
1. Introduction
Cratons are large domains of continental crust, which have experienced little internal deformation and have 
maintained long-term stability since their formation during the Archean epoch. Most cratons are composed 
of numerous distinct terranes formed relatively early in Earth's history and are assembled by processes 
that continue being debated (Hawkesworth et al., 2017; Lee et al., 2011; Percival et al., 2012; Wyman & 
Kerrich, 2009).

Seismic anisotropy, the dependence of seismic velocity on the direction of wave propagation, is a proxy for 
deformation in the interior of the Earth (Silver, 1996). Past tectonic episodes are likely to leave their record 
in the anisotropic structure of continental lithosphere (Long & Becker, 2010). Observations of birefringence 
(splitting) in core-refracted shear waves (e.g., an SKS phase) attest to the common presence of anisotropy 
in the upper mantle (Savage, 1999; Vinnik et al., 1984), with a global average splitting time of ∼1 s (Sil-
ver, 1996; Figure S1).

Abstract We use splitting in core-refracted teleseismic shear waves (SKS, PKS, and similar) to 
investigate anisotropic properties of the upper mantle beneath the Superior craton in eastern North 
America and the Yilgarn craton in Western Australia. At four sites in each craton, we assemble extensive 
data sets that emphasize directional coverage, and use three different measurement methods to develop 
mutually consistent constraints on the nature of splitting and on the likely anisotropic properties that 
cause it. In both cratons, we see evidence of clear directional variation in both delays and fast polarization 
directions, as well as lateral differences between sites. Relatively small (0.3–0.8 s) amounts of splitting 
imply weak anisotropy within 150–220 km thick mantle lithosphere. Anisotropy in the asthenosphere 
likely contributes to splitting in North America where fast directions align with absolute plate motion, but 
not in Western Australia where fast polarizations and plate motion are nearly orthogonal.

Plain Language Summary Cratons, areas of the continents that did not deform for a billion 
years or more, are the only record of the geological events from the first half of Earth's existence. Large-
scale deformation of the rigid lithosphere of cratons is expected to imprint a systematic fabric within 
its rocks. This fabric makes the speed of seismic waves dependent on direction (anisotropic) and causes 
birefringence (splitting) in horizontally polarized (shear) waves from distant earthquakes. Surprisingly 
low level of birefringence is seen in many cratons, suggesting weak anisotropy and by inference—a 
poorly developed systematic fabric within them. Alternatively, competing effects of fossil anisotropy in 
the lithosphere and the anisotropy due to present-day deformation beneath it can result in cancellation of 
birefringence. We measured splitting in large data sets from the Yilgarn craton of Western Australia and 
the Superior craton in eastern North America. We confirm the small amount of splitting in both areas and 
rule out mutually canceling effects of anisotropy within and beneath the lithosphere. This suggests weak 
anisotropy in the lithosphere of both cratons. Directions of tectonic plate motion suggest that anisotropy 
due to deformation beneath the lithosphere affects our measurements in North America but not in 
Australia.
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Despite their long histories, some cratons exhibit low levels of shear wave splitting (Chen et al., 2018; Heintz 
& Kennett, 2005; Silver et al., 2001). However, existing studies are often limited in the number of measure-
ments and the range of wave propagation directions. Observations of splitting in shear waves are expected 
to vary directionally when the anisotropic structure is complex (Levin et al., 1999; Long & Silver, 2009; Silver 
& Savage, 1994), making interpreted anisotropic structures beneath cratons less certain. In particular, multi-
ple layers of different anisotropy beneath cratons (Debayle et al., 2005; Gung et al., 2003; Yuan & Romanow-
icz, 2010) can result in apparently weak shear wave splitting signal. Records of core refracted waves from 
multiple directions are needed to resolve the ambiguity making multi-year observing periods necessary.

Weak splitting was previously reported in the Yilgarn craton in Western Australia (Heintz & Kennett, 2005) 
and the eastern Superior craton in North America (Chen et al., 2018; Darbyshire et al., 2015). The 2.6 Ga old 
Yilgarn craton (Champion & Smithies, 2007; Griffin et al., 2004; Figure 1a) includes terranes as old as 3.8 Ga. 
While subduction-like processes likely shaped the Eastern Goldfields terrane, both plumes and subduction 
episodes were proposed for others (Czarnota et al., 2010; Van Kranendonk et al., 2013; Wyman, 2019). Con-
solidated at nearly the same time, the Superior craton consists of lithologically and structurally distinct lin-
ear subprovinces (Card, 1990; Percival, 2007). Percival et al. (2012) proposed subduction as the main agent 
of Superior craton formation, although alternative views do exist (e.g., Bedard & Harris, 2014). The Yilgarn 
and Superior cratons did not come into contact during the supercontinental assemblies of Pangea (Muttoni 
et al., 2009), Rodinia (Y. Li et al., 2008), and Nuna/Columbia (Nance et al., 2014). Their independent forma-
tion and evolution paths make them good locations to perform comparative studies of cratonic lithosphere.

We develop detailed descriptions of shear wave splitting patterns in the Superior and Yilgarn cratons. Us-
ing data from long-operating sites, we apply three mutually consistent methods to evaluate directionally 
variable splitting in multiple types of core-refracted waves. We confirm the overall finding of a very weak 
splitting signal and argue that it most likely reflects the absence of strongly developed fabric in the mantle 
lithosphere of these cratons.
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Figure 1. Tectonic elements, plate motions, and average measurements. Inset shows locations of two areas. Red 
arrows—plate motion directions in NUVEL-HS3 reference frame. Splitting measurements (sticks aligned with fast 
polarization and scaled with delay) are shown at corresponding sites (labeled): site averages φa and δa—green, best-fit 
values φf and δf—orange, and RNULL—yellow circles. See Section 2 for definitions of parameters. Tectonic units: (a) 
Yilgarn: NR—Narryer Terrane, SW—Southwestern Terrane, EG—Eastern Goldfields Super-terrane, and YM—Youanmi 
terrane; (b) Superior: LG—La Grande Subprovince, OP—Opatica Subprovince, and AB—Abitibi Terrane.
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2. Methods
Shear wave splitting methods using records of individual seismic phases (Silver & Chan,  1991; Vinnik 
et al., 1984) estimate apparent anisotropy along their raypaths. The drawbacks of this approach, such as the 
disagreement between different algorithms, and the systematic failures of measurements near the true fast 
polarizations are well documented (e.g., Wüstefeld & Bokelmann, 2007). We follow procedures described 
and illustrated in Chen et al. (2018) and Li et al. (2019), and summarize technical details in Text S1. Spe-
cifically, we combine insights from multiple measurements on single records with results from two other 
techniques: measurements of splitting intensity (SI) (Chevrot, 2000) and inversion for anisotropy param-
eters in a single layer of anisotropy (Menke & Levin, 2003). All three techniques represent the real aniso-
tropic structure beneath an area by a single anisotropic layer with a horizontal symmetry axis. The first two 
methods provide estimates of “apparent” splitting parameters for the chosen location while the third adds 
an extra constraint on the “average” anisotropic properties within an anisotropic layer, subject to geometric 
assumptions. Thus, the single-phase measurements make sure that we make a thorough examination of all 
the data available at a site, while the integration of three methodologies documented in the paper gives us 
extra confidence in our interpretation.

Primary parameters produced by our analysis are (a) fast polarization directions, splitting delays, and SI 
values for individual shear wave records, (b) site-average values of fast polarization φa and delay δa obtained 
separately for delays and fast polarizations of all non-NULL measurements (Text S1), (c) best-fit values of 
fast polarization φf and delay δf calculated from the directional dependence of SI values, and (d) orienta-
tion of the horizontal fast symmetry axis φs and the strength of anisotropy in a layer. Given a full trade-off 
between anisotropy strength and layer thickness, we fix the latter at 100 km. We compute a ratio of counts 
of NULL and non-NULL measurements for each site (RNULL), and evaluate delay predicted for a vertically 
propagating S wave in the layer with anisotropy strength determined by the inversion. Taken together, these 
internally consistent metrics provide a more nuanced description of the anisotropic properties beneath the 
sites we have studied and make the comparisons of different locations more meaningful.

3. Data
The areas we investigate have few long-operating seismic stations. In this study, we focus on a detailed and 
thorough analysis of data only at representative sites with high quality data and good directional coverage 
(see Text  S2 for the site selection). We chose four locations per craton, each within a different terrane, 
thus probing the lithosphere with a different history. In the Yilgarn craton, we use records from 55 earth-
quakes between 2010 and 2019 with magnitudes above 6 (Figure S3a) recorded at stations KMBL, MEEK, 
MORW, and MUN (Australian National Seismograph Network, http://ds.iris.edu/mda/AU, Table S1). In 
the Superior craton, we use permanent stations MATQ, NMSQ, and WEMQ (POLARIS stations in Quebec, 
http://ds.iris.edu/mda/PO, Table S1) and temporary sites QM76, QM78, and QM80 (QMIII Flexible Array, 
http://ds.iris.edu/mda/X8) separated by distances ∼20 km, which we combined into a composite location 
“QMX3.” We use records from 144 earthquakes between 2005 and 2015 with magnitudes above 5.5 (Fig-
ure S3b). A subset of records from “QMX3” location was discussed in Chen et al. (2018), which provided 
illustrations of waveforms and measurement procedures.

4. Results
We document our results for the sites with representative patterns of shear wave splitting (two per craton, 
Figure 2). Other sites are shown in the supplement, along with a table containing all the measurements for 
individual records. In Table 1, we present values for average and best-fit values for all sites.

4.1. Yilgarn Craton

We obtained 223 (62 PKS + 53 SKS + 104 SKKS + 4 SKiKS) new measurements of shear wave splitting 
and SI, with 45–65 measurements per site. Of these, 85 are non-NULL splitting measurements and 138 are 
NULL measurements (Table S1).
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Averaged splitting parameters are similar at KMBL, MEEK, and MORW (Table S1), with φa = 76°, 76°, and 
64° respectively, whereas at site MUN φa = 104°, which is ∼30° different. We can observe directional vari-
ations of fast polarization at all four sites (Figures 2 and S3). Average delays are relatively consistent, with 
δa between 0.5 and 0.7 s at all sites. In addition, at each individual site, we have a large number of NULL 
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Figure 2. Measurements for representative sites KMBL, MUN, MATQ, and QMX3 (see Figure 1 for locations). Parts (a, d, g, and j) are stereo-plots of all 
splitting measurements (red bars aligned with fast polarization, North is up, scaled with delay) and NULL observations (circles) plotted according to their rays 
back azimuths (positive clockwise from 0° to 360°, grid step 15°) and incident angles (increasing from 0° at the center to 18° at the edge of the plot, grid step 3°). 
Black bar to the right of (a) shows 1 s scale. Parts (b, e, h, and k) are splitting intensity measurements (red circles with 95% confidence intervals) and sinusoid 
functions fitted to them (blue) and predicted based on φa and δa for the site (green). Parts (c, f, i, and l) are normalized error surfaces of the parameter search 
for the strength of anisotropy (%) and the azimuths of the fast axis φs. Contours are spaced at 5% of the full error range. Yellow circles represent parameter 
combinations with errors within 2% of the best-fitting combination (red asterisk).
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measurements that can be observed from nearly all back azimuths. All four sites have RNULL values above 1, 
with KMBL being the smallest of just above 1, and MEEK the largest with 2.6.

At all sites, SI measurements fall within ±1 s, with most being close to 0 (Figures 2 and S3). Values of δf are 
in the range of 0.2–0.6 s, and systematically smaller when compared with the corresponding δa values, with 
KMBL having the closest match with δf = 0.6 s and MUN the largest mismatch with δf = 0.2 s (Figure 2). 
Fast polarization values match within 10° at all sites (Table 1).

Results from single-layer inversions (Figures 2c and 2e) show a good agreement with the other two meth-
ods, with best-fit φs values within 10° of both site average and best-fit values, and predicted delays δs in the 
range 0.4–0.8 s. The error surface plots show that a range of fast polarizations within ±15° of the best value 
fit the data equally well, and also suggest that significant anisotropy is required at site KMBL only, with a 
best fit of 3% within 100 km. At the other three sites data are fit well with anisotropy strength of 1% or even 
lower.

4.2. Superior Craton

We made 263 (34 PKS + 134 SKS + 69 SKKS + 1 PKIKS + 25 SKiKS) measurements of shear wave splitting 
and SI, with 142 non-NULL splitting measurements and 121 NULL measurements. Individual sites have 
47–87 measurements (Table S1). All four sites have similar averaged splitting parameters, with φa = 50°–85° 
and δa between 0.4 to 0.6 s (Table 1). Directional variations of fast polarization directions measured from 
individual records and NULL measurements from nearly all back azimuths are found at all sites. RNULL 
values are not as high as in the Yilgarn craton, ranging from 0.6 at site MATQ to 1.7 at site WEMQ. SI 
measurements are largely within 1 s at all locations. Their directional patterns yield δf estimates within 0.1 s 
of corresponding δa values, and fast polarization estimates φf are within 5° of the corresponding φa values 
(Table 1). Results from single-layer inversions (Figures 2i and 2l) show a good agreement with the other 
two methods. Best estimates of the fast symmetry axis orientation values are within 5° of both φf and φa for 
their respective sites, and estimates of δs for best-fitting anisotropy strength values are within 0.1 s of δa and 
δf. Ranges of acceptable values in error surfaces are fairly large. At site MATQ in particular, both very small 
amounts of anisotropy and values up to 5% fit data equally well, suggesting a relatively poor constraint on 
this parameter in the inversion. At other sites, maximum possible anisotropy strength is lower. Orientations 
of fast axes are constrained within a range of ±15°.
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φa δa φf δf φs δs δs RNULL APM

Yilgarn

 KMBL 76° 0.7 s 76° 0.6 s 75° 3% 0.75 s 1.1 6°

 MEEK 76° 0.6 s 68° 0.2 s 75° 2% 0.50 s 2.6 7°

 MORW 64° 0.6 s 71° 0.3 s 70° 2% 0.50 s 1.7 9°

 MUN 104° 0.5 s 113° 0.2 s 110° 1.5% 0.375 s 1.3 10°

Superior

 MATQ 72° 0.6 s 78° 0.7 s 75° 3% 0.75 s 0.6 247°

 NMSQ 51° 0.6 s 50° 0.5 s 50° 2.5% 0.625 s 0.7 246°

 WEMQ 58° 0.5 s 58° 0.4 s 60° 1.5% 0.375 s 1.7 245°

 QMX3 85° 0.4 s 87° 0.3 s 90° 1.5% 0.375 s 1.0 247°

Note. φa and δa: averaged observed splitting parameters, and δf: splitting parameters estimated using a weighted SI; φs 
and δs, splitting parameters estimated from the best-fitting model in single-layer inversion, percentage of anisotropy δs 
(%) is unitless, δs (s) is an equivalent of δs (%) in seconds; RNULL: fraction of NULL measurements; APM in NUVEL1A-
HS3 model.
Abbreviations: APM, absolute plate motion; SI, splitting intensity.

Table 1 
Measurements and Selected Information for Individual Sites
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4.3. Comparison Between Yilgarn and Superior Craton

The cratons we studied show considerable similarity in the nature of shear wave splitting observations. At 
all sites, we find evidence for birefringence in core-refracted shear waves. The average delay values are be-
tween 0.3 and 0.8 s, significantly smaller than the global average of ∼1 s (Long & Silver, 2009; Silver, 1996; 
Figure S1). NULL observations are present at all sites as well, and often from the same directions as obser-
vations yielding reliable estimates of splitting parameters. At some locations, there are more NULL obser-
vations than non-NULL measurements. Fast polarization directions vary with backazimuths at all sites. 
Neither craton has a uniform pattern of shear wave splitting, with both delays and fast polarization orien-
tations at individual sites within each craton varying over distances of a few hundreds of kilometers. Both 
cratons have locations where the amounts of splitting are relatively large (KMBL in the Yilgarn, MATQ and 
NMSQ in the Superior), and also sites where they are very small (MUN in the Yilgarn, QMX3 and WEMQ 
in the Superior).

One distinction is that the sites in the Superior show a high degree of internal consistency for the three 
methods, while in the Yilgarn there are noticeable differences in values of δa and δf at all sites except KMBL. 
Correspondingly, high values of RNULL in the Yilgarn suggest that the difference stems from the inclusion of 
records that yield NULL splitting observations in the δf estimate.

5. Discussion
5.1. Comparison With Previous Studies

Previous studies of shear wave splitting find delays of 1 s or less in the Superior craton (e.g., Chen et al., 2018; 
Darbyshire et al., 2015; Frederiksen et al., 2007; Rondenay et al., 2000). In the Yilgarn craton splitting de-
lays ranked “good” by Heintz and Kennett (2005) also are under 1 s, and a large fraction of measurements 
consist of NULL results. Comparison of average fast polarization directions is complicated by differences 
in the sets of data included by various studies, especially those of Rondenay et al. (2000) and Heintz and 
Kennett (2005) where observations were collected over only a few months.

A significant improvement of our study is that we use long (up to 10 years) observing periods, emphasizing 
a nearly full coverage of possible back azimuths. In this way, small delay times in our individual measure-
ments are not biased by preferential observation of certain directions. Moreover, besides the commonly 
used SKS and SKKS phases, we also include phases such as PKS, SKKS, and SKiKS, broadening the range of 
ray parameters. Multi-year observing periods and inclusion of additional phases make directional variations 
in apparent fast polarizations more obvious at some of the sites (e.g., MATQ, Figures 2 and S5) while there 
is no apparent pattern at others (e.g., MUN and QMX3).

Studies using surface waves on global and regional scales suggest that the upper mantle is both radial-
ly and azimuthally anisotropic beneath both the Yilgarn and the Superior cratons (Darbyshire & Lebe-
dev, 2009; Debayle et al., 2005, 2016; Lebedev et al., 2009; Petrescu et al., 2017; Simons & van der Hilst, 2003; 
Yoshizawa & Kennett, 2015; Yuan et al., 2011). Both the magnitude of anisotropy and the orientation of fast 
shear wave polarization vary with depth, raising the possibility that multiple layers of different anisotropic 
properties provide mutually canceling contributions to the vertically integrated shear wave splitting signal. 
Recognizing that lateral resolution of most surface wave models is not sufficient to isolate upper mantle 
volumes affecting individual sites, we note that reported fast shear wave directions are not truly orthogonal 
beneath either the Superior (Petrescu et al., 2017; Yuan et al., 2011) or the Yilgarn craton (Simons & van der 
Hilst, 2003). Furthermore, to cancel the splitting in every terrane of the Yilgarn craton, lithospheric fabrics 
inherited from tectonic events 2.6 Ga or older need to match the current deformation in the asthenosphere 
very closely.

5.2. Shear Wave Splitting Results in the Geodynamic Context of Two Cratons

The shearing of the asthenosphere by the motion of tectonic plates is a likely source of anisotropy in the 
mantle and thus has to be reflected by the splitting of shear waves (Long & Silver, 2009). We compare aver-
aged fast polarizations with absolute plate motion (APM) directions in the NUVEL1A-HS3 model (Figure 1 
and Table  1). In the Superior craton, the averaged fast polarizations generally align well with the APM 
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direction, while at all sites in the Yilgarn craton, the averaged fast po-
larizations and the directions of the plate motion are nearly orthogonal. 
This disparity is especially puzzling in view of the fast rate of the Austral-
ian plate motion, and the insight from a global survey of continents by 
Debayle et al. (2005) that only beneath Australia is the fast polarization 
of shear wave speed in the asthenosphere consistent with the expected 
plate motion direction. A pertinent difference between the Superior and 
the Yilgarn cratons may be their lithospheric thickness relative to the ad-
jacent regions. While the oldest parts of the Superior craton are among 
the thickest lithosphere of the North America craton but with a relative-
ly flat lithosphere-asthenosphere-boundary (LAB) (Yuan & Romanow-
icz, 2010), the Yilgarn lithosphere is thinner than the areas to its east and 
the secondary variation to the LAB depth in the Yilgarn craton is pres-
ent (e.g., Simons et al., 2002; Yoshizawa & Kennett, 2015). As Australia 
moves rapidly northward (Figure 1), this local LAB topography variation 
may possibly result in a complex pattern of mantle flow. Indeed, a more 
localized study by Simons and van der Hilst (2003) shows laterally varia-
ble fast polarization directions at sub-crustal lithospheric depths.

5.3. An Argument for Weak Anisotropy in the Cratonic Mantle 
Lithosphere

At all sites in two cratons with independent tectonic histories, we observe 
small splitting delays and large fractions of NULL measurements. More-

over, all sites show directional variation of fast polarizations, and lateral differences in splitting patterns can 
be observed within each craton. For instance, sites MUN in the Yilgarn craton and QMX3 in the Superior 
craton have small delays and scattered fast polarizations, whereas sites KMBL in the Yilgarn craton and 
MATQ and NMSQ in the Superior craton show larger delays and more consistent directionally varying 
fast polarizations. Notably, in all cases, the total amount of splitting is significantly smaller than the global 
average value (Figure S1) or the values found in the immediately adjacent regions with younger lithosphere 
(e.g., Chen et al., 2018). Given that the mantle lithosphere beneath the regions we have studied extends to 
depths of 150–220 km, the vertically integrated strength of anisotropy within it cannot be large. Indeed, 
the notion of weak anisotropy in the lithosphere of the eastern Superior craton is in good agreement with 
low levels of azimuthal anisotropy of phase velocity of Rayleigh waves with periods of 140 s and shorter 
(Petrescu et al., 2017, see Figure S6), as well as the weak lithospheric SKS splitting predicted in the surface 
wave model of Yuan et al. (2011).

Lateral changes in the nature of shear wave splitting parameters on scales of hundreds of kilometers sug-
gest varying degrees of systematic rock fabric within the mantle lithosphere of individual cratons. Figure 3 
shows four general scenarios of rock fabric beneath cratons, each corresponding to one or more locations 
we have explored. Locations in the Yilgarn craton likely do not reflect a contribution from the deforming 
asthenosphere (Figures 3a and 3b). Site KMBL shows clear evidence of splitting well matched by a single 
layer of anisotropy that we believe reflects the nature of the relatively young Eastern Goldfields super-ter-
rane hosting it (Figure 3b). Other locations in the Yilgarn reside in older terranes (Czarnota et al., 2010), and 
their splitting patterns imply weakly developed, or absent, systematic fabric in the lithosphere (Figure 3a). 
Site MUN presents an especially complicated pattern possibly affected by its location close to the edge of 
the craton; however, the regional tomographic model of Yoshizawa (2014) does show a rather uniformly 
high-velocity lithospheric lid there.

In the Superior craton, average fast polarizations are nearly aligned with the APM (Figure 1), which makes 
a contribution of anisotropy from shearing of the asthenosphere likely (Figures 3c and 3d). Sites MATQ and 
NMSQ have relatively larger delays and show clear directional variations of fast polarizations (Figures 2 
and S7), which may reflect an additional contribution of anisotropy from the internal fabric preserved in 

CHEN ET AL.

10.1029/2021GL093861

7 of 9

Figure 3. Possible scenarios of rock fabric beneath cratons. Blue and 
orange rectangles stand for the lithosphere and the asthenosphere, while 
short sticks stand for different kinds of fabrics in the mantle. Type A has 
no systematic fabric either in the lithosphere or in the asthenosphere, 
whereas Type D has systematic fabric in both the lithosphere and 
asthenosphere. Types B and C only have systematic fabric in the 
lithosphere and asthenosphere correspondingly.
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the lithosphere of their respective terranes (Figure 3d). This contribution is less obvious at the other two 
locations, WEMQ and QMX3, where well developed fabric in the lithosphere is unlikely (Figure 3c).

In summary, we examined patterns of shear wave splitting in two cratons that formed and evolved far apart, 
paying special attention to directional variations of observed signals, and employing multiple methods to 
evaluate the amount of splitting. Consistently small splitting delay values we documented in both locations 
suggest weak anisotropy within their lithosphere, a feature that may be common to all cratons.

Data Availability Statement
All data can be accessed at the Data Management Center (DMC) of the Incorporated Research Institutions 
for Seismology (IRIS) and Portable Observatories for Lithospheric Analysis and Research Investigating 
Seismicity (http://ds.iris.edu/mda/PO). Figures are drafted using GMT (Wessel & Smith, 1991) and Matlab 
(R2016a).
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