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Abstract

The Britt Domain in the southwestern Greaville Province
of the Canadian Shield is believed to he a deep (¢ca. 20 km)
exposure of high grade (upper amphibolite faces) mid crusital
rocks of predominantly granitic and granodioritic
composition. Vertical reflection data across the Britt Domain
show a series of subhorizontal, discontinuous treflect iong and
wide-angle records reveal a complex 'shingling pattern' of
crustal arrivals. This work addresses the overall velocity
structure of the middle crust exposed in the Britt domain and
the origin of these reflections based on laboratory velocity
measurements, in-situ seismic data and surface geology.

Laboratory studies of eighty wvelocity samples from the
Britt Domain show that average (area-weighted mean) P- and &
wave velocities at 600 MPa are 6.36 km/s and 3.67 km/s
respectively, and the average velocity anisotropy is weak.
Strong reflection coefficients occur between mafic rocks and
granitic rocks and intermediate coefficients occur between
diorite and other lithologies. Shear zones do not generale
significant reflection coefficients because they occur within
granitic gneisses and impedaince contrasts are difficult to
develop in this lithology.

In-situ refraction data (LITHOPROBE Abitibi- irenville
line AB) demonstrate a uniform velocity structure co a depth
of 15 km in the central Britt Domain with a P-wave velocity
of 6.15 km/s, an S-wave velocity of 3.55 km/s and lincar
vertical gradients at depth of 0.02 km/s/km and 0.01 km/s/km,
respectively. Comparison of laboratory and refraction data
suggests that the upper crust of the Britt Domain is
granodioritic in composition. The lower crust beneath the
Grenville Front Tectonic Zone in the central Britt Domain
appears to be composed of diorite at the top but hecomes
increasingly mafic toward che Moho.

One and two-D seismic modelling shows that scatteread
bodies of mafic-intermediate gneiss within the host gneisses
of granitic composition are the most likely causes of
reflectivity in this area. Large scale folded structures arce
probably responsible for the 'shingles' revealoed by wide
angle reflection. These structures are not rcvealoed on ncar
vertical reflection records probably because rugosity (second
order folds) of the bhoundaries and velocity heterogencity
above them break the reflectors into segments on the selomie
section, and they could not be recovered by conventional
interpretation routines. While strong lower crustal
reflectivity in extensional terranes may be doe to litholagyce
lamination, this study also suggests that suc. reflections in
compressional settings may be produced by mzrged reflect ions
from the peaks and troughs of deep scated folds.
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Chapter 1

INTRODUCTION

Seismic Studies of Continental Crust

In the past few decades, a large number of deep seismic
reflection and refraction profiles have been carried out in
the continental crust by several groups, including COCORP and
the USGS in the United States, LITHOPROBE in Canada, DEKORP
in Germany, BIRPS in Great Britain. ECORS in France and ACORP
in Australia. Rapid growth of the deep reflection and
refraction data base has greatly improved our knowledge of
the geismic structure of continental crust, especially
seismic velocities and reflectivity of the middie-lower
crust. Although there is considerable divergity in the
velocity-depth models for different tectonic settings, a
recent compilation of 90 deep refraction profiles (Holbrook,
et al., 1992) shows that: (1) in general, a three~layer
crust, with velocities increasing with depth, is a useful
model; in most tectonic environments, the middle and lower
crust together comprise about 2/3 of the total crust, (2)
mid-crustal velocities range for the most part, from 6.4-6.7
km/s and (3) the lower-crustal velocity distribution is
bimodal, with values of 6.7-6.8 km/s and 7.1-7.3 km/s.

On the other hand, the most important contributions of
crustal reflection studies in the last 15 yvears are the

discovery of high reflectivity in the lower continental crust

1



and the recognition of distinct reflectivity patterns in
different tectonic regimes. Although deep seismic reflection
coverage is still limited, some particularly distinctive
reflection patterns can be correlated with specific tectonic
settings (Mooney and Meissner, 1991). (1) Young extensional
lower crust is usually strongly reflective with multiple
subhorizontal sets of reflections which terminate at the top
of a seismically transparent mantle. These reflections have
been attributed to: (a) the presence of free agueous fluids
in a lower crust with stratified porosity, (b) subhorizontal
shear zones, mylonite zones or fabrics caused by ductile
shearing and (c) the presence of mafic sills and layered
intrusions associated with underplating or partial melting in
the upper mantle (Warner, 1990). (2) Compared with young
extensional areas, more complex reflectivity patterns
consistent with pervasive thrusting and indentation are
associated with compressional orogens (Sadowiak et al.,
1991). Among the most prominent features are dipping bands of
reflections ocutlining seismic duplexes, ramp and flat
structures and open wedges. Repeated and stacked upper
crustal sections have been revealed in some orogenic belts.
(3) Investigation of Precambrian crust shows pronounced
subhorizontal features within the upper and middle crust. The
lower crust is uvften relatively transparent and Moho
reflections are weak in such regions. However, some recent
profiles show that lower Precambrian crust is also reflective

(Behrendt et al., 1988).



The ultimate purpose of crustal seismic studies,
however, is to determine the structure and composition of the
crust as a function of depth (i.e., to map in the third
dimension), but it is often difficult to interpret crustal
velocity and reflectivity in terms of petrology. Laboratory
Vp and Vs studies can be used to estimate crustal composition
at depth, if the results are constrained by geologic
settings in which deep crust or structures analogous to those
at depth are exposed, as in high grade metamorphic terranes
and crustal cross-sections such as the Ivrea Zone (Fountain
and Burke, 1991), the Kapuskasing Uplift (Fountain et al.,

1990) and the Grenville Front Tectonic Zone (Burke, 1991).

Objectives of This Study

This work addresses the overall velocity structure of
the middle crust exposed in the Britt domain of the Grenville
Province and the origin of the scattered subhorizontal
reflections revealed by vertical reflection profiling through
a combined study of rock properties, seismic refraction and
reflection modelling. The Britt domain in the Grenville
province offers an excellent opportunity to investigate the
seismic nature of a fairly typical segment of Precambrian
middle crust because: (1) it is similar in overall
composition to exposures of the middle crust in continental
shields worldwide (Nockolds, 1954; Poldervaart, 1955); (2) it

is a large coherent block of weakly to moderately deformed



middle crust exposed in oblique (shallow-dipping) cross
section; (3) it has been extensively studied in terms of
geology (e.g. Culshaw et al., 1988, 1989; Davidson and
Bethune, 1988); and (4) a large set of seismic data has been
acquired in the area under the COCRUST, GLIMPCE and
LITHOPROBE programs. In particular, the recently completed
1992 LITHOPROBE Abitibi-Grenville transect provides new
refraction data directly under the Britt domain (Irving et
al.,1993), the GLIMPCE experiment provides high resolution,
zoincident refraction/ reflection data in the offshore
extension of the Britt domain under Georgian Bay (Green et
al., 1989; Meieu et al., 1989) and che COCRUST experiment
provides regional refraction coverage to the east (Mereu et
al., 1986).

The specific objectives of this study are thus to: (1)
determine the average seismic properties of the Britt domain,
(2) estimate its bulk composition vs depth, and (3) determine
the causes of Britt domain reflectivity (lithology or
deformation?) and the types of structures responsible for the
reflection patterns observed (do areas dominated by folded
structures generate scattered, subhorizontal reflections?).
The results can also be used to interpret previous in-situ
seismic data in the region and the results will add to the
growing data base for understanding the seismic nature of

deep continental crust.



The methods and procedures used in this study include:

(1) Determination of the acoustic properties of exposed
Britt domain rocks from laboratory high pressure
measurements.

(2) Determination of the average Vp, Vs, Poisson’'s ratio
and seismic anisotropy of the middle crust from area-weighted
means of (1).

(3) Determination of the refraction structure of the
Britt domain from forward modelling, ray tracing and
amplitude analysis of results from the recent LITHOPROBE in-
situ seismic experiment and comparison with GLIMPCE and
laboratory results in order to estimate the average
composition of the crust at depth.

(4) Synthetic modelling of the reflectivity of the
middle crust using laboratory velocities, densities and
geology as constraints and comparison with available
reflection data in the region.

(5) Comparison of the results with refraction and

reflection results elsewhere.

Outline of the Following Chapters

The regional geologic setting, lithology, structure and
tectonic history of the research area are summarized in
chapter two. The major results from previous geophysical work
are also described in this chapter, including the 1982

COCRUST refraction experiment, the 1986 GLIMPCE reflection/



refraction experiment over Lake Huron and magnetic and
gravity surveys in the area. Chapter three presents
laboratory velocity measurements for the Britt domain,
including sample collection, petrographic analysis of rock
samples, measurement techniques and results. The average
properties of each lithology, as well as averages for the
whole area are also assessed in this chapter; these include
bulk densities, S-wave and P-wave velocities, seismic
anisotropy and Poisson's ratio. LITHOPROBE 1992 Abitibi-
Grenville refraction data (line AB across the Britt domain)
are interpreted in chapter four and the bulk composition at
depth is estimated by comparison between refraction and
laboratory results. Based on laboratory velocity and surface
geology, one and two dimensional reflection modelling
techniques are then employed in chapter five to investigate
the causes of Britt domain reflectivity and the types of
reflection geometries which could give rise to the
reflections observed. Chapter six presents the conclusions of
this study and a general discussion on the seismic nature of

mid-lower continental crust.



Chapter 2

GEOLOGICAL AND GEOPHYSICAL BACKGROUND

Regional Geologic Setting

The Grenville Province, the youngest strictural division
of the Canadian Precambrian Shield, outcrops within a belt
approximately 1900 km long and roughly 400 km wide. It
extends to the northeast from the Great Lakes and is bounded
by the Grenville Front on the northwest and the Appalachian
orogen on the southeast. High grade metamorphic rocks,
chiefly gneisses and migmatites of diverse origin and
complex structure, characterize much of the Grenville
Province (Davidson, 1984). The last major period of
tectonism, referred to as the Grenville or Grenvillian
orogeny, took place between 1.15 and 1.0 Ga (Stockwell, 1964,
1982), although rocks in many parts of the province record
events of various earlier ages (Davidson, 1984).

The Grenville Province has been divided into
subprovinces or belts according to two independent
classification schemes. On the basis of rock assemblages and
structural stvle, Wynne-Edwards (1972) divided the province
in central Ontario into the Grenville Front Tectonic Zone
(GFTZ), the Central Gneiss Belt (CGB) and the Central
Metasedimentary Belt (CMB; Fig.2.1l). A later clasgsification
by Rivers et al. (1989) divides the Grenville Province into

the Parautochthonous Relt (PB), the Allochthonous Polycyclic

7
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Fig. 2.1 Subprovinces in the southwest Grenville province after Wynne-Edwards (1972).
The figure is from Davidson (1986). GFTZ = Grenville Front Tectonic Zone, CGB =
Central Gneiss Belt, CMB = Central Metasedimentary Belt, CGT = Central Granulite
Terrane, stipple = Paleozoic cover, dotted line = boundary between Parautochthonous Belt
and Allochthonous Polycyclic Belt (Rivers et al., 1989). Inset shows location of Figure
2.2,



Belt (APB) and the Altochthonous Monocyclic Belt (AMB). This
subdivision was based on geological, geophysical and
geochronological data and a structural/tectonic framework
that had been developed since wWynne-REdwards's division: the
boundary between the parautochthonous and allochthonous belts
is shown in Figure 2.1. Compared to Wynne-Edwards's
classification, the PB includes the GFTZ and the northern
CGB; the APB and AMB are composed of the gouthern CGB and the
CMB, respectively. The two schemes complement each other and
elements of both are used in the following description.

The northwest edge of the Grenville Province in Ontario
is a broad zone of intense deformation, termed the Grenville
Front Tectonic Zone (GFTZ). Its northwest limit, the
Grenville Front, marks the junction of Archean and
Proterozoic rocks with uplifted middle-lower crustal rocks of
the Grenville orogen (Davidson, 1986; Green et al., 1989).
Its southeast boundary, with the CGB, is defined by a major
shear zone (Davidson and Bethune, 1988). The rocks within the
GFTZ form northeast-striking lenticular bodies with
intervening ductile shear and mylonite zones of various
scales (Davidson and Bethune, 1988; Green et al., 1988).
Generally, foliation and layering dip moderately southeast
and carry pronounced downdip lineations. Kinematic indicatorg
in the mylonite zoneg reveal a consistent scutheast over
northwest sense of transport (Davidson, 1984, 1986).
Granitic-granodioritic orthogneiss is the major rock type

within the GFTZ. The few orthogneisses that have been dated
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vield igneous crystallization ages ranging from ca. 1700 Ma
(Krogh et al., 1971; Davidson et al., 1992) to ca. 1450 Ma
(Bethune, 1993). While the absolute ages of most gneisses in
the GFTZ are not known, field relations indicate that most of
them probably fall in this age range, including an important
component of ca 1450 Ma granitoids which are common in the
Britt domain tc the southeast (Van Breemen et al., 1986;
Corrigan et al., in press). Paragneisses of various
compositions are present only in the northwest part of the
GFTZ (Davidson and Bethune, 1988; Burke, 1991). Metamorphic
grade, no more than greenschist facies in the Killarney
complex, increases abruptly to at least middle amphibolite
facies across the front and continues to rise to the
southeast, locally reaching granulite facies (Green et al.,
1988). The rocks are polymetamorphic, bearing evidence of
metamorphism at about 1450 Ma as well as a Grenvillian
imprint. The Grenvillian metamorphism becomes more pervasive
eastwards. The high grade metamorphic rocks with ca. 1450 Ma
metamorphic ages (U-Pb, zircon, Krogh, 1989; Bethune et al.,
1990) in the western GFTZ were exhumed by thrusting at or
shortly before ca. 980 Ma (Haggart et al., 1993).

In countrast to the southeast-dipping GFTZ, structures in
the Central Gneiss Belt (CGB) are characterized by northwest-
trending folds and shear zones of various scales. Based on
the lithology, metamorphic grade and structural style, the
CGB is further divided into several domains (Fig. 2.2)

separated by 1-2 km wide ductile shear and mylonite zones
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(Culshaw et al., 1983; Davidson et al.,1982; bavidson, 1984).

These boundary shear zones usually have a moderate to shallow
dip and wholly or partly circumscribe the domains. These
shear zoneg and the mylonites associated with them show a
dominant southeast-over-northwest sense of transport
(Davidson et al., 1982; Davidson, 1984, 1986; Culshaw et al.,
1983). U-Pb dating on zircons from pegmatites emplaced during
thrusting yields ages of 1159+5-4 Ma in the Parry Sound Shear
Zone (van Breemen et al., 1986) and ca. 1103 Ma and 1097 Ma
in the Parry Sound/Moon River and Parry Sound/Seguin boundary
thrust zones (van Breemen and Davidson, 1990, Nadeau, 1990).
According to the division of Rivers et al. (1989), the first
order boundary between the PB and APB lies within the CGB
(Fig. 2.2) along the Parry Sound Shear Zone (the PSSZ), but
the work of Culshaw et al. (in press) implies that the
boundary lies along the Central Britt Shear Zone (the CBSZ).
The parautochthonous CGB (northern Britt domain plus two
windows south of the CBSZ, the Go Home and southern Rosseau
subdomaing; Culshaw et al., in press) is composed of ortho-
and paragneisses and abundant granitic-granodioritic
megacrystic plutons which are similar to those in the GFTZ.
The allochthonous CGB to the south of the CBSZ includes the
southern Britt domain, the Parry Sound domain and the« Seguin,
Moon River and northern Rosseau subdomains (Culshaw et al.,
in press). The southern Britt domain is composed mainly of
gneisses of supracrustal origins while the Parry Sound domain

is dominated by mafic to granitoid orthogneiss with well-
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layered mafic to felsic granulite and minor pelite, calc-
silicate rocks, quartzite and marble. The igneous
crystallization age for a principal member of the Parry Sound
domain (the McKellar orcthogneiss) is 1425%75 Ma (van Breemen
et al., 1986), while recent geochronological data from the
southwestern Parry Sound domain indicate an additional
episode of granitoid plutonism between ca.1360 and 1280 Ma
(Wodicka, per. comm.). Igneous crystallization of two
anorthosite bodies has been dated at 1163%3 Ma (Parry Island;
Wodicka, per. comm.) and 135050 Ma (Whitestone; wvan Breemen
et al., 1986). The other sub-domains are characterized by
migmatitic granodioritic gneiss with minor supracrustal
gneiss and amphibolite. Gneisses in the Parautochthonous CGB
display pre-Grenvillian metamorphism (granulite facies; ca.
1450 Ma; Ketchun et al., in press) overprinted by upper
amphibolite facies Grenvillian metamorphism. The
allochthonous CGB underwent only the granulite (Parry Sound
domain) to amphibolite facies Grenvillian metamorphism. The
Central Metasedimentary Belt Boundary Zone (the CMBBZ), a
major ductile high strain zone of gneissic tectonites,
transported gneisses and porphyroclastic gneisses bounds the
CGB on the southeast. The CMBBZ is about 10 km thick, 200 km
long and dips gently to the southeast; a wide variety of
kinematic indicators suggest prevailing overthrusting to the
northwest (Culshaw et al., 1983; Davidson, 1984; Hanmer and

Ciesielski, 1984; Hanmer and McEachern, 1992; Easton, 1992).
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Compared with the CGB, large amounts of supracrustal
rocks, the Grenville Supergroup, are present in the Central
Metasedimentary Belt (the CMB). Sedimentation and volcanism
between 1300 and 1250 Ma, followed by plutonism and
metamorphism at roughly 1140 to 1070 Ma, characterize much of
the CMB (Easton, 1992). The major rocks of supracrustal
origin include marble, metavolcanic rocks, fine- to medium-
grained clastic metasediments, quartzite and
quartzofeldpathic gneiss. Plutonic rocks in the CMB range in
composition through tonalite, syenite, monzonite and gabbro
{(Davidson, 1986). The metasedimentary rocks exposed in the
CMB may represent a marginal basin while the tonalite suite
may represent fragments of the remnant arc adjacent to the
basin (McEachern et al., 1993). The metamorphic grade varies
from greenschist to granulite facies (Davidson, 1986; Easton,
1992) . From northwest to southeast, attitudes of layering and
map-units change gradually from shallowly southeast-dipping
through vertical along the St. Lawrence River to northwest-
dipping in New York State (Davidson, 1986). The CMB can also
be further divided into several lithologic terranes (see
Easton, 1992).

In the past twenty yvears, several hypothetical models
for the geological evolution of the Grenville Province have
been proposed. They can be categorized into two groups: (1)
internal dismemberment and imbrication of a single continent
due to major shearing and thrusting (e.g. Wynne-Edwards,

1972, 1976; Baer, 1981l; Woussen et al., 1986) and (2) plate
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tectonic models involving an ocean closure (e.g. Donaldson

and Irving, 1972; Dewey and Burke, 1973; Young, 1980;
Windley, 1986; Corriveau, 1990; Hanmer and McEachern, 1992;

McEachern and van Breemen, 1993).

Geclogy of the Britt Domain

The research area for this study is a corridor along the
northeast shore of Georgian Bay. It lies within the CGB and
extends from the southeast margin of the GFTZ through the
Britt domain to the Parry Sound Shear Zone(Fig. 2.3). The
Britt domain is composed of parautochthonous and
allochthonous rocks separated by the CBSZ (Culshaw, et al.,
in press). Gneisses of diverse origins and abundant (30%)
middle Proterozoic plutonic rocks (ca. 1450 Ma) of varied
composition characterize the Britt domain. The metamorphic
grade associated with the Grenvillian tectonism is upper
amphibolite facies (e.g. Culshaw et al., 1988; Anovitz and
Essene, 1990; Jamieson et al., 1992; Jamieson et al., in
press; Corrigan et al., in press). In places, granulite-
facies enclaves dating from ca. 1450 Ma have been preserved
(Ketchum, 1992; Ketchum et .l., in press), and there is
evidence for earlier events ( > ca.l698 Ma, Corrigan et al.,
in press). U-Pb Monazite (Corrigan et al., in press) and
metamorphic zircon ages (Culshaw, per. comm.) suggest that
the metamorphic peak in the Britt domain was attained in the

interval 1050-1035 Ma. Metamorphic data from many areas
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suggest that the present erosion surface represents

Grenvillian orogenic depths in excess of 20 km (e.g. Wynne-
Edwards, 1972; anovitz and Essene, 1990). The emplacement age
of regional post-tectonic pegmatites suggests that tectonism
ceased in the Britt domain by 990-988 Ma (Ketchum et al.,
1993; Corrigan et al., in press). Arf0/ar3® data indicate that
most of the Britt domain had cooled below 450 ©C by 960-970
Ma and 300 ©C by 900 Ma (Culshaw et al., 1991).

In the following sections, the terms "monocyclic" and
"polycyclic" refer to rock units that have undergone,
respectively, one or more than one orogenic event.
Specifically, ‘polycyclic’ refers to rocks which have
undergone Grenvillian and pre-Grenvillian events and
‘monocyclic’ to those only metamorphosed during the

Grenvillian event.

nei A iation

From Key Harbour to the Parry Sound Shear Zone (Fig.
2.3), the gneisses are divided into five major rock
groupings, termed "gneiss associations®" (Culshaw et al.,
1988, 1989) that are separated by sheet-like foliated plutonsg
of monocyclic granitoid rocks. The term refers to a group of
gneisses of varied composition that are consistently
intermixed on a scale too small to map but which together
form a map unit. One or more of the members of the gneiss
association may occur in places in bodies large enough to

form a mappable unit within the gneiss association. In
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addition, there may be importaent differences in tectonic
history between individual gneiss associations (Culshaw et
al., 1991). From northwest to southeast, these groups are
named the Key Harbour, Bayfield, Nadeau Island, Sand Bay and
Ojibway gneiss associations (Culshaw et al., 1988; 1989). The
Key Harbour, Bayvfield and Nadeau Island gneiss associations
below the CBSZ are predominantly composed of polycyclic rocks
and belong to the Parautochthon, while the Sand Bay and
Ojibway gneiss associations above the CBSZ are formed of
monocyclic rocks and have been assigned to the Allochthon

(Culshaw et al., in press).

Key Harbour gneiss association

The Key Harbour gneiss association (gKH, Fig. 2.3) is
situated in the northwest part of the Britt domain. Its
southeast limit coincides with the northern boundary of the
Britt pluton (gbt, Fig. 2.3). Culshaw et al. (1988)
distinguished three members of this gneiss association: the
Key Harbour gneiss, Free Drinks mafic gneissgs and Still River
mafic gneiss. The Key Harbour gneiss is largely composed of
polycyclic layered, migmatitic, leucocratic, pink to grey
ortho- and paragneisses. The paragneiss is quartzofeldspathic
and generally contains some biotite and minor garnet. It is
associated with minor pods or layers of sillimanite gneiss,
quartzite and garnet amphibolite (Culshaw et al., 1991). The
orthogneisses are predominantly granitic in composition, but

include less abundant gneisses of intermediate composition
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(Corrigan et al., in press). Older granitoids of this suite

were intruded at ca. 1689 Ma (Corrigan, 1990) by the Key
Harbour leucogranite which constitutes about half of the Key
Harbour area. All rock types of the Key Harbour gneiss
contain variable amounts of fine-grained disrupted mafic
dikes which are absent in the younger middle Proterozocic
granitoids (Culshaw et al., 1988; Corrigan et al., 1993).

The Free Drinks mafic gneiss lies along the west side of
the monocyclic Britt pluton and occupies an area about 10 km
long and 1 km wide which strikes northwest. It is composed of
gabbroic, leucogabbroic, tonalitic and minor granitic gneiss
of plutonic origin (Culshaw et al., 1988). The Still River
mafic gneiss (gSR, Fig. 2.3) lies in the eastern portion of
the Key Harbour association. It is composed of amphibolite
and intermediate, mesocratic gneiss as well as variable
amounts of pink leucogneics. All of the above lithologies may
be strongly deformed, resulting in straight gneiss of

polymodal composition.

Bayfield gneiss association

The Bayfield gneiss association (tgB, Fig. 2.3) is
bounded by the monocyclic Britt pluton on the northwest and
the monocyclic Point-au-Baril complex (ga in Fig. 2.3) on the
southeast. It is composed of polycyclic rocks. The major rock
type is a migmatitic metatonalite - granodiorite orthogneiss
(ca.1700-1800 Ma, U-Pb zircon, Culshaw, per. comm.), the

Bayfield gneiss (Culshaw et al., 1988). This is associated
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with a variety of granitoid gneisses of plutonic origin,
together with which it evidently forms a single plutonic
complex. Associated but not necessarily genetically related
rock types include (Culshaw et al., 1988): (1) pink and grey
biotite leucogneiss of dominantly supracrustal origin, (2)
small bodies of pink, leucocratic, alaskitic biotite granite
which cut the metatonalite, and (3) a belt of metasedimentary
gneisses which consists of garnet-rich quartzofeldspathic
rock interlayered with (semi-) pelitic gneiss. Two sets of
metamorphosed mafic dikes which crosscut the pre-Grenvillian
leucosomes (ca. 1450 Ma granulite facies metamorphism) occur

throughout the Bayfield gneiss association.

Nadeau Island gneiss association

This gneise assgociation (gN, Fig. 2.3) lies between the
Point-au-Baril plutonic complex on the north and the Sand Bay
and Ojibway gneiss association (sS, gO, Fig. 2.3) on the
south. It is composed of polycyclic rocks and deformed on its
south 1 ide within the CB53Z. Orthogneisses of granitic,
granodioritic and tonalitic composition characterize much of
the association and probably form a single plutonic complex.
An igneous crystallization age of ca. 1600 Ma has been
determined for one member (Culshaw, per. comm., 1994).
Metasedimentary rocks including pelitic and semipelitic
types, calc-silicate rocks and amphibole-bearing garnet-
biotite gneisses are also a substantial component, more

voluminous than in the Bayfield gneiss association (Culshaw
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et ai., 1988). Although the rocks are largely overprinted by
Grenvillian upper amphibolite facies metamorphism and
deformation, pre-Grenvillian granulites (1452-1433 Ma;
RKetchum et al., 1992, 1993) are documented in low strain
zones. The Nadeau Island association contains scattered pods
and bodies (up to 1 km in largest dimension) of meta-gabbro
and also contains crosscutting mafic dikes similar to those

in the Bayfield gneiss association.

Ojibway gneiss assoclation

The Ojibway gneiss association lies above the CBSZ. The
dominant lithology is a grey granodioritic-tonalitic
orthogneiss in the north (g0, Fig. 2.3) which grades into
leucosome-rich migmatite in the south (mO, Fig. 2.3) at
higher structural levels (Culshaw et al.,1991). The igneous
crystallization age of the orthogneiss is ca. 1450 Ma (U-Pb,
zircon; Culshaw, per. comm.). Rocks of this association are
only affected by the Grenvillian eventg and lack the abundant
crosscuting mafic dykes observed in the gneigs asgociations

described above.

Sand Bay gneiss association

The Sand Bay gneiss association also lies above the CBSZ
and the boundary between the Ojibway and Sand Bay gneigs
associations is complexly folded. This gneiss association
appears to be entirely composed of ¢gneiss of supracrustal

origin, including abundant migmatitic quartzofeldspathic
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gneiss and smaller amounts of grey, plagioclase-quartz-
biotite schist, named the Dillon schist (Culshaw et al.,
1988). The migmatitic quartzofeldspathic gneiss is associated
with minor amounts of amphibolite, marble, calc-gsilicate
rocks and quartzite. The maximum depositional age of the
Dillon schist and quartzite is 1350-1400 Ma ( U-Pb, detrital
zircong, Culshaw, per. comm., 1994). Since the age of Sand
Bay gneiss association is younger than the igneous
crystallization age of the orthogneiss of the Ojibway, it
indicates an unconformable or tectonic contact between the
Sand Bay gneiss association and the Ojibway gneiss
association {(Culshaw et al., in press).

Although they contain globular and pod-like mafic
bodies, the monocyclic Ojibway and Sand Bay gneiss
associations, unlike the underlying polycyclic gneiss
associations, lack cross-~cutting mafic dikes and monocyclic
megacrystic granitoids and contain no evidence of pre-
Grenvillian metamorphism. These gneiss associations are
interpreted to be allochthonoug, ie. transported onto the
underlying Parautochthonous belt along the CBSZ (Culshaw et

al., in press).

Monogvclic Megacvstic Granitoids and Related Plutonic Rocks
Metaplutonic rocks, dominantly granitoid with

compesitions ranging from granite and quartz syenite through

granodiorite to diorite, occupy about 30% of the region.

Megacrystic textures are common in these rocks. They have



been mapped as individual plutons or complexes of varied
compositions: the Pickerel complex, Britt pluton, Point-au-
Baril complex and Shawanaga pluton (Fig.2.3). The Britt
pluton, the largest pluton in the region, has been dated at
1456+9-6 Ma (Van Breemen et al.,1986) and the Point-au-Baril
complex and Shawanaga pluton at 1460+12-8 Ma {Culshaw et al.,
in preparation). Other dated monocyclic granitoids include
the Mann Island granodiorite (1442+6-7 Ma; Corrigan et al.,
in press) in the Key Harbour area and the 'marginal
orthogneiss' (1346+69-39 Ma; Van Breemen et al., 1986) in the
southeasternmost Britt domain. These plutonic rock units are
usually extremely elongated, folded and metamorphosed, but
unlike the host gneisses which had complex structural and
metamorphic histories, they only show the effect of a single
structural /metamorphic episode (the Grenvillian orogenic
event), and thus are termed 'monocyclic' (Culshaw et al.,

1988).

Mafic TIn ion nd Anorthosi

Small (several meters or less in dimension) rounded
bodies, dykes and angular fragments of mafic rocks are
scattered throughout the region. They can be subdivided on
the basis of their age (relative to metamorphic events)
and/or lithology. The oldest group is composgsed of small
bodies of amphibolite that resemble mafic dykes or sills that
have been broken into angular fragments (Culshaw et al.,

1988). They are restricted to polycyclic host gneisses.
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The second group is composed of more widespread dykes
that crosscut polycyclic and monocyclic plutonic rocks. They
are foliated and variably metamorphosed by Grenvillian
metamorphism but crosscut pre-Grenvillian leucosomes in
polycyclic rocks. Thus they separate Grenvillian and pre-
Grenvillian metamorphism (Culshaw et al., 1988). This group
is probably equivalent to the Sudbury dykes which have an age
of ca.1238+4 Ma (Krogh et al., 1987; Davidson and Bethune,
1988). Subordinate, small, often globular-shaped, bodies of
olivine metagabbro with coronitic textures occur above the
CBSZ within the allochthonous Sand Bay and Ojibway gneiss
associations; they are members of the ca. 1170 Ma coronitic
metagabbro suite elsewhere in the CGB (Davidson and van
Breemen, 1988; van Breemen and Davidson, 1990; Culshaw et
al., in pregs). One such body within the Ojibway gneiss
association is dated at ca. 1150 Ma (Heaman and LeCheminant,
in press). Garnet-clinopyroxene bearing mafic rocks of
eclogitic affinity also occur at this structural level of the
Britt domain. They are few in number and occur along the CBSZ
where they are associated with small bodies of gneissic
anorthosite (Culshaw et al., in press). Rocks of this type
record a high pressure metamorphic event and since they do
not occur below the CBSZ (Culshaw et al.,1988, 1989) they and
their host rocks have been interpreted to have been exhumed
from deep levels along the CBSZ (Culshaw et al., in press).

In addition to the small bodies discussed above there

are also several plutons of gabbro and metagabbro. These



occur below the CBSZ as rounded bodies up to one or two
kilometers in diameter. Although the rocks are
recrystallized, primary igneous textures are locally
recognizable (Culshaw et al., 1988). The absolute age of
these gabbros is unknown although they lack polymetamcrphic
textures and are therefore probably <1450 Ma (Culshaw, per.
comm., 1994)

Anorthosite (an, Fig. 2.2, 2.3) occurs within the Parry
Sound Shear Zone in large bodies and sheets in addition to
the small bodies associated with the CBSZ. Anorthosite also
occurs as a sheet to the west of Key Harbour within the

Pickerel complex.

Structural Geologv

Although pre-Grenvillian fabrics locally exist in the
parautochthonous Britt domain (north of the CBSZ),
Grenvillian structures dominate. The most significant
tectonic fabric is the SE-NW trending lineation that,
together with other structures of various scales, indicates
thrusting and/or extension under pervasively ductile
conditions parallel to this trend.

Northwest-trending folds of various types and scales,
from outcrop-scale sheath and cylindrical folds to map-scale
"a' type folds, are among the most significant structural
features of the Britt domain (Fig. 2.2, 2.3; Davidson et al.,
1982; Schwerdtner, 1987; Culshaw et al., 1988; in press).

These folds have low amplitudes and hinges aligned parallel
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to the SE trending, subhorizontal, stretching lineation.
Field relations indicate that folds above the CBSZ are formed
during or after post-thrusting extension on the CBSZ in the
Auctile mid-lower crust. Field relations of those below the
CBSZ are not as clear but have been interpreted as products
of thrusting (Schwerdtner, 1987), possibly with an
extensional component (Jamieson et al., in px:ss).

The principal shear zones in this area include the
Central Britt Shear Zone (CBSZ) and the Parry Sound Shear
Zone (PSSZ). The CBSZ has an orthogonal width of 3 km and
dips gently southeast (Culshaw et al.,1989; Ketchum et al.,
1993; Culshaw et al., in press). The CBSZ contains the
boundary between parautochthonous rocks to the north and
allochthonous rocks to the south and is characterized by
strongly deformed rocks consisting of straight gneiss,
porphyroclastic gneiss and mylonite. Kinematic indicators
suggest a late ductile history of extension (upper
amphibolite facies, ca.1020-1000 Ma; Ketchum et al., 1993)
with the hanging wall displaced to the southeast (Ketchum et
al., 1993; Culshaw et al., in press). However, the CBSZ
likely originated as a thrust because (Culshaw et al., in
press): (1) high pressure rocks (eclogite) occur exclusively
in the hangingwall; (2) there is an abrupt change in history
across the z2one that is difficult to explain in terms of
normal stratigraphic succesions; (3) at the northern end of
the shear zone the kinematic indicators that indicate

thrusting are not completely overprinted by extensional ones.



The PSSZ, which separates the Britt domain and the Parry
Sound domain, is similar to the CBSZ in scale. Shear-sense
indicators imply southeast-over northwest-thrusting (ca. 1160
Ma, van Breemen et al., 1986; Davidson, 1984; Culshaw et al.,
1989) followed by extensional deformation.

The youngest significant structures are ENE-trending
brittle normal faults. These faults usually have a
displacement on the order of tens of meters, but some of them
show movement of several hundreds meters (Culshaw et al.,

1989).

Ssummary of Geologic Eventsg

In recent years, detailed geological mapping along the
north and northeast shores of Georgian Bay (e.g. Culshaw et
al., 1988, 1989; Davidson and Bethune, 1988; Bethune, 1989),
new geochronology data (e.g. Corrigan, 1990; Culshaw et al.,
1991; Corrigan et al., in press; Ketchum et al., 1993;
Culshaw, per. comm.) and thermobarometry data (e.g. Anovitz
and Essene, 1990; Corrigan, 1990; Jamieson et al., in press)
have led to a better understanding of the geologic history of
the area. The major events include:

(1) Pre-Grenvillian metamorphism and plutonism. At least
two metamorphic events occurrea in the early Proterozoic,
separated by plutonism at ca. 1698 Ma. Although absolute ages
are not well constrained, the intrusion of the Key Harbour
leucogranite at ca. 1698 serves as the minimum age of the

first event and the maximum age of the second. Mineral
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assemblages suggest both metamorphic events attained at least
uppermost amphibolite facies conditions (Corrigan et al., in
press). Granulite facies metamorphism at 1450 ma is
documented in the central Britt domain (Ketchum et al., in
press) and may well correspond to the second pre-Grenvillian
event.

(2) Emplacement of mid-Proterozocic granitoids (ca. 1450
Ma) along or close to the boundaries between gneiss
associations.

(3) Regional emplacement of the Sudbury dykes (ca. 1240
Ma) . These widespread dikes serve as an important marker of
pre-Grenvillian and Grenvillian metamorphism.

(4) The Grenvillian tectonometamorphic event (ca. 1050-
1035 Ma), including northwest-directed thrusting, late
southeast-directed extension and regional high grade
metamorphism (upper amphibolite facies).

(5) South-side-down normal faulting under brittle-
ductile and brittle crustal conditions comprise the post-

Grenvillian history.

Previous Geophysical Studies

Between 1987-1989, the Geological Survey of Canada
conducted a systematic, digitally recorded aeromagnetic
survey in Ontario. Based on this data and previously

digitized aeromagnetic survey data in Ontario, a detailed
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vertical magnetic gradient map of Ontario was produced by the

Ontario Geological Survey in 1991 (Gupta, 1991). Figure 2.4
shows the vertical magnetic gradient map of the Georgian Bay
area. Three distinct features, among others, can be seen in
Figure 2.4: (1) strong northeast signatures coincide with the
GFTZ and Parry Sound Shear Zone, (2) pronounced northwest-
trending features over the Britt domain and Georgian Bay
coincide with the northwest-trending folds observed within
the Britt domain, (3) notable east-west signatures in the
Point-au Baril area can be related to the Central Britt Shear
zone,

The Bouguer gravity map of the Georgian Bay area
(McGrath, 1988) is shown in Figure 2.5. Two prominent Bouguer
gravity anomalies occur, a low over the Killarney complex
which coincides with the GFTZ and a high over the Parry Sound
domain. It is worth noting that the Britt domain and most of
Georgian Bay between these two anomalies have comparable
Bouguer gravity values, suggesting the rocks under each have
gimilar densities.

In addition, major seismic studies have been conducted
in the southwestern Grenville province in recent years, and
have provided critical information on the structure and
tectonic evolution of the Grenville Orogen. Figure 2.6 shows
the location of deep seismic refraction and reflection lineg
which have been conducted across the GFTZ and/or the CGB by

COCRUST, GLIMPCE and LITHOPROBE.
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A long-range seismic refraction/wide-angle reflection
experiment was conducted by the Canadian Consortium for
Crustal Reconnaissance Using Seismic Techniques (COCRUST) in
1982. Three seismic lines, each approximately 300 km in
length, are shown in Figure 2.6. The main tectonic features
of interest traversed by the lines are the Grenville Front,
the boundary between the Central Gneiss Belt and the Central
Metasedimentary Belt of the Grenville Province and the
Ottawa-Bonnechere Graben. The major results of this study
include (Mereu et al., 1986):

(1) Near-surface seismic velocities vary from 5.8 to 6.4
km/s and regional differences in velocity gradients,
particularly in the upper crust, are pronounced (Fig. 2.7).

(2) There was no strong evidence for any intermediate
depth crustal seismic discontinuity.

(3) All three major tectonic features, the Grenville
Front, the Ottawa Graben and the CMB-CGB boundary are deep-
seated features which extend to Moho. They are marked by
changes in the character of velocity gradients within the
crust as well as changes in crustal thickness (Fig.2.7).

(4) The Moho is a sharp, well defined discoritinuity
beneath the CGB but is irregular and poorly defined under

major portions of the Ottawa Graben,
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GLIMPCE Profile J

The Great Lakes International Multidisciplinary Program
on Crustal Evolution (GLIMPCE) has recorded a number of deep
seismic reflection and refraction profiles in the Great Lakes
region (GLIMPCE seismic refraction working group,1989; Green
et al., 1988, 1989). Among them the multichannel reflection
and coincident refraction/wide-angle reflection profile, line
J, extends 350 km in a WNW-~ESE direction across the
Manitoulin terrane in the west, the Grenville Front Tectonic
zone (GFTZ) in the centre, and the Britt domain in the east
(Fig. 2.6). An F-K migrated reflection section of the eastern
part of profile J and the coincident refraction/wide-~angle
reflection data are presented in Figures 2.8 and 2.9,
respectively.

Based on the reflection character (Fig.2.8), the seismic
section partitions into three units laterally, and these
coincide with the major tectonic units named above and shown
along the top of Figure 2.8. A two-layer structure is defined
for the Manitoulin terrane with a highly reflective lower
crust and a less reflective upper crust, separated by a
band of strong reflections at about 5s two-way travel time
(Green et al., 1988, 1989). Green et al. (1989) interpret
the lower crust as the attenuated Superior cratonic margin,
the upper crust as a composite terrane consisting of
displaced Huronian strata plus younger granites and rhyolite,
the remains of an exotic mass that collided with the Superior

cratonic margin during the Penokean orogeny, and the
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intervening discontinuity as the master Penokean decollement.

The GFTZ is characterized by strong southeast-dipping
reflections. The apparent dips decrease southeastward from 35
to 25 degrees, and the strength and density of the
reflections change markedly to the southeast. These strong
dipping reflections are recorded down to about 9s and weaker
events can be traced to as deep as 15s travel time. The
reflections were interpreted by Green et al. (1988, 1989) as
mylonite zones and highly strained contacts between gneissic
and migmatitic rocks of varied lithologies. However, detailed
velocity data from laboratory measurements and in situ
experiments shows they may be due to clusters of thin mafic
dykes within the host orthogneiss and to strained contacts
between contrasting lithologies (Burke, 1991).

Farther to the east, the Britt domain is characterized
by numerous discontinuous subhorizontal reflections and
lozenge-shaped reflection packages. The strength and density
of these reflections are moderate and uniform throughout the
whole crust and their origin is still open to discussion.

Figure 2.9a is a wide-angle reflection/refraction time-
distance plot of P waves recorded along line J . One of the
interesting features on this section is the 'shinglelike®
pattern of arrivals observed at moderate range, a phenomenon
attributed to wide-angle reflectionn from numerous dipping
layers within the crust (Fig. 2.9b, 2.9c; Mereu and Epili,
1990; Epili and Mereu, 1991). Figure 2.10 shows the velocity

model for profile J (Epili and Mereu, 1991).
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LITHOPROBE Lines 30 and 31

New seismic images of Grenville crustal structure were
acquired within the western Grenville province in 1991 (White
et al., 1993). Lines 30 and 31 cross the Parry Sound domain
and extend into the Britt domain (Fig. 2.6). Predominantly
east-dipping reflectors (A,B, in Fig. 2.11) are observed in
the upper 10 km of the crust on line 30 in the vicinity of
the Parry Sound Shear Zone, consistent with surface
observations. The seismic section of line 31 shows reflectors
dipping inward (A,B,F, Fig.2.12b) from the shear zones
bounding the Parry Sound domain, converging at a depth of
about 6 km. This geometry is in agreement with gravity
profiles (Lindia et al., 1983; Fig. 2.12a). A prominent
reflection beneath the Parry Sound domain (H,G, Fig. 2.11;
2.12b) is correlated to the CBSZ. The Parxry Sound domain was
interpreted as an allochthonous mass of lithologically
distinct granulite facies rocks emplaced on a dominantly
anphibolite facies lower deck composed of Britt domain
lithologies on the northwest and Rosseau subdomain
lithologies on the southeast (Davidson and Morgan, 1981;
Davidson et al., 1982); the seismic and gravity data support
this geological interpretation. Apart from the dipping
reflectors which are associated with the shear zones,
apparent sub-horizontal reflectors, which increase in
reflectivity within the lower crust (E,C, Fig.2.11; 2.12b),

characterize both of the seismic sections.
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The Unresolved Problems

Regarding the present seismic data, three major problems
remain unresolved:

(1) Since the Britt domain is in part allochthonous, it
is not clear how far the surface geclogy extends in depth.

(2) Reflection profiles consistently show a moderate
crustal reflectivity characterized by subhorizontal,
scattered reflections. However, their origin is unclear.

(3) Although the "shingles" revealed by wide angle data
from the Britt domain have been interpreted in terms of a
series of dipping layers, vertical reflection data do not
show these structures and surface geology does not support
this interpretation. Thug, an alternative interpretation
seems to be required.

To address these problems, laboratory studies of rock
properties are essential. They can provide not only useful
evidence for the interpretation of velocity models in terms
of petrology, but also the parameters required by synthetic
modelling to determine the potential causes of reflectivity.
Finally, the results oi laboratory measurements on the Britt
domain rocks will provide baseline data on the velocity and
density range of felsic gneisses which will be particularly
useful since previous physical property studies have paid

relatively little attention to these lithologies.



Chapter 3

LABORATORY VELOCITY MEASUREMENTS

Sample Descriptions

Eighty-four rock samples were collected for velocity
measurements from the research area described in chapter one
at the sites shown in Figure 3.1. The basic sampling
criterion was to obtain field-oriented samples that are
representative of each of the lithologic units mapped by
Culshaw, et al. (1988, 1989) and Davidson and Bethune (1988).
For units displaying a wide range in omposition and
deformation, more than one sample wa. .aken in order to
determine the range of velocity and anisotropy associated
with each unit. Rocks that lacked secondary mineral
alteration and visible fractures were choosen for laboratory
measurements.

Thin section analyses were made for all rock samples to
determine (1) modal mineralogies, (2) textures and fabrics
and (3) mineral alteration. Modal mineralogies were
determined by point-counting with at least 1000 points
counted on each slide. Potassium feldspars were stained by
sodium-cobaltinitrate to aid in identification where
necessary. Mineralogical data for the velocity samples are
summarized in Table 3.1 and the petiography based on thin

section analysis is described below.

44
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A Sample site

Fig.3.1 Location map of velocity sample sites. Symbols as in Figure 2.3. PS denotes
Parry Sound.
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Table 3.1 (cont)

Sample lithology Otz Plg Ksp Bio Bb  Px Gt Opg  Ap  Zir Sph Chl Mus Epi
B-61 Granite 25.6 15.2 47.7 4.6 4.1 0.0 0.0 2.5 0.1 0.1 o 0.3 0.1 00
B-62 Granodiorite 25.2 67.3 0.5 7.1 0.0 0.0 0.¢ 0.0 0.1 0.0 v.3 1.3 Q0.0 g0
B-63 Granodiorite 22.1 658.1 9.6 4.5 3.3 0.5 0.3 0.3 0.1 0.1 0.0 1.1 0.0 00
B-64 Granite 40.4 5.1 5B2.3 0.3 0.0 0.0 0.1 0.8 0.0 Q.0 9,0 Q0.0 0,0 0.0
B-65 Granite 20.5 29.8 26.2 7.4 10,5 0.0 0.0 H,1 0.3 0.2 0,0 ¢, g0 00
B-66 Granite 20.2 39.8 29.5 6.6 1.4 0.0 0.1 2.0 0.3 Q.1 0.0 ¢.0 0.0 0.0
B-67 Granite 40.4 9.8 47.7 l.e6 0.0 0.0 0.0 0.4 0.1 0.0 Q.0 0.0 0.0 Q.0
B-68 Granite 40.6 6.5 47.4 4.2 0.0 0.0 0.0 0.0 0.1 0.1 0.8 0.0 0.2 0,1
B-69 Granite 21.8 l 9 59.7 9.5 5.9 0.0 0.0 0.0 0.2 v.1 0.7 0.0 0.0 00
B-70 Granodiorite 40.8 .1 5.2 8.5 6.0 0.0 0.0 0.0 0.1 0.0 0.6 0.0 0.0 .7
B-71 Marble { Ca1c1te 95.9 Y} 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0% 0.0
B-72 Dunite ( 0livine 98 .4 )y 0.0 0.0 0.0 0.1 0.0 0.0 0,0 ¢,0 v
B-73 Anorthosite 0.9 78.8 4.9 2.0 4.5 4.2 3.5 0.8 0.1 0.0 0.0 0.r w.1 0.0
B-74 Amphibolite 8.1 26.3 0.0 21.3 42.9 0.0 0.0 0.0 0.2 0.2 O.h 0.0 0% o
B-~75 Amphibolite 2.3 63.5 0.0 0.0 19.4 20.2 3.5 0.0 0.1 0.0 0.0 00 . .4
B-77 Anorthosite 0.0 94.3 0.0 0.0 3.0 2.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
B-78 Diorite 7.0 67.2 1.8 7.6 14.9 0.0 0.7 0.0 0.2 0.1 0.1 0.4 0.0 0.0
B-79 Granodiorite 38.6 49.8 6.4 5.3 0.0 0.0 0.0 0.0 0.1 0.1 0.0 v.0v (.0 n.o
B-80 Anorthosite 0.3 79.4 4.1 4.5 10.9 0.0 0.4 0.0 0.2 0.0 0.0 o0 0.2 0,0
B-81 Granite 38.8 20.8 25.5 3.8 0.0 0.0 0.0 1.0 0.1 0.0 0.0 v.00 0,0 0.0
B-82 Diorite 11.6 58.8 0.0 0.0 16.2 0.0 10.3 2.9 0.2 0.0 0.0 0.0 0.0 0.0
B-83 Diorite 7.9 71.0 0.3 10.4 8.6 0.0 0.0 0.6 0.3 0.0 0.4 0.% 0.¢ 0.}
B-84 Amphibkolite 1.5 48.4 0.0 0.0 45.1 0.0 0.0 0.0 0.1 0.0 4.9 0.0 0.v V.0

Abbreviations as follows: Qtz, quartz; Plg, plagioclase; Ksp, k-feldspar; Bio,
biotite; Hb, hornblende; Px, pyroxene; Gt, garnet:; Opd, opague oxides; Ap,
apatite; Zir, zircon;Sph, sphene; Chl, chlori-e; Mus, muscovite; Epi,
epidote.
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Fifty-one samples of orthogneiss were collected for
velocity measurements. These include single cycle plutonic
rocks and granitic-intermediate orthogneisses from different
gneiss associlations. Many of these rocks have well developed
foliations and some of them show beautiful quartz ribbons.
The foliation is usually defined by shape fabrics within the
LS scheme such as quartz blades or feldspar augen, preferred
orientation of biotite and hornblende or compositional
layering. Although the gneisses have clearly experienced high
finite strains, most of them display grancoblastic textures
and all minerals show limited amounts of optically visible
intragranular deformation except for a few samples in which
quartz exhibits undulatory extinction and subgrain
development.

Based on the I.U.G.S. classification scheme, the
orthogneiss samples are classified into three groups (Fig.
3.2): (1) granite (36 samples), (2) granodiorite and tonalite
(9 samples) and (3) diorite and quartz diorite (6 samples).
Accessory minerals in these rocks include biotite,
hornblende, opaque oxides, sphene, apatite, zircon and
chlorite. There is no significant secondary mineral
alteration within these samplegs. It is notable that there are
quite a few samples in the granitic group having high
contents of K-feldspar.

Samples B-33 (granite) and B-82 (diorite) are mylonites

taken from the Parry Sound shear zone. They differ from other
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Fig. 3.2 Ternary diagram for the orthogneiss samples.
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samples in this group in their fine grain size and strong
tectonite fabrics. Samples B-58, 59, 65 and 66, taken from
the Central Britt shear zone, are not true mylonites, but
their distinct fine grain size and porphyroclastic textures

indicate that they have suffered strong deformation.

Paragneiss

A mica + garnet content greater than 15% is used as the
critcrion to distinguish paragneiss from orthogneiss. Six
gsamples (B-19, 22, 26, 30, 38 and 39,) are classified as
paragneiss. Typical features of these samples include well
developed foliation defined by biotite prefered orientation,
biotite layering and quartz ribbons. Sample B-38, taken near
the Central Britt shear zone, is a fine-grained rock with a
strong tectonite fabric indicating high finite strain. There
is no visible foliation in sample B-26, but it has a well
developed lineation defined by the (001) trend of biotite.

The mineralogy of the paragneiss samples is more varied
than that of orthogneiss. Plagioclase, potassium feldspar,
quartz and biotite are the principal rock-forming minerals
and muscovite, garnet and hornblende are locally present in
significant amounts. Common accessory minerals include opaque

oxides, apatite and zircon.

; 3 Ul i ]
As described in chapter one, three distinct types of

mafic rocks occur within the region, including: (1) small
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bodies of amphibolite that resemble early mafic dikes or
sills that have been dismembered (Culshaw et al., 1988), (2)
equant masses or dikes of metadiabase and (3) metagabbro
bodies.

Twelve samples (B-23, 31, 32, 34, 37, 45, 53, 57, 59,
74, 75 and 84) of amphibolite were collected. Well developed
foliation defined by hornblende and biotite preferred
orientation and quartz ribbons are typical features of these
samples. Quartz undulatory extinction is observed in samples
B-32, 34 and 75 and the plagioclase has bent twins in samples
B-31 and 75. Samples B-59, 74 and 84, which were taken from
shear zones, are fine-grained and have mylonitic features.
All of the amphibolites consist predominantly of plagioclase
and hornblende but biotite occurs in most samples and garnet,
opaque oxides, apatite, sphene and chlorite are locally
present as accessory minerals. Sample B-31 has an unusually
high garnet content (13.9%) and sample B-32 has a high
pyroxene content (27%).

Samples B-13, 42, 54 and 55 are metadiabases. Although
B-13 is weakly foliated, there is no clear evidence of GFTZ-
style deformation in these rocks, and they display original
ophitic textures. Sample B-13 has hornblende, plagioclage,
pyroxene and garnet as its major minerals and minor amounts
of opagque oxides and biotite. The hornblende is found as an
alteration product of pyroxene and as inclusions in large
garnet crystals. Plagioclase, pyroxene, biotite and garnet

are the major minerals in samples B-42 and 55; corona
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structures and garnet rims are observed in both samples.
Sample B-54 has a distinctive mineralogy compared to the
other metadiabase rocks. It lacks pyroxene and garnet, and
instead, has a high content (17.8%) of chlorite produced by
alteration.

Anorthosite occurs at several locations in the area as
bodies and sheets of various sizes (see chapter one). Four
samples (B-52, 73, 77 and 80) were collected to represent
this lithology. Although plagioclase predominates (>79%),
hornbiende is present in all samples. Minor amounts of other
minerals including biotite, garnet, pyroxene, chlorite and
muscovite are locally present. All samples are weakly
foliated due to hornblende and biotite preferred orientation.
Hornblende and biotite layering and banding are observed in
samples B~-52 and B-77.

Sample B-72 is a dunite taken from the Parry Sound Shear
zone 20 km northeast of Parry Sound. It consists

predominantly of olivine (98.4%) and minor apatite.

Experimental Methods

The measurement of seismic wave velocity is basically an
application of the pulse transmission technique (Birch, 1960)
in which an electrical pulge is applied to a transducer at
one end of a specimen and the resulting disturbance is
transmitted through the specimen to a receiving transducer

where the mechanical signal is converted to an electrical
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signal, then amplified and displayed on an oscilloscope. The
velocity is obtained from the travel time and the length of

the specimen after correction for system delays.

.  on

To prepare the samples for velocity measurement, each
specimen was cut into right cylinders approximately 2.54 cm
in diameter and 3.8 cm in length. Three mutually
perpendicular cores were taken from those rock samples in
which both foliation and lineation were developed (Fig. 3.3).
One core was taken normal to the foliation plane of the rock
(core A) and two were taken within the foliation plane: one
parallel to the lineation (B) and one normal to the lineation
(C). If the rock was foliated but not lineated, core B was
arbitrarily placed in the foliation plane and core C was not
taken. For a few rock samples that displayed neither
foliation nor lineation, such as B-3, 42 and 55, only one
core was cut in an arbitrary direction because such rocks are
generally seismically isotropic. Smooth parallel core ends
were produced by machine lapping to ensure accurate bulk
density estimations and velocity measurements. The bulk
density of each core was calculated from its mass and
dimensions.

Following the density measurements, each core was
jacketed in copper foil and thin (0.005 mm) brass foil shins
were placed on the core ends to provide a ground for the

transducers. For Vp, the jacketed sample was placed between
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| CORE ORIENTATION

Fig. 3.3 Schematic diagram showing core orientation conventions from Burke (1991). The
"A" direction is normal to the foliation, "B" is parallel to the lineation, if present, and "C" is
normal to the lineation.
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two piezoelectric transducers made of lead zirconate with a
resonant frequency of 1 MHz. For Vs, 1 MHz lead zirconate
titanate transducers were used, with the vibration direction
oriented with respect to foliation and/or lineation. Then the
transducers were backed with brass electrodes. Tight gum-
rubber tubing was used to hold the sample assembly together
(Fig. 3.4) and to prevent saturation of the core by the

pressure fluid.

loci M remen

The sample assemblies (up to four at a time) were put in
a sample holder and then placed in a large pressure vessel
where hydrostatic confining pressures up to 600 MPa were
generated using an air-driven fluid pump in conjunction with
a multi-stage fluid intensifier system. The pressure fluid
was a low viscosity oil (ESSO MONOPLEX). A strain gauge on
the high pressure side of the intensifier was used to monitor
the pressure and display it digitally.

With the sample holder sealed in the vessel, the sending
transducer was activated by a +50v spike and the signal from
the receiving trensducer wag stacked over 400 pulse
repetitions to reduce the signal to noise ratio before being
displayed on a Nico'~t+ digital oscilloscope. The first break
of the waveforms was manually picked in order to determine
the travel time of the pulse through the specimen. Velocitles
were then calculated at selected pressures and smooth

velocity-~pressure curves were fit to the data.
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SAMPLE ASSEMBLY

g\,lnput Pulse

}o

Electrode ' /LL/”/<, —Gum Rubber Tubing

Jacketed
Sample | | . )
L— -| Piezoelectric

Elecirode | PZmmmzzzz- Crystals

+
%//Output Signal

Fig. 3.4 Schematic diagram of the sample assembly from Burke (1991) showing the
jacketed sample placed between transducers and electrodes. The tubing holds the assembly
together and prevents saturation of the sample with the pressure fluid.
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As noted by many investigators (e.g. Birch, 1961}, the
velocity measured during initial pressurization is commonly
lower than the velocity measured as pressure 1is decreased
(Fig. 3.5). This phenomenon, termed velocity hysteresis, is
observed in rocks at pressures below 200 MPa and is
attributed to the sealing of mirocracks at high pressures
(Birch, 1961; Gardner et al., 1965} because it is not
observed in either single crystals (McSkimin and Andreatch,
1962) or in fused quartz samples with air bubbles (Peselnick
and Wilson, 1968). Only velocities obtained during
depressurization are reported here since they are
reproducible and considered representative of in situ
conditions (Burke, 1991).

Errors in velocity measurement may arise from several
sources: (1) Errors in measuring core length and travel time.
Core lengths are accurate to 0.005 cm and travel time to 2.5
nannoseconds. This results in velocity measurements which are
accurate to 0.4 per cent for standard length cores (Burke,
1991). (2) Changes in sample length at elevated confining
pressure. No corrections were made for this effect in the
present study because it is significant only in the
calculation of pressure derivatives (e.g. Brace, 1965) at the
pressures considered here. The absolute error associated with
the pulse transmission technique is generally regarded to be
less than 0.5% for Vp and 1% for Vs (Christensen and Shaw,

1970).
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Fig. 3.5 Compressic aal wave velocity as a function of confining pressure for sample B-
43, showing the typical initial increase in velocity with increasing pressure and linear
behavior at high pressures. At low pressures, the velocity measured during initial
pressurization is lower than the velocity measured as pressure is decreased.



Experimental Results

Compressional wave velocities for eighty samples and
shear wave velocities for seven selected samples are
summarized as a function of pressure, propagation direction

and vibration direction in Tables 3.2 and Table 3.3,

respectively. The samples chosen for Vs measurement were those

with average values of Vp closest to the mean Vp calculated
for that lithology. (Velocity data for samples B-12, 17, 27
and 76 were not obtained due to saturation during the
experiments or to break-up during preparation). The mean
velocities shown in Table 3.2 and Table 3.3 were obtained

from the relations

Vp (mean) = (Va + VB + Vc)/3 (1)
and

VS (mean) = (VaB + Vac + VBa + VBC + Vea + Ven) /6 (2),

where the first letter indicates the propagation direction
and the second (in the case of Vs) indicates the vibration
direction. For transversely isotropic samples in which
velocities were measured in only two directions, the mean
values were obtained from

VP (mean) (Va + 2Vs)/3 (3)

and

VS (mean) (Vap + VBa + VBc)/3 (4)

I}
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Tabile 3.2 Densities and Compressional Wave velocities of
Britt Samples at Various Confining Pressures.
Density Pressure, MPa
Szmple Lithology — g/cm’ 20 40 60 80 100 200 400 _ §00
B-1A Granodiorite 2.746 5.87 6.71 6.07 6.11 6.13 6.16 6.20 6.23
B 2.709 5.71 5.88 5.97 6.02 6.07 6.16 6.20 6.24
Ave. 2.728 5.76 5.92 6.00 6.06 6,09 6.16 6.20 6.24
B-22 Granite 2.698 5.38 5.88 6.03 6.09 6.12 6.17 6.21 6.24
B ram 2.697 6.08 6.34 6.41 6.44 6.48 6.53 6.56 6.58
Ave. 2.698 5.85 6.19 6.28 6.32 6.36 6.42 6.44 6.47
B-3 Metadiabase 3.243 6.45 6.70 6.81 6.89 6.94 7.02 7.08 7.11
B-4A Granite 2.695 5.66 5.85 5.91 5.96 5.98 6.03 6.11 6.18
B 2.696 5.69 5.88 5.99 6.03 6.06 6.12 6.15 6.23
Ave. 2.696 5.69 5.87 5.96 6.0l 6.03 6.09 6.14 6.21
B~5A Granite 2.625 5.60 5.96 6.13 6.23 6.30 6.42 6.48 6.52
B 2.627 5.70 5.99 6.16 6.22 6.27 6.38 6.43 6.48
Ave. 2.626 5.67 5.98 6.15 6.22 6.28 6.39 6.45 6.49
B-6A . 2.730 5.61 5.96 6.14 6.23 6.27 6.38 6.44 6.48
B Granodiorite 2.784 5.93 6.20 6.83 6.33 6.36 6.43 6.51 6.56
Ave. 2.757 5.82 6.12 6.23 6.30 6.33 6.42 6.49 6.53
B-7A ~ P 2.716 5.39 5.61 5.73 5.79 5.82 5.92 5.97 6.00
B Granodiorite 2.614 6.24 6.46 6.56 6.59 6.62 6.73 7.7l 6.74
Ave. 2.665 5.96 6.18 6.28 6.32 6.36 6.42 6.46 6.49
B-8A Granite 2.643 5.42 5.80 5.99 6.08 6.14 6.27 6.32 6.34
B 2.679 5.70 6.00 6.11 6.18 6.22 6.31 6.36 6.39
Ave. 2.661 6.61 6.93 6.07 6.15 6.19 6.30 6.35 6.37
B-9A Granite 2.633 5.47 5.77 5.87 5.94 5.98 6.04 6.08 6.12
B 2.616 5.20 5.70 5.93 6.04 6.13 6.26 6.34 6.36
c 2.612 5.98 6.14 6.19 6.22 6.24 6.27 6.32 6.36
Ave, 2.620 5.55 5,87 6,00 6.07 6.12 6.19 6.25 6.28
B-10A . 2.661 5.50 6.10 6.16 6.19 6.21 6.24 6.28 6.32
p  GCranite 2.668 5.95 6.14 6.20 6.24 6.26 6.30 6.31 6.33
C 2.661 5.61 5.96 6.03 6.07 6.10 6.19 6.24 6.27
Ave. 2.663 5.82 6.07 6.13 6.17 6.19 6.24 6.28 6.31
B-11A 2.662 5.76 5.93 5.99 6.02 6.03 6.07 6.14 6.20
B Granite 2.663 5.75 5.82 5.96 6.04 6.09 6.20 6.26 6.32
Ave. 2.663 5.64 5.86 5.97 6.03 6.07 6.16 6.22 6.28



vl

Densityv Pressure, MPa
Sample Lithologv g/cm’ 20 40 60 80 100 200 400 s8¢
B-133 Amphibolite 3-075 6.30 6.40 6.43 6.45 6.47 6.50 6.53 6.57
B 3.061 6.60 6.90 7.02 7.08 7.11 7.18 7.22 7.24
c 3.108 6.42 6.53 6.58 6.61 6.63 6.67 6.73 .77
Ave. 3.080 6.44 6.61 6.68 6.71 6.74 6.79 6.83 6.86
B-14A Granodiorite 2-684 5.69 6.00 6.12 6.18 6.22 6.26 6.31 6.36
B 2.683 5.74 6.08 6.15 6.18 6.23 6.32 6.38 6.42
Ave. 2.684 5.72 6.05 6.14 6.18 6.23 6.30 6.36 6.40
B-15A Granit 2.626 5.58 5.80 5.97 6.06 6.12 6.20 6.25 6.30
B ranie 2.612 5.56 5.88 6.02 6.09 6.13 6.20 6.25 6.30
Ave. 2.624 5.57 5.86 6,00 6.08 6.13 6.20 6.25 6.30
B-16A Diorite 2.776 5.62 5.76 5.82 5.86 5.89 5.97 6.05 6.1l
B n 2.790 6.26 6.34 6.42 6.45 6.47 6.52 6.56 6.59
Ave, 2.783 6.05 6.15 6.22 6.25 6.28 6.34 6.39 6.42
B~18A Granite 2.603 5.34 5.75 5.98 6.05 6.09 6.14 6.15 6.17
B 2.597 5.43 5.75 5.94 6.02 6.06 6.13 6.18 6.23
c 2.608 5.38 5.82 5.99 6.03 6.06 6.13 6.12 6.22
Ave. 2.603 5.38 5.77 5.97 6.04 6.07 6.13 6.17 6.21
B~19a . 2.712 5.92 6.01 6.08 6.14 6.20 6.29 6.37 6.45
g Paragneiss 5 ;3g 5.85 6.02 6.09 6.14 6.17 6.22 6.27 6.29
Ave. 2.726 5.87 6.02 6.09 6.14 6.18 6.24 6.30 6.3%
B-20A Granite 2.526 5.98 6.22 6.30 6.36 6.39 6.48 6.53 6.56
B 2.675 5.85 6.20 6.29 6.34 6.37 6.44 6.49 6.52
Ave. 2.601 5.89 6.21 6.29 6.35 6.38 6.45 6.50 6.53
B-21A Granite 2.591 5.34 5.59 5.73 5.78 5.82 5.87 5.96 5.99
c 2.605 5.20 5.44 5.59 5,71 5.79 5.97 6.06 6.12
Ave. 2.598 5.25 5.49 5.64 5.73 5.80 5.94 6.03 6.08
B-22A : 2.762 5.12 5.54 5.63 5.68 5.72 5.79 5.88 5.93
p  raragneiss  5ocd 5.47 5.73 5.83 5.92 5.97 6.08 6.16 6.22
Ave. 2.760 5,42 5.67 5.76 5.84 5.89 5.98 6.07 6.12
B-23 Metadiabase 3.003 6.54 6.77 6.91 6.98 7.02 7.11 7.18 7.22
B-24A  Granite 2.710 5.75 5.89 5.95 5.98 6.00 6.05 6.10 6K.14
B 2.714 6.00 6.11 6.16 6.20 6.22 6.28 6.34 6.37
c 2.711 5.46 5.60 5.65 5.70 5.73 5.82 5.86 5.90
Ave 2.712 5,74 5.87 5.92 5.96 5.98 6.05 6.10 6.14



62

Density Pressure, MPa

Sampla Lithology g/cm’ 20 40 29 80 100 200 400 600
B~25a . 2.779  5.50 5.82 6.03 6.14 6.23 6.36 6.46 6.51
g  Diorite 2.763 5.87 6.10 6.21 6.28 6.33 6.45 6.56 6.60

c 2.755 5.32 5.66 5.85 5.98 6.06 6.23 6.35 6.41
Ave. 2.766 5.56 5.86 6.03 6.13 6.21 6.35 6.46 6.51
B-26A ) 2.704 5.12 5.50 5.76 5.84 5.89 6.01 6.11 6.19
p FParagneiss " .0 5.86 6.20 6.33 6.37 6.41 6.49 6.57 6.63

c 2.683 5.02 5.57 5.84 5.98 6.03 6.18 6.25 6.26
Ave. 2.692 5.33 5.76 5.98 6.06 6.11 6.23 6.31 6.36
B~28A 2.683 5.18 5.63 5.96 6.08 6.16 6.29 6.34 6.72

g Graiie 2.683 5.30 5.90 6.10 6.16 6.20 6.28 6.37 6.42
2.691 5.56 6.0l 6.24 6.31 6.40 6.51 6.56 6.59

c
Ave. 2.686 5.53 5.86 6.10 6.19 6.25 6.36 6.42 6.46
B-29A ) 2.714 5-77 6.25 6.35 6.40 6.43 6.48 6.51 6.54
, s Gmnie 2.716 6.00 6.18 6.25 6.28 6.31 6.36 6.41 6.46
c 2.691 5.56 6.0l 6.24 6.31 6.40 6.51 6.56 6.59
Ave. 2.714 5.90 6.21 6.30 6.34 6.37 6.43 6.48 6.52
B-30A . 2.808 5-52 5.73 5.88 5.96 6.01 6.14 6.18 6.20
B Paragneiss 2.811 6.23 6.30 6.34 6.36 6.38 6.43 6.48 6.52

c 2.791 5.88 6.02 6.07 6.10 6.13 6.20 6.29 6.35
Ave. 2.803 5-58 6.02 6.10 6.15 6.17 6.25 6.32 6.36
B-31A o 3.091 6-25 6.37 6.44 6.50 6.53 6.60 6.67 6.70
p Amphibolite 37075 .21 6.35 6.42 6.46 6.49 6.55 6.60 6.64
Ave. 3.054 6.22 6.36 6.43 6.47 6.50 6.57 6.62 6.66
B-12A o 1.044 6.40 6.51 6.58 6.62 6.65 6.71 6.74 6.77
g Amphibolite 3" 70 .89 7.00 7.04 7.10 7.13 7.18 7.25 7.27
Ave. 3.041 6-73 6.84 6.90 6.94 6.97 7.02 7.08 7.10
B-332  Grnite 2.645 5-46 5.78 5.90 5.96 5.99 6.06 6.14 6.16
B 2.654 5.57 5.84 5.96 6.03 6.07 6.14 6.20 6.25

c 2.651 5.82 6.06 6.15 6.20 6.24 6€.30 6.35 6.38
Ave. 5.650 5.62 5.89 6.01 6.06 6.10 6.17 6.23 6.26

B-34A Amphibolite 2.955 6.26 6.31 6.35 6.37 6.39 6.43 6.50 6.58

C 2.958 6.33 6.39 6.44 6.89 6.50 6.57 6.66 6.74
Ave. 2.957 6.31 6.36 6.41 6.45 6.46 6.52 6.61 6.69
B-35A 2.625 5.55 5.76 5.88 5.96 6.01 6.09 6.15 6.19

p Cranite 2.67¢  5.60 5.84 5.93 6.00 6.05 6.16 6.24 €. 28
Ave. 2.665 5.58 5.8l 5.92 5.99 6.04 6.14 6.21 €. 25



A

Density Pressure, MPa

Sample Lithology g/cm3 20 40 60 80 100 200 400 G800
B-36A Granite 2.625 5.87 6.02 6.10 6.16 6.19 6.25 6.28 6.71
B 2.630 5.77 5.95 6.03 6.06 6.09 6.135 6.22 6.26
Ave. 2.628 5.80 5.97 6.05 6.09 6.12 6.19 6.24 6.28
B-37A Amphibolite 2.910 5.95 6.09 6.16 6.20 6.22 6.26 6.32 6,35
B 2.927 6.56 6.67 6.74 6.79 6.82 6.91 6.96 7.00

c 2.894 6.98 7.10 7.14 7.16 7.17 7.21 7.24 7.2
Ave. 2.910 6.50 6.62 6.68 6.72 6.74 6.79 6.84 6.87
B-382  Paraonei 2.804 5.58 5.71 5.77 5.82 5.84 5.89 5.94 5.98
B gneiss 2. 785 6.32 6.39 6.44 6.47 6.50 6.58 6.68 6.75

c 2.802 6.28 6.44 6.50 6.54 6.56 6.63 6.71 6.78

Ave 2.797 6.06 6.18 6.24 6.28 6.30 6.37 6.44 6.50
B-39A  Paragneiss 2.879 5.77 5.92 6.06 6.15 6.19 6.25 6.42 6.47
B 2.860 6.29 6.43 6.52 6.57 6.61 6.83 6.74 6.79
2,870 6.12 6.26 6.37 6.43 6.47 6.54 6.63 6.68

B-40A  Graflite 2.666 5.14 5.52 5.74 5.86 5.94 6.08 6.18 6.24
B 2.654 5.76 6.06 6.18 6.25 6.29 6.37 6.43 6.46
Ave. 2.660 5.55 5.88 6.03 6.12 6.17 6.27 6.35 6.39
B-41A  Granie 2.679 5.65 5.82 5.89 5.92 5.95 6.01 6.08 6.11
B 2.679 5.61 5.82 5.94 6.00 6.05 6.11 6.17 6.20
Ave. 2.676 5.62 5.82 5.92 5.97 6.02 6.08 6.14 6.17
B-422A  Metadiabase 3.188 6.54 6.57 6,60 6,62 6,64 6.70 6.77 6.81
B-432 5o 2.649 5.53 5.81 5.99 6.05 6.10 6.17 6.22 6.27
B ¢ 2.659 5.84 6.08 6.19 6.24 6.26 6.30 6.35 6.40
c 2.660 5.28 5.74 5.95 6.07 6.14 6.25 6.29 6.32
Ave. 2.656 5.55 5.88 6.04 6.12 6.17 6.24 6.29 6.33
B-442  Granodiorite 2.721 5.75 5.92 6.03 6.09 6.13 6.22 6.27 6.31
B 2.686 5.82 5.99 6.08 6.13 6.16 6.21 6.28 6,31
Ave. 2.704 5.80 5.97 6.06 6.12 6.15 6.21 6.28 6.31
B-45a  Metadiabase 3.052 6.68 6.72 6.75 6.76 6.77 6.80 6.84 6.86
B-462&  Granite 2.748 5.82 6.00 6.07 6.11 6.14 6,19 6.24 6.28
B 2.732 5.71 5.85 5.94 5.98 6.01 6.06 6.11 6.15
c 2.737 5.86 5.99 6.08 6.12 6.14 6.19 6.23 6.26
aAve. 2.739 5.80 5.95 6.03 6.07 6.10 6.15 6.19 6.23
B-47A  Granite 2.673 5.90 6.09 6.16 6.2L 6.25 6.33 6.37 6.40
B 2.666 5.84 6.02 6.07 6.13 6.15 6.21 6.26 6.31
Ave. 2.760 5.86 6.04 6.10 6.15 6.18 6.25 6.30 .34



Density Pressure, MPa
Camnla Tithnlngy qlieons 20 49 0 80 10¢ 290 400 600
B-48A oo 2.773 5.59 5.90 6.04 6.11 ~.15 6.21 6.28 6.32
B 2.802 5.92 6.15 6.32 6.41 6.46 6.53 6.59 6.64
c 2.771 5.30 6.03 6.15 6.22 6.26 6.34 6.41 6.45
Ave. 2.782 5.77 6.03 6.17 6.25 6.29 6.36 6.43 6.47
B—d49A ‘ 2.627 5.49 5.83 5.98 6.03 6.07 6.11 6.14 6.16
g Granite 2.603 5.39 5.69 5.84 5.90 5.93 5.98 6.02 6.05
p 2.611 5.60 5.85 6.00 6.08 6.12 6.17 6.21 6.26
ave. 2.629 5.49 5.79 5.94 6.00 6.04 6.09 6.12 6.16
B-50  Granite 2.612 5.62 5.84 5.93 5.98 6.01 6.10 6.15 6.20
B-512  Granite 2.645 5.70 5.89 6.00 6.07 6.12 6.20 6.25 6.29
B 2.664 5.50 5.74 5.86 5.93 5.98 6.06 6.11 6.16
ave. 2.655 5.57 5.79 5.91 5.98 6.03 6.11 6.16 6.20
B-52A ) 2.900 6.64 6.78 6.83 6.86 5.87 6.91 6.95 6.99
p Anorthosite 2.859 6.80 6.95 6.99 7.01 7.02 7.04 7.07 7.09
Ave. 2.880 6.75 6.89 6.94 6.96 6.97 7.00 7.03 7.08
B-53A o 2.980 6.30 6.51 6.60 6.64 6.68 6.74 6.80 6.85
g Amphibolite 2.985 6.77 6.95 7.01 7.05 7.04 7.11 7.15 7.19
ave. 2.983 6.61 6.80 6.87 6.91 6.94 6.99 7.03 7.08
B-542  Metadiabase 3.047 6.06 6.12 6.15 6.18 6.20 6.25 6.30 6.33
B-55A Metadiabase 3.174 6.01 6.33 6.50 6.63 6.69 6.82 6.91 6.95
B-56A  Granite 2.706 5.45 5.72 5.84 5.92 5.96 5.05 6.12 6.15
B 2.613 5.45 5.72 5.84 5.90 5.96 6.05 6.12 6.15
Ave. 2.660 5.55 5.77 5.86 5.93 5.96 6.02 6.07 6.11
B-57A o 2.918 5.93 6.08 6.17 6.21 6.23 6.29 6.35 6.39

1

p Amphibolite 2.928 6.61 6.71 6.77 6.80 6.82 6.86 6.91 6.96
c 2.937 6.77 6.84 6.91 6.95 6.98 7.05 7.11 7.15
Ave. 2.928 6.44 6.54 6.62 6.65 6.68 6.73 6.79 6.83
B-58A (i 2.659 4.85 5.26 5.46 5.57 5.64 5.84 5.96 6.03
g Oramite 2.635 5.10 5.40 5.62 5.77 5.88 6.12 6.27 6.31
c 2.636 5.03 5.35 5.51 5.65 5.74 5.95 6.10 6.15
Ave. 2.643 4.99 5.34 5.53 5.66 5.75 5.97 6.11 6.16
B-59A 3.031 6.18 6.35 6.44 6.89 6.52 6.57 6.64 6.69
B Amphibolite 3.044 6.68 6.78 6.83 6.87 6.89 6.93 6.98 7.00
ave. 3.038 6.51 6.64 6.70 6.74 6.77 6.81 6.87 6.90
B~60A i 2.539 5.60 5.80 5.89 6.03 6.07 6.15 6.20 6.22
B d 2.602 5.60 5.93 6.10 6.16 6.20 6.25 6.33 6.39
c 2.610 5.56 5.81 5.94 6.05 6.07 6.13 6.20 6.25
Ave. 2.603 5.55 5.88 6.01 6.07 6.11 6.18 6.24 6.29



4

Density Pressure, MPa

Sample Lithologv g/lem3 20 40 60 80 100 _200...400_ . a0Q
B-61A  Granite 2.718 5.66 5.90 6.01 6.06 6.10 6.17 6.23 6.27
B 2.713 5.77 5.96 6.03 6.07 6.10 6.14 6.20 6.4

c 2.716 5.45 5.74 5.90 6.00 6.04 6.14 6.21 .26
Ave. 2.716 5.63 5.87 5.98 6.04 6.08 6.15 6.21 6.26
B-62A  Granodiorite 2.728 5.77 5.91 5.96 5.99 6.01 6.07 6.12 6.17
p Oranod 2.720 5.72 5.82 5.87 5.90 5.92 5.97 §.03 6.08
Ave. 3,724 5.74 5.85 5.90 5.93 5.95 6.00 6.06 6.1l
B-63A  Granodiorite 2.708 5.66 5.89 6.03 6.10 6.14 6.23 6.31 6.36
B 2.722 5.65 5.94 6.10 6.20 6.27 6.38 6.44 6.48
Ave. 2,715 5.65 5.92 6.08 6.17 6.23 6.33 6.40 6.44
B-64B  Granite 2.615  5.23 5.60 5.80 5.94 6.01 6.09 6.20 §.25
c 2.618  5.00 5.55 5.83 5.93 5.99 6.10 6.18 &.23
Ave. 2.617  5.11 5.57 5.81 5.93 6.00 6.10 6.19 &. 24
8-65a  Granite 2.785  5.13 5.50 5.73 5.83 5.91 6.06 6€.17 6.22
B 2.784  5.64 5.93 6.10 6.18 6.23 6.37 6.46 6.49
Ave. 2.785  5.47 5.79 5.98 6.06 6.12 6.27 €.36 6.40
B-66A : 2.658  5.15 5.53 5.71 5.82 5.90 6.04 &.13 6.18
p Cranite 5.664  5.42 5.73 5.90 6.01 6.09 6.23 6€.31 6&.35

c 2.674  5.52 5.80'5.96 6.07 6.12 6.25 6.33 6.37
Ave. 2.665 5.36 5.69 5.86 5.97 6.04 6.17 6.26 6.30
B-67A  Grani 2.566  5.02 5.49 5.77 5.89 5.77 6.11 6.20 6.23
p oranie 2.604 5.50 6.09 6.20 6.22 6.26 6.30 6.35 6.39

Ave. 2.585  5.35 5.89 6.06 6.11 6.17 6.24 6.30 6.34

—68a ) 2.635 5.31 5.63 5.72 5.76 5.79 5.85 5.92 6.00
B Granite 2.635 5.59 6.02 6.23 6.30 6.34 6.42 6.49 6.50

B 2.635 5.50 5.89 6.06 6.12 5.16 6.23 6.30 6.33
Ave.
con _ 2.710  5.59 5.84 5.97 6.04 6£.09 6.21 6.24 6.26
B- QB Granite 2.721  5.68 5.85 5.95 6.00 6.04 6.10 6.15 6.20
Ave 2.716  5.65 5.85 5.96 6.01 6.06 6.14 6.18 6.22

. 2.720 5,74 5.95 6.05 6.09 6.12 6.17 6.21 6.25

B-70A  Granodiorite 2.731 6.02 6.19 6.26 6.29 6.32 6.39 6.46 6.52
B 2.725  5.69 5.92 6.02 6.05 6.07 6.10 6.14 6.17
AveC 2.725 5.82 6.02 6.11 6.14 6.17 6.22 6.27 6.31
2.731 5.89 6.14 6.27 6.35 6.39 6.46 6.53 6.56

B-71A  Marble 2.751  6.37 6.62 6.75 6.83 6.88 6.73 7.01 7.05
AveB 2.741 6.21 6.46 6.59 6.67 6.72 6.80 6.85 6.89

. .373 . . . - - . . “
5-72a  Dunite 3 7.25 7.60 7.45 7.82 7.89 8.02 8.09 8&.14
1B . 2.861 6.56 6.65 6.68 6.70 6.71 6.77 6.82 6.86
B~7 c Anorthosite 2.871 6.40 6.50 6.54 6.57 6.58 6.63 6.71 6.78
2.866 6.48 6.57 6.61 6.63 6.65 6.70 6.77 6£.82

Ave.
o 2.769 5.73 5.87 5.94 5.98 6.01 6.06 6,10 6.14

B-74A  Amphibolite 2.818  6.15 6.29 6.35 6.39 6.43 6.47 6.51 6.55

2 2.836  6.30 6.47 6.34 6.57 6.59 6.64 6.70 6.74
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Density Pressure, MPa

Sample Lithology g/cm3 20 40 60 8Q 100 20C 400 600
B-75A  Amphibolite 2.847 6.35 6.63 6.73 6.81 6.81 6.87 6.94 6.99
B 2.806 6.77 6.68 6.91 6.94 6.96 7.00 7.41 7.09
C 2.854 6.59 6.76 6.84 6.90 6.94 6.99 7.08 7.15
ave. 2.836 6.57 6.75 6.83 6.87 6.90 6.95 7.02 7.08
B-77A  Anorthosite 2.738 6.80 6.97 7.03 7.06 7.08 7.13 7.%7 7.20
B 2.762 6.75 6.93 7.01 7.05 7.07 7.13 7.18 7.20
Ave, 2.750 6.77 6.94 7.02 7.05 7.07 7.13 7.18 7.20
B~78A  Diorie 2.833 5.85 6.03 6.08 6.11 6.14 6.17 6.20 6.22
B 2.844 6.33 6.45 6.51 6.53 6.55 6.01 6.64 6.67
Ave, 2.841 6.17 6.31 6.37 6.39 6.41 6.46 6.49 6.52
B-79A  Granodiorite 2.663 5.87 6.01 6.08 6.11 6.13 6.19 6.24 6.29
B 2.660 5.99 §.14 6.20 6.23 6.25 6.31 6.36 6.40
Ave, 2.662 5.95 6.10 6.16 6.19 6.21 6.27 6.32 6.36
B-B0A  Anorhosite 2.778 6.04 6.35 6.47 6.51 6.53 6.58 6.62 6.66
B 2.626 5.60 5.84 5.93 6.01 6.07 6.15 6.21 6.26
Ava. 2.784 6.35 6.61 6.72 6.77 6.79 6.83 6.88 6.91
B-81A 2.629 5.70 5.90 5.99 5.99 6.01 6.03 6.08 6.13
B Granite 2.626 5.60 5.84 5.93 6.01 6.07 6.15 6.21 6.26
2.627 5.72 5.91 5.98 6.03 6.06 6.11 6.17 6.22

Ave.
B-B2A 2.927 5.50 5.88 6.05 6.13 6.18 6.28 6.36 6.42
~822  Diorite 2.941 5.83 6.05 6.20 6.35 6.43 6.60 6.89 6.73
B 2.932 5.60 5.90 6.07 6.17 6.26 6.45 6.59 6.65
Avec 2.932 5.64 5.94 6.11 6.22 6.29 6.44 6.55 6.50
. 2.837 6.09 6.28 6.33 6.34 6.38 6.42 6.47 6.50
“832 Diorite 2.831 6.14 6.28 6.34 6.38 6.41 6.45 6.48 6.52
2.834 6.12 6.28 6.34 6.37 6.40 6.44 6.48 6.51

Ave.
B-g4A 3.141 6.26 6.46 6.51 6.55 6.58 6.65 6.71 6.73
8 B Amphibolite 3.118 7.00 7.13 7.20 7.23 7.26 7.32 7.39 7.44
3.090 7.03 7.16 7.20 7.22 7.24 7.30 7.37 7.43
Avec 3,116 6.76 6.91 6.97 7.00 7.03 7.09 7.16 7.20

Velocity in km/s.



Table 3.3 Shear Wave Velocities and Poisson's Ratios of
Selected Britt Samples at Various Confining Pressures

Density Poisson's Pressure, MPa
Sample Lithology a/cm? ratio 60 100 200 400 600
B-11AB Granite 2.662 3.44 3.47 3.52 3.54 3.56
BA 2.663 3.47 3.51 3.54 3.57 3.60
BC 2.663 3.57 3.61 3.65 3.68 3.71
mean 2.663 0.251 3.49 3.53 3.57 3.60 3.62
B~14AB Granodiorite 2.684 3.56 3.59 3.61 3.62 3.63
BA 2.683 3.56 3.59 3.63 3.64 3.65%
BC 2.683 3.64 3.70 3.72 3.74 3.75
mean 2.683 0.253 3.59 3.63 3.65 3.67 3.68
B-26AB Paragneiss 2.704 3.31 3.38 3.44 3.48 3.50
AC 2.704 3.27 3.33 3.39 3.44 3.46
BA 2.688 3.33 3.41 3.49 3.51 3.54
BC 2.688 3.47 3.54 3.60 3.64 3.67
CA 2.684 3.36 3.41 3.47 3.50 3.51
CE 2.684 3.39 3.44 3.50 3.53 3.56
mean 2.692 0.276 3.36 3.42 3.48 3.52 3.54
B-55AB Metadiabase 3.174 0.279 3.69 3.74 3.78 3.82 3.85%
B-77AB Anorthosite 2.783 3.75% 3.78 3.81 3.84 3.87
BA 2.762 3.78 3.81 3.83 3.86 3.89
BC 2.762 3.74 3.78 3.81 3.84 3.87
mean 2.754 0.295 3.76 3.79 3.82 3.85% 3.88
B-78AB Diorite 2.834 3.51 3.55 3.61 3.63 3.65
BA 2.844 3.60 3.63 3.66 3.68 3.69
BC 2.844 3.88 3.91 3.93 3.95% 3.96
mean 2.841 0.253 3.66 3.70 3.73 3.75 3.76
B-84AB Amphibolite 3.141 3.85 3.87 3.90 3.92 3.94
AC 3.141 3.81 3.83 3.86 3.89 3.91
BA 3.044 3.85 3.87 3.90 3.93 3.94
BC 3.044 4.16 4.18 4.21 4.25 4.28
CA 3.090 3.83 3.85 3.87 3.90 3.91
CB 3.090 4,12 4.14 4.17 4,21 4.2
mean 3.092 0.270 3.94 3.96 3.99 4.02 4.04

Velocities in km/s. The first letter denotes propagation direction and

the second letter, vibration direction.
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The Apparent Poisson's ratio values presented in Table

3.3 were calculated from the mean values of Vp and Vs.

Velocgitv-Pressure Relationships

For all samples there is an initial increase in velocity
with increasing pressure (Fig. 3.5). The velocity-pressure
curves then become nearly linear at pressures above about 200
MpPa. The initial velocity increase at pressures below 200 MPa
has been related to the closure of microcracks (Birch, 1960,
1961; Christensen, 1965; Walsh, 1965), and the linear
behavior at higher pressure reflects the intrinsic properties
of the rocks, allowing the assessment of the effects of
preferred mineral orientation and mineral composition
(Christensen, 1965; Walsh, 1965).

Although the magnitude of the initial velocity increase
is nearly constant regardless of wave propagation direction
within a single rock, there appears to be a weak dependence
on lithology and texture. The average differences in velocity
(Vp) between 20 MPa and 200 MPa for individual lithologies are
given in Table 3.4. Rocks with granoblastic textures and
original ilgneous textures show a larger initial increase,
while rocks with textures which have been modified by
directed stress show a smaller increase, probably due to
preferred alignment of crystallographic axes with similar

compressibilities.



Table 3.4 Average Velocity Increase (Vp) of Individual
Lithologies from 20-200 MPa.

Sample Velocity
Granite 36 0.58%£0.03
Granodiorite 9 0.51+0.03
Diorite 6 0.51+0.08
Paragneiss 6 0.49+0.06
Metadiabase 5 0.45%0.11
Amphibolite 11 0.29+0.06
Anorthosite 4 0.33£0.03



70

Compressional Wave Velocitv-Density Rejationships

As demonstrated by Birch (1961), the velocities of rocks
at high pressure tend to increase with density for rocks of
the same mean atomic weight and to decrease with increasing
mean atomic weight As can be seen in Figure 3.6, in which
the average compressional wave velocity at 600 MPa is plotted
against bulk density for all samples, the Britt domain rocks
display a similar trend. The linear regression fit to this

data is

Vp = 1.637p + 1.961 (5)

with a correlation coefficient of 0.793. This line nearly
coincides with Burke's (19¢7) fitL for GFTZ rocks to the
northwest. Figure 3.6 also shows the m = 21 and m = 22 lines
of constant mean atomic weight of Birch (1961). Although most
of the data in this ctudy fall between the m = 21 and m = 22
lines, two anomalous groups of samples fall well outside

these limits. Samples B-3, 31, 42, 54 and 55 fall below the m

It

22 line, while samples B-71, 75, 77 and 81 li¢ above the m

21 line.

In order to discern the lithologic controls on
compressional wave velocity and bulk density, the average Vp
and density values of the Britt lithologies are given in
Table 3.5. The different lithologic groups are also shown in
Figure 3.7 as a function of density and velocity at 600 MPa.

Excluding samples B-72, an ultramafic rock, and B-54, a
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Fig. 3.6 Average velocity (Vp) plotted against bulk density for all Britt samples measured.
The line marked “Britt” is the best linear fit to this data set and the line marked “GITTZ” 1s
Burke’s fit for GFTZ rocks. Lines of constant mean atomic weight from Birch (1961).



Table 3.5 Average Densities and Compressional Wave

Velocities of Britt Lithologies.

72

Sample Mean Density Pressure, MPa
Lithology number  g/crd 60 100 200 400 600
Granitic gneiss 36 2.651+0.04 5.89 6.11 6.19 6.25 .29+0.11
Granodioritic gneiss 9 2.707+0.03 6.11 6.19 6.26 6.32 .35+0.12
Marble 1 2.741 6.59 6.72 6.80 6.85 .89
Paragneiss 6 2.775+0.05 6.09 6.19 6.27 6.35 .39+0.12
Anorthosite 4 2.820+40.01 6.82 6.87 6.92 6.97 .00+0.13
Dioritic gneiss 6 2.823+0.05 6.21 6.31 6.40 6.47 .51+0.06
Anmphibolite 11 2.973+0.08 6.72 6.78 6.81 6.90 .92+0.15
Metadiabase (alt.) 1 3.047 5.15 6.20 6.25 6.30 .33
Metadiabase 5 3.148+0.07 6.60 6.70 6.78 6.84 .88+0.14
Dunite 1 3.373 7.75 7.89 8.02 8.09 .14

Velocity in km/s
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Solid line represents best fit to data from Figure 3.6.
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mafic rock with a large chl-rite content, five lithologic
fields are defined by the data.

Although the individual lithologic fields are not
tightly constrained, most of the variations can be
interpreted in “erms of differences in modal mineral
composition and metamorphic alteration. The granite-
granodiorite field covers an area with a density range of
2.60-2.77 g/cc and a compressional wave velocity range of
6.02-6.53 km/s. This velocity range is due largely to
variations in the proportions of K-feldspar (slow) and
plagioclase (slow to fast, depending on %An) contents. The
diorite samples form the most tightly constrained field in
Figure 3.7, with velocity ranging from 6.43-6.60 km/s and
density from 2.78-2.92 g/cc. Sample B-82 has a high (10.8%)
garnet content which elongates the density range of this
field.

Although only six paragneiss samples were examined in
this study, they show considerable scatter,overlapping parts
of the diorite and granite-granodiorite fields, with density
ranging from 2.70-2.88 g/cc and velocity from 6.12-6.68 km/s.
This large range is also likely due to variations in modal
composition. Sample B-38 is the fastest sample due to its
high plagioclase (53.5%) and hornblende (5.9%) content. The
high K-feldspar (40.2%) and relatively high opaque oxide
content in sample B-22 seem to be responsible for its low

velocity.



Anorthosites and mafic rocks occupy two distinct high
density, high velocity fields. Although just four samples of
anorthosite were examined (B-52, 73, 77 and 80), they cover a
large area, with density ranging from 2.76-2.88 and velocity
from 6.82 (B-73) to 7.2 km/s (B-77). Sample B-73 has a
relatively high K-feldspar (4.9%) and opaque oxide (3.5%)
content., while sample B-77 has a plagioclase content of
94.3% (the highest of the anorthosites).

The mafic samples have the largest field, with
velocities ranging from 6.66-7.22 km/s and densities from
2.83-3.24 g/cc. Detailed examination of the data shows that
the mafic rocks occupy two subfields (Fig. 3.8) based on
their garnet+opaque+biotite contents. The samples falling
above the m=22 line are amphibolites, while most of those
falling below the line have a relatively high content of
garnet+opaques (which are dense) and biotite (which is slow).
B-54 ig especially slow because it also contains abundant
chlorite. B-75 is a plagioclase-rich metagabbro and B-72 (not
shown) is dense and fast because it is composed entirely of

olivine.

Poisgon’'s Ratio

As recently demonstrated by Salisbury and Fountain (in
press) for samples from the Kapuskasing Uplift, an even more
effective way to discern lithologies using velocitieg is to
plot Vp vs Vs and Poisson’s ratio as in Figure 3.9. Although

the data presented (Tables 3.2 and 3.3) are limited by the
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small number of shear wave velocities measured, several
distinct fields are obvious: (1) Mafic rocks have higher Vp
and Vs values than any other lithology and a wide range of ©
values. (2) Felsic rocks have low Vp and Vs values and can be

subdivided on the basis of ¢, with granites and granodiorites

having low values (0.25) and paragneisses, high values
(0.28). Since ¢ is relatively insensitive to pressure, it can
potentially be used in conjunction with Vp and Vs data, as a
petrologic discriminator in interpreting refraction

velocities.

Seismic Anisotropy gnd Shear Wave Splitting

Velocity anisotropy was observed in most samples of
foliated and/or lineated rocks and in some it was quite
strong. It is calculated as the per cent difference between
the maximum and minimum velocity with respect to the mean
velocity (Birch, 1961). Compressional and shear wave
anisotropy values at different confining pressures are listed
in Tables 3.6 and 3.7, respectively. In most sumples, the Vp
anisotropy decreases sharply with increasing pressure until a
stable value is reached (Fig. 3.10). Strong anisotropy at low
confining pressure is believed to be related to oriented
fractures and microcracks while gtable values at high
pressures reflect the preferred orientation of anisotropic
ninerals (Christensen, 1965).

As noted by Burke (1991), granitic to granodioritic

orthogneisges commonly show very small Vp anisotropy at high
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Table 3.6 Vp Anisotropy of Britt Samples
Pressure, MPa
Sanple Litholoagy 60 100 200 4900 600
B- 2 Granite 6.1 5.7 5.8 5.4 5.3
B- 7 Granodiorite 13.2 12.7 11.7 11.5 11.4
B- 9 Granite 5.2 4.2 3.7 4.2 3.8
B-13 Amphibolite 8.8 5.5 10.0 10.1 5.8
B-16 Diorite 5.6 9.2 8.7 8.0 7.5
B-19 Paragneiss 0.2 0.5* 1.1%* 1.6% 2.4
B-21 Granite 2.5% 0.5* 1.7 1.7 2.1
B-22 Paragneiss 3.5 4.2 4.9 4.8 4.7
B-24 Granite 8.8 8.2 7.6 7.9 7.6
B-25 Diorite 6.0 4.3 3.5 3.3 2.9
B-26 Paragneiss 9.4 8.5 7.7 7.3 6.9
B-28 Granite 4.6 3.8 3.6 3.4 3.4
B-30 Paragneiss 7.5 6.0 5.0 4.7 5.0
B-33 Granite 4.2 4.1 3.9 3.4 3.5
B-34 Amphibolite 1.4 1.7 2.1 2.4 2.4
B-37 Amphibolite 14.7 14.1 14.0 13.5 13.4
B-38 Paragneiss 11.7 11.4 11.6 12.0 12.3
B-39 Paragneiss 7.2 6.5 6.6 4.8 4.8
B-40 Granite 7.3 5.7 4.6 3.8 3.3
B-43 Granite 4.0 2.6 2.2 2.2 2.1
B-46 Granite 2.3*% 2.1% 2.1* 2.1% 2.1
B-48 Diorite 4.5 4.9 5.0 4.8 4.9
B-49 Granite 2.7 3.1 2.8 3.1 3.4
B-51 Granite 2.4% 2.3* 2.3% 2.3* 2.1
B-53 amphibolite 6.0 5.6 5.3 5.1 4.8
B-57 Amphibolite 11.2 11.2 11.3 11.2 11.1
B-58 Granite 2.9 4.2 4.7 5.1 4.5
B-59 Amphibolite 5.8 5.5 5.3 4.9 4.5
B-60 Granite 2.7 2.1 1.9 2.1 2.7
B-65 Granite 6.2 5.2 4.9 4.6 4.2
B-66 Granite 4.3 3.6 3.4 3.2 3.0
B-67 Granite 7.1 4.5 3.0 2.4 2.5
B-68 Granite 8.4 8.9 9.1 9.0 7.9
B-70 Granodiorite 3.9 4.1 4.7 5.1 5.5
B-71 Marble 73 7.3 7.6 7.0 7.1
B-74 Amphibolite 9.6 9.1 9.1 9.3 9.3
B-75 Anmphibolite 2.6 2.2 1.9 2.0 2.3
B-78 Diorite 6.8 6.4 6.7 6.8 6.9
B-80 Anorthosite 5.7 5.7 5.6 5.7 5.5
B-81 Granite 1.8 1.7 2.1 2.3 2.3
B-82 Diorite 2.5 4.0 5.0 5.0 4.7
B-84 Amphibolite 9.9 9.7 9.4 9.5 8.9

Anisotropy in %;

* denotes fast in A direction.
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Table 3.7 Vs Anisotropy of Selected Britt Samples
Pressure, MPa

Sample  Lithology 60 100 200 400 600
B-11 Granite 3.3 4.0 3.6 3.9 4.1
B-14 Granodiorite 2.2 3.0 3.0 3.3 3.3
B-26 Paragneigssg 6.0 6.1 6.0 5.7 6.0
B-77 Anorthosite 1.1 0.8 0.5 0.5 0.5
B-78 Diorite 10.1 9.7 8.6 8.5 8.2
B-84 Amphibolite 8.8 8.8 8.8 9.0 9.2

Anisotropy in %.
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Fig. 3.10 Anisotropy of compressional wave velccity plotted against confining pres«ire
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pressures regardless of the extent of tectonic deformation
(Table 3.8). Even mylonite samples such as B-33 and B-66 show
little anisotropy (3.5 and 3.0%, respectively, at 600 MPa).
Low anisotropy values for granitic rocks are related to the
lack of strongly anisotropic minerals (mica, hornblende)
(Alexandrov and Ryzhova, 196la, 1961b). Although single
feldspar crystals can be fairly anisotropic (Alexandrov and
Ryzhova, 1962), they generally show little or no preferred
orientation, even in mylonitic rocks .

While most of the felsic samples are isotropic, a number
of granitic gneiss samples (B-5, 20, 46, 47, 51, 61, 62 and
69) are fast perpendicular to foliation (* in Table 3.7).
Thin section studies show that quartz and feldspars in these
samples are weakly aligned with their long axes parallel to
foliation. The anisotropy of these rocks may thus be due to
the weak alignment of plagioclase ¢ (fast) axes perpendicular
to foliation.

The anisotropy of the dioritic orthogneisses is
moderate, ranging from 2.9% to 7.5%, with the fast direction
parallel to foliation. The anisotropy values for individual
samples of these rocks can be related to their biotite +
hornblende cont~snt and the degree of preferred orientation.
Sample B-16, which shows strong anisotropy (7.5%), has a high
biotite + hornblende content (22.9%) and is well oriented.
The low anisotropy of B-25 is due to its low biotite +

hornblende content and very weak preferred orientation.



Table 3.8 Average Vp Anisotropy of Britt Lithologies.

Lithology

Sample Number

Average Anisotropy

Granitic gneissg
Granodiorite gneiss
Diorite gneiss
Paragneiss
Amphibolite
Metadiabase
Anorthosite

Marble

36
9
6
6

11

1.1£0.
2.2%0,

4.3%0.

5.2%0

5.940.

2.0x0
7.1

04
05

09

.06

07

.03

(24
7
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The paragneiss samples generally show stronger Vp
anisotropy than the orthogneisses due to their high mica
contents (>13%) and well-developed foliation. Sample B-38,
the most anisotropic sample, is a mylonitic rock with an
anisotropy value of 12.8%. Most samples are fast parallel to
foliation but sample B-19 is fast perpendicular to foliation,
probably due to quartz and feldspar preferred orientation.

To evaluate mica's contribution to the Vp anisotropy of
the paragneiss samples, the relationships between modal mica,
the degree of mica alignment and anisotropy are plotted in
Figure 3.11. The alignment lines were obtained from the

relation,

3V1CA (Vmax-vmin)
3vmaxvmin (1-C) + VI1CA (2Vmax+Vmin)

Anisotropy = (6)

where V1 is the velocity of a quartz-feldspar aggregate and
is congidered equal to the mean velocity of biotite
(Christensen, 1965), Vmax and vmin are the maximum and
minimum compressional wave velocities of mica, respectively,
C is the modal content of mica and A is the percentage of
mica alignm=nt determined from fabric analysis (eg. Fig.

3.12) and the relation
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Fig. 3.11 Relationships between anisotropy, modal biotite and biotite alignment for
paragneisses. Dotted lines are the solutions to equation 6 (see text).
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where N is the total number of graing counted, o is the angle

between the mica {001} plane and the foliation plane within a
plane perpendicular to foliation, X is the number of grains
with angle o and ai was taken from 0° to 90° in 10° intervals
(¥i is actually the number of grains from oi-5° to ai+59%).

It V1=6.02 km/s, Vmax=".83 km/s and Vmin=4.21 km’s

(Alexandrov and Ryzhova, 1961lb), then equation (6} becomes

. 21.8CA
AN1SOLTOpY = 337" ¢ goca (8)

any two of three variables, anisotropy, modal content and
percentage of alignment can be plotted against each other on
this diagram (Fig. 3.11) to find the third. Then the
contribution of mica to the anisotropy of the rock can be
obtained by comparing the observed and calculated values.

Table 3.9 presents the results of this analysis for four
paragneiss samples. Since the differences between the
calculated and observed anisotropy values for samples B-22,
30 and 39, are small, the anisotropy of these samples is
almost entirely related to biotite preferred orientation.
Sixty three per cent of the total anisotropy of sample B-38
is related to biotite alignment and 37% appears to be related
to other factors, probably hornblende alignment.

Ten mafic rock samples show anisotropy ranging from 2.3%
(B-75) to 13.4% (B-37), many having values greater than 9%.

Modal hornblende is plotted against anisotropy in Figure 3.13



Table 3.9

Modal bioiite content  Alignment Anisotropy Contribution
Sample (%) (%) obs, _caley, (%)
B-22 18.0 41.0 4.7 4.8 100
B-30 34.8 22.0 5.0 5.0 100
B-38 13.4 89.0 12.3 7.0 63
B-39 21.5 33.0 3.8 4.6 96

88

Contribution of Biotite to Anisotropy of Selected
Paragneiss Samples.
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for these ten mafic samples. Although quantitative
evaluations were not applied fcr hornblende in this study,
anisotropy tends to increase with increasing hornblende
content and preferred orientation, suggesting that hornblende
dominates the anisotrcpy in these rocks. However, somples B-
13, 37 and 74 have Ligher anisotropy than might be expected
from their moderate (B-37) and weak (B~13,74) hornblende
preferred orientations. A greater abundance of biotite in B-
37 (7%) and B-74 (21.3%) likely contributes to the
anisotropy of these two samples while compositional layering
(hornblende and biotite) in sample B-13 is probably the
reason for its strong anisotropy. Sample B-59 has a lower
anisotropy than expected from its strong hornblende preferred
orientation, probably due to plagioclase and quartz preferred
alignment.

Shear wave splitting is also a common feature of
foliated and/or lineated rocks. It is defined as the
difference between the maximum and minimum velocities
observed for two orthogonally polarized waves travelling in
the same propagation direction. Table 3.10 shows Vs splitting
for six Vs samples. The maximum splitting is observed (or
estimated) in the "B" direction for rocks with S-fabrics (B-
11, 14 and 78) and in the "C" direction for rock with L-
fabrics (B-26). Splitting in the "B" and "C" directions ig
almost the same for samples with LS- fabrics (B-84). It is
also inferred from Tahle 3.10 that the maximum splitting is

proportional to the Vs anisotropy of “he rock as a whole.
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Table 3.10 Shear Wave Splitting of Selected Britt rocks at
600 MPa.

Lithology Anisotropy Pronagation Direction

Sampla % A B C

B~11 Granite 4.1 (0.00) 0.11 (0.00)
B-14 Granodiorite 3.3 (0.00) 0.10 (0.00)
B-26 Paragnies 6.0 0.04 0.05 0.13
B-77 Anorthosite 0.5 (0.00) 0.02 (0.00)
B-78 Diorite | 8.2 (0.00) 0.27 (1.00)
B-84 Amphibolite 9.2 0.03 0.34 0.33

Splitting in km/s. Values in parentheses estimated on
basis of Vp symmetry.



The laboratory studies discussed above represent one ot
the most comprehensive velocity studies ever undertaken in
Precambrian middle crust of felsic-intermediate composition.
The study thus provides quantitative information on the
average velocity of one of the most common terranes in the
shields and on the range on velocity associated with
anisotropy and mineralogical variation. In order to compare
with in situ data, the average Vp, Vs, p, ¢ and anisctropy of
the Britt domain were estimated from the average properties
and area-weighted means of each major lithology (e.g.
Fountain, et al., 1991) and the results are presented in
Table 3.11. The estimated abundances of the four major rock
types used in the calculations are granite (45%),
granodiorite (40%), diorite (11%) and mafic rocks (4%).
Rather than point count the geological map, the abundances of
the individual lithologies used in the calculation were
loosely based on a cross-section measured along the Key River
(Appendix I) and persoiél communication with Dr. N. Culshaw.
This was necessary to ensure that small mafic bodies and
dikeg, which are not shown on the geologic map, were
adequately represented in the statistics.

Two implications can be drawn from the results in Table
3.11. (1) The average values of the seismic properties of
rocks from the Britt domain are close to those of
granodiorite. If the Britt domain has the same composition at

depth and is homogeneous at the scale of geismic refraction



Table 3.11 Average Properties of Britt Domain from

Laboratory Measurements.

rameter
Vp - A
Vp - B
vp - C
Vp (mean)
Vs - A

- B

- C
Vs {mean)
Anisotropy (Vp)
Anisotropy (Vs)
o
p
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Pressure, MPa
100 200 600
6.11 6.19 6.29
6.23 6.31 6.41
6.21 6.29 6.39
6.18 6.26 6.36
3.53 3.57 3.61
3.63 3.67 3.70
3.63 3.67 3.70
3.60 3.63 3.67
2.0 1.9 1.9
2.8 2.7 2.5
0.24 0.25 0.25

( 2.70 g/cm3)

Vp, Vs in km/s and A, B, C denote propagation directions;

G - Poisson's ratio; p-density; Anisotropy in %.



a.
experiments, such experiments should give the same velocitios
and Poigson‘s ratios. (2) While Vp anisotropy is woeakly
developed in the vertical plane (~2%), since the regional
foliation is horizontal or shallow-dipping, the Britt domain

should be essentially transversely isotropic.



Chapter 4
REFRACTION EXPERIMENT AND CQCOMPARISON WITH

LABORATORY DATA

Laboratory velocities may not be representative of
regional in-situ velocities because of the effects of large
scale variations in petrology with depth, regional variations
in structure, lithology and fabric and local variations in
pore fluids and fracture porosity. Therefore, a comparison of
laboratory and in-situ data is necessary to understand the
effects of these features on regional velocity structure and
to determine the over all petrology of the crust as a
function of depth (e.g. Fountain and Salisbury, 1990; Burke,
1991). In order to obtain such information, the author
participated in the 1992 LITHOPROBE Abitibi-Grenville
refraction experiment and analyzed the data for the Britt

domain.

1992 Lithoprobe Abitibi-Grenville

Refraction Experiments

The 1992 Abitibi-Grenville refraction survey was a
multi-purpose, multi-agency scientific project conducted by
LITHOPROBE. The major participants of this project were the
Geological sSurvey of Canada, the United State Geological

Survey and five Canadian universities including Dalhousie
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Univziss vw. Four refraction lines were carried out in the
Gre.. ' and Superior geological provinces of the Canadian
Shield in Ontario and Quebec (Fig. 4.1). Line AR, which
extends from Parry Sound through the Britt domain and across
the GFTZ to the north of the Sudbury basin, was examined in
preliminary fashion along its entire length and the Britt

domain was analyzed in detail.

Data_ Acquigition

There were 10 shot points and 270 recording sites along
line AB with an average shot spacing of about 27 km and a
recorder spacing of about 1 km. Seismic energy was generdated
at each shot point by detonation of Hydromex T3 in dri'l
holes approximately 40 m in depth and 20.4 cm in diameter.
Detailed information on the depth and charge size of
individual shots along line AB is given in Table 4.1.

Four types of recording systems were provided by the G40
and TISGS for the survey. The GSC instruments included single
component PRS1 and three component PRS4 geismographs with 2
Hz L4AC detectors. The PRS seismometersg recorded the seismic
wave digitally at a sampling rate of 120 Hz. Thege
instruments were managed in the field using LithoSEIS
software. For further information regarding the PRS
seismometers and LithoSEIS software, see Asudeh et al.
(1992,1993). The USGS instruments included vertical component

SGR seismometers with single 2 Hz geophones and vertical
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Table 4.1 Depth and charge size of individual shots along line
AB.

Letter
Shot name Shot ID Degignation Depth(m) Weight (ka) Distance (km)
ABO 0030 K 43 800.0 0
AB1 0035 M 35 400.0 16
AB2 0031 A 35 400.0 39
AB3 0036 G 35 400.0 58
ABR4 0044 P 35 400.0 71
AB6 0041 D 43 800.0 121
AB7 0043 C 35 400.0 156
ARS8 0040 Q 35 400.0 208
AB9 0039 H 35 400.0 243
AB1O 0042 B 43 1500.0 265
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component SGR seismographs with a string of 8 Hz geophones.
These instruments recorded and stored vertical displacement
data on cassette tapes at a sampling rate of 125 samples per

second.

The recording and shot sites were located using GPS
receivers operating in the differential mode with accuracies
better than 10 meters (R. Irving et al., 1993). The
Geocentric Earth Orbiting Satellite (GEOS) clock was used to
provide absolute sghot time information and to correct for
seismograph clock drift. More detailed information on the

data acquisition is provided by R. Irving et al., (1993).

Data Procesgsing

The corrections and processing applied to the field data
include (1) resampling and combination of the GSC and USGS
data; (2) SEGY formatting and taping; (3) time corrections
and filtering. Due to the different sampling rates between
the GSC (120 s/sec) and USGS (125s/sec) data, resampling had
to be done before merging. This, together with SEGY
formatting, shot time corrections and taping were done by GSC
scientists. Clock corrections and frequency filtering were
applied to the raw data tapes distributed by the LITHOPROBE
Seismic Processing Centre before the data were interpreted.
Topographic corrections were not applied to the data
presented here because there is little relief along line AB

(<300 m, giving a maximum travel time error of about 0.1 s).
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After all corrections had been applied to the data, vertical

component in-line data for each shot gather along
line AR were plotted with reduction velocities of 7 km/s for
Vvp and 4 km/s for Vs and are presented in Figures 4.2 and

4.3, respectively, and in Appendix I.

Travel Time Fit

The program MODEL (Reid and Keen, 1990) was used in the
data interpretation. The program uses travel time fitting
techniques for 2-D refraction interpretation and can be run
interactively on workstations. Several first order features
can be recognized directly from the record sections,
including (1) two crustal first arrivals (Pg), (2) mantle
refractions (Pn) and a marked velocity assymetry between
stations south and north of shot C which is located on the
Grenville Front. Based on these first arrival
characteristics, a fairly simple 2-D velocity model was
constructed as an initial input model (not presented here)
consisting of a two-layer crust, a flat Moho and a vertical
boundary within the crust at shot €, and the program was used
to calculate the travel times for each captured ray
travelling through the model. The calculated travel time
curves were then superimposed on the recorded sections and
the initial model was changed incrementally until a best fit

was reached. The model parameters to be adjusted included
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Fig. 4.2 Vertical component, in-line seismic record sections for each shot point along line
AB plotted at a reduction velucity of 7 km/s. A 2-12 Hz band- pass filter was applied to the
data. P-wave travel time curves calculated from the bedst fit model in Figure 4.4 are
superimposed on the sections. Ray diagrams showing areas sampled by captured rays

follow each section.
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Fig. 4.3 Vertical component, in-line seismic record section for selected shot points along
line AB plotted at a reduction velocity of 4 km/s. A 2-12 Hz band- pass filter was applied to
the data. S-wave travel time curves calculated from the model in Figure 4.4 arc
superimposed on the sections.
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velocity, wvertical velocity gradient, their lateral variation

and boundary geometry and position. Many of the changes
applied to the initial model were suggested by data from
other sources: The introduction of a SE-dipping Grenville
Front and a low velocity basin north of the Front (the
Sudbury Basin) were suggested by surface geology and existing
reflection data (Green et al., 1990; Milkereit et al., 1992)
and the introduction of mantle topography was suggested by
the GLIMPCE data and earlier refraction modelling to the easl
(mereu et al., 1986). Other features, however, were dictatuod
by the refraction data alone and were discovered by trial and
error. Figure 4.4 shows the resultant layered velocity model
and the velocities, gradients and Poisson's ratios of the
individual layers are given in Table 4.2. As can be geen in
Figures 4.2 and 4.3 and Appendix I, the Vp and Vs travel time
curves calculated from the resultant model for each shot fit
most of the recorded sections quite well. The ray diagrams
for each shot are also given in Figure 4.2 to show the area
sampled by the captured rays. The travel time fit for some of
the S-wave sections is marginal, especially for the Sg
arrivals from shots C and Q (Appendix I). The misfit may be
caused by S-wave splitting in a folded medium; laboratory
data (Table 3.10) indicate that S-wave splitting is much
stronger than P-wave anisotropy for Britt domain rocks.
However, three-component data are needed to explain the Sg

irregularity over the Britt domain.
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Figure 4.4. Velocity model for refraction line AB. The black dots with letters indicate shot
points. a) The numbers denote layer numbers in Table 4.2. P-wave velocities are cited in
the model for most layers; other parameters of individual layers are given in Table 4.2.
Vertical dashe line shows location of velocity section in Figurdde 4.9. b) Colour print of
the velocity model showing velocity gradients. Velocities in km/s.
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Table 4.2. Velocities,velocity gradients and Poisson's ratios for individual layers in the model shown in Figure 4.4.

Velocities shown are for top of layer. Notably anisotropic layers are in italics and underlined.

South North
Shots: B.H. O C. D Shot: K. M. A, G P Average
Layer Vp_g Vs g ¢ Vp_g Vs g o) Vp g Vs g o)
1 450 280 250 150 - 450 280 250 150 - 450 280 250 150 -
2 615 002 355 001 0.25 3.90 0.02 345 001 024 6.07 002 352 001 025
3 640 002 368 001 025 610 002 354 001 025 6.30 002 362 00l 025
4 6.15 0.02 355 001 0.25 6.15 0.02 3.55 001 0.25 6.15 002 355 0.01 025
5 6.32 001 3.65 .005 0.24 632 0.01 3.65 .005 0.25 6.32 0.01 3.65 .005 0.25
6 6.06 0.02 355 001 0.24 6.15 0.02 359 001 0.24 6.12 0.02 358 0.01 024
7 6.00 0.02 353 001 0.24 6.05 0.02 3.55 001 0.24 6.03 0.02 354 0.01 024
8 6.00 002 353 001 0.24 375 002 345 001 0.22 3.92 002 350 001 023
9 390 003 350 001 023 2.80 003 345 001 023 587 003 348 001 023
10 6.20 002 358 001 025 6.10 002 352 0.0I 025 6.17 002 356 001 025
11 6.23 0.01 3.64 005 0.24 631 0.01 3.67 .005 0.24 628 0.01 3.66 .005 0.24
12 6.17 0.01 3.60 .005 024 622 0.01 3.63 .005 0.24 620 001 362 .005 0.24
13 6.55 001 375 .005 0.26 6.55 0.01 375 .005 0.26 6.55 0.01 3.75 005 0.26
14 8.10 001 450 .005 028 8.16 0.01 450 .605 0.28 8.10 0.01 4.50 .005 0.28

Vp - compressional wave velocity in km/s, Vs - shear wave velocity in km/s, g - velocity gradient in s-1, ¢ - Poisson’s ratio.

OE1
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Error Analysis of Travel Time Fit

In order to estimate the limitations of the resultant
velocity model, errors of travel time fit are evaluated for
featureg of interest, including the P-wave velocity of the
upper crust in the Britt domain (layer 4), the dip of the
GFTZ and the Vp anisotropy of layer 3. The method used was
to plot the average (RMS) residual times between observed and
calculated data against different model input parameters. The
parameters resulting in the smallest residual times are
considered the best fit and uncertainties of the parameters
are estimated using the %2 method {e.g. Osler, 1993).

To determine the accuracy of the compressional wave
velocity and velocity gradient derived for the Britt domain,
the residuals calculated for various input velocities and
gradients are plotted and contoured in Figure 4.5. Rays from
shots B and Q at a range of 200-265 km are used for this
calculation. The resultg show that the residual time is much
more sensitive to velocity perturbation than to gradient
perturbation. The resultant model parameters for this layer
fall well within the 20 ms contour which corresponds to a
velocity uncertainty of *0.03 km/s and a gradient uncertainty
about #0.03s-l, Thus the velocity assigned to layer 4 in the
velocity model is quite accurate but the gradient could not
be well constrained by this test alone. However, the gradient
of this layer is well constrained by the residual time
contours in Figure 4.6 in which all rays crossing the GFTZ

from all shots were included in the calculations. Figure 4.6
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Fig. 4.5 Average residual time plotted against Vp and Vp gradient in the Britt domain
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shows that the residual time is much more sensitive to the
gradient of layer 4 than to the dip of the GFTZ. The
resultant model, with a gradient of 0.02s-1 and a dip of 220
falls within the 20 ms residual time contour which
corresponds to a dip uncertainty of #+49. These results
constrain the dip of the Grenville Front and have been
incorporated in the final model shown in Figure 4.4.

In order to test for Vp anisotropy in layer 3, resgidual
times for various combinations of Vp and Vp gradient in layer
3 are plotted in Figure 4.7a for shots B, H, Q and C in the
south and Figure 4.7b for shots K, M, A, G and P in the
north. All rays traversing layer 3 are included in the
calculation. The different Vp values defined by these two
plots (6.4 km/s for rays subparallel to foliation, 6.1 km/s
for rays subperpendicular to foliation) both have
uncertainties of about #0.05 km/s. Figures 4.7a and 4.7b also
show that the difference in Vp for the two shot groups cannot

be erased by changing gradients.

Synthetic Amplitude Analysis

Synthetic amplitudes were calculated for selected shots
using the program SYNPROC (Reid, 1993) in order to estimate
the limitations of the model shown in Figure 4.4 in terms of
arrival energies. Three synthetic sections for shots K, D and
B are presented in Figures 4.8a, 4.8b and 4.8c, respectively.
Comparison with the recorded sections shows that 1) the

synthetic Pg arrivals are stronger than the observed arrivals
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Fig. 4.8. Synthetic seismic refraction profiles for a) shot K, b) shot D and c¢) shot B using
the 2-D velocity-depth model in Fig. 4.4 and Table 4.2. Traces are plotted at a reduction
velocity of 7 kmy/s.
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at a range from 0 - 108 km (north of the GFTZ), 2) the

synthetic PcP and PmP a:ri als are also generally stronger
and 3) synthetic later arrivals are much simpler than
observed arrivals. These obvious misfits to the recorded data
indicate that 1) the velocity gradients in the upper crust
north of the GFTZ may be smaller than those in the model, 2)
the upper-lower crust boundary and the Moho should be
represented as velocity transitions with steep gradients
rather than as sharp bcundaries, and 3) the crust is
generally more complicated than the model, especially in the
vicinity of the Sudbury Basin and the GFTZ where strong,
complicated later arrivals are recorded through a long time
window after the first arrivals. Therefore, the model
presented in this study is only a first order result
representing regional average velocities and large scale

crustal structures.

Interpretation of the Resultant Model

Due to a lack of velocity information on the weathered
layer in this refraction data set, the velocity and thickness
of the top layer in the model (layer 1) was based on
refraction data from the On-Going Great Lakes Experiment
(Burke,1991) conducted in the GFTZ just west of line AB.
Immediately beneath the weathered layer, which was assigned
an arbitrary thickness of 300 m, slightly different
velocities were obtained for the southern and northern

portions of the line. In the Britt domain (layer 4}, Vp=6.15
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km/s and Vs=3.55 km/s but north of the GFTZ (layers 7 and 8),

Vp averages 6.00 km/s and Vs=3.53 km/s. Velocities increase
fairly rapidly with depth in the upper levels of the crust
(0.02-0.03s"1) and then more slowly in layers 5, 11 and 12
(0.01s"1l). As shown in Figure 4.4 and Table 4.2, the lower
crust (layer 13) is marked by a modest increase in velocity
to 6.55 km/s (Vp) and 3.75 km/g (Vs) both under the Superior
Province and where layer 13 extends under the Grenville
Province but the crust-mantle boundary is much deeper under
the GFTZ and the Britt domain. The Sudbury Basin shows
slightly lower velocities than the surrounding granitic
gneisses, in agreement with laboratory data (Salisbury et
al., 1991) and these gneisses, in turn, display slightly
lower velocities than the granodiorite gneisses south of the
Frent, as would be predicted from the laboratory data (Table
3.5). Alsco shown in the model is a high velocity block (layer
3) just south of the GFTZ with a velocity as high as 6.4 km/s
which coincides with a pronounced gravity high (Ministry of
Northern Development and Mines, 1991)). This high velocity
block may be related to abundant mafic rocks exposed at the
surface. Archean ages (Nd-Sm; A. Dickin, personal
communication) have been obiained in this area suggesting
that this high velocity block may be a wedge of Superior
Province lower crust brought to the surface during thrusting.
A similar case can be found in the eastern Grenville Orogen
(Rivers, 1994). One of the most interesting results is that

the GFTZ (layer 2) and the blocks in its vicinity (3, 8, 9,
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10) show notable anisotropy at shallow depths (<8 km),

indicating a south-dipping foliation or layering, with Vp
fast parallel to dip. Although weak anisotropy is also likely
in the Britt domain (layer 4), it cannot be demonstrated
because of the raypath geometry. If the Britt domain is
anisotropic, the velocity given for layer 4 in Table 4.2 is
probably the fast velocity.

The large scale features shown in the resultant model
are consistent with the results of GLIMPCE profile J (Fig.
2,10; Epili and Mereu, 1991), including the overall crustal
velocity structure, the velocity discontinuity in the middle
crust under the Superior Province and the | ho geometry and
depths. However, the series of dipping lay. s detected under
the Britt domain along Profile J are not resolved in this
study. A possible explanation is given in Chapter 5. COCRUST
profile A0 (Fig. 2.7; Mereu et al., 1986) shows different
features in the CGB to the east, including 1 - velocities
near the surface, higher velocities in the middle to lower
crust and a very thick crust-mantle transition zone. However,
the P-wave velocity structure under the Britt domain
determined in this study is very similar to that along
COCRUST profile CD further to the east (Fig. 2.7; Mereu et

al., 1986).
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Comparison of In-situ and Laboratory Data

Refraction and average laboratory velocities for the
Britt domain beneath the weathered layer are summarized along
with their estimated errors in Figure 4.9. The refraction
velocities at various depths are those determined at a range
of 200 km for the northern Britt domain and presented in
Table 4.2. The laboratory compressional and shear wave
velocity curves are the average velocities calculated for the
Britt domain in Chapter 3 (Table 3.11) for different
propagation directions using the time average method and the
estimated abundances of each major lithologic group. As shown
in Figure 4.9, the data fall
into three groups: (1) 0-3 km where the fit is poor, (2) 3-15
km where the fit is excellent and, (3) 15 km-Moho where a
higher refraction Vp suggests a change in lithology.

Although geothermal effects on velocity are usually
small, especially in shield areas, geothermal corrections
were made to the laboratory Vp data and are shown in Figure
4.10 in order to make a better estimation of the lithology at
depth. The corrections were based on the laboratory results
of Christensen (1979) (about -0.05 km/s/100°C) and an average
geothermal gradient of about 109C/km for the Canadian shield
(sass et al., 1968)., Only average and fast velocities are
given in Figure 4.10 because measured refraction velocities
are for sub-horizontal to shallow-dipping (~30%), or fast

paths, and vertical or steeply-dipping (slow) paths are not
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applicable in this comparison (note vertical exaggeration in
ray diagrams in Figure 4.2).

The following secticng discuss the fit of the data in
the three depth zones mentioned above plus anisotropy in the
GFTZ. Only compressional wave velocities are discussed in
detail in these gections due to insufficient laboratory shear
wave velocity data. However, the shear wave velocity-depth
curves shown in Figure 4.9 have similar features to the
compressional wave curves and can be understood in the same

terms.

3=15 km Depth Zone

The data obtained at this depth range are considered the
most reliable from both the laboratory and refraction points
of view, because most surface effects on velocities are
minimal at these depths and the intrinsic properties of the
rocks are reflected in velocity-pressure-temperature curves
which are nearly linear. As shown in Figure 4.10, the
laboratory data in this zone are in excellent agreement with
refraction. The discrepancy between refraction and laboratory
Vp in the fast direction (< 0.02 km/s) lies within the errors
of both techniques. This excellent fit suggests that the
average lithology in this depth zone is similar to that at
the surface of the Britt domain (granodiorite gneiss).

Laboratory and refraction values of Vs and ¢ are also

consistent with this conclusion and rule out the presence of

significant amounts of paragneiss or mafic rocks (their ¢
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values are too high). However, a small discrepancy in P-wave

velocities toward the base of this zone suggests a slight
increase in mafic lithologies with depth since the velocity

exceeds the limits set simply by pressure and temperature.

15 km - Moho

The refraction Vp shows an abrupt increase at 15 km
depth from 6.38 km/s to 6.55 km/s, and then increases
linearly to 6.84 km/s at the bottom of the crust. Thus the
average laboratory Vp for the Britt domain no longer fits
with the refraction Vp for this depth zone. However, it
should be noted that rocks in this depth zone are not Britt
domain rocks, but belong to the lower crust of the Superior
Province. The Vp change most probably reflects a change in
lithology. To estimate the lithology at these depths, the
average laboratory Vp for diorite gneiss at 600 MpPa and for
mafic rocks extrapolated to 1.2 GPa are shown in Figure 4.10,.
It is found that the average laboratory Vp of diorite is low
but the velocity in the fast direction fits the refraction Vp
very well at the top of this zone. The discrepancy increases
linearly with depth to the Moho where the refraction Vp (6.84
km/s) approaches the average laboratory Vp of mafic rocks
(6.9 km/s after geothermal corrections). Therefore we
co.2lude that the average lithologies in this depth range may
correspond to diorite or rocks which are slightly more mafic
at the top and end with rocks which are intermediate between

diorite and mafic rocks -just above the Moho, where the
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lithology changes rapidly to ultramafic rocks with a
refraction velocity of 8.10 km/s. The increase in ¢ to about

0.26 in the lower crust is also consistent with a more mafic

composition.

0-3 km zZone

As shown in Figure 4.10, laboratory and refraction
velocities do not fit well in the top 3 km of the section
below the weathered layer. The refraction velocities are
generally higher than the laboratory velocities, with the
discrepancy for Vp in the fast direction being as large as
0.5 km/s. There are many possible causes for the misfit
including: (1) differences in water saturation, (2) large
scale lithologic layering, (3) poor sample coupling oxr core
damage due to weathering, temperature or pressure cycling,
leading to anomalously low laboratory velocities at low
pressures and (4) errors in refraction data interpretation.

It is well known from laboratery experiments that wet
rock samples have much higher velocities than dry samples at
low pressures and many rocks in the survey area are believed
to be saturated by ground water since the water table is
shallow. To see the difference between wet and dry velocities
for Britt domain rocks, the velocities of several water-
saturated granitic and granodiorite gneiss samples were
measured at zero pressure., The results presented in Figures
4.9 and 4.11 for sample B-44, for example, show that

gsaturation causes Vp to increase from 5.0 to 5.9 km/s at 10
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MPa in the slow direction (perpendicular to foliation) and
from 5.7 to 6.05 km/s in the fast direction (parallel to
foliation), respectively. As described in Chapter 2, regional
foliation in the Britt domain is almost horizontal in the
direction of the refraction line. Near-surface refraction
velocities, therefore, should be more closely approximated by
laboratory velocities measured in the fast direction through
water-saturated samples.

A second possibility which should at least be considered
is that the discrepancy is caused by large-scale layering.
The seismic velocity of a stratified medium with homogeneous,
isotropic layers of different velocities, in which the layer
thickness is much less than the wavelength, was theoretically
evaluated by Postma (1955) and later by Melia and Carlson
(1983) in the laboratory. Although these studies were
designed to evaluate velocity anisotropy caused by
compositional layering, they also showed that the average
velocity in such a medium could not be calculated by the
time-average method. Instead, they showed that for long
wavelengths, the actual velocity is slightly lower than the
time-average velocity for the direction perpendicular to the
layers and notably higher than the time-average velocity in
the direction parallel to layering. Although the Britt
domain is not a perfect stratified medium, semi-laminated
bodies of various lithologies with thicknesses much less than
the wavelength are evident from surface geology. If long-wave

theory were used to calculate the average velocity of the
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Britt domain, however, Vp would only be about 0.04 km/s

higher than the time-average velocity in the fast direction
because the fast mafic layers are not volumetrically
gignificant. Since this represents a maximum increase (the
Britt domain is only semi-laminated), layering cannot
contribute significantly to the discrepancy.

A third possibility is that the laboratory velocities at
low pressures are low due to poor transducer/sample coupling
or to microscopic core damage caused by weathering, seasonal
temperature cycling (freezing and thawing) or pressure
release during erosion (pressure cycling). For these reasons,
projections of high pressure data to low pressures are often
considered more reliable estimates of velocity than actual
measurements at low pressure. As can be seen in Figures 4.9,
4.10 and 4.11, such projections would match refraction
velocities closely.

In summary, the difference (0.6 km/s) between laboratory
and refraction velocities is probably not significant. The
small discrepancy remaining after taking these effects into
account can be easily accommodated within the errors of the
refraction data, particularly when it is recalled that the
velocities and gradients at the top of the section are poorly
constrained by the shot spacing along line AR and that the
only shallow in-situ gradient information available in the
region is for a small area along the GFTZ to the northwest

(Burke, 1991).
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It was found that several shallow (< 8 km) layers or
blocks coincident with, or close to the GFTZ required
different velocities to fit the travel time curves for
different groups of shots. As shown in Table 4.2 and
demonstrated in a previous section (Error Analysis of Travel
Time Fit), these blocks have lower velocities for shots
located in the southern portion of the line than for the
shots in the north. This geometry-dependent velocity
behaviour indicates that these blocks are anisotropic with
the fast velocity direction dipping to the south at a low
angle and the slow velocity direction being sub-perpendicular
to the fast direction.

The laboratory anisotropy data, which show that
anisotropy at low pressures is much higher than at elevated
pressures, can be used to explain why the anisotropic blocks
are restricted to shallow levels of the crust. However it is
difficult to make a quantitative comparison between the
laboratory and in-situ anisotropy values for two reasons. One
is that because of the ray geometry, the velocities given for
the individual blocks may not be their fastest and slowest
velocities. Another reason is that the in situ anisotropy
might include the effects of large scale features such as
oriented fractures and lithologic layering or lamination

(e.g. Postma, 195%: Melia and Carlson, 1984).
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It should be noted that deeper layers or blocks in the

model which do not show anisotropy are not necessarily

isotropic.



Chapter 5

SYNTHETIC REFLECTION MODELLING

Synthetic modelling is widely used in seismic
interpretation because it allows ug to compare the seismic
response of various velocity structures and to gelect the
geologic model or family of models which provides the best
fit to recorded data. Although the models obtained by this
means are usually non-unique for a specified seismic section,
they can often be constrained by other geologic information
and used, in turn, to constrain interpretation of deep
seismic profiles. In the following section, synthetic
modelling will be used to investigate the kinds of structures
responsible for the vertical incidence and wide angle
reflection patterns observed in the Britt domain. In general,
the modelling for the Britt domain was limited to a depth of
about 10 km, the maximum depth to which surface geology could
be projected using regional dips.

Based on the laboratory velocity and density
measurements presented in chapter 3, the reflection
coefficients of possible lithologic contacts in the Britt
domain are calculated and listed in Table 5.1. Although it is
clear from this data that strong reflections potentially
exist among the lithologies observed in the region (the mafic
lithologies will have strong reflection coefficients against
the felsic rocks, for example) and GLIMPCE profile J is far
from transparent under the Britt domain despite the
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Table 5.1
rocks at 60

200

(second value)

and 600 MPa

154

Possible - eflection coefficients for Britt domain
(first wvalue),
{third wvalue).

Granitic Granodiorite Paragneiss Diorite Marble Anorthosite Mafic

gneiss gneiss gneiss rock
Mafic 0.12 0.10 0.09 0.07 0.05 0.02 0.00
rock 0.11 0.09 0.08 0.06 0.05 0.02 0.00
0.11 0.09 0.08 0.06 0.05 0.02 0.00
Anortho- 0.09 0.07 0.06 0.05 0.03 0.00
site 0.09 0.07 0.06 0.04 0.02 0.00
0.08 0.07 0.05 0.04 0.02 0.00
Marble 0.07 0.04 0.03 0.02 0.00
0.086 0.05 0.03 0.02 0.00
0.06 0.05 0.03 0.01 0.00
Diorite 0.05 0.03 0.02 0.00
gneiss 0.05 .03 0.02 0.00
0.05 0.03 0.02 0.00
Para- 0.03 0.01 0.00
gneiss 0.03 0.01 0.00
0.03 0.01 0.00
Grano- 0.02 0.00
diorite 0.02 0.00
gneiss 0.02 0.00
Granitic 0.00
gneiss 0.00
0.00
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predominance of felsic rocks, the absence of continuous
reflections raises several questions regarding the nature of
the reflections:

(1) Aside from gabbro and anorthosite bodies, most of
the mafic rocks reside in subparallel dike swarms. Can these
produce significant reflections?

(2) what is the reflection response of such structures
to first and second order folding?

(3) can folded reflectors produce the "shingles"
obgerved in the GLIMPCE line J wide-angle reflection data
(Mereu et al., 1990)7
To address these problems, forward modelling techniques were
employed using laboratory-derived velocities and densities

and surface geology as constraints.

Reflectivity of Thin Mafic layers

in R lution
The resolution of a single thin layer using seismic

reflection techniques is limited by the interference of
reflections from the top and bottom of the layer. The results
of Ricker (1953) and Widess (1973) suggest that only features
on the order of 1/2 to 1/4 or more of the wavelength of the
incident seismic wavelet (typically 15-75m) can be resolved
by seismic technigues. An equation relating the bed
thickness and reflection amplitude was given by Widess

(1973)



A'=2ASin(27tb/A) (9)
where A' is the maximum amplitude of the composite reflected
wavelet, A is the maximum amplitude when the bed is very
thick, b is the bed thickness and A is the wavelength.

The studies of Chrigtensen and Szymanski (1988),
Christensen (1989), Juhlin (1990) and Burke (1991), however,
show that the amplitude can be enhanced if a number of thin
beds are closely spaced. For the simple case of regularly

spaced thin beds,

A'= 2ASin(21by/A)Sin[21tN(b1+b2)/Al (10)
Sin[27(b1+b2)/A]

where A' is the amplitude of the wavelet reflected from a
thin bed cluster, A is the reflection amplitude from a single
thick bed with the same properties as the high velocity
layers in the cluster, N is the number of thin layers, bl and
b2 are the thicknesses of the high and low velocity layers

respectively, and A is the wavelength of the incident’

seismic wavelet (see Appendix II).

M 1 ngtr ion _an

As described in chapter one, irregular clusters of thin
(0.1 to several meter thick) mafic dikes commonly occur
within the granitic gneisses of the Britt domain, aithough
their abundance varies from place to place depending on the
gneiss association. The distribution of these mafic lavers

was mapped along the Key River (see Figure 3.1 for location)
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and the result is shown in Figure 5.1. For ease of
presentation, they are shown as clusters rather then
individual layers in Figure 5.1, but the detailed sequence is
given in Appendix III with the cluster interval noted. To see
whether or not the thin mafic layers in this sequence can
make significant reflections, a one-dimensional velocity-
density~depth model based on this data set was tested. Only
one limb of the syncline was used for modelling. The physical
properties used for each lithology are the average
compressional wave velocities and densities presented in
Table 3.5. Only velocities measured at 600 MPa were used
because impedance contrasts are relatively insensitive to
pressure.

A FORTRAN program (Newseis3) developed by L. Mayer at
Dalhougsie University was used for this work. The program
reads a series of velocity-density-depth measurements and
calculates impedances and two-way travel times assuming
normal incidence raypath. The program then reads a sgource
function composed of time and amplitude. In order to properly
calculate reflection coefficients for convolution, the
impedance curve and source function were resampled at equal
intervals. Once this was completed, a reflection coefficient
series was generated. The reflection coefficients and the
gsource function were then convolved and a synthetic
seismogram was generated and plotted. This program was

modified by J. Osler at Dalhousie to run interactively on a
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Figure 5.1 Distribution of mafic dikes and amphibolite layers as mapped along Key
River in the northern Britt domain. Thin layers are grouped into clusters for ease of
presentation; individual layer thicknesses are given in Appendix III.

841l



159

VAX computer, driving a Tektronics emulator on a PC with
output to a screen using NCAR equivalent graphics.

A Ricker wavelet with a central frequency of 30 Hz was
used to simulate the source wavelet used for GLIMPCE profile
J. The resulting synthetic trace was repeated ten times to
simulate a one-dimensional seismic section and displayed at
true amplitudes, i.e. no automatic gain control was applied.
In order to assess the relative strength of the complicated
events generated by thin layers, a 300 meter thick
calibration dike was inserted near the top of the model. For
the wavelet frequency used, this dike is thick enough to
avoid interference between reflections from its top and
bottom.

This modelling technique does not incorporate the
effects of various phenomena such as geometrical spreading or
multiple reflections. These limitations are acceptable
because a range-dependent gain is usually applied to 2D
reflection data to correct for spreading and multiple
reflections are not usually significant due to their small

amplitudes (less than 1/10 of the first reflections).

Modelling Results

Figure 5.2 shows the result of the convolution of the
spike reflection coefficient series derived from the observed
dike distributioi with a Ricker wavelet having a center

frequency of 30 Hz. The column on the left shows the
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relative positions of the mafic layer clusters for
comparigon.

The high amplitude reflections labelled A and B near the
top of the section resulted from the 300 m thick "calibration
dike" inserted in the model. The reflection coeff._cient at
this boundary is 0.09, and there is no interference between
the top and bottom of the layer at the frequency and
wavelength of the wavelet used.

The amplitudes of the events generated by the thin laver
clusters are strongly dependent on the thickness of the
individual dikes and their spacing. The event corresponding
to cluster I has an extremely large amplitude because there
is a 20 m thick dike in the cluster, while cluster III has a
small amplitude because the dikes in this cluster are thin
{0.1 m) and their spacing intervals are large (average about
0.5 m) with respect to individual dike thicknesses. This
result is in agreement with the analysis given in Appendix
II. The reflection amplitudes of the other clusters are 1/2
to 3/4 of the amplitude generated by the calibration dike.
Since the reflection coefficient of the calibration dike is
0.09, a value that is considered high for deep crustal
reflection profiles (Warner, 1990; Burke and Fountain, 1990),
it is clear that the clusters can give rise to significant
reflections even though the thicknesses of the individual
dikes in each cluster are typically much less than that

required for the detection of individual dikes.
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Reflection Patterns Due to Lithologic Variation

As described in chapter one, although the lithology of
the Britt domain is dominated by granitic gneiss, scattered
mafic pods and intermediate bodies a kilometre or more across
are quite common in the area. Based on the laboratory-derived
reflection coefficients (Table 5.1), these are probably
responsible for many of the discontinuous subhorizontal
reflections seen on GLIMPCE profile J throughout the Britt
domain (Fig. 5.3). Th~ surface geology also shows, however,
that some high impedance lithologies, such as the dike
clusters, have a large lateral extent and have been
incorporated in a series of NW trending folds. Despite their
large reflection coefficients against the gneisses, they are
not observed on profile J. The following discussion addresses
whether or not the lithologic relationships seen in the Britt
domain can generate a similar reflection pattern to that
observed in profile J, with special reference to the seismic

response of folded structures.

Modelling Technigue

The 2-D AIMS software residing on a workstation at
Memorial University was used in this work. This program was
designed by Geoquest, Inc. for forward seismic modelling and
seismic data interpretation. A two-dimensional velocity-
density-depth model was first constructed interactively. Then

the source-receiver and raypath geometry were specified and
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Fig. 5.3 Blue-up of GLIMPCE line J showing discontinuous, subhorizontal reflections
under eastern Britt domain.
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‘working rays" traced through the model. For this study, a
zero-offset ray pattern with diffractions was chosen to
simulate the near vertical reflection data from GLIMPCE line
J. Impedance contracts and transmission and reflection
coefficients for each interface and travel times for each
"working ray" were also calculated at this stage.

A series of propagation effects may be considered during
vector amplitude calculation depending on the user's
specifications. These effects include transmission and
reflection effects and geometrical spreading. Results,
including travel times and complex vector amplitudes for
individual rays generated in the ray generation mode are then
convolved with a specified wavelet. As before, a Ricker
wavelet having a central frequency of 30 Hz was used in this
work. The resulting synthetic section could be displayed in
various formats and the SEGY or PSC files of the synthetic
section could also be generated. The synthetic data generat ed

by AIMS were FK-migrated using the VISTA6.6 software package.

Fol r r

As discussed in chapter 2, the principal structural
features throughout the Britt domain are folds of various
scales. Therefore the first model tested was a simple folded
structure was (Fig.5.4). Not surprisingly, this input
geometry was easily recovered on the FK migrated synthetic
section (Fig. 5.5b). To determine why this kind of structure

is not observed on the vertical reflection section, synthetic
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reflection profiles were then generated for a gently folded
boundary with s-iperimposed second order folds (rugosity).
Figure 5.6 shows the model tested, in which a series of
secondary folds are randomly superimposed on a first order
folded boundary. The sccles of the first and second order
folds are based on field observations in the northern Britt
domain. Unmigrated and migrated synthetic sections for this
model are shown in Figures 5.7 and 5.8, resgpectively. A
series of discontinuous reflections appears on the migrated
section (Fig. 5.8) and the input geometry could not be
recovered from the profile. It is interesting to note that
these reflections bear no resemblance to folds but suggest,
instead, the presence of a zone »f subhorizontal reflectors.
Although this is due in part to spatial aliasing caused by
the wide receiver spacing used in the modelling, steeply
dipping fold limbs will be difficult to image in any case
because the incidence energy is not returned to the surface.
In order to exclude spatial aliasing effects, the closer
receiver spacing was applied to an equivalent model shown in
Figure 5.6. The results shown in Figure 5.9 are somewhat
similar to those in Figure 5.7 and 5.8 in terms of
discontinuity of reflections.

The seigmic effects of discontinuous, high impedance
bodies on an underlying reflector were also investigated to
simulate the effects of the mafic bodies obgerved in the

Britt dorain. The problem was simplified to the "plum
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Fig. 5.8 FK-migrated synthetic reflection section for the model shown in Figure 5.6.
Vertical scale is two-way travel time in seconds and horizontal scale at top is trace number
in 200 meter intervals. Input boundary can not be reconstructed fron discontinuous
reflections shown. Reflections are more likely to be attributed to subhorizontal lamination
even though the basic structure consists of folds.
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pudding" model show: in Figure 5.10 in which mafic pods
imbedded in granite overlie granodiorite. Although the
continuous horizontal boundary at 6 km was imaged on the
synthetic sections (Fig. 5.11), the reflection amplitudes
vary laterally due to acoustic shadowing effects and the
travel times are slightly disturbed by pull-up effects. With
the above test as background, a series of models specific to

the Britt domain was then examined.

H hetical M ls for the Bri m

Model construction

It is evident that lithologic variation in the northern
Britt domain is quite different from that in the south,
egspecially in terms of the abundance of mafic bodies or pods
and to a lesser extent, the style and degree of deformation.
Therefore, two hypothetical models parallel to Profile J were
constructed based on the lithologic and structural
variations encountered along two cross-sections through the
geological map of Culshaw et al (1989) (Figure 5.12). Figure
5.13 shows the southern Britt model and Figure 5.14 is the
northern Britt model. In addition to the large map-scale
units and features, the models also include smaller scale
units and structural features which are considered to be
significant in terms of seismic reflection, such as second

order folds (rugosity). These smaller scale features are
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Fig. 5.10 Synthetic model used to test the reflection response of a flat boundary below
puds of gabbro.
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loosely based on outcrop observations and the descriptions of

Culshaw, et al (1988, 1989).

As can be seen in the Figures 5.13 and 5.14, the two
models are quite different. The southern Britt model, which
represents the less deformed, allochthonous upper deck of the
Britt domain, contains six different lithologies including:
(1) granitic gneiss, (2) granodiorite gneiss, (3) diorite
gneiss, (4) mafic rocks, (5) marble and (6) anorthosite, the
first three in first and second order folds, the last three
in both pods and folds. The northern Britt model, which
represents the more tightly folded, parautochthonous lower
deck includes the same lithologies but lacks marble. As for
the thin layer modelling, the compressional wave velocities
used were the average laboratory-derived velocities at 600
MPa for the individual lithologies discussed in chapter
three. Paragneiss was not included in the velocity-depth
models because its P-wave velocity and density are similar to
those of granodiorite gneiss and diorite gneiss. A 1 km-
thick water layer was added at the top of each model to
simulate the acquisition conditions of profile J.

In interpreting the results of modelling it should he
remembered that the lithologies and structural features at
depth in the models are only estimates due to the limited
subsurface information available. The purpose of the
modelling is not to produce a synthetic reflection profile

which is faithful to specific events on profile J, but ho
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explore the types of structures which might produce the kinds

of reflection patterns observed.

Synthetic Sections

Figures 5.15 and 5.16 show the zero-offset, unmigrated
synthetic seismic sections generated from the southern and
northern Britt models, respectively. Both sections show that
significant reflections are generated at the boundaries
between structures composed of (1) mafic rocks and the other
lithologies, (2) diorite gneiss and the other lithologies,
(3) anorthosite and the other lithologies, and (in the
southern Britt domain) between (4) marble and granitic
gneiss. All other contacts generate only low amplitude
reflections due to their low reflection coefficients. The
first order folds can be discerned in the southern traverse
but the second order folds can be detected in neither.

FK migration was applied to the synthetic sections
generated from the input models and the results are shown in
Figures 5.17 and 5.18, respectively. The synthetic section
for the southern Britt model shows mostly low amplitude
reflections because the dominant lithologies (such as the
Nadeau Island Association) include relatively few mafic-
intermediate bodies or pods. Interestingly, the first order
folds can be detected «clearly as strings of discontinuous
reflections off the peaks and troughs of second order folds,

but the second order folds themselves can not be identified
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as folds because of aliasing and energy-shedding off steep
fold limbs.

The synthetic section generated from the northern Britt
model is characterized by discontinuous scattered reflections
similar to those in the eastern portion of GLIMPCE profile J.
Neither the first nor the second order folds can be
identified with any certainty, either because of the
increased rugosity of the model or because the folds are
partially obscurred by mafic bodies, which are more aboundant
in the northern model. To test the relative importance of
these two factors, a simplified model (Fig. 5.19) based on
the northern Britt model, but with no second-order folds, was
tested for comparison with the rugose model (Figures 5.14,
5.16 and 5.18) and the actual reflection data (Figure 2.8 and
5.3). The synthetic sections generated from this model are
shown in Figure 5.20 (unmigrated) and 5.21 (migrated). These
sections show that although the reflections from this
simplified »>del are more continuous than either the observed
reflections on line J or the reflections generated from the
northern Britt model with both first and second-order folds,
continuous folded boundaries still cannot be identified. This
result indicates that both rugosity and the presence of mafic
bodies contribute to the discontinous nature of the

reflections in the northern Britt domain model.
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Digcussion

It is clear that an interpretation based on the
synthetic data alone would not correctly represent the input
model geometry. In particular, the continuous folded
boundaries (reflection coefficient = 0.05) in the northern
Britt model lose their continuity completely, even for
migrated sections. The similarity of profile J to the
synthetic reflection profile for the northern Britt model
suggests that the lithology and structure under profile J
throughout most of the Britt domain may resemble the northern
model more closely than the southern model. This would be
consigtent with recent interpretations of the southern Britt
domain as a thin-skined allochthon overlying the northern
Britt parautochthon (Culshaw et al., in press). It is thus
concluded that if continuous, gently folded boundaries are
present under the Britt domain, they are probably not
resolved on profile J due tc the presence of second-order
folds along the boundaries and/or impedance inhomogeneities

above the boundaries.

Wide-angle Reflection Character of Folded Structures

The Problem
As desgcribed in chapter two, refraction/ wide-angle
reflection data along profile J through the Britt domain

display complex "shingle-like" Pg phases (Fig. 2.9). Although
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the dipping reflector geometry suggested by Mereu and others

(1990) could successfully explain these arrivals, it is not a
unique solution. The geological data and the results of near-
vertical reflection modelling suggest an alternative
interpretation.

Considering that major structures of the Britt domain
are characterized by a series of folds, a generalized simple
fold model (Fig. 5.22) was tested. The wavelength and
amplitude of the folds, which are the key parameters in the
modelling, are loosely based on the surface geologic data.
The object of the modelling was not to interpret specific
wide angle reflection events along profile J but to explore

the cause of shingling in wide angle reflection profiles.

Modelling technigue

The modelling package SEIS81 developed by V. Cerveny and
I. Psencik was used in this work for offset reflection
modelling. The package was designed for the numerical
modelling of seismic wave fields in two-dimensional,
laterally varying layered structures using the ray method,
and it consists of five programs: Seis81, Smooth, Rayplot,
Syntpl and Seisplot.

The basic computation was performed by the program
Seis8l, which includes approximation of interfaces and
velocity distribution, two-point ray tracing, standard ray
tracing, dynamic ray tracing and evaluation of amplitudes.

The program Smooth was used for the preparation of a smooth
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velocity input file for the program Seis8l. Ray diagrams,

time-distance and amplitude-distance curves were produced
and plotted using the program Rayplot. The program Syntpl
computed synthetic seismograms from the data generated in
Seisg8l. The output file of Syntpl contains synthetic
seismograms which may be further processed and plctted using

Seigplot.

Regults

The ray diagram and synthetic wide angle reflection
profile generated for a line perpendicular to the fold axes
are shown in Figures 5.22 and 5.23, respectively. The
reduction velocity for displaying the synthetic data was 6.5
km/s. The results show clearly that "shingle-like" arrivals
may be generated from a single folded boundary, because only
the limbs of folds which dip toward the source reflect rays
to the surface (Fig. 5.22).

The results also show that the length and dips of the
shingles decrease with increasing distance. On the other
hand, if the shingles resulted from a series of dipping
layers due to wide-angle effects (Mereu et al., 1990), the
length and slope should increase with increasing distance.
This characteristic may help to identify the geometrv
responsible for generating a specific set of shingles. In then
case of those shown on the refraction/wide-angle reflection
section recorded at station 3 on profile J (Fig. 2.9), folds

seem to be responsible.
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St shwvious that for folded boundaries, a reverse
recor® : -caion should show shingles which dip in the oppositoe
direction, while simple dipping boundaries chould not
ger.erate shingles at all. Unfortunately, this c¢ritical
information is not available in the data set fo: profile J.
Although record station 2 is located on the north-west side
of the Britt domain, the east-dipping geometry and high
reflectivity of the intervening Grenvillzs Front Tectonic Zone
caused poor reception of energy reflected from the Britt

domain.



Chapter 6

CONCLUSIONS

This study has provided laboratory compressional and
shear wave velocity data for various lithologies and in-situ
refraction velocity information for the Britt domain in the
Central Gneiss Belt, southwestern Grenville Province, a
representative sample of Precambrian middle continental
crust. The lithologies of the Britt domain at depth have been
estimated through a comparison of laboratory and refraction
data. Possible causes of the Britt domain reflectivity found
along GLIMPCE profile J were evaluated based on laboratory-
derived reflection coefficients and surface geology, using
one-D and two-D zero-offset reflection modelling. A new
interpretation of the 'shingles' observed on profile J is
suggested from wide-angle reflection modelling. The results

of this research are summarized below.

Laboratory Seismic Properties of Britt Domain Rocks

Figure 6.1 shows the average compressional wave velocity
for each lithsiogy in the Britt domain as a function of
pressure, along with the time-average velocity of the Britt
domain as a whole calculated from the relative abundance of

each exposed lithology. In this section, the results of
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laboratory studiesg on the seismic properties of the Britt

domain rocks are summarized.

Granitic Gneigses

The average compressional wave velocity of the granitic
gneisses, the most abundant lithology in the Britt domain
(~45%), is 6.29 £0.11 at 600 MPa and the average density is
2.65 £0.04 g/cm3. The range in velocity exhibited by these
rocks is probably due to their range of quartz and feldspar
contents and variations in feldspar composition. The average
snear wave velocity of a representative sample is 3.62 km/s
at 600 MPa, giving a Poisson's ratio of 0.25. Vp anisotropy
in these rocks is generally small (1.1% on average) due to
their low content of anisotropic minerals such as mica and
hornblende. Some samples are fast perpendicular to foliation,
probably due to quartz and feldspar alignment. The low
anisotropy of the granitic gneigses, even highly strained
ones, implies that significant reflections would be difficult
to develop internally in this lithology.
Granodiorite Gneisges

The granodiorite gneissges, including tonalites, which
constitute ~40% of the Britt domain, have an average
compressional wave velocity of 6.36 *0.12 km/s at 600 MPa and
an average bulk density of 2.71 #0.03 g/cm3 . The average
shear wave velocity of a representative sample is 3.68 km/s,

giving a Poisson's ratio of 0.25. Like granitic gneiss, the
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anisotropy of these rocks is also weak (2.7% on average) due

to the lack of strongly anisotropic minerals.

Diorite Gneisses

The diorite gneiss samples (~11%) have a narrow range in
modal mineralogy and, consequently, a narrow range in seismic
velocity and density. The average compressional wave velocity
of these rocks at 600 MPa is 6.51 *0.06 km/s and the average
density is 2.82 #0.05 g/cm®. The mean shear wave velocity of
a representative sample is 3.76 km/s, giving a Poisson's
ratio of 0.25. Seismic anisotropy in these rocks is higher
(4.3% on average), due to their higher content of anisotropic

minerals such as mica and hornblende.

Paragneisses

Paragneiss samples exhibit a wide range in compressional
wave velocity due to their wide range in modal mineralogy.
The average Vp of these rocks is 6.39 #0.12 km/s at 600 MPa
and the average density is 2.78 #0.05 g/cm3. Seismic
anisotropy in these rocks is relatively strong (5.2% on
average) due to their high biotite content. The average shaar
wave velocity measured for a selected paragneiss sample is
3.54 km/s with obvious splitting for different propagation
and vibration directions. Because of their similar P-wave
velocities, the paragneisses were included with the
granodiorites for purposes of regional velocity calculation,

but the two lithologies can be easily distinguished using
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shear wave data and Poisson’s ratios (paragneiss has a much

higher o).

Mafic Rocks

There are two distinct sub-groups of mafic rocks in the
Britt domain (totalling ~4%), amphibolite and metadiabase.
The amphibolite samples have an average compressional wave
velocity of 6.92 #£0.15 km/s at 600 MPa and an average bulk
density of 2.97 #0.08 g/cm®. These rocks usually exhibit
strong seismic anisotropy (5.9%) which depends on the
hornblende content and its degree of preferred orientation.
The average compre.ssional wave velocity for the metadiabase
samples at 600 MPa is 6.88 *0.14 km/s and the average bulk
density is 3.15 *0.07 g/cm?®. No significant seismic
anisotropy was found for metadiabase due to the preservation
of ophitic textures. Shear wave velocities averaged 3.85 km/s
and 4.04 km/s for representative samples of metadiabase and
amphibolite, respectively, giving Poisson‘’s ratio values of

0.28 and 0.27.

ot ] i tholodi
Other lithologies which are less abundant include
anorthosite, marble and dunite. The anorthosites have an
average compressional wave velocity of 7.00 #0.13 km/s at 600
MPa and an average density of 2.82 %0.01 g/cm3. Seismic
anisotropy in these rocks is weak (2.0%) due to the lack of

preferred crystal crientation. The average shear wave
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velocity measured for anorthosite is 2.88 km/s at 600 MPa,
giving a Poisson’s ratio of 0.295. The compressional wave
velccity for marble is 6.89 km/s at 600 MPa and the observed
anisotropy is 7.1%. The dunite sample was isotropic with a

compressional wave velocity of 8.1 km/s.

Summary

The average seismic properties of the rocks from the
Britt domain are closely related to their modal mineralogies
and textures. As many researchers have noted (e.g. Kern and
Schenk, 1985), the low average velocity of granitic gneisses
(Vp = 6.29 km/s) corresponds to a high quartz and feldspar
content, while abundant modal hornblende, plagioclase, garnet.
and pyroxene explain the higher velocities (6.82-7.00 km/s)
of the mafic rocks and anorthosites. Vp anisotropy depends
largely on the modal content and aligment of mica and
hornblende. Thus, amphibolite and paragneiss demonstrate
strong anisotropy (5-6%) while the granitoid rocks are nearly
isotropic (~1%). Similar results were reported for rocks from
the GFTZ (Burke,1991). As demonstrated by Christensen and
Fountain (1975), Kern and Richter (1981) and Kern and Schenk
(1985), the modal content of plagioclase is generally
proportional to Poisson's ratio, but a high modal content of
quartz tends to lower the wvalue.

The time-average velocities of the Britt domain are 6.36
+ 0.06 km/s for vp and 3.68 km/s for Vs, giving a Poisson's

ratio of 0.25. These properties are consistent with a bulk
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composition of granodiorite near the surface. The average Vp
anisotropy is weak (2.0% at 600 MPa). Since the regional
foliation is nearly horizontal or shallow-dipping, the crust
will be weakly anisotropic, with Vp fast in the horizontal
direction.

Impedance contrasts which are likely to make significant
reflections lie between (1) mafic rocks (including
anorthosite) and granitic-granodiorite gneiss (R=0.08-0.11 at
600 MPa) and (2) intermediate gneiss and all other
lithologies (R=0.05-0.07) except granodiorite gneiss,

paragneiss and marble (R=0.01-0.03).

Results from 1992 Abitibi-Grenville Refraction Experiment

The primary results from the 1992 Abitibi-Grenville
refraction line AB, summarized in Figure 6.2, include:

(1) Below the surface layer, which is estimated to be
only 300 meters thick, the Britt domain has a uniform
velocity structure to a depth of ~ 15 km with a compressional
wave velocity of 6.15 km/s and a shear wave velocity of 3.55
km/s near the surface and linear vertical velocity gradients
of 0.02s"! and 0.01s"1l, respectively.

(2) The upper crust in the Superior province has
slightly lower velocities (Vp=6.05 km/s, Vs=3.45 km/s) than
the upper crust of the Britt domain. At 15 km depth, the
compressional and shear wave velocities in both provinces

increase fairly abruptly to 6.55 and 3.75 km/s, respectively.
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Fig. 6.2 Schematic diagram showing velocity structure beneath Abitibi-Grenville line AB.
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(3) A high velocity block with a compressional wave

velocity of 6.4 km/s near the surface is found immediately

gsouth of the Grenville Front Tectonic Zone in the Britt
domain where it coincides with a pronounced gravity high.

(4) The Sudbury Basin shows slightly lower velocities
than the surrounding gneisses, in agreement with laboratory
data (Salisbury et al., 1992).

(5) The Grenville Front Tectonic Zone exhibits
pronounced seismic anisotropy at shallow depths (< 8 km),
with Vvp fast down and to the south, indicating south-dipping
foliation, in agreement with surface geology and reflection
data.

(6) The Moho is much deeper beneath the Britt domain (44
km) than beneath the Superior province (34 km), in accord
with results from profile J.

Comparison of the refraction and laboratory data shows
that:

(1) An excellent fit exists between laboratory and
refraction data below 3 km where the intrinsic properties of
rocks control refraction velocities. The misfit within the
upper 3 km can be easily explained by surface effects.

(2) Although slight variations in lithology exist, the
principal lithology exposed in the Britt domain is
granodiorite gneiss.While other interpretations are possible,
the simplest interpretation of the fit between laboratory and

refraction data is that granodiorites are representative of
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the entire upper crust of the Britt domain above the
Grenville Front Tectonic Zone. The laboratory-derived
Poisson's ratio value for granodiorites from the Britt domain
(0.25) also fits that from the refraction experiment (0.25)
gquite well. The value for paragneiss does not.

(3) The lower crust beneath the Grenville Front Tectonic
Zone in the central Britt domain, which actually belongs to
the Superior province, appears to be composed of diorite at
the top but becomes increasingly mafic toward the Moho.

(4) The refraction structure is consistent with crustal-
scale thrusting to the NW as imaged to the south on profile

J.

Synthetic Reflection Modelling and Data Interpretation

Refl ivi
Thin Mafic Layers

As noted above, the strongest impedance contrasts in the
Britt domain are between felsic to intermediate rocks and
mafic rocks, with the latter residing mostly in thin dikes.
The reflectivity of the thin mafic layers in the Britt domain
was tested through one-dimensional reflection modelling. At
the same time, a theoretical analysis of the reflectivity of
thin layer clusters as a function of layer thickness and
spacing was also made and the results are summarized as
equation 5.1. Both real data modelling and theoretical

results suggest that thin mafic layers in the Britt domain
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are one of the possible causes of the observed reflections on
GLIMPCE line J. However, the horizontal extent of many of
these clusters is small with respect to the size of a Freznel
zone, especially at large depths. Their contribution to the
observed reflectivity is therefore uncertain.

Larger Scale Lithologic Contacts

Two dimensional zero-offset synthetic reflection
sections (Fig. 5.17 and 5.18) show that significant
reflections are generated at the boundaries between (1) mafic
rocks and all other lithologies, (2) diorite gneisses and all
other lithologies, (3) anorthosites and all other lithologies
and between (4) marble and granitic gneiss (in the southern
Britt domain). All other lithologic contacts only generate
low amplitude reflections due to their low reflection
coefficients. Taking the relative abundance of individual
lithologies into account, however, mafic rocks (pods or
sills) are probably responsible for much of the Britt domain
reflectivity, especially at greater depth. By comparing the
synthetic sections with profile J, it is concluded that the
lithologies under most of profile J are similar to those in
the northern Britt domain, rather than the southern region,
which ig consistent with an allochthonous origin of the upper

levels of the crust south of the Central Britt Shear %Zone.
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Refl ion P rn

As shown in Figure 5.3, sub-horizontal, discontinuous
and scattered reflections characterize the Britt domain
reflectivity. However, surface geology shows that some high
impedance lithologies have a large lateral extent and aie
incorporated in a series of NW-trending folds. Modelling
suggests that these continuous boundaries and folded
structures may not be obgerved on profile J because of (1)
scattering by second order folds (rugosity) superimposed on
the boundaries and (2) shadowing and pull-up effects caused
by impedance inhomogeneities above the boundaries. The
reflections from fold limbs tend to be muted, leaving peaks
and troughs which merge laterally into pseudo-horizontal
reflectors at depth. Another reason for the sub-horizontal
characteristics of the reflections along line J is that the
iine cuts the folds at an angle which is oblique to the ftold

axes (Fig. 6.3).

‘Shingleg' on Profile J

Wide-angle reflection modelling suggests that the
"shingles" observed along profile J (Mereu et al., 1990) may
be caused by folded reflectors. This interpretation is also
supported by surface geology, near vertical reflection ddal.a
(sub-horizontal rather than dipping reflections in the RBritt
domain itself), the characteristics of the shingles

themszlves (their lengths and dips decrease with increasing
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Fig. 6.3. Schematic diagram showing reflection geometry along GL.IMPCE profile J.
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distance from the source) and new refraction data collected

along the axis of the folds (no 'shingles' are observed).

Discussion on the Nature of Seismic Reflectivity

in the Continental Crust

As noted at the beginning of this study, various
hypotheses have been proposed for the origin of deep crustal
reflections, including (1) fluid layers, (2) mylonite zones
and (3) lithologic layering. Mooney and Meissner (1992) argue
for a multi-genetic origin for these reflections and propose
that the dense, subhorizontal sets of reflections observed in
the lower crust are caused by lamination of c¢rustal materialg
with different seismic properties. However, as they also
noted, it is difficult to attribute subhorizontal reflections
under orogens to such a cause because lamination usually
implies an extensional environment.

While this study supports, by extrapolation, the
conclusion that lithologic layering can cause lower crustal
reflectivity, simple lamination is not necessarily the sole
cause of subhorizontal reflections. The modelling results
presented here show that complex folded structures also make
subhorizontal, discontinuous reflections, but they may be
shorter and less dense than those caused by simple
lamination. Interestingly, the reflections observed in
shields and orogens are shorter and less dense (except in

shear zones) than those observed in extensional regiong
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(Mooney and Meissner, 1992). Therefore seismic laminae may
well be corrzlated with laminated lower crust in extensional
regions such as rifts, but to complex folded structures
beneath both ancient and modern orogens.

If reflective lower crust can be attributed to Jdifferent
types of structures, as discussed above, refraction
velocities may also be different because of anisotropy, with
velocities being faster in the horizontal direction in
laminated lower crust than in complexly folded lower crust.
According to long-wave theory (Postma, 1955; Melia and
Carlson, 1984), a horizontally laminated medium will have a
fairly large anisotropy which depends on the relative
proportions of its constituent high and low velocity layers
and their velocity contrasts, with the fast direction being
horizontal or parallel to layering even if the constituent
layers are isotropic. Thus, in principle, the bimodal
velocity distribution of continental lower crust (Holbrook et
al., 1992) does not necessarily correspond to differences in
bulk compogition but may be related in part to structure
(note that high velocity lower crust is usually correlated
with extensional environments, where laminations are
expected, and low velocity lower crust with orogens)
(Holbrook et al., 1992). Consequently, it can be argued that
refraction velocities obtained from laminated lower crust may
be biased toward the fast direction in a layered medium, and
thus, should not be correlated directly with bulk

composition. Even if lower crustal velocities in orogens
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prove to be more representive of in situ averages, estimates
of bulk composition (e.g. Holbrook et al., 1992) should be

constrained both by observed reflectivity and velocity.



Appendix I

Vertical component, in-line seismic sections of each shot
gather along line AB, plotted at a reduction velocity of 4
km/s. A 2-12 Hz band pass filter has been applied to the
data. V, travel time curves calculated from the model in

Figure 4.2 are superimposed on the sections.
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Appendix II

Reflectivity of Regularly Spaced Thin Layers

A wavelet reflected from a single thin bed can be

approximated as (Widess, 1955)

R = (2Asin27b,/A,)sin2n/T (A-1)
where A is the maximum reflection amplitude when the bed is
very thick, b, is the bed thickness, T is the period of the
incident wavelet and A, is the wavelength. The term in
brackets is approximately the maximum amplitude of the
wavelet.

Now we consider the effect of a number of regularly
spaced thin layers on the amplitude of the reflected
wavelet. To the first order of approximation, the wavelets
reflected from each thin layer are identical except for time

differences. The wavelet reflected from a thin laver

cluster is then,

N N
R, =Z_l: R, r?; (Asin2n(t + kAt)/t (A2)

where A = 2Asin27b,/A, N is the number of layers and At is
the time difference between two successive wavelets. By

expanding equation (A-2), we obtain,

218
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N
R, =¥ (Asin2nt/t cos2nkAt/t + Acos2nt/t sin2nkAt/t)
k<0

N N
2n/T ; .
R, “’_ﬁ Asmwtz coswkAt +Acosmt§  sinmkAt
k=0 k=0

1 . .
R, = Asinot sinaNeAt. 08 A(NH)oAL | Acosot sin‘/zN(nAt.S‘IM(NH)(DA_t
sinY2wAt SIAOAL

R = Asin’sNwAt

1 = S GAL .[sinot cos’a(N+)wAt + coswt sint4(N +)wAt]

R : sin“2aNwAt

= (A T ysin[ot + Y%(N+)oAt] (A-3)

The term in brackets is approximately the maximum reflect ion
amplitude A, and the time difference At can be calculated
from
At = b,/v, + b,/v,

where b, and b, are the thicknesses of the high and low
velocity layers and v, and v,, their P-wave velocities,
respectively.

Rewriting the meximum reflection amplitude we obtain,

Sin2nN(b, /A, ,/1,)

A, = 2Asin2nb /A, sin2n(b,/A,+b,/\,)

(A4)

where A, and A, are the wavelengths calculated from v, and v,
respectively. To the first order of approximation,
A, % A, = A

where A is the wavelength of the incident wavelet. Then
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equation (A-4) becomes

sin2nN(b, b,)/A

=)
Sin2n (b, b,)/h (4)

A, =2Asin2nb /%,

Equation (A-5) shows that the maximum reflection
amplitude from a thin layer cluster is proportional to the
thickness (b,;) and the number (N) of the high velocity
layers and inversely proportional to the thickness (b,) of
the low velocity layers, provided both high and low velocity
layers are thin. For a thin layer cluster composed of b, =
1 m b, =1mandN = 10, and an incident wavelet with a
predominant frequency of 100 Hz, the maximum reflection
amplitude is about 0.9 A; if b, is increased to 1.5 m, then
the amplitude is 0.56 A.

Note that transmission loss was not considered in this

approximation.



Appendix IIIX
Detailed Distribution of Mafic layers Along Key River

Thickness(m) Lithology Cluster
950.0 Granodiorite gneiss
1.0 Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic gneiss
Granitic gneiss
Mafic dike -
Granitic gneiss
Mafic gneiss
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss I
Mafic dike
Granodiorite gneiss
Granitic gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss
Mafic dike
Granodiorite gneiss
Mafic dike |
Granitic gneiss
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Mafic dike

Granitic gnieiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Maiic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss
Grancdiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Mafic dike

Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike —
Granodiorite gneiss

Mafic dike

Granodiorite gneiss

Mafic dike ]
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss il
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
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Mafic dike
Granitc gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss 1t
Mafic dike
Granitic gneiss
Mafic dike
Granitc gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Graniric gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike —
Granitic gneiss

Mafic dike
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Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss v
Mafic dike
Granitic gneiss
Mafic dike —
Granitic gneiss _
Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss

Mafic dike

Granitic gneiss v
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Garnitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
G-caitic gneiss
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Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gaeiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
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Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike VI
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike —
Granitic gneiss
Mafic dike
Granidc gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike VIl
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Garnitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitc gneiss
Mafic dike
Granitc gneiss
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Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic gneiss
Granitc gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Mafic dike
Granodiorite gneiss
Granitic gneiss
Granodiorite gneiss
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike

Granitic gneiss
Granodiorite gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike

Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike
Granitic gneiss
Mafic dike

Granitic gneiss




228

References

Alexandrov, K.S. and T.V.Ryzhova, 196la, Elastic properties
of rock forming minerals, 1, Pyroxenes and
amphibolites, Bull. Acad. Sci. USSR Geophys. Ser., 9,
1165-1168.

Alexandrov, K.S. and T.V.Ryzhova, 1961b, Elastic properties
of rock forming minerals, 2, layered silicates, Bull.
Acad. Sci. USSR Geophys. Ser., 11, 871-875.

Alexandrov, K.S. and T.V.Ryzhova, 1962, Elastic properties
of rock forming minerals, 3, feldsgpars, Bull. Acad.
Sci, USSR Geophys. Ser., 2, 129-131.

Allmendinger, R.W., K.D.Nelson, C.J.Potter, M.Barazangi,
L.D.Brown and J.E.Oliver, 1987, Deep seismic reflection
characteristics of the continental crust, Geology, 15,
289-386.

Anovitz, L.M. and E.J.Essene, 1990, Themobarometry and
pressure-temperature paths in the Grenville Province of
Ontario, J. Petrology, 31, 197-241.

Asudeh, I., F.Anderson, J.Parmelee, S.Vishnubhatla, P.Munro
and J.Thomas, 1992, A Portable Refraction Seismograph
PRS1., Geological Survey of Canada, Open File Report
2478, 47 pp.

Asudeh, I., C.Spencer, and R. Wetmiller, in press, Litho
SEIS User Manual, Geological Survey of Canada, Open
File Report.

Baer, A.J., 1981, A Grenville model of Proterozoic plate

tectonics, in Precambrian Plate Tectonics, ed. by A.
Kroner, Elservier, New York, 351-385.

Behrendt, J.C., A.G.Green, W.F.Cannon, D.R.Hutchinson,
M.W.Lee, B.Milkereit, W.F.Agena and C.Spencer, 1988,
Crustal structure of the midcontinental rift system:
Results from GLIMPCE deep seismic reflection profiles,
Geology, 16, 81-85.

Bethune, K.M., A.Davidson and F.0.budas, 1990, Structure and
metamorphism of the Sudbury dykes: Constraints on
tectonic evolution of the Grenville Front south of
Sudbury, Ontario, Geological Association of Canada/
Mineralogical Association of Canada Joint Annual
Meeting, Program with abstracts, vol. 15, AlO0,.



229

Birch, F., 1960, The velocity of compressional waves in rocks
to 10 kilobars, part 1, J. Geophys. Res., 66, 2199-2224,.
Birch, F., 1961, The velocity of compressional waves in rocks
to 10 kilobars, part 2, J. Geophys. Res., 65, 1083-1102.

Brace, W., 1965, Some new measurements of linear

compressibility of rocks, J. Geophys. Res., 70, 319-
398.

Burke, M., 1991, Reflectivity of highly deformed terranes
based on laboratory and in situ velocity measurements
from the Grenville Front Tectonic Zone, Central
Ontario, Canada, Ph.D thesis, Dalhousie Univ., 238 pp.

Christensen, N.I., 1965, Compressional wave velocities in
metamorphic rocks to 10 kilobars, J. Geophys. Res., 70,
6147-6164.

Christensen, N.I., 1979, Compressional wave velocities in
rocks at high temperatures and pressures, critical
thermal gradients and crustal low-velocity zones, J.
Geopgys. Res. 84, 6849-6857,

Christensen, N.I., 1989, Reflectivity and seismic properties
of the deep continental crust, J. Geophys. Res. 94,
17795-17804.

Christensen, N.I., 1989, Pore pressure, seismic velocities
and crustal structure, in Geophvsical Framework of the
United States, GSA. Mem., vol.l72, ed. by L.C.Pakiser
and W.D. Mooney, 783-798.

Christensen, N.I. and D.M.Fountain, 1975, Constitution of
the lower continental crust based on experimental
studies of seismic velocities in granulite, Geol. Soc.
Am, Bull., 86, 227-236.

Christensen, N.I. and G.Shaw, 1970, Elasticity of mafic rocks
from the mid-Atlantic Ridge, Geophys. J., 20, 271-284.

Christensen, N.I. and D.Szymanski, 1988, Origin of
reflections from the Brevard Fault Zone, Geophys. J.,
20, 271-284.

Corrigan, D., 1990, Geology and U-Pb geochronology of the
Key Harbour area, Britt Domain, Southwest Grenville
Province, MSc. Thesis, Dalhousie Univ., Halifax, 165pp.



230

Corrigan, D., N.G.Culshaw and J.K.Mortensen, in press, Pre-
Grenville evolution and Grenvillian overprinting of the
Parautochthonous Belt in the Key Harbour area, Ontario:
U~-Pb and structural constraintsg, Can. J. Earth Sci.

Corriveau, L., 1990, Proterozoic subduction and terrane
amalgamation in the southwestern Grenville Province,
Canada: Evidence from ultrapotassic to shoshonitic
plutonism, Geology, 18, 614-617.

Culshaw, N.G., G.Check, D.Corrigan, J.Drage, R.Gover,
M.J.Haggart, P.wWallace and N.Wodicka, 1988, Georgian
Bay Geological Synthesis: Key Harbour to Dillon,
Grenville Province of Ontario, in Current Research,
part C, Geological Survey of Canada Paper 88-1C, 129-
133.

Culshaw, N.G., G.Check, D.Corrigan, J.Drage, R.Gover,
M.J.Haggart, P.Wallace and N.Wodicka, 1989, Georgian
Bay geological synthesis: Dillon to Twelve Mill Bay,
Grenville Province of Ontario, in Current Research,
part C, Geological Survey of Canada Paper 89-1C, 157-
163.

Culshaw, N.G.,D.Corrigan, R.A.Jamieson, J.Ketchum, P.Wallace
and N.Wodicka, 1991, Traverse of the Central Gneiss
Belt, Grenville Province, Georgian Bay. In: Geological
Society of Canada -~ Mineralogical Society of Canada -
Society of Economic Geologists, Joint Annual Meeting,
Toronto, 91, Field Trip B3: Guidebook, 32 pp.

Culshaw, N.G., A.Davidson and L.Nadeau, 1983, Structural
subdivisions of the Grenville Province in the Parr
Sound-Algonquin region, Ontario, in Current Research,
part B, Geological Survey of Canada Paper 83-B, 243-
252.

Culshaw, N.I., J.Ketchum, N.Wodicka and P.Wallace, in press,
Ductile extension following thrusting in the deep
crust: Evidence from southern Britt Domain, southwest
Grenville Province, Georgian Bay, Ontario, Can. J. Earth
Sci.

Culshaw, N.G., P.H.Reynolds and G.Check, 1991, A 40Ar/3%ar
study of post-tectonic cooling and uplift in the Britt
domain, Grenville Province, Ontario, Earth and Planet.
Sci. Lett., 105, 405-415.



231

Davidson, A., 1984, Tectonic boundaries within the Grenville
Province of the Canadian Shield, J. of Geodynanmics, 1,
433-444.

Davidson, A., 1986, New 1nterpretatlons in the gouthwestern
Grenville Province, in The Grenville Province, ed. by
J.M.Moore, A.Davidson and A.J.Baer, Geological
Association of Canada Spec. Paper 31, 61-74.

Davidson, A. and K.M.Bethune, 1988, Geology of the north
shore of Georgian Bay, Grenville Province of Ontario,
in Current Research, part C, Geological Survey of
Canada Paper 88-1C, 135-144.

Davidson, A., N.G.Culshaw and L.Nadeau, 1982, A tectonic
metamorphic framework for part of the Grenville
Province, Parry Sound region, Ontario, in Current
Research, part A, Geological Survey of Canada Paper 82
1A, 175-190.

Davidson, A. and O.van Breemen, 1988, Baddeleyite-zircon
relationships in coronitic metagabbro, Grenville
Province, Ontario: Implications for geochronology,
Ccontributions to Mineralogy and Petrology, 100, 291-
299.

Davidson, A., O.ven Breemen and R.W.Sullivan, 1992, Circa
1.75 Ga ages for plutonic rocks from the southern
Province and adjacent Grenville Province: What is the
expression of the Penokean Orogeny? in Radiogenic age
and isotopic studies, Report 6, Geological Survey of
Canada Paper 92-2.

Dewey, J.F. and K.C.A.Burke, 1973, Tibetan, Variscan, and
Precambrian basement reactivation: Products of
continental collision, J. Geol., 81, 683-692.

Dobrin, M.B. and C.H.Savit, 1988, Introduction to
Geophysical Prospecting, McGraw-Hill, Inc., 312 pp.

Donaldson, J.A. and E.Irving, 1972, Grenville Front and
rifting of the Canadian Shield, Nature, 237, 139-140.

Easton, R.M., in press, Mesoproterozoic evolution of the
southeast margin of Laurentia, in Geoloay of Ontario,
OGS Special vol. 4, 1302-1313.

Epili, D. and R.F.Mereu, 1991, The Grenville Front Tectonic
Zone: Results from the 1986 Great Lakes onshore seismic
wide-angle reflection and refraction experiment, J.
Geophys. Res., 96, 16335-16348.



232

Fountain, D.M., 1986, Impllcatlons of deep crustal evolution

for seismic reflection, in Reflection Seismology: The
Continental Crust, ed. by M. Baranganzi and L. Brown,

AGU. Geodynamics series, 14, 1-7.

Fountain, D.M. and N.I. Christensen, 1989, Composition of
the continental crust and upper mantle -- a review,
in Geophvsical Framework of the Continental United
States, ed. by L.C.Pakiser ard W.D.Mooney, Geol. Soc.
Am., Mem., vol. 172, 711-742.

Fountain, D.M., D.T.McDonough and J.M.Gorbam, 1987, Seismic
reflection models of continental crust based on
metamorphic terranes, Geophys. J. R. Astr. Soc., 89,
61-66.

Fountain, D.M., M.H.Salisbury and J.Percival, 1990, Seismic
structure of the continental crust based on rock
velocity measurements from the Kapuskasing Uplift, J.
Geophys. Res., 95, 1167-1186.

Gardner, G., M.Wyllie and D.Droschak, 1965, Hysteresis in
the velocity-pressure characteristics of rocks,
Geophs., 30, 111-134.

GLIMPCE seismic refraction working group, 1989, GLIMPCE
seismic experiments: Long-offset recordings, EOS.
Trans. AGU, 70, 841, 852-853.

Green, A.G., M.F.Cannon, B.Milkreit, D.R.Hutchinson,
A.Davidson, J.C.Behrendt, C.Spencer, M.W.Lee, P.Morel-
a-1' Hussier and W.F.Agena, 1989, A GLIMPCE of the deep
¢rust beneath the Great Lakes, in Properties and

ErQgsaaga_gi_ﬂaxnh_a_gznan ed. by R.F.Mereu, S.Muller
and D.M.Fountain, AGU., 65-80.

Green, A.G., B.Milkereit, J.Percival, A.Davidson, R.Parrish,
F.Cook, W.Gels, W.F.Cannon, D.,Hutchinson, G.West and
R.Clowes, 1990, Origin of deep crustal reflections:
seismic profiling across high grade metamorphic
terranes in Canada, Tectonophvs., 173, 627-638.

Green, A. G., B.Milkereit, A.Davidson, C.Spencer,
D.R.Hutchinson, W.F.Cannon, M.W.Lee, W.F.Agena,
J.C.Hehrendt and W.J.Hinze, 1988, Crustal structure of
the Grenville Front and adjacent terranes, Geol, 16,
788-792.



Haggart, M.J., R.A.Jamieson, P.H.Reynolds, T.E.Krogh,
C.Beaumont and N.G.Culshaw, 1993, Last gasp of the
Grenville orogeny - thermochronology of the Grenville
Front Tectonic Zone near Killarney, Ontario, J. Geol.,
101, 575-589.

Hanmer, S.K. and A.Ciesielski, 1984, Structural
reconnaissance of the northwest boundary of the Central
Metasedimentary Belt, Grenville Province, Ontario, and
Quebec, in Current research, part B, Geological Survey
of Canada Paper 84-1B, 121-131.

Heaman, L.M. and A.N.LeCheminant, in press, Paragenesis and
U-Pb systematics of baddeleyite (Zr0), Chemical Geol.

Holbrook, W.D., W.D.Mooney and N.I.Christensen, 1992, The
seismic velocity structure of the deep continental
crust, in Continental Lower Crust, ed. by M.D.Fountain,
R.Aruculus and R.W.Kay, Elsevier, Amsterdam, 1-43.

Irving, R. and 14 others, 1993, 1992 Lithoprobe Abitibi-
Grenville seismic refraction survey: Acquisition and
processing report, Open File No. 2627, Geological
Survey of Canada, 24 pp.

Jamieson, R.A., N.G.Culshaw, N.Wodicka, D.Corrigan and
J.Ketchum, 1992, Timing and tectonic setting of
Grenville metamorphism - constraints from a transect
along Georgian Bay, Ontario, J. Metamorphic Geol., 10,
321-332.

Jamieson, R.A., N.G.Culshaw and D.Corrigan, in press,
Orogenic front to orogenic interior: I. Grenvillian
structure and metamorphism near Key Harbour, Georgian
Bay, Ontario, J. metamorphic Geol.

Juhlin, C., 1990, Interpretation of the reflections in the
Siljan Ring area based on results from the Gravgerg-1l
borehole, Tectonophysics, 173, 345-360.

Ketchum, J.W.F., N.G.Culshaw, R.A.Jamieson and L.M.Heaman,
1992, Structure, metamorphism, and geochronology of
high grade gneisg within and adjacent to the Central
Britt Shear Zone, Central Gneiss Belt, southwest
Grenville Province, Geological Association of Canada /
Mineralogical Association of Canada Joint Meeting,
Program with Abstracts, 17, AS57.



234

Ketchum, J.W.F., N.G.Culshaw, L.M.Heaman, T.E.Krogh and
R.A.Jamieson, 1993, Late orogenic ductile extension in
the middle Proterozoic Grenville orogen: An example
from Ontario, Canada, Abstract in Late Qrogenic
Extension in Mountain Belts, ed. by M.Seranne and

J.Malavieille, Document du BRGM France, 219, 108-109.

Ketchum, J.W.F., R.A.Jamieson, L.M.Heaman, N.G.Culshaw and
T.E.Krogh, in press, 1.45 Ga granulites in the
southwestern Grenville Province: Geologic setting, P-T
conditions, and U-Pb geochronology., Geology.

Kern, H. and A.Richter, 1981, Temperature derivatives of
compressional and shear wave velocitieg in crustal and
mantle rocks at 6 kbar confining pressure, J. Geophys.,
49, 47-56,

Kern, H. and V.Schenk, 1985, Elastic wave velocities in rocks
from a lower crustal section in southern Calabria
(Italy), Earth Planet. Sci. lett., 40, 147-160.

Krogh, T.E., 1971, The Grenville Front interpreted as an
ancient plate boundary, in Carnegie Inst. Washington
Yearbook, 70, 239-240.

Krogh, T.E., 1989, U-Pb systematics of zircon and titanite
in metasediments and gneisses near the Grenville Front
Tectonic Zone, Ontario, Geological Association of
Canada/ Mineralogical Association of Canada, Program
with Abstracts, vol. 14, A52.

Krogh, T.E., F.Corfu, W.D.Davis, G.R.Dunning, L.M.Heamam,
S.L.Kamo, N.Machado, J.D.Greenough and E.Nukamura, 1987,
Precise U-Pb isotopic ages of diabase dykes and mafic to
ultramafic rocks using trace amounts of baddeleyite and
zircon, in Diabase Dyke Swarmg, ed. by H.C.Halls and
W.F.Fahrig, Geological Association of Canada Spec. Paper
34, 147-152.

Linda, F.M., M.D.Thomas and A.Davidson, 1983, Geological
significance of Bouguer gravity anomalies in the region
of the Parry Sound Domain, Grenville Province, Ontario,
in Current Research, Part B, Geological Survey of
Canada Paper 83-1B, 261-266.

McEachern, S.L. and O.van Breemen, 1993, Age of deformation
within the Central Metasedimentary Belt boundary thrust
zone, southwest Grenville Orogeny: Constraints on the
collision of the Mid-Proterozoic Elzevir terrane, Can.
J. Earth Sci. 30, 1155-1165.



a3h

McGrath, P.H., D.W.Halliday and B.Felix, 1988,
Coastalgravity survey, Georgian Bay, Ontario, in
Current Research, Part C, Geological Survey of Canada
Paper 88-1c, 145-149.

McSkimin, H. and P.Andreatch, 1962, Analy51s of the pulse
superposition method for measuring ultrasonic wave
velocities as a function of temperature and pressure,
J. Aconst, Soc. Amer,, 34, 609-673.

Meissner, R., 1986, The Continental Crust: A Geoloaical
Approach, Academic Press, New York, 426 pp.

Meigssner, R., TH. Wever and P.Sadowiak, 1990, Reflection
patterns in the Variscan mountain belts and adjacent
areas: An attempt for a pattern recognition and
correlation to .ectonic units, Tectonophys, 173, 3ol

378.

Melia, P.J. and R.L.Carlson, 1984, An experimental test of
P-wave anisotropy in stratified media, Geophysics, 49,
374-378.

Mereu, R.F., D.Epili and A.G.Green, et al., 1990, Pg-
shingles: Preliminary results from the onghore GLIMP(E
refraction experiment, Tectonophys., 173, 617-626.

Mereu, R.F. and Ojo, S.B., 1981, The scattering of seismic
waves through a crust and upper mantal with random
lateral and vertical inhomogeneities, Phys. of Earth
and Planet. Int., 26, 233-240.

Mereu. R.F.,D.Wang, O.Kuhn, D.A.Forsyth, A.G.Green, P.Morel,
G.G.R.Buchbinder, D.Crossley, E.Schwarz, R.duBerger,
C.Brooks and R.Clowes, 1986, The 1982 COCRUST gseismic
experiment across the Ottawa-Bonnechere graben and
Grenville Front in Ontario and Quebec, Geophys. J. R.
Agstron. Soc., 84, 491-514.

Ministry of Northern Development and Mines of Ontario, 1991,
Vertical Magnetic Gradient of Ontario, Map 2591,
1:1000000

Mooney, W.D. and R.Meissner, 1991, Continental crustal
evolution observation, E0S. Trans. AGU., 72, 537.

Mooney, W.D. and R.Meissner, 1992, Multi-genetic origin of
crustal reflectivity: A review of seismic refiection
profiling of tue continental lower crust and Moho, in

Continental Lower Crust, ed. by D.M.Fountain, R.Arurulug
and R.W.KRay, 45-79,



236

Nadeau, 1990, Tectonic, trormal and magmatic evolution of the
Centrsl Gneiss Belt, Huntsville region, southwestern

Grenville orogeny, Ph.D thesis, Carleton Univercity,
Ottawa, 269.

Nockolds, S.R., 1954, Average compositions of some igneous
rocks, GSA. Bull., 65, 1007-1032.

poldervaart, A., 1955, Chemistry of the Earth’s crust, in
Crust Of the Earth, A. Poldervaart,

ed., GSA. Spec.
Pager 62, 119-144.

Postman, G.W., 1955, Wave propagation in a stratified
medium, Geophysics, 20, 780-806.

Reid, I, 1993, Velocity structure of reflective lower crust

beneath the Grand Banks of Newfoundland, J. Geophys.
Res., 98, 9845-9859.

Reid, I. and C.E.Reen, 1990, Deep crustal structure beneath
a rifted basin: Results from seismic refraction

measurements across the Jeanne d'Arc Basin, offshore
eastern Canada, Can. J. Earth Sci. 27, 1462-1471.

Ricker, N., 1953, Wavelet construction, wavelet expansion

and the control of seismic resolution, Geophys., 18,
796-792,

Rivers, T., J.Martignole, C.F.Gower and A.Davidson, 1989,
New tectonic subdivisions of the Grenville Province,
southeast Canadian Shield, Tectonics, 8, 63-84.

Ryzhova, T.V., 1964, Elastic properties of plagioclases,

Bull. Acad. Sci. USSR Geophys. Ser., 7, 633-635.
Sadowiak, P., 1991, Seismic reflectivity patterns:
comparative investigations of Europe and North America,
in Continental lithosphere: Deep Seismic Reflections,
ed. by R. Meissner, AGU., Washington, D.C., 315 pp.

Salisbury, M. and D.Fountain, in press, The seismic velocity

and Poisson’s ratio structure of the Kapuskasing uplift
from laboratory measurements, Can. J. Earth Sci..

Salisbury, M.H., R.Iuliucci and C.Long, in press, Velocity

and reflection structure of the Sudburry structure from
laboratory measurements, Geophys. Res. Lett..



237

Schwerdtner,W.M., 1987, Interplay between folding and
ductile shearing in the Proterozoic crust of the Muskoka-
Parry Sound region, Central Ontario, Can. J. Earth Sci.,
24, 1507-1525.

Stockwell, C.H., 1964, Fourth report on structural provinces,
orogenies and time~classification of rocks of the

Canadian Precambrian shield, in Age Determinations apd

Geological Studieg, Part II, Geological Survey of Canada
Paper 64-17, 1-21.

Stockwell, C.H., 1982, Proposals for time classification and
correlation of Precambrian rocks and events in Canada,
Geological Survey of Canada Paper 80-19, 135 pp.

Telford, W.M., L.D.Geldart and R.E.Sheriff, 1990, Applied
Geophysics, Cambridge Univ. Press, 770 pp.

Van Breemen, 0., A.Davidson, W.D.Loveridge and
R.D.Sullivan, 1986, U-Pb zircon geochronology of
Grenville tectonites, granulites and igneous
precursors, Parry Sound, Ontario, in The Grenville

Province, ed. by J. M. Moore, A.Davidson and A.J.Baer,
Geological Association of Canada Spec. Paper 31, 191-
207.

Van Breemen, 0. and A.Davidson, 1990, U-Pb zircon and
baddeleylte ages from the Central Gneigss Belt, Ontario,

in Radiogenic Adge and Isotopic Studies, Geologlcal
Survey of Canada Paper 89-2, 85-92.

Walsh, J.B., 1965, The effect of cracks on the
compressibility of rocks, J. Geophys. Res., 70, 381-
390.

Warner, M., 1990, Basalts, water, or shear zones in the lower
continental crust?, Tectonophys., 173, 163-174.

White, D., M.Easton, N.Culshaw, B.Milkereit, D.Forsyth,
S.Carr, A.Green and A.Davidson, in Press, Seismic
images of the Grenville orogen in Ontario, Can. J. Earth
Sci.

Widess, M.B., 1973, How thin is a thin bed? Geophys., 38,
1176-1180.

wWindley, B.F., 1986, Comparative tectonics of the western
Grenville and the western Himalayia, in The Grenville
Province, ed. J.M.Moore, A.Davidson and A.J.Baer,
Geological Associatiopn of Canada Spec Paper 31, 341-
348.



238

Woussen, G., W.D.Roy, E.Dimroth and E.H.Chown, 1986, Mid-
Proterozoic extensional tectonics in the core zone of
the Grenville Province, in The Grenville Province, ed.
by J.M.Moore, A.Davidson and A.J.Baer, Geological
Asgsociation of Canada Spec. Paper 31, 297-311.

Wynne-Edwards, H.R., 1972, The Grenville Province, in
MﬂIlQLlQnﬁ_ln_I&QLQELQ.SLXlﬂﬁ_lB_Qﬂﬂédﬂ ed. by
R.A.Price and R.J.W.Douglas, Geological Survey of
Canada Spec. Paper 11, 263-334.

Wynne-Edwards, H.R., 1976, Proterozoic ensialic orogenesis:
The millipede model of ductile plate tectonics, Amer.
J. Sci., 276, 927-953.

Young, G.M., 1980, The Grenville orogenic belt in the north
Atlantic continents, Earth Sci. Rev., 16, 277-288.





