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Abstract

Seismic data from 31 seismic stations, consisting of 16 SPREE (Superior Province Rifting
Earthscope Experiment) and 15 TA (Transportable Array) instruments located from 80 - 97°W
and 41 — 55°N were used to measure the lateral variation in the lithospheric fabric beneath the
Superior Province and the Mid-Continent Rift (MCR). | made shear wave splitting
measurements of SK(K)S phases by using the eigenvector minimization approach of Silver and
Chan (1991). Error surfaces for multiple events were stacked in back-azimuthal swaths to

examine directional variability. A single anisotropic layer model is sufficient to explain my data.

My results show a high split time in the western Superior Province (WSP), very weak splits in
the Nipigon Embayment and a moderate split in the eastern Superior. | observed low split times
in the Penokean, Yavapai and Matzazal Provinces. A region of very low split is newly detected
by this study immediately to the east of Lake Superior. The MCR shows moderate to low split
times. There are subtle variations in the direction of the fast shear wave across the study region.
The fast directions align with the direction of the absolute plate motion and the direction of

tectonic boundaries in most regions.

Lateral variation of anisotropy and lithospheric fabric is observed across the study area. The
strong fabric observed in the western Superior is truncated to its east and to its south. | interpret
southward truncation to be due to the Mid-Continent Rift. My result shows that lithospheric
fabric in the Nipigon Embayment (NE) located just east of the WSP has been lost or seriously
modified. The NE is interpreted to be an hotspot feature, which may have initiated the MCR.
Moreover, the result of this study suggests that the lithosphere in the MCR may have been

thinned or modified though not as much as the lithosphere of the NE. The newly discovered

12



localized low split zone northeast of the MCR is similar in split time and extent to the feature in
the NE. The relatively weak split in the eastern Superior Province may possibly be attributed to

partial loss or modification of preexisting fabric resulting from the Great Meteor hotspot track.
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CHAPTER ONE

INTRODUCTION

This research focuses on observing the strength and orientation of lithospheric fabric through
measurements of the splitting of teleseismic SK(K)S waves at instruments in and near the Mid-

Continent Rift (MCR) axis, a Proterozoic failed rift located in central North America.

Although the crustal expression of continental rifting is preserved after the rifting processes, it is
impossible to determine from crustal evidence the nature of the lithospheric contribution to the
rifting process (Stein et al., 2011). This brought about the installation of broad-band teleseismic
instrumentation through the Superior Province Rifting Earthscope Experiment (SPREE) to allow
investigation of the lithosphere beneath the MCR, which will help in addressing questions about

the initiation, propagation, and failure of the rift structure.

Seismic imaging is a suitable method for detecting large-scale lithospheric mantle structures and
for determining the degree to which they correlate with crustal terranes. High seismic velocity
associated with stable continental lithosphere is often attributed to low temperature and depleted
mantle, while low velocity features beneath cratons have in many places been attributed to
hotspot activity heating, eroding or modifying the lithosphere (Frederiksen et al., 2007). Seismic
anisotropy, the directional dependence of seismic wave velocity, is mostly of interest due to its
link with deformational processes. Deformation in the Earth often results in seismic anisotropy
(Long and Becker, 2010) because the deformation of mantle rocks often leads to the
development of a preferred orientation of individual mineral crystals, thereby resulting in the

directional dependence of seismic wave speeds (Long, 2013).
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One of the two confirmed arms of the MCR extends southeastward from eastern Lake Superior
to the southern boundary of Michigan, while the other arm extends from central Lake Superior to
central Kansas. The Superior Province, especially the Lake Superior region, is of high
importance to this research because the northern part of the MCR where the two arms meet is
situated in the Lake Superior region. The Superior Province has been stable for about 2.6 Ga and
is underlain by high velocity upper mantle (Godey et al., 2003). Frederiksen et al. (2007)
suggested that there are lateral variations and small-scale high- and low-velocity structures

within the region and a possible feature related to the Great Meteor hotspot.

1.1.  Objectives of the study

The major aim of this research is to play a part in ongoing studies of what brought about the
Mid-Continent Rift, to answer the question of why it ceased, rather than developing into sea
floor spreading, and to contribute to overall understanding of the North American continent. This
study investigates the effect of rifting on lithospheric fabric. Some of the things that will be
addressed in this study include whether the lithospheric fabric was reset as a result of the rifting
process, the degree of anisotropy variation and the influence of structures such as the Nipigon
Embayment on the rifting process. This study will also allow us to compare previous

tomography results in this region to shear wave splitting measurements.

The specific objectives of this project are:

* To determine the extent of anisotropy across the MCR — | used the results from
teleseismic shear wave splitting parameters from SKS and SKKS to constrain the spatial

variations of anisotropy across the MCR.
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* To evaluate the extent of lithospheric thinning or modification — my results will also
allow me to quantify the orientation and strength of mantle fabrics within our map region.
The shear wave split time will show if the Mid-Continent Rift affected the full thickness

of the lithosphere.

» To check for the possibility of multiple layers of anisotropy beneath the Mid-Continent
Rift, which would indicate contrasting lithospheric/asthenospheric fabrics or lithospheric

layering.

1.2.  Significance of the Research

This research is important in the following ways:

« it will contribute to understanding North American tectonic history.

» it will help to better understand the role of lithosphere in the rifting process.
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CHAPTER TWO

REGIONAL GEOLOGY

2.1. Introduction

North America is an amalgamation of tectonic provinces of different ages (figure 2.1). The
continental core is Precambrian and includes two blocks that have been stable since the Archean:
the Superior and Slave Provinces. In the mid-continent region, the target of this study, the
Archean Superior Province abuts on Proterozoic blocks, including the Yavapai, Matzatzal, and
Grenville Provinces and the Trans-Hudson and Penokean Orogens, all of which were affected by
the Mid-Continent Rift (also known as the Keweenawan rift). In this chapter, | will briefly
describe the nature and history of relevant geological regions. They will be explained in their

order of accretion to ancestral North America.
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Figure 2.1: North American tectonic provinces. This shows the provinces discussed below as
well as the location of the Mid-Continent (Keweenawan) Rift system. Boundaries are after

Hoffmann (1988).
2.2.  Superior Province

The Superior Province, about 2400 km wide, forms the nucleus of North America and is the
largest preserved Archean crustal block in the world (Hoffman, 1990). The Superior Province is
located in the south central part of the Canadian Shield and is believed to have its final form as
the result of a widespread crustal accretion event (around 2.7 Ga) evident in Archean cratons
worldwide (Kendall et al., 2002). This province has subdivisions that are very large and similar
in size to major elements of modern orogenic belts (Card and Ciesielski, 1986). The major

provinces that surround the Superior Province include the Grenville Province to the southeast,
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the Trans-Hudson Orogen to the north and west, and the Penokean Orogen to the south. They are
all categorized as Proterozoic orogenic belts (Darbyshire et al., 2007). The Minnesota River
Valley Terrane (MRVT) is part of the Superior Province but not directly within the scope of this
study. Studies (e.g Frederiksen et al., 2013b, Ferre et al., 2014) show that MRVT has seismic

velocity characteristics that makes it different from the other Superior terranes.

There is little evidence of inheritance of components older than ca. 3.1 Ga in the middle and late
Archean rocks of the Superior Province (Card, 1990), which are therefore interpreted to be
juvenile crust origin. Late Archean greenstone successions exist all over the Superior Province,
while middle Archean series are widespread in the north and central part of the Superior
Province, but rare or absent in the south (Card, 1990). Thermotectonic events in the western
Superior Province show a systematic north to south progression over a 40 million year time span
(Percival et al., 2004). The importance of the Superior region is shown in the fact that it is the
only region along the MCR where there is an exposure of volcanic rocks (Keweenawan group;

Allen et al., 1992).

It is widely believed that mantle lithosphere beneath stable Archean regions such as the Superior
province is of comparable age to the crust. Therefore, the Superior lithosphere is expected to
preserve a record of subsequent thermal and tectonic events and should help in generating an

historic record of rifting events (Frederiksen et al., 2013b).

2.3.  Penokean Orogen

The mountain-building episode of the Penokean Orogeny occurred in the early Proterozoic at
about 2 Ga, in what is now portions of Minnesota, Wisconsin, Michigan and Ontario. Schulz and

Cannon (2007) note that the Penokean Orogeny is the oldest Paleoproterozoic accretionary
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orogen along the southern margin of Laurentia and that it resides in an embayment along the
southern margin of Archean Superior craton. The Penokean event ranged in age from about 1890
- 1830 Ma (figure 2.2). A basal quartzite in the Menominee Range, known as the Chocolay
Group is the oldest preserved of exposed portion of the Penokean and was deposited in a rift
basin with an extensive ocean between 2.3 and 2.2 Ga (Schulz and Cannon, 2007). This ocean
began to close at about 1890 Ma (figure 2.2a), there was formation of the Pembine-Wasua
oceanic arc in the east, while the Chocolay group and similar sediments continued to be

deposited in the west.

At about 1.88 Ga, south-directed subduction ended and the Penokean Orogeny began when the
Pembine-Wausau terrane collided with the southern margin of the Archean Superior craton
(Schulz and Cannon, 2007). By 1875 Ma, the newly formed Marshfield Terrane was brought
towards the south due to accretion of the Pembine-Wausau Terrane against the Superior craton in
the east and a subduction flip, thereby resulting into the formation of a marginal arc and tholeiitic
magmas (figure 2.2b). The end of the subduction coupled with closure of the ocean and collision
of the Marshfield and Pembine-Wausau Terranes around the time of the Sudbury impact event in

1850 Ma, caused the deposition of ejecta into the foreland basin (Schulz and Cannon, 2007).
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Figure 2.2: The stages of evolution of the Penokean Orogeny (Schulz and Cannon, 2007)

The Grenville orogen truncates the Penokean Orogen on the east, and the Penokean orogen is

truncated on the southwest by the Central Plains orogen (Sims and Peterman, 1986). The rocks
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from Penokean orogeny are poorly exposed around its segment in Minnesota. The southeastern
region of the Penokean orogeny in Minnesota is tectonically complex and contains highly
deformed sedimentary and volcanic rocks metamorphosed under varying conditions. In general,
intensity of deformation and metamorphism of the Penokean increases from northwest to

southeast (Southwick and Morey, 1991).

The Superior Province is truncated in the southeast by the overlapping effects of the Penokean
orogen and the Mid-Continent Rift. Although the Penokean orogeny has been extensively
overprinted by later tectonic activities such as formation of the Mid-Continent Rift (believed to
be the largest source of overprinting), collision and continental growth occurring around 1.88 -
1.83 Ga in the southern margin of Laurentia are still well documented. Recent orogenic belts
formed by plate tectonic processes are similar to structures and rocks formed during the
Penokean orogeny (Van Schmus, 1976). The Penokean orogeny ceased around 1830 Ma and was

marked by a suite of post-tectonic granite plutons.

2.4.  Yavapai and Mazatzal Provinces

The Yavapai and Mazatzal Provinces represent different oceanic volcanic arcs that collided and
accreted to North America. There are series of accreted arcs and continental-margin supracrustal
rocks intruded by batholithic suites present in the Yavapai and Mazatzal orogens (Kalstrom and
Humphreys, 1998). The formation and accretion of the combined Yavapai and Mazatzal
Province occurred in about 150 million years (VanArsdale, 2009). Below are some of the notable

points about the two terranes.
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Figure 2.3: Geologic terrane map showing the Mid-Continent Rift and the basement rocks of

some of the provinces described in this chapter (Holm et al., 2007)

2.4.1. Yavapai Province

The formation and accretion of the Yavapai Province took place between 1.8 and 1.7 Ga

(McLelland et al., 1996) when juvenile crust was formed. This crust was subsequently deformed
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during the 1.70 Ga Yavapai orogeny (Magnani et al., 2004). It appears that the Yavapai Province
completed its accretion 1.7 Ga (Rogers and Santosh, 2004; Barth et al., 2000). The widespread
syn-to early post-tectonic plutonism of this age seen all over the Yavapai Province can be traced
to collisions on both sides of the Province at about 1.7 Ga (Condie, 1992). In the Southern
Yavapai Province, northward-derived cratonic sediments were deposited within 20 Ma of the
1700 Ma collisions in some areas (Condie, 1992), consistent with the view that cratonization

should commence within 30 million years of the end of collision (Thompson and Ridley, 1987).

The Yavapai Province consists of orthogneisses made up of tonalite, diorite, granodiorite and
amphibolite, which are believed to have formed by partial melting of preexisting crustal rocks
(Bickford and Hill, 2007). At around 1.76 - 1.72 Ga, the juvenile crust was formed and the
Yavapai granitoids stitched regional terranes with older provinces (Schulz and Cannon, 2007).
Quartzite deposition in the Yavapai occurred around 1.7 Ga. The 1.47 - 1.43 Ga granitic plutons,
which are part of the "anorogenic™ magmatism that transects a substantial part of the southern
North American continent, are abundant in the Yavapai Terrane (Holm et al., 2007). A good
understanding of the Yavapai Terrane is hindered by lack of information on its bedrock and poor

geochronology control.

2.4.2. Mazatzal Province

The collision and accretion of the Mazatzal Province was between 1.68 and 1.65 Ga. The 1.68 -
1.65 Ga volcanogenetic greenstone successions, which include rhyolite, basalt and basaltic
andesite, are believed to be the oldest rocks in the Mazatzal Province (Kalstrom et al., 2004).
There is a greater abundance of granite in the Mazatzal Province than the Yavapai and it is

believed to represent magmatic bodies that intruded the supracrustal rocks (VanArsdale, 2009).
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The Eastern Granite-Rhyolite Province bounds the Mazatzal Province to the east. It is believed
(e.g. Atekwana, 1996) that the Mazatzal Province rocks may continue beneath the Eastern
Granite-Rhyolite Province. Melting of the underlying Mazatzal Province rocks may have
possibly resulted in the granite and rhyolite in at least the western portion of the Eastern Granite-

Rhyolite Province (VanArsdale, 2009).

The deformation of the 1.75 - 1.65 Ga Baraboo interval quartzites was associated with Mazatzal-
aged tectonism in the mid-continent region (Whitmeyer and Karlstom, 2007). Holm et al., 2005
interpreted this in terms of accretion of the Mazatzal arc that resulted in south-verging folding of
quartzites and the Penokean crust being mildly reheated. The Labradorian Orogeny (Dickin,
2000), an intense metamorphism and plutonism episode, was discovered to have taken place in
Southern Labrador almost simultaneously with the Mazatzal Orogeny (Whitmeyer and Karlstom,
2007). Even though neodymium dating (ND) model ages (Van Schmus et al., 2007) suggests
continuity through the Great Lakes-mid-continent region, the extent of Mazatzal-Labradonian

crust in the mid-continent is still mostly undefined (Whitmeyer and Karlstom, 2007).

2.5.  The Grenville Orogeny

The Grenville Orogeny was a Mesoproterozoic mountain-building event that ended in the
formation of huge mountain range and the formation of supercontinent Rodinia. The formation
of the Grenville Province at 1.3 - 1.0 Ga was a result of the collision of the North America craton
with island arcs and then a continent to the east, which is believed to have either been carried
away during the late Proterozoic and early Paleozoic opening of the lapetus ocean or to have

been buried beneath the Appalachian mountains (Atekwana, 1996). This collision is believed to
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have occurred at about 1200 Ma. Associated granitoids intrude juvenile belts as far west as

Colorado in 1.3 - 0.95 Ga (Whitmeyer and Karlstom, 2007).

The name "Grenville" is used only for events that occurred on the southern and eastern margins
of Laurentia, even though orogenic crust of mid-late Mesoproterozoic age is found worldwide
(Tollo et al., 2004). A plate collision ca. 1.1 Ga from south to north is believed to have resulted
into the formation of the Grenville orogen in the Llano uplift and most probably eastward across
the southern United States (VanArsdale, 2009). The main exposure of the Grenville Orogeny,
one of the largest collisional orogen that is known in the world (Rino et al., 2008), is the
Grenville Province. In Canada, the Grenville Province exposes mostly crystalline rocks and

extends northeastward from Lake Huron to the coast of Labrador.

The boundary between the Grenville province and the older structural provinces to the northwest,
the Grenville front (Wynne-Edwards, 1972), marks the northwestern limit of tectonic reworking
of rocks of the older provinces during the Grenville orogeny and is distinct on regional gravity
and magnetic maps (VanArsdale, 2009). The northwest-directed crustal-scale thrusting in the

Grenville orogenic belt developed approximately simultaneously with the Mid-Continent Rift.

2.6.  Mid-Continent Rift System

The Mid-Continent Rift system, also called the Keweenawan rift, is a 2000 km long rift zone that
was initiated about 1.1 Ga in the stable interior of the North American craton (Stein et al., 2011).
It is comparable in length to the presently active East African and Baikal rifts. The rift opened
up, filled with up to 15 km of lavas (which solidified into basalt), and then the rifting ceased after
about 15 - 22 million years of existence. Research has shown that many continental rifts fail to

develop into seafloor spreading centres and thereby become an important part of the fabric of the
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continents (Stein et al., 2011). The formation of this kind of rift, its failure to develop into an
oceanic spreading center and its eventual stabilization remain ambiguous to researchers, despite

the key role of failed rifts in shaping the fabric of the continents.
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Figure 2.4: The Mid-Continent Rift system (Ojakangas et al., 2001)

Rifts are generally classified into active and passive rifts. This classification is usually based on
whether there is thermal perturbation of the mantle causing disturbance in the overlying crust or
there is plate interaction causing internal tension (Van Schmus and Hinze, 1985). In active

rifting, the rifting process is driven by convective upwelling of the asthenosphere, while in
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passive rifting, lithospheric extension and rifting are initiated and driven by horizontal, inplane

far-field forces, possibly resulting from large-scale plate interactions (Huismans et al., 2001).

It was proposed by Ebinger and Sleep (1998) that active rifting in the East African Rift is a
response to melting in the underlying asthenosphere or deeper mantle due to mantle plumes or
shallower thermal or compositional anomalies. For the case of the Baikal Rift, where the
Amurian plate diverges from Eurasia, rifting is described as a passive response to stresses

transmitted within the lithosphere (Calais et al., 2003).

The Mid-Continent Rift system is considered to be primarily an active rift due to the large
volumes of basaltic magmas associated with it and also because the Lake Superior basin, which
forms a substantial part of the rift, is believed to be situated over a former hotspot (Van Schmus
and Hinze, 1985). It is however vital to note that due to the proximity of the Grenville Province,
it is possible that there is a significant contribution from extensional forces associated with a
continental collisional zone to the development of the rift (Van Schmus and Hinze, 1985), which
might also indicate a passive component. It is believed that due to widespread plate movement
and breakup (as a result of frequent rifting around the world) during the time of occurrence of the
Mid-Continent Rift, the rifting may be associated with a major extensional stress field that

developed at this time in the continental lithosphere (Van Schmus and Hinze, 1985).

2.7.  Nipigon Embayment

The Nipigon Embayment, formerly referred to as the Nipigon plate (Stockwell et al., 1972), is an
inactive continental rift zone extending 160 km north from Lake Superior through the Wabigoon
and Quetico subprovinces in Northwestern Ontario, Canada (Perry et al., 2004). The embayment

is covered by mid-Proterozoic sediments intruded by Keweenawan diabase sills in the region of
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Lake Nipigon north of Lake Superior (Sutcliffe, 1991). A series of east-trending greenstone belts
that are separated by intrusive rocks of the central and eastern Wabigoon subprovince underlay

most parts of the Nipigon Embayment (Hart and MacDonald, 2007).

Four main mafic to ultramafic intrusions have been identified in the Nipigon Embayment,
namely the Seagull, Disraeli, Hele and Kitto intrusions (Hart and MacDonald, 2007). These
intrusions include pyroxene, peridotite, iherzolite and wehrlite with irregular patches of
monzogabbro and or pink feldspar along the contacts of the intrusions. Some mafic to ultramafic
bodies are also present in the Nipigon Embayment, such as the Jackfish Sill which is about 10 -
60 m thick and believed to be of comparable age to the Mesoproterozoic ultramafic intrusions

south of Lake Nipigon (Hart and MacDonald, 2007).

Contrary to previous suggestions (e.g. Franklin et al., 1980; Sutcliffe, 1991; Frederiksen et al.,
2007) it has recently been proposed (e.g. Hart and MacDonald, 2007) that the Nipigon
Embayment is not a failed arm of the Mid-Continent Rift. The main reason for this interpretation
is the lack of extensional features in the Nipigon Embayment. For instance, recent
geochronological studies (e.g. Heaman et al., 2007) showed that diabase sills and mafic-
ultramafic intrusions around Lake Nipigon are the oldest expression of igneous activity
associated with the Midcontinent Rift. The presence of sills rather than dykes suggests that the
Embayment was not extensional during the Mid-Continent Rift. Moreover, Hollings et al. (2007)
noted that since the initial formation of the Nipigon Embayment occurred at about 200Ma before
the Mid-Continent Rift, and therefore the Nipigon Embayment cannot be a failed arm of the Rift.
It is now suggested that structures of the Nipigon Embayment may have been associated with
faults that were subsequently reactivated during the development of the Midcontinent Rift

(Hollings et al., 2007).
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CHAPTER THREE

REVIEW OF PREVIOUS GEOPHYSICAL STUDIES

3.1. Introduction

This chapter reviews the geophysical literature underlying my research and describes the
progression of previous investigations. Many geophysical studies have been carried out to
understand lithospheric structure and fabric across the Mid-Continent Rift and surrounding areas.
In this chapter, | reviewed studies from different methods in the western Superior Province,

Nipigon region and along the Mid-Continent Rift axis around Lake Superior.

3.2.  SKS Splits

In order to characterize upper mantle anisotropy, core shear phases such as SKS and SKKS are
commonly used (figure 3.1). The SKS phase is a useful way to obtain a plane-polarized S-wave
at teleseismic distances. SKS and SKKS phases are detectable at distances between 90° and 130°
from the epicenter. They propagate along steeply inclined ray paths between the core and the
surface. The liquid nature of the outer core, and consequently the K-S conversion at the core-
mantle boundary (CMB), produce an SV-polarized wave. SKS and SKKS are ideal for imaging
tectonically stable regions because after phase conversion at the core mantle boundary, the shear
waves propagate nearly vertically to the Earth's surface, forming isolated arrivals beyond 80°
(Clitheroe and Van der Hilst, 1998). These teleseismic shear wave splitting phases provide
valuable information on the dynamics and structure of the anisotropy of the Earth’s upper mantle
(Silver and Chan, 1991). Also, with SKS, the effects of anisotropy and lateral heterogeneity can

be distinguished easily. Detailed examination of the SKS waveforms, as is done in the cross-
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convolution method (Menke & Levin, 2003) can be used to diagnose multiple layers of

anisotropy at depth.

Figure 3.1: Phases commonly used to probe mantle anisotropy (Long and Silver, 2009)

3.3.  Seismic Anisotropy

Seismic anisotropy refers to the variation of the velocity of seismic waves with direction of
propagation and polarization. It was recognized some decades ago by seismologists that regions
of the Earth’s mantle are anisotropic (e.g., Hess 1964; Forsyth 1975), but lately the presence of
seismic anisotropy has been observed in many environments and at many depths in the Earth,
from the crust down to the core-mantle boundary. The presence of seismic anisotropy at several

depth ranges in the mantle is now established (Long and Silver, 2009). The dominant source of
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anisotropy in shear-wave splitting appears in the upper mantle. This is believed to be a result of
the disappearance of olivine at the 410 km discontinuity. Olivine is anisotropic and does not exist
below 410 km, where it is eliminated by a phase change reaction. Mantle anisotropy is
predominantly observed in the upper mantle; and seems not significant in the mid-mantle, though
there may be some in the D” region. Many seismologists study anisotropy in the upper mantle

due to its likely connection with past and present geodynamic processes (e.g., Silver, 1996).

Seismic anisotropy is believed result from deformation in the Earth through lattice preferred
orientation (LPO) of anisotropic constituent minerals or through the shape preferred orientation
(SPO) of materials with distinct isotropic elastic properties (Long and Becker, 2010). A common
source of SPO is aligned cracks. Because anisotropy in the mantle is generally attributed to
deformation, measurement of seismic anisotropy is an excellent tool to directly probe patterns of
deformation at depth. The main sources of upper mantle anisotropy are olivine and pyroxene
LPO that are acquired through plastic flow (Ferre et al., 2014). Measuring anisotropy remotely

from the Earth's surface is therefore a way to access present or past mantle flow at depth.

The ease of use and the potentially powerful interpretations makes the shear-wave splitting
technique, a phenomenon where a shear wave splits into two orthogonally polarized s-waves
whenever it encounters an anisotropic material, stand out among methods employed in detecting
upper-mantle anisotropy. Shear wave splitting measurements can characterize the orientation and
depth extent of mantle strain fields (Savage, 1999), allowing researchers to examine structural

geology within the mantle.

32



3.4.  Western Superior Mantle Anomaly

The Western Superior Mantle Anomaly (WSMA) is a term introduced (Frederiksen et al., 2013b)
to refer to a region of strong anisotropy coinciding with a high-velocity zone in the Superior
Province. The WSMA is believed to be a locus of an unusual lithospheric fabric with a coherent
WSW-ESE direction. This region is interpreted to as a preserved fabric from the accretion of the
Superior Province. The Trans-Hudson Orogeny marks the boundary of the western Superior to
the southwest, while the Mid-Continent Rift marks its boundary to the southeast. The position of
the western edge of the WSMA at about 200 km east of the crustal contact with the Trans-
Hudson orogen suggests that the processes involved in the accretion of this orogen eroded the

Superior lithosphere (Frederiksen et al., 2013a).

To better understand the accretionary processes active during the Archean, knowledge of the
velocity structure of the upper mantle beneath the Western Superior Province (WSP) is required
(Sol et al., 2002). The WSP is unusual in many ways. First, it is associated with large SKS
splitting while the surrounding Trans-Hudson orogen shows weaker splits. It also shows thicker
than usual Archean crust and the presence of a slab-like velocity anomaly in the transition zone

(Kendall et al., 2002).

Studies showing this unusual anomaly in the western Superior go back a few decades. Silver and
Kaneshima (1993) identified a strong E-W fabric along the western border of Ontario; a further
study along a north-south line west of Lake Nipigon (Kay et al, 1999) confirmed this result.
Further studies with areal arrays (Frederiksen et al., 2007, 2013b) show an average split time
between the fast shear wave and slow shear wave of more than 1 s in the western Superior

Province, with the largest value found being about 1.8 s.
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Tomography results by Frederiksen et al. (2007, 2013a) showed a high velocity anomaly in the
Western Superior bounded by low velocity lithosphere to the east (figure 3.2). This is consistent
with the shear wave splitting analysis result in this region (e.g. Frederiksen et al., 2007 and
2013b), which shows a high shear wave split in the western Superior. A smaller-scale study by
Sol et al. (2002) located significant velocity anomalies in the WSP. Their investigation based on
inversion of P- and S- wave travel times suggests the presence of a dipping tabular high-velocity

anomaly and two low velocity features.
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Figure 3.2: Tomography results at 250 km showing the velocity anomaly beneath different

structures (Frederiksen et al., 2013a)

Magnetotelluric soundings of Ferguson et al. (2005) also show a Western Superior that is
somehow distinct to neighbouring regions. They identified a dominantly east-west geoelectric
strike at long periods (except in the North Caribou and Wawa subprovinces that have older

lithosphere) and also an isolated linear east-west striking conductive anomaly.
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3.5.  The Mid-Continent Rift System

The SKS data set used by Frederiksen et al. (2013b) only had limited coverage of the southern
Minnesota and northern lowa axis of the mid-continent rift, other parts of the rift axis being
unsampled. They suggest that possible thinning or modification of the lithosphere beneath the
MCR and its replacement by less-depleted mantle material may have caused a difference in the
lithosphere beneath the MCR and the surrounding continental material. Even though the study of
Frederiksen et al. (2013b) has poor coverage of the Mid-Continent Rift, the authors detected a
low velocity feature via tomography (Frederiksen et al., 2013a), which made them tentatively
suggest that the Mid-Continent Rift affected the full thickness of the crust and the continental

lithosphere.

Although most parts of the rift axis have not been well studied in previous studies using shear
wave splitting analysis, SPREE seismic stations will help me improve resolution of these regions

in this study. This is described in more detail in chapter 5.

3.6.  The Nipigon Embayment

The Nipigon Embayment is another important structure in this region, which is believed to have
been involved in the Mid-Continent rifting process. The Nipigon Embayment is a magmatic
region (Hart and MacDonald, 2007) located at the eastern edge of the western Superior and north
of Lake Superior. It displays extensive crustal magmatism, approximately of the same age as the
MCR or slightly older, and an associated mantle anomaly seen in both seismic tomography and
magnetotellurics (Ferguson et al., 2005; Frederiksen et al., 2007). From the evidence of the

Nipigon lithospheric anomaly, it was also suggested that anomalous upper mantle may underlie
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the MCR assuming that Nipigon Embayment shares a common origin with the MCR

(Frederiksen et al., 2013a).

Generally, this region appears as a low velocity anomaly structure using seismic tomography
measurements (see figure 3.2). Frederiksen et al. (2007) suggested that the slow anomaly
identified by the tomography measurements of Sol et al. (2002) underlies the Nipigon

Embayment.

This mantle anomaly beneath the Nipigon Embayment is also evident in magnetotelluric studies
(Ferguson et al., 2005). Magnetotelluric soundings at more than 230 sites in the western Superior
Province detected an anomalous phase response beneath the Nipigon Embayment. In Lake
Nipigon around the Superior Province, the dimensionality results show that the general
behaviour is three-dimensional, especially at longer periods (deeper penetration). However,
results from the Nipigon Embayment show one-dimensional structure at short periods (shallow
penetration). This MT result implies that a layered crust in this region is underlain by three-
dimensional mantle. This suggests that Proterozoic tectonic processes affected the resistivity of

the whole crust and the underlying mantle.
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CHAPTER FOUR

METHODOLOGY

4.1. Introduction

Measuring shear wave splitting robustly gives the strongest evidence for anisotropic wave
propagation (Evans et al., 2006). Due to greater availability of seismic data as a result of the
increasing age and number of permanent networks and temporary seismic stations across the
globe (Butler et al., 2004), studies using shear wave splitting to measure mantle anisotropy have

become more common.

Most studies of upper mantle anisotropy now analyze splitting of seismic phases that transit the
Earth's core, such as SKS and SKKS (Silver and Chan, 1991). Because the incident polarization
of these waves is always known to be SV, we can regard the presence of energy on the SH
component as evidence for anisotropy. In order to understand upper mantle anisotropy beneath
Japan, Ando and Ishikawa (1982) were the first to use splitting observations in vertically
travelling phases, while Vinnik et al., (1984) started the use of observations of shear wave

splitting in teleseismic core-transiting phases (Evans et al., 2006).

One of the main challenges that can be encountered in shear wave splitting measurements is the
possibility of multiple layers of anisotropy, which results in systematic variations of shear wave
splitting parameters with azimuth. The shear wave splitting parameters measured in the presence
of two anisotropic layers and the analysed assumption of a single layer approach will give

apparent parameter results that will show azimuthal variation (Evans et al., 2006).
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Three methods are commonly used in obtaining shear wave splitting parameters; the transverse
energy minimization method, the eigenvalue method (Silver and Chan, 1991), and the cross
correlation method (Bowman and Ando, 1987). The transverse energy minimization method and
the eigenvalue method, which are applicable to single-layer anisotropic models; are used in this
project. For multilayer anisotropy, other methods may be used for shear wave splitting such as
the cross-convolution method of Menke and Levin (2003), which is briefly described later in this
chapter. How both methods are used in our research will be discussed in chapter 5, but this

chapter will describe the theory underlining these methods.

4.2.  Shear wave splitting

Similar to birefringence in optics, shear wave splitting occurs when a seismic shear wave travels
through an anisotropic layer (Wustefeld et al., 2009). Shear waves are similar to electromagnetic
waves in that they may adopt a range of different polarizations perpendicular to the travel
direction, and can be considered a sum of two orthogonally-polarized wave modes. In isotropic
materials, the two shear modes have equal velocities, but in anisotropic materials, their velocities
differ. On encountering an anisotropic region, a single linearly polarized shear wave pulse will
split into two quasi-shear waves of different velocities (figure 4.1), which become separated in
time as the wave travels. In shear wave splitting analysis, the direction of the fast wave, ¢, and
the delay time between the two shear waves, 6t, are important. These are referred to as the shear
wave splitting parameters. The delay time measured at the Earth's surface between the two split

waves depends on the strength of the anisotropy and on the thickness of the anisotropic layer.
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Figure 4.1: Shear wave travelling through an anisotropic medium

Mean global split times in the oceanic lithosphere and stable cratonic lithosphere are on the order
of 0.5 - 1.5 s and 1 s respectively (Silver, 1996). It is generally considered that split times larger
than 0.5 s will require significant mantle anisotropy (Savage, 1999). Savage (1999) suggested
that split times greater than 2.0 s cannot be generally explained with the anisotropy confined to
the upper mantle above 220 - 250 km. Delay times less than 0.5 s are difficult to measure by
classical data analysis techniques and are commonly considered to be null measurements

(Chevrot et al., 2004). These null measurements are often interpreted as the presence of an
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anisotropic layer that is too thin to be detected, or of an anisotropic layer with a sub-vertical

symmetry axis.

4.3.  Shear wave splitting identification problems

In some situations, shear wave splitting may not be identified by splitting methods, as briefly

discussed in this section.

4.3.1. Null measurements

Null measurement is a term used when the incident shear wave is linearly polarized and there is
an absence of transverse energy, indicating no apparent splitting of the incoming shear wave
(Savage, 1999). Null measurements show either the absence of significant horizontal anisotropy
(isotropy) or that the initial polarization matches the fast or the slow axis (Wustefeld and
Bokelmann, 2007). In such conditions, measurements of the splitting parameters are unstable. In
most shear wave splitting studies, null measurements are considered separately (e.g. Silver and
Chan, 1991; Fouch et al., 2000) or neglected (Wustefeld and Bokelmann, 2007), though they

may be included in error surface stacks.

There are different ways in which null and non-null measurements are identified. These include
the coherence of the waveform between fast and slow directions, the signal to noise ratio on the
transverse component, the elliptical shape of the particle motion before correction and the
linearity of the particle motion after correction (Barruol et al., 1997). Although these approaches
are commonly used, they have limitations in near-null directions, in which it is hard to make a
consistent and reproducible classification (Wustefeld and Bokelmann, 2007). There are cases
that resemble a null, such as observations of small splitting delay times in weak anisotropic
media over short distances (Saltzer et al., 2000).
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Woustefeld and Bokelmann, (2007) used the eigenvalue method (Silver and Chan, 1991) as well
as the rotation correlation method to detect null measurements and their quality. They detected
nulls by examining the difference between the fast direction of these two methods and the ratio
between the two delay times. This method was improved by Wustefeld et al. (2010) to detect the
quality of nulls, which allows us to differentiate measurements that appear null (due to noise)

from genuine nulls (Walsh, 2013).

4.3.2. Cycle Skipping

Cycle skipping is a phenomenon in which the first trough of the slow waveform fits the first peak
of the fast waveform (Matcham et al., 2000), leading to delay time measurements that are
incorrect by some integer multiple of half of the dominant period. This situation can be

expressed mathematically by;

Otcs = ot £nT/2

where ot is the true delay time, dtcs is the cycle skipped delay time, T is the dominant period and

n is a positive integer (Walsh, 2013).

This occurrence leads to errors in the shear wave splitting parameters because there will be
matching of the wrong peak of the waveform or matching of a peak with a trough (Walsh, 2013).
We observe cycle skipping when the amplitude of the peak of the wave is small (Matcham,
1997). Because cycle skipping shows up as multiple minima on error surfaces, error-surface

stacking over many events can help in addressing this problem.
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4.4  Complex anisotropy (multiple layers of anisotropy)

Measured splitting parameters (fast direction, ¢, and delay time, 6t) in the presence of multiple
layers of anisotropy cannot be simply related to the geometry of any one layer as the analysis
assumes single, laterally homogeneous layer of anisotropy with a horizontal axis of symmetry
(Silver and Long, 2011). For a homogenous medium, the relation between the splitting
parameters, the fast polarization direction ¢ and delay time ot, and the elastic tensor Cijq IS
straightforward even for more general anisotropy. This relation can become somewnhat
complicated for multiple regions of anisotropy, but the assumption of a localized homogeneous
anisotropic layer seems to be justified in most cases (Silver, 1996). In the presence of multiple
anisotropic layers, the apparent splitting parameters will vary with polarization direction.
Multiple layers of anisotropy with different symmetry axes can cause unusual effects on splitting
parameters because each split phase will split again as it propagates through subsequent layers.
In the top anisotropic layer, whatever shear phases arrive will again be split into fast and slow
components, and the initial wave polarization will be parallel to the fast direction of the last layer

of anisotropy traversed (e.g., Yardley and Crampin, 1991).

When different measurement methods are used for splitting analysis, the discrepancies in the
measured apparent splitting parameters are interpreted as an important diagnostic for the
presence of complex anisotropy at depth. Complex anisotropy will result in correspondingly
complex waveforms that do not conform to the predictions of the single horizontal layer of

anisotropy (Menke and Levin, 2003).

Many methods have been used to extract information about complex anisotropy. One is Forward

modeling studies that try to match observed splitting patterns with predicted ones. Other
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techniques used for predicting apparent shear wave splitting parameters for complex anisotropic
structures include those that employ particle motion (e.g., Fischer et al., 2000) and those based
on pseudospectral waveform simulations (e.g., Chevrot et al., 2004). Inverse modeling (shear

wave splitting tomography) is also used for this purpose (Chevrot, 2006, Long and Silver, 2009).

Another method that could be used for shear wave splitting analysis of a multiple-layer
anisotropic model is the cross-convolution method. Menke and Levin (2003) proposed this
method to address the possibility of complex anisotropy at depth. The method involves
convolving the observed radial and tangential component seismograms with the opposite-
component impulse responses predicted by a hypothetical Earth model, and varying the model to
minimize the misfit between observed and predicted seismograms. In the presence of single
horizontal layer of anisotropy, the cross-convolution method gives a similar result to commonly
used one-layer methods. However, this method allow for multiple layers and may do a better job
in distinguishing whether complex anisotropic models are required for a particular data set (Long

and Silver, 2009).

4.5  Transverse energy minimization method

The transverse energy minimization method is among the most commonly used splitting
measurement methods for broadband data. This method, first introduced by Silver and Chan,
(1991) utilizes a grid search approach to identify the pair of splitting parameters (¢, ot) that best
minimizes the amount of energy on the transverse component when the effect of splitting is
accounted for. The principle employed in this method is to reverse the effect of splitting in order
to retrieve the original wave. The shear wave splitting parameter pair that selected as the solution

best removes the effect of splitting.
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Many assumptions are made in this method. Firstly, it assumes a single layer of anisotropy
(Walsh, 2013) and transverse isotropy with a horizontal axis of symmetry (Chevrot, 2000).
Furthermore, it is assumed that there is no initial energy on the transverse component so the
particle motion caused by the incoming isotropic wave is linear with SV polarization (Vecsey et

al., 2008).

The transverse energy minimization method builds upon the fact that the polarization of shear
waves is linear in an isotropic medium, but becomes elliptical when it passes through an

anisotropic medium (Long and Silver, 2009). This situation can be represented mathematically.

Suppose that the incident wave, w; is a sinusoid:

Wo = AoCOS(wt)r 1)

where r: unit vector in radial direction (SV polarized)

Now, reproject onto the f, s unit vectors (fast and slow directions, assumed orthogonal);

W, = Agcos(mt)((r - H)f + (r-s)s) 2
or
Wo = Ao(r - f)cos(ot)f + Ao (r - s)cos(wt)s 3)

Now delay the slow wave relative to the fast wave to obtain the split waveform ws:

Ws = Ag(r - f)cos(ot)f + Ao(r - s)cos(m (t - dt))s (4)

and rotate back:

Ws = Ao(r - f)(f - r)cos(mt)r + Aq(r - f)(f - t)cos(mt)t + Ao(r - S)(s - r)cos(w (t - dt))r + Aq(r - s)(s -

t)cos(o (t - dt)t )
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indicating that ws contains a non-zero t component. If § is the angle between r and f, then:
r-f=cosB,r-s=-sinf,t-f=sinf,t-s=cosp (6)
and so,

Ws = Aycos’Beos(mt)r + AgcosPsinfeos(ot)t + Agsin?Beos(e (t - 8t))r - AgcospsinBeos(o (t - 5t))t

(7)
and
Ws = Ag(cos’Beos(at)) + sin’Beos(o (t - 8t)))r + Aq(cosBsinp(cos(wt) - cos(wm (t - 5t)))t  (8)

where Ao(cos?Beos(wt)) + sin’Beos(w (t - 8t)))r is the radial component of the split shear wave
and Ag(cosPsinf(cos(wt) - cos(w (t - ot)))t is the transverse component. The transverse
component is zero if &t = 0. If 6t # 0 and we plot the particle motion over a cycle, it forms an
ellipse. A consequence of this situation is that energy on the transverse component of a shear
wave becomes significant in an anisotropic material. Moreover, for SKS phases, the energy on

the transverse component is minimized when the splitting effect is removed.

It is however worth mentioning that a small delay time, a small angle between the fast axis
direction and the polarization direction, or a significant level of noise will result in a small
amount of energy above the noise level on the transverse component, thereby poorly constraining
the shear wave splitting parameters (Restivo and Helffrich, 1999). The problem of low signal to
noise ratio can be compensated for by a stacking technique (Wolfe and Silver, 1998). | used the
error surface stacking technique in this work to compensate for azimuthal variation in my

measurements, as discussed in section 4.7 and in chapter 5.
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4.6  Eigenvalue Minimization Method

The eigenvalue minimization method, also known as the standard correction method (Silver and
Chan, 1991), is a familiar tool in extracting polarization and delay time information from split
seismograms. This approach is a slight variation on the Transverse Energy Minimization method.
The major difference is that it involves minimizing the smaller eigenvalue of the corrected
covariance matrix, which is equivalent to creating the most linear particle motion (Long and
Silver, 2009), instead of minimizing the energy on the transverse component as in the transverse

energy minimization method.

The eigenvalue method is carried out by performing a grid search over all the possible values of
¢ and ot in a defined time analysis window. The horizontal components are rotated by ¢ and
time-shifted by dt. The result with the lowest second eigenvalue of the corrected particle-motion
covariance matrix has the most linear particle motion after correction and is the solution which
best corrects for the splitting. The covariance matrix will have only one non-zero eigenvalue if
anisotropy is completely removed from the system. However, if noise is present, there will be
two eigenvalues in the covariance matrix, with the second eigenvalue corresponding to a

measure of the amount of noise in the system (Walsh, 2013).

It is required that the corrected waveforms in the analysis window match after the splitting
correction has been applied. The second eigenvalue of the particle-motion covariance matrix
provides a measure of this match, and so the smaller the second eigenvalue, the better the match

(Teanby et al., 2004).

One major advantage of the eigenvalue minimization method over the transverse energy

minimization is that the transverse energy minimization is prone to error if the polarization of the
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incident wave is not exactly the same as the backazimuth (as could arise for a ray deflected by
mantle velocity anomalies) while the eigenvalue minimization is not. The eigenvalue approach
finds the most linear polarization direction, even if it is not the SV direction. This also means

that it is applicable to plane S waves in some cases.

4.7  Comparison between the two methods

4.7.1 Similarities

The similarities between the transverse energy and the eigenvalue minimization methods

include:

1. both give similar results in a single layer anisotropic model.
2. both assume that the particle motion before splitting is linear (Walsh, 2013).

3. both assume that the ray is near vertical (Walsh, 2013).

4.7.2. Differences

The major differences between the two methods are enumerated below

1. The eigenvalue minimization method is more susceptible to cycle skipping for a
moderate signal to noise ratio (S/N) compared to the transverse energy minimization
method (Vecsey et al., 2008). This is because the periodicity of the eigenvalue
minimization method is half the periodicity of the transverse energy minimization
method. This cycle-skipping can be removed by shortening the maximum time lag

(ot) interval.

2. The use of the transverse minimization method is limited to core-mantle refracted

waves (polarized linearly in the ray-path plane), while the eigenvalue method can be
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employed for shear waves with a more general linear polarization (Vecsey et al.,

2008).

3. The eigenvalue method can be employed in situations where the initial polarization is

not known, unlike the transverse method (Savage, 1999).

4.8  Error Estimation and Stacking

4.8.1 Error Estimation

The Fischer test (commonly referred to as an F-test analysis) is used to obtain a 95% confidence
interval for the optimum values of the shear wave splitting parameters. This method is preferred

because it is computationally inexpensive (Silver and Chan, 1991).

Bootstrap analysis is an alternative for calculating errors in ¢ and 6t (Sandvol and Hearn, 1994).
The advantage of the bootstrap method is that it is free of assumptions relating to the distribution
of data errors or model parameters (Efron and Tibshirani, 1991) and can be used to control and
check the stability of results, because bootstrap analysis results are asymptotically more accurate
than using sample variance and assumptions of normality (DiCiccio and Efron, 1996). It is,

however, more computationally expensive than the F-test.

4.8.2 Error Surface Stacking

Stacking of error surfaces is an essential component in shear wave splitting analysis. This is
important in order to obtain a shear wave splitting parameter result close to the true mean value
in the presence of azimuthal variation at each of the recording stations, and to reduce the effect

of noise on single-event measurements. No matter the method used, noise is always something to
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worry about in measurements because splitting measurements involve comparing both radial and

transverse component waveforms, which are noise contaminated (Monteiller and Chevrot, 2010).

Different authors (e.g. Restivo and Helffrich, 1999) have identified shortcomings in the two
methods described in this chapter in noisy environments. Consequently, Wolfe and Silver (1998)
introduced stacking of error surfaces to improve the robustness of the two methods. They
proposed that in noisy environments, stacking techniques can be employed to minimize the
errors in the calculation of the splitting parameters. This may be achieved by stacking the error
surfaces of different events with varying incoming polarizations (Montellier and Chevrot, 2010).
This error surface is simply the grid of error values from the grid search for a single event. Error
maps obtained by stacking different events usually give a robust estimate of splitting parameters

(Monteiller and Chevrot, 2010).

In this work, | build on the previous studies by stacking the error surfaces twice. | first stacked
individual events in 10° backazimuthal swaths (figure 7.1), and then stacked the individual swath
stacks with equal weighting (see more in chapter 5 of this thesis). This is done to equalize the

effect of different backazimuthal values on the stack (Frederiksen et al, 2007).
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CHAPTER FIVE

DATA AND ANALYSIS

5.1. Introduction

In spring 2011, geoscientists from American and Canadian universities, including Northwestern
University, Washington University in St. Louis, University of Minnesota, University of
Manitoba and Université du Québec a Montréal, installed a series of seismometers in Minnesota,
Wisconsin, and Ontario (figure 5.1) in the context of the Superior Province Rifting Earthscope
Experiment (SPREE). The seismometers were deployed until fall 2013 and recorded earthquakes
that occurred locally, regionally and all over the world. The data extracted from these recordings
will be used to produce high-resolution images of the Earth’s interior below the area (Stein et al.,

2011).
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Figure 5.1: The distribution of seismic stations in the study area (central North America). The
red stars represent permanent stations, purple circles are Transportable Array stations (15 of
them are used in this research), while the black circles represent SPREE stations (the SPREE
stations to the north of the border represent the 16 Canadian stations used in this research). The

high gravity anomaly indicates the location of the Mid-Continent Rift (Stein et al. 2011).

Sixteen SPREE stations were placed north of Lake Superior in Ontario. These stations were
installed in areas where there is little noise generated by cars, trains, and occupied buildings. The
stations were fenced with nets to prevent animals from damaging the buried seismometer and
electronics box. The electronics were powered by solar panels (figure 5.2) and enclosed in a

plastic box covered with a polythene tarp to avoid water penetrating into the box. The stations
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were serviced twice a year, mostly around May and October. The servicing runs were necessary
to allow us to retrieve data, put the stations in proper order, check for possible infiltration of
water into the electronic components after the winter season and to check if the battery was still
being charged by the solar panel. At this time, damaged components were changed and seismic

data were collected.

Figure 5.2: A typical Canadian SPREE station with its seismometer and electronic box buried

underground.

Data recorded by the seismometers were stored on a memory card which was pulled out and

replaced with an empty memory card during servicing. These data were checked, collated and
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sent to the Incorporated Research Institutions for Seismology (IRIS), data management centre

that archives and distributes data to support the seismological research community.

I made my analysis using all sixteen of the Canadian SPREE stations and fifteen Transportable
Array stations (figure 5.3). These stations were chosen due to their proximity to the Superior
Province and the axis of the Mid-Continent Rift, which are the target areas for this work. My

choice of stations was also oriented to sample areas not covered by previous studies; portions of

the MCR to the west were previously sampled by Frederiksen et al. (2013b).

-84°

Figure 5.3: Seismic stations used in this project (black triangles). Background is Bouguer

gravity.
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5.2.  Data acquisition

The data used in this research were acquired from the Incorporated Research Institutions of
Seismology (IRIS) data base. The SeismiQuery page of the IRIS website
(http://www.iris.edu/SeismiQuery/) was used to locate stations within a particular region. Since
my target area is around Lake Superior, | chose all 16 Canadian SPREE stations, SC01 — SC16,
and 15 nearby Transportable Array stations, which include C39A, C40A, D37A, D41A, D46A,
E38A, E39A, E43A, E44A, H41A, H43A, 140A, K42A, L41A and L44A. Seismic events

recorded by these stations were used for the analysis.

| used the ANSS earthquake catalogue website (http://quake.geo.berkeley.edu/anss/) to get a full
list of the events that occurred later than January 1, 2011 with a minimum of magnitude 6. To
obtain SKS pulses free from interference, | picked events in the 90° to 130° distance range from
a target latitude and longitude, which is equivalent to 10000.8 km and 14445.6 km respectively
(since 1° = 111.12 km). The latitude and longitude chosen (47.79, -87.70) correspond to a point
at the centre of Lake Superior. The distance range chosen is at which the SKS is expected not to

overlap with other arrivals.

A script is used for sending the data request via email. This script specifies all the parameters and
an email response is received between one and three days later, depending on the availability of
the requested data. The data generally come in a SEED archive and are then converted to SAC

files before processing.
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5.3.  Selection

Upon the arrival of the data, | separated the data into different stations using a shell script. The
Tau-P Toolkit (Crotwell et al., 1999) was used to predict the SK(K)S arrival times, which were
added to the data header. | also ensured a good quality data by removing noisy seismograms
from further analysis. This quality control was fairly time consuming but worth it. On average,

about 40% of the events for each station were retained for analysis.

5.4.  SK(K)S Arrival Picking

The picking process involves choosing windows containing the SK(K)S arrivals. It is preferable
to do this manually (visually) as | did it in this work. Although visual inspection and picking of

the wave arrivals is time consuming, it gives me more confidence in my results.

LT | I ‘ | I ‘ ‘ I I I | ]

I- I 1 S
L DEC 14 (348] 2011
05:04:59.000

K3

| | | | | ie

| | | |
1480 1500 1320 1940 o0 1560

_4'1_ | | |

Figure 5.4: SKS arrival picking. The range between the T1 and T2 marks is the selected window.
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The window around the predicted arrival time on the seismogram was selected using the SAC
picking interface (figure 5.4). The window bounds are chosen by trying to completely enclose a
pulse believed to be SKS or SKKS, and exclude any other arrivals. An elliptical particle motion

within this window signifies the presence of anisotropy.

A common problem with both eigenvalue minimization and transverse energy minimization
approaches is that the calculated shear wave splitting parameters, ¢ and dt, are sensitive to the
choice of shear wave analysis window. Invariably, selection of the shear wave analysis window

IS subjective and can significantly influence the result.

5.5.  Splitting Analysis

The shear wave splitting analysis was done using the same MATLAB routine as Frederiksen et
al., (2007). Those commands yield plots showing the shear wave splits obtained using two
approaches, the eigenvalue minimization method and the transverse energy minimization

method.

Using the transverse energy minimization approach, the energy on the transverse component is
minimized and the particle motion becomes corrected to linear from its elliptical form. This is
obvious in Figure 5.5 (the top centre and bottom centre boxes show the input and the corrected
particle motion respectively). In the input box there is substantial energy in the transverse

component (upper right) that has been minimized in the corrected particle motion (lower right).
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Figure 5.5: SKS arrival splitting results from event 20111214.050459 recorded by SPREE station

SCO05, located near the rift axis, using the eigenvalue minimization and the transverse energy

minimization methods (Silver and Chan, 1991).

For the eigenvalue method, the script selects the set of shear wave splitting parameters for which

the particle motion is most linear after processing. Both transverse energy minimization and

eigenvalue method should give the same result if the incident wave is SV polarized. The

eigenvalue minimization method was the only method retained for my final measurements, so it

is the only method I will consider in my interpretation. However, | used the transverse energy

58



minimization method to check consistency of my results. The results from both methods are not
significantly different, which gave me more confidence in the values | plotted on the splitting

map.

The output box displays the confidence region (centre right panel in figure 5.5). The output plot
shows the 95% confidence interval from the F-test, obtained from the error surfaces shown in the
centre left and middle panels. Referring to the centre left and middle panels in figure 5.5, we can
observe that the error surfaces from both methods are similar in appearance. This could be seen

as evidence of the accuracy of my result.

5.6.  Stacking

The next step is stacking all the events at a particular station to obtain a high quality estimate of
the shear wave splitting parameters. The stacking process is done in two stages. First, | stack
error surfaces from each of the events in 10° back azimuthal swaths (figure 7.1). | then stack
events in the swaths with equal weighting (figure 5.6), to compensate for the dominant influence
of swaths with high seismicity. | double stack my events because if too many events come in
from the same direction, that direction will dominate. The double stack reduces this problem, and

allows inspection of back-azimuthal variations to check for multilayered effects.
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Figure 5.6: composite stacking of events with quality 4 at station L41A

5.7. Quality Control

The events analysed are also put under quality control after the splitting analysis. This is done is
by giving qualitative rankings based on a number of factors such as signal to noise ratio,
linearization of particle motion, and magnitude of the final ¢ and ot estimates. | consider the
estimates successful when the corrected particle motion is linearized from its elliptical form and
when the energy on the transverse component is significantly minimized. | ranked the
measurements on a scale from 5, the best-quality events, to 1, the worst estimate. The example in

figure 5.5 is assigned quality ‘5’ because it is one of the best measured events. These are
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tabulated and saved in a separate folder. Below are samples of the splitting results that | graded

in this project (figures 5.7 to 5.10).
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Figure 5.7: Quality 1 - station SC10, event 20110621.020415
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Figure 5.8: Quality 2 - station SC05, event 20120214.081955
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Figure 5.9: Quality 3 - station SC04, event 20130416.225527
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Figure 5.10: Quality 4 - station SCO05, event 20130208.152638

The quality levels determined for individual events were used as a criterion in the stacking step.

For stacking purposes, | only used results of quality 3 and above and ignored lesser quality

measurements. This will be discussed in chapter 6.
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CHAPTER SIX

RESULTS

6.0. Introduction

During the research, | analysed data from 31 seismic stations (16 Canadian SPREE stations and
15 Transportable Array stations). | received more than 2500 events within a 2-year time frame
(May, 2011 to June, 2013) from the IRIS Data Management Centre. For these events, | detected
1734 SKS arrivals and 1735 SKKS arrivals while all other events were discarded because the
SKS and SKKS arrivals were not visible. Due to my stringent quality measures, | used only 543
SKS and 347 SKKS traces for the final analysis. These events are of quality ‘3’ or greater.
Results of my shear wave splitting analysis are shown in figure 6.1 and table 6.1 and will be

discussed in this chapter.

Table 6.1 shows the station name, latitude, longitude, final shear wave splitting parameter
estimates and their errors for each of the seismic stations investigated. In these results, there are
three null results (where the error is close to or greater than the split time, so zero or very weak

splitting is possible) at stations SC07, D46A and K42A.

Station Latitude Longitude  ¢(degrees) +/-¢ dt(seconds) +/- ot
SCO01 49.2500 -90.5680 74 11 0.85 0.33
SCO02 49.8950 -91.1410 66 8 1.48 0.35
SC03 50.2540 -89.0940 68 19 0.78 0.38
SC04 49.6240 -89.6750 75 10 0.90 0.25
SC05 48.2800 -89.4430 64 10 0.85 0.28
SC06 48.9050 -88.4460 67 31 0.43 0.35
SCo7 49.6510 -88.0880 67 28 0.25 0.20

64



SC08 48.8880 -87.3570 73 17 0.45 0.23
SCO09 49.7400 -86.7550 80 12 0.75 0.30
SC10 49.7530 -83.8170 74 13 0.93 0.28
SC11 49.0840 -85.8560 89 11 0.73 0.25
SC12 49.1890 -84.7630 61 12 0.83 0.25
SC13 48.6130 -85.2580 70 8 0.90 0.23
SC14 47.7230 -84.8140 81 23 0.38 0.25
SC15 47.8610 -83.3540 62 25 0.40 0.33
SC16 47.3050 -84.5880 80 17 0.40 0.23
C39A 47.817100 -90.12890 66 12 0.55 0.18
C40A 47.915400 -89.15140 58 10 0.55 0.20
D37A 47.16 -092.43 40 19 0.58 0.25
D41A 47.060500 -88.56570 36 19 0.33 0.20
D46A 46.89 -084.04 107 41 0.28 0.33
E38A 46.605800 -091.5542 58 16 0.78 0.30
E39A 46.3777 -90.55557 50 10 0.60 0.20
E43A 46.375800 -86.99540 61 8 0.88 0.25
E44A 46.619900 -085.9214 71 11 0.58 0.25
H41A 44.6164 -089.6534 65 12 0.53 0.23
H43A 44.4697 -087.7704 79 12 0.63 0.33
140A 43.8916 -090.6177 86 16 0.48 0.25
K42A 42.7792 -089.3457 86 33 0.25 0.20
L41A 42.0751 -090.4977 66 16 0.38 0.23
L44A 42.1782 -087.9119 68 17 0.45 0.28

Table 6.1: shear wave splitting parameter results and errors for 16 SPREE seismic stations and

15 Transportable Array stations

The splitting map (figure 6.1) shows the values from the table, plotted as red arrows. The length
of the arrow is the time lag between the two quasi-S waves while the direction of the arrow

shows the orientation of the fast shear wave. The arrows are centred on the locations of the
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corresponding stations. | added previous splitting measurements (black and grey arrows) to
check for consistency and to see a overview of anisotropy within the Superior Province. | also
produced contour maps of the individual splitting parameters (figures 6.2 and 6.6) which provide

a clearer view of the spatial variation of the shear wave splitting parameters.

Figure 6.1: shear wave splitting results. The length of the arrow is the split time while the

direction of the arrow is the orientation of fast shear wave. The split time of 1.1 s or more are
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dotted white. The grey arrows show published splitting results (Silver and Kaneshima, 1993,
Barruol et al., 1997, Kay et al., 1999, Fouch et al., 2000) obtained using various methods while
the red arrows show results from this study and black arrows show results from published studies
(Frederiksen et al., 2007, Frederiksen et al., 2013b) using the same method as this study. The
yellow arrows show the direction of the absolute plate motion (see text for details). Thick solid
blue lines indicate tectonic boundaries from Whitmeyer and Karlstrom (2007); thinner blue lines

are Superior subdivisions within Ontario (Stott, 2011).

These observations form the basis of the discussion in subsequent subsections. The tectonic belt
boundaries and APM directions allow me to relate them to my measurements. The APM
direction was calculated for each point using MORVEL 2010 model. MORVEL is an acronym
for Mid-Ocean Ridge Velocity. This model is a set of angular velocities that describes the
motions of tectonic plates relative to a no-net-rotation reference frame (Argus et al., 2011).
Because DeMets et al (2010) state that among the published estimates of geological plate

motions, MORVEL is the most self-consistent and complete, | selected it for this project.

6.1 Fast direction measurements

The fast direction, the orientation of the fast shear wave (¢), is represented on the map by the
direction of the arrows. For the stations in this study, the fast direction ranges from 36° to 107°
with an average error of +/- 16° (Table 6.1). The lowest direction of 36° was obtained from
station D41A while the highest direction of 107° was obtained from station D46A. Both are

Transportable Array stations located close to the Mid-Continent Rift axis along the same plane

and exhibit very low split times (and correspondingly high fast-direction uncertainties). The
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mean value for the fast direction is 69°. A NE-SW direction is common across the region except

for station D46A, which has a SE-NW fast direction but tiny split, approximately zero.

The fast direction contour map shown in figure 6.2 gives a clearer image of spatial variations in
this parameter. | noticed a gentle variation of the fast direction across the region. The fast
direction ranges from 60 — 80° across most of the map, with isolated outliers, a region of lower
values at the western edge, and a patch of higher values near the southern limit of the eastern
edge. There is also a decrease in fast direction just south of the MCR (south of Lake Superior).
An example of an outlier is at station D46A, which has a fast direction of 107°. However, D46A
shows a null result (the split time error is greater than the observed split time) and so the fast
direction obtained here may not be meaningful, particularly given how much it differs from

adjacent stations.
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Figure 6.2: fast direction contour map. The contour interval is 5°. Large circles are this study and

studies using the same methodology; small circles are other published studies.

6.2  Split time measurements

Generally, the split time results range from 0.25 s to about 1.48 s (Table 6.1). | detected near null
measurements at SPREE station SCO7 in the Nipigon Embayment and Transportable Array
stations D46A and K42A. These are similar to the null measurements obtained in the Minnesota
River Valley Terrane from a previous study (Frederiksen et al., 2013). Although my results show

69



a wide range of values for the split time measurements, most values fall below 1 s. The average

value is about 0.60 s with an average error of around +/- 0.25 s.

The splitting map (figure 6.1) and split time contour map (figure 6.6) exhibit large spatially
coherent variations across the study area. One major feature is the high split region (mostly
above 1.1 s) in the western Superior Province. The high-split region is truncated by lower
splitting regions to the south and east. The eastward truncation is sharp and abrupt while to the

south the split times decrease more gradually.

The large split of more than 1.1 s in the western Superior decreases slightly to an average of 0.84
s at stations SC01, SC03 and SC04 just to the east. This reduction in the split time extends to the

Nipigon Embayment in the east.

Figures 6.3 to 6.8 show histograms of the stations in different regions of my study area. The low
split time zone east of Lake Superior has the lowest average split time of 0.36 s (figure 6.5)
followed closely by the Nipigon Embayment region with an average split time of 0.38 s (figure
6.3). The Penokean, Yavapai and Mazatzal regions also have low split times with an average
split time of 0.45 s. The MCR has low to moderate split time, while the WSP has high split

times. The eastern Superior Province shows a moderate split with an average split time of 0.83 s.
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Figure 6.3: Histogram showing the split time of stations within the Nipigon Embayment. The

average split time of stations is 0.38 s.
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Figure 6.4: Histogram showing the split time of stations in the Eastern Superior Province. The

average split time of the stations is 0.83 s.
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Figure 6.5: Histogram showing the split time of stations in the low split time zone. The average

split time of the stations is 0.36 s.

Station SCO7 just within the Nipigon Embayment shows a near null measurement of split time
(0.25 s). The difference between the split time measurements obtained from stations on both
sides of the Nipigon Embayment is about 0.6 s. This change represents a very large difference
within a short distance. Stations SC06 and SC08 located south of the Nipigon Embayment, but

along the rift axis, also show smaller split times of 0.43 s and 0.45 s respectively.

In addition, there is a glaring split time change to the southwest of the western Superior
Province. The high split in the western Superior is abruptly truncated to the south. This
observation is more noticeable in the split time contour map (figure 6.6). The southern part of the
western Superior, investigated in previous studies (e.g, Frederiksen et al., 2013) and shown in
figure 6.1, shows a low split time. Although stations in this current investigation do not cut
through this region, it is obvious that there is sharp split time change between this region and the

western Superior.
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| noticed a trend of low split time along the arms of the MCR and around Lake Superior where
the two arms meet. Results from 14 stations (SC05, SC06, SC08, SC14, SC16, C39A, C40A,
D37A, D41A, D46A, E38A, E39A, E43A, and E44A) close to the arms of the MCR reveal an
average split time of about 0.54 s (figure 6.6). Excluding stations SC05, E38A and E43A that
have comparatively high split times of 0.85, 0.78 and 0.88 s respectively, the average split time
of stations along the rift axis is as low as 0.46 s (figure 6.7). This result shows that the rift axis is
a low split time region. Stations H41A, H43A, 140A, K42A, L41A and L44A in the Penokean,
Yavapai and Mazatzal Provinces south of the MCR also show a consistently low split time of
about 0.45 s on the average (figure 6.8), with a near null measurement of 0.25 s at station K42A.
All these stations are in fairly close proximity to the null measurement found to their west around

the Minnesota River Valley Terrane.
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Figure 6.6: Histogram showing the split time of stations SC05, SC06, SC08, SC14, SC16, C39A,
C40A, D37A, D41A, D46A, E38A, E39A, E43A, and E44A, close to the arms of the MCR. The

average split time of the stations is 0.54 s.
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Figure 6.7: Histogram showing the split time of 11 stations (SC06, SC08, SC14, SC16, C39A,

C40A, D37A, D41A, D46A, E39A, and E44A) close to the arms of the MCR. The average split

time is 0.46 s.
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Figure 6.8: Histogram of stations H41A, H43A, 140A, K42A, L41A and L44A in the Penokean,

Yavapai and Mazatzal Provinces. The average split time is 0.45 s.

The split time contour map gives a clearer image of the variation of the split time across the

whole map region (figure 6.9). The colour coding makes it easier to interpret than the split time
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map (figure 6.1). The sharp significant anisotropic boundary found to the east of the western
Superior Province is clearer. The low anisotropy beneath the Nipigon Embayment is also evident
in the split time contour map. Moreover, looking closely into figure 6.6, the truncation of the
high split south of the WSP is becomes more obvious. Another noticeable observation on this
contour map is the generally low split time around the rift axis and in the six stations within the

Penokean, Yavapai and Mazatzal Provinces.
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Figure 6.9: split time contour map. The contour interval is 0.1 s.

We will make a connection between these results, the geology of our study region and the MCR

in the next chapter.
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CHAPTER SEVEN

INTERPRETATION

7.0. Introduction

Splitting parameter (¢ and ot) results help us to understand the anisotropic properties and fabric
beneath a particular seismic station and are usually related to the tectonic environment beneath a
station. The fast direction, ¢, usually indicates the direction of the dominant upper mantle fabric
beneath a station, assuming that the splitting results from aligned olivine crystals, and that the
crustal contribution is minor. It also generally corresponds to the direction of maximum shear
beneath a station. On the other hand, the split time, 6t, refers to the total effective fabric beneath
a seismic station (Frederiksen et al., 2007). Due to the lack of depth resolution in most shear
wave splitting measurements (Long and Silver, 2009), | will not base judgements or inferences
on precise depths. The shear wave splitting parameter results will help us understand the
direction of the dominant mantle flow, the extent of upper mantle anisotropy in these regions,

and the variation of the lithospheric fabric across the region.

I will use my results from Chapter Six to discuss and understand the effect of the Mid-Continent
Rift on the lithospheric fabric within and around the Superior Province. | will be interpreting the
geology of the Mid-Continent Rift based on our results and relating it to previous work on this
region. Furthermore, | will show how my results relate to results of other geophysical studies

such as tomography.
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7.1.  Depth of Anisotropy

7.1.1. Single layer

The shear wave splitting method used in this work distinguishes between single-layered
anisotropy and more complex scenarios, given sufficient data. Generally, a single-layer model is

adequate to explain my SKS data set, as explained below.

A splitting error surface indicates which values of the shear wave splitting parameter are
compatible with the data set used to estimate it. The error surface is usually the same for all
events with the same incident polarization. Figure 7.1 shows stacks of error surfaces for all
events in each of a series of 10° wide polarization swaths at a typical station. The white star at all
stations is the final shear wave splitting parameter (¢, 6t) pair chosen for that station. The white
star appears in a low-error (black) region for all the swaths, indicating that the single layer

solution it represents is compatible with the entire data set.
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Figure 7.1: Shear wave stacking results showing different polarization swaths for station L41A.

The label indicates the swath range (e.g. 30° - 40°) and the number of events in that swath.

Though all stations in my data set are compatible with a single-layer model according to this
criterion, 1 cannot entirely rule out the presence of multiple layers of anisotropy; | can, however,

state that the data set does not require multiple layers.

7.1.2 Asthenosphere or Lithosphere

Crustal anisotropy, which is a potential contaminant in a shear wave splitting signal, produces a
typical delay time value of ~0.1 — 0.2 s (Long and Silver, 2009). Confirming this value using the

Superior crustal structure observed by Musacchio et al., (2004) paper, using perpendicular
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refraction lines, | considered the anisotropic layer they detected in the lower crust just above the

Moho. The observed velocities of this layer,

Viast = 7.5 KMs™, Vaiow = 6.9 kKMs™, Vayerage = 7.2 kms™

yield an anisotropy of 8.3 %

The thickness, z of this layer is approximately 10 km and assuming a V,/V; of 1.6, the velocities
of the S-wave would be

Viast = 4.7 Kms™, Vgiow = 4.3 kms™

giving a split time,

Ot =2/Vgow- ZViast = 0.2 s

The delay times measured in this study are far greater than this value, except for the null/near-
null measurements recorded, which are also low but still greater than 0.2 s. Although there is
some evidence of crustal anisotropy in my study area in previous studies, crustal fabrics are not
generally strong or coherent in the Superior Province (Musacchio et al., 2004). This implies that

the crust is likely not a major source of anisotropy in this region.

Correlation between fast direction and major tectonic belt boundaries usually implies
lithospheric anisotropy, while correlation with the absolute plate motion directions suggests
asthenospheric anisotropy (Frederiksen et al., 2006). The fast directions observed in this study in
the western Superior Province are generally close to both tectonic belt boundaries and absolute
plate motion direction, and so are compatible with both lithospheric and asthenospheric sources
(figure 6.1). However, the large split time variation observed over the study area is difficult to
explain using asthenospheric mechanisms. This is because asthenospheric variations are mantle
flow variations, and the mantle flow pattern is probably fairly uniform given the consistent APM

direction and plate velocity. Therefore, lithospheric anisotropy is more probable.
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Another indication of lithospheric anisotropy is the sharp change in the fast direction and the
reduction in the split time around station D37A at the boundary between the WSP and the MCR.
This change in direction occurs over a distance of about 100 km. The ray length for SKS in this
region was calculated using the Tau-P toolkit (Crotwell et al., 1999). Assuming an approximate
ray length of 11,000 km, a depth of 250 km (around the base of the lithosphere), a frequency of
0.2 Hz, an S velocity of about 4.5 km/s (upper mantle), and so a wavelength of 4.5/0.2=22.5 km,
the Fresnel zone width will be about 106 km. Two stations less than 106 km apart should have
overlapping Fresnel zones at the base of the lithosphere and below. Overlapping Fresnel zones
will cause surface measurements to vary smoothly, even when the underlying structure changes
sharply, so sharp changes in measurements indicate shallower structure. Many strong changes
occur between closely spaced seismic stations in this study, making it probable that much of the

observed anisotropy in my results is located in the lithosphere and not the asthenosphere.

The lithospheric thickness in the central and western Superior Province varies between
approximately 140 and 250 km (e.g., Darbyshire et al., 2007; Van der Lee and Frederiksen,
2005). The presence of thick lithosphere in the western Superior, coupled with the fact that
anisotropy in this region cannot be deeper than 410 km (due to loss of olivine via phase
transition) makes lithospheric anisotropy dominance in this region probable, given that the thick
lithosphere in this region implies less asthenosphere above the 410 discontinuity. | believe that
most of the anisotropy is likely to be in the lithosphere rather than the asthenosphere. Given the
Fresnel-zone argument above, the major source of lateral variations is probably lithospheric,
even if an asthenospheric component is present. Thus, interpretation in this study will primarily

be in terms of the lithosphere.
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7.2 Correlation of the splitting result with seismic velocity

There are distinct similarities between my result and P-wave tomography (Frederiksen et al.,
2007 and 2013a). The high velocity (Frederiksen et al., 2013b) (figure 7.2), Western Superior

Mantle Anomaly (WSMA), coincides with my strong splitting zone in the same region.
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Figure 7.2: Tomography result showing a low P velocity anomaly beneath the Nipigon
Embayment and high velocity anomaly in the western Superior Province. Black contours are

split time (this study); colour background is P velocity from Frederiksen et al. (2013a)

Another notable correlation exists in the Nipigon Embayment, where a low velocity anomaly
coincides with the very low split time observed in this study. There is no obvious correlation

between the split time and velocity elsewhere in the study region. There is generally high
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velocity and low split time in the southwest corner of the map, while much of the rest of the map

is low velocity and shows moderate split time.
7.3 Zones of lithospheric anisotropy

My results show lateral anisotropy variations, which 1 attribute to lateral heterogeneity in
lithospheric anisotropy. The major zones of anisotropy in this study are shown in figures 7.3 and

7.4. In the next subsections, I interpret the lithospheric features in the regions indicated.
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Figure 7.3: Major zones of lithospheric anisotropy determined in this study, superimposed on the

shear-wave splitting map from figure 6.1.
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Figure 7.4: Shear wave split time contour map showing major zones of lithospheric anisotropy,

superimposed on the split time contour map from figure 6.3.

7.3.1 Western Superior

The upper mantle of the western Superior differs significantly from neighbouring regions. The
western Superior Province has a high P velocity and a consistent ENE fast direction and a split

time mostly >1s.
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Previous studies such as LITHOPROBE (Kay et al., 1999) and the APT89 experiment (Silver
and Kaneshima, 1993) observed moderate to large 6t values (1.1 — 2.1 s) with a direction of fast
polarization that generally aligns with the strike of the regional geologic boundaries over a large
region of the western Superior Province. This is in agreement with my results in the western
Superior Province, where we observed a concentration of split times of 1.1 s and above. My
splitting results are also consistent with Rayleigh-wave modelling by Darbyshire et al., (2007)
which indicated strong lithospheric anisotropy in the western Superior with a possibility of a

WSW-ENE fast direction.

There is a good correlation between high velocities (Frederiksen et al, 2007) in the study area
and large SKS split times. The transition from strong split to weaker split observed around 91°W
longitude of the western Superior Province is similar to the transition from positive P velocity
anomaly to negative P velocity anomaly observed in the same region in tomography results
(Frederiksen et al., 2007). The boundary of the abrupt split time change observed around 91°W
longitude indicates a sharp change in the anisotropy of the study area and demarcates the
boundary between a thick lithospheric fabric in the WSP and what | interpret to be a reset

lithosphere in the Nipigon Embayment, as noted below.

The large split time observed in the western Superior Province may be an indication of thick
lithosphere or enhanced lithospheric anisotropy. Due to the large thickness (200 — 250 km) of
lithosphere beneath this part of the Canadian Shield, it is likely that lithospheric anisotropy,
representing “frozen” remnants of past deformation, is responsible for the observed splitting
(Frederiksen et al., 2013) in this region. The high velocity peculiar to the western Superior
Province is possibly a consequence of the alignment of remnant slabs related to the accretion of

the Superior Province and may possibly be as a result of closer spacing of sutures compared to
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elsewhere in the Superior (Frederiksen et al., 2007). The lithospheric fabric in the western

Superior shows no evidence of having been altered by later tectonic events.

7.3.2 Eastern Superior

My splitting results for the eastern portion of the Superior Province show a moderate anisotropy.
The moderate split time in this region is 0.73 — 0.93 s, and less than in the WSP. Frederiksen et
al., (2006) recorded a weaker split with an average value of 0.66 s in this region. There is
generally an ENE-WSW direction of the fast shear wave, similar to what is detected in Rondenay
et al., (2000a,b), around the eastern Superior Province. This direction aligns with the tectonic

boundaries and the APM.

Little variation is observed in the splitting results within the eastern Superior region except for
the Nipigon Embayment (discussed separately) and a zone of very weak splits at stations SC14,
SC15, SC16 and D46A east of Lake Superior. This low split zone (figures 7.3 and 7.4) may be
related to the Nipigon Embayment just west, though it does not correspond to a velocity anomaly
or a known geological feature. This is possibly a similar feature to the Nipigon Embayment and

may also have taken part in the rifting process.

The LITHOPROBE AG transect experiment (Rondenay et al., 2000a,b) and a separate
tomography study using POLARIS data (Aktas and Eaton, 2006) both detected a linear low-
velocity anomaly in the eastern Superior Province, which is surrounded by regions with
velocities higher than average that may be related to a thick lithospheric root (Darbyshire et al.,
2007). This low-velocity feature is attributed to the Great Meteor hotspot track (Frederiksen et
al., 2006), which is relatively young, 115-140 Ma (Eaton and Frederiksen, 2007), and a result of

plate motion over a fixed or slow-moving hotspot (Frederiksen et al., 2007). Darbyshire et al.
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(2007), reported that northeastern Ontario (referred to as the eastern Superior in this study) can
be characterized by a thick lithosphere ranging from about 200 km to 240 km and a low-velocity
zone at depths greater than 250 km. It is also believed that the shape of the thick Superior
cratonic keel may have had a considerable influence on the hot plume material, making it deflect
towards regions of thinner lithosphere (Darbyshire et al., 2007). Mantle plumes have played a
major part in the modification of lithospheric root in many parts of the Superior (Darbyshire et
al., 2007). Therefore, | interpret the moderate split times in the eastern Superior to be the result

of Great Meteor hotspot activity modifying the lithosphere and weakening the anisotropy.

7.3.3 Nipigon Embayment

Tomography results such as Frederiksen et al. (2007) suggest that an anomalous structure is
present north of Lake Superior. This low-velocity anomaly lies within the crustal bounds of the
Nipigon Embayment. Perry et al. (2004) interpreted the Nipigon velocity anomaly as a relic of
the ancient upwelling which fed the Nipigon magmas. The Nipigon Embayment shows a
magnetotelluric response contrast to those in the surrounding Superior Province, suggesting the
resistivity of the whole crust, and the underlying mantle were affected by Proterozoic tectonic
processes (Ferguson et al., 2005). My results show that there is a null or very low value of split
time (0.25 — 0.45 s) in the Nipigon Embayment, which is different to what we see in other parts

of the Superior Province, and among the lowest splits measured in my study area.

The very weak splits within the Nipigon Embayment feature indicate that the lithospheric fabric
within this region is essentially gone. This might be due to removal of the fabric through erosion
of the lithosphere and its replacement with new material, or modification of the lithosphere that

eliminated the fabric. The Nipigon Embayment may be a fossil hotspot feature in which a heat
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source below cut through the entire lithosphere. This upwelling process might have led to the
generation of the mafic and ultramafic intrusions associated with the Nipigon Embayment. It is
useful to note that the Nipigon Embayment was formed before the MCR (Hollings et al., 2007),
and that the diabase sills and intrusions around Lake Nipigon are the oldest expression of
igneous activity associated with the MCR (Hearnan et al., 2007), which implies that the

magmatic activities in this region might have predated the rift and perhaps led to its initiation.

Another observable inference in the Nipigon Embayment is that the direction of the fast shear
wave remains parallel to the tectonic belt boundaries and absolute plate motion and is mostly
nearly NNE-SSW like its surroundings. This suggests that either the fabric was weakened, but
not completely eliminated, by thermal activity, or that the remaining splitting is asthenospheric

or crustal.

The presence of sills rather than dykes (common in many failed rifts) indicates that the Nipigon
Embayment was not extensional during the rifting event. In rift environments, dykes do not
always reach the surface; however with the erosional state of the Nipigon embayment, some
dykes should have been exposed if present (Hart and MacDonald, 2007). Therefore, the Nipigon
Embayment is probably not a failed arm of the MCR. Hart and MacDonald, (2007) also suggest
that the structures of the Embayment might have reacted to the rifting event, disallowing the

formation of a rift arm, since they were formed prior to the Mid-Continent Rift.

7.3.4 Mid-Continent Rift

The fast directions of most stations within the MCR but adjacent to the WSP and Nipigon
Embayment are parallel to the rift axis, which suggests alignment of LPO along the rift axis, but

also aligns with the APM. However, stations south of Lake Superior, adjacent to the Penokean
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Orogen, possess fast directions nearly perpendicular to the rift axis and not in the same direction
as the APM. | also see considerable split time variation within the MCR. The results of this study
show that the MCR is a relatively weak split zone (figures 7.3 and 7.4) with split times ranging
from 0.33 s to 0.88 s. The split time in the MCR is not as low as in the Nipigon Embayment or

the weak-split zone east of Lake Superior.

Seismic velocity appears fairly low in the MCR. However, the resolution by the tomography
results of the MCR in previous studies such as Frederiksen et al. (2013a) is poor due to limited
numbers of seismic stations around the MCR at that time. Data from SPREE seismic stations,
through the ongoing tomography studies of Trevor Bollman (Northwestern University), will

improve on the resolution of this region.

The relatively weak split around the MCR indicates that there is weaker anisotropy in this region
and suggests the lithospheric fabric in this region has been thinned or modified. Although the
split times within the rift axis are weak, they are more than the expected splitting for crustal
anisotropy, therefore it is likely that at least some of the SKS splitting in the MCR occurs in the

mantle.

The splitting results in this study shows that the fabric in the Nipigon Embayment is more
extensively modified than in the MCR. This suggests that the Nipigon Embayment structures are
deeper rooted, which is consistent with a hotspot mechanism. The Nipigon Embayment hotspot
may have triggered the rifting events that were later driven by plate-tectonic forces (Merino et
al., 2013). | observed that the MCR avoids high-split regions (east and west Superior), which
suggests correlation between strong fabric and mechanical strength of the lithosphere. This might

be the reason why rifting happened south of Nipigon Embayment and not to the west (western
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Superior) or north/east (eastern Superior) of it. The observed splitting footprint of the MCR in
this study (figure 7.3) is wider than the crustal MCR. My splitting result in this study shows a
width extension of the known MCR footprint. This could possibly suggest that the lithospheric

MCR is wider that the crustal feature.

There is a significant heat flow variation in my study region (figure 7.5). The range of heat flow
in the MCR is low, 20 —31 mWm™ (Hart et al., 1994) especially around the northwestern region
of Lake Superior. There is a conspicuous change in heat flow along N-S line between 90° and
91°W (figure 7.5), which coincides with the region of sharp split time change between the

western Superior and the Nipigon Embayment region of this study.

The low heat flow region in figure 7.5 coincides with the band of very high Bouguer gravity
anomalies (Perry et al., 2004). The gravity anomaly seen in the MCR does not extend to the
Nipigon Embayment indicating that the volume of the intrusives in the region is small. This
implies that the Nipigon Embayment might have only led to the initiation of the MCR, and was

not necessarily a driving force of the subsequent rifting process.
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Figure 7.5: Heat flow map within our study region showing the western Superior, the Nipigon

Embayment, the MCR and the eastern Superior Province (Perry et al., 2004)

7.3.5 Terranes south of Lake Superior region and the MCR

I observed low split times in the Penokean, Mazatzal and Yavapai provinces located in the south
of the map region (figure 6.1). An average splitting time of 0.53 s was found. A split time of 0.25
s, which is the lowest in this study, is recorded at station K42A, located in this region. The fast
direction generally aligns with the absolute plate motion direction but not particularly with the
direction of tectonic boundaries in the region. This region is not well imaged by previous

tomography results. The terranes in this region are younger than the MCR and zones north of it.
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The Penokean, Yavapai and Mazatzal Provinces post-date Superior suturing events, and given

the limited data in this study, I cannot distinguish the effect of rifting in these provinces.
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CHAPTER 8

CONCLUSION AND RECOMMENDATIONS

8.1 Conclusion

| have analysed data from 31 seismic stations across the MCR around Lake Superior. 15 of these
are Transportable Array stations while the remaining 16 are Canadian SPREE seismic stations.
Using the shear wave splitting (Silver and Chan, 1991) transverse energy minimization and
eigenvalue minimization methods, | have measured anisotropy, and thus lateral variations of

lithospheric fabric across this region.

A single-layer model is sufficient to explain my data, although this does not necessarily imply

that there is no more complex anisotropy.

The crust is likely not a major source of anisotropy in this region. Crustal fabrics are not strong
or coherent in the Superior Province, and the observed split times are far greater than the typical
crustal anisotropy delay time values of ~0.1 s - 0.2 s (Long and Silver, 2009). Most of the
anisotropy resides in the lithosphere. | observed sharply changing anisotropy between closely

spaced stations, also evidence of a lithospheric contribution.

Anisotropy and lithospheric fabric vary across the study area. My result shows high anisotropy in
the western Superior Province, very low anisotropy in the Nipigon Embayment, low anisotropy
in the MCR axis, and moderate to low anisotropy in the eastern Superior Province, with an
isolated region of very low anisotropy east of Lake Superior. There is also low anisotropy in the

Penokean, Yavapai and Mazatzal provinces.
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There are correlations between seismic velocities obtained using tomographic methods and my
shear wave splitting studies in the study region. Strong split times in the western Superior
coincide with a high velocity region while weak splits in the Nipigon Embayment coincide with
low velocity measurements in Frederiksen et al. (2007, 2013a). There are no obvious correlations

in other regions on the study map.

This study confirms previous teleseismic studies (e.g. Frederiksen et al.,, 2007) and
LITHOPROBE (Musacchio et al., 2004) studies that suggested that the western Superior
Province is strongly anisotropic, with split times greater than 1.1 s. This is evidence that thick
lithospheric fabric is present in this region. Furthermore, the fast direction observed in this region
is consistent with both the direction of absolute plate motion and the direction of tectonic belt
boundaries. The western Superior Province overlies an unusual lithospheric mantle with distinct
strong anisotropy and high velocity. The strong lithospheric fabric in WSP is truncated to the
south by the Mid-Continent Rift. The truncation of strong fabric to the east is also evidence of

modification of the mantle fabric in this region.

Previous tomographic (Frederiksen et al., 2007, 2013) and magnetotelluric (Ferguson et al.,
2005) studies reported an anomalous structure in the Nipigon Embayment. | observed a very low
split (0.25 - 0.45 s), which indicates that the lithospheric fabric in this region may have been lost.
| suggest that the Nipigon Embayment is a hotspot feature, which may have contributed to the

initiation of the MCR rifting process.

The relatively weak split observed in the MCR suggests that the lithospheric fabric in this region
might have been thinned or modified, though not as much as in the Nipigon Embayment. Thus,

though the MCR may have been initiated by a hotspot below Nipigon Embayment through a
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hotspot mechanism, this study suggests that it evolved by plate-boundary processes. The MCR
avoids regions of high splits (east and west Superior) and occurred south of the Nipigon
Embayment. This might suggest a correlation between mechanical strength of the lithosphere
and strong fabric. My splitting results also suggest that the lithospheric MCR is probably wider
than the crustal MCR due to the extension seen in the width of the MCR footprint especially

around its arms.

A localized low split zone observed northeast of the MCR is a feature newly discovered by this
study. It is similar in split time and extent to what | see in the Nipigon Embayment and may have
also participated in the rifting process. The broader zone of moderate split times in the eastern
Superior Province may be attributed to the Great Meteor hotspot track having modified the

lithosphere and weakened its fabric.

This study has helped map the anisotropic extent and changes in the lithospheric fabric of my
study area after the rifting process. The lithospheric fabric was most strongly modified in the
Nipigon Embayment, the eastern Superior and in the MCR. These modifications might be due to
different mechanisms, such as lithospheric thinning and hotspot modification. Smaller features
such as my newly discovered low split zone to the east of Lake Superior may have also been

involved in the rifting process.

8.2 Recommendations

1. Analyse more stations south of MCR and in the dense SPREE array along the MCR to see

more detail of the effect of the MCR on the adjacent terranes.

2. Improve existing tomography and magnetotelluric studies of the study area using the Canadian
SPREE seismic stations and further analysis of existing MT data.
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3. Place ocean-bottom seismographs (OBS) in Lake Superior to extend this study into the Lake
and see the extent of anisotropy and the strength of the fabric within the Lake Superior axis of

the MCR.
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