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SUMMARY

We analyse continuous recordings from 23 broadband seismic stations near Alberta, the
southwestern sector of the Western Canada Sedimentary Basin. Noise correlation tomo-
graphy based on vertical-component seismograms reveals below-average shear velocities at
shallow and middle crustal depths in central Alberta, spanning across Proterozoic accreted
terranes and Archean microcontinents. This observation likely results from extensive plate
convergence and crustal melting during the Proterozoic eon. The overall correlation between
the crustal velocities and presumed basement domains is lower than expected, however. In
the lower crust, the main pattern of shear velocities is relatively concordant with the reported
domain boundaries and key Precambrian structures appear to be intact. The shear veloci-
ties beneath the Loverna Block, the largest constituent of the Hearne craton, are 10 per cent
higher than the regional average. This prominent northeast striking seismic anomaly is mod-
erately correlated with the regional heat flow and potentially represents the remnant core of
the Archean Hearne province. The associated high velocities extend into the western part
of the Medicine Hat Block, a possible Archean microcontinent with a debatable origin, and
contribute to a strong east—west structural gradient in the lower crust. The presence and the
continuity of this anomalous structure imply extensive communications among the various
basement domains in southern Alberta during the assembly of the North American continent.

Key words: Interferometry; Composition of the continental crust; Surface waves and free
oscillations; Seismic tomography; Intra-plate processes; Cratons.

1 INTRODUCTION

The basement structure under the Western Canada Sedimentary
Basin (WCSB) contains vital records of the Precambrian tectonic
development of western Laurentia (Hoffman 1988, 1990; Ross et al.
1991; Villeneuve et al. 1993; Ross et al. 2000). Largely buried under
a veneer of Phanerozoic sediments, the surface exposure of WCSB
is mainly confined to the northeastern segments where geochem-
ical signatures from the Archean Slave province have been iden-
tified (Frost & Burwash 1986; Hoffman 1988; Thériault & Ross
1991; Burwash et al. 2000; De et al. 2000; Canil et al. 2003; Cook
et al. 2009). In comparison, the basement structure in southwestern
WCSB, the main focus of this study, is much less accessible and may
have undergone episodes of Archean and Palaeoproterozoic colli-
sions among the Hearne, Rae, Superior and Wyoming provinces
(Beaumont et al. 1994; Ross & Eaton 2002; Aulbach et al. 2004;
Mahan & Williams 2005). The extensive tectonic history of South-
west WCSB culminated a diverse geological framework consisting
of Archean cratons, Proterozoic orogens and accretionary margins
known as ‘terranes’. Consequently, information pertaining to the
basement structure beneath the various tectonic domains (Hoffman

1988; Ross et al. 1991) can provide critical insights into the assem-
bly and evolution of the western boundary of the Canadian shield.
The intricate tectonic domains beneath Southwest WCSB have
been investigated by regional gravity, magnetic and seismic sur-
veys (Ross et al. 1991, 2000; Thériault & Ross 1991). Among the
various approaches, the use of reflection seismic methods is par-
ticularly instrumental at mapping rock elastic properties, faults and
reflective structures in the crust. In the early 1990s, a series of active-
source seismic surveys was conducted as part of the LITHOPROBE
project (Ross 2000). The Alberta Transect from this trans-Canada
experiment contains three major reflection profiles totalling 1400
km in length (Eaton et al. 1999b; Lemieux et al. 2000; Ross et al.
2000). Additionally, reflection and refraction analyses based on the
Alberta Basement Transect (ABT), Deep Probe, and Southern Al-
berta Refraction Experiment (SAREX; Clowes et al. 2002; Gorman
et al. 2002) enabled the verification and refinement of the exist-
ing theories (Hoffman 1988) pertaining to the basement formation
and evolution of Southwest WCSB (Zelt & Ellis 1989; Ross et al.
1995; Zelt & White 1995; Eaton & Cassidy 1996; Ross & Eaton
1997; Eaton et al. 1999b, 2000; Lemieux et al. 2000; Ross et al.
2000; Bouzidi et al. 2002; Ross & Eaton 2002). These efforts are
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complemented by broadband seismic recordings from Canadian
National Seismic Network (CNSN) stations (Cassidy 1995; Eaton
& Cassidy 1996) and temporary deployments such as Canadian
Northwest Experiment (CANOE; Mercier et al. 2008; Courtier
et al. 2010; Dalton et al. 2011), BATHOLITHS (Mercier et al.
2009) and Florida-to-Edmonton Array (FLED; French et al. 2009),
which offered improved data constraints at mantle depths. Analyses
of the teleseismic data (e.g. Shragge et al. 2002; Mercier et al. 2008,
2009) raised critical questions on the state, history and integrity of
the lithosphere (Shragge et al. 2002) beneath Southwest WCSB.

Despite the aforementioned progress, limited surface-exposed
geology remains a formidable challenge in the accurate assessment
of regional basement history of Southwest WCSB. Only local-
scale, 2-D receiver geometries had been attempted prior to 2005
(Kanasewich et al. 1995), while the majority of the temporary ex-
periments only lasted 1 year or less. These apparent drawbacks left
much of the WCSB undersampled. Consequently, interpretations
of the domain boundaries and tectonic history of this region relied
heavily on electromagnetic (EM) and potential field observations
(e.g. Ross et al. 1991, 2000; Boerner et al. 1999; Hope & Eaton
2002), which suffered from limited depth sensitivities as well as
debatable relationships with seismic velocities.

The seismic data coverage was substantially improved by the
establishment of the Canadian Rockies and Alberta Network
(CRANE; Gu et al. 2011). This array of semi-permanent broad-
band stations is designed to complement the existing CNSN sta-
tions and provide near-uniform receiver coverage in central and
southern Alberta, the main constituents of Southwest WCSB and
the focus of this study. The seismic recordings from CRANE facil-
itated a number of new research initiatives in the investigations of
regional seismic structures (Gu et al. 2011) and sources (e.g. Gu &
Shen 2012; Schultz et al. 2014). Based largely on the array data,
this study presents new results from an analysis of ambient seismic
noise between stations. By exploiting frequency-dependent group
velocities, our findings offer direct constraints on the existence and
integrity of crustal domain structures and boundaries.

2 REGIONAL TECTONIC SETTING

With reported ages between 1.7 and 3.2 Ga, the Archean and early
Proterozoic basement domains in Alberta have been suggested to
deform and metamorphose more severely than the adjacent Supe-
rior, Wyoming, Slave and Nain provinces during the Palacoprotero-
zoic era (Burwash & Krupicka 1969, 1970; Burwash & Culbert
1976; Hoffman 1988; Ross et al. 1991; Villeneuve et al. 1993).
Interpretations of the regional tectonics heavily relied on aeromag-
netic/potential field data, isotope age determination of drill core
samples and extrapolation of tectonic elements from the exposed
part of the Canadian Shield (Hoffman 1988; Villeneuve ez al. 1993).
Over 20 juxtaposed domains (Ross ef al. 1991) have been identi-
fied in an oddly shaped region bounded by the Great Slave Lake
Shear Zone, Snowbird Tectonic Zone (Snowbird TZ) and Vulcan
structure, three tectonic discontinuities (Eaton ef al. 1999a; Ross
et al. 2000; Clowes et al. 2002; Banas et al. 2007) that potentially
played major roles in establishing the regional tectonic framework.
Among them, the Snowbird TZ divides the Archean hinterland of
Trans-Hudson Orogen and has been widely recognized as a steep
lateral gradient in gravity and magnetic field into the Hearne and
Rae Provinces (Fig. 1; Hoffman 1988; Ross et al. 2000; Jones et al.
2002). This elongated structure is suggested to bifurcate around
the Wabamun domain, a magnetic high bounded by narrow, south-
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west striking magnetic and gravity lows (i.e. Thorsby and Rimbey
domains). Reverse faulting (Ross et al. 1995), subduction and mag-
matism are probable causes of the isotopic composition of granitic
rocks beneath the Snowbird TZ and its adjacent domains (Ross et al.
2000).

North of the Snowbird TZ, the most recognizable subdivi-
sions from north-trending, convex-westward aeromagnetic signa-
tures (Ross ef al. 1991; Hanmer et al. 1995a; Ross & Eaton 2002)
and gravity observations are the Buffalo Head Terrane, Taltson
Magmatic Zone and Rae Province (see Fig. 1; Ross et al. 1991;
Villeneuve ef al. 1993). Much of this region contains metaplutonic
and subordinate felsic metavolcanic rocks with suggested ages of
2.0-2.32 Ga (Ross et al. 1991; Villeneuve et al. 1993), while the
convergence of Slave and Rae provinces east of the Buffalo Head
Terrane during the Palaeoproterozoic era (Thériault & Ross 1991;
McNicoll et al. 2000) facilitated the development of the Taltson-
Thelon Orogen, a north-trending magmatic belt comprised mainly
of felsic and metasedimentary rocks. The segment sampled by this
study is the southernmost section of this orogen, generally referred
to as Taltson Magmatic Zone, which entails a 300-km-long sec-
tion containing both Archean and Palaeoproterozoic metaplutonic
gneisses but is distinctively younger than northwestern Alberta
(McDonough et al. 2000; McNicoll et al. 2000).

Further east, the crustal signatures in central Alberta is a micro-
cosm of the elaborate tectonic history of western North America.
This region overlaps with southern Hearne province, a proposed
Archean microcontinent as old as 2.8-3.5 Ga based on Zr and U-Pb
analyses (Lewry & Sibbald 1980; Frost & Burwash 1986; Crocker
et al. 1993; Bickford et al. 1994; Boerner et al. 2000). Despite an
extensive history dating back to 3.0-3.5 Ga, much of the region may
have undergone continental collision and intracontinental shorten-
ing during the early Proterozoic (1.7-1.9 Ga; Boerner et al. 1995;
Edwards & Brown 1999; Ross & Eaton 2002). Recent tectonic
models of the Hearne Province suggest coeval subductions along
the Snowbird TZ in the west and Trans-Hudson Orogen in the east
(Ross et al. 2000), centring on the Loverna Block—the largest sub-
division of the Hearne province with a distinctive northeast striking
aeromagnetic signature (see Fig. 1; Ross ez al. 1991; Clowes et al.
2002). Much of the rocks beneath the Loverna Block are of Archean
origin (Ross et al. 1991; Villeneuve et al. 1993), though evidence
from geophysical and geochemical investigations has suggested ex-
tensive rework (Hoffman 1988; Ross & Eaton 1999; Boerner ef al.
2000; Clowes et al. 2002; Gorman ef al. 2002) and a potential
clockwise rotation (Boerner et al. 1995). Also affected by these
Proterozoic events are the surrounding domains such as Eyehill
High, a 70-km-long positive acromagnetic anomaly parallel to the
Trans-Hudson Orogen (Hope & Eaton 2002), and an anomalously
conductive (Boerner et al. 1995) Lacombe domain that borders with
the Snowbird TZ. Despite evidence of weakly metamorphosed vol-
canic and sedimentary rocks, especially in the latter domain, the
origin and seismic signatures of both domains remain speculative.

Southern Alberta mainly consists of the Vulcan Structure, an
elongated domain with prominent east trending gravity and mag-
netic anomalies (Ross et al. 1991; Villeneuve et al. 1993), and the
adjacent Medicine Hat Block that extends into northwestern United
States. The Vulcan Structure spans more than 350 km longitudi-
nally and cuts across the potential-field fabric of southern Alberta
at a large angle (Eaton ef al. 1999a, 2000). Drill core samples from
this region suggest an early Proterozoic (circa 1.8-2.7 Ga) origin
(Villeneuve et al. 1993), but the interpreted age and genesis differ
considerably among the earlier studies (Eaton ez al. 1999b; Lemieux
et al. 2000). Equally controversial is the Medicine Hat Block, a
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Figure 1. Distribution of broadband seismic stations from CRANE (blue triangles), CNSN (stars) and IRIS (black triangles). The background colours indicate
the topographic relief of the region based on ETOPO2 database. The domain boundaries from Ross ef al. (1991) and the great-circle surface projections of
three cross-sections (results to be presented in Figs 12, 13 and Fig. S6) are denoted by grey and white lines, respectively. The Hearne craton is shaded in
semi-transparent colours for emphasis, while the presumed subduction boundaries during the Proterozoic eon (Clowes et al. 2002) are highlighted in red color.
The subducting plate and the direction of plate convergence are indicated by the arrows.
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positive potential field anomaly flanked by the Archean Wyoming
province (south of the study area) with granitoids as old as 3.2 Ga
(Ross et al. 1991; Villeneuve et al. 1993). Layered lower crust and
geometric cut-offs of the Medicine Hat Block are interpreted as
the remnants of a complex geological framework (Lemieux et al.
2000): regional reflection profiling data favoured an origin in con-
nection with the assembly of two ancient Archean blocks (Lemieux
et al. 2000), whereas Proterozoic collisions between the Loverna
Block and Archean Wyoming Province have been suggested as the
dominant mechanism (Eaton et al. 1999b; Mueller et al. 2002).
Post-collision injection of mafic melt has been traced to the base of
the crust beneath the Medicine Hat Block, which potentially plays
a key role in the crustal evolution of the adjacent Vulcan Structure
(Lemieux et al. 2000; Mueller et al. 2002).

3 DATA AND METHODS

The data set analysed in this study consists of broadband record-
ings from 13 CRANE stations, 3 CNSN stations and 7 USArray
stations (see Fig. 1). With an average spacing of ~150 km,
CRANE provides the primary crustal constraint on Southwest
WCSB whereas the inclusion of USArray, which operated in Mon-
tana during the limited time window from late 2007 to early
2009, is vital for a structural investigation of southern Alberta.
Our first objective is to extract empirical Green’s functions (e.g.
Sabra et al. 2005; Shapiro et al. 2005) of the great-circle path
between any two stations based on the correlation of ambient seis-
mic noise (Gu et al. 2007, 2011; Bensen et al. 2008; Gu & Shen
2012); the average length of data for a given correlation stack is
~1.5 yr. The data preprocessing entails three steps: (1) segmenting
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the piece-wise vertical component records into 12-hr intervals, (2)
low pass filtering with a corner frequency of 1 Hz and (3) bit nor-
malizing (Bensen et al. 2008) the filtered seismograms to minimize
the effects of earthquakes and other high amplitude, non-ambient
seismic signals. The overlapping time segments after pre-processing
are cross-correlated and stacked to improve the signal-to-noise ra-
tio (SNR), which is defined by the ratio of peak amplitudes of
the signal (0—400 s) and noise (450-500 s) windows on stacked
cross-correlation functions (SCCFs). While more than 300 SCCF
are computed using the above approach, only 100-200 correlation
stacks with SNR > 2 are eventually retained for each frequency
range analysed in this study; this subjective cut-off value is chosen
conservatively to ensure the quality of the travel time measurements.
Fig. 2 shows all the SCCFs with acceptable SNR ratios for group
velocity inversions. Under the ambient noise source assumption,
SCCFs (and their derivatives) are effective Green’ s functions be-
tween two stations and their lag times reflect the associated seismic
structure (Sabra et al. 2005; Shapiro et al. 2005; Yao et al. 2006).
The peaks in the SCCF form semi-linear distance-time trends are, to
first order, consistent with those of propagating Rayleigh waves (Gu
et al. 2007, 2011; Bensen et al. 2008; Brzak et al. 2009). A sample
SCCF from two CRANE stations (Fig. 3a) shows prominent noise
correlation peaks that exhibit consistent positive and negative lag
times relative to the origin. These peaks generally remain robust
in a broad range of frequencies (Fig. 3b) and enable accurate de-
terminations of effective Rayleigh wave group velocities (Shapiro
et al. 2005; Lin et al. 2008; Ritzwoller et al. 2011; Kim et al. 2012).
The residual effect of secondary non-ambient sources (Gu & Shen
2012), which is generally reflected in the slight asymmetry of the
SCCFs (see Fig. 3b), is minimized by collapsing the positive and

Noise Correlation Functions
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Figure 2. SCCFs computed for all station pairs with acceptable SNR. The arrival times of the SCCF peaks increase linearly at an approximate speed of

3kms L.
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Figure 3. (a) Unfiltered SCCF between stations PER and HYLO. The average of forward and time-reversed SCCF peaks represents the effective Green’s
function of the path between the station pair. (b) Effective dispersion curves of the broadband SCCF within the frequency range of 0.015-0.25 Hz. The variable
lag times of the correlation peaks demonstrate the effect of Rayleigh wave dispersion.

negative halves of SCCFs for effective average measures of lag
times. To maximize data coverage we compute SCCFs for all possi-
ble combinations of stations. We then subject each broadband SCCF
to a Multiple Filter analysis (Dziewonski et al. 1969; Dziewonski
& Hales 1972; Herrmann 1987; Levshin et al. 1989) to determine
the group velocity dispersion through a series of narrow (0.02 Hz
in Gaussian Width) bandpass filters centred at every 0.02 Hz in the
total range of 0.002—0.2 Hz (e.g. Cristiano et al. 2010); the bulk of
the measurements are made within a realistically observable range
of 0.016-0.2 Hz. Our implementation is similar to that of FTAN
(Levshin et al. 1972; Levshin et al. 1989) and the choices of narrow
bandpass filters and envelope speed measurements emphasize the
fundamental mode surface waves (e.g. Schivardi & Morelli 2009;
Cristiano et al. 2010). For each passband we first compute the ab-
solute values of the narrow-band SCCFs, and then construct an
envelope function on the main phase group by fitting the local max-
ima of the individual peaks using a cubic polynomial. The peak
of the envelope function, which is determined to an accuracy of
0.01 s, provides a frequency dependent constraint on the path struc-
ture between two stations. After a careful visual examination of all

group dispersion curves, we average the dispersion measurements
within high quality passbands of 0.14-0.2 Hz, 0.1-0.16 Hz, 0.06—
0.12Hz, 0.03-0.08 Hz and 0.002—0.04 Hz. For simplicity we will
refer to these five frequency ranges using the corresponding centre
periods of 6, 8, 12, 23 and 40 s; the last centre period is an approx-
imation based on the observed spectral amplitudes. The averaging
is necessitated by the visible scatter in the narrow-band measure-
ments, especially those in connection with temporary array stations
residing on the soft glacial sediments of central Alberta.

We exclusively focus on group velocity measurements partly due
to the larger-than-expected phase velocity variations in our region
where signal quality is less than ideal. A more important consid-
eration is the lack of source information and its negative impact
on the accuracy of phase velocity determinations (e.g. Knopoff &
Schwab 1968; Larson & Ekstrom 2001; Feng et al. 2004). For each
frequency range, the automatically determined group arrival times
for each station pair are then subjected to a linear distance—time
analysis. The outliers, which are defined by velocity perturbations
greater than 10 per cent of linear least-squares average velocities,
are automatically rejected to improve the consistency of the
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Figure 4. (a)—(e) Lag times of SCCF peaks for all five period ranges. The slopes of the least-squares linear fit (black lines) are the effective regional group
velocity averages, while the intercepts can be used to gauge the uncertainties of the average velocities as well as potential biases in data quality and distribution.
(f) A comparison of the average velocities. The trend indicates increasing average crustal speeds with depth.

measurements; this procedure eliminates 10-30 per cent of the raw
measurements.

The peak arrival times of the envelope functions for all selected
frequency ranges approximately follow linear move-out curves
(Figs 4a—d) where the slopes of the best-fitting lines provide effec-
tive averages of surface wave group velocities. The distributions of
the traveltime residuals are approximately Gaussian with a standard
deviation ranging between 2 and 3.5 s (Fig. S1). This value suggests
an approximate data uncertainty of 3—4 per cent, assuming average
inter-station distance and group velocity of 200 km (see Figs 4a—e)
and 3 km s~!, respectively. The intercept from linear regression
is nonzero due to the presence of noise in the data, measurement

uncertainties and non-uniform data distribution. The magnitude of
the intercept, which should be minimal at zero distance, is therefore
a useful metric for data quality, that is, more reliable measurements
are obtained for centre periods of 6, 12 and 23 s without consider-
ing the number of observations. The average group velocities of all
period ranges fall between 2.8 and 3.3 km s™! (Fig. 4f).

We subsequently perform nonlinear, 2-D tomographic inversions
using the lag time measurements from the SCCFs. The inversion
algorithm is based on the fast marching method from the fast
marching surface tomography package (Rawlinson & Sambridge
2005) and performs 2-D ray tracing and subspace inversions. Suc-
cessful applications of this method can be found in recent crustal
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Figure 5. (a)—(e) Trade-off curves for the sum of norm+model radients and model rms values. Equal weights are assigned to model size and gradient during the
inversions. The optimal regularization factors for the inversions are determined by the turning points (denoted by the arrows). (f) Variance reduction (vertical
scale on the right) and per cent rms model velocities (vertical scale on the left) at all period ranges. The Maximum model norm and variance reduction are both

observed for the centre period of 8 s.

(Saygin & Kennett 2012) and mantle (Saygin & Kennett 2010)
studies. To map the lag time measurements to velocities we first
discretize the study region into 1° x 1° (latitude x longitude) cells,
and then adopt the average group velocities (see Fig. 4f) as the 1-D
reference model for 2-D inversions of lateral heterogeneities. The
lag time measurements are subsequently inverted by updating both
velocity and 2-D ray path (Rawlinson & Sambridge 2005). Mea-
surements with residual-to-distance ratios greater than 0.25 s km™!
are eliminated during each iteration in well sampled regions to mini-
mize the effect of outliers; slightly higher cut-off values are adopted
for regions with limited path coverage. This reweighting procedure
eliminates approximately 5—10 per cent of all measurements.

Due to the presence of noise and limited data constraints, so-
lution 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 size and
model gradient. For each frequency range, the latter two terms in

the objective function are governed by the model norm and gradient
damping parameters, respectively. Changes in the patterns of the
model solutions are relatively minor for a broad range of damping
parameters, while the amplitudes and gradients of seismic veloci-
ties systematically decrease with increasing regularization factors.
We determine the optimal damping from the turning points of the
trade-off curves with data fit (Rawlinson & Sambridge 2005). This
is a subjective criterion that represents an effective compromise
between data misfit and model attributes (e.g. smoothness, size;
Gubbins 2004; Rawlinson & Sambridge 2005; Ammon et al. 2012;
Aster et al. 2013). Values close to 0.05-0.1 are adopted as the norm
damping parameters in the inversions of all frequencies (Figs 5a—¢).

Reduction of data variance (for short, variance reduction) and
root-mean-squared (rms) model coefficients for the frequency bands
of interest are shown in Fig. 5(f). The former quantity is computed
based on the residual lag times (data-model prediction) where data
represent perturbations of path lag times relative to the reference
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structure. The variance reduction used in this research is defined as

Y (1P =T7)
n 2

Zi =1 T i

where 7} and T’; are the observed and model predicted lag times,
respectively, for the ith station pair.

While fitting the absolute lag times between stations would
yield variance reductions in excess of 90 percent for all station
pairs, variance reductions of lag-time perturbations (between 50
and 70 per cent) to the average velocities at each period range are
more realistic estimations of the Green’s functions between station
pairs. Overall, the intermediate periods from 8 to 22 s are more
confidently resolved than the two end frequencies. The values of
the lateral group velocity variations range from 1.5 to 2.5 km s™'.
Shorter periods (below 12 s) show greater rms values than their
long frequency counterparts, which suggest a relatively heteroge-
neous upper crust (see Section 5).

While the choices of regularization parameters during inversion
are empirical (see Figs 5a—e) and somewhat subjective, the mean
model residual variance of ~0.38 (1-VR in Fig. 5f) is roughly
consistent with the observed data variance of 0.31 (Fig. S2). The
compatibility between these two different measures of ‘noise’ in the
data imposes, in the absences of truly unbiased estimates of data un-
certainties and reliable 2-D regional velocity model, an independent
physical constraint on the possible solutions of the inverse problem.
A strong SNR within the primary ocean microseism period range of
8-10 s (Longuet-Higgins 1950; Gutenberg 1951), which is evident
from the ratio between data and noise variances on the SCCFs (see
Fig. S2), is particularly well explained by the inverted model with
a residual variance less than 0.3.

x 100 per cent, 1)

4 2-D GROUP VELOCITY INVERSIONS

4.1 Assessment of data resolution

To quantify the data resolution we perform standard ‘checkerboard’
tests on all five frequency bands with an initial cell dimension of
1° (latitude) x 1° (longitude). A correction factor was introduced
to account for the slight decrease in the actual cell sizes at larger
latitudes (Rawlinson & Sambridge 2005). To simulate noise in the
observations, we add a Gaussian-noise equivalent of 3 s, which is
the average standard deviation of the group arrival times (see Fig.
S1), to the simulated lag times prior to the inversions. The output
models recover 60—65 per cent of the input model amplitudes for
centre periods from 8 to 23 s (Figs 6a—c), as well as the general po-
sitions of model extremes. Velocity structures in central Alberta are
especially well resolved, owing to the added high quality SCCFs in
association with USArray stations. On the other hand, the northern
part of the array (above 54° latitude) shows notable smearing ef-
fects due to reduced path coverage, particularly station REC near the
northwestern corner of our study region owing to limited operation
times between 2006 and 2007. The crustal velocities beneath the
Rocky Mountains are better resolved than northern Alberta, despite
fewer stations, due to higher quality measurements in association
with CNSN station SLEB.

The two end-member period ranges are poorly resolved with grid
sizes of 1 deg? due to limited path densities (Figs 6d and e). The
minimum resolvable cell size for these periods is 1.5° x 1.5°, as
suggested by more than 80 per cent recovery of the input amplitudes
in southern central Alberta. Using the resolution tests as a guide, the
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remainder of this section will emphasize group velocities beneath
areas with sufficient resolutions south of 54° latitude.

4.2 Group velocity maps

Based on 6 s observations, ambient noise group velocities beneath
central Alberta are ~6 per cent slower than those of the surrounding
regions (Fig. 7a). The most conspicuous structure is an elongated
low-velocity zone, which covers the length of the southern Loverna
Block and eventually terminates in eastern Wabamun domain. The
centre of this anomaly resides near the boundary zone between
the Wabamun and Thorsby/Rimbey domains, which is surrounded
by isolated high velocity centres beneath the Taltson Magmatic
Zone (north), the foothills of the Rocky Mountains (west), as well
as eastern Vulcan Structure and the Medicine Hat Block (south).
Significant group velocity complexities, manifested in juxtaposed
low and high velocities, are evident in the southernmost Alberta and
the foreland belt of the Rocky Mountains.

The average group velocity increases from 2.76 to 2.84 km s~!
at 8 s period. While high velocities remain roughly unchanged
from the former passband (see Fig. 7a), a low-velocity zone east
of the foothills in central Alberta (e.g. BRU and PER) becomes
more prominent in size and amplitude (Fig. 7b). A north—south
oriented, high velocity anomaly is observed near the border of
Saskatchewan, segmenting the broad low-velocity zone from west-
ern Saskatchewan to central Alberta (see Fig. 7a). Combining with a
high velocity zone within the foreland belt of the Rocky Mountains,
this period range reiterates a major structural difference between
central Alberta (slow) and the surrounding regions (fast). Further-
more, the western part of the Medicine Hat Block in the southern-
most Alberta remains slower than the regional average despite a
reduced east—west velocity gradient across it.

Significant high velocity zones are observed at 12 s along
the foothills near the Alberta-British Columbia border, indicating
below-average velocities in southern-central Alberta (Fig. 7c). On
the other hand, apparent velocities beneath the Taltson/Buffalo Head
terrane become ~5 per cent slower than the surrounding regions and
continue southward by 100-200 km, which reinforce the low veloc-
ity zones in eastern Wabamun domain and central Loverna Block
(see Fig. 7b). Similar structures are observed at 23 s period despite
a visible loss of amplitude (Fig. 7d).

The seismic structures revealed by the longest periods (Fig. 7¢)
represent a major departure from those shown in Figs 7(a)—(d).
The previously below-average Alberta Basin from shorter period
maps is now occupied by a V-shaped high velocity zone that con-
nects Medicine Hat Block with Wabamun domain and central
Loverna Block. The maximum velocity beneath the latter region
is ~10 per cent higher than the regional average of 3.3 km s~! and
20-25 per cent higher than those beneath the foothills of the Rocky
Mountains. The northeast striking high-velocity zone below the
Loverna Block, which is one of the most recognizable features from
our group velocity inversions, is well resolved by the data. A con-
sistent shape and over 75 per cent of the maximum input amplitude
are accurately recovered by an inversion of simulated data based on
a similar input structure with 3 s Gaussian noise (Fig. 8).

5 3-D SHEAR VELOCITY INVERSIONS

5.1 Procedures and model setup

Different frequency ranges investigated in this study provide sen-
sitivities to different depths within the crust and/or shallow mantle
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Figure 6. ‘Checkerboard’ resolution test for all five frequencies. The lower panels show the input checkerboard pattern with alternating positive and negative
velocities of similar rms amplitudes to those of the actual velocities. The final SCCFs used for the inversion procedure are represented by the solid black lines
connecting the available stations (white triangles). Gaussian noise with a half width of 3 s is added to the original model predicted times prior to the inversions.

Bigger grid sizes (1.5° x 1.5°) are used for centre periods of 6 and 40 s due to limited numbers of quality SCCFs. Approximated 60 per cent of the input
amplitudes are recovered for the dense grids (a—c) and up to 90 per cent in the cases of coarser grid sizes (d and e).
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used in this study are denoted by the white triangles.

(Fig. 9; Herrmann 2013). Centre periods from 6 to 23 s are pri-
marily sensitive to shear velocities in the upper crust, as suggested
by the peak locations of their sensitivity kernels, while the period
range centring at 40 s provides the best constraints on the struc-
ture at depths below 30 km. Due to the apparent complexity of the
sensitivity kernels (see Fig. 9), a proper assessment of shear ve-
locities with depth would require a formal inversion of the group
velocity dispersion results. To obtain 3-D shear velocities we com-
pute model group velocity dispersion curves at 399 equally spaced
nodes along the geographical coordinate system (latitude, longi-
tude; Fig. 10a) based on the 2-D group velocity maps presented in
Fig. 7. A 25-point linear interpolation is applied to the five group
velocity measurements to stabilize shear velocity inversions for
a 5-km-thick sedimentary layer (2 km of soft sediment overlying

3-km-thick shallow basement rocks) and 13 underlying layers with
a uniform thickness of 5 km. For each location, a starting shear
velocity model is obtained from recent inversions of receiver func-
tion data in the study area (Gu et al. 2011; Chen et al. 2015). The
starting P-wave velocities, which impart less influence on Rayleigh
wave group velocities than their S-wave counterpart, are scaled
from S while assuming the materials of the crust and upper man-
tle are Poisson solids. The density structure is calculated from Vp
using the Nafe-Drake relationship (Ludwig et al. 1970), while the
ground anelastic effects are considered using values from PREM
(Dziewonski & Anderson 1981).

The optimal 1-D shear velocities at each node location is ob-
tained using an iterative linearized inversion method from Computer
Programs in Seismology (Fig. S3; Herrmann 2013; Kao et al. 2013).
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Figure 9. Sensitivities of group to shear velocities for the centre periods
adopted in this study. The input 1-D model was obtained from a recent
receiver function analysis of the study region (Chen et al. 2015). The peak
sensitivities shift to greater depths at longer periods.

The regularization parameters (e.g. Aster et al. 2013), which aim to
minimize both model norm and velocity gradients (see also Section
3), are determined for individual grid points based on the turning
points on trade-off curves (Fig. 10b; e.g. Gubbins 2004; Rawlinson
& Sambridge 2005). Our experiments show that the main features
in the final inversion results are relatively stable over a wide range
of regularization parameters, as well as for different choices of Vp
and attenuation values. Most of the interpolated dispersion curves
can be fit extremely well (Fig. 10c, examples P2—P4) except at a
handful of grid points (see example P1, Fig. 10c). The variance
reduction values for all grid points exceed 60 per cent, while the
vast majority achieves a value over 90 per cent (Fig. 10d). Inherent
smoothing during group velocity inversions (see Section 3) and the
input of absolute group velocities (rather than perturbations) are
largely responsible for the minimal misfit of the dispersion curves.

Our final 3-D shear velocity model is constructed via a simple
spatial interpolation of the 1-D shear velocity models from all 399
gridpoints (Yang e al. 2012; Ward et al. 2013). The general strategy
can be quantified as a two-step procedure that combines a 2-D group
velocity inversion with a discretized 1-D shear velocity inversion.
Similar approaches have been commonly adopted (Feng ef al. 2004;
Ward et al. 2013) and, in some cases, tend to reduce the nonlinear-
ity of a direct 3-D inversion from group velocity measurements
(Herrmann 2013).

5.2 Model assessment

The main purposes of the 3-D shear velocity inversion are to (1)
verify robust features in the group velocity maps deduced from
ambient noise correlation and (2) map the seismic velocities with
depth. Our discussions will be limited to prominent shear velocity
patterns in three broad depth regimes: (1) shallow crust, (2) middle
crustand (3) lower crust. The choice of coarse layers and the inherent
smoothing during the inversion procedures prohibit a definitive and
accurate assessment of the sedimentary layer (1-2 km in the Alberta
Plains), Moho as well as structures below 50 km.

The large-scale shear velocity structures in the shallow crust are
strongly correlated with those from periods above 10 s (Fig. 11a)
after the removal of regional averages at the corresponding depths.
A strong velocity zone with three distinct centres is clearly visible
beneath the Athabasca River Basin in the latitude range of 52—
54°. Collectively, this anomaly spans nearly 600 km longitudinally,
extending from eastern Hearne province to the Snowbird TZ. The
maximum shear velocity centred near the Alberta-Saskatchewan
border is approximately 15 per cent larger than the strengths of high
velocities beneath eastern Vulcan Structure and the Medicine Hat
Block in southern Alberta. The spatial correlation between this (see
Fig. 11b) and the dominant low velocity structures from Figs 7(a—c)
suggests strong depth sensitivities of all three passbands to the upper
basement domains.

The structure in the middle crust (depth range of 11-25 km) is
well represented in Fig. 11(b). The spatial scales of the structures
generally decrease relative to those at shallower depths. Notable
exceptions are the major low velocity zones beneath the Wabamun
and Buffalo Head domains, which indicate a northward progression
and strengthening of a similar structure in the shallow crust between
the Lacombe and Wabamun domains (see Fig. 11a). A prominent
low velocity structure is also observed beneath the foreland belt
of the Rocky Mountains, which continues to the base of the crust
(Fig. 11c). The overall pattern of heterogeneity in the middle crust
shows little, if any, connection with the presumed domain structures.

Finally, the striking Y-shaped high velocity zone (see Figs 7 and
8) is easily recognizable in the depth range of 30-50 km (see Fig. 1 1¢c
for a map at 38 km depth). There is a greater overall connection
between lower crustal velocity and tectonic age/history than at shal-
lower depths. In addition to a steep velocity gradient between the
cratonic Loverna Block (fast) and the Rocky Mountain foreland
belt (slow), which favours a deep-rooted craton-Cordillera transi-
tion, an argument could be made that the lower crust is considerably
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Figure 10. (a) Grid points (399, equal latitude—longitude spacing) and layer structures for the inversion of 3-D shear velocities. An iterative 1-D shear velocity
inversion (Herrmann 2013) is performed on each node based on input group velocities from the five group velocity maps shown in Fig. 7. The model depths in
the inversion range from 0 to 60 km. Two layers (with the respective thicknesses of 2 and 3 km) are adopted to represent the shallow sediment/basement structure,
and the subsequent layer thicknesses are set at a constant value of 5 km. Four sample nodes (P1-P4) are selected to demonstrate the inversion procedure and
outcomes. (b) Trade-offs between variance reduction and damping parameter for the four sample nodes shown in (a). The vertical axis corresponds to the
percentage variance reduction. The green circles near the turning points of the trade-off curves denote the optimal values used in the inversion procedure. (c)
Model fit to the input dispersion measurements for sample nodes P1-P4. At each node, a 25-point linear interpolation is applied to the five readings from the
group velocity maps (see Fig. 7) prior to the inversion; an interpolation is needed to stabilize the inversion of 15 layer velocities. The coloured lines show the
predicted dispersion curves from the 1-D shear velocity inversions at the four selected nodes. (d) Variance reduction of group velocity measurements (computed
using a similar formulation as eq. 1) from all 399 nodes. Sample node P1 is selected in this demonstration due to its exceptionally small variance reduction
value (<70 per cent).

faster beneath stable Archean and Proterozoic accreted domains from exploration seismic experiments (Fig. 11d, green; Bouzidi

(e.g. Hearne and Wabamun) than the presumed Proterozoic sub-
duction zone (e.g. Snowbird TZ) and magmatic arcs (e.g. Taltson
Magmatic Zone).

The average 1-D crustal structure of the entire study region
(Fig. 11d, red) is reasonably consistent with the existing results

et al. 2002) and receiver function analyses (thick black line, Chen
et al. 2015). The trend within the best resolved depths from this
study (4-50 km) generally follow that of Bouzidi et al. (2002) after
scaling P wave speeds under the assumption of a Poisson Earth.
The most significant difference between these two models is a
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Figure 11. (a)—(c) Sample shear velocity perturbation maps. These maps are obtained by spatially interpolating the 1-D shear velocity structures from all 399
nodes (see Fig. 11a). The regional average at each depth, which are indicated on the figure, has been removed. The definition of domain abbreviations can
be found in Fig. 1. (d) Model comparisons. The definitions of the model names are: MO In (input model with a constant speed), M1 In [input model based
on a regional study of receiver functions (Chen ez al. 2015)], M0 Out (inverted shear velocity model based on input model ‘MO In’), M1 Out (inverted shear
velocity model based on input model ‘M1 In”), BSBKO02 (scaled 1-D shear velocity model of Bouzidi et al. 2002), and M2 (an inverted model based on laterally
varying input 1-D structures). The details of the last model are presented in the caption of Fig. S5. The output models of this study are obtained by averaging
all 399 inverted 1-D models (see Fig. 10a for the corresponding node locations). The P-to-S scaling factor (1.732) for BSBK02 is based on the assumption of

a Poisson solid.

distinctive low velocity zone between the depths of 12-20 km from
our dispersion analysis. The same feature is present in the starting
model (see Chen et al. 2015), though the size and strength of the
low velocity structure differ considerably between our regional av-
erage and the input model. Part of discrepancies between input and
inverted models can be attributed to differences in averaging area,
as Chen et al. (2015) samples only central Alberta where the low
velocity zone structure is the most prominent.

The choice of starting model has considerable influences on the
outcomes of the inversions (e.g. Rawlinson & Sambridge 2005). To
examine the stability of the inversion results we perform an inversion

using a constant 1-D starting model of 3 km s~' (see Fig. 11d).
The resulting regional average approaches the final solution (see
Fig. 11d, red), both in terms of the general shear velocity pattern
(Fig. S4) and in a low velocity middle crust (see Fig. 11d). However,
the absolute values of the velocities and the suggested depths/widths
of the low velocity zones clearly depart from our final solution. A
similar conclusion is reached when the input model vary laterally
according to Chen et al. (2015; see Fig. 11d, purple; Fig. S5). In all
test cases key lateral shear velocity variations (e.g. the presence of
a low-velocity structure in the upper crust) are well resolved, but
the absolute velocity at a given depth is strongly dependent on the

GT0Z ‘ST Alnc uoeyeq |V Jo A1siAIUN 8y T Bio'seuinolpioxor16;/:dny wouy pepeojumoq


http://gji.oxfordjournals.org/

Wabamun |

Noise correlation tomography of Alberta 155

(=}

==

depth (km)

W
(e}

(o)
(=]

2

B .
| Cordillera 1 1

’
Hearne I‘A ov (km/s)

7 0.30
0.20
0.10
0.00
—-0.10
"

—0.20

—0.30
7

3 4 5 6
distance along profile (deg) B’

MHB

—_
oS O

 ——

depth (km)

2

| MHB/VS | Hearne

| 6v (km/s)
0.50

0.40

0.30

0.20

0.10

0.00
-0.10
-0.20
—~-0.30
E —0.40
-0.50

8

3 4 5 6 7
longitude along profile (deg) C

| STZ

depth (km)

3 4 5
distance along profile (deg)

| v (km/s)
0.50
0.40
0.30
0.20
0.10
0.00
—0.10
—0.20
——0.30

S

Figure 12. Cross-sections (see Fig. 1 for the corresponding surface projections) of the 3-D shear velocity model from this study. Key features and their
potential implications are labelled. The cross-sections have been smoothed using a bi-linear algorithm (Wessel & Smith 1998) and the average velocity at each

depth (i.e. model ‘M1 Out’ in Fig. 11d) has been removed.

a priori input model. In other words, caution has to be exercised
when interpreting the average 1-D model structures from this study.
Sample cross-sections of our model reiterate the main observa-
tions from the shear velocity maps (Fig. 12). First, the northeast-
oriented high velocity structure is well captured in all three
cross-sections, partly owing to its substantial along-strike dimen-
sion. Depending on the viewing angle, this anomaly could poten-
tially reach the upper crust. Also present is a vertical high velocity
zone beneath the Wabamun domain, rivaling the broader anomaly
beneath the Hearne craton in a semi east—west oriented cross-section
(Fig. 12a). The shear velocities above and around this twin struc-
ture are generally below the regional averages, especially at shal-
low crustal depths. Beneath the southernmost Alberta (Fig. 12b),
the lower crustal velocities are best characterized by strong gra-
dients from the foreland belt of the Rocky Mountains to the Al-
berta plains. A secondary low velocity zone is also present beneath
eastern Medicine Hat Block, which is easily recognizable in both
cross-sections BB’ (see Fig. 12b) and CC’ (Fig. 12¢).

To assess depth resolution we compute theoretical dispersion
curves from (1) a modified regional average 1-D model from Chen
et al. (2015) and (2) a constant 1-D model, add 4 per cent Gaussian
noise (roughly equivalent to 0.12 km s™! in absolute values) at each
period, and perform shear velocity inversions using the same data
sets and regularization parameters specified in Sections 2 and 3. The
choice of noise level is made based on the standard deviation of the
time measurements (<4 per cent; see Fig. S1) while assuming an
average shear velocity of 3 km s~! at all depths. For the same cross-
sections in Fig. 12, the recovered model based on a realistic regional
model containing a low velocity crustal layer (see Fig. 11d, Model
M1 In) shows significant departures from the input at depths above
3 km and below 50 km (Fig. 13). This zonal pattern result from
combined effects of (1) poor depth sensitivities of the five period
ranges outside 545 km range, and (2) smoothing at the boundary
depths with minimum (<2 km s~! above 2 km depth) and maximum
(>42 km s below 50 km depth) input velocities. Aside
from a relatively well-resolved depth range of 1040 km (with
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Figure 13. The same cross-sections as Fig. 12, but for an inverted model from a vertical resolution test. Theoretical dispersion curves are computed using
“model ‘M1 In’” (see Fig. 11d), with an additional 4 per cent Gaussian error (equivalent to 0.12 km s~!) prior to the inversion. The regularization parameters
are the same as those in the actual inversions. The velocities shown in this figure are the interpolated differences between input and output models at each node,
which show a zonal pattern and large model differences at depths above 5 km and below 40 km. The reduced resolution away from mid crust is a combined
function of the a priori model (see Fig. 11), group velocity frequency—depth sensitivity (see Fig. 9) and regularization (see Fig. 10).

uncertainties below 0.1 km s™!), it is encouraging that most of the
key observations (low velocity zones beneath central Alberta basin
and Cordillera, high velocities beneath the Wabamun domain and
Loverna Block) do not overlap with the extrema in model uncer-
tainty (e.g. near 7 and/or 3° along profiles AA" and BB'). Similar
results are obtained for the case of a constant input 1-D velocity,
though the lack of a zonal pattern and smaller overall uncertain-
ties (Fig. S6) are further evidence for the non-negligible effect of
a priori 1-D velocity structures.

6 DISCUSSION

The main objective of this study is to improve our knowledge of
the crustal structure and history beneath Southwest WCSB, a re-
gion critical for the understanding of the formation and tectonic
development of western Laurentia. The broadband ambient noise

SCCFs documented in this study offer detailed seismological con-
straints on the crustal and shallow lithosphere beneath the study
region. We find that the average group velocities increase at longer
periods, as are expected from the dispersion of Rayleigh waves,
while strong gradients in the patterns of lateral heterogeneities and
depths suggest possible variations in regional crustal temperature,
lithology and composition (Barton 1986; Christensen & Mooney
1995; Jaupart et al. 1998; Brocher 2005; Jones ef al. 2005).

6.1 East Alberta Orogen and the Snowbird TZ

Group velocity structures south of the Snowbird TZ are generally
well resolved and offer some of the most revealing observations
pertaining to the crustal formation of the study region. One per-
sistent observation from the tomographic inversions of SCCFs is a
bifurcated crustal structure within the proposed Wabamun domain.
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According to Figs 7 and 12, the western half of the domain near
the foothills of the Rocky Mountains is distinctively faster than the
southeastern sectors in the upper crust but the trend reverses in
the lower crust. A major east—west gradient in velocity highlights a
possible crustal structural boundary between the Wabamun domain,
an aeromagnetic high (Ross et al. 1991) featuring a west-trending
low velocity zone (Zelt & Ellis 1989; Eaton et al. 1999a; Ross
et al. 2000), and a contrasting Chinchaga domain/Rocky Mountain
foreland belt with low magnetic susceptibilities (Ross ef al. 1991;
Villeneuve et al. 1993). If this velocity gradient marks the true do-
main boundary, then the Wabamun-to-Chinchaga/Rockies transi-
tion should be less continuous than that suggested by earlier reports
based on active source seismic lines (Ross & Eaton 2002). In other
words, the structurally coherent part of the Wabamun domain is at
least 20—30 per cent smaller than the existing domain boundaries
(e.g. Ross et al. 1991).

Noise correlation tomography sheds further lights on the preser-
vation of the Snowbird TZ in central Alberta. As a highly contro-
versial geological structure across the vast landmasses of Canada,
the origin of the Snowbird TZ has been widely associated with
collisions between the Rae and Hearne provinces nearly 1.9 Ga
ago (Berman & Bostock 1997). The details of the tectonic events
and their aftermaths remain speculative, primarily pertaining to
the proposed mechanisms involving shear deformation at ~2.6 Ga
(Hanmer et al. 1995a), subduction during the Proterozoic (Ross
et al. 1991; Eaton & Cassidy 1996), and incipient rifting on an
old, 2.5 Ga orogenic belt (Flowers et al. 2006). The shear veloc-
ity inversion results from this study show little, if any, definitive
evidence for the presence of the Snowbird TZ in the upper crust.
Widespread low velocities are generally observed in central Al-
berta, covering much of the Thorsby and Rimbey domains, and the
lineation of structural joints are much more complex than the ex-
pected northeast—southwest orientations at shallow crustal depths.
The lateral dimension of the low velocity zone suggests diminished
upper crustal variations across the Snowbird TZ (Ross et al. 1991;
Villeneuve et al. 1993; Hanmer et al. 1995a; Flowers et al. 2006;
Berman et al. 2007). The lack of distinctive signatures surrounding
this suggested geological boundary may be partially explained by
the presence of a mid-crustal low velocity zone (see Fig. 11d) in the
1-D regional average, which is especially significant in central Al-
berta. If the Snowbird TZ is of collisional origin in connection with
the East Alberta Orogen (Ross ef al. 1995; Berman et al. 2007) and
coeval subduction during the development of a Proterozoic tectonic
vise (Eaton et al. 1999a; Ross et al. 2000), then extensive crustal
metasomatism, thickening and possible serpentinization (Eaton &
Cassidy 1996) of oceanic lithosphere (see Fig. 1) should be ex-
pected during the Palacoproterozoic era. Consequently, widespread
partial melt from the base of the crust could significantly alter the
composition of the upper crust (e.g. becoming more granite and
granulite rich) and thereby obscure the delineation of structural
boundaries and domains (see Figs 1 and 11; Chen et al. 2015).
In other words, aside from the compelling evidence of widespread
magmatic/granite intrusions, the Proterozoic signatures in South-
west WCSB are nearly beyond recognition within the upper crust
(e.g. see Figs 11 and 12).

6.2 Hearne craton and southern Alberta

The seismic structure in the lowermost crust and shallow mantle are
largely dominated by a Y-shaped high-velocity anomaly beneath
the Loverna Block as well as the Vulcan Structure and Wabamun
domain (see Figs 7, 8, 11 and 12). The presence of this anomalous
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crustal signature has not been previously reported and warrants
a closer examination in the context of regional tectonics. One of
the key considerations is the role of the Hearne province, which
formed during the late Archean but underwent major Proterozoic
reworking. It has been hypothesized that its Palaeoproterozoic con-
vergence with the Wabamun domain and the Trans-Hudson orogen
gave rise to a collisional plateau between the dual subduction zones
(e.g. Ross 2000). The fate and state of the Hearne lithosphere re-
main debated (Aspler ef al. 2002; Shragge et al. 2002), though it
has been suggested that the thickened lithosphere became gravita-
tionally unstable and eventually delaminated from the base of the
Loverna Block (Clowes et al. 2002).

The observed high velocity anomaly near the base of the crust is
unlikely to be directly related to the subducted Proterozoic slabs, as
significant thermal signatures relevant to that timescale (>1 Ga)
should have long been eliminated. Instead, the unique orienta-
tion (northeast striking) and substantial strength of the observed
high-velocity structure are better explained by relic, potentially un-
deformed, part of the Archean Hearne province (Boerner et al.
2000). The accompanying high velocity, lower crustal structure be-
neath the Wabamun domain (see Figs 12 and 13), a Precambrian
craton with a Proterozoic accretionary origin, is further evidence
for the overall preservation of Precambrian structures in the lower
crust.

The presence of relic Archean crust in southern-central Alberta
has further implications for the tectonic evolution of Southwest
WCSB. A region of interest is the Vulcan Structure, a proposed
tectonic boundary between the Loverna Block and the Medicine
Hat Block with suggested origins such as a failed Proterozoic rift
(Kanasewich et al. 1969) and a large magmatic Proterozoic su-
ture (Thomas et al. 1987) between these two geological domains.
Based on shear velocity inversions, Vulcan Structure is nearly in-
distinguishable from the Loverna Block in the lower crust where a
pronounced high velocity, lower crustal layer (from here on, HLCL)
continues across western Medicine Hat Block along a northeast—
southwest orientation. The orientation, strength and continuity of
this structure collectively favour a southward extension of the un-
deformed core of the Archean Hearne province. Still, the origin
of the Vulcan Structure, a proposed deformation complex, remains
debatable due to earlier findings of the its signature and confine-
ment within the top 20-30 km of the crust (Clowes et al. 2002).
The velocity reversal from upper to lower crust beneath the Vul-
can Structure (see Fig. 11) suggests distinct crustal history and/or
composition with depth.

It is noteworthy that the boundary between the Vulcan Struc-
ture and the Medicine Hat Block is poorly defined by the inverted
crustal velocities, in spite of earlier reports of older rock samples
from ca. 3.2 Ga (Villeneuve ef al. 1993; Gorman et al. 2002) from
the latter domain. Lemieux et al. (2000) proposed that the Medicine
Hat Block was the suture zone during the amalgamation of the
more ancient Hearne and Wyoming cratons in the middle Archean
(ca. 2.6 Ga; Mueller et al. 2002). This finding propelled the earlier
hypothesis that Medicine Hat Block was originally a part of the
Archean Wyoming province (Boerner et al. 1998; Henstock et al.
1998; Clowes et al. 2002). Our tomographic imaging results show
that the lower crustal/upper mantle velocities beneath this region are
comparable to those beneath the southern Loverna Block and Vul-
can Structure, two adjacent domains dominated by Archean HLCL
signatures. Barring resolution issues, the strength and continuity
of the HLCL suggest that northwestern Medicine Hat Block was
potentially an integral part of, or had been strongly influenced by,
the Hearne province.
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Figure 14. A comparison between regional heat flow (Blackwell & Richards 2004) and the group velocity map from the centre period of 40 s. A major Y-shaped
high velocity structure approximately overlaps with zones of reduced heat flow. The acronym ‘LAC’ corresponds to the Lacombe domain. The remaining

symbols are defined in Fig. 1.

A potential support for the presence of a large-scale seismic
anomaly is heat flow data (Fig. 14). Based largely on borehole
and breakout measurements, Blackwell & Richards (2004) pub-
lished the heat flow map of the WCSB and was recently updated by
Majorowicz et al. (2014). Only modest correlations are obtained
with the inverted group velocity maps for period ranges of 6-23
s, but the absolute correlation coefficient between heat flow and
velocities from the longest period exceeds 0.6. The shapes and ori-
entations of major heat flow anomalies beneath southern Alberta
Basin (low) and Rocky Mountains (high) are in excellent agree-
ment with those of the group velocities. It has long been suggested
that heat flow from Archean cratons is lower than that from younger
Precambrian and Phanerozoic terrains (Ballard ef al. 1987) on the
global scale (Morgan 1985; Blackwell & Steele 1992; Holbrook
etal. 1992; Christensen & Mooney 1995). According to these earlier
studies, localized minima often coincide with Archean cratons and
heat flow values increase by 2025 per cent on average (Lenardic
1997; Rudnick et al. 1998; Rudnick & Gao 2003; Mareschal &
Jaupart 2013) beneath Proterozoic domains. Similar trends are re-
ported for a wide range of geological provinces and settings: for
example, modest values of heat flow are detected from Archean
crust in Baltic Shield (Mareschal & Jaupart 2013), South Africa
(Ballard & Pollack 1986; Ballard ez al. 1987; Rudnick et al. 1998;
James & Fouch 2002), Australia (Neumann et al. 2000) and India
(Gupta et al. 1993). Signatures from the Archean and younger do-
mains in North America are more complex (Jaupart et al. 1998)
where the measured heat flow from the Proterozoic Trans-Hudson
Orogen is comparable to, or lower than, those bearing Archean
signatures in eastern Canada (Rolandone er al. 2002; Perry et al.

2006). An unbiased assessment of regional surface heat flow in rela-
tion to crustal age remains a work-in-progress in Southwest WCSB.
Further constraints on heat production (Ballard et al. 1987; Chris-
tensen & Mooney 1995; Rudnick et al. 1998; Perry et al. 2006)—a
potentially correlated parameter as heat flow (Ballard et al. 1987;
Rudnick et al. 1998; Perry et al. 2006), as well as the thermal
state and root depth of the lithosphere (Lenardic 1997; Perry et al.
2006) would be needed. Nevertheless, the concordant low heat flow
zone and high lower-crustal shear velocities in southern Alberta,
which sharply contrasts with low mid-crustal velocities beneath the
Cordillera (see Fig. 12; Kao et al. 2013), could be evidence for the
existence of a relic Archean lower crustal/shallow mantle structure
with modest heat production.

Combining all key observations from the lower crust, for ex-
ample, high velocities beneath the Wabamun domain and Hearne
province as well as intermittent low velocities along the Snowbird
TZ, a strong argument could be made for a largely intact lower crust
beneath Southwest WCSB from the Proterozoic eon. This finding
is a major contrast to those from the upper crust where low velocity
zones dominate the residual signatures, if any, from the presumed
tectonic domains. The implication is that the proposed dual sub-
duction during the Palacoproterozoic era (see Fig. 1) has a major
impact on the present-day upper crustal structure, but the boundary
zones and major Archean/Proterozoic microplates are reasonably
well preserved in the lower crust in Southwest WCSB.

The validation of potential connections between the Hearne
province and the Medicine Hat Block would require a higher
imaging resolution than that achievable by this study south of
the US-Canada Border. For instance, based on the earlier SAREX
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experiment, western Medicine Hat Block poses the fastest rela-
tive P-wave traveltimes in the crust (Clowes et al. 2002). However,
the above-average velocities beneath the Medicine Hat Block in
this study are mainly concentrated near the centre of the southern
Loverna block-Vulcan Structure-Medicine Hat Block junction. The
limited thickness (~8 km) of the proposed HLCL by (Lemieux
et al. 2000) may negatively impact the layer detectability due to
strong depth averaging in surface waves. Still, the contrasting av-
erage lower crustal/upper mantle velocities between eastern (slow)
and western central (fast) Medicine Hat Block (see Figs 7 and 12)
require a satisfactory explanation. Barring significant tectonic re-
working during the Phanerozoic era, such differences would favor
the Medicine Hat Block as the amalgamation of an Archean western-
central fragment, which is connected to the Hearne province, and a
distinctively younger/slower eastern segment. In view of the nearby
Eyehill High, the latter segment was likely formed in connection
with the Trans-Hudson Orogen during the Proterozoic eon.

6 CONCLUSIONS

This study presents a new crustal shear velocity model of Southwest
WSCB based on the cross-correlation of ambient seismic noise. The
best-constrained part of the model is south of the Lesser Slave Lake
where the following key observations and conclusions are attained:

(1) Below-average upper crustal velocities are identified be-
neath southern-central Alberta, which covers an area ranging from
Proterozoic accreted terranes (southeastern Wabamun domain) to
Archean microcontinents (e.g. the Loverna Block). There is no con-
crete evidence for the connection between domain boundaries and
upper crustal shear velocities; compositional variations in connec-
tion with Proterozoic subduction are likely responsible.

(2) A pronounced high velocity zone is identified in southern
Loverna Block as well as the Wabamun domain. The orientation
and amplitude of this anomaly are evidence for the existence of
intact cores of the Archean Hearne province, which potentially
underwent a clockwise rotation. The correlation between heat flow
data and shear velocity suggests a relatively relic lower crust from
the Proterozoic eon. In addition, anomalously high lower-crustal
velocities from the Loverna Block extend into the Medicine Hat
Block, which suggest extensive communications between the latter
domain and the Hearne province.

Overall, the results of ambient noise tomography 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 since 2006 does, and will
continue to, provide critical insights into the formation and evolution
of western Laurentia.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Distributions of travel time residuals from the SCCFs
relative to the best-fitting regional average (see Fig. 4) for each
period range. The majority of the residuals are Gaussian distributed
with a standard deviation of ~3 s. Assuming an average interstation
distance of 210 km and an average group velocity of 3 km s~
(see Fig. 4), this translates to a 3—4 per cent error in group velocity
measurements.

Figure S2. Normalized rms of noise. Two approaches are used
in this estimation. In the first case, which is referred to as ‘noise
variance’, each SCCF is first normalized to its maximum amplitude
and the variance is computed using the normalized amplitudes in
the lag time window of 400-500 s (which is outside of the expected
Rayleigh wave window in view of the source—receiver distances
used in this study). The resulting variances from all available station
pairs are then averaged to produce a single value within given narrow
(0.02-Hz wide) passband. This procedure produces 20 variance
values for the entire period range from 0 to 70 s (see Fig. S2).
The ‘data variance’ is computed using the same algorithm, with the
exception that the variance value is computed based on the entire
SCCEF (with lag time window of 0-500 s). The mean values of the
normalized rms across all period ranges and the five centre periods
from this study are indicated on the plots.

Figure S3. Results of an iterative inversion for the 1-D shear velocity
structure beneath sample point P4 (see Fig. 10a). The starting and
inverted models are denoted by saturated blue and red colours,
respectively. The limited range of variations in velocity is evidence
for a stable inversion result.

Figure S4. (a)—(c) Shear velocities obtained using an initial model
with a constant velocity of 3 km s~!. The notations and selected
depths are equivalent to those of Fig. 11. The large-scale veloci-
ties, particularly a low-velocity central Alberta and high-velocity
Loverna Block-Vulcan Structure-Medicine Hat Block, are consis-
tently resolved despite the substantial differences in the input mod-
els (see Fig. 11 for comparison). (d) Input (black) and regionally
averaged inversion result (blue). The low velocity zone (see also
Fig. 11d) is present below 15 km depth.

Figure SS. (a)—(c) Shear velocities obtained using variable initial
1-D models. (d) The base models (black) used to construct the ini-
tial 1-D structure. Also shown is the average 1-D structure from
the output of the inversion (‘Out 2’, red) and that from a uniform
starting model (‘Out 1°, blue). The initial model at each node is
computed based on the weighted averages of 1-D models from
nearby stations using receiver functions (Chen et al. 2015). Spher-
ical B-splines with an averaging radius of 500 km are used as the
weighting function. Hence, the initial model for each node is differ-
ent, and should closely resemble the 1-D base structure under the
nearest station. The resulting lateral velocity perturbations shown
in panels (a) to (c)—the main targets of this study, are highly con-
sistent with those from a uniform starting model (see Fig. 11d).
Nonetheless, the average 1-D structure from variable initial models
(‘Output 2°, same as ‘M2’ in Fig. 11d) is notably different from
that of a uniform (‘Out 1°, same as ‘M1 Out’ in Fig. 11d) or a
constant (same as ‘M0 Out’ in Fig. 11d, see also Fig. S4) initial
model.

Figure S6. Shear velocities from a vertical resolution test and
the cross-sections are the same as those shown in Figs 12 and
13. In this test, we compute the dispersion curve using a con-
stant 1-D model of 3 km s~!'. Then Gaussian noise of 4 per cent
(~ 0.12 km s~!, see main text for reasoning) is added to each
theoretical group velocity prior to the recovery test. The inver-
sion utilizes the same inversion algorithm and regularization pa-
rameter as those deployed on the actual data. The output model
shows considerable spatial variations, though the overall amplitude
and pattern (or, the lack of there of) are considerably different
from those of a more realistic initial model (i.e. zonal). The largest
perturbations shown in extreme dark and light colours do not co-
incide with our key observations of interests (e.g. fast velocities
beneath the Loverna Block and low velocities under the Alberta
basin) (http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggv100/-/DC1).
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tent or functionality of any supporting materials supplied by the
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