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ABSTRACT

A majo; east-west structural discontinuity, termed thé Minas
Basin - Chedabucto Bay - Orpheus fault zone, transects Nova Scotia
and the adjacent Nova Scotian continental shelf. To the north of this
discontinuity, the geophysical evidence indicates structural 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:ﬁagnetic
granite and traversed by linear belts of velcanic rbcks. The basement
is depressed into a regional east-west trough which is filled 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 nofable feature on the Nova Scotian centinental
shelf is the Orpheus Graben which lies- along the Minas Basin -
Chedabucto Bay - Orpheus fault zone and which is filled with Mesozoic
sedimentary rocks., Many of the basement structural features on the
Nova Scotian continental shelf appear to be proddcts of continental
collisions ‘during the early Palaeozoic Era while other features are
probably due to continental separation in the late Palaeozoic and
Mesozoic Eras. In particular, thé Minas Basin - Chedabucto Bay -
Orpheus fault zone was probably . initiated in Siluro-Devonian times
as the result of the thrusting of the northwestern portion of Africa

into the late 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 in Triassic or Jurassic time
as a result of continental break-up and the formation of the

present-day Atlantic Ocean.
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CHAPTER 1
INTRODUCTION

1.1 DESCRIPTION OF AREA OF INVESTIGATION

The continental shelf area under investigation in this thesis
is about 200 km wide and 700 km long and runs northeast from Cape
Sable, on the southern tip of Nova Scofia to Burin Peninsula, New-
foundland (Figure 1.1). The northwest-southeast trending-Laurentian
Channel is the major bathymetric feature on the Nova Scotian
continentél shelf and it separates St.-Pierre Bank on the ﬁortheasf
from a series of banks and basins to the southwest. Except for the
Laurentian Channel, the bathymetric trends, where they can be defined,
are primarily northeast-sogthwest as in Hermitage Channel or

approximateiy east-west as in 'the sevérely dissected area north of

Banquereau.
1:2 TIMPORTANCE OF THE NOVA SCOTIAN CONTINENTAL SHELF

Since the advent in the late 1960's of the concept of moving
"plates" of lithosphere (McKénzie and Parker, 1967; Morgan, 1968), a
major reﬁolution has taken place in concepts of the earth's geological
structure and history and an orderly network of hitherto poorly
related observations and theories is currently being woven togetﬁer..
There are, nevertheless, many unsolved problems and some of these
involve continen'tal sh;lves and margins. For example, little is yet
known about the transition from con;inental to oceanic crust at con-
tinental margins nor are the causes of the considerable warping,

fracturing and vertical movement of continental shelves completely
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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

is 535 meters in the area between Cape Breton
Island and Newfoundland. Maximum depth on the

Scotian Shelf is 291 meters in Emerald Basin.
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understood although considerable progress has been made in the last
decade or so, towards solving these problems (e.g. Drake et al.,
1959; Worzel, 1968; Bott and Dean, 1972).

The continental shelf off Nova Scotia, Canada is of interest
from the point of view of plate tectonics because most of the geological
structures are probabl& relics of collisions of continental land masses
during the Palaeo;oic Era (e.g. McKerrow and Ziegler, 1972) while some
of the structures may be due to the separation of Africa and North
America during the Mesozoic Era (e.g. Stephens and Cooper, 1973). There
were at least two Palaeozoic collisions which affected the Scotian Shelf.
The first collision, which brought the Baltic and Canadian shields to-
gether, locally brought the 600 m.y. old rocks of the Avalon Platform
(Poole, 1967), now preserved in southeastern Newfoundland and parts of
Cape Breton Island, central Nova Scotia and southeastefn New Brunswick
(Zone H in Figure 1.2), into proximity with the 1000 m.y. old basement
rocks of the St. Lawrence Platform, which is exposed in northwestern
Newfoundland (Zone A of Figure 1.2) and lies beneath the Gulf of
St. Léwrence in the area north of the Laurentian Channel (Figure 1.1).
The first approach of two land masses and their subsequent collision is
manifested by the Taconic (Ordovician) and Acadian (Devonian) Orogenies.
The second collision occurred when Gondwanaland and Laurasia came to-
gether in late Palaeozoic time and produced the Hercynian Orogeny in
Europe and the Appalachian Orogeny in North America (e.g. Burrett,

1972). Some of the Devonian tectonic activity that affected the Avalon



Platform may reflect early stages of the.second collision (McKerrow
and Ziegler, 1972). A major geological problem is to determine the
relationship of southern Nova Scotia (Zone I in Figure 1.2) and the
adjacent continental shelf to the rest of the Canadian Maritime
Appalachians. Schenk (1971) suggests that this area may have once
been part of northwest Africa. One of the puzzling aspects of the
second continental collision is why it affected a wide band in
Europe and Africa running from southern England to Morocco but
apparently only two narrow zones in the Canadian maritimes. One
zone funs 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).

It is also interesting to note that there was very little
tectonic activity associated with the opening of the Atlantic
when North America moved away (in a relative sense) from Africa
(e.g. Pitman and Talwani, 1972). Apart from a few scattered
Triassic and younger dikes, Mesozoic tectonic activity was
restricted mainly to the Bay of Fundy - Chedabucto Bay zone.
Because the Scotian Shelf is adjacent to a passive margin it has
probably been subjected to downwarping and fracturing, tectonic
processes that are common to passive margins (Bott, 1971); the
Scotian Shelf should therefore, provide scientists 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

Zone

Zone

Zone

Zone

Zone

Zone

Zone

Zone

Zone

A:

et al., 1972)

Cambro-Ordovician carbonate rocks
unconformably overlying Grenville basement
rocks. Transported rocks are ophiolite
complexes.

Cambro-Ordovician carbonate rocks uncon-
formably overlying polyphase deformed schists.
Thick clastic sedimentary and volcanic rocks
overlying gneissic basement rocks.

Mainly lower and middle Ordovician mafic
volcanic rocks.

Chiefly lower and middle Ordovician
sedimentary and volcanic rocks.

Generally Ordovician slates and other
sedimentary rocks with minor mafic and
ultramafic intrusions.

Pre-middle Ordovician metasedimentary rocks,
gneisses and migmatites. Some intrusive
Devonian granite.

Thick succession of late Precambrian volcanic
and sedimentary rocks overlain in places by
Cambrian and Ordovician shales and sandstones.
Thick succession of Cambro-Ordovician shales
and greywackes intruded by Devonian granite.

Some Ordovician/Silurian mafic volcanic rocks.



| _ _ _ | _ _ _ [
4713IHS NVI1I0OS ONI¥IA¥08 SINOZ DINOLIIL

g

sousimeq 'S

90 4ino




‘The Scotian Shelf is .currently of great economic interest

since the discovery of oil at-Sable Island (Figure 1.1).

1.3 SCOPE OF THE THESIS.

The main emphasis in this thesis is on a structural interpre-
tation of underwater gravity data obtained on the Scotian Shelf by
the Gravity Division of the Earth Physics Branch of the Department
of Energy, Mines and Resources, Ottawa during the summers of 1970 and
1971 (Stephens et al., 1971; Stephens and Cooper, 1973) but, where
they are available, published magnetic anomalies and seismic data are
incorporated into the analysis. Because the underwater gravity obser-
vations are spaced about 13 km apart, only structures whose lateral
dimensions are of the order of tens of kilometers or greater can be
effectively considered so the thesis is oriented more towards problems
of scientific interest rather than those of purely commercial interest,
In addition, the problems studied relate primarily to the continental
shelf and adjacent land areas as there is insufficient geophysical

information to stu&y the continental margin proper.

Because there are not enough non-classified seismic data to
accurately delineate the Mezozoic and younger sedimentary rocks aqd to
enable a proper study of the fracturing and downwarping of the contin-
ental shelf and other interesting problems related to the separation
of Africa and North America, I have concentrated on studying the
deeper—seafed structures associated with plate convergence during the

Palaeozoic Era. (Correlations between geophysical data are developed




where possible on adjacent land areas and applied to the Scotian
Shelf; the success of these extrapolations depends upon the degree
of correlation which is obtained on land. In some areas, convincing
extrapolations are unattainable but the geophysical data still set
limits on:
(1) the variation of the magnitude of physical parameters
such as density, magnetlzation, and seismic velocity

(ii) The shapes and sizes of geological structures.

The analysis is mainly a "static' one in that it gives an
indication of the present-day geological structure but it does not
give direct information about the geological history of thg area.

An exception toe.this, however, is combined analysis of gravity and
magnetic data which, under favourable conditions, puts limits on
the direction of the remanent magnetization in the subjacent rocks
and hence distinguishes between regions of differing paleomagnetic
history. Because such analysis has broad application to studies
of areas of difficult geological access, I devote a significant
part of the thesis to combined analysis of gravity and magnetic
data. Other aspects of the thesis are concerned with the use of
non-linear optimization in modelling gravity, magnetic and seismic
data.:

Because there is increasing evidence that the Scotian Shelf and
the adjacent province of Nova Scotia are .transected by a major east-
west trending fault zone which passes through Chedabucte Bay, I have,
for convenience, split the Scotian Shelf up into three sections for

study: a northern and southern section on either side of the fault




Figure 1.3:

The northern, central and southern
sections of the Nova Scotian

continental shelf
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zone and a central section which encompasses it (Figure 1.3). A
chapter is devoted to each section and each chapter summarizes the
available land geélogy and provides a structural Interpretation of
the major geophysical features in the water-covered areas. The
final chapter discusses the overall structure and paleohistory of

the Scotian Shelf.
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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 gravity meter, cable and winch.

The underwater gravity meter used to survey the Scotian Shelf
is manufactured by LaCoste and Romberg of Austin, Texas, U.S.A.
The instrument is essentially a land-gravity meter suspended in
gimbal rings and housed in a wateretight case (Figure 2.1). After
the instrument is lowered to the sea floor, the gravimeter is
levelled automatically and operated by means of a remote control
unit on board the ship. A reliable electrical connection between
the gravity meter and the control unit is important and this is
provided by an armoured 13-wire cable which also supports the
instrument.as it is lowered to and raised from the sea floor. A
hydraulic winch (Figure 2.2) provides smooth, positive control
and facilitates safe handling of the gravity meter.

Previous experience with the gravity meter (Goodacre, 1964)
indicates that it provides an observed gravity value accurate to

about * 0,2 mgal.
2.1.2 Navigation

. Horizontal positioning of the ship was accomplished by Decca
navigation supplemented by radar fixes when the ship was sufficiently

close to shore. The Decca receiver measures phase differences be-

13



Figure 2.1:

The LaCoste and Romberg underwater gravity

meter ready for lowéring to the sea floor.
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Figure 2,2:

The hydraulic winch wound with armoured

multi-wire cable.’







tween signals received from shore-based transmitting stationms.

The intersection of lines of constant phase differences defines a
position which is converted to geographical coordinates by means of
charts, or when greater accuracy is required; by digital electronic
computers.

The error in a Decca position depends upon the time of day
when the reading is taken and on the distance between the ship and
the transmitter. Errors are generally greater at night time and in
those areas which are far away from the transmitters, A comparison
of 27 sets of Decca and satellite navigation fixes indicates average
random error in the Decca fixes is about 0.8 km (Goodacre et al.,

1973).
2.1.3. Echo Sounder and Pressure Gauge

The C.N.A.V. Sackville is fitted with a.Kelvin-Hughes echo
sounder and a Westrex precision recorder for water depth determin-
ations. The echo sounder is éalibrated for a standard speed of
sound in water of 1463 m/s. However the speed of sound in water
varies both in space and time so the harmonic mean speed of sound
was computed from representative velocity-depth data supplied by
the Canédian Oceanographic Data Centre, Department of Energy, Mines
and Resources, Ottawa, and correctons applied to the echo sounder
results. Independent depth measurements were obtained during the
gravity surveys from a Bourns pressure transducer mounted inside
the underwater gravity meter and corrections to the depth readings

were applied using pressure-depth data supplied by the Oceano-

18
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graphic Data Centre.

The two sets of data were compared using the method of least
squares and it was found that the echo sounder depth measurements
are systematically about 17 shallower than the pressure gauge
results and that the standard deviation of a single depth measure-
ment is about * 5 m (Stephens et al., 1971). No explanation is
offered for the systematic discrepancy between the two sets of data
but it must be pointed out that it is exceedingly difficult to
reduce systematic errors in depth measurement to less than 1% and

random errors to less than 2 m.
2.2 THE GRAVITY OBSERVATIONS

Table 2.1 summarizes the cruises made on the C.N.A.V. Sackville.
I was in charge of the first cruise in 1970 and took part in
planning the remaining two cruises in 1970. R. Cooper and L.
Stephens planned and were in charge of the May and September cruises,
respectively, in 1971. The three of us participated in preliminary
interpretations of the gravity data (Stephens et al., 1971;
Goodacre et al., 1973). A more detailed interpretation, including
modelling of the geophysical anomalies is presented here.

The regional underwater gravity stations were spaced about
13 km apart on a rectangular grid to provide uniform coverage. When
there was sufficient time, detailed traverses were made across inter-
esting gravitational features. During normal operations about 10 to
15 minutes were required to position the ship and obtain a gravity

reading and about 40 to 45 minutes were taken to steam between
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TABLE 2.1
Summary of the 1970 Underwater Gravity Surveys on the
ENAV "Sackville -

Cruise 1 Cruise 2 Cruise 3

Cruise dates June 8 to June 28 Aug. 5 to Aug. .13 Sept.1l0 to Sept.30

No. of days at sea 16 8 18

Observers A.K.Goodacre R.V.Cooper’ R.V.Cooper
R.V.Cooper L.E.Stephens L.E.Stephens
E.S.Wainwright D.M.Ablett J.M.McCance
D.M.Ablett

No. of observations 335 150 207

No. stations per day 21 19 12

Decca chains used 6 and 7 6 and 7 2, 6 and 7

Summary of the 1971 Underwater Gravity Surveys on the

CNAV Sackville

Cruise 1 Cruise 2

Cruise dates May 3 to May 28 Sept. 8 to Sept. 28
No. of days at sea 21k 5
Party Chief R.V.Cooper L.E.Stephens
Observers J.Over | J.0ver

J. McCance J.McCance

J.Powell B.Hearty
No. of observations 339 110
No. of stations per day 16 22

Decca chains used 6 and 7 2, 6 and 7
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stations; in good weather about 20 to 24 stations were occupied
each day. Whenever possible, the gravity meter was.read at a land
gravity base station or a sea-floor station. was occupied in order

to determine the instrument's drift rate.’

2.3 METHOD OF DATA REDUCTION

The gravity data .over the Scotian Shelf are presented in the
form of simple. Bouguer anomalies (see map in pocket) to make them
compatible with the gravity data over the adjacent land areas
(Garland, 1953; Weaver, 1967) and the Gulf of St. Lawrence
(Goodacre et al., 1969).

To reduce the underwater gravity values to a common datum, the
observed gravity readings are extrapolated to the sea surface
taking into account the standard free air vertical gradient of
gravity and the attraction of the layer of water above the instrument

according to the following formula:

8 = 8, (1-2 d4/R) + 4mypd
= (go - 0.223d) mgal
where gg is the gravity at the surface (mgal)
g, is the observed gravity (mgal)
d 1is the water depth (m)
R 1is the radius of the earth (m)
p 1is the density of sea water (gm/cm3)

and Yy 1is the gravitational constant



Bouguer anomalles are then calculated by adding to the surface
gravity value a correction of .069d mgal for the mass deficiency of
water with respect to rock of standard density of 2.67 gm/cm3 and
subtracting a theoretical gravity value gth at the station computed
from the International Gravity Formula of 1930. The simple Bouguer

anomaly is given by

AgBouguer = (g0 - 0.154d - gth) mgal

and is a function of observed sea bottom gravity, theoretical sea

level gravity and a linear correction for water depth.

2.4 SOURCES OF ERROR IN THE BOUGUER ANOMALIES

In areas of rugged underwater topography the approximation of
the topographic variations by a plane surface is not adequate and a
terrain correction is applied to the '"simple'" Bouguer anomaly to
form a "complete” Bouguer anomaly. I have not made a detailed study
of terrain corrections for the Scotian Shelf but pfévious experience
(Goodacre et al., 1969) indicates it is unlikely to exceed about
1 mgal except in the rugged area north of Banquereau.

Marine tides (e.g. Bott, 1961) were not taken into account as
they are relatively small (*+ 1 metre) over the Scotian Shelf and the
magnitude of the correction is only about * 0.2 mgal.

The vertical gradient of gravity may not be constant but
experience on the Shipborne Gravimeter Testing Range near Halifax,

N.S. (Goodacre, 1964) indicates that the errors in the adopted

22



vertical gradient due to anomalous mass distributions is probably
less than 0.5 mgal if the water depth is less than 300 m, a value

greater than any depth observed on the Scotian Shelf.

2.5 ESTIMATES QF SYSTEMATIC AND RANDOM ERRORS IN THE ANOMALIES

Estimates of the magnitude of systematic and random errors in
the Bouguer anomalies are summarized in Table 2.2. Systematic
errors of up to 1 or 2 mgal may occur in the data particularly where
the water is deep and where the stations are far away from the Decca
transmitter.

Random errors are estimated to be of the order of 1.3 mgal.
Although these errors are caused by an accumulation of errors in:
(1) the observed gravity reading, (2) the horizontal position of
the gravity meter and (3) the observed water depth, the single most
important source of random error in the Bouguer anomaly is in the
vertical positioning of the gravity meter, therefore improved

resolution and accuracy of depth measurements will pay good dividends.
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TABLE 2.2

SUMMARY OF SYSTEMATIC AND RANDOM ERRORS

IN THE BOUGUER ANOMALIES

Random errors Systematic errors
mgal méal
Observed gravity 0.2 | 0.1
Water depth correction 0.7 0.3
Navigation 0.6 1 to2
Vertical gradient 0.4
Lack of terrain correction up to 1

Lack of marine tide correction 0.2
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CHAPTER 3
INTERPRETATION METHODS

3.1 INTRODUCTION

This chapter describes two interpretation methods which have
been used extensively in the study of the geophysical anomalies
on the Scotian Shelf. The first method is combined analysis of
gravity and magnetic data; the second method is the applicationof
non-linear optimization techniques to modelling gravity, magnetic,

and seismic - data. .
3.2 GENERAL REMARKS ABOUT COMBINED ANALYSIS

Combined analysis of geophysical data can give much important
information. For example, if good correlation can be established
between two sets of data in one area, one set of data can then be
used to extrapolate results to an adjacent area where the other
set is not available. Combined analysis of geophysical data also
determines the ratios of physical paraﬁters; these ratios help
to set limits on the possible.range of composition of the rocks
that create the geophysical anomalies and significant variations
of these ratios from one area to another indicate that the different
areas show, in one manner or another, significant geological
differences.

An example of the usefulness of combined analysis of geophy-
sical data is that, in the case of gravity and seismic data, the
determination of the ratio of density contrast to velocity contrast
indicates whether the density and velocity variations are due solely

to phase or compositional changes in the subjacent rocks or due to a
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combination of these with partial melting (e.g. Goodacre, 1972).

In the case of gravity and magnetic data, determination of the ratio
of the contrast of magnetic moment per unit volume to density
contrast may allow us to set an upper limit to the magnetization
contrast. This is normally difficult to do from magnetic data alone
because magnetization can vary by several orders of magnitude. .-
Density, on the other hand, varies by less than, say, 25%, in the
crust. Therefore, an estimate of the maximum allowable density
contrast, provides a reasonable upper limit to the magnetization
contrast. This in turn gives us some idea of the magnetite content
of the rock.

However, as mentioned in the introductory chapter, perhaps the
most important aspect of combined analysis of gravity and magnetic
data is that it provides an estimate.of the direction of the total
magnetization vector. This plus a knowledge of, or a reasonable
estimate of, the ratio of remanent to induced magnetization (the
Koenigsberger ratio) allows us to estimate the direction of the
remanent magnetization vector and this latter direction, when
considered in conjunction with palaeomagnetic data, provides
information about the geological history of the region studied. An
interesting application of the combined analysis of gravity and
magnetic data is the work of Lundbak (1956) who, as Deutsch (1969)
points out, presented at a meeting in 1952 an "early Palaeozoic"
pole position one or two years before any comparable pole positions

obtained by conventional techniques were published.




_ There are some problems which combined analysis cannot solve.
For example, combined analysis of gravity and magnetic data gives
no further information about the magnitude and distribution of
anomalous mass or magnetic moment than does an interpretation of
either the gravity of the magnetic field alone.

Combined analysis of gravity and magnetic data can be accom-

plished by Fourier analysis (Cordell and Taylor, 1971) Or by solving

sets of linear equations; the latter approach is used here. Important

aims of the linear analysis presented in this thesis are:
(1) to determine the degree of linear correlation that exists
between gravity and magnetic data.
(2) to obtain confidence limits of the various quantities
that characterize the relationship and,
(3) -to detect situations where the system of equations to be
solved is poorly conditioned.
These aims are met by the FORTRAN subroutine MULREG (Appendix
1) which provides the coefficient of multiple correlation between
the dependent parameter and the independent paramters and t-values
of the regression coefficients. The t-values are clesely related
to the eigenvalues of the matrix of coefficients of the normal
equations (Appendix 2) and the presence of one or more very small
t-values in relation to the other t-values indicates an ill-
conditioned system of equations. Bott and Hutten (1971) give
examples of ill-conditioned systems that arise in studies of
magnetic anomalies. Bott (personal communication) finds that

problems of ill conditioning are less severe in the analysis of
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Figure 3.1 (A) The potential field anomaly due

to an anomalous source body.
(B) An equivalent layer representation

of the source body showing the
relationshig of the jth prism to the
ith observation point (solid circle).
The extra prism to the right of the
equivalent layer shows how a prism is
defined by the coordinates Ul, U2, V1,

V2, Wl and W2 (see expression 3.2).




(A)

(B)

é AMPLITUDE
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gravity fields than in the study of magnetic fields.
3.3 RELATION OF GRAVITY AND MAGNETIC FIELDS.

If the ratio of magnetic moment per unit volume, m (u,v,w),
to the mass per unit 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 if the direction of the total
magnetization vector (the vector sum of the permanent and induced
magnetizations) is everywhere the same, the magnetic petential,
V, of a body can be expressed as a linear combination of the three

components Gx, Gy, and G, of its gravitational attraction:

J

Y =
R vV (x, y, 2) a Gx(x, y, z) +b Gy(x, y, 2) + ¢ Gz(x, y, z) +h

(3.1)
where a, b and ¢ are the direction cosines defining the
orientation of the total magnetization vector.
h is an additive constant which takes into account
the regional level of the gravity field.
R is the ratio of magnetization contrast to density
contrast.
Y is the gravitational constant.

X, v and z are the field point coordinates.

The component of magnetic attraction in some arbitrary direction,
s, is obtained by taking the directional derivative of V, 1i.e.
v

Bs the resulting expression involves nine partial derivatives of

the gravity field, five of which are independent quantities. This
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relation was first published by Eotvos (1906) based on a memoir by
Poisson (1826) and the above conditions aré referred to as the
"Poisson conditions" (e.g; Bott and Inéles, 1973). Although some
authors (Baranov, 1957 and Bott et'al;, 1966) recognise that
Poisson's relation holds for heterogeneous bodies, others (Garland,
1951 and Cordell and Taylor, 1971) restrict its application to
homogeneous bodies. The fact that thelrelation‘holds for hetero-
geneous bodies renders it more useful in practice than if it applied
solely to homogeneous ones but the important question is whether the
Poisson conditions hold throughout the geological structure under
investigation.

Equation 3.1 indicates that if we know the gravity and magnetic
fields at a sufficient number of points we can determine the ratio
R, the direction cosines a, b:and ¢ and thé'additive constant h.
Conversely, if we know (or assume) the values of R, a, b, ¢ and h
we can calculate the magnetic field from the derivatives of the
three components of the gravity field and vice versa. The main
problems in performing these calculations are to obtain the -
required components of the gravity field from the observed data and
to compute the required derivatives: A method and its theoretical
justification was published by Baranov (1953) and used by Lundbak
(1956). Two methods which circumvent some of the computational
difficulties in Baranov's method involve either Fourier analysis
of the gravity and magnetic fields (Cordell and Taylor, 1971) or
the representation of the gravity and magnetic fields by means of

an equivalent layer of rectangular blocks which have appropriate
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values of density and magnetization (Bott and Ingles, 1973).

The theoretical basis for the transformations-described above
is that if it is possible to suitably reproduce one component of a
gravity (or magnetic) field by sets of functions that satisfy

Lablace's equation such as those of the form of’

2 2%
sin [ jx 1 . sin [ ky ] .e G- +k)"z

2

or 1n [ x + (x2 + vy + 22) %] + 1n [fy + (x2 + y2 + 22)% ]

‘x .
+ arctan 34 L | etc.

z (x> +y° + 29

then, by suitable integration and differentiation of these functions,
we can specify analytically
(i) the gravity (or magnetic) potential

(ii) other components of the gravity (or magnetic) field

(iii) derivatives of these components
Once these ére obtained, we can calculate the pseudo-magnetic (or
pseudo—gravity) anomaly. Mathematically, it is probably easier to
understand the process via Fouriér analysis (Cordell and Tayler,
1971) but  physically, it seems easier to visualize the transformation
using the equivalent layer method (Bott and Ingles, 1973). Bott and
Ingles (1973) apply the equivalent layer method to gravity and
magnetic profiles; I make the straightforward extension to areally

distributed data.
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3.4 DESCRIPTION OF THE METHOD

The ratio of magﬁetic moment to mass‘ and the direction of the
total magnetization vector can be computed either by

(1) transforming the observed gravity anomaly into three
separate magnetic anomalies in the measured direction for three
orthogonal directions of magnetization then determining the
proportions of each of the three computed magnetic anomalies required
to reproduce the observed magnetic field; or by the reverse
procedure of

(2) transforming the observed magnetic anomaly into separate
gravity anomalies corresponding to each of three orthogonal
directions of the total magnetization vector and determining the
proportions of each of the three computed gravity anomalies
required fo'reproauce the observed gravity anomaly.

In the first case the direction and magnitude of the total
magnetization vector can be found because the observed magnetic
field can be regarded as a linear combination of three partial
magnetic anomalies due, respectively, to three orthogonal components
of the total magnetization vector and the required combination is
obtained by a least-square fit of the three calculated anomalies to
the observed anomaly. In the second case, each set of blocks
magnetized in each of the three orthogonal directions of magnetiz-
ation reproduces the magnetic anomaly, therefore any linear combina-
tion of the three sets of magnetized blocks will also reproduce
the magnetic anomaly. The proportion required of each set is

determined by the linear combination of the three corresponding sets
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of gravitating blocks needed to produce a set of blocks which will
closely reproduce the observed gravity anomaly. However, rather

" than work with the derived quantity of density, I prefer to work
directly with the gravity anomaly.

To perform the calculation in the first case we:

(1) approximate the source that produces the observed gravity
anomaly by an equivalent layer of rectangular prisms (Figure 3.1).
The number of blocks, M, must be at least one less than the number
of gravity observations, N.

(ii) calculate the gravitational attractions, aij’ of each
prism at each gravity observation point; aij is the attraction of
the jth block at the ith observation point and this value is
calculated using the following expression for a homogeneous

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

a,, = =d, uln (v+r)+vin (u+r
15 = ~457 (v +1) (u+ 1)

X -u, |y v, |z -w,

-w arctan — (3.2)
wr

where x, y, z are the coordinates of the ith observation point
(ul, vy wl), (u2, vy wl), (ul, Vo wl) etc. define
the corners of the jth prism
r = (u2 + v2 + wz)%
dj is the density of the prism
Y 1is the gravitational constant

z is positive upwards
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(iii) compute the prism density contrast values dl, d, ...., d

2 M

that render the quantityllA d - g_ll at .least-squares minimum
where A is the N by M+ 1 matrix composed of the elements
aij and a column vector whose elements are unity.
d is the vector of density values
g is the vector of observed gravity values
and the double bars indicate the norm or length of

the error vector.

The least squares minimization is achieved in the usual way by

solving the following matrix equation (Draper and Smith, 1966)
a= @Al g

to find d. A column vector whose elements are unity is added to the
matrix A to take into account any arbitrary constant regional level
present in the observed gravity data. In practice, the matrix
product ATA is not inverted directly and some computational method
designed to minimize effects of ill-conditioning is used (e.g.
Anderssen,1969) to solve the equations. The procedure used here

is the Modified Doolittle Method of Gaussian elimination (Goulden,
1952) which takes advantage of the fact that the matrix ATA is
symmetric. The IBM subroutine LLSQ, based on the Householder Method
(Golub, 1965) may also be used but provision must be made to solve
for an additive constant (e.g. h in expression 3.1). This is readily
done by adding a column of 1's to the matrix of observation equations
and solving for the additional unknown which is a constant multiplier.

In practice the Modified Doolittle Method and the modified version




of LLSQ give results which are the same to several significant
. figures. |
(iv) Calculate, at each magnetic observation point, three
sets of magnetic anomalies of the set of prisms for three
orthogonal directions of the total magnetization vector where the
magnetization contrast of each prism is num erically equal to its
calculated density contrast, bl is the vector of values of length
N corresponding to the first orthogonal direction, etc. The value
of N may, in general, be different from that given in Section (diii).
An individual value of magnetic anomaly, blij’ of the jth

.th \ . . s
prism at the i~ observation point is given by:

P Ty [mg g 82, £, 8%, £, 6% |

dyY 6 % 5y § z

G G G

+ m, f2 § ' x + f3 §x + fl §x

Sy 6 z § x

G G G

+ m, f3 Sy + ﬁl 8y + f2 Sy

§ 2 § x 8y (3.3)
where mj is the intensity of magnetization of the prism
dj is the density of the prism

Y 1s the gravitational constant

m s mz, m3, are the direction cosines of the first,

second or third orthogonal component of magnetization

f f3 are the direction cosines of the component

1’ fz’

of magnetic field being observed. (Throughout the
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thesis these are specified by the direction of the
earth's field since total magnetic field anomalies are
considered).

The derivatives are given by the following expressions:

x-u, y-v, |z-w,
GGz = —.de In (v + 1)
§ x x-uy |y -v; |z -wy
¢ X -u, |y -v, z -v,
87z = -ide. |1n (v +1)
S : - - -
y X ul y v1 z Wl
X -u, |y-v, |z-w,
<G .
0 z=-.4d.Y arctan uv
§ z v X -u y -V z -w
1 1 1

Expressions for the other derivatives are obtained by cyclic
permutation of the field and body coordinate parameters.

As is the case for expression (3.2):

X, ¥, 2z, are the coordinates of the ith observation point

2

1
2

T = (u2 + v© + w2)
and (ul, vy wl), (u2, vis Wl)’ (ul, Vs wl) etc.
define the corners of the jth prism.
(v) Compute the vector ¢ of coefficients which renders the
quantity IIBE - g_" a . least-squares minimum
where B is the N by 4 matrix composed of the column

vectors bl, b2 and b3 and a column vector whose

elements are unity. This latter vector allows
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for a constant regional level of the

magnetic field. |

¢ is the vector of coefficients cl, c2, c3.

m is the vector of observed magnetic anomalies.
The ratio of magnetization contrast to density contrast, R, 1is

given by the length of the vector ¢, i.e.:
1
R = (cl2 + c22 + c32)'E

and the x, y, aﬁd_z-direction cosines of the total magnetization
vector are given B& cl/R, c2/R, c3/R respectively. From these

the inclination, INCl, and the azimuth, AZIl, of the total
magnetization vector are given by:

INC1

arcsin (c3/R)

AZI1

arctan (c2/cl)

To perform.thé calculati&n in the second case we:

(1) Aﬁproximate the .source of the magnetic anomalies by an
equivalent layer of blocks whose number, M, is at least one less
than the number of magnetic 6bserVa£ions, N.

(ii) Compute the magnetic attractions of each block at each
magnetic observation point for the.first of.the three orthogonal
directions of total magnetization; pij is thé attraétion of

the jth block at the ith observation point calculated for the
first orthogonal direction ﬁf the total magnetization, etc.
(iid) ﬁetermine the vector of magnetization contrast values

that renders the quantity

IIP'ml.— g." a least-squares minimum
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where P is the N by (M + 1) matrix of coefficients pij and a
column vector whose elements are unity. As before, this latter

vector takes into account a constant regional background:

ml is the vector of magnetization contrast
corresponding to the first orthogonal direction
of the total magnetization- vector.
h 1is the vector of observed magnetic anomaly values.
(iv) Repeat (ii) and (iii) for the other two orthogonal directions
of magnetization to obtain m2 and m3.
(v) Calculate at each gravity observation point, three sets of
gravitational attractions produced by the equivalent layer of
prisms whose density values are numerically equal to :the
corresponding three sets of magnetization contrasts ml, m2 and
m3; sl is the vector of gravity values corresponding to the first
orthogonal direction etc.
(vi) Determine the vector t of coefficients which renders the

quantity.

||§£ -_glla least-squares minimum.
where S is the N by 4 matrix composed of column
vectors sl, s2 and s3 and a columﬁ vector whose
elements are unity.
As before this latter vector allows for a constant regional gravity
anomaly. The ratio of density contrast to magnetization contrast

Q is given by:

1
Q= (112 + 22 + 3%
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and the x, y and z-direction cosines of the total magnetization
vector are tl/Q, t2/Q and t3/Q respectively. The inclination,

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

INC2 = arcsin (t3/Q)

AZI2

arctan (t2/tl)

The subroutine MULREG provides the standard errors of the
quantities cl, c¢2, ¢3 and tl, t2, and t3. These are used to
calculate the standard errors in R, INCl1l, AZIl1l and Q, INC2
AZI2 respectively.

Appendix 1 documents a FORTRAN main program MGIRAN and
companion subroutines COEFF, CG3D, MULREG and POLE which perform
the required calculations and provide numerical values and
standard errors of the inclination and azimuth of the total
magnetization vector and the ratio of magnetic moment to mass.

The program also gives the virtual magnetic north pole which
is consistent with the direction of the total magnetization vector
under the somewhat unrealistic but simple assumption that there is

no induced magnetization in the anomaly source.

3.5 DISCUSSION OF THE PROGRAM MGTRAN

3.5.1 Possible uncertainties in the representation of gravity and

magnetic fields

In the second case discussed in section 3.4, the transform-
ation of a magnetic field to a gravity field depends upon the

assumption that an equivalent layer, magnetized in a uniform
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direction, can reproduce an observed magnetic field no matter what
direction of magnetization is assumed. I know of no.theoretical
justification for this but in practice this assumption is almost
always justified. Of course, in the special case where the
number of field point observations is equal to the number of
unknown magnetizations (plus the additive constant), an exact

fit can always be obtained as long as no singularity is present.
Occasionally, when there are more equations than unknowns, a good
fit can not be obtained for certain directions of magnetization.
As yet, no consistent pattern has emerged to indicate why. It

is probably related to the observation point - equivalent source
layer geometry and the angle of magnetization.

It is interesting to note that the assumption implies a

certain non-uniqueness in the source causing a magnetic field. For

example, the magnetic field due to a homogeneous body magnetized
in a uniform direction can be duplicated by an equivalent surface
layer of material magnetized in the same direction but in which
the intensity of magnetization varies in some suitable manner.

If another equivalent layer magnetized in a second, different,
direction can also reproduce the magnetic anomaly then there must
be a second, probably inhomogeneous, body magnetized in this
second direction which generates the same.anomaly:as”the'originhin
homogeneous, uniformly magnetized body. In general, if this
assumption is correct, there must be an infinite number of source
bodies, each magnetized in a different direction, that can

produce the same magnetic anomaly. One result of this is that the
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direction of magnetization in a body can not be determined from
the magnetic anomaly unless some restriction such as homogeneity
is applied.
The non-uniqueness concerning the magnetic field transfers
to the gravity field because a gravity anomaly can be associated
with the source producing the magnetic anomaly .through the
application of expression 3.1, There should, therefore,be an
infinite class of heterogeneous mass distributions each of which
produces the same gravity anomaly as the original homogeneous body.
It is also worthwhile to point out that in the transformation
of a gravity field to a magnetic field the generation of a good,
or possibly an exact, approximation of a field at only a finite
number of points is no guarantee of a good approximation of the
derivatives of the field. To illustrate by means of a simple
example, the gravity fields due to the infinite horizontal
cylinder and prism shown in Figure 3.2 are coincident at the four
locations x = * 1.5 km_and x =t 5,9 km (see downward pointing

arrows in Figure 3.2). Although in this case the vertical

derivatives of the gravity field, §E§ are the same at these points,
S z
the horizontal derivatives, GGz differ by 30%Z. This means that we

§ z
might exactly represent, at four points, the gravity field due to

the cylinder by the rectangular prism but we can not generate the
correct magnetic anomaly because the horizontal derivatives are
incorrect. The effect of this error is to give incorrect values

of the direction of the total magnetization vector and of the

ratio of magnetic moment to mass. Nevertheless, in practice, gravity
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Figure 3.2:

The gravitational attractions, and the

vertical and horizontal derivatives of these
attractions, of an infinite horizontal cylinder
and an infinite prism chosen to produce

approximately the same observed anomaly.
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and magnetic fields are usually sufficiently well behaved and an
adequate number of blocks can be used to form the equivalent layer
of magnetic, gravitating matter that we can generate sufficiently
good approximations to the gravity and magnetic fields and their
derivatives. In this connection the equivalent layer of blocks
should not be too shallow or too deep. A depth equal to one or
two times the mean horizontal station spacing is usually
satisfactory (Bott, personal communication).

As in any interpretation method it is, of course, mandatory
that the anomaly observation points are sufficient in number and
properly placed to adequately delineate the gravity and magnetic
fields and it is also necessary to ensure that each system of
linear equations to be solved is linearly independent and
reasonably well coﬁditioned through the proper placement of the

blocks forming the equivalent layer relative to the data points.
3.5.2 Background levels

As mentioned in Section 3.4, a constant regional anomaly
is allowed for when using an equivalent layer to represent a
gravity or magnetic field. It is important to do this otherwise
difficulties with "end-effects'" will arise. For example, if
the regional level of the gravity field is +50 mgal and this
value  is. not remeved from the data, it is impossible, with a
finite number of source bodies to generate an abrupt step from
0 to +50 mgal in the calculated gravity field at the boundaries

of the observed data. This problem and its effect. is analogous
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to Gibb's phenomenon in the Fourier series representation of a

discontinuity in a function.

A small constant error in the background level of the gravity
field is not serious in the transformation of a gravity field to a
magnetic field because the error does not contributeto the horizontal
derivatives of the gravity field. An unrecognised sloping regional
gravity field will introduce some systematic error, however.

An incorrect background level of the magnetic field may also
create a systematic error in the results because, if the background
level is incorrect, an additional, unwanted distribution of magneti-
zation is required when magnetic fields are generated for the three
orthogonal directions of the total magnetization vector. The result
of this is that each of the three vector components may be either
greater or less in magnitude than it should be so that the resultant
vector lies in the wrong direction, and its length, which determines

the ratio of magnetic moment to mass, is too long or too short.

3.5.3 The effect of basement magnetization

As Bott (personal communication) has pointed out, the direc-
tion of total magnetization obtained from the combined analysis of grav-
ity and magnetic anomalies is the vector difference between the direc-
tion of total magnetization in the anomalous source and the direction
of total magnetization in the surrounding medium. It is readily seen
that, if the total magnetization vectors in the source and in the

surrounding medium have approximately the same magnitude but differ
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slightly in direction, the resultant vector difference will exhibit

a small magnitude and be oriented in a direction that is significantly
different from the direction of total magnetizatidn in ‘the source.

On the other hand, if the magnitude of the total magnetization vector
in the surrounding medium is, say, a factor of ten smaller than the
total magnetization vector in the anomalous source, the resultant
difference vector will be similar in direction and magnitude to the
total magnetization vector in the source., As will be discussed later,
some situations are found over the Scotian Shelf where the calculated
direction of total magnetization is nearly at right angles to the
earth's field and this might be due to the effect of basement magne-
tization but in most of these cases the inferred geological situation
suggests that the magnetization of the source is significantly higher
than the magnetization of the'adjacent rocks. It 1s implicit,
therefore, in the application of the program MGTRAN that the effect

of basement magnetization can be neglected.
3.5.4 Features of the program

The program MGTRAN has the important features that it can be
apﬁlied to irregularly spaced gravity and magnetic observations.and
that the gravity and magnetic observations need not be coincident.
Some computing time can be saved, however, if the observafions
are coincident. In the sbecial case ‘where the observational data
are regularly spaced and coincident, the various inverse mat-

rices required in the transformation .of the fields, etc.



need to be computed only once and can then be applied repeatedly to
different sets of input data. I have not considered this special

case but the step from the program given here is straightforward.
3.6 TESTS OF THE PROGRAM MGTRAN ON MODELS

The program MGTRAN has been tested on gravity and magnetic
fields produced by simple models (see Table 3.1 for their
description); most models obey Poisson's conditions but two do not.
Models 1 to 5 obey Poisson's conditions and are homogeneous cubes
whose sides are 1 km in length and whose centres lie either 1 or
2 km below the observation plane. Models 6, 7 and 8 are physically
the same and consist of four prisms of different sizes. Model 6
satisfies Poisson's conditions but 7 and 8 do not. In model 7
all prisms are homogeneous and magnetized in the same direction
but the ratio of magnetization contrast to density contrast ranges
from 0.01 to 0.1 emu/gm. In model 8 all prisms are homogeneous
and have the same ratio of magneltization contrast to density
contrast (0.01 emu/gm) but the direction of magnetization varies
from one prism to another.

| For trials 3 to 26, the observation points were spaced 1 km
apart on a square grid. For some trials the equivalent layer
prisms were centered beneath the observation points whereas for the
other trials they lay in between. The equivalent layer parameters
are given in Table 3.2.

Those trials (3, 21, 6, 12, 9 and 23) that exhibit a high

degree of correlation (r2 = 0.9) between observed and computed
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gravity or magnetic fields (Table 3.1) generally give good results
which exhibit small scatter (as indicated by the standard deviations
of the angles and ratios given in brackets in Table 3.3) and are
close to the model values. For example the gravity to magnetic
transformation specifies the.direction of magnetization to within
about 5 degrees and the ratio of magnetization contrast to density
constrast to within 40 per cent and often to within 10 per cenff
Those trials which exhibit a low degree of correlation (15, 13, 19
arid 20) give poor resultsf*-Trials 3, 21, 6 and 12 indicate that
in the case of the gravity to magnetic transformation there is not
much difference between the results where the equivalent source
bodies are situated below and in between the data observation
points (trials 3 and 6) or directly beneath the data points
(trials 12 and 21) but in the case of the magnetic to gravity
transformation there are significant systematic errors in the
inclination values of trials 12 and 21. The gravity to magnetic
transformation therefore appears to be less sensitive to
obéervation point-equivalent source prism geometry than does the
reverse transformation.

The results-of a potential field transformation should be
independent of the orientation of the system of the three
orthogonal components of magnetization used to .describe the total
magnetization vector. Trials 19 and 20 and others not given in
Table 3.3 suggest that the gravity to magnetic field trans-
formation satisfies this criterion better than the magnetic to

gravity field transformation does.

* Qetvern r?SUH'S, o\a*o.mn-nl with &{(?_u‘ C%u\\)a\-""* \asl.e»s, are %'.vem v\,.
Table 2.4.

%% These are discossed Further on page 54.
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As might be expected, the program MGTRAN does not give
meaningful results when the models do not satisfy the Poisson
conditions. Trial 26 (using model 8 where each prism is magnetized
in a different direction) gives very poor correlation between
observed and computed fields. The result of trial 25 (using model
7 where each prism has a different intensity of magnetization) is
dominated by the prism which has the highest ratio of magnetization
to density contrast (0.1 emu/gm) since the calculated ratio of
magnetization contrast to density contrast is 0.104 emu/gm and the
direction of magnetization is reasonably close to that used for
the model. Although more tests are required to demonstrate it,
trials 25 and 26 suggest the procedure deteriorates more rapidly
if the direction of magnetization in the same source body is not
constant than if the ratio of magnetization contrast to density
contrast is not uniform.

One aspect of Table 3.3 which remains unexplained is the
set of poor results for trials 13, 15, 19 and 20. The reason
for the poor correlation between observed and computed potential
fields in these trials might be due to some unfavourable aspect of
the direction.of magnetization used for model 6 as this parameter
differs from the directions used in models 1 through 5. Bott and
Ingles (1973) point out that difficulties can arise in the trans-
formation of two-dimensional anomalies for certain angles of
magnetization and special cases of observation point-equivalent
source prism geometry. Similar problems may arise in the

transformation of areally distributed data but I have found no
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theoretical examples. Alternatively, the poor correlation may be
due to some difficulty in the observation point-equivalent source
prism geometry. In order to try to find out the reason for the
poor results of trials 13 to 20, further tests of the program
MGTRAN were carried out using, as a source, a single prism 10 km
long, 10 km wide and 5 km thick to generate gravity and magnetic
anomalies over a square array of 100 observation points spaced

5 km apart. A square array of 49equivalent source prisms spaced
5 km apart was used to approximate the graQity and magnetic fields.
The depth and thickness of the equivalent source prisms and their
horizontal positions with respect to the observation points were
varied for the set of trials 61 to 77 in which the azimuth and
inclination of the total magnetization vector were held at -60°
and 45°'respective1y (the same as in trials 13 to 20). Trials

78 to 84 were done using various directions of magnetization.

Only the gravity to magnetic field transformation was
considered during these further tests because of the undesirable
sensitivity of the magnetic to gravity field transformation to a
rotation of the system or orthogonal magnetization vectors and the
generally poorer performance of the magnetic to gravity field
transformation. The main conclusions from trials 61 to 77
(Table 3.4) are that the tops of the equivalent layer must lie at
a depth equal to 1 to 2 times the station spacing and that the
thickness of the equivalent layer is not critical. If the
equivalent layer is too close to the surface (e.g. trials 61 to 66),

large systematic errors occur and the results are sensitive to
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the horizontal position relationship between the observation points
and the equivalent layer prisms, i.e., whether the prisms are
centered beneath or in between the observation points (CB or IB
in Table 3.4). When the equivalent layer is deep enough, there is
little effect on the results when the equivalent layer prisms are
shifted horizontally by one-half the observation point spacing
(e.g. trials 73 and 76 and trials 78 and 79). Trials 68, 73 and 77
show that the thickness of the equivalent layer is not critical
when the top of the equivalent layer is deep enough. There is a
suggestion from trials 66 and 71 that a thick equivalent layer gives
somewhat better results than a thin one when the top of the layer
is not quite deep enough. Referring back to the discussion in
section 3.5.1, an equivalent layer whose upper surface is situated
at a depth equal to one to two times the station spacing not only
provides a suitable representation of the gravity field but also
its derivatives.

The results in the lower portion of Table 3.4 show that there
is no difficulty with the angle of magnetization used for trials
13 to 20 (Table 3.3). Trials 73 and 78 to 84 indicate that for a
wide variety of directions of magnetization, the orientation can
be produced to within about 2° and the ratio of magnetization
contrast to density to within about 0.3%Z if there are sufficient
observation points to define the anomaly fields and if the
equivalent layer is suitably defined and located. At first glance
it seems odd that the method works well when the equivalent layer

is deeper than the source of the anomalies but the important point



is that the conditioning of the problem is determined solely by the
observation point-equivalent layer source geometry and not by the
observed anomalies.

Returning to the poor results of trials 13 to 20 in Table 3.3,
it is clear that they are due, at least in part, to the equivalent
layer's being too close to the surface so the problem was re-run using
an equivalent layer situated 2 km beneath the observation points
(spaced 1 km apart) rather than a 0.1 km as previously used. The
results of this new run were noticeably better: AZ = -64.2° (8.6),
IN = 34.4° (5.9), M/p = .0012 emu/gm (.0001) (standard deviations
are given in brackets) indicating that the deeper equivalent layer
produced better results. However, the calculated inclination still
differed by some 9° from the model value of 45°. A possible reason
for this remaining discrepancy is that one of the four anomaly source
prisms (6d) lies at a shallow depth (see Table 3.1) and is very close
to the edge of the array of observation points and, as a result, its
gravity and magnetic anomalies are not sufficiently well defined.

To sum up the tests on the models, if an anomalous source
body satisfies the Poisson conditions and if good representations
of the potential fields are obtained, the equivalent layer method
gives good results when the layer is suitably positioned. A
measure of the quality of the results is the degree of correlation
between observed and computed potential fields, The gravity to
magnetic field transformation generally provides better correlation
between observed and computed fields and is less prone to systematic

errors than the magnetic to gravity field transformation. The
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latter transformation is useful, however, because a comparison
of the two sets of results gives some idea of the overall

reliability of the analysis.

3.7 TESTS OF THE PROGRAM MGTRAN ON SURVEY DATA

3.7.1 Gilliss Seamount

The program MGTRAN has been applied to field data from the
GillissSeamount in the Northwest Atlantic as the feature has been
treated by Cordell and Taylor (1971) using Fourier analysis. The
gravity and magnetic data were digitized at 5 km intervalé*from
the diagrams published by Cordell and Taylor (1971). A total
of 45 data points was used. The equivalent layer consisted of
30 prisms 5 km wide and 5 km long and 3 km thick with their
tops situated at a depth of 2 km for trials 51 to 54 and at a
depth of 10 km for trial 55 when only the gravity to magnetic
field transformation was done. Results are presented in Table 3.5.
Table 3.5 indicates that trials 51 and 52, where the equivalent
source bodies lie in between the data points, allow a better re-
presentation of the magnetic field than do trials 53 and 54. On

the other hand, trials 53 and 54 provide better correlation

between observed and computed potential fields. Although no single

(o}
’

result agrees exactly with that of Cordell and Taylor (AZ = 21.8
IN = 43.30, M/p = .00329 emu/gm), trial 55 produces a.direction of
magnetization which is only about 3O away from Cordell and Taylor's
value (Table 3.5). This is in accordance with the tests on models

which indicate that the gravity to magnetic transformation is likely

* Asmaler interval would Pra\aahhf %.'..«_ better resolts as e gmomalies
woold be better ‘\q%\.'y\q‘\ )
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"to provide a good answer if the degree of correlation between
observed and calculated fields is reasonably high and if the
equivalent layer is sufficiently deep.

The analysis shows that the north pole of the magnetic field
which induced the remanent magnetism in the Gilliss Seamount
probably lay somewhere in the vicinity of the Bering Strait or
somewhat to the south at a distance depending on the Koenigsberger
ratio (the straight line in Figure 3.3 gives an idea of the amount)
and in a direction away from the present magnetic pole.

In general, the standard deviation of a virtual pole position
is less than twice the largest angular error contained in the
azimuth or inclination of the magnetization vector (Cox and Doell,
1960). The largest angular error in the direction of the total
magnetization vector in trials 53 to 55 (gravity to magnetic field
transformation) is about 10° so the standard deviations of pole
positions 53G, 54G and 55G do not exceed about 20°. Errors of this
magnitude, although rather large, are comparable to errors quoted
for some of the poorer palaeomagnetic data given in catalogues
(e.g. Hicken et al., 1972). The main difficulty in the palaeomagnetic
application of the gravity to magnetic field tramnsform is that,
in general, one does not know the Koenigsberger ratio. This will
be discussed more fully in Chapter 7.

Calculated ratios of magnetic moment to mass raﬁge from
.00135 emu/gm to .00350 emu/gm. Assuming that the seamount is
basaltic and offers a demsity contrast of about 1.8 gm/cm3 with

respect to the surrounding sea water, these ratios correspond to
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Figure 3.3:

Virtual geomagnetic pole positions obtained
from Gilliss Seamount assuming an infinite
Koenigsberger ratio. Solid square is the pole
obtained by Cordell and Taylor (1971) using
Fourier analysis. Dots show poles obtained

by the program MGTRAN using various equivalent
layer representations. Tests on artificial
data indicate poles 53G, 54G and 55G (not shown
for the sake of clarity) should be the most

reljiable.
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magnetic moments per unit'volume of .0028 to .0063 emu/cm3.

Measured values of induced and remanent magnetization of these
basaltic samples dredged from the seamount range from .0026 to
.0037 emu/cm3. The calculated values of total magnetic moment

per unit volume agree quite well with the median observed values.
3.7.2 Sept Iles feature

Although the results from the Gilliss Seamount seem
reasonaﬁle, there is no direct information about the orientatiomn
of the magnetization in the source rocks. Rock magnetism data

recently became available (W. Fahrig, personal communication)

for a large undated Precambrian gabbroic anorthosite near Sept
Iles, Quebec and, because this geological feature produced large,
coincident gravity and magnetic anomalies (see Figures 7.1 and 7.2
in Chapter 7) and is in a continental rather than an oceanic
environment, it seemed worthwhile to apply the gravity to magnetic
field transformation to this feature and compare the calculated
quantities with those measured directly.

The gravity and magnetic anomalies are nearly circular and
have diameters of about 60 km and amplitudes of about 80 mgal and
1400 gamma respectively. The anomalies indicate that the major
portion of the intrusion lies under the Wéters of the St. Lawrence
River. Only.the northern margin is exposed on land. Although it
is not apparent in Figure 7.2, there are intense magnetic anomalies
in a narrow annular zone at tﬁe margin of the main anomaly. These
suggest the possibility of an enhanced magnetization at the margin

of this Precambrian gabbroic anorthosite.
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The rock magnetism data are summarized in Table 3.6. The
samples are necessarily restricted to the northern margin of the
intrusion. The mean susceptibility of the samples is .0051 emu/cm3
and the mean Koenigsberger ratio is about 0.25. The directions of
the natural remanent magnetizgtion (NRM) vectors in individual
samples exhibit a lot of scatter but the azimuths tend to fall into
two groups, one at 320° and the other at 30°. The azimuth of the
earth's field is 335o so the mean azimuth of one group lies slightly
to the west; the second distinctly to the east. The inclinations
of the NRM vectors cluster around 70o to 80° in either group. The
double grouping of the NRM vectors indicates two directions of
magnetization are present in the samples.

When the samples were cleaned using alternating field
demagnetizing techniques, only two samples (7701 and 8001)
exhibited stable directions of remanent magnetization (see bottom
of Table 3.6). Interestingly enough the two directions are quite
different from each other. The second stable direction (from
sample 8001) could explain the NRM directions in the second group
as being vector combinations of the stable remanent magnetization
and a component in the direction ef the earth's field but the
azimuth of the first stable direction (from sample 7701) is not
oriented sufficiently far enough to thé west to create a vector
combination which would have an azimuth of 320°. The NRM data
suggest, therefore, that a third direction of magnetization may
be present in the samples.

The preceeding discussion points out two possible difficulties



TABLE 3.6
Sept Iles Feature
No. of sites 10 No. of samples 72
Mean susceptibility .0051 emu/cm3 Mean Koenigsberger Ratio 0.25

Directions 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

Directions of magnetization - alternating field
cleaned samples

SAMPLE AZIMUTH INCLINATION
7701 -28.8 ~21.4
8001 131.6 . 49.0

, o
Note: azimuth and inclination of earth's field are -25

and 75° respectively
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in the application of the gravity to magnetic field transformation
to the Sept Iles feature. Firstly, the narrow,intense magnetic
anomalies at the margins indicate that the ratio of magnetization
contrast to density contrast may be higher at the margin of the
intrusion than throughout the main body and secondly, the rock
magnetism data indicate that more than one direction of magneti-
zation is present at the margin and possibly throughout the main
body. 1In doing the gravity to magnetic field transformation it
was discovered that better results could be obtained by modelling
the intrusion by a number of prisms of different sizes arranged

to approximate the shape of the intrusion in plan view rather
than by using a uniform array of rectangular prisms as was domne
for the Gilliss Seamount. It was also necessary to delete some

of the observation points which were situated over the narrow,
intense magnetic anomalies at the margin. Table 3.7 gives the
results of three trials which produce a good agreement between

the calculated and observed magnetic anomalies everywhere except
at a few isolated places near the northern margin of the
intrusion. These trials were carried out using 68 observation
points and 33 source prisms.

As can be seen from Table 3.7, the results of the gravity
to magnetic field transformation depend to some extent on the
depth at which the source prisms are placed but, in general, the
results group together fairly well. The ratios of magnetization
contrast to density contrast of .0l13 to .015 emu/gm obtained

from the gravity to magnetic field transformation agree very well
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with the value of .0l4 emu/gm derived from the mean susceptibility
value of .0051 emu/cm3 multiplied by the earth's magnetic field
strength of .57 oersted and divided by an estimated density contrast
of 0.2 gm/cm3 between the gabbroic anorthosite (2.9 gm/cm3) and

the surrounding granitic gneisses and migmatites (2.7 gm/cm3).

The directions of the total magnetization vectors do not differ
significantly from the direction of the induced magnetization vector
at the 95% confidence level but the direction obtained from

trial 92 differs at the 67% level. If we know, or assume a

value of the Koenigsberger ratio, the direction of the remanent-
magnetization vector can be obtained by subtracting the induced .
magnetization vector from the total magnetization vector. The
length of the induced magnetization vector with respect to the
length of the total magnetization vector is determined by whatever
value is assigned to the Koenigsberger ratio and is equal to the

length of the total magnetization vector divided by the quantity

cos(b) # (Q2 + cosz(b) - l)15

where Q is the Koengisberger ratio and b is the angle between the
earth's field and the total magnetization vector. At this
juncture it must be pointed out that in this application to the
Sept Iles feature the statistical uncertainty in the direction
and length of the resultant vector is very large because, even

in the best case, the total magnetization vector is barely
significantly different from the induced magnetization vector.

Nevertheless it is still of interest to examine the results.
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Directions of remanent magnetization corresponding to a Q
value of 0.25 are given in Table 3.7. These directions clearly
do not correspond to the direction of stable remanent magnetization
in sample 8001 and point too far to the west to be associated with
the stable remanent magnetization in sample 7701. The calculaéed
directions might explain the first grouping of NRM values obtained
in Table 3.6 but, if so, what is the significance of a nearly |
horizontal remanent magnetization pointing westsouthwest at Sept
Iles? Table 3.8 gives virtual palaeomagnetic polg positions from
the directions of remanent magnetization presented in Table 3.7.
These poles lie within a group of poles obtained from 1200 to
1500 my old rocks located elsewhere in the Canadian Shield (Irving
and Park, 1972) therefore the poorly determined direction of
remanent magnetization obtained from the gravity .to magnetic field
transformation might represent the magnetization initially acquired
in coolihg. Tufning the argument around, many'of the anorthosites
in the Canadian Shield seem to have crystallized some 1400 to
1500 my ago (e.g. Fahrig et al., 1974) so, if the Sept Iles feature
is typical, one might expect to find a nearly horizontal
magnetization pointing westsouthwest‘to be present throughout
the intrusion and this, would, for reasonable Q values, deflect
the azimuth of the total magnetization vector some 20°. to 300 éo
the west of the earth's field. Therefore, from this peint of
view, the results of the gravity to magnetic field transformation

are not unreasonable but the unfortunate aspect of the application

of the transformation in this case is that the error limits of the
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TABLE 3.7
RESULTS OF GRAVITY TO MAGNETIC FIELD TRANSFORMATION,

_ Sept Iles Feature

TRIAL AZIMUTH INCLINATION M/p r2 DEPTH OF UPPER
deg deg emu/gm SURFACE OF PRISMS
km
91 -45.4 76.6 .0128 77 15
(28.1) (17.3)  (.0000)
92 -53.5 67.2 .0148 78 25
(13.5) (09.5)  (.0010)
93 -52.8 74.5 - .0131 71 50
(25.7) - (16.9)  (.0011)

Direction of Remanent Magnétization (Assuming Q = 0.25)

TRIAL AZIMUTH INCLINATION

deg deg

91 -110.3 66.6

92 ~84.4  15.4

93 ~105.0 52.1
M/p = ratio of magnetizatien contrast to denmsity contrast

( ) - standard deviation of quantity
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TABLE 3.8
VIRTUAL PALAEOMAGNETIC POLES

Sept Iles ~ Gravity to Magnetic Field Transform (Q=0.25)

TRIAL LATITUDE LONGITUDE
deg deg
91 26. -109.
92 10. - =155,
93 16. | ~124.

Sept Iles - Cleaned Samples

SAMPLE LATITUDE ' LONGITUDE
deg deg
7701 23. 145,
8001 1. -26.

1200 to 1500 my Rocks from Other Areas in North America

FEATURE LATLTUDE LONGITUDE

deg deg
Michikamau
Anorthosite (1500 my) -1. -145.

Crocker Is.
Complex (1475 my) S. - =143,

Sherman Granite
(1410 my) -8. -151,

Abitibi Dykes
(1230 my) 27. -134.

NOTE: for Cambro-Ordovician poles see Figure 7.6 in Chapter 7.
The standard deviation of a virtual pole from the transformation
varies according to the trial but is of the order of 30° of

latitude.
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direction of total magnetization are so large.

One final comment in connection with the rock magnetism
data is that virtual poles (Table 3.8) obtained from the stable
directions of magnetization in samples 7701 and 8001 group together
with Cambro-Ordovician poles rather than the older Grenville
(1100 my) and Elsonian (1400 my) poles (Hicken et al., 1972).
Noting that the Sept Iles feature lies very close to the
Appalachian Front (see Figure 7.4 in Chapter 7), it may be that
these stable magnetizations were developed in the margins of the
intrusion just prior to and/or during the Taconic (Ordovician)

Orogeny.

3.8 APPLICATION OF NON LINEAR OPTIMIZATION TO. MODELLING GEOPHYSICAL
DATA

3.8.1 Non-linear optimization

Non-linear optimization is the pfocéss of nuﬁerically
determining fhe maximum or miAimum of a function éf several
variables. One of the first applications.to the study of magnetic
and gravity anomalies was by Al-Chalabi (1970). Its use has been
well documented in the literature and is not repeated here; a
paper by Hjelt (1973) is of particular iﬁterest in this respect.
The application of non-linear optimization typically consists of
minimizing the root mean square 6f the residuals between the
observed and computed anoemaly values by varying some or all of
the coordinates used to define the shape of.an anomalous source.

Other parameters such as the density or magnetization contrast of



the source body and/or the form and level of the regional back-

ground anomaly can also be varied.

I have exclusively used a method which is due to Rosenbrock

(1960) and based on the method of steepest descent (e.g. Westlake,

1968). The computer subroutine was supplied to the Department of

Geological Sciences by Imperial Chemical Industries, Ltd. A

simplified description of the method follows:

In order to minimize a function, f, of several variables x

- x,
(1)

(2)

3)

(4)

l;

etc.

increment the first argument X by an amount e. If
the function decreases in value, make the size of the
next increment to be applied after all other arguments

are incremented equal to oe where l<ao. If the function

increases in value set the size of the next increment

equal to Be where -1<8< 0, This procedure constitutes
an inner -loop, I, and provides a way to 6btain a
reasonable size of increment, not too large or too
small, in the correct direction.

Increment the second argument, Xy by-an amount e. Set
the ‘size of the next increment to be used after all

of the remaining arguments are incremented by ce or
Be. as is required.

repeat the procedure until all arguments have been
incremented once. This completes an intermediate loop,
M.

repeat the cycle (1) to (3) until a "success", i.e. an
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increment has been multiplied by a at least. once, is
obtained for all the arguments followed by a "failure"
i.e. the step size is multiplied by g, for one parameter.
(5) at this point the vector x of arguments is transformed
into a new coordinate system whose axes are Ups Uy vee
u by means of the Gram-Schmidt orthogonalizatien process
(e.g. Westlake, 1968); this ensures that an increment
in the uy direction will produce the greatest decrease
ip the value of f, an increment in the u, direction wil}
produce the next greatest decrease in the value of f,
.ete. This completes an outer loop, O.
The process is repeated using loops I,M and O as before

except f is a function of u U instead of

12 Ups ve
at

X1» XZ""X,' The iterative process is terminfd when
there is no significant decrease in the value of f£.

I find that Rosenbrock's method usually converges exponent—
ially to a minimum but the problem with this and other
optimization methods is that the user is .never certain at the
outset whether a procedure will converge and if it doés converge,
whether it converges to a local or a global minimum. A local
minimum is a minor, unwanted minimum, a g;obal minimum is the
overall, desired minimum. A related problem is that the optimized
values of the variable parameters depend upon the starting point
of the calculation. In spite'of these basic uncertainties

Rosenbrock's optimization method seems useful in geophysical

applications and it eliminates the drudgery of trial and error
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computation where the analyst takes part in each iterative step.
3.8.2 Application to first-arrival seismic travel-time data

In order to reinterpret the available crustal seismic
first-arrival travel time data over the Scotian Shelf, I wrote a
simple program to calculate the travel time of a seismic wave
travelling through a model consisting of n horizontal layers.
This program,whiqh is combined with the optimization subroutine,
is based on the expression for the travel time of a wave which

penetrates the nth layer:

n-1 2 2. %
t =’vx— + z on, Yp =Yy
n . J vV V.,
j=1 n j

where t is the travel time of the seismic wave

X is the horizontal distance between the seismic

source and receiver
Vn is the comp?essional wave velocity in the nth
layer
Vj 1s the compressional wave velocity in the jth
layer.

and selects, at a given observation point, the earliest arrival.
The seismic velocities, Vj’ are the parameters varied by the
optimization routine in order to minimize the r.m.s. difference
between the observed and computed travel times.

Tests on simple theoretical models indicated that the

procedure worked adequately except that some of the derived models

had low-velocity layers which were not in the original models. The
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procedure was applied to the crustal seismic data on the southern
Scotian Shelf (Chapter 5) with the view that although the model
obtained is not unique, it at least provides a possible
velocity-depth structure which could produce the observed travel-

time vs. distance curve.
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CHAPTER 4

THE NORTHERN SCOTIAN SHELF

4.1 INTRODUCTION

The northern portion of the Scotian Shelf is of considerable
geophysical interest as the geological relations between the
structures of southern and eastern Newfoundland and those of Cape
Breton Island have long been a source of discussion (e.g. King, 1951;
Veeks, 1954). The southeastward extension of the Precambrian rocks of
the Burin and Avalon peninsulas (Figure 4.1) and their possible
correlation, or lack of it, with the formations on Cape Breton Island,
is of ﬁarticular interest because it was first pointed out by Williams
(1964) that the Palaeozoic mobile belt of central Newfoundland is
bounded on either side by Precambrian platforms and that this two-
sided nature of the Appalachian geosyncline is in contrast to the
asymmetrical nature of the geosyncline further to the southwest where
it lacks a well defined Precambrian platform on its southeast side.
Studies of the asymmetrical portion of the Appalachians led to the
classical concept of a geosyncline (Schuchert, 1925; Kay, 1951) and
of continental accretion (e.g. Wilson, 1954). However, because the
geology of Newfoundland does not fit these classical ideas, Wilson
(1966) suggested that the Aﬁpalachian mountains were formed as a
result of the closure of an ocean which culminated in collisions of
its bounding continents during the Palaeozoic era and that the south-
eastern part of Newfoundland and adjacent continental shelf is a

continental remmant which was left behind as the European and African
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Figure 4.1:

Simplified geological map of southern
Nveoundland-aﬂa Cape Bpétonﬂ@sland.

" Data from the Geological: Map of the

Island of Newfoundland (Williams, 1967)

and from the Geoldgicai‘Map of the
Province of Nova Scotia (Nova'Sgotia

Department of Mines, 1965).
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continents split apart and moved away from the North Américaq
continent during the Mesozoic era. Wilson's scheme has since been
reinforced by current theories of plate tectonics (e.g. Morgan, 1968)
and subsequent, more detailed models of the evolution of the
Appalachians have been proposed by Bird and Dewey (1970), Rodgers
(1970) and others.

The main goals of the geophysical analysis of the .Northern
Scotian Shelf are to>study the extent and thickness of Carboniferous
and younger sedi@entary rocks and to outline structures in the.pré-
Carboniferous bésement, paying particular attention to 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 geological formations in Newfoundland that are pertinent
to the northern Scotian Shelf are described working from east to west;
the main sources of information are Poole (1970); Williams et
al. (1972); and the Geological Map of the Island of Newfoundland
(Williams, 1967). |

On the Avalon Peninsula (Figqre 4.1) a basal group of
predominantly subaerial andesites, rhyolites and intercalated sand-
stones (Harbour Main Group) is conformably overlain by an intermediate
assemblage of about 2 km of mainly siliceous slates and greywackes
(Conception Group). These are, in turn, overlain in places by an

upper assemblage of 3 to 5 km of arkosic and red sandstones and
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conglomerates (Cabot, Hodgewater and Musgravetown Groups). The latter
group is underlain by a thick (2.5 km) formation of predominantly
basic and intermediate volcanic rocks and volcanic breccia (Bull Arm
Formation). These lafe Proterozoic assemblages are overlain in places
by thin beds of distinctive white quartzite (e.g. Random Formation)
which have equivalents elsewhere in the Maritimes.

To the west on the Burin Peninsula (Figure 4.1), the rocks are
probably equivalent to the Love Cove Group to the north and its
correlative assemblage, the basal Harbour Main Group to the east on
the Avalon Peninsula. The volcanic rocks are overlain in places by
equivalents of the intermediate and upper assemblages of the Avalon
Peninsula.

There are very few exposed intrusive rocks in the Avalon and
Burin Peninsulas. The notable intrusion in the Avalon Peninsula is
the Holyrood Granite, lying southwest of St. John's and dated radio-
metrically (Rb-Sr) at 574 m.y.; this body intrudes the Harbour Main
volcanics and is overlain by lower Cambrian shales. In the Burin
Peninsula there are several scattered granite outcrops whose ages
are Devonian or earlier. Small outcrops of gabbro and related mafic
rocks occur on the southeast side of the Burin Peninsula, on several
islands in Placentia Bay and at the head of the Bay and at the
southern tip of the peninsula which separates Placentia Bay and
St. Mary's Bay;

North of Fortune Bay (Figure 4.1), rocks which are probably of

late-Precambrian age and which consist mainly of silicic volcanic flows
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and interbedded conglomerates, etc., are cut extensively by granites
of varying ages ranging from late-Precambrian to Devonian. The
largest batholith, probably of Siluro-Devonian age, cuts across a
major fault zone which extends in arcuate fashion from the north side
of Bonavista Bay (not shown in Figure 4.1) south and west to the south
and west to the south side of Hermitage Bay; this fault separates the
formations of the Avalon and Burin Peninsulas (Zone H in Figure 4.2)
from those to the west.

At Bay d'Espoir (Figure 4.1), just to the north of the Hermitage
Bay Fault, basement gneisses and migmatites and overlying complexly
folded slates and phyllites (Bay d'Espoir Group) are part of a narrow
curvilinear belt 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 Poile Bay (Figure 4.1).The age of
metamorphic basement in this zone (Zone G in Figure 4.2) was
previously thought to be early to middle Palaeozoic but i1t 1s now
considered to be early to middle Proterozoic (Williams et. al., 1972).
The basement in the northern part of Zone G (Figure 4.2) is covered by
an approximately 3 km thick monotonous sequence of psammitic and semi-
pelitic schists. The metamorphic belt is cut by numerous granitic
bodies of various pre-Carboniferous ages and scattered intrusions of
gabbro, diorite, etc. .The metamorphic belt separates the Precambrian
volcanic-sedimentary rocks of the Avalon and Burin Peninsulas from

the younger central mobile belt of Newfoundland.
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Figure 4.2:

Map showing main tectonic zones bordering
the Nova Scotian continental shelf (after
Williams et al., 1972). The zones are
discussed in the text and summarized in

the caption of Figure 1.2.
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The central mobile belt (Zones E and F in Figure 4.2) consists
largely of Ordovician slates, argillites and mafic pyroclastic rocks
and pillow lavas overlain in places by Silurian greywackes, conglomer-
ates and sandstones. These rocks are interrupted by extensive areas
of acidic to basic igneous and metamorphic bodies and significant
linear belts of ultramafic rocks. Although the central mobile belt
is some 200 km wide in northern and central Newfoundland, it pinches
out and is only about 50 km wide in southwestern Newfoundland.

North of Cape Ray (Figure 4.1) a major, northeast, trending,
linear fault zone separates the central mobile belt from a 7 km thick
sequence of Carboniferous siltstones, sandstones, and conglomerates

which probably overlie Precambrian anorthosite and gneiss.

4.2.2 Geology of Cape Breton Island

On southeast Cape Breton Island (Figure 4.1), a northeast trending
belt of mainly silicic to intermediate pyroclastic rocks and lavas,
occasionally interbedded with minor shale sequences, (Fourchu Group)
is overlain on its northwestern flank by Cambrian shales and sandstones
which include, near the base, a distinctive white quartzite member
within the Morrison River Formation. Weeks (1954) points out that the
Fourchu Group has features in common with the Harbour Main Group on
the Avalon Peninsula, but he also demonstrates convincing similarities
between the geological setting of the Fourchu Group and younger
Morrison River Formation and the characteristics of the mainly volcanic
Bull Arm Formation and overlying sedimentary rocks of the Musgravetown

Group; he favours the latter correlation.
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Further to the north, the Cambrian strata that overlie the
Fourchu Group also overlie, with marked angular unconformity, quartzite,
marble, schist and gneiss (George River Group). The George River Group
(Figure 4.1) and its probable equivalents elsewhere in Cape Breton
Island predate the Fourchu Group and exhibit a lithological similarity
to basement rocks of the Grenville Geological Province. Several small
lenses of anorthosite, a rock characteristic of the Grenville Province,
are found near the northern tip of Cape Breton Island within a band of
northeast trending metavolcanic rocks; the presence of anorthosite
reinforces the assignment of a Precambrian age for much of the basement
gneiss and schist of Cape Breton Island.

Several granitic bodies ranging in age from Devonian to late
Proterozoic (and possibly older) occur throughout Cape Breton Island.
Basic intrusions are not abundant; these are generally Devonian or
older although some gabbro intrusives of Carboniferous or possibly
Triassic age occur a few kilometers to the southwest of the Fourchu
volcanics (Figure 4.1).

With minor exceptions, Ordovician, Silurian and Devonian
sedimentary rocks are lacking in Cape Breton Island but Carboniferous
and Permian sandstones, siltstones and conglomerates occur widely.

The Carboniferous and Permian sedimentary formations relevant to the
northern Scotian Shelf are those of the Sydney Basin (in the vicinity
of Sydney, N.S.; Figure 4.1) which on land reach a total stratigraphic

thickness of about 2 km and include coal seams and evaporites.




4,2.3 Structure and Metamorphism

Williams et al. (1972) have subdivided the Canadian
Appalachians into eight distinctive structural zones (Figure 4.2):
seven of these occur in Newfoundland, the eighth is restricted to
southern Nova Scotia. Of the seven zones in Newfoundland, five are
represented in the southern part. Following their notation, the most
easterly zone, Zone H, includes the mainly Precambrian, volcanic and
sedimentary rocks of the Avalon and Burin Peninsulas in Newfoundland
(Figure 4.1). These rocks exhibit northerly trending upright folds:
the folding is open in the eastern section and tight in the western
part. The age of the folding in the eastern section is clearly
Precambrian as overlying Cambro-Ordovician shales, limestones and
other sedimentary rocks are undeformed, however, Cambro-Ordovician
rocks in the western part have been deformed along with the older
formations during the Devonian period. Metamorphic rocks are of low
grade, ranging from slate in the Harbour Main Group in the eastern
part to greenschist in the Love Cove Group in the west. Major north-
northwest and north-northeast trending faults occur throughout the
region, notably in the vicinity of the Holyrood Granite to the south-
west of St. John's (Figure 4.1).

In Zone G, immediately to the west of Zone H, the gneisses,
migmatites and slates exhibit a complex history of folding which
extends back in time from the Devonian period to probably the middle
Proterozoic. The Devonian deformation is pervasive and is characterised
by the S-shaped bend, called the Hermitage Flexure (Williams et al.

1970), which pinches out the adjacent rocks in Zone F. Metamorphism in
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Zone G is variable, often rising to the amphibolite facies and locally
to the granulite facies (e.g. near La Poile Bay). Except for the
major fault zone between Zones G and H, faults do not seem to be wide-
spread within Zone G. Where mapped, they generally trend northeast and
are probably pre-Carboniferous in age.

The Ordovician slates, argillites and mafic pyroclastic rocks
and pillow lavas and the Silurian greywackes, conglomerates and
sandstones in Zones E and F in southwestern Newfoundiand are
intensely deformed by Devonian movements and structural trends are
oriented generally northeast. Significant linear belts of mafic and
ultramafic rocks occur throughout Zones E and F and medium to high
grade metamorphic rocks occur in the southwestern parts of Zone E
and F. The type aﬁd location of the boundary between Zone F and
Zone G is unknown but the northwest side of Zone E is clearly marked
by a northeast trending, high-angle fault. Williams et al. (1972)
do not show the boundary between Zones E and F in southwestern New-
foundland but I arbitrarily locate it along a fault extending north-
east from Cape Ray as this fault lies on-strike with a major fault
zone that separates Zones E and F further to the northeast.

In the southwestern tip of Newfoundland, the Permo-Carboniferous
siltstones, sandstones and conglomerates in Zone A show varying
degrees of folding with the older rocks more steeply folded than the
younger ones. The rocks are essentially unmetamorphosed and only

occasionally cut by northeast trending faults.
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In Cape Breton Island the silicic to intermediate pyroclastic
rocks and lavas and occasional interbedded shales of the Fourchu
Group, which is assigned to Zone H, exhibit varying degrees of
metamorphism and have been subjected to two phases of early to mid-
Palaeozoic folding which have produced a northeasterly structural
trend.

The Precambrian George River quartzite, marble, schist and
gneiss are highly contorted and indicate an intermediate degree of
metamorphism.

As in Zone A in southwestern Newfoundland, Carboniferous and
younger sandstones, siltstones and conglomerates exhibit folding but
little or no metamorphism and the older beds are generally more
steeply folded than the younger ones.

Faults in Cape Breton Island generally trend northeast,
occasionally northwest. In southeastern Cape Breton Island strike-
slip motion appears to have been common in the Devonian period and
vertical movement prevalent in the Carboniferous. An interesting
exception to the latter is a thrust fault which affects Carboniferous

rocks to the south of Bras d'Or Lake.
4.2,4 Brief resume of the tectonic history of southern Newfoundland

The gneissic basement rocks of Zone A (Figure 4.2) were formed
or reworked in mid-Proterozoic time and intruded by granitic plutons
and swarms of basic dikes. At about the same time or perhaps somewhat
later, the gneissic basement rocks of Zone G were formed or reworked

and intruded by granite. The rocks in these two zones may or may not
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have been part of a single tectonic unit in mid to late-Proterozoic
time. In late Proterozoic time the volcanic and sedimentary rocks in
Zone H were formed in an 1sland-arc environment, perhaps similar to
that presently seen in Indonesia, and the rocks were subsequently
folded, metamorphosed and, in one locality, intruded by granite.

In early Palaeozoic time, Zones A and H were stable areas
covered by shallow Cambro-Ordovician seas. Whether or not these two
zones were once in close proximity, they were, at this time, separated

by an intervening ocean which was shrinking in size as its bounding

continents converged.

The rocks in Zones E and F were obviously formed in a very active
environment which, broadly speaking, changed from marine in the
Ordovician to terrestrial in the Silurian. Slices of ultramafic rocks
were emplaced mainly at the northwestern margin of Zone F during the
middle Ordovician. At some subsequent time large, allocthonous masses
of eugeosynclinal Cambro-Ordovician sedimentary rocks and Ordovician
ultramafic rocks in central Newfoundland were thrust over the mio-
geosynclinal Cambro-Ordovician sedimentary cover rocks in Zone A
lying to the west.

The Devonian period was one of extensive deformation, metamorphism
and intrusion throughout Zones E, F and G and in the western part of
Zone H. This ac£ivity marks the collision which culminated the closing
of the oceanic region lying between the North American and European
liéhospheric plates. Subsequent tectdnic activity was confined mainly to
the narrow, northeast trending zone of Permo-Carboniferous rocks overlying

the Precambrian gneissic basement of Zone A. Within this zone generally

non-marine deposition and vertical movement of fault-bounded blocks were

predominant.
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4.3 GEOPHYSICAL DATA

In addition to the uniform regional underwater gravity coverage,
data from several shipborne gravity and magnetic profiles and
scattered seismic profiles are available (Figure 4.3)

The seismic data from the northern Scotian Shelf and the Gulf
of St. Lawrence (Sheridan and Drake, 1968; Hobson and Overton, 1973)
show the typical increase of compressional wave velocity with depth
of the refracting ﬁedium (Figure 4.4). The velocities show gaps at
about 4.5 km/s and 5.6 km/s; these gaps provide convenient markers to
subdivide the depth results and this has been done by Hobson and
Overton (1973). Their seismic structure maps which include data from
Sheridan and Drake (1968), show (Figure 4.5) a broad sedimentary
basin underlying the area to the north and east of the Sydney-Glace
Bay region of Cape Breton Island. A prominent feature is the east-
west trending basement ridge (Figure 4.5) bounding the south side of
the basin. As Hobson and Overton (1973) show (Figure 4.6) a definite
correlation between compressional wave velocity and rock type is
uncertain but they conclude that the seismic structure map showing
the depths of layers in which the compressional wave velocity exceeds
4.5 km/s outlines accumulation of sedimentary rocks whose ages range
from Recent to Pennsylvanian. Interpretation of fheir second seismic
structure map (Figure 4.5) is more difficult as rocks ranging in age
from Lower Carboniferous to Precambrian could all exhibit velocities

in excess of 5.6 km/s if a correction for pressure is applied to the






Figure 4.3:

Location of Bedford Institute surface gravity
and magnetic data (Haworth et al., 1972) and
Geological Survey of Canada (Hobson and Overton,
1973) and Lamont Observatory (Sheridan and Drake,

1968) shallow seismic data.
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Figure 4.4:

Plo; of "compressional wave velocity in a
given refractor -versus the deptﬁ of the

top of the refréctor, Data extracted

from Sheridan and Drake (1968).
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Figure 4.5:

Map of the depth at which the compressional
wave velocity exceeds 5.6 km/sec. Taken

from Hobson and Overton (1973).
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Figure 4.6: Compressional wave velocities in sedimentary
and plutonic)rocks at selected sites in
Newfoundland. Figure from Hobson and

Overton (1973).
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data in Figure 4.6 but Figure 4.5 also shows that there is a broad
basement depression, ie. the Sydney Basin (Jansa and Wade, 1975),
under the northera Scotian Shelf,

A multiple linear regression analysis of the gravity and
shallow seismic data over the northern Scotian Shelf and in the
Gulf of St. Lawrence showed no systematic relation between Bouguer
anomaly magnitude (Figure 4.7) and the compressional wave velocity
within any layer or the thickness of a layer. We cannot, therefore,
use the magnitude alone of the gravity data to predict the extent
and depth of sedimentary basins in this region.

The magnetic data (Haworth et al, 1972) show several intense
large-scale anomalies (Figure 4.8) that generally trend east to
northeast. These probably reflect pre-Carboniferous crystalline
basement structures. There is a generally good correlation between
the belt of linear magnetic highs which extends eastward from
southeast Cape Breton Island and the corresponding gravity and
seismic basement highs. However, the relations between magnetic,
gravity and seismic features over the shelf to the north are more

complex as will be subsequently discussed.
4.4 ST. PIERRE HIGH

The St. Pierre High (Figure 4.7) is a large region of positive
gravity anomaly which extends in a somewhat arcuate fashion westward
from the St. Pierre and Miquelon Islands (Figure 4.3) toward Cape

Breton Island. The northward, convex side of the anomaly is marked

A0 UNIVER
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Figure 4.7: Simplified Bouguer anomaly map of the
nbrthern Scotian Shelf. For more detail

see map in pocket.
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Figure 4.8:

Simplified total magnetic field anomaly map

of the northern Scotian Shelf., Data obtained

from Sheridan and Drake (1968) and Haworth et al.,
(1972). The contours are based on a limited
amount of data as can be seen from the distri-

bution of profiles in Figure 4.3
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by a steep gravity gradient .which, in the vicinity of Hermitage
Bay, marks the seaward extension of the major fault zone which
separates the Proterozoic..volcanic rocks and sedimentary rocks

of the Avalon platform (Zone H) from metamorphic rocks of Zome G.
Associated with the steep gradient are gravity.aﬂd magnetic highs
over Proterozoic (?) basic lava flows (Figure 4.9) (see 1qgation

of profile in Figufe'4.10);

In the area to the south and east of the Ramea Islands (Figure

4.1), both the gravity and magnetic anomaliés exhibi; east-west
treﬁding features thét:élearly represent seaward extensions of
structures observed‘oq the Burin Peninsula and on the St. Pierre
and Miquelon Islands. E#aminationzof the gravity and magnetic
anomaly maps shows spatial coincidence in two cases of easé—ﬁest
trending linear highs; these highs probably represent belts of
basic lavé. About<20 km west of Grand MiQuélon Island there is
"an interesting example of.the coincidence of a magnétic high and
a gravity low. A similar inverse correlation occurs.on the Burin
Peninsula in an area intruded by granitic rocks (southeast end
of profile A-A' in Figure 4.9) and therefore the gravity low west
of Grand Miquelon Island probably outlines another magnetic granite.
A series of seismic refraction profiles (Sheridan and Drake,
1968) along the axis of the Laurentian Trough (Figﬁre 4.11) show
that, with the exception of the prominent northeast trending ridge
situated between Cape Breton Island and southwestern Newfoundland

the crystalline basement rocks are buried at depths of 2 km or more,






Figure 4.9:

Total magnetic field, Bouguer anomaly and
geology along profile A-A' North Bay -
St. Lawrence Harbour, Newfoundland. See

Figure 4.10 for location of -profile.
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Figure 4.10: Location of profiles discussed in Chapter 4.
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Figure 4.11:

Magnetic and gravity anomalies and seismic
structure along profile B-B' (profile runs

from northwest to southeast). Seismic data
from Sheridan and Drake (1968). Figure taken
from Goodacre et al. (1973)., The letters C-D

in the reproduced diagram correspond to B-B'

in Figure 4.10. The profile runs from northwest

to southeast.
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Figure 4.12:

Magnetic and gravity anomalies and pseudo-
gravity anomalies along profiles B-B' and
C-C'. m/d is the rate of magnetization
contrast to density contrast, Inc is the
inclination of the total magnetization
vector and r is the coefficient of linear
correlation between the gravity and pseudo-

gravity anomalies.
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and as Goodacre et al. (1973) . point out, there is no simple

relation between the Seismic results and the gravity and magnetic
data., In facg, the gravity high lies near the deepest part of the
seismically determined depression and if a correction were made

for the mass deficiency of the sedimentary column, the gravity
anomaly would be even more positive. TFrom a classical point of
view, the generally positive anomalies might reflect, at least

in part, crustal thinning. beneath the Paiaeozoic sedimentary

basin but it should be noted that in:the Gulf of St. Lawrence,

~some 300 km to the west where there is a well developed Palaeozoic
sedimentary basin (e.g. Sheridan and Drake, 1968), the generally
positive Bouguer anomalies are associated with a crust which is
thicker, and not thinner, than the crust beneath Nova Scoetia and
Anticosti Island (Ewing et al., 1966) (See Figuré 1.1 for location).
Therefore, in the Gulf of St. Lawrence the positive gravity anomalies
probably reflect heavy rocks within the crustal column and the saﬁe
may be true of the St. Pierre High.

Two-dimensional combined analyses of gravity and magnetic
profiles B-B' and C—é' (Figure 4.12) over the western portion of
the St. Pierre High suggest that the basemeﬁt in thié region is
highly magnetic and that a considerable degree of remanent magnet-
- ization may be present although this will be discussed more fully
in the next section. It is significant that the gravity high
marks a region where unusually high compressional wave velocities

of 7 km/s are observed at the relatively'shallow depth of about
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6 km, In Figure 4.1l the area where seismic velocities in excess

of 7 km/sec are observed seems to be shifted to the northwest of

the St. Pierre High but when the original travel-time curves are
consulted and the position where the seismic rays penetrate the
high-velocity refractor is determined, there is good agreement
between the appearance of the 7 km/sec material and the northwest
edge of the gravity high. It must be stressed, however, that

the evidence for velocities in excess of 7 km/sec is somewhat
marginal and depends in the case of each profile (175,. 176 and 177
from Sheridan and Drake, 1968) on only two or three data points

and the high apparent velocities might be due to basement

structure rather than a mafic rock composition. The seismic, gravity
and magnetic data are all consistent with the presence of gabbroic
or possibly even more mafic basement rocks but the reason for inverse
correlation between the gravity and magnetic anomalies is not clear.
The mafic basement may be reversely magnetized but it is more likely
that the magnetic highs reflect normally magnetized acidic phases

in the basement or possibly serpentinization of the mafic basement
rock (Saad, 1969). 1In this latter case the sefpentinized rocks
would exhibit a negative density contrast and a positive magneti-
zation contrast and they would be normally magnetized. It is
tempting to equate the high-density, high-seismic velocity basement
underlying the western St. Pierre High with oceanic(?) basic to
ultrabasic rocks from the northwestern part of the Newfoundland

central mobile belt (Zone D, Figure 4.2), as some of these rocks
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exhibit densities of 2.8 to 3.2 g/cm3 and compressional wave
velocities of 6.6 to.7.4 km/s (Petersen et al.;1974). In addition,
there is a suggestion in the magnetic compilation that the linear
positive anomaly -extending westward from Hermitage deflects to the
southwest in the vicinity of the Ramea_Islands and that the magnetic
lows to the west in the area presently being discussed are
consistent with the depressed field.in the eastern part of the
central mobile zone. Howevér, deep magnetic lows also-o;cur over
the Avalon Zone (see for example Figure 7.2) and geological
‘evidence (Wiliiams et_al.,l970) suggests the eastern marginal
metamorphic zone (Zone G) runs westward along the south coast of
Newfoundland rather than' turning southwest near the Ramea Islands.
In additioen, the oceanic rocks in Zone D appear to be normally
magnetized and compressional wave velocities of 6.6 to 7.4 km/s
could also be produced by mafic granulites and schists (e.g.

Goodacre, 1972). As such, there is nd strong evidénce for

Palaeozoic oceanic rocks to the southwest of this marginal zone.

4.5 THE SIGNIFICANCE OF DIRECTIONS bF TOTAL MAGNETIZATION
OBTAINED FROM THE COMBINED ANALYSIS OF GRAVITY AND MAGNETIC

ANOMALIES

The directions of magnetization obtained from the combined
analyses of the gravity and magnetic anomalies along profiles B-B'
and C-C' are nearly at right angles to the earth's field which dips

north-northwest at an angle of 74°. This result is surprising as
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1
it implies that there is quite a strong remanent magnetization in

the underlying basement rocks. It is interesting to note that
Bhattacharyya and Raychaudhuri (1967) analysed the magnetic field
over southeastern New Brunswick and the western part of central
Nova Scotia and found several areas where the direction of
magnetization differed significantly from that of the earth's
field. Although their computed directions are generally scattered,
in one area near 45.5°N; 66.5°W which is characterized by Devonian
granites, directions of magnetization calculated from foqr positive
ﬁagnetic features cluster together and have a mean azimuth and
inclination of about 150° and 60° respectively (the azimuth and
inclination of the earth's field is about -25° and 75° in this
area). The main weakness in their approach probably is that the
causative body is assumed to have the form of a vertical
rectangular prism (Bhattacharyya, 1966) and the resulting directions
of magnetization may merely be artefacts of the vertical orient-
ation of the prism. Nevertheless, it is possible that some of the
anomalies in their study area are produced by sources which possess
a significant degree of remanent magnetization. In addition to the
Devonian granites mentioned previously, southwestward directed,
dovnward dipping magnetizations are calculated by Bhattacharyya and
Raychaudhuri (1967) from magnetic highs over Devonian mafic
volcanics near 47°5N; 66.5°W and from the magnetic high over the
pre—-Carboniferous Cobequid basement complex (see Figure 6.2 for

%ocation) centered at approximately 45.5°N; 63.5°W. Because the
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problem of obtaining directions of total magnetization which
appear to be significantly different from the earth's field arises
several times’ in this and subsequent chapters, it seems appropriate
to discuss the problem rather fully here and, where necessary,
refer to this discussion later on. The questions raised by the
combined analysis of profiles B-B' and C-C' are: (1) is the
application of the combined afnalysis of the gravity and magnetic
anomalies valid and (2) if it is, under what conditions are rocks
likely to exhibit a large'amounf'of remanent magnetization which is.
oriented in a direction that is considerably diffe?ent from the
earth's field?

Although the correlation between the pseudo-gravity anomaly
and the obsefved gravity anomaly is not high -(0.77) along either
of the intersecting profiles B-B' and C-C', the results of the
combined analysis seems to be more or less coﬁsistent; the
inclinations of the total magnetization vector (projected into
the vertical plane containing the earth's fiéld) only differ
by about 10° and the ratioslof magnetization centrast to .density
contrast are of the same order of magnitude although the value
obtained from profile C-C' is about twice as large as the value
obtained from profile B-B'. 1In profile B-B', it is clear that there
is almost zero, or even a negative, correlation between the pseudo-
gravity anomaly and the observed anomaly at thé northwest end of
the profile (at a distance of about 160 km in Figure 4.12) but

the fit is good elsewhere. If the northwest end of the profile
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were omitted from the combined analysis a somewhat different result
might be expected but the direction of magnetization probably would
still differ . significantl& from the direction of the earth's
field.

It is unlikely that the unusual directions of magnetization
are the result of some sort of systematic error in Ehé data such
as in the positioning of the profiles because the gravity and
magnetic information along each profile was obtained by different
agencies. The underwater gravity data along profile B-B' was
obtained by the.Eérth Physics Branch (Stephens et él., 1971) and
thé magnetic information by Lamont Geological Observatory (Sheridan
and Drake, 1968). The sea-surface gravity and magnetic data along
profile C-C' were collected by the Bedford Institute (Haworth et al. -
1972). There seems to be no technical difficulty in the application
~ of the two-dimensional magnetic to gravity field transformationm.
A modified version of the program by qut and Ingles (1973) works
well on artificial data and, unlike the thfee—dimensidnal transform,
there is no pr§blem of having to use an insufficient number of data
points or equivalent layer prisms due to a lack of computer space.
In each application of the two-dimensional transformation, péeudo-
gravity anomalies are calculated for a wide range of inclinations
of magnetization and the angle which gives the best fit is accepted.
To summarize, the unusual directions of magnetization do not seem
to result from problems with the data or the computer program and

therefore the inclinations are either real or they are the result
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of one or more of the assumptions made not being fulfilled.

The three assumptions made are (1) the gravity and magnetic
sources have an infinite strike length (2) the direction of
magnetization is uniform throughout the source and (3) the ratio
of magnetiéation contrast to density contrast is constant throughout
the source. In the case of profiles B-B' and C-C' the gravity and
magnetic anomalies tend to have a two-dimensional character inas-
much as the gravity and magnetic contours trend northeast-southwest
(Figures 4.7 and 4.8) but there is, iﬁ fact, insufficient magnetic
information (see the distribution of profiles in Figure 4.3) to
adequately delineate the magnetic anomalies and do a three
dimensional gravity to magnetic field transformation in order to try
to answer the question of how we}l the assumption of two-dimensionality
is fulfilled. The question of whether the direction of magnetization
is uniform and the ratio of magnetization contrast is constant
throughout the sources along profiles B-B' and C-C' can not be
answered directly, but in general, the presence of a reasomably
good correlation between an observed gravity anomaly and a
calculated pseudo-gravity anomaly tends to support, but does not
prove, the validity of these two assumptions. In the case of
profiles B-B' and C-C' the correlation is marginal and the results
of the maénetic to gravity field transformation should not be
regarded as highly significant although it does seem as if some
remanent magnetization may be present in the.source rocks. 1In
some cases, to be discussed subsequently in this and following

chapters, the results of two-dimensional magnetic to gravity field




transformations are supported by two-dimensional magnetic modelling
but, of coursé, it must be stressed that compatible results of the
magnetic modelling process are not proof of the validity of the
combined analysis.

If, in those situations where there is nothing opviously wrong
with the results of a combined analysis of mégnetic_and.gravify
anomalies we accept that the source rocks possess soﬁe-r;manent
magnetization,- what are the source rocks 1ikelY'to_be?' The obvious
thing to'do is to measure the ﬁagnetic properties of roéks in areas
where there is a reasonably;gbod correlation between the oBserved
gravity and the calculated pseudo-gravity anomaly and where
remanent magnetization appears to be present in the source.
Unfortunately, rock magnetism studies in the Canadian Appalacﬁians
have mainly been done for palaeomagnetic purposes on relatively
weakly magnetized sedimentary formations which do not generate
magnetic anomalies that are large enough to be usable to attempt
a combined analysis and, with the one exception at Sept Iles
mentioned in Chapter 3, the magnetic propertiequf rocks have nbt
been measured in the few_areas where geophysical- -anomalies suggest
the presence of some remanent magnetization. We can ﬁéwever,
indireétly estimate to what extent the total magnetization vector
could be deflected away from the direction of the earth's field by
noting that average Koenigsberger ratio for rocks in southern
New Brunswick (Figure 4.13) is about 0.2 (McGrath et al., 1973) and

that, as will be discussed further in Chapter 7, the earth's
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magnetic field was nearly horizontal during the Devonian and
Carboniferous periods. Directions of remanent magnetization from
Carboniferous rocks in Fhe Canadian Maritime Appalachians are
nearly horizontal and seem to invariably point south. Devonian
directions are inclined somewhat more steeply.and are mixed with
some pointing down to the south, others up to the north.

Any stabie remanent magnetizétion acquired during these times
would be nearly at right angles to the present=day earth's field
and therefore, be effective in deflecting the total magneﬁization
vector. The deflection would be about 12° for a-Koenigsberger ratio
of 0.2 and about 239 for a value of 0.4, which is high but not
unreasonable. We can conclude therefore, that éomputed directions
of total magnetization which differ by more than, say, 15 or -20°
from the earth's field are unlikely and results such as those from
profiles B-B' and C-C' where the correlation is marginal are
probably spurious for some uncertain reason. Directions of
magnetization which differ by less than about 15 or 20° might
reasonably be expected, however.

One last comment is that the present direction of permanent
magnetization in rocks may be contfolled by some means other than
the direction of the earth's field at the gime of cooling (or
deposition in the case of sedimentary rocks). For example, the
direction of permanent magnetization might be controlled by any
lineation that is present in metamorphic rocks or the sourée rocks

could have been tilted, rotated or folded since the permanent
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Figure 4.13:

Frequency distribution of Koenigsberger ratios
for rock.cores obtained in southern New
Brunswick (McGrath et al., 1973). Figure made

from a negative kindly supplied by P. McGrath.
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magnetization was acquired. In such a case, a direction of
permanent magnetization inferred from the combined analysis of
~gravity and magnetic .data would not accurately reflect the time

when the source rocks acquired their magnetization.
4.6 CROSS POND HIGH-GRANITE LAKE LOW EXTENSION

The St. Pierre High is flanked on its western side by a linear,
southwest-trending gfavity 1ow-which appears to be an extension of
the Granite Lake Low (Weaver, 1967) centered near 489N; 57°W in
southern Newfoundland. To the west of the gravity low is a linear
gra&ity high which seems to be an extension of the Creoss Pond High
(Figure 4.7)Iand which probably represents either pre-Carboniferous

basement complex similar to those found in Cape Breton Island

(Goodacre et al., 1969) or a basic Devonian intrusion (Weaver, 1967)

or a combination of these éources.

The linear negative gravity anomaly is characterised at its
southern end by a magnetic high (Figure 4.14). Since there is no
seismic evidence that the negative gravity anomaly is due to a
narrow, deep sedimentary basin_(Figure 4.5), the anomaly probably
outlines a zone of magnetic, low-density gneiss similar to that
found about 20 km west of Burgeo (Figure 4.15). Simple models of
the gravity low and assoc¢iated magnetic high (Figure 4.16) have
several features in common: both models are wider at the bottom

than at the top, their sides dip at angles of 309 or more and fhey

both extend to depths of 10 to 15 km. On the other hand, the sides

126



127




Figure 4.14;

Magnetic and gravity anomaly and pseudo-

gravity anomaly along profile D'-D which crosses
the southwesterly extension of the Cross Pond
High-Granite Lake Low in southwestern
Newfoundland (Weaver, 1967). Note that the
direction of profile D'-D is from eastsoutheast
to westnorthwest so that the gravity high

is on the right side of the diagram; the low

to the left.
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Figure 4.15: Total magnetic field, Bouguer anomaly and
geology along profile E-E' from Cape
Anguille to Burgeo, Newfoundland. See

Figure 4,10 for location of profiles.
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Figure 4.16:

Observed gravity and magnetic anomalies over

a portion of profile D'-D, interpretative
gravity and magnetic models and calculated
anomalies. The Cross Pond High is the gravity
high on the northwest side of the extension of
the Granite Lake Low. The models shown here
relate to the gravity low and the associated

magnetic high.
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of the gravity model are not parallel with the corresponding sides
of the magnetic model. In general, the models are consistent with
the presence of a granitic body which is magnetic but possibly
not uniformly magnetic; being more highly magnetized on the
western margin than elsehwere.

The models in Figure 4.16 are determined by non-linear
optimization and provide the.best fit from a set of several gravity

and magnetic models that were obtained using different initial

configurations, density and magnetization contrasts, angles of

magnetization etc. No attempt was made to force one model to fit
another because I wanted to coﬁpare the angle of magnetization
obtained for the magnetic model in Figure 4.16 With‘the results
of a magnetic to gravity field transformation. In particular,
the nearly vertical inclination of-magnetization in the model

did not compare well with the value of 50° (N) obtained from the
analysis of profile D'-D (Figure 4.13). However, the model was
constructed to fit only the easterly portion of ﬁrofile D'-D so

a magnetic to gravity field_transfogmation was applied to the

same portion and a maximum correlation of 0.95 between the

observed gravity and the pseudo-gravity anomaly was achieved for

an angle of inclination of 85° (S). This value is in much better
agreement with that..obtained from the model and confirms the
validity of the two-dimensional magnetic to gravity field
transformation when a high-degree of correlation is obtained

between observed and calculated anomalies but it also highlights
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how important and difficult it is to properly isolate an anomaly
for interpretation. In this case, halving the length of the
profile changed the angle of magnetization by 45°.

A nearly vertical angle .of total magnetization in the posulated
granitic gneiss is not unreasonable in view of the discussion in
Section 4.5 where it was pointed out that the total magnetization
vector might réasonably be displaced up to 15 degrees or.soiaway
from the direction of the earth's field. 'As will be discussed
further in Chapter 7, a southerly directed remanent magnetization
could have been produced in the source body during the Devonian
or Carboniferous Period.

An interesting aspect of profile :E'-E in Figure 4.15 is that
west of La Poile Bay there is a positive correlation between the
gravity and magnetic field whereas to the east there is a negative
correlation. This suggests the presence of a structural
discontinuity which might be the boundary between the eastern

marginal metamorphic Zone G-and Zone F of the central mobile belt.
4.7 GLACE BAY LOW

The Glace Bay Low (Figure 4.7) is a negative anomaly belt which
extends eastward from Cape Breton Island towards St. Pierre and
Miquelon Islands. The gravity field reaches a minimum about 100 km
east of Glace Bay where a nearly circular low of about -20 mgal
amplitude is superimposed on a broader east-west trending low

of about 0 to -5 mgal. These anomalies are referred to a regional
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level of ébout 5 mgal. This value is consistent with regional .
levels determined by Weaver (1967) for Newfoundland and by
Goodacre and Nyland (1966) for the Gulf of St. Lawrence. The
broader low almost certainly reflects a basement depression
because seaward dipping Carboniferous sedimentary rocks are
exposed in the Sydney-Glace ﬁay region (Figure 4.1) and the broad
gravity minimum alqng'pfofile F-F' (Figure 4.17) at the eastern
end of the anomaly correlates well with a depression in seismic
basement., The broad low is similar; in a general way, fo the -
broad gfavity low over eastern Prince Edward.Island defined by
.Goodacre et al. (1969) (see map in Pocket, or Figure 7.1) and the
two lows together appear to outline an east-west trough of
Palaeozoic and possibly younger sedimentary rocks that is
interrupted by the uplifted pre-Carboniferous basement .complexes- -
which form Cape Breton Island.

The nearly circular gravity minimum might reflect an accumula-
tion of low-density sedimentary rocks within the broader sedimentary
basin but a strong ﬁagnefic high associated with the.gravity low '
suggests this is probably not the case. Although the magnetic
anomaly might be due to reversely magnetized basement enclosing a
basin of non-magnetic, low-density sedimentary rocks, it seems
more likely that the anomaly source is a magnetic, low-density
granite surrounded by high-density basement rocks. The nearest
exposed example of such a situation is the magnetic granite at

the head of Gabarus Bay (Figure 4.3) in Cape Breton Island.
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Figure 4.17: Magnetic and gravity anomaly, pseudo-gravity
anomaly and seismic structure along profile
F-F'. Seismic structure from Sheridan and

Drake (1968).
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Figure 4.18:

Magnetic and gravity anomalies and pseudo-
gravity anomalies along profiles G-G' and

H-H'.
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Figure 4.19: Range of in-situ magnetic susceptibility
values from rocks in New Brunswick
(McGrath et al., 1973). Figure made from a

negative kindly supplied by P. McGrath.
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Figure 4.20:

Observéd Bqﬁgugt anomaly, gravity model and

célcﬁiated ékavity anbmdiy for profilé I-1'
oyéf the Glace Bay Low. The insert shows qbé
r.ﬁ.s. difference_bétween observgd and |
éalqﬁia£;d anoma1y as a funétion.of'déhsity
contrast of the source body aﬁd:the depth of

the highest portion of the model.
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The relation between the gravity and magnetic anomalies is
not simple, however, as the local gravity low is_nearly circular
whereas the magnetic high is elongate in a séuthwést—northeast
direction. As mentioned in the caption of Figure 4.8, the magne;ic
anomaly field is not particularly well defined but it is clearly
not what one would expect if the ratio of magnetiiation contrast
to density contrast were uniform throughout the source. Howevér,
the main pértion of the Glace Bay Low and the northeast—trending
arm both seem to be associated with magnetic highs. Notwithstanding
the differences in the gravity and magne;ic.anom;l& pattefmi,bogh ”
the gravity and magnetic data suggest the presence of a northeast-
trending structural boundary dividing the rocks which produce the
St. Pierre High from the rocks which cause the northeastern arm.
of the Glace Bay Low. ~Combined analysis of two profiles: (Figure
4.18), one profile (G-G') crossing thé circular gravity iow and’
the other (H-H')crossing the tip—of the nbrtheasf arm of the
gravity low, shows apparently good corrélation between the gravity
and magnetic fields in each case. However, the directions of
magnetizgtion deQuced'for profiles G-G' ahd H-H' do not agreé
very well with each gthér épd this tends to confirm the observation
that the gravity/magnetié>properties are not uniform throughout
the postulated magnetic, low~density granite. In particular, the
magnetization appears to be enhanced at the margins of the
intrusion underlying the central portion of the Glace Bay Low

and the rocks associated with the western arm seem to be non-magnetic.




The similar ratios of magnetization contrast to.densify
contrast of_.008 emu/gm obtained from profiles G-G' and H-H' coupled
with the minimum density contrast.valpe of about 0.2 gm/cm3 derived
for the gravity source (see insert in Figure 4.20) indicate a
minimum magnetization values of about .0016 emu/cm3 for the
causative magnetic rocks. Sﬁch rather high values are not
inconsiétent with the postulated presence of granitic focks since
magnetizations of this order (see Figure 4.19) are observed in some
granitic rocks in New Brunswick (McGrath et al., 1973) but the
magﬁetizatién value.is by-nq means diagﬁéstic as similar Vaiues
are found in a wide range of metasedimentary and acidic to basic
volcanic rocks (e.g. McGrath et al., 1973).

Figure 4.20*shows a gravity mﬁdel=obtained for profile I-I'
whiéh cetesses north-south across the central portion of the Glace
Bay Low. Thé model is calcuiaﬁed'witﬁsrespecf to a regional
background of 40 mggl. It shouid be pointed out'that the model in
Figure 4.20 is oversimplified-because it does not take into account
the sedimentary column indicated by the seismic data in Figures
4.5 and 4.11. However, the broad low that the sedimentary basin
would be expected to produce is only of fhé order of 5 to 10 mgal,
at most, due to the relatively high seismic velocities encountered
in the sedimentary column (e.g. Figure 4;11);.a correction for the
mass deficiency of the sedimentary basin woul& ﬁake the model
thinner but not change the main aspects. Another problem with the

model is that it comes too close to the surface to be compatible
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with the seismic data in Figure 4.11 which suggest that the basement
is-buried about 2 to 3 km deep.. However, as the insert in

Figure 4.18 shows, the depth of the top of thé model (the vertical
axis of the insert) can be increased to 2 km or so without markedly
increasing the r.m.s. difference between the calculated and observed
Bouguer anomaly. A third comment concerning the model in Figure
4,20 is that althéugh other shapes are possible, the model exhibits

the typical outward sloping coentacts often. .associated with

_ granitic intrusions (Bott, 1962) and is consistent with the sharp

curvature of the anomaly in the vicinity of the gravity minimum.

Therefore, the combination of gravity, magnetic and seismic data

-indicates the presence of a generally, but not tniformly, magnetic

granite surrounded by high-density basement rock and overlain by

2 to 3 km of Palaeozoic and Younger sedimentary rocks.

4.8 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE NORTHERN

SCOTIAN SHELF

Although the shallow refraction seismic data indicate that much
of the northern Scotian Shelf is underlain by an extensive, somewhat
kidney-shaped basin trending approximately éast—west and filled with
late-Palaeozoic and possibly younger sedimentary rocks, most of the
gravity and magnetic anomaly features appear to originate from
within the crystalline basement. For example, the linear highs
trending westward from the vicinity of the Burin Peninsula probably

outline belts of volcanic rocks which are related to the basalts




and ‘andesites of the'Buil Arm Formation on the Avalon Peninsula
and several gravity lows are associated with magnetic highs
(e.g. the Glace Bay gravityilow) and seem to outline magnetic

- granites similar to those found on the Burin Peninsula or at the
head of Gabarus Bay on Cape Breton Island.

The general trends of the gravity and magnetic anomalies
indicate that there is a broad-scale structural continuity between
the late-Precambrian rocks of the Avalon and Burin Peninsulas and
similar formations in the eastern part of Cape Breton Island, The
structural boundary between the sedimentary and volcanic rocks of
the Avalon and Burin Peninsplas (zone H) and the metamorphic rocks
(zone G) on the eastern flank of the central mobile zone of
Newfoundland is interpreted to pass in an arcuate fashion beneath
Hermitage Bay and run parallel to the south.coast of Newfoundland
at least as far as the Ramea Islands (Figure 4.1). Its
continuation is uncertain because magnetic data (Figure 4.8)
suggest the boundary may turn to the southwest in the vicinity of
the Ramea Islands whereas the graéity data (Figure 4.7) indicate
that the boundary continues westward to approximately to the

La Poile Bay area where it then swings southwest towards Cape

Breton Island. Because the magnetic data are sparse and the gravity

data more abundant, the latter path is favoured.
If the boundary between Zones G and H runs approximately along
a line drawn between La Poile Bay, Newfoundland and Sydney, Nova

Scotia, as opposed to a line drawn between Ramea Islands,
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Newfoundland and Sydney, Nova Scotia, the linear,.southwest
trending gravity low lying to the west of the St. Pierre High
probably represents a belt of low-density:.rock:which is part of
zone G and similar to the gneiss near Burgeo (Figure 4.14). This
interpretation is .consistent with the way the tectonostratigraphic
zones are drawn in Figure 4.2 and seems reasonable but tﬁe following
points should be noted. First, the negative anomaly area north of
Burgeo is more characteristic of zone F than zone G so that the
negative belt west of the St. Pierre High might represent zone F
rocks. Second, it may be-thét"nof all of the Precambrian rocks in
the western part of Cape Breton Island beiﬁng to zone G; the
anorthosites in northwestern Cape Breton are chéracteristic of

zone A, Third, because the rocks underlying the westérn portion

of the St. Pierre High, imﬁédiately to the northwest of the-Glace
Bay Low (Figure 4.7), exhibit unusually high seismic velocities and
seem to be highly magnetic, they might be remnants of Palaeozoic
oceanic material trapped bethen two Precambrian continental blocks
rather than late-Proterozoic to early Cambrian basic igneous rocks.
Therefore this part of the norfhern Scotian Shelf ﬁay be very
complicated structurally and méy have undergone very severe
deforﬁation as the North American and European continental blocks

collided in the Palaeozoic era.
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CHAPTER 5
THE SOUTHERN SCOTIAN SHELF

5.1 INTRODUCTION

The éouthern Scotian Shelf (seé Figure 1.3 for an-outline
of the area considered) is of interest.because it is adjacent to
southern Nova Scotia which seems to Be.geologically distinct from
northern Nova Scotia and separated from this latter area by the
major Minas Basin-Chedabucto Bay fault zone. _It is possible thét
southern Nova Scotia,(;hat is. the part south of this fault zone)
was once part of the African 1ithospﬁ¢ric piate (e.g. Schenk, 1971)
and if so, p;leomagnetic evidéncé (Hickeg'et alj, 1972) sﬁggesfs
that it had been brought into its present position from some
considerably distant place. Imporfant duestions, therefore? are
whether the southern Scotian .Shelf and southern.Nové Scotia form a’
single structural unit and whether there is any palaeomagnetic |

evidence that it was separated from northern Nova Scotia and the

northern -shelf in early Palaeozoiq~tiﬁesﬁ
5.2 GEOLOGICAL SETTING OF SOUTHERN NOVA SCOTIA

5.2;1. Sedimentary, volcanic and metamorphic rocks

The dldest rocks in southern qua Scotia are contained in the
Cambro—Ordqvician Meguma Group which consists primarily of greywacké,
slate and schist (Figure 5.1). The Meguma Group is made up of two
formations; the lower one, the Goldenville Formatio;, is ma&é up
chiefly of thinly laminatéd grey slate with small amounts of

siltstone and argillite. Where observed, the contact between the



two formations is conformable and generally gradational.

The thickness of the Halifax Formation varies from about
3.5 km near the Minas Basin (Figure 5.1) to about 0.5 km near the
southern tip of Nova Scotia but Tajlor (1969) points out that thick-
ness determinations of the Halifax Formatjon are virtually meaningless
as the rocks have been closely folded and crumpled. The total
thickness of the older Goldenville is unknown as its base is no. where
exposed but some 5.5 km of Goldenville rocks are observed in three
widely separated locations. The total thickness of the Méguma group
is therefore in excess of 9 km.

Whereas the exposures of the Cambro-Ordovician Meguma Group
are widespread throuéhout southern Nova Scotia, outcrops of upper .
Ordovician, Silurian and Devonian sedimentary and volcanic rocks are
restricted to a narrow, discontinuous belt which is subpa?allel go
the Bay of Fundy coastline (Figure 5.1). Contained within this belt
are the upper Ordovician and/or Silurian (?) White Rock Formation,.
the Silurian Kentville and New Canaan Formatioﬁs and the Devonian
Torbrook Formation. The White Rock Formation exhibits an extremely
diverse lithology consisting of quartzite, slate, siltstome, rh&olite,
basalt, andesite and hornbiende—feldspér gneiss. Slate in the White
Roék Formation is indistinguishable from the slate of the Halifax
Formation; on the other hand there is a distinctive massiﬁe, light- .
colou?ed quartzite in the White Rock Formation that occurs in no
other rock unit in southwestern Nova Scotia. Near Yarmouth, N.S. the
formation is nearly 5 km thick and over half of it consists of mafic

volcanic rock. This is of considerable interest as no evidence of
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Figure 5.1:

Simplified geological map of Nova Scotia. Data
from the Geological Map of the Province of Nova

Scotia (Nova Scotia Department of Mines, 1965).
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extensive pre-Triassic basic volcanism is preserved elsewhere in
southern Nova Scotia.

The upper Silurian Kentville formation consists of up to
1 km of siltstone and slate that overlie the White Rock Formation;
the Kentville Formation is conformably overlain by the upper
Silurian New Canaan Formation near Wolfville, N.S. and by the lower
Devonian Torbrook Formation near Digby and Kingston (Figure 5.1),
N.S. The New Canaan Formation consists of andesite and breccias
with volcanic fragments, siltstone, slate and limestone. The
Torbrook Formation is made up of 2 to 3 km of shale, siltstone,
quartzite and some quartzitic iron formation.

Carboniferous rocks are, with the exception of minor
exposures (not shown in Figure 5.1) around Mahone Bay and St.
Margaret's Bay, confined to the area immediately to the south of
the Minas Basin and to the vicinity of the Minas Basin-Chedabucto
Bay fault zome (Figure 5.1). In these areas the Mississippian
Hortﬁn, Windsor and Canso Grbups and the Pennsylvanian Riversdale
Group are mapped. The rocks forming these groups are predominantly
sandstone, limestone, shale and conglomerate and the Windsor rocks
are generally of marine origin while those of the other groups are
continental. The total thickness of the Carboniferous rocks south
of the Minas Basin is about 3 km,

Except for isolated patches around Chedabucto Bay, Triassic
rocks in southern Nova Scotia are confined to the shores of the Bay
of Fundy and the Minas Basin. The Annapolis Formation consists of

up to 1 km of heterogeneous sedimentary rocks which range from
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coarse conglomerate through sandstone to shale; these rocks are
conformably overlain along the Bay of Fundy by the tholeiitic
North Mountain Basalt which is about 250 m thick. Its radiometric

age is about 200 my{Carmichael and Palmer, 1968).
5.2.2. 1Intrusive rocks

Nearly one half of southern Nova Scotia is occupied by
intrusive rocks that are generally of granodioritic composition but
which commonly attain a more acidic composition. These rocks,
which are usually of batholithic proportions and generally discord-
ant, exhibit Devonian ages as determined by radiometric methods.

Whereas acidic intrusions are well represented in southern
Nova Scotia, the areal exposures of intermediate and basic
intrusive rocks are very small. TFollowing Taylor (1967) and
subdividing these latter rocks on the basis of whether they are
pre-granitic or post-granitic in age, several small bodies,
primarily sills, of diorite and gabbro are mapped mainly to the
west and north of the discontinuous belt of Ordovician, Silurian
and Devonian rocks. The ages of these sills are uncertain but as
they generally cut the Halifax Formation but not the granitic rocks
they are probably mid-Ordovician to early Devonian in agé. A few
examples of basic intrusives cutting the granitic rocks area
observed (Taylor, 1969) but the most distinctive post-granitic

intrusive is a long diabase dike that extends some 110 km from near

Pubnico, N.S. northeast to the LaHave Islands (Figure 5.1). Samples

of this dike give a radiometric age of 192 * 32 my. (Larochelle

and Wanless, 1966) very close to that of the North Mountain Basalt.
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Ultramafic rocks are represented by only one exposure of
peridotite at Liverpool Bay, N.S. (Figure 5.1). Unfortunately the
geological relationship of the peridotite,which exhibits a Devonian
radiometric age, to the surrounding Cambrian Goldenville Formation
is unknown but its presence is of considerable interest in view of

association of peridotite with orogenic activity.
5.2.3 Structure and metamorphism

The trend of folds in the Cambro-Ordovician greywackes,
slates and schists of the Meguma Group varies from northerly near
Yarmouth and St. Mary's Bay (Figure 5.1) to northeasterly in the
northeastern part. The rocks in this latter district are more
tightly folded than those in the central region (Malcolm, 1912).
Throughout the area, the folding seems to have completed before
the culmination of regional metamorphism (Taylor and Schiller, 1966)
during the Acadian Orogeny in the Devonian period. The synclines
and anticlines generally exhibit shallow plunges and steeply
dipping axial planes. Although no general rules can be made, the
axial planes tend to dip steeply northwestward (Malcolm, 1912).

In the younger, Carboniferous, sandstones, limestones,
shales and conglomerates south of the Minas Basin the primary folds
developed during the Appalachian Orogeny are open and trend
generally northeast to east-northeast but locally the fold pattern
is extremely complex.

Triassic conglomerates and overlying tholeiitic basalts

along the Bay of Fundy are unfolded but dip a few degrees to the




northwest.

The fault pattern of southern Nova Scotia is very complex
(e.g. Cameron, 1956) but, broadly speaking, the major fault trend
is southeast-northwest except near Yarmouth and St. Mary's Bay
where the trend is north-south and in the region south of the Minas
Basin where east-west and minor southwest-northeast trends occur
in addition to the widespread southeast-northwest trend. North and
east of Halifax, the northwest-trending faults (Figure 5.1) cut
the Meguma Group and often show left-handed displacements which
exceed a kilometer; on the other hand, faults of similar orienta=
tion in the Meguma in the area southwest of the Minas Basin
(Figure 5.1) are right-handed (Malcolm, 1912). Northwest faults
cut Carboniferous rocks south of the Minas Basin and on the north-
east coast of Mahone Bay so it 1is clear that some of these faults
were active in Carboniferous, or more recent, times.

Except along the Minas Bay - Chedabucto Bay fault zone,
east-west faults are confined mainly to the Carboniferous rocks
south of the Minas Basin. 1In one location in this region the last
period of movement along these faults is post-Triassic aﬁd Boyle
(1963) believed that the east-west set of faults is younger than
the northwest-southeast set but he pointed out that there is no
direct geological evidence to support this idea.

Metamorphism in southern Nova Scotia is largely confined to
the Cambro-Ordovician Meguma Group but it also affects the
Ordovician-Silurian White Rock Formation which is made up of

quartzite, slate, gneiss and mafic volcanic rocks. The regional
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metamorphic grade is generally of the greenschist faciles or lower
except in the Pubnico-Shelburne area where the almandine-amphibolite
facies is recognised (Taylor, 1967 and 1969). Contact metamorphism
of Meguma rocks associated with the intrusion of Devonian granite,
occurs throughout Southern Nova Scotia and postdates the regional

metamorphism (Taylor and Schiller, 1966).
5.2.4 Brief resume of the tectonic history of southern Nova Scotia

In Cambro-Ordovician times the Goldenville Formation was laid
down in a marine, possible deep-sea, environment in which turbidity
currents were active. The depositional environment changed, probably
rapidly, to one of quiet, shallow-water deposition as the Halifax
Formation was laid down. The composition of the Meguma Group and
palaeocurrent information indicate that a source area of gran-
odioritic composition lay to the southeast (Taylor and Schiller,
1966). This area possibly now lies in northwest Africa. Tectonic
activity was subsequently initiated in the discontinuous belt
running from Yarmouth to the Minas Basin (Figure 5.1) as great
thicknesses of andesite and basalt were extruded in White Rock
Ordovician—Silurianetime.- Perhaps contemporaneously, or somewhat
later during the Devonian period, the entire region was folded by a
compressive force oriented roughly southeast-northwest and
subsequently metamorphosed by heat and pressure as the African
and North American lithospheric plates converged (e.g. McKerrow
and Ziegler, 1972). The northwest fracture system may have been

initiated about this time. The effect of the collision of the




lithospheric plates culminated with the intrusion of large masses
of granitic material in the middle Devonian. The region then
stabilized and was subjected to .erosion with generally continental
deposition occurring mainly in the Minas Basin region. Faulting
and subsequent east-west and vertical movements became important

in the Minas Basin in the Carboniferous pgriod and renewed movement
occurred in some areas along the northwest trending faults.

The next recorded phase of tectonic activity occurred in the
Triassic period with deposition of sedimentary and volcanic rocks
aloné the Bay of Fundy and in the Minas Basin and with the
injection of the long, linear diabase dike in southern Nova Scotia.
These latter events were possibly in response to the initial
stage of break-up of the present-day North America and African

lithospheric plates.

5.3 GEOPHYSICAL DATA

A considerable amount of shipborne and airborne magnetometer
data, scattered shallow and deep crustal refraction seismic profiles
(Figure 5.2) and some drill-hole data (McIver, 1972; Jansa and Wade,
1975) are available to complement the underwater gravity data.

A simplified gravity map (Figure 5.3) shows that, in addition to
the characteristic rise in the Bouguer anomaly field as the
continental margin is approached, the two primary anomalous gravity
features are the Middle Bank Low and the Emerald High.

The simplified magnetic anomaly map of the southern Scotian
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Shelf (figure 5.4) made from a Geological Survey of Canada
compilation kiridly supplied by P.J. Hood, does not exhibit the
detail of the original map which clearly outlines the seaward
extension of the Meguma rocks (Hood, 1966) but it does show magnetic
highs over, and to the west of Sable Island and an intense local
low on the eastern margin of La Have Bank (see Figure 1.1 for
location).

Figure 5.5 which is adapted from Sherwin (1972), is based
mainly on unpublished seismic data which consist of profiles spaced
from about 25 to 50 km apart according to Jansa and Wade (1975).
The seismic data show that the southern Scotian Shelf is éeparated
from the northern Scotian Shelf by a deep, elongate sedimentary
basin which lies on strike with the Minas Basin - Chedabucto Bay
fault zone. This basin will be discussed further in the next
chapter. The sedimentary rocks on the southern Scotian Shelf form
a wedge which thickens more.or less uniformly from thé shoreline
to the continental margin and the maximum basement'depréssion
occurs east of Sable Island. Séme nqrtheast—treﬁding faults in
the basement are inferred (Jansa and Wade, 1975) about 70 km north

of Sable Island and in the area south of3Emera1& Basin (Figure 1.1).
5.4 CRUSTAL SEISMIC RESULTS

In order to provide some background for an interpretation of the
"Halifax Profile" in the next section, and for a discussion of long

wavelength magnetic anomalies, in the next chapter, I would like







Figure 5.2: Southern Scotian Shelf - location of deep and
shallow seismic lines and gravity and magnetic

profiles J-J', K-K' and L-L'.
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Figure 5.3: Simplified Bouguer anomaly map of the southern

Scotian Shelf - for more detail see map in pocket.
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ROUGUER ANOMALY MAP - SOUTHERN SCOTIAN SHELF
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Figure 5.4: Simplified total magnetic field anomaly map of the
Southern Scotian Shelf., Data obtained from a 1:1,000,
000 compilation 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 central Scotian Shelf. The diagram is
based on a figure from Sherwin (1972) and is
based mainly on unpublished seismic profiles
spaced from 25 to 50 km apart. The main
features, as named by Jansa and Wade (1975)
are the Sable subbasin near Sable Island
(449N; 609W) and the east-west trending

Orpheus Graben (about 46°N).
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to discuss the available crustal seismic data which are available
' unfortunately, only on the southern section of the Scotian Shelf.
Willmore and Scheideggef (1956) carried out the first crustal
seismic investigation of the Scotian Shelf as part of a study of
the Gulf of St. Lawrence. Their profile, which runs from
Chedabucto Bay to Sable Island, was subsequently.complementéd by
the investigations of Barrett et al., 11964) and Berger et al,

(1965). Figure 5.2 shows the locations of the deep crustal seismic

profiles and Figure 5.6 summarizes tﬁé travel-time results of
Willmore and Scheidegger (1956) and the data of Barrett et al.
(1964) along the profile perpendicular to the coast line (Figure
5.2); their data from the profile parallel to the coastline and the
shorter range, unreversed data of Berger et al. (1965) are omitted
for clarity. Travel-time corrections of 1 sec have been applied
to Willmore and Scheidegger's .data in three cases (open circiés
in Figure 5.6). In the first two cases the redundancy of data
at a distance of 170 km clearly shows that one of the station
times is in error by 1 sec. In the éhird case, the. general shape
of crustal seismic travel-time curves (e.g. Goodacre, 1972)
strongly suggests that the shot which provides arriyals at distances
éf 60 to 70.km was mistimed by 1 sec.

In Canada, the regional Bouguer anomaly level is, in general,
a fuhction of crustal thickness and compressional wave velocity in
'the upper maritle (Goodacre, 1972). In this respect the travel-

time data in Figure 5.6 indicate that the crust along the south-
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Figure 5.6: Reduced travéi—t@me data from,crustal seiémic
investigations ByZWillmbre.apd Schéidqgger (1956)
and by Barrett et al. (1964). See Figure 5.2

for the locations of the profiles.
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Figure 5.7: Velocity-depth models of the crust oBfaihed“
by applying a non—linéaf_optimization tecﬁniqge

to the data in Figure 5.6.
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eastern coast of southern Nova Scotia is normal for an area where
Eheﬂtegionél Bouguer anomaly is about 0 to -10 mgal and the' upper
mantle velocity is about. 8.1 km/sec. Barrett et al. (1964)
obtained a value of 32 km for the thickness of the crust along

the profile parallel to the coastline (Figure 5.2) using a single
layer crustél model. Their model, although a good first approx-
imation, is not consisfent with the general increase of compressional
wave velocity with depth in the crust in Canada_(Goodacre, 1972) so
it.seeﬁéd apﬁropriate to fit multi-layer crustal models to the
available seismic data. Velocity-depth curves (Figure 5.7) were
derived for two long profiles over ‘the Scotian Shelf using the
non-linear optimization routine described in Chaptér 3 to adjust,
in each.case, the- crustal model until first-arrival travel-time
calculated for the model agreed reasonabiy well with the observed
travel-time. No claim of uniqueness is made for the method butu

it does provide plausible‘models which indicate that. the crust in
the vicinity of southern Nova Scotia is'aboﬁt 45 km thick. This
value is_some 15 km greater than the value obtained by Barrett

et al. (1964) due to the preseﬂce, in the models derived here, of
high-éeismic velocity layers immediately above the Mohérovicié
Discontinuity. The significahcé of these high velocity layers

is mot clear but they ma& represent rocks of amphibolite composition
(Goodacre, 1972). fhe seismic velocities in the uﬁper 10 to 15 km

of the crust are consistent with the presence of rocks of siliceous

‘chemical composition such as the Meguma shales, slates and quartzites
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Figure 5.8: Magnetic and gravity anomalies and shallow seismic
structure along Halifax Line (profile J-J' in Figure

5.2) Seismic data are from Officer and Ewing (1954).
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and .the intrusive Devonian granites.-
5.5 THE HALIFAX LINE AND EMERALD HIGH
5.5:1 Seismic and magnetic results

The Halifax Line (J-J' in Figure 5.2) is a profile perpendicular
to the shore line along which oceanographic measurements have Been
repeated at regular intervals throughout the years. The line has
also been used to locate geophysical measurements and-Eigure 5.8
displays the available gravity; magnetic and shallow seismic data
along the profile. The seismic data are froﬁ Officer and Ewing
(1954) and provide a typical example of a fractured,downwarped
continental shelf basement covered by a thick wedge of sedim;ntary
rocks.

The total field magnetic anomaly profile was‘constrﬁcted from
1:250,000 scale Geological Survey of Canada aepomagnetié maps which
have had the regional variation_removed. The horthwestern half of
the'pfbfile exhibits short-wave length'variatidns superimposed on
lérge—amplitude, long-wavelength anomalies whereas on the |
southeastern half of the profile the anomalies are smoofher and
smaller in amplitude. This difference probably reflects a change
in bas;ment structure and/or thicker sediments as one goes towards
the continental margin (Figures 5.5 and 5.8). The magnetic
signature of the northwestern portion of tﬂe Halifax Profile is

typical of that obtained over the Meguma Group where narrow, intense
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magnetic highs correlate with magnetic units within the Halifax
Formation and localized flat, fedtureless areas.(Figure 5.9) overlie
Devonian granite intrusions (McGréth'"et ‘al. , 1973) so it appears
that the Meguma Basement can be traced some 75 km out from the

shoreline near Halifax where it is no longer recognizable.
5.5.2 The regional gravity trend

The gravity ﬁrofile, constructed from the underwater gravity
data, shéﬁé, in addition-to local features such as the Emerald
High, the typical increase  in' Bouguer andmaly as the continental
margin is approached. The suggested regional variation in Figure
5.8 is calculated on the assumption that the.mass deficiency of
sea water is compensated, at depth, by the rise of the Mohorovicic
Disconfinuity from a deptﬂ of 45 km ﬁnder southern Nova Scotia
(Figure 5.7) to a depth of about 12 km under the deep ocean and
that the fopography on the crust-mantle interface is a mirror
image of the bathymetry. In other words, it is assumed that isostasy
prevails accdrding”to the Airy hypothesis. The "zero level" of
the calculated regional éurVe, i.e. its value at large distances
awéy from the continental margin, was set ét -5 mgal as this is the
average sea-level Bouguer anomaly value over the Gulf of St.
Lawrence (Goodacre et al., 1969). This zero level could be in
error by a few milligals so the relative amplitudes of the positive
and negative reésidual aﬁomalies obtained by subtracting the regional

trend from the Bouguer anomaly are not highly significant but the
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Figure 5.9:

Comparison of an aeromagnetic anomaly over the
Scotian Shelf (right-hand box) with an anomaly
which is typical of those over Devonian granites
in southern Nova Scotia (left-hand box). Figure

is from McGrath et al. (1973).
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interesting aspect is that the seaward rise of the observed gravity

field can be adequately explained by a simple isostatic model.
5.5.3 The geologically corrected gravity field

The reéidual Bouguer anomaly field has been corrected for the
mass deficiency of the sedimentary rocks by converting the
compressional wave velocities shown in Figure 5.8 to densities with
the aid of seismic results (Berger et al.,1965) and drill-hole . .
-fesult;'(McIVer, 1972) near Sable Island and assuming the seismic
structure to be two-dimensional in qharacter. The resulting anomaly
(Figure 5.10) 'still shows some residual correlation with the
basement depth over, and to the southeast of, the Emerald High bﬁt
this could be diminished by the choice of a siightly higher density
contrast between the 5.6-5.9 km/sec basement and the 2.4-3.9 km/sec
sedimentary %ayer. The main feature of the gravity profile in
Figuré 5.10 is the more or less step:iike rise from -20 mgal to
4+20 mgal at a disténce of about 80 km from Halifax. Superimpoéed
on this change in gravity level are 10&51 highs and lows which will
be discussed in the next sub-section.

A simple, two-dimensional gravity model wﬂich'has a density
contrast of 0.1 gm/cm3, its upper surface buried at a depth of
about 2'km,aﬁd a steeply sloping face extending £o=5_depth of
about 12 km explains the main step-like change in thé anomaly
level., This model is by no means unique and, in fact, several
other modeis; each having a different density contrast, all fit

the observed anomaly about as well as the model in Figure 5.10 does.
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Figure 5.10:

Halifax Line~ (a) the observed Bouguer anomaly

minus the adopted regional curve (Figure 5.8) and
corrected for the mass deficiency of the sedimen-
tary layers (Figure 5.8), (b) the anomaly due to a
semi-infinite slab as shown in the bottom part of
the diagram, (c) the pseudo-gravity anomaly obtained
from the northwestern half of the magnetic profile
in Figure 5.8; m/d is the ratio of magnetization
contrast to density contrast, Inc is the inclina-
tion of the total magnetization vector, r 1is the
coefficient of linear correlation between the
observed and pseudo-gravity anomaly. (d) the gravity
low in the region marked: Devonian Granite -~ area B
coincides spatially with an aeromagnetic anomaly
similar to,and adjacent to,the one shown in the

right-hand box in Figure 5.9. Area B is outlined

in Figure 5-12.
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Common .features of the models are that theif top .surfaces are buried
1 to 3 km deep and their faces'dip'more than 45° from the vertical.
The main difference is that-a given model is thicker or thinner
depending upon the density contrast used. The smallest density
contrast that will produce an acceptable fit is about 0.05 gm/cmB.
and for this case the model extends to a depth of 24 km. The

models all point to a fairly abrupt transition in the upper portion
of the crust from the typical shales, slates and quartzites of thg
Cambro-Ordovician Meguma Group (d=2.70 to 2.75 gm/cm3):and intrusive
Devonian granites (d=2.60 to 2.65 gm/cm3) to a slightly heavier,
more basic, type of basement rock that occupies an area-which
includes the Emerald High and lies approximately to the south of

the +10 mgal contour in Figure 5.3. How far this.heavier basement
exten&s oﬁ either side of the profile is not clear but it may

extend to the southwest as far as the gravity coverage goes and to

the northeast at least as far as the Middle Bank Low (Figure 5.3).
5.5.4 The Emerald High

In vigw of the foregoing discussion, in particular the correla-
tion between the Bouguer anomaly profile and the seismically
determined basement topography (Figure 5.8), it appears that the
Emerald High (Figure 5.3) which is a local, isolated, quite
prominent high about 60 km long and 15 km wide, reflects an
uplifted basementlblock,*in a terrain which is somewhat more dense

than the typical Meguma Basement. TIn fact, the character of the
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_ gravity and magnetic anomalies suggests that the block producing
the Emerald feature may locally contain phases which are even more
dense and magnetic than elsewhere; The local gravity and magnetic
lows immediately to the north of the Emerald High might represent

a low-density granitic intrusion in the same way that the gravity
low at a distance of 65 km. from Halifax (Figure 5.8 and 5.10)
almost certainly reflects a granitic intrusion because it
correlates spatially.with theé magnetically smooth area in the right
hand box in Figure 5.9 but the'gravify and magnetic lows on the
south flank of the Emerald feature are more elongate and hence

suggestive of a narrow sedimentary basin.
5.5.5 Correlation between the gravity and magnetic data

Since there is some correlatioﬁ between the gravity and
magnetic variations on the nerthwest half of the Halifax Profile
(Figure 5.8) it seemed appropriate to perform a two-dimensional
magnetic to gravity transformation even though some of the anomalies
tend to be three-dimensional in character and it is not clear
whether we are dealing with a single suite of anomalies. The
interesting result is that the maximum correlation between the
observed and pseudo-gravity anomaly (Figure 5.10) is obtained for
an éngle of magnetizatien which is close to the inclination of the
earth's field so there is no evidence of any significant amount of
remanent magnetizatioh'in the basement rocks ovér, and on the

northwest side of the Emerald High.



5.6 .THE MIDDLE BANK LOW

The most prominent gravity anomaly on the southern Scotian
Shelf is the widespread Middle Bank Low (Figure 5.3) which reaches
a minimum value of -40 mgal over the Middle Bank bathymetric
feature (Figure 1.1). The main portion of the anomaly is somewhat
kidney-shaped with the convex side pointing south. The main
portion has two off-shoots or érms; one arm extends southwest from
the westefn s%de of the anomaly and the other, less prominent,
arm extends northeast from the eastern .side. The local low at the
tip of the southwesterly trending arm (Lat. 44.46N; Long. 62.80W)
coincides spatially with a magnetically smooth area which is
partially surrounded by a magnetic halo. The magnetic anomaly
pattern closely resembles those in Figure 5.9 and it is likely
therefore, that this local gravity low is produced by an intrusion
of low-density, non-magnetic granitic material into the Meguma
basement rocks. There aré insufficient aeromagnetic data over the
local gravity low immédiately to the northeast to make a similar
interpretatioq but there is no reason to suspect that this second
local low is mnot also produced by low-density granite,
particularly as the basin fill map (Figure 5.5) indicates relatively
shallow basement near the coastline of southern Nova Scotia.

The lack of a pronounced sedimentary basin. anywhere on the
southern Scotian Shelf (Figure 5.5) indicates that-:the main portion

of the Middle Bank Low is due to a 1oﬁ—density granite batholith but
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it seemed appropriate to confirm this inte;pretation by modelling
the gravity anomaly. A study of several two-dimensional models
of the gravity field along profile K-K' (see Figure 5.2 for location)
using non-linear optimization (Al - Chalabi, 1970) and iterative
procedures using matrix methods (Laving, 1971) gave good results
for a body which has its top surface buried at a fairly shallow
depth, has outward sloping sides and offers a density contrast

of about -0.15 gm/cm3 with the surrounding rocks (Figure 5:11).
Although a complicatedrmodel with inwarddipping sides might.aiéo
fit the gravity anomaly,.the model in Figure 5.11 is consistent
%ith the sharp curvature of the gravity field over the centre of
the anomaly and the more gentle curvature on the flanks. The
characteristics of the gravity field and the model therefore
support the interpretation that the central portion of the Middle
Bank Low is produced by a batholith of Devonian (?) granite.

An interesting aspect of the main portion of the Middle Bank
Low is that it is associated with a large magnetic anomaly. This
is clearly shown along profile K-K' (Figuré 5.11)-and in Figure
5.12 where a magnetic high occurs on the southern flank of the
gravity low and a series of lows occur on the northern flénk.
Studies of a large suite of two-dimensional models of the mégnetic
anomaly (Figure 5.11) along profile K-K' (see Figure 5.12 for
location) show that:the best fit is obtained for a model which has
its upper surface at a depth of 2 km, has outward slbping sides and

has a magnétization contrast of at least 0.001 emu/cm3. The depth
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Figure 5.11: Observed gravity and magnetic anomaly profiles
over the Middle Bank feature, interpretative
gravity and magnetic models and their computed
gravity and magnetic anomalies. The inclination
of the total magnetization in the, magnetic
model is 40°(N) in the vertical plane containing
the earth's field. The inclination of the earth's

field is 74°().
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of the top of the model is quite closely determined and agrees

with the basement depth indicated in Figure 5.5. The shapes of

the gravity and magnetic modéls are ‘quite similar and, éince no
attempt was made to force one model to fit anotﬁer, it seems
reasonable to assume that there is a close relationship between

the magnetic and gravity anomalies. There is, in fact, a high
degree of correlation between the observed gravity anomaly an& the
pseudo-gravity anomaly calculated from the magnetic anomaly

(Figure 5.13) and the inclinatioﬁ of-total magnetization of'28°(N)
which is obtained from the ‘two-dimensional magnetic to gravity
field transformation differs by only 12° from that obtained by

the modelling procedure. It could be argued that a two-dimensional
study of a feature that is three-dimensional in plan view is
subject to serious errér but since the thickness.and depth of
burial of the causative body are small compared to its_lateral extent,
the error should not be too serious. A three-dimensionail jgint
analysis of the gravity and magneﬁic fields within the area
outlined by the box in Figure 5.12 was made and will be discussed
further in Chapter 7. The results give éiéomeWhatﬁshalldwer
inclination of magnetization of 140(8) when the three-dimensional
result is projected on to the vertiéal plane containing the earth's
field. The direction of magnetization from the three-dimensional
study will be discussed further in Chapter 7 but it should be
pointed out here that there may be a significant component of

remanent magnetization in the body producing the magnetic anomaly.
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Figure 5.12;.

Bouguer graﬁiéy“aﬁoqély contours superimposed on
total fieldzyagnetic ariomaly contours over the

Middle Bank-Area of the southérn Scotian Shelf.

;This figure yaé ¢ohstructed'ds;ngtthé_information

iﬂjFigurés S;jvand.5.4. N;éice tﬁe eésﬁfwes;
tﬁending magnetic anomaly léws (wide—éﬁacéd_dots),
1yiﬁg at a latitude of 44.8°N along the —éb_mggl
contour on the north side of the Middle Bank
gravity low (close-spaced dots) and the positive
magnetic aromaly region (horizontal lines) on the
south side of tlie gravity low. A two-dimensional
analysis of the-gfavity and magnetic field was
made along profile K-K'; a three-dimensional study
in the rectangular region labelled "Area of Actua;
Study". Boxes marked "A" and "B" refer to the
léff and. right<hand boxes, respectively of Figure

5.9.
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Figure 5.13:

Observed magnetic and gravity anomalies and
calculated pseudo~gravity anomaly along profile

K-K '. m/d is ratio of magnetization contrast to
density contrast, Inc is inclination of total
magnetization vector, r is the coefficient of linear
correlation between the observed gravity and the

pseudo-gravity anomalies.
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The source of the main portionzof the Middle Bank Low is
probably a Devonian (?) granite which is magnetic, unlike the
Devonian granites of southern Nova Scotia. Magnetic, low-density
granites of Devonian age are found in New Brunswiék; a good example
of one is the Pokiok intrusion (McGrath, 1970) which produces a
gravity low (see map in pocket) and a magnetic high (Figure 5.14).
McGrath (1970 and personal communication) finds that in some
parts of the Canadian Maritime Appalachians there is a cprrespoqd—
ence between the magnetic properties of grahitic intrusions and
the degree t§ which they have undergone alterafiomn
Fresh, pale-gray granites, such as those in southern Nova Scotia,
are noen-magnetic whereas some moderatély‘altered pink granites,
such as the eastern portion of the Pokiok intrusion in Ney
Brunéwick'have magnetite developed within them. The ﬁagnetite,
thch is revealed both in chemical analyses of the rocks and by
Curie temperature determinations (McGrath,jpersonaI communication)
is accompanied by chlorite; these minerals indicate the.probable
breakdown of micas in'the;grénite (Turner, 1968). The magnetic
anqmaly associated with the Middle Bank Low may indicate, therefore,
a moderate degree of alfe?aiiovx. of the postulated
granite batholith. This postulated situation is contrasted with
that of the granites of southern Nova Scotia where, if any magnetic
anomaly is present, it takes the form of a halo at the margin'of
the intrusion (e.g. Figure 5.9) and the anomaly source is magnetite

which has been developed from pyrrhotite (in the Halifax Formation
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of the Meguma Group) during the intrusion of the granite
(P. McGrath, personal communication),

Although it seems reasonable to assign a Devonian age to the
postulated Middle Bank Granite, the batholith could be older inasmuch
as Devonian Granites are generally non-magnetic whereas the older
Avalonian (late Proterozoic) and Taconic (Ordovician) granites tend
to be magnetic (W. Poole, personal communication). Of course, there
are exceptions to this rule and the Devonian Pokiok Granite is one
of them. There is also the possibility, which will be discussed in
Chapter 7, that the Middle Bank Granite was intruded during Permo-
Carboniferous times and is a counterpart of the Hercynian granites
of Devon and Cornwall in England (e.g. Bennison and Wright, 1969).
There are two reasons why this might be so. Firstly, one would expect
on the basis of a continental reconstruction (e.g. Bullard et al.,
1965) that the Scotian Shelf might have been affected by the Hercy-
nian orogeny and secondly, Carboniferous radiometric age dates are
obtained from some of the basement samples drilled in the southern
Scotian Shelf (M. Given, personal communication). However, the main
portion of the Middle Bank batholith is still unusual in that it is
magnetic ; the granites in southwest Englanid are non-magnetic although
marginal magnetic haloes are quite well developed in some cases as can
be seen on Sheet 2 of the Aeromagnetic Map of Great Britain

(Bullerwell, 1965).

An alternative, but unlikely, explanation of the magnefic
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Figure 5.14:

Magnetic anomaly over the Pokiok granite intrusion
in southwestern New Brunswick. Diagram is from
McGrath et al. (1973) and made from a negative
kindly supplied by the authors. The coincident

gravity low may be seen on the map in pocket.
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Figure 5.15: Observed magnetic and gravity anomalies and
calculated pseudo-gravity anomaly over Western

Bank. Symbols as explained for Figure 5.13.
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anomaly is that:the source of the gravity low is non—mggnetic and
that the basement rocks are reversely magnetized. They may have
acquired their magnetizétion'due to metamorphic effects associated
with the intrusion of the granite in Devonian (?) times or the -
basement may haye been "soaked" with magnetic basaltic magmé-dgring
continental collision-and break-up in Permo-Triassic times. The
difficulty with this concept is that the basement rocks would
have to have a strong component of remanentgmagnetizqtionuo;ientéd
more or-less opposite to'thé'éarth's field énd, as mentioned in
Chapter 4, such a situation is not found on land. Nevertheleés,
the idea. may not-be completely unfealistic as magnétic anomalies
in the Atlantic suggest the presence of strong, reverse magneti-
zations in oceanic basalts of various ages dating back to the
opening of the Atlantic Ocean in Triassic times énd’thé majority
of the directions of reéemanent magnetization in rocks, particularly
Permo—Carboniferous rocks, from the Canadian Maritimes arelin |
opposition to.the earth's field. 'HowéVer, the_combined analysis-
of the gravity and magnetic data en Fhemnorthwestern_pprtion of
the Haiifax Line gives no evidencé for -reversely magnetized rocks
and, in the absence of any independent evidence of revérsély '
magnetized rocks, the more conservative interpretation, suppbrting
the existence of magnetic granite, is favoured.

Although the eastern arm of the Middle Bank Loﬁ ma& delineate
a spur of granitic rock, Stephens and Cdoper (1973) pointed out

that diapiric structures (King and MacLean, 1970) near Sable Island
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suggest that this portion of the low may outline a basin containing
Mesozoic and Tertiary sedimentary rocks and salt deposits., Their
interpretation is strengthened by Jansa and Wade's (1975)

recognition of the Abenaki sub-basin in this area. It is interesting
to note that the northeasterly trending arm lies on strike with the
coincident, elongate gravity and magnetic lows (Figure 5)12) which
are situated southeast of the Emerald High (at abouf 43.8°N; 62°W)

and probably reflect a second local sedimentary basin.
5.7 WESTERN BANK AND LA HAVE BANK ANOMALIES

Western Bank (Figure‘lrl) is characterized by a smooth oval
magnetic high (Figure 5.4) which is produce§ by a source about
7 km deep (McGrath et al.,1973). Seismic evidence ?n the adjacent
region suggests that Ehe éource is associated with the crystalline
basement and may be an intrusion or an up—fauitedlblock similar
to that which is thought to cause the Emerald High; Two-dimensional
combined analysis of the gravity and magnetic anomaly fields
(Figdre 5.15) along profile L'-L shows little correlation and
indicates that there is no simple relation between the two fields.
The intense, apparently circulaf magnetic low (Figure 5.4) on
theleastern margin of La Have Bank (near 43.2N, 63.8W) is defined
by only one profile. The anomaly may merely_be a manifestation
of a magnetic disturbance as this profile was not corrected for
diurnal variation (R.T. Haworth, personal communication) but if

the anomaly is real, it probably represents a compact intrusion
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which cooled during a time when the earth's field was reversed.

The magnetic low shows no obvious relation to the gravity field.

5.8 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE SOUTHERN

SCOTIAN SHELF

The general geophysical picture of the southern Scotian Shelf
is one of the eroded top of a southeasterly dippiﬁg basement complex
overlain by a wedge of late Palaeozoic and younger sedimentary
rocks which reach their maximum.thickness east of Sable Island.
Throughout most of the area, the gravity and magnetic anomalies
~ generally reflect variations of density and magnetization within
the pre-Carboniferous basement rocks except near the continental
margin where the sedimentary column depresses the gravity field
by some 40 to 50 mgal and local gravity and magnetic features
such as the Emerald High and flanking 1ows may reflect fault-
bounded horsts and sedimentary basins produced as a result of
stresses ilmposed during continental break-up (e.g. Stephens and
Cooper, 1973). A large portion of the southern Scotian Shelf
appears to be underlain By a batholith of low-density granite,
This granite differs from those in southern Nova Scotia in that
it appears to be magnetic and possess a significant amount of
remanent magnetization whereas the granites of southern Nova
Scotia are conspicuously non-magnetic. The basement rocks in
the vicinity of the Emerald High are denser than, and hence

different from, the Meguma basement rocks to.the northwest.




The structure of the crust along the southeastern coastline
of Nova Scotia is normal when compared'td other regions in Canada
which are characterized by approximately the same regional Bouguer
anomaly level and -upper mantle compressional wave velocity. The
southern Scotian Shelf is approximately in isostatic equilibrium

A
and the increase in Bougkr anomaly level as the continental margin

is approached is probably largely due to the riseiof the Mohorovicic

Discontinuity from a depth of 45 km under:southern Nova Scotia to
depths of 10 to 15 km beneath the deep ocean.

The question of whether southern Nova Scotia and the southern
Scotian Shelf form a single structural unit is difficult to answer.
Theré is no obvious structural feature separating the two areas
in the same way that there is one éeparating the northern and
southern Scotian Shelf and so there is no reason to suspect that
the typical Meguma slates, shales and quartzites and the intrusive
Devonian granites of southern Nova Scotia do not underlie most of
the southern Scotian Shelf. One area wﬁere they probabiy'do not
occur, however, is in the vicinity of the Emerald Hiéb where the
denser basement probably forms a distinctly diffe;ent structural
unit. Because the presumed granite batholith to the northeast is
magnetic, unlike the ones on land, it is possible that Ehis
different structural unit exfends northeast to encompass the main
portion of the Middle Bank Low. If so, the southwestern edge of
the Meguma basement would run approximately parallel to the

coastline north of Halifax at a distance of some 50 to 75 km
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offshore but there is, admittedly; no strong evidence that the
Meguma rocks terminate along such a line.

Without trying to draw any close parallel between the age and
history of the two areas, it is interesting to note tﬁat the
horst and graben type of structure postulated to occur within the
dense basement underlying the Emerald High region is reminiscent of
the uplifted, -dense Precambrian basement blocks and flanking
Carboniferous sedimentary basins which eoccur in the Antigonish-
Cape Breton Highlands.area. The basement in the'vicinity of the
Emerald High may be a remnant of one of the late Precambriaﬂ
basement nuclei found in northwest Africa, of, alternatively,
the basement rocks could}héve.been formed_or-reworked‘dﬁring
Permo-Carboniferous times. Further discqssion of this will.be

left until Chapter 7.
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CHAPTER 6

THE CENTRAL SCOTIAN SHELF

6.1 INTRODUCTION

The central Scotian Shelf and adjacent land region of central
Nova Scotia (see Pigure 1.3) is of considerable interest because the
availlable geological and geobhysical information indicate the presence
of a major discontinuity of crustal froﬁortions which seﬁarates the
rocks of the southern Scotian Shelf and southern Nova Scotia from
those of the northern Scotian Shelf and central Nova Scotia. As men-
tioned in the introductory chabter, this discontinuity is thought to
be related to the convergence and/or separation of lithospheric plates
in the Palaeozoic Era. An imbortant aim of the geobhysical investi-
gation described in this chaﬁter is to determine, if possible, the

structure of the discontinuity which cuts the Scotian Shelf.

6.2 GEOLOGICAL SETITING OF CENTRAL NOVA SCOTIA

6.2.1 Sedimentary, volcanic and metamorphic rocks

The two main pre-Carboniferous basement features of central
Nova Scotia (Figure 6.1) are the Cobequid Highlands and the Antigonish
Highlands (Figure 6.2). A large portion of the Cobequid Highlands is
made up of granite, granite gneiss, diorite and metamorphosed sedimen-~
ta;y and volcanic rocks consisting of grey. to black fine-grained
sedimentary rocks or volcanic ash beds, grey and red shale, light grey
to white quartzite or silicified tuff, chlorite schist and fine-
grained conglomerate or volcanic breccia. This complex is cut by

Devonian granitic batholiths and diabasic dykes and is bounded, in







Figure 6.1: Simplified geological map of Nova Scotia.
Faulting in central Nova Scotia is shown

in more detail in Figure 6.2.
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Figure 6.2:

Map of central Nova Scotia and‘the central
Scotian Shelf showing: major topographic
features in central Nova Scotia, seismic
data on the central Scotian Shelf,

location of profiles discussed in text

and Bouguer anomaly contours.
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some places, on the south side by a black, grabhitic schist which is
thought to mark a zone of considerable shearing (Weeks, 1948). The age
of the basement comﬁlek is uncertain but recent radiometric age dating
of some of the older granitic rocks provides ages of about 600 -m.y.
(W.H. Poole, berSonal communication). Sedimentary rocks of probable
Silurian age are found mainly in the southwestern Cobequid Highlands.
These rocks generally consist of unfossiliferous, grey, slightly

sandy shale and resemble rocks of the Silurian Arisaig Groub (Weeks,
1948) which lie some 100 km to the east in the Antigonish Highlands.

The lowermost exposed rocks of the Antigonish Highlands (Fig-
ure 6.1) are made uﬁ of about 6 km of volcanic, and sedimentary rocks
of the Cambro-Ordovician Brown's Mountain Group. This group is sub-
divided into four formations, the basal Keppoch Formation, consisting
of porphyritic leucodacite to rhyolite and minor breccia and tuff, the
Baxter Brook Formation, consisting of laminated tuffaceous siltstone,
shale and argillite, crystal tuff, shale and silty shale, The Brierly
Brook Formation, consisting of leucoandesite porphyry , lapilli
crystal tuff, andesite, and agglomerate, breccia and greywacke, and
the uppermost Little Hollow Formation consisting of siltstone,
quartzite and minor wacke (Benson, 1974). The basal volcanics have
been dated at 531 * 27 my (Cormier, 1974).

The Cambro-Ordovician rocks of the Brown's Mountain Group are
unconformably overlain in several localities by the generally sedimen-
tary rocks of the Silurian Arisaig Group. This group has been of
particular interest to ﬁalaeontologists because of "its completeness,

fossil contents and decided European affinities" (Williams, 1912).
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The Arisaig Group is made up of five formations which generally con-
sist of shale and limestone and have a total ﬁreserved thickness of
about 1 km. The lower formations contain some tuff beds.

The bre—Carboniferous basement rocks of the Cobequid and Anti-
gonish Hiphlands are overlain by Carboniferous shale, slate and sand-
stone of the Mississiﬁpian Horton and Windsor Groups and the Pennsyl-
vanian Canso, Cumberland and Pictou Grouﬁs. In many élaces the
Carboniferous rocks lie unconformably on the older basement rocks but
in some places (for examble south of the Cobequid Highlands and north-
west of the Antigonish Highlands) the Carboniferous rocks are separated
from the basement by faults.

Triassic conglomerate, sandstone and shale, the Annapolis
Formation, and scattered outcrops of basalt occur on the north shore
of the Minas Basin; patches of rocks similar to those of the Annapolis

Formation occur west and north of Chedabucto Bay (Stevenson, 1959).
6.2,2 Intrusive rocks

Large masses of granitic to granodioritic rocks intrude the
older gneisses and volcanic sedimentary rocks of the Cobequid High-
lands. Radiometric age dates of about 580 my are found in granite
rocks in the Cape Breton and Antigonish Highlands (Benson, 1974) and
perhaps they are contemﬁoraneous with the older (as opposed to the
younger) granitic rocks in the Cobequid Highlands. According to Weeks
(1948) the more basic phases of the granite in the Cobequid Highlands
ﬁrobably-result from the assimilation of pre-existing basic volcanic

material. The younger granitic rocks intrude fossiliferous Silurianm




to lower Devonian sedimentary rocks and granite remnants occur in
nearby Carboniferous clastics so their age is well established. Acid
porphyries found in the Cobequid Highlands in regions underlain by
Silurian shale may have beeh'emblaced in the Carboniferous Period.

Diabasic intrusive rocks are rather evenly distributed
throughout the Cobequid comblei; their age is uncertain but is prob-
ably Carboniferous (Weeks, 1948). Several exposures of diabase and
gabbro occur to the east of the Cobequid comﬁlex and immediately to
the north of the Minas Basin - Chedabucto Bay fault zone (Figure 6.1).
The age of these intrusives is uncertain but is probably Permo-

Carboniferous (Schiller, 1961).
6.2.3 Structure and metamorphism

In the Cobequid Higlands, the structures in-the volcanic-
sedimentary complex are generally obscure but where mapped in one
location, they are discordant with.those in the Silurian (?) shales
which exhibit a relatively shallow, uniform dip to the south. The
Cambro-Ordovician slate, greywacke and andesite in the Antigonish
Highlands are folded and exhibit steeﬁ dips. The unconformably over-
lying Silurian shales and limestones also exhibit similar but somewhat
less intense folding.

Folds in Carboniferous shale, slate and sandstone vary from
open to tight and the battern is complex. TFolds generally trend
northeasterly but locally they trend northerly near Chedabucto Bay
and easterly north of the Minas Basin.

Large-scale faulting e#ists throughout central Nova Scotia. A

major discontinuity is the Cobequid Fault (labelled "a" in Figure 6.2)
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which separates the pre~Carboniferous Cobequid volcanic-sedimentary
complex from the Carboniferous rocks lying to the south. At the
eastern end of the Cobequid Mountains the fault divides into two
branches. The northerly branch curves northeastward and joins up with
the Hollow Fault ("d") (e.g. Cameron, 1956) which separates the pre-
Carboniferous rocks of the Antigonish Highlands from Carboniferous
rocks lying to the northwest. The other branch links up with the
Brown's Mountain Fault ("e") (Benson, 1974) which cuts lower Devonian
rocks but not Carboniferous sedimentary rocks. To the south of the
Cobequid Fault lie two east-west trending faults, the Portapique
Mountain - North River Fault ("b") and the Gerrish Mountain-Riversdale
Fault ("c"). Further east, these faults join together into a fault
zone which links up with an east-west trending portion of the Cheda-
bucto Fault ("f"); the latter fault extends into the sea along the
south side of Chedabucto Bay (King and McLean, 1970). Where mapped,
the West River St. Mary's Fault separates Carboniferous sandstone,
shale, conglomerate, etc. from the Cambro-Ordovician quartzite,
greywacke, etc. of the Meguma Group (Figure 6.2).

Faults '"b", "c" and "f" make up a major zone of east-west
faulting which extends from the Minas Basin to Chedabucto Bay. 1In
the west the fault zone cuts Carboniferous and Triassic rocks, in the
central portion it defines the southern boundary of the Antigonish
Highlands and in the east it separates the Cambro-Ordovician Meguma
Group of southern Nova Scotia from the Carboniferous sedimentary
rocks of central and northern Nova Scotia. A most interesting aspect

of this east-west fault is that there are no known outcrops of
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Precambrian rocks on the south side.

South of the Antigonish Highlands, the St. Mary's River Graben
(Benson, 1974) is bounded on its north side by the Riversdale-
Chedabucto Fault zone ("c¢" and "f") and on its south side by the West
River St. Mary's fault ("g''). The graben is about 15 km wide and
characterized by a featureless aeromagnetic anomaly field. To the
east, the graben structure is either truncated or offset to the north.
The latter interpretation is favoured because an east-west trending
topograﬁhic lineament marked by the Guysborough River (not shown)
which embties into the head of Chedabucto Bay lies some 15 km north
of the Chedabucto Fault and may mark the northern edge of a.graben—
tyﬁe structure. Note, however, that in the vicinity of Chedabucto
Bay the Chedabucto Fault marks the south, not the north side of the
graben.

The general sense of vertical motions associated with the faults
running from the Minas Basin to Chedabucto Bay is such that younger
rocks are down-faulted against older rocks. The direction and extent
of lateral motion is not clear. Benson (1974) indicated left-lateral
motion along the Chedabucto Fault ("£f") whereas Weeks (1948) mapped a
right-handed movement affecting Triassic rocks along the Gerrish
Mountain Fault ("c¢") which seems to be a westerly continuation of the
Chedabucto Fault. PRoyle (1963) maﬁped left-lateral movements in east-
west trending faults which cut Triassic rocks south of the Minas Basin.
Movement along the Cobequid-Hollow Fault zone is right-handed

(Eisbacher, 1969).

Although there are some areas in northern Cape Breton Island
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where high-grade metamorﬁhic rocks occur, metamorphism in central Nova
Scotia is generally low grade, only reaching the greenschist facies in
parts of the Cobequid and Antigonish Highlands. An interesting excep-
tion is the presence of the few scattered, isolated outcroﬁs of amphi-
bolite and combosite gneiss of unknown age (Schiller, 1961) east of
the Antigonish Highlands and just to the north of the Minas Basin-
Chedabucto Bay fault zone.

6.2.4 Brief tectonic history of central Nova Scotia (and Cape Breton

Island)

The oldest rocks in Caﬁe Breton Island appear to be the George
River Group which consists of quartzite, marble, schist and gneiss.
These rocks and possibly the isolated patches of amphibolite and com-
posite gneiss found to the north of the Minas Basin - Chedabucto Bay
fault zone and the older granitic rocks in the Cobequid Highlands
represent Precambrian basement fragments which have survived a com-
plicated, uncertain history.

The oldest, clearly defined period of volcanic activity is
recorded in Cape Breton Island in the Fourchu volcanic-sedimentary
rocks where volcanic activity in this area commenced or extended into
the early Cambrian when a change~over to a miogeosynclinical environ-
ment occurred.

The next recorded period of eugeosynclinical activity occurred
in Cambro-Ordovician times in the Antigonish Highlands where andesite
volcanism occurred in an island-arc environment (Benson, 1974).
Sedimentat\djon, continuing into the Silurian Period, indicates a

progression towards a shallow-vater environment. Fossils in the upper
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Silurian rocks of Arisaig are closely related to those of western
Euroﬁe but not to those of North America (McLearn, 1924) so this part
of Nova Scotia may have been a part of the'Euréﬁean lithospheric plate
at this time and the andesitic volcanism probably reflects generation
of magma by means of processes associated with lithosﬁheric under-
thrusting as the Eurobean and North American ﬁlates converged.

As in Newfoundland, the Devonian Period saw an end to large-
scale extrusion of acidic to intermediate magma and initiated wide-
spread intrusion of granitic magma. In addition, the Devonian Period
was one of extensive folding, faulting and regional metamorphism; this
presumably reflects, in this region the end of, or at least the marked
reduction of, the convergence of the European and North American plates.

In the Carboniferous Period the environment was mainly contin-
ental and the areas occuﬁied by the Cobequid, Antigonish and Cape
Breton Highlands were positive fault-bounded regions flanked by subsid-
ing sedimentary basins. Considerable vertical and ﬁossibly some
horizontal differential movement took place along major fault zones.

In particular, the Minas Basin - Chedabucto Bay fault zone was an
imbortant tectonic feature because “differences in Carboniferous Fault
indicates that these basins were not all inter-connected as suggested
by their present form" (Benson, 1974).

At some time, or times, during the Carboniferous and/or Permian
Periods the rocks on the north side of the Minas Basin—Cﬁedabucto Bay
fault zone were intruded by diabasic rocks. This activity may have
been the result of the action of mechanical forces associated

with the Hercynian deformation of a broad band extending from northern
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Africa to southern England (e.g. Burrett, 1972).

The final ﬁeriod of volcanism occurred in the late Triassic
with the aﬁfearance of basaltic flows in the Bay of Fundy region.
These flows were brobably in.resfonse to stresses ﬁresent during the
obening of the present-day Atlantic ocean., In contrast to Newfoundland,
Cafe Breton Island and most of southern Nova Scotia; the Minas Basin-
Chedabucto Bay region is unique in that it records significant Permo-

Triassic tectonic activity.
6.3 GEOPHYSICAL DATA

The underwater gravity coverage is uniform over the central

Scotian Shelf except near the mouth of the Laurentian Channel at about
QS.SQN; 56.6°W where a small gap exists in the underwater gravity

station distribution (see maﬁ in pocket). The underwater gravity data
are supplemented by several surface gravimeter profiles made by the
Bedford Institute, Dartmouth, N.S. The main gravitational feature on
the central Scotian Shelf is the linear, east-west trending, Orpheus
Low and its flanking highs (Figure 6.3). In the vié%ity of the mouth
of the Laurentian Channel two small oval lows occur adjacent to an
elongate high which is ill-defined due to the gap in the underwater
gravity station distribution. On land, the dominant features in
central Nova Scotia are gravity highs over the Cobequid and Antigonish
Highlands (Figure 6.2),

Magnetic coverage of the central Scotian Shelf is provided by

several reconnaissance-type surface magnetometer profiles which reveal

_ generally negative anomalies south of latitude 45.5°N and positive
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Figure 6.3: Bouguer anomaly map of the central

Scotian Shelf.



219

(-
o~

D

\ éé /
/% i /
Ol/ /Ill’a';;:%?"

2( NN
] ¢.~" 30 \
RN

DN

e

NN

- CENTRAL SCOTIAN SHELF

BOUGUER ANOMALY MAP

. 64°
aenl



220




Figure 6.4 Total field magnetic anomaly map of
the central Scotian Shelf. Map derived
by subtracting a linear regional gradient
from Natural Resource Maps 15056-C and

15058-C (Canadian Hydrographic Service, 1974).
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anomalies to the north (Figure 6.4). 'Thereas the gravity trends are
east~west the magnetic trends are often northeast-southwest (45.5°N;
60°W) or northwest-southeast (45.5°N; 57°W). On land there is excel-
lent aeromagnetic coverage which shows that the Cobequid and Antigonish
Highlands (Figure 6.2) are characterized by magnetic highs.

Several shallow seismic refraction profiles are available on
the central Scotian Shelf (Figure 6.2). They indicate the,ﬁresence;df_a
fairly thick sedimentary sequence in the vicinity of Orpheus low and
shallow basement benath the flanking gravity highs. To the east, near
the mouth of the Laurentian Channel, the basement beneaththe gravity
highs is more deebly buried. Of particular interest are two drill
holes over one of the southern flanking gravity highs which confirm
the presence of shallow basement consisting of rocks which appear to
be tyﬁical Meguma schist and Devonian granite but which exhibit Car-
boniferous radiometric ages (M. Given, personal communication).

The investigation of the central Scotian Shelf and the-adjacent
part of Nova Scotia is done from west to east, first attempting to
relate the geological and geophysical data on land and then wofking

eastward over the shelf.

6.4 THE COBEQUID AND ANTIGONISH HIGHS

As Garland (1953) pointed out in his digcussion of the gravity
field over the Cobequid Highlands, the positive anomaly "is thrown into
striking contrast by the negative areas over the Minas Basin to the
south and the Cumberland Basin to the north". As may be seen from the
ﬁrevious section, there is reasonably good correlation between the

exposures of pre-Carboniferous basement rocks in the Cobequid Highlands
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Figure 6.5: ° Magnetic,gravity and pseudo-gravity profiles
. along profiles M-M' and N-N' over the

Cobequid Highlands. .
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and the elongate gravity and magnetic highs. The gravity and magnetic
highs over the Cobequid Highlands are tybical of anomalies over other
fault-bounded, ﬁre-Carboniferous basement comﬁlexes in this part of
the Canadian Atlantic Provinces (e.g. Goodacre and Nyland, 1966).
Detailed gravity brofiles made by the Nova Scotia Research Foundation
suﬁplement the available magnetic and geological information over the
Cobequid Highlands and ﬁrovide an opbortunitytohobtain a fairly
accurate model of the crustal discontinuity along the south side of
the Cobequid comblex.

The first step made in studying the geophysical data was to do
a two-dimensional combined analysis of the gravity and magnetic fields
along profiles M-M' and N-N' (Figure 6.2). The elongate nature of the
anomalies justifies the use of a two-dimensional analysis. In both
cases quite good correlation was obtained between the observed gravity
and the "pseudo-gravity" for a direction of magnetization of 850(5) in
the vertical plane containing the earth's magnetic field (Figure 6.5).
Since the inclination of the earth's field is 74°(N), the direction of
total magnetization of 85°(S) indicates the possibility of some remanent
magnetization in the magnetic source and, as mentioned in Chapter 4,
a deflection of the earth's field by some 10 to 20° can be produced
for reasonable values of 0.2 to 0.4 for the Koenigsberger ratio. On
the other hand, the validity of the two-dimensional magnetic to gravity
field transformation depends upon the fulfillment of all the assump-
tions. The fact that the éseudo—gravity anomaly is somewhat wider thanv
the observed anomaly along brofile M-M' (Figure 6.5) indicates that,

in this case, the ratio of magnetization contrast to density contrast
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is not everywhere constant (e.g. the distribution of anomalous magne-
tization may be wider than the density excess). However, the results
of the two profiles taken together suggest the fresence of a southerly
directed remanent magnetization in the source rocks.

The second steﬁ in studying the magnetic high was éo model the
magnetic anomaly along each of the two profiles M-M', N-N' using a
suite of two-dimensional, homogeneous sources in order to determine
which inclination of magnetization gives the best fit between the
observed and calculated anomaly and to find out what is the minimum
allowable value of magnetization contrast. Laving's (1971) matrix
method programs were used and models with both inward and outward
dipping sides were tried. The results, disblayed in Figure 6.6, show
that the best fit is obtained for models with outward-dipping sides
and for an inclination of magnetization of about 80°(S). This value
is probably determined to within about plus or minus five degrees. Of
course, it might be ﬁossible to find other homogeneous, or heterogene-
ous, bodies magnetized in a different direction which would provide a
fit equally as good, or better, than the fits obtained here, neverthe-
less, this angle is consistent with that derived from the two-dimen-
sional combined analysis and provides further evidence of remanent
magnetization in the source rocks., The modelling also showed that the
mininum magnetization contrast of the source is of the order of 0.001
emu/cm3. This value coupled with a ratio of 0.01 emu/gm derived from
the combined analysis (Figure 6.5) indicates a minimum density coﬁtrast
of about 0.1 gm/cm3 for the source of the gravity anomaly. This value
is not inconsistent with.the'e#ﬁected density‘contrast, which,

according to Garland (1953), is of the order of 0.15 to 0.20 gm/cm3.
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Figure 6.6:

Root mean square residual plotted as a
function of inclination of magnetization
and magnetization contrast for models of
the magnetic anomalies along profiles M-M'

and N-N'.
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Figure 6.7:

Observed and computed magnetic anomalies
and interpretative model along profile
M~M' using a magnetization contrast of

0.002 emu/cm3.




230

[ |

I
ogliilile 09 or uy Qg
v
NWBIO0 = Wae

voypzijauboyy 4o uoioulIUT

DWuwIDg 26 [onpisay SWY

0
Ajowouly anauboyy paresgo

v GH-W) @
o083 73ain 0L FWNTOHNTTO9

009 -



231

Figure 6.7 shows a magnetic model derived (using Laving's
(1971) matrix method programs) from the Glenholme to Middleboro pro-
file (M-M' in Figure 6.2) for a magnetization contrast of 0.002
emu/cm3. A second model which has a magnetization contrast of 0.001
emu/cm3 is shown by dashed lines. The latter model provides an upper
limit of about 30° for the angle at which the southern face of the
magnetic source dips. The gravity anomaly was also modelled with a
view towards determining the characteristics of the geophysically
defined contact along the south side of the Cobequid Highlands. A
suite of simple models was obtained using non-linear optimization
methods (Al-Chalabi, 1970)., All of the models exhibited approximately
the same characteristics: trapezoidal shapes with outward sloping
sides, thicknesses of about 6 to 8 km and dips of the southern face of
30 to 40°. The shapes of the gravity models generally coincide with
. that of the magnetic model but the gravity models tend to be somewhat
narrower and their sides tend to dip somewhat more steeply. In order
to get a satisfactory fit it was necessary to use a density contrast
of at least 0.15 gm/cm3. This is somewhat larger than the minimum
value derived from the magnetic to gravity field transformation but is
consistent with Garland's (1953) estimate mentioned earlier.

It should be pointed out that in modelling the gravity and
magnetic anomalies over the Cobequid Highlands (and in doing the com-
bined analyses) it is assumed that the background, orregional, level
of either anoéhy is zero over the flanking sedimentary basins so that
the resulting anomalies can be modelled using a single, positive mag-

netization or density contrast. A more complete interpretation,
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particularly in the case of the gravity anomalies, would assume a
slightly higher regional level and would require using sources which
have a negative density contrast to model the gravity lows over the
sedimentary basins and sources which have a fositive density contrast
to model the highs over the Cobequid Comblex but the aim here is to
model the boundary between the dense, magnetic rocks in the Cobequid
Highlands and the light, essentially non-magnetic rocks to the south.
In order to relate the source of the magnetic and gravity highs
to the geology of the Cobequid Highlands, the author obtained rock:
samples on a traverse along part of the Glenholme to Mi&dleboro (M-M')
profile. The measurements of density and susceﬁtibility given in Table
6.1 suggest that the causative body is composed of heavy, magnetic
dioritic to gabbroic rock and that the gravity and magnetic anomalies

outline the contact between this rock and the lighter, less magnetic

metasedimentary rocks to the south. If the boundary between the meta
sedimentary rocks and the dioritic gabbroic rocks is a fault, it was
probably formed under compression, not tension, because of the rela-
tiﬁely low angle of dip. The geophysically defined boundary may have
been developed during the formation of the mylonite zone (samples 24,
31,41 in Table 6.1) by dextral strike-slip motion during the Devonian
period (Eisbacher, 1969) and, if sé, may predate the Cobequid Fault.
It is interesting to note that the geophysical boundary does not coin-
cide exactly with the Cobequid Fault ("a" in Figure 6.2) which lies
about 1 km further south and is marked by a thin zone of phyllite
(samble 23) that sebaratesthe Carboniferous conglomerate and sandstone

from the pre~Carboniferous metasedimentary rocks.
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DENSITIES AND SUSCEPTIBILITIES OF ROCK SAMPLES FROM FOLLY LAKE AREA

Sample No.

11
T 12
23
24
31
41

51

61

71

82

91

101

71

91

OF COBEQUID HIGHLANDS.

Approx.dist. Description

north of
Glenholme
N.

Q

O

km

37.0

37.

37.

37.

37.

38.

38.

38.

39.

42,

42,

42,

0

4

Conglomerate
Sandstone
Phyllite
Brecciated impure quartzite
Quartzite

Sheared quartzite
Gabbro
Metasiltstone
Dolerite

Gabbro

Gabbro

Syenite

Density
gm/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
Koenigs~
berger
ratio (Q)
0.1

0.3

Susceptibility
x10~6 emu/cm

120

30

40

10

80

30

1800

110

5620

110

Remanent
Magnetization
x10~6 emu/cm

200

1800



The Cobequid Fault might be expected to show ub in the gravity
data since the Carboniferous conglomerate and sandstone are somewhat
less dense than the'quartzite;'etc. but there is no evidence of it in
the anomaly profile. In addition neither the Portapique Mountain -
North River Fault nor the Gerrish Mountain - Riversdale Fault ("b" and
"¢" in Figure 6.2) are reflected in the bresently available gravity or
magnetic data. This indicates that, if the Cobequid Fault and the
other faults ("b" and "c") to the south cut the shallow-dipping
geoﬁhysical boundary, no extensive vertical movement has taken place
on any one fault otherwise it would show up in the gravity and magnetic
fields. On the other hand, the net vertical motion on all the faults
might be significant. However, in the case of the Cobequid Fault, the
significant movement was probably strike-slip (Eisbacher, 1969) rather
than dip-slip.

The upper surface of the model in Figure 6.7 dips to the north
as well as the south, Since no large-scale faults are mapped along
the northern edge of the Cobequid Highlands, the model probably repre-
sents ﬁre—Carboniferous basement dipping under the Carboniferous sedi-
mentary cover. The model indicates that the sedimentary colummn may be
nearly 10 km thick in the vicinity of the Cumberland Strait between
Nova Scotia and Prince Edward Island (see Figure 1.1 for location).
This is brobably overestimated to some extent as only 7 km of Carboni-
ferous sedimentary rocks are reported in the Cumbérland Basin lying
between the westernbortion of the Cobequid Highlands and the Cumberland
Strait (Garland, 1953) and some 6 km are bresent beneath the eastern

part of Prince Edward Island (e.g. Goodacre and Nyland, 1966).
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Nevertheless, the pre-Carboniferous basement to the north of the
Cobequid Highlands is probably more deeply buried than the bre-
Carboniferous basement lying to the north of the Orpheus gravity
feature (Figures 6.3 and 4.5).

Although the gravity and magnetic highs over the Antigonish
Highlands seem to be related to each other and are brobably due to
heavy, magnetic rocks, bossibly the Cambro-Ordovician basic volcanics
of the Brown's Mountain Groub, the magnetic anomaly seems to be more
widespread than the gravity anomaly and, on the southeast side of the
Antigonish Highlands, the magnetic contours (Figure 6.4) exhibit a
distinct northeast trend not apparent in the gravity field. These
northeast trending magnetic contours may define a fault which is para-
llel to the Hollow Fault ("d") and the Brown's Mountain Fault ("e") on
the opﬁosite side of the Antigonish Highlands. No major fault is shown
on the geological map on the southeast side of the Highlands bup minor
faults cutting Carboniferous rocks are mapped by Benson (1970) in the

vicinity of the postulated fault.
6.5 THE ORPHEUS GRAVITY FEATURE
6.5.1 Introductory Remarks

The Orpheus gravity low was discovered in 1964 by members of
the Bedford Institute of Oceanography who were operating a surface
gravity meter while on the way from Halifax to make a ceremonial visit
to Charlottetown, P.E.I. Several reconnaissance surface meter profiles
were subsequently made and the resulting feature was medelled as a

trough filled with sedimentary rock (Loncarevic and Ewing, 1967) in
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accordgnce with results from shallow refraction seismic data (Ewing and
Hobson, 1966). The underwater wotrk described here complements the
surface meter data and provides uniform regional coverage over the area.
In addition, a close sbaced'profile of underwater stations was made
along profile 0-0' (see Figure 6.2 and maf in bocket). Sheridan and
Drake (1968) subsequently reﬁorted a refraction seismic profile done
some eight yearé earlier by Lamont Geological Observatory (No. 138 in
Figure 6.2) which suggested that a rather thick sequence of sedimentary
rocks was bresent further to the west where the negative anomaly is less
intense. In recent years seismic work by the oil exploration industry
had added some detail to the seismic bicture and the Orpheus feature

is now termed the Orpheus Graben and is known,through drilling, to
contain Jurassic and younger sedimentary rock (Jansa and Wade, 1975).

The graben is about 40 km wide and at least 150 km long.
6.5.2 Seismic Results

The original travel-time and distance values (Ewing and Hobson,
1966; Sheridan and Drake,'1968) were obtained and plotted in Figure 6.8.
There is no noticeable difference between the first-arrival travel-time
data from profile 29 and the data from profile 138 but, for a given
distance, the times from these two profiles which lie over the Orpheus
Low are significantly longer than those obtained from profile 30 which
lies to the north. Velocity—deﬁth érofiles obtained by non-linear
optimization indicate that the compressional wave velocity in the upper
2 to 3 km of the crust is about 1 km/sec less beneath the Orﬁheus low

than it is beneath the flanking gravity high to the north. It is not
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Figure 6.8:

Observed and calculated travel-times

for profiles 29,30 and 138 (Figure 6.2).
Inset shows velocity-depth profiles
obtained from the travel time data. First
arrivals are obtained only from those
portions of the curves above the dotted
lines. The velocity-depth values at the
bottom of each curve were obtained by the
original workers on the basis of second

arrivals.




238

9 14 4
09s/wWy  A}190jaA

m_H Wy 3dupisig O_ﬁ n_.u

3NN P3IoinInsg

IUDISiJ-3W!/
Pajo/n3I0)

0% 3/l§oid O
BEI'62 S3/ijoid ®
$9N|DA PaAIdSGO

DIDQ Wl —]9ADI/
FHNULV TS SNTHIEHO

29s awil]

0
1

<
|




239

clear how far down this velocity difference extends however, because

no first arrivals from basement, that is a refractor in which the
velocity éideeds about 5.5 km/sec, were obtained on any of the brofiles.
Basement velocities and debths were obtained by the workers on the
basis of second arrivals. In the case of brofile 29 the second arrivals
were observed only on the north leg where Ewing and Hobson (1966)
pointed out a distinct offset in the first arrivals which might repre-
sent a fault. There is no evidence that decreased values of compres-
sional wave velocity do not exist down to depths of the order of 5 km
or so beneath the southern part of ﬁrofile 29 and beneath profile 138.
If they do, the mass deficiency expected from typical velocity-density
relationships would be sufficient to account for the Orpheus gravity

low.

6.5.3 Gravity and Magnetic Models

Figure 6.9 shows a basin-type model (indicated by tick marks)
constructed using a density contrast of 0.4 gm/cm3 which explains the
gravity low. The density contrast is about the minimum value which
will allow a homogeneous model to reﬁroduce the observed segments of
sharp curvature in the gravity anomaly. The density contrast is con-
sistent with a velocity contrast of about 1 km/sec. The density
contrast is large partly because some of the sedimentary rocks may
have a low density (for examblé, Jansa and Wade (1975) mention that
about 1 km of salt was ﬁenefrated by the drill hole on.brofile 0-0'
(Figure 6.2)), and partly because the adjacent basement rocks may have
a high density as suggested by the positive flanking gravity anomalies.

It is gratifying to find that the gravity model is consistent with the
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Figure 6.9: Observed and calculated gravity and
magnetic anomalies and interpretative
models along profile 0-0'. The dashed
line shows an alternative model for
a different inclination of magnetization

as explained in the text. #
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seismic and drill hole results since the gravity model was constructed
independently of these other data.

The sides of the model diﬁ inwards at a shallow angle of about
15°, If each side were due to only a single fault, a compressional
source would be indicated but it seems more likely, judging from cross-
sections given by Jansa and Wade (1975), that the basement trough is
bounded on either side by a series of step-faults such as are often
associated with grabens.

There seems to be no simple relationship between the gravity
and magnetic data over the Orpheus feature. 'Thereas the Bouguer anom-
aly pattern is more or less symmetrical and the contours trend east-
wvest, the total field magnetic anomaly pattern tends to be asymmetrical
and, where the pattern is not too irregular, the contours exhibit a
northeast-southwest trend. Profile 0-0' is not particularly suitable
for studying the magnetic anomaly because it cuts across the magnetic
trends at an angle of about 45° and there is some evidence of a compact,
very intense magnetic high and associated low just to the east of
profile 0-0' and this may interfere with the magnetic anomaly profile.
It is cléar from Figure 6.9 and the gravity and magnetic anomalies map
in Figures 6.3 and 6.4, respectively, that the source of the gravity
high on the south flank is only weakly, if at all, magnetic whereas
the rocks producing the northern flanking high are generally strongly
magnetic. An important exceftion, to be discussed later is the area
between 58.0°W and 59.5°W where the magnetic anomaly intensity is
diminished. This area coincides apbroximately with the peak values of

the gravity high on the north flank of the Orpheus Low.



243

In order to determine the nature of the discontinuity between
the magnetic and non-magnetic rock, the magnetic anomaly along brofile
0-0' -7ras modelled using siméle step models with sloﬁing faces but none
of these gave farticularly good fits so more complicated models were
constructed using comﬁuter programs develoﬁed by Laving (1971). The
model outlined by the solid line in the bottom portion of Figure 6.9
ﬁroduces a good fit to the observed magnetic anomaly for an angle of
magnetization of 60°(S). This angle was determined by trial and error
to obtain the fit and is broadly consistent with an angle of 750(5)
obtained by a combined analysis of thlie gravity and magnetic anomalies
over the north side of the Orﬁheus feature (Figure 6.10). The magneti-
zation contrast of 0.002 emu/cm3 is consistent with the minimum density
contrast value of about 0.4 gm/cm3 coupled with the value of 0.0044
emu/gm obtained from the combined analysis for the ratio of magnetiza-
tion contrast to density contrast. In spite of the good fit, the
model seems unrealistic because it overlaps the gravity model and it
is unlikely that sedimentary rocks would offer a magnetization contrast
of the order of 0.002 emﬁ/gm. The dashed line outlines the upper sur-
face of.another model which has an inclination of magnetization of 30°
(N); this gives a foorer fit but does not overlap the proposed sedi-
mentary sequence. Noting that the surface magnetometer profiles used
to construct the map in Figure 6.4 are scattered and uncorrected for
diurnal variation and magnetic storms it may be that improved magnetic
data can be.reconciled with the gravity data but, for the time being,
the two sets of data do not aﬁpear to give comfatible results along

profile 0-0'.






Figure 6.10: Magnetic,gravity and pseudo-gravity
anomaly over the north half of the

Orpheus feature on profile 0-0'.
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6.5.4 Possible Deep-Seated Source of the Gravity Highs

An important point to note is that, exceﬁt for the typical
rise of the Bouguer anomaly field as the continental margin is
apﬁroached, all of the gravity anomaly variations thus far encountered
can be explained in terms of density wvariations in aﬁﬁroximately the
upper 10 km of the crust. However, the Orﬁheus gravity feature might
represent an example of a near-surface mass deficiency (low-density
sedimentary rocks) compensated isostatically at depth by a mass excess.
The conceﬁt of an isostatically compensated geological feature has
often been advanced (e.g. Weber and Goodacre, 1966; Bott and Smithson,
1967; Tanner, 1969) so profile P-P' was selected, in conjunction with
I-I' (Chapter 4) to study this idea. The profile was chosen to empha-
size thesmore or less symmetrical, "dipolar" nature of the gravity
anomaly (Figure 6.11). The magnetic anomaly along profile P-P' will
not be discussed except to peint out that, unlike profile 0-0', there
is no obvious magnetic high associated with the positive gravity peak
on the north side of the Orpheus low. The four drill holes along the
south flank of the Orpheus feature suggest that there is a basement
uplift which correlates with and might partly explain the high that is
crossed by profile P-P'. But three reasons for suspecting that the
sources of the two gravity highs on the south side may be deep-seated
are (1) no typicallf dense gabbros, amphibolites, etc. were found in
either of the two drill-holes which benetrated basement over the
gravity high, (2) the basement velocity of 5.5 km/sec observed on
profile 27 is tybical of an acidic rather than a basic rock and (3)

the source appears to possess little or no magnetization and therefore
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Figure 6.11:

Observed Bouguer anomaly and calculated
gravity anomalies for models a and c.
The anomaly due to model b is omitted for

clarity.
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might be buried below the Curie ﬁoint isotherm. In a similar manner,
a deeﬁ-seated, dense, non-magnetic source might be contributing to the
elongate positive feak on the north side.

Figure 6.11 shows three different models (a, b, and c¢) which
produce anomalies which are apfro#imately the same as the observed
anomaly might be if it were corrected for the mass deficiency of the
sedimenta;y basin. In other words, if we could replace the low-density
sedimentary rocks by basement rocks which have a normal (or slightly
greater than normal) density, we would be left with a single positive
anomaly rising above the background level. The background, or region-
al, level was obtained by assuming that the shelf topography is an
isostatic equilibrium as discussed in Chapter 5. The gravity lows
(relative to the adopted background level) on either side are thought
to be due primarily to low-density granites plus the overlying late-
Palaeozoic and younger sedimentary rocks and it is assumed that these
lows could be removed by an appropriate correction for the méss defi-
ciency of the source rocks. Model(d), representing a low-density
granite, is taken from Figure 4.19 and the configuration of the basement
surface is shown schematically by the tick-marked line. Iodel (d) was
calculated using a background level of about 40 mgal because it was
interpreted in the context of being a low-density granite intruded into
high-density basement rocks. As such, the model is not consistent
with the lower regional level adopted here but it serves to.show the
general extent of the interpreted granite.

The best fit to the overall gravity high is given by model (a)

which represents a slab of material about 3 km thick that has its
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upper surface buried at a depth of about 7 km. Models (b) and (c) give
significantly poorer fits and do not reﬁroduce the observed horizontal
gradients very well at abproximately the 75 and 125 km points on the
profile. The anomaly from (b) is omitted for clarity. As mentioned
ﬁreviously, models (a) and (b) are calculated assuming the background
level shown in figure 6.13., Model (c) was calculated assuming a
regional level of about -30 mgal. There is no real justification for
assuming such a low value but it was done to see whether the overall
rise of the gravity field from the minimum values over the Middle Bank
and Glace Bay Lows to maximum values over the highs flanking the
Orpheus Low could be caused by an upwarp in the Mohorovicic Discontin-
uity or by some other source in the lower crust and/or upper mantle
rather than by near-surface geological features. For example, it might
reasonably be expected that any deeb-seated basaltic magma in the axial
zone of a rift—tybe structure would solidify in the eclogite facies and
offer a positive density contrast with respect to the surrounding lower
crustal and/or upper mantle rocks (e.g. Goodacre, 1972). Model (c) may
seem artificial but a simple four—-sided form was used to overcome in-
stabilities encountered in trying to model the overall pésitive anomaly
by undulations in the Mohorovicic Discontinuity. The model could be
considered as representing both an upwarp in the Mohorovicic Discon-
tinuity and heavier than normal rocks in the ubper mantle, but in view
of the arbitrary choice of -30 mgal for the regional level and the
generally shallow gradients broduced by such a deeﬁ—seated feature it
seems most likely that the sources of the Orpheus gravity low and the

flanking highs all lie within the upper part of the crust. This
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conclusion 1s consistent with the results of a downward continuation
of the gravity field along brofile 0-0' which indicated a maximum
source depth of about 8 km. However, it should be ﬁointed out that
even though the sources of the gravity anomalies are probably not
deep-seated, the Orﬁheus feature may still be an example of an iso-
statically comﬁensated geological feature but the compensating mass
probably lies in the upﬁer part of the crust and not at, or below, the
crust-mantle boundary.

It was noted before that the magnetic anomaly field is gener-
ally positive to the north of the Orpheus Low but its intensity is
diminished where the flanking positive gravity anomaly attains its
highest values. It seems, therefore, that the rocks producing the
gravity anomly on the north side may be less magnetic than the adja-
cent basement rocks. The rocks producing the southern flanking gravity
high are essentially non-magnetic., It is not clear what the signifi-
cance of these heavy, essentially non-magnetic rocks might be but it is
interesting to point out a similar situation in. the Gulf of St.
Lawrence east of the Gaspé& Peninsula (see Figure 1.1) where the arcuate
belt of heavy rocks producing the Gaspé High (see Figure 7.1) is not
accompanied, at least where magnetic data are available, by a corres-
ponding magnetic high, Goodacre and Nyland (1966) suggest that the
gravity high is due to ultrabasicrocks emplaced in the upper part of
the crust as a result of thrusting during the Taconic (Ordovician)
Orogeny. It is not intended, however, to draw any close parallel
between the inferred geological structure east of the Gaspé Peninsula

and the Orpheus feature but only to point out the possibility, in this
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latter area, of near-surface basic to ultra-basic rocks brought into

ﬁosition by tectonic activity.

6.5.5 Combarison of the Orpheus feature with some other continental
grabens.

Two continental grabens which have dimensions similar to the
Jurassic (or older) Orfheus Graben (which is about 40 km wide and at
least 150 km long) are the Permian Oslo Graben in southern Norway and
the Eocene Rhine Graben which cuts through Germany and France. The
Oslo Graben is about 40 km wide and some 200 km long and characterized
by generally éositive gravity and magnetic anomalies (see Figure 6.12
taken from Ramberg (1972)). The Rhine Graben is also about 40 km
wide but somewhat longer, about 300 km, and characterized by generally
negative gravity anomalies (Lecolazet, 1970) and an irregular, but
often negative, magnetic anomaly battern (Bosum and Hahn, 1970).
Gravity and magnetic ﬁrofiles discussed by Mueller (1970) are shown
in Figure 6.13. Noting that the Orbheus Graben is characterized by a
cegtral negative gravity anomaly and flank%ng positives and by an
asymmetrical magnetic anomaly patterm which-is generally more positive
to the north than to the south, it can be seen that, although the
physical dimensions, particularly the widths, of the Oslo, Rhine and
Orpheus Grabens are similar, their gravity and magnetic characteris-
tics are different. Nevertheless, some parallels can be drawn between
the Orpheus Graben and the other two features. Firstly, the magnetic
anomalies on either side of the Rhine Graben, and some anomalies within,
seem.to outline bre-e#isting Hercynian basement features (Bosum and

Hahn, 1970) in much the same way that the northeast or northwest
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Figure 6.12: Observed magnetic aﬁd,gravity anomalies,
calculated gravitybano@ély and structural i

models of the Oslo Grében (Ramberg, 1972).
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Figure 6.13:

Temperature, Bouguer anomaly and total
field magnetic anomaly profiles and

geological section of the Rhine Graben

(Meuller, 1970).
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trending magnetic anomalies to the north of the Orbheus Graben (Figure
6.4) seem to reflect structure in the late-Proterozoic(?) basement and
secondly, the negative gravity anomalies over both the Orfheus and
Rhine Grabens are clearly due to the infill of low-density sedimentary
rocks. On the other hand, the source of the flanking positive gravity
anomalies over the Orﬁheus Graben and the source of the broad bositive
over the Oslo Graben is not clear in either case.

According to Ramberg (1972), the igneous rocks collected from
within the Oslo Graben have a mean density of 2.66 gm/cm3 which is less
than the mean density of 2.74 gm/cm3 of the rocks from the surrounding
Precambrian shield so thg positive anomaly source must be deep-seated.
Ramberg (1972) suggests that the anomaly may be due to an upwarp in
the Mohorovicic Discontinuity beneath the graben but points out that
the seismically determined depths (about 35 km) of this discontinuity
are about the same beneath the graben as they are elsewhere and that,
consequently, at least part of the anomaly source must lie within the
lower crust. Certainly, if the positive magnetic anomaly is produced
by the same source which causes the gravity high, the source rocks
must lie above the Curie Point isotherm. Intermediate seismic velo-
cities of 7.2 to 7.3 km/sec have been detected further to the south
in the Skagerrak (e.g. Ramberg and Smithson, 1975) at depths of about
20 km and these imply the presence of amphibolites, mafic granulites,
or other heavy, possibly magnetic, rocks which, as Ramberg and
Smithson (1975) boint out, could produce. the observed anomalies over
the Oslo Graben if they were restricted to the axis of the graben.

Seismic velocities of the order of 7.6 to 7.7 km/sec are also found
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near the base of the crust in the vicinity of the Rhine Graben but,
since they are found uﬁ to 100 km on either side (Anmsorge et al,, 1970),
they can't be considered as being ﬁeculiar to the Rhine Graben itself.
Unfortunately, no deeﬁ seismic data are available over the Orfheus
Graben but, as mentioned in the brevious subsection, it seems unlikely
that the positive gravity anomaly sources are situated at the base of

the crust.
6.6 THE MOUTH OF THE LAURENTIAN CHANNEL

As mentioned earlier, the mouth of the Laurentian Channel (see
Figure 1.1) is characterized by two oval gravity lows and an ill-
defined high. At first glance these gravity lows seem po be related to
the Orpheus Low and reflect an eastward continuation of the low density
sedimentary rocks filling the Orpheus Graben. However, the oval gravity
lows, labelled B and C in Figure 6.2 and the small low some 50 km to
the west, labelled A, all correlate spatially with magnetic highs as
can be seen from the magnetic map (Figure 6.4) and on profiles Q-N'
and R-R' (Figure 6.14). This strongly suggests that the gravity lows
reflect intrusions of magnetic granite and the magnetic highs repre-
sent magnetic minerals formed at their margins during their emplace-
ment or produced within the granites by subsequent metamorphism. The
strong magnetic high on the south side of the gravity low in profile
Q-Q' may reﬁresent enhanced magnetization at the margin of a granitic
intrusion as does the partial magnetic halo around the anomaly marked
(A) in Figures 6.2 and 6.4. The magnetization in the source producing

the anomaly along profile R-R' may be more uniformly distributed since
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Figure 6.14: Observed gravity and magnetic anomaly
along profile Q-Q'. Observed magnetic and
gravity anomaly and calculated pseudo-
gravity anomaly and seismic structures

along profile R-R'.
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there is a fairly good correlation between the observed gravity anomaly
and the calculated pseudo-gravity anomaly derived from the magnetic
anomaly. It is interesting to note that the inclination of the total
magnetization vector, which is about 50°(S) if we assume the source is
normally magnetized, is significantly different from that of the earth's
field (74°(N)) and suggests the bossibility of a southerly directed
component of remanent magnetization.

The seismic refraction data near profile R-R' (Figure 6.12)
indicate that the postulated magnetic granite is buried under about 4
km of sedimentary rocks. Further to the east, the basement is buried
even more deeply in accordance with the general seaward plunge of the
basement rock beneath the sedimentary cover. In this area there may
be fau;ts associated with those bounding the Orpheus Graben but there
seems to: be no strong graben-type structure. The seismic velocities
in the basement rocks beneath profiles 17, 18 and 102 are 6.0 km/sec
or greater and suggest that the rocks in this area are more closely
related to the basement rocks on the north side of the Orpheus low
than to those on the south side where velocities of only 5.5 km/sec
are measured. This suggestion is subported by the magnetic anomaly
map (Figure 6.4) which, as mentioned earlier, indicates generally
magnetic basement rocks to the north of the crustal discontinuity and
non-magnetic rocks to the south. 1In fact, the magnetic anomalies
clearly indicate a northwest-southeast trending basement discontinuity
in the vicinity of the mouth of the Laurentian Channei. A composite
magnetic profile (Figure 6.15) of five, apﬁroximately north-south,
profiles in this area (see Figure 4.3 for their location) shows a rise

in the magnetic anomaly field from -200 y to 100 yas one goes from
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Figure 6.15:

Observed total field magnetic anomaly
averaged from five profiles near the
mouth of the Laurentian Channel, calculated

magnetic anomaly and interpretative model.
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south to north across the 45°N parallel. Except at the extreme
northern ends of‘the five profiles, the composite profile accurately
reflects the variation of the magnetic field and this seems to be one
of the few locations where the long-wavelength portion of a major
magnetic anomaly is not obscured by other anomalies.

The significant aspect of the magnetic model in Figure 6.15
and several others which were made are (1) the nearly vertical discon-
tinuity (2) the large thickness and great debth of burial of the mag-
netic body and (3) the steeﬁly dipping, southward-directed magnetiza-—
tion of 840(5). The model rules out a shallow thrust fault as the
source of the discontinuity in this region. The large depth of the
upper surface of the model is consistent with a thick wedge of over-
. lying sedimentary rocks at the continental margin and the great thick-
ness of the model indicates that Curie Point isotherm may be quite
deep if the magnetization of the rocks is as low as the modelling
procedure suggests, It would be interesting to know whether the base
of the model coincides with the Mohorovicic Discontinuity because in
area where temperatures are sufficiently low, the Mohorovicic Discon~
tinuity could mark a dividing line between magnetic gabbroic and
amphibolitic rocks of the lower crust and relatively non-magnetic
(unserpentized) peridotites of the upper mantle. The Mohorovicic
Discontinuity under the southern Scotian Shelf may be as- deep as 45
km but it is unwise to extrapolatevfhese seismic results northwards
across the major crustal diécontinuity which transects the Scotian

Shelf.
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6.7 SUMMARY AND DISCUSSION OF THE STRUCTURE OF THE CENTRAL SCOTIAN

SHELF

It is clear from the geological and geophysical evidence that
there is a major crustal discontinuity which transects central Nova
Scotia and the central Scotian Shelf. The geological evidence lies
in the presence of several east-west trending faults in the region
between the Minas Basin and Chedabucto Bay and in the absence of Pre-
cambrian rocks to the south of the fault zone. The geophysical evidence
lies in the presence of mainly magnetic, medium-velocity basement
rocks to the north of the fault zone and generally non-magnetic, low-
velocity basement rocks to the south. The asymmetrical aspect of
these geophysical data is contrasted with the presence over the
western part of the central Scotian Shelf of a pronounced, symmetrical
east-west trending gravity feature consisting of the Orpheus Gravity
low and its flanking gravity highs. The structure reflected by this
major gravity features dies away to the west near Chedabucto Bay and
to the east near the western margin of the Laurentian Channel.

Gravity and magnetic models of Cobequid complex indicate that
crustal discontinuity dips south at a shallow angle, suggesting its
formation by thrusting or strike-slip motion. There is some diffi-
culty in reconciling gravity and magnetic models over the Orpheus
feature but these models, in conjunction with seismic and drill-hole
data, show that the Orpheus Low outlines a graben structure filled
with lower Jurassic and younger sedimentary rocks. In this area the:
discontinuity between magnetic and non-magnetic rocks either dibs
south at a shallow angle or more probably occurs as a series of step-

faults such as are often observed at the boundaries of continental
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grabens. The origin of the more or less non-magnetic rocks producing
the flanking'gravity highs is not clear but they were probably

emplaced during the formation of the graben in such a manner as to
approximately maintain isostatic equilibrium. The graben is clearly

a pre~Jurassic feature but just how early it was formed is uncertain.
fhis will be discussed more fully in the next chapter where the Scotian
Shelf is discussed in terms of paleomagnetic results and plate tec-
tonics.

There is no particular reason why the easgt-west discontinuity
was formed everywhere at the same time, but, if it were, it could have
been formed by a scissors movement with an opening pnder tension of
the Orpheus graben, strike-slip motion along the discontinuity at the
mouth of the Laurentian Channel and a closing, with compressive
forces operative, along the south side of the Cobequid Highlands. If
this were the case, and if southern Nova Scotia and the southern
Scotian Shelf acted as a competent block, thrusting would be expected
in the Bay of Fundy region and strike-slip motion somewhere to the
southeast of Nova Scotia, possibly in the vicinity of Yarmouth, N.S.
or further out in the Gulf of Maine. Unfortunately, these areas are
covered by water and geological evidence to refute or confirm this
idea is currently lacking but it should be pointed out that, topo-
graphically, the Bay of Fundy, which is about some 60 km wide and
bifurcates into the Minas Basin to the east and Chignecto Bay to the
northeast, has the appearance of a typical graben and therefore was
probably formed under tension rather than compression. It seems more

likely that faults were initiated in different areas at different
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times and were probably reactivated intermittently at different times,
particularly as both right and left-handed movements are mapped along
faults within the Minas Basin-Chedabucto Bay fault zone. In general,
the right~handed movements probably result from continental collision
during the early Palaeozoic Era and the left-handed movements from
continental separation in the late Palaeozoic and Mesozoic Eras. The
possibility that the Orpheus Graben was formed along an older zone of
weakness has an Interesting parallel in the area between the Orkney
and Shetland Islands where a postulated basin of Mesozoic sedimentary
rocks (Bott and Browitt, 1975) has formed along one side of the
pre-existing Great Glen Fault,

One of the most ‘interesting aspects of the Orpheus graben
structure is that it appears to be confined to the western part of
the central Scotian Shelf and does not extend eastward with any great
degree of intensity across the Laurentian Channel. 1In this latter
area the local oval gravity lows appear to outline acidic phases
within the crystalline basement rocks rather than show accumulations
of low-density sedimentary rocks. Although not conclusive, this
interpret;tion is strongly indicated by the association of magnetic
highs over or at the margins of the oval gravity lows. In this
respect, the combination of gravity and magnetic data has been most
helpful in trying to distinguish between magnetic granite and low-

density sedimentary rocks.
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CHAPTER 7

GENERALIZED STRUCTURE AND HISTORY OF THE NOVA SCOTIAN
CONTINENTAL SHELF

7.1 INTRODUCTORY REMARKS

In the preceding three chaﬁters, the main emﬁhasis has been on
structural interﬁretations of the major geobhysical anomalies occurring
on the Scotian Shelf, 1In each chapter the interpretations were local
in nature inasmuch as they were made in the context of the nearby land
geology. 1In this final chaﬁter the main points of the interpretations
are reviewed and brought together in the context of possible litho-
spheric plate motions during the Palaeozoic and early Mesozoic Eras.

In preview, the gravity and magnetic anomalies commonly seem
to reflect structures in.the ﬁre-Carboniferous basement rocks and many
of these structures on the Scotian Shelf are probably products of
continental convergence and collision, In trying to unravel the pre-
Mesozoic history of the Scotian Shelf the main difficulty is to achieve
a reasonable timing of the proﬁosed events and to explain such problems
as how southern Nova Scotia relates to the remainder of the Canadian
Maritime Apﬁalachians and why there is seemingly little evidence of the

Hercynian Orogeny in Nova Scotia and Newfoundland.

7.2 REVIEW OF MAJOR GEOPHYSICAL ANOMALIES AND THEIR INTERPRETATION
7.2.1 Bouguer gravity anomalies

Working from southwest to northeast on the Scotian Shelf, the
major gravity anomalies are: The Middle Bank Low, the Orpheus Low and

its flanking highs, the Glace Bay Low and the St. Pierre High (Figure






Figure 7.1:

Simplified Bouguer anomaly map of the Canadian
Maritime Appalachians. Compiled from Weaver (1967)

and Stephens and Cooper (1973).







7.1). Other important anomalies, not named in Figure 7.1, are the
Emerald High (Figure 5.3) lying to the southwest of Middle Bank Low,
the local gravity lows (A,B,C in Figure 6.2) to the east of the Orpheus
Low and the linear. gravity low lying on the western flank of the St.
Pierre High (Figure 4.7). This latter gravity low separates the St.
Pierre High from the southwesterly trending extension of the Cross
Pond High. An interesting asﬁect of the compilation in Figure 7.1 is
the general east~west trend of the gravity anomalies over the Scotian
Shelf and the adjacent land areas of southern and central Nova Scotia.
This east-wvest trend is in contrast to the northeasterly Appalachian
trend of gravity anomalies in Newfoundland and southern New Brunswick.
On land, the gravity anomalies generally reflect structures in pre-~
Carboniferous basement rocks with gravity lows, such as the New Ross
Low and the Granite Lake Low, overlying Devonian and older(?) granite
and gravity highs, such as the Cobequid High and the Kingston High,
outliﬁing uplifted pre-Carboniferous basement complexes. Some nega-
tive anomalies, such as the small negative to the northwest of the
Cobequid High, the negative on the northwest flank of the Cross Pond
High (Figure 7.1) and, of course, the Orpheus Low, reflect the presence
of thick sequences of Carboniferous and possibly younger sedimentary
rocks but, in general, geologically and seismically determined sedi-
mentary basins (Howie and Cumming, 1963; Hobson and Overton, 1973) do
not show up particularly well in the gravity field. The reason for
this lack of correlation is not clear but may be due in part because
the sedimentary basins are more or less isostatically comﬁensated and

because any pre-Carboniferous sedimentary rocks which are present over
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offer little or no density contrast to the crystalline basement rocks.

7.2.2 Total field magnetic anomalies

Total field magnetic anomalies are disblayed in Figure 7.2,
ovangg

In this diagram’ red indicates a magnetic low; blue a high so the
colour scheme is opposite to that in Figure 7.1. %orking southwest
to northeast, some interesting boints to note are: (1) the lack of
any magnetic anomaly associated with the granite outlined by the New
Ross Low (Figure 7.1) but a large magnetic anomaly associated with the
Pokiok granite about 50 km west-northwest of Saint John, N.B. (Figures
7.2 and 5.4), (2) the curvature of the magnetic anomalies which outline

the folded Cambro-Ordovician Meguma rocks. The Meguma rocks appear to

have been folded, or re~-folded, about a vertical axis situated some-

where near the outer edge of the Scotian Shelf, (3) the contrast
between magnetic basement to the north of the Minas Basin-Chedabucto
Bay—Orbheus fault zone and relatively non-magnetic basement to the
south. On the Scotian Shelf, the general asymmetry of the magnetic
field provides one of the strongest pieces of geophysical evidence of
a major crustal discontinuity, (4) the general continuity of magnetic
trends between eastern Cape Breton Island and southeastern Newfound-
land, (5) the association of a depressed magnetic field with the
mainly sedimentary rocks of tectono-stratigraphic Zone F of Newfound-
land and a somewhat "granular" bositive field with the mainly volcanic
rocks of Zone E, '

Although exceﬁtions can be found, magnetic lows within the

Appalachian geological province generally seem to outline areas of

predominantly sedimentary rocks whereas magnetic highs generally occur
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Figure 7.2:

Simplified total field magnetic anomaly map of the
Canadian Maritime Appalachians. Photographed from
the Magnetic Anomaly Map of Canada (Geological
Survey of Canada, 1970). Data over the northern
Scotian Shelf added from Haworth et al. (1972).
Colour scheme - blue - greater than 200 gamma,

red - less than -400 gamma, intermediate contour

interval is 200 gamma.







metamorﬁhic and volcanic terrain. The magnetic anomalies, by them-
selves, are not diagnostic of granitic intrusions as the granites

range from being completely non-magnetic to highly magnetic. It is for
this reason that negative gravity anomalies are particularly helpful

in outlining magnetic, granitic intrusions which might otherwise be
mistaken for intermediate to basic igneous or metamorphic rocks. On
the other hand, it is difficult to know, a briori, whether a negative
gravity anomaly outlines a granitic body or a basin filled with low-
density sedimentary rocks. If a magnetic high coincides with a gravity
low, a granitic source is probably indicated.

Although local correlations can often be found between magnetic
and gravity anomalies sometimes there is little or no correlation. For
example, there is poor correlation on the Avalon Peninsula between the
gravity and magnetic data and generally no clear-cut relatio; between
the geophysical and geological data. On a broader scale, the gravity
and magnetic fields tend to show different features because the
regional Bouguer anomaly tends to reflect variations in topogréphic
elevation whereas the magnetic field does not. A good example of this
is on the Scotian Shelf where the increase in Bouguer anomaly as the
continental margin is apﬁroached is not reflected in the magnetic

field.
7.2.3 Interpretative basement geological map

Figure 7.3 shows the major basement features on the Scotian
Shelf as deduced from gravity, magnetic and seismic data. Only

selected geological features are shown on land. The basement features
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Figure 7.3:

L

Interpretative basement geological map of Nova
Scotian continental Shelf. Only selected. features
shown on land. The term basement covers a broad

range of pre-Carboniferous, crystalline rocks. The
letters A to I refer to the tectonostratigraﬁhic zones
of Williams et al. (1972) and are explained in tﬂe
caption of Figure 1.2. The Hermitage Flexure
(Williams et al., 1970) is outlined by the sinuous
trace of zone G and Hermitage Bay is identified in

Figure 4.1.
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are covered, for the most fart, by late-Palaeozoic and possibly
younger sedimentary rocks whose seismic thickness is outlined in
Figures 4.5 and 5.5.

On the northern Scotian Shelf, belts of tyﬁical late-
Proterozoic volcanic - sedimentary rocks strike out southwest from the
vicinity of the Burin beninsula. Intersﬁersed between these belts are
intrusions of magnetic, low-density granite. Other intrusions of
magnetic, low-density granite are thought to occur northeast of Cape
Breton Island (i.e. beneath the Glace Bay Low) and to the east of the
Orpheus Graben. The ages of these granites could range from late-
Precambrian (e.g. the Holyrood granite near St. John's, Nfld.) to
Devonian, an age typical of many granites in the Appalachians.
Proterozoic volcanic rocks, similar to the Fourchu Group, are inter-
preted to lie off the east coast of Cape Breton Island.

Halfway between Cape Breton Island and southern Newfoundland
and near the mouth of the Laurentian Channel are occurrences of heavy,
genérally magnetic rock (Figure 7.3). It is difficult to relate these
features to geological formations on land because the overall correla-
tion between geological and geophysical data in Zone H in Newfoundland
is poor, but the relatively high seismic velocities of the order of
7.0 km/s in the basement beneath the western part of the St. Pierre
Gravity High (Figure 7.1) suggest the presence of rocks such as
amphibolite or basic granulite. The somewhat lower seismic velocities
(6.0 to 6.5 km/s) in the basement rocks near the mouth of the Laurentian
Channel suggest a dioritic to gabbroic comﬁosition of these latter

heavy, magnetic rocks.
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The essential large-scale structural feature of the northern
Scotian Shelf is the sigmoidal trend of the Avalonian geological fea-
tures running between Caﬁe Breton Island and southeastern Newfoundland.
The trend is typified by the Hermitage Fle#ure (Williams et al., 1970)
which outlines the sinuous trace of the boundary between Zones G and H
(Figure 7.3). Even though the ekact location of the boundary between
Zones G and H is uncertain beneath the water-covered area, the
Hermitage Fleiure is best reflected in the magnetic anomaly battern
(Figure 7.2). Williams et al. (1970) consider the Hermitage Flexure
to be very imbortant in terms of Newfoundland geology and its signifi-
cance in connection with the Scotian Shelf will .be discussed later.

The western part of the southern Scotian Shelf appears to be a
continuation of the Meguma block of southern Nova Scotia consisting of
folded Cambro-Ordovician sedimentary rocks intruded by low-density,
non-magnetic Devonian granite. As originally pointed out by Hood
(1966), the Meguma trends seem to terminate at the dashed line shown
in Figure 7.3. Because of generally sparse magnetic coverage the
existence of such a line is somewhat uncertain except where shown in
Figure 7.3 where it is quite clear from both the gravity data and
detailed, low-level aeromagnetic data. To the southeast of the dashed
line in Figure 7.3 lies a region of heavier basement rock. In the
vicinity of Emerald Bank a basement block appears to be uplifted and
bounded on its southeast side, and fossibly on its northwest side, by
a fault. To the northeast of Emerald Bank, beneath Middle Bank (Figure
1.1), lies a large granite batholith similar in extent to the nearby

New Ross batholith in southern Nova Scotia but different in that the
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the Middle Bank Granite abﬁears to be strongly magnetic, as is the
Pokiok Granite in New Brunswick, whereas the New Ross Granite is
conspicuously non-magnetic. The Middle Bank Granite was probably
emplaced during the Devonian Period but could possibly be younger as
Carboniferous radiometric ages have been obtained from basement rocks
drilled on the southern‘Scotian Shelf (M. Given, personal communica-
tion). Alternatively, the area near the continental shelf could con-
sist of Meguma rocks reworked during Permo-Carboniferous times.

Two important structural features in southern Nova Scotia and
the southern Scotian Shelf apbear to be the curvature, in plan view,
of the folds in the Meguma groub and the bossible termination of the
Meguma rocks along a northeasterly trending line offshore.

Perhaps the most outstanding structure on the Scotian Shelf
'is the Orpheus Graben which is part of a major crustal discontinuity
that cuts east-west across central Nova Scotia and the Scotian Shelf
and sebarates late-Precambrian te early Palaeozoic Avalonian formations
of the northern Scotian Shelf from Cambro-Ordovician and possibly
younger basement rocks of the southern shelf. The discontinuity is
particularly aﬁparent in the magnetic field and is characterized
geologically by the aﬁﬁarent lack of any Precambrian rocks on the south
side. The Orpheus Graben (Figure 7.3) is filled with a fairly thick
sequence of Jurassic and possibly younger sedimentary rocks whereas
the flanking basement récks are only thinly covered. The Orpheus
feature seems to be a tybical continental graben but the explanation
of the heavy rocks on either side is not clear. They do not abbear to

be deep-seated and have no obvious counterpart in nearby Nova Scotia.
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Before discussing the main structural elements of the basement
beneath the Scotian Shelf, the late-Palaeozoic setting of the Scotian
Shelf will be described and palaeomagnetic evidence of early Palaeozoic

plate motions presented.
7.3 LATE PALAEOZOIC SETTING OF THE SCOTIAN SHELF

Figure 7.4 shows the Scotian Shelf and the adjacent Canadian
Maritime Apﬁalachians in relation to the Spanish Sahara, Morocco,
Portugal, France and the British Isles according to the reconstruction
of Bullard et al.(1965). According to Francheteau (1970) the closest
grouﬁing of ﬁalaeomagnetic boles based on this reconstruction occurs
for the Permian period. On the other hand, Poy's (1972) treatment
suggests that a somewhat earlier, lower Carboniferous, age is more
abpropriate. However, the main point is that the reconstruction
appears to be valid for the late Palaeozoic era.

Line A-A' indicates the approximate northern limit of Palaeo-
zoic deformation in the Northern Appalachians and in the Scottish
Caledonides. Line B-B' indicates the approximate northern limit of
late Precambrian to early Palaeozoic Avalonian-Baltic type basement
remnants found at scattered locations in New England, southern New
Brunswick, central Nova Scotia and Cape Breton Island, southeastern
Newfoundland and parts of Wales and southern England. These late
Precambrian rocks and the somewhat older Grenville and Lewisian rocks
to the north of A-A' formed the "jaws of the vice" (Rodgers, 1970)
which came together during the early Palaeozoic era to telescope and,

in part, destroy by subduction the intervening oceanic volcanic 'and
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Figure 7.4:

Late Palaeozoic setting of the Nova Scotian contin-
ental shelf. Reconstruction after Bullard.et al.
(1965). Line A-A' indicates northwesterly limit of
Palaeozoic deformation. Line B-B' shows the north-
westerly.limit of late-Precambrian Acado-Baltic base-
ment coﬁplexes. Line C-C' shows the approximate
northern limit of the Alleghany (Hercynian) Orogeny
in the central Appalachians. Line D-D' delineates
the Hercynian structural front in southern England
and southern Ireland. Line E-E' shows the approxi-
mate southern limit of the Hercynian Orogeny in
northwest Africa. SAF-South Atlas Fault, HBF-
Highland Boundary Fault, SUF-Southern Uplands Fault,
GFZ-Gibbs Fracture Zone, NFZ-Newfoundland Fracture
Zone, KS-Kelvin Seamounts, BF-Bay of Fundy, MB-Minas
Basin, CB-Chedabucto Bay, GB-Georges Bay, WB-White

Bay, NYC-New York City, SJ-Saint John.
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sedimentary rocks. As mentioned in the introductory chapter, this
convergence and collision is manifested in the Northern Aﬁpalachians

by the Taconic (Ordovician) Orogeny and the Acadian (Devonian) Orogeny
and in the British Isles by the Caledonian (Siluriam) Orogeny. The

ages in brackets are only apﬁroiimate as ﬁeak orogenic activity occurred
in different areas at different times. |

The next period of tectonic activity in the Canadian Appala-
chians was the "Maritime Disturbance" (Poole, 1967) which occurred
during the Carboniferous Perfod and was mainly confined to a zone
running from the Bay of Fundy northeast across the Gulf of St.
Lawrence and through the Georges Bay - White Bay area of west central
Newfoundland (shaded area in Figure 7.4) and to a second east-west
trending zone from Minas Basin to Chedabucto Bay. The Maritime Dis-
turbance was not severe enough to be termed an orogeny but it would
seem to be related to the major Hercynian Orogeny which affected a
wide area between the lines D+D' and E-E' in western Europe and to its
North American counterpart, the Allegheny Orogeny, which affected the
Southern and Central Aﬁpalachians, approximately south of the line C—C'
near New York City. These late-Palaeozoic orogenies probably resulted
from the collision of Gondwanaland and Laurasia during the Permo-
Carboniferous Period (e.g. McKerrow and Ziegler, 1972).

As mentioned previously, the continental masses are probably
shown in the correct sbatial relationship for the Permo-Carboniferous
Period and it is interesting to note that, on a burely geometrical
basis, the northeasterly trending rift zone through the Bay of Fundy-
Georges Bay-White Bay area seems to link uﬁ with the Midland Valley of

Scotland (lying between the Highland Boundary Fault and the Southern
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Uplands Fault, Figure 7.4).

These areas in the Canadian Maritimes%rScotland
may, therefore, have been ﬁart of an intracontinental, Permo-Carboni-~
ferous rift zone which lay to the north and west of the main’
Alleghenian-Hercynian orogenic belts.

One of the buzzling features of Permo-Carboniferous tectonic
activity in the area shown in Figure 7.4 is the large offset in the
northern margin of the Hercynian Front between Europe and North America
and the apﬁarent lack of Hercynian folding, faulting and igneous
activity in- southern Nova Scotia and eastern Newfoundland. Fowever,
before discussing this and other broblems in connection with the
structure and history of the Scotian Shelf, palaeomagnetic data from
most of the areas shown in Figure 7.4 will be discussed as these data

provide some constraints on the early Palaeozoic geometry of the land

masses.
7.4 PALAEOMAGNETIC EVIDENCE OF EARLY PALAEOZOIC PLATE MOTIONS
7.4.1 New Brunswick and Western Newfoundland

Virtual geomagnetic pole positions (Figure 7.5) derived from
directions of stable remanent magnetizations in rocks from the Canadi-
an Atlantic Provinces generally show a systematic northward migration
from the area east of the Philippine Islands in the Cambrian period to
the Arctic coast of Siberia in the Triassic period. The displacement
of the Cambrian and Devonian bole bositions from New Brunswick west—
vard with resﬁect to those from western Newfoundland led Nairn et-al.

(1959) to suggest that the displacement could be explained by a
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Figure 7.5:

Palaeomagnetic pole positions from rocks in the
Canadian Maritime Appalachians. Precambrian results
from Nairn et al. (1959), Ordovician pole from eastern
Newfoundland from Deutsch and Rao (1970). Ordovician
pole from western Newfoundland from Beales et al.
(1974), Cambrian and Devonian poles from western
Newfoundland and southern New Brunswick from Black
(1964), the remaining poles are taken from Hicken et

al. (1972).
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counter—clockwise rotation of Newfoundland. Du Bois (1959) concluded
that if such a rotation took flace, it took flace ﬁrior to the Carboni-
ferous beriod. Subsequent work by Black (1964) suﬁborted the earlier
palaeomagnetic results. It is unlikely, however, that Newfoundland has
rotated with respect to the remaining Atlantic Provinces because there
is no geophysical evidence (e.g. Goodacre et al.,1969; Haworth, 1975)
of an inciﬁient Red Sea—tyﬁe rift structure in the northeastern part

of the Gulf of St. Lawrence. As Deutsch (1969) has bointed out, an
alternative exﬁlanation for the disﬁlacement of the Cambrian and
Devonian fole ﬁositions is that southeastern New Brunswick lay somewhat
to the east of its ﬁresent position during early Palaeozoic time.

This is an important point because it means that, within the context

of the balaeomagnetic data, we can regard western Newfoundland as
being fixed with respect to the North American (Grenville) plate and
ascribe the differences in the Cambrian and in the Devonian palaeo-
magnetic poles to a westerly movement of southeastern New Brunswick at
some time between the lower Devonian and the lower Carboniferous. The
palaeomagnetic poles from the two areas can be brought together into
remarkably good agreement by moving southeastern New Brunswick more or
less due east to approximately 45°N; 50%w (just outside the lower
right-hand side of Figure 7.3). A westerly movement of southeastern
New Brunswick during the Devonian Perio& is broadly consistent with

the present-day en-echelon arrangement of the late-Precambrian rocks

in Zones G and H (Figure 7.3) if we assume that the Avalon Peninsula

was approximately in its present position during the Devonian Period.
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7.4.2 . Eastern and Western Newfoundland

Figure 7.6 shows Palaeozoic palaeomagnetic bole positions from
rocks on opbosite sides of the Atlantic Ocean plotted according to
the continental reconstruction shown in Figure 7.4. The palaeomagne=
tic data are from Hicken et al. (1972). A puzzling asbect of Figure
7.6 is that the Ordovician balaeomagnetic poles from easfern New-
foundland, Portugal and northwestern Eire are quite different from
Ordovician poles from western Newfoundland, other parts of North
America and western Europe. Deutsch (personal communication) and
Briden et al. (1973) suggest that the anomalous Ordovician result .
from Eire may be due to tectonic rotation of the Mweelrea rocks. In
a similar fashion, the palaeomagnetic data from eastern Newfoundland
and Portugal suggest that these two areas have been rotated counter-
clockwise some 50° and 110° respectively since the Ordovician Period.
In the case of eastern Ne&foundland, such a rotation would be broadly
consistent with the formation of the Hermitage Flexure (Williams et
al., 1970), which is the bend in tectonostratigraphic zones G and H
at Hermitage Bay (Figures 7.3 and 4.1), at some time subsequgnt to
the lower Ordovician. The anomalous Ordovician poles from Portugal
and northwestern Eire can be brought into coincidence with the "normal"
poles from western Euroﬁe and North America by merely rotating
Portugal and northwestern Eire; mno tramslation of either area seems
necessary in view of the frobable errors inhérent in the palaeomag-
netic ﬁole ﬁositions. On the other hand, an unresolved difficulty

with the palaeomagnetic result from eastern Newfoundland is that it







Figure 7.6:

Cambro-Ordovician palaeomagnetic poles from North
America, Europe and Africa based on a continental
reconstruction and plotted with respect to the

present-day coordinates of North America.
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places this latter area some 20o (in palaeolatitude) away from western
Newfoundland and it is difficult to reconcile this in any reasonable
continental reconstruction.

In summary, therefore, the Ordovician balaeomagnetic results
broadly indicate that eastern Newfoundland and at least farts of
Portugal and Eire were ﬁortions of tectonic blocks which underwent a
considerable rotation during, or after, the Ordovician Period but the

extent and detailed location of these tectonic units is not clear.
7.4.3 Southern Nova Scotia and Morocco

The Cambro-Ordovician pole positions in Figure 7.6 indicate
that Africa, with the possible exception of a part of Morocco, was
located a considerable distance away from North America during those
times. Palaeoclimatic data (e.g. Fairbridge, 1970; Schenk, 1972)
are consistent with the palaeomagnetic evidence which indicates that
during the Cambrian Period the eastern margin of North America lay
near the ﬁalaeoequator and northwest Africa lay near the pole.

Because northwest Africa and the Canadian Maritime Provinces collided
during the Palaeozoic Era it is reasonable to suppose that remnants of
one continent may now be attached to the other, and vice versa. The
problem is to decide whether southern Nova Scotia once belonged to
Africa or to the Acado-Baltic province of western Europe (which
includes the Avalon Platform), as this affects the interpretation of
the Minas Basin - Chedabucto Bay—Orﬁheus fault zone. There is geo-
logical evidence that southern Nova Scotia was once in close broximity

to northwest Africa (Schenk, 1971) and subject to glaciation during
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the Ordovician Period (Schenk, 1972). Additional evidence for south-
ern Nova Scotia's being an African remnant would be the discovery of
vearly vertical stable bermanent magnetization in the Meguma rocks,
because it would be consistent with deéosition in high latitudes.
Parts of Morocco may have once belonged to the Acado-Baltic
province as Tarling and Sutton's (1967) data suggest that Cambrian
red beds in west central Morocco were deposited in equatorial lati-
tudes. If so, southern Nova Scotia and the southern Scotian Shelf
could also have been in equatorial latitudes and formed a part of
the Acade-Baltic brcvince. An alternative explanation of the Moroccan
results is that the stable magnetization was acquired in these red
beds at a later time, perhaps during the Hercynian orogeny. The
problem of how southern Nova Scotia and Morocco fit into the contin-
ental mosaic of Figure 7.4 will be discussed further in the last

section.
7.5 INTERPRETATIONS OF DIRECTIONS OF TOTAL MAGNETIZATION
7.5.1. Introductory remarks

In this section, directions of total magnetization are inter-
éreted in terms of the balaeomagnetic data in Figures 7.5 and 7.8.
The directions of total magnetization are accepted at face value
but, as mentioned in Chapter 4, it must be keﬁt in mind that the
directions of total magﬁetization derived from the transformation of
gravity and magnetic fields or from magnetic modelling may be spurious

if all of the assumptions of the geophysical analysis are not met.



7.5.2 Relationship between induced, remanent and total magnetization

Magnetic modelling or combined analysis of gravity and mag-

netic data only defines the direction of the total magnetization
+ 3 - N I . .
vector T, which is the vector sum of the induced magnetization vector,
2 . - _)'*
I, and the remanent magnetization vector, R. Although the direction
+

of T is known, neither its magnitude nor the ratio. of remanent to
induced magnetization (Koenigsberger ratio or Q ratio) is usually
known and the best that can be done for palaeomagnetic studies is to
set limits on the direction of the remanent magnetization vector.

Figure 7.7 gives an example of the possible magnitudes and

] » + _) 3
directions of the vectors I and R for different values of Q when the
>
direction and magnitude of T is given. The solid lines represent the
case where the total magnetization dips down 16° toward magnetic
north. The diagram is drawn in the plane which contains these
vectors; in a two-dimensional case the diagram represents the vector
components which lie in the vertical plane containing the earth's
field. 1In the two-~dimensional case, the inclination of the total
magnetization vector is often specified in the vertical plane perpen-
dicular to the strike of the source but, throughout the thesis, this
vector has been projected into the vertical plane containing the
earth's field in order to allow comparison of results from features
which strike in different directions.
>

It is readily seen that R must lie in the sector bounded by
> . ) R -> . . > .
T and a vector directed opposite to I. The intensity of R is a

—> : . . '3 _) --
minimum when R is perpendicular to I; Q is a minimum when R is

% See subsection 393 }or adiscossion of the effect of basemext

’Mac%mcf«;a‘h.'oq ox The d etermundtion o-*‘ﬁ\,g “ota ( rmaam e‘l"aa""w‘h vec'{'or‘.
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Figure 7.7:

The vector relationship between induced (I), remanent
(R) and total (T) magnetization. The total magneti-
zation vector is distinguished from the others by a
thicker line. Solid lines refer to the case where
the total magnetization vector of unit length is
dipping down 16° to the north; dashed lines refer

to the case when the total magnetization vector is
pointing in the opposite direction. In either case

vector combination of I and R gives T.
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> . -> ->
perpendicular to T. If the angle between R and T is obtuse, the
. > > ) > >
intensities of R and I are greater than the intensity of T and if T
r} : ] . ‘+ —> . I -) s
is large, very large intensities of R and I are required if R is more
. N .
or less antiparallel to T. One problem in the interpretation of
magnetic models or the results of the transformation of a gravity
anomaly to a magnetic anomaly, and vice versa, is to decide whether
the source body is normally magnetized in one direction or the country
rock is reversely magnetized in the opposite direction. This latter
situation is unlikely but must not be neglected entirely. If the
. .
total magnetization vector, T, were pointing to the direction oppo-
site to that adopted in Figure 7.7 (solid line), the remanent magne-
_).
tization vector must lie between T (dotted line) and a vector anti-
parallel to the earth's field and the Q values must be greater than

unity.
7.5.3 St. Pierre High (west)

Figure 7.8a shows the directions of stable remanent magneti-
zation in the Atlantic Provinces ﬁrojected onto the vertical plane
containing the earth's field. The two Precambrian results (p€£). are
from eastern Newfoundland and, as may be seen in Figure 7.5, are prob-
ably not representative of the remainder of the Maritimes. The
clockwise rotation with time of the bermanent magnetization vector
and reversals in its direction are apparent in thg data. Assuming
that there is an inverse relaéion between rock density contrast and
magnetization contrast (e.g. where the density contrast is negative

but the magnetization contrast is positive), the direction of total






Figure 7.8: (a) Directions of stable remanent magnetization
from selected results from rocks in the Canadian
Maritime Appalachians. The vectors shown here are
the projections of the remanent magnetization vectors
onto the vertical plane containing the earth's field.

This was done to provide an easy comparison with the

results of two-dimensional magnetic to gravity field
transformations. The symbols are as follows: p6 -

Precambrian; u€ ~ upper Cambrian; O-~-Ordovician;

1D-lower Devonian; 1C- lower Carboniferous; P-Permian;

Tr-Triassic.

(b) Directions of total magnetization derived from
selected results of magnetic to gravity field trans-

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 earlier
than the Cambro-Ordovician Periods. This result is not highly signi-
ficant because the angle of total magnetization is only determined

to within about plus or minus 20°. If thereis a direct relation,
the bermanent magnetization was acquired no later than during the
Ordovician-Silurian-Devonian Periods. However, a direct relation
requires higher Q ratios and higher values of induced and remanent
magnetization than an inverge relation does, so an inverse relation
seems more likely. As mentioned in Chabter 4, an inverse relation
could result from serbentinization of basic to ultrabasic rocks. The
Cambro—Ordovician age limit is not unreasonable in view of the wide-
spread effects of the Taconic-and Acadian orogenies but, as men-
tioned in Chapter 4, it is 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 is little doubt in these cases that there is a direct
rather than inverse relation between rock density and magnetization
so the presence of a total magnetization vector component dipping at
an angle of about 85O (150) to the south (Figure 7.8b) indicates that
a southerly directed permanent magnetization in the Cobequid Highlands
and in the rocks near the mouth of the Laurentian Channel was acquired
no earlier than in late Precambrian to Cambrian times. The minimum
value of Q (see Section 7.3:1) is about 0.3; since the’'highest Q

factor observed in samples collected in the Cobequid Highlands (Table
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6.1) is 0.3 and since the average Q factor for rocks in New Brunswick
is about 0.2 (McGrath et al., 1973) there is a good possibility that
the éermanent magnetization in the Cobequid Highlands is nearly

horizontal and was acquired during the Devonian Period.

7.5.5 Middle Bank Area

Sufficiently good magnetic and gravity coverage and a seeming-
ly favourable relation between the gravity and magnetic fields allow
a three—diﬁensipnal combined analysis to be made of the Middle Bank
feature. The results of the three-dimensional gravity magnetic field
transformation (Table 7.1) aﬁbear to be good inasmuch as there is a
high correlation between the observed and comﬁuted magnetic fields but
thiere are two difficulties with the calculated direction of the total
magnetization vector which is pointing northward and slightly upward.
Firstly, the total magnetization vector is mearly at right angles to
the earth's field and this means that the minimum value of the Koenigs-
berger ratio is about 1. Such a value is extraordinarily high for
tybical granitic rocks (McGrath et al., 1973) and appears to be unlikely
in this case. Secondly, the inclination differs by some 400 from the
result obtained from the two-dimensional analysis (Figure 7.8b) des-
cribed in Chaﬁter 5. Although there are undoubtedly some problems in
aﬁﬁlying a two-dimensional analysis to a three-dimensional source, one
reason for tlie rather large discrebancy in the inclinations may be
thiat the ratio of magnetization contrast to density contrast is not
uniform throughout the Middle Bank Granite: In particular, the mag-
netization may- be enhanced at the margiﬁs; The results of the three-

dimensional gravity to magnetic field should, therefore, be treated
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with caution.

Figure 7.9 shows virtual ﬁalaeomagnetic bole bositions obtained
from the results of the three~-dimensional gravity to magnetic field
transformation (Table 7.1) for different values of the Koenigsberger
ratio; (Qi; Pole bositionsrare shown for two cases: (a) solid dots
rebresenting north,balaeomagnetic boles for the case where there is an
inverse relation between magnetization contrast and density contrast
(e.g. a bositive magnetization contrast and a negative density contrast
corresﬁonding to a magnetic granite) and (b) oben circles representing
sgutﬁ_balaeomagnetic boles for the case where there is a direct rela-
tion (e.g. a non-magnetic granite surrounded by magnetic rocks). The
67% oval confidence limit around the south,bole corresbonding to Q=2
is tybical of the other confidence limits.

The virtual north poles (solid dots) migrate apbroximately
south. along the QOPE meridian. This path comes close to the approxi-
mate éolar wandering curve for Africa (Figure 7.10) but seems to be
distinct from the lower Palaeozoic ﬁortion of the Maritime polar
wandering curve at the 957 confidence interval (t30°). The results
of thie gravity to magnetic field transformation are cbnsistent,
tﬁerefore; with. the hyfothesis that southern Nova Scotia and the
southiern Scotian Shelf were once bart of Africa but they do not prove
it because the virtual south_boles (open circles) lie quite close to
the Triassic-Jurassic boles from North America (Figure 7.9). The
main difficulty, however, in acceﬁting the virtual south_boles-is to
bostulate a convincing situation where a non-magnetic granite could

be surrounded by.magnetic rocks. It 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 mégnetic field transformation

Total Magnetizétion Vector Ratio of Magnetization Coefficient of

} Azimuth Inclination Contrast to Density Linear Correlation

i de de Contrast between Observed and
; g g emu/gm Computed Fields

B -157.3 13.7 .0091 ' .84

(13.7) (7.7) : (.0014)

Q value Remanent Magnetization Vector Virtual Magnetic Pole

~Azimuth Inclination Latitude Longitude
‘deg deg deg deg
2 ~-163.1 -16.0 -50.3 -87.3
4 -160.1 o =047 - =42.0 -87.7
o -157.3 : =13.7 -33.7 ~87.9
2" 30.0 ~43.4 4.6 917
*

4 25.8 -28.0 25.7 91.7

* Calculated for the case where the ratio of magnetization contrast
to density contrast is assumed to be negative
( ) Standard deviation of quantity
Note: the standard deviation of a virtual pole varies according
to the value of Q adopted but is 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 late

Palaeozoic and Mesozoic polar wandering curve for

North America (solid line with tick marks).

Virtual poles (solid dots and open circles)

obtained from the three-dimensional gravity to

magnetic field transformation for various values

of the Koenigsberger ratio,(Q) are shown, as explained

in the text, by solid dots if the ratio of magnetization
contrast to density contrast is assumed to be negative
and by open circles if positive. The tick marks represent
mean palaeomagnetic poles taken from Irving and Park (1972)
for the Carboniferous (C), Permian (P), Triassic (Tr),

Jurassic (J) and Cretaceous (K) Periods.
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Figure 7.10:

Virtual magnetic poles, as explained in the text and

in the caption of Figure 7.9, obtained from the application
of the three~dimensional gravity to magnetic field
transformation to the Middle Bank area compared with
generalized polar wandering curves for the Canadian
Maritimes and Africa (see Figures 7.5 and 7.6 for

individual locations of palaeomagnetic poles).
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or possibly Permo-Carboniferous(?).granite formed a topographic high
and was surrounded by Triassic flood basalts during the oﬁening of

the bresent-day-Atlantic Ocean. This configuration might apbroximate
the situation assumed for the gravity to magnetic field transformation
whiere the entire surrounding Basement is taken to be magnetic, however
tﬁisrexblanation is highly sbeculative:

As- mentioned éreviously, the results of the three-dimensional
grayity- to magnetic fleld transformation must be viewed with caution
but it is: curious that it gives results which have at least some
?ossibility-of being reasonable when we consider that the calculated
ﬁole.bositions-might have lain some 90° in longitude away from the

Maritimes and African polar wandering curves.

7.5.6 Avalon Peninsula

Considerable effort was put into trying to achieve significant
results from combined analysis of gravity and magnetic anomalies over
the Avalon Peninsula because the late-Precambrian pole positions
determined by Nairn et al. (1959) seem to be at variance with other
results: from edstern Canada (Figure 7.5). Unfortunately most of the
results from the combined analyses are meaningless due to a negligible
correlation between obsefved and calculated fields; those that show
some correlation (r = 0.5) give boles well to the east of the polar
wandering curve and in very coarse agreement with the boles in Figure
7;5. The best result, one for tthsouthern éart of the Avalon Penin-

sula gives a pole (Q = «) lying part way between p6, and pé

1 2°
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7.6 DISCUSSION

7.6.1 Early Palaeozoic structure.and history

When considering the major structural trends in the pre-
Carboniferous basement recks 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 late Precambrian Avalonian
belt, truncated the Avalonian basement along the Minas Basin -
Chedabucto Bay - Orbﬁeus-fault zone and ﬁroduced the fractured appear-

ance. which the pre-Carboniferous basement complexes such as the

Cobequid, Antigonish and Cape Breton Highlands bresent in plan view
(Eigures”l.l; 6.2 and 7.1). Such. an event might exblain the similari-
ty noted many years ago by King (1951) in the amount of offset

ofiserved in the'Aﬁbalachian structures between Newfoundland and the
mainland region and in the offset of the continental margin along the
southern edge of the Grand Banks of Newfoundland. Of course, whether
these large scale structural features are genetically related depends
critically»ubon 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 in
Figure 7.2) seems to be consistent with a thrusting of the Meguma block
towards thie nerth and west. For examﬁle, Benson (1967) proposed that
tectonic features in the Antigonish,Highlénds were related to the
folding and thrusting of the Meguma rocks and Eisbacher (1970) has
ﬁointed out that the comﬁressive stress producing the shear zone in
the Cobequid Mountaiﬁs~is~aﬁout the same as that required to ﬁroduce

the folds in the Meguma rocks. According to Taylor and Schiller (1966),




the folding of the Meguma was combleted before the culmination of the
regional metamorphism of the rocks and the regional metamorbhism pre-
dates the contact metamorphism associated with the intrusion of
Devonian granite. Since the radiometric age dates associated with
the New Ross Batholith. and other granites cluster about 375 my, the
folding occurred during or ﬁrior to the lower Devonian.

The formation of the sigmoidal trends in the northern Scotian
Shelf also afbears to have been during or brior to the lower Devonian.
The sigmoidal trends are eﬁitomized by the Hermitage Flexure (Williams
et al.; 1970) and the Hermitage Fault (which.sebarates Zones G and H -
see Figure 7.3) is 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 limit for the folding of the Meguma
Grouﬁ and the formation of the Hermitage flexure are about the same,
it is difficult to establish an exact corresﬁondence of these features
since it is difficult to determine an ubber limit for the ages of the
rocks affected in southern Newfoundland. The Siluro-Ordevician (?)
Torbrook. 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 fo£ the production of the:
major features discussed is not unreasonable although a somewhat
earlier, mid to late-Ordovician age might be ﬁossible. However,
palaeomagnetic evidence subborts.a Siluro-Devonian age for their

formation for two reasons. Firstly, the lower Ordovician poles place
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eastern and western Newfoundland so far abart that it seems unlikely
that the Hermitage flexure could have been formed-in its ﬁresent
position as early as the middle to late Ordovician (although the Her-
mitage flekure might have been formed elsewhere and brought to its
present ﬁosition by transcurrent movement along the fault dividing
zones E and F or along some other major fault or faults in central
and western Newfoundland). Secondly, Deutsch's (1969) e#planation of
the discrebancies between Cambrian and Devonian ﬁoles frém southern
New Brunswick and western Newfoundland blaces a lower Devonian age
1imit on the time at which New Brunswick could have been pushed west-
ward.

What is the relationshiﬁ of the folding of the Meguma rocks
and the formation of the Hermitage flexure to the production of the
recess in the northern Abpalachians between Newfoundland and New York
City as outlined by line A-A' in Figure 7.4? Geometrically these fea-
tures would seem to be related and ﬁossibly formed simultaneously by a
Himalayan type collision although the recess in the northern Appala-
chians might have been a ﬁre—existing feature in the edge of the
Grenville continental mass (W.H. Poole, personal communication;
Haworth, 1975). The line A-A' shows, in general, the northwest limit
of Palaeozoic deformation of the Aﬁﬁalachians but at several points in
New York State, Quebec and Newfoundland line A-A' coincides with the
boundary between autochthonous, undeformed miogeosynclinal rocks to
the northwest and allochthonous and ﬁara—autochthonous eugeosynclinal
rocks to the soutﬁeast. An ubﬁer:age limit of the emﬁlacement of the
transported rocks is .set by the fact that lower and/or middle Ordovi-

cian rocks are affected whenever field relations can be determined.
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A lower limit is difficult to determine as different allochthons may
have been emﬁlaced at different times, but Silurian sedimentary rocks
overlie thrusts near Lake Aylmer; Quebec (St. Julien and Hubert, 1973),
lower Devonian strata overlie thrusts at one locality in 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
relationshib between the thrusting of the Meguma block (zone I in
Figure 7.3) into the Avalon ﬁlatform (Zone H in Figure 7.3) and the
formation of the northern Abpalachian recess between New York City

and George's Bay, Nfld. (Figure 7.4), the latter feature probably
ﬁredates the former by several ‘tens of millions of years.

As mentioned ﬁreviously, 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 Africa 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. In particular, the Minas Basin - Chedabucto
Bay - Orﬁheus Féult zone was ﬁrobably formed at this time and may have
been a ﬁart of a transcurrent fault ﬁassing'along the .southern margin
of the Grand Banks and through the Strait 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 collision




between Gondwandland and Laurasia which was responsible for the late-

Palaeozoic orogenies in Europe and North America.
7.6.2 Late Palaeozoic structure and history

The Maritime Disturbance.is confined mainly to the shaded
zones depicted in Figure 7.4, although some Carboniferous volcanic
activity is alse recorded at scattered locations in central New
Brunswick and on the Magdalen Islands near the center of the Gulf of
St. Lawrgnce. One of the puzzling asbects of Canadian Maritime Appa-
lachian geology is the lack of strong, widespread Permo-Carboniferous
tectonic activity. Except bossibly along the north shore of the Bay
of Fundy where Rast and Grant (1973) provide evidence of a Carboni-
ferous structural front, there seems to be no significant Hercynian
folding, thrusting or granitic intrusion similar to that found in
southern England or southern Ireland. Several authors (e.g. Cherkis
et al., 1973) have drawn the Hercynian front as passing through central
Newfoundland and along the north shore of the Bay of Fundy but in view

of the general lack of strong Hercynian activity, it seems more likely
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that the Hercynian structural front, which is recognized in the southern

and central Appalachians south of the line C-C' near New York City
(Figure 7.4), continues out to sea and, as will be discussed later,
may pass through the Scotian Shelf,

The rift zone of strike-slip faulting which passes northwest
through the Gulf of Maine, the Bay of Fundy, Georges Bay and White
Bay, Newfoundland may have decoubled southern Nova Scotia and the

greater part of Newfoundland from the remainder of the Canadian
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Maritime Apbalachians and ‘allowed the former areas to act as competent
blocks while being- jostled around ‘during:.the Hercynian orogeny. .Central
and eastern Newfoundland, the Grand Banks and bossibly Sbain and
Portugal (Figure 7,4) brobab1§ formed one continental block. Southern
Nova Scotia, the southern Scotian Shelf and ﬁossibly Morocco formed a
second block which was decbufled from the first by the fault zone
running eastward from the Minas Basin through Chedabucto Bay and along
the southern margin of the Grand ﬁanks and through what is now the
Strait of Gibraltar. At some time during the Carboniferous Period,
dextral strike-slip motion along the Minas Basin-Chedabucto Bay fault
zone could have brought thrusting to bear along the north shore of

tﬂe Bay of Fundy to-exﬁlain the geological observations by Rast and
Grant (1973) of a structural front in southeastern New Brunswick.

Such movement may have ‘been contemﬁdraneous with dextral motion

along the South Atlas Fault (SAF in Figure 7.4) which produced thrust-
ing in the southern Aﬁpalachians (Badham and Halls, 1975),

If Morocco, Portugal, France and southern England and Ireland
were affected by the Hercynian orogeny we would expect at least the
outer edges of the Scotian Shelf and the Grand Banks to show séme
evidence of Hercynian deformation. In this respect it i1s worthwhile
to remember as Hood (1966) ﬁointed out, the Meguma trends appear to
be truncated along the dot-dash line in Figure 7.3 and, probably even
more significantly, Permo-Carboniferous radiometric age dates are
reﬁorted from basement rocks drilled on the Scotian Shelf (Figure 7.4)
(M. Given, ﬁerSonal communication),

In view of the general lack of a strong compressional environ-
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ment associated with the ‘Maritime Disturbance (Poole, 1967) .there seems
to be no compelling reason.to postulate a Hercynian structural front
anywhere in the Canadian Maritimes, but, if one does, it certainly
seems more desirable -to joint-uf the Alleghenian Front in the southern
Ap?alachtans-to the Hercynian Front in southern Ireland and England

by ﬁassing the front through the southern Scotian Shelf (and the

Grand Banks area) rather than through Newfoundland. Such a structural
front might run abfroximately barallel to the continental margin to the
northwest of the drill hole sites on the Southern Scotian Shelf (Figure
7.4). If so, the Middle Bank Low could be produced, as mentioned in
Chaﬁter 5, by a Hercynian granite similar to those in southwest England
but different in that the Middle Bank granite is magnetic whereas the
Carboniferous granites in Devon and Cornwall are non-magnetic (although
there are well develofed magnetic halos at their margins).

Generally sfeaking, one of the main characteristics of much
of the Hercynian tectonic activity in the Canadian Maritime Appalachi-
ans is that it seems to have occurred along pre-existing zones of
weakness which were formed in Siluro-Devonian times or earlier. This
includes the Minas Basin-Chedabucto Bay-Orpheus fault zone which was
probably initiated in Siluro-Devonian times and which was subsequently
re—activated.

Although the fault zone along which the Orpheus Graben is
presently situated was active during the late Palaeozoic it is not
clear when the Orpheus Graben itself was created. A Permo-
Carboniferous age of formation is not unreasonable in view of the
ﬁossible link between the'Orﬁheus Graben and the rift zones of the

Maritime Disturbance. The scissors—-1like movement described in Chapter
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6 could have taken place at this time, providing tension east of
Chedabucto Bay and compression 'in the Bay of Fundy but the tensional
forces which produced the Orpheus Graben may have only occurred later

when Africa and North America separated in the Mesozoic Era.
7.6,3 Mesozoic structure and history

The only Mesozoic rocks found on the land areas adjacent to
the Scotian Shelf are ‘the Triassic conglomerates, sandstones and
basalts along the edges of the Bay of Fundy and the Minas Basin, a
small patch of Triassic sedimentary rocks near Chedabucto Bay and a
Triassic dike in southern Nova Scotia. A second dike, interpreted
from aeromagnetic data over the Avalon Peninsula (Figure 7.3) may also
have been emplaced during the Triassic Period (Papezik et al., 1975).
On the other hand, seismic profiling and drilling have revealed exten-
sive deposits of Mesozoic (and younger) sedimentary rocks on the Scotian
Shelf and an up-to-date review of Mesozoic structure and history of
the Scotian Shelf has recently been presented by Jansa and Wade (1975).
The highlights of their discussion will be given here after first
discussing the Orpheus Graben.

The extrusion of basalt and the formation of dikes indicate a
tensional environment during the Triassic period which may also have
produced the Orpheus Graben. The Orpheus Graben was almost certainly
in existence during the early Jurassic due to the presence of lower
Jurassic (?) Argo salt (Jansa and Wade, 1975) therefore a Triassic age
of initial formation seems reasonable., An earlier, Permian or Carboni-
ferous age of initial formation is also possible since Carboniferous

sedimentary rocks may be present at depth but the Orpheus Graben is
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distinct from Carboniferous-basins in Nova Scotia and .New Brunswick

in that ghefmass deficiency of the sedimentary rocks in the Orﬁheus
Graben depresses the gravity field to values of the order of -40 to
-50 mgals whereas negative ariomalies over known Carboniferous basins
(where younger sedimentary rocks were either not debosited'or subse~
quently preserved) are only of the order of -15 to -20 mgals. The more
deﬁressed gravity field over the Orﬁheus Graben is consistent with the
bresence of lower Jurassic salt and other less comﬁacted, bost-
Carboniferous rocks, If the Orpheus Graben were formed during Permo-
Carboniferous times, active subsidence and deposition must have con-
tinued during the Triassic and Jurassic periods. Subsequent tectonic
activity seems to have tapered off, however, as only a limited amount
of'upber Jurassic and lower Cretaceous sedimentary rocks are present
in the stratigrabhic section in the Orpheus Graben (Jansa and Wade,
1975).

As mentioned in Chapter 4, 5 and 6, the crystalline basement
rocks of the Scotian Shelf are overlain by quite thick sequences of
sedimentary rocks. The Sydney Basin occupies much of the northern
Scotian Shelf, the Orﬁheus Graben cuts through the central Shelf and
the Scotian Basin runs along the southern Scotian Shelf attaining its
maximum depth beneath the continental Sloﬁe. Jansa and Wade (1975)
recognized two sub-basins in the southern Scotian Shelf, the Sable
Sub-Basin southwest of Sable Island and the Abenaki Sub-Basin to the
northeast, According to Jansa and Wade (1975), sedimentation in the
dee#er basins or sub-basins was more'or less continuous since the

late Triassic after a late Permian-early Triassic hiatus in deposition.



The thickest Triassic deposits occur in the Bay of Fundy where some

4 km of conglomerate, shale, etc, were laid down. A definite Triassic-

Jurassic boundary has not yet been established but some 3 km of ﬁre-
sumably Jurassic salt and another 3 km of Jurassic carbonates and
clastics occur within the Abenaki Sub-Basin in the area to the south-
east of Profile P-P' (Figure 6.2), The details of the sediment accu-
mulation in the Sable Sub-Basin are not well known but apfroximately 3
km of Cretaceous sandstone and siltstone occur in both the Sable and
Abenaki Sub-Basins. Tertiary and younger mudstones attain a maximum
thickness of about 1.5 km near the edge of the Scotian Shelf.

Jansa and Wade (1975) #oint out that the geological history of

the Scotian Basin is very similar to the Essaouira Basin in Morocco
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and that these features could have been part of the same basinal system.

The geological and geophysical data from the Scotian Shelf do not allow

an exact dating of the initiation of sea-floor spreading but Jansa and
Wade (1975) favour an early Jurassic age. The Iberian Peninsula and
the Grand Banks region ﬁrobably remained connected until the early
Cretaceous when a regional uplift of the Grand Banks was followed

by a marine transgression and ‘a change in faunal affinities from
European to Gulf Coast suggests the creation of a waterway between

the Grand Banks and Portugal.

During the separation of Africa from North America, faults
sub-parallel to the continental margin were initiated or reactivated.
One of the main northeast trending fault zones.shows uﬁ as a basement
hinge zome ﬁassing"southeast of Emerald Bank, Middle Bank and Misaine
Bank (Figure 1.1). This hinge zone, which shows ub in the seismic

section in Figure 5.8, controlled«the deposition of lower to middle
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Jurassic sediments, Late Cretaceous or éossibly Tertiary, faulting
occurred on the Scotian Shelf aleng a sinuous line running southeast
of La Have and Emerald Banks somewhat to the seaward side of the base-
ment hinge zone. There are ﬁrobably several sets of faults between
the basement hinge zone and the continental margin but the basement

is too deeﬁly buried for these to show up with the presently available
seismic data (J. Wade, bersonal communication).

One final comment in connection with the oﬁening of the present
day Atlantic Ocean is that it is interesting to note ‘that ‘the positions
of some oceanic structural features seem to be related to pre-existing
tectonic features. 7For example, in Figure 7.4 the Kelvin Seamount
Chain (KS) lies on strike with the South Atlas Fault (SAF), the
Newfoundland fault zone (NFZ) connects uﬁ'with the Minas Basin -~
Chedabucto Bay - Orpheus Fault Zone and the Gibbs Fracture Zone (GFZ)

is near the northern limit of the Avalon Platform.
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APPENDIX 1

PROGRAM SPECIFICATIONS FOR MGTRAN

'URPOSE: To calculate the direction of total magnetization in an anomalous
B
body and the ratio of magnetization contrast of density contrast under

the assumptions that the direction of magnetization is uniferm throeughout

the body and that the magnetization contrast is proportional to density

contrast.

UCTURE: The main program, MGTRAN, is subdivided into four sections:

The first section reads in the required data.

The second section calculates the direction of the total
- magnetization vector and the ratio of magnetization contrast to density
contrast and standard deviations of these quantities. It does this by
generating pseudo-magnetic apomalies from the g;ayi;y_anpmaly using an
_ equivalent layer of matter, for the three cases wherezﬁhe direction of

total magnetization in the equivalent layer is in the x, y and z direction
. respectively. The observed magnetic field is then expressed, by the
:method of 1gast squares, as a linear combiqation of the three pseudo-
magﬁetic anomalies; the direction of magnetization and the ratio of
magnetization contrast to density contrast are then obtained from the
three coefficients multiplying the pseudo-magnetic anomalies.

The third section calculates the same quantitiés as the second

_section but it does it in a reverse manner by generating pseudo-gravity
anomalies from the magnetic field and fitting the pseudo-gravity anomaiies

to the observed gravity field. This latter procedure generally does not
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give as good results as the one in the second section and could be
omitted if desired.

The fourth section checks the results obtained in the second and
third sections and calls a subroutine which calculates virtual geomagnetic
poles corresponding to the directions of magnetization obtained.

Subroutine COEFF and CG3D calculate the gravitational and magnetic
attractions of rectangular prisms according to a suggestion by Goodacre (1973).

It is necessary on several occasions during the execution of the
program MGTRAN to express one quantity as a linear combination of other
quantities. Subroutine MULREG is a multiple regression (see e.g. Draper
and Smith, 1966) program which calculates the required coefficients (and
their standard deviations) according to the method of least squares. In
- order to save computer time and space the program uses a modified Doolittle

method (e.g. Goulden, 1952) which makes use of the fact that the matrix of
coefficients of the normal equations is symmetric.

Subroutine POLE uses equations from Cox and Doell (1960) -to
calculate the position of the pole of a dipolar geomagnetic field which

would induce a specified direction of magnetization at a given location.
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INPUT DATA
DIMENSIONS
distances = kilometers
density contrast = grams per cubic centimeter
magnetization contrast = e.m.u. per cubic centimeter
angles = degrees

gravity anomalies = milligals

magnetic anomalies gammas

FORMATS
- input mode card -
IP - input parameter specifies whether gravity and magnetic field observation

points are different ( O ) or the same ( 1 ) FORMAT I1l0

- number of observations and prisms -

. for case IP = 0 ( locations different ) NSG, NBG, NSM, NBM, FORMAT (4I10)

for case IP 1 ( locations same ) NSM, NBM, FORMAT (2I10)

NSG = no. of gravity observations

NSM = no. of magnetic observations

NBG

no. of prisms needed to generate gravity field

NBM

no, of prisms needed to generate magnetic field
- gravity and magnetic -data cards -
' for case IP = 0 ( locations different )
NSG cards
GOBS, XG, YG, ZG, INDEX1

FORMAT ( 4 (F 10.4), 30 X, I10)




NSM cards
MOBS, XM, YM, ZM, INDEX2

FORMAT ( 4 (F 10.4), 30 X, I10)

for case IP=1 ( locations same )

for case IP = 0 (

NSM cards
GOBS, MOBS, XM, YM, ZM, INDEX2
FORMAT ( 5 (F 10.4), 20 X, I10)

explanation of parameters

GOBS = observed gravity anomaly

MOBS = observed magnetic anomaly

XG, ¥G, ZG = x, y, z coordinates of gravity anomaly
XM, YM, ZM = x, y, z coordinates of magnetic anomaly

INDEX1, INDEX2 = integer labels
~ direction of measurements of magnetic field card -
EINC, EAZI

FORMAT ( 2 (F10.4) )

INC inclination (positive downwards)

s

azimuth (with respect to y-axis)

(1f total field anomalies are used, these
quantities refer to direction of earth's
field.)

- locations of equivalent layer prisms -
locations different )

NBG cards

CBGX, CBGY, DBGZ, INDEX3

323
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FORMAT ( 3 (F 10.4), 40X, I10 )
CBMX, CBMY, DBMZ, INDEX4
— FORMAT ( 3 (F 10.4), 40X, 110 )
; for case IP=1 ( locations same ) |
NBM cards
CBMX, CBMY, DBMZ, INDEX4

FORMAT ( 3 (F 10.4), 40X, I 10 )

explanation of parameters
CBGX, CBGY = x, y coordinates of centers of gravitating

equivalent layer prisms

- prism size card -

DELX, DELY, DELZ

FORMAT ( 3 ( F 10.4) )

DELX, DELY = length and width of each prism
DELZ = height of.prism.
- location of anomaly card -
ALAT, ALONG

FORMAT ( 2 ( F 10.4) ) .
ALAT = latitude of anomaly

ALONG = longitude of anomaly

OUTPUT DATA
The headings in the output listing are self-explanatory but it
should be noted that the quantity labeled CORR COEFF is the multiple

regression correlation coefficient squared.
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APPENDIX 2.

RELATION BETWEEN T-VALUES OF REGRESSION COEFFICIENTS AND EIGENVALUES
r OF THE MATRIX OF COEFFICIENTS OF THE NORMAL EQUATIONS.
Given a system of n equations in m unknowns where n > m we can find
a solution such that a predicted parameter represents an observed para-

meter in a least squares sense by solving:

Al.l

where x is a vector of length m of unknown quantities,
| i.e. the regression coefficients.
y is a vector of lenght n of observed quantities

A is a (non-singular) n by m matrix of coefficients

that connects the known and unknown quantities.

Equation A 1.1 may be rewritten as:
Bx=uv Al.2

ATA is an m by m matrix of the coefficients

where B
on the left hand side of the normal equations
v is a vector of length m
Equation A 1.2 may be solved for the unknown quantities x by computing B_l
and multiplying through on the left, i.e.
BB x=x=81y Al.3
According to Douglas (1966), the standard deviation, der’ of the

th . . , th ..
r regression coefficient, x_ 1is related to the r diagonal element, Cr

of the inverse matrix B_1 as follows:
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sdx = § c
r rr

where S is the square root of the sum of the residuals

squared divided by the number of degrees of freedom

th , . . .
The t-value, tr, of the r regression coefficient, x_» is:

\ XY

r S crr A l.4

Equation A 1.2 may be rewritten as follows:

Bx=1yvw Al.5

where 1 is the identity matrix
i .

|

. By a suitable set of additions of a constant multiple ( positive or

negative ) of one row of B to other rows of B, the matrix B can be

reduced to diagonal form (Westlake, 1968):

- _ - Lx=Jyv. - — Ce e - -A-l.6

where L is a diagonal matrix whose diagonal values lr

are the eigenvalues of B
J is a matrix whose off-diagonal elements are

generally non-zero.

Equation A 1.6 may be solved by computing L_l ( L_l 1s a diagonal matrix
whose elements are 1/1r ) and multiplying through on the left.

L—1L3<_=§=L_1J1 Al.7

‘hence the diagonal elements, c__ of B are equal to j_ /1 (j is the
r rr ' r rr

rth diagonal element of Ji and the t-values are given by:

tr = Xr 1y Al.8
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The relation between tr and lr is complicated but it is seen that a

very small value of lr’ ( lxrl>0 ), produces a small value of tr'

It is interesting to note that Westlake (1968) gives the following
relafion between an inverse matrix and its eigenvalues.. To quote
but using a convenient change in notation:

"Let E be the matrix whose columns are the eigenvectors of B. Let L
be the diagonal matrix of eigenvalues of B in the corresponding order

- - - - 1
thenm . . . B ! =EL 1 E 1 =E L lET
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