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Abstract

Cross-correlation of continuous seismic recordings has been proven effective in ex-
tracting the Green’s function between two seismic stations. Travel-time and wave-
form source migration calculations jointly suggest a persistent noise source near
Lesser Slave Lake (LSL), a large ice-covered lake in Alberta, Canada, during win-
ter months. Subspace inversions of effective Green’s functions from five narrow
frequency bands (0.002-0.2 Hz) reveal low velocities in the upper crust beneath
Alberta basin, which indicates strong effects from the thick platform sedimentary
cover. Consistently low velocities are also observed beneath Wabamun domain but
the areal coverage is considerably smaller than the published domain boundaries.
The lower-crustal velocities beneath southern Loverna Block is 10% faster than the
regional average. As the possible remnant cratonic core of the Hearne province,
this northeast-striking anomaly extends to the western part of Medicine Hat Block

and contributes to a strong east-west structural gradient in the latter domain.
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List of Figures

2.1

Distribution of stations from the Canadian Rockies and Alberta
Network (CRANE, black triangles) and nearby Canadian National
Seismographic Network (CNSN, red diamond). The background
colors show the topography of the region. The thin gray lines con-
necting the stations indicate all station pairs analyzed by this study.
The blue lines with arrows indicate the station pair and order (e.g.,
for A B, the arrow would point to B) used in the migration analy-
sis. The map inset shows the position of the study region relative to
North America. Records from HYLO (available since June, 2010)

are used for waveform comparisons in Figures 2.3 and 2.9.



2.2 (a) Stacked cross-correlation functions (color-coded and slightly in-
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terpolated) for all station pairs denoted by gray lines in Figure 2.1.
The dashed lines indicate the theoretical lag time based on a con-
stant background velocity of 3 km/s. The lag time-distance relation-
ship approximately follows two linear move-outs, but significant
asymmetry is present on the individual correlation functions. By
our sign convention, a negative lag on the SCCF of A x B implies
that Rayleigh waves reaches station A first. (b) Source migration
result using all station pairs connected by gray lines in Figure 2.1.
The color scale shows the magnitude of values (maximum=1); a
high value implies a strong probability that the true source is lo-
cated at the center of the grid point under discussion. (c) A mag-
nified view of the study region enclosed by the rectangular box in

Figure 2.2(b). A dominant noise source is observed in the Pacific

Ocean southwest of the station array. . . . . . . ... ... .....

(a) Vertical component cross-correlation of station HON (anchor)
and DOR for a cutoff frequency range of 0.01-0.2 Hz. The SCCF
is computed by a series of narrow band-pass filters within the fre-
quency range of interest. The move-out curve is symmetrical at
both low and high frequencies but shows strong asymmetry in the
range of 0.08-0.16 Hz. (b) Normalized absolute values of SCCFs
of station pairs anchored by HON. The shaded region highlights the
positive lag times, which roughly follow a semi-linear relationship.

With the exception of HYLO, all SCCFs are used in regional source

MIrations. . . . . . . . . ot e e e e e e



2.4 (a) Time-migrated values of the study region. A cell with a large
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value implies a strong possibility of containing the true noise source.
The maximum value is observed near LSL, though the precision of
the noise source location is limited by station density. (b) values
of station pairs based on a background Rayleigh wave group ve-
locity of 3.0 km/s and hypothetical noise sources at the station lo-
cations of HON (green), CZA (red) and CLA (blue), respectively.
As a simple example, for a hypothetical source at CZA (also the
location of the anchor station) and station NOR (plotted as a red
inverted triangle) is computed based on Equation (1) while assum-
ing 1), and 2) is the observed lag time of the SCCF between CZA
(anchor station and hypothetical source) and NOR. The inverted tri-
angles indicate station pairs with robust noise correlation peaks and
stations that resulted in poor correlations with the majority of the
three anchors (e.g., WALA) are omitted. ¢) Migration results based
on background velocities ranging from 2.0 to 4.0 km/s. The vertical
axis shows the distance between the resulting noise source location
and reference point in east basin of LSL. The shaded region marks

the range of realistic background velocities ranging from 2.5 to 3.4

km/s [Guetal.,2011]. . . .. . ... .. ... ... ...

Sample noise correlation stacks computed from REC (anchor) and
five nearby stations. Low signal-to-noise ratios are observed on four
stations, which reflects data quality issues. The final correlation

pair provides additional information on the location of the potential

regional noise source (see main text). . . . . . . . ... .. ... ..



2.6

2.7

2.8

2.9

Result of waveform migration based on Equation (2). The indi-
vidual SCCFs were filtered between 0.08 Hz and 0.16 Hz prior to
migration, and the background Rayleigh wave group velocity was
set at 3.0 km/s. Large migration amplitudes are observed near LSL,
potentially extending to the western boundary of our study region.
Waveform migration results from four different Rayleigh wave group
velocities. A local maximum is consistently observed in the vicinity
of LSL. The estimated location uncertainty based on the movement
of the source is 100-120 km. Effects of background velocity on
source location are underscored by the large migration amplitudes

near the northwestern boundary of the study region when falls be-

low 2.7km/s. . . . . . . .

Waveform migration results from four slightly overlapping frequency
bands. Strong migration amplitudes are observed near the west bay
of LSL, particularly in the typical frequency range of ocean mi-
croseisms (0.06-0.18 Hz). The effect of the local noise source is

minimal at longer periods (0.02-0.08 Hz, bottom right) as noise

correlation functions become increasingly symmetric. . . . . . . . .

(a) Geographical location and path coverage provided by HON and
four nearby stations. The solid and dotted lines with arrows indicate
the expected source orientations based on the signs (all negative)
and lag times of the SCCF maxima. (b) SCCFs computed for station
pairs shown in Figure 9a based on recordings from 2007 to 2010.
The high quality SCCFs show pronounced asymmetric correlation
peaks with negative signs. In view of the unique geometries of these

stations, a single local noise source must be present in the vicinity,

preferably in the northwest, of HON. . . . . . . ... ... ... ..

20



2.10 (a) Seasonal variations of the SCCFs in 2008. This one-year data
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set is divided into two time periods (see main text) and the same
correlation analysis is applied to each subset. In comparison with
the summer months, the resulting SCCFs show much greater asym-
metry during the winter of 2008. (b) Sample diurnal variations (for
station pair HON and PER) during the winter months. The SC-
CFs are consistent between night and day, which suggest a com-
mon origin or mechanism. The ’signal’ part of the SCCFs (-150
s to 0 s, bottom right) are more consistent than the 'noise’ part of
the SCCFs (-500 s to -200 s), top right) for the daily analysis. The
amplitudes have been self-normalized for both time windows. (c)
A schematic diagram illustrating the potential origins of microseis-
mic noise. Mixing and resonance, as well as human activities and

environmental processes, may be responsible for the asymmetrical

Mean wind energy during the winter (top panel) and summer (bot-
tom panel) months of 2010 (see Data and Resources Section). Ex-
treme values are observed along the Rocky Mountain front due to
extreme topographic reliefs. Strong wind energy in the vicinity of
LSL, which far exceeds those near water bodies of much greater

sizes (e.g., Great Slave Lake, Athabasca Lake), could play a possi-

ble role in the generation of persistent local noise sources. . . . . .



3.1

3.2
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3.4

3.5

Distribution of stations (black triangles) from the Canadian Rock-
ies and Alberta Network (CRANE) and nearby Canadian National
Seismographic Network (CNSN). The dashed grey lines denote the
known boundaries between tectonic blocks based on earlier geo-
physical and geological surveys [Ross et al., 1991; Villeneuve et al.,

1993] The solid gray lines denote the vertical-cross sections in Fig-

ure 3.9 (see Section3.4). . . . ... ...

SCCFs computed for all station pairs. The peaks of the SCCFs

increase linearly at an approximate speed of 3 km/sec.. . . . . . . .

(a) Unfiltered SCCF between station PER and HYO. The average
of forward and time-reversed SCCF peaks represents the effective
Green’s function between the station pair. (b) Effective dispersion
curves of SCCFs within the frequency range of 0.015-0.25 Hz. The

lag times of the correlation peaks reflect the effect of Rayleigh wave

dispersion. . . . . . .. ...

Normalized waveform sensitivities for the five frequencies used in

this study. The values are computed based on the reflectivity meth-

ods and a scaled regional P velocity model [Kanasewich et al., 1995]. 42

(a)-(e) Lag times of SCCF peaks for all five frequency ranges. The
slopes of the linear plot are effective average velocities of the re-
gion at a given frequency, while the intercept of the least-squares fit
shows the uncertainty of the average velocity and potentially biases
in data quality and distribution. f) A comparison of the average ve-

locities. The trend suggests increasing average crustal speeds with
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(a)-(e) Tradeoff curves of regularization factors (norm+Gradients)
and model root-mean-squared (RMS) value. The regularization fac-

tors for the inversions are determined by the turning points. f) Re-

duction of data variance and RMS model velocities at all frequencies. 45

Resolution test for all five frequencies. The lower panels show the
input checker-board pattern. The final SCCFs used for inversion are
represented by the solid black lines connecting CRANE and CNSN
stations (White triangles). A three sec white noise is added to the
original model predicted values prior to inversions. Bigger grid-
size (1.5 x1.5 deg?) is used for frequency ranges 0.002-0.04 Hz and
0.14-0.2 Hz due to limited numbers of quality SCCFs. Approxi-
mated 60% of the input amplitude is resolved for smaller grid size

(a-c) while up to 90% of the input amplitude is resolved for the

frequencies with coarser grid sizes (dande). . . . . . . .. .. ...

Tomographic results of the SCCF group velocity inversions. Veloc-
ities for each of the five frequencies are plotted as perturbation to
the average velocities. The black lines denote the reported bound-
aries between known tectonic blocks [Ross et al., 1991]. CRANE

and CNSN stations used in this study are represented by white tri-

angles. . .. L e

Estimated vertical cross-sections (see surface projection in Figure
1) of shear velocity perturbations relative to the regional averages.
At a given depth, the contribution of a given frequency range is

computed based on the corresponding sensitivity curve shown in

34, e



3.10 Resolution tests based on hypothetical structures similar to the ob-

4.1

served. (a) Results of a test that assumes an input high velocity
anomaly between western MHB and Eastern MHB. The pattern is
well resolved at frequency ranges of 0.10-0.16 Hz and 0.14-0.20
Hz. (b) Results of a test with an input high velocity structure across
LVB and Vulcan structure. Both the amplitude and the oblique ori-
entation of the input model is sufficiently recovered by the SCCFs

at0.002-0.04Hz. . ... ... ... . 63

Anisotropy of crust. The anisotropy is quantified as V;, —V},, while
V, is the velocity inverted from vertical component and V}, is in-
verted from radial component. The black lines denote the reported
boundaries between known tectonic blocks [Ross et al., 1991]. CRANE

and CNSN stations used in this study are represented by white tri-



Chapter 1

Introduction

1.1 Ambient Noise Correlation

As one of the rapidly expanding methodologies utilized by broad band seismic ar-
ray, noise cross-correlation tomography gains its popularity by proving to be highly
effective in interrogating crustal and upper-mantle structure in both regional and
continental scale (eg., [Shapiro and Campillo, 2004; Sabra et al., 2005a; Huang
etal.,2010; Dalton et al., 2011; Lobkis and Weaver, 2001]). Noise cross-correlation
signals observed in different frequencies travels through different depths and there-
fore provide sensitivity through different layers of crust and upper-mantle. Thus,
depth constraints could be extracted by observing surface wave signals through
the waveform-frequency dispersion [Shapiro and Campillo, 2004; Shapiro et al.,
2005]. Noise correlation function can retain travel time difference between stations
from the persistent seismic noise source [Brzak et al., 2009]. Assuming ambient
noise sources are perfectly randomly distributed around given station pair, cross-
correlation results of continues recordings from stations yield the travel time differ-
ence between two stations, which translate to the effective Green’s function result
between two stations. Ambient noise-correlation experiments usually concentrate
on periods between 5s to 50s, while longer periods signals were exploited for a

larger scale experiment (eg., [Nishida et al., 2009]).



The theory of ambient noise correlation assumes the uniformity of seismic
sources and absence of anisotropy [Shapiro and Campillo, 2004; Sabra et al., 2005a].
Though it’s argued that most seismic noise is generated near surface and the modes
which are more sensitive to the depth near surface would be excited in higher pri-
ority than that of lower depth, Tsai [2010] showed that partial Green’s function
between stations can be extracted even for modes induced by non-uniform layer
structures.

The deployment of permanent and semi-permanent broad band seismic stations
has emerged greatly in the past decade. Being sensitive to a wide frequency band
(0.01-100Hz), the deployed seismic stations, such as US array (America) and Hi-net
(Japan), provide exceptional data quality and successfully greatly facilitate seismic
monitoring and structure imaging [Gu, 2010] .Geophysical studies in Alberta have
benefited from the emerging usage of semi-permanent broad band seismic stations.
By combining teleseismic and receiver function data, Shragge et al. [2002] first
probed structures down to the middle mantle beneath Alberta’s basement. It also
raised unresolved questions about the assembly and evolution of western Laurentia.

Since 2006, the coverage of seismic data has been significantly improved by the
deployment of the Canadian Rockies and Alberta Network (short named CRANE;
[Gu et al., 2011]). This array of 13 semi-permanent stations is designed to comple-
ment the three existing CNSN stations and provide near-uniform receiver coverage
in central and southern Alberta. The seismic recordings extracted from CRANE
network facilitate a number of exciting research initiatives pertaining to the investi-
gations of the Earth structure to [Gu et al., 2011; Contenti et al., 2012], to seismic
sources [Stern and Gu, 2011; Gu and Shen, 2012]. This study concentrates on
ambient seismic noise observations that provide the empirical Green’s functions
between stations through cross correlations. By exploring frequency-dependent

wave velocities, we aim to provide a broadband, seismological snapshot of ambient
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microseismic souces (Chapter2) and the present-day domain structures/boundaries
down to upper mantle depths (Chapter 3). While our interpretations require further
verification or validation, the outcomes of this study offer new and potentially crit-
ical constraints on regional seismicity along with tectonic evolution of the western

North America.

1.2 Microseismicity from Ice Capped Large Water
Body

For over a half century, ocean swells and shoreline-wave interactions have been
known to produce detectable seismic energy in the frequency range of 0.05-0.2 Hz
[Longuet-Higgins, 1950; Gutenberg, 1951; Hasselmann, 1963]. These microseis-
mic signals often exhibit strong directivity and, in some areas, seasonal or daily
fluctuations [e.g., Schulte-Pelkum et al., 2004; Rhie and Romanowicz, 2006; Ger-
stoft and Tanimoto, 2007; Webb, 2007; Kedar et al., 2008; Yao and van der Hilst,
2009; Ardhuin et al., 2011; Schimmel et al., 2011]. Distinctive amplitude asym-
metries in the cross-correlation function of seismic noise [Paul et al., 2005; Gu et
al., 2007; Yang and Ritzwoller, 2008] have revealed key characteristics of source
distribution, geometry, strength, and mechanism [Stehly et al., 2006; Brzak et al.,
2009; Koper et al., 2010; Schimmel et al. 2011].

Pressure fluctuations in large rivers and lakes are also capable of generating
sustained seismic signals. Lynch [1956] documented the passage of storms over the
Great Lakes as a potential seismic source, radiating from the lake to distances as far
as North Carolina. The frequencies of the lake wave during the summer time were
consistent with that of the secondary ( 0.2 Hz) ocean microseism. Wind-induced
lake wave microseisms (1-3 Hz) were later reported near Great Slave Lake [We-
ichert and Henger, 1976] and Lake Ontario [Kerman and Mereu, 1993], showing

strong spectral correlations between buoy and on-land seismic records. River dis-
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charge [Burtin et al., 2009] and gravitational variations associated with bed load
transport near Geysers [Tikku et al., 2006] are alternative sources and mechanisms
for localized seismic signals. Similar to oceanic wave sources, motions inside lakes
and rivers are highly sensitive to fluid/mass discharge, water depth, shoreline steep-
ness/geometry and bottom topography [Malm, 1999; Kvrarnas, 2001; Wuest and
Lorke, 2003; Burtin et al. 2008]. For large ice-covered lakes, luminosity, snow
coverage, ice thickness, and resonance are also contributing factors to ground mo-
tion [e.g., Patterson and Hamblin, 1988; Kenney, 1991, 1996; Rogers et al., 1995;
Kelley, 1997; Petrov et al., 2007].

In Chapter 3 we will investigate the nature of persistent ground motions in the
southwestern portion of the Western Canadian Sedimentary Basin (WCSB). Our ob-
servations reveal a local microseismic noise source near Lesser Slave Lake (LSL).
The seasonal variation of the observed signals suggests potential ground motion
within and around the closed water environment, i.e., a frozen lake. The existence
of the observed noise source and its potential connection to human or environmental

factors will be carefully examined.

1.3 Crustal Structure of Alberta

The basement structure under central/southern Alberta and northern Rockies con-
tain vital records of the Precambrian tectonic development of western Laurentia and
more recent interactions between the North American Craton and Cordilleran Oro-
gen [Hoffman, 1990, 1988; Ross et al., 1991; Villeneuve et al., 1993; Ross, 2000].
Largely buried under a veneer of Phanerozoic sediments in the southern Western
Canada Sedimentary Basin (WCSB), surface exposure of this region is confined to
northeastern Alberta where significant geochemical signatures from the Archean

Slave province have been identified to date [Hoffman, 1988; Burwash et al., 2000;



Ersan et al., 2009; De et al., 2000; Frost and Burwash, 1986; Canil et al., 2003]. In
comparison, central and southern Alberta (the main focus of this study) are much
less accessible. As an integral part of the western Canadian Shield (or Laurentia),
this region underwent Archean and Proterozoic collisions among Hearne, Rae, Su-
perior and Wyoming provinces, as well as latter-stage reworking [Ross and Eaton,
2002; Aulbach et al., 2004; Mahan and Williams, 2005; Beaumont et al., 1994] and
sedimentation. The extensive collisional history resulted in a diverse geological
framework of Archean craton(s), Proterozoic orogen(s), and associated accretionary
margins known as “terranes”. Detailed knowledge of this gradient zone between
craton(s) and terranes [van der Lee and Frederiksen, 2005; Marone and Romanow-
icz, 2007; Courtier et al., 2010; Yuan and Romanowicz, 2010], which defines the
western boundary of Canadian Shield (or Laurentia), can provide critical insights
on the assembly and evolution of the North American lithosphere. The intricate
domain structure beneath southern WCSB has been investigated by regional grav-
ity, magnetic, and seismic surveys [Ross et al., 1991; Ross, 2000; Thériault, 1992].
Among the various approaches, the use of reflection seismic methods has been par-
ticularly effective at mapping the velocity, faults and reflecting interfaces in the
crust. In the early 1990s, a series of active-source seismic surveys were conducted
as part of LITHOPROBE project [Ross, 2000]. The Alberta Transect from this
trans-Canada experiment contains three major reflection profiles that totalled 1400
km in length [Ross, 2000; Lemieux et al., 2000; Eaton et al., 1999a; Dietrich, 1999].
Additionally, reflection and refraction analysis based on Alberta Basement Tran-
sect (ABT), Deep Probe, and Southern Alberta Refraction Experiment (SAREX)
[Clowes et al., 2002; Gorman et al., 2002] enabled verification and refinement of
the theories [Hoffman, 1988] regarding the basement formation and evolution of
the ectonic domains in southern WCSB [Bouzidi and Schmitt, 2002; Eaton et al.,

2000, 1999a,b; Eaton and Cassidy, 1996; Lemieux et al., 2000; Ross and Eaton,



2002; Ross et al., 2000, 1995; Ross and Eaton, 1997; Zelt and Ellis, 1989; Zelt
and White, 1995]. Complementary broadband seismic recordings from Canadian
National Seismic Network (CNSN) stations [Cassidy, 1995; Eaton and Cassidy,
1996] and temporary deployments such as Canadian Northwest Experiment (CA-
NOE) [Mercier et al., 2008; Dalton et al., 2011], the BATHLOITH project [Mercier
et al., 2009] and Florida-to-Edmonton Array (FLED) [French et al., 2009] offered
continuous data constraints down to upper mantle depths. Analysis of broadband,
teleseismic data (e.g., [Shragge et al., 2002; Mercier et al., 2008, 2009]) shed new
lights on the current state as well as dynamic history of the region. For instance,
the body-wave tomography and shear wave splitting measurements from [Shragge
et al., 2002] raised important questions on the integrity of the lithosphere beneath
central Alberta.

Progress aside, limited surface exposed geology in southern WCSB presented
a formidable challenge to the assessment of regional basement history. It high-
lights the need for indirect seismic interrogation methods that, until recently, had
been emphasized in the southern WCSB due to linear receiver formations and the
short durations of the active- or passive-source experiments. Only local-scale,
two-dimensional (2D) receiver geometries had been attempted [Kanasewich et al.,
1995], while the vast majority of the aforementioned experiments lasted for 1 year
or less (with the exception of three permanent CNSN stations EDM, WALA and
SLEB). These apparent drawbacks left much of the southern WCSB under-sampled.
Consequently, interpretations of the boundary and vertical extent of the domains in
southern WCSB leaned heavily on EM and potential field observations (e.g., [Hope
and Eaton, 2002; Ross et al., 1991, 2000; Boerner, 1999]), which suffered from
low depth sensitivity and their relationship with seismic velocities are not well-
established. Chapter 3 will carefully examine the ambient seismic noise records

and provide a broadband , seismological perspective of the domain formation and
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history in western Laurentia.



Chapter 2

Microseismic Noise from Ice Covered
Lake

2.1 Noise correlation and remote noise source

This study utilizes continuous records from CRANE [Gu et al., 2009], the first semi-
permanent broadband seismic array in Alberta, in combination with three stations
from the Canadian National Seismograph Network (CNSN). Most of these receivers
(Figure 2.1) operated continuously between 2007 and 2008 and provide the first
semi-uniform array coverage in the southern-central WCSB. The average distance
between stations is approximately 180 km, which translates to a shear wave travel
time of 60 s at an average crustal speed of 3 km/s. We include additional data from
2009-2010 for improved resolution and support of key findings. For each station,
we divide continuous displacement seismograms into 12-hour intervals and apply
a Butterworth band-pass filter with cutoff frequencies of 0.01 Hz and 10 Hz. The
resulting vertical-component seismograms for each station pair are correlated and
stacked over spans of 5+ months [e.g., Yang et al., 2007; Bensen et al., 2007; Brzak
et al., 2009].

A lag-time vs. distance diagram based on all stacked cross-correlation functions
(SCCFs) shows energetic signals resulting from propagating Rayleigh waves [e.g.,

Schulte-Pelkum et al. 2004; Shapiro et al., 2005, 2006; Stehly et al., 2006; Gerstoft



V¥ CRANE stations @ CNSN stations

Figure 2.1: Distribution of stations from the Canadian Rockies and Alberta Network
(CRANE, black triangles) and nearby Canadian National Seismographic Network
(CNSN, red diamond). The background colors show the topography of the region.
The thin gray lines connecting the stations indicate all station pairs analyzed by this
study. The blue lines with arrows indicate the station pair and order (e.g., for A B,
the arrow would point to B) used in the migration analysis. The map inset shows
the position of the study region relative to North America. Records from HYLO
(available since June, 2010) are used for waveform comparisons in Figures 2.3 and
2.9.



(a) Noise Correlation Function
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Figure 2.2: (a) Stacked cross-correlation functions (color-coded and slightly inter-
polated) for all station pairs denoted by gray lines in Figure 2.1. The dashed lines
indicate the theoretical lag time based on a constant background velocity of 3 km/s.
The lag time-distance relationship approximately follows two linear move-outs, but
significant asymmetry is present on the individual correlation functions. By our
sign convention, a negative lag on the SCCF of A x B implies that Rayleigh waves
reaches station A first. (b) Source migration result using all station pairs connected
by gray lines in Figure 2.1. The color scale shows the magnitude of values (max-
imum=1); a high value implies a strong probability that the true source is located
at the center of the grid point under discussion. (c) A magnified view of the study
region enclosed by the rectangular box in Figure 2.2(b). A dominant noise source
is observed in the Pacific Ocean southwest of the station array.
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and Tanimoto, 2007; Bensen et al., 2007; Koper et al., 2010] (Figure 2.2). By our
sign convention, a negative lag from correlating stations A (from here on, anchor
station) with B (denoted as ) implies that noise energy consistently reaches station
A prior to B. Symmetric SCCFs are generally interpreted as evidence of *ambient’
background noises [e.g., Shapiro et al., 2005; Bensen et al., 2007; Yang et al., 2007;
Yao and van der Hilst, 2009], whereas asymmetry reflects biased source distribu-
tions relative to the receiver geometry [e.g., Paul et al., 2005; Gu et al., 2007; Yang
et al., 2009; Brzak et al., 2009; Schimmel et al., 2011]. Despite a random selec-
tion of the anchor station in each station pair, a procedure that tends to enhance
the symmetric appearance of SCCFs, the majority of the station pairs are highly
asymmetric upon a trace-by-trace examination.

We utilize both time and waveform migration methods to determine the loca-
tions and strengths of potential noise sources. The study region (see 2.1) is parti-
tioned into equal-area (0.5 x0.5 deg?) cells containing hypothetical noise sources.
For each cell, the time-based migration approach defines a quantity based on the

residual lag time between predicted and observed SCCF peaks,

B 1 MY (Aixy) —Aj(x,y)) /v, 2
R_l_M*N,._ZU;{ T —1} 2.1)

where i and j are the number of stations ( =1 if the migration is performed on sta-
tion pairs with the same anchor), and v,is the average Rayleigh wave group velocity.
Distances from a hypothetical source positioned at (x, y) to the i-th and j-th stations
are represented by A;(x,y) and A;(x,y) , respectively. Finally, T;; (a scalar quantity)
denotes the observed lag time of the noise correlation peak in the SCCF of the i-th
and j-th stations. In essence, represents the normalized probability that a hypothet-
ical source in cell coincides with the true source location. This method depends
solely on the lag times of noise correlation peaks and will henceforth be referred to

as ’time migration’ [e.g., Shapiro et al., 2000]. .
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To incorporate noise-correlation amplitude information and verify/refine the re-

sults of time migration, we define an independent migration time series where

f ﬁ i(x,y) — Aj(x,y)) 22)

T M N ! Vg

The definitions of M, N, v, and A in this formulation remain unchanged from Equa-
tion (1). For each cell position , the summation is now performed over time-shifted
correlation stacks X;;(z) for a lag time . This formulation is similar to methods
adopted by Rhie and Romanowicz [2006] and Brzak et al. [2009], as the time shift
to each correlation stack is governed by the relative distances from a source to the
i-th and j-th stations divided by the group velocity v,. Finally, the maximum abso-
lute amplitude of the stacked correlation function is used as an effective measure of
the probability that the true noise source is located in a given cell.

The initial choice of v, is based on the average shear velocity model of Gu
et al. [2009] using teleseismic body wave data from the same array. The time
migration of all station pairs for the entire frequency window shows large values
west/southwest of the station formation (Figure 2.2b), highlighting the positive half
of a great-circle path in the Pacific Ocean (Figure 2.2b). The global maximum is
observed near Tonga-Fiji region, which is in the vicinity of a dominant global noise
source in Yang and Ritzwoller [2008]. This potential source location is away from
the nearest shoreline, thus favoring a mechanism involving nonlinear interactions of
ocean waves [Longuet-Higgins, 1950; Haubrich and McCamy, 1969; Hasselmann,
1963; Hughes, 1976; Chevrot et al., 2007]. However, caution has to be exercised
regarding this interpretation since only the source orientation could be determined
with acceptable accuracy by the small-aperture receiver array. The insufficient data
constraint on distance implies that potential noise sources originating from Hawaii
[Schimell et al., 2011] and Pacific coastal ranges (e.g., near Vancouver island) can-

not be excluded.
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2.2 Local microseismic noise source

2.2.1 Travel Time Migration

The primary focus of this study is a second, local source within the WCSB. The lag
times of correlation peaks at a number of stations are incompatible with those ex-
pected from noise sources in the Pacific Ocean. For example, the SCCF of (Figure
2.3a) is symmetric at low (0.01-0.06 Hz) and high (less than 0.19 Hz) frequencies,
but intermediate frequencies are dominated by strong correlation peaks with large
negative lag times. Based on the orientation of the migrated global source (Pacific
Ocean southwest of station array, see Figure 2.2b), the absolute lag time of this
asymmetric peak (greater than 100 s) well exceeds the time difference associated
with paths connecting the global source with this station pair (less than 50 s). In
other words, an additional noise source closer to HON than to DOR is required to
explain the observed SCCF.

The need for a secondary noise source (see Figure 2.3a) is not coincidental.
Similar signal characteristics are consistently observed on the SCCFs of station
pairs anchored by HON (Figure 2.3b). The peaks of the SCCFs anchored by HON
generally become more negative in lag time with increasing station separations,
which imply that the energy from persistent ground movements reaches HON prior
to other stations. To determine the regional source location and minimize the effect
of the global source, we perform time migration based on all quality station pairs
anchored by HON (see Figure 2.3b); the SCCF associated with HYLO is omitted
due to insufficient data. The maximum value from time migration (Figure 2.4a)
provides more quantitative support for a potential local noise source. The peak of
the migration amplitude near HON nearly doubles the average values of the region
north of the station array and quadruples those in southern Alberta. The uniqueness

of this potential source location is evident from a comparison of three hypotheti-
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Figure 2.3: (a) Vertical component cross-correlation of station HON (anchor) and
DOR for a cutoff frequency range of 0.01-0.2 Hz. The SCCF is computed by a se-
ries of narrow band-pass filters within the frequency range of interest. The move-out
curve is symmetrical at both low and high frequencies but shows strong asymmetry
in the range of 0.08-0.16 Hz. (b) Normalized absolute values of SCCFs of station
pairs anchored by HON. The shaded region highlights the positive lag times, which
roughly follow a semi-linear relationship. With the exception of HYLO, all SCCFs
are used in regional source migrations.
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Figure 2.4: (a) Time-migrated values of the study region. A cell with a large value
implies a strong possibility of containing the true noise source. The maximum value
is observed near LSL, though the precision of the noise source location is limited
by station density. (b) values of station pairs based on a background Rayleigh wave
group velocity of 3.0 km/s and hypothetical noise sources at the station locations of
HON (green), CZA (red) and CLA (blue), respectively. As a simple example, for
a hypothetical source at CZA (also the location of the anchor station) and station
NOR (plotted as a red inverted triangle) is computed based on Equation (1) while
assuming 1) , and 2) is the observed lag time of the SCCF between CZA (anchor
station and hypothetical source) and NOR. The inverted triangles indicate station
pairs with robust noise correlation peaks and stations that resulted in poor correla-
tions with the majority of the three anchors (e.g., WALA) are omitted. ¢) Migration
results based on background velocities ranging from 2.0 to 4.0 km/s. The vertical
axis shows the distance between the resulting noise source location and reference
point in east basin of LSL. The shaded region marks the range of realistic back-
ground velocities ranging from 2.5 to 3.4 km/s [Gu et al., 2011].
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cal source locations (Figure 2.4b). In this hypothesis test, values are computed for
station pairs (i.e., in Equation (1)), assuming a 3 km/s background velocity and a
hypothetical source at the anchor station (HON, CZA and CLA are used as anchors
for this test). The value at a given station is inversely proportional to the time dif-
ference between the predicted and observed lag times, and the average associated
with a hypothetical source at HON is 0.6-0.8 higher than that of the two remaining
source locations (see Figure 2.4b). In fact, the only large values from hypothetical
sources away from HON (e.g., CZA in blue, Figure 2.4b) are results of autocorre-
lation (defaulted to 1) (seeFigure 2.4b).

The main source of uncertainty is the selected Rayleigh wave group velocity
during travel time migration. The subjective choice of a constant average velocity
for the study region can introduce errors to the source location due to 1) crust and
mantle 3D heterogeneities and 2) difficulties in accommodating dispersive surface
waves with a single 1D velocity. Heterogeneous path effects are clearly demon-
strated by an anomalously delayed peak in the SCCF of (see Figure 2.3b), where
shear wave velocity is ~10-15% slower than the regional average based on a prelim-
inary analysis of the same data set [Gu et al., 2011]. Unfortunately, reliable crust
and mantle velocity models of WCSB remain a work-in-progress, largely owing
to the lack receivers prior to the establishment of CRANE. We repeat the experi-
ment shown in Figure 2.3a with a wide range of migration velocities to assess the
source location dependency on velocity. Figure 2.4c shows the distances between
the resulting source locations and a reference point in the eastern bay of LSL, a
potential source location. Mislocations range from 30 to 100 km for all selected
migration velocities. Within a realistic group velocity range of 2.5-3.4 km/s [Gu
et al., 2011], mislocations decrease with increasing velocities but stabilize at large
values. The latter observation can be attributed to decreased imaging resolution

when the Rayleigh wave travel time differences between station pairs become neg-
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ligible under unrealistically large wave speeds. Considering the limited number of
stations, coarse migration grid size and errors associated with 1D approximation, a
realistic estimate of location uncertainty is 60-100 km from the reference position.
Location uncertainty is negatively impacted by the SCCFs associated with BMBC
and REC. First, the results of BMBC are inconsistent with signatures from all three
hypothetic sources (Figure 2.4b), which may be caused by 1) low signal qualities
at large distances from the optimal location of the regional source, and/or 2) com-
peting source effects from the Pacific Ocean. Low data quality also affects REC, as
the SCCFs from four adjacent station pairs anchored by REC (NOR, PER, EDM,
BRU) show little, if any, indications of correlated background noise (Figure 2.5).
Station REC was extracted prematurely within a year of operation due to severe
water damages to the instrument vault. While the source of flooding was later de-
termined to be a catastrophic failure involving local frost heaves, the impact of vault
condition deterioration on the data recorded prior to the failure remains uncertain.
Still, the robust signal from the SCCF of is unlikely to be instrument related (see
Figure 2.5). The sign of the lag time indicates that noise energy reaches REC first,
which requires a short path to REC and/or a slow path to HON. Both conditions can
be satisfied if the true noise source resides within the west bay of LSL: in addition
to a slightly greater distance to HON than to REC, energy from this potential source
needs to travel the full length of LSL across a seismically slow layer containing wa-
ter, ice (if in winter) and thick lake sediments. Validation of this hypothesis would,

however, require further improvements to the existing source location.

2.2.2 Waveform Migration

The addition of waveform information based on Equation (2.2) provides further
evidence of a persistent microseismic source near LSL. Based on station pairs an-

chored by HON and an average group velocity of 3.0 km/s [Gu et al., 2011], the
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Figure 2.5: Sample noise correlation stacks computed from REC (anchor) and five
nearby stations. Low signal-to-noise ratios are observed on four stations, which re-
flects data quality issues. The final correlation pair provides additional information
on the location of the potential regional noise source (see main text).
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result of waveform migration shows an elongated high probability zone in the west-
ern part of the station array (Figure 2.6). A local amplitude maximum is observed in
northern-central LSL, which is approximately 80-100 km northwest of the regional
maximum from the time migration (see Figure 2.4a) and the amplitude nearly dou-
bles those in southeastern Alberta. The location and strength of the noise source
are moderately dependent on the 1D migration velocity (Figure 2.7). For instance,
the choices of vy =2.5 km/s and v, =2.9km/s result in strong migration amplitudes
around LSL, whereas v,=3.1 km/s tends to shift the local maximum to the south-
west by 100-120 km. A rough estimate of the location uncertainty is 80-120 km,
with the respective uncertainties of ~100 km and ~50 km in longitude and latitude
(see Figure 2.7).

Large migration amplitudes near the western boundary of the study region, es-
pecially for cases where v,=2.9 km/s, underscore a key difference between the
outcomes of time and waveform migrations. For time migration, the influence
of global sources is minimized by restricting the analysis to the subset of station
pairs anchored by HON (see Figure 2.4a). This approach is not nearly as effective
in waveform migration due to the complexity and sensitivity of correlation ampli-
tudes. The anomalously high migration amplitudes near the western boundary of
the study region show no visible signs of decay. In view of the low sensitivity of
SCCFs to distance, this observation could be caused by a remote noise source out-
side of the study region. The projected orientation of this source (west) differ with
that suggested by time migration approach (southwest, see Figure 2.2b), thus rais-
ing questions about the existence of a second global source away from the study
region. In the case of waveform migration, the Pacific coast of Canada is an appeal-
ing landward entry point of the source energy resulting from either coastal impact
or pelagic sources (e.g., Schulte-Pelkum et al., 2004; Shapiro et al., 2005; Sabra

et al., 2005; Gerstoft and Tanimoto, 2007; Gu et al., 2007; Chevrot et al., 2007;
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Figure 2.6: Result of waveform migration based on Equation (2). The individ-
ual SCCFs were filtered between 0.08 Hz and 0.16 Hz prior to migration, and the
background Rayleigh wave group velocity was set at 3.0 km/s. Large migration
amplitudes are observed near LSL, potentially extending to the western boundary
of our study region.
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Figure 2.7: Waveform migration results from four different Rayleigh wave group
velocities. A local maximum is consistently observed in the vicinity of LSL. The
estimated location uncertainty based on the movement of the source is 100-120
km. Effects of background velocity on source location are underscored by the large
migration amplitudes near the northwestern boundary of the study region when falls
below 2.7 km/s.
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Yang and Ritzwoller, 2008; Brzak et al., 2009; Ardhuin et al. 2011; Shimmel et
al., 2011). The strengths of potential global noise sources from both migration ap-
proaches are susceptible to influences from the shape and topography of associated
coastlines, from atmospheric pressure and ocean swells, as well as from the ground
attenuation of the land portion of great-circle paths connecting noise sources and

receivers.

2.2.3 Frequency Dependence of Noise Energy

Seismic background noise has been recorded at frequencies ranging from a few mil-
iHertz, which is characteristic of continuous background free oscillations known as
’hums of the Earth’ [Suda et al., 1998; Tanimoto et al., 1998; Rhie and Romanow-
icz, 2006; Webb, 2007], to tens of Hertz. Their origins remain inconclusive [Webb,
2007], though recent observations have suggested atmosphere/ocean/seafloor cou-
pling as a major contributing factor at all frequencies [Stehly et al., 2006; Rhie and
Romanowicz, 2006; Shapiro et al., 2006; Yang and Ritzwoller, 2008; Kedar et al.,
2008]. The frequency band of interest in this study is (0.01-0.2 Hz), a range high-
lighted by energetic spectral signals at 0.05-0.08 Hz (primary microseisms) and
0.1-0.3 Hz (secondary microseisms) [Longuet-Higgins, 1950; Gutenberg, 1951;
Hasselmann, 1963; Haubrick and McCamy, 1969; Hughes, 1976]. The asymmet-
ric dispersion relation exhibited by the SCCF of (see Figure 2.3a) is, to first order,
consistent with the spectral characteristics of ocean microseisms.

In order to systematically quantify the frequency dependence of asymmetric
SCCFs and noise source location(s) [e.g., Frank et al., 2009], we re-filter the broad-
band datasets and repeat waveform migration over four narrow frequency bands
while assuming a constant migration velocity of 3.0 km/s (Figure 2.8). At a center
frequency of 0.34 Hz, an isolated migration peak is detected at 80 km distance

from the western part of LSL. The strength and dimension of this high-probability
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Figure 2.8: Waveform migration results from four slightly overlapping frequency
bands. Strong migration amplitudes are observed near the west bay of LSL, par-
ticularly in the typical frequency range of ocean microseisms (0.06-0.18 Hz). The
effect of the local noise source is minimal at longer periods (0.02-0.08 Hz, bottom
right) as noise correlation functions become increasingly symmetric.

23



zone increase substantially in the secondary microseism range (0.1-0.18 Hz), and
the center of the migration peak is observed less than 50 km away from LSL (see
Figure 2.8). The strength of the same migration peak remains significant at pri-
mary microseism frequencies (0.06-0.14 Hz), though the global maximum ampli-
tude shifts to the northwestern part of the study region at 56-deg latitude. Despite
these differences, however, the main observations from all three aforementioned
frequency ranges are consistent and suggest a common local source with overlap-
ping frequencies to those of ocean microseisms. The migration results severely
degrade at the center frequency of 0.05 Hz (see Figure 2.8) where a local maximum
near the southeastern part of LSL is only marginally above the regional average.
This characteristic change from other frequencies can be attributed to increasingly
symmetric correlation functions, as demonstrated in Figure 2.3a, at frequencies be-

low ~0.06 Hz.

2.3 Discussion

Asymmetric SCCFs have been widely observed [e.g., Schulte-Pelkum et al., 2004;
Shapiro et al., 2005; Sabra et al., 2005; Gerstoft and Tanimoto, 2007; Gu et al.,
2007; Yang and Ritzwoller, 2008; Ardhuin et al., 2011] and numerically simulated
[Stehly, 2006; Chevrot et al., 2007; Kedar et al., 2008; Brzak et al., 2009; Ardhuin
et al., 2011; Shimmel et al., 2011] in recent years. In most cases, amplitude sym-
metry can be associated with preferred directionality of the noise field surrounding
stations [Frank et al., 2009]. This study is predicated on this premise and, despite
notable differences in the outcomes, our travel-time and waveform migrations of
SCCFs from a regional broadband array jointly suggest a local noise source in the
vicinity of LSL. A simple demonstration of the noise source is presented in Fig-

ure 2.9. In this example, four station pairs anchored by HON form two azimuth
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Figure 2.9: (a) Geographical location and path coverage provided by HON and four
nearby stations. The solid and dotted lines with arrows indicate the expected source
orientations based on the signs (all negative) and lag times of the SCCF maxima.
(b) SCCFs computed for station pairs shown in Figure 9a based on recordings from
2007 to 2010. The high quality SCCFs show pronounced asymmetric correlation
peaks with negative signs. In view of the unique geometries of these stations, a
single local noise source must be present in the vicinity, preferably in the northwest,



bins separated by 90 deg angle (Figure 2.9a). The high quality SCCFs computed
from four years of continuous recordings (2007-2010) show pronounced asymmet-
ric correlation peaks with negative signs, which imply 1) noise energy from each
potential source reaches HON prior to other stations, and 2) the additional distances
traveled by the noise energy after reaching HON are comparable to station separa-
tions. Mechanisms involving two independent global/remote sources [e.g., Chevrot
et al., 2007; Yang and Ritzwoller, 2008; Pawlak et al., 2011] can satisfy the timing
requirements from the SCCFs, but multiple sources oriented nearly perpendicularly
to each other should also produce distinctive correlation peaks on each SCCF. The
latter assumption is clearly at odds with the vast majority of SCCFs shown in Fig-
ure 2.9. As the only viable alternative, a single source is required in the vicinity
(preferably to the northwest) of HON based on the path geometries.

A broad range of environmental factors including oil/gas surveys, natural ground
motion and water flow could contribute to the observed microseisms near HON/LSL.
We hereby assess the importance of each factor based on existing knowledge about
the potential source region and the characteristics of the observed SCCFs. First,
the frequency of ground motion caused by active oil/gas surveys or logging activ-
ities are generally greater than 5 Hz [Yilmaz, 2001], which is significantly higher
than the observed asymmetrical frequency range (0.08-0.15 Hz). More importantly,
based on the published report of industrial activity by Alberta Energy in 2009, major
projects have been ongoing at oil/gas hotspots such as Fort MacMurray, Cold Lake
and Peace River. Should exploration activities be responsible for source migration
amplitude and SCCF asymmetry, the expected severity of ground movements in the
vicinity of these "hotspots’ would be comparable to, if not greater than, that near
LSL. Unfortunately, this assumption is not supported by the observed SCCFs and
source locations inferred from figures 2.4 to 2.9.

Questions of uniqueness are equally valid for known geological processes such

26



earthquakes or continuous creep [Brooker and Peck, 1993; Mansour, 2009] in re-
sponse to stress accumulation and release in the WCSB. Earthquakes up to Mw=5.5
have previously been recorded in Alberta according to Earthquake Canada (see Data
and Resources Section), though known activities in the vicinity of HON has been
limited to date. A recent study based on CRANE and nearby permanent stations
[Stern and Gu, 2011] shows that most of the recent regional microseismicities are
concentrated along the Rocky Mountain foothills and southernmost Alberta. Other
detectible events such as mining blasts (e.g., Wabamum Lake, [Stern and Gu, 2011])
and landslides (e.g., Turtle Mountain [Brooker and Peck, 1993; Friedmann et al.,
2003; Pedrazzini et al., 2008] and Peace River [Cruden et al., 1990; Davis et al.,
2005; Morgan et al., 2008]) are simply too far from the potential noise source re-
gion to be considered major contributing factors. Still, in the absence of strong
moment releases in the potential source region, the seismic potential and character-
istic frequencies of continuous stress releases interweaving with the effect of ocean
microseisms [Frank et al., 2009] remain plausible in the vicinity of LSL.

The SCCF peak frequencies generally favor water as a key ingredient in the gen-
eration of dominant seismic noise. While the WCSB is devoid of oceans and seas,
LSL and channels of the Athabasca River are both potential sources of microseisms.
A comparison of independent SCCFs from the winter (Dec 2007-March 2008) and
summer (May 2008-Oct 2008) months (Figure 2.10a) offers additional insights into
the timing and mechanics of the noise source. The winter SCCFs are highly asym-
metrical and well correlated with the observed asymmetry on the annual SCCFs.
The summer SCCFs are, in comparison, significantly more symmetric (see Figure
2.10a). Since Athabasca River is fully frozen during the winter months, the con-
tribution of discharge from the Athabasca River to the observed SCCF asymmetry
would be minimal.

The complex hydrodynamics associated with LSL are a potential cause of the
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Figure 2.10: (a) Seasonal variations of the SCCFs in 2008. This one-year data set
is divided into two time periods (see main text) and the same correlation analysis
is applied to each subset. In comparison with the summer months, the resulting
SCCFs show much greater asymmetry during the winter of 2008. (b) Sample di-
urnal variations (for station pair HON and PER) during the winter months. The
SCCFs are consistent between night and day, which suggest a common origin or
mechanism. The ’signal’ part of the SCCFs (-150 s to O s, bottom right) are more
consistent than the 'noise’ part of the SCCFs (-500 s to -200 s), top right) for the
daily analysis. The amplitudes have been self-normalized for both time windows.
(c) A schematic diagram illustrating the potential origins of microseismic noise.
Mixing and resonance, as well as human activities and environmental processes,
may be responsible for the asymmetrical SCCFs.
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observed microseismic signals during winters. While the discussions of limnology
and oceanography have been interleaving, the size, depth, stratification, surface
movement and bottom topography are substantially different between lakes and
oceans [Kenney, 1991, 1996; Malm, 1999]. Both human and environmental factors
may be important in generating lake microseisms at LSL. As the largest lake fully
contained in Alberta and one of Canada’s most popular ice fishing sites, constant
traffic on the frozen lake via various ice roads can cause significant vibrations on
the lake ice layer. Vertical movements can easily be felt by a person standing on
the ice surface and are capable of inducing turbulence beneath ice cap. Increased
industrial traffic surrounding the lake during the winter months (e.g., freighter trains
and lake-side traffic) may also contribute to the episodic pressure changes within
the ice-covered lake. However, the limited diurnal variation of the noise signals
during the winter of 2008 (Figure 2.10b) places rather restrictive timing constraints
on these activities.

Natural causes of horizontal and/or vertical flow [Wuest and Lorke, 2003] be-
neath the 1-2 m thick ice surface are a plausible cause of lake microseisms (Fig-
ure 2.10c). Significant under-ice circulation have been previously reported in Tub
lake [Colman and Armstrong, 1983], Wupaw Bay [Kenney, 1991, 1996], Harmon
lake [Rogers and Lawrence, 1995], Lake Baikal [Kelley, 1997], Vendyurskoe Lake
[Malm, 1999; Petrov et al., 2007] and, in a slightly different setting, Hungry Horse
reservoir [O’Connell, 2007]. Based on information provided by a wide range of
hydraulic measures, the strength of under-ice circulation of up to tens of mm/s are
predicated on key attributes such as snow coverage, sediment heat flow [Rogers
et al., 1995; Kelley, 1997], ice- and water-layer thicknesses, and bottom topogra-
phy [e.g., Polzin et al., 1997]. Substantial lateral variations of these parameters
are expected over a large lake, especially for LSL where the average depths of

two approximately equal-area bays (connected by a narrow channel) differ by sev-
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eral meters. The substantial lake-bottom topography could facilitate turbulence and
mixing, especially in the western bay, and cyroseisms (or frost quakes) due to ex-
treme winter temperature variations are also conducive to the generation of internal
waves [e.g., Polzin et al., 1997; Malm, 1999]. Once a source of excitation is present,
LSL can act as a filter such that only certain modal frequencies (e.g., 0.06-0.2 Hz)
are retained, resonated and potentially amplified within the bounded system of ice,
water and sediment (see Figure 2.10c).

Wind may also contribute to noise generation and the observed seasonal varia-
tions. According to Canadian Wind Energy Atlas (see Data and Resources Section),
the mean wind energy near LSL is 700 W/m2 and 300 W/m2 during the winter
and summer months of 2010, respectively (Figure 2.11). Outside the foothills of the
Rocky Mountains —- the regional maximum due to pressure variations associated
with extreme topographic relief, these levels are substantially larger than those of
the surrounding regions including major water bodies 6-8 times larger in surface
area (e.g., the Greater Slave Lake and Athabasca Lake) (see Figure 2.11). Strong
wind and ice storms would undoubtedly enhance ground motion in and around the
lake, though it remains questionable whether the reported wind energy levels are
sufficient to cause sustained microseismic signals near LSL.

Another key contributing factor to the observed seasonal variations is ground
attenuation [e.g., Ardhuin et al., 2011; Schimmel et al., 2011]. According to a
recent study by Schimmel et al. [2011], low attenuation is largely responsible for
strong SCCFs sampling old continents and isolated ocean islands (e.g., Hawaii).
For the case of LSL, the amplitude and asymmetry of the SCCFs of the winter
months could benefit from a weakly attenuating medium due to the solidification of

‘muskegs’ (or, grassy bogs).
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Figure 2.11: Mean wind energy during the winter (top panel) and summer (bottom
panel) months of 2010 (see Data and Resources Section). Extreme values are ob-
served along the Rocky Mountain front due to extreme topographic reliefs. Strong
wind energy in the vicinity of LSL, which far exceeds those near water bodies of
much greater sizes (e.g., Great Slave Lake, Athabasca Lake), could play a possible

role in the generation of persistent local noise sources.
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2.4 Conclusion

Based on asymmetrical seismic noise records from a local broadband array and
multiple source migration methods, we are able to determine a persistent local noise
source beneath the relatively ’quiet’ southern-central Alberta region. The peak of
the effective probability function varies with assumed migration velocity and wave
frequency, underscoring an estimated location uncertainty of ~100-150 km around
LSL. The frequency of the asymmetric correlation window is consistent with those
of global ocean microseisms.

The origin of this noise source remains inconclusive, though it is clear that the
energy associated with the excitation can reach broadband seismic receivers several
hundred kilometers away. We highlight lake microseism as an intriguing possibility
after reviewing various known mechanisms for regional noise generation. Our hy-
pothesis is aided by the absence of known microseismic sources/mechanisms in the
region and the spectral content of the asymmetric SCCFs, while limited observa-
tional and theoretical support, moderate source location uncertainty and interfering
ocean microseism are legitimate concerns. Improved source location and charac-
terization [e.g., Schimmel et al., 2011], as well as a greater understanding of lake
hydrodynamics, will be necessary to reliably determine the nature of the observed

microseisms in southern-central Alberta.
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Chapter 3

Noise correlation tomography of the
southern Western Canada
Sedimentary Basin

3.1 Tectonic Setting

The age of Alberta’s crystalline basement ranges from 1.7 to 3.2 Ga. The Archean
and early Proterozoic basement domains in this region were more severely de-
formed and metamorphosed at 1.8-1.9 Ga than the adjacent Superior, Wyoming,
Slave and Nain provinces [Hoffiman, 1988]. Due to extensive sedimentation dur-
ing the Phanerozoic era, the construction of regional tectonic models [Burwash and
KrupiAka, 1969, 1970; Burwash and Culbert, 1976; Ross et al., 1991; Hoffman,
1988; Villeneuve et al., 1993] mainly relied on aeromagnetic/potential field data,
isotope age determination on drill core samples and the extrapolation of tectonic
elements from the exposed part of the Canadian shield [Hoffiman, 1988; Villeneuve
et al., 1993]. Over twenty juxtaposed domains [Ross et al., 1991] were identified in
an oddly shaped region bounded by Great Slave Lake shear zone (GSLSZ), Snow-
bird Tectonic Zone (STZ) and Vulcan structure (VS), three major tectonic disconti-
nuities [Eaton et al., 1999b; Ross et al., 2000; Clowes et al., 2002; Berman et al.,
2007] that play key roles in defining and interpreting smaller tectonic domains. In

particular, STZ divides the Archean Hinterland of Trans-Hudson Orogen and has
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been widely recognized as a steep lateral gradient in gravity and magnetic field into
Hearne and Rae Provinces [Hoffman, 1988; Ross et al., 2000; Jones, 2002].

North of STZ, Buffalo Head Terrane (BHT), Taltson Magmatic Zone (TMZ)
and Rae Province [Ross et al., 1991; Villeneuve et al., 1993] are three distinct tec-
tonic domains recognizable from predominantly north-trending, convex-westward
aeromagnetic signatures [Ross et al., 1991; Hanmer et al., 1995; Ross and Eaton,
2002]. BHT mainly consists of metaplutonic and subordinate felsic metavolcanic
rocks with ages of 2.0-2.32 Ga [Ross et al., 1991; Villeneuve et al., 1993]. The scat-
tered aeromagnetic patterns in this microcontinent are compelling evidence for the
complex assemblage of crustal fragments. East of BHT, the convergence of Slave
and Rae provinces during Paleoproterozoic era [Theriault and Ross, 1990; McNicoll
et al., 2000] gave rise to the Taltson-Thelon Orogen, a north-trending magmatic belt
comprised mainly of felsic metaplutonic and metasedimentary rocks. The roughly
3000-km long Taltson-Thelon Orogen cuts across multiple older domains and even-
tually terminates along STZ in central Alberta. The southernmost section of this
orogen is generally referred to as TMZ, a 300-km long section containing both
Archean and Paleoproterozoic metaplutonic gneisses but is distinctively younger
than BHT [McNicoll et al., 2000; McDonough et al., 2000].

The tectonic domain resides immediately to the west of BHT is Chinchaga
domain, an aeromagnetic low with a concordant shape. Drill cores from this re-
gion indicate extensive metaplutonic rocks dating back to 2.1 Ga, roughly coeval
with those from BHT. Archean components are present in both Chinchaga do-
main and BHT, though their percentage contributions to the rock composition are
marginally lower in the former domain [Ross et al., 1991]. Chinchaga domain ends
at STZ and sharply transitions to positive aeromagnetic and gravity values within
a wedge-shaped Wabamun domain. The origin and age of Wabamun domain re-

main poorly constrained, though the impact of southwestern STZ, which bifurcates
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around Wabamun domain, cannot be underestimated in the domain evolution. At
the present time, the understanding of Wabamun domain heavily relies on the in-
terpretations of the adjacent Thorsby and Rimbey domains, two southwest-striking
magnetic and gravity lows that are generally associated with the complex conver-
gence and transpression along the STZ [Ross et al., 1995; Ross, 2000]. Reverse
faulting [Ross et al., 1995], magmatism and subduction may be required to explain
the isotopic composition of the granitic rocks beneath Rimbey domain [Ross et al.,
2000].

Further east, the crustal signatures of central Alberta exemplifies the complex
tectonic history of western North America. This region mainly resides in south-
ern Hearne province, an Archean microcontinent as old as 2.8-3.5 Ga based on Zr
and U-Pb analysis [Lewry and Sibbald, 1980; Frost and Burwash, 1986; Crocker
et al., 1993; Bickford et al., 1994; Boerner et al., 2000]. Despite a history that dates
back to 3.0-3.5 Ga, much of the region underwent continental collision and intra-
continental shortening during the early Proterozoic (1.7-1.9 Ga) [Ross et al., 1995;
Boerner et al., 1995; Edwards and Brown, 1999; Ross and Eaton, 2002]. Recent
tectonic models of Hearne Province suggest that central Alberta area underwent co-
eval subduction along STZ in the southwest and Trans-Hudson Orogen (THO) in
the east [Ross et al., 2000]. West of Hearne province, a subdomain directly affected
by the Proterozic collision is Eyehill high (EH), a 70-km long positive aeromag-
netic anomaly approximately parallel to THO [Hope and Eaton, 2002]. The role of
EH during the subduction of THO under Hearne Province remains debated.

The most significant subdivision of Hearne province is Loverna Block (LVB),
a north-eastern striking Proterozoic block bordering with Lacombe, Rimbey and
Thorsby domains. LVB may have undergone clockwise rotating centered at Bon-
nyvile, a moderate-sized town in east-central Alberta [Boerner et al., 1995]. Much

of the rocks in this region are of Archean age [Villeneuve et al., 1993; Ross et al.,
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1991], though evidence from geophysical and geochemical analysis has suggested
extensive rework during the Proterozoic eon [Hoffiman, 1988; Ross and Eaton,
1999; Boerner et al., 2000; Gorman et al., 2002; Clowes et al., 2002]. The extent
of reworking may have been sustained along the Lacombe domain, an elongated
boundary zone between Hearne province and STZ. While Nd isotopic study indi-
cates the presence of weakly metamorphosed volcanic and sedimentary rocks, the
age of Lacombe domain is only roughly constrained to be Paleoproterozoic (less
than 2.3 Ga) [Villeneuve et al., 1993]. The geographic position of Lacombe domain
overlaps with the well-known Red Deer Conductor [Boerner et al., 2000].
Southern Alberta mainly consists of the VS, a narrow domain with prominent
east-trending gravity and magnetic anomalies [Villeneuve et al., 1993; Ross et al.,
1991], and a larger Medicine Hat Block (MHB) that extends into northwestern US.
VS spans more than 350 km and cut cross the potential-field fabric of southern
Alberta at a high angle [Eaton et al., 1999b, 2000]. Drill core samples from VS
suggest an early Proterozoic (circa 1.8-2.7 Ga) origin [Villeneuve et al., 1993], but
the interpreted age and genesis of VS differ considerably among earlier studies
[Lemieux et al., 2000; Eaton et al., 1999b]. Equally controversial is MHB, a pos-
itive potential field anomaly flanked by VS and the Archean Wyoming province.
MHB consists mainly of granitoid with ages ranging from 2.6 Ga to 3.2 Ga [Vil-
leneuve et al., 1993; Ross et al., 1991], predating those beneath VS, and mid crust
of MHB is inudated by west- and southwest- dipping reflection fabrics. The layered
lower crust and geometric cutoffs of MHB are interpreted as the remnants of a com-
plex geological framwork [Lemieux et al., 2000]. Regional reflection profiling data
favered an origin in connection with the assembly of two ancient Archean blocks
[Lemieux et al., 2000], whereas potential Proterozoic collisions between LVB and
the Archean Wyoming Province may also have played a role in its formation and

evolution [Eaton et al., 1999b; Mueller et al., 2002]. Both scenarios would result
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in crustal shortening, which would facilitate the formation of VS in the early Pro-
terozoic. Additionally, post-collision injection of Mafic melts can also be traced to
the crust beneath MHB and potentially extending to the basement structure of VS

[Lemieux et al., 2000; Mueller et al., 2002].

3.2 Data and Methods

The data analyzed in this study consist of broadband recordings from 13 CRANE
stations, 3 Canadian National Seismic Network (CNSN) stations and 7 US Array
stations. With an average spacing of ~150 km, CRANE provides the primary
crustal constraints in southern-central Alberta. The inclusion of the US Array,
which operated in Montana during the limited time window from late 2007 to early
2009, is vital for the structural analysis beneath southern Alberta. To obtain cor-
relation stacks between stations we 1) segment the piece-wise vertical component
records into 12-hour intervals, 2) apply a low pass filter cornered at 1 Hz, and 3)
bit normalize [Bensen and Ritzwoller, 2008] the filtered seismograms to minimize
the effect of earthquakes and other high amplitude, non-ambient seismic signals.
Cross correlation is subsequently performed on each station pair with overlapping
time segments, and the results are stacked to improve the signal-to-noise (SNR)
ratio. The average length of data that contributed to the correlation stack for each
given station pair is ~1.5 years. While more than 300 hundred cross-correlation
functions are computed using the above approach, 100 to 200 correlation stacks are
eventually retained for each frequency range analyzed in this study after subjecting
the results to an SNR test. Figure 3.2 shows CCFs with acceptable SNR ratios for
tomographic inversions. The lag times of the correlation peaks are sensitive to the
differential path structures from the seismic source to the two stations being cor-

related. Under the ambient noise source assumption, CCFs (and their derivatives)
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Figure 3.2: SCCFs computed for all station pairs. The peaks of the SCCFs increase
linearly at an approximate speed of 3 km/sec.
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become the effective Green’ s functions between two stations and the lag times re-
flect the associated Rayleigh wave speeds [Yao et al., 2006; Sabra et al., 2005a].
The peaks in the CCF show semi-linear distance-time move-outs that are, to the
first order, consistent with the ambient noise assumption. A sample CCF from two
CRANE stations (Figure 3.3a) shows prominent noise correlation peaks that exhibit
consistent positive and negative lag times relative to the origin. These peaks gener-
ally remain robust in a broad range of frequencies (Figure 3.3b) and enable accurate
determinations effective Rayleigh wave group velocities [Lin et al., 2008; Bensen
et al., 2007a; Shapiro et al., 2005; Ritzwoller et al., 2011]. The residual effect of
secondary non-ambient sources [Gu and Shen, 2012], which is generally reflected
in the slight asymmetry of the CCFs (see Figure 3.3b), are minimized by collaps-
ing the positive and negative halves of CCFs for effective average measures of lag
times. To maximize data coverage we compute broad band CCFs for all possible
combinations of stations. These CCFs are then filtered to five narrow, slightly over-
lapping passbands of 0.002-0.04 Hz, 0.03-0.08 Hz, 0.06-0.12 Hz, 0.1-0.16 Hz and
0.14-0.2 Hz. Frequency bands used in this study translates to center periods of 50
sec, 20 sec, 10 sec 8 sec and 6 sec, respectively, for the five frequency ranges. These
frequency ranges were selected based on simulated Rayleigh wave depth sensitiv-
ities using the Reflectivity Method [Choy et al., 1980; Gu et al., 2005; Gu, 2006;
Fuchs and Miiller, 2007; Okeler et al., 2009]. This computation assumes a stratified
one-dimensional regional P velocity model [Bouzidi and Schmitt, 2002], scaled by
a factor of 1.1 [Stein and Wysession, 2009] for shear velocities, and estimates the
maximum numerical derivatives of the timing and waveform of Rayleigh wave at
a given layer depth for a distance of 300 km. This procedure provides estimated
depth sensitivities at the average distance between our receiver pairs. The even-
tual selection of the five narrow-band filters aims to provide a relatively uniform

depth coverage down to 50-60 km depths while ensuring sufficient observations in
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effect of Rayleigh wave dispersion.
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Figure 3.4: Normalized waveform sensitivities for the five frequencies used in this
study. The values are computed based on the reflectivity methods and a scaled
regional P velocity model [Kanasewich et al., 1995].

each frequency range. The average Moho depth in the study region is 45-50 km
[Bassin et al., 2000; Gorman et al., 2002; Gu et al., 2011], which suggests that our
CCF stacks are capable of constraining structures from the upper crust (highest fre-
quency band) to the shallow mantle (lowest frequency range) beneath the study re-
gion (Figure 3.4); the best resolved region is the middle and lower crust (frequency
ranges 2-4) due to greater data density and coverage. For each selected frequency
range, correlation peaks of the envelope functions and group arrival times follow
a linear move-out curve (Figure 3.5). The slope of the best-fit line over the time
measurements provides an estimate of the average velocity for the frequency range.
The intercept from linear regression is nonzero due to the presence of noise in the
data as well as the associated uncertainties in time measurements and data distribu-

tion. The magnitude of the intercept, which should be as small as possible at zero
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distance, is therefore a useful metric of the data quality. Thus more reliable mea-
surements are obtained for the frequency ranges 1, 3 and 4 (Figure 3.5) without the
consideration for the number of observations. The avreage velocities of all frequen-
cies range from 2.8 km/sec to 3.2 km/sec (Figure 3.5f), which are consistent with
earlier regional estimates [ Kanasewich et al., 1995; Clowes et al., 2002] assuming a
0.92 scaling factor between Rayleigh and shear wave speeds [Stein and Wysession,
2009]. The low velocity shallow crust exhibits strong effects of sedimentary rocks
in the Alberta basin.

We subsequently perform nonlinear, two-dimensional (2D) tomographic inver-
sions using the lag time measurements from SCCF stacks. The inversion algorithm
is based on the Fast Marching Method that utilizes the Fast Marching Surface To-
mography Package [Rawlinson and Sambridge, 2005] to perform two-dimensional
(2D) ray tracing and subspace inversions. Successful applications of this method
can be found in crustal [Saygin and Kennett, 2012] and mantle [Saygin and Kennett,
2010] studies globally. To map the lag time measurements to velocities, we first dis-
cretize the study region into 1 deg x1 deg (latitude xlongitude) cell. The average
group velocities (see Figure 3.5f) are used as the 1D reference model for the 2D
inversion of lateral heterogeneities. The lag time measurements are subsequently
inverted by updating both velocity and the 2D ray path [Rawlinson and Sambridge,
2005]. To minimize the effect of outliers, measurements with residual-to-distance
ratios higher than 0.25 sec/km are eliminated during each iteration in well sam-
pled regions; slightly higher cutoff values are adopted for regions with limited path
coverage. This re-weighting procedure eliminates approximately 5-10% of all mea-
surements.

Due to the presence of noise and limited data constraints, solution to the inverse
problem is highly non-unique and requires additional regularization measures. The

inversions in this study aim to minimize the sum of variances in data residual, model
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Figure 3.6: (a)-(e) Tradeoff curves of regularization factors (norm+Gradients) and
model root-mean-squared (RMS) value. The regularization factors for the inver-
sions are determined by the turning points. f) Reduction of data variance and RMS
model velocities at all frequencies.

size and model gradient. For each frequency range, the latter two terms in the objec-
tive function are governed by norm and gradient damping parameters, respectively.
Changes in the patterns of the model solutions are relatively minor for a broad range
of damping parameters, whereas the amplitudes and gradients of seismic velocities
vary as expected. We determine the optimal choices of damping from the turn-
ing points of their respective tradeoff curves with data fit [Tarantola, 2005]. For
instance, values close to 0.05-0.1 are adopted as norm damping parameters in the
inversions of all frequencies (Figure 3.6a-e). Reduction of data variance (for short,

variance reduction) and root-mean-squared (RMS) model coefficients for each fre-

quency band are shown in Figure 3.6f. The former quantity is computed based on
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the residual lag times (data-model prediction) where data represent perturbations of
path lag times relative to the reference structure. The variance reduction used in

this research is defined as:

n 2 712
R:(l—\/ =17, T’>)*100% (3.1)

n 12
ilel

where 7; and T/ are observed and model predicted lag times for the i"* station pair.

While fitting the absolute lag times between stations would yield variance re-
ductions in excess of 90% for all station pairs, variance reductions (between 50%
and 70%) of lag-time perturbations to the average velocities at each frequency (see
Section 2) are more realistic estimations of the Green’s functions between station
pairs. Overall, the intermediate frequencies ranging from 0.1 Hz to 0.16 Hz are
more confidently resolved than the two end frequencies. The RMS values of the
lateral velocity variations range from 1.5 km/sec to 2.5 km/sec. The high frequency
passbands (1-3) show greater RMS values than lower frequencies, which implies a

strongly heterogeneous upper/middle crust.

3.3 Tomographic Results

3.3.1 Assessment of Data Resolution

To quantify the resolutions we perform standard checkerboard tests on all five fre-
quency bands with initial cell dimensions of 1 deg (latitude) x1 deg (longitude).
A correction factor was introduced to account for the slight decrease in actual
cell sizes at larger latitudes [Rawlinson and Sambridge, 2005], and Gaussian noise
equivalent of three seconds in lag time were added to the simulated lag times prior
to the resolution test. The resulting checkerboards typically recover 60-65% of the
input model amplitudes for frequency ranges 2-4, which are mainly sensitive to the
upper to mid crustal depths (Figure 3.7a-c), and the positions of model extremes

are consistent with those of the input checkerboard. Velocity structures south of

46



a) 0.1-0.16Hz  b) 0.06-0.12Hz ¢) 0.03-0.08Hz

Amp (%)
‘;)i 60
g8 56
' 54
| 0

r 52

-60

56 1

54

521

50

-100

-110

S o114

-118
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amplitude is resolved for the frequencies with coarser grid sizes (d and e).
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Edmonton are especially well resolved, thanks to the added high-quality SCCFs
in association with US array stations. On the other hand, the northern part of the
array (above 52-deg latitude) shows notable smearing effects due to sparse path
coverage. For example, station REC near the northwest corner of our study re-
gion only provides fewer than 10 quality SCCF measurements on average due to
limited operation time between 2006 and 2007. The velocity beneath the Rockies
are slightly better resolved than northern Alberta, despite relatively fewer stations,
owing to the limited but robust measurements associated with SLEB. The two re-
maining frequency ranges, 1 and 5, are poorly resolved with grid sizes of 1 deg?
due to limited path density (Figure 3.7d and e). The minimum resolvable cell size
for these frequencies is 1.5 deg x1.5 deg, as suggested by recovery of the input am-
plitudes by up to ~80% in southern central Alberta. Using the resolution tests as a
guide, the remainder of this section will focus exclusively on the group velocities

beneath areas that are adequately resolved in the five frequency ranges.

3.3.2 Group Velocity Maps and Cross-sections

The passband of 0.14-0.2 Hz is mainly sensitive to shallow crustal structures at 5-10
km depths (see Figure 3.4). The structure beneath Edmonton is, on average, ~6%
slower than surrounding regions (Figure 3.8a). The elongated slow velocity zone
roughly extends from the Rockies near BRU to northern-central Saskatchewan in
the vicinity of DOR and is flanked by high velocity zones in the northeast of Edmon-
ton and southern Saskatchewan river basin. The latter anomaly is, however, sharply
cutoff by a well-resolved low velocity zone east of the foothills of the Rockies near
Canada-US border, resulting in a velocity gradient in excess of 20% in MHB. The
structure beneath the Rockies appears to be complex, exhibiting both low (under
SLEB) and high (south of SLEB) velocities at shallow crustal depths. The average

group velocity increases from 2.76 km/sec to 2.84 km/sec in the passband 0.1-0.16
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Figure 3.8: Tomographic results of the SCCF group velocity inversions. Velocities
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Hz, which is mainly sensitive to the depth range of 8 to 12 km. While high velocities
from shallower depths remain roughly unchanged at upper crustal depths beneath
the northern Rockies (west of BRU), a low velocity zone east of the foothills in cen-
tral Alberta (e.g. BRU and PER) become more prominent both in size and in am-
plitude relative to those in the shallow crust (Figure 3.8b). A north-south oriented,
high velocity anomaly is observed near the border of Saskatchewan, segmenting the
broad low velocity zone from western Saskatchewan to central Alberta from upper
crust (see Figure 3.8a). Combining with a high velocity zone within the foreland
belt of Rocky Mountains, this frequency range highlights a major structural dif-
ference between central Alberta basement rock (slow) and the surrouding regions
(fast). In southernmost Alberta, the western part of MHB remains slower than av-
erage despite reduced east-west velocity gradient across it. This pattern continue
down to mid and lower crustal depths in southern Alberta, where significant high
velocity zones are observed along the foothills near the Alberta-British Columbia
border and below-average velocities are present in southern-central Alberta (see
Figure 3.8c). On the other hand, apparent velocities beneath TMZ and BHT be-
come ~5% slower than the surrounding regions. This anomaly extends by 100-200
km southward, potentially connecting with reduced velocities in eastern Wabamun
domain and central LVB (see Figure 3.8b). Similar structures are observed in fre-
quency range 4, despite a visible loss of amplitude (Figure 3.8d), which suggests
relative smooth transitions from mid to lower crustal depths. On the other hand,
the seismic structures revealed by the longest periods (Figure 3.8e) are charac-
teristically different from those shown in Figure 3.8a-d. This frequency range is
primarily sensitive to depths from mid crust (~25 km) to Moho or upper mantle
(~50 km) (see Figure 3.4) could be affected by the regional variations in Moho
depth. The most prominent structure is a V-shaped high velocity zone that extends

from MHB to Wabamun domain and central LVB, respectively, along northwest
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and northeast orientations. The peak velocity at the center of the anomaly beneath
LVB is ~10% higher than the regional average of 3.3 km/sec in the frequency range
of 0.02-0.04 Hz. On the other hand, the foothills of the Rocky Mountains are un-
derlain by low velocities, potentially reaching the base of the mountain belt near
the US-Canada border. Below-average velocities are also observed in Lacombe
Domain near station EDM, which is consistent with the overlying crustal variations
from higher frequencies in the southeastern portion of the study region. Among the
well-resolved regions, all five maps show consistent large-scale low velocity struc-
ture in southern central Alberta. The western part of MHB is generally underlain
by below-average velocities, while central and eastern MHB are considerably faster
in all five maps. Still, a number of heterogeneous structures are difficult to quantify
or interpret: for instance, the wave speeds beneath the Rockies are highly variable
among the different frequencies, which potentially reflect reduced lateral resolution
due to the insufficient station coverage. In addition, the inverted velocities from
passband 5 are strongly heterogeneous and the overall pattern is characteristically

distinct from those of the remaining frequencies.

3.4 Discussion

The main objective of this study is to improve the knowledge of the crustal structure
and history beneath central and southern southern Alberta, which is critical to the
understanding of the formation and tectonic development of western Laurentia. The
study region marks the transition from cratonic North America in the east/northeast
to the accreted terranes in the west/southwest, with ages of basement rocks poten-
tially ranging from the Archean to the Proterozoic. While parts of the crystalline
basement in the region (e.g., LVB) are likely Archean below the thick Phanerozoic

sedimentary cover [Hoffman, 1988, 1989], the crust may have been significantly
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reworked due to a series of collisional, subduction, magmatic and metamorphic
events since the Paleoproterozoic era [Burwash and KrupiAka, 1969; Ross et al.,
2000; Boerner et al., 2000; Canil et al., 2003]. Broadband ambient noise SCCFs
documented in this study enable an up-to-date examination of the crustal and shal-
low lithospheric velocity variations beneath the study region. Peak-to-peak lateral
velocity variations up to 0.6 km/sec at mid crustal depths are compelling evidence
of the structural complexity beneath the platform sedimentary cover. The inverted
regional crustal velocity structures are best constrained in southern Alberta and
southeastern British Columbia. The average velocities increase at longer periods,
as would be expected from the dispersion of Rayleigh waves, while a notable RMS
amplitude reduction with depth and strong gradients in the patterns of lateral het-
erogeneities are potentially more informative of the regional crustal/upper mantle
temperature, lithology and compositions [Holbrook et al., 1992; Christensen, 1979;
Barton, 1986; Brocher, 2005]. The following section provides an in-depth analy-
sis of the key observations and their correlation with known geology and tectonic
history of the study region. To facilitate the discussions we construct a 3D map of
heterogeneities where value at a given depth represents the superposition of group
velocity maps obtained from all five frequencies weighted by their respective sen-
sitivities (see Figure 3.4). Due to the increasing half-widths of the sensitivity func-
tions with depth, the 3D reconstruction slightly exaggerates on the sizes of major
velocity anomalies below lower crust. The projection of the effective phase velocity

maps mainly aims to provide a closer examination of the major velocity anomalies.

3.4.1 Northern Alberta

From the west to east, the northern cross-section of our study region (Figure 3.9AA’)
samples BHT, TMZ and northern Rimbey province in succession (see Figure 3.1).

This section begins in southern BHT, a basement domain often grouped with the
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Figure 3.9: Estimated vertical cross-sections (see surface projection in Figure 1) of
shear velocity perturbations relative to the regional averages. At a given depth, the
contribution of a given frequency range is computed based on the corresponding
sensitivity curve shown in 3.4.
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adjacent Chinchaga domain as potentially rifted slivers near the southwestern mar-
gin of Rae province in circa. 2.3-2.0 Ga [Theriault and Ross, 1990; Villeneuve
et al., 1993]. Beneath the 1-2 km Phanerozoic cover, the crust consisting mainly
of metaplutonic rocks ranging from gabbro to leucogranite [Theriault and Ross,
1990; Burwash and Krupiffka, 2000; Ersan et al., 2009]. This region is well known
for the diamondiferous Buffalo Head Hills kimberlite field, possibly formed during
the late Cretaceous [Carlson et al., 1999; Eccles and Heaman, 2003] petrogenesis
of the northern Alberta kimberlite province. The westernmost segment of cross-
section AA’ shows a distinct low velocity zone in the vicinity of BHT at depths
from mid to lower crust. The top of the anomaly (subjectively defined by 3% value)
is 10-15 km, while velocities gradually increases downwards to reach a maximum
value of 3.2 km/sec at ~25 km. The depth extent of this structural anomaly re-
main the unclear: while low velocities do not extend beyond 40 km in the present
model, earlier inversions that included two large station residuals in connection with
REC resulted in anomalously low velocities in the group velocity map of 0.02-0.03
Hz, or lithospheric mantle [Shragge et al., 2002]. The top of the slow anomaly is
interrupted at depth of 15-25 km, which overlaps with the reported range of the
Winagami reflection sequence. Should an intrusive sill be responsible, the termi-
nation of the observed anomaly at shallow crustal depths would imply interrupted
flow at the brittle-ductile transition in mid crust. This interpretation remains specu-
lative, however, as the low-velocity anomaly is less imposing than the reported sill
layer that covered an area > 12,0000 km? [Ross and Eaton, 1997]. An alternative
explanation of non-sill mafic crust [Villeneuve et al., 1993] remains a possibility.
In either scenario, it is plausible that the imaged low velocity anomaly is only a
constituent of a larger, more significant anomaly under BHT that underwent sub-
duction [Davies et al., 2004; Banas et al., 2007; Ersan et al., 2009] during the

Archean [Janse, 1994], reworking during the Proterozoic [Aulbach et al., 2004; Ba-
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nas et al., 2007] and, more recently, magmatism and mantle upwelling during the
late Cretaceous [Carlson et al., 1999; Eccles and Heaman, 2003; Hood and McCan-
dless, 2004; Davies et al., 2004]. In comparison, the eastern part of the low velocity
zone is well constrained by the noise-correlation observations and appears to ter-
minate upon entering TMZ. The crustal velocity under TMZ (see Figure 3.9AA’)
is slightly higher than the regional average (~2.9 km/sec), resulting an eastward
velocity increase of 0.4 km/sec from southern BHT to western TMZ. This struc-
tural gradient is partially supported by the regional aeromagnetic signatures [Ross
et al., 2000; Pilkington et al., 2000], a key metric adopted in the original definition
of the domain boundaries. The absence of distinctive low-velocity crustal signa-
tures in TMZ, as would be expected from strong thermal energy sources [Bachu,
1993], is enigmatic in view of TMZ’s similar crustal age and potential association
with BHT [McNicoll et al., 2000]. Assuming TMZ was a composite continental
magmatic arc and collisional orogen during the Proterozoic BHT- Hearne collision
[Ross et al., 2000], the near-average crustal velocities (see Figure 3.8) would sug-
gest the absence of present-day thermal or compositional bulk crust in its southern
half. Two additional stipulations could be made based on the inverted velocities: 1)
strong geothermal energy reported [Bachu, 1993; Majorowicz and Moore, 2008] in
southern TMZ is most likely limited to depths or spatial scales beyond our seismic
resolution limits, and 2) the mid crustal low velocity zone in BHT resulted from re-
cent (e.g., Cretaceous) magmatic events that had little or no bearing on the structure
beneath TMZ.

Cross-section AA’ continues through the northern part of Thorsby and Rimbey
domains in Alberta and shows a significant increase in shallow crustal velocities.
Centered between 10 and 15 km depths, the teardrop-shaped high velocity zone
dips northeastward (see Figure 3.8 and Figure 3.9AA’) along the Rimbey-Loverna

domain boundaries, which highlights the structural gradient between mildly above-
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average crustal velocities in southern TMZ and slow velocities in central LVB.
The shape and position of this high velocity zone are sufficiently resolved by the
noise records (see Figure 3.7), though slightly greater depth uncertainties (~10
km) would be expected. Rimbey domain was initially recognized by semi-linear,
moderately intensive aeromagnetic anomalies along the western margin of Hearne
province. Core samples of undeformed biotite monzogranite with ages between
1.78 and 1.85 Ga [Villeneuve et al., 1993; Burwash and Muehlenbachs, 1997; Ross
et al., 1991; Ross, 2000; Boerner et al., 2000], seismic reflection line [Eaton et al.,
1999a; Zelt and Ellis, 1989], and potential field and isopach/facies maps from
the region are generally suggestive of a plate-boundary, subduction-related origin
([Ross et al., 1995; Berman and Bostock, 1997]). However, the state of present-
day crustal velocities and latitudinal variations within the domain remain inconclu-
sive. Unlike the low-velocity dominated southern part (see section 3.4.3), there
are no discernable connections between the high velocity zone beneath northern
Rimbey and average-to-lower crustal velocities expected from magmatism induced
by Proterozoic subduction which would presumably translate to lower or average
crustal speeds [Cassidy, 1995; Eaton and Cassidy, 1996]. The extent of Protero-
zoic subduction in this region remain debated, as a recent electromagnetic synthe-
sis [Boerner et al., 2000] provides compelling evidence for a clockwise rotation of
Hearne [Welford and Clowes, 2006] in response to coeval subduction along THO
and STZ. The reported rotation pole (near Bonnyville, Alberta) implies significantly
less domain-boundary consumption near northern Rimbey than its southern coun-
terpart. In view of the extensive history Hearne province that began as early as 3.5
Gaago (e.g., [Lewry and Sibbald, 1980; Crocker et al., 1993; Bickford et al., 1994]),
it 1s plausible that a surviving piece of relatively intact (hence seismically fast)
Archean crust from Hearne province is responsible for the observed high-velocity

structure. This assumption does not necessarily conflict with the hypothesized Pro-
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terozoic magmatism, as the shallow (upper-crustal) depth of the observed anomaly
would imply a later emplacement during the tectonic reworking [Ross et al., 2000]
in the WCSB. Further discussions will be provided in the section below pertaining
to southern Rimbey and STZ.

Cross-section BB’ presents an in-depth look at central Wabamun domain (Fig-
ure 3.9BB’), the western segment of the most pronounced low velocity zone in
the regional group velocity maps (see Figure 3.8). Central Wabamun is divided
equally into two distinct halves, as the velocity contrasts at shallow crustal depths
between a fast western segment near the foreland belt of the Rocky Mountains and
an anomalously slow eastern segment with velocities below 2.5 km/sec. The strong
gradient in velocity potentially places a potential seismic constraint on the crustal
structural boundary between Wabamun domain, an aeromagnetic high [Ross et al.,
1991] with a west-trending low-velocity zone [Zelt and Ellis, 1989; Eaton et al.,
1999a; Ross et al., 2000] and the adjacent Chinchaga domain/Rocky Mountain fore-
land belt with aeromagnetic low susceptibilities [Ross et al., 1991; Villeneuve et al.,
1993]. A strong east-west crustal variation is partially supported by a strong po-
tential field in eastern Wabamun. If this velocity gradient marks the true domain
boundary, then Wabamun-to-Chinchaga/Rockies transition would be less continu-
ous than those suggested by earlier reports based on active source seismic lines
[Ross and Eaton, 2002], and the structurally coherent part of the Wabamun domain
is at least 20-30% smaller than the existing domain boundaries (e.g., [Ross et al.,
1991]). These low velocities appear to extend beyond 60 km depth and potentially
represent a crustal expression of a deeper, stronger low velocity zone at 100-300

km depths [Shragge et al., 2002].
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3.4.2 East Alberta Orogen and Snowbird Tectonic Zone

The low velocity zone under eastern Wabamun continues through Thorsby and
Rimbey Province, eventually terminateing in eastern Lacombe domain. The lo-
cal minimum resides at a shallow crustal depth in the Wabamun-Thorsby bound-
ary zone and at shallow crustal depths, showing consistent location and westward
dip with those of a reported steep northeast-southwest velocity gradient [Ross and
Eaton, 2002]. The broad low velocity zone suggests diminished structural vari-
ations across STZ, an elongated geological structure locally defined by Thorsby
domain and bifurcats around a lozenge-like Wabamun domain [Ross et al., 1991;
Villeneuve et al., 1993; Hanmer et al., 1995; Flowers et al., 2006; Berman et al.,
2007], and the adjacent Rimbey and Lacombe domains. This finding is consistent
with a common collisional origin, as all aforementioned domains have been linked
to East Alberta Orogen [Ross et al., 1995; Berman et al., 2007] and the coeval sub-
duction during the development of the tectonic vise [Eaton et al., 1999b; Ross et al.,
2000] in the Proterozoic. The contrasting seismic velocities beneath northern (fast)
and southern (slow) Rimbey and nearby domains shed new lights on the nature of
STZ across Alberta. As a highly controversial geological structure across much of
the landmasses of Canada, the origin of STZ has widely been associated with colli-
sions between Rae and Hearne provinces nearly 1.9 Ga ago [Berman and Bostock,
1997]. Various candidate mechanisms have been proposed, mostly notably shear
deformation at ~2.6 Ga [Hanmer et al., 1995], subduction during the Proterozoic
[Ross et al., 1991; Eaton and Cassidy, 1996], or incipient rifting on an old, 2.5 Ga
orogenic belt [Flowers et al., 2006]. Multiple mechanisms may be needed to ex-
plain the noise-correlation observations that are senstive to the past microcontinent
geometries and motions. The extensive low velocities in southwestern STZ favour

a mechanism involving extensive crustal metasomatism and possible serpentiniza-

58



tion [Eaton and Cassidy, 1996] of oceanic lithosphere during the Proterozoic. On
the other hand, due to its short distance to the rotational pole of Hearne, northeast-
ern STZ in Alberta may have undergone limited subduction/modification during the
same eon as well as limited overprinting at later stages, thereby preserving much of

the deformation sustained during earlier episodes of rifting and shearing.

3.4.3 Central Alberta

A region of significant tectonic implications for the Proterozoic formation of Lau-
rentia is Lacombe domain, situated at the southwestern edge of Hearne province
[Hoffman, 1988; Ross et al., 1991]. Core samples from this region mainly consist
of low-grade supracrustal, metasedimentary and felsic metavolcanic rocks [Ross
et al., 1991], which have been associated with Paleoproterozoic origin [Villeneuve
et al., 1993]. The crustal velocities beneath Lacombe Domain (see Figure 3.8) are
generally below the regional average, showing minimal variations from the neigh-
boring domains in the west. Serpentinization from a southeast dipping subducted
oceanic plate has been invoked to explain the strong mid-crustal low velocity zone
[Holbrook et al., 1992; Van Avendonk et al., 2011] from receiver functions below
EDM station [Cassidy, 1995; Eaton and Cassidy, 1996]. In comparison with the re-
ported velocities from receiver functions, our group velocity maps favor lesser, but
more evenly distributed, serpentinite in the crust. Further work is needed to quantify
the effects of damping and adopted nominal resolution. It has been widely accepted
that Wabamun Domain, Hearne province and THO underwent coeval subduction
processes during the late Archean and early Proterozoic [Ross et al., 2000; Eaton
et al., 1999b]. The similarity in the lower crust and lithospheric shear wave veloc-
ities between Wabamun and Lacombe domains is further evidence of a common
origin. Ross et al. [2000] interpreted the Rimbey granite, which can be partially

traced between Lacombe and Wabamun Domains, as subduction-related igneous
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rocks resulting from a southeast subducting oceanic crust beneath Hearne province.
Therefore, it is plausible that the low velocities covering Lacombe domain and part
of Wabamun domain result from relic oceanic crust transported from latter domain
to Hearne province during the Proterozoic collision. In such a scenario, the effec-
tive area of the oceanic basin rifted by the subduction may be comparable to the
size of the low velocity anomaly.

The eastern boundary between Lacombe domain and LVB, the largest of the
three constituents of Hearne province, is recognizable from the group velocities in
the lower crust and upper mantle (see Figure 3.9BB’). The upper crust beneath LVB
is dominated by two low velocity structures (see Figure 3.8), with the minimum
value reaching as low as 2.4 km/sec at 8-km depth beneath western Saskatchewan
(Figure 3.9CC’ ). Variations of the granitic rocks beneath LVB have been suggested
earlier [Ross et al., 1991], with ages ranging from Neoarchean to Paleoprotero-
zoic, and the observed low seismic velocities are consistent with results from the
LITHOPROBE SARAX experiment [Clowes et al., 2002]. Thick Phanerozoic sed-
iments in the basin could be a contributing factor at shallow crustal depths, mainly
affecting high frequency (hence shallow depth) surface waves in this study. On the
other hand, the lower crustal and upper mantle structure beneath LVB generally
show faster velocity than the regional average (see Figure 3.8). The prominent
feature results from 0.002-0.04 Hz inverted noise correaltion map is a pronounced
high velocity structure beneath LVB and VS, which is well resolved by the dense
network of paths based on the successful recovery of a hypothetical structure simi-
lar to the observed (Figure 3.10). Positive velocities at frequency 0.002 Hz to 0.04
Hz approximately orient along the strike of LVB dominate the pattern of the long
period surface wave map. Due to the surface wave despersion (see Figure 3.4), this
anomaly is a reflection of integrated seismic velocities in the depth range of 30-60

km as well as the depth of the Moho.
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Formed in the late Archean, Hearne province went through dramatic rework
during the mid Proterozoic eon. It was proposed that Wabamun domain and Western
Trans-Hudson provinces both collided with Hearne province, resulting a collisional
Plateau surrounded by dual subduction zones during the Proterozoic (e.g., [Ross
et al., 2000]). Though debated [Aspler et al., 2002], the thickened lithosphere could
became gravitationally unstable, causing a high velocity lithosphere to delaminate
from the base of LVB [Shragge et al., 2002]. The observed high velocity anomaly
could represent the undeformed part of Archean Hearne crust, while its orientation
is consistent with the proposed clockwise rotation of Hearne province [Boerner
et al., 2000]. More discussion about this anomaly will be presented in the later part
of the discussion.

Finally, above-average upper crustal velocities are observed beneath EH, a pos-
itive aeromagnetic anomaly in the southeastern margin of Hearne province. Evi-
dence based on Zr dating suggested a Paleoproterozoic age as the result of crustal
shortening [Ross et al., 1995]. Recent tectonic model shows EH is overlaying LVB
along an eastward dipping reflector [Hope and Eaton, 2002], which is consistent
with our observation of a velocity jump at shallow crust depths in potential connec-
tion with high-grade (granulite and amphibolite) facies metamorphic rocks [Ross
et al., 1991; Holbrook et al., 1992; Ross and Eaton, 1999]. Our study provides
further insights on the role of EH in the subduction along the THO [Ross et al.,
2000; Boerner, 1999; Boerner et al., 2000; Németh et al., 2005]. For instance, de-
spite both being considered parts of the overriding Hearne province in the coeval
subduction of Wabamun domain (west) and Superior province (east), the marked
difference in crustal velocities between EH (high) with Lacombe (low) clearly sug-
gests distinct processes that governed their formation and the subsequent tectonic
reworking [Burwash et al., 1973; Ross and Eaton, 1999; Ugalde and Underhay,

2008; Burwash and KrupiAka, 1969, 1970; Ross and Eaton, 1999]. It remains
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unclear whether EH represents a part of reworked Archean crust along the THO
[Clowes et al., 2002] or, possibly, a remnant of the Superior province east of THO
as a rifted margin since the late Proterozoic. The lower crustal and upper mantle
velocities beneath EH are lower than the regional average. At these depths, a major
contribution would be expected from THO, which may be traced down to 70-80
km depths beneath the western part of EH and southeastern Hearne province. Since
THO is younger than Hearne province, the associated velocities are expected to dif-
fer between these two domains [Bickford et al., 1994; Németh et al., 2005]. In other
words, the observed contrast in the velocities between upper/mid and lowermost

crust could represent the structural transition between two welded tectonic regimes.

3.4.4 Southern Alberta

VS is a major tectonic boundary between LVB and MHB which features prominent
east-trending gravity and magnetic variations. Its origin remain debated among
competing hypotheses between a failed Proterozoic rift [Kanasewich et al., 1969]
and a large magmatic Proterozoic suture [Thomas et al., 1987] between MHB and
LVB. The VS is nearly indistinguishable from LVB at depths below 25 km, whereas
a major northward velocity decrease in the upper crust (see Figure 3.9CC’) po-
tentially marks the seismological domain boundary. South of VS, a pronounced
high velocity lower crust layer (HLCL) continues across western MHB along its
northeast-southwest strike (see Figure 3.9CC’). The orientation, strength and con-
tinuity of this structure, which are well resolved based on the data coverage (Figure
3.10), make a compelling argument for a southward extension of the undeformed
part of Archean Hearne province. The origin of VS, a proposed deformation com-
plex, remains debatable since domain’s effective depth is mainly confined to the

top 20-30 km [Clowes et al., 2002] of the crust. The contrast between the upper
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Figure 3.10: Resolution tests based on hypothetical structures similar to the ob-
served. (a) Results of a test that assumes an input high velocity anomaly between
western MHB and Eastern MHB. The pattern is well resolved at frequency ranges
of 0.10-0.16 Hz and 0.14-0.20 Hz. (b) Results of a test with an input high veloc-
ity structure across LVB and Vulcan structure. Both the amplitude and the oblique
orientation of the input model is sufficiently recovered by the SCCFs at 0.002-0.04
Hz.
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(low velocity) and lower (high velocity) crust beneath VS is a potential indicator of
differences in crustal history and/or composition.

The boundary between VS and MHB is not clearly defined by the crustal veloc-
ities despite earlier evidence of relatively older rock samples (~3.2 Ga; [Gorman
et al., 2002; Villeneuve et al., 1993]) from the latter domain. It was proposed by
Lemieux et al. [2000] that MHB was the amalgamation of two domains in mid
Archean (circa 2.6 Ga). In its southern boundary, MHB is interrupted by GFTZ,
a suture zone between MHB and Wyoming province with a significantly younger
reported age than both domains [Mueller et al., 2002]. This finding provided the
basis for the hypothesis that MHB was originally a part of the Archean Wyoming
province [Henstock et al., 1998; Boerner et al., 1998; Clowes et al., 2002]. In
this study, the southern most part of AA’ cross-section reaches the US-Canada bor-
der and is constrained by relatively dense path coverages near the center of MHB.
The resulting model shows large positive values, which are further illustrated by a
east-west cross-section (see Figure 3.9CC’) within MHB. The lower crustal/upper
mantle velocities beneath MHB are comparable to those beneath southern Loverna
Block and VS, two adjacent domains dominated by the distinctive HLCL (see Fig-
ure 3.9DD’). The strength and continuity of the HLCL in northwestern MHB makes
a compelling argument that MHB was originally an integral part of, or had been
strongly influenced by, Hearne province.

Validation of the potential connection between Hearne province and MHB would
require a higher imaging resolution than achievable by this study to south of the
US-Canada Border (Figure 3.10b). Further inquires pertaining to the formation
and integrity of the MHB remain debatable. For instance, based on the earlier
SAREX experiment, western MHB poses the fastest relative P wave travel times in
the crust [Clowes et al., 2002]. However, the above-average velocities in MHB in

this study mainly concentrates near the center of the southern Loverna block-VS-
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MHB junction, while the eastern end of CC’ (see Figure 3.9CC’) is inhabited by
weakly positive speeds in the lower crust. The limited thickness (~8 km) of the pro-
posed HLCL by Lemieux et al. [2000] may negatively impact the layer detectability
due to strong depth averaging in surface waves (see Figure 3.4). Still, the con-
trasting average lower crustal/upper mantle velocities between eastern (slow) and
western central (fast) MHB require a satisfactory explanation. Barring significant
tectonic reworking during the Phanerozoic era, such differences would favor MHB
as the amalgamation of an Archean western-central fragment and a significantly
younger/slower eastern segment. In view of the nearby EH, the latter segment was

likely formed during the Proterozoic eon in connection with THO.

3.4.5 Rocky Mountains

Finally, our noise correlation tomography provides new and improved regional con-
straints on the craton -domain transitions. Of the five major Oregon-parallel mor-
phologic belts [Monger et al., 1982] of the Canadian Cordillera, our station cov-
erage is mainly sensitive the Foreland belt. As the effective western boundary
of the WCSB, the basement rocks in this region are generally believed to have
formed in the late Cretaceous and early Tertiary during the Laramide orogeny [Li-
vaccari et al., 1981; Maxson and Tikoff, 1996; English and Johnston, 2004; Cook
and White, 2010; Liu et al., 2010]. Regionally deep Moho interfaces have been ob-
served [Shragge et al., 2002; Mercier et al.,2008; Gu et al.,2011] and interpreted as
the isostatic response to loading of the lithosphere by Mesozoic thrust sheets (e.g.,
[Monger et al., 1982; Cook and Van der Velden, 1993]), though the cause of the
Laramide phase of mountain building and its effect on crust/lithosphere thickness
remains uncertain [English and Johnston, 2004; Liu et al., 2010]. Seismic veloc-
ities documented by passive source imaging [Grand et al., 1997; Simons et al.,

1999; Clevede and Megnin, 2000; Frederiksen et al., 2001; Fouch and James, 2004;
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van der Lee and Frederiksen, 2005; Nettles and Dziewonski, 2008] have consis-
tently suggested a major structural gradient from Phanerozoic mantle to cratonic
lithosphere. However, the precise spatial location of this gradient, which is gener-
ally associated with the Cordilleran Deformation Front (CDF), is still in question
due to the limited regional data coverage (e.g., [Hyndman and Lewis, 1999; Lewis
et al., 2003; Fliick et al., 2003; Jones and Ledo, 2005; van der Lee and Frederik-
sen, 2005; Audet et al., 2007; Mercier et al., 2008]. Our model presents improved
regional constraints on the southern CDF. With few exceptions (e.g., near VS), the
crustal velocity beneath the foothills of the Canadian Rockies are consistently lower
than those beneath the adjacent Alberta basin (Figure 3.9EE’). A structural tran-
sition of ~18% in shear velocities occurs within lateral distances of 100-200 km,
most notably at depths below mid crust. This result is in generally agreement with
earlier regional surveys by Clowes et al. [1995] and Zelt and White [1995], and the
spatial location overlaps with a low velocity zone in the shallow mantle P velocities
by Mercier et al. [2008]. However, due to the limited model sensitivities at depths
below 60 km, the vertical extent of this low velocity zone [Zelt and White, 1995;

Mercier et al., 2008] invites further investigations.

3.5 Conclusions

This study presents a new crustal velocity model of the southern WSCB based on
the cross-correlation of the seismic noise between broad-band seismic stations. The
density and coverage of SCCFs enable tomographic imaging at effective lateral
resolutions of 1.00-2.25 deg? and depth sensitivities from 5 to 60 km. The best
constrained part of the model is south of Lesser Slave Lake, where the majority of
domain structures are well resolved at various crustal and shallow mantle depths.

Summarized below are the key observations and associated interpretations.
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1. Lower-than-average upper and mid crustal velocities beneath the LVB, which
covers much of central and southern Alberta, reflect the depth-integrated effect
of thick Phanerozoic sedimentary layer in Alberta basin. The structure changes
sharply in the lower crust and shallow mantle, however, where a pronounced high
velocity zone is identified in southern LVB. The orientation and amplitude of the
anomaly suggests the presence of undeformed core of Hearne province, potentially
formed in the Archean, underwent a clockwise rotation. The depth extent of the
high velocity structure remains unclear.

2. Anomalously high lower-crustal velocities from LVB extend into MHB,
which suggests a possible association of MHB with the formation of the Hearne
province. Furthermore, the low velocity crust around this anomaly could be strongly
influenced by the coeval subduction between Wabamun, LVB and THO during the
Proterozoic eon.

3. The seismic velocities are highly variable within the MHB. The westernmost
MHB is significantly slower than central MHB in the lower crust, which may imply
the amalgamation of two distinct Archean blocks. The lack of distinctive velocity
change between VS and MHB in the lower crust part also suggests the VS as a
deformation complex confined to the upper and middle crust.

4. The Wabamun Domain shows consistently low crustal velocities, but the
effective area is smaller than previous estimations.

5. The crustal velocities along the Canadian Rockies is considerably lower than
the surrounding regions, which highlights a strong velocity gradient from cratons
to terranes along the Cordillera Deformation Front.

6. The origin of the STZ remains in question, especially in view of strong north-
south variations within Alberta.

Overall, the results of noise tomography reveal complex crustal structures and

domains in Alberta. While the origins of many observed features remain largely
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speculative, the improved data coverage based on regional arrays does, and will
continue to, provide critical insights to the formation and evolution of western Lau-

rentia.
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Chapter 4

Conclusion

This thesis presents the first in-depth ambient noise correlation analysis across
southern West Canadian Sedimentary Basin. Though partially revealed by the
previous geophysical, surface geological and geochemistry researches, the crustal
structures and tectonic histories of southern WCSB were still poorly constrained
to date. Until recently, the deployment of the semi-permanent CRANE seismic
network enables the possibility of an integrated, comprehensive study on the seis-
mic structure of the basement of Alberta down to upper mantle depth. The main
purpose of this thesis is showing the results revealed by analyzing SCCFs of cor-
relating Crane, CNSN and US-array station pairs. Results of this thesis includes
documentation of the seismic signatures of a persistent microseismic noise source
originated from Lesser Slave Lake and a regional scale seismic velocity model for
southern WCSB. A summarization of the findings from each approach in the previ-
ous part of this thesis will be listed in the later part of the text. Some of the results
have been published in peer-reviewed journals (Chapter 2) and the rest have been
submitted (Chapter 3). The process of noise-correlation consists of 3 parts before
being subject to further analysis: 1. Signal station data preparation. Continuous
recordings extracted from each individual stations are subject to band-pass filtering
and bit-normalization for the purpose of eliminate influences of large earth quakes

which would have a potential of biasing the results of noise-correlation. 2. Cross-
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correlation of noise recordings. Each station pair shares an overlapped functioning
time windows is processed by cross-correlation algorithm Bensen et al. [2007b] 3.
Lag time and dispersion curve measurements. SCCFs computed in step 2 are fil-
tered through a quality control process facilitated by interpolated dispersion curve
(Figure 2.3 and 3.3). Quality SCCFs are later utilized for noise source analysis and
Rayleigh wave travel time inversion.

Chapter 2 documents the seismic signatures of a persistent microseismic noise
source revealed through the directionality analysis of SCCFs associated with station
HON. It’s revealed Lesser Slave Lake, the biggest water body in northern/central
Alberta is producing constant microseismic noise detectable across the province.
Seasonal and diurnal test suggests the noise source is more prominent through the
winter season which can be the results of the unique winter environment of north-
ern Alberta. Chapter 3 presents the results of travel time inversion applied on the
symmetric SCCF measurements. Our tomographic model is tested to afford lateral
resolutions of 0.5-1.0 deg? and depth sensitivities from 5 km to 60 km. The major-
ity of the domains in the south of latitude 52 degree are well constraint due to the
dense coverage of broadband seismic stations. Key findings of this study include
a speculative core of the undeformed Archean hearne province detected beneath
the modern day LVB. MHB, which was previously suggested to be the results of
amalgamation of two ancient Archean blocks, highlights a major contrast in the ve-
locities between western and eastern parts of the domain. Also, Wabamun Domain
is resolved to be in much smaller scale than previous reports and the crustal ve-
locities along the Rocky Mountains are found to be slower than surrounding areas.
The surface velocity decumented in this thesis presents similar range and average
value compare to other region with analogous history and crustal structure as Mex-
ico bay [Godey et al., 2003; Zhang et al., 2007], which has surface wave velocity

of approximately 3 km/sec near surface and is slower than the surrounding area.
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4.0.1 Future direction and suggestions

In chapter 2 we highlight Lake Microseism as an intriguing possibility after re-
viewing various known mechanisms for regional noise generation. The origin of
this noise source remains inconclusive, though it is clear that the energy asso-
ciated with the excitation can reach broadband seismic receivers several hundred
kilometres away. Our hypothesis is aided by the absence of known microseismic
sources/mechanisms in the region and the spectral content of the asymmetric SC-
CFs, while limited observational and theoretical support, moderate source location
uncertainty and interfering ocean microseism are legitimate concerns. Improved
source location and characterization [e.g., Schimmel et al., 2011], as well as a
greater understanding of lake hydrodynamics, will be necessary to reliably deter-
mine the nature of the observed microseisms in southern-central Alberta.

A velocity model inverted from cross correlation of the vertical components
of broadband seismic recordings are presented in chapter 3. Noise-correlation has
been extensive utilized to map the seismic structure of subsurface down to the upper
mantle. The effectiveness of noise-correlation is heavily dependent station density
and overlapping operating time of station pairs. Overall, the results of noise tomog-
raphy reveal complex crustal structures and domains in Alberta. While the origins
of many observed features remain largely speculative, the improved data coverage
based on regional arrays does, and will continue to, provide critical insights to the
formation and evolution of the Alberta basement structures. Despite of the discov-
eries reveal by our current model, the seismic velocities are not well constrained in
the areas to the north of latitude 52 degree, due to limited station coverage in north-
ern part of the province. The resolution in northern part of our model will receive
a significant boost should more stations, permanent or temporary, are deployed in

region near Fort McMurry and Peace River. In addition to denser data coverage, the
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presented velocity model can be refined through an improved 3D inversion process.
In this study, 2-D ray path is assumed between two correlated stations. Therefore,
only 2-D sensitivity kernels are computed with various idealizations including spa-
tial uniformity and zero attenuation. A true 3D inversion can be achieved based on
the consideration of the Fresnel volumes of seismic waves [Liu and Tromp, 2006;
Chen et al., 2007; Tromp et al., 2010], a more refined 3D velocity model can be
attained for better vertical resolutions.

Aside from the improvement of velocity model, anisotropy should also be con-
sidered when developing the tectonic model for the region. Most of the domains
discussed in chapter 3 are highly deformed since their formation as early as Precam-
brian. Due to the common presence of compression, delamination and sedimenta-
tion, the crust in those domains could be highly anisotropic. Detailed analysis on
the anisotropy and isotropy of the crust in the area will yield better constraint on the
tectonic interaction among those domains and therefore lead to a better understand-
ing on the history and evolution of the region. We compared the inverted travel time
maps computed from Vertical Component and Radial Component. (Figure 4.1).
Lacombe domain, which is inundated by thick sedimentary materials, displays first
order differences between V, and V. Aside from heavy sedimentations, Lacombe
domain is also positioned between Wabamun domain and LVB, two domains which
had been involved in a subduction process during the Paleoproterozoic. Another
area of strong anisotropy is the east of MHB along with the nearby VS and Eyehill
high. The geographic location of this anomaly overlaps with the reported HCLC
from SAREX [Clowes et al., 2002] experiment. The intrusion of the HCLC from
Wyoming province could be potentially responsible for this anomalous anisotropic
pattern. Also, it’s speculative that THO, which collided with Hearne province in an
era coeval with the collision between Hearne and Wabamun domain, may also be

associated with this anisotropic pattern. Resolution-vise, this map is computed by
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Figure 4.1: Anisotropy of crust. The anisotropy is quantified as V, —V},, while
V), is the velocity inverted from vertical component and V}, is inverted from radial
component. The black lines denote the reported boundaries between known tec-
tonic blocks [Ross et al., 1991]. CRANE and CNSN stations used in this study are
represented by white triangles.
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subtracting inverted velocity models independently computed from vertical compo-
nents and radial components. This approach is limited by the accumulated errors
from two independent inversion practises that lead to high uncertainties in the re-
solved amplitude of anisotropy. Besides, directionalities of station pairs used in
this study are not considered due the limited quality SCCFs for inversion. A more
advanced adjoint tomographic scheme and a greater number of seismic recordings
for cross-correlation will be beneficial in providing a better constrained anisotropic

model.
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Appendix A
Appendix

A.1 List of Abbreviations

CRANE  Canadian Rockies and Alberta Network
CNSN Canadian National Seismograph Network
WCSB Western Canadian Sedimentary Basin

LSL Lesser Slave Lake
SCCEF(s) stacked cross-correlation function(s)
CCEF(s) Cross-correlation function(s)
GSLSZ Great Slave Lake shear zone
STZ Snowbird Tectonic Zone
VS Vulcan structure

BHT Buffalo Head Terrane
T™MZ Taltson Magmatic Zone
THO Trans-Hudson Orogen
EH Eyehill High

LVB Loverna Block

MHB Medicine Hat Block
SNR signal-to-noise ratio
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