

g r a v i t y or magnetic f i e l d . I t i s important to do t h i s otherwise 

d i f f i c u l t i e s w i t h " e n d - e f f e c t s " w i l l a r i s e . For example, i f 

the r e g i o n a l l e v e l of the g r a v i t y f i e l d i s +50 mgal and t h i s 

value i s . not removed from the data, i t i s impossible, w i t h a 

f i n i t e number of source bodies to generate an abrupt step from 

0 t o +50 mgal i n the c a l c u l a t e d g r a v i t y f i e l d a t the boundaries 

of the observed data. This problem and i t s e f f e c t , i s analogous 
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t o Gibb's phenomenon i n the Fourier series r e p r e s e n t a t i o n of a 

d i s c o n t i n u i t y i n a f u n c t i o n . 

A small constant e r r o r i n the background l e v e l of the g r a v i t y 

f i e l d i s not serious i n the t r a n s f o r m a t i o n of a g r a v i t y f i e l d t o a 

magnetic f i e l d because the e r r o r does not c o n t r i b u t e t o the h o r i z o n t a l 

d e r i v a t i v e s of the g r a v i t y f i e l d . An unrecognised s l o p i n g r e g i o n a l 

g r a v i t y f i e l d w i l l i ntroduce some systematic e r r o r , however. 

An i n c o r r e c t background l e v e l of the magnetic f i e l d may also 

create a systematic e r r o r i n the r e s u l t s because, i f the background 

l e v e l i s i n c o r r e c t , an a d d i t i o n a l , unwanted d i s t r i b u t i o n of magneti­

z a t i o n i s re q u i r e d when magnetic f i e l d s are generated f o r the three 

orthogonal d i r e c t i o n s of the t o t a l magnetization v e c t o r . The r e s u l t 

of t h i s i s t h a t each of the three vector components may be e i t h e r 

greater or less i n magnitude than i t should be so t h a t the r e s u l t a n t 

v e c t o r l i e s i n the wrong d i r e c t i o n , and i t s l e n g t h , which determines 

the r a t i o of magnetic moment t o mass, i s too long or too s h o r t . 

3.5.3 The e f f e c t of basement magnetization 

As Bo t t (personal communication) has pointed out, the d i r e c ­

t i o n of t o t a l magnetization obtained from the combined an a l y s i s of grav­

i t y and magnetic anomalies i s the vector d i f f e r e n c e between the d i r e c ­

t i o n of t o t a l magnetization i n the anomalous source and the d i r e c t i o n 

of t o t a l magnetization i n the surrounding medium. I t i s r e a d i l y seen 

t h a t , i f the t o t a l magnetization v e c t o r s i n the source and i n the 

surrounding medium have approximately the same magnitude but d i f f e r 



s l i g h t l y i n d i r e c t i o n , the r e s u l t a n t v e c t o r d i f f e r e n c e w i l l e x h i b i t 

a small magnitude and be o r i e n t e d i n a d i r e c t i o n t h a t i s s i g n i f i c a n t l y 

d i f f e r e n t from the d i r e c t i o n of t o t a l magnetization i n the source. 

On the other hand, i f the magnitude of the t o t a l magnetization v e c t o r 

i n the surrounding medium i s , say, a f a c t o r of ten smaller than the 

t o t a l magnetization vector i n the anomalous source, the r e s u l t a n t 

d i f f e r e n c e v e c t o r w i l l be s i m i l a r i n d i r e c t i o n and magnitude t o the 

t o t a l magnetization vector i n the source. As w i l l be discussed l a t e r , 

some s i t u a t i o n s are found over the Scotian Shelf where the c a l c u l a t e d 

d i r e c t i o n of t o t a l magnetization i s ne a r l y a t r i g h t angles t o the 

earth's f i e l d and t h i s might be due t o the e f f e c t of basement magne­

t i z a t i o n but i n most of these cases the i n f e r r e d g e o l o g i c a l s i t u a t i o n 

suggests t h a t the magnetization of the source i s s i g n i f i c a n t l y higher 

than the magnetization of the adjacent rocks. I t i s i m p l i c i t , 

t h e r e f o r e , i n the a p p l i c a t i o n of the program MGTRAN t h a t the e f f e c t 

of basement magnetization can be neglected. 

3.5.4 Features of the program 

The program MGTRAN has the important features t h a t i t can be 

applied t o i r r e g u l a r l y spaced g r a v i t y and magnetic observations and 

tha t the g r a v i t y and magnetic observations need not be co i n c i d e n t . 

Some computing time can be saved, however, i f the observations 

are c o i n c i d e n t . I n the s p e c i a l case where the obs e r v a t i o n a l data 

are r e g u l a r l y spaced and c o i n c i d e n t , the various inverse mat­

r i c e s r e q u i r e d i n the tr a n s f o r m a t i o n of the f i e l d s , e t c . 



need to be computed only once and can then be app l i e d repeatedly to 

d i f f e r e n t sets of i n p u t data. I have not considered t h i s s p e c i a l 

case but the step from the program given here i s s t r a i g h t f o r w a r d . 

3.6 TESTS OF THE PROGRAM MGTRAN ON MODELS 

The program MGTRAN has been test e d on g r a v i t y and magnetic 

f i e l d s produced by simple models (see Table 3.1 f o r t h e i r 

d e s c r i p t i o n ) ; most models obey Poisson's c o n d i t i o n s but two do not. 

Models 1 to 5 obey Poisson's c o n d i t i o n s and are homogeneous cubes 

whose sides are 1 km i n l e n g t h and whose centres l i e . e i t h e r 1 or 

2 km below the observation plane. Models 6, 7 and 8 are p h y s i c a l l y 

the same and co n s i s t of f o u r prisms of d i f f e r e n t s i z e s . Model 6 

s a t i s f i e s Poisson's c o n d i t i o n s but 7 and 8 do not. I n model 7 

a l l prisms are homogeneous and magnetized i n the same d i r e c t i o n 

but the r a t i o o f magnetization c o n t r a s t t o d e n s i t y c o n t r a s t ranges 

from 0.01 t o 0.1 emu/gm. I n model 8 a l l prisms are homogeneous 

and have the same r a t i o o f magnetization c o n t r a s t to d e n s i t y 

c o n t r a s t (0.01 emu/gm) but the d i r e c t i o n o f magnetization v a r i e s 

from one prism to another. 

For t r i a l s 3 t o 26, the observation p o i n t s were spaced 1 km 

apart on a square g r i d . For some t r i a l s the equivalent l a y e r 

prisms were centered beneath the observation p o i n t s whereas f o r the 

other t r i a l s they l a y i n between. The equ i v a l e n t l a y e r parameters 

are given i n Table 3.2. 

Those t r i a l s (3, 21, 6, 12, 9 and 23) t h a t e x h i b i t a high 
2 

degree of c o r r e l a t i o n ( r = 0 . 9 ) between observed and computed 



49 

4-J coco u d S 
r l M CJ 

co 
i-H IT> 
O O co 

rH i n 
o o 

10 
(0 
U 
4-1 ts O u 

CO a b o u 
• H — 

N (U 
•rl 
4-1 
<U C 
00 
CO 
a 

o 
o 

o o o 
o 

o o o o 
H , c o o o o o 

o o o 

m o 
o o o o 

ro o in 
o o o 
o o o 

T3 
o e 
n o 

(0 
cd 

I 

a O 
o c 

• H o 4 J •H o o O o o o O o o O 4-1 
01 cd o o o o m m m m 
t-i 6 C O co r o m s t s t s t <f •H •H 1 i 1 T j rH 

(0 U 

H .C. c 
CD o • H 

1-1 4-1 •rH 
• CU 4-1 

r o - H Cd> o. Cg N o o O o o o o o o 
W l-l •H 4 J 

cd 4 J 2 o o O m m o o o o 
Pn CU 6 QO oo 00 I vO vO SO 

< C •H rH rH rH 1 1 1 1 H rH 60 N 
a) cd cd 

TJ S3 
o S 

CU 

u 

or
 

B 
.2 o o O o o o o vO vO 

a) I 
M N rH rH CM CM rH rH CM CM O 
4 J 

ti 

ce
 

MH •k
m 

i n O m m o O o o m 

X) 

i 
u 
o 

CO 
cd 

CO 
CU 
4 J 
cd e 

•H -d u o o u 

I 
CO C O C O m 

m 

CO 
o 
s t 

m m o 

co c o s t 

o o o m 

s t s t CM vo 

o 
e 
u o 

UH 

CO 
cd 

CO 
cd 

4 J 

I 
•H 
N 

cd 

cd o 

CU 

> 
•rH 
4-1 
CJ 
CU 
a. 
CO cu u 

cu 
CU 

•a 
6 .3 

rH 

T j 
o O O O • • • • cd 
o o o o 
vD C O C O cu 
| 1 *a •H 

3 
B 

rH 
O o O o • • • • #» 

in o o in M S t rH 00 S t a 1 o rH 

a 
M 
rH 

CO 
•rl 

0) 
J 3 
3 
CJ 

vO U 
cd 

rH CU 
CU 

T J 

o »• 
0 CU 0 

4-1 

M o O 53 

m 
- P s 

o 
m 
CM 
I 

CU u 
cd 

x) 
rH 
CU 

• H 

CU 
•H 
rH 

o. 
cd 

o 
• H 
4 J 
cd a 
•iH 
rH-o cs 
•rl 

cd 

(U 
TJ 
o 
s 

nl 4 ) C J T J c d , o u T J cd xi CJ T J 
r H c M c o s t m v o v o v o v D r ^ r ^ r ^ r s o o o o o o o o 



5 0 

CN 

r o 

w 
pq < 
•H 

H 
W 

> 
M 

C W 

cu 
o M • 
3 co O •u 
CO P. . 
> CO 

•H 
3 o cr . 
cu, o •4-1 
m o co 0 

• co c •H 

cu Pu 
Pi 

cu 
o n) 4-1 
u 3 
co cn c* 

w cu H p W a § 3 
CH 
O 

X! 
4J 

w a >• cu o 

CO 
CO 
CU 

o 
•H 
x: H 

Xi 
4J 
XI 
•rH 

pq PQ 
M 1-1 

pq PQ pq 
U U M pa pq pq pq pq 

CJ u o u 
CO 

•H 
(-) 
4-1 

X! 
U 
cd CU 

C 
•H 

T3 
CU 
CO 
3 
(0 
S 
CO 
•H 
H 
P. X! 

4-1 
vO • CO 
m CU 

cu e 
• * CO cu CO 
c2 3 XI 
CO cu XI 

•H u CU 
H cu a CU 

4J 
rH CO e 
n) 6 cu 3 co a T3 •H 

•H i > a 
pq 

CTi u 
a 

•H cu u o cu x: 
3 

CU •H C CN cu CU cu M i-l 
a) 4J 

co •H CU 
C X) 
o H •H c 
co 4-i •H 

P. 
cu CU 1 B CJ 

•H X pq 
p CU 

c cu 42 

cd 
•H u H 

n so CTI CM en m o> o 
CM CM 

vO 
CM 



51 

3 3 
• (A 
I T -H L 

« h a 
O « -
. U .Q 

3 S " 
g o o 

m CM ** m i n -» «N r * r » m -H r*. 
ON CO a t ON ON o m O O r - •H t n 
ON ON o> ON ON m m < f o \ <n rH 

m CO 
ON /-> v£) r>» OJ \0 O o o ^ O ON 
O (M n m a* o » n -a1 n O rH en <T i/N •* ST f - O 
- r O •-I O o o — i o o o O CO rH C I IN m rsl m rH O O rH O so 

o o o o O o o o o o O O O O o O O O O o o * o o o o o o o o • O • o O • o • o • o 
w >-' 

uo 
V S B 

> M 
• < r 

ST • 
CM rH 

s 
o O cO 

oo . 
•H O 

O ON 
CO > 
*H O 

m o «o o 

rH r*. 
r-> • 

I s r 

so m 
O N ^ 
• rH 

m • 
f t CO 

N0 • 
I ON 

NO CO 
r - • 
I NO 

<NJ* 

uo 
> M 

NO r-v 
• o 

<r • 

O r-» 
co • 
rH CN 

co ^ 
• O 

vo < r 

rH ST 

• r-» • c o 
co * m 
M N *o i n 

I""* rH 
vO . 
rH r » 

m co m o 
m > m . 
t * l t n rH 

co f\ m ^ 
• m « i n 

<r . r»» . 
\ D H r»» ON 

00 ^ 
• ON 

m • 
r«* ON 

NO co o • 
rH <J 

• NC 
CO • 

CO /-> 
• co n n 
) rH co o 
I rH 1 -H 

ON ̂  -tf 

Q. i) 3 -2 

U O 
U 55 
O M 3 

rH 
O 

5 



g r a v i t y or magnetic f i e l d s (Table 3.1) ge n e r a l l y give good r e s u l t s 

which e x h i b i t small s c a t t e r (as i n d i c a t e d by the standard d e v i a t i o n s 

of the angles and r a t i o s given i n brackets i n Table 3.3) and are 

close t o the model values. For example the g r a v i t y t o magnetic 

t r a n s f o r m a t i o n s p e c i f i e s t h e . d i r e c t i o n of magnetization t o w i t h i n 

about 5 degrees and the r a t i o o f magnetization c o n t r a s t to den s i t y 
Jt-

c o n s t r a s t t o w i t h i n 40 per cent and o f t e n to w i t h i n 10 per cent. 

Those t r i a l s which e x h i b i t a low degree of c o r r e l a t i o n (15, 13, 19 

and 20) give poor r e s u l t s . T r i a l s 3, 21, 6 and 12 i n d i c a t e t h a t 

i n the case of the g r a v i t y to magnetic t r a n s f o r m a t i o n there i s not 

much d i f f e r e n c e between the r e s u l t s where the equivalent source 

bodies are s i t u a t e d below and i n between the data observation 

p o i n t s ( t r i a l s 3 and 6) or d i r e c t l y beneath the data p o i n t s 

( t r i a l s 12 and 21) but i n the case of the magnetic to g r a v i t y 

t r a n s f o r m a t i o n there are s i g n i f i c a n t systematic e r r o r s i n the 

i n c l i n a t i o n values of t r i a l s 12 and 21. The g r a v i t y to magnetic 

tr a n s f o r m a t i o n t h e r e f o r e appears t o be less s e n s i t i v e t o 

observation p o i n t - e q u i v a l e n t source prism geometry than does the 

reverse t r a n s f o r m a t i o n . 

The r e s u l t s of a p o t e n t i a l f i e l d t r a n s f o r m a t i o n should be 

independent of the o r i e n t a t i o n of the system of the three 

orthogonal components of magnetization used t o describe the t o t a l 

magnetization vector. T r i a l s 19 and 20 and others not given i n 

Table 3.3 suggest t h a t the g r a v i t y to magnetic f i e l d t r a n s ­

f o r m a t i o n s a t i s f i e s t h i s c r i t e r i o n b e t t e r than the magnetic to 

g r a v i t y f i e l d t r a n s f o r m a t i o n does. 

* Q t ^ V c c r e s o H s j ot+acn .si wi i fa i < f p - « . c e ^ o o j e ^ V V W-y-e^s t a^e ^'iv -e^ w. 



As might be expected, the program MGTRAN does not give 

meaningful r e s u l t s when the models do not s a t i s f y the Poisson 

c o n d i t i o n s . T r i a l 26 (using model 8 where each prism i s magnetized 

i n a d i f f e r e n t d i r e c t i o n ) gives very poor c o r r e l a t i o n between 

observed and computed f i e l d s . The r e s u l t of t r i a l 25 (using model 

7 where each prism has a d i f f e r e n t i n t e n s i t y of magnetization) i s 

dominated by the prism which has the highest r a t i o o f magnetization 

to d e nsity c o n t r a s t (0.1 emu/gm) since the c a l c u l a t e d r a t i o o f 

magnetization c o n t r a s t to den s i t y c o n t r a s t i s 0.104 emu/gm and the 

d i r e c t i o n of magnetization i s reasonably close t o t h a t used f o r 

the model. Although more t e s t s are required to demonstrate i t , 

t r i a l s 25 and 26 suggest the procedure d e t e r i o r a t e s more r a p i d l y 

i f the d i r e c t i o n o f magnetization i n the same source body i s not 

constant than i f the r a t i o o f magnetization c o n t r a s t to den s i t y 

c o n t r a s t i s not uniform. 

One aspect of Table 3.3 which remains unexplained i s the 

set of poor r e s u l t s f o r t r i a l s 13, 15, 19 and 20. The reason 

f o r the poor c o r r e l a t i o n between observed and computed p o t e n t i a l 

f i e l d s i n these t r i a l s might be due to some unfavourable aspect of 

the d i r e c t i o n o f magnetization used f o r model 6 as t h i s parameter 

d i f f e r s from the d i r e c t i o n s used i n models 1 through 5. Bot t and 

Ingl e s (1973) p o i n t out t h a t d i f f i c u l t i e s can a r i s e i n the t r a n s ­

formation of two-dimensional anomalies f o r c e r t a i n angles of 

magnetization and s p e c i a l cases of observation p o i n t - e q u i v a l e n t 

source prism geometry. S i m i l a r problems may a r i s e i n the 

tran s f o r m a t i o n of a r e a l l y d i s t r i b u t e d data but I have found no 



t h e o r e t i c a l examples. A l t e r n a t i v e l y , the poor c o r r e l a t i o n may be 

due to some d i f f i c u l t y i n the o b s e r v a t i o n p o i n t - e q u i v a l e n t source 

prism geometry. I n order to t r y to f i n d out the reason f o r the 

poor r e s u l t s of t r i a l s 13 to 20, f u r t h e r t e s t s of the program 

MGTRAN were c a r r i e d out u s i n g , as a source, a s i n g l e p r i s m 10 km 

long, 10 km wide and 5 km t h i c k to generate g r a v i t y and magnetic 

anomalies over a square a r r a y of 100 o b s e r v a t i o n p o i n t s spaced 

5 km a p a r t . A square a r r a y of 49equivalent source prisms spaced 

5 km a p a r t was used to approximate the g r a v i t y and magnetic f i e l d s . 

The depth and t h i c k n e s s of the e q u i v a l e n t source prisms and t h e i r 

h o r i z o n t a l p o s i t i o n s w i t h r e s p e c t to the o b s e r v a t i o n p o i n t s were 

v a r i e d f o r the s e t of t r i a l s 61 to 77 i n which the azimuth and 

i n c l i n a t i o n of the t o t a l magnetization v e c t o r were h e l d a t -60° 

and 45° r e s p e c t i v e l y (the same as i n t r i a l s 13 to 2 0 ) . T r i a l s 

78 to 84 were done us i n g v a r i o u s d i r e c t i o n s of magnetization. 

Only the g r a v i t y to magnetic f i e l d t r a n s f o r m a t i o n was 

c o n s i d e r e d during these f u r t h e r t e s t s because of the u n d e s i r a b l e 

s e n s i t i v i t y of the magnetic to g r a v i t y f i e l d t r a n s f o r m a t i o n to a 

r o t a t i o n of the system or orthogonal magnetization v e c t o r s and the 

g e n e r a l l y poorer performance of the magnetic to g r a v i t y f i e l d 

t r a n s f o r m a t i o n . The main c o n c l u s i o n s from t r i a l s 61 to 77 

(Table 3.4) a r e t h a t the tops of the e q u i v a l e n t l a y e r must l i e a t 

a depth equal to 1 to 2 times the s t a t i o n s p a c i n g and t h a t the 

t h i c k n e s s of the e q u i v a l e n t l a y e r i s not c r i t i c a l . I f the 

e q u i v a l e n t l a y e r i s too c l o s e to the s u r f a c e (e.g. t r i a l s 61 to 6 6 ) , 

l a r g e s y s t e m a t i c e r r o r s occur and the r e s u l t s a re s e n s i t i v e to 
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the h o r i z o n t a l p o s i t i o n r e l a t i o n s h i p between the o b s e r v a t i o n p o i n t s 

and the e q u i v a l e n t l a y e r prisms, i . e . , whether the prisms a r e 

centered beneath or i n between the o b s e r v a t i o n p o i n t s (CB or I B 

i n Table 3.4). When the e q u i v a l e n t l a y e r i s deep enough, th e r e i s 

l i t t l e e f f e c t on the r e s u l t s when the e q u i v a l e n t l a y e r prisms are 

s h i f t e d h o r i z o n t a l l y by one-half the o b s e r v a t i o n p o i n t s p a c i n g 

(e.g. t r i a l s 73 and 76 and t r i a l s 78 and 7 9 ) . T r i a l s 68, 73 and 77 

show t h a t the t h i c k n e s s of the e q u i v a l e n t l a y e r i s not c r i t i c a l 

when the top of the e q u i v a l e n t l a y e r i s deep enough. There i s a 

suggestion from t r i a l s 66 and 71 t h a t a t h i c k e q u i v a l e n t l a y e r g i v e s 

somewhat b e t t e r r e s u l t s than a t h i n one when the top of the l a y e r 

i s not q u i t e deep enough. R e f e r r i n g back to the d i s c u s s i o n i n 

s e c t i o n 3.5.1, an e q u i v a l e n t l a y e r whose upper s u r f a c e i s s i t u a t e d 

a t a depth equal to one to two times the s t a t i o n s p a c i n g not only 

provides a s u i t a b l e r e p r e s e n t a t i o n of the g r a v i t y f i e l d but a l s o 

i t s d e r i v a t i v e s . 

The r e s u l t s i n the lower p o r t i o n of Table 3.4 show th a t t h e r e 

i s no d i f f i c u l t y w i t h the angle of magnetization used f o r t r i a l s 

13 to 20 (Table 3 . 3 ) . T r i a l s 73 and 78 to 84 i n d i c a t e t h a t f o r a 

wide v a r i e t y of d i r e c t i o n s of magnetization, the o r i e n t a t i o n can 

be produced to w i t h i n about 2° and the r a t i o of magnetization 

c o n t r a s t to d e n s i t y to w i t h i n about 0.3% i f t h e r e a r e s u f f i c i e n t 

o b s e r v a t i o n p o i n t s to d e f i n e the anomaly f i e l d s and i f the 

e q u i v a l e n t l a y e r i s s u i t a b l y d e f i n e d and l o c a t e d . At f i r s t glance 

i t seems odd t h a t the method works w e l l when the e q u i v a l e n t l a y e r 

i s deeper than the source of the anomalies but the important p o i n t 
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i s t h a t the c o n d i t i o n i n g of the problem i s determined s o l e l y by the 
o b s e r v a t i o n p o i n t - e q u i v a l e n t l a y e r source geometry and not by the 
observed anomalies. 

Returning to the poor r e s u l t s of t r i a l s 13 to 20 i n Table 3.3, 

i t i s c l e a r t h a t they are due, a t l e a s t i n p a r t , to the e q u i v a l e n t 

l a y e r ' s being too c l o s e to the s u r f a c e so the problem was r e - r u n u s i n g 

an e q u i v a l e n t l a y e r s i t u a t e d 2 km beneath the o b s e r v a t i o n p o i n t s 

(spaced 1 km a p a r t ) r a t h e r than a 0.1 km as p r e v i o u s l y used. The 

r e s u l t s of t h i s new run were n o t i c e a b l y b e t t e r : AZ = -64.2° ( 8 . 6 ) , 

IN = 34.4° ( 5 . 9 ) , M/p = .0012 emu/gm (.0001) (standard d e v i a t i o n s 

are given i n b r a c k e t s ) i n d i c a t i n g that the deeper e q u i v a l e n t l a y e r 

produced b e t t e r r e s u l t s . However, the c a l c u l a t e d i n c l i n a t i o n s t i l l 

d i f f e r e d by some 9° from the model v a l u e of 45°. A p o s s i b l e reason 

f o r t h i s remaining d i s c r e p a n c y i s t h a t one of the four anomaly source 

prisms (6d) l i e s a t a s h a l l o w depth (see Table 3.1) and i s v e r y c l o s e 

to the edge of the a r r a y of o b s e r v a t i o n p o i n t s and, as a r e s u l t , i t s 

g r a v i t y and magnetic anomalies are not s u f f i c i e n t l y w e l l d e f i n e d . 

To sum up the t e s t s on the models, i f an anomalous source 

body s a t i s f i e s the P o i s s o n c o n d i t i o n s and i f good r e p r e s e n t a t i o n s 

of the p o t e n t i a l f i e l d s are obtained, the e q u i v a l e n t l a y e r method 

g i v e s good r e s u l t s when the l a y e r i s s u i t a b l y p o s i t i o n e d . A 

measure of the q u a l i t y of the r e s u l t s i s the degree of c o r r e l a t i o n 

between observed and computed p o t e n t i a l f i e l d s . The g r a v i t y to 

magnetic f i e l d t r a n s f o r m a t i o n g e n e r a l l y provides b e t t e r c o r r e l a t i o n 

between observed and computed f i e l d s and i s l e s s prone to s y s t e m a t i c 

e r r o r s than the magnetic to g r a v i t y f i e l d t r a n s f o r m a t i o n . The 



60 

l a t t e r t r a n s f o r m a t i o n I s u s e f u l , however, because a comparison 
of the two s e t s of r e s u l t s g i v e s some i d e a of the o v e r a l l 
r e l i a b i l i t y of the a n a l y s i s . 

3.7 TESTS OF THE PROGRAM MGTRAN ON SURVEY DATA 

3.7.1 G i l l i s s Seamount 

The program MGTRAN has been a p p l i e d to f i e l d data from the 

Gi l l i s s S e a m o u n t i n the Northwest A t l a n t i c as the f e a t u r e has been 

t r e a t e d by C o r d e l l and T a y l o r (1971) u s i n g F o u r i e r a n a l y s i s . The 

g r a v i t y and magnetic data were d i g i t i z e d a t 5 km i n t e r v a l s from 

the diagrams pu b l i s h e d by C o r d e l l and T a y l o r (1971). A t o t a l 

of 45 data p o i n t s was used. The e q u i v a l e n t l a y e r c o n s i s t e d of 

30 prisms 5 km wide and 5 km long and 3 km t h i c k w i t h t h e i r 

tops s i t u a t e d a t a depth of 2 km f o r t r i a l s 51 to 54 and a t a 

depth of 10 km f o r t r i a l 55 when only the g r a v i t y to magnetic 

f i e l d t r a n s f o r m a t i o n was done. R e s u l t s a r e presented i n Table 3.5. 

Table 3.5 i n d i c a t e s t h a t t r i a l s 51 and 52, where the e q u i v a l e n t 

source bodies l i e i n between the data p o i n t s , a l l o w a b e t t e r r e ­

p r e s e n t a t i o n of the magnetic f i e l d than do t r i a l s 53 and 54. On 

the other hand, t r i a l s 53 and 54 provide b e t t e r c o r r e l a t i o n 

between observed and computed p o t e n t i a l f i e l d s . Although no s i n g l e 

r e s u l t agrees e x a c t l y w i t h t h a t of C o r d e l l and T a y l o r (AZ = 21.8°, 

IN = 43.3°, M/p = .00329 emu/gm), t r i a l 55 produces a d i r e c t i o n of 

magnetization which i s only about 3° away from C o r d e l l and T a y l o r ' s 

v a l u e (Table 3.5). T h i s i s i n accordance w i t h the t e s t s on models 

which i n d i c a t e that the g r a v i t y to magnetic t r a n s f o r m a t i o n i s l i k e l y 

ftfn<(A\zr i W t r x i a A w o o l <l pc» \»o .M»f <^'v-c W t f a ' fts ft*oivn «. [', -e s 
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to provide a good answer i f the degree of c o r r e l a t i o n between 

observed and c a l c u l a t e d f i e l d s i s reasonably high and i f the 

e q u i v a l e n t l a y e r i s s u f f i c i e n t l y deep. 

The a n a l y s i s shows that the north pole of the magnetic f i e l d 

which induced the remanent magnetism i n the G i l l i s s Seamount 

probably l a y somewhere i n the v i c i n i t y of the Bering S t r a i t or 

somewhat to the south a t a d i s t a n c e depending on the Koenigsberger 

r a t i o ( t h e s t r a i g h t l i n e i n F i g u r e 3.3 g i v e s an i d e a of the amount) 

and i n a d i r e c t i o n away from the present magnetic pole. 

I n g e n e r a l , the standard d e v i a t i o n of a v i r t u a l pole p o s i t i o n 

i s l e s s than t w i c e the l a r g e s t angular e r r o r contained i n the 

azimuth or i n c l i n a t i o n of the magnetization v e c t o r (Cox and D o e l l , 

1960). The l a r g e s t angular e r r o r i n the d i r e c t i o n of the t o t a l 

m agnetization v e c t o r i n t r i a l s 53 to 55 ( g r a v i t y to magnetic f i e l d 

t r a n s f o r m a t i o n ) i s about 10° so the standard d e v i a t i o n s of pole 

p o s i t i o n s 53G, SAG and 55G do not exceed about 20°. E r r o r s of t h i s 

magnitude, although r a t h e r l a r g e , a re comparable to e r r o r s quoted 

f o r some of the poorer palaeomagnetic data given i n catalogues 

(e.g. Hicken e t a l . , 1972). The main d i f f i c u l t y i n the palaeomagnetic 

a p p l i c a t i o n of the g r a v i t y to magnetic f i e l d transform i s t h a t , 

i n g e n e r a l , one does not know the Koenigsberger r a t i o . T h i s w i l l 

be d i s c u s s e d more f u l l y i n Chapter 7. 

C a l c u l a t e d r a t i o s of magnetic moment to mass range from 

.00135 emu/gm to .00350 emu/gm. Assuming th a t the seamount i s 
3 

b a s a l t i c and o f f e r s a d e n s i t y c o n t r a s t of about 1.8 gm/cm w i t h 

r e s p e c t to the surrounding s e a water, these r a t i o s correspond to 
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F i g u r e 3.3: V i r t u a l geomagnetic pole p o s i t i o n s obtained 

from G i l l i s s Seamount assuming an i n f i n i t e 

Koenigsberger r a t i o . S o l i d square i s the pole 

obtained by C o r d e l l and T a y l o r (1971) u s i n g 

F o u r i e r a n a l y s i s . Dots show poles obtained 

by the program MGTRAN usi n g v a r i o u s e q u i v a l e n t 

l a y e r r e p r e s e n t a t i o n s . T e s t s on a r t i f i c i a l 

d a t a i n d i c a t e poles 53G, 54G and 55G (not shown 

fo r the sake of c l a r i t y ) should be the most 

r e l i a b l e . 
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magnetic moments per u n i t volume of .0028 to .0063 emu/cm . 

Measured v a l u e s of induced and remanent magnetization of these 

b a s a l t i c samples dredged from the seamount range from .0026 to 
3 

.0037 emu/cm . The c a l c u l a t e d v a l u e s of t o t a l magnetic moment 

per u n i t volume agree q u i t e w e l l w i t h the median observed v a l u e s . 
3.7.2 Sept l i e s f e a t u r e 

Although the r e s u l t s from the G i l l i s s Seamount seem 

reasonable, there i s no d i r e c t i n formation about the o r i e n t a t i o n 

of the magnetization i n the source r o c k s . Rock magnetism data 

r e c e n t l y became a v a i l a b l e (W. F a h r i g , p e r s o n a l communication) 

f o r a l a r g e undated Precambrian gabbroic a n o r t h o s i t e near Sept 

l i e s , Quebec and, because t h i s g e o l o g i c a l f e a t u r e produced l a r g e , 

c o i n c i d e n t g r a v i t y and magnetic anomalies (see F i g u r e s 7.1 and 7.2 

i n Chapter 7) and i s i n a c o n t i n e n t a l r a t h e r than an oceanic 

environment, i t seemed worthwhile to apply the g r a v i t y to magnetic 

f i e l d t r a n s f o r m a t i o n to t h i s f e a t u r e and compare the c a l c u l a t e d 

q u a n t i t i e s w i t h those measured d i r e c t l y . 

The g r a v i t y and magnetic anomalies a r e n e a r l y c i r c u l a r and 

have diameters of about 60 km and amplitudes of about 80 mgal and 

1400 gamma r e s p e c t i v e l y . The anomalies i n d i c a t e t h a t the major 

p o r t i o n of the i n t r u s i o n l i e s under the waters of the S t . Lawrence 

R i v e r . Only .the n o r t h e r n margin i s exposed on land . Although i t 

i s not apparent i n F i g u r e 7.2, there a r e i n t e n s e magnetic anomalies 

i n a narrow annular zone a t the margin of the main anomaly. These 

suggest the p o s s i b i l i t y of an enhanced magnetization a t the margin 

of t h i s Precambrian gabbroic a n o r t h o s i t e . 



The rock magnetism data a r e summarized i n Table 3.6. The 

samples a r e n e c e s s a r i l y r e s t r i c t e d to the northern margin of the 

3 i n t r u s i o n . The mean s u s c e p t i b i l i t y of the samples i s .0051 emu/cm 

and the mean Koenigsberger r a t i o i s about 0.25. The d i r e c t i o n s of 

the n a t u r a l remanent magnetization (NRM) v e c t o r s i n i n d i v i d u a l 

samples e x h i b i t a l o t of s c a t t e r but the azimuths tend to f a l l i n t o 

two groups, one at 320° and the other a t 30°. The azimuth of the 

e a r t h ' s f i e l d i s 335° so the mean azimuth of one group l i e s s l i g h t l y 

to the west; the second d i s t i n c t l y to the e a s t . The i n c l i n a t i o n s 

of the NRM v e c t o r s c l u s t e r around 70° to 80° i n e i t h e r group. The 

double grouping of the NRM v e c t o r s i n d i c a t e s two d i r e c t i o n s of 

magnetization a r e present i n the samples. 

When the samples were cleaned u s i n g a l t e r n a t i n g f i e l d 

demagnetizing techniques, only two samples (7701 and 8001) 

e x h i b i t e d s t a b l e d i r e c t i o n s of remanent magnetization (see bottom 

of Table 3.6). I n t e r e s t i n g l y enough the two d i r e c t i o n s a r e q u i t e 

d i f f e r e n t from each other. The second s t a b l e d i r e c t i o n (from 

sample 8001) could e x p l a i n the NRM d i r e c t i o n s i n the second group 

as being v e c t o r combinations of the s t a b l e remanent magnetization 

and a component i n the d i r e c t i o n of the e a r t h ' s f i e l d but the 

azimuth of the f i r s t s t a b l e d i r e c t i o n (from sample 7701) i s not 

o r i e n t e d s u f f i c i e n t l y f a r enough to the west to c r e a t e a v e c t o r 

combination which would have an azimuth of 320°. The NRM data 

suggest, t h e r e f o r e , t h a t a t h i r d d i r e c t i o n of magnetization may 

be present i n the samples. 

The preceeding d i s c u s s i o n p o i n t s out two p o s s i b l e d i f f i c u l t i e s 



TABLE 3.6 

Sept l i e s F e a t u r e 

No. of s i t e s 10 No. of samples 72 
3 

Mean s u s c e p t i b i l i t y .0051 emu/cm Mean Koenigsberger R a t i o 0.25 

D i r e c t i o n s of remanent magnetization - uncleaned samples 
SITE AZIMUTH INCLINATION NO. OF FISHER'S k-VALUES 

DEG DEG SAMPLES 

75 320.7 38.7 7 14.8 

76 29.9 78.0 8 45.2 

77 329..1 48.0 8 6.7 

78 320.0 66.4 6 11.6 

79 321.8 76.5. 7 13.2 

80 14.3 70.0 7 11.9 

81 306.0 80.3 7 18.5 

82 68.7 81.4 7 11.2 

83 22.8 76.7 7 33.5 

84 37.6 63.2 8 9.3 

D i r e c t i o n s of magnetization - a l t e r n a t i n g f i e l d 
cleaned samples 

SAMPLE AZIMUTH INCLINATION 

7701 

8001 

-28.8 

131.6 

-21.4 

49.0 

Note: azimuth and i n c l i n a t i o n of e a r t h ' s f i e l d a r e -25 

and 75° r e s p e c t i v e l y 



i n the a p p l i c a t i o n of the g r a v i t y to magnetic f i e l d t r a n s f o r m a t i o n 

to the Sept l i e s f e a t u r e . F i r s t l y , the narrow,intense magnetic 

anomalies a t the margins i n d i c a t e t h a t the r a t i o of magnetization 

c o n t r a s t to d e n s i t y c o n t r a s t may be higher a t the margin of the 

i n t r u s i o n than throughout the main body and secondly, the rock 

magnetism data i n d i c a t e that more than one d i r e c t i o n of magneti­

z a t i o n i s p r e s e n t a t the margin and p o s s i b l y throughout the main 

body. I n doing the g r a v i t y to magnetic f i e l d t r a n s f o r m a t i o n i t 

was d i s c o v e r e d t h a t b e t t e r r e s u l t s could be obtained by modelling 

the i n t r u s i o n by a number of prisms of d i f f e r e n t s i z e s arranged 

to approximate the shape of the i n t r u s i o n i n plan view r a t h e r 

than by u s i n g a uniform a r r a y of r e c t a n g u l a r prisms as was done 

f o r the G i l l i s s Seamount. I t was a l s o n e c e s s a r y to d e l e t e some 

of the o b s e r v a t i o n p o i n t s which were s i t u a t e d over the narrow, 

i n t e n s e magnetic anomalies a t the margin. Table 3.7 g i v e s the 

r e s u l t s of t h r e e t r i a l s which produce a good agreement between 

the c a l c u l a t e d and observed magnetic anomalies everywhere except 

a t a few i s o l a t e d p l a c e s near the northern margin of the 

i n t r u s i o n . These t r i a l s were c a r r i e d out u s i n g 68 o b s e r v a t i o n 

p o i n t s and 33 source prisms. 

As can be seen from Table 3.7, the r e s u l t s of the g r a v i t y 

to magnetic f i e l d t r a n s f o r m a t i o n depend to some extent on the 

depth a t which the source prisms are placed but, i n g e n e r a l , the 

r e s u l t s group together f a i r l y w e l l . The r a t i o s of magnetization 

c o n t r a s t to d e n s i t y c o n t r a s t of .013 to .015 emu/gm obtained 

from the g r a v i t y to magnetic f i e l d t r a n s f o r m a t i o n agree v e r y w e l l 



w i t h the value of .014 emu/gm derived from the mean s u s c e p t i b i l i t y 
3 

value of .0051 emu/cm m u l t i p l i e d by the earth's magnetic f i e l d 

s t r e n g t h of .57 oersted and d i v i d e d by an estimated d e n s i t y c o n t r a s t 
3 3 of 0.2 gm/cm between the gabbroic a n o r t h o s i t e (2.9 gm/cm ) and 

3 

the surrounding g r a n i t i c gneisses and migmatites (2.7 gm/cm ) . 

The d i r e c t i o n s of the t o t a l magnetization vectors do not d i f f e r 

s i g n i f i c a n t l y from the d i r e c t i o n of the induced magnetization v e c t o r 

at the 95% confidence l e v e l but the d i r e c t i o n obtained from 

t r i a l 92 d i f f e r s a t the 67% l e v e l . I f we know, or assume a 

value of the Koenigsberger r a t i o , the d i r e c t i o n of the remanent 

magnetization vector can be obtained by s u b t r a c t i n g the induced . 

magnetization vector from the t o t a l magnetization v e c t o r . The 

le n g t h of the induced magnetization v e c t o r w i t h respect t o the 

le n g t h of the t o t a l magnetization v e c t o r i s determined by whatever 

value i s assigned to the Koenigsberger r a t i o and i s equal t o the 

le n g t h of the t o t a l magnetization v e c t o r d i v i d e d by the q u a n t i t y 
cos(b) ± (Q 2 + c o s 2 ( b ) - l ) 5 * 

where Q i s the Koengisberger r a t i o and b i s the angle between the 

earth's' f i e l d and the t o t a l magnetization v e c t o r . At t h i s 

j u n c t u r e i t must be pointed out t h a t i n t h i s a p p l i c a t i o n t o the 

Sept l i e s f e a t u r e the s t a t i s t i c a l u n c e r t a i n t y i n the d i r e c t i o n 

and l e n g t h of the r e s u l t a n t v e c t o r i s very l a r g e because, even 

i n the best case, the t o t a l magnetization v e c t o r i s b a r e l y 

s i g n i f i c a n t l y d i f f e r e n t from the induced magnetization v e c t o r . 

Nevertheless i t i s s t i l l of i n t e r e s t t o examine the r e s u l t s . 



D i r e c t i o n s of remanent magnetization corresponding t o a Q 

value of 0.25 are given i n t a b l e 3.7. These d i r e c t i o n s c l e a r l y 

do not correspond t o the d i r e c t i o n of s t a b l e remanent magnetization 

i n sample 8001 and p o i n t too f a r to the west t o be associated w i t h 

the s t a b l e remanent magnetization i n sample 7701. The c a l c u l a t e d 

d i r e c t i o n s might e x p l a i n the f i r s t grouping of NRM values obtained 

i n Table 3.6 but, i f so, what i s the s i g n i f i c a n c e of a nearly 

h o r i z o n t a l remanent magnetization p o i n t i n g westsouthwest a t Sept 

l i e s ? Table 3.8 gives v i r t u a l palaeomagnetic pole p o s i t i o n s from 

the d i r e c t i o n s of remanent magnetization presented i n Table 3.7. 

These poles l i e w i t h i n a group of poles obtained from 12 00 t o 

1500 my o l d rocks located elsewhere i n the Canadian Shield ( I r v i n g 

and Park, 1972) t h e r e f o r e the poorly determined d i r e c t i o n of 

remanent magnetization obtained from the g r a v i t y .to magnetic f i e l d 

t r a n s f o r m a t i o n might represent the magnetization i n i t i a l l y acquired 

i n c o o l i n g . Turning the argument around, many of the an o r t h o s i t e s 

i n the Canadian Shield seem to have c r y s t a l l i z e d some 1400 to 

1500 my ago (e.g. Fahrig e t a l . , 1974) so, i f the Sept l i e s f e a t u r e 

i s t y p i c a l , one might expect t o f i n d a ne a r l y h o r i z o n t a l 

magnetization p o i n t i n g westsouthwest to be present throughout 

the i n t r u s i o n and t h i s , would, f o r reasonable Q values, d e f l e c t 

the azimuth of the t o t a l magnetization vector some 20°. to 30^ to 

the west of the earth's f i e l d . Therefore, from t h i s p o i n t of 

view, the r e s u l t s of the g r a v i t y t o magnetic f i e l d t r a n s f o r m a t i o n 

are not unreasonable but the unfortunate aspect of the a p p l i c a t i o n 

of the tr a n s f o r m a t i o n i n t h i s case i s t h a t the e r r o r l i m i t s of the 



TABLE 3.7 

RESULTS OF GRAVITY TO MAGNETIC FIELD TRANSFORMATION. 

Sept l i e s Feature 

TRIAL AZIMUTH 
deg 

INCLINATION 
deg 

M/p 
emu/gm 

r 2 DEPTH OF UPPER 
SURFACE OF PRISMS 

km 

91 -45.4 
(28.1) 

76.6 
(17.3) 

.0128 
(.0000) 

.77 15 

92 -53.5 
(13.5) 

67.2 
(09.5) 

.0148 
(.0010) 

.78 25 

93 -5-2.8 
(25.7) 

74.5 
(16.9) 

.0131 
(.0011) 

.71 50 

D i r e c t i o n of Remanent Magnetization (Assuming Q = 0.25) 

TRIAL AZIMUTH 
deg 

INCLINATION 
deg 

91 -110.3 66.6 

92 -84.4 15.4 

93 -105.0 52.1 

M/p -

( ) " 

r a t i o of magnetization c o n t r a s t to density c o n t r a s t 

standard d e v i a t i o n of q u a n t i t y 
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TABLE 3.8 
VIRTUAL PALAEOMAGNETIC POLES 

Sept l i e s - Gr a v i t y to Magnetic F i e l d Transform (Q=0.25) 

TRIAL 

91 

92 

93 

LATITUDE 
deg 

26. 

10. 

16. 

LONGITUDE 
deg 

-109. 

-155. 

-124. 

SAMPLE 

7701 

8001 

Sept l i e s - Cleaned Samples 

LATITUDE LONGITUDE 
deg deg 

23. 145. 

1. -26. 

1200 to 1500 my Rocks from Other Areas i n North America 

FEATURE 

Michikamau 
Anor t h o s i t e (1500 my) 

Crocker I s . 
Complex (1475 my) 

Sherman Granite 
(1410 my) 

A b i t i b i Dykes 
(1230 my) 

LATITUDE 
deg 

- 1 . 

5. 

-8. 

LONGITUDE 
deg 

-145. 

-143. 

-151. 

27. -134. 

NOTE: f o r Cambro-Ordovician poles see Figure 7.6 i n Chapter 7. 

The standard d e v i a t i o n of a v i r t u a l pole from the tr a n s f o r m a t i o n 

v a r i e s according t o the t r i a l but i s of the order of 30° of 

l a t i t u d e . 



d i r e c t i o n of t o t a l magnetization are so l a r g e . 

One f i n a l comment i n connection w i t h the rock magnetism 

data i s t h a t v i r t u a l poles (Table 3.8) obtained from the s t a b l e 

d i r e c t i o n s of magnetization i n samples 7701 and 8001 group together 

w i t h Cambro-Ordovician poles r a t h e r than the old e r G r e n v i l l e 

(1100 my) and Elsonian (1400 my) poles (Hicken et a l . , 1972). 

Noting t h a t the Sept l i e s f e a t u r e l i e s very close t o the 

Appalachian Front (see Figure 7.4 i n Chapter 7 ) , i t may be t h a t 

these s t a b l e magnetizations were developed i n the margins of the 

i n t r u s i o n j u s t p r i o r t o and/or during the Taconic (Ordovician) 

Orogeny. 

3.8 APPLICATION OF NON LINEAR OPTIMIZATION TO. MODELLING GEOPHYSICAL 

DATA 

3.8.1 Non-linear o p t i m i z a t i o n 

Non-linear o p t i m i z a t i o n i s the process of nu m e r i c a l l y 

determining the maximum or minimum of a f u n c t i o n of several 

v a r i a b l e s . One of the f i r s t a p p l i c a t i o n s t o the study of magnetic 

and g r a v i t y anomalies was by Al-Chalabi (1970). I t s use has been 

w e l l documented i n the l i t e r a t u r e and i s not repeated here; a 

paper by H j e l t (1973) i s of p a r t i c u l a r i n t e r e s t i n t h i s respect. 

The a p p l i c a t i o n of non - l i n e a r o p t i m i z a t i o n t y p i c a l l y c o n s i s t s of 

minimizing the r o o t mean square of the r e s i d u a l s between the 

observed and computed anomaly values by v a r y i n g some or a l l of 

the coordinates used t o de f i n e the shape of an anomalous source. 

Other parameters such as the d e n s i t y or magnetization c o n t r a s t of 



the source body and/or the form and l e v e l of the r e g i o n a l back­

ground anomaly can also be v a r i e d . 

. 1 have e x c l u s i v e l y used a method which i s due t o Rosenbrock 

(1960) and based on the method of steepest descent (e.g. Westlake, 

1968). The computer subroutine was supplied t o the Department of 

Geological Sciences by I m p e r i a l Chemical I n d u s t r i e s , L t d . A 

s i m p l i f i e d d e s c r i p t i o n of the method f o l l o w s : 

I n order t o minimize a f u n c t i o n , f , of several v a r i a b l e s x^; 

X£ etc . 

(1) increment the f i r s t argument x^ by an amount e. I f 

the f u n c t i o n decreases in> value, make the s i z e of the 

next increment t o be applied a f t e r a l l other arguments 

are incremented equal to ae where l < a . I f the f u n c t i o n 

increases i n value set the s i z e of the next increment 

equal t o 3e where -l<g< 0. This procedure c o n s t i t u t e s 

an inner loop, I , and provides a way t o o b t a i n a 

reasonable s i z e of increment, not too l a r g e or too 

sm a l l , i n the c o r r e c t d i r e c t i o n . 

(2) Increment the second argument, -x.^, by an amount e. Set 

the s i z e of the next increment t o be used a f t e r a l l 

of the remaining arguments are incremented by ae or 

3e. as i s r e q u i r e d . 

(3) repeat the procedure u n t i l a l l arguments have been 

incremented once. This completes an i n t e r m e d i a t e loop, 

M. 

(4) repeat the cycle (1) t o (3) u n t i l a "success", i . e . an 



increment has been m u l t i p l i e d by a at le a s t , once, i s 

obtained f o r a l l the arguments followed by a " f a i l u r e " 

i . e . the step s i z e i s m u l t i p l i e d by g, f o r one parameter. 

(5) a t t h i s p o i n t the vector x. of arguments i s transformed 

i n t o a new coordinate system whose axes are u^, u^, ... 

u^ by means of the Gram-Schmidt o r t h o g o n a l i z a t i o n process 

(e.g. Westlake, 1968); t h i s ensures t h a t an increment 

i n the u^ d i r e c t i o n w i l l produce the grea t e s t decrease 

i n the value of f , an increment i n the U2 d i r e c t i o n w i l l 

produce the next grea t e s t decrease i n the value of f , 

.etc. This completes an outer loop, 0. 

The process i s repeated using loops I,M and 0 as before 

except f i s a f u n c t i o n of u,, u_, ... u instead of r 1 2 m 
at 

x , x , ...x . The i t e r a t i v e process i s terminjed when 1 2 , 
there i s no s i g n i f i c a n t decrease i n the value of f . 

I f i n d t h a t Rosenbrock's method u s u a l l y converges exponent­

i a l l y t o a minimum but the problem w i t h t h i s and other 

o p t i m i z a t i o n methods i s t h a t the user i s never c e r t a i n at the 

outset whether a procedure w i l l converge and i f i t does converge, 

whether i t converges t o a l o c a l or a g l o b a l minimum. A l o c a l 

minimum i s a minor, unwanted minimum, a g l o b a l minimum i s the 

o v e r a l l , desired minimum. A r e l a t e d problem i s t h a t the optimized 

values of the v a r i a b l e parameters depend upon the s t a r t i n g p o i n t 

of the c a l c u l a t i o n . I n s p i t e of these basic u n c e r t a i n t i e s 

Rosenbrock's o p t i m i z a t i o n method seems u s e f u l i n geophysical 

a p p l i c a t i o n s and i t e l i m i n a t e s the drudgery of t r i a l and e r r o r 



computation where the analyst takes p a r t i n ,each i t e r a t i v e step. 

3.8.2 A p p l i c a t i o n t o f i r s t - a r r i v a l seismic t r a v e l - t i m e data 

I n order to r e i n t e r p r e t the a v a i l a b l e c r u s t a l seismic 

f i r s t - a r r i v a l t r a v e l time data over the Scotian Shelf, I wrote a 

simple program t o c a l c u l a t e the t r a v e l time of a seismic wave 

t r a v e l l i n g through a model c o n s i s t i n g of n h o r i z o n t a l l a y e r s . 

This program,which i s combined w i t h the o p t i m i z a t i o n subroutine, 

i s based on the expression f o r the t r a v e l time of a wave which 

penetrates the l a y e r : 

i - 1 E 
i = l 

n V, ) 2h n 
n n 3 

where t i s the t r a v e l time of the seismic wave 

x i s the h o r i z o n t a l distance between the seismic 

source and r e c e i v e r 

V i s the compressional wave v e l o c i t y i n the n*"'1 

n 
la y e r 

i s the compressional wave v e l o c i t y i n the j * ' ' 1 

l a y e r . 

and s e l e c t s , a t a given observation p o i n t , the e a r l i e s t a r r i v a l . 

The seismic v e l o c i t i e s , V_., are the parameters v a r i e d by the 

o p t i m i z a t i o n r o u t i n e i n order to minimize the r.m.s. d i f f e r e n c e 

between the observed and computed t r a v e l times. 

Tests on simple t h e o r e t i c a l models i n d i c a t e d t h a t the 

procedure worked adequately except t h a t some of the derived models 

had l o w - v e l o c i t y l a y e r s which were not i n the o r i g i n a l models. The 



procedure was applied t o the c r u s t a l seismic data on the southern 

Scotian Shelf (Chapter 5) w i t h the view t h a t although the model 

obtained is not unique, i t at l e a s t provides a p o s s i b l e 

v e l o c i t y - d e p t h s t r u c t u r e which could produce the observed t r a v e l -

time vs. distance curve. 
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CHAPTER 4 

THE NORTHERN SCOTIAN SHELF 

4.1 INTRODUCTION 

The n o r t h e r n p o r t i o n of the Scotian Shelf I s of considerable 

geophysical i n t e r e s t as the g e o l o g i c a l r e l a t i o n s between the 

s t r u c t u r e s of southern and eastern Newfoundland and those of Cape 

Breton I s l a n d have long been a source of discussion (e.g. King, 1951; 

VIeeks, 1954). The southeastward extension of the Precambrian rocks of 

the B u r i n and Avalon peninsulas (Figure 4.1) and t h e i r p o s s i b l e 

c o r r e l a t i o n , or la c k of i t , w i t h the formations on Cape Breton I s l a n d , 

i s of p a r t i c u l a r i n t e r e s t because i t was f i r s t pointed out by Williams 

(1964) t h a t the Palaeozoic mobile b e l t of c e n t r a l Newfoundland i s 

bounded on e i t h e r side by Precambrian p l a t f o r m s and t h a t t h i s two-

sided nature of the Appalachian geosyncline i s i n co n t r a s t t o the 

asymmetrical nature of the geosyncline f u r t h e r to the southwest where 

i t lacks a w e l l defined Precambrian p l a t f o r m on i t s southeast side. 

Studies of the asymmetrical p o r t i o n of the Appalachians l e d t o the 

c l a s s i c a l concept of a geosyncline (Schuchert, 1925; Kay, 1951) and 

of c o n t i n e n t a l a c c r e t i o n (e.g. Wilson, 1954). However, because the 

geology of Newfoundland does not f i t these c l a s s i c a l ideas, Wilson 

(1966) suggested t h a t the Appalachian mountains were formed as a 

r e s u l t of the closure of an ocean which culminated i n c o l l i s i o n s of 

i t s bounding continents during the Palaeozoic era and t h a t the south­

eastern p a r t of Newfoundland and adjacent c o n t i n e n t a l s h e l f i s a 

c o n t i n e n t a l remnant which was l e f t behind as the European and A f r i c a n 
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Figure 4.1: S i m p l i f i e d g e o l o g i c a l map of southern 

Newfoundland and Cape Breton I s l a n d . 

Data from the Geological Map of the 

I s l a n d of Newfoundland ( W i l l i a m s , 1967) 

and from the Geological Map of the 

Province of Nova Scotia (Nova Scotia 

Department of Mines, 1965). 
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continents s p l i t apart and moved away from the North American 

continent during the Mesozoic era. Wilson's scheme has since been 

r e i n f o r c e d by curr e n t t h e o r i e s of p l a t e t e c t o n i c s (e.g. Morgan, 1968) 

and subsequent, more d e t a i l e d models of the e v o l u t i o n of the 

Appalachians have been proposed by B i r d and Dewey (1970), Rodgers 

(1970) and others. 

The main goals of the geophysical a n a l y s i s of the Northern 

Scotian Shelf are t o study the extent and thickness of Carboniferous 

and younger sedimentary rocks and to o u t l i n e s t r u c t u r e s i n the pre-

Carboriiferous basement, paying p a r t i c u l a r a t t e n t i o n t o the underwater 

extent of Precambrian basement rocks. 

4.2 GEOLOGICAL SETTING OF SOUTHERN NEWFOUNDLAND AND CAPE BRETON 

ISLAND 

4.2.1 Geology of southern Newfoundland 

The g e o l o g i c a l formations i n Newfoundland t h a t are p e r t i n e n t 

t o the northern Scotian Shelf are described working from east t o west; 

the main sources of i n f o r m a t i o n are Poole (1970); Williams e t 

a l . (1972); and the Geological Map of the I s l a n d of Newfoundland 

(Wi l l i a m s , 1967). 

On the Avalon. Peninsula (Figure 4.1) a basal group of 

predominantly s u b a e r i a l andesites, r h y o l i t e s and i n t e r c a l a t e d sand­

stones (Harbour Main Group) i s conformably o v e r l a i n by an intermediate 

assemblage of about 2 km of mainly s i l i c e o u s s l a t e s and greywackes 

(Conception Group). These are, i n t u r n , o v e r l a i n i n places by an 

upper assemblage of 3 t o 5 km of arkosic and red sandstones and 



conglomerates (Cabot, Hodgewater and Musgravetown Groups). The l a t t e r 

group i s u n d e r l a i n by a t h i c k (2.5 km) f o r m a t i o n of predominantly 

basic and i n t e r m e d i a t e v o l c a n i c rocks and v o l c a n i c b r e c c i a ( B u l l Arm 

Formation). These l a t e Proterozoic assemblages are o v e r l a i n i n places 

by t h i n beds of d i s t i n c t i v e white q u a r t z i t e (e.g. Random Formation) 

which have equivalents elsewhere i n the Maritimes. 

To the west on the Burin Peninsula (Figure 4.1), the rocks are 

probably equivalent to the Love Cove Group t o the n o r t h and i t s 

c o r r e l a t i v e assemblage, the basal Harbour Main Group to the east on 

the Avalon Peninsula. The v o l c a n i c rocks are o v e r l a i n i n places by 

equivalents of the intermediate and upper assemblages of the Avalon 

Peninsula. 

There are very few exposed i n t r u s i v e rocks i n the Avalon and 

Burin Peninsulas. The notable i n t r u s i o n i n the Avalon Peninsula i s 

the Holyrood G r a n i t e , l y i n g southwest of St. John's and dated r a d i o -

m e t r i c a l l y (Rb-Sr) a t 574 m.y.; t h i s body i n t r u d e s the Harbour Main 

vo l c a n i c s and i s o v e r l a i n by lower Cambrian shales. I n the Burin 

Peninsula there are s e v e r a l scattered g r a n i t e outcrops whose ages 

are Devonian or e a r l i e r . Small outcrops of gabbro and r e l a t e d mafic 

rocks occur on the southeast side of the B u r i n Peninsula, on several 

i s l a n d s i n P l a c e n t i a Bay and at the head of the Bay and a t the 

southern t i p of the peninsula which separates P l a c e n t i a Bay and 

St. Mary's Bay. 

North of Fortune Bay (Figure 4.1), rocks which are probably of 

late-Precambrian age and which con s i s t mainly of s i l i c i c v o l c a n i c flows 



and interbedded conglomerates, e t c . , are cut e x t e n s i v e l y by g r a n i t e s 

of v a r y i n g ages ranging from late-Precambrian t o Devonian. The 

l a r g e s t b a t h o l i t h , probably of Siluro-Devonian age, cuts across a 

major f a u l t zone which extends i n arcuate f a s h i o n from the n o r t h side 

of Bonavista Bay (not shown i n Figure 4.1) south and west to the south 

and west to the south side of Hermitage Bay; t h i s f a u l t separates the 

formations of the Avalon and Burin Peninsulas (Zone H i n Figure 4.2) 

from those t o the west. 

At Bay d'Espoir (Figure 4.1), j u s t t o the n o r t h of the Hermitage 

Bay F a u l t , basement gneisses and migmatites and o v e r l y i n g complexly 

fold e d s l a t e s and p h y l l i t e s (Bay d'Espoir Group) are p a r t of a narrow 

c u r v i l i n e a r b e l t of metamorphic rocks which extends southeast from 

Cape Freels on the northeast coast of Newfoundland to Bay d'Espoir 

and west from Bay d'Espoir to La P o i l e Bay (Figure 4:1).The age of 

metamorphic basement i n t h i s zone (Zone G i n Figure 4.2) was 

p r e v i o u s l y thought t o be e a r l y to middle Palaeozoic but i t i s now 

considered t o be e a r l y t o middle Proterozoic (Williams et a l . , 1972). 

The basement i n the n o r t h e r n p a r t of Zone G (Figure 4.2) i s covered by 

an approximately 3 km t h i c k monotonous sequence of psammitic and semi-

p e l i t i c s c h i s t s . The metamorphic b e l t i s cut by numerous g r a n i t i c 

bodies of various pre-Carboniferous ages and scattered i n t r u s i o n s of 

gabbro, d i o r i t e , etc. The metamorphic b e l t separates the Precambrian 

volcanic-sedimentary rocks of the Avalon and Burin Peninsulas from 

the younger c e n t r a l mobile b e l t of Newfoundland. 
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F i g u r e 4.2: Map showing main t e c t o n i c zones bordering 

the Nova S c o t i a n c o n t i n e n t a l s h e l f ( a f t e r 

W i l liams e t a l . , 1972). The zones are 

d i s c u s s e d i n the t e x t and summarized i n 

the c a p t i o n of F i g u r e 1.2. 
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The c e n t r a l mobile b e l t (Zones E and F i n F i g u r e 4.2) c o n s i s t s 

l a r g e l y of O r d o v i c i a n s l a t e s , a r g i l l i t e s and mafic p y r o c l a s t i c r o c k s 

and p i l l o w l a v a s o v e r l a i n i n p l a c e s by S i l u r i a n greywackes, conglomer­

at e s and sandstones. These r o c k s a r e i n t e r r u p t e d by e x t e n s i v e a r e a s 

of a c i d i c to b a s i c igneous and metamorphic bodies and s i g n i f i c a n t 

l i n e a r b e l t s of u l t r a m a f i c r o c k s . Although the c e n t r a l mobile b e l t 

i s some 200 km wide i n northern and c e n t r a l Newfoundland, i t pinches 

out and i s only about 50 km wide i n southwestern Newfoundland. 

North of Cape Ray ( F i g u r e 4.1) a major, n o r t h e a s t , t r e n d i n g , 

l i n e a r f a u l t zone s e p a r a t e s the c e n t r a l mobile b e l t from a 7 km t h i c k 

sequence of Carboniferous s i l t s t o n e s , sandstones, and conglomerates 

which probably overlie Precambrian a n o r t h o s i t e and g n e i s s . 

4.2.2 Geology of Cape Breton I s l a n d 

On southeast Cape Breton I s l a n d ( F i g u r e 4 . 1 ) , a n o r t h e a s t t r e n d i n g 

b e l t of mainly s i l i c i c to inte r m e d i a t e p y r o c l a s t i c rocks and l a v a s , 

o c c a s i o n a l l y interbedded w i t h minor s h a l e sequences, (Fourchu Group) 

i s o v e r l a i n on i t s northwestern f l a n k by Cambrian s h a l e s and sandstones 

which i n c l u d e , near the base, a d i s t i n c t i v e w h i t e q u a r t z i t e member 

w i t h i n the Morrison R i v e r Formation. Weeks (1954) p o i n t s out t h a t the 

Fourchu Group has f e a t u r e s i n common w i t h the Harbour Main Group on 

the Avalon P e n i n s u l a , but he a l s o demonstrates convincing s i m i l a r i t i e s 

between the g e o l o g i c a l s e t t i n g of the Fourchu Group and younger 

Morrison R i v e r Formation and the c h a r a c t e r i s t i c s of the mainly v o l c a n i c 

B u l l Arm Formation and o v e r l y i n g sedimentary r o c k s of the Musgravetown 

Group; he f a v o u r s the l a t t e r c o r r e l a t i o n . 
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F u r t h e r to the north, the Cambrian s t r a t a that o v e r l i e the 

Fourchu Group a l s o o v e r l i e , w i t h marked angular unconformity, q u a r t z i t e , 

marble, s c h i s t and g n e i s s (George R i v e r Group). The George R i v e r Group 

( F i g u r e 4.1) and i t s probable e q u i v a l e n t s elsewhere i n Cape Breton 

I s l a n d predate the Fourchu Group and e x h i b i t a l i t h o l o g i c a l s i m i l a r i t y 

to basement r o c k s of the G r e n v i l l e G e o l o g i c a l P r o v i n c e . S e v e r a l s m a l l 

l e n s e s of a n o r t h o s i t e , a rock c h a r a c t e r i s t i c of the G r e n v i l l e P r o v i n c e , 

a r e found near the northern t i p of Cape Breton I s l a n d w i t h i n a band of 

no r t h e a s t t r e n d i n g metavolcanic r o c k s ; the presence of a n o r t h o s i t e 

r e i n f o r c e s the assignment of a Precambrian age f o r much of the basement 

g n e i s s and s c h i s t of Cape Breton I s l a n d . 

S e v e r a l g r a n i t i c bodies ranging i n age from Devonian to l a t e 

P r o t e r o z o i c (and p o s s i b l y o l d e r ) occur throughout Cape Breton I s l a n d . 

B a s i c i n t r u s i o n s a r e not abundant; these a r e g e n e r a l l y Devonian or 

old e r although some gabbro i n t r u s i v e s of Carboniferous or p o s s i b l y 

T r i a s s i c age occur a few k i l o m e t e r s to the southwest of the Fourchu 

v o l c a n i c s ( F i g u r e 4.1). 

With minor e x c e p t i o n s , O r d o v i c i a n , S i l u r i a n and Devonian 

sedimentary r o c k s a r e l a c k i n g i n Cape Breton I s l a n d but Carboniferous 

and Permian sandstones, s i l t s t o n e s and conglomerates occur w i d e l y . 

The Carboniferous and Permian sedimentary formations r e l e v a n t to the 

northern S c o t i a n S h e l f a r e those of the Sydney B a s i n ( i n the v i c i n i t y 

of Sydney, N.S.; F i g u r e 4.1) which on land reach a t o t a l s t r a t i g r a p h i c 

t h i c k n e s s of about 2 km and i n c l u d e c o a l seams and e v a p o r i t e s . 
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4.2.3 S t r u c t u r e and Metamorphism 

Williams et a l . (1972) have subdivided the Canadian 

Appalachians i n t o e i g h t d i s t i n c t i v e s t r u c t u r a l zones ( F i g u r e 4.2): 

seven of these occur i n Newfoundland, the e i g h t h i s r e s t r i c t e d to 

southern Nova S c o t i a . Of the seven zones i n Newfoundland, f i v e are 

represented i n the southern p a r t . F o l l o w i n g t h e i r n o t a t i o n , the most 

e a s t e r l y zone, Zone H, i n c l u d e s the mainly Precambrian, v o l c a n i c and 

sedimentary rocks of the Avalon and B u r i n P e n i n s u l a s i n Newfoundland 

( F i g u r e 4.1). These r o c k s e x h i b i t n o r t h e r l y t r e n d i n g u p r i g h t f o l d s : 

the f o l d i n g i s open i n the e a s t e r n s e c t i o n and t i g h t i n the western 

p a r t . The age of the f o l d i n g i n the e a s t e r n s e c t i o n i s c l e a r l y 

Precambrian as o v e r l y i n g Cambro-Ordovician s h a l e s , limestones and 

other sedimentary r o c k s a r e undeformed, however, Cambro-Ordovician 

rocks i n the western p a r t have been deformed along w i t h the o l d e r 

formations during the Devonian period. Metamorphic rocks are of low 

grade, ranging from s l a t e i n the Harbour Main Group i n the e a s t e r n 

p a r t to g r e e n s c h i s t i n the Love Cove Group i n the west. Major n o r t h -

northwest and n o r t h - n o r t h e a s t t r e n d i n g f a u l t s occur throughout the 

r e g i o n , n o t a b l y i n the v i c i n i t y of the Holyrood G r a n i t e to the south­

west of S t . John's ( F i g u r e 4.1). 

I n Zone G, immediately to the west of Zone H, the g n e i s s e s , 

migmatites and s l a t e s e x h i b i t a complex h i s t o r y of f o l d i n g which 

extends back i n time from the Devonian period to probably the middle 

P r o t e r o z o i c . The Devonian deformation i s p e r v a s i v e and i s c h a r a c t e r i s e d 

by the S-shaped bend, c a l l e d the Hermitage F l e x u r e (Williams et a l . 

1970), which pinches out the a d j a c e n t r o c k s i n Zone F. Metamorphism i n 



Zone G i s v a r i a b l e , o f t e n r i s i n g to the amphibolite f a c i e s and l o c a l l y 

to the g r a n u l i t e f a c i e s (e.g. near La P o i l e Bay). Except f o r the 

major f a u l t zone between Zones G and H, f a u l t s do not seem to be wide­

spread w i t h i n Zone G. Where mapped, they g e n e r a l l y trend n o r t h e a s t and 

are probably pre-Carboniferous i n age. 

The O r d o v i c i a n s l a t e s , a r g i l l i t e s and mafic p y r o c l a s t i c rocks 

and p i l l o w l a v a s and the S i l u r i a n greywackes, conglomerates and 

sandstones i n Zones E and F i n southwestern Newfoundland are 

i n t e n s e l y deformed by Devonian movements and s t r u c t u r a l trends a r e 

o r i e n t e d g e n e r a l l y n o r t h e a s t . S i g n i f i c a n t l i n e a r b e l t s of mafic and 

u l t r a m a f i c rocks occur throughout Zones E and F and medium to high 

grade metamorphic ro c k s occur i n the southwestern p a r t s of Zone E 

and F. The type and l o c a t i o n of the boundary between Zone F and 

Zone G i s unknown but the northwest s i d e of Zone E i s c l e a r l y marked 

by a n o r t h e a s t t r e n d i n g , high-angle f a u l t . W i l l i a m s e t a l . (1972) 

do not show the boundary between Zones E and F i n southwestern New­

foundland but I a r b i t r a r i l y l o c a t e i t along a f a u l t extending north­

e a s t from Cape Ray as t h i s f a u l t l i e s o n - s t r i k e w i t h a major f a u l t 

zone that s e p a r a t e s Zones E and F f u r t h e r to the n o r t h e a s t . 

I n the southwestern t i p of Newfoundland, the Permo-Carboniferous 

s i l t s t o n e s , sandstones and conglomerates i n Zone A show v a r y i n g 

degrees of f o l d i n g w i t h the o l d e r rocks more s t e e p l y folded than the 

younger ones. The r o c k s are e s s e n t i a l l y unmetamorphosed and only 

o c c a s i o n a l l y cut by n o r t h e a s t trending f a u l t s . 



I n Cape Breton I s l a n d the s i l i c i c to i n t e r m e d i a t e p y r o c l a s t i c 

r o c k s and l a v a s and o c c a s i o n a l interbedded s h a l e s of the Fourchu 

Group, which i s a s s i g n e d to Zone H, e x h i b i t v a r y i n g degrees of 

metamorphism and have been s u b j e c t e d to two phases of e a r l y to mid-

P a l a e o z o i c f o l d i n g which have produced a n o r t h e a s t e r l y s t r u c t u r a l 

t rend. 

The Precambrian George R i v e r q u a r t z i t e , marble, s c h i s t and 

g n e i s s are h i g h l y contorted and i n d i c a t e an i n t e r m e d i a t e degree of 

metamorphism. 

As i n Zone A i n southwestern Newfoundland, Carboniferous and 

younger sandstones, s i l t s t o n e s and conglomerates e x h i b i t f o l d i n g but 

l i t t l e or no metamorphism and the o l d e r beds a r e g e n e r a l l y more 

s t e e p l y folded than the younger ones. 

F a u l t s i n Cape Breton I s l a n d g e n e r a l l y trend n o r t h e a s t , 

o c c a s i o n a l l y northwest. I n s o u t h e a s t e r n Cape Breton I s l a n d s t r i k e -

s l i p motion appears to have been common i n the Devonian period and 

v e r t i c a l movement p r e v a l e n t i n the C a rboniferous. An i n t e r e s t i n g 

e x c e p t i o n to the l a t t e r i s a t h r u s t f a u l t which a f f e c t s Carboniferous 

rocks to the south of Bras d'Or Lake. 

4.2.4 B r i e f resume of the t e c t o n i c h i s t o r y of southern Newfoundland 

The g n e i s s i c basement rocks of Zone A ( F i g u r e 4.2) were formed 

or reworked i n mid-Proterozoic time and i n t r u d e d by g r a n i t i c plutons 

and swarms of b a s i c d i k e s . At about the same time or perhaps somewhat 

l a t e r , the g n e i s s i c basement rocks of Zone G were formed or reworked 

and i n t r u d e d by g r a n i t e . The r o c k s i n these two zones may or may not 
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have been p a r t of a s i n g l e t e c t o n i c u n i t i n mid to l a t e - P r o t e r o z o i c 

time. I n l a t e P r o t e r o z o i c time the v o l c a n i c and sedimentary rocks i n 

Zone H were formed i n an i s l a n d - a r c environment, perhaps s i m i l a r to 

th a t p r e s e n t l y seen i n I n d o n e s i a , and the rocks were subsequently 

f o l d e d , metamorphosed and, i n one l o c a l i t y , intruded by g r a n i t e . 

I n e a r l y P a l a e o z o i c time, Zones A and H were s t a b l e a r e a s 

covered by shallow Cambro-Ordovician s e a s . Whether or not these two 

zones were once i n c l o s e proximity, they were, a t t h i s time, separated 

by an i n t e r v e n i n g ocean which was s h r i n k i n g i n s i z e as i t s bounding 

c o n t i n e n t s converged. 

The rocks i n Zones E and F were obviously formed i n a ve r y a c t i v e 

environment which, broadly speaking, changed from marine i n the 

Or d o v i c i a n to t e r r e s t r i a l i n the S i l u r i a n . S l i c e s of u l t r a m a f i c rocks 

were emplaced mainly a t the northwestern margin of Zone F during the 

middle O r d o v i c i a n . At some subsequent time l a r g e , a l l o c t h o n o u s masses 

of e u g e o s y n c l i n a l Cambro-Ordovician sedimentary r o c k s and O r d o v i c i a n 

u l t r a m a f i c r o c k s i n c e n t r a l Newfoundland were t h r u s t over the mio-

g e o s y n c l i n a l Cambro-Ordovician sedimentary cover r o c k s i n Zone A 

l y i n g to the west. 

The Devonian p e r i o d was one of e x t e n s i v e deformation, metamorphism 

and i n t r u s i o n throughout Zones E, F and G and i n the western p a r t of 

Zone H. T h i s a c t i v i t y marks the c o l l i s i o n which culminated the c l o s i n g 

of the oceanic region l y i n g between the North American and European 

l i t h o s p h e r i c p l a t e s . Subsequent t e c t o n i c a c t i v i t y was confined mainly to 

the narrow, n o r t h e a s t t r e n d i n g zone of Permo-Carboniferous ro c k s o v e r l y i n g 

the Precambrian g n e i s s i c basement of Zone A. Within t h i s zone g e n e r a l l y 

non-marine d e p o s i t i o n and v e r t i c a l movement of fault-bounded b l o c k s were 

predominant. 



4.3 GEOPHYSICAL DATA 

I n a d d i t i o n to the uniform r e g i o n a l underwater g r a v i t y coverage, 

data from s e v e r a l shipborne g r a v i t y and magnetic p r o f i l e s and 

s c a t t e r e d s e i s m i c p r o f i l e s are a v a i l a b l e ( F i g u r e 4.3) 

The s e i s m i c data from the nor t h e r n S c o t i a n S h e l f and the Gulf 

of S t . Lawrence (Sheridan and Drake, 1968; Hobson and Overton, 1973) 

show the t y p i c a l i n c r e a s e of compressional wave v e l o c i t y w i t h depth 

of the r e f r a c t i n g medium ( F i g u r e 4.4). The v e l o c i t i e s show gaps a t 

about 4.5 km/s and 5.6 km/s; these gaps provide convenient markers to 

sub d i v i d e the depth r e s u l t s and t h i s has been done by Hobson and 

Overton (1973). T h e i r s e i s m i c s t r u c t u r e maps which i n c l u d e data from 

Sheridan and Drake (1968), show ( F i g u r e 4.5) a broad sedimentary 

b a s i n u n d e r l y i n g the are a to the north and e a s t of the Sydney-Glace 

Bay r e g i o n of Cape Breton I s l a n d . A prominent f e a t u r e i s the e a s t -

west t r e n d i n g basement r i d g e ( F i g u r e 4.5) bounding the south s i d e of 

the b a s i n . As Hobson and Overton (1973) show ( F i g u r e 4.6) a d e f i n i t e 

c o r r e l a t i o n between compressional wave v e l o c i t y and rock type i s 

u n c e r t a i n but they conclude t h a t the s e i s m i c s t r u c t u r e map showing 

the depths of l a y e r s i n which the compressional wave v e l o c i t y exceeds 

4.5 km/s o u t l i n e s accumulation of sedimentary rocks whose ages range 

from Recent to Pennsylvanian. I n t e r p r e t a t i o n of t h e i r second s e i s m i c 

s t r u c t u r e map ( F i g u r e 4.5) i s more d i f f i c u l t as rocks ranging i n age 

from Lower Carboniferous to Precambrian could a l l e x h i b i t v e l o c i t i e s 

i n e x c e s s of 5.6 km/s i f a c o r r e c t i o n f o r p r e s s u r e i s a p p l i e d to the 
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F i g u r e 4.3: L o c a t i o n of Bedford I n s t i t u t e s u r f a c e g r a v i t y 

and magnetic data (Haworth et a l . , 1972) and 

G e o l o g i c a l Survey of Canada (Hobson and Overton, 

1973) and Lamont Observatory (Sheridan and Drake, 

1968) s h a l l o w s e i s m i c data. 
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F i g u r e 4.4: P l o t of'compressional wave v e l o c i t y i n a 

given r e f r a c t o r v e r s u s the depth of the 

top of the r e f r a c t o r . Data e x t r a c t e d 

from Sheridan and Drake (1968). 
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Map of the depth at which the compressibnal 

wave v e l o c i t y exceeds 5.6 km/sec. Taken 

from Hobson and Overton (1973). 



98 

r 

1) IO 

2 J 
CO u 

CM 

CO 
oo 

Ul 

CO 
CM 

CO 

CO 

10 



99 



Figure 4.6: Compressional wave v e l o c i t i e s i n sedimentary 

(and p l u t o n i c ) r o c k s at selected s i t e s i n 

Newfoundland. Figure from Hobson and 

Overton (1973). 
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data i n Figure 4.6 but Figure 4.5 also shows t h a t there i s a broad 

basement depression, ie. the Sydney Basin (Jansa and Wade, 1975), 

under the northern Scotian Shelf. 

A m u l t i p l e l i n e a r regression analysis of the g r a v i t y and 

shallow seismic data over the n o r t h e r n Scotian Shelf and i n the 

Gulf of St. Lawrence showed no systematic r e l a t i o n between Bouguer 

anomaly magnitude (Figure 4.7) and the compressional wave v e l o c i t y 

w i t h i n any l a y e r or the thickness of a l a y e r . We cannot, t h e r e f o r e , 

use the magnitude alone of the g r a v i t y data t o p r e d i c t the extent 

and depth of sedimentary basins i n t h i s r e g i o n . 

The magnetic data (Haworth et a!L, 1972) show several intense 

large-scale anomalies (Figure 4.8) t h a t g e n e r a l l y trend east to 

northeast. These probably r e f l e c t pre-Carboniferous c r y s t a l l i n e 

basement s t r u c t u r e s . There i s a g e n e r a l l y good c o r r e l a t i o n between 

the b e l t of l i n e a r magnetic highs which extends eastward from 

southeast Cape Breton I s l a n d and the corresponding g r a v i t y and 

seismic basement highs. However, the r e l a t i o n s between magnetic, 

g r a v i t y and seismic features over the s h e l f to the n o r t h are more 

complex as w i l l be subsequently discussed. 

4.4 ST. PIERRE HIGH 

The St. P i e r r e High (Figure 4.7) i s a large r e g i o n of p o s i t i v e 

g r a v i t y anomaly which extends i n a somewhat arcuate fashion westward 

from the St. P i e r r e and Miquelon Islands (Figure 4.3) toward Cape 

Breton I s l a n d . The northward, convex side of the anomaly i s marked 

976 J iClEnDC 

9 JUNI976 
B'CIIOH 
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S i m p l i f i e d Bouguer anomaly map of the 

nort h e r n Scotian Shelf. For more d e t a i l 

see map i n pocket. 
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Figure 4.8: S i m p l i f i e d t o t a l magnetic f i e l d anomaly map 

of the northern Scotian Shelf. Data obtained 

from Sheridan and Drake (1968) and Haworth et a l . , 

(1972). The contours are based on a l i m i t e d 

amount of data as can be seen from the d i s t r i ­

b u t i o n of p r o f i l e s i n Figure 4.3 
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by a steep g r a v i t y gradient which, i n the v i c i n i t y of Hermitage 

Bay, marks the seaward extension of the major f a u l t zone which 

separates the P r o terozoic i v o l c a n i c rocks and sedimentary rocks 

of the Avalon p l a t f o r m (ZpneH) from metamorphic rocks of Zone G. 

Associated w i t h the steep gradient are g r a v i t y and magnetic highs 

over Proterozoic (?) basic lava flows (Figure 4.9) (see l o c a t i o n 

of p r o f i l e i n Figure 4.10). 

I n the area t o the south and east of the Ramea Islands (Figure 

4.1), both the g r a v i t y and magnetic anomalies e x h i b i t east-west 

t r e n d i n g features t h a t c l e a r l y represent seaward extensions of 

s t r u c t u r e s observed"on the Burin Peninsula and on the St. P i e r r e 

and Miquelon I s l a n d s . Examination of the g r a v i t y and magnetic 

anomaly maps shows s p a t i a l coincidence i n two cases of east-west 

t r e n d i n g l i n e a r highs; these highs probably represent b e l t s of 

basic lava. About 20 km west of Grand Miquelon I s l a n d there i s 

an i n t e r e s t i n g example o f . t h e coincidence of a magnetic high and 

a g r a v i t y low. A s i m i l a r inverse c o r r e l a t i o n occurs on the Burin 

Peninsula i n an area i n t r u d e d by g r a n i t i c rocks (southeast end 

of p r o f i l e A-A1 i n Figure 4.9) and t h e r e f o r e the g r a v i t y low west 

of Grand Miquelon I s l a n d probably o u t l i n e s another magnetic g r a n i t e 

A s e r i e s of seismic r e f r a c t i o n p r o f i l e s (Sheridan and Drake, 

1968) along the a x i s of the Laurentian Trough (Figure 4.11) show 

t h a t , w i t h the exception of the prominent northeast t r e n d i n g r i d g e 

s i t u a t e d between Cape Breton I s l a n d and southwestern Newfoundland 

the c r y s t a l l i n e basement rocks are b u r i e d a t depths of 2 km or more 
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Figure 4.9: T o t a l magnetic f i e l d , Bduguer anomaly and 

geology along p r o f i l e A-A1 North Bay -

St. Lawrence Harbour, Newfoundland. See 

Figure 4.10 f o r l o c a t i o n of p r o f i l e . 
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F i g u r e 4.10: L o c a t i o n of p r o f i l e s d i s c u s s e d i n Chapter 4. 
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F i g u r e 4.11: Magnetic and g r a v i t y anomalies and s e i s m i c 

s t r u c t u r e along p r o f i l e B-B' ( p r o f i l e runs 

from northwest to s o u t h e a s t ) . Seismic data 

from Sheridan and Drake (1968). F i g u r e taken 

from Goodacre e t a l . ( 1 9 7 3 ) . The l e t t e r s C-D 

i n the reproduced diagram correspond to B-B' 

i n F i g u r e 4.10. The p r o f i l e runs from northwest 

to s o u t h e a s t . 



112 

,tD CO 
ICT) / O 

!' » .' 
o o _ l 
UJ 
> 

r o i i n 

~IV9 W Sa313W01IM 



113 

i 
I 

i 



F i g u r e 4.12: Magnetic and g r a v i t y anomalies and pseudo-

g r a v i t y anomalies along p r o f i l e s B-B' and 

C - C . m/d i s the r a t e of magnetization 

c o n t r a s t to d e n s i t y c o n t r a s t , I n c i s the 

i n c l i n a t i o n of the t o t a l magnetization 

v e c t o r and r i s the c o e f f i c i e n t of l i n e a r 

c o r r e l a t i o n between the g r a v i t y and pseudo-

g r a v i t y anomalies. 
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and as Goodacre et a l . (1973) point out, t h e r e i s no simple 

r e l a t i o n between the s e i s m i c r e s u l t s and the g r a v i t y and magnetic 

data. I n f a c t , the g r a v i t y high l i e s near the deepest p a r t of the 

s e i s m i c a l l y determined d e p r e s s i o n and i f a c o r r e c t i o n were made 

f o r the mass d e f i c i e n c y of the sedimentary column, the g r a v i t y 

anomaly would be even more p o s i t i v e . From a c l a s s i c a l p o i n t of 

view, the. g e n e r a l l y p o s i t i v e anomalies might r e f l e c t , a t l e a s t 

i n p a r t , c r u s t a l thinning, beneath the P a l a e o z o i c sedimentary 

b a s i n but i t should be noted t h a t i n the Gulf of S t . Lawrence, 

some 300 km to the west where there i s a w e l l developed P a l a e o z o i c 

sedimentary b a s i n (e.g. Sheridan and Drake, 1968)', the g e n e r a l l y 

p o s i t i v e Bouguer anomalies a r e a s s o c i a t e d w i t h a c r u s t which i s 

t h i c k e r , and not t h i n n e r , than the c r u s t beneath Nova S c o t i a and 

A n t i c o s t i I s l a n d (Ewing e t a l . , 1966) (See F i g u r e 1.1 f o r l o c a t i o n ) . 

T h e r e f o r e , i n the Gulf of S t . Lawrence the p o s i t i v e g r a v i t y anomalies 

probably r e f l e c t heavy rocks w i t h i n the c r u s t a l column and the same 

may be t r u e of the S t . P i e r r e High. 

Two-dimensional combined a n a l y s e s of g r a v i t y and magnetic 

p r o f i l e s B-B' and C-C 1 ( F i g u r e 4.12) over the western p o r t i o n of 

the S t . P i e r r e High suggest t h a t the basement i n t h i s r e g i o n i s 

h i g h l y magnetic and t h a t a c o n s i d e r a b l e degree of remanent magnet­

i z a t i o n may be present although t h i s w i l l be d i s c u s s e d more f u l l y 

i n the next s e c t i o n . I t i s s i g n i f i c a n t that the g r a v i t y high 

marks a r e g i o n where u n u s u a l l y high compressional wave v e l o c i t i e s 

of 7 km/s are observed a t the r e l a t i v e l y shallow depth of about 



6 km. I n F i g u r e 4.11 the a r e a where s e i s m i c v e l o c i t i e s i n excess 

of 7 km/sec are observed seems to be s h i f t e d to the northwest of 

the S t . P i e r r e High but when the o r i g i n a l t r a v e l - t i m e curves are 

consulted and the p o s i t i o n where the s e i s m i c r a y s p e n e t r a t e the 

h i g h - v e l o c i t y r e f r a c t o r i s determined, there i s good agreement 

between the appearance of the 7 km/sec m a t e r i a l and the northwest 

edge of the g r a v i t y h i g h . I t must be s t r e s s e d , however, t h a t 

the evidence f o r v e l o c i t i e s i n excess of 7 km/sec i s somewhat 

marginal and depends i n the case of each p r o f i l e (175,. 176 and 177 

from Sheridan and Drake, 1968) on only two or three data p o i n t s 

and the high apparent v e l o c i t i e s might be due to basement 

s t r u c t u r e r a t h e r than a mafic rock composition. The s e i s m i c , g r a v i t y 

and magnetic data are a l l c o n s i s t e n t w i t h the presence of gabbroic 

or p o s s i b l y even more mafic basement rocks but the reason f o r i n v e r s e 

c o r r e l a t i o n between the g r a v i t y and magnetic anomalies i s not c l e a r . 

The mafic basement may be r e v e r s e l y magnetized but i t i s more l i k e l y 

t h a t the magnetic highs r e f l e c t normally magnetized a c i d i c phases 

i n the basement or p o s s i b l y s e r p e n t i n i z a t i o n of the mafic basement 

rock (Saad, 1969). I n t h i s l a t t e r case the s e r p e n t i n i z e d r o c k s 

would e x h i b i t a n e g a t i v e d e n s i t y c o n t r a s t and a p o s i t i v e magneti­

z a t i o n c o n t r a s t and they would be normally magnetized. I t i s 

tempting to equate the h i g h - d e n s i t y , h i g h - s e i s m i c v e l o c i t y basement 

und e r l y i n g the western S t . P i e r r e High w i t h oceanic ( ? ) b a s i c to 

u l t r a b a s i c rocks from the northwestern p a r t of the Newfoundland 

c e n t r a l mobile b e l t (Zone D, F i g u r e 4.2), as some of these rocks 
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e x h i b i t d e n s i t i e s of 2.8 to 3.2 g/cm and compressional wave 

v e l o c i t i e s of 6.6 to.7.4 km/s ( P e t e r s e n e t a l . , 1 9 7 4 ) . I n a d d i t i o n , 

t h e r e i s a suggestion i n the.magnetic c o m p i l a t i o n t h a t the l i n e a r 

p o s i t i v e anomaly extending westward from Hermitage d e f l e c t s to the 

southwest i n the v i c i n i t y of the Ramea I s l a n d s and t h a t the magnetic 

lows to the west i n the a r e a p r e s e n t l y being d i s c u s s e d are 

c o n s i s t e n t w i t h the depressed f i e l d i n the e a s t e r n p a r t of the 

c e n t r a l mobile zone. However, deep magnetic lows a l s o occur over 

the Avalon Zone (see f o r example F i g u r e 7.2) and g e o l o g i c a l 

evidence (Williams e t a l . , 1970) suggests the e a s t e r n marginal 

metamorphic zone (Zone G) runs westward along the south c o a s t of 

Newfoundland r a t h e r than t u r n i n g southwest near the Ramea I s l a n d s . 

I n a d d i t i o n , the o c e a n i c rocks i n Zone D appear to be normally 

magnetized and compressional wave v e l o c i t i e s of 6.6 to 7.4 km/s 

could a l s o be produced by mafic g r a n u l i t e s and s c h i s t s (e.g. 

Goodacre, 1972). As such, there i s no s t r o n g evidence f o r 

P a l a e o z o i c oceanic r o c k s to the southwest of t h i s m a rginal zone. 

4.5 THE SIGNIFICANCE OF DIRECTIONS OF TOTAL MAGNETIZATION 

OBTAINED FROM THE COMBINED ANALYSIS OF GRAVITY AND MAGNETIC 

ANOMALIES 

The d i r e c t i o n s of magnetization obtained from the combined 

a n a l y s e s of the g r a v i t y and magnetic anomalies along p r o f i l e s B-B' 

and C-C are n e a r l y a t r i g h t angles to the e a r t h ' s f i e l d which dips 

north-northwest, a t an angle of 74°. T h i s r e s u l t i s s u r p r i s i n g as 
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i t i m p l i e s t h a t there i s q u i t e a strong remanent magnetization i n 

the u n d e r l y i n g basement r o c k s . I t i s i n t e r e s t i n g to note t h a t 

Bhattacharyya and Raychaudhuri (1967) analysed the magnetic f i e l d 

over so u t h e a s t e r n New Brunswick and the western p a r t of c e n t r a l 

Nova S c o t i a and found s e v e r a l areas where the d i r e c t i o n of 

magnetization d i f f e r e d s i g n i f i c a n t l y from t h a t of the e a r t h ' s 

f i e l d . Although t h e i r computed d i r e c t i o n s a r e g e n e r a l l y s c a t t e r e d , 

i n one are a near 45.5°N; 66.5°W which i s c h a r a c t e r i z e d by Devonian 

g r a n i t e s , d i r e c t i o n s of magnetization c a l c u l a t e d from four p o s i t i v e 

magnetic f e a t u r e s c l u s t e r together and have a mean azimuth and 

i n c l i n a t i o n of about 150° and 60° r e s p e c t i v e l y (the azimuth and 

i n c l i n a t i o n of the e a r t h ' s f i e l d i s about -25° and 75° i n t h i s 

a r e a ) . The main weakness i n t h e i r approach probably i s that the 

c a u s a t i v e body i s assumed to have the form of a v e r t i c a l 

r e c t a n g u l a r prism (Bhattacharyya, 1966) and the r e s u l t i n g d i r e c t i o n s 

of magnetization may merely be a r t e f a c t s of the v e r t i c a l o r i e n t ­

a t i o n of the prism. N e v e r t h e l e s s , i t i s p o s s i b l e t h a t some of the 

anomalies i n t h e i r study a r e a a r e produced by sources which possess 

a s i g n i f i c a n t degree of remanent magnetization. I n a d d i t i o n to the 

Devonian g r a n i t e s mentioned p r e v i o u s l y , southwestward d i r e c t e d , 

downward dipping magnetizations are c a l c u l a t e d by Bhattacharyya and 

Raychaudhuri (1967) from magnetic highs over Devonian mafic 

v o l c a n i c s near 47°5N; 66.5°W and from the magnetic high over the 

pre-Carboniferous Cobequid basement complex ( s e e F i g u r e 6.2 f o r 

l o c a t i o n ) centered a t approximately 45.5°N; 63.5°W. Because the 



problem of o b t a i n i n g d i r e c t i o n s of t o t a l magnetization which 

appear to be s i g n i f i c a n t l y d i f f e r e n t from the e a r t h ' s f i e l d a r i s e s 

s e v e r a l times.'.in t h i s and subsequent c h a p t e r s , i t seems appropriate 

to d i s c u s s the problem r a t h e r f u l l y here and, where n e c e s s a r y , 

r e f e r to t h i s d i s c u s s i o n l a t e r on. The q u e s t i o n s r a i s e d by the 

combined a n a l y s i s of p r o f i l e s B-B' and C-C a r e : (1) i s the 

a p p l i c a t i o n of the combined a n a l y s i s of the g r a v i t y and magnetic 

anomalies v a l i d and (2) i f i t i s , under what c o n d i t i o n s a r e rocks 

l i k e l y to e x h i b i t a l a r g e amount of remanent magnetization which i s . 

o r i e n t e d i n a d i r e c t i o n t h a t i s c o n s i d e r a b l y d i f f e r e n t from the 

e a r t h ' s f i e l d ? 

Although the c o r r e l a t i o n between the pseudo-gravity anomaly 

and the observed g r a v i t y anomaly i s not high (0.77) along e i t h e r 

of the i n t e r s e c t i n g p r o f i l e s B-B 1 and C - C , the r e s u l t s of the 

combined a n a l y s i s seems to be more or l e s s c o n s i s t e n t ; the 

i n c l i n a t i o n s of the t o t a l magnetization v e c t o r ( p r o j e c t e d i n t o 

the v e r t i c a l plane c o n t a i n i n g the e a r t h ' s f i e l d ) only d i f f e r 

by about 10° and the r a t i o s of magnetization c o n t r a s t to d e n s i t y 

c o n t r a s t a re of the same order of magnitude although the v a l u e 

obtained from p r o f i l e C-C' i s about twice as l a r g e as the v a l u e 

obtained from p r o f i l e B-B'. I n p r o f i l e B-B 1, i t i s c l e a r that there 

i s almost zero, or even a n e g a t i v e , c o r r e l a t i o n between the pseudo-

g r a v i t y anomaly and the observed anomaly a t the northwest end of 

the p r o f i l e ( a t a d i s t a n c e of about 160 km i n F i g u r e 4.12) but 

the f i t i s good elsewhere. I f the northwest end of the p r o f i l e 
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were omitted from the combined a n a l y s i s a somewhat d i f f e r e n t r e s u l t 
might be expected but the d i r e c t i o n of magnetization probably would 
s t i l l d i f f e r s i g n i f i c a n t l y from the d i r e c t i o n of the e a r t h ' s 
f i e l d . 

I t i s u n l i k e l y t h a t the unusual d i r e c t i o n s of magnetization 

are the r e s u l t of some s o r t of s y s t e m a t i c e r r o r i n the data such 

as i n the p o s i t i o n i n g of the p r o f i l e s because the g r a v i t y and 

magnetic information along each p r o f i l e was obtained by d i f f e r e n t 

a g e n c i e s . The underwater g r a v i t y data along p r o f i l e B-B' was 

obtained by the E a r t h P h y s i c s Branch (Stephens e t a l . , 1971) and 

the magnetic i n f o r m a t i o n by Lamont G e o l o g i c a l Observatory (Sheridan 

and Drake, 1968). The s e a - s u r f a c e g r a v i t y and magnetic data along 

p r o f i l e C-C' were c o l l e c t e d by the Bedford I n s t i t u t e (Haworth e t a l . . 

1972). There seems to be no t e c h n i c a l d i f f i c u l t y i n the a p p l i c a t i o n 

of the two-dimensional magnetic to g r a v i t y f i e l d t r a n s f o r m a t i o n . 

A modified v e r s i o n of the program by Bott and I n g l e s (1973) works 

w e l l on a r t i f i c i a l data and, u n l i k e the three-dimensional transform, 

there i s no problem of having to use an i n s u f f i c i e n t number of data 

p o i n t s or e q u i v a l e n t l a y e r prisms due to a l a c k of computer space. 

I n each a p p l i c a t i o n of the two-dimensional t r a n s f o r m a t i o n , pseudo-

g r a v i t y anomalies are c a l c u l a t e d f o r a wide range of i n c l i n a t i o n s 

of magnetization and the angle which g i v e s the b e s t f i t i s accepted. 

To summarize, the unusual d i r e c t i o n s of magnetization do not seem 

to r e s u l t from problems w i t h the data or the computer program and 

t h e r e f o r e the i n c l i n a t i o n s a re e i t h e r r e a l or they a r e the r e s u l t 
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of one or more of the assumptions made not being f u l f i l l e d . 

The three assumptions made are (1) the g r a v i t y and magnetic 

sources have an i n f i n i t e s t r i k e l e n g t h (2) the d i r e c t i o n of 

magnetization i s uniform throughout the source and (3) the r a t i o 

of magnetization c o n t r a s t t o density c o n t r a s t i s constant throughout 

the source. I n the case of p r o f i l e s B-B' and C-C' the g r a v i t y and 

magnetic anomalies tend t o have a two-dimensional character i n a s ­

much as the g r a v i t y and magnetic contours trend northeast-southwest 

(Figures 4.7 and 4.8) but there i s , i n f a c t , i n s u f f i c i e n t magnetic 

i n f o r m a t i o n (see the d i s t r i b u t i o n of p r o f i l e s i n Figure 4.3) t o 

adequately d e l i n e a t e the magnetic anomalies and do a three 

dimensional g r a v i t y to magnetic f i e l d t r a n s f o r m a t i o n i n order t o t r y 

to answer the question of how w e l l the assumption of two-dimensionality 

i s f u l f i l l e d . The question of whether the d i r e c t i o n of magnetization 

i s uniform and the r a t i o of magnetization c o n t r a s t i s constant 

throughout the sources along p r o f i l e s B-B1 and C-C' can not be 

answered d i r e c t l y , but i n general, the presence of a reasonably 

good c o r r e l a t i o n between an observed g r a v i t y anomaly and a 

ca l c u l a t e d pseudo-gravity anomaly tends t o support, but does not 

prove, the v a l i d i t y of these two assumptions. I n the case of 

p r o f i l e s B-B' and C-C the c o r r e l a t i o n i s marginal and the r e s u l t s 

of the magnetic t o g r a v i t y f i e l d t r a n s f o r m a t i o n should not be 

regarded as h i g h l y s i g n i f i c a n t although i t does seem as i f some 

remanent magnetization may be present i n the.source rocks. I n 

some cases, to be discussed subsequently i n t h i s and f o l l o w i n g 

chapters, the r e s u l t s of two-dimensional magnetic t o g r a v i t y f i e l d 



transformations are supported by two-dimensional magnetic modelling 

but, of course, i t must be stressed t h a t compatible r e s u l t s of the 

magnetic modelling process are not proof of the v a l i d i t y of the 

combined a n a l y s i s . 

I f , i n those s i t u a t i o n s where there i s nothing obviously wrong 

w i t h the r e s u l t s of a combined an a l y s i s of magnetic and g r a v i t y 

anomalies we accept t h a t the source rocks possess some remanent 

magnetization, what are the source rocks l i k e l y t o be? The obvious 

t h i n g t o do i s t o measure the magnetic p r o p e r t i e s of rocks i n areas 

where there i s a reasonably.good c o r r e l a t i o n between the observed 

g r a v i t y and the c a l c u l a t e d pseudo-gravity anomaly and where 

remanent magnetization appears to be present i n the source. 

U n f o r t u n a t e l y , rock magnetism studies i n the Canadian Appalachians 

have mainly been done f o r palaeomagnetic purposes on r e l a t i v e l y 

weakly magnetized sedimentary formations which do not generate 

magnetic anomalies t h a t are l a r g e enough t o be usable t o attempt 

a combined a n a l y s i s and, w i t h the one exception at Sept l i e s 

mentioned i n Chapter 3, the magnetic p r o p e r t i e s of rocks have not 

been measured i n the few areas where geophysical anomalies suggest 

the presence of some remanent magnetization. We can however, 

i n d i r e c t l y estimate t o what extent the t o t a l magnetization ve c t o r 

could be d e f l e c t e d away from the d i r e c t i o n of the earth's f i e l d by 

n o t i n g t h a t average Koenigsberger r a t i o f o r rocks i n southern 

New Brunswick (Figure 4.13) i s about 0.2 (McGrath et a l . , 1973) and 

t h a t , as w i l l be discussed f u r t h e r i n Chapter 7, the earth's 
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magnetic f i e l d was nearly h o r i z o n t a l d u r i n g the Devonian and 

Carboniferous periods. D i r e c t i o n s of remanent magnetization from 

Carboniferous rocks i n the Canadian Maritime Appalachians are 

n e a r l y h o r i z o n t a l and seem t o i n v a r i a b l y p o i n t south. Devonian 

d i r e c t i o n s are i n c l i n e d somewhat more steeply.and are mixed w i t h 

some p o i n t i n g down to the south, others up to the n o r t h . 

Any s t a b l e remanent magnetization acquired during these times 

would be nearly a t r i g h t angles t o the present-day earth's f i e l d 

and t h e r e f o r e , be e f f e c t i v e i n d e f l e c t i n g the t o t a l magnetization 

ve c t o r . The d e f l e c t i o n would be about 12° f o r a Koenigsberger r a t i o 

of 0.2 and about 23° f o r a value of 0.4, which i s high but not 

unreasonable. We can conclude t h e r e f o r e , t h a t computed d i r e c t i o n s 

of t o t a l magnetization which d i f f e r by more than, say* 15 or 20° 

from the earth's f i e l d are u n l i k e l y and r e s u l t s such as those from 

p r o f i l e s B-B' and C-C' where the c o r r e l a t i o n i s marginal are 

probably spurious f o r some un c e r t a i n reason. D i r e c t i o n s of 

magnetization which d i f f e r by less than about 15 or 20° might 

reasonably be expected, however. 

One l a s t comment i s t h a t the present d i r e c t i o n of permanent 

magnetization i n rocks may be c o n t r o l l e d by some means other than 

the d i r e c t i o n of the earth's f i e l d a t the time of c o o l i n g (or 

d e p o s i t i o n i n the case of sedimentary r o c k s ) . For example, the 

d i r e c t i o n of permanent magnetization might be c o n t r o l l e d by any 

l i n e a t i o n t h a t i s present i n metamorphic rocks or the source rocks 

could have been t i l t e d , r o t a t e d or folded since the permanent 
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Figure 4.13: Frequency d i s t r i b u t i o n of Koenigsberger r a t i o s 

f o r rock.xores obtained i n southern New 

Brunswick (McGrath e t a l . , 1973). Figure made 

from a negative k i n d l y supplied by P. McGrath. 
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magnetization was acquired. I n such a case, a d i r e c t i o n of 

permanent magnetization i n f e r r e d from the combined an a l y s i s of 

g r a v i t y and magnetic data would not accu r a t e l y r e f l e c t the time 

when the source rocks acquired t h e i r magnetization. 

4.6 CROSS POND HIGH-GRANITE LAKE LOW EXTENSION 

The St. P i e r r e High i s flanked on i t s western side by a l i n e a r , 

southwest-trending g r a v i t y low which appears t o be an extension of 

the Granite Lake Low (Weaver, 1967) centered near 48°N; 57°W "in 

southern Newfoundland. To the west of the g r a v i t y low i s a l i n e a r 

g r a v i t y high which seems to be an extension of the Cross Pond High 

(Figure 4.7) and which probably represents e i t h e r pre-Carboniferous 

basement complex s i m i l a r t o those found i n Cape Breton I s l a n d 

(Goodacre e t a l . , 1969) or a basic Devonian i n t r u s i o n (Weaver, 1967) 

or a combination of these sources. 

The l i n e a r negative g r a v i t y anomaly i s characterised a t i t s 

southern end by a magnetic high (Figure 4.14). Since there i s no 

seismic evidence t h a t the negative g r a v i t y anomaly i s due to a 

narrow, deep sedimentary basin (Figure 4.5), the anomaly probably 

o u t l i n e s a zone of magnetic, low-density gneiss s i m i l a r t o t h a t 

found about 20 km west of Burgeo (Figure 4.15). Simple models of 

the g r a v i t y low and associated magnetic high (Figure 4.16) have 

several features i n common: both models are wider a t the bottom 

than a t the top, t h e i r sides d i p at angles of 30° or more and they 

both extend t o depths of 10 t o 15 km. On the other hand, the sides 
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Figure 4.14: Magnetic and g r a v i t y anomaly and pseudo-

g r a v i t y anomaly along p r o f i l e D'-D which crosses 

the southwesterly extension of the Cross Pond 

High-Granite Lake Low i n southwestern 

Newfoundland (Weaver, 1967). Note t h a t the 

d i r e c t i o n of p r o f i l e D'-D i s from eastsoutheast 

t o westnorthwest so t h a t the g r a v i t y high 

i s on the r i g h t side of the diagram; the low 

to the l e f t . 
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Figure 4.15: T o t a l magnetic f i e l d , Bouguer anomaly and 

geology along p r o f i l e E-E* from Cape 

A n g u i l l e t o Burgeo, Newfoundland. See 

Figure 4.10 f o r l o c a t i o n of p r o f i l e s . 
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Figure 4.16: Observed g r a v i t y and magnetic anomalies over 

a p o r t i o n of p r o f i l e D'-D, i n t e r p r e t a t i v e 

g r a v i t y and magnetic models and c a l c u l a t e d 

anomalies. The Cross Pond High i s the g r a v i t y 

high on the northwest side of the extension of 

the Granite Lake Low. The models shown here 

r e l a t e t o the g r a v i t y low and the associated 

magnetic high. 
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of the g r a v i t y model are not p a r a l l e l w i t h the corresponding sides 

of the magnetic model. I n general, the models are consistent w i t h 

the presence of a g r a n i t i c body which i s magnetic but p o s s i b l y 

not u n i f o r m l y magnetic, being more h i g h l y magnetized on the 

western margin than elsehwere. 

The models i n Figure 4.16 are determined by non-linear 

o p t i m i z a t i o n and provide the best f i t from a set of several g r a v i t y 

and magnetic models t h a t were obtained using d i f f e r e n t i n i t i a l 

c o n f i g u r a t i o n s , d e n s i t y and magnetization c o n t r a s t s , angles of 

magnetization e t c . No attempt was made t o fo r c e one model t o f i t 

another because I wanted t o compare the angle of magnetization 

obtained f o r the magnetic model i n Figure 4.16 w i t h the r e s u l t s 

of a magnetic t o g r a v i t y f i e l d t r a n s f o r m a t i o n . I n p a r t i c u l a r , 

the n e a r l y v e r t i c a l i n c l i n a t i o n of magnetization i n the model 

di d not compare w e l l w i t h the value of 50° (N) obtained from the 

analysis of p r o f i l e D'-D (Figure 4.13). However, the model was 

constructed t o f i t only the e a s t e r l y p o r t i o n of p r o f i l e D'-D so 

a magnetic t o g r a v i t y f i e l d t r a n s f o r m a t i o n was applied t o the 

same p o r t i o n and a maximum c o r r e l a t i o n of 0.95 between the 

observed g r a v i t y and the pseudo-gravity anomaly was achieved f o r 

an angle of i n c l i n a t i o n of 85° (S). This value i s i n much b e t t e r 

agreement w i t h that.obtained from the model and confirms the 

v a l i d i t y of the two-dimensional magnetic t o gravity, f i e l d 

t r a n s f o r m a t i o n when a high degree of c o r r e l a t i o n i s obtained 

between observed and c a l c u l a t e d anomalies but i t also h i g h l i g h t s 
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how important and d i f f i c u l t i t i s t o p r o p e r l y i s o l a t e an anomaly 
\ f o r i n t e r p r e t a t i o n . I n t h i s case, h a l v i n g the length of the 

p r o f i l e changed the angle of magnetization by 45°. 

A n e a r l y v e r t i c a l angle of t o t a l magnetization i n the posulated 

g r a n i t i c gneiss i s not unreasonable i n view of the discussion i n 

Section 4.5 where i t was pointed out t h a t the t o t a l magnetization 

vector might reasonably be displaced up to 15 degrees or so away 

from the d i r e c t i o n of the earth's f i e l d . As w i l l be discussed 

f u r t h e r i n Chapter 7, a s o u t h e r l y d i r e c t e d remanent magnetization 

could have been produced i n the source body during the Devonian 

or Carboniferous Period. 

An i n t e r e s t i n g aspect of p r o f i l e <E'-E i n Figure 4.15 i s t h a t 

west of La P o i l e Bay there i s a p o s i t i v e c o r r e l a t i o n between the 

g r a v i t y and magnetic f i e l d whereas to the east there i s a negative 

c o r r e l a t i o n . This suggests the presence of a s t r u c t u r a l 

d i s c o n t i n u i t y which might be the boundary between the eastern 

marginal metamorphic Zone G and Zone F of the c e n t r a l mobile b e l t . 

4.7 GLACE BAY LOW 

The Glace Bay Low (Figure 4.7) i s a negative anomaly b e l t which 

extends eastward from Cape Breton I s l a n d towards St. P i e r r e and 

Miquelon I s l a n d s . The g r a v i t y f i e l d reaches a minimum about 100 km 

east of Glace Bay where a nearly c i r c u l a r low of about -20 mgal 

amplitude i s superimposed on a broader east-west t r e n d i n g low 

of about 0 t o -5 mgal. These anomalies are r e f e r r e d to a r e g i o n a l 



l e v e l of about 5 mgal. This value i s consistent w i t h r e g i o n a l 

l e v e l s determined by Weaver (1967) f o r Newfoundland and by 

Goodacre and Nyland (1966) f o r the Gulf of St. Lawrence. The 

broader low almost c e r t a i n l y r e f l e c t s a basement depression 

because seaward dipping Carboniferous sedimentary rocks are 

exposed i n the Sydney-Glace Bay region (Figure 4.1) and the broad 

g r a v i t y minimum a l o n g ' p r o f i l e F-F1 (Figure 4.17) at the eastern 

end of the anomaly c o r r e l a t e s w e l l w i t h a depression i n seismic 

basement. The broad low i s s i m i l a r , i n a general way, t o the -

broad g r a v i t y low over eastern Prince Edward I s l a n d defined by 

Goodacre e t a l . (1969) (see map i n Pocket, or Figure 7.1) and the 

two lows together appear t o o u t l i n e an east-west trough of 

Palaeozoic and pos s i b l y younger sedimentary rocks t h a t i s 

i n t e r r u p t e d by the u p l i f t e d pre-Carboniferous basement complexes 

which form Cape Breton I s l a n d . 

The n e a r l y c i r c u l a r g r a v i t y minimum might r e f l e c t an accumula­

t i o n of low-density sedimentary rocks w i t h i n the broader sedimentary 

basin but a strong magnetic high associated w i t h the g r a v i t y low 

suggests t h i s i s probably not the case. Although the magnetic 

anomaly might be due to r e v e r s e l y magnetized basement enclosing a 

basin of non-magnetic, low-density sedimentary rocks, i t seems 

more l i k e l y t h a t the anomaly source i s a magnetic, low-density 

g r a n i t e surrounded by high-density basement rocks. The nearest 

exposed example of such a s i t u a t i o n i s the magnetic g r a n i t e a t 

the head of Gabarus Bay (Figure 4.3) i n Cape Breton I s l a n d . 
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Figure 4.17: Magnetic and g r a v i t y anomaly, pseudo-gravity 

anomaly and seismic s t r u c t u r e along p r o f i l e 

F-F'. Seismic s t r u c t u r e from Sheridan and 

Drake (1968). 
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Figure 4.18: Magnetic and g r a v i t y anomalies and pseudo-

g r a v i t y anomalies along p r o f i l e s G-G? and 

H-H'. 
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Figure 4.19: Range of i n - s i t u magnetic s u s c e p t i b i l i t y 

values from rocks i n New Brunswick 

(McGrath et a l . , 1973). Figure made from a 

negative k i n d l y supplied by P. McGrath. 
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Figure 4.20.: Observed Bouguer anomaly, g r a v i t y model and 

c a l c u l a t e d g r a v i t y anomaly f o r p r o f i l e I - I ' 

over the Glace Bay Low. The i n s e r t shows the 

r.m.s. d i f f e r e n c e between observed and 

c a l c u l a t e d anomaly as a f u n c t i o n of density 

c o n t r a s t of the source body and the depth of 

the highest p o r t i o n of the model. 
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The r e l a t i o n between the g r a v i t y and magnetic anomalies i s 

not simple, however, as the l o c a l g r a v i t y low i s nearly c i r c u l a r 

whereas the magnetic high i s elongate i n a southwest-northeast 

d i r e c t i o n . As mentioned i n the c a p t i o n of Figure 4.8, the magnetic 

anomaly f i e l d i s not p a r t i c u l a r l y . w e l l defined but i t i s c l e a r l y 

not what one would expect i f the r a t i o of magnetization c o n t r a s t 

to d e n s i t y c o n t r a s t were uniform throughout the source. However, 

the main p o r t i o n of the Glace Bay Low and the n o r t h e a s t - t r e n d i n g 

arm both seem t o be associated w i t h magnetic highs. Notwithstanding 

the d i f f e r e n c e s i n the g r a v i t y and magnetic anomaly patterns,, both 

the g r a v i t y and magnetic data suggest the presence of a n o r t h e a s t -

t r e n d i n g s t r u c t u r a l boundary d i v i d i n g the rocks which produce the 

St. P i e r r e High from the rocks which cause the northeastern arm 

of the Glace Bay Low. Combined a n a l y s i s of two p r o f i l e s (Figure 

4.18), one p r o f i l e (G-G') crossing the c i r c u l a r g r a v i t y low and 

the other (H-H')crossing the t i p of the northeast arm of the 

g r a v i t y low, shows apparently good c o r r e l a t i o n between the g r a v i t y 

and magnetic f i e l d s i n each case. However, the d i r e c t i o n s of 

magnetization deduced f o r p r o f i l e s G-G' and H-H' do not agree 

very w e l l w i t h each other- and t h i s tends t o confirm the observation 

t h a t the gravity/magnetic p r o p e r t i e s are not uniform throughout 

the p o s t u l a t e d magnetic, low-density g r a n i t e . I n p a r t i c u l a r , the 

magnetization appears to be enhanced at the margins of the 

i n t r u s i o n u n d e r l y i n g the c e n t r a l p o r t i o n of the Glace Bay Low 

and the rocks associated w i t h the western arm seem to be non-magnetic. 
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The s i m i l a r r a t i o s of magnetization c o n t r a s t to d e n s i t y 
c o n t r a s t of .008 emu/gm obtained from p r o f i l e s G-G' and H-H' coupled 
with the minimum d e n s i t y c o n t r a s t v a l u e of about 0.2 gm/cm^ de r i v e d 
f o r the g r a v i t y source (see i n s e r t i n F i g u r e 4.20) i n d i c a t e a 
minimum magnetization v a l u e s of about .0016 emu/cm^ f o r the 
c a u s a t i v e magnetic r o c k s . Such r a t h e r high v a l u e s are not 
i n c o n s i s t e n t w i t h the p o s t u l a t e d presence of g r a n i t i c rocks s i n c e 
magnetizations of t h i s order (see F i g u r e 4.19) a r e observed i n some 
g r a n i t i c rocks i n New Brunswick (McGrath e t a l . , 1973) but the 
magnetization v a l u e i s by no means d i a g n o s t i c as s i m i l a r v a l u e s 
are found i n a wide range of metasedimentary and a c i d i c to b a s i c 
v o l c a n i c rocks (e.g. McGrath e t a l . , 1973). 

F i g u r e 4.20 shows a g r a v i t y model obtained f o r p r o f i l e I - I ' 

which c r o s s e s north-south a c r o s s the c e n t r a l p o r t i o n of the Glace 

Bay Low. The model i s c a l c u l a t e d with.;respect to a r e g i o n a l 

background of 40 mgal. I t should be pointed out t h a t the model i n 

Fi g u r e 4.20 i s o v e r s i m p l i f i e d because i t does not take i n t o account 

the sedimentary column i n d i c a t e d by the s e i s m i c data i n F i g u r e s 

4.5 and 4.11. However, the broad low t h a t the sedimentary b a s i n 

would be expected to produce i s only of the order of 5 to 10 mgal, 

a t most, due to the r e l a t i v e l y high s e i s m i c v e l o c i t i e s encountered 

i n the sedimentary column (e.g. F i g u r e 4.11); a c o r r e c t i o n f o r the 

mass d e f i c i e n c y of the sedimentary b a s i n would make the model 

thinn e r but not change the main a s p e c t s . Another problem w i t h the 

model i s t h a t i t comes too c l o s e to the s u r f a c e to be compatible 

i 



with the s e i s m i c data i n F i g u r e 4.11 which suggest t h a t the basement 

i s b u r i e d about 2 to 3 km deep.. However, as the i n s e r t i n 

F i g u r e 4.18 shows, the depth of the top of the model (the v e r t i c a l 

a x i s of the i n s e r t ) can be I n c r e a s e d to 2 km or so without markedly 

i n c r e a s i n g the r.m.s. d i f f e r e n c e between the c a l c u l a t e d and observed 

Bouguer anomaly. A t h i r d comment concerning the model i n F i g u r e 

4.20 i s t h a t although other shapes a r e p o s s i b l e , the model e x h i b i t s 

the t y p i c a l outward s l o p i n g c o n t a c t s o f t e n a s s o c i a t e d w i t h 

g r a n i t i c i n t r u s i o n s ( B o t t , 1962) and i s c o n s i s t e n t w i t h the sharp 

c u r v a t u r e of the anomaly i n the v i c i n i t y of the g r a v i t y minimum. 

There f o r e , the combination of g r a v i t y , magnetic and s e i s m i c data 

i n d i c a t e s the presence of a g e n e r a l l y , but not uniformly, magnetic 

g r a n i t e surrounded by h i g h - d e n s i t y basement rock and o v e r l a i n by 

2 to 3 km of P a l a e o z o i c and younger sedimentary r o c k s . 

4.8 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE NORTHERN 

SCOTIAN SHELF 

Although the shallow r e f r a c t i o n s e i s m i c data i n d i c a t e t h a t much 

of the northern S c o t i a n S h e l f i s u n d e r l a i n by an e x t e n s i v e , somewhat 

kidney-shaped b a s i n trending approximately east-west and f i l l e d w i t h 

l a t e - P a l a e o z o i c and p o s s i b l y younger sedimentary r o c k s , most of the 

g r a v i t y and magnetic anomaly f e a t u r e s appear to o r i g i n a t e from 

w i t h i n the c r y s t a l l i n e basement. For example, the l i n e a r highs 

tren d i n g westward from the v i c i n i t y of the B u r i n P e n i n s u l a probably 

o u t l i n e b e l t s of v o l c a n i c rocks which a r e r e l a t e d to the b a s a l t s 
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and a n d e s i t e s of the B u l l Arm Formation on the Avalon P e n i n s u l a 
and s e v e r a l g r a v i t y lows a r e a s s o c i a t e d w i t h magnetic highs 
(e.g. the Glace Bay g r a v i t y low) and seem to o u t l i n e magnetic 
g r a n i t e s s i m i l a r to those found on the B u r i n P e n i n s u l a or a t the 
head of Gabarus Bay on Cape Breton I s l a n d . 

The g e n e r a l trends of the g r a v i t y and magnetic anomalies 

i n d i c a t e t h a t t h e r e i s a. b r o a d - s c a l e s t r u c t u r a l c o n t i n u i t y between 

the l a t e - P r e c a m b r i a n rocks of the Avalon and B u r i n P e n i n s u l a s and 

s i m i l a r formations i n the e a s t e r n p a r t of Cape Breton I s l a n d . The 

s t r u c t u r a l boundary between the sedimentary and v o l c a n i c rocks of 

the Avalon and B u r i n P e n i n s u l a s (zone H) and the metamorphic r o c k s 

(zone G) on the e a s t e r n f l a n k of the c e n t r a l mobile zone of 

Newfoundland i s i n t e r p r e t e d to pass i n an a r c u a t e f a s h i o n beneath 

Hermitage Bay and run p a r a l l e l to the south.coast of Newfoundland 

a t l e a s t as f a r as the Ramea I s l a n d s ( F i g u r e 4.1). I t s 

c o n t i n u a t i o n i s u n c e r t a i n because magnetic data ( F i g u r e 4.8) 

suggest the .boundary may t u r n to the southwest i n the v i c i n i t y of 

the Ramea I s l a n d s whereas the g r a v i t y data ( F i g u r e 4.7) i n d i c a t e 

t h a t the boundary continues westward to approximately to the 

La P o i l e Bay a r e a where i t then swings southwest towards Cape 

Breton I s l a n d . Because the magnetic data a r e sp a r s e and the g r a v i t y 

data more abundant, the l a t t e r path i s favoured. 

I f the boundary between Zones G and H runs approximately along 

a l i n e drawn between L a P o i l e Bay, Newfoundland and Sydney, Nova 

S c o t i a , as opposed to a l i n e drawn between Ramea I s l a n d s , 
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Newfoundland and Sydney, Nova S c o t i a , the l i n e a r , . s o u t h w e s t 

t r e n d i n g g r a v i t y low l y i n g to the west of the S t . P i e r r e High 

probably r e p r e s e n t s a b e l t of low-density, rock. ;which i s p a r t of 

zone G and s i m i l a r to the g n e i s s near Burgeo ( F i g u r e 4.14). T h i s 

i n t e r p r e t a t i o n i s c o n s i s t e n t w i t h the way the t e c t o n o s t r a t i g r a p h i c 

zones a r e drawn i n F i g u r e 4.2 and seems reasonable but the f o l l o w i n g 

p o i n t s should be noted. F i r s t , the n egative anomaly a r e a north of 

Burgeo i s more c h a r a c t e r i s t i c of zone F than zone G so t h a t the 

negative b e l t west of the St^ P i e r r e High might r e p r e s e n t zone F 

r o c k s . Second, i t may be t h a t not a l l of the Precambrian rocks i n 

the western p a r t of Cape Breton I s l a n d belong to zone G; the 

ano.rthosites i n northwestern Cape Breton are c h a r a c t e r i s t i c of 

zone A. T h i r d , because the rocks u n d e r l y i n g the western p o r t i o n 

of the S t . P i e r r e High, immediately to the northwest of the Glace 

Bay Low ( F i g u r e 4.7), e x h i b i t u n u s u a l l y high s e i s m i c v e l o c i t i e s and 

seem to be h i g h l y magnetic, they might be remnants of P a l a e o z o i c 

o c e a n i c m a t e r i a l trapped between two Precambrian c o n t i n e n t a l b l o c k s 

r a t h e r than l a t e - P r o t e r o z o i c to e a r l y Cambrian b a s i c igneous r o c k s . 

Therefore t h i s p a r t of the n o r t h e r n S c o t i a n S h e l f may be very 

complicated s t r u c t u r a l l y and may have undergone very s e v e r e 

deformation as the North American and European c o n t i n e n t a l b l o c k s 

c o l l i d e d i n the P a l a e o z o i c e r a . 



CHAPTER 5 

THE SOUTHERN SCOTIAN SHELF 

5.1 INTRODUCTION 

The southern S c o t i a n S h e l f (see F i g u r e 1.3 f o r an o u t l i n e 

of the a r e a considered) i s of i n t e r e s t because i t i s a d j a c e n t to 

southern Nova S c o t i a which seems to be g e o l o g i c a l l y d i s t i n c t from 

northern Nova S c o t i a and s e p a r a t e d from t h i s l a t t e r a r e a by the 

major Minas Basin-Chedabucto Bay f a u l t zone. I t i s p o s s i b l e t h a t 

southern Nova S c o t i a ( t h a t i s . the p a r t south of t h i s f a u l t zone) 

was once p a r t of the A f r i c a n l i t h o s p h e r i c p l a t e (e.g. Schenk, 1971) 

and i f so, paleomagnetic evidence (Hxcken e t a l . , 1972) suggests 

t h a t i t had been brought i n t o i t s present p o s i t i o n from some 

co n s i d e r a b l y d i s t a n t p l a c e . Important q u e s t i o n s , t h e r e f o r e , a r e 

whether the southern S c o t i a n S h e l f and southern Nova S c o t i a form a! 

s i n g l e s t r u c t u r a l u n i t and whether there i s any palaeomagnetic 

evidence that i t was separated from northern Nova S c o t i a and the '' 

northern s h e l f i n e a r l y P a l a e o z o i c times." 

5.2 GEOLOGICAL SETTING OF SOUTHERN NOVA SCOTIA 

5.2.1. Sedimentary, v o l c a n i c and metamorphic rocks 

The o l d e s t rocks i n southern Nova S c o t i a are contained i n the 

Cambro-Ordovician Meguma Group which c o n s i s t s p r i m a r i l y of greywacke,. 

s l a t e and s c h i s t ( F i g u r e 5.1). The Meguma Group i s made up of two 

formations; the lower one, the G o l d e n v i l l e Formation, i s made up 

c h i e f l y of t h i n l y laminated grey s l a t e w i t h s m a l l amounts of 

s i l t s tone and a r g i l l i t e . Where observed, the contact between the 
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two formations i s conformable and g e n e r a l l y g r a d a t i o n a l . 

The t h i c k n e s s of the H a l i f a x Formation v a r i e s from about 

3.5 km near the Minas B a s i n ( F i g u r e 5.1) to about 0.5 km near the 

southern t i p of Nova S c o t i a but T a y l o r (1969) p o i n t s out t h a t t h i c k ­

ness determinations of the H a l i f a x Formation are v i r t u a l l y meaningless 

as the rocks have been c l o s e l y folded and crumpled. The t o t a l 

t h i c k n e s s of the o l d e r G o l d e n v i l l e i s unknown as i t s base i s no. where 

exposed but some 5.5 km of G o l d e n v i l l e rocks a r e observed i n three 

w i d e l y separated l o c a t i o n s . The t o t a l t h i c k n e s s of the Meguma group 

i s t h e r e f o r e i n excess of 9 km. 

Whereas the exposures of the Cambro-Ordovician Meguma Group 

ar e widespread throughout southern Nova S c o t i a , outcrops of upper 

Ordoviciah, S i l u r i a n and Devonian sedimentary and v o l c a n i c rocks are 

r e s t r i c t e d to a narrow, discontinuous b e l t which i s s u b p a r a l l e l to 

the Bay of Fundy c o a s t l i n e ( F i g u r e 5.1). Contained w i t h i n t h i s b e l t 

are the upper Ordovician and/or S i l u r i a n ( ? ) White Rock Formation, 

the S i l u r i a n K e n t v i l l e and New Canaan Formations and the Devonian 

Torbrook Formation. The White Rock Formation e x h i b i t s an extremely 

d i v e r s e l i t h o l o g y c o n s i s t i n g of q u a r t z i t e , s l a t e , s i l t s t o n e , r h y o l i t e , 

b a s a l t , a n d e s i t e and hornblende-feldspar g n e i s s . S l a t e i n the White 

Rock Formation i s i n d i s t i n g u i s h a b l e from the s l a t e of the H a l i f a x 

Formation; on the other hand th e r e i s a d i s t i n c t i v e massive, l i g h t -

coloured q u a r t z i t e i n the White Rock Formation t h a t occurs i n no 

other rock u n i t i n southwestern Nova S c o t i a . Near Yarmouth, N.S. the 

formation i s n e a r l y 5 km t h i c k and over h a l f of i t c o n s i s t s of mafic 

v o l c a n i c rock. T h i s i s of c o n s i d e r a b l e i n t e r e s t as no evidence of 
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F i g u r e 5.1: S i m p l i f i e d g e o l o g i c a l map of Nova S c o t i a . Data 

from the G e o l o g i c a l Map of the Province of Nova 

S c o t i a (Nova S c o t i a Department of Mines, 1965). 
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e x t e n s i v e p r e - T r i a s s i c b a s i c v o l c a n i s m i s preserved elsewhere i n 

southern Nova S c o t i a . 

The upper S i l u r i a n K e n t v i l l e formation c o n s i s t s of up to 

1 km of s i l t s t o n e and s l a t e that o v e r l i e the White Rock Formation; 

the K e n t v i l l e Formation i s conformably o v e r l a i n by the upper 

S i l u r i a n New Canaan Formation near W o l f v i l i e , N.S. and by the lower 

Devonian Torbrook Formation near Digby and Kingston ( F i g u r e 5 . 1 ) , 

N.S. The New Canaan Formation c o n s i s t s of a n d e s i t e and b r e c c i a s 

w i t h v o l c a n i c fragments, s i l t s t o n e , s l a t e and limestone. The 

Torbrook Formation i s made up of 2 to 3 km of s h a l e , s i l t s t o n e , 

q u a r t z i t e and some q u a r t z i t i c i r o n formation. 

Carboniferous rocks a r e , w i t h the exception of minor 

exposures (not shown i n F i g u r e 5.1) around Mahone Bay and S t . 

Margaret's Bay, confined to the area immediately to the south of 

the Minas B a s i n and to the v i c i n i t y of the Minas Basin-Chedabucto 

Bay f a u l t zone ( F i g u r e 5.1). I n these areas the M i s s i s s i p p i a n 

Horton, Windsor and Canso Groups and the Pennsylvanian R i v e r s d a l e 

Group are mapped. The rocks forming these groups a r e predominantly 

sandstone, limestone, s h a l e and conglomerate and the Windsor rocks 

a r e g e n e r a l l y of marine o r i g i n w h i l e those of the other groups a re 

c o n t i n e n t a l . The t o t a l t h i c k n e s s of the Carboniferous rocks south 

of the Minas B a s i n i s about 3 km. 

Except f o r i s o l a t e d patches around Chedabucto Bay, T r i a s s i c 

rocks i n southern Nova S c o t i a are confined to the shores of the Bay 

of Fundy and the Minas B a s i n . The Annapolis Formation c o n s i s t s of 

up to 1 km of heterogeneous sedimentary rocks which range from 



coarse conglomerate through sandstone to s h a l e ; these rocks are 

conformably o v e r l a i n along the Bay of Fundy by the t h o l e i i t i c 

North Mountain B a s a l t which i s about 250 m t h i c k . I t s r a d i o m e t r i c 

age i s about 200 my(Carmichael and Palmer, 1968). 

5.2.2. I n t r u s i v e rocks 

Nearly one h a l f of southern Nova S c o t i a i s occupied by 

i n t r u s i v e rocks t h a t a r e g e n e r a l l y of g r a n o d i o r i t i c composition but 

which commonly a t t a i n a more a c i d i c composition. These r o c k s , 

which a r e u s u a l l y of b a t h o l i t h i c proportions and g e n e r a l l y d i s c o r d ­

ant, e x h i b i t Devonian ages as determined by r a d i o m e t r i c methods. 

Whereas a c i d i c i n t r u s i o n s a r e w e l l r e p r e s e n t e d i n southern 

Nova S c o t i a , the a r e a l exposures of i n t e r m e d i a t e and b a s i c 

i n t r u s i v e rocks a r e ve r y s m a l l . F o l l o w i n g T a y l o r (1967) and 

s u b d i v i d i n g these l a t t e r rocks on the b a s i s of whether they a r e 

p r e - g r a n i t i c or p o s t - g r a n i t i c i n age, s e v e r a l s m a l l bodies, 

p r i m a r i l y s i l l s , of d i o r i t e and gabbro a re mapped mainly to the 

west and north of the discontinuous b e l t of Or d o v i c i a n , S i l u r i a n 

and Devonian r o c k s . The ages of these s i l l s a r e u n c e r t a i n but as 

they g e n e r a l l y c u t the H a l i f a x Formation but not the g r a n i t i c rocks 

they a r e probably mid-Ordovician to e a r l y Devonian i n age. A few 

examples of b a s i c i n t r u s i v e s c u t t i n g the g r a n i t i c rocks a r e a 

observed ( T a y l o r , 1969) but the most d i s t i n c t i v e p o s t - g r a n i t i c 

i n t r u s i v e i s a long diabase dike t h a t extends some 110 km from near 

Pubnico, N.S. n o r t h e a s t to the LaHave I s l a n d s ( F i g u r e 5.1). Samples 

of t h i s d i k e g i v e a r a d i o m e t r i c age of 192 ± 32 my. ( L a r o c h e l l e 

and Wanless, 1966) ve r y c l o s e to t h a t of the North Mountain B a s a l t . 
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U l t r a m a f i c rocks are represented by only one exposure of 
p e r i d o t l t e a t L i v e r p o o l Bay, N.S. ( F i g u r e 5.1). Unfortunately the 
g e o l o g i c a l r e l a t i o n s h i p of the p e r i d o t i t e , w h i c h e x h i b i t s a Devonian 
r a d i o m e t r i c age, to the surrounding Cambrian G o l d e n v i l l e Formation 
i s unknown but i t s presence i s of c o n s i d e r a b l e i n t e r e s t i n view of 
a s s o c i a t i o n of p e r i d o t i t e w i t h orogenic a c t i v i t y . 

5.2.3 S t r u c t u r e and metamorphism 

The trend of f o l d s i n the Cambro-Ordovician greywackes, 

s l a t e s and s c h i s t s of the Meguma Group v a r i e s from n o r t h e r l y near 

Yarmouth and S t . Mary's Bay ( F i g u r e 5.1) to n o r t h e a s t e r l y i n the 

n o r t h e a s t e r n p a r t . The rocks i n t h i s l a t t e r d i s t r i c t are more 

t i g h t l y f o l d e d than those i n the c e n t r a l r e g i o n (Malcolm, 1912). 

Throughout the a r e a , the f o l d i n g seems to have completed before 

the c u l m i n a t i o n of r e g i o n a l metamorphism ( T a y l o r and S c h i l l e r , 1966) 

during the Acadian Orogeny i n the Devonian period. The s y n c l i n e s 

and a n t i c l i n e s g e n e r a l l y e x h i b i t s h a l l o w plunges and s t e e p l y 

dipping a x i a l p l a n e s . Although no g e n e r a l r u l e s can be made, the 

a x i a l planes tend to dip s t e e p l y northwestward (Malcolm, 1912). 

I n the younger, Carboniferous, sandstones, l i m e s t o n e s , 

s h a l e s and conglomerates south of the Minas B a s i n the primary f o l d s 

developed during the Appalachian Orogeny are open and trend 

g e n e r a l l y n o r t h e a s t to e a s t - n o r t h e a s t but l o c a l l y the f o l d p a t t e r n 

i s extremely complex. 

T r i a s s i c conglomerates and o v e r l y i n g t h o l e i i t i c b a s a l t s 

along the Bay of Fundy are unfolded but dip a few degrees to the 
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The f a u l t p a t t e r n of southern Nova S c o t i a i s very complex 

(e.g. Cameron, 1956) but, broadly speaking, the major f a u l t trend 

i s southeast-northwest except near Yarmouth and S t . Mary's Bay 

where the trend i s north-south and i n the r e g i o n south of the Minas 

B a s i n where east-west and minor southwest-northeast trends occur 

i n a d d i t i o n to the widespread southeast-northwest trend. North and 

e a s t of H a l i f a x , the northwest-trending f a u l t s ( F i g u r e 5.1) cut 

the Meguma Group and o f t e n show left-handed displacements which 

exceed a k i l o m e t e r ; on the other hand, f a u l t s of s i m i l a r o r i e n t a ­

t i o n i n the Meguma i n the a r e a southwest of the Minas B a s i n 

( F i g u r e 5.1) a r e right-handed (Malcolm, 1912). Northwest f a u l t s 

c u t Carboniferous rocks south of the Minas B a s i n and on the north­

e a s t c o a s t of Mahone Bay so i t i s c l e a r t h a t some of these f a u l t s 

were a c t i v e i n Carboniferous, or more r e c e n t , times. 

Except along the Minas Bay - Chedabucto Bay f a u l t zone, 

east-west f a u l t s are confined mainly to the Carboniferous rocks 

south of the Minas B a s i n . I n one l o c a t i o n i n t h i s r egion the l a s t 

p e riod of movement along these f a u l t s i s p o s t - T r i a s s i c and Boyle 

(1963) b e l i e v e d t h a t the east-west s e t of f a u l t s i s younger than 

the northwest^southeast s e t but he pointed out that there i s no 

d i r e c t g e o l o g i c a l evidence to support t h i s i d e a . 

Metamorphism i n southern Nova S c o t i a i s l a r g e l y confined to 

the Cambro-Ordovician Meguma Group but i t a l s o a f f e c t s the 

O r d o v i c i a n - S i l u r i a n White Rock Formation which i s made up of 

q u a r t z i t e , s l a t e , g n e i s s and mafic v o l c a n i c r o c k s . The r e g i o n a l 
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metamorphic grade i s g e n e r a l l y of the g r e e n s c h i s t f a c i e s or lower 
except i n the Pubnico-Shelburne a r e a where the almandine-amphibolite 
f a c i e s i s recognised ( T a y l o r , 1967 and 1969). Contact metamorphism 
of Meguma rocks a s s o c i a t e d w i t h the i n t r u s i o n of Devonian g r a n i t e , 
o c c u r s throughout Southern Nova S c o t i a and postdates the r e g i o n a l 
metamorphism ( T a y l o r and S c h i l l e r , 1966). 

5.2.4 B r i e f resume of the t e c t o n i c h i s t o r y of southern Nova S c o t i a 

I n Cambro^-Ordovician times the G o l d e n v i l l e Formation was l a i d 

down i n a marine, p o s s i b l e deep-sea, environment i n which t u r b i d i t y 

c u r r e n t s were a c t i v e . The d e p o s i t i o n a l environment changed, probably 

r a p i d l y , to one of q u i e t , shallow-water d e p o s i t i o n as the H a l i f a x 

Formation was l a i d down. The composition of the Meguma Group and 

pa l a e o c u r r e n t i n f o r m a t i o n i n d i c a t e t h a t a source a r e a of gran-

o d i o r i t i c composition l a y to the southeast ( T a y l o r and S c h i l l e r , 

1966). T h i s a r e a p o s s i b l y now l i e s i n northwest A f r i c a . T e c t o n i c 

a c t i v i t y was subsequently i n i t i a t e d i n the di s c o n t i n u o u s b e l t 

running from Yarmouth to the Minas B a s i n ( F i g u r e 5.1) as great 

t h i c k n e s s e s of a n d e s i t e and b a s a l t were extruded i n White Rock 

O r d o v i c i a n - S i l u r i a n time. Perhaps contemporaneously, or somewhat 

l a t e r during the Devonian p e r i o d , the e n t i r e r e g i o n was fold e d by a 

compressive f o r c e o r i e n t e d roughly southeast-northwest and 

subsequently metamorphosed by heat and p r e s s u r e as the A f r i c a n 

and North American l i t h o s p h e r i c p l a t e s converged (e.g. McKerrow 

and Z i e g l e r , 1972). The northwest f r a c t u r e system may have been 

i n i t i a t e d about t h i s time. The e f f e c t of the c o l l i s i o n of the 
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l i t h o s p h e r i c p l a t e s culminated w i t h the i n t r u s i o n of l a r g e masses 
of g r a n i t i c m a t e r i a l i n the middle Devonian. The r e g i o n then 
s t a b i l i z e d and was s u b j e c t e d to e r o s i o n w i t h g e n e r a l l y c o n t i n e n t a l 
d e p o s i t i o n o c c u r r i n g mainly i n the Minas B a s i n r e g i o n . F a u l t i n g 
and subsequent e a s t - w e s t and v e r t i c a l movements became important 
i n the Minas B a s i n i n the Carboniferous p e r i o d and renewed movement 
occurred i n some ar e a s along the northwest t r e n d i n g f a u l t s . 

The next recorded phase of t e c t o n i c a c t i v i t y occurred i n the 

T r i a s s i c p e r i o d w i t h d e p o s i t i o n of sedimentary and v o l c a n i c r o c k s 

along the Bay of Fundy and i n the Minas B a s i n and w i t h the 

i n j e c t i o n of the long, l i n e a r diabase dike i n southern Nova S c o t i a . 

These l a t t e r events were p o s s i b l y i n response to the i n i t i a l 

stage of break-up of the present-day North America and A f r i c a n 

l i t h o s p h e r i c p l a t e s . 

5.3 GEOPHYSICAL DATA 

A c o n s i d e r a b l e amount of shipborne and a i r b o r n e magnetometer 

data, s c a t t e r e d shallow and deep c r u s t a l r e f r a c t i o n s e i s m i c p r o f i l e s 

( F i g u r e 5.2) and some d r i l l - h o l e data (Mclver, 1972; Jan s a and Wade, 

1975) are a v a i l a b l e to complement the underwater g r a v i t y data. 

A s i m p l i f i e d g r a v i t y map ( F i g u r e 5.3) shows t h a t , i n a d d i t i o n to 

the c h a r a c t e r i s t i c r i s e i n the Bouguer anomaly f i e l d as the 

c o n t i n e n t a l margin i s approached, the two primary anomalous g r a v i t y 

f e a t u r e s a r e the Middle Bank Low and the Emerald High. 

The s i m p l i f i e d magnetic anomaly map of the southern S c o t i a n 
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S h e l f ( f i g u r e 5.4) made from a G e o l o g i c a l Survey of Canada 

co m p i l a t i o n k i n d l y s u p p l i e d by P;J. Hood, does not e x h i b i t the 

d e t a i l of the o r i g i n a l map which c l e a r l y o u t l i n e s the seaward 

e x t e n s i o n of the Meguma ro c k s (Hood, 1966) but i t does show magnetic 

highs over, and to the west of Sable I s l a n d and an i n t e n s e l o c a l 

low on the e a s t e r n margin of L a Have Bank (see F i g u r e 1.1 f o r 

l o c a t i o n ) . 

F i g u r e 5.5 which i s adapted from Sherwin (1972), i s based 

mainly on unpublished s e i s m i c data which c o n s i s t of p r o f i l e s spaced 

from about 25 to 50 km a p a r t according to J a n s a and Wade (1975). 

The s e i s m i c data show t h a t the southern S c o t i a n S h e l f i s separated 

from the northern S c o t i a n S h e l f by a deep, elongate sedimentary 

b a s i n which l i e s on s t r i k e w i t h the Minas B a s i n - Chedabucto Bay 

f a u l t zone. T h i s b a s i n w i l l be d i s c u s s e d f u r t h e r i n the next 

chapter. The sedimentary r o c k s on the southern S c o t i a n S h e l f form 

a wedge which t h i c k e n s more, or l e s s uniformly from the s h o r e l i n e 

to the c o n t i n e n t a l margin and the maximum basement d e p r e s s i o n 

occurs e a s t of Sable I s l a n d . Some n o r t h e a s t - t r e n d i n g f a u l t s i n 

the basement a r e i n f e r r e d ( J a n s a and Wade, 1975) about 70 km north 

of Sable I s l a n d and i n the a r e a south of Emerald B a s i n ( F i g u r e 1.1). 

5.4 CRUSTAL SEISMIC RESULTS 

I n order to provide some background f o r an i n t e r p r e t a t i o n of the 

" H a l i f a x P r o f i l e " i n the next s e c t i o n , and f o r a d i s c u s s i o n of long 

wavelength magnetic anomalies, i n the next chapter, I would l i k e 
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Figure 5.2: Southern Scotian Shelf - l o c a t i o n of deep and 

shallow seismic l i n e s and g r a v i t y and magnetic 

p r o f i l e s J - J 1 , K-K' and L-L'. 
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Figure 5.3: S i m p l i f i e d Bouguer anomaly map of the southern 

Scotian Shelf - f o r more d e t a i l see map i n pocket. 
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Figure 5.4: S i m p l i f i e d t o t a l magnetic f i e l d anomaly map of the 

Southern Scotian Shelf. Data obtained from a 1:1,000, 

000 compil a t i o n by P.J.Hood of the Geological Survey 

of Canada. 
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Figure 5.5: Depth of seismic basement on the southern 

and c e n t r a l Scotian Shelf. The diagram i s 

based on a f i g u r e from Sherwin (1972) and i s 

based mainly on unpublished seismic p r o f i l e s 

spaced from 25 t o 50 km apart. The main 

f e a t u r e s , as named by Jansa and Wade (1975) 

are the Sable subbasin near Sable I s l a n d 

(44°N; 60°W) and the east-west t r e n d i n g 

Orpheus Graben (about 46°N). 
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t o discuss the a v a i l a b l e c r u s t a l seismic data which are a v a i l a b l e 
u n f o r t u n a t e l y , only on the southern s e c t i o n of the Scotian Shelf. 

Willmore and Scheidegger (1956) c a r r i e d out the f i r s t c r u s t a l 

seismic i n v e s t i g a t i o n of the Scotian Shelf as p a r t of a study of 

the Gulf of St. Lawrence. Their p r o f i l e , which runs from 

Chedabucto Bay t o Sable I s l a n d , was subsequently complemented by 

the i n v e s t i g a t i o n s of B a r r e t t et a l . , (1964) and Berger et a l . 

(1965). Figure 5.2 shows the l o c a t i o n s of the deep c r u s t a l seismic 

p r o f i l e s and Figure 5.6 summarizes the t r a v e l - t i m e r e s u l t s of 

Willmore and Scheidegger (1956) and the data of B a r r e t t et a l . 

(1964) along the p r o f i l e perpendicular to the coast l i n e (Figure 

5.2); t h e i r data from the p r o f i l e p a r a l l e l t o the c o a s t l i n e and the 

shor t e r range, unreversed data of Berger et a l . (1965) are omitted 

f o r c l a r i t y . Travel-time c o r r e c t i o n s of 1 sec have been applied 

to Willmore and Scheidegger's data i n three cases (open c i r c l e s 

i n Figure 5.6). I n the f i r s t two cases the redundancy of data 

a t a distance of 170 km c l e a r l y shows t h a t one of the s t a t i o n 

times i s i n e r r o r by 1 sec. I n the t h i r d case, the.general shape 

of c r u s t a l seismic t r a v e l - t i m e curves (e.g. Goodacre, 1972) 

s t r o n g l y suggests t h a t the shot which provides a r r i v a l s a t distances 

of 60 t o 70 km was mistimed by 1 sec. 

I n Canada, the r e g i o n a l Bouguer anomaly l e v e l i s , i n general, 

a f u n c t i o n of c r u s t a l thickness and compressional wave v e l o c i t y i n 

the upper maritle (Goodacre, 1972). I n t h i s respect the t r a v e l -

time data i n Figure 5.6 i n d i c a t e t h a t the c r u s t along the south-
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Figure 5.6: Reduced t r a v e l - t i m e data f r o m . c r u s t a l seismic 

i n v e s t i g a t i o n s by Willmore and Scheidegger (1956) 

and by B a r r e t t et' al,. (1964). See Figure 5.2 

f o r the l o c a t i o n s of the p r o f i l e s . 
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Figure 5.7: V e l o c i t y - d e p t h models of the c r u s t obtained 

by applying a non-linear o p t i m i z a t i o n technique 

t o the data i n Figure 5.6. 
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eastern coast of southern Nova Scotia i s normal f o r an area where 

the r e g i o n a l Bouguer anomaly i s about 0 t o -10 mgal and the upper 

mantle v e l o c i t y i s about. 8.1 km/sec. B a r r e t t e t a l . (1964) 

obtained a value of 32 km f o r the thickness of the c r u s t along 

the p r o f i l e p a r a l l e l t o the c o a s t l i n e (Figure 5.2) using a s i n g l e 

l a y e r c r u s t a l model. Their model, although a good f i r s t approx­

im a t i o n , i s not consistent w i t h the general increase of compressional 

wave v e l o c i t y w i t h depth i n the c r u s t i n Canada (Goodacre, 1972) so 

i t seemed appropriate t o f i t m u l t i - l a y e r c r u s t a l models t o the 

a v a i l a b l e seismic data. V e l o c i t y - d e p t h curves (Figure 5.7) were 

derived f o r two long p r o f i l e s over the Scotian Shelf using the 

non-linear o p t i m i z a t i o n r o u t i n e described i n Chapter 3 t o a d j u s t , 

i n each case, the c r u s t a l model u n t i l f i r s t - a r r i v a l t r a v e l - t i m e 

c a l c u l a t e d f o r the model agreed reasonably w e l l w i t h the observed 

t r a v e l - t i m e . No claim of uniqueness i s made f o r the method but 

i t does provide p l a u s i b l e models which i n d i c a t e t h a t the c r u s t i n 

the v i c i n i t y of southern Nova Scotia i s about 45 km t h i c k . This 

value i s some 15 km greater than the value obtained by B a r r e t t 

et a l . (1964) due t o the presence, i n the models derived here, of 

high seismic v e l o c i t y l a y e r s immediately above the Mohorovicic 

D i s c o n t i n u i t y . The s i g n i f i c a n c e of these high v e l o c i t y l a y e r s 

i s not c l e a r but they may represent rocks of amphibolite composition 

(Goodacre, 1972). The seismic v e l o c i t i e s i n the upper 10 t o 15 km 

of the c r u s t are con s i s t e n t w i t h the presence of rocks of s i l i c e o u s 

chemical composition such as the Meguma shales, s l a t e s arid q u a r t z i t e s 
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Figure 5.8: Magnetic and g r a v i t y anomalies and shallow seismic 

s t r u c t u r e along H a l i f a x Line ( p r o f i l e J -J 1 i n Figure 

5.2) Seismic data are from O f f i c e r and Ewing (1954). 
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and . the i n t r u s i v e Devonian g r a n i t e s . 

5.5 THE HALIFAX LINE AND EMERALD HIGH 

5.5;1 Seismic and magnetic r e s u l t s 

The H a l i f a x Line ( J - J 1 i n Figure 5.2) i s a p r o f i l e perpendicular 

to the shore l i n e along which oceanographic measurements have been 

repeated a t reg u l a r i n t e r v a l s throughout the years. The l i n e has 

also been used t o l o c a t e geophysical measurements and Figure 5.8 

di s p l a y s the a v a i l a b l e g r a v i t y , magnetic and shallow seismic data 

along the p r o f i l e . The seismic data are from O f f i c e r and Ewing 

(1954) and provide a t y p i c a l example of a fractured rdownwarped 

c o n t i n e n t a l s h e l f basement covered by a t h i c k wedge of sedimentary 

rocks. 

The t o t a l f i e l d magnetic anomaly p r o f i l e was constructed from 

1:250,000 scale Geological Survey of Canada aeromagnetic maps which 

have had the r e g i o n a l v a r i a t i o n removed. The northwestern h a l f of 

the p r o f i l e e x h i b i t s short-wave l e n g t h v a r i a t i o n s superimposed on 

large-amplitude, long-wavelength anomalies whereas on the 

southeastern h a l f of the p r o f i l e the anomalies are smoother and 

smaller i n amplitude. This d i f f e r e n c e probably r e f l e c t s a change 

i n basement s t r u c t u r e and/or t h i c k e r sediments as one goes towards 

the c o n t i n e n t a l margin (Figures 5.5 and 5.8). The magnetic 

signature of the northwestern p o r t i o n of the H a l i f a x P r o f i l e i s 

t y p i c a l of t h a t obtained over the Meguma Group where narrow, intense 
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magnetic highs c o r r e l a t e w i t h magnetic u n i t s w i t h i n the H a l i f a x 

Formation and l o c a l i z e d f l a t , f e a t u r e l e s s areas (Figure 5.9) o v e r l i e 

Devonian g r a n i t e i n t r u s i o n s (McGrath - - e t a l . , 1973) so i t appears 

t h a t the Meguma Basement can be traced some 75 km out from the 

s h o r e l i n e near H a l i f a x where i t i s no longer recognizable. 

5.5.2 The r e g i o n a l g r a v i t y trend 

The g r a v i t y p r o f i l e , constructed from the underwater g r a v i t y , 

data, shows, i n a d d i t i o n t o l o c a l features such as the Emerald 

High, the t y p i c a l increase i n Bouguer anomaly as the c o n t i n e n t a l 

margin i s approached. The suggested r e g i o n a l v a r i a t i o n i n Figure 

5.8 i s c a l c u l a t e d on the assumption t h a t the mass d e f i c i e n c y of 

sea water i s compensated, a t depth, by the r i s e of the Mohorovicic 

D i s c o n t i n u i t y from a depth of 45 km under southern Nova Scotia 

(Figure 5.7) t o a depth of about 12 km under the deep ocean and 

t h a t the topography on the crust-mantle i n t e r f a c e i s a m i r r o r 

image of the bathymetry. I n other w o r d s , l i t i s assumed t h a t isostasy 

p r e v a i l s according t o the A i r y hypothesis. The "zero l e v e l " of 

the c a l c u l a t e d r e g i o n a l curve, i . e . i t s value at l a r g e distances 

away from the c o n t i n e n t a l margin, was set a t -5 mgal as t h i s i s the 

average sea- l e v e l Bouguer anomaly value over the Gulf of St. 

Lawrence (Goodacre e t a l . , 1969). This zero l e v e l could be i n 

e r r o r by a few m i l l i g a l s so the r e l a t i v e amplitudes of the p o s i t i v e 

and negative r e s i d u a l anomalies obtained by s u b t r a c t i n g the r e g i o n a l 

trend from the Bouguer anomaly are hot h i g h l y s i g n i f i c a n t but the 
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Figure 5.9: Comparison of an aeromagnetic anomaly over the 

Scotian Shelf ( r i g h t - h a n d box) w i t h an anomaly 

which i s t y p i c a l of those over Devonian g r a n i t e s 

i n southern Nova Scotia ( l e f t - h a n d box). Figure 

i s from McGrath et a l . (1973). 
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i n t e r e s t i n g aspect i s t h a t the seaward r i s e of the observed g r a v i t y 
f i e l d can be adequately explained by a simple i s o s t a t i c model. 

5.5.3 The g e o l o g i c a l l y corrected g r a v i t y f i e l d 

The r e s i d u a l Bouguer anomaly f i e l d has been corrected f o r the 

mass d e f i c i e n c y of the sedimentary rocks by converting the 

compressional wave v e l o c i t i e s shown i n Figure 5.8 t o d e n s i t i e s w i t h 

the a i d of seismic r e s u l t s (Berger et al.,1965) and d r i l l - h o l e . 

r e s u l t s (Mclver, 1972) near Sable I s l a n d and assuming the seismic 

s t r u c t u r e t o be two-dimensional i n character. The r e s u l t i n g anomaly 

(Figure 5.10) s t i l l shows some r e s i d u a l c o r r e l a t i o n w i t h the 

basement depth over, and t o the southeast o f , the Emerald High but 

t h i s could be diminished by the choice of a s l i g h t l y higher d e n s i t y 

c o n t r a s t between the 5.6-5.9 km/sec basement and the 2.4-3.9 km/sec 

sedimentary l a y e r . The main f e a t u r e of the g r a v i t y p r o f i l e i n 

Figure 5.10 i s the more or less s t e p - l i k e r i s e from -20 mgal t o 

+20 mgal a t a distance of about 80 km from H a l i f a x . Superimposed 

on t h i s change i n g r a v i t y l e v e l are l o c a l highs and lows which w i l l 

be discussed i n the next sub-section. 

A simple, two-dimensional g r a v i t y model which has a de n s i t y 
3 

c o n t r a s t of 0.1 gm/cm , i t s upper surface b u r i e d a t a depth of 

about 2 km.and a steeply s l o p i n g face extending to a depth of 

about 12 km explains the main s t e p ^ l i k e change i n the anomaly 

level,. This model i s by no means unique and, i n f a c t , several 

other models, each having a d i f f e r e n t d e n s i t y c o n t r a s t , a l l f i t 

the observed anomaly about as w e l l as the model i n Figure 5.10 does. 
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Figure 5.10: H a l i f a x Line- (a) the observed Bouguer anomaly 

minus the adopted r e g i o n a l curve (Figure 5.8) and 

corrected f o r the mass d e f i c i e n c y of the sedimen­

t a r y layers (Figure 5.8), (b) the anomaly due t o a 

s e m i - i n f i n i t e slab as shown i n the bottom p a r t of 

the diagram, (c) the pseudo-gravity anomaly obtained 

from the northwestern h a l f of the magnetic p r o f i l e 

i n Figure 5.8; m/d i s the r a t i o of magnetization 

con t r a s t t o de n s i t y c o n t r a s t , Inc i s the i n c l i n a ­

t i o n of the t o t a l magnetization v e c t o r , r i s the 

c o e f f i c i e n t of l i n e a r c o r r e l a t i o n between the 

observed and pseudo-gravity anomaly, (d) the g r a v i t y 

low i n the r e g i o n marked: Devonian Granite - area B 

coincides s p a t i a l l y w i t h an aeromagnetic anomaly 

s i m i l a r to ,and adjacent t o , t h e one shown i n the 

right-h a n d box i n Figure 5.9. Area B i s o u t l i n e d 

i n Figure 5-12. 
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Common f e a t u r e s of the models a r e tha t t h e i r top. s u r f a c e s a re b u r i e d 
1 to 3 km deep and t h e i r f a c e s dip more than 45° from the v e r t i c a l . 
The main d i f f e r e n c e i s t h a t a given model i s t h i c k e r or t h i n n e r 
depending upon the d e n s i t y c o n t r a s t used. The s m a l l e s t d e n s i t y 

3 

c o n t r a s t t h a t w i l l produce an ac c e p t a b l e f i t i s about 0.05 gm/cm . 

and f o r t h i s case the model extends to a depth of 24 km. The 

models a l l point to a f a i r l y abrupt t r a n s i t i o n i n the upper p o r t i o n 

of the c r u s t from the t y p i c a l s h a l e s , s l a t e s and q u a r t z i t e s of the 
3 

Cambro-rOrdovician Meguma Group (d=2.70 to 2.75 gm/cm ) and i n t r u s i v e 
3 

Devonian g r a n i t e s (d=2.60 to 2.65 gm/cm ) to a s l i g h t l y h e a v i e r , 

more b a s i c , type of basement rock t h a t occupies an a r e a which 

i n c l u d e s the Emerald High and l i e s approximately to the south of 

the +10 mgal contour i n F i g u r e 5.3. How f a r t h i s h e a v i e r basement 

extends on e i t h e r s i d e of the p r o f i l e i s not c l e a r but i t may 

extend to the southwest as f a r as the g r a v i t y coverage goes and to 

the n o r t h e a s t a t l e a s t as f a r as the Middle Bank Low ( F i g u r e 5.3). 

5.5.4 The Emerald High 

I n view of the foregoing d i s c u s s i o n , i n p a r t i c u l a r the c o r r e l a ­

t i o n between the Bouguer anomaly p r o f i l e and the s e i s m i c a l l y 

determined basement topography ( F i g u r e 5 . 8 ) , i t appears t h a t the 

Emerald High ( F i g u r e 5.3) which i s a l o c a l , i s o l a t e d , q u i t e 

prominent high about 60 km long and 15 km wide, r e f l e c t s an 

u p l i f t e d basement block, -in a t e r r a i n which i s somewhat more dense 

than the t y p i c a l Meguma Basement. I n f a c t , the c h a r a c t e r of the 
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g r a v i t y and magnetic anomalies suggests t h a t the block producing 

the Emerald f e a t u r e may l o c a l l y c o n t a i n phases which are even more 

dense and magnetic than elsewhere. The l o c a l g r a v i t y and magnetic 

lows immediately to the north of the Emerald High might r e p r e s e n t 

a low-density g r a n i t i c i n t r u s i o n i n the same way th a t the g r a v i t y 

low a t a d i s t a n c e of 65 km. from H a l i f a x ( F i g u r e 5.8 and 5.10) 

almost c e r t a i n l y r e f l e c t s a g r a n i t i c i n t r u s i o n because i t 

c o r r e l a t e s s p a t i a l l y w i t h the m a g n e t i c a l l y smooth ar e a i n the r i g h t 

hand box i n F i g u r e 5.9 but the g r a v i t y and magnetic lows oh the 

south f l a n k of the Emerald f e a t u r e are more elongate and hence 

su g g e s t i v e of a narrow sedimentary b a s i n . 

5.5.5 C o r r e l a t i o n between the g r a v i t y and magnetic data 

S i n c e there i s some c o r r e l a t i o n between the g r a v i t y and 

magnetic v a r i a t i o n s on the northwest h a l f of the H a l i f a x P r o f i l e 

( F i g u r e 5.8) i t seemed ap p r o p r i a t e to perform a two-dimensional 

magnetic to g r a v i t y t r a n s f o r m a t i o n even though some of the anomalies 

tend to be three-dimensional i n c h a r a c t e r and i t i s not c l e a r 

whether we are d e a l i n g w i t h a s i n g l e s u i t e of anomalies. The 

i n t e r e s t i n g r e s u l t i s t h a t the maximum c o r r e l a t i o n between the 

observed and pseudo-gravity anomaly ( F i g u r e 5.10) i s obtained f o r 

an angle of magnetization which i s c l o s e to the i n c l i n a t i o n of the 

e a r t h ' s f i e l d so th e r e i s no evidence of any s i g n i f i c a n t amount of 

remanent magnetization i n the basement ro c k s over, and on the 

northwest s i d e of the Emerald High. 
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5.6 THE MIDDLE BANK LOW 

The most prominent g r a v i t y anomaly on the southern S c o t i a n 

S h e l f i s the widespread Middle Bank Low ( F i g u r e 5.3) which reaches 

a minimum v a l u e of -AO mgal over the Middle Bank bathymetric 

f e a t u r e ( F i g u r e 1.1). The main p o r t i o n of the anomaly i s somewhat 

kidney-shaped w i t h the convex s i d e p o i n t i n g south. The main 

p o r t i o n has two o f f - s h o o t s or arms; one arm extends southwest from 

the western s i d e of the anomaly and the other, l e s s prominent, 

arm extends n o r t h e a s t from the e a s t e r n s i d e . The l o c a l low a t the 

t i p of the southwesterly t r e n d i n g arm ( L a t . 44.4°N; Long. 62.8°W) 

c o i n c i d e s s p a t i a l l y w i t h a m a g n e t i c a l l y smooth a r e a which i s 

p a r t i a l l y surrounded by a magnetic h a l o . The magnetic anomaly 

p a t t e r n c l o s e l y resembles those i n F i g u r e 5.9 and i t i s l i k e l y 

t h e r e f o r e , t h a t t h i s l o c a l g r a v i t y low i s produced by an i n t r u s i o n 

of low-density, non-magnetic g r a n i t i c m a t e r i a l i n t o the Meguma 

basement r o c k s . There a r e i n s u f f i c i e n t aeromagnetic data over the 

l o c a l g r a v i t y low immediately to the no r t h e a s t to make a s i m i l a r 

i n t e r p r e t a t i o n but there i s no reason to suspect t h a t t h i s second 

l o c a l low i s not a l s o produced by low-density g r a n i t e , 

p a r t i c u l a r l y as the b a s i n f i l l map ( F i g u r e 5.5) i n d i c a t e s r e l a t i v e l y 

shallow basement near the c o a s t l i n e of southern Nova S c o t i a . 

The l a c k of a pronounced sedimentary basin, anywhere on the 

southern S c o t i a n S h e l f ( F i g u r e 5.5) i n d i c a t e s t h a t the main p o r t i o n 

of the Middle Bank Low i s due to a low-density g r a n i t e b a t h o l i t h but 
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i t seemed ap p r o p r i a t e to confirm t h i s i n t e r p r e t a t i o n by modelling 

the g r a v i t y anomaly. A study of s e v e r a l two-dimensional models 

of the g r a v i t y f i e l d along p r o f i l e K-K1 (see F i g u r e 5.2 f o r l o c a t i o n ) 

u s i n g n o n - l i n e a r o p t i m i z a t i o n ( A l - C h a l a b i , 1970) and i t e r a t i v e 

procedures using m a t r i x methods (L a v i n g , 1971) gave good r e s u l t s 

f o r a body which has i t s top s u r f a c e b u r i e d a t a f a i r l y shallow 

depth, has outward s l o p i n g s i d e s and o f f e r s a d e n s i t y c o n t r a s t 
3 

of about -0.15 gm/cm w i t h the surrounding rocks ( F i g u r e 5 ; . l l ) . 

Although a complicated model w i t h inwarddipping s i d e s might a l s o 

f i t the g r a v i t y anomaly, the model i n F i g u r e 5.11 i s c o n s i s t e n t 

w i t h the sharp c u r v a t u r e of the g r a v i t y f i e l d over the c e n t r e of 

the anomaly and the more g e n t l e c u r v a t u r e on the f l a n k s . The 

c h a r a c t e r i s t i c s of the g r a v i t y f i e l d and the model t h e r e f o r e 

support the i n t e r p r e t a t i o n t h a t the c e n t r a l p o r t i o n of the Middle 

Bank Low i s produced by a b a t h o l i t h of Devonian ( ? ) g r a n i t e . 

An i n t e r e s t i n g a s p e c t of the main p o r t i o n of the Middle Bank 

Low i s t h a t i t i s a s s o c i a t e d w i t h a l a r g e magnetic anomaly. T h i s 

i s c l e a r l y shown along p r o f i l e K-K1 ( F i g u r e 5.11) and i n F i g u r e 

5.12 where a magnetic high occurs on the southern f l a n k of the 

g r a v i t y low and a s e r i e s of lows occur on the n o r t h e r n f l a n k . 

S t u d i e s of a l a r g e s u i t e of two-dimensional models of the magnetic 

anomaly ( F i g u r e 5.11) along p r o f i l e K-K' (see F i g u r e 5.12 f o r 

l o c a t i o n ) show t h a t . t h e b e s t f i t i s obtained f o r a model which has 

i t s upper s u r f a c e a t a depth of 2 km, has outward s l o p i n g s i d e s and 

has a magnetization c o n t r a s t of a t l e a s t 0.001 emu/cm . The depth 
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If 



F i g u r e 5.11: Observed g r a v i t y and magnetic anomaly p r o f i l e s 

over the Middle Bank f e a t u r e , i n t e r p r e t a t i v e 

g r a v i t y and magnetic models and t h e i r computed 

g r a v i t y and magnetic anomalies. The i n c l i n a t i o n 

of the t o t a l magnetization i n the, magnetic 

model i s 40°(N) i n the v e r t i c a l plane c o n t a i n i n g 

the e a r t h ' s f i e l d . The i n c l i n a t i o n of the e a r t h ' s 

f i e l d i s 74°(N). 
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of the top of the model i s q u i t e c l o s e l y determined and agrees 

w i t h the basement depth i n d i c a t e d i n F i g u r e 5.5. The shapes of 

the g r a v i t y and magnetic models a r e q u i t e s i m i l a r and, s i n c e no 

attempt was made to f o r c e one model to f i t another, i t seems 

reasonable to assume th a t there i s a c l o s e r e l a t i o n s h i p between 

the magnetic and g r a v i t y anomalies. There i s , i n f a c t , a high 

degree of c o r r e l a t i o n between the observed g r a v i t y anomaly and the 

pseudo-gravity anomaly c a l c u l a t e d from the magnetic anomaly 

( F i g u r e 5.13) and the i n c l i n a t i o n of t o t a l magnetization of 28°(N) 

which i s obtained from the two-dimensional magnetic to g r a v i t y 

f i e l d t r a n s f o r m a t i o n d i f f e r s by only 12° from t h a t obtained by 

the modelling procedure. I t could be argued that a two-dimensional 

study of a f e a t u r e t h a t i s three-dimensional i n plan view i s 

s u b j e c t to s e r i o u s e r r o r but s i n c e the t h i c k n e s s and depth of 

b u r i a l of the c a u s a t i v e body a r e s m a l l compared to i t s l a t e r a l e x t e n t , 

the e r r o r should not be too s e r i o u s . A three-dimensional j o i n t 

a n a l y s i s of the g r a v i t y and magnetic f i e l d s w i t h i n the a r e a 

o u t l i n e d by the box i n F i g u r e 5.12 was made and w i l l be d i s c u s s e d 

f u r t h e r i n Chapter 7. The r e s u l t s g i v e a>.somewhat :shallower 

i n c l i n a t i o n of magnetization of 14°(S) when the three-dimensional 

r e s u l t i s p r o j e c t e d on to the v e r t i c a l plane c o n t a i n i n g the e a r t h ' s 

f i e l d . The d i r e c t i o n of magnetization from the three-dimensional 

study w i l l be d i s c u s s e d f u r t h e r i n Chapter 7 but i t should be 

pointed out here t h a t there may be a s i g n i f i c a n t component of 

remanent magnetization i n the body producing the magnetic anomaly. 
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F i g u r e 5.12: Bouguer g r a v i t y * 'anomaly contours superimposed on 

t o t a l f i e l d magnetic anomaly contours over the 

Middle Bank Area of the southern S c o t i a n S h e l f . 

T h i s f i g u r e was c o n s t r u c t e d using: the information 

i n F i g u r e s 5.3 and 5.4. Notice the east-west 

t r e n d i n g magnetic anomaly lows (wide-spaced d o t s ) , 

l y i n g a t a l a t i t u d e of 44.8°N along the -20 mgal 

contour on the n o r t h s i d e of the Middle Bank 

g r a v i t y low ( c l o s e - s p a c e d dots) and the p o s i t i v e 

magnetic anomaly re g i o n ( h o r i z o n t a l l i n e s ) on the 

south s i d e of the g r a v i t y low. A two-dimensional 

a n a l y s i s of the g r a v i t y and magnetic f i e l d was 

made along p r o f i l e K-K'; a three-dimensional study 

i n the r e c t a n g u l a r region l a b e l l e d "Area of A c t u a l 

Study". Boxes marked "A" and "B" r e f e r to the 

l e f t and right-hand boxes, r e s p e c t i v e l y of F i g u r e 

5.9. 
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F i g u r e 5.13: Observed magnetic and g r a v i t y anomalies and 

c a l c u l a t e d pseudo-gravity anomaly along p r o f i l e 

K-K '. m/d i s r a t i o of magnetization c o n t r a s t to 

d e n s i t y c o n t r a s t , I n c i s i n c l i n a t i o n of t o t a l 

magnetization v e c t o r , r i s the c o e f f i c i e n t of l i n e a r 

c o r r e l a t i o n between the observed g r a v i t y and the 

pseudo-gravity anomalies. 
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The source of the main po r t i o n ^ o f the Middle Bank Low i s 

probably a Devonian ( ? ) g r a n i t e which i s magnetic, u n l i k e the 

Devonian g r a n i t e s of southern Nova S c o t i a . Magnetic, low-density 

g r a n i t e s of Devonian age are found i n New Brunswick; a good example 

of one i s the Pokiok i n t r u s i o n (McGrath, 1970) which produces a 

g r a v i t y low (see map i n pocket) and a magnetic high ( F i g u r e 5.14). 

McGrath (1970 and p e r s o n a l communication) f i n d s t h a t i n some 

p a r t s of the Canadian Maritime Appalachians t h e r e i s a correspond­

ence between the magnetic p r o p e r t i e s of g r a n i t i c i n t r u s i o n s and 

the degree to which they have undergone al te.r-atio7i. 

F r e s h , pale-gray g r a n i t e s , such as those i n southern Nova S c o t i a , 

a r e non-magnetic whereas some moderately a l t e r e d pink g r a n i t e s , 

such as the e a s t e r n p o r t i o n of the Pokiok i n t r u s i o n i n New 

Brunswick have magnetite developed w i t h i n them. The magnetite, 

which i s r e v e a l e d both i n chemical a n a l y s e s of the rocks and by 

C u r i e temperature determinations (McGrath, p e r s o n a l communication) 

i s accompanied by c h l o r i t e ; these m i n e r a l s i n d i c a t e the probable 

breakdown of micas i n the -granite (Turner, 1968). The magnetic 

anomaly a s s o c i a t e d w i t h the Middle Bank Low may i n d i c a t e , t h e r e f o r e , 

a moderate degree of a l t e r > o T x of the p o s t u l a t e d 

g r a n i t e b a t h o l i t h . T h i s p o s t u l a t e d s i t u a t i o n i s c o n t r a s t e d w i t h 

t h a t of the g r a n i t e s of southern Nova S c o t i a where, i f any magnetic 

anomaly i s p r e s e n t , i t takes the form of a h a l o a t the margin of 

the i n t r u s i o n (e.g. F i g u r e 5.9) and the anomaly source i s magnetite 

which has been developed from p y r r h o t i t e ( i n the H a l i f a x Formation 
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of the Meguma Group) during the i n t r u s i o n of the g r a n i t e 
(P. McGrath, p e r s o n a l communication). 

Although i t seems reasonable to a s s i g n a Devonian age to the 

p o s t u l a t e d Middle Bank G r a n i t e , the b a t h o l i t h could be o l d e r inasmuch 

as Devonian G r a n i t e s a r e g e n e r a l l y non-magnetic whereas the o l d e r 

Avalonian ( l a t e P r o t e r o z o i c ) and Taconic ( O r d o v i c i a n ) g r a n i t e s tend 

to be magnetic (W. Poole, p e r s o n a l communication). Of course, t h e r e 

a r e exceptions to t h i s r u l e and the Devonian Pokiok G r a n i t e i s one 

of them. There i s a l s o the p o s s i b i l i t y , which w i l l be d i s c u s s e d i n 

Chapter 7, t h a t the Middle Bank G r a n i t e was intruded during Permo-

Carboniferous times and i s a counterpart of the Hercynian g r a n i t e s 

of Devon and Cornwall i n England (e.g. Bennison and Wright, 1969). 

There a r e two reasons why t h i s might be so. F i r s t l y , one would expect 

on the b a s i s of a c o n t i n e n t a l r e c o n s t r u c t i o n (e.g. B u l l a r d et a l . , 

1965) t h a t the S c o t i a n S h e l f might have been a f f e c t e d by the Hercy­

n i a n orogeny and secondly, Carboniferous r a d i o m e t r i c age dates a r e 

obtained from some of the basement samples d r i l l e d i n the southern 

S c o t i a n S h e l f (M. Given, p e r s o n a l communication). However, the main 

p o r t i o n of the Middle Bank b a t h o l i t h i s s t i l l unusual i n t h a t i t i s 

magnetic ; the g r a n i t e s i n southwest England a r e non-magnetic although 

marginal magnetic h a l o e s a r e q u i t e w e l l developed i n some c a s e s as can 

be seen on Sheet 2 of the Aeromagnetic Map of Great B r i t a i n 

( B u l l e r w e l l , 1965). 

An a l t e r n a t i v e , but u n l i k e l y , e x p l a n a t i o n of the magnetic 
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Figure 5.14: Magnetic anomaly over the Pokiok g r a n i t e i n t r u s i o n 

i n southwestern New Brunswick. Diagram i s from 

McGrath et a l . (1973) and made from a negative 

k i n d l y supplied by the authors. The c o i n c i d e n t 

g r a v i t y low may be seen on the map i n pocket. 
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Figure 5.15: Observed magnetic and g r a v i t y anomalies and 

c a l c u l a t e d pseudo-gravity anomaly over Western 

Bank. Symbols as explained f o r Figure 5.13. 
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anomaly i s that::the source of the g r a v i t y low i s non-magnetic and 

t h a t the basement rocks are r e v e r s e l y magnetized. They may have 

acquired t h e i r magnetization due t o metamorphic e f f e c t s associated 

w i t h the i n t r u s i o n of the g r a n i t e i n Devonian (?) times or the 

basement may have been "soaked" w i t h magnetic b a s a l t i c magma dur i n g 

c o n t i n e n t a l c o l l i s i o n and break-up i n Permo-Triassic times. The 

d i f f i c u l t y w i t h t h i s concept i s t h a t the basement rocks would 

have to have a strong component of remanent^magnetizationjoriented 

more or less opposite t o the earth's f i e l d and, as mentioned i n 

Chapter 4, such a s i t u a t i o n i s not found on land. Nevertheless, 

the idea may not be completely u n r e a l i s t i c as magnetic anomalies 

i n the A t l a n t i c suggest the presence of s t r o n g , reverse magneti­

zations i n oceanic b a s a l t s of various ages d a t i n g back to the 

opening of the A t l a n t i c Ocean i n T r i a s s i c times and the m a j o r i t y 

of the d i r e c t i o n s of remanent magnetization i n rocks, p a r t i c u l a r l y 

Permo-Carboniferous rocks, from the Canadian Maritimes are i n 

o p p o s i t i o n t o . t h e earth's f i e l d . However, the combined analysis 

of the g r a v i t y and magnetic data on the northwestern p o r t i o n of 

the H a l i f a x Line gives no evidence f o r r e v e r s e l y magnetized rocks 

and, i n the absence of any independent evidence of r e v e r s e l y 

magnetized rocks, the more conservative i n t e r p r e t a t i o n , supporting 

the existence of magnetic g r a n i t e , i s favoured. 

Although the eastern arm of the Middle Bank Low may d e l i n e a t e 

a spur of g r a n i t i c rock, Stephens and Cooper (1973) pointed out 

t h a t d i a p i r i c s t r u c t u r e s (King and MacLean, 1970) near Sable I s l a n d 
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suggest t h a t t h i s p o r t i o n of the low may o u t l i n e a basin c o n t a i n i n g 

Mesozoic and T e r t i a r y sedimentary rocks and s a l t deposits. Their 

i n t e r p r e t a t i o n i s strengthened by Jansa and Wade's (1975) 

r e c o g n i t i o n of the Abenaki sub-basin i n t h i s area. I t i s i n t e r e s t i n g 

to note t h a t the n o r t h e a s t e r l y t r e n d i n g arm l i e s on s t r i k e w i t h the 

co i n c i d e n t , elongate g r a v i t y and magnetic lows (Figure 5.12) which 

are s i t u a t e d southeast of the Emerald High ( a t about 43.8°N; 62°W) 

and probably r e f l e c t a second l o c a l sedimentary basin. 

5.7 WESTERN BANK AND LA HAVE BANK ANOMALIES 

Western Bank (Figure 1.1) i s characterized by a smooth oval 

magnetic h i g h (Figure 5.4) which i s produced by a source about 

7 km deep (McGrath e t al.,1973). Seismic evidence i n the adjacent 

re g i o n suggests t h a t the source i s associated w i t h the c r y s t a l l i n e 

basement and may be an i n t r u s i o n or an u p - f a u l t e d block s i m i l a r 

to t h a t which i s thought t o cause the Emerald High. Two-dimensional 

combined a n a l y s i s of the g r a v i t y and magnetic anomaly f i e l d s 

(Figure 5.15) along p r o f i l e L'-.L shows l i t t l e c o r r e l a t i o n and 

in d i c a t e s t h a t there i s no simple r e l a t i o n between the two f i e l d s . 

The i n t e n s e , apparently c i r c u l a r magnetic low (Figure 5.4) on 

the eastern margin of La Have Bank (near 43.2N, 63.8W) i s defined 

by only one p r o f i l e . The anomaly may merely be a m a n i f e s t a t i o n 

of a magnetic disturbance as t h i s p r o f i l e was not corrected f o r 

d i u r n a l v a r i a t i o n (R.T. Haworth, personal communication) but i f 

the anomaly i s r e a l , i t probably represents a compact i n t r u s i o n 



which cooled during a time when the earth's f i e l d was reversed. 

The magnetic low shows no obvious r e l a t i o n t o the g r a v i t y f i e l d . 

5.8 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE SOUTHERN 

SCOTIAN SHELF 

The general geophysical p i c t u r e of the southern Scotian Shelf 

i s one of the eroded top of a southeasterly d i p p i n g basement complex 

o v e r l a i n by a wedge of l a t e Palaeozoic and younger sedimentary 

rocks which reach t h e i r maximum thickness east of Sable I s l a n d . 

Throughout most of the area, the g r a v i t y and magnetic anomalies 

g e n e r a l l y r e f l e c t v a r i a t i o n s of density and magnetization w i t h i n 

the pre-Carboniferous basement rocks except near the c o n t i n e n t a l 

margin where the sedimentary column depresses the g r a v i t y f i e l d 

by some 40 t o 50 mgal and l o c a l g r a v i t y and magnetic f e a t u r e s 

such as the Emerald High and f l a n k i n g lows may r e f l e c t f a u l t -

bounded horsts and sedimentary basins produced as a r e s u l t of 

stresses imposed d u r i n g c o n t i n e n t a l break-up (e.g. Stephens and 

Cooper, 1973). A la r g e p o r t i o n of the southern Scotian Shelf 

appears to be un d e r l a i n by a b a t h o l i t h of low-density g r a n i t e . 

This g r a n i t e d i f f e r s from those i n southern Nova Scotia i n t h a t 

i t appears to be magnetic and possess a s i g n i f i c a n t amount of 

remanent magnetization whereas the g r a n i t e s of southern Nova 

Scotia are conspicuously non-magnetic. The basement rocks i n 

the v i c i n i t y of the Emerald High are denser than, and hence 

d i f f e r e n t from, the Meguma basement rocks to.the northwest. 



The s t r u c t u r e of the cru s t along the southeastern c o a s t l i n e 

of Nova Scotia i s normal when compared t o other regions i n Canada 

which are characterized by approximately the same r e g i o n a l Bouguer 

anomaly l e v e l and upper mantle compressional wave v e l o c i t y . The 

southern Scotian Shelf i s approximately i n i s o s t a t i c e q u i l i b r i u m 

and the increase i n Bougter anomaly l e v e l as the c o n t i n e n t a l margin 

i s approached i s probably l a r g e l y due t o the r i s e x o f the Mohorovicic 

D i s c o n t i n u i t y from a depth of 45 km under.-.southern Nova Scotia to 

depths of 10 t o 15 km beneath the deep ocean. 

The question of whether southern Nova Scotia and the southern 

Scotian Shelf form a s i n g l e s t r u c t u r a l u n i t i s d i f f i c u l t t o answer. 

There i s no obvious s t r u c t u r a l f e a t u r e separating the two areas 

i n the same way t h a t there i s one separating the nort h e r n and 

southern Scotian Shelf and so there i s no reason t o suspect t h a t 

the t y p i c a l Meguma s l a t e s , shales and q u a r t z i t e s and the i n t r u s i v e 

Devonian g r a n i t e s of southern Nova Scotia do not u n d e r l i e most of 

the southern Scotian Shelf. One area where they probably do not 

occur, however, i s i n the v i c i n i t y of the Emerald High where the 

denser basement probably forms a d i s t i n c t l y d i f f e r e n t s t r u c t u r a l 

u n i t . Because the presumed g r a n i t e b a t h o l i t h t o the northeast i s 

magnetic, u n l i k e the ones on land, i t i s pos s i b l e t h a t t h i s 

d i f f e r e n t s t r u c t u r a l u n i t extends northeast t o encompass the main 

p o r t i o n of the Middle Bank Low. I f so, the southwestern edge of 

the Meguma basement would run approximately p a r a l l e l to the 

c o a s t l i n e n o r t h of H a l i f a x at a distance of some 50 t o 75 km 



o f f s h o r e but there i s , a d m i t t e d l y , no strong evidence t h a t the 

Meguma rocks terminate along such a l i n e . 

Without t r y i n g t o draw any close p a r a l l e l between the age and 

h i s t o r y of the two areas, i t i s i n t e r e s t i n g to note t h a t the 

ho r s t and graben type of s t r u c t u r e p o s t u l a t e d t o occur w i t h i n the 

dense basement und e r l y i n g the Emerald High region i s . r e m i n i s c e n t of 

the u p l i f t e d , dense Precambrian basement blocks and f l a n k i n g 

Carboniferous sedimentary basins which occur i n the An t i g o n i s h -

Cape Breton Highlands.area. The basement i n the v i c i n i t y of the 

Emerald High may be a remnant of one of the l a t e Precambrian 

basement n u c l e i found i n northwest A f r i c a , o r , a l t e r n a t i v e l y , 

the basement rocks could.have been formed or reworked during 

Permo-Carboniferous times. Further d i s c u s s i o n of t h i s w i l l be 

l e f t u n t i l Chapter 7. 
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CHAPTER 6 

THE CENTRAL SCOTIAN SHELF 

6.1 INTRODUCTION 

The c e n t r a l Scotian Shelf and adjacent land region of c e n t r a l 

Nova Scotia (see Figure 1.3) i s of considerable i n t e r e s t because the 

a v a i l a b l e g e o l o g i c a l and geophysical i n f o r m a t i o n i n d i c a t e the presence 

of a major d i s c o n t i n u i t y of c r u s t a l p r o p o r t i o n s which separates the 

rocks of the southern Scotian Shelf and southern Nova Scotia from 

those of the n o r t h e r n Scotian Shelf and c e n t r a l Nova Scotia. As men­

tio n e d i n the i n t r o d u c t o r y chapter, t h i s d i s c o n t i n u i t y i s thought t o 

be r e l a t e d t o the convergence and/or separation of l i t h o s p h e r i c p l a t e s 

i n the Palaeozoic Era. An important aim of the geophysical i n v e s t i ­

g a t i o n described i n t h i s chapter i s t o determine, i f p o s s i b l e , the 

s t r u c t u r e of the d i s c o n t i n u i t y which cuts the Scotian Shelf. 

6.2 GEOLOGICAL SETTING OF CENTRAL NOVA SCOTIA 

6.2.1 Sedimentary, v o l c a n i c and metamorphic rocks 

The two main pre-Carboniferous basement features of c e n t r a l 

Nova Scotia (Figure 6.1) are the Cobequid Highlands and the An t i g o n i s h 

Highlands (Figure 6.2). A l a r g e p o r t i o n of the Cobequid Highlands i s 

made up of g r a n i t e , g r a n i t e gneiss, d i o r i t e and metamorphosed sedimen­

t a r y and v o l c a n i c rocks c o n s i s t i n g of grey, t o black f i n e - g r a i n e d 

sedimentary rocks or v o l c a n i c ash beds, grey and red shale, l i g h t grey 

to w h i te q u a r t z i t e or s i l i c i f i e d t u f f , c h l o r i t e s c h i s t and f i n e ­

grained conglomerate or v o l c a n i c b r e c c i a . This complex i s cut by 

Devonian g r a n i t i c b a t h o l i t h s and diabasic dykes and i s bounded, i n 
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F i g u r e 6.1: S i m p l i f i e d g e o l o g i c a l map of Nova S c o t i a . 

F a u l t i n g i n c e n t r a l Nova S c o t i a i s shown 

i n more d e t a i l i n Figu r e 6.2. 
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F i g u r e 6.2: Map of c e n t r a l Nova S c o t i a and the c e n t r a l 

S c o t i a n S h e l f showing: major topographic 

f e a t u r e s i n c e n t r a l Nova S c o t i a , s e i s m i c 

data on the c e n t r a l S c o t i a n S h e l f , 

l o c a t i o n of p r o f i l e s d i s c u s s e d i n t e x t 

and Bouguer anomaly contours. 
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some places, on the south side by a black, g r a p h i t i c s c h i s t which i s 

thought t o mark a zone of considerable shearing (Weeks, 1948). The age 

of the basement complex i s u n c e r t a i n but recent r a d i o m e t r i c age d a t i n g 

of some of the older g r a n i t i c rocks provides ages of about 600 m.y. 

(W.H. Poole, personal communication). Sedimentary rocks of probable 

S i l u r i a n age are found mainly i n the southwestern Cobequid Highlands. 

These rocks g e n e r a l l y consist of u n f o s s i l i f e r o u s , grey, s l i g h t l y 

sandy shale and resemble rocks of the S i l u r i a n A r i s a i g Group (Weeks, 

1948) which l i e some 100 km t o the east i n the Antigonish Highlands. 

The lowermost exposed rocks of the Antigonish Highlands ( F i g ­

ure 6.1) are made up of about 6 km of v o l c a n i c , and sedimentary rocks 

of the Cambro-Ordovician Brown's Mountain Group. This group i s sub­

d i v i d e d i n t o f o u r formations, the basal Keppoch Formation, c o n s i s t i n g 

of p o r p h y r i t i c leucodacite to r h y o l i t e and minor b r e c c i a and t u f f , the 

Baxter Brook Formation, c o n s i s t i n g of laminated tuffaceous s i l t s t o n e , 

shale and a r g i l l i t e , c r y s t a l t u f f , shale and s i l t y shale, The B r i e r l y 

Brook Formation, c o n s i s t i n g of leucoandesite porphyry , l a p i l l i 

c r y s t a l t u f f , andesite, and agglomerate, brecc i a and greywacke, and 

the uppermost L i t t l e Hollow Formation c o n s i s t i n g of s i l t s t o n e , 

q u a r t z i t e and minor wacke (Benson, 1974). The basal v o l c a n i c s have 

been dated at 531 ± 27 my (Cormier, 1974). 

The Cambro-Ordovician rocks of the Brown's Mountain Group are 

unconformably o v e r l a i n i n several l o c a l i t i e s by the gene r a l l y sedimen­

t a r y rocks of the S i l u r i a n A r i s a i g Group. This group has been of 

p a r t i c u l a r i n t e r e s t t o p a l a e o n t o l o g i s t s because of " i t s completeness, 

f o s s i l contents and decided European a f f i n i t i e s " ( W i l l i a m s , 1912). 
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The A r i s a i g Group i s made up of f i v e formations which ge n e r a l l y con­

s i s t of shale and limestone and have a t o t a l preserved thickness of 

about 1 km. The lower formations contain some t u f f beds. 

The pre-Carboniferous basement rocks of the Cobequid and A n t i -

gonish Highlands are o v e r l a i n by Carboniferous shale, s l a t e and sand­

stone of the M i s s i s s i p p i a n Horton and Windsor Groups and the Pennsyl-

vanian Canso, Cumberland and P i c t o u Groups. I n many places the 

Carboniferous rocks l i e unconformably on the old e r basement rocks but 

i n some places ( f o r example south of the Cobequid Highlands and n o r t h -

vrest of the Antigonish Highlands) the Carboniferous rocks are separated 

from the basement by f a u l t s . 

T r i a s s i c conglomerate, sandstone and shale, the Annapolis 

Formation, and sc a t t e r e d outcrops of b a s a l t occur on the n o r t h shore 

of the Minas Basin; patches of rocks s i m i l a r t o those of the Annapolis 

Formation occur west and n o r t h of Chedabucto Bay (Stevenson, 1959). 

6.2.2 I n t r u s i v e rocks 

Large masses of g r a n i t i c t o g r a n o d i o r i t i c rocks i n t r u d e the 

older gneisses and v o l c a n i c sedimentary rocks of the Cobequid High­

lands. Radiometric age dates of about 580 my are found i n g r a n i t e 

rocks i n the Cape Breton and Antig o n i s h Highlands (Benson, 1974) and 

perhaps they are contemporaneous w i t h the old e r (as opposed t o the 

younger) g r a n i t i c rocks i n the Cobequid Highlands. According t o Weeks 

(1948) the more basic phases of the g r a n i t e i n the Cobequid Highlands 

probably r e s u l t from the a s s i m i l a t i o n of p r e - e x i s t i n g basic v o l c a n i c 

m a t e r i a l . The younger g r a n i t i c rocks i n t r u d e f o s s i l i f e r o u s S i l u r i a n 
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to lower Devonian sedimentary rocks and g r a n i t e remnants occur i n 

nearby Carboniferous e l a s t i c s so t h e i r age i s w e l l e s t a b l i s h e d . Acid 

porphyries found i n the Cobequid Highlands i n regions u n d e r l a i n by 

S i l u r i a n shale may have been emplaced i n the Carboniferous Period. 

Diabasic i n t r u s i v e rocks are r a t h e r evenly d i s t r i b u t e d 

throughout the Cobequid complex; t h e i r age i s u n c e r t a i n but i s prob­

ably Carboniferous (Weeks, 1948). Several exposures of diabase and 

gabbro occur t o the east of the Cobequid complex and immediately t o 

the n o r t h of the Minas Basin - Chedabucto Bay f a u l t zone (Figure 6.1). 

The age of these i n t r u s i v e s i s u n c e r t a i n but i s probably Permo-

Carboniferous ( S c h i l l e r , 1961). 

6.2.3 S t r u c t u r e and metamorphism 

I n the Cobequid Higlands, the s t r u c t u r e s i n the v o l c a n i c -

sedimentary complex are g e n e r a l l y obscure but where mapped i n one 

l o c a t i o n , they are discordant w i t h those i n the S i l u r i a n (?) shales 

which e x h i b i t a r e l a t i v e l y shallow, uniform dip t o the south. The 

Cambro-Ordovician s l a t e , greywacke and andesite i n the Antigonish 

Highlands are f o l d e d and e x h i b i t steep dips. The unconformably over­

l y i n g S i l u r i a n shales and limestones also e x h i b i t s i m i l a r but somewhat 

less intense f o l d i n g . 

Folds i n Carboniferous shale, s l a t e and sandstone vary from 

open to t i g h t and the p a t t e r n i s complex. Folds g e n e r a l l y trend 

n o r t h e a s t e r l y but l o c a l l y they trend n o r t h e r l y near Chedabucto Bay 

and e a s t e r l y n o r t h of the Minas Basin. 

Large-scale f a u l t i n g e x i s t s throughout c e n t r a l Nova Scotia. A 

major d i s c o n t i n u i t y i s the Cobequid Fault ( l a b e l l e d "a" i n Figure 6.2) 



213 

which separates the pre-Carboniferous Cobequid volcanic-sedimentary 

complex from the Carboniferous rocks l y i n g t o the south. At the 

eastern end of the Cobequid Mountains the f a u l t d i v i d e s i n t o two 

branches. The n o r t h e r l y branch curves northeastward and j o i n s up w i t h 

the Hollow Fault ("d") (e.g. Cameron, 1956) which separates the pre-

Carbonif erous rocks of the An t i g o n i s h Highlands from Carboniferous 

rocks l y i n g t o the northwest. The other branch l i n k s up w i t h the 

Brown's Mountain F a u l t ("e") (Benson, 1974) which cuts lower Devonian 

rocks but not Carboniferous sedimentary rocks. To the south of the 

Cobequid F a u l t l i e two east-west t r e n d i n g f a u l t s , the Portapique 

Mountain - North River F a u l t ("b") and the Gerrish Mountain-Riversdale 

Fa u l t ("c"). Further east, these f a u l t s j o i n together i n t o a f a u l t 

zone which l i n k s up w i t h an east-west t r e n d i n g p o r t i o n of the Cheda-

bucto Fault ( " f " ) ; the l a t t e r f a u l t extends i n t o the sea along the 

south side of Chedabucto Bay (King and McLean, 1970). Where mapped, 

the West River St. Mary's Fa u l t separates Carboniferous sandstone, 

shale, conglomerate, e t c . from the Cambro-Ordovician q u a r t z i t e , 

greywacke, et c . of the Meguma Group (Figure 6.2). 

Faults "b", "c" and " f " make up a major zone of east-west 

f a u l t i n g which extends from the Minas Basin t o Chedabucto Bay. I n 

the west the f a u l t zone cuts Carboniferous and T r i a s s i c rocks, i n the 

c e n t r a l p o r t i o n i t defines the southern boundary of the Anti g o n i s h 

Highlands and i n the east i t separates the Cambro-Ordovician Meguma 

Group of southern Nova Scotia from the Carboniferous sedimentary 

rocks of c e n t r a l and no r t h e r n Nova Scotia. A most i n t e r e s t i n g aspect 

of t h i s east-west f a u l t i s t h a t there are no known outcrops of 
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Precambrian rocks on the south, side. 

South of the Anti g o n i s h Highlands, the St. Mary's River Graben 

(Benson, 1974) i s bounded on i t s n o r t h side by the Riversdale-

Chedabucto F a u l t zone ("c" and " f " ) and on i t s south side by the West 

River St. Mary's f a u l t ("g"). The graben i s about 15 km wide and 

characterized by a f e a t u r e l e s s aeromagnetic anomaly f i e l d . To the 

east, the graben s t r u c t u r e i s e i t h e r truncated or o f f s e t t o the n o r t h . 

The l a t t e r i n t e r p r e t a t i o n i s favoured because an east-vzest t r e n d i n g 

topographic lineament marked by the Guysborough River (not shown) 

which empties i n t o the head of Chedabucto Bay l i e s some 15 km n o r t h 

of the Chedabucto Fa u l t and may mark the n o r t h e r n edge of a graben-

type s t r u c t u r e . Note, however, t h a t i n the v i c i n i t y of Chedabucto 

Bay the Chedabucto Fa u l t marks the south, not the n o r t h side of the 

graben. 

The general sense of v e r t i c a l motions associated w i t h the f a u l t s 

running from the Minas Basin t o Chedabucto Bay i s such t h a t younger 

rocks are down-faulted against older rocks. The d i r e c t i o n and extent 

of l a t e r a l motion i s not c l e a r . Benson (1974) i n d i c a t e d l e f t - l a t e r a l 

motion along the Chedabucto Fault ( " f " ) whereas Weeks (1948) mapped a 

right-handed movement a f f e c t i n g T r i a s s i c rocks along the Gerrish 

Mountain F a u l t ("c") which seems to be a w e s t e r l y c o n t i n u a t i o n of the 

Chedabucto F a u l t . Boyle (1963) mapped l e f t - l a t e r a l movements i n east-

west t r e n d i n g f a u l t s which cut T r i a s s i c rocks south of the Minas Basin. 

Movement along the Cobequid-Hollow Fa u l t zone i s right-handed 

(Eisbacher, 1969). 

Although there are some areas i n nor t h e r n Cape Breton I s l a n d 



215 

where high-grade metamorphic rocks occur, metamorphlsm i n c e n t r a l Nova 
Scotia i s ge n e r a l l y low grade, only reaching the greenschist f a d e s i n 
p a r t s of the Cobequid and Anti g o n i s h Highlands. An i n t e r e s t i n g excep­
t i o n i s the presence of the few s c a t t e r e d , i s o l a t e d outcrops of amphi-
b o l i t e and composite gneiss of unknown age ( S c h i l l e r , 1961) east of 
the Antigonish Highlands and j u s t t o the n o r t h of the Minas Basin-
Chedabucto Bay f a u l t zone. 

6.2.4 B r i e f t e c t o n i c h i s t o r y of c e n t r a l Nova Scotia (and Cape Breton 
I s l a n d ) 

The o l d e s t rocks i n Cape Breton I s l a n d appear t o be the George 

River Group which consists of q u a r t z i t e , marble, s c h i s t and gneiss. 

These rocks and po s s i b l y the i s o l a t e d patches of amphibolite and com­

p o s i t e gneiss found t o the n o r t h of the Minas Basin - Chedabucto Bay 

f a u l t zone and the older g r a n i t i c rocks i n the Cobequid Highlands 

represent Precambrian basement fragments which have survived a com­

p l i c a t e d , u n c e r t a i n h i s t o r y . 

The o l d e s t , c l e a r l y defined p e r i o d of v o l c a n i c a c t i v i t y i s 

recorded i n Cape Breton I s l a n d i n the Fourchu volcanic-sedimentary 

rocks where v o l c a n i c a c t i v i t y i n t h i s area commenced or extended i n t o 

the e a r l y Cambrian when a change-over t o a mi o g e o s y n c l i n i c a l environ­

ment occurred. 

The next recorded p e r i o d of euge o s y n c l i n i c a l a c t i v i t y occurred 

i n Cambro-Ordovician times i n the Antigonish Highlands where andesite 

volcanism occurred i n an i s l a n d - a r c environment (Benson, 1974). 

Sedimentat i o n , c o n t i n u i n g i n t o the S i l u r i a n Period, i n d i c a t e s a 
N ' 

progression towards a shallow-water environment. F o s s i l s i n the upper 
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S i l u r i a n rocks of A r i s a i g are c l o s e l y r e l a t e d t o those of western 

Europe but not t o those of North America (McLearn, 1924) so t h i s p a r t 

of Nova Scotia may have been a p a r t of the European l i t h o s p h e r i c p l a t e 

at t h i s time and the a n d e s i t i c volcanism probably r e f l e c t s generation 

of magma by means of processes associated w i t h l i t h o s p h e r i c under-

t h r u s t i n g as the European and North American p l a t e s converged. 

As i n Newfoundland, the Devonian Period saw an end t o l a r g e -

scale e x t r u s i o n of a c i d i c t o intermediate magma and i n i t i a t e d wide­

spread i n t r u s i o n of g r a n i t i c magma. I n a d d i t i o n , the Devonian Period 

was one of extensive f o l d i n g , f a u l t i n g and r e g i o n a l metamorphism; t h i s 

presumably r e f l e c t s , i n t h i s r egion the end o f , or at l e a s t the marked 

r e d u c t i o n o f , the convergence of the European and North American p l a t e s . 

I n the Carboniferous Period the environment was mainly c o n t i n ­

e n t a l and the areas occupied by the Cobequid, Antigonish and Cape 

Breton Highlands were p o s i t i v e fault-bounded regions flanked by subsid­

i n g sedimentary basins. Considerable v e r t i c a l and p o s s i b l y some 

h o r i z o n t a l d i f f e r e n t i a l movement took place along major f a u l t zones. 

I n p a r t i c u l a r , the Minas Basin - Chedabucto Bay f a u l t zone was an 

important t e c t o n i c f e a t u r e because " d i f f e r e n c e s i n Carboniferous F a u l t 

i n d i c a t e s t h a t these basins were not a l l inter-connected as suggested 

by t h e i r present form" (Benson, 1974). 

At some time, or times, during the Carboniferous and/or Permian 

Periods the rocks on the n o r t h side of the Minas Basin-Chedabucto Bay 

f a u l t zone were i n t r u d e d by diabasic rocks. This a c t i v i t y W«xy hn^C 

6 <C K the r e s u l t of the a c t i o n of mechanical forces associated 

w i t h the Hercynian deformation of a broad band extending from n o r t h e r n 
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A f r i c a t o southern England (e.g. B u r r e t t , 1972). 

The f i n a l p e r i o d of volcanism occurred i n the l a t e T r i a s s i c 

w i t h the appearance of b a s a l t i c flows i n the Bay of Fundy region. 

These flows were probably i n response to stresses present d u r i n g the 

opening of the present-day A t l a n t i c ocean. I n c o n t r a s t t o Newfoundland, 

Cape Breton I s l a n d and most of southern Nova Scotia; the Minas Basin-

Chedabucto Bay reg i o n i s unique i n t h a t i t records s i g n i f i c a n t Permo-

T r i a s s i c t e c t o n i c a c t i v i t y . 

6.3 GEOPHYSICAL DATA 

The underwater g r a v i t y coverage i s uniform over the c e n t r a l 

Scotian Shelf except near the mouth of the Laurentian Channel at about 

^5.5°N; 56.6°W where a small gap e x i s t s i n the underwater g r a v i t y 

s t a t i o n d i s t r i b u t i o n (see map i n pocket). The underwater g r a v i t y data 

are supplemented by several surface gravimeter p r o f i l e s made by the 

Bedford I n s t i t u t e , Dartmouth, N.S. The main g r a v i t a t i o n a l f e a t u r e on 

the c e n t r a l Scot i a n Shelf i s the l i n e a r , east—west t r e n d i n g , Orpheus 
i 

Low and i t s f l a n k i n g highs (Figure 6.3). I n the vicjn'ity of the mouth 

of the Laurentian Channel two small o v a l lows occur adjacent t o an 

elongate high which i s i l l - d e f i n e d due t o the gap i n the underwater 

g r a v i t y s t a t i o n d i s t r i b u t i o n . On land, the dominant features i n 

c e n t r a l Nova Scotia are g r a v i t y highs over the Cobequid and Ant i g o n i s h 

Highlands (Figure 6.2). 

Magnetic coverage of the c e n t r a l Scotian Shelf i s provided by 

several reconnaissance-type surface magnetometer p r o f i l e s which r e v e a l 

g e n e r a l l y negative anomalies south of l a t i t u d e 45.5°N and p o s i t i v e 
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Figure 6.3: Bouguer anomaly map of the c e n t r a l 

Scotian Shelf. 
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Figure 6.4 T o t a l f i e l d magnetic anomaly map of 

the c e n t r a l Scotian Shelf. Map derived 

by s u b t r a c t i n g a l i n e a r r e g i o n a l gradient 

from N a t u r a l Resource Maps 15056-C and 

15058-C (Canadian Hydrographic Service, 1974). 
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anomalies t o the n o r t h (Figure 6,4). T7hereas the g r a v i t y trends are 

east-west the. magnetic trends are o f t e n northeast-southwest (45.5°N; 

60°W) or northwest-southeast (45.5°N; 57°W). On land t h e r e i s excel­

l e n t aeromagnetic coverage which shows t h a t the Cobequid and A n t i g o n i s h 

Highlands (Figure 6.2) are characterized by magnetic highs. 

Several shallow seismic r e f r a c t i o n p r o f i l e s are a v a i l a b l e on 

the c e n t r a l Scotian Shelf (Figure 6.2). They i n d i c a t e the presence df.a 

f a i r l y t h i c k sedimentary sequence i n the v i c i n i t y of Orpheus low and 

shallow basement benath the f l a n k i n g g r a v i t y highs. To the east, near 

the mouth of the Laurentian Channel, the basement beneath the g r a v i t y 

highs i s more deeply b u r i e d . Of p a r t i c u l a r i n t e r e s t are two d r i l l 

holes over one of the southern f l a n k i n g g r a v i t y highs which confirm 

the presence of shallow basement c o n s i s t i n g of rocks which appear t o 

be t y p i c a l Meguma s c h i s t and Devonian g r a n i t e but which e x h i b i t Car­

boniferous r a d i o m e t r i c ages (M. Given, personal communication). 

The i n v e s t i g a t i o n of the c e n t r a l Scotian Shelf and the adjacent 

p a r t of Nova Scotia i s done from west t o east, f i r s t a t tempting t o 

r e l a t e the g e o l o g i c a l and geophysical data on land and then working 

eastward over the s h e l f . 

6.4 THE COBEQUID AND ANTIGONISH HIGHS 

As Garland (1953) pointed out i n h i s discussion of the g r a v i t y 

f i e l d over the Cobequid Highlands, the p o s i t i v e anomaly " i s thrown i n t o 

s t r i k i n g c o n t r a s t by the negative areas over the Minas Basin t o the 

south and the Cumberland Basin t o the n o r t h " . As may be seen from the 

previous s e c t i o n , there i s reasonably good c o r r e l a t i o n between the 

exposures of pre-Carboniferous basement rocks i n the Cobequid Highlands 
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F i g u r e 6.5: Magnetic,gravity and pseudo^gravity p r o f i l e s 

. along p r o f i l e s M-M1 and N-N' over the 

Cobequid Highlands. . 
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and the elongate g r a v i t y and magnetic highs. The g r a v i t y and magnetic 

highs over the Cobequid Highlands are t y p i c a l of anomalies over other 

fault-bounded, pre-Carboniferous basement complexes i n t h i s p a r t of 

the Canadian A t l a n t i c Provinces (e.g. Goodacre and Nyland, 1966). 

D e t a i l e d g r a v i t y p r o f i l e s made by the Nova Scotia Research Foundation 

supplement the a v a i l a b l e magnetic and g e o l o g i c a l i n f o r m a t i o n over the 

Cobequid Highlands and provide an o p p o r t u n i t y to., o b t a i n a f a i r l y 

accurate model of the c r u s t a l d i s c o n t i n u i t y along the south side of 

the Cobequid complex. 

The f i r s t step made i n studying the geophysical data was t o do 

a two-dimensional combined an a l y s i s of the g r a v i t y and magnetic f i e l d s 

along p r o f i l e s M-M' and N-N' (Figure 6.2). The elongate nature of the 

anomalies j u s t i f i e s the use of a two-dimensional a n a l y s i s . I n both 

cases q u i t e good c o r r e l a t i o n was obtained between the observed g r a v i t y 

and the "pseudo-gravity" f o r a d i r e c t i o n of magnetization of 85°(S) i n 

the v e r t i c a l plane c o n t a i n i n g the earth's magnetic f i e l d (Figure 6.5). 

Since the i n c l i n a t i o n of the earth's f i e l d i s 74°(N), the d i r e c t i o n of 

t o t a l magnetization of 85°(S) i n d i c a t e s the p o s s i b i l i t y of some remanent 

magnetization i n the magnetic source and, as mentioned i n Chapter 4, 

a d e f l e c t i o n of the earth's f i e l d by some 10 t o 20° can be produced 

f o r reasonable values of 0.2 t o 0.4 f o r the Koenigsberger r a t i o . On 

the other hand, the v a l i d i t y of the two-dimensional magnetic to g r a v i t y 

f i e l d t r a n s f o r m a t i o n depends upon the f u l f i l l m e n t of a l l the assump­

t i o n s . The f a c t t h a t the pseudo-gravity anomaly i s somewhat wider than 

the observed anomaly along p r o f i l e M-?*,' (Figure 6.5) i n d i c a t e s t h a t , 

i n t h i s case, the r a t i o of magnetization c o n t r a s t t o d e n s i t y c o n t r a s t . 
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i s not everywhere constant (e.g. the d i s t r i b u t i o n of anomalous magne­

t i z a t i o n may be wider than the den s i t y excess). However, the r e s u l t s 

of the two p r o f i l e s taken together suggest the presence of a so u t h e r l y 

d i r e c t e d remanent magnetization i n the source rocks. 

The second step i n studying the magnetic high was t o model the 

magnetic anomaly along each of the two p r o f i l e s M-M', N-N' using a 

s u i t e of two-dimensional, homogeneous sources i n order to determine 

which i n c l i n a t i o n of magnetization gives the best f i t between the 

observed and c a l c u l a t e d anomaly and t o f i n d out what i s the minimum 

allowable value of magnetization c o n t r a s t . Laving's (1971) m a t r i x 

method programs were used and models w i t h both inward and outward 

dipping sides were t r i e d . The r e s u l t s , displayed i n Figure 6.6, show 

t h a t the best f i t i s obtained f o r models w i t h outward-dipping sides 

and f o r an i n c l i n a t i o n of magnetization of about 80°(S). This value 

i s probably determined t o w i t h i n about plus or minus f i v e degrees. Of 

course, i t might be possible t o f i n d other homogeneous, or heterogene­

ous, bodies magnetized i n a d i f f e r e n t d i r e c t i o n which would provide a 

f i t e q u ally as good, or b e t t e r , than the f i t s obtained here, neverthe­

l e s s , t h i s angle i s consistent w i t h t h a t derived from the tvro-dimen-

s i o n a l combined an a l y s i s and provides f u r t h e r evidence of remanent 

magnetization i n the source rocks. The modelling also showed t h a t the 

mininum magnetization c o n t r a s t of the source i s of the order of 0.001 
3 

emu/cm . This value coupled w i t h a r a t i o of 0.01 emu/gm derived from 

the combined analysis (Figure 6.5) i n d i c a t e s a minimum density c o n t r a s t 
3 

of about 0.1 gm/cm f o r the source of the g r a v i t y anomaly. This value 

i s not i n c o n s i s t e n t w i t h the expected d e n s i t y c o n t r a s t , which, 
3 

according t o Garland (1953), i s of the order of 0.15 t o 0.20 gm/cm . 
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F i g u r e 6.6: Root mean square r e s i d u a l p l o t t e d as a 

f u n c t i o n of i n c l i n a t i o n of magnetization 

and magnetization c o n t r a s t f o r models of 

the magnetic anomalies along p r o f i l e s M-M' 

and N-N'. 
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Figure 6.7: Observed and computed magnetic anomalies 

and i n t e r p r e t a t i v e model along p r o f i l e 

M-M* u s i n g a magnetization c o n t r a s t of 
3 

0.002 emu/cm . 
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Figure 6.7 shows a magnetic model derived (using Laving 1s 

(1971) m a t r i x method programs) from the Glenholme t o Middleboro pro­

f i l e (M-M1 i n Figure 6.2) f o r a magnetization c o n t r a s t of 0.002 

3 

emu/cm . A second model which has a magnetization c o n t r a s t of 0.001 
3 

emu/cm i s shown by dashed l i n e s . The l a t t e r model provides an upper 

l i m i t of about 30° f o r the angle at which the southern face of the 

magnetic source dips. The g r a v i t y anomaly was also modelled w i t h a 

view towards determining the c h a r a c t e r i s t i c s of the geophysically 

defined contact along the south side of the Cobequid Highlands. A 

s u i t e of simple models was obtained using non-linear o p t i m i z a t i o n 

methods (Al-Chalabi, 1970). A l l of the models e x h i b i t e d approximately 

the same c h a r a c t e r i s t i c s : t r a p e z o i d a l shapes w i t h outward s l o p i n g 

sides, thicknesses of about 6 t o 8 km and dips of the southern face of 

30 t o 40°. The shapes of the g r a v i t y models g e n e r a l l y coincide w i t h 

t h a t of the magnetic model but the g r a v i t y models tend t o be somewhat 

narrower and t h e i r sides tend t o d i p somewhat more ste e p l y . I n order 

to get a s a t i s f a c t o r y f i t i t was necessary t o use a d e n s i t y c o n t r a s t 
3 

of at l e a s t 0.15 gm/cm . This i s somewhat l a r g e r than the minimum 

value derived from the magnetic to g r a v i t y f i e l d t r a n s f o r m a t i o n but i s 

c o n s i s t e n t w i t h Garland's (1953) estimate mentioned e a r l i e r . 

I t should be pointed out t h a t i n modelling the g r a v i t y and 
magnetic anomalies over the Cobequid Highlands (and i n doing the com­
bined analyses) i t i s assumed t h a t the background, or r e g i o n a l , l e v e l 

a 

of e i t h e r anom^Ly i s zero over the f l a n k i n g sedimentary basins so t h a t 

the r e s u l t i n g anomalies can be modelled using a s i n g l e , p o s i t i v e mag­

n e t i z a t i o n or d e n s i t y c o n t r a s t . A more complete i n t e r p r e t a t i o n , 
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p a r t i c u l a r l y i n the case of the g r a v i t y anomalies, would assume a 

s l i g h t l y higher r e g i o n a l l e v e l and would r e q u i r e using sources which 

have a negative density c o n t r a s t t o model the g r a v i t y lows over the 

sedimentary basins and sources which have a p o s i t i v e d e n s i t y c o n t r a s t 

t o model the highs over the Cobequid Complex but the aim here i s t o 

model the boundary between the dense, magnetic rocks i n the Cobequid 

Highlands and the l i g h t , e s s e n t i a l l y non-magnetic rocks t o the south. 

I n order t o r e l a t e the source of the magnetic and g r a v i t y highs 

to the geology of the Cobequid Highlands, the author obtained rock 

samples on a traverse along p a r t of the Glenholme to Middleboro (M-M1) 

p r o f i l e . The measurements of density and s u s c e p t i b i l i t y given i n Table 

6.1 suggest t h a t the causative body i s composed of heavy, magnetic 

d i o r i t i c t o gabbroic rock and t h a t the g r a v i t y and magnetic anomalies 

o u t l i n e the contact between t h i s rock and the l i g h t e r , less magnetic 

metasedimentary rocks t o the south. I f the boundary between the meta-

sedimentary rocks and the d i o r i t i c gabbroic rocks i s a f a u l t , i t was 

probably formed under compression, not t e n s i o n , because of the r e l a ­

t i v e l y low angle of d i p . The geophysically defined boundary may have 

been developed during the formation of the mylonite zone (samples 24, 

31,41 i n Table 6.1) by d e x t r a l s t r i k e - s l i p motion d u r i n g the Devonian 

p e r i o d (Eisbacher, 1969) and, i f so, may predate the Cobequid F a u l t . 

I t i s i n t e r e s t i n g t o note t h a t the geophysical boundary does not coin ­

cide e x a c t l y w i t h the Cobequid Fault ("a" i n Figure 6.2) which l i e s 

about 1 km f u r t h e r south and i s marked by a t h i n zone of p h y l l i t e 

(sample 23) t h a t separates the Carboniferous conglomerate and sandstone 

from the pre-Carboniferous metasedimentary rocks. 
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TABLE 6.1 

DENSITIES AND SUSCEPTIBILITIES OF ROCK SAMPLES FROM FOLLY LAKE AREA 
OF COBEQUID HIGHLANDS. 

Sample No. Approx.dist. D e s c r i p t i o n 
n o r t h of 
Glenholme 
N.S. km 

11 37.0 Conglomerate 

12 37.0 Sandstone 

23 37.4 P h y l l i t e 

24 37.4 Brecciated impure q u a r t z i t e 

31 37.7 Q u a r t z i t e 

41 38.1 Sheared q u a r t z i t e 

51 38.5(?) Gabbro 

61 38.8 M e t a s i l t s t o n e 

71 39.0 D o l e r i t e 

82 42.0 Gabbro 

91 42.5 Gabbro 

101 42.8 Syenite 

Density S u s c e p t i b i l i t y 
gm/cm-* x l O - ^ emu/cm^ 

2.48 

2.57 

2.76 

2.70 

2.64 

2.60 

2.98 

2.74 

2.80 

2.90 

2.99 

2.79 

120 

30 

40 

10 

80 

30 

1800 

110 

5620 

110 

71 

91 

Koenigs-
berger 

r a t i o (Q) 

0.1 

0.3 

Remanent 
Magnetization 
xlO"^ emu/cm-* 

200 

1800 
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The Cobequid F a u l t might be expected t o show up i n the g r a v i t y 

data since the Carboniferous conglomerate and sandstone are somewhat 

le s s dense than the q u a r t z i t e , etc. but there i s no evidence of i t i n 

the anomaly p r o f i l e . I n a d d i t i o n n e i t h e r the Portapique Mountain -

North River F a u l t nor the Gerrish Mountain - Riversdale F a u l t ("b" and 

"c" i n Figure 6.2) are r e f l e c t e d i n the p r e s e n t l y a v a i l a b l e g r a v i t y or 

magnetic data. This i n d i c a t e s t h a t , i f the Cobequid Fa u l t and the 

other f a u l t s ("b" and "c") t o the south cut the shallow-dipping 

geophysical boundary, no extensive v e r t i c a l movement has taken place 

on any one f a u l t otherwise i t would show up i n the g r a v i t y and magnetic 

f i e l d s . On the other hand, the net v e r t i c a l motion on a l l the f a u l t s 

might be s i g n i f i c a n t . However, i n the case of the Cobequid F a u l t , the 

s i g n i f i c a n t movement was probably s t r i k e - s l i p (Eisbacher, 1969) r a t h e r 

than d i p - s l i p . 

The upper surface of the model i n Figure 6.7 dips t o the n o r t h 

as w e l l as the south. Since no large-scale f a u l t s are mapped along 

the n o r t h e r n edge of the Cobequid Highlands, the model probably repre­

sents pre-Carboniferous basement d i p p i n g under the Carboniferous s e d i ­

mentary cover. The model i n d i c a t e s t h a t the sedimentary column may be 

ne a r l y 10 km t h i c k i n the v i c i n i t y of the Cumberland S t r a i t between 

Nova Scotia and Prince Edward I s l a n d (see Figure 1.1 f o r l o c a t i o n ) . 

This i s probably overestimated to some extent as only 7 km of Carboni­

ferous sedimentary rocks are reported i n the Cumberland Basin l y i n g 

between the we s t e m p o r t i o n of the Cobequid Highlands and the Cumberland 

S t r a i t (Garland, 1953) and some 6 km are present beneath the eastern 

p a r t of Prince Edward I s l a n d (e.g. Goodacre and Nyland, 1966). 
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N e v e r t h e l e s s , the pre-Carboniferons basement to the north of the 

Cobequid Highlands i s probably more deeply b u r i e d than the pre-

Carbonif erous basement l y i n g to the n o r t h of the Orpheus g r a v i t y 

f e a t u r e ( F i g u r e s 6.3 and 4.5). 

Although the g r a v i t y and magnetic highs over the A n t i g o n i s h 

Highlands seem to be r e l a t e d to each other and a r e probably due to 

heavy, magnetic r o c k s , p o s s i b l y the Cambro-Ordovician b a s i c v o l c a n i c s 

of the Brown's Mountain Group, the magnetic anomaly seems to be more 

widespread than the g r a v i t y anomaly and, on the southeast s i d e of the 

Antigonish Highlands, the magnetic contours ( F i g u r e 6.4) e x h i b i t a 

d i s t i n c t n o r t h e a s t trend not apparent i n the g r a v i t y f i e l d . These 

n o r t h e a s t t r e n d i n g magnetic contours may d e f i n e a f a u l t which i s para­

l l e l to the Hollow F a u l t ("d") and the Brown's Mountain F a u l t ("e") on 

the opposite s i d e of the A n t i g o n i s h Highlands. No major f a u l t i s shown 

on the g e o l o g i c a l map on the southeast s i d e of the Highlands but minor 

f a u l t s c u t t i n g Carboniferous r o c k s are mapped by Benson (1970) i n the 

v i c i n i t y of the p o s t u l a t e d f a u l t . 

6.5 THE ORPHEUS GRAVITY FEATURE 

6.5.1 I n t r o d u c t o r y Remarks 

The Orpheus g r a v i t y low was d i s c o v e r e d i n 1964 by members of 

the Bedford I n s t i t u t e of Oceanography who were op e r a t i n g a s u r f a c e 

g r a v i t y meter w h i l e on the way from H a l i f a x to make a ceremonial v i s i t 

to Chariottetown, P . E . I . S e v e r a l r e c o n n a i s s a n c e s u r f a c e meter p r o f i l e s 

were subsequently made and the r e s u l t i n g f e a t u r e was modelled as a 

trough f i l l e d w i t h sedimentary rock ( L o n c a r e v i c and Ewing, 1967) i n 
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accordance w i t h r e s u l t s from shallow r e f r a c t i o n s e i s m i c data (Ewing and 

Hobson, 1966). The underwater work d e s c r i b e d here complements the 

s u r f a c e meter data and provides uniform r e g i o n a l coverage over the a r e a . 

I n a d d i t i o n , a c l o s e spaced p r o f i l e of underwater s t a t i o n s was made 

along p r o f i l e 0-0' ( s e e F i g u r e 6.2 and map i n p o c k e t ) . Sheridan and 

Drake (1968) subsequently reported a r e f r a c t i o n s e i s m i c p r o f i l e done 

some eig h t y e a r s e a r l i e r by Lamont G e o l o g i c a l Observatory (No. 138 i n 

Fi g u r e 6.2) which suggested t h a t a r a t h e r t h i c k sequence of sedimentary 

rocks was present f u r t h e r to the west where the ne g a t i v e anomaly i s l e s s 

i n t e n s e . I n r e c e n t y e a r s s e i s m i c work by the o i l e x p l o r a t i o n i n d u s t r y 

had added some d e t a i l to the s e i s m i c p i c t u r e and the Orpheus f e a t u r e 

i s now termed the Orpheus Graben and i s knowin, through d r i l l i n g , to 

con t a i n J u r a s s i c and younger sedimentary rock ( J a n s a and Wade, 1975). 

The graben i s about 40 km wide and at l e a s t 150 km long. 

6.5.2 S e i s m i c R e s u l t s 

The o r i g i n a l t r a v e l - t i m e and d i s t a n c e v a l u e s (Ewing and Hobson, 

1966; Sheridan and Drake, 1968) were obtained and p l o t t e d i n F i g u r e 6.8. 

There i s no n o t i c e a b l e d i f f e r e n c e between the f i r s t - a r r i v a l t r a v e l - t i m e 

data from p r o f i l e 29 and the data from p r o f i l e 138 but, f o r a given 

d i s t a n c e , the times from these two p r o f i l e s which l i e over the Orpheus 

Low are s i g n i f i c a n t l y longer than those obtained from p r o f i l e 30 which 

l i e s to the north. V e l o c i t y - d e p t h p r o f i l e s obtained by n o n - l i n e a r 

o p t i m i z a t i o n i n d i c a t e t h a t the compressional wave v e l o c i t y i n the upper 

2 to 3 km of the c r u s t i s about 1 km/sec l e s s beneath the Orpheus low 

than i t i s beneath the f l a n k i n g g r a v i t y high to the north . I t i s not 



237 

f 



F i g u r e 6.8: Observed and c a l c u l a t e d t r a v e l - t i m e s 

fo r p r o f i l e s 29,30 and 138 fFigure 6.2). 

I n s e t shows v e l o c i t y - d e p t h p r o f i l e s 

obtained from the t r a v e l time data. F i r s t 

a r r i v a l s a r e obtained only from those 

p o r t i o n s of the curves above the dotted 

l i n e s . The v e l o c i t y - d e p t h v a l u e s a t the 

bottom of each curve were obtained by the 

o r i g i n a l workers on the b a s i s of second 

a r r i v a l s . 
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c l e a r how f a r down t h i s v e l o c i t y d i f f e r e n c e extends however, because 

no f i r s t a r r i v a l s from basement, th a t i s a r e f r a c t o r i n which the 

v e l o c i t y exceeds about 5.5 km/sec, were obtained on any of the p r o f i l e s . 

Basement v e l o c i t i e s and depths were obtained by the workers on the 

b a s i s of second a r r i v a l s . I n the case of p r o f i l e 29 the second a r r i v a l s 

were observed only on the n o r t h l e g where Ewing and Hobson (1966) 

pointed out a d i s t i n c t o f f s e t i n the f i r s t a r r i v a l s which might r e p r e ­

s e n t a f a u l t . There i s no evidence t h a t decreased v a l u e s of compres-

s i o n a l wave v e l o c i t y do not e x i s t down to depths of the order of 5 km 

or so beneath the southern p a r t of p r o f i l e 29 and beneath p r o f i l e 138. 

I f they do, the mass d e f i c i e n c y expected from t y p i c a l v e l o c i t y - d e n s i t y 

r e l a t i o n s h i p s would be s u f f i c i e n t to account f o r the Orpheus g r a v i t y 

low. 

6.5.3 G r a v i t y and Magnetic Models 

F i g u r e 6.9 shows a b a s i n - t y p e model ( i n d i c a t e d by t i c k marks) 
3 

c o n s t r u c t e d u s i n g a d e n s i t y c o n t r a s t of 0.4 gm/cm which e x p l a i n s the 

g r a v i t y low. The d e n s i t y c o n t r a s t i s about the minimum v a l u e which 

w i l l a l l o w a homogeneous model to reproduce the observed segments of 

sharp c u r v a t u r e i n the g r a v i t y anomaly. The d e n s i t y c o n t r a s t i s con­

s i s t e n t w i t h a v e l o c i t y c o n t r a s t of about 1 km/sec. The d e n s i t y 

c o n t r a s t i s l a r g e p a r t l y because some of the sedimentary rocks may 

have a low d e n s i t y ( f o r example, Ja n s a and Wade (1975) mention t h a t 

about 1 km of s a l t was penetrated by the d r i l l h o l e on p r o f i l e 0-0' 

( F i g u r e 6 . 2 ) ) , and p a r t l y because the adjacent basement rocks may have 

a high d e n s i t y as suggested by the p o s i t i v e f l a n k i n g g r a v i t y anomalies. 

I t i s g r a t i f y i n g to f i n d t h a t the g r a v i t y model i s c o n s i s t e n t w i t h the 
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F i g u r e 6.9: Observed and c a l c u l a t e d g r a v i t y and 

magnetic anomalies and i n t e r p r e t a t i v e 

models along p r o f i l e 0-0*. The dashed 

l i n e shows an a l t e r n a t i v e model f o r 

a d i f f e r e n t i n c l i n a t i o n o f magnetization 

as e x p l a i n e d i n the t e x t . 
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s e i s m i c and d r i l l h o l e r e s u l t s s i n c e the g r a v i t y model was c o n s t r u c t e d 

independently of these other data. 

The s i d e s of the model dip inwards a t a shallow angle of about 

15°. I f each s i d e were due to only a s i n g l e f a u l t , a compressional 

source would be i n d i c a t e d but i t seems more l i k e l y , judging from c r o s s -

s e c t i o n s given by J a n s a and Wade (1975), t h a t the basement trough i s 

bounded on e i t h e r s i d e by a s e r i e s of s t e p - f a u l t s such as are o f t e n 

a s s o c i a t e d w i t h grabens. 

There seems to be no simple r e l a t i o n s h i p between the g r a v i t y 

and magnetic data over the Orpheus f e a t u r e . !Thereas the Bouguer anom­

a l y p a t t e r n i s more or l e s s symmetrical and the contours trend e a s t -

west, the t o t a l f i e l d magnetic anomaly p a t t e r n tends to be asymmetrical 

and, where the p a t t e r n i s not too i r r e g u l a r , the contours e x h i b i t a 

northeast-southwest trend. P r o f i l e 0-0' i s not p a r t i c u l a r l y s u i t a b l e 

f o r studying the magnetic anomaly because i t c u t s a c r o s s the magnetic 

trends a t an angle of about 45° and t h e r e i s some evidence of a compact, 

very i n t e n s e magnetic high and a s s o c i a t e d low j u s t to the e a s t of 

p r o f i l e 0-0' and t h i s may i n t e r f e r e w i t h the magnetic anomaly p r o f i l e . 

I t i s c l e a r from F i g u r e 6.9 and the g r a v i t y and magnetic anomalies map 

i n F i g u r e s 6.3 and 6.4, r e s p e c t i v e l y , t h a t the source of the g r a v i t y 

high on the south f l a n k i s only weakly, i f a t a l l , magnetic whereas 

the rocks producing the n o r t h e r n f l a n k i n g high are g e n e r a l l y s t r o n g l y 

magnetic. An important exception, to be d i s c u s s e d l a t e r i s the a r e a 

between 58.0°W and 59.5°W where the magnetic anomaly i n t e n s i t y i s 

diminished. T h i s a r e a c o i n c i d e s approximately w i t h the peak v a l u e s of 

the g r a v i t y h igh on the n o r t h f l a n k of the Orpheus Low. 
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I n order to determine the nature of the d i s c o n t i n u i t y between 

the magnetic and non-magnetic rock, the magnetic anomaly along p r o f i l e 

0-0 1 :?as modelled u s i n g simple step models w i t h s l o p i n g f a c e s but none 

of these gave p a r t i c u l a r l y good f i t s so more complicated models were 

cons t r u c t e d u s i n g computer programs developed by Laving (1971). The 

model o u t l i n e d by the s o l i d l i n e i n the bottom p o r t i o n of F i g u r e 6.9 

produces a good f i t to the observed magnetic anomaly f o r an angle of 

magnetization of 60°(S). T h i s angle was determined by t r i a l and e r r o r 

to o b t a i n the f i t and i s broadly c o n s i s t e n t w i t h an angle of 75°(S) 

obtained by a combined a n a l y s i s of the g r a v i t y and magnetic anomalies 

over the north s i d e of the Orpheus f e a t u r e ( F i g u r e 6.10). The magneti-
3 

z a t i o n c o n t r a s t of 0.002 emu/cm i s c o n s i s t e n t w i t h the minimum d e n s i t y 
3 

c o n t r a s t v a l u e of about 0.4 gm/cm coupled w i t h the v a l u e of 0.0044 

emu/gm obtained from the combined a n a l y s i s f o r the r a t i o of magnetiza­

t i o n c o n t r a s t to d e n s i t y c o n t r a s t . I n s p i t e of the good f i t , the 

model seems u n r e a l i s t i c because i t overlaps the g r a v i t y model and i t 

i s u n l i k e l y t h a t sedimentary rocks would o f f e r a magnetization c o n t r a s t 

of the order of 0.002 emu/gm. The dashed l i n e o u t l i n e s the upper s u r ­

f a c e of another model which has an i n c l i n a t i o n of magnetization of 30° 

(N); t h i s g i v e s a poorer f i t but does not overl a p the proposed s e d i ­

mentary sequence. Noting t h a t the s u r f a c e magnetometer p r o f i l e s used 

to c o n s t r u c t the map i n F i g u r e 6.4 are s c a t t e r e d and uncorrected f o r 

d i u r n a l v a r i a t i o n and magnetic storms i t may be t h a t improved magnetic 

data can be r e c o n c i l e d w i t h the g r a v i t y data but, f o r the time being, 

the two s e t s of d a t a do not appear to give compatible r e s u l t s along 

p r o f i l e 0-0'. 
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F i g u r e 6.10: Magnetic.gravity and pseudo-gravity 

anomaly over the north h a l f of the 

Orpheus f e a t u r e on p r o f i l e 0-0". 
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6.5.4 P o s s i b l e Deep-Seated Source of the G r a v i t y Highs 

An important point to note i s t h a t , except f o r the t y p i c a l 

r i s e of the Bouguer anomaly f i e l d as the c o n t i n e n t a l margin i s 

approached, a l l of the g r a v i t y anomaly v a r i a t i o n s thus f a r encountered 

can be e x p l a i n e d i n terms of d e n s i t y v a r i a t i o n s i n approximately the 

upper 10 km of the c r u s t . However, the Orpheus g r a v i t y f e a t u r e might 

r e p r e s e n t an example of a n e a r - s u r f a c e mass d e f i c i e n c y ( l o w - d e n s i t y 

sedimentary r o c k s ) compensated i s o s t a t i c a l l y a t depth by a mass excess 

The concept of an i s o s t a t i c a l l y compensated g e o l o g i c a l f e a t u r e has 

o f t e n been advanced (e.g. Weber and Goodacre, 1966; Bott and Smithson 

1967; Tanner, 1969) so p r o f i l e P-P' was s e l e c t e d , i n c o n j u n c t i o n w i t h 

I - I ' (Chapter 4) to study t h i s i d e a . The p r o f i l e was chosen to empha­

s i z e the~more or l e s s symmetrical, " d i p o l a r " nature of the g r a v i t y 

anomaly ( F i g u r e 6.11). The magnetic anomaly along p r o f i l e P-P 1 w i l l 

not be d i s c u s s e d except to point out t h a t , u n l i k e p r o f i l e 0 - 0 1 , t h e r e 

i s no obvious magnetic high a s s o c i a t e d w i t h the p o s i t i v e g r a v i t y peak 

on the north s i d e of the Orpheus low. The four d r i l l h o l e s along the 

south f l a n k of the Orpheus f e a t u r e suggest t h a t there i s a basement 

u p l i f t which c o r r e l a t e s w i t h and might p a r t l y e x p l a i n the high t h a t i s 

c r o s s e d by p r o f i l e P-P'. But t h r e e reasons f o r s u s p e c t i n g t h a t the 

sources of the two g r a v i t y highs on the south s i d e may be deep-seated 

are (1) no t y p i c a l l y dense gabbros, a m p h i b o l i t e s , e t c . were found i n 

e i t h e r of the two d r i l l - h o l e s which penetrated basement over the 

g r a v i t y high, (2) the basement v e l o c i t y of 5.5 km/sec observed on 

p r o f i l e 27 i s t y p i c a l of an a c i d i c r a t h e r than a b a s i c rock and (3) 

the source appears to possess l i t t l e or no magnetization and t h e r e f o r e 
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Figure 6.11: Observed Bouguer anomaly and c a l c u l a t e d 

g r a v i t y anomalies f o r models a and c. 

The anomaly due t o model b i s omitted f o r 

c l a r i t y . 
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might be b u r i e d below the Curie p o i n t isotherm. I n a s i m i l a r manner, 

a deep-seated, dense, non-magnetic source might be c o n t r i b u t i n g to the 

elongate p o s i t i v e peak on the n o r t h side. 

Figure 6.11 shows three d i f f e r e n t models (a, b, and c) which 

produce anomalies which are approximately the same as the observed 

anomaly might be i f i t were corrected f o r the mass d e f i c i e n c y of the 

sedimentary basin. I n other words, i f we could replace the low-density 

sedimentary rocks by basement rocks which have a normal (or s l i g h t l y 

g r e a t e r than normal) d e n s i t y , vje would be l e f t w i t h a s i n g l e p o s i t i v e 

anomaly r i s i n g above the background l e v e l . The background, or r e g i o n ­

a l , l e v e l was obtained by assuming t h a t the s h e l f topography i s an 

i s o s t a t i c e q u i l i b r i u m as discussed i n Chapter 5. The g r a v i t y lows 

( r e l a t i v e t o the adopted background l e v e l ) on e i t h e r side are thought 

to be due p r i m a r i l y t o low-density g r a n i t e s plus the o v e r l y i n g l a t e -

Palaeozoic and younger sedimentary rocks and i t i s assumed t h a t these 

lows could be removed by an appropriate c o r r e c t i o n f o r the mass d e f i ­

ciency of the source rocks. I t o d e l ( d ) , r e p r e s e n t i n g a low-density 

g r a n i t e , i s taken from Figure 4.19 and the c o n f i g u r a t i o n of the basement 

surface i s shown schematically by the tick-marked l i n e . Ttodel (d) was 

c a l c u l a t e d using a background l e v e l of about 40 mgal because i t was 

i n t e r p r e t e d i n the context of being a low-density g r a n i t e i n t r u d e d i n t o 

high-density basement rocks. As such, the model i s not consistent 

w i t h the lower r e g i o n a l l e v e l adopted here but i t serves t o show the 

general extent of the i n t e r p r e t e d g r a n i t e . 

The best f i t t o the o v e r a l l g r a v i t y high i s given by model (a) 

which represents a slab of m a t e r i a l about 3 km t h i c k t h a t has i t s 
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upper surface b u r i e d at a depth of about 7 km. Models (b) and (c) g i v e 

s i g n i f i c a n t l y poorer f i t s and do not reproduce the observed h o r i z o n t a l 

gradients very w e l l at approximately the 75 and 125 km p o i n t s on the 

p r o f i l e . The anomaly from (b) i s omitted f o r c l a r i t y . As mentioned 

p r e v i o u s l y , models (a) and (b) are c a l c u l a t e d assuming the background 

l e v e l shown i n f i g u r e 6.13. Model (c) was c a l c u l a t e d assuming a 

r e g i o n a l l e v e l of about -30 mgal. There i s no r e a l j u s t i f i c a t i o n f o r 

assuming such a low value but i t was done t o see whether the o v e r a l l 

r i s e of the g r a v i t y f i e l d from the minimum values over the Middle Bank 

and Glace Bay Lows to maximum values over the highs f l a n k i n g the 

Orpheus Low could be caused by an upwarp i n the Mohorovicic D i s c o n t i n ­

u i t y or by some other source i n the lower c r u s t and/or upper mantle 

r a t h e r than by near-surface g e o l o g i c a l f e a t u r e s . For example, i t might 

reasonably be expected t h a t any deep-seated b a s a l t i c magma i n the a x i a l 

zone of a r i f t - t y p e s t r u c t u r e would s o l i d i f y i n the e c l o g i t e f a c i e s and 

o f f e r a p o s i t i v e d ensity c o n t r a s t w i t h respect t o the surrounding lower 

c r u s t a l and/or upper mantle rocks (e.g. Goodacre, 1972). Model (c) may 

seem a r t i f i c i a l but a simple f o u r - s i d e d form was used t o overcome i n ­

s t a b i l i t i e s encountered i n t r y i n g t o model the o v e r a l l p o s i t i v e anomaly 

by undulations i n the Mohorovicic D i s c o n t i n u i t y . The model could be 

considered as representing both an upwarp i n the Mohorovicic Discon­

t i n u i t y and heavier than normal rocks i n the upper mantle, but i n view 

of the a r b i t r a r y choice of -30 mgal f o r the r e g i o n a l l e v e l and the 

g e n e r a l l y shallow gradients produced by such a deep-seated f e a t u r e i t 

seems most l i k e l y t h a t the sources of the Orpheus g r a v i t y low and the 

f l a n k i n g highs a l l l i e w i t h i n the upper p a r t of the c r u s t . This 
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conclusion i s c o n s i s t e n t w i t h the r e s u l t s of a downward c o n t i n u a t i o n 

of the g r a v i t y f i e l d along p r o f i l e 0-01 which i n d i c a t e d a maximum 

source depth of about 8 km. However, i t should be pointed out t h a t 

even though the sources of the g r a v i t y anomalies are probably not 

deep-seated, the Orpheus f e a t u r e may s t i l l be an example of an i s o -

s t a t i c a l l y compensated g e o l o g i c a l f e a t u r e but the compensating mass 

probably l i e s i n the upper p a r t of the c r u s t and not a t , or below, the 

crust-mantle boundary. 

I t was noted before t h a t the magnetic anomaly f i e l d i s gener­

a l l y p o s i t i v e to the n o r t h of the Orpheus Low but i t s i n t e n s i t y i s 

diminished where the f l a n k i n g p o s i t i v e g r a v i t y anomaly a t t a i n s i t s 

highest values. I t seems, t h e r e f o r e , t h a t the rocks producing the 

g r a v i t y anomly on the n o r t h side may be less magnetic than the adja­

cent basement rocks. The rocks producing the southern f l a n k i n g g r a v i t y 

h i gh are e s s e n t i a l l y non-magnetic. I t i s not clear what the s i g n i f i ­

cance of these heavy, e s s e n t i a l l y non-magnetic rocks might be but i t i s 

i n t e r e s t i n g t o p o i n t out a s i m i l a r s i t u a t i o n i n . the Gulf of St. 

Lawrence east of the Gaspe Peninsula (see Figure 1.1) where the arcuate 

b e l t of heavy rocks producing the Gaspe High (see Figure 7.1) i s not 

accompanied, at l e a s t where magnetic data are a v a i l a b l e , by a co r r e s ­

ponding magnetic h i g h . Goodacre and Nyland (1966) suggest t h a t the 

g r a v i t y high i s due t o u l t r a b a s i c r o c k s emplaced i n the upper p a r t of 

the c r u s t as a r e s u l t of t h r u s t i n g during the Taconic (Ordovician) 

Orogeny. I t i s not intended, however, t o draw any close p a r a l l e l 

between the i n f e r r e d g e o l o g i c a l s t r u c t u r e east of the Gaspe Peninsula 

and the Orpheus f e a t u r e but only to p o i n t out the p o s s i b i l i t y , i n t h i s 
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l a t t e r area, of near-surface basic t o u l t r a - b a s i c rocks brought i n t o 

p o s i t i o n by t e c t o n i c a c t i v i t y . 

6.5.5 Comparison of the Orpheus f e a t u r e w i t h some other c o n t i n e n t a l 
grabens. 

Two c o n t i n e n t a l grabens which have dimensions s i m i l a r to the 

Jurassic (or o l d e r ) Orpheus Graben (which i s about 40 km wide and at 

l e a s t 150 km long) are the Permian Oslo Graben i n southern Norway and 

the Eocene Rhine Graben which cuts through Germany and France. The 

Oslo Graben i s about 40 km wide and some 200 km long and characterized 

by g e n e r a l l y p o s i t i v e g r a v i t y and magnetic anomalies (see Figure 6.12 

taken from Ramberg (1972)). The Rhine Graben i s also about 40 km 

wide but somewhat longer, about 300 km, and ch a r a c t e r i z e d by g e n e r a l l y 

negative g r a v i t y anomalies (Lecolazet, 1970) and an i r r e g u l a r , but 

o f t e n negative, magnetic anomaly p a t t e r n (Bosum and Hahn, 1970). 

Gravity and magnetic p r o f i l e s discussed by Mueller (1970) are shown 

i n Figure 6.13. Noting t h a t the Orpheus Graben i s characterized by a 

c e n t r a l negative g r a v i t y anomaly and f l a n k i n g p o s i t i v e s and by an 

asymmetrical magnetic anomaly p a t t e r n which i s g e n e r a l l y more p o s i t i v e 

to the n o r t h than t o the south, i t can be seen t h a t , although the 

phy s i c a l dimensions, p a r t i c u l a r l y the widths, of the Oslo, Rhine and 

Orpheus Grabens are s i m i l a r , t h e i r g r a v i t y and magnetic c h a r a c t e r i s ­

t i c s are d i f f e r e n t . Nevertheless, some p a r a l l e l s can be drawn between 

the Orpheus Graben and the other two f e a t u r e s . F i r s t l y , the magnetic 

anomalies on e i t h e r side of the Rhine Graben, and some anomalies w i t h i n , 

seem.to o u t l i n e p r e - e x i s t i n g Hercynian basement f e a t u r e s (Bosum and 

Hahn, 1970) i n much the same way t h a t the northeast or northwest 
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Figure 6.12: Observed magnetic and.gravity anomalies, 

c a l c u l a t e d g r a v i t y anomaly and s t r u c t u r a l 

models of the Oslo Graben (Ramberg, 1972). 
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Figure 6.13: Temperature, Bouguer anomaly and t o t a l 

f i e l d magnetic anomaly p r o f i l e s and 

g e o l o g i c a l s e c t i o n of the Rhine Graben 

(Meuller, 1970). 
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tr e n d i n g magnetic anomalies t o the n o r t h of the Orpheus Graben (Figure 

6.4) seem to r e f l e c t s t r u c t u r e i n the l a t e - P r o t e r o z o i c ( ? ) basement and 

secondly, the negative g r a v i t y anomalies over both the Orpheus and 

Rhine Grabens are c l e a r l y due to the i n f i l l of low-density sedimentary 

rocks. On the other hand, the source of the f l a n k i n g p o s i t i v e g r a v i t y 

anomalies over the Orpheus Graben and the source of the broad p o s i t i v e 

over the Oslo Graben i s not c l e a r i n e i t h e r case. 

According t o Ramberg (1972), the igneous rocks c o l l e c t e d from 
3 

w i t h i n the Oslo Graben have a mean de n s i t y of 2.66 gm/cm which i s less 
3 

than the mean de n s i t y of 2.74 gm/cm of the rocks from the surrounding 

Precambrian s h i e l d so the p o s i t i v e anomaly source must be deep-seated. 

Ramberg (1972) suggests t h a t the anomaly may be due t o an upwarp i n 

the Mohorovicic D i s c o n t i n u i t y beneath the graben but p o i n t s out t h a t 

the s e i s m i c a l l y determined depths (about 35 km) of t h i s d i s c o n t i n u i t y 

are about the same beneath the graben as they are elsewhere and t h a t , 

consequently, a t l e a s t p a r t of the anomaly source must l i e w i t h i n the 

lower c r u s t . C e r t a i n l y , i f the p o s i t i v e magnetic anomaly i s produced 

by the same source which causes the g r a v i t y h i g h , the source rocks 

must l i e above the Curie P o i n t isotherm. Intermediate seismic v e l o ­

c i t i e s of 7.2 t o 7.3 km/sec have been detected f u r t h e r t o the south 

i n the Skagerrak (e.g. Ramberg and Smithson, 1975) at depths of about 

20 km and these imply the presence of amphibolites, mafic g r a n u l i t e s , 

or other heavy, p o s s i b l y magnetic, rocks which, as Ramberg and 

Smithson (1975) p o i n t out, could produce, the observed anomalies over 

the Oslo Graben i f they were r e s t r i c t e d t o the axis of the graben. 

Seismic v e l o c i t i e s of the order of 7.6 t o 7.7 km/sec are also found 
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near the base of the c r u s t i n the v i c i n i t y of the Rhine Graben but, 

s i n c e they a r e found up to 100 km on e i t h e r s i d e (Ansorge e t a l , , 1970), 

they can't be considered as being p e c u l i a r to the Rhine Graben i t s e l f . 

U n f o r t u n a t e l y , no deep s e i s m i c data are a v a i l a b l e over the Orpheus 

Graben but, as mentioned i n the previous s u b s e c t i o n , i t seems u n l i k e l y 

t h a t the p o s i t i v e g r a v i t y anomaly sources are s i t u a t e d a t the base of 

the c r u s t . 

6.6 THE MOUTH OF THE LAURENTIAN CHANNEL 

As mentioned e a r l i e r , the mouth of the L a u r e n t i a n Channel ( s e e 

F i g u r e 1.1) i s c h a r a c t e r i z e d by two o v a l g r a v i t y lows and an i l l -

d e fined high. At f i r s t glance these g r a v i t y lows seem to be r e l a t e d to 

the Orpheus Low and r e f l e c t an eastward c o n t i n u a t i o n of the low d e n s i t y 

sedimentary rocks f i l l i n g the Orpheus Graben. However, the o v a l g r a v i t y 

lows, l a b e l l e d B and C i n F i g u r e 6.2 and the s m a l l low some 50 km to 

the west, l a b e l l e d A, a l l c o r r e l a t e s p a t i a l l y w i t h magnetic h i g h s as 

can be seen from the magnetic map ( F i g u r e 6.4) and on p r o f i l e s Q-Q' 

and R-R1 ( F i g u r e 6.14). T h i s s t r o n g l y suggests t h a t the g r a v i t y lows 

r e f l e c t i n t r u s i o n s of magnetic g r a n i t e and the magnetic highs r e p r e ­

s e n t magnetic m i n e r a l s formed at t h e i r margins during t h e i r emplace­

ment or produced w i t h i n the g r a n i t e s by subsequent metamorphism. The 

s t r o n g magnetic high on the south s i d e of the g r a v i t y low i n p r o f i l e 

Q-Q' may r e p r e s e n t enhanced magnetization a t the margin of a g r a n i t i c 

i n t r u s i o n as does the p a r t i a l magnetic h a l o around the anomaly marked 

(A) i n F i g u r e s 6.2 and 6.4. The magnetization i n the source producing 

the anomaly along p r o f i l e R-R' may be more uniformly d i s t r i b u t e d s i n c e 
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F i g u r e 6.14: Observed g r a v i t y and magnetic anomaly 

along p r o f i l e Q-Q'. Observed magnetic and 

g r a v i t y anomaly and c a l c u l a t e d pseudo-

g r a v i t y anomaly and s e i s m i c s t r u c t u r e s 

along p r o f i l e R-R'. 
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there i s a f a i r l y good c o r r e l a t i o n between the observed g r a v i t y anomaly 

and the c a l c u l a t e d pseudo^-gravity anomaly derived from the magnetic 

anomaly. I t i s i n t e r e s t i n g to note t h a t the i n c l i n a t i o n of the t o t a l 

magnetization v e c t o r , which i s about 50°(S) i f we assume the source i s 

normally magnetized, i s s i g n i f i c a n t l y d i f f e r e n t from t h a t of the earth's 

f i e l d (74°(N)) and suggests the p o s s i b i l i t y of a southerly d i r e c t e d 

component of remanent magnetization. 

The seismic r e f r a c t i o n data near p r o f i l e R-R' (Figure 6.12) 

i n d i c a t e t h a t the po s t u l a t e d magnetic g r a n i t e i s b u r i e d under about 4 

km of sedimentary rocks. Further t o the east, the basement i s b u r i e d 

even more deeply i n accordance w i t h the general seaward plunge of the 

basement rock beneath the sedimentary cover. I n t h i s area there may 

be f a u l t s associated w i t h those bounding the Orpheus Graben but there 

seems to! be no strong graben-type s t r u c t u r e . The seismic v e l o c i t i e s 

i n the basement rocks beneath p r o f i l e s 17, 18 and 102 are 6.0 km/sec 

or greater and suggest t h a t the rocks i n t h i s area are more c l o s e l y 

r e l a t e d t o the basement rocks on the n o r t h side of the Orpheus low 

than t o those on the south side where v e l o c i t i e s of only 5.5 km/sec 

are measured. This suggestion i s supported by the magnetic anomaly 

map (Figure 6.4) which, as mentioned e a r l i e r , i n d i c a t e s g e n e r a l l y 

magnetic basement rocks t o the n o r t h of the c r u s t a l d i s c o n t i n u i t y and 

non-magnetic rocks t o the south. I n f a c t , the magnetic anomalies 

c l e a r l y i n d i c a t e a northwest-southeast t r e n d i n g basement d i s c o n t i n u i t y 

i n the v i c i n i t y of the mouth of the Laurentian Channel. A composite 

magnetic p r o f i l e (Figure 6.15) of f i v e , approximately north-south, 

p r o f i l e s i n t h i s area (see Figure 4.3 f o r t h e i r l o c a t i o n ) shows a r i s e 

i n the magnetic anomaly f i e l d from -200 y to 100 y as one goes from 
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F i g u r e 6.15: Observed t o t a l f i e l d magnetic anomaly 

averaged from f i v e p r o f i l e s near the 

mouth of the L a u r e n t i a n Channel, c a l c u l a t e d 

magnetic anomaly and i n t e r p r e t a t i v e model. 
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south t o n o r t h across the 45°N p a r a l l e l . Except at the extreme 

nor t h e r n ends of the f i v e p r o f i l e s , the composite p r o f i l e a c c u r a t e l y 

r e f l e c t s the v a r i a t i o n of the magnetic f i e l d and t h i s seems t o be one 

of the few l o c a t i o n s where the long-wavelength p o r t i o n of a major 

magnetic anomaly i s not obscured by other anomalies. 

The s i g n i f i c a n t aspect of the magnetic model i n Figure 6.15 

and s e v e r a l others which were made are (1) the n e a r l y v e r t i c a l discon­

t i n u i t y (2) the l a r g e thickness and great depth of b u r i a l of the mag­

n e t i c body and (3) the steeply d i p p i n g , southward-directed magnetiza­

t i o n of 84°(S). The model r u l e s out a shallow t h r u s t f a u l t as the 

source of the d i s c o n t i n u i t y i n t h i s r e g i o n . The la r g e depth of the 

upper surface of the model i s con s i s t e n t w i t h a t h i c k wedge of over­

l y i n g sedimentary rocks at the c o n t i n e n t a l margin and the great t h i c k ­

ness of the model i n d i c a t e s t h a t Curie Point isotherm may be q u i t e 

deep i f the magnetization of the rocks i s as low as the modelling 

procedure suggests. I t would be i n t e r e s t i n g to know whether the base 

of the model coincides w i t h the Mohorovicic D i s c o n t i n u i t y because i n 

area where temperatures are s u f f i c i e n t l y low, the Mohorovicic Discon­

t i n u i t y could mark a d i v i d i n g l i n e between magnetic gabbroic and 

a m p h i b o l i t i c rocks of the lower c r u s t and r e l a t i v e l y non-magnetic 

(unserpentized) p e r i d o t i t e s of the upper mantle. The Mohorovicic 

D i s c o n t i n u i t y under the southern Scotian Shelf may be as deep as 45 

km but i t i s unwise t o e x t r a p o l a t e these seismic r e s u l t s northwards 

across the major c r u s t a l d i s c o n t i n u i t y which transects the Scotian 

Shelf. 



265 

6.7 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE CENTRAL SCOTIAN 
SHELF 

I t i s cle a r from the g e o l o g i c a l and geophysical evidence t h a t 

there i s a major c r u s t a l d i s c o n t i n u i t y which transects c e n t r a l Nova 

Scotia and the c e n t r a l Scotian Shelf. The g e o l o g i c a l evidence l i e s 

i n the presence of several east-west t r e n d i n g f a u l t s i n the reg i o n 

between the Minas Basin and Chedabucto Bay and i n the absence of Pre-

cambrian rocks t o the south of the f a u l t zone. The geophysical evidence 

l i e s i n the presence of mainly magnetic, medium-velocity basement 

rocks t o the n o r t h of the f a u l t zone and g e n e r a l l y non-magnetic, low-

v e l o c i t y basement rocks t o the south. The asymmetrical aspect of 

these geophysical data i s contrasted w i t h the presence over the 

western p a r t of the c e n t r a l Scotian Shelf of a pronounced, symmetrical 

east-west t r e n d i n g g r a v i t y f e a t u r e c o n s i s t i n g of the Orpheus G r a v i t y 

low and i t s f l a n k i n g g r a v i t y highs. The s t r u c t u r e r e f l e c t e d by t h i s 

major g r a v i t y f e a t u r e s dies away t o the west near Chedabucto Bay and 

to the east near the western margin of the Laurentian Channel. 

Gra v i t y and magnetic models of Cobequid complex i n d i c a t e t h a t 

c r u s t a l d i s c o n t i n u i t y dips south at a shallow angle, suggesting i t s 

formation by t h r u s t i n g or s t r i k e - s l i p motion. There i s some d i f f i ­

c u l t y i n r e c o n c i l i n g g r a v i t y and magnetic models over the Orpheus 

f e a t u r e but these models, i n co n j u n c t i o n w i t h seismic and d r i l l - h o l e 

data, show t h a t the Orpheus Low o u t l i n e s a graben s t r u c t u r e f i l l e d 

w i t h lower Jurassic and younger sedimentary rocks. I n t h i s area the;, 

d i s c o n t i n u i t y between magnetic and non-magnetic rocks e i t h e r dips 

south a t a shallow angle or more probably occurs as a s e r i e s of step-

f a u l t s such as are o f t e n observed at the boundaries of c o n t i n e n t a l 
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grabens. The o r i g i n of the more or less non-magnetic rocks producing 

the f l a n k i n g g r a v i t y highs i s not clear but they were probably 

emplaced during the formation of the graben i n such a manner as t o 

approximately maintain i s o s t a t i c e q u i l i b r i u m . The graben i s c l e a r l y 

a pre-Jurassic f e a t u r e but j u s t how e a r l y i t was formed i s u n c e r t a i n . 

This w i l l be discussed more f u l l y i n the next chapter where the Scotian 

Shelf i s discussed i n terms of paleomagnetic r e s u l t s and p l a t e tec­

t o n i c s . 

There i s no p a r t i c u l a r reason why the east-west d i s c o n t i n u i t y 

was formed everywhere at the same time, but, i f i t were, i t could have 

been formed by a sc i s s o r s movement w i t h an opening under tension of 

the Orpheus graben, s t r i k e - s l i p motion along the d i s c o n t i n u i t y at the 

mouth of the L a u r e n t i a n Channel and a c l o s i n g , w i t h compressive 

forces o p e r a t i v e , along the south side of the Cobequid Highlands. I f 

t h i s were the case, and i f southern Nova Scotia and the southern 

Scotian Shelf acted as a competent block, t h r u s t i n g would be expected 

i n the Bay o f Fundy re g i o n and s t r i k e - s l i p motion somewhere t o the 

southeast of Nova Scotia, p o s s i b l y i n the v i c i n i t y of Yarmouth, N.S. 

or f u r t h e r out i n the Gulf of Maine. U n f o r t u n a t e l y , these areas are 

covered by water and g e o l o g i c a l evidence t o r e f u t e or confirm t h i s 

idea i s c u r r e n t l y l a c k i n g but i t should be pointed out t h a t , topo­

g r a p h i c a l l y , the Bay of Fundy, which i s about some 60 km wide and 

b i f u r c a t e s i n t o the Minas Basin to the east and Chignecto Bay t o the 

northeast, has the appearance of a t y p i c a l graben and t h e r e f o r e was 

probably formed under t e n s i o n r a t h e r than compression. I t seems more 

l i k e l y t h a t f a u l t s were i n i t i a t e d i n d i f f e r e n t areas at d i f f e r e n t 



267 

times and were probably r e a c t i v a t e d i n t e r m i t t e n t l y at d i f f e r e n t times, 

p a r t i c u l a r l y as both r i g h t and left-handed movements are mapped along 

f a u l t s w i t h i n the Minas Basin-Chedabucto Bay f a u l t zone. I n general, 

the right-handed movements probably r e s u l t from c o n t i n e n t a l c o l l i s i o n 

d u r i n g the e a r l y Palaeozoic Era and the left-handed movements from 

c o n t i n e n t a l separation i n the l a t e Palaeozoic and Mesozoic Eras. The 

p o s s i b i l i t y t h a t the Orpheus Graben was formed along an older zone of 

weakness has an i n t e r e s t i n g p a r a l l e l i n the area between the Orkney 

and Shetland Islands where a p o s t u l a t e d basin of Mesozoic sedimentary 

rocks ( B o t t and B r o w i t t , 1975) has formed along one side of the 

p r e - e x i s t i n g Great Glen F a u l t . 

One of the most i n t e r e s t i n g aspects of the Orpheus graben 

s t r u c t u r e i s t h a t i t appears t o be confined t o the western p a r t of 

the c e n t r a l Scotian Shelf and does not extend eastward w i t h any great 

degree of i n t e n s i t y across the Laurentian Channel. I n t h i s l a t t e r 

area the l o c a l oval g r a v i t y lows appear t o o u t l i n e a c i d i c phases 

w i t h i n the c r y s t a l l i n e basement rocks r a t h e r than show accumulations 

of low-density sedimentary rocks. Although not conclusive, t h i s 

i n t e r p r e t a t i o n i s s t r o n g l y i n d i c a t e d by the a s s o c i a t i o n of magnetic 

highs over or at the margins of the ov a l g r a v i t y lows. I n t h i s 

respect, the combination of g r a v i t y and magnetic data has been most 

h e l p f u l i n t r y i n g t o d i s t i n g u i s h between magnetic g r a n i t e and low-

de n s i t y sedimentary rocks. 
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CHAPTER 7 

GENERALIZED STRUCTURE AND HISTORY OF THE NOVA SCOTIAN 

CONTINENTAL SHELF 

7.1 INTRODUCTORY REMARKS 

I n the preceding three chapters, the main emphasis has been on 

s t r u c t u r a l i n t e r p r e t a t i o n s of the major geophysical anomalies o c c u r r i n g 

on the Scotian Shelf. I n each chapter the i n t e r p r e t a t i o n s were l o c a l 

i n nature Inasmuch as they were made i n the context of the nearby land 

geology. I n t h i s f i n a l chapter the main p o i n t s of the i n t e r p r e t a t i o n s 

are reviewed and brought together i n the context of pos s i b l e l i t h o -

spheric p l a t e motions during the Palaeozoic and e a r l y Mesozoic Eras. 

I n preview, the g r a v i t y and magnetic anomalies commonly seem 

to r e f l e c t s t r u c t u r e s i n the pre-Carboniferous basement rocks and many 

of these s t r u c t u r e s on the Scotian Shelf are probably products of 

c o n t i n e n t a l convergence and c o l l i s i o n . I n t r y i n g t o unravel the pre-

Mesozoic h i s t o r y of the Scotian Shelf the main d i f f i c u l t y i s t o achieve 

a reasonable t i m i n g of the proposed events and t o e x p l a i n such problems 

as how southern Nova Scotia r e l a t e s t o the remainder of the Canadian 

Maritime Appalachians and why there i s seemingly l i t t l e evidence of the 

Hercynian Orogeny i n Nova Scotia and Newfoundland. 

7.2 REVIEW OF MAJOR GEOPHYSICAL ANOMALIES AND THEIR INTERPRETATION 

7.2.1 Bouguer g r a v i t y anomalies 

Working from southwest t o northeast on the Scotian Shelf, the 

major g r a v i t y anomalies are: The Middle Bank Low, the Orpheus Low and 

i t s f l a n k i n g highs, the Glace Bay Low and the St. P i e r r e High (Figure 
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Figure 7.1: S i m p l i f i e d Bouguer anomaly map of the Canadian 

Maritime Appalachians. Compiled from Weaver (1967) 

and Stephens and Cooper (1973). 
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7.1), Other important anomalies, not named i n Figure 7.1, are the 

Emerald High (Figure 5.3) l y i n g to the southwest of Middle Bank Low, 

the l o c a l g r a v i t y lows (A,B,C i n Figure 6.2) t o the east of the Orpheus 

Low and the l i n e a r , g r a v i t y low l y i n g on the western f l a n k of the St. 

P i e r r e High (Figure 4.7). This l a t t e r g r a v i t y low separates the St. 

P i e r r e High from the southwesterly t r e n d i n g extension of the Cross 

Pond High. An i n t e r e s t i n g aspect of the compilation i n Figure 7.1 i s 

the general east-west tr e n d of the g r a v i t y anomalies over the Scotian 

Shelf and the adjacent land areas of southern and c e n t r a l Nova Scotia. 

This east-uest t r e n d i s i n c o n t r a s t t o the n o r t h e a s t e r l y Appalachian 

tre n d of g r a v i t y anomalies i n Newfoundland and southern New Brunswick. 

On land, the g r a v i t y anomalies g e n e r a l l y r e f l e c t s t r u c t u r e s i n pre-

Carboniferous basement rocks w i t h g r a v i t y lows, such as the New Ross 

Low and the Granite Lake Low, o v e r l y i n g Devonian and o l d e r ( ? ) g r a n i t e 

and g r a v i t y highs, such as the Cobequid High and the Kingston High, 

o u t l i n i n g u p l i f t e d pre-Carboniferous basement complexes. Some nega­

t i v e anomalies, such as the small negative t o the northwest of the 

Cobequid High, the negative on the northwest f l a n k of the Cross Pond 

High (Figure 7.1) and, of course, the Orpheus Low, r e f l e c t the presence 

of t h i c k sequences of Carboniferous and p o s s i b l y younger sedimentary 

rocks b u t , i n general, g e o l o g i c a l l y and s e i s m i c a l l y determined s e d i ­

mentary basins (Howie and Cumming, 1963; Hobson and Overton, 1973) do 

not show up p a r t i c u l a r l y w e l l i n the g r a v i t y f i e l d . The reason f o r 

t h i s l a c k of c o r r e l a t i o n i s not c l e a r but may be due i n p a r t because 

the sedimentary basins are more or less i s o s t a t i c a l l y compensated and 

because any pre-Carboniferous sedimentary rocks which are present owei-
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o f f e r l i t t l e or no d e n s i t y c o n t r a s t t o the c r y s t a l l i n e basement rocks. 

7.2.2 T o t a l f i e l d magnetic anomalies 

T o t a l f i e l d magnetic anomalies are displayed i n Figure 7.2. 

I n t h i s diagram^r^d^indicates a magnetic low; blue a high so the 

colour scheme i s opposite t o t h a t i n Figure 7.1. Working southwest 

t o n o rtheast, some i n t e r e s t i n g p o i n t s t o note are: (1) the l a c k of 

any magnetic anomaly associated w i t h the g r a n i t e o u t l i n e d by the New 

Ross Low (Figure 7.1) but a l a r g e magnetic anomaly associated w i t h the 

Pokiok g r a n i t e about 50 km west-northwest of Saint John, N.B. (Figures 

7.2 and 5.4), (2) the curvature of the magnetic anomalies which o u t l i n e 

the f o l d e d Cambro-Ordovician Meguma rocks. The Meguma rocks appear t o 

have been f o l d e d , or r e - f o l d e d , about a v e r t i c a l a x is s i t u a t e d some­

where near the outer edge of the Scotian Shelf, (3) the c o n t r a s t 

between magnetic basement to the n o r t h of the Minas Basin-Chedabucto 

Bay-Orpheus f a u l t zone and r e l a t i v e l y non-magnetic basement t o the 

south. On the Scotian Shelf, the general asymmetry of the magnetic 

f i e l d provides one of the strongest pieces of geophysical evidence of 

a major c r u s t a l d i s c o n t i n u i t y , (4) the general c o n t i n u i t y of magnetic 

trends between eastern Cape Breton I s l a n d and southeastern Newfound­

lan d , (5) the a s s o c i a t i o n of a depressed magnetic f i e l d w i t h the 

mainly sedimentary rocks of t e c t o n o - s t r a t i g r a p h i c Zone F of Newfound­

land and a somewhat "granular" p o s i t i v e f i e l d w i t h the mainly v o l c a n i c 

rocks of Zone E. 

Although exceptions can be found, magnetic lows w i t h i n the 

Appalachian g e o l o g i c a l province g e n e r a l l y seem to o u t l i n e areas of 

predominantly sedimentary rocks whereas magnetic highs g e n e r a l l y occur 
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F i g u r e 7.2: S i m p l i f i e d t o t a l f i e l d magnetic anomaly map of the 

Canadian Maritime Appalachians. Photographed from 

the Magnetic Anomaly Map of Canada ( G e o l o g i c a l 

Survey of Canada, 1970). Data over the northern 

S c o t i a n S h e l f added from Haworth e t a l . (1972). 

Colour scheme - b l u e - g r e a t e r than 200 gamma, 

red - l e s s than -400 gamma, int e r m e d i a t e contour 

i n t e r v a l i s 200 gamma. 
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metamorphic and v o l c a n i c t e r r a i n . The magnetic anomalies, by them­

s e l v e s , are not d i a g n o s t i c of g r a n i t i c i n t r u s i o n s as the g r a n i t e s 

range from being completely non-magnetic to h i g h l y magnetic. I t i s f o r 

t h i s reason t h a t n e g a t i v e g r a v i t y anomalies a r e p a r t i c u l a r l y h e l p f u l 

i n o u t l i n i n g magnetic, g r a n i t i c i n t r u s i o n s which might otherwise be 

mistaken f o r i n t e r m e d i a t e to b a s i c igneous or metamorphic ro c k s . On 

the other hand, i t i s d i f f i c u l t to know, a p r i o r i , whether a n e g a t i v e 

g r a v i t y anomaly o u t l i n e s a g r a n i t i c body or a b a s i n f i l l e d w i t h low-

d e n s i t y sedimentary r o c k s . I f a magnetic high c o i n c i d e s with a g r a v i t y 

low, a g r a n i t i c source i s probably i n d i c a t e d . 

Although l o c a l c o r r e l a t i o n s can o f t e n be found between magnetic 

and g r a v i t y anomalies sometimes t h e r e i s l i t t l e or no c o r r e l a t i o n . For 

example, th e r e i s poor c o r r e l a t i o n on the Avalon P e n i n s u l a between the 

g r a v i t y and magnetic data and g e n e r a l l y no c l e a r - c u t r e l a t i o n between 

the g e o p h y s i c a l and g e o l o g i c a l data. On a broader s c a l e , the g r a v i t y 

and magnetic f i e l d s tend to show d i f f e r e n t f e a t u r e s because the 

r e g i o n a l Bouguer anomaly tends to r e f l e c t v a r i a t i o n s i n topographic 

e l e v a t i o n whereas the magnetic f i e l d does not. A good example of t h i s 

i s on the S c o t i a n S h e l f where the i n c r e a s e i n Bouguer anomaly as the 

c o n t i n e n t a l margin i s approached i s not r e f l e c t e d i n the magnetic 

f i e l d . 

7.2.3 I n t e r p r e t a t i v e basement g e o l o g i c a l map 

F i g u r e 7.3 shows the major basement f e a t u r e s on the S c o t i a n 

S h e l f as deduced from g r a v i t y , magnetic and s e i s m i c data. Only 

s e l e c t e d g e o l o g i c a l f e a t u r e s are shown on land. The basement f e a t u r e s 
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F i g u r e 7.3: I n t e r p r e t a t i v e basement g e o l o g i c a l map of Nova 

S c o t i a n c o n t i n e n t a l S h e l f . Only s e l e c t e d - f e a t u r e s 

shown on land. The term basement covers a broad 

range of pr e - C a r b b n i f e r o u s , c r y s t a l l i n e r o c k s . The 

l e t t e r s A to I r e f e r to the t e c t o n o s t r a t i g r a p h i c zones 

of W i l l i a m s e t a l . (1972) and a r e explained i n the 

c a p t i o n of F i g u r e 1.2. The Hermitage F l e x u r e 

( ( W i l l i a m s et a l . , 1970) i s o u t l i n e d by the sinuous 

t r a c e of zone G and Hermitage Bay i s i d e n t i f i e d i n 

F i g u r e 4.1. 
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a r e covered, f o r the most p a r t , by l a t e - P a l a e o z o i c and p o s s i b l y 

younger sedimentary r o c k s whose s e i s m i c t h i c k n e s s i s o u t l i n e d i n 

F i g u r e s 4.5 and 5.5. 

On the n o r t h e r n S c o t i a n S h e l f , b e l t s of t y p i c a l l a t e -

P r o t e r o z o i c v o l c a n i c - sedimentary rocks s t r i k e out southwest from the 

v i c i n i t y of the B u r i n p e n i n s u l a . I n t e r s p e r s e d between these b e l t s are 

i n t r u s i o n s of magnetic, low-density g r a n i t e . Other i n t r u s i o n s of 

magnetic, low-density g r a n i t e a r e thought to occur n o r t h e a s t of Cape 

Breton I s l a n d ( i . e . beneath the Glace Bay Low) and to the e a s t of the 

Orpheus Graben. The ages of these g r a n i t e s could range from l a t e -

Precambrian (e.g. the Holyrood g r a n i t e near S t . John's, N f l d . ) to 

Devonian, an age t y p i c a l of many g r a n i t e s i n the Appalachians. 

P r o t e r o z o i c v o l c a n i c r o c k s , s i m i l a r to the Fourchu Group, a r e i n t e r ­

p r e t e d to l i e o f f the e a s t c o a s t of Cape Breton I s l a n d . 

Halfway between Cape Breton I s l a n d and southern Newfoundland 

and near the mouth of the L a u r e n t i a n Channel a r e occurrences of heavy, 

g e n e r a l l y magnetic rock ( F i g u r e 7.3). I t i s d i f f i c u l t to r e l a t e these 

f e a t u r e s to g e o l o g i c a l formations on land because the o v e r a l l c o r r e l a ­

t i o n between g e o l o g i c a l and g e o p h y s i c a l data i n Zone H i n Newfoundland 

i s poor, but the r e l a t i v e l y high s e i s m i c v e l o c i t i e s of the order of 

7.0 km/s i n the basement beneath the western p a r t of the S t . P i e r r e 

G r a v i t y High ( F i g u r e 7.1) suggest the presence of rocks such as 

amphibolite or b a s i c g r a n u l i t e . The somewhat lower s e i s m i c v e l o c i t i e s 

(6.0 to 6.5 km/s) i n the basement rocks near the mouth of the L a u r e n t i a n 

Channel suggest a d i o r i t i c to gabbroic composition of these l a t t e r 

heavy, magnetic r o c k s . 
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The e s s e n t i a l l a r g e - s c a l e s t r u c t u r a l f e a t u r e of the northern 

S c o t i a n S h e l f i s the sdgmoidal trend of the Avalonian g e o l o g i c a l f e a ­

t u r e s running between Cape Breton I s l a n d and so u t h e a s t e r n Newfoundland. 

The trend i s t y p i f i e d by the Hermitage F l e x u r e ( W i l l i a m s e t a l . , 1970) 

which o u t l i n e s the sinuous t r a c e of the boundary between Zones G and H 

( F i g u r e 7.3). Even though the exact l o c a t i o n of the boundary between 

Zones G and H i s u n c e r t a i n beneath the water-covered a r e a , the 

Hermitage F l e x u r e i s b e s t r e f l e c t e d i n the magnetic anomaly p a t t e r n 

( F i g u r e 7.2). W i l l i a m s e t a l . (1970) con s i d e r the Hermitage F l e x u r e 

to be very important i n terms of Newfoundland geology and i t s s i g n i f i ­

cance i n connection w i t h the S c o t i a n S h e l f w i l l be d i s c u s s e d l a t e r . 

The western p a r t of the southern S c o t i a n S h e l f appears to be a 

co n t i n u a t i o n of the Meguma b l o c k of southern Nova S c o t i a c o n s i s t i n g of 

folded Cambro-Ordovician sedimentary ro c k s i n t r u d e d by low-density, 

non-magnetic Devonian g r a n i t e . As o r i g i n a l l y pointed out by Hood 

(1966), the Meguma trends seem to terminate a t the dashed l i n e shown 

i n F i g u r e 7.3. Because of g e n e r a l l y s p a r s e magnetic coverage the 

e x i s t e n c e of such a l i n e i s somewhat u n c e r t a i n except where shown i n 

F i g u r e 7.3 where i t i s q u i t e c l e a r from both the g r a v i t y data and 

d e t a i l e d , l o w - l e v e l aeromagnetic data. To the southeast of the dashed 

l i n e i n Fi g u r e 7.3 l i e s a r e g i o n of h e a v i e r basement rock. I n the 

v i c i n i t y of Emerald Bank a basement block appears to be u p l i f t e d and 

bounded on i t s southeast s i d e , and p o s s i b l y on i t s northwest s i d e , by 

a f a u l t . To the n o r t h e a s t of Emerald Bank, beneath Middle Bank ( F i g u r e 

1.1), l i e s a l a r g e g r a n i t e b a t h o l i t h s i m i l a r i n extent to the nearby 

New Ross b a t h o l i t h i n southern Nova S c o t i a but d i f f e r e n t i n th a t the 
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the Middle Bank G r a n i t e appears to be s t r o n g l y magnetic, as i s the 

Pokiok G r a n i t e i n New Brunswick, whereas the New Ross G r a n i t e i s 

conspicuously non-magnetic. The Middle Bank G r a n i t e was probably 

emplaced during the Devonian P e r i o d but could p o s s i b l y be younger as 

Carboniferous r a d i o m e t r i c ages have been obtained from basement rocks 

d r i l l e d on the southern S c o t i a n S h e l f (M. Given, p e r s o n a l communica­

t i o n ) . A l t e r n a t i v e l y , the a r e a near the c o n t i n e n t a l s h e l f could con­

s i s t of Meguma rocks reworked during Permo-Carboniferous times. 

Two important s t r u c t u r a l f e a t u r e s i n southern Nova S c o t i a and 

the southern S c o t i a n S h e l f appear to be the c u r v a t u r e , i n plan view, 

of the f o l d s i n the Meguma group and the p o s s i b l e t e r m i n a t i o n of the 

Meguma rocks along a n o r t h e a s t e r l y t r e n d i n g l i n e o f f s h o r e . 

Perhaps the most outstanding s t r u c t u r e on the S c o t i a n S h e l f 

i s the Orpheus Graben which i s p a r t of a major c r u s t a l d i s c o n t i n u i t y 

t h a t cuts e a s t - v 7 e s t a c r o s s c e n t r a l Nova S c o t i a and the S c o t i a n S h e l f 

and s e p a r a t e s l a t e - P r e c a m b r i a n to e a r l y P a l a e o z o i c Avalonian formations 

of the nort h e r n S c o t i a n S h e l f from Cambro-Ordovician and p o s s i b l y 

younger basement roc k s of the southern s h e l f . The d i s c o n t i n u i t y i s 

p a r t i c u l a r l y apparent i n the magnetic f i e l d and i s c h a r a c t e r i z e d 

g e o l o g i c a l l y by the apparent l a c k of any Precambrian rocks on the south 

s i d e . The Orpheus Graben ( F i g u r e 7.3) i s f i l l e d with a f a i r l y t h i c k 

sequence of J u r a s s i c and p o s s i b l y younger sedimentary rocks whereas 

the f l a n k i n g basement rocks a r e only t h i n l y covered. The Orpheus 

f e a t u r e seems to be a t y p i c a l c o n t i n e n t a l graben but the e x p l a n a t i o n 

of the heavy rocks on e i t h e r s i d e i s not c l e a r . They do not appear to 

be deep-seated and have no obvious counterpart i n nearby Nova S c o t i a . 
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Before d i s c u s s i n g the main s t r u c t u r a l elements of the basement 

beneath the S c o t i a n S h e l f , the l a t e - P a l a e o z o i c s e t t i n g of the S c o t i a n 

S h e l f w i l l be d e s c r i b e d and palaeomagnetic evidence of e a r l y P a l a e o z o i c 

p l a t e motions presented. 

7.3 LATE PALAEOZOIC SETTING OF THE SCOTIAN SHELF 

F i g u r e 7.4 shows the S c o t i a n S h e l f and the a d j a c e n t Canadian 

Maritime Appalachians i n r e l a t i o n to the Spanish Sahara, Morocco, 

P o r t u g a l , France and the B r i t i s h I s l e s a ccording to the r e c o n s t r u c t i o n 

of B u l l a r d et a l . ( 1 9 6 5 ) . According to Francheteau (1970) the c l o s e s t 

grouping of palaeomagnetic poles based on t h i s r e c o n s t r u c t i o n occurs 

f o r the Permian p e r i o d . On the other hand, P.oy's (1972) treatment 

suggests that a somewhat e a r l i e r , lower Carboniferous, age i s more 

app r o p r i a t e . However, the main point i s t h a t the r e c o n s t r u c t i o n 

appears to be v a l i d f o r the l a t e P a l a e o z o i c e r a . 

L i n e A-A1 i n d i c a t e s the approximate n o r t h e r n l i m i t of Palaeo­

z o i c deformation i n the Northern Appalachians and i n the S c o t t i s h 

Caledonides. L i n e B-B' i n d i c a t e s the approximate northern l i m i t of 

l a t e Precambrian to e a r l y P a l a e o z o i c A v a l o n i a n - B a l t i c type basement 

remnants found at s c a t t e r e d l o c a t i o n s i n New England, southern New 

Brunswick, c e n t r a l Nova S c o t i a and Cape Breton I s l a n d , s o u t h e a s t e r n 

Newfoundland and p a r t s of Wales and southern England. These l a t e 

Precambrian rocks and the somewhat o l d e r G r e n v i l l e and L e w i s i a n rocks 

to the north of A-A1 formed the "jaws of the v i c e " (Rodgers, 1970) 

which came together during the e a r l y P a l a e o z o i c e r a to t e l e s c o p e and, 

i n p a r t , destroy by subduction the i n t e r v e n i n g o c e anic v o l c a n i c and 
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F i g u r e 7.4: L a t e P a l a e o z o i c s e t t i n g of the Nova S c o t i a n c o n t i n ­

e n t a l s h e l f . R e c o n s t r u c t i o n a f t e r Bullard..et a l . 

(1965). L i n e A-A1 i n d i c a t e s n o r t h w e s t e r l y l i m i t of 

P a l a e o z o i c deformation. L i n e B-B 1 shows the no r t h ­

w e s t e r l y l i m i t of late - P r e c a m b r i a n A c a d o - B a l t i c base­

ment complexes. L i n e C-C shows the approximate 

no r t h e r n l i m i t of the Alleghany (Hercynian) Orogeny 

i n the c e n t r a l Appalachians. L i n e D-D' d e l i n e a t e s 

the Hercynian s t r u c t u r a l f r o n t i n southern England 

and southern I r e l a n d . L i n e E - E \ shows the approxi­

mate southern l i m i t of the Hercynian Orogeny i n 

northwest A f r i c a . SAF-South A t l a s F a u l t , HBF-

Highland Boundary F a u l t , SUF-Southern Uplands F a u l t , 

GFZ-Gibbs F r a c t u r e Zone, NFZ-Newfoundland F r a c t u r e 

Zone, K S - K e l v i n Seamounts, BF-Bay of Fundy, MB-Minas 

B a s i n , CB-Chedabucto Bay, GB-Georges Bay, WB-White 

Bay, NYG-New York C i t y , S J - S a i n t John. 
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sedimentary r o c k s . As mentioned i n the i n t r o d u c t o r y chapter, t h i s 

convergence and c o l l i s i o n i s manifested i n the Northern Appalachians 

by the Taconic ( O r d o v i c i a n ) Orogeny and the Acadian (Devonian) Orogeny 

and i n the B r i t i s h I s l e s by the Caledonian ( S i l u r i a n ) Orogeny. The 

ages i n b r a c k e t s a r e only approximate as peak orogenic a c t i v i t y occurred 

i n d i f f e r e n t a reas a t d i f f e r e n t times. 

The next p e r i o d of t e c t o n i c a c t i v i t y i n the Canadian Appala­

c h i a n s was the "Maritime D i s t u r b a n c e " (Poole, 1967) which occurred 

during the Carboniferous P e r i o d and was mainly confined to a zone 

running from the Bay of Fundy n o r t h e a s t a c r o s s the Gulf of S t . 

Lawrence and through the Georges Bay - White Bay a r e a of west c e n t r a l 

Newfoundland (shaded a r e a i n F i g u r e 7.4) and to a second east-west 

t r e n d i n g zone from Minas B a s i n to Chedabucto Bay. The Maritime D i s ­

turbance was not severe enough to be termed an orogeny but i t would 

seem to be r e l a t e d to the major Hercynian Orogeny which a f f e c t e d a 

wide a r e a between the l i n e s DT-D1 and E -E 1 i n western Europe and to i t s 

North American counterpart, the Allegheny Orogeny, which a f f e c t e d the 

Southern and C e n t r a l Appalachians, approximately south of the l i n e C-C 

near New York C i t y . These l a t e - P a l a e o z o i c orogenies probably r e s u l t e d 

from the c o l l i s i o n of Gondwanaland and L a u r a s i a during the Permo^-

Carboniferous P e r i o d (e.g. HcKerrow and Z i e g l e r , 1972). 

As mentioned p r e v i o u s l y , the c o n t i n e n t a l masses are probably 

shown i n the c o r r e c t s p a t i a l r e l a t i o n s h i p f o r the Permo-Carboniferous 

P e r i o d and i t i s i n t e r e s t i n g to note t h a t , on a p u r e l y g e o m e t r i c a l 

b a s i s , the n o r t h e a s t e r l y t r e n d i n g r i f t zone through the Bay of Fundy-

Georges Bay-White Bay a r e a seems to l i n k up with the Midland V a l l e y of 

S c o t l a n d ( l y i n g between the Highland Boundary F a u l t and the Southern 
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Uplands F a u l t , F i g u r e 7.4). 

These a r e a s i n the Canadian Maritimes f. S c o t l a n d 

may, t h e r e f o r e , have been p a r t of an i n t r a c o n t i n e n t a l , Permo-Carboni-

ferous r i f t zone which l a y to the n o r t h and west of the main 

Alleghenian-Hercynian orogenic b e l t s . 

One of the p u z z l i n g f e a t u r e s of Permo-Carboniferous t e c t o n i c 

a c t i v i t y i n the a r e a shown i n F i g u r e 7.4 i s the l a r g e o f f s e t i n the 

northern margin of the Hercynian Front between Europe and North America 

and the apparent l a c k of Hercynian f o l d i n g , f a u l t i n g and igneous 

a c t i v i t y i n southern Nova S c o t i a and e a s t e r n Newfoundland. However, 

be f o r e d i s c u s s i n g t h i s and other problems i n connection w i t h the 

s t r u c t u r e and h i s t o r y of the S c o t i a n S h e l f , palaeomagnetic data from 

most of the a r e a s shown i n F i g u r e 7.4 w i l l be d i s c u s s e d as these data 

provide some c o n s t r a i n t s on the e a r l y P a l a e o z o i c geometry of the land 

masses. 

7.4 PALAEOMAGNETIC EVIDENCE OF EARLY PALAEOZOIC PLATE MOTIONS 

7.4.1 New Brunswick and Western Newfoundland 

V i r t u a l geomagnetic pole p o s i t i o n s ( F i g u r e 7.5) d e r i v e d from 

d i r e c t i o n s of s t a b l e remanent magnetizations i n rocks from the Canadi­

an A t l a n t i c P r o v i n c e s g e n e r a l l y show a s y s t e m a t i c northward m i g r a t i o n 

from the a r e a east of the P h i l i p p i n e I s l a n d s i n the Cambrian period to 

the A r c t i c c o a s t of S i b e r i a i n the T r i a s s i c p e r i o d . The displacement 

of the Cambrian and Devonian pole p o s i t i o n s from New Brunswick west­

ward w i t h r e s p e c t to those from western Newfoundland l e d Nairn e t a l . 

(1959) to suggest t h a t the displacement could be e x p l a i n e d by a 
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Figure 7.5: Palaeomagnetic pole p o s i t i o n s from rocks i n the 

Canadian Maritime Appalachians. Precambrian r e s u l t s 

from Nairn e t a l . (1959), O r d o v i c i a n pole from e a s t e r n 

Newfoundland from Deutsch and Rao (1970). O r d o v i c i a n 

pole from western Newfoundland from B e a l e s e t a l . 

(1974), Cambrian and Devonian poles from western 

Newfoundland and southern New Brunswick from B l a c k 

(1964), the remaining poles a r e taken from Hicken e t 

a l . (1972). 
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c o u n t e r - c l o c k w i s e r o t a t i o n of Newfoundland. Du Bois (1959) concluded 

t h a t i f such a r o t a t i o n took p l a c e , i t took p l a c e p r i o r to the Carboni­

ferous period. Subsequent work by B l a c k (1964) supported the e a r l i e r 

palaeomagnetic r e s u l t s . I t i s u n l i k e l y , however, that Newfoundland has 

r o t a t e d w i t h r e s p e c t to the remaining A t l a n t i c P r o v i n c e s because t h e r e 

i s no g e o p h y s i c a l evidence (e.g. Goodacre et al.,1969; Haworth, 1975) 

of an i n c i p i e n t Red Sea-type r i f t s t r u c t u r e i n the n o r t h e a s t e r n p a r t 

of the Gulf of S t . Lawrence. As Deutsch (1969) has pointed out, an 

a l t e r n a t i v e e x p l a n a t i o n f o r the displacement of the Cambrian and 

Devonian pole p o s i t i o n s i s t h a t s o u t h e a s t e r n New Brunswick l a y somewhat 

to the e a s t of i t s present p o s i t i o n during e a r l y P a l a e o z o i c time. 

T h i s i s an important point because i t means t h a t , w i t h i n the context 

of the palaeomagnetic data, we can regard western Newfoundland as 

being f i x e d w i t h r e s p e c t to the North American ( G r e n v i l l e ) p l a t e and 

a s c r i b e the d i f f e r e n c e s i n the Cambrian and i n the Devonian palaeo­

magnetic poles to a w e s t e r l y movement of s o u t h e a s t e r n New Brunswick at 

some time between the lower Devonian and the lower C a r b o n i f e r o u s . The 

palaeomagnetic p o l e s from the two a r e a s can be brought together i n t o 

remarkably good agreement by moving so u t h e a s t e r n New Brunswick more or 

l e s s due e a s t to approximately 45°N; 50°W ( j u s t o u t s i d e the lower 

right-hand s i d e of F i g u r e 7.3). A w e s t e r l y movement of s o u t h e a s t e r n 

New Brunswick during the Devonian P e r i o d i s broadly c o n s i s t e n t w i t h 

the present-day en-echelon arrangement of the l a t e - P r e c a m b r i a n r o c k s 

i n Zones G and H ( F i g u r e 7.3) i f we assume t h a t the Avalon P e n i n s u l a 

was approximately i n i t s present p o s i t i o n during the Devonian P e r i o d . 
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7.4.2 E a s t e r n and Western Newfoundland 

F i g u r e 7.6 shows P a l a e o z o i c palaeomagnetic pole p o s i t i o n s from 

roc k s on opposite s i d e s of the A t l a n t i c Ocean p l o t t e d a c c o r d i n g to 

the c o n t i n e n t a l r e c o n s t r u c t i o n shown i n F i g u r e 7.4. The palaeomagne-r 

t i c data a r e from Hicken et a l . (1972). A p u z z l i n g a s p e c t of F i g u r e 

7.6 i s t h a t the O r d o v i c i a n palaeomagnetic poles from e a s t e r n New­

foundland, Portugal.and northwestern E i r e are q u i t e d i f f e r e n t from 

O r d o v i c i a n poles from western Newfoundland, other p a r t s of North 

America and western Europe. Deutsch ( p e r s o n a l communication) and 

Briden et a l , (1973) suggest t h a t the anomalous O r d o v i c i a n r e s u l t 

from E i r e may be due to t e c t o n i c r o t a t i o n of the Mweelrea r o c k s . I n 

a s i m i l a r f a s h i o n , the palaeomagnetic data from e a s t e r n Newfoundland 

and P o r t u g a l suggest t h a t these two a r e a s have been r o t a t e d counter­

c l o c k w i s e some 50° and 110° r e s p e c t i v e l y s i n c e the O r d o v i c i a n P e r i o d . 

I n the case of e a s t e r n Newfoundland, such a r o t a t i o n would be broadly 

c o n s i s t e n t with the formation of the Hermitage F l e x u r e (Williams e t 

a l , , 1970), which i s the bend i n t e c t o n o s t r a t i g r a p h i c zones G and H 

a t Hermitage Bay ( F i g u r e s 7.3 and 4.1), a t some time subsequent to 

the lower O r d o v i c i a n . The anomalous Ordovi c i a n poles from P o r t u g a l 

and northwestern E i r e can be brought i n t o c o i n c i d e n c e with the "normal" 

poles from western Europe and North America by merely r o t a t i n g 

P o r t u g a l and northwestern E i r e ; no t r a n s l a t i o n of e i t h e r area seems 

ne c e s s a r y i n view of the probable e r r o r s i n h e r e n t i n the palaeomag-

n e t i c pole p o s i t i o n s . On the other hand, an unresolved d i f f i c u l t y 

with, the palaeomagnetic r e s u l t from e a s t e r n Newfoundland i s that i t 
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F i g u r e 7.6: Cambro-Ordovician palaeomagnetic p o l e s from North 

America, Europe and A f r i c a based on a c o n t i n e n t a l 

r e c o n s t r u c t i o n and p l o t t e d w i t h r e s p e c t to the 

present-day c o o r d i n a t e s of North America. 
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p l a c e s t h i s l a t t e r area some 20 Qin p a l a e o l a t i t u d e ) away from western 

Newfoundland and i t i s d i f f i c u l t to r e c o n c i l e t h i s i n any reasonable 

c o n t i n e n t a l r e c o n s t r u c t i o n . 

I n summary, t h e r e f o r e , the Ordovician palaeomagnetic r e s u l t s 

broadly i n d i c a t e that e a s t e r n Newfoundland and a t l e a s t p a r t s of 

P o r t u g a l and E i r e were p o r t i o n s of t e c t o n i c b l o c k s which underwent a 

c o n s i d e r a b l e r o t a t i o n during, or a f t e r , the Ordovician Period but the 

extent and d e t a i l e d l o c a t i o n of these t e c t o n i c u n i t s i s not c l e a r . 

7.4.3 Southern Nova S c o t i a and Morocco 

The Cambro-Ordovician pole p o s i t i o n s i n F i g u r e 7.6 i n d i c a t e 

t h a t A f r i c a , with the p o s s i b l e exception of a p a r t of Morocco, was 

l o c a t e d a c o n s i d e r a b l e d i s t a n c e away from North America during those 

times. P a l a e o c l i m a t i c data (e.g. F a i r b r i d g e , 1970; Schenk, 1972) 

a r e c o n s i s t e n t with the palaeomagnetic evidence which i n d i c a t e s that 

during the Cambrian Period the e a s t e r n margin of North America l a y 

near the palaeoequator and northwest A f r i c a l a y near the pole. 

Because northwest A f r i c a and the Canadian Maritime P r o v i n c e s c o l l i d e d 

during the P a l a e o z o i c E r a i t i s reasonable to suppose t h a t remnants of 

one c o n t i n e n t may now be a t t a c h e d to the other, and v i c e v e r s a . The 

problem i s to decide whether southern Nova S c o t i a once belonged to 

A f r i c a or to the A c a d o - B a l t i c province of western Europe (which 

i n c l u d e s the Avalon P l a t f o r m ) , as t h i s a f f e c t s the i n t e r p r e t a t i o n of 

the Minas B a s i n - Chedabucto Bay-Orpheus f a u l t zone. There i s geo­

l o g i c a l evidence that southern Nova S c o t i a was once i n c l o s e proximity 

to northwest A f r i c a (Schenk, 1971) and s u b j e c t to g l a c i a t i o n during 
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the O r d o v i c i a n Period (Schenk, 1972). A d d i t i o n a l evidence f o r south­

ern Noya S c o t i a ' s being an A f r i c a n remnant would be the d i s c o v e r y of 

n e a r l y v e r t i c a l s t a b l e permanent magnetization i n the Meguma r o c k s , 

because i t would be c o n s i s t e n t with d e p o s i t i o n i n high l a t i t u d e s . 

P a r t s of Morocco may have once belonged to the A c a d o - B a l t i c 

province as T a r l i n g and Sutton's (1967) data suggest t h a t Cambrian 

red beds i n west c e n t r a l Morocco were deposited i n e q u a t o r i a l l a t i ­

tudes. I f so, southern Nova S c o t i a and the southern S c o t i a n S h e l f 

could a l s o have been i n e q u a t o r i a l l a t i t u d e s and formed a p a r t of 

the Aca.do-Baltic province. An a l t e r n a t i v e e x p l a n a t i o n of the Moroccan 

r e s u l t s i s t h a t the s t a b l e magnetization was acquired i n these red 

beds a t a l a t e r time, perhaps during the Hercynian orogeny. The 

problem of how southern Nova S c o t i a and Morocco f i t i n t o the c o n t i n ­

e n t a l mosaic of F i g u r e 7.4 w i l l be d i s c u s s e d f u r t h e r i n the l a s t 

s e c t i o n . 

7.5 INTERPRETATIONS OF DIRECTIONS OF TOTAL MAGNETIZATION 

7.5,1 I n t r o d u c t o r y remarks 

I n t h i s s e c t i o n , d i r e c t i o n s of t o t a l magnetization are i n t e r ­

preted i n terms of the palaeomagnetic data i n F i g u r e s 7.5 and 7.8. 

The d i r e c t i o n s of t o t a l magnetization a r e accepted a t f a c e v a l u e 

but, as mentioned i n Chapter 4, i t must be kept i n mind t h a t the 

d i r e c t i o n s of t o t a l magnetization d e r i v e d from the t r a n s f o r m a t i o n of 

g r a v i t y and magnetic f i e l d s or from magnetic modelling may be s p u r i o u s 

i f a l l of the assumptions of the g e o p h y s i c a l a n a l y s i s a re not met. 
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7.5.2 R e l a t i o n s h i p between induced, remanent and t o t a l magnetization 

Magnetic modelling or combined a n a l y s i s of g r a v i t y and mag­

n e t i c data only d e f i n e s the d i r e c t i o n of the t o t a l magnetization 

-v 
v e c t o r T, which i s the v e c t o r sum of the induced magnetization v e c t o r , 
->• -* •*• 
I , and the remanent magnetization v e c t o r , R. Although the d i r e c t i o n 

-> 

of I i s known, n e i t h e r i t s magnitude nor the r a t i o , of remanent to 

induced magnetization (Koenigsberger r a t i o or Q r a t i o ) i s u s u a l l y 

known and the best that can be done f o r palaeomagnetic s t u d i e s i s to 

s e t l i m i t s on the d i r e c t i o n of the remanent magnetization v e c t o r . 

F i g u r e 7.7 g i v e s an example of the p o s s i b l e magnitudes and 
-v ->• 

d i r e c t i o n s of the v e c t o r s I and R f o r d i f f e r e n t v a l u e s of Q when the 
-> 

d i r e c t i o n and magnitude of T i s gi v e n . The s o l i d l i n e s r e p r e s e n t the 

case where the t o t a l magnetization d i p s down 16° toward magnetic 

north. The diagram i s drawn i n the plane which c o n t a i n s these 

v e c t o r s ; i n a two-dimensional case the diagram r e p r e s e n t s the v e c t o r 

components which l i e i n the v e r t i c a l plane c o n t a i n i n g the e a r t h ' s 

f i e l d . I n the two-dimensional c a s e , the i n c l i n a t i o n of the t o t a l 

magnetization v e c t o r i s o f t e n s p e c i f i e d i n the v e r t i c a l plane perpen­

d i c u l a r to the s t r i k e of the source but, throughout the t h e s i s , t h i s 

v e c t o r has been p r o j e c t e d i n t o the v e r t i c a l plane c o n t a i n i n g the 

e a r t h ' s f i e l d i n order to a l l o w comparison of r e s u l t s from f e a t u r e s 

which s t r i k e i n d i f f e r e n t d i r e c t i o n s . 

I t i s r e a d i l y seen t h a t R must l i e i n the s e c t o r bounded by 
->• ->-
T and a v e c t o r d i r e c t e d opposite to I . The i n t e n s i t y of R i s a 

->• 

minimum when R i s pe r p e n d i c u l a r to I ; Q i s a minimum when R i s 

* S«.c j u n c t i o n 3 6-3 \or a. J i « « « « n "i ttu. e f f e c t o$ \n.se<m*>*t> 

T H a ^ e t i j a t u ^ s ^ K u d t + C w ' ^ ' i M i »^"Hv-4. ~tc&a ( ' n , * 3 ' n ^ ' ( : ' ^ * + ' < ' ' > , vector-
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F i g u r e 7.7: The v e c t o r r e l a t i o n s h i p between induced ( I ) , remanent 

(R) and t o t a l (T) magnetization. The t o t a l magneti­

z a t i o n v e c t o r i s d i s t i n g u i s h e d from the othe r s by a 

t h i c k e r l i n e . S o l i d l i n e s r e f e r to the ca s e where 

the t o t a l magnetization v e c t o r of u n i t l e n g t h i s 

dipping down 16° to the north; dashed l i n e s r e f e r 

to the ca s e when the t o t a l magnetization v e c t o r i s 

p o i n t i n g i n the opposite d i r e c t i o n . I n e i t h e r c a s e 

v e c t o r combination of I and R g i v e s T. 
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p e r p e n d i c u l a r to T. I f the angle between R and T i s obtuse, the 
-> -+ ->- -> 

i n t e n s i t i e s of R and I a r e g r e a t e r than the i n t e n s i t y of T and i f T 
-> -*• -> 

i s la/rge, very l a r g e i n t e n s i t i e s of R and I are r e q u i r e d i f R i s more 
-> 

or l e s s a n t i p a r a l l e l to T. One problem i n the i n t e r p r e t a t i o n of 

magnetic models or the r e s u l t s of the transformation of a g r a v i t y 

anomaly to a magnetic anomaly, and v i c e v e r s a , i s to decide whether 

the source body i s normally magnetized i n one d i r e c t i o n or the country 

rock i s r e v e r s e l y magnetized i n the opposite d i r e c t i o n . T h i s l a t t e r 

s i t u a t i o n i s u n l i k e l y but must not be neglected e n t i r e l y . I f the 

t o t a l magnetization v e c t o r , T, were p o i n t i n g to the d i r e c t i o n oppo­

s i t e to that adopted i n F i g u r e 7.7 ( s o l i d l i n e ) , the remanent magne­

t i z a t i o n v e c t o r must l i e between T (dotted l i n e ) and a v e c t o r a n t i -

p a r a l l e l to the e a r t h ' s f i e l d and the Q v a l u e s must be g r e a t e r than 

u n i t y . 

7.5.3 S t . P i e r r e High (west) 

F i g u r e 7.8a shows the d i r e c t i o n s of s t a b l e remanent magneti­

z a t i o n i n the A t l a n t i c P r o v i n c e s p r o j e c t e d onto the v e r t i c a l plane 

c o n t a i n i n g the e a r t h ' s f i e l d . The two Precambrian r e s u l t s (p£). a r e 

from e a s t e r n Newfoundland and, as may be seen i n F i g u r e 7.5, a r e prob­

abl y not r e p r e s e n t a t i v e of the remainder of the Maritimes. The 

c l o c k w i s e r o t a t i o n with time of the permanent magnetization v e c t o r 

and r e v e r s a l s i n i t s d i r e c t i o n a r e apparent i n the data. Assuming 

t h a t there i s an i n v e r s e r e l a t i o n between rock d e n s i t y c o n t r a s t and 

magnetization c o n t r a s t (e.g. where the d e n s i t y c o n t r a s t i s negative 

but the magnetization c o n t r a s t i s p o s i t i v e ) , the d i r e c t i o n of t o t a l 
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F i g u r e 7.8: ( a ) D i r e c t i o n s of s t a b l e remanent magnetization 

from s e l e c t e d r e s u l t s from ro c k s i n the Canadian 

Maritime Appalachians. The v e c t o r s shown here a r e 

the p r o j e c t i o n s of the remanent magnetization v e c t o r s 

onto the v e r t i c a l p lane c o n t a i n i n g the e a r t h ' s f i e l d . 

T h i s was done to provide an easy comparison w i t h the 

r e s u l t s of two-dimensional magnetic to g r a v i t y f i e l d 

t r a n s f o r m a t i o n s . The symbols a r e as f o l l o w s : pG -

Precambrian; u6 - upper Cambrian; 0-Ordovician; 

ID-lower Devonian; 1C- lower Carboniferous; P-Permian; 

T r - T r i a s s i c . 

(b) D i r e c t i o n s of t o t a l magnetization d e r i v e d from 

s e l e c t e d r e s u l t s of magnetic to g r a v i t y f i e l d t r a n s ­

formations. 
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magnetization deduced for the western St. Pierre High are (Figure 7.8b) 

indicates that the permanent magnetization was acquired no e a r l i e r 

than the Cambro-Ordovician Periods. This res u l t i s not highly s i g n i ­

f i c a n t because the angle of t o t a l magnetization i s only determined 

to within about plus or minus 20 . I f thereis a di r e c t r e l a t i o n , 

the permanent magnetization was acquired no l a t e r than during the 

Ordovician-Silurian-Devonian Periods. However, a dir e c t r e l a t i o n 

requires higher Q r a t i o s and higher values of induced and remanent 

magnetization than an inverse r e l a t i o n does, so an inverse r e l a t i o n 

seems more l i k e l y . As mentioned in Chapter 4, an inverse r e l a t i o n 

could r e s u l t from serpentinization of basic to u l t r a b a s i c rocks. The 

Cambro-Ordovician age l i m i t i s not unreasonable in view of the wide­

spread effects of the Taconic and Acadian orogenies but, as men­

tioned i n Chapter 4, i t i s not clear how such a large degree of 

remanent magnetization could be produced and preserved. 

7.5,4 Cobequid Highlands and the mouth of the Laurentian Channel 

There i s l i t t l e doubt i n these cases that there i s a dir e c t 

rather than inverse r e l a t i o n between rock density and magnetization 

so the presence of a t o t a l magnetization vector component dipping at 

an angle of about 85° (±5°) to the south (Figure 7.8b) indicates that 

a southerly directed permanent magnetization in the Cobequid Highlands 

and i n the rocks near the mouth of the Laurentian Channel was acquired 

no e a r l i e r than in lat e Precambrian to Cambrian times. The minimum 

value of Q (see Section 7.3.1) i s about 0.3; since thelhighest Q 

factor observed in samples collected in the Cobequid Highlands (Table 
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6,1) i s 0.3 and since the average Q factor for rocks in New Brunswick 

i s about 0.2 (McGrath et a l . , 1973) there i s a good p o s s i b i l i t y that 

the permanent magnetization i n the Cobequid Highlands i s nearly 

horizontal and was acquired during the Devonian Period. 

7.5.5 Middle Bank Area 

S u f f i c i e n t l y good magnetic and gravity coverage and a seeming­

l y favourable, r e l a t i o n Between the gravity and magnetic f i e l d s allow 

a three-dimensional combined analysis to be made of the Middle Bank 

feature. The r e s u l t s of the three-dimensional gravity magnetic f i e l d 

transformation (Table 7.1) appear to be good inasmuch as there i s a 

high, correlation between the observed and computed magnetic f i e l d s but 

there are two d i f f i c u l t i e s with the calculated direction of the t o t a l 

magnetization vector which, i s pointing northward and s l i g h t l y upward. 

F i r s t l y , the t o t a l magnetization vector i s nearly at right angles to 

the earth's f i e l d and t h i s means that the minimum value of the Koenigs-

herger r a t i o is- about 1. Such, a value i s extraordinarily high for 

t y p i c a l g r a n i t i c rocks (McGrath et a l . , 1973) and appears to be unlikely 

i n this- case. Secondly, the i n c l i n a t i o n d i f f e r s by some 40° from the 

r e s u l t obtained from the two-dimensional analysis (Figure 7.8b) des­

cribed i n Chapter 5. Although, there are undoubtedly some problems in 

applying a two-dimensional analysis to a three-dimensional source, one 

reason for the. rather large discrepancy i n the in c l i n a t i o n s may be 

that the r a t i o of magnetization contrast to density contrast i s not 

uniform throughout the Middle Bank Granite. In pa r t i c u l a r , the mag­

netization may be enhanced at the margins. The r e s u l t s of the three-

dimensional gravity to magnetic f i e l d should, therefore, be treated 
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with caution. 

Figure 7.9L shows v i r t u a l palaeomagnetic pole positions obtained 

from the. r e s u l t s of the three-dimensional gravity to magnetic f i e l d 

transformation (Table 7.1} for different values of the Koenigsberger 

r a t i o , Pole positions are shown for two cases: (a) s o l i d dots 

representing north, palaeomagnetic poles for the case where there i s an 

inverse r e l a t i o n between magnetization contrast and density contrast 

(e.g. a positive magnetization contrast and a negative density contrast 

corresponding to a magnetic granite) and (b) open c i r c l e s representing 

south, palaeomagnetic poles for the case where there i s a d i r e c t r e l a ­

tion (e.g. a non-magnetic granite surrounded by magnetic rocks). The 

67% oval confidence l i m i t around the south pole corresponding to Q=2 

i s t y p i c a l of the other confidence l i m i t s . • 

The v i r t u a l north poles ( s o l i d dots) migrate approximately 

south, along the 9.0°E meridian. This path comes close to the approxi­

mate polar wandering curve for A f r i c a (Figure 7.10) but seems to be 

d i s t i n c t from the lower Palaeozoic portion of the Maritime polar 

pandering curve at the 95% confidence i n t e r v a l (±30°). The r e s u l t s 

of the gravity to magnetic f i e l d transformation are consistent, 

therefore, with, the hypothesis that southern Nova Scotia and the 

southern Scotian Shelf were once part of Africa but they do not prove 

i t because the v i r t u a l south, poles (open c i r c l e s ) l i e quite close to 

the Triassic-Jurass-ic poles from North. America (^Figure 7.91. The 

main d i f f i c u l t y , however, i n accepting the v i r t u a l south, poles i s to 

postulate a convincing si t u a t i o n where a non-magnetic granite could 

be surrounded by magnetic rocks. I t might be possible that a Devonian(?) 
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TABLE 7.1 

COMBINED ANALYSIS OF GRAVITY AND MAGNETIC FIELDS 

MIDDLE BANK AREA 

Gravity to magnetic f i e l d transformation 
Total Magnetization Vector Ratio of Magnetization 

Contrast to Density 
, Contrast deg 

Azimuth 
deg 

I n c l i n a t i o n 
emu/gin 

Coefficient of 
Linear Correlation 
between Observed and 
Computed Fields 

•157.3 
(13.7) 

13.7 
(7.7) 

.0091 
(.0014) 

.84 

Q value Remanent Magnetization Vector V i r t u a l Magnetic Pole 
Azimuth 

deg 
I n c l i n a t i o n 

deg 
Latitude 

deg 
Longitude 

deg 

2 -163.1 -16.0 -50.3 -87.3 

4 -160.1 -0.7 - -42.0 -87.7 

-157.3 -13.7 -33.7 ^87.9 
* 

2 30.0 -43.4 14.6 91.7 

4* 25.8 -28.0 25.7 91.7 

Calculated for the case where the r a t i o of magnetization contrast 

to density contrast i s assumed to be negative 

( ) Standard deviation of quantity 

Note: the standard deviation of a v i r t u a l pole varies according 

to the value of Q adopted but i s of the order of 15° of 

latitude 
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Figure 7.9: Results of a three-dimensional combined analysis of 

gravity and magnetic anomalies over the Middle Bank 

area (see Figure 5.12) compared with the lat e 

Palaeozoic and Mesozoic polar wandering curve for 

North America ( s o l i d l i n e with t i c k marks). 

V i r t u a l poles ( s o l i d dots and open c i r c l e s ) 

obtained from the three-dimensional gravity to 

magnetic f i e l d transformation for various values 

of the Koenigsberger ratio,(Q) are shown, as explained 

i n the text, by s o l i d dots i f the ra t i o of magnetization 

contrast to density contrast i s assumed to be negative 

and by open c i r c l e s i f positive. The t i c k marks represent 

mean palaeomagnetic poles taken from Ir v i n g and Park (1972) 

for the Carboniferous (C), Permian (P), T r i a s s i c ( T r ) , 

J u r a s s i c (J) and Cretaceous (K) Periods. 
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Figure 7.10: V i r t u a l magnetic poles, as explained in the text and 

i n the caption of Figure 7.9, obtained from the application 

of the three-dimensional gravity to magnetic f i e l d 

transformation to the Middle Bank area compared with 

generalized polar wandering curves for the Canadian 

Maritimes and A f r i c a (see Figures 7.5 and 7.6 for 

individual locations of palaeomagnetic poles). 
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or possibly Permo-CarboniferousC?).granite formed a topographic high 

and was surrounded by T r i a s s i c flood basalts during the opening of 

the present-day Atlantic Ocean. This configuration might approximate 

the. s i t u a t i o n assumed for the gravity to magnetic f i e l d transformation 

where the entire surrounding Basement i s taken to be magnetic, however 

this- explanation i s highly speculative. 

As mentioned previously, the r e s u l t s of the three-dimensional 

grayity to magnetic f i e l d transformation must be viewed with caution 

but i t is; curious- that i t gives r e s u l t s which have at l e a s t some 

p o s s i b i l i t y of being reasonable when we consider that the calculated 

pole positions might have l a i n some 90° i n longitude away from the 

Maritimes and African polar wandering curves. 

7.5,6 Avalon Peninsula 

Considerable effort was put into trying to achieve s i g n i f i c a n t 

r e s u l t s from combined analysis of gravity and magnetic anomalies over 

the Avalon Peninsula because the late-Precambrian pole positions 

determined by Nairn et a l . (1959) seem to be at variance with other 

results, from eastern Canada (Figure 7.5). Unfortunately most of the 

resu l t s from the combined analyses are meaningless due to a negligible 

correlation between observed and calculated f i e l d s ; those that show 

some correlation (r = 0.5) give poles well to the east of the polar 

wandering curve and i n very coarse agreement with the poles i n Figure 

7.5. The Best r e s u l t , one for the southern part of the Avalon Penin­

sula gives a pole CQ = °°).. lying part way between pG and pG . 
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7.6 DISCUSSION 

7.6.1 Early Palaeozoic structure and history 

When considering the major s t r u c t u r a l trends i n the pre-

Carboniferous basement rocks of the Scotian Shelf and the adjacent 

land areas, the Meguma block, of southern Nova Scotia seems to be a 

"nose" which, has been thrust into the l a t e Precambrian Avalonian 

b.elt, truncated the Avalonian basement along the Minas Basin -

Chedabucto Bay - Orpheus fault zone and produced the fractured appear­

ance, which, the pre-Carboniferous basement complexes such as the 

Cobequid, Anti'gonish. and Cape Breton Highlands present i n plan view 

(Figures-. .1.1, 6.2 and 7.1). Such, an event might explain the s i m i l a r i ­

ty noted many years ago by King (1951) i n the amount of offset 

observed i n the Appalachian structures between Newfoundland and the 

mainland region and i n the offset of the continental margin along the 

southern edge of the Grand Banks of Newfoundland. Of course, whether 

these large sc a l e s t r u c t u r a l features are genetically related depends 

c r i t i c a l l y upon the timing of the events. 

The curvature of the folds in the Cambro-Ordovician Meguma 

rocks of southern Nova Scotia (shown by the aeromagnetic anomalies i n 

Figure 7.2). seems to be consistent with a thrusting of the Meguma block 

towards the north and west. For example, Benson (1967) proposed that 

tectonic features i n the Antigonish Highlands were related to the 

folding and thrusting of the Meguma rocks and Eisbacher (1970) has 

pointed out that the compressive s t r e s s producing the shear zone in 

the Cobequid Mountains- is- about the same as that required to produce 

the folds i n the Meguma rocks. According to Taylor and S c h i l l e r (1966), 



310 

the folding of the Meguma was completed before the culmination of the 

regional metamorphism of the rocks and the regional metamorphism pre­

dates the contact metamorphism associated with the intrusion of 

Devonian granite. Since the radiometric age dates associated with 

the New Ross Bath.oli.th. and other granites c l u s t e r about 375 my, the 

folding occurred during or prior to the lower Devonian. 

The formation of the sigmoidal trends i n the northern Scotian 

Shelf also appears to have been during or prior to the lower Devonian. 

The sigmoidal trends are epitomized by the Hermitage Flexure (Williams 

et a l . , 19L70J. and the Hermitage Fault (which separates Zones G and H -

see Figure 7.3) i s cut by the Ackley granite which exhibits radio­

metric age dates ranging from 370 to 400 my (W. Poole, personal 

communication).. 

Although, the lower age l i m i t for the folding of the Meguma 

Group and the formation of the Hermitage flexure are about the same, 

i t i s d i f f i c u l t to e s t a b l i s h an exact correspondence of these features 

since i t i s d i f f i c u l t to determine an upper l i m i t for the ages of the 

rocks affected i n southern Newfoundland. The Siluro-Ordovician (?) 

Torhrook. Formation of southern Nova Scotia seems to have been deformed 

along with the Meguma rocks. The Hermitage flexure appears to pinch 

out the Siluro-Ordovician rocks of the central mobile belt (zones E 

and F ) , therefore, a Siluro-Devonian age for the production of the 

major features discussed i s not unreasonable although a somewhat 

e a r l i e r , mid to late-Ordovician age might be possible. However, 

palaeomagnetic evidence supports.a Siluro-Devonian age for the i r 

formation for two reasons. F i r s t l y , the lower Ordovician poles place 

http://Bath.oli.th
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eastern and western Newfoundland so far apart that i t seems unlikely 

that the Hermitage flexure could have been formed in i t s present 

position as early as the middle to l a t e Ordovician (although the Her­

mitage flexure might have been formed elsewhere and brought to i t s 

present position by trahscurrent movement along the fa u l t dividing 

zones E and F or along some other major f a u l t or f a u l t s i n central 

and western Newfoundland). Secondly, Deutsch's (1969) explanation of 

the discrepancies between Cambrian and Devonian poles from southern 

New Brunswick and western Newfoundland places a lower Devonian age 

l i m i t on the time at which New Brunswick could have been pushed west­

ward . 

What i s the relationship of the folding of the Meguma rocks 

and the formation of the Hermitage flexure to the production of the 

recess i n the northern Appalachians between Newfoundland and New York 

City as outlined by l i n e A-A' i n Figure 7.4? Geometrically these fea­

tures would seem to be related and possibly formed simultaneously by a 

Himalayan type c o l l i s i o n although the recess i n the northern Appala­

chians might have been a pre-existing feature i n the edge of the 

Grenville continental mass (W.H. Poole, personal communication; 

Haworth, 1975). The l i n e A-A' shows, in general, the northwest l i m i t 

of Palaeozoic deformation of the Appalachians but at several points i n 

New York State, Quebec and Newfoundland l i n e A-A' coincides with the 

boundary between autochthonous, undeformed miogeosynclinal rocks to 

the northwest and allochthonous and para-autochthonous eugeosynclinal 

rocks to the southeast. An upper age l i m i t of the emplacement of the 

transported rocks i s set by the fact that lower arid/or middle Ordovi­

cian rocks are affected whenever f i e l d r e l a t i o n s can be determined. 
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A lower l i m i t i s d i f f i c u l t to determine as different allochthons may 

have been emplaced at different times, but S i l u r i a n sedimentary rocks 

overlie thrusts near Lake Aylmer, Quebec (St. J u l i e n and Hubert, 1975), 

lower Devonian s t r a t a overlie thrusts at one l o c a l i t y i n New York State 

(Zen, 1968) and middle Ordovician rocks overlie thrusts at Port au 

Port, Newfoundland(Rodgers and Neale, 1963). Therefore, although one 

might expect geometrically (and cannot disprove geologically) a genetic 

relationship between the thrusting of the Meguma block (zone I i n 

Figure 7.3) into the Avalon platform (Zone H i n Figure 7.3) and the 

formation of the northern Appalachian recess between New York City 

and George's Bay, Nfld. (Figure 7.4), the l a t t e r feature probably 

predates the former by several tens of millions of years. 

As mentioned previously, the middle Ordovician positions of 

the northern Scotian Shelf and the southern Scotian Shelf with respect 

to the Grenville block are uncertain. The southern Scotian Shelf-

Morocco area may have been attached to the major portion of A f r i c a and 

the northern Scotian Shelf-Portugal area (Figure 7.4) may have been 

part of the Acado-Baltic plate. The two areas then converged towards 

each other and towards the Grenville block to produce the main Siluro-

Devonian features of southeastern Newfoundland, southern Nova Scotia 

and the Scotian Shelf. I n pa r t i c u l a r , the Minas Basin - Chedabucto 

Bay - Orpheus Fault zone was probably formed at t h i s time and may have 

been a part of a transcurrent f a u l t passing along the southern margin 

of the Grand Banks and through the S t r a i t of Gibraltar between Morocco 

and Spain (Figure 7.4). The thrusting of the Meguma block into the 

Avalon platform appears to have been the forerunner of the c o l l i s i o n 
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between Gondwandland and Laurasia which was responsible f o r the l a t e -

Palaeozoic orogenies i n Europe and North America. 

7.6.2 Late Palaeozoic s t r u c t u r e and h i s t o r y 

The Maritime Disturbance i s confined mainly t o the shaded 

zones depicted i n Figure 7.4, although some Carboniferous v o l c a n i c 

a c t i v i t y i s also recorded at s c a t t e r e d l o c a t i o n s i n c e n t r a l New 

Brunswick and on the Magdalen Islands near the center of the Gulf of 

St, Lawrence. One of the p u z z l i n g aspects of Canadian Maritime Appa­

la c h i a n geology i s the lack of strong, widespread Permo-Carboniferous 

t e c t o n i c a c t i v i t y . Except p o s s i b l y along the n o r t h shore of the Bay 

of Fundy where Rast and Grant (1973) provide evidence of a Carboni­

ferous s t r u c t u r a l f r o n t , there seems to be no s i g n i f i c a n t Hercynian 

f o l d i n g , t h r u s t i n g or g r a n i t i c i n t r u s i o n s i m i l a r t o t h a t found i n 

southern England or southern I r e l a n d . Several authors (e.g. Cherkis 

et al.,1973) have drawn the Hercynian f r o n t as passing through c e n t r a l 

Newfoundland and along the n o r t h shore of the Bay of Fundy but i n view 

of the general l a c k of strong Hercynian a c t i v i t y , i t seems more l i k e l y 

t h a t the Hercynian s t r u c t u r a l f r o n t , which i s recognized i n the southern 

and c e n t r a l Appalachians south of the l i n e C-C near New York C i t y 

(Figure 7.4), continues out t o sea and, as w i l l be discussed l a t e r , 

may pass through the Scotian Shelf, 

The r i f t zone of s t r i k e - s l i p f a u l t i n g which passes northwest 

through the Gulf of Maine, the Bay of Fundy, Georges Bay and White 

Bay, Newfoundland may have decoupled southern Nova Scotia and the 

greater p a r t of Newfoundland from the remainder of the Canadian 
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Maritime Appalachians and allowed the former areas t o act as competent 

blocks w h i l e being j o s t l e d around during the Hercynian orogeny. C e n t r a l 

and eastern Newfoundland, the Grand Banks and po s s i b l y Spain and 

Portugal (Figure 7,4) probably formed one c o n t i n e n t a l block. Southern 

Nova Scotia, the southern Scotian Shelf and po s s i b l y Morocco formed a 

second block which was decoupled from the f i r s t by the f a u l t zone 

running eastward from the Minas Basin through Chedabucto Bay and along 

the southern margin of the Grand Banks and through what i s now the 

S t r a i t of G i b r a l t a r . At some time during the Carboniferous Period, 

d e x t r a l s t r i k e - s l i p motion along the Minas Basin-Chedabucto Bay f a u l t 

zone could have brought t h r u s t i n g t o bear along the n o r t h shore of 

the Bay of Fundy to e x p l a i n the g e o l o g i c a l observations by Rast and 

Grant (1973) of a s t r u c t u r a l f r o n t i n southeastern New Brunswick. 

Such movement may have been contemporaneous w i t h d e x t r a l motion 

along the South A t l a s F a u l t (SAF i n Figure 7.4) which produced t h r u s t ­

i n g i n the southern Appalachians (Badham and H a l l s , 1975). 

I f Morocco, P o r t u g a l , France and southern England and I r e l a n d 

were a f f e c t e d by the Hercynian orogeny we would expect at l e a s t the 

outer edges of the Scotian Shelf and the Grand Banks t o show some 

evidence of Hercynian deformation. I n t h i s respect i t i s worthwhile 

t o remember as Hood (.1966) pointed out, the Meguma trends appear t o 

be truncated along the dot-dash l i n e i n Figure 7.3 and, probably even 

more s i g n i f i c a n t l y , Permo-Carboniferous r a d i o m e t r i c age dates are 

reported from basement rocks d r i l l e d on the Scotian Shelf (Figure 7.4) 

(M. Given, personal communication). 

I n v i e w of the general lack of a strong compressional environ-
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ment associated w i t h the "Maritime Disturbance (Poole, 1967) there seems 

to be no compelling reason t o p o s t u l a t e a Hercynian s t r u c t u r a l f r o n t 

anywhere i n the Canadian Ma.ritimes, b u t , i f one does, i t c e r t a i n l y 

seems more d e s i r a b l e t o j o i n t up the Alleghenian Front i n the southern 

Appalachians t o the Hercynian Front i n southern I r e l a n d and England 

by passing the f r o n t through the southern Scotian Shelf (and the 

Grand Banks area) r a t h e r than through Newfoundland. Such a s t r u c t u r a l 

f r o n t might run approximately p a r a l l e l t o the c o n t i n e n t a l margin t o the 

northwest of the d r i l l hole s i t e s on the Southern Scotian Shelf (Figure 

7.4). I f so, the Middle Bank Low could be produced, as mentioned i n 

Chapter 5, by a Hercynian g r a n i t e s i m i l a r to those i n southwest England 

but d i f f e r e n t i n t h a t the Middle Bank g r a n i t e i s magnetic whereas the 

Carboniferous g r a n i t e s i n Devon and Cornwall are non-magnetic (although 

there are w e l l developed magnetic halos a t t h e i r margins). 

Generally speaking, one of the main c h a r a c t e r i s t i c s of much 

of the Hercynian t e c t o n i c a c t i v i t y i n the Canadian Maritime Appalachi­

ans i s t h a t i t seems t o have occurred along p r e - e x i s t i n g zones of 

weakness which were formed i n Siluro-Devonian times or e a r l i e r . This 

includes the Minas Basin-Chedabucto Bay-Orpheus f a u l t zone which was 

probably i n i t i a t e d i n Siluro-Devonian times and which was subsequently 

r e - a c t i v a t e d . 

Although the f a u l t zone along which the Orpheus Graben i s 

p r e s e n t l y s i t u a t e d was a c t i v e d uring the l a t e Palaeozoic i t i s not 

c l e a r when the Orpheus Graben i t s e l f was created. A Permo-

Carboniferous age of formation i s not unreasonable i n view of the 

p o s s i b l e l i n k between the Orpheus Graben and the r i f t zones of the 

Maritime Disturbance. The s c i s s o r s - l i k e movement described i n Chapter 
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6 could have taken place a t t h i s time, p r o v i d i n g tension east of 

Chedabucto Bay and compression i n the Bay of Fundy but the t e n s i o n a l 

forces which produced the Orpheus Graben may have only occurred l a t e r 

when A f r i c a and North America separated i n the Mesozoic Era. 

7.6.3 Mesozoic s t r u c t u r e and h i s t o r y 

The only Mesozoic rocks found on the land areas adjacent t o 

the Scotian Shelf are the T r i a s s i c conglomerates, sandstones and 

bas a l t s along the edges of the Bay of Fundy and the Minas Basin, a 

small patch of T r i a s s i c sedimentary rocks near Chedabucto Bay and a 

T r i a s s i c dike i n southern Nova Scotia. A second d i k e , i n t e r p r e t e d 

from aeromagnetic data over the Avalon Peninsula (Figure 7.3) may also 

have been emplaced d u r i n g the T r i a s s i c Period (Papezik et a l . , 1975). 

On the other hand, seismic p r o f i l i n g and d r i l l i n g have revealed exten­

s i v e deposits of Mesozoic (and younger) sedimentary rocks on the Scotian 

Shelf and an up-to-date review of Mesozoic s t r u c t u r e and h i s t o r y of 

the Scotian Shelf has r e c e n t l y been presented by Jansa and Wade (1975). 

The h i g h l i g h t s of t h e i r d i s c u s s i o n w i l l be given here a f t e r f i r s t 

d i s c u s s i n g the Orpheus Graben. 

The e x t r u s i o n of b a s a l t and the formation of dikes i n d i c a t e a 

t e n s i o n a l environment d u r i n g the T r i a s s i c period which may also have 

produced the Orpheus Graben. The Orpheus Graben was almost c e r t a i n l y 

i n existence d u r i n g the e a r l y Jurassic due t o the presence of lower 

Ju r a s s i c (?) Argo s a l t (.Jansa and Wade, 1975) t h e r e f o r e a T r i a s s i c age 

of i n i t i a l f ormation seems reasonable. An e a r l i e r , Permian or Carboni­

ferous age of i n i t i a l f o r m a t i o n i s also possible since Carboniferous 

sedimentary rocks may be present a t depth but the Orpheus Graben i s 



317 

d i s t i n c t from Carboniferous basins i n Nova Scotia and New Brunswick 

i n t h a t the mass d e f i c i e n c y of the sedimentary rocks i n the Orpheus 

Graben depresses the g r a v i t y f i e l d t o values of the order of -AO t o 

-50 mgals whereas negative anomalies over known Carboniferous basins 

(where younger sedimentary rocks were e i t h e r not deposited or subse­

quently preserved) are only of the order of -15 t o -20 mgals. The more 

depressed g r a v i t y f i e l d over the Orpheus Graben i s c o n s i s t e n t with, the 

presence of lower Jurassic s a l t and other less compacted, post-

Carboniferous rocks. I f the Orpheus Graben were formed d u r i n g Permo-

Carboniferous times, a c t i v e subsidence and de p o s i t i o n must have con­

t i n u e d d u r i n g the T r i a s s i c and Jura s s i c periods. Subsequent t e c t o n i c 

a c t i v i t y seems t o have tapered o f f , however, as only a l i m i t e d amount 

of upper Jurassic and lower Cretaceous sedimentary rocks are present 

i n the s t r a t i g r a p h i c s e c t i o n i n the Orpheus Graben (Jansa and Wade, 

1975). 

As mentioned i n Chapter 4, 5 and 6, the c r y s t a l l i n e basement 

rocks of the Scotian Shelf are o v e r l a i n by q u i t e t h i c k sequences of 

sedimentary rocks. The Sydney Basin occupies much of the n o r t h e r n 

Scotian Shelf, the Orpheus Graben cuts through the c e n t r a l Shelf and 

the Scotian Basin runs along the southern Scotian Shelf a t t a i n i n g i t s 

maximum depth beneath the c o n t i n e n t a l slope. Jansa and Wade (1975) 

recognized two sub-basins i n the southern Scotian Shelf, the Sable 

Sub-Basin southwest of Sable I s l a n d and the Abenaki Sub-Basin t o the 

nor t h e a s t . According t o Jansa and Wade (1975), sedimentation i n the 

deeper basins or sub-basins was more'or less continuous since the 

l a t e T r i a s s i c a f t e r a l a t e Permian-early T r i a s s i c h i a t u s i n d e p o s i t i o n . 
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The t h i c k e s t T r i a s s i c deposits occur i n the Bay of Fundy where some 

4 km of conglomerate, shale, etc. were l a i d down. A d e f i n i t e T r i a s s i c -

Jurassic boundary has not yet been es t a b l i s h e d but some 3 km of pre­

sumably Jurassic s a l t and another 3 km of Jurassic carbonates and 

e l a s t i c s occur w i t h i n the Abenaki Sub^Basin i n the area t o the south­

east of P r o f i l e P-P* (Figure 6.2), The d e t a i l s of the sediment accu­

m u l a t i o n i n the Sable Sub-Basin are not w e l l known but approximately 3 

km of Cretaceous sandstone and s i l t s t o n e occur i n both the Sable and 

Abenaki Sub-Basins. T e r t i a r y and younger mudstones a t t a i n a maximum 

thickness of about 1.5 km near the edge of the Scotian Shelf. 

Jansa and Wade (1975) p o i n t out t h a t the g e o l o g i c a l h i s t o r y of 

the Scotian Basin i s very s i m i l a r to the Essaouira Basin i n Morocco 

and t h a t these features could have been p a r t of the same b a s i n a l system. 

The g e o l o g i c a l and geophysical data from the Scotian Shelf do not allow 

an exact d a t i n g of the i n i t i a t i o n of sea - f l o o r spreading but Jansa and 

Wade (1975) favour an e a r l y Jurassic age. The I b e r i a n Peninsula and 

the Grand Banks r e g i o n probably remained connected u n t i l the e a r l y 

Cretaceous when a r e g i o n a l u p l i f t of the Grand Banks was fol l o w e d 

by a marine t r a n s g r e s s i o n and a change i n faun a l a f f i n i t i e s from 

European to Gulf Coast suggests the c r e a t i o n of a waterway between 

the Grand Banks and Port u g a l . 

During the separation of A f r i c a from North America, f a u l t s 

s u b - p a r a l l e l t o the c o n t i n e n t a l margin were i n i t i a t e d or r e a c t i v a t e d . 

One of the main northeast t r e n d i n g f a u l t zones.shows up as a basement 

hinge zone passing southeast of Emerald Bank, Middle Bank and Misaine 

Bank (Figure 1.1). This hinge zone, which shows up i n the seismic 

s e c t i o n i n Figure 5.8, contro l l e d r . t h e d e p o s i t i o n of lower t o middle 
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Jurassic sediments, Late Cretaceous or po s s i b l y T e r t i a r y , f a u l t i n g 

occurred on the Scotian Shelf along a sinuous l i n e running southeast 

of La Have and Emerald Banks somewhat to the seaward side of the base­

ment hinge zone. There are probably sev e r a l sets of f a u l t s between 

the basement hinge zone and the c o n t i n e n t a l margin but the basement 

i s too deeply b u r i e d f o r these to show up w i t h the p r e s e n t l y a v a i l a b l e 

seismic data ( J , Wade, personal communication). 

One f i n a l comment i n connection w i t h the opening of the present 

day A t l a n t i c Ocean i s t h a t i t i s i n t e r e s t i n g t o note t h a t .the p o s i t i o n s 

of some oceanic s t r u c t u r a l f eatures seem t o be r e l a t e d t o p r e - e x i s t i n g 

t e c t o n i c f e a t u r e s . For example, i n Figure 7.4 the K e l v i n Seamount 

Chain (KS) l i e s on s t r i k e w i t h the South A t l a s F a u l t (SAF), the 

Newfoundland f a u l t zone (NFZ) connects up w i t h the Minas Basin -

Chedabucto Bay - Orpheus F a u l t Zone and the Gibbs Fracture Zone (GFZ) 

i s near the n o r t h e r n l i m i t of the Avalon P l a t f o r m . 



APPENDIX 1 

PROGRAM SPECIFICATIONS FOR MGTRAN 

'URPOSE; To c a l c u l a t e the d i r e c t i o n of t o t a l magnetization i n an anomalous 

body and the r a t i o of magnetization c o n t r a s t of den s i t y c o n t r a s t under 

the assumptions t h a t the d i r e c t i o n of magnetization i s uniform throughout 

the body and t h a t the magnetization c o n t r a s t i s p r o p o r t i o n a l t o density 

c o n t r a s t . 

tJCTURE: The main program, MGTRAN, i s subdivided i n t o f o u r s e c t i o n s : 

The f i r s t s e c t i o n reads i n the r e q u i r e d data, 

i The second s e c t i o n c a l c u l a t e s the d i r e c t i o n of the t o t a l 

magnetization vector and the r a t i o o f magnetization c o n t r a s t t o d e n s i t y 

c o n t r a s t and standard d e v i a t i o n s of these q u a n t i t i e s . I t does t h i s by 

generating pseudo-magnetic anomalies from the g r a v i t y anomaly using an 

equivalent l a y e r of matter, f o r the three cases where the d i r e c t i o n of 

t o t a l magnetization i n the equivalent l a y e r i s i n the x, y and z d i r e c t i o n 

r e s p e c t i v e l y . The observed magnetic f i e l d i s then expressed, by the 

method of l e a s t squares, as a l i n e a r combination of the three pseudo-

magnetic anomalies; the d i r e c t i o n of magnetization and the r a t i o of 

magnetization c o n t r a s t to d e n s i t y contrast are then obtained from the 

three c o e f f i c i e n t s m u l t i p l y i n g the. pseudo-magnetic anomalies. 

The t h i r d s e c t i o n c a l c u l a t e s the same q u a n t i t i e s as the second 

s e c t i o n but i t does i t i n a reverse manner by generating pseudo-gravity 

anomalies from the magnetic f i e l d and f i t t i n g the pseudo-gravity anomalies 

to the observed g r a v i t y f i e l d . This l a t t e r procedure g e n e r a l l y does not 



give as good r e s u l t s as the one i n the second s e c t i o n and could be 

omitted i f desired. 

The f o u r t h s e c t i o n checks the r e s u l t s obtained i n the second and 

t h i r d sections and c a l l s a subroutine which c a l c u l a t e s v i r t u a l geomagnetic 

poles corresponding t o the d i r e c t i o n s of magnetization obtained. 

Subrout ine COEFF and CG3D c a l c u l a t e the g r a v i t a t i o n a l and magnetic 

a t t r a c t i o n s of rectangular prisms according t o a suggestion by Goodacre (19 

I t i s necessary on several occasions during the execution of the 

program MGTRAN t o express one q u a n t i t y as a l i n e a r combination of other 

q u a n t i t i e s . Subroutine MULREG i s a m u l t i p l e regression (see e.g. Draper 

and Smith, 1966) program which c a l c u l a t e s the required c o e f f i c i e n t s (and 

t h e i r standard d e v i a t i o n s ) according t o the method of le a s t squares. I n 

order to save computer time and space the program uses a modified D o o l i t t l e 

method (e.g. Goulden, 1952) which makes use of the f a c t t h a t the m a t r i x of 

c o e f f i c i e n t s o f the normal equations i s symmetric. 

Subroutine POLE uses equations from Cox and Do e l l (1960) t o 

c a l c u l a t e the p o s i t i o n of the pole of a d i p o l a r geomagnetic f i e l d which 

would induce a s p e c i f i e d d i r e c t i o n of magnetization at a given l o c a t i o n . 
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INPUT DATA 

DIMENSIONS 

distances k i l o m e t e r s 

d e n s i t y c o n t r a s t grams per cubic centimeter 

magnetization c o n t r a s t e.m.u. per cubic centimeter 

angles degrees 

g r a v i t y anomalies m i l l i g a l s 

magnetic anomalies gammas 

FORMATS 

- i n p u t mode card -

IP - i n p u t parameter s p e c i f i e s whether g r a v i t y and magnetic f i e l d observation 

p o i n t s are d i f f e r e n t ( 0 ) or the same ( 1 ) FORMAT 110 

f o r case IP = 0 ( l o c a t i o n s d i f f e r e n t ) NSG, NBG, NSM, NBM, FORMAT (4110) 

f o r case IP = 1 ( l o c a t i o n s same ) NSM, NBM, FORMAT (2110) 

NSG = no. of g r a v i t y observations 

NSM = no. of magnetic observations 

NBG = no. of prisms needed to generate g r a v i t y f i e l d 

NBM = no. of prisms needed to generate magnetic f i e l d 

- g r a v i t y and magnetic data cards -

f o r case IP = 0 ( l o c a t i o n s d i f f e r e n t ) 

NSG cards 

GOBS, XG, YG, ZG, INDEX1 

FORMAT ( 4 (F 10.4), 30 X, 110) 

- number of observations and prisms -
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NSM cards 
MOBS, XM, YM, ZM, INDEX2 
FORMAT ( 4 (F 10.4), 30 X, 110 ) 

f o r case IP=1 ( l o c a t i o n s same ) 

NSM cards 

GOBS, MOBS, XM, YM, ZM, INDEX2 

FORMAT ( 5 (F 10.4), 20 X, HO) 

explanation of parameters 

GOBS = observed g r a v i t y anomaly 

MOBS = observed magnetic anomaly 

XG, YG, ZG = x, y, z coordinates of g r a v i t y anomaly 

XM, YM, ZM = x, y, z coordinates of magnetic anomaly 

INDEX1, INDEX2 = i n t e g e r l a b e l s 

- d i r e c t i o n of measurements of magnetic f i e l d card -

EINC, EAZI 

FORMAT ( 2 (F10.4) ) 

INC = i n c l i n a t i o n ( p o s i t i v e downwards) 

AZI = azimuth ( w i t h respect to y-axis) 

( i f t o t a l f i e l d anomalies are used, these 

q u a n t i t i e s r e f e r t o d i r e c t i o n of earth's 

f i e l d . ) 

- l o c a t i o n s of equivalent l a y e r prisms -

f o r case IP = 0 ( l o c a t i o n s d i f f e r e n t ) 

NBG cards 

CBGX, CBGY, DBGZ, INDEX3 



FORMAT ( 3 (F 10.4), 40X, 110 ) 

CBMX, CBMY, DBMZ, INDEX4 

FORMAT ( 3 (F 10.4)* 40X, 110 ) 

f o r case IP=1 ( l o c a t i o n s same ) 

NBM cards 

CBMX, CBMY, DBMZ, INDEX4 

FORMAT ( 3 (F 10.4), 40X, t 10 ) 

explanation of parameters 

CBGX, CBGY = x, y coordinates of centers of g r a v i t a t i n g 

e q u i valent l a y e r prisms 

- prism s i z e card -

DELX, DELY, DELZ 

FORMAT ( 3 ( F 10.4) ) 

DELX, DELY = len g t h and w i d t h of each prism 

DELZ = height of prism. 

- l o c a t i o n o f anomaly card -

ALAT, ALONG 

FORMAT ( 2 ( F 10.4) ) 

ALAT = l a t i t u d e of anomaly 

ALONG = lo n g i t u d e of anomaly 

OUTPUT DATA 

The headings i n the output l i s t i n g are s e l f - e x p l a n a t o r y but i t 

should be noted t h a t the q u a n t i t y labeled CORR COEFF i s the m u l t i p l e 

regression c o r r e l a t i o n c o e f f i c i e n t squared. 
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iiT V *Ĵ  H I »-. l-J \ ^ M l-l 
w> •JJlfjr* tt̂  u U - U X X X X X 
Z N J z N I H H H H - H H D O CJ 

4 H 4 w 4 n 0 . 4 
z u u z X to to z to to z z z z 1 + 1 . ft O D o o o o M O o ft ft 
tr-t CJ o to CJ C J to <rt TH iH «r̂f» 

I I I I I I I I I I w tt* —" *»*• I I I I I I i£ 5<r 
vr LU -> i£ _ J %^ M w 

**• I I I I I I I I I I I I CJ CJ CJ 
a ir> l i *j»r V •X. Z «~i oH >H X X >-

* ( M t-' *•*# t-( o CD o 
Z N J N I VJC' *«r 1- cr- cr cr I I I I I I 

I I H 4 4 — ' —• w z 
o o b- u X z CM ro ^ CM ro o O O 1-1 CM 1-1 
or C H H H H 4 4 CD cn CJ O o o 3 > 

LO 
CM 
cr 

C J C J C J O O O C J O O C J O C J 



CVI 

> 0k «* 0k D 
t\J CVJ (NJ ISI 
3 3 3 LD 
o cn Q * NJ X > - (NJ 
LB L S L S > 

0k 01 flk •k^ kkkkk •kkk + 
•-4 kH • H CM CVI CVJ • H 
3 3 3 > > r> > o C O O o o o 
NJ X >- NJ X >- NJ 
U ) LS LS LD ID LD LD 

0k •k + + + » 
o o O • H vl 
• • 0 > > > > o o o Q o Q O 
r> *k flk NJ X >- CVJ 

O o o LS LD LS 3 
0 0 0 «k« Oaf w O 

o o o * * * N l 
0k 0k 0k •«ki LS 

D o o » _ J _ l _ J »> 
• • • kka> kj« CVI 

O o o i n CVJ r o 1-1 3 
0k •k ffk CD el •a .—- + 

o O o 1 + ••k + *•k + r—• kH 
0 . or 0T UJ •3 

flk 0k flk CV) CV! CV) CVI CVJ CVJ O 
(VJ f \ J CM <£> 3 3 3 3 3 3 N ' 
3 3 > vO Q O Q O O C LS 

•V •*•») «k — . «k «kk 0 NJ NJ X X >- >- 4 
T H CVJ 0H (M kH (\J <D LS LD LS LS LS LS • H 
I 3 ~ X > 3 + + + + + 3 

" J « ^ •» o » C 0k O «H CVI T-( • H kH • H • H 
w • I ~> M NJ ( V X 0 J > - "2 3 3 3 3 ~T 3 3 
>- k-» M •> LS X LS 3 LS C o 0> O C O D c: k«k 
>- NJ N. ' |S | NJ •SC M ISI X X >- >- _ J CVI 

NJ N ! w-A »-l kH —1 «H kH LD LD LD LD LD LD LS LD r 3 
• 1 1 ~> 3 3 3 3 3 LD O 

0" O flk f-1 » O 1 1 •a * » » H- Vr » •law* NJ 
N CVJ NJ r \ j x (M > - Z o LS 

a C 3 
Ok 

O 
0> 

> LS 
0k t> 

3 LS 
ck 0* • H rv j kH (VJ 

kH 
rs 

i \J *t _ J - J -1 _ J -1 _ J X 
I V 

» 
CVI 

+ 1 vl (M kH CVJ «H l \ l > > 3 3 c o kH CO CVI flH r o CVI 3 
3 2> > > 3 > c C Q O X X I I <X 4 « t e l I I + 

~ *~* 
Q — o " O NJ i s 1 X X o LS 1 

w • H 
M V V D NJ O X O 3- O LS LD LS 1 LS 1 S- » 7S 

w w f O LB r o LD 1*. LS - J _ J C LU 
o C C5 LS c> LS e LS « I I I I I I I I I I I I «k kkkk. *kkk *k NJ 3 
>- NJ NJ CJ • H O W CJ - H _ l - J _ l LS Z z 

r> > > kH CVI • H r\J «H CSJ Ck kk^ k*k« 0> » M or 
I I I I I I _ l o - J o _J O 3 3 > •> 3 3 r o • H CVJ -3 • H 3 

-1 NJ - J X ~J 5- O C C o O c •*>» cr CO CE 3 Z o 
(VJ • H CM •a LS < t LS « I LS >- >- >- >- >- a: *k« LS + o U z 

3 3 U o O LS LS LS LS LS LS «i + + + 4- + CJ or UJ 
• H kH • H • H CVJ r o J " IT* l O 

cr 

O O 



344 

f - O 
z z p> 

t o to 
i-t Z K l t o LO 
> o o p* IS «y 1 -
C 0 . QT » X p* 
M 5T u. IS • 

IS O l/J • o 0-4 
O O M pi i 3 
•* CO M 

CM _ J ™ UJ M 
3 cr f - 3 5» f - ! 
o O t/J p i f-1 c/i Pk 
K! M c t CM f - CC OS 
i s j - or > « or J -
D Ct 1 - P I 1 - f - f -
* UJ z i - l M z t o pk p « kp» p * p * 

i-4 > o 3 or o n • 

n CJ UJ O . J CM M CM CM CM 
o LJ — CS o 5» 3 3 3 3 
N l r*x V p - K! KJ KJ K l 
IS h- f - <H Ui f - Z >- KJ KJ K l | S I 
o f-4 or 1—4 Ul • » If » if 

Pi — tO *• Et V. X pk CM CM CM CM 
r v K ! Z vH Z 3 03 3 3 3 3 
n p* UJ > D UJ IS ro KJ KJ K l K 

>- V o is or c or t - KJ K l KJ K l 
p> (M o C c t Pk 

KJ K l KJ K l 

X X Ul • * \ KJ or u. ; •> + + •(• p* — to «— IS o z P-4 
o o <*• o D M -> CM CM 1-4 i - l 
or f - X »»•» *• Z CO >-

*• Z 3 ^ CM c t K Z 3- >->->->-
CM M 3 M Ul • >->•>->-
3 O X O N Z > p- If If If If 

*> 0- to M 3 3 H tc CM CM iH i - l 
i - l > IS e- IS CM > > > > 3 <x or D • f - >->->->-p> CL p> • co f - •k >->->>-CM f - • » 0: O s 
> w 0 » L U 2 ro + + + + p> p CM f - 3 
1-4 P"» tO U- K * 3 Ul t - X CM J- U0 CM 1-4 CM i-4 
> iu c «5 CM i> X 3 X ro ro ro 3 3 3 3 
p< CM p - 3 p l C C » j - J - J - X X X X 

CV 3 3 KJ Ul Ci 3 _ l Pk p> p> pk X X X X 
3 O 0. 13 or M I - l O CO p^ CM jr US If If If If 

•> N.' X et 15 C V LU 1-1 ro ro t o C\l 1-4 CM iH 
T - I IS o 43 f - f - f - J - k— P» «f J - J - 3 3 3 3 
3 O t o z t o *x 1 « I Pk 0 N. v .~ tk *i Pk X X X X 
w p. o or i - l 1 - - J J C3 i v ^ i - i ro ll> X X X X 
D p ( L U H UJ 3 CO X 3 ^ 1-1 « « t ro t o ro W k̂ k v 
ro 3 Z t - z #— UJ 1— t o 3 U- o o o J - J - J - O 1 - f - f - 1 -
(.9 O p-1 t o or (\J KJ a. i n _ J X lO CM CM i - l X X >• tsl ISJ p * »— PH or iv or nr 
CO M 1 - cr o 3 IS X C-k UJ UJ U . iH CM CM i - i CM CM i - l CM CM i o o c i o 

13 3 or to p- D U J U J CO 2 X J- CM CM 1 1 1 1 1 i 3 3 IH 3 > > iM > 3 3 i - i 3 w t o t o t o to 
Ul C o f - CM or _ J Pk i - l Pk p- Pk X X 3 X 5- > - > V M K l 3 K J 
z * a. i - UJ > lO •' t o cc- X X X 1-1 CM iH CM i - l CM X X X X >• Ji­ >~ >- Nl M M r j • M CM cn <a to p-X X u. n i — 2 iH »-l iH 3 3 > 3 3 1 X t o 1 >• t o 1 isi to Ui iH II II II II 
f - > 3 o (V Q- 1 - o CV 

w 
CM II CM l l CM II 3 

iH II II II II 

3 O t o u. X 3 UJ k-J K J l - 1 - P- I - II II II II II II 3 II II > II II 3 i i II Z II CM CM CM CM 
O K l o 3 — 1 - 3 CO IS •ct K J cr Ct CI X CM >- CM M CM 

II 
1—l CM CM i-4 p-4 

K O I / 1 t - X r v X X X i - i CM T* CM i - l CM X CM 1-1 >• 3» CM 1-1 rsi 3 n j . i - i y- CO CM i - l CM p-4 
CO D M UJ p-4 0: • cr or or 3 3 5» > 3 3 1 * X 3 3 >- > > M 3 3 Z o. o o o cr 
3 X X Z O o o o X X >- >- u. X X X u. S- >- u. r - j M KJ o UJ cr cr cr cr 
10 K f - —k U . u. U- u. X X >- >- IS I p-1 t o X X h-i (/; > >- to K ! K- CO U J or or or cr 

1-4 CM ro •* 1-4 CM to j - i n v0 
1-4 1-4 i - i 1-4 ro ro to ro t o t o 
CM CV CM (\J J - j - -T J - J -

o u o o o o o o 



345 

— — 

i - l 1-4 1-H 
3 : 3: 

tvj ISi K l 
fsj M M 
* * ft * i-< i - i iH 
X 3T 3C 3 : 
CM M ts' CM 

tsl N M •3. 

+ + 4- + M 

(M (VJ 1-4 V 4 i - l 
5» > > > Z 1-4 1-1 i -4 • i - l iH 1-4 1-1 iH CM 
> - >- >• > - rsi CM 1-1 i - l CM iH CM CM 
> >- >- >• I M «-< i - l CM CM CM i - l i - i CM z 

* ft ft *> a c a CD O a o O _J 
CM CM «-4 1-4 CM <r d < I •a <t CJ 4 
> > > > 5» a- a ' ft-: l» 
> - > - > - >• + + + + + • + i -4 
>- > - >- >• >• CM iH i-< CM CM i -4 »-4 CM > -

5> > •> > I? z 1 -
+ + + + > - >- >- X X X X _J 1/1 

> >- > - >- > - X X X X <r Z 
CM 1-4 CM 1-1 > - f D —• D > ft * » ft » s- If * CM 
X X X X w X 
X X X X CM CM CM CM CM CM CM o.' CM CM vO to o CM j - vo o Cl D C z * n- » » » D i - l CM CM iH i - l 1-1 CM CM o o a o i -4 I - I i - i «-i i - i CM •H (\J _ l *^ 
(M 1-4 CM i - l X tH 1-4 CM CM CM CM iH i n i n m m i n i n i n m X X >- > -

n z> X D C! c Ci c o D C » »• i * i> •t •» I * z z z z » X 
X X X X O •3 <x <r cr d « l cr CO i n N . i - i ro i n _ i _] _J _J i -4 z 
X X X X 1-1 IV ft" t y CK V. tt' a- ft: CK o o o O o 1-4 1-4 1-4 <t < I c t CL X _J 

w *— ft + + + * + + + + i n i n i n i n i n i n i n i n "V •jr •3 
h - y- t - t - X (/> i -4 CM CM iH CM CM iH f> ci «• d OS •M Z z z Z - J 
(V tV K X > •> > 5 » ~i i -4 in ro »/i i n f / 1 IV f / 1 IT i / i 1-4 in f > i / i i n ( / i . - I CM T-4 CM u 
a a a a lO O >- >- > > - X X X X a Q. o ft. CD 0 . O CL O a »n a i -4 a 1-4 a X X >- > _ o 
Vi V) tn i - l vC >- >- > - > - X X X X i n LU i n LU i n IJJ i n u i n U J m u i m u i n U J z z z z CM - 1 

• - I V «r w w w w w UJ — LJ LU Lul U J U J UJ _ l _J _ l _ l 1-4 <C 
CM it) z o o z o z a <£ « I <t « t CM 

I I II n I I *• I I II II II II II l i II II i - i II «-i II CM II CM I I i - ( I I I - I I I CM I I CM I I U J II 
IT II X X X X >• V > >- II II II II 

II 

1-1 •H i - l 1-4 w t~ T. C! z O z c z o Z z z O z z z o z z z c z z z a z 
II 

w 1-4 
P J (M 1-4 1-4 LL! 1/) t / i «H CM CM 1-4 1-4 CM CM _> 1-1 - 1 - J CM _ l CM _ l 1-1 _ J i-< _ l CM CM M iH CM 1-1 CM U J i 
tVJ i -4 CM z ~ X X X X >- >- >- X < I X X •st X «I >- « t > •H > - > - I — X X > - >- t - o 
D D o D o z z •z z z z z « z w z w z — z z z z i z z z z z 1-4 Ivl 
•a e j cr f ir —1 ~ i _ i - i _ i _J u . - 1 u . _ i It­ - 1 U- _ l u . _ l U- _ l U- _ l u . _J o . J - J _> _ l or. O 

ft' u a •st 0 CT er •a •cr er \~* Iff I - l < I I - l e t M e l M «T t - i a. «I •3 c 

i - l (M J- IT. f - <c cr C3 i J CM fO J - i n 
o o o O o O o a •H i-( 1-4 1-4 iH i - i 
m i n ir \ i n m m i n i n i n i n m m i n i n i n i n 

u 



346 

ro 
T-l T-l 
CD LD 

O ftr O' 
Of 
d t - 1 -
l - » * T-l CM 

T-l TH 
« H L5 IS 
US J - i n K or 
ex m m •a =t 
4 1 - t -

V- t - y- » 1 i 
iri 10 i / i C O D C1 T-l T-l T-l T-l 

z z *H ^ •H CvJ vD i t) W W 
O o o CvJ ( M «H J - J-
V V i - i CM CM <r4 cv 

1 <r « H ^ •H a - t i n ro J-

» *• •r CVJ J" MS oc CD CM J- vD •— 1— •— t - « IT, m TH 
^~ * - l T-t T-l TH (VI ( M CM CM CM CM CVJ CM ro M ro V r - J- o L9 

CM T-l CM CM CVJ «H Ti cv t v T-I IT m I f - i n IT IT i n i n r~ ^ „ O- or 
X >- > - «H CM CM »H (V f o <H r> »• ** Sv *» CO CM T-l •a 
z z o O C I o D C ; £ 3 o T-I ro UV rv. CP «-i i n •> > > > »-l T-l T-l 
_J -J - J 1 d <r * i (\J CM CM CM CM ro >• V > - o 13 LS + + 
•3 <r e l 0:' Of K D: or er c r UN ir» m m m m i n >- V > - >- or c r or T-l CM 

w » » » * i t tf it cv f v •V » «• 4 » « t a e l T-l T-l 
1 5 L 3 T-I CM ( \ i CM l \ l J - i / i vO M 00 c/i (/> vO tn • H CM CM r - r - 19 1 1 

o O O X 3 SS CM a. l \J a CM a CM a 0 - CO D . w a. f o a » » or o : 
• J _J - 1 K i M is; IVJ K j M I M hJ LTl UJ ir \ UJ ITi U J ITi U J i n UJ i n UJ m U J m U J X X X X CM TH CM * i et 
c t < t «r M M rsi M rsi f-J INI ISJ ^» UJ UJ U J UJ iLl UJ ^ » UJ ~ . UJ X X X X «H TH <H t- t -

O c CD C c c c •W w CM 15 LS 
I I I I H I I I I I I I I I I I I I I I I TH I I T-l n I I *-< I I CM I I CM I I CM I I CM I I U J I I I I I I I I or LU 

CM CM »H CM CM <H *~< vO et d r> I I I I 
CM T-I ( V D C D D o o c O •H C CM o CM c T-l o v-l c W c CM C ! •M C - Z w< CM J- w r - (— z 

I I 

n > > T-1 •H «-4 T-I Cvl cvj CM CM TH TH T-l T-I tH •r-l «H «-i CM CM CM CM CM CM CM CM •>< r l ^ UJ 1 1 M T-l CM 
c O O M CM T-I <w~i ( M M T-I T-l h- CM t - M 1— »H »- CM I - fvl * - l I - »-l t - O H - TH T-l t - TH T-l 
N l K ' lv! TH CM ( M TW TH CM CM T-l T-t CVJ CM »H «-l CM CM " » - H Z cv &r cy or »-i «T Z or or 
O o L 3 •ri T-( »-l T-l CM Cvl CM <M U . T-I u. <H u. •rJ U. »-l u. CM u CM U . Cvl U . CM o e l KC or u. u. o <r 
C a O H ( - t - 1— h- ( ~ t - *- t - l 1 - I - ! I ~ M t - M I - M V- t - l l - i 1 - CJ i - h - 1 - 1- M t - l o t - l -

TH CM . 1 i r . vC. OC cr o «H CM & m vT i n 
CM CM CVJ CM CM CM CM CM CM ro I O f . to ro i n m 
Ifs i n w ir IT m i n m m m m i n i n i n i n i n 



o 
ft" 
4 

z 
•a 
I -

iH 
15 
ft" 

z 

CM 
1-< 
o 

«3 

z 

z 
o 
X 

d 

» 
CM 
1"l 
a: CM 

O 

r*> 
CM 
LD ID K 
QT IT\ lf> 
•3 J - J -

rO J-
CM (VI 
tr> o 
cy or 
« <t 
t - K 
* * 
T-l CV1 
CVI I M 
15 U5 
0: or 

t - t -
I t 

J-
(VI 
U 
•V 

z 

cl 

•3 

( M 
15 

z 

CM 
(VI 
13 
Of 
d 

z 

> 
D 
tsi 
13 
O * 
i - l > 

I - >-
(/) > -
z + 
o 
v r j 
« i > 
* . o 
» M 
«~ LB 
(VI O 
(VJ » 
ft? (VI 
er > 
I - V 
* >-
• H + 
CVJ 
Of «•< 
t~ C l 

N J 
• f 13 

O 
i- t » 

(V) 
CVJ 

3 
X i H 

+ o 
1— ft' o O D D »• i-< i - l iH or M 
•X «3 

t -
(VI 
CJ 

(VI (VI 
(VI i - l 

CVI 
iH 

cvj f>- r»-
cvi J - j -

w «s 4 
r~ 

CVI 15 
3 D 

CVJ + lH (VI (VI i - l 13 •> » —̂  CVJ 1 C » 
1-1 1 (VI (VI (VJ CVI CM 1 I N i - l 
or 1— t - 1 - 1— H U M P (VI ( M ti: i-4 e- =r 
er W J T I (VI 1 - J - J - <r cvi J" CM *4 O M 
t - i f I O o 1-1 ^ »—• ^» ^ * «-« A t y a: i - i>- L5 CVI * M 

J - J- o ; OH (V! (VI i - l 1-1 r l l O J - r> J- J" &r CM 
1-1 •» •» er cr 5» > > > CM CVI (VJ V- 1— • H «. CC 3 • 
1-! CVI J- 1 - >- >- V >- i 3 us in + + (VI CM •3- »- 1- X 
or vO iD *» w > - >- V >- CL' o: i - l C\l K IS. w X o 
•a •* -3 Z 1* » * * * 4 Q < CVI CVJ c l J- z 
I — V *i <T z (VI (VI iH <— t— k— 11 1 - * e l Z S -v 

H r l 1 - et => D — * * K o ; » - vH iH ( - C M 
U5 U3 < 1— X X X X CVI i - l (VI « i <r l>- SC K K l 15 

i - l J - -J- « t X X X X i - l CM ( M l - l - »-i J - c t LS 
(VI — 1 O * ^ w *— •w ( M L5 O CM ~ + o D 
•k •H (VI — r - Ul I I W I I I I I I I I f K Of Ul o 1-1 (VI *— oo UJ I I UJ » I I 

iC i - l " H I I I - - j - > I D «a «a I I i i I D (VI cv: I I 1- J-
UJ 

CM 
»•«•• Of 0.' «-l IT) i - l z M ro •a- ~ I — 1 - z — Or- Of CVI Z (VI y 3£ O 
u <r « t x Z c >w 3 M (VI CM CM CM L U 1 1 t-< i - l (VI LlJ 4 et 3C C M 3: M or 
t - t - f - o O 1- 1 - D h- 15 L5 O (.5 h r l W i - (VI CVJ k- 1 - t - a a 1— 1- a t - I I N O 
n w w K l *r M 2 or (vr i y O' l-H w w z rv a- M IVJ Z + Nl 

U . U . O •a o o 15 C <r «t er 1 or. u . u . o U- 15 •3 c o L5 o M 15 
X t-< i - i D o O CJ t - » - 1- t - T M w o l - 3 l-< M o o CJ • CJ C5 O 

i - l i - l iH 
(VI T-I C3 0- CVI 1-1 .» o 
<S> vO 1.0 f - i n IS. ec 
J - J - J - J - J -

3 
1 - C 
UJ z 
a: iu 



. 3 4 8 

U J 
l/> 
o m 

a T. !»• i n 
o s UN P J « ^ 
X i n f v z 
1 - 10 to c l 
U J z z i n H UJ 

h - S: O IT> tO a: 
t - U — U J 

o r UJ S» 

»- O t u J - »> r 
u . X o Ifv »» ~ 

1 - i n »-< i n 
K U J 1 - •> •> i n 
a; r i u t o 
o t o CO •»» w (V) 
o U J _ l o o o — 

•* j < i « r t o o 
LU » - o 
10 1 - L ? M « U J 

H Z K i n 
lO J l - i l - >H »~ 
z O 2> U J •» T-l 
D c j r o 
•* c o r ti-

CL 1/5 >• Q — 
X D CO •> CO 
o U J U . Ci #•« UJ 
( J 1-4 O W U J ( M Oi 
>- U . M z •• 17) 

M U l o tO 
C O M (-1 

z O <a u . (/) 0- — 
57 » - U - z t / i i n 

o Z U J U J •> to i n 
z . 10 «f O s: 

•» U J * o i - i i n — m 
( / I to o o m i n m 
CD 3 « £ U . t>m — 
O o m - o 
>- x; U J >• i n «H U J .— 

•> cr V x - J 
« t 2 t - >- O i n 
•5 O o K Q ; z f •> IT-

*-H O K U J »» e- m <-< 
o t o o f o <r f t i n n 
U J (/-' 0. t- T. 0 ' i n i n m i -
0.' l u o •> •> L". to 
• J » f» o m m * * U J 
3 o 0L m m co 
a: UJ * t* — — U J i -

or » Of s : X m « 
U J * t» < •«-( 
z U J » > z CI' z <- m 
M - i •cr e o i n i n 
K CL or IJL.' o w i n 
=> M * U J Z 0-' lO fv m 1 -
O 1 - 0. z i n m t o 
or U J J UJ m U J 
CD r — <t 1— 

z z UJ H < U J u . 
10 1-4 a: o 

•H t\J 

i n 
i n 

* 

i n 

u. — 

e. I S"-
„ cr 
i n (\J 
m — 

r. a 

CM 

H- CO 
<• U J 

r 
( V I l ­
ls- M 
w w 
t o t» 
Z " 
Z3 >-

•> » 
4 

CV — 
K • 
w 

a U J 
s: «• 
o x 
o — 
>• ». 

— «t 
t o U J 
cc — 
o 
>- Ui 

•s 
8 
t o 

Z 
Ul 
£ 
UJ cv 
_ J 
UJ 

X 
- 1 
c l 
z 
o • PJ 
CD o i n 
cr •H o 

UJ »•! 
C •• 1 
i X UJ 

+ - J 

Z -5 
a Z * — 

t o 
Z CD 

• O 
o m CV ^ o vD T-4 «H «-4 c l •-4 >- > > u . z z Z I H X — X • <* I I I I 1 I I »> * 

t o o o u j n CC »H TH U J Si: "5 I I U J ~> i i U J a 
M _ J — w w 1 u> ~v I I I I I I 

— ir. t o < t i - 1 - 1 - 1 - I I o a a lO z o a z « H ^ * Z M -s ^ « 
i n z z Q « I 1 z z z <=> O I I v: M a > 1-4 "5 
i n U J Ul M s: r s: a; t o 0.' 1- i n m ». i - m Ok 1— J " J - «» 

w j - X n or a ' nr a- 0- (1 I I M w I I z "5 -> z -5 z M 
Q I-H M a o o o o U J 

(1 I I 
u. o o o - J — o o w o o o «^ 

to C o U J u . u. u . u . U.I z > or 1-4 ft.' ( J o c "3 y o c X o c c V 
i n i \ i to cr PJ o 

a o CJ cr i n m o 
. CM w P J P J i d I D i n i n 

o o o o o 



349 

z 
c t 
UJ 
r 

i 

x 
* 

X 

+ 
5 

X 
+ 

- > > 

z 

U-
t o 
* 

u . 
( / ) 

I 

•Jl 

- I 

v . 

X 

* 

z 

U J 
z : 

i 

X 

CM 
i n 

«-l 
i n 

> %- z »» 
«-4 t o 
in CL 

z 
d 
4 
c t 

a 
> > z _ l > > z u . •» r- > > ••» - u . 0- _ | i - l U J O l / l 1-1 1-1 

•v l - n •» o at ( / ) 1"l *-{ o -» >- 1-4 ( / ) CD T-l »— U J CM II II 
U J i - l v U J u-' 

II n =3 
iH II UJ i - l <H I I U II ]l II •H i n I I U J II II 0 ii n .UJ »»•> t\ U J z U J —1 5t* 

T> II II II 
v U J u-' 
II n =3 II ^ II 1! « - = - J .c- •*-» II II — _ J — O NC t / l U - J II cr I D II r> 

Z _ J r s«r — z z _ l _ J z - 1 y J Z T. z _ J r z z _ J II It z w z II z o I-4 
M E H H f I - l » 1-4 M CM u l - l r» t - l o —• i - l M o I I l u I - l .—, M a (=> 
l - in <- 1 - K CP •H h- 1*- S r l | - i - l _ J 1— CO CO - J •- in z _ l in _ j i - ( 0 _ J \~ 1 - z - 1 t- l>-
z _ l Z Z — Z z •*•» z w z i 5 — Z w i-i I - l z <r Z 
o o o O — O D c u . o O o u . o O o u. o o O U - o O U J o o o c u . o M tv o «s c o C o 
o c c D >- O U o f / l o c Q l f l O C D ts.i o c C N o ( / ) O l / l CJ M o d </- o o 

vo i n 
in. 

CM 
i n m 



350 

z 

a r 
I * 

on 
-> ro » w lf> 

ic - o a: «** 3 o 
V u T-l «* T- l CL T-l 

T-l »> •* s: «• CM r> 1 » 
fckT o -5 * T-l J" TH O V vD 
Ll. T-l f» W> v> — cr > - C3 
M M V U . TH l - l e l £ T-< 

* CM M r> M o H v o + -A »• 
o "5 a t— ro t/1 M — h~ o . i n ( / I 

- J T-1 ^ - i > I I > =» o • t o o 0 . 5T- O •H ~- o D. 
•> »> T-l u . r- «• t a =» Ui *-H U J TH or > o U- T-l U J 

- ) T-I c/> CJ M T-l — T4 T-( O n 

TT
 •*>• UJ o TW — •» » UJ 

w «=> a CM ii r : I I I I I I T-l TT
 

«»••• CM «•» ro CM a T-l w 

fc T-t UJ r. Ul I I U J UJ x •> U J ~ ) V I I Ul I I I I *H I I iLl «a • I I I I CD M z> UJ i i a . I I fc ~ U J \ f — i «-< ~ « s CM •XI n t - ~> r I I V I I 
z W 5 z z o Z • - I T-l z a: <r4 T-l z — _ j ^ Z »» 0. 

I I UJ I I I I U J M H H S I - H S N y Ok l - l tv. 9* w — I I I UJ M r • o 03 T-l v-l c r TH I - I r a 
o 1 - t - »• t - t - cr ( / ; i — CP CT » "> y~ T-l T-l d » I I 1 - •>> CM TH i T-l Ck 

z * ' z M z ~> z z Ul z ~> w z IT- «•>-• TH l - t tH Z T-l W —) 0- T-l «-i z a «-> 0 . 
UJ U. UJ l - l a'. CD w c C O h D o O — < o o c t n - w M £ o — U. O I I O I I —̂  c c •>» U. * 

3: o CC o o O 1— L*> a C ex UJ o E f M IT 3; o W. M E Q. o a 1^ o ^5 O A H 

CM T-l T-l O T-l 
O O O O r - K o 
T-l •H N- cr T-l TH 

T-l 
CT 



I 
5» 

•* 
«-l ^ * 
w "> 
O P. 

or * «-> 
o X o 1-i o * 

I I » » 
-"} i ••>» 

r > w -> «— 
1 *-< 

r w o 
»•» > I L + 

0- CL -> 1 1/1 
•i i* ro S> •H 

Z a -> CD -3 1 •t 
n. w w cr w 1 <~ V 

M KT <t CO > > *••» Z iH 
*— O + « \ i> H-

M t— ••»* w -H (/> 
z ^»» —• > o -H cn «-* iH iH «— LU 

i - l c r cr CVJ CP CT r. LS or •J f. I I Ll_ to. — z o or > 
O a a 1 cr o o 0> (X» o : <» i - l I/) o i - l I I •> I I 
(VI w CVI CVI CVI (VI CVI CVI w ro (\J •H — -H w <« i - i ~ 

> > a 

•* UJ <t 
l"J i B 3 II 

•** Z 
I I L U H C 

I - I - • • 
H H 2 0 . 
M K O — 
M S O CT 

i n 
o 

a i U J 

z z 

» t, «» m •« « CO » f | C 3 
i l ) iT iC vE iC iC II I - "J II 

o o 
o o 

to a 
i - l (VI 

ii D u n u i 
y it 3 i D 

— - z > z 
Ul UJ l i j ILI ID LU Or • • J - H r l M H H - H 
I — I— I— »— I — •> > (VI o. | (VI x I — » I — 

— i-< n -H z i-< z 
~ - • o 

o o 

T—t f*~* t*—« ^ » V> J I 
CK ry 0-: ct: rv a" u . o — n o — o 

II II 
-5 

— O 
c a 

I I IJJ D I I 
2 | l S£ 

~ z 
•rt HI 

p> (-
^ Z 
— O 
c . o 

1-1 J -

— o 
o c 

•H I I T I 

— i - l »-
I - . t l -
V) C/1 
U I O U I 
>- cs >-

cv 
o 
a i 

CVI 
(VI CM O CVJ 

UJ W "> 
Z3 ~ 
Z Z i - l 
H H cr 
H - I — c r 
z z 
a o o 
o CJ c 

i - i j -

i - l o o 
II II 

y I I i i j - « 
r? i - i 

• H » z •» 
cr * : i - i i n 
a> »• i — ••» 

"s z a" 
o <- o ( / l 
D LU ( J t o 

c r 
c r 



U- — i-( —• 
M > 1 s. 

* z — —»> 

— ~> 1-4 
—> * ^ TH •» 

r CD > «> f i-l 
i-l * •» 1-1 W (JN 

> «- or o 
a > — • H O : t o 1-1 

1* U . •*•(/) 10 •> 
+ ~> o N; I H ( / ! i <= s: 

1-4 V — 1 r- 1-1 z 
•» a •» — o «•• > I " " 

<c rl H 5 > sr. 
t- o •» t v •• > 0"> (A z 1-4 

1-4 CM •H •> »H 1 > • o n —. CO 
w CN p> M o w U- i-< U J 1-4 
0T - H K I / ! I - l or . u . CM U J O 
c/> -» o n M </) t-4 M •—» I - l 1 -
10 Ct •H UJ »*» (/) w w I I iH M *—» > > • o 

or •—• UJ i-l •—« •—* •H (ft- •* a or or o 
o «* i i ( / . o I I 1 1 - — iH «— O 1-4. i-l »• »> a a 

I I 1-4 I I > I I CM o or i-l — i-4 CM I I I I I I i-i iH z • 0 
p—* I I «• U J - t O 10 •» bJ - J X IJL! I I I I • i-4 U J 
CM "5 O > J- ID K r l l C «-i U J iW ir> -* Z> — j s: I I o I I 

•* 2 « - > •—• 3 ! •> I I -» or • «H W Z CM CM V z z ro z 
<H J- »H H U, I I UJ I - l • H o: I I C/I t o V. I I U J I - l tT CT •> 1-4 o 1 z : r I - l 
•—» CM w oaf t~ IS I > 1- 1 - — c f Ul ( / ) U J I I 1- h- CP cr " > I - n tn - 1 f o •> 1-
or c ci­ z — »—' t - l «f_ O O l u K ~ Or' I * I l ~ l Z z •—' —J i — r-J z 

o ty) i / i O U . u . M <y. t / j U. ( / ; M i - or o o o co c o O U. — o o 
ty> O c/i l/> O l - l K l I - l u a : or to C/l 1-4 l-H s i o o c UJ o o D I - l U J o U J o 

J" CO r^ CP CM 1-4 CD 
CM o o o cr CO ro 

•H i - l i-i cr 

or i-4 
r> —' 

1-4 U J 
I I I I 

•SI — 
J: 

CM • 
r o 1-4 

c t t 
a U J 

4 
UJ 

I I UJ 
«*»-. ^ 

r z 
1-4 r -
— z 
on O 
LJ O 

CM 
r o 

o 
o or 

r o CM 
• I I 

i — - J 
- J 

• J -
> I O 
— ~J 
U - O I I 
i - i o a 



353 

i 

> »>••> 
w« > 

EC
 

i 
z 

* ~> •«•*> 
"V 

iH 
» V w T-l 

1 •*•» Ok 
w > 1 T-l 
en 
UJ «•* 1/! 
» — 0 . UJ 

Of T-l 
o. •• Q. i l/i T-l 

r. »-l ro 0 : I I /) T-l . s: 
V «~ «s T-l w «k z 
*̂  c r »*•» » (VJ •% 
«a 1 -- ^ > w V T-l M 

*** I T "3 o + CD 1 T-l 
f o o •J* i— UJ Ok •> 

TH ( 1 . c cf or o _i Of r "> 11 - ) T-l t/1 Of CT O. B» O * l w O C k t » Tk T- A Of *~ TH 0 - TH 
»> a Tk T-1 '•' el T-1 T-l TH CO »» H'lH O d H —) r O T-1 U J o 

T-1 i r l - IJJ UJ I I I I I I I I UJ r o I I I I • I I W *• T-1 U J « - U J Cvl 
I I D I I Li) I I I I t u L 1 w ~> v U J ~ J I I U J » f j o v i s u j ^ u j u i j j i i o > u i 
a: n v I I 3 r. r; — n ^ D I - I I I I 2 > : D 3 m I I c I I I O ic D 

— - . Z S : 3 C : Z . 7 ' - Z T - I T - I V Z T - I - > Z _ J J - M « ~ ro -» z 1 z z z «a » - i « - z 
Ul H rl l0 rl H •> « H H H ( C I O * K< O •> M i r l D D - ) o T H K H H M O I j l < 0 I I U J M 
ro 1 » r o » i - n . C L . K » - i - c r c r ' i i — r o o : i - > t r o i o ro M - - i - 1- 1- c iv « t y 11 »— »— 

CL T-1 I-> 7 » « 7 3 2 wZwQr' TH T - I Z W Z Z Z «3 — «"t l-l l-l Z 
o 11 ~ o ~ o « < r o o o o o o o o o o u - 11 o o - o > - o i j e c ) C C c i i L « H r o ; o 
o c ^ r D c o e u j u j o o o o o u j o c . w o w ^ 

1 0 IT . j - M i-i T-I r o cvj j - ro cvj T-I 
r o f o r O T - i 0 3 0 o c i c j T - i T-I T-< 

cr- c r ro r o r o r o o v T-I T-I 



U J 
or 
c/; 

^> -> 
o 
a ' iH 
<: 
c t o 
a cr. 
« ^ LU ^ > 

to 
er. 
< -> i - i **> 
w r • f - • H 0.' .~ <~ 1-f 

m wi St *r i - l t/0 
CJ ( J t o « « 1 - UI 
I/) 

II 
— i - i a? 
| | w Of 

H l / l 
— LU 

i - l z 
r. > 

I I 
"J 

~ H- o 
i n tr, o 

iH 
11 

CJ 1 -
1— 

O iH 
II 

II 

^ » <- U ! f U J o ; t i i v It Ul II "5 UJ 
"> iH r j i - i i - UJ II ID -9 r> 

»» "•̂  z U. II (/) O z cr z 
f~ M 1— e i<r <~ s> CJ a M 
1 0 co I I LV II vC w ^ H - a; 1 -

o UJ Z ( / I v *_ c/i o Z 
02 1 - o Z (— C z o o o 
Ui i — O U. U- ( J (/> c w i - C J r s o >• o 

t r i 
a 

CP 
o 



355 

— z 
13 Z 
Z 

z o o 
o _i z 
M d O 

O ( - «s - 1 •f 1- L 9 
•a d Z 

~ N d i*. - J o 
LO t-< _ l •»•» • _ l > - J 
z *— cr Z UJ *»« w ' > 
O U J z t o 
_ l z o a o 

.-s > L 5 z 1 - 0 . - l o _ l 
(J •> d o d d 
2 t - r o _J - 1 w f -
O c t _ J cr (/• *m d 
J J u Z3 O » - P J _ l 
; » > o z — t- CJ) _J o > 

•s — 3 U J z •v or » —• J- •s 
s> z V. n K l f * ^ 

« z z l - i : > 0 . d P J _ J 
_ ) V I l - i LB M LS w z <=> _ J 
:> o c [ c t z u. z d J- w N 

a o z . o o M MS d 
M _ ) t - d - J l o Z - 1 z Z 
< ! I l l 3 Kt 0k •> u> l-i o o d 
z _ i o - z 4 t o J - _ j •s 
< D 3 »—• z n - o *». D- d » ^ 
•s 0- M z •a _ i «<s« » ^ •—• » _ l 

Z X e l - J _ J 0- ~ a w 
H U Z > C! W — _ / • Z 
Z Ul n < 1-4 • s Z rr — P J M 
< 1- I z N i d d M 1 - Z 

*. d 3 d • 9 t / ) d + d 
O _ J »* Z 1 - d — _ l •s 
Z = 5 O ?r *•» d «a w » - > *«s 
D O - 1 •3 z Z Z — - J - J 
J J U J •*•» z z • I D K4 t-< z W sD us S-* 
« j a H M 1 o cn LO t o t - l LS t r c r L 5 
t. O U- z L 3 X 1 «J3 (M <J3 (J3 » d t o z 1 0 P J vO P J vO . 0 Z 

1- c Z d d I u. cr V c r cr * o cr • c r • o- c 
<t z a: o t - •* Cvl |s- CM M 0- P J IV P J l"s- P J P J _J 
_ j « <a t - _ J Uj 1 3 L 5 s • i r . • • z w > • i n • i n • " d 
C Ct' _ l C5 cr fC Z Z S . N - l-< t o _ l t P - » N is. » 

• 1 3 O U J •• X O C ; 0 . ir- •»» m i n • z c i n r— m i n ir- »» 
Z O O . t ^ p* _ J _ l V d u _J 1 - cr •)• _ 1 it _ i » • f - j 
Z ( V V-l M z ». J- cr > UJ —^ •tap* d i n **S1 »••• r—i 
- C O D z t>. • •> Dk _ J ( 3 _ j _ i z z L 9 - J _ l o - j L 5 _ J _ J K 
U J w O Y- 1 - o Z d o CI- l - l Z d J- z rr — d 
- J * 1 - "v. « H •a cr z I — c Z M 1 - J- t o a to o — 1— c 1 - 5 z _ j 
o * cr i n L - _ j _ i cr <r _ l M d X. a ps n> d #—• _ l z 0 d _ l d _ i l-< d d 
a. * - J ~J «•* •a > Z - J d . r z Z o y- lf> cr P J ^> d M > - J d £ Z 

» c l O I D : : : » c t d d i** • UJ C3 m • P J - J t o > d d d >-l 
U J * z •> #* 0k «-4 II o TH CM cc .» s-l IV CD CD II 1 II II II a 
z » Z a X X X X II II II II IM II w X »> J- m PJ 0 0 II M II II II II PJ 
H » o <s. »-l •J-t - J U J t» _ l z i n «-i u •s is d *—. Q_ I j j » ?t 
1 - » i-< »w w w •X) <C * o • * 03 I D Z - J — - J *•»* _ l #~> «~ VP 
r> * CO z 1 - f - 1— 1 - *H - J - J ~ J z w IM 1— J - z CL w • J d — to w z - J «J w —J — 
o * z o <r cr d cr O L 9 U J o d a M Ul UJ W w o o L ? r - l o O — U J 
Of U J z 5E z r z ro 1 - Z Z M » - I — K : cv 1 - II t- 1- 1 - t o z o 1 - 1— f - z M t -
CO » 7 Z or 0 ' 0 ' t v •n o t - l d z l-< | i i i II z d c c <- o z d o d o l - l d »-i 

i - i O o O O C3 O - J _ l Z JC o (V o u. o a. at o: _J u - J u . _ l o - J - J - J - J z Z Or: 
t o D O u. U. U . u. et d d d o 3r C Q. 0 . M 0 - o a > M > o > d d d d Lr 

•H r j r*> J- •H i n iX> T-l P J 
a o O a C3 o o 

CM ( V P J ( M tn •f j - J -



356 

LU 
z> 
•z. z 

(- r> 
z i - c 
O U J z 
O Of IJJ 

rvj 
O 



357 

• H C V J r O J - L f N v O r ^ t O CT1 O • H CVJ W 
• H ( M CM ( V CM 

X 
LU 
O 
2 

I 
to 
z 

o o to 
I 

>-
_ J 
"St 

o z 

z 
CD 

LU 
_ l 
O 
o 

s: o 
CD CVJ z 

2 : 
1 0 

LA 
M 

13 
fsl 

O O O O 

o >-

o 
e e o 

C3 o o 

a o CJ 0 
9 0 o 0 e o 
3 O O CJ O O 

O O O P C S 0 0 0 0 

D a o o o 
a a 

• • o o o o o o o D D O O D a o a o o o o o o 

o 
CO CVJ 
z 

13 
X 

- H w r v J c v j ^ r o r o ^ i r » v u ^ i r \ v O v C S . i > . p - -

3 
Q-
Z 

o 
t o 

CVJ 
to 
CO 
o 
L 3 

I ^ Q e C O O C ^ N r o W r t L ^ f A l H l V J H C C r O ^ i n N W W o 

1 w r y n r o r v i ^ 1 r v i r o j - w 1 n W r» ^ H W H 
I I I I I I t i l l 1 I 1 I 1 I I 



358 

CM 
X 
LU 
O 
.z 

M e « * s o s a o « o a o t « « « o a e « e < j o » i i 
a a a o o a a o e o o o a o a o o o o a c s a o o a 

3: 

o w i c t o o o j c o N i O o i ^ n N H L n i r D j ' ^ ^ o ^ v s o 

r l r l r l r t H r l 

XT 0 CD O a a O C? a 0 a 0 0 0 O O c p 0 C3 O O 0 0 a C P 
e 0 D • * • O a a • A • • 1-4 • a CD O i n es LO ro 0 ro CD C3 CD 0 i n a CJ 0 O C3 M i n 

1-1 •H •H r o ro ro J - -_>• ro CM i n vO N CO N- N r«- i n <x> «a CM 
UJ 

t o C3 O O O CD O a 0 O CJ O 13 a a O O O O a C3 O CD O O O • 
CD V 0 U •H 
O C3 O O O CD CD 0 0 O CD CD CD 0 O CD O CTJ CD CD CD CD CD 

O CJ CD CD CD CD CD CD CD CD CD CD O i n CD CD O IM 1—1 
CM -H *-t 

1 
—1 
t 

CM 
t 

<H 
1 

•H 
1 

•H 
1 

1-4 «H «-l •-J -H •H •H - ~ l 
1 1 

T-» 
1 

•H 
t 

UJ 



T-1 CM ro Lf> \ £ ) K » CO CX* C D T-1 f \ J f O J " LT\ vD fs- CO CT1 CD T - I ( \ J M ^ L ^ V D ^ C O C T » C T T - | C \ I 
o o D o a u o o O T i H r i r l H T i H H H r l W o a o o a c a o a r H ^ i - l 

J-
X 
L U 
Q 

o o ea o o o o CD cs O o o a o CP o CD o o C D cp o C D C D o C P CD C D 
» • 0 • • • 0 0 e • 0 

T - l • H T-1 • H •rH •H T - | T - t «-« T - l T-l T - l T - l T - l T-4 T H T - l T-4 T-4 •H T - l T - l T-l T H -H T - ( •H T-l T - t 
CD 

a 

a O C3 o o CD o a O ca C J o CD O o o a O O O cs a O O C D a C D O CD 

0 • 9 0 o B « « o ' • « V a • e • » « o • a a a T « • a 0 c » • • o o es CD o o o a O C D O o a o C3 a a Q O o y- C D O O o CD) a CD O O O o C D 

CM CVJ CVl CM Jr • i - J- vO 03 CO «o CO CO o O a o CD CM CM C\J CM J- J- J- v£> lO 10 
• H • H T H T-t o 

a o o O o o a o o o e> CD o o cs a o o a C3 o C3 o a o O C D C D o CD C D 

X 
o o a o a CD o o o C D C S o o o CD CD a o s: O o O C D C D a a CD C S CD o O 

ro i n « - t n i n r-- T - l i n T - l ro i n T - l ro i n m T - t n i n T - l m i n T H ro m 



360 

o p a 
a s * 

• H T* T4 

a a a a 
o g o 9 N 

_ J 
UJ 
a 

9 9 ' « « 9 0 4 « 
o o a o o o o o 
ostoictoaooq 

o o o a o o o a 

o o a o o o a o 
T < M ^ N n M in is 

>-
-J 
U J 

a 

x 
L U 

a 

a 
CVJ 

a 
O 
CVJ 

z o J 
in 
o 
L O 

I 

in 

U . U . 

oo 
ao 
Z Z 
UIUJ w \ \ 
W 

L U L U 

L O L O 
J - - T 

eceo 



I 

361 

u. 
_ i 
LU 

:c 
in 

o 
<_) 
t/> 
i 

>• 

< 
o 
z 
< 

z 
< 

o 
u. 

3 

Q_ 

3 

o 

- I 
U J o 



362 

LU LU 

t\l =3 

O O O O O O Q O C 3 0 U O O O O O O O O C 3 C 3 C 1 C 3 0 0 
I I I I I I • l i l t 

LU LU 

i n i n 
m *-< 

Q >-i o n n '3 n o o I J n o o o O n O n o f i ci Q • a O 
a c i n o o a o a n a o o a a o o Q a o o o a o o a 
r j o o o o t> o G o o a o o o r j o o • M • o a n o a 
C J O O C l U l 3 ( = l a O O C I O O C J O ( 3 0 i 3 C 3 C J C J C 3 C ] O C I 
n a o n Q o o o o n o o n o o u r_i u r j m u in o O r i a o a o n o o a Q a u a o i j o c i Q 

I I I I I I I I I I I I l I I I I I 

U J U J 
in vo 
(\J CO 
CM ^4 

n n G n o ci n r j o n n o n C3 ( -T O r> ( i n n o o a a 
o u a a o o c o a o c i r j o Q a o o o a D O Q a o a 
o c i n o a Q D o n u o u D D O o o D O ' j Q O ' j a Q 

r . i o n n i r j a o o f 3 o c ~ , r 3 o c 3 0 0 c » ' ^ c » C 7 « T » c > c 3 a a 

a L i a o o a o o T ' a o o a o o o u o 
r • n n n o o n ra n o o a c; a i.i n ra i 
a a a a a o a a a c j Q o o a ' j r_> a o 
*o a C3 a a o o e J a » a <J o r_j u u u ca 

a o o o o i j a a o a o o a a o o u a 

. ) r l r l r < r l r l r l r l H H H r " r l r l r t r l d H 
1 I I I I 

o r.» C3 a C D a < 
o c i a o o C J i 
d> C J a o C3 r D c 

c* c:i cn o C I C J 
o T > 

i a u L I n o a o o a u u u u C J o a o 
i a n a u ci a o o a o o u o o a o a 

3 'T C l --5 C? ' J C3 C l O T l a C3 *"3 C3 C I 
^ ci C J ci C J ci ».:» u o o a C J izi 
l o a o a a a D O c i c i D o a a 

• C ? J W co , 
I f f l -f iC .t li^ \ Q tO S ^ N i £ N 

| - l C J Q O L 3 1 . ~ . > C 3 0 U C _ J C j C 1 0 r 3 C 3 C ] I Z > d 

a c i G a a n o ' T r j n o o a a n *~u <j 
1:1 • a u o n rr o a c ci n f j L I o D c j 
c> i-T o o rrj i_» ci u o o o O o o o o o o 

Q ' .3 o a • a C 1 O C I D • ' J C . ) o • CJ • Q 
P.' M OJ M -C «T ~T J •« vfi i3 X SC O J ! C a 

+ + * 
UJ LU UJ 
r - <p »-* 
p*- c r 
l f > H N O Rj C"> (T W U< IV M m » ( - H O MfT n S JT J J J N J C) 

P u o ; H j i t r j *3 ( \ i m i s . r i >o ( T ^ j m i f l N i2 w ( \ j N W 
n ^ j I T w w J to ,r M.' N c » r j w r f i w , T I T ^ u o 1 iD <o 

G1 L i lli • cc u C f ir\ \l: « l S O ' C ^ W C K T l i W l | ^ iU M j O1 N 
«=» ro » H u - co ( v - r i*> f%. r o r*» j - i o c? r o m . o *-* m J - i*« m 

o in to n H • a n i>i r i w n o ifi v I M iu o N D iO o u> N 

M N CM J l A H I 

* a c a 
• c r c? 
- e> a 
i l-J u» t 

i i J a i 

i a » < 

o c? • o C5 

O f i r - j o n 

i r j L . » «n a 
o o a o 

C J •..» o a u a o 
cj c? d o • u a a 

*j o u o L J »_> f.:» o 
u u u u> u 1.- a o 
o u t.1 a a L . I r~t cr 
o o ci ci o i-i a o 

i o o o u L ' n a o a o o * J c> ca 
N H n s i 

UJ U- LU 
SC 1 J 

- j - m rr, 
JO « N 

N- m m m m m m i o i n u u 1 H a ) ^ M f > M I M V a » j o M 
C" m c_« t • u" -a C J P» - • a - ^ ^ M H L i N f i • i f - J m - j tr* 
S i C H b l >C i l M M [ J I \ ; l ! ' I \ l r l > J Q ri J ^ vO N -O . J ( \ J CJ fs-
a ; tr, .1 , t c\> or -r t f j I L I \ I ^ a 1 J \ c ; r »-« o \v < J ( r k3 r i 
i— r » i r <n . T J - » H i r - c ,•«. r CT N . r t r . r . ( i- <£* » o cr N . 
o* r - —< • i \.> -ri T\I - * . r i i * H I ' i r» J j "c r - j , r »* .r - r i ^ - ».u 
rr «-j i t \ r i N t\j r" r-» r-i (•-> c - r-j L,"1 I T r- i r c f f d CVJ 0 * 

t u< (V. a : t-_- _ T a? \i o . - a - n N M N ^ p j W i r L T J N v K C - J 
r» (V ^ . l t ' r-- P . 1 n : i l \ j » i I * • ft' —4 I 

I I I I I I I I I I I I I I I 

(o if< o n w n w r j a r> in <\i - t 4 o- tr» tr» - T 
\C r j r >" L » i v *'i t.- ii* L % \ i i i n r-. c ; f\f 
N N ci <\i ir i f ui u u ^ o m ^ m ft «o 
tfl C N C? lit (\j f-? iT ^ ^ (T r:, • 1 N j 

iH .v. »r t - i r\- - 4." o * .r 1 0 N . r-
r-» (*• J - « * - 1 c L . - - r « - i > >^ a* ^1 »-i a ri rv> 
«"* t \ j f* u - v i" —• c r c w." u" f . t r j p . j 

r i I I J 1 I 1 - j ft; 1 i \ ^1 t v H r \ H 

t l u c 
* * * 
LU l i - Lu 

L"» r.-' a- v f 1 

• .1 r i -, 1 1 c i f» c 1 r 1 r-i c.» u L - U 
f i r - . ' * « . i 3 f L € 1 r > • : 1 1 1 • r j n L : a 
1 1 i-» c r r c r? f-> 'Ji <n r-j *-i r i a f o 

r » » » * • ' L i •_ ' r_> r , 1 1 >.i 1 > ( i c i 
r (.1 ( 1 CTl Ci r-i r.' (-• * i t • 171 C J C i 

I . 1 * w -1 w H c h- j ir r»- (\J o r-. 

n n P ( \ J »i j to >c 
1 r< n r<- i « r, T 1 1 c-i 

1 1 1 1 l l 1 1 

,1 f" N 
.1 r» I 

• N" r y n r-. r.> 

1 1 1 1 

a? u \ v f l 
• • O . - I I «-i 
I I I 

L - * r̂ - •** 
11̂  L.-« 3~ C 

.r r e -
1 - c ^ - i n 
ir> £i* ~ r 1*-
r • iT 1 r- c.. 

I - J 13 c-

. v f tt\ »r m r~s i - VL* cr 
• r H" ^* 1* ir« c • n"» 1 ^ f" (\ 
• f- H i ' s ~ . r i f f i a ' f - r - j 
1 ci- —. — « - . 1 , ^ , 1 r*-
' N ' 1 J . / * . u l I V l \ l N 
• ^ i» ' J i." C • < M C i N f 1 N 

I 



363 

o a O Q a D L i o c j o o a o t ) u G a o o a o u o a a 
I I I I I I I I I I I I 4 I I I I I I I I I I I I 

> O O CD 

I I I 

C 1 0 a O i _ ) c ~ ) C ? O C 3 0 0 0 0 ' = 3 a O O O D C 3 0 0 C 3 r 3 C 3 

o ra o o a o <-.) o a o o a o o o c s e a n c s o a o a c i Q 
a o a O T n o n a n u n u n t) o r.i a o o r i L J n <•_•» t.t 
«j e> <_> r_> C 3 •_> iu a u ' J u u : J •.") a a Q U O L I O U O a 
• a o o u o o u u ' 3 C J a n o L T G o a Q a o o >J o n 

i a o a 
> n o o 
i d u a 

< j o fn 
i n J ci 
> a C J cj 
i a c_i o 

O Q O O D O o o D O o a o a o a a u r i a a G n o a 

o a o a o C J L > o o o o u c i n a a a o a o o < T u o o 
o r j u a n o ' j o o u u P a ( J a o o Q a u o o t) ( j ci 
cj • r j o o o o o o O ' 3 n ci n O o a c O a G n a o o 

a r) US O U n J to pj ifl Q !f! M PI »-l W !P O J J (? J <D a 

o u o 
-T o n o 

r j a a 
CD CD a 

I O C J 

i a *=> 

i cz» a 

o a o o o o i 
o • u is a o i 
a o r j a o a i 
ca c a C J o C J i 
a a D o r j n 
o n n a c t i < 
o o O o o o 

» C J C 3 C 3 C T C D O ( J O C J C J t : » 0 0 

' C U O C . l L . ' CI LJ ITJ »J til t_- C» U 
I C 3 o n o a o Q a o ci u ' j a 
m o o o o o o n a n o o n 
> C J a o o c j o O Q O c i o o a C3 O 

i N- -n O CJ 

3 O C D 
i o o o 
i O O CI 

a a o 
i r j u u 
I c o o 

n C J • 

vD rs- n j j s o n t\j n I T »-i e J cc t n w r y c vO c r T < « J ) 
I T / r l J f M ' C •"'J B ? J o N P J r r ! \ D M P : I P U ' J H O 
iD IP »-l iTi n O u1 n « ry iD O W N n t? I? L"> US J M P « M M 

rn n U< ^ J b*< L"i PJ lO hi) IT H U f I T I 1 ! n H H Bi r | v N N 
j C J r . p) r t i o" n Li j J s N oj j n n to u» u c> « j L"> i : 
O B." M • O1 H f i M PJ \D kD d J I I ( T .T J -J .f "") U< l*l N C u 
c iftPJ o< ^ j o C P o1 i i n N n pj T * s ^ j m T < L " -t T - * C » 

lj\ N O J n S (f N JO J rH CC a? 03 J P J fO U rl n ^ O U1 

M P iO J If. W M «H I t f\jr> J W C M N O ^ O ' r j i Q ' ^ N 
I I r4 I I t - I l l I I 

> r-j -J* \3 
: - j I T ivi 

J M C J J J n O fi| n 1̂  M " O ^ l."S f-J "3 H ^ iH T4 J B J J 
j I T i" N r or j {r P». 11 iO »i C - \S N a us w »-i i? 
:r- J * L"S Ti C" f r j si f j K ifl N P J ro o T J J L"» S ff> • • I W <i! 
j \ C it us T Pi If L M ^ PJ M i3 j nj US T * ro (j> a: ^ , i H r i N t\i 
u> c r *o r*» •-" n 1.^ J i " N - P 1 - H 4 j ^ j I T J P t i n trs n 
I V —' J.' '=* iv -•• iv p fcj r" r.? H I H I i." u"* J ir ir» \f .r t* 
H J N P . J i ci P" CP C M P J vT PJ r S (P ifl J I li'M" n C 

J p. I T v: I [V. f~ 1 o* «n «-» i M S 1 U < 

a ft 
t y 

CJ C J c« <n c i:» u t -j a (_> i j C J » » ci «-» a >."> C J a 
r_i n c • i 1 ci r j c c • c • i c 1 < • t-» <_» c-> '.» r.i e » i.Tf r> 
fr- r: c *- < . « • t.i r r» I . T cr» c r- »••» r • r-> ( . . o o c a r j 

C J O c u > L I o L I i ) o «-.. c» «:> c* r* f7» . i o t.i < - »:i ci <~> n 
r j ci Ci i i i ' c r c- f i c r? i t« «!• « 1 n r» c» t i r.i c -n ci L . » 
O O U O ' J O U (.i L I c> f l c» *n ci o c i C J o o a CJ ti* u o 

u n m C « O 'z* C » r.i o C r j c i n «-» "i r.-« rt o i i *J > J Ll O O L J 
tit L ' o r i c— « i C. LJ C» f C C Li t • v.̂  c- r- »"J i-J Oi 
f \ l w-i >4 »•< r l PJ r< V-1 «-l * t • ! «^ r l *4 •-< t-< r l 

I I I I I I I I I I 

http://'CUOC.lL.'


364 

O Q >fl • 
f«i o rr a 
N J 1 i£ u 
r*» a> IT* o 
-f « a 
m cvj ui r» 
(VJ n o o 

» • • • 

t i a f i o 
c~i tzj ei 0.1 
C J o o - i 

V. 
c 



U l UJ 
eo r o 
in t o 
i n CM 

c r m 
co f -

r»- in 

a o 

UJ I d 

c r cn 

UJ UJ 

ro .*o 

u UJ 
m o 
C P 1ft 

UJ UJ 
eo r-

UJ UJ 
1-1 a 
OC w 

+ + 
UJ UJ 
J " o 

+ + 
UJ U l 

I P 

i n r o 

U. 1 UJ UJ 
a* i n 

H r l W 

r l H ' I 
+ + + 
U I UJ UJ 
u* r-) ci 

h- T4 I O 

J- (VI O 
iH CM 

C3 (M O 

UJ U i UJ 
M M a? 
vC O O 
L " \ M <D 

+ + + 
UJ UJ u t 
j « ; L*» 
iO i \ J o 
N H I T 

to j n 

fM —« J" 

U J U J UJ 
CP r^- *VJ 
liv M N 
tCi \0 n i 

rt 

r < *-4 TH 
e l •-• f t 
+ •*• + 
UJ UJ I L ' 
- J U -
«-J vO 
ro r i ».o 

\li lu U J 
m n f»* 
ir* c r 

+ » + 
U J ui ui 

c:> r\j in 
ro * H 

l U U ! I l l 
n f r c 
r«- -j> »-i 
• • - I <\J 



366 

o o L J n n C D o o C D - D .-D T a ^ n o r j n u c_> i.-j C D o. 
( | i I I I I I i i I r i I I I i I I I I 1, I i I 

a a a CJ C I CD C J l-D o CD C J C3 r~i CJ o C I CD : . i r.» ( 3 CD <J rzi CD O 
<3 • . I o <_l n C I c_j ' J CD C I C D 13 CJ •3 ( 3 ' . J CJ O ' J ' . J • T KJ •-•> ( 3 
C J r » C J C"J r u <-J 13 CD > *-i CJ C D f-» CD n C I C I r s * - l O - j CD CD CJ CD 
r > 4"3 C D - J CJ C D f J iTJ '71 <3 r_l C T C I *3 .-3 tn (3 C l CJ r - J I J CJ C3 CD 
o CD C J t't C3 CJ O r-j '3 13 CD C D i - i CJ CD CD CD C I r a "3 -3 CD >-s O CD 
C J f j CJ r j CJ l-J CJ <:j CD ' 3 CD €.3 C D CD r.i C3 n C l CD CD CD CD CD CJ CJ 

c-J C D f j CJ C I C J CD '_D " J CD "3 CJ i - j CD ' 3 CD »-j CD ( J O "_D C3 U CJ CJ 

a a rs 43 • J CD O o ( 3 O C3 C J o • 3 CD ( 3 t-j CJ « 3 U CJ '"J CJ o CJ 

CT C j a o <T> C J CJ • ^ J O L J CD 1 ] CJ CD CD C J *J CD CD CJ 13 CD CJ 
C3 CJ o C J C J CD) CD CD CD CJ C J CD o CJ CD CD a CD ' 3 r-f CD CD CD CD 
a C3 a a a o CD C3 C I o O ' J CD CD C I t n CD C J C J 13 n CJ CJ CJ 
t n C J C D C.I n C3 C D ( - J r.-D • J l-J '3 CD » 3 CD »-» CD C : J 13 13 O C D 
o d o CJ O CD O O d CD c o O C I C3 CD • 3 O C l ( 3 CJ CD CD CD 

i - i —J lf> C D a J - O J 0 1 \ 0 CD li> ro CVI iH i n CP •J J - -T I P CD J - I O O 
M (VI J- r - CP O o C J CP ce fs ro CVI 1-4 (VI ~T L O rs. CD CJ IS. 

1-4 i-4 _t i-l i-4 

a CD CJ o CJ C J C J o CD CD CD C D CD CD CD CD CD CD CD CJ CD CD CJ CD CD 
c » • 3 c» CJ C I 13 n C D ' 1 C D T"» •: j O 13 <3 f3 c-l CD .T CS CD CJ CD CD a 
a CI CD C J o CD CD O T3 CD CD >-J C D CJ a CD CD CD o CJ CD CD CD 
t o C J CJ C I O CJ CJ c n *") CJ C3 C I CJ CD C J CJ n CJ CD l _ l m CD CD CJ a 
C J o •3 ci CD o •ZJ o CJ CD l_D CJ C> CJ CD CJ CD C J CJ i3 CJ CJ CD) CD o 
o l _ l C D CJ C I C I o • 3 CD (.1 <3 CJ CD CD CD • 3 CJ CTJ CD C3 C l CJ CD o 

CJ C D r j C J m r - r o r j o r o C3 •. J L D CD) i n CJ m C l CJ CD ,S. CD t u CJ 
•H •H i-l •H ro fo ro J- -J- -J r o CM i n O rs. QO rs. (s. N. LP vO fs. 

(VI (VI CVt CP iH CD CVl J - C3 CJ 0̂ <r ' 3 CP d- i0 ro i n rs. rs, CP CJ CP fs. CM 
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APPENDIX 2. 

RELATION BETWEEN T-VALUES OF REGRESSION COEFFICIENTS AND EIGENVALUES 

OF THE MATRIX OF COEFFICIENTS OF THE NORMAL EQUATIONS. 

Given a system of n equations i n m unknowns where n > m we can f i n d 

a s o l u t i o n such t h a t a p r e d i c t e d parameter r e p r e s e n t s an observed p a r a ­

meter i n a l e a s t squares sense by s o l v i n g : 

T T 
A A x = Av. A 1 > 1 

where x i s a v e c t o r of len g t h m of unknown q u a n t i t i e s , 

i . e . the r e g r e s s i o n c o e f f i c i e n t s . 

y_ i s a v e c t o r of lenght n of observed q u a n t i t i e s 

A i s a ( n o n - s i n g u l a r ) n by m matrix of c o e f f i c i e n t s 

t h a t connects the known and unknown q u a n t i t i e s . 

Equation A 1.1 may be r e w r i t t e n a s : 

B x = v A 1.2 
T 

where B = A A i s a n m b y m matrix of the c o e f f i c i e n t s 

on the l e f t hand s i d e of the normal equations 

v i s a v e c t o r of length m 

Equation A 1.2 may be sol v e d f o r the unknown q u a n t i t i e s x by computing B 

and m u l t i p l y i n g through on the l e f t , i . e . 

B - 1 B x = x = B _ 1 v A 1.3 

According to Douglas (1966), the standard d e v i a t i o n , s d x r , of the 

r*"*1 r e g r e s s i o n c o e f f i c i e n t , x^ i s r e l a t e d to the r ^ d i agonal element, c 

of the i n v e r s e m a t r i x B ^ as f o l l o w s : 
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sdx = S c r r r 

where S i s the square root of the sum of the r e s i d u a l s 

squared d i v i d e d by the number of degrees of freedom 

The t - v a l u e , t r , of the r * ^ r e g r e s s i o n c o e f f i c i e n t , x^, i s : 

t = x r 

r c A 1.4 S e r r 
Equation A 1.2 may be r e w r i t t e n as f o l l o w s : 

B x = I v A 1.5 

where I i s the i d e n t i t y m a t r i x 

By a s u i t a b l e s e t of a d d i t i o n s of a constant m u l t i p l e ( p o s i t i v e or 

n e g a t i v e ) of one row of B to other rows of B, the m a t r i x B can be 

reduced to diagonal form (Westlake, 1968): 

._ _ _ -. . . L x.-= J v. - - • - - -A-1.6 

where L i s a d i a g o n a l mat ri x whose diagonal v a l u e s l r 

are the e i g e n v a l u e s of B 

J i s a m a t r i x whose o f f - d i a g o n a l elements are 

g e n e r a l l y non-zero. 

Equation A 1.6 may be s o l v e d by computing L ^ ( L i s a d i a g o n a l m a t r i x 

whose elements are V l ) and m u l t i p l y i n g through on the l e f t . 

L _ 1 L x = x = L _ 1 J V A 1.7 

A comparison of A 1.7 and A 1.3 shows t h a t : 

B' 1 - IT 1 J 

hence the diagonal elements, c of B ^ are equal to i / l ( i i s the 
r r n J r r r r r 

th 
r d i a gonal element of J ) and the t - v a l u e s are given by: 

t = x r l r A 1.8 

J r r 



The r e l a t i o n between t and 1 i s complicated but i t i s seen t h a t a 
r r 

very s m a l l v a l u e of 1^, ( j ^ ^ O ) , produces a s m a l l v a l u e of t ^ . 

I t i s i n t e r e s t i n g to note t h a t Westlake (1968) g i v e s the f o l l o w i n g 

r e l a t i o n between an i n v e r s e matrix and i t s e i g e n v a l u e s . To quote 

but u s i n g a convenient change i n n o t a t i o n : 

" L e t E be the matrix whose columns are the e i g e n v e c t o r s of B. L e t L 

be the d i a g o n a l m a t r i x of e i g e n v a l u e s of B i n the corresponding order 
-1 -1 -1 -1 T" then . . . B = E L E = E L E . 
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