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Abstract:

We present fundamental-mode Rayleigh-wave azimuthally anisotropic phase-velocity
maps in the period range 20-150 s for western Laurentia and the southern Canadian
Cordillera in western Canada. These maps offer new constraints on the depth distribution
of seismic anisotropy in this region using data from several recent seismic arrays. At
short periods (20-25 s), strong anisotropy with an orogen-parallel fast direction appears in
the Cordillera and neighbouring foreland belt, suggesting pervasive ductile deformation
in the lower crust during the Cordillera orogenesis. At periods of 70 s and higher, a zone
of low-to-zero azimuthal anisotropy occurs in the southern part of the Cordillera,
indicative of weak asthenospheric anisotropy likely due to some combined effects of slab
window, lithospheric delamination and edge-driven convection. Depth-variant azimuthal
anisotropy is also found beneath the cratonic part of the study region. The dominant
directions of fast wave propagation in the southeastern part of the craton change from N-
S at periods of <120 s to NE-SW at 150 s period, which is interpreted as evidence for
different origins of the observed anisotropy with frozen-in anisotropy in the cratonic

lithosphere and flow-driven anisotropy in the asthenosphere.
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1. Introduction

In response to the intensive tectonic strains through long periods of geological time, the
intrinsically anisotropic crustal (e.g., mica and amphibole) and mantle (e.g., olivine and
pyroxene) minerals could form preferred alignments that give rise to the detectable
seismic anisotropy, that is, the direction or polarization dependence of seismic
wavespeeds [Crampin et al., 1984; Silver, 1996]. Seismic azimuthal anisotropy appears
in various types of seismic data [Forsyth, 1975; Montagner and Tanimoto, 199T;

Plomerov et al., 2002; Savage, 1999; Shearer and Orcutt, 1986] and the fast direction of

wave propagation has been widely used as an indicator of the directions of maximum
deformation during the past and more recent tectonic events [Nicolas and Christensen,
1987]. In the lithospheric mantle, the lattice preferred orientation of olivine is often
attributed to “frozen-in” fabric formed by past deformation processes [Ismail and
Mainprice, 1998], whereas in the asthenosphere seismic anisotropy is usually related to

present and recent mantle flow [Adam and Lebedev, 2012; Deschamps et al., Zuus,

Marone and Romanowicz, 2007].

The most commonly used technique for investigating seismic azimuthal anisotropy
beneath continent is shear-wave splitting [Savage, 1999], which provides high lateral
resolution but poor vertical resolution due to the near-vertical ray path. As a consequence,

the interpretation of shear-wave splitting observations is controversial [Savage, 1999;
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Silver, 1996]. In some regions, the fast-propagation azimuths from shear-wave splitting
follow regional tectonic structure,@cative of a lithospheric origin, while other regions
show large scale coherent fast-propagation directions that parallel to those of the absolute
plate motion, suggesting an asthenospheric origin [Vinnik et al., 1992][Bockleman and
Silver s@]. Surface waves can offer the much needed vertical resolution to provide
essential constraints on the depth distribution of seismic anisotropy [Gaherty, 2004;
Montagner and Tanimoto, 1991]. Global and continental scale tomographic models from
surface wave modelling have depicted different patterns of azimuthal anisotropy in the
continental lithosphere and asthenosph@)ebayle et al, 2005, Marone and
Romanowicz, 2007; Montagner and Tanimoto, 1991; Yuan and Romanowicz, 2010].
Regional-scale studies using surface wave data from dense broad-band arrays have been
producing increasingly high resolution 3-D models of anisotropy and thus significantly
improving our understanding of continental deformation [Chen et al., 2015; Darbyshire
et al., 2013; Darbyshire and Lebedev, 2009; Fry et al., 2010; Li et al., 2003; Lin et al.,

2011; Pawlak et al., 2012; Pedersen et al., 2006; Yao et al., 2010].

In the current study, we present azimuthally anisotropic Rayleigh-wave phase-velocity
maps for western Canada. The tectonics of western Canada is characterized by a
transition from the Phanerozoic Cordilleran orogen in the west to the Precambrian craton
in the east (Figure 1), making this region an excellent natural laboratory to study

continental dynamics in terms of cratonic evolution and plateau deformation. The eastern
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part of our study region belongs to Laurentia, the continental nucleus of North America.
The assembly of this part of Laurentia is thought to have occurred in the ca. 2.0-1.8 Ga
timeframe through a series of complex processes that evolved plate collision and/or
terrane accretion among the diverse domains [Hoffman, 1988; Ross, 2002]. Following the
assembly of these Precambrian domains, a thick Proterozoic passive-margin sequence
developed along the western flank of Laurentia. This margin was further modified by
tectonic accretion and orogenic activity in the Canadian Cordillera since the Jurassic

[Cook, 1995].

The rich tectonic history of this region has inspired a lot of geophysical studies. The
intricate crustal domains in the east buried beneath the West Canada Sedimentary Basin
(Figure 1) and their relationships have been examined since about three decades ago by
analysis of regional gravity and magnetic field, seismic reflection and refraction profiles
and geochronological data [Ross et al., 1991, 2000; Ross, 2002; and references therein].
These efforts are considerably complemented by a variety of passive seismological
studies and magnetotelluric surveys, which provide more constraints on the
heterogeneities of the lithosphere-asthenosphere system beneath western Canada [Bao
and Eaton, 2015; Bao et al., 2014; Boerner et al., 1999; Cassidy, 1995; Dalton and
Gabherty, 2013; Dalton et al., 2011; Gu and Shen, 2015; Gu et al., 2015; Kao et al., 2013;
Mercier et al., 2009; Nieuwenhuis et al., 2014; Shragge et al., 2002]. However, the

azimuthal anisotropic information on the deep structure of the study area has only been



studied by a few SKS-splitting observations [Courtier et al., 2010; Currie et al., 2004;
Shragge et al., 2002; Zalt et al., . The Rayleigh wave azimuthal anisotropy at
different periods obtained in this paper provides the complementary knowledge on the
depth distribution of anisotropy to further our understanding of the complicated

geodynamic processes in western Canada.
2. Data set and Traphic inversion

Fundamental-mode Rayleigh wave data utilized in this study are from 19 stations of the
Canadian National Seismograph Network (CNSN), 9 stations of the Alberta Telemetered
Seismograph Network (ATSN), 19 stations of the Canadian Rockies and Alberta Network
(CRANE) [Gu et al., 2011], and 39 stations from USArray (Figure 1). We selected 583
shallow and intermediate-focus events (depths < 100 km) in a distance range of 20°-120°
with magnitude larger than 6 in the 2006 to 2013 time period. The inter-station Rayleigh-
wave phase-velocity dispersion curves were extracted from high-quality records using a
cross-correlation method [Bao et al., 2011; Yao et al., 2006]. The two-station cross-
correlation method can remove path effects between the earthquake source and the
seismograph network and the influence due to the errors of source parameters, and is,
therefore, a powerful tool for regional studies of the lithosphere and asthenosphere
structure [Yao et al., 2006]. The number of Rayleigh-wave phase-velocity measurements

varies with period with a maximum of ~1400 at 50 s period. The detailed descriptions of
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the data analysis are given in two relevant papers [Bao and Eaton, 2015; Bao et al., 2014]
and will not be repeated here.

From the resulting dispersion data, we used a linearized 2D inversion method [Bao et
al., 2013; Xu et al., 2013] to construct phase-velocity maps at 1°X 1° grid spacing for the
study region. Using ray theory, for each inter-station path, the predicted frequency-
dependent travel time #®) was obtained from the measured phase-velocity distribution
6, d, ®)

t@)=fc(6,¢,w)ds , )
where o is frequency and 6, ¢ specify coordinates of the geographical points along the
path. The inversion problem can be expressed in the form of Gm = d + e, where the
vector d contains the observed travel-time residuals relative to the reference model
(usually the average phase velocity at each period) and the vector m denotes the model
parameters (isotropic phase velocities and azimuthally anisotropic coefficients). The
sensitivity matrix G is known from the forward problem. To estimate m we minimized
the following objective function
E = || Gm-d| P+’ jm| *+¢[Lm|[*. @
The first term in eq. (2) measures the data misfit; the second is a model regularization
term; and the third term is a Laplacian smoothing constraint, where L is the 2D finite-
difference Laplacian operator, and A and ¢ are the damping and smoothing factors,
respectively. User-defined regularization parameters were selected based on a series of

tests. The parameter A constrains the inversion in order to reduce deviation from the a



priori velocity model, such that a large value of A results in small perturbations.
Similarly, a larger ¢ results in a smoother model. We selected values for A and ¢ that, in
our experience, appropriately balance the data misfit, model damping, and smoothness.
The resulting sparse system of equations was solved using the LSQR algorithm [Paige
and Saunders, 1982].

To solve for azimuthal anisotropy, we can express Rayleigh-wave phase velocity ¢ as a
function of azimuth :

c(0, 9, w) = Apg(w) + A1 (w) cos(2Y) + 4, (w)sin(2Y) + A3(w) cos(4y) +

Ay (w)sin(4y) (3)

where A, is the azimuthal averaged phase velocity and A;-A4, are azithumal anisotropic
coefficients [Smith and Dahlen, 1973]. We can ignore the 41 terms because they are very
small [Li et al., 2003; Montagner and Nataf, 1986; Yao et al., 2010]. The peak-to-peak
amplitude of anisotropy is expressed as ZM /A,, and the fast wave propagation

direction is represented as arctan(4,/A,)/z
3. Results

In order to test the robustness of the anisotropic results, a series of synthetic tests were
performed. First, we created a purely isotropic checkerboard model, consisting of
alternating positive and negative anomalies with magnitude of 5 % above or below the
average phase velocity at the corresponding period, respectively. Synthetic phase-velocity

data were calculated according to the actual inter-station path, and 2.5% random error in
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phase velocity was added to mimic the errors in real data. These data were then used as
input to the same inversion procedure described above, using of the same damping and
smoothing parameters. Figure 2 shows that the checkerboard velocity pattern is generally
well recovered. An important element of this test is to show that the leakage of the
anisotropy into the model is weak. The spurious anisotropy shows strong lateral variation
and is approximately less than 1% in magnitude. Second, a checkerboard anisotropic
model was created with the fast azimuthal axis oriented NE-SW and NW-SE for Rayleigh
waves, from which synthetic phase-velocity data were calculated as @Lid above. The
anisotropic patterns for Rayleigh waves are generally re@tmcted (Figure 3). To
examine further the robustness of the models and the leakage between isotropic and
anisotropic structure, we took a phase-velocity map obtained from the Rayleigh-wave
data set at a period of 70 s, removed either the isotropic or anisotropic part, and then
reinverted it. Reconstruction results show that, in general, the leakage between isotropic
phase velocity and anisotropic parameters was s@(Figure 4). It is also clear that the
artificial anisotropy caused by the leakage of the isotropic heterogeneity shows rapid

variations in contrast to the smooth distributions of anisotrop@t we imagge hich

suggests that the effect of the trade-offs on the imaged anisotropy is likely to be limited.

In Figure 5, we represented the azimuthally anisotropic phase-velocity maps at periods
from 25 to 150 s, which are sensitive to the velocity structure in a depth range from the

lower crust to the uppermost mantle. Throughout the period range considered here, the
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striking feature of the isotropic velocity distribution is the pronounced structural
transition from the high velocities within the craton in the northeast to the much lower
velocities beneath the Cordillera in the southwest. This regional pattern of isotropic
velocity distribution is similar to our previous models from isotropic tomography
inversion, suggesting that the isotropic phase velocities do not significantly depend on

whether azimuthal anisotropy was taken into account in the inversions.

Figure 5 also displays the pronounced variations of azimuthal anisotropy with period in
our model. At short periods (25 s) that mainly sample the lower crust, we observe an
orogen-parallel fast direction (nearly NW-SE) in the Canadian Cordillera and the
neighbouring foreland belt, where the peak-to-peak magnitude of anisotropy is the
strongest (up to 4%). However, the azimuth anisotropy tends to fade obviously to the
interior of the craton at this period, forming a zone of low-to-null azimuthal anisotropy in
the east. At intermediate periods (40 s and 50 s) primarily sampling the uppermost
mantle, the eastern part of the craton is characterized by relatively weak anisotropy,
trending in an N-S fast-propagation direction. At these periods, the southern part of the
Canadian Cordillera shows a noticeable decrease in the anisotropy amplitude and changes
of the fast Rayleigh wave propagation direction to nearly N-S. At long periods (70 s and
90 s), the peak-to-peak anisotropy increases to 2.0%-2.5% in the southeastern craton
region, reflecting the stronger shear velocity azimuthal anisotropy in the middle

lithosphere. The N-S trending azimuthal anisotropy of the southeastern craton persists to
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periods of 100 and 120 s, corresponding to the depth range of the mid-lower lithosphere
under the craton.

On the other hand, a zone of nearly low-to-zero azimuthal anisotropears in the
southern Canadian Cordillera at periods of 70 s and more, indicating the weaker shear
velocity azimuthal anisotropy in the asthenosphere because of its much thinner
lithosphere beneath the Cordillera [Bao et al., 2014]. At periods of 150 s that increasingly
sample the asthenosphere beneath the craton, the fast-propagation directions in the

southeastern craton change towards NE-SW.

4. Discussion

One of the most striking features of our model is the strong orogen-parallel
anisotropy around the lower crustal depth beneath the Canadian Cordillera and the
neighbouring foreland belt. The NW-SE trending strong anisotropy is perpendicular to
the regional maximum horizontal compressional stress [Reiter et al., 2014] and indicates
the pervasive deformation in the lower crust outboard of the craton. The main sources for
crustal anisotropy include shape-preferred orientation (SPO) of cracks in the upper crust
and lattice preferred orientation (LPO) of anisotropic crustal minerals (e.g., mica and
amphibole) in the mid-lower crust due to intensive, regionally coherent strain [Crampin
et al., 1984]. Thus the strong anisotropy in the lower crust we imaged here is likely to be
caused by LPO of amphibole and/or mica formed during past tectonic events. Since the

Jurassic, the Cordilleran orogenesis has dominated the tectonic evolution to the west

11
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[Cook, 1995], which was initiated by the oblique plate convergence along the western
margin of North America. The accompanying compression stress field may probably
have aligned LPO of amphibole and/or mica in the lower crust perpendicular to the
direction of the regional stress, manifested as the orogen-parallel anisotropy we observed
in this study. Similar orogen-parallel anisotropy have been detected in several previous
works. For instance, Fry et al. [2010] imaged pervasive orogen-parallel anisotropy above
30 km in the central Alps using ambient noise tomography. With surface wave
tomography, Deschamps et al. [2008] found that directions of fast wave propagation in
the upper lithosphere (30-70 km depths) beneath the east-central United States are
parallel to the Grenville and Appalachian fronts. The pervasive orogen-parallel
deformation fabrics observed by these studies suggest that broad continuously distributed
deformation may be a common phenomenon in continental collision zones, which occurs
not only in the upper crust [Zhang et al., 2004] but also in the mid-lower crust likely
through ductile flow.

Another pronounced feature of our results is the low-to-zero azimuthal anisotropy
in the asthenosphere beneath the southern Canadian Cordillera. The weak azimuthal
anisotropy from our surface wave tomography agrees well with the null-splitting
measurements of SKS-splitting [Currie et al., 2004], which may be ascribed to a regional
vertical mantle flow. The possible causes for the vertical mantle flow in this region may
include the delamination of lithospheric mantle, slab window and edge-driven

convection. Based on surface wave tomography, the rapid uplift of the southern
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Canadian Cordillera has been interpreted as the result of lithospheric delamination [Bao
et al., 2014], which may shift fast seismic velocity direction from horizontal to vertical,
as shown in the Great Basin region [West et al., 2009]. In addition, slab window-
induced asthenospheric flow has also been proposed to explain the null splitting
observation [Zandt et al.,, 2009] and intraplate volcanism [Thorkelson et al., 2011] in
the Canadian Cordillera. Furthermore, the vertical flow component of the edge-
driven convection [Hardebol et al., 2012] caused by the sharp change of lithospheric
thickness from the Cordillera to the craton may also contribute to the weak
azimuthal anisotropy. Thus the different patterns of azimuthal anisotropy at
different depth (periods) in the Cordillera reflect the impacts of its complex tectonic
evolution.

Depth-variant azimuthal anisotropy also seems to appear in the eastern part of
the craton region. At periods sampling the upper-middle cratonic lithosphere (40 -
120 s), the dominant directions of fast wave propagation are N-S, whereas at a
period of 150 s sampling the lower lithosphere and asthenosphere, the fast wave
azimuths change towards NE-SW close to the absolute plate motion of the North
American plate. Previous shear wave splitting measurements also suggested the
existence of multiple layers of anisotropy in this region. Significant azimuthal
variations in the shear wave splitting parameters with a 90° periodicity were
observed in the two stations (WALA and EDM, as shown in Fig. 1), which is

indicative of layered anisotropy [Currie et al., 2004]. Further modeling by Currie et
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al. [2004] suggested an upper layer of anisotropy with a nearly N-S fast direction
(N12°E) and a lower layer of anisotropy with a fast direction of N81°E, which is
broadly coincident with the depth variation of Rayleigh wave azimuthal anisotropy
revealed in this study. Two layers of anisotropy beneath the North American craton
has also been imaged by other continental and regional scale tomography studies
[Darbyshire and Lebedev, 2009; Yuan and Romanowicz, 2010], with the upper layer
of “frozen-in” anisotropy and the lower layer of anisotropy caused by recent and

present-day mantle flow.

5. Conclusions

The depth distribution of azimuthal anisotropy in western Canada was obtained
through regional Rayleigh-wave tomography for the first time. Our azimuthally
anisotropic phase-velocity maps reveal a pronounced orogen-parallel anisotropy in
the Cordillera and its foreland belt at short periods mainly sampling the lower crust.
This together with other similar observations supports pervasive ductile
deformation in continental collision zones. A zone of low-to-zero azimuthal anisotropy
in the southern part of the Cordillera appears in the periods sampling the asthenosphere
there, which is likely due to the complex vertical asthenospheric flow pattern caused by
the combined effects of slab window, lithospheric delamination and edge-driven
convection. The southeastern part of the craton is characterized by two layers of

anisotropy with seismic fast directions of nearly N-S at periods of <120 s mainly
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sampling the lithosphere and fast azimuths of NE-SW at a period of 150 s penetrating
into the asthenosphere. This is consistent with SKS-splitting observation, probably
indicating the “frozen-in” anisotropy in the cratonic lithosphere and the asthenospheric

anisotropy formed by the shear deformation of present-day and recent mantle flow.
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Figure Captions

Fig. 1. Topography map of the study region showing main crustal domains with
broadband seismic stations and SKS splitting measurements superimposed. Blue dots are
Alberta Telemetered Seismic Network, green diamonds are stations from CRANE array,
red dots show Canadian National Seismic Network, and blue diamonds show stations
from USArray. Short bars represent SKS splitting parameters (Blue ones from Currie et
al. [2004], red ones from Zalt el al. [2009], purple ones from Shragge et al. [2002], white
ones from Courtier et al. [2010]). For stations WALA and EDM, the blue and green bars
present the splitting parameters for the upper and lower anisotropic layers, respectively
[Currie et al., 2004]. Black circles specify null splitting measurements. Black lines show

the boundaries of crustal domains beneath the Western Canada Sedimentary Basin. Na-
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Nahanni; FS-Fort Simpson; Ho-Hottah; GB-Great Bear; KC-Ksituan and Chincaga;
BHT-Buffalo Head terrane; Ta-Taltson, Wa-Wabamun; Th-Thorsby; Ri-Rimbey; La-
Lacombe; Lo-Loverna Block; VS-Vulcan Structure; EH-Eyehill High; MHB-Medicine

Hat Block; STZ-Snowbird Tectonic Zone; GSLsz-Great Slave Lake shear zone.
Fig. 2. Isotropic checkerboard reconstruction result for 50 s pe@

Fig. 3. Anisotropic checkerboard reconstruction for 50 s period. (a) checkerboard model

of azimuthal anisotropy; and (b) recovery of azimuthal anisotropy.

Fig. 4. Leakage tests based on phase-velocity map at 70 s period. (a) result from isotropic

component only. (b) result from anisotropic component only.

Fig. 5. Inversion results of isotropic phase velocities and azimuthal anisotropy for the
study region. The isotropic phase velocity is plotted relative to the average phase velocity
at the corresponding period. The black bars show the peak-to-peak magnitude and fast

propagation direction of azimuthal anisotropy.
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