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Abstract

The highly anisotropic turbidite sequences of the Meguma Group in southern Nova
Scotia are folded into upright, noncylindrical, northeast-southwest trending box and chevron
folds. Minor folds are well developed in spessartine-bearing carbonate quartzite layers, termed
coticules, in the Beaverbank member, the basal unit of the Halifax Formation in central Nova
Scotia. Classical interpretations for the development of minor folds involve layer-parallel
shortening predating regional fold development, with minor folds becoming asymmetric as
regional folds develop. This interpretation has been used for the origin of buckled bedding-
parallel veins in the Meguma Group.

Minor fold geometry and related structures were documented in five outcrop locations
in the central Meguma zone; two locations in a regional fold hinge, and three locations on
regional fold limbs. Minor folds in coticule layers display ptygmatic, sinusoidal, box, and
chevron fold geometries, and all folds are moderately noncylindrical. Fold geometry is mainly
ptygmatic in regional fold hinges whereas minor folds are more open and commonly display box
fold geometry on regional fold limbs. Some minor folds on regional fold limbs are asymmetric,
consistent with flexural flow folding, whereas others are symmetric with axial planes and
cleavage at high angles to bedding. Cleavage is axial planar to all minor folds on regional fold
limbs and can locally diverge from the regional cleavage trend by up to 90°. Cleavage exhibits
a divergent fan pattern around the outer arc of minor folds reflecting inverse tangential
longitudinal strain. All coticule layers are folded in regional fold hinges, however, coticule
layers are locally non-folded on regional fold limbs. Folding of coticule layers records
significantly more shortening in regional fold hinges than on regional fold limbs. The average
shortening recorded by minor folds in the regional fold hinge is 51% (N = 94), whereas on
regional fold limbs the average is 27% (N = 89). The shortening values reported for regional
fold limbs do not include the non-folded layers at one location on a regional fold limb.

In thin section, outer arc extension is common in folded coticule layers, recording
tangential longitudinal strain. Extensional fractures occur along garnet grain boundaries
indicating that fold initiation postdates garnet formation. Foliation-defining minerals wrap
around spessartine grains and no inclusion trails are evident, indicating cleavage formed after
spessartine formation. Coticule layers display boudinage parallel to regional cleavage which
records significant vertical and hinge-parallel extension.

The observed minor fold geometries, in particular box folds, support development during
layer-parallel shortening. However, the lack of minor folds in coticule layers on some regional
fold limbs, and the contrast in the degree of shortening recorded by minor folds in regional fold
hinges compared with limbs suggests that layer-parallel strain was not homogeneous across the
terrane. The observed features of minor folds can be explained by layer-parallel shortening in
the flat segments of early formed regional box folds followed by hinge migration, resulting in
redistribution of minor folds from the hinge to limbs, and continued shortening in fold hinges
during progressive fold development. This interpretation is consistent with the box and chevron
fold character of regional folds; such folds typically initiate with little layer-parallel shortening
and involve considerable hinge migration during development.

Keywords: minor folds, coticule, box fold, chevron fold, hinge migration, hinge propagation,
fold symmetry, axial planar cleavage, layer-parallel shortening, shear strain.
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Terminology

The terminology used in this thesis is primarily standard structural terms. These
terms are defined below. Special terminology not adopted universally is introduced
in the body of the thesis.

General fold-related terms (See Figure 0.1 for an illustration of the features defined)

Bedding-cleavage intersection lineation. The line defined by the intersection of
cleavage and bedding. The bedding-cleavage intersection is parallel to the
fold hinge where cleavage is axial planar to the fold.

Axial plane: A plane which bisects the limbs of the fold.

Fold hinge: A line connecting the points of maximum curvature of the fold.

Hinge zone. The curved section of fold between planar limbs.

Principal axis: The principal axes of the fold are, by convention: a axis is normal to
the axial plane, the b axis parallels the fold hinge and the ¢ axis is
perpendicular to the hinge and contained within the axial plane.

Profile (ac) plane: The plane which is perpendicular to the fold hinge.

Plunge: The angle between the fold hinge and the horizontal measured within a
vertical plane containing the fold hinge.

Orientation data

Strike: Azimuth of structural contour, or intersection of a plane with the horizontal.

Dip: The inclination of a planar surface.

Trend: The azimuth, projected into the horizontal, and the dip, within a vertical plane,
of a lineation.
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Figure 0.1. Schematic diagram showing the structural features of a fold. (From Boulter, 1989).
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Chapter 1: Introduction

1.1 Introduction to the problem

The relationship between minor and regional folds can provide information on the
history of fold belt development. The classical interpretations of parasitic folds describe a
pre-regional fold origin for the development of minor folds (Ramsay and Huber, 1987; Price
and Cosgrove, 1990; de Sitter, 1958). Regional fold style is traditionally modeled as simple,
regularly sinusoidal upright folds. Minor folds have been termed parasitic because their
shape typically follows that of the regional fold, sheared on the limbs and upright in the
hinge (de Sitter, 1958). These observations of symmetry aid the field geologist in
determining the geometry of regional folds.

Minor folds are known to occur in the Meguma Group of Nova Scotia and have been
used to interpret the regional fold history (Graves and Zentilli, 1982; Henderson et al., 1986;
Mawer, 1987; Williams and Hy, 1990; Horne, 1998). However, little systematic detailed
documentation of minor folds has been done. It is generally accepted that the fold history
of the Meguma Group is complex (e.g. Faribault, 1899, 1913; Henderson etal., 1986; Horne,
1998; Williams and Hy, 1990). However, minor folds have not been described in detail with
respect to the complex fold history. |

This thesis presents a systematic description of minor folds from some regional fold
hinges and limbs. The minor folds are developed in spessartine-carbonate-quartz layers
called coticules. The geometric styles of these minor folds are used to present a model of

regional fold development for a particular area in the Meguma zone of Nova Scotia. A key
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focus of this thesis is to consider the history of minor fold development within the context
of regional box fold development, where hinge migration may be a significant folding
mechanism. Terminology used in this thesis relating to box folds is shown in Figure 1.1.
Chapter 1 provides a theoretical background to fold development; chapter 2 presents
a geological setting of the Meguma Terrane and an overview of previous theories of fold
development; chapter 3 describes the results of the minor fold analyses; and chapter 4 is a
discussion of the previous theories in light of this study and presents a model of fold
development for the study area.
1.2 Theory of fold development
1.2.1 Buckling and flattening during layer parallel shortening in single layers
Making a clear distinction between buckling and flattening during layer parallel
shortening is necessary in a discussion of fold mechanics. Ramsay and Huber (1987, pg.
309) define buckling as the process of fold development by the "...growth ... of mechanical
instabilities setting up sideways deflections during the shortening along a planar feature...".
The buckle type of strain is characteristic where there is a high competence contrast between
layers. Ramsay and Huber (1987, pg. 403) define flattening as "[t]Jhe homogenous or nearly
homogenous strain that can develop when a layered rock is shortened parallel to the
lithological layering.... This type of strain is characteristic of deformation of layers where
the competence contrast between the materials is small". In summary, buckling occurs when
layers of high competence contrast are shortened, whereas flattening occurs in layers of
similar competence where shortening is accommodated by changing the thickness of the

layers.




(a) Ptygmatic

Negative
Limb Dip

(¢) Box fold and box fold with subsidiary fold hinges

1. 2.
Median int:rr.lgiinbecggle
Segment M \>
}z‘:i‘af(i’klim-\’\/ ° \;Box fold / A
hinge

Figure 1.1. Line drawings of fold shapes and their corresponding terminology used in this thesis. Fold
styles include (a) ptygmatic, (b) sinusoidal, (c 1) box fold, and (c 2) box fold with subsidiary folds
developed in the median segment. (Modified from Fowler and Winsor, 1996).
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The physical properties of the layers being folded affect the style of folding. Such
physical properties in single layer folding include layer thickness, and competency contrast
(Ramsay and Huber, 1987; Price and Cosgrove, 1990).

Layer competence contrast, or viscosity contrast, is controlled by the mineralogy of
the respective layers and usually is represented as a ratio. Using simple field measurements
of the fold arc length and the layer thickness the Biot-Ramberg equation can by applied to
obtain the layer competence contrast ratio:

w/u, = 0.024 (L/t)° (Eq. 1.1)
where p, and y, are the viscosities of the competent and incompetent layers, respectively,
and L/t is the ratio of fold arc length to layer thickness (from Ramsay and Huber, 1987). A
practical example of a high competency contrast is an interlayered sequence of quartzite and
slate. Competence contrast is an important property when considering the overall shortening
amultilayer sequence has experienced. Variations in competency contrast can affect whether
a layer accommodates shortening entirely by buckling, flattening, or some combination of
the two end members (Fig. 1.2). Ramsay and Huber (1987) determined that layers with
viscosity contrasts (u,/l,) greater than 50 will buckle perfectly, layers with viscosity
contrasts less than 10 will primarily be flattened and amplify sluggishly, and layers in the
range 10 < p,/p, < 50 will produce some combination of buckling and flattening (i.e. Fig.
1.2).

Layer thickness influences the fold wavelength. A particular layer thickness will
control the wavelength of the fold. In a practical geologic case, a folded sedimentary layer

that originally was tapered will display relatively large fold wavelengths in the thicker




Figure 1.2. Scheme showing the range of fold shapes produced by buckling in a less competent matrix
material. The upper ptygmatic fold represents pure buckling with the maximum viscosity contrast p,/ps.
The lowest fold (cuspate-lobate) represents the minimum contrast, of u,/ps, where the majority of shortening

is accomodated by flattening. The two middle folds represent a combination of buckling and flattening.
(From Ramsay and Huber, 1987).

A nzo

Figure 1.3. Schematic showing the relationship between fold shape and layer spacing. As the incompetent
layers progressively decrease in thickness, d,, the fold shapes become less curved until, in the case of
chevron folds, only the fold crests are curved. The proportion of incompetent to competent layer thickness
is given by n = d,/d,. (From Ramsay and Huber, 1987).
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segments while displaying smaller fold wavelengths and amplitudes in the tapered thinner
segments
1.2.2 Buckling in a multilayer sequence

The physical properties of layers spaced closely to one another affect the fold style
in a multilayer sequence. The zone of influence of a particular layer on adjacent layers is
determined by half the fold wavelength and is called the zone of contact strain (Ramsay and
Huber, 1987). As the spacing between competent layers decreases, the fold styles change
from a ptygmatic style with negative interlimb angles to a chevron style where curvature
becomes increasingly restricted to the hinge zones (Figs 1.1 and 1.3). Figure 1.4 illustrates
the relationship between competent layer spacing and thickness, termed harmony. In
disharmonic folding (Fig. 1.4B) the sideways deflections of widely spaced adjacent folded
layers are not great enough to influence the other layer so that the layers essentially act as
single layers. If however, the zone of contact strain overlapped each layer then there would
be some geometric influence in the competent layers. If the competent and incompetent
layers were of similar thickness, spacing, and competency contrasts throughout the sequence
then harmonic folds would form (Fig. 1.4C). On the other hand, if the competent layers
display variable thickness or have different competency contrasts, the wavelengths in each
folded layer may differ resulting in polyharmonic folding (Fig. 1.4D). The thinner layer
commonly displays sympathy to the thicker layer. That is, the enveloping surface of the
thinner buckled layer harmonizes to the wavelength and amplitude of the thicker layer.

Ramsay and Huber (1987) have identified six fold models for multilayer sequences

(Fig 1.5A-F) of varying competency contrast and layer spacing. The first three models (A-C)




A. Single -competent - layer -

'z.c.5H4

b

-B. Disharmonic. folding= - . '~

- \C’Harmonic® - folding T

Figure 1.4. Schematic representation of the relationship between competent layer
spacing and thickness. The relationship is based on the interactions of the zones of
contact strain (Z.C.S.) around each competent layer. (From Ramsay and Huber, 1987).
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vary in layer spacing and have low competency contrasts. Because the conditions in these
models do not represent the general conditions in the Meguma Group or the study locations
these three models will not be considered further. The last three models (D-F) display fold
styles represented in the Meguma Group and the study locations. As evident by the models,
as layer spacing between the competent layers decrease so does the curvature of the folds.
At moderate and low competent layer spacing the fold styles are characterized by regular
chevron folds, and box- and irregular chevron folds, respectively.
1.2.3 Fold mechanics of box and chevron folds

Because box folds are the dominant regional fold style in the Meguma Group (see
section 2.2 and Fig. 2.1) their mechanics of development and evolution through fold
development must be considered. Experimental studies indicate that box- and chevron-style
folds initiate by development of conjugate instabilities reflecting the high anisotropies in
multilayered sequences (Fig. 1.6, Biot, 1965; Cobbold et al., 1971; Dubey and Cobbold,
1977; Fowler and Winsor, 1996; Price and Cosgrove, 1990; Weiss, 1980). Folds ofthis style
inherently show no systematic vergence when shortening is perpendicular to layering (Figs.
1.6 and 2.1).

Box folds, or conjugate kink folds, differ from other folds in some important ways.
The most evident feature of a box fold is its median segment (Fig 1.1c). In upright box folds
the median segment is the horizontal to subhorizontal segment of the fold connecting the fold
limbs. Fowler and Winsor (1996) constructed plasticine multilayer models which produced
box folds and chevron folds. Their main objective in building these models was to document

the fold profile shape changes through the evolution of fold development. Their study shows
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| Model D: py/u, high, n high
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Figure 1.5 continued.
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that profile shape changes included hinge migration and limb rotation during monophase
deformation. In some instances of their plasticine models, they documented that when the
median segment was oriented parallel to the shortening direction, subsidiary folds in the
median segment were formed (Figs 1.7 and 1.1¢).

Another important element to box folds is the orientation of the axial planes. As in
kink folds, axial planes in box folds develop at an oblique angle to the maximum principal
stress direction whereas in sinusoidal or chevron folds axial planes are oriented perpendicular
to the principal shortening direction (Fig 1.1). The significance of the orientation of the axial
planes is in how they react to progressive deformation. Fowler and Winsor (1996) found
that, in the fold profile, the axial planes of box folds fuse together to form chevron folds (Fig.
1.7). Weiss (1980) determined that conjugate kink bands developed by the sideways
migration of axial surfaces where chevron folds form at the limit of sideways migration (Fig.
1.6).

The median segments and axial planes of box folds described above are important
physical properties in controlling how box folds change shape during folding. Three major
processes can occur in shape changes of box folds: hinge migration, hinge fusion, and limb
rotation (Fig. 1.7). Hinge migration is a process that, mathematically, must take place in
many models (Ghosh et al., 1996; Treagus and Treagus, 1981), but field evidence for hinge
migration can be difficult to establish.

Asimplied, hinge migration refers to the movement of a hinge, with respect to a fixed
point on the layer, during progressive fold development. Hinge fusion is the migration of

two adjacent hinges together and results in the formation of chevron folds (Figs. 1.7 and
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3 S . Figure 1.6. Three stage scheme illustrating
e m—" e /_\/_\— the development of chevron type folds by the
e e e M lateral migration of conjugate kink bands.

M/\. Hinge migration is intrinsically necessary in
this type of chevron fold formation. This
necessity suggests that second order
structures sometimes found in the hinge
areas should not be localized around the final
positions of the hinges, but should also exist
along the parts of the layers through which
the hinge has migrated. (From Price and
Cosgrove, 1990).

Figure 1.7. Plasticine models showing the progressive changes from box fold shape to chevron. Note that
in the transition from box folds to chevrons (specifically, E-L) there is lateral migration of axial planes
progressively decreasing the length of the median segment and increasing the length of the limbs. Note that
the initially flat lying layers at the right edge is buckled into tight chevrons late in the folding of this
sequence. Hinge migration is inherent in this type of fold development. Layer interfaces were very lightly
brushed with oil, leading to ease of interlayer slip. Note that the sequences A-D and E-L are different model
experiments (From Fowler and Winsor, 1996).
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1.8a). Hinge "jamming" was documented by Fowler and Winsor (1996) and is described as
an interruption or a slowed rate in hinge migration. That is, during progressive folding a
migrating hinge may be intermittently fixed or the rate in which the migration occurs is
slowed. Two important points come out of hinge "jamming": (1) the evolution to chevron
shape can be aborted and the box fold shape persist possibly permitting the formation of
subsidiary folds in the median segment (Fig. 1.8b and ¢), and (2) one hinge can be "jammed"
while the other remains mobile so that the median segment fuses with the limb resulting in
an irregular chevron (Fig 1.8d). Limb rotation (Fig. 1.8e) refers to the process of limb
steepening during fold development.
1.2.4 Minor and regional fold relationships

Folding within a complex multilayer may occur on several different scales during a
single phase of compression. Classical interpretations of minor folds suggest a buckling of
competent layers prior to the initiation of regional folds (de Sitter, 1958; Price and Cosgrove,
1990; Ramsay and Huber, 1987). During regional folding these minor folds are incorporated
onto limbs and into hinges and occur as folds parasitic to the regional fold (de Sitter, 1958).
Parasitic folds display an asymmetry on regional fold limbs (Z or S form) and symmetry in
regional fold hinges (M or W form) (Fig. 1.9). The asymmetry of minor folds is a result of
flexural shear strain as the regional fold limbs steepen through continued compression. Folds
of different scales are also considered in terms of orders. That is, the larger scale fold can
be considered the first order and each successively smaller fold is one order higher. For the
purposes of this thesis, specific identification of the particular orders of folds have been made

and are explained in Figure 3.1. For reference, regional folds are considered first order;
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mesoscale folds (~10 m wavelength) are considered second order; minor folds (the majority
of folds described in this study, 2-20cm) are considered third order; and subsidiary folds
developed in the median segment of a third order box fold are considered fourth order folds.

Figure 1.10 shows how a layer originally at a low angle to the principal compression -
develops a fold that becomes increasingly tight and asymmetric with continued steepening
of the regional limb (de Sitter, 1958). de Sitter (1958) also observes that the axial plane of
the minor fold must remain parallel to the regional fold axial plane throughout limb
steepening.

Descriptions of parasitic folds typically specify originally ptygmatic or sinusoidal
shape and not of box fold shapes. Minor folds with box fold shapes do not fit into the
parasitic model well. They display two axial planes not originally parallel to the regional
axial plane and therefore, when sheared on a regional fold limb the minor box fold axial
planes will not be co-axial-planar with the regional fold (Fig. 1.11).

A Note on Unfolding

The concept of unfolding of parasitic-type folds may be relevant to this study.
Ramsay and Huber (1983) suggest that as regional fold limbs rotate to steep limb dips they
enter a theoretical zone of extension. This zone of extension is defined by negative finite
longitudinal strain (e; -ve) and positive incremental longitudinal strain (e; +ve) in the
superposed incremental strain ellipse on the finite strain ellipse (Fig. 1.12a). Geologically,
this strain condition can be related to a competent layer, initially folded (e, -ve) then rotated
into an extensional strain state (e; +ve) where unfolding and boudins form (Ramsay and

Huber, 1983). de Sitter (1958) also shows that as a layer rotates to limb dips greater than 45°
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Figure 1.9. Scheme showing the
relationships between parasitic
fold symmetry and a larger
order fold. B shows the map
pattern and symbols used to
communicate the type of
parasitic fold symmetry. (From
Ramsay and Huber, 1987).

Plot of limb dip versus
shortening (percentage)

illustrating the

gradual shortening of a tilted layer with
increasing shortening until a dip of 45° is
reached, afterwards extension occurs. Note
that the buckle fold is not unfolded by the
extension, and that the buckle fold is axial
planar through the fold history. (From de

Sitter, 1958).
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(a) Sheared ptygmatic or tight chevron fold

Regional
.—Axial Plane

Regional
L.—Axial Plane

Figure 1.11. Scheme showing the sheared equivalent fold shapes of (a) a ptygmatic and (b) box fold.
Shearing is caused by flexural flow as the folded layers are rotated from flat lying to steeply dipping.

Important to note, the sheared ptygmatic fold is regionally axial planar, but the sheared box fold displays
variable orientation with respect to the regional axial plane.
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that layer experiences extension (Fig. 1.10). In contrast to the interpretation of Ramsay and
Huber (1983), de Sitter (1958) suggests that although layer-parallel boudinage occurs in this
strain state, unfolding of minor folds does not.

1.3 Scope and Objectives

This study examines minor folds in coticule layers and their regional setting in the
central Meguma zone in the Mt Uniacke and Kinsac Synclinoriums (Fig. 2.1). The coticule
layers occur in the upper Beaverbank member, the lowermost unit of the Halifax Formation
(Figs. 2.1 and 2.2). The coticule layers have a very high viscosity with respect to their host
rock and minor folds are well developed in these layers. The study location outcrops are
representative of regional structure and occur on regional fold limbs and hinges. Previous
studies of minor folds in the Meguma Group have primarily focused on folds developed in
bedding-parallel quartz veins. However, quartz veins are not primary layering and therefore
may not reflect the entire strain history of the fold belt. The coticule layers are primary
layers and do reflect the entire strain history.

The objectives of this thesis are to document minor folds at various regional
structural settings, including fold shape, bedding-cleavage relations, and shortening, and to
document extensional features displayed by the coticule layers. Inlight of the documentation
of minor folds, previous fold development models are evaluated. Finally, a model for the
minor and regional fold history in the study area is developed.

Field observations, structural data, and hand samples for slab and thin section
analyses were collected at each of the study locations. Field observations include

photography of key exposures, documenting lithology changes in the host rock and coticule,
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Figure 1.12. Geometry of the superposition of an incremental strain ellipse i (B) on a finite
strain ellipse £ (A). C shows the quadrants of possible combinations of positive and
negative finite longitudinal strain, e with positive and negative incremental strain, ¢,
Quadrant 4 is the theoretical sector in which unfolding may occur where finite strain is
shortening and incremental strain is extension. (From Ramsay and Huber, 1983).
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and thickness and spacing variations of the coticule layers. Structural data include
measurements of bedding, cleavage, bedding-cleavage intersection lineation, direction of
vergence, trace of axial surface of minor folds, and the hinge of minor folds. Slab and
petrographic observations include mineralogy, fold shape changes along the hinge trace,

extensional textures, and cleavage relationships.
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Chapter 2: Regional Geology and Geologic Setting

2.1 The Meguma Terrane

Nova Scotia is divided into north and south domains, the Avalon Terrane and the
Meguma Terrane, respectively (Fig 2.1). These terranes are separated by the steeply-dipping,
dextral Cobequid-Chedabucto Fault System extending more than 300 km (Mawer and White,
1986). The Meguma Terrane represents a suspect terrane accreted to the Avalon Platform
(Schenk, 1991; Keppie, 1983). The Meguma Terrane is named for the extensive Meguma
Group, a thick succession of Cambrian-Ordovician, deep-water, clastic metasediments.
Ordovician-Early Devonian metasedimentary and metavolcanic rocks conformably to
paraconformably overly the Meguma Group. Voluminous, Late Devonian granitic and lesser
mafic plutons generally truncate regional fold patterns and related cleavage within the
metamorphic rocks. Schenk (1995) upgraded the Meguma Group to the Meguma
Supergroup; however, regional mapping done in the study area has not adopted the new
terminology and therefore, the Meguma Group terminology will be used in this thesis.

The Cambrian to Early Devonian rocks were deformed and metamorphosed to sub-
greenschist to lower amphibolite facies during the Mid-Devonian Acadian Orogeny.
“Ar/°Ar dating constrains the orogeny to 415-385 Ma (Muecke et al., 1988; Keppie and
Dalmeyer, 1987; Hicks et al., 1999; Kontak et al., 1998), likely reflecting accretion of the
Meguma Terrane to Avalon (Keppie, 1983; Muecke et al., 1988). The range in metamorphic
ages possibly reflects long-lived deformation and development of related cleavage across the

terrane (Keppie and Dallmeyer, 1987; Keppie, 1993; Kontak et al., 1998).
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2.2 The Meguma Group
2.2.1 Stratigraphy

The Meguma Group consists of deep-sea to near-shelf gradational fan-complexes
(Schenk, 1995). It has traditionally been divided into two formations, the lower
metasandstone-rich Goldenville Formation and the upper slate/phyllite-rich Halifax
Formation (Fig. 2.2). The Goldenville Formation is composed of grey to greenish grey
metaquartzarenite, metagreywacke, quartzite, and subordinate grey, black, and green
metasiltstone and slate (Schenk, 1995). The Halifax Formation conformably overlies the
Goldenville Formation and consists of greyish green to black slate and metasiltstone. The
Goldenville and Halifax formations have locally been subdivided (Fig. 2.2, O’Brien, 1988;
Waldron, 1992; Schenk, 1991, 1995; Ryan et al., 1996).

The boundary between the Goldenville and Halifax formations is locally
characterized by units enriched in manganese and carbonate (Waldron, 1992; Schenk, 1995;
Graves and Zentilli, 1988; Feetham et al., 1997). The upper Beaverbank unit in the central
Meguma Terrane is especially enriched in manganese and carbonate. The enrichment results
from the precipitation of manganese-rich carbonate near the sediment-water interface
(Graves and Zentilli, 1988). The enrichment represents the transition between oxidation
(lower sandy units) and reduction (overlying sulphitic black shales) (Waldron, 1992; Schenk,
1995). During metamorphism spessartine garnet developed at the expense of the carbonate
(Graves and Zentilli, 1988). As a result, spessartine-bearing quartzite and carbonate layers
are locally abundant and are termed coticules (Keenan and Kennedy, 1983; Feetham et al.,

1997). Coticule layers range in thickness, from microscopic to 20 cm (typically 2-4 ¢cm), and
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(Ryan et al., 1996). (Modified from Schenk, 1995).
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occur in multilayer packages typically 4-6 m, and up to 20 m thick, with variable layer
spacing. The host material to the coticules consists of variable calcareous slate and/or
metasiltstone with minor spessartine (Feetham, 1997). Figure 2.3 shows the distribution in
plan and cross-section of the coticule outcrops studied in this thesis.
2.2.2 Structure

Northwest directed-transpression during the Acadian deformation resulted in
northeast- to north-trending folds in the Meguma Group (Fig. 2.1). Folds are typically
doubly-plunging, with terminations plunging moderately, to locally steeply, in both northeast
and southwest directions, locally defining domal structures in anticlines (Faribault, 1899;
Malcolm, 1929). Bedding-parallel quartz veins in gorld deposits commonly outline elliptical
patterns in plan view reflecting these domal structures (Mawer, 1987; Malcolm, 1929).
Cross-sections of the Meguma Terrane (Fig. 2.1) illustrate that folds consist of tight- to open-
chevrons and modified box folds (i.e. box folds with subsidiary folds in flat segments), with
no systematic vergence in the orientation of the axial planes. As mentioned earlier, these
fold styles are indicative of buckled, anisotropic, multilayered sequences such as the turbidite
package of the Meguma Group. The modified box folds define a series of regional-scale
anticlinoria and synclinoria, which, at the current level of exposure, generally correlate with
the distribution of the Goldenville and Halifax formations, respectively (Fig. 2.1).

Minor folds are common in the Meguma Group and have been described as
displaying a parasitic relationship to regional folds (Henderson et al., 1986; Horne, 1995;
Horne et al., 1997, 1998; Williams and Hy, 1990). Descriptions of minor folds are mainly

of buckled quartz veins and rare buckled metasandstone layers. Mawer and Williams (1990)
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have described minor folds in sedimentary layering (coticules) adjacent to the Cobequid-
Chedabucto Fault System. They concentrated on describing the minor fold characters that
result from high shear strains associated with the Cobequid-Chedabucto Fault System.
Specific minor fold geometries in non-sheared sedimentary layering have yet to be
documented in detail.

Cleavage (S,) is well developed as continuous cleavage in the slates and a variably
developed spaced cleavage in the metasandstone (Henderson et al., 1986; Horne et al., 1997;
Horne, 1998). Cleavage is axial planar in upright chevron folds (Henderson et al., 1986;
Home et al., 1997). In box folded sequences, Horne et al. (1998) describe bedding-cleavage
angles that are similar for each limb, regardless of dip. The significance of this relationship
is that cleavage may not be parallel across a regional box fold. Based on observations that
worm tubes and sand volcano pipes coincide with cleavage regardless of bedding-cleavage
angle Henderson et al. (1986) suggest that cleavage developed prior to regional folding.
Horne (1998) documented a cleavage fan in a slate bed in the hinge zone of a tight regional
chevron fold interpreted as reflecting inverse tangential longitudinal strain. Ramsay and
Huber (1987) suggest that such cleavage patterns indicate little shortening prior to folding.
This early formation of regional folds would be consistent with the chevron and box style
of folding in the Meguma Group Such folds initiate and amplify with little to no flattening
associated with layer parallel shortening (Price and Cosgrove, 1990; Ramsay and Huber,
1987).

Wright and Henderson (1992) attribute the lack of evidence for fold-related extension

(down-dip and hinge-parallel) to significant volume loss, up to 60%, during cleavage
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formation. Chemical mass balance analyses (Fueten, 1984) were interpreted as supporting
significant volume loss. However, Erslev and Ward (1994) used macroprobe analyses to
map element distributions which indicated that redistribution of elements did occur, but there
was no associated large non-volatile volume loss during cleavage formation. It should be
noted that hinge-parallel and down-dip extension, defined by pressure shadows on
metamorphic porphyroblasts and stretched detrital grains, have been documented throughout
the Meguma Group (Haysom et al., 1997; Horne et al., 1997, in press; Horne, 1998; Graves
and Zentilli, 1982; Williams and Hy, 1990; Nicholas Culshaw, personal communication).
2.2.3 Previous theories of minor fold development in the Meguma Group
2.2.3.1 General statement

Considerable debate has focused on the origin and structural relationships of bedding-
parallel gold-bearing quartz veins in the Meguma Group. In their work on gold-bearing
veins workers have proposed various fold models for the Meguma Group based on structural
analysis of these veins (Graves and Zentilli, 1982; Henderson et al., 1986; Henderson and
Henderson, 1986; Mawer, 1987; Williams and Hy, 1990; Horne, 1998). Two particular and
contrary theories on the timing of the quartz veins have come out of these models. One
theory suggests that the bedding-parallel veins formed everywhere and buckled prior to
regional folding, whereas the other theory suggests that the veins were emplaced during
synfold shortening and buckled only in the hinge zones of regional folds.

The relevance of these theories to this study is in the relative timing of parasitic fold

(or minor fold) development with respect to regional folding. The following are brief
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summaries of the theories of fold development in the Meguma Group presented by various
workers.
2.2.3.2 Pre-regional fold buckle development model (Fig. 2.4)

Graves (1976) and Graves and Zentilli (1982) first proposed a model in which minor
folds were interpreted to pre-date regional folds. They proposed a sequence of D, events
indicated by their field observations which included: (1) hydraulic fracturing and vein
crystallization, followed by (2) folding, ending with (3) the fixing of axial-plane cleavage
defined by greenschist metamorphic minerals (Fig. 2.4, Graves and Zentilli, 1982). In this
model, minor folds and cleavage are developed prior to regional folding (stage (2))
predicting that minor folds would reflect the same bedding-plane strain everywhere,
regardless of structural location. Their strain study supported similar strain across a fold (i.e.
bedding-plane strain is the same on regional fold limbs as in hinges).

Henderson et al. (1986) proposed a history of cleavage development and folding
which includes: (1) formation of bedding-parallel quartz veins by hydraulic fracturing; (2)
homogenous, layer parallel shortening resulting in cleavage development and buckling of
bedding-parallel veins, and; (3) development of regional folds with limb amplification by
flexural flow, where cleavage acted as a passive marker. Through flexural flow the buckled
veins are sheared such that they are congruent with regional fold axes.
2.2.3.3 Syn-regional fold buckle development model (Fig. 2.5)

In contrast to the models advocated by Graves and Zentilli (1982) and Henderson et
al. (1986) several studies propose that quartz veins were emplaced synfolding and therefore

the buckling of these veins would also be synfolding (Faribault, 1899, 1913; Keppie, 1976;
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Mawer, 1987; Williams and Hy; 1990; Horne, 1998). Faribault (1899) and Horne (1998)
document that some bedding-parallel quartz veins occur along planes of flexural slip, which
occured late in the fold history. Horne (1998) documents in detail features indicative of late
fold reactivation by flexural slip at the Ovens and Halifax areas. Many of the bedding-
parallel quartz veins at these locations occur along the slip planes, where they are planar on
the fold limbs and buckled in the fold hinges. He also documents thrust sheets, with buckled
metasandstone layers, interpreted to originate from an adjacent flat segment of a regional
synformal box fold. These observations of buckled metasandstone layers from a hinge and
planar metasandstone layers on fold limbs support the model of active layer parallel
shortening during regional folding and not before (Horne, 1998).

Williams and Hy (1990) suggest that quartz veins are buckled in regional fold hinges
but planar on regional fold limbs. They also note that those bedding-parallel quartz veins,
which are traceable across a fold, exhibit recrystallized polygonal aggregates in the hinge
area and only moderate undulose extinction when planar on the limbs. Based on this data
they attribute the buckling of quartz veins to be contemporary with regional folding.

The models described above are similar in that they indicate that layer-parallel
shortening results in buckle folds and they both predict minor folds and cleavage to be axial
planar to regional folds. Where the models differs is whether buckles are developed only in
fold hinges or in both hinges and limbs.

2.3 Geology of the study area
The study area is in the central Meguma Terrane and covers approximately 25 km

cast-west and 20 km north-south (Fig. 2.3). The study area is underlain primarily by the
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Meguma Group, with granitoids of the South Mountain Batholith (SMB), Kinsac Pluton, and
Musquodobit Batholith exposed in the west, centre, and southeast, respectively. Contact
aureoles are characterized by abundant cordierite porphyroblasts and partial annealing of
cleavage, and extend only weakly into one of the five outcrop study locations. The Halifax
Formation occurs in two synclinoriums, Mt. Uniacke to the north and Kinsac to the south.
The Goldenville Formation occurs in tight anticlines bounding the synclinoriums. The
regional folds are characteristic of the modified box and chevron fold styles of the Meguma
Group (compare with Fig. 2.1). Regional metamorphism in the area is within the low- to
mid-greenschist facies.

As discussed earlier, this study has focused on the minor folds developed in coticule
layers of the Beaverbank member, the lowermost unit of the Halifax Formation. The upper
Beaverbank unit is locally abundant in coticule layers and nodules. Five outcrop locations
in the study area were chosen in order to represent both the regional fold hinge zone and fold
limbs. The outcrop locations are numbered H,, H,, L, L,, and L,, where Hand L refer to the
regional fold hinge and limb, respectively (Fig.2.3).

Other studies conducted on the coticule layers have mainly focused on fnetal-
enrichment potential in the coticule and related rocks (Graves and Zentilli, 1988; MacInnis,
1986; Binney et al., 1986). Feetham etal. (1997) conducted a lithochemical characterization
of the Beaverbank member in the central Meguma zone and concentrated on delimiting
potential acid-rock drainage sources from the Beaverbank unit. O’Beirne-Ryan (in press)
conducted a petrographic study of the coticule layers in the area. She concluded that the

metamorphic garnet predated well-developed foliation and extension in the coticule layers,
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where fractures occur along garnet grain boundaries. Horne et al. (1997) report buckled
coticule layers in a regional fold hinge in the eastern portion of the study area. Henderson
et al. (1992) used a photograph of a folded coticule layer from a regional fold hinge in the
study area for a field trip guidebook.

No structural studies concentrating on the coticule layers have been done in the area
and no structural studies on the buckled coticule layers with a focus on regional folding have

been done in the Meguma Group.
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Chapter 3: Features of the Minor Folds

3.1 Introduction

This chapter presents the descriptions of the minor folds and extensional structures
documented in the study area. Features of each of the five locations are described separately
and a summary provides comparison of minor folds from regional fold hinges and limbs.
Because features of the minor folds are compared it is necessary to establish that the coticule
layers from the various locations behave the same when folded. As folding is dependent on
layer competence contrasts changes, in lithology of either the competent layer (coticule) or
the host layers (matrix material) may result in impure buckling. That is, if the competence
contrast is sufficiently low then shortening may be accommodated by some combination of
flattening and buckling. Itis important to know whether there was a component of flattening
during shortening of the coticule layers because, if this is the case, shortening recorded by
the minor folds would not be fully representative of the finite strain. The following is a
discussion of how the competence contrast of layers at each location has been determined
and that buckling occurred without a component of flattening regardless of lithology
variations in the coticule layers and matrix material.

The outcrops vary slightly in lithology, both in the matrix and coticule layers.
However, overall there is considerable consistency in layer behavior as a result of folding;

the coticule layers are highly buckled. Ramsay and Huber (1987) have identified three
‘ranges of competency contrast ratios, (1) u,/p, > 50, (2) 10 < p/p, <50, (3) w/y, < 10,

which correspond with pure buckling, some combination of buckling and flattening, and
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primarily flattening, respectively (refer to Fig. 1.2 for graphical representation). Table 3.1
shows how, regardless of lithology, based on the fold arc length and layer thickness of the
coticule layers a representative selection of coticule layers have competency contrast ratios

well above the minimum for assumed pure buckling.

Location U4/, Ratio
Hi (Holland Road) 114
140
110
H> (Bennery Lake) 225
192

190
L1 (South Uniacke Pit)} N/A, non-folded layers

L2 (Highway#1 Pit) 89
112
78
L3 (Beaverbank Rd) 166

98
110

Table 3.1. Selected representative competence contrast ratios based on the Bior-Ramberg
equation W/, = 0.024(L/t)* where L is the arc length and t is the layer thickness. See text
for discussion. At L, coticule layers are non-folded, however, the layers have similar
lithologies and therefore similar rheologies as L.

Therefore, regardless of lithology differences, which might otherwise affect the rheological
properties of the rock, it is assumed that all individual coticule layers studied have undergone
pure buckling with limited flattening.
Organization and Methods

Minor folds were documented in the field and, from hand samples and thin sections.

For comparison, all photographs, images and sketches of folds are shown in the fold profile
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view and facing northeast unless specified otherwise. As described earlier, multiple scales
of folds can be described in terms of orders. For the purposes of this thesis, regional folds
are considered first order, 1 - 10 m scale folds are considered second order, folds referred to
as minor folds are considered third order (2-20 cm fold wavelength), and folds parasitic to
minor folds are considered fourth order (Fig. 3.1). The description of minor folds is divided
into three sections: fold style, bedding-cleavage relationships, and shortening recorded by
minor folds. Descriptions of fold style consist of identifying the shape (e.g. ptygmatic, box,
tight, open etc....), the extent of noncylindricity, and the degree of symmetry of the folds.
Bedding-cleavage relationships are expressed in thin section maps.

Measurements of shortening provide strain values for a particular rock and are
important when comparing structural domains (i.e. regional fold hinge and limb).
Photographs of outcrops and slabs cut from hand samples were scanned and each coticule
layer was digitized using AutoCAD R14°®. The bounding edges of each layer were digitized
generating two lines for each layer. Using the equation e = (1-1,)/1;, where 1 is the current
length between endpoints of a layer and |, is the original or traced length of the folded layer,
183 values of shortening were generated for 94 coticule layers from four locations. Values
for extension were generated using the same techniques as in shortening.

3.2 Outcrop locations
3.2.1 Location H, (Holland Road)
3.2.1.1 General geology
The H, outcrop is located on a woods road extension of Holland Road northeast of

the Kinsac Pluton (Fig. 2.3 and 3.2). The outcrop is approximately 20 m by 10 m and 2 m
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high and covered almost entirely by moss. Bedding ranges from 220/10 to 230/35 with
locally developed mesoscale folds on which bedding dips as much as 70°. These mesoscale
(second order) folds have wavelengths typically of 3 m and display asymmetry consistent
with southeast vergence. Coticule layers are very well exposed as they protrude from the
surrounding matrix as a result of differential weathering. Coticule layers are abundant in the
outcrop and are typically just over 1 cm thick and all coticule layers are folded. Thin section
evaluation indicates that coticule layers are uniform in lithology, consisting of approximately
50-60% spessartine garnet, 25% carbonate, 20% quartz, and minor ferromagnesian minerals.
In outcrop the coticule layers appear coarsely crystalline. In thin section, spessartine is the
coarsest mineral and is uniform in size, generally less than 0.5 mm in diameter. The matrix
material is fine-grained slate with a well-developed fine, continuous cleavage. Minor
spessartine is evident in the matrix material. The slate matrix horizons change thickness
between closely spaced folded coticule layers (e.g. Figs. 3.4 and 3.6).

3.2.1.2 Minor folds

Fold style:

The shape of minor folds at H, is very consistent throughout the outcrop, and
symmetric, ptygmatic shapes dominate (Figs. 3.3 and 3.4). However, those ptygmatic shapes
tend to occur as modified box-style folds, host to fourth order subsidiary folds in the median
(Figs. 3.4 and 3.5). Figure 3.6a also shows fourth order subsidiary folds developed in the
median segment of a box fold, whereas fourth order folds are absent on the box fold limbs.
Layer ‘c’ in Figure Al.1 in Appendix 1 is characterized by interlaminations of slate matrix

material and coticule layers in the horizontal segments whereas the layer is not
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interlaminated on the steep limbs directly adjacent to the horizontal segment. Overall, the
third order fold shapes are characterized by box folds with low projected interlimb angles,
typically less than 15° and as low as -10° and fourth order pty gmatic and isoclinal subsidiary
folds developed in the median segment.

The minor folds exhibit moderate noncylindricity defined by fold shape change along
the hinge. Figure 3.7 are line drawings of one coticule layer from successive slabs 4 cm
thick cut from one hand sample. These line drawings are taken from the slab sketches shown
in Figure Al.1 in Appendix 1. The most apparent feature in Figure 3.7 is how much the fold
shape changes in such a short distance along the hinge. The indicated segments on each
sketch display fourth order, small amplitude folds developed in a median segment of a box
fold. By the fourth slab it is apparent that the median segment in slab 1 is rotated
counterclockwise with respect to the vertical and now is parallel with the limb of the adjacent
fold. This rotation indicates migration of hinges in fold profile can occur differentially along
the hinge.

The minor folds display consistent symmetry in the ptygmatic, isoclinal and modified
box folds. Asymmetric fourth order folds occur parasitically on the steep limbs of the minor
folds (e.g. Fig 3.5 layer ‘a’). Figure 3.9 shows a thin coticule layer on a steep limb with
considerable asymmetry (Z form). The axial planes of these folds parallel the regional axial
plane (vertical in this case).

Bedding-cleavage relationships:

Figure 3.8 is a map of cleavage from photomicrographs and shows cleavage is

generally axial planar to minor folds, with local variances. Cleavage diverges around the













49

outer-arc of minor fold hinges forming a divergent fan pattern and is more intensely
developed in inner-arcs of the folds. Cleavage bands are common where they occur along
and are deflected by steeply dipping coticule layers (Figs. 3.8 and 3.9). The fold crest in the
centre of Figure 3.9 shows an example of how cleavage behaves around the outer-arc of
folds. Cleavage is deflected by the folds in the coticule layers and is not developed in the
shadows of fold crests.

Shortening recorded by minor folds:

Values of shortening consist of measurements from four successive slabs cut from
one hand sample and three field photographs. A total of 34 values representing 19 coticule
layers were generated and are listed in Appendix 2 and illustrated in Figure 3.10. Shortening
values range from 34 - 68% and average 56%, with a standard deviation of 9.70% (Fig.
3.10). Values generated from slab photographs yield similar values to field photographs.
In the successive slabs (Fig. Al.1 in Appendix 1) the shortening values are generally
consistent for layers ‘a’ and ‘b’ (‘a’: 0.63-0.66;’b’: 0.58-0.61). Layer ‘c’ however, gives a
range of 59 - 44% continuously decreasing in the northeast direction. Where layer ‘¢’
appears more interlaminated (slabs 3 and 4) the shortening values are reduced. Shortening
recorded in thick versus thin layers is similar. In Figure A1.1 in Appendix 1the thin layer
‘D> is sympathetic to the thicker layer ‘c’, however, both show the same amount of
shortening.

3.2.1.3 Extensional features

Extensional features are defined by boudinage of coticule layers, where quartz infills

the boudin necks. At H; extensional features are observed in outcrop and thin section.




50

74

0L

g9

“(g xipuaddy 99s) syutod ejep H¢ uo
paseq 9,96 st anjea Surusiioys odesoae oy J, ‘sonjea uruaiioys jo wesdolsiy "0 ¢ 231

(98rjudoiad) Sutuanioyyg

09 65 0§ Gy Oy G¢ 0¢ G¢ 0¢ GL Ol g

%0L°6="'S
0,0C = d3BIOAY

|

peoy] pue[joH) 'H

Ol

¢l

Aouanbaig




















































































































































































































































































142

Feetham, M., Horne, R.J., Baker, D.E., and Ham. L.J. 1998. Geological map of
Soldier Lake. Nova Scotia Department of Natural Resources, Minerals and
Energy Branch, Open File Map 1998-003. scale 1:10 000.

Fletcher, H. and Faribault, E.R. 1911. Southeast Nova Scotia. Canada Department of
Mines, Geological Survey, Map 53A, scale 1:250,000.

Fowler, T.J. and Winsor, C.N. 1996. Evolution of chevron folds by profile shape
changes: comparison between multilayer deformation experiments and folds of
the Bendigo-Castlemaine goldfields, Australia. Tectonophysics, 258, p. 125-150.

Fueten, F. 1984. Spaced cleavage formation in the metagreywackes of the Goldenville
Formation, Meguma Group, Nova Scotia. Unpublished M.Sc. thesis, McMaster
University, Hamtilton, Ontario, Canada.

Ghosh, S.K., Deb, S.K., and Sengupta, Sudipta. 1996. Hinge migration and hinge
replacement. Tectonophysics, 263, p. 319-357.

Graves, M.C. 1976. The formation of gold-bearing quartz veins in Nova Scotia:
Hydraulic fracturing under conditions of greeenschist regional metamorphism
during early stages of deformation. Unpublished M.Sc. thesis, Dalhousie
University, Halifax, Nova Scotia, Canada.

Graves, M.C. and Zentilli, M. 1982. A review of the geology of gold in Nova Scotia:
In Geology of Canadian Gold Deposits, ed R.W. Hodder and K. W. Petruk.
Canadian Institute of Mining and Metallurgy, Special Volume 24, p. 233-242.

Graves, M.C. and Zentilli, M. 1988. The lithochemistry of metal-enriched coticules in
the Goldenville-Halifax transition zone of the Meguma Group, Nova Scotia. [n
Current Research, Part 3, Geological Survey of Canada, Paper 88-1B, p. 251-261.

Haysom, S.J., Horne, R.J. and Pe-Piper, G. 1997. The opaque mineralogy of
metasedimentary rocks of the Meguma Group, Beaverbank - Rawdon area, Nova
Scotia. Atlantic Geology, 33, p. 105-120.

Henderson, J.R., Wright, T.O. and Henderson, M.N. 1986. A history of cleavage and
folding: and example from the Goldenville Formation, Nova Scotia. Geological
Society of America, 97, p. 1354-1366.

Henderson, J.R. and Henderson, M.N. 1986. Constraints on the origin of gold in the
Meguma Zone, Ecum Secum area, Nova Scotia. Maritime Sediments and
Atlantic Geology, 22, p. 1-13.



143

Henderson, J.R. and Henderson, M.N. 1987. Meguma Gold Deposits; nested saddle
reefs or early hydraulic extension veins. In Mines and Mineral Branch Report of
Activities 1987, Part A, eds. J.L. Bates and D.R. MacDonald. Nova Scotia
Department of Mines and Energy Report 87-5, p. 213-215.

Henderson, J., Wright, T. and Henderson, M.N., 1992. Strain history of the Meguma
Group, Lunenburg and Ecum Secum areas, Nova Scotia. Geological Association
of Canada, Mineralogical Association of Canada Joint Annual Meeting,
Wolfville, Nova Scotia; Field Excursion C-11: Guidebook.

Hicks, R., Jamieson, R.A., and Reynolds, P.H. 1999. Detrital and metamorphic
“©Ar/*°Ar ages from muscovite and whole-rock samples, Meguma Supergroup,
southern Nova Scotia. Canadian Journal of Earth Sciences, 36, p. 23-32.

Horne, R.J. 1995, Update on bedrock mapping of the Rawdon Syncline. In Minerals
and Energy Branch Report of Activities 1994; Nova Scotia Department of
Natural Resources, Minerals and Energy Branch Report 95-1, p. 57-61.

Horne, R.J., Baker, D., Feetham, M. and MacDonald L. 1997. Preliminary geology of
the Waverley-Halifax Airport area, central Meguma Project area: with some
insights on the timing of deformation and veining in the Meguma Group. In
Minerals and Energy Branch, Report of Activities, 1996, eds. D.R. MacDonald
and K.A. Mills. Nova Scotia Department of Natural Resources, Report 97-1, p.
55-72.

Horne, R.J., MacDonald, L.A., Bhatnagar, P. And Téniere, P. 1998. Preliminary
bedrock geology of the Lucasville-Lake Major area, central Meguma Mapping
Project, central Nova Scotia. In Minerals and Energy Branch, Report of
Activities, 1997, eds. D.R. MacDonald and K.A. Mills. Nova Scotia Department
of Natural Resources, Report 1998-1, p. 15-25.

Horne, R.J. and Baker, D.E. 1998. Geolgical map of Fall River. Nova Scotia
Department of Natural Resources, Minerals and Energy Branch, Open File Map
1998-006, scale 1:10 000.

Horne, Richard, J. 1998. An evaluation of flexural-slip folding in the Meguma
Group, Halifax and Ovens areas, Southern Nova Scotia. Unpublished MSc
thesis, Dalhousie University, Halifax, Nova Scotia, 247 p.

Horne, R., White, C., Muir, C., Young, M, and King, M.S. in press. Geology of the
Weymouth - Church Point area, southwest Nova Scotia, NTS sheets 21A/05 and
21B/08. In Minerals and Energy Branch, Report of Activities, 1999, eds. D.R.
MacDonald and K.A. Mills. Nova Scotia Department of Natural Resources.



144

Keenan, P.S. and Kennedy, M.J. 1983. Coticules - a key to correlation along the
Appalachian-Caledonian orogeny? /n Regional Trends in the Geology of the
Appalachian-Caledonian-Hercynian-Mauretanide Orogeny. Reidel Publishing
Company, Dordrecht, p. 355-361.

Keppie, J.D. 1976. Structural model for the saddle reef and associated gold veins in
the Meguma Group, Nova Scotia. Nova Scotia Department of Mines, Paper 76-1,
34 p.

Keppie, J.D. 1993. Synthesis of Palacozoic deformational events and terrane accretion
in the Canadian Appalachians. Geol Rundsch, 82, p. 381-431.

Keppie, J.D. and Dallmeyer 1987. Dating transcurrent terrane accretion: an example
from the Meguma and Avalon composite terranes in the northern Appalachians.
Tectonics, 6, p. 831-847.

King, M.S. and Horne, R.J. 2000. Application of combined enhanced aeromagnetic
and digital elevation data in the geological interpretation of the eastern Meguma
Terrane of Nova Scotia. [n Program and Abstracts, Atlantic Geoscience Society
Colloquium and Annual General Meeting, Fredericton 2000.

Kontak, D.J., Horne, R.J., Sandeman, H., Archibauld, D. and Lee, J.K.W. 1998.
40Ar/39Ar dating of ribbon-textured veins and wall-rock material from Meguma
lode gold deposits, Nova Scotia: implications for timing and duration of vein

formation in slate-belt hosted vein gold deposits. Canadian Journal of Earth
Sciences, 35, p. 746-761.

Maclinnis, I.N. 1986. Lithogeochemistry of the Goldenville-Halifax Transition
(GHT) of the Meguma Group in the manganiferous zinc-lead deposit at Eastville,
Nova Scotia. Unpublished BSc thesis, Dalhousie University, Halifax, Nova
Scotia. 138 p.

Malcolm, W. 1929. Gold Fields of Nova Scotia. Geological Survey of Canada,
Memoir 385, 253 p.

Mawer, C.K. and White, J.C. 1987. Sense of displacement on the Cobequid-
Chedabucto fault system, Nova Scotia, Canada. Canadian Journal of Earth
Sciences, 24, p. 217-223.

Mawer, C.K. 1987. Mechanics of formation of gold-bearing quartz veins, Nova
Scotia, Canada. Tectonophysics, 135, p. 99-119.



145

Mawer, C. K. and Williams, P. F. 1991. Progressive folding and foliation
development in a sheared, coticule-bearing phyllite. Journal of Structural
Geology, 13, no. 5, p. 539-555.

Muecke, G.X., Elias, P. and Reynolds, P.H. 1988. Hercynian/Alleghanian
overprinting of an Acadian Terrane: 40A1/39Ar studies in the Meguma Zone,
Nova Scotia. Chemical Geology, 73, p. 153-167.

O’Beirne-Ryan, A.M. Petrography of coticules from the Meguma Group: a report on
selected samples from the central Meguma area. Unpublished report Nova Scotia
Department of Natural Resources.

O'Brien, B.H. 1988. A study of the Meguma Terrane in Lunenburg County, Nova
Scotia. Geological Survey of Canada Open File Report 1823, 80 p.

Price, N.J. and Cosgrove, J.W. 1990. Analysis of Geological Structures. Cambridge
University Press, Cambridge.

Ramsay, J.G. and Huber, M.1. 1983. The techniques of Modern Structural geology,
Volume 1: Strain Analysis. Academic Press, London. 307 p.

Ramsay, J.G. and Huber, M.1. 1987. The techniques of Modern Structural geology,
Volume 2: Folding and Fracturing. Academic Press, London. 393 p.

Ryan R,J., Fox, D., Horne R.J., Corey, M.C. and Smith, P.K 1996. Preliminary
stratigraphy of the Meguma Group in central Nova Scotia. In Mines and Minerals
Branch Report of Activities, 1995, eds D.R. MacDonald and K.A. Mills. Nova
Scotia Department of Natural Resources, Report 96-1, p. 27-34.

Schenk, P.E. 1991. Events and sea-level changes on Gondwana’s margin: The
Meguma Zone (Cambrian to Devonian) of Nova Scotia. Geological Society of
America Bulletin, 103, p. 512-521.

Schenk, P.E. 1995. Meguma Zone. In Geology of the Appalachian-Caledonian Orgen
in Canada and Greenland, ed H. Williams. Geological Survey of Canada,
Geology of Canada, No. 6, p. 261-277.

Treagus, J.E. and Treagus, S. H. Folds and strain ellipsoid. Journal of Structural
Geology, 3, p. 1-17.

Waldron, J.W.F. 1992. The Goldenville-Halifax transition, Mahone Bay, Nova
Scotia: relative sea-level rise in the Meguma source terrane. Canadian Journal of
Science, 29, p. 1091-1105.




146

Weiss, L. E. 1980. Nucleation and growth of kink bands. Tectonophysics, 65, p. 1-
38.

Wright, T.O. and Henderson, J.R. 1992. Volume loss during cleavage formation in
the Meguma Group, Nova Scotia, Canada. Journal of Structural Geology, 4, no.
3, p. 281-290.

Williams, P.F. and Hy, C. 1990. Origin and deformational and metamorphic history
of gold-bearing quartz veins on the Eastern Shore of Nova Scotia. In Mineral
Deposits of Nova Scotia, Volume 1, ed A.L. Sangster. Geological Survey of
Canada, Paper 90-8, p. 169-194.












