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1. Introduction
Cratons are large domains of the continental crust which have experienced little internal deformation and 
have maintained long-term stability since their formation during the Archean epoch. This stability makes 
cratons the only places on Earth that retain the geological record from the first half of Earth's existence. 
Layering of seismic properties within the cratonic lithosphere is a major form of such preserved record. It 
was reported in Superior, Slave and Wyoming cratons in North America, the Western Australian craton, 
and the Kalahari craton in South Africa (Birkey et al., 2021; Ford et al., 2016; Savage & Silver, 2008; Snyder 
et al., 2013; Sun et al., 2018; Wirth & Long, 2014; Yuan & Romanowicz, 2010). The origin and nature of this 
layering is enigmatic. It may reflect unique tectonic histories of individual terranes within cratons, or alter-
natively it may be an inherent feature of the way all cratonic lithosphere was formed.

Abstract Layering within the cratonic lithosphere has been explored and reported in different 
cratons using a range of techniques. However, whether there exists a common feature in the lithosphere 
for all the cratons is not clear yet. In this study, we carry out a comparison study between the Yilgarn 
craton in Western Australia and the Superior craton in North America that have never been in direct 
contact throughout their tectonic history. To have a detailed description of the lithospheric layering in 
both cratons, we employ receiver function analysis with harmonic decomposition to characterize the 
anisotropic seismic structure beneath 4 long-operating sites in each craton. We can identify multiple 
unique anisotropic boundaries above 170 km at all sites in both cratons. Properties of the anisotropic 
boundaries are distinct both within and across the cratons. Our observation agrees with a commonly 
accepted view of the cratonic lithosphere consisting of at least two layers. Moreover, it adds new 
details to the previous view and reveals lateral variations of the anisotropic properties over distances 
of a few hundreds of kilometers. Such variations in anisotropic properties likely reflect the tectonic 
history predating the final assembly of cratons, and suggest horizontal movements are necessary for the 
formation of cratonic lithosphere.

Plain Language Summary Cratons, large areas within continents unchanged for 2 billion 
years or more, preserve the record of the early stages of Earth history in the structure of their long-lived 
thick lithosphere. We explored and compared internal structures of the lithosphere in cratons of Western 
Australia (Yilgarn) and North America (Superior). A key question we addressed was whether these 
internal structures are similar enough to suggest common processes for these (and by extension—all) 
cratons’ formation. We used seismic waves from distant earthquakes that acquire characteristic signatures 
when they traverse the lithosphere. We explored changes in seismic wave speeds with depth and detected 
the presence of systematic texture in the rocks making the lithosphere. The texture was a main focus of 
our study, as it likely reflects deformation imprinted when cratons were formed and deformed. At each of 
the eight locations with different geological histories recorded by surface rocks, we found unique patterns 
of changes in seismic speed and rock texture but no uniform features within cratons and little similarity 
between them. Our findings suggest that relatively small distinct terranes acquired their internal structure 
prior to being assembled into cratons and were strong enough to retain it during the assembly.
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Diverse lines of evidence support the notion of layering in cratonic lithosphere. Studies of suites of man-
tle xenoliths brought up in kimberlites show systematic variation in lithospheric chemistry with depth 
(Griffin et al., 2004; Lee et al., 2011; Perchuk et al., 2020). Moreover, some seismological studies (e.g., Abt 
et al., 2010; Lebedev et al., 2009; Morozova et al., 1999) report vertical changes in impedance, while others 
(e.g., Bostock, 1997; Ford et al., 2016; Levin & Park, 2000; Snyder et al., 2013; Yuan & Romanowicz, 2010) 
emphasize variations in directional dependence (anisotropy) of seismic properties. Impedance changes re-
flect variations in seismic velocities, for example, due to differences in Mg-Fe ratio in mantle peridotites 
formed at different times in the Earth’s history (Herzberg & Rudnick,  2012; Servali & Korenaga,  2018). 
Abrupt changes in anisotropic properties likely record past episodes of sub-horizontal deformation pre-
served within cratonic lithosphere by layers of systematically aligned anisotropic olivine crystals (Chris-
tensen, 1984; Kumazawa & Anderson, 1969; Ribe, 1992) with their seismically fast a-axes recording strain 
directions during the Archean times (Zhang & Karato, 1995).

In this study, we investigate seismic structure of cratonic lithosphere of the Superior craton of North Amer-
ica and the Yilgarn craton of Western Australia (Figure 1), two regions with different tectonic histories 
throughout their existence (Li et  al.,  2008; Muttoni et  al.,  2009; Nance et  al.,  2014), to explore if com-
mon structures can be found in them. Using receiver function analysis (RF) with harmonic decomposi-
tion (Bostock, 1998; Farra & Vinnik, 2000; Levin & Park, 2000; Park & Levin, 2000, 2016a), we detect and 
characterize abrupt vertical changes in bulk and directional seismic properties for a set of locations sam-
pling various tectonic units within each craton. Our data sets are carefully selected to maximize directional 
and epicentral coverage essential for proper interpretation of patterns in P-to-S converted wavefields (Xie 
et al., 2019), strengthening our ability to resolve the critical 100–250 km depth interval where interference 
from near-surface reverberations is especially strong.

We find multiple unique seismic boundaries within the upper 170 km of the lithosphere at all locations, 
with impedance, anisotropy, or both changing across them. We do not detect boundaries at larger depths, 
including that of the likely bottom of the lithosphere. Crucially, each location appears to have a unique 
character of boundaries, a finding that is inconsistent with a uniform process for development of litho-
spheric layering beneath cratons.
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Figure 1. Locator maps of the study areas overlapped with tomography models: (a) Yilgarn craton in Western 
Australia. Blue shaded area has shear wave velocities of and above 4.6 km/s at the depth of 150 km (Yoshizawa, 2014), 
outlining the lateral extent of the lithosphere at that depth. (b) Superior craton in eastern North America. At 150 km 
depth, most of the region has shear wave velocities above 4.6 km/s (Yuan et al., 2014). Areas with lower velocities are 
shaded light orange. Insets show the corresponding locations. Triangles stand for seismic stations (see Table S1 for 
site details). Tectonic units: (a) NR, Narryer Terrane; SW, Southwestern Terrane; EG, Eastern Goldfields Terrane; YM, 
Youanmi Terrane; (b) LG, La Grande Subprovince; OP, Opatica Subprovince; AB, Abitibi Terrane.
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2. Tectonic Background
2.1. Yilgarn Craton

Consolidated by ∼2.6 Ga (Myers, 1990), the Yilgarn Craton is composed of different tectonic domains of 
varying ages, including the Narryer and South Western Terranes dominated by granites and gneisses, and 
the Youanmi and Eastern Goldfields Terranes with extensive greenstone belts (Cassidy et al., 2006). A re-
gional difference in the Sm-Nd isotopic signatures of granites (Champion et al., 2006) suggests that the East-
ern Goldfields terrane crust is 3 Ga or younger everywhere, while all other terranes are older, between 3.8 
and 3.0 Ga (Champion & Cassidy, 2007). For the Eastern Goldfields Terrane Czarnota et al. (2010) envisage 
convergent-margin processes of standard plate tectonics, with variations in subducting slab dip controlling 
distribution of volcanism, and episodes of slab detachment and lithospheric delamination modifying chem-
istry of eruptive products. Other geochronology and isotope studies argue for the formation and stabiliza-
tion of this terrane by plume-related rifting and magmatism in the existing cratonic crust (Mole et al., 2014; 
Smithies et al., 2018; Witt et al., 2020). Similarly, the origin and history of the Youanmi Terrane remain 
debated, with plume-dominated processes favored by, for example, Van Kranendonk et al. (2013), and plate 
tectonic subduction being the main mechanism in the opinion of Wyman (2019).

2.2. Superior Craton

Part of the Archean core of the Canadian Shield, the Superior craton stabilized near the end of the Late Ar-
chean, between 2.8 and 2.5 Ga (Card, 1990; Hoffman, 1988; Percival et al., 2006). Relevant to our study are 
tectonic units in the southeastern part of this large craton (Figure 1b). The Abitibi Terrane is the largest of 
Archean greenstone belts (Card, 1990), regions of volcanic and plutonic rocks formed in an oceanic setting 
(Percival, 2007). Wyman and Kerrich (2009) argue that both arc-related and plume-related volcanic process-
es affected the Abitibi terrane in the relatively short period of its formation ∼2.7 Ga. The Opatica Subprov-
ince is a region of plutonic rocks, with tonalitic gneiss (∼2.82 Ga), volcanic arc and back-arc assemblages 
(∼2.77–2.70 Ga) and some granodiorite and granitic plutons (Boily & Dion, 2002; Sawyer & Benn, 1993). 
Bédard and Harris  (2014) discuss a scenario of joint evolution of Abitibi and Opinaca terranes over an 
impinging plume head, while Percival et al.  (2012) envision them as “ribbon” microcontinents between 
adjacent subduction zones active ∼2.7 Ga. Submarine volcanic rocks (2.75–2.73 Ga) in the eastern part of 
the La Grande Subprovince are “juvenile” (that is, formed by melting of the mantle, without subsequent 
reworking), while other parts of the subprovince contain a sedimentary sequence overlying a relatively old 
(3.36–2.79 Ga) gneiss basement (Percival, 2007). In the reconstruction by Percival et al. (2012) the southern 
part of the La Grande subprovince is an intra-oceanic arc.

2.3. Yilgarn and Superior Cratons in the Supercontinental Cycle

Since their consolidation at ∼2.7–2.5 Ga the Yilgarn and Superior cratons participated in three recognized 
episodes of supercontinental assembly (Nance et al., 2014). In all reconstructions their positions are signif-
icantly distinct. These cratons are on the opposite sides of the most recent supercontinent Pangea (250 Ma) 
(e.g., Muttoni et al., 2009), and nearly 60° of arc separate them in the consensus model of ∼900 Ma super-
continent Rodinia (Li et al., 2008). Reconstructions of ∼1.2 Ga supercontinent Nuna/Columbia reviewed by 
Nance et al. (2014) place these cratons on the opposite sides of the future North America.

3. Methodology
3.1. Receiver Function Analysis

We use the receiver function (RF) method (Ammon, 1991) to develop constraints on the vertical distri-
bution of anisotropic seismic properties in the upper mantle beneath our study areas. RFs represent the 
response of the layered earth structure beneath the site to the propagation of a plane wave. Given the 
existence of vertical gradients in impedance, anisotropy, or both, mode-converted shear phases will be gen-
erated when teleseismic compressional (P) waves pass through them (e.g., Burdick & Langston, 1977; Levin 
& Park, 1997), and will arrive closely after these P wave arrivals. P-to-S receiver functions are computed 
by deconvolving the vertical component timeseries from the horizontal components of seismic records. 
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To better isolate the P wave, prior to deconvolution the three-component records are transformed into the 
LQT coordinate system, where L is along the P-wave incidence angle (and thus captures the compressional 
wave representative of the earthquake source), Q is normal to the L component in the vertical plane, and T 
is orthogonal to both L and Q.

We adopt the multi-taper spectral correlation (MTC) technique of Park and Levin (2000) that combines 
records from multiple earthquakes to develop spectrally averaged P-to-S RFs. Relative timing of the P-to-S 
converted waves depends on the ray parameter of the incident P wave (Cassidy, 1992; Gurrola et al., 1995) 
and hence on the source distance. We use moveout corrections in the spectral domain to align all RFs to the 
vertical incidence prior to averaging, and consequently form back azimuthal and epicentral gathers that we 
use to identify phases likely associated with seismic boundaries at depth (e.g., Figures 2b and 2c). Conver-
sions from near-horizontal boundaries are enhanced while those from dipping interfaces are not aligned 
correctly, and thus will be diminished. The reliability of MTC RF waveforms is the highest at the start of 
the timeseries, presenting a challenge for phases with larger (15–20 s) delays (Park & Levin, 2000, 2016b). 
This is the time when phases from depths in excess of 100 km beneath our sites are expected. To make our 
RFs more reliable, we migrate (time-shift) them to the chosen target depth (50 km in this study) in order 
to emphasize the deeper features in the upper mantle. After migration, time “0” corresponds to the delay 
time of the vertically incident P to S converted phase that originates at the target depth. Detailed procedures 
for moveout correction and migration can be found in Park and Levin (2016b). The choice of 50 km as 
the target depth ensures high fidelity of receiver function time series representing the lithosphere (depths 
50–200 km) while preserving the details of time series representing the crust at negative delay times. This 
allows us to check for potential influence of shallow structure. Since they are not the focus of this study, we 
discuss crustal phases in the supporting information.

The depths of different interfaces can be estimated on the basis of the delay time t using the formula from 
Gurrola and Minster (1998):

2 2
2 2

1 1

s p

th
p p

v v



   (1)

where pv  and sv  are site-specific. P and S velocities and p is the ray parameter, zero here due to the moveout 
correction. We use site-specific crustal thickness and velocity values to estimate the true delay of the P-S 
converted wave from the target depth. This time is marked on time series plots, and is added to raw delay 
values when converting them into estimates of boundary depth.

3.2. Harmonic Decomposition Analysis

Based on the studies of synthetic seismograms (e.g., Levin & Park, 1997) and theoretical considerations 
(Park & Levin, 2016a), anisotropy of seismic velocity will lead to directional variations in amplitudes and 
polarities of P-to-S converted waves. Depending on whether the boundary and the symmetry axis of anisot-
ropy are both horizontal, or whether either one is dipping, 2-lobed (proportional to sin(baz) or cos(baz)) and 
4-lobed (proportional to sin(2(baz)) or cos(2(baz))) directional patterns are expected (Levin & Park, 1998; 
Park & Levin, 2016a). Both dipping interfaces and dipping symmetry axes can produce 2-lobed patterns, 
which makes it hard to tell them apart. However, the horizontal axis produces a different 4-lobed pattern, 
which makes it distinguishable from a dipping interface (Park & Levin, 2016). To separate effects caused 
by seismic anisotropy and dipping interfaces from those caused by the presence of noise and scattering, 
we adopt the harmonic decomposition analysis (Park & Levin, 2016a; Xie et al., 2019). Though radial ani-
sotropy can cause some apparent impedance contrasts in observations by affecting P-to-SV conversions, it 
does not affect the conversions of P-to-SH waves. Our study focuses on detection and characterization of 
boundaries associated with both impedance and anisotropy contrasts. While radial anisotropy change may 
contribute to the former, our observations cannot distinguish this contribution from pure impedance con-
trasts. Thus, we note the changes in impedance but do not ascribe specific mechanisms to them.

Anisotropy or dipping interfaces result in systematic patterns of converted wave amplitude on both T and 
Q components of the receiver functions, such that the SH component (T) has a 45 or 90° directional phase 
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lag compared to the SV component (Q). In our analysis, both Q and T RFs computed using all records are 
fitted simultaneously in the spectral domain using a sum of five harmonic functions of the back azimuth. 
The fitting operation generates five time-varying coefficients: “const,” which reflects the effects from the 
isotropic impedance contrasts; “cos1” and “sin1” for 2-lobed directional patterns caused by the effects of 
dipping interfaces and/or symmetry axes; and “cos2,” “sin2” for 4-lobed directional patterns representing 
the effects of the horizontal symmetry axes:
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Figure 2. Selected plots for sites MEEK and MUN in the Yilgarn Craton as an example of workflow in this study. (a and e) a back azimuth gather of receiver 
functions in LTQ coordinates with moveout correction applied, migrated to 50 km depth. Unmigrated back azimuth gather for MEEK is shown in Figure S6. 
For the visual clarity of the pattern back azimuth values are arranged from the West (−90°) through North (0°) to East (90°), South (180°) and West (270°). (b 
and f) epicentral gather of receiver functions for back azimuth range 300 through 60° for MEEK and 0 through 30° for MUN; (c and g) harmonic decomposition 
of RFs migrated to 50 km and corrected for moveout; (d and h) constant component and vector length amplitudes for 2-lobed (purple) and 4-lobed (orange) 
components, gray shaded curves are vector length amplitudes of unmodeled components. In all plots gray vertical lines mark the 0 delay (50 km depth target) 
and the time of P-wave arrival at the surface (−5.5 s). Green lines—predicted arrival of Ps phase from the Moho, magenta and cyan—crustal multiples. 
Different colors of arrows pointing to the phases represent the relative orders of their arrival times. Gray vertical bars in (a and e) mark the back azimuth ranges 
of the corresponding epicentral gathers in (b and f).
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In the above “baz” represents the back azimuth of an observed seismic record.

To evaluate the total energy represented by pairs of corresponding harmonic terms we compute the vector 
length amplitudes of periodic components (Olugboji & Park, 2016):
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Amplitudes of individual harmonic components are controlled by the orientation of the anisotropic sym-
metry axis. In case of a dipping axis (and hence a 2-lobed pattern) axis orientation   may be estimated by 
the following formula (Olugboji & Park, 2016):
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If the symmetry axis is horizontal, coefficients cos2 and sin2 are used instead, and the resulting orientation 
is determined to within 90°, subject to knowing whether the axis is fast or slow (Xie et al., 2019).

Not all energy in the observed RFs can be explained by P-to-S conversion from boundaries at depth. Some 
will arise as a consequence of noise in the records or the scattering from lateral inhomogeneities at depth. 
To evaluate the significance of these other contributions to the RF wavefield, we develop “Unmodeled” 
harmonic components and compare them to those representing expected P-to-S converted wave behavior.

The unmodeled components are constructed with an opposite sense of the directional phase shift (Park & 
Levin, 2016a):

   baz 90 baz 45Q T T      (5)

Correspondingly, the harmonic decomposition can be written as follows:
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t t

t

sin cos

    sin baz2 45
 

(6)

The amplitudes of directionally varying unmodeled components are calculated using equations identical 
to Equation 3 above.

An example of timeseries of harmonic decomposition coefficients, and the corresponding vector length 
plots, is presented in Figures 2c and 2d.

3.3. Using Multiple Constraints to Identify Anisotropic Boundaries

We combine multiple observations to make decisions on whether seismic phases we observe represent 
sub-horizontal boundaries in anisotropic seismic velocity. We base our interpretation on expectations from 
synthetic seismograms (Cassidy, 1992; Levin & Park, 1997; Park & Levin, 2016a; Xie et al., 2019), summa-
rized below.

A P-to-S converted wave from an abrupt change in properties across a horizontal planar boundary has a 
pulse-like shape with the peak at the theoretically predicted arrival time, and the same delay from all di-
rections. Changes in impedance (velocity × density) are reflected by P-to-SV converted waves recorded on 
the Q components of RFs and on the const component of harmonic expansions. An increase of impedance 
with depth results in a positive Q component pulse, and vice versa. Changes in anisotropic properties (either 
strength of anisotropy or sense/direction of the axis, or both) are reflected by the P-to-SH converted waves, 
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and appear primarily on the T component and the periodic (2-lobed and 4-lobed) harmonic components. 
Polarity of T component RFs depends on both impedance and anisotropy changes, while directions where 
changes in their polarity occur are expected to coincide with orientations of anisotropic symmetry axes or 
else be at 90° angle to them.

Below we describe the process of identifying and characterizing individual converting boundaries using the 
data set of site MEEK in western Australia as an example. One boundary is described in detail here, with 
others described in the following section. An expanded explanation of the data analysis procedure is given 
in Text S3.

1.  We find peaks in vector length timeseries (Figure 2d) where amplitudes of the modeled part are more 
than twice that of the unmodeled part (Xie et al., 2019). In Figure 2d we chose a 2-lobed phase at delay 
time ∼2.5 s (orange arrow), and we note a prospective 4-lobed phase at the same time.

2.  We confirm that the individual harmonic components (Figure 2c) have clear energy at 2.5 s, and use the 
amplitudes of cos1 and sin1 components to evaluate the orientation of the symmetry axis using Equa-
tion 3, in this case ∼50°.

3.  In the back azimuth gather (Figure 2a) we note the presence of energy at 2–3 s delay, and changes in 
polarity of the T component phase, at 40 and 220°. In the epicentral gather (Figure 2b) we note the 
clear phase with near-constant delay of ∼2 s, confirming that this is a converted wave that was properly 
aligned in the course of correction for the incidence angle. Figure 2b also shows an exceptionally clear 
example of crustal multiples that should not be interpreted.

4.  We evaluate the depth of the interface as ∼80  km using delay time t (corrected for moveout) and 
Equation 1.

4. Results
We carefully evaluated the datasets and picked four sites in each craton that are best possible in terms of the 
high quality of data and the large quantity of records. All sites are located over regions where shear wave 
velocities at depths 100–200 km are over 4.6 km/s, making them significantly (1.5% or more) faster than the 
global average (e.g., IASPE91 model) at the same depth (Figure 1). We use this criterion to establish that 
the boundaries we detect are likely within the cratonic lithosphere (Figure S5). Of the sites used, only MUN 
in Western Australia has some of the data sampling upper mantle with speeds below 4.6 km/s. Detailed 
description of the data set can be found in Text S1 and acknowledgments. Moreover, expanded versions of 
data plots in Figures 2–5 are in Figure S6. We find that the details of the anisotropic structure differ from site 
to site, thus we describe them individually in Sections 4.1 and 4.2. A summary of findings is in Section 4.3. 
To migrate the waveforms and predict the timing of direct and multiple converted P-to-S waves from the 
crust-mantle boundary we use site-specific results from Levin et al. (2017), Yuan (2015), Yuan et al. (2014), 
and Kennett and Salmon (2012). As crustal structure is not the objective of this study, we provide descrip-
tions of phases within the crust, and the multiples, in Text S3. In the following description we use mSP  to 
describe a converted wave from the crust-mantle boundary.

4.1. Yilgarn Craton

4.1.1. Site MEEK

The mSP  phase between −2 and 0.5 s is the largest peak on Q and const components. On Q component of the 
back azimuth gather its pulse shape narrows between 0 and 180°. This phase has energetic pulses on the T 
component with polarity changes around back azimuths 210 and 30°. Harmonic components show energy 
with 2-lobed and 4-lobed patterns, and a high level of unmodeled energy as well. Width and complexity of 
this phase may reflect multiple closely spaced converting boundaries.

Between 2 and 5 s back azimuth gathers show considerable energy with directional changes on both Q and 
T components. In the epicentral gather two phases stand out, at 2–3 s and between 4 and 5 s (orange and 
maroon arrows respectively). Positive Q components (Figure 2b) correspond to an increase in impedance 
with depth, however a change in their polarity at back azimuth ∼150° (Figure 2a) implies a contribution 
from vertically varying anisotropy.
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Harmonic components of the phases at 2–5 s have energy in both 2-lobed and 4-lobed components. The 
4-lobed component has high unmodeled part at 5 s, and thus cannot be considered reliable. From 2-lobed 
component amplitudes horizontal symmetry axes orientations are 41° for the 2–3 s phase, and 61° for the 
4–5 s phase. The back azimuth gather of T components does indeed show these phases change polarity 
around 30 and 200°. The fit is not perfect to the axes determined with sin1 and cos1 component amplitudes, 
confirming presence of some 4-lobed energy in these phases. Depths for these phases are 74 and 94 km.

The first multiple is clear in epicentral Q gather, and we also detect an “echo” of the multiples on the 
transverse component (Figure 2b). Vector length coefficients of the 2-lobed terms in Figure 2d show a peak 
around 10 s and a long lobe extending from 10 to 20 s. The former likely represents the multiples. We do not 
see obvious phases for the later on either of the gathers (Figures 2a and 2b) and thus chose to not interpret 
it.
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Figure 3. Receiver functions for sites KMBL and MORW in the Yilgarn craton. Conventions are the same as in Figure 2.
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4.1.2. Site MUN

Between delay times 1 and 2 s we see consistent phases in back azimuth and epicentral gathers (Figures 2e 
and 2f, orange arrow). Q component is positive, implying an increase in impedance with depth. T compo-
nent of back azimuth gather changes polarity at 0, 100, and 220°. Both 2-lobed and 4-lobed components 
(Figures 2g and 2h) show considerable energy. Using only 4-lobed amplitudes at 1.8 s (69 km) we obtain the 
horizontal orientation of the symmetry axis of −70°, consistent with directional variation observed in the 
back azimuth gather. Between 5 and 6 s a phase is clearly seen in the T component of the back azimuth and 
epicentral gathers, as well as on the 2-lobed vector length plot (maroon arrow). Some 4-lobed energy is also 
present. Using sin1 and cos1 coefficients at time 5 s (peak in harmonic components, Figure 2g, 103 km) we 
get symmetry axis orientation of 22°. A positive Q component phase is present between 6 and 8 s on both 
back azimuth and epicentral gathers (dark green arrow), and there is a corresponding broad peak on the 
const component. There seem to be no significant directional variation.
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Figure 4. Receiver functions for sites MATQ and WEMQ in the Superior craton. Conventions are the same as in Figure 2.
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Between 9 and 10 s both 2-lobed and 4-lobed harmonic components show pulses (dark blue arrow) that 
considerably exceed the level of unmodeled energy (Figures 2g and 2h). In the back azimuth gather we ob-
serve a T component phase between 9 and 10 s that changes polarity at 0 and 150°. In the epicentral gather 
this phase is distinct (earlier) from crustal multiples (Figure 2f) at larger epicentral distances. The mixing 
of energy from the likely real anisotropic boundary and the crustal multiples (also clear in Figure 2f) makes 
determination of the horizontal symmetry axis uncertain. Using only sin2 and cos2 components at time 
∼9.3 s (150 km) we get an orientation of −74°.

4.1.3. Site KMBL

In Figure 3a, on the Q component, largest amplitudes appear around −1.3 s, the expected delay of the mSP  
phase. The amplitude of the phase is relatively smaller in the back azimuth range 120–180°. On the trans-
verse component this corresponding phase changes its polarity at 135, 45, −5, and −60°, which implies 
anisotropy at the crust-mantle boundary.
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Figure 5. Receiver functions for sites NMSQ and QM78 in the Superior craton. Conventions are the same as in Figure 2.
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At delay ∼0.7 s (58 km) we identify a phase on T component of the back azimuth gather (orange arrow), 
as well as on 4-lobed harmonic components (Figures 3c and 3d). As the cos2 component amplitude of this 
phase is significantly larger than the sin2 amplitude, the symmetry axis is 74°. At ∼3.4 s (87 km) we identify 
a phase on the 4-lobed terms, both individual harmonics and the vector length plot (maroon arrow). Near-
equal amplitudes of 4-lobed harmonic components (Figure 3c) yield horizontal orientation of the symmetry 
axis of −44°. This phase in not visible on the back azimuth gather (Figure 3a) but is quite clear in the epi-
central gather from NW and N (Figure 3b).

Finally, we observe a clear peak at 4.8 s (101 km) in 2-lobed harmonic coefficients (dark green arrow). Har-
monic component amplitudes (Figure 3c) suggest a horizontal symmetry axis orientation of 14°. Both back 
azimuth and epicentral gathers show this phase clearly (Figures 3a and 3b). Interestingly, its amplitude on 
Q component varies significantly with direction and hence we do not see it on the const component (Fig-
ures 3c and 3d).

In the vector length plot (Figure 3d) we find two more peaks: 9–10 s on the 4-lobed component and 13–14 s 
on the 2-lobed component. Both fall within the time range of crustal multiples. A negative transverse pulse 
a 9–10  s does appear from back azimuth range −60° through 90° (Figure  3a). Epicentral gather shows 
exceptionally clear crustal multiples on the Q component, and somewhat surprisingly we also observe a 
transverse “echo” of the Psms multiple between 10 and 15 s on the T component. Since the effect from the 
crust multiples overprints our prospective signals arriving at the same time windows, we choose not to 
interpret them.

4.1.4. Site MORW

The mSP  phase (largest peak on Q and const components, delay ∼−1 s) is associated with a strong 4-lobed 
component and a significant level of unmodeled energy in the 2-lobed component.

We group together a number of phases appearing between 2 and 4 s delay on both Q and T components 
(orange arrow). Significant energy at these delay times is seen on both 2-lobed and 4-lobed components. 
Positive Q component and a clear phase on the const component at ∼3.5 s (87 km) suggest an increase in 
impedance with depth. Orientation of the symmetry axis at 2.2 s (63 km) is −80° if derived from 2-lobed 
components and 10° from 4-lobed components, which is consistent with observed switch in polarity ∼180° 
in the T component (Figure 3e).

A weaker phase observed between 6 and 7 s (119 km, maroon arrow) is positive on Q and const components 
(Figures 3e–3g), while its directional variation is uncertain as the unmodeled component is approximately 
the same size as that expected from anisotropy (Figure 3h).

Finally, a phase at ∼10.3 s (160 km, dark green arrow) is clearly visible in the 2-lobed vector length plot (Fig-
ure 3h), and also in the T components of both back azimuth and epicentral gathers. It is exactly within the 
time window of the crustal multiples Ppms and Psmp, however the epicentral gather (Figure 3f) shows this 
phase to have a nearly constant time, as would be expected of an upgoing converted phase. Thus, we believe 
this phase is a real feature of the anisotropic structure, obscured in Q component by the multiples. Relative 
sizes of sin1 and cos1 amplitudes (Figure 3g) yield symmetry axis orientation of 28°.

4.2. Superior Craton

4.2.1. Site MATQ

Around −2 s, the largest positive phase on the Q component represents the mSP  phase. In the back azimuth 
gather its T component changes polarity at −100°, and the vector length of the 2-lobed component (Fig-
ure 4d) is exceptionally large. Likely horizontal symmetry axis orientation determined from sin1 and cos1 
components at −2.5 s is 20°.

At delay 1.2 s (63 km) the const component shows a clear positive phase (orange arrow) implying an in-
crease in impedance with depth. Q components of back azimuth and epicentral gathers show this feature, 
although it is weak. It may be associated with directionally varying phases at 1–3 s seen clearly on the sin2 
component (Figure 4c) and the vector length of the 4-lobed component (Figure 4d). Using sin2 and cos2 
components at 1.3 s (63 km), we obtain a horizontal axis orientation of −29°.
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At delays 10–11 s the cos2 component and the vector length of the 4-lobed component contain a significant 
peak (maroon arrow). Covered by crustal multiples on the Q component, this phase emerges on the T 
component of both back azimuth and epicentral gathers. In back azimuth the polarity change is at ∼−70°. 
The nearly constant delay time between 30 and 90° distance confirms that it is not a multiple. Using sin2 
and cos2 harmonic components at 10.5 s (161 km) to estimate the horizontal symmetry axis orientation, we 
obtain a value close to 89°.

4.2.2. Site WEMQ

The largest Q component and const component positive peaks around −1 s represent the mSP  phase. T com-
ponent has energy at the same time, and 2-lobed components (sin1 and the corresponding vector length, 
Figures 4g and 4h) suggest anisotropy associated with the crust-mantle boundary. Between 0 and 2 s the 
vector length components contain energy suggesting and influence of anisotropy, however back azimuth 
and epicentral gathers do not contain directionally varying phases in this time window. Between 2 and 4 s, 
a positive-negative pair of pulses is seen on Q components of back azimuth and epicentral gathers, and on 
the const component (orange arrow, Figures 4e–4g).

Between 7 and 8 s the harmonic components (sin1, cos2, 4-lobed vector length) contain a clear phase (ma-
roon arrow) that is much larger than the corresponding unmodeled component. In the epicentral gather 
(Figure 4f) there is a positive Q component, although it does not appear in the const component and thus 
is not directionally consistent. Using amplitudes of cos2 and sin2 components at 6.6 s (120 km) we obtain a 
horizontal symmetry axis orientation of −41°.

4.2.3. Site NMSQ

A consistent positive converted phase around −1.5 s on the Q component and the const component corre-
sponds to the mSP  phase. T component energy is high for this phase (Figures 5a and 5b) however directional 
variations are not consistent with effects of anisotropy, as evidenced by large unmodeled components (Fig-
ures 5c and 5d).

At ∼1.9 s (70 km) a consistent directionally variable phase (orange arrow) is present on T components of 
back azimuth and epicentral gathers, and on the 4-lobed harmonic components. Using sin2 and cos2 ampli-
tudes at time 1.9 s we obtain a horizontal symmetry axis orientation of 43°. At ∼5 s the Q components on 
back azimuth and epicentral gathers, and the const component show a clear positive phase (maroon arrow). 
T component is not clear for this phase, while some energy is present in the cos1 component and the cor-
responding 2-lobed vector length component. Using cos1 and sin1 amplitudes at 5.6 s (109 km), we obtain 
a horizontal symmetry axis orientation of 82°. Between 7.5 and 9 s clear peaks are present on both 2-lobed 
and 4-lobed components (dark green arrow). The back azimuth gather shows energy on the T component 
although with a complex directional variation. An epicentral gather shows a consistent positive T phase 
at ∼8 s, earlier than the expected crustal multiples. Using amplitudes of sin2 and cos2 components at 7.7 s 
(131 km) we obtain a symmetry axis orientation of −27°.

We note a clear T component phase at 11 s delay in the epicentral gather (marked with a question mark). In 
the back azimuth gather this feature is not as clear, thus while a plausible candidate for another boundary 
at depth, we choose not to interpret it.

4.2.4. Site QM78

The largest Q component and const component phase at ∼−2 s represents the mSP  phase (Figure 5). Strong 
2-lobed varying energy associated with it suggests a horizontal symmetry axis orientation of −62°.

Between 1 and 2 s both 2-lobed and 4-lobed components show clear phases (Figures 5g and 5h, orange 
arrow). T component of the back azimuth gather changes polarity at −100° and at 30°, and the epicen-
tral gather (Figure 5f) shows this phase clearly. Using amplitudes of 2-lobed harmonic components at 1 s 
(61 km) we estimate the horizontal orientation of the symmetry axis to be 38°.

Q components of back azimuth and epicentral gathers and the const component show a positive phase 
at ∼4.7 s (100 km), and directionally varying T component energy is present in the same time window. 
Harmonic components suggest the 4-lobed variation is more significant. Using cos2 and sin2 component 
amplitudes we obtain symmetry axis of −42°.
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T components of the back azimuth gather, and the 4-lobed component variation suggest a phase between 8 
and 10 s (dark green arrow). Using sin2 and cos2 amplitudes at 10 s (156 km) we estimate the orientation of 
the axis as −42°. Without a clear evidence for this phase in the epicentral gather we consider it uncertain.

4.3. Comparison Between Two Cratons

We can identify multiple anisotropic boundaries in the lithosphere at all sites in both cratons (Figures 2–5). 
Most are above ∼100 km with the rest between 120 and 170 km (Figure 6a). Two isotropic boundaries are 
identified: one at MUN with a positive impedance contrast and another at WEMQ with a negative imped-
ance contrast. However, within each individual craton, we do not find a consistent pattern of either isotrop-
ic or anisotropic features. Even sites within the same tectonic province (WEMQ and NMSQ) have different 
sets of boundaries.

In the Yilgarn craton, we find no anisotropic boundaries deeper than 100 km at sites KMBL and MEEK but 
we do identify deeper boundaries at sites MORW and MUN (Figure 6). At sites KMBL and MEEK, only one 
type of anisotropic pattern can be observed at each of the boundaries, either 2-lobed or 4-lobed, whereas at 
sites MORW and MUN, both 2-lobed and 4-lobed patterns can be observed at certain depths. Compared to 
the Yilgarn craton, overall, sites at the Superior craton do not have as many anisotropic boundaries identi-
fied, especially at depths shallower than ∼100 km. In the Superior craton, all sites have anisotropic bound-
aries deeper than 100 km. Except for site QM78 where both 2-lobed and 4-lobed anisotropic boundaries are 
identified at certain depths, only one type of anisotropic pattern (mainly 2-lobed) is observed at the other 
three sites.
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Figure 6. An illustration of the anisotropic boundaries identified in both cratons. Each interface (gray bar) is plotted 
at the corresponding depth. Orange and purple bars denote 2-lobed and 4-lobed axes, respectively. Orientations are as 
in map view, north is up. Triangles represent positive (blue) and negative (red) impedance contrasts. (a) All results in 
this study, arranged by the age of corresponding terranes, younger at the edges. (b) Comparison between the results 
in this study and the anisotropic boundaries from global or regional models. Yilgarn: red rectangles show the LAT 
(Yoshizawa, 2014; Yoshizawa & Kennett, 2015), with the top and bottom marked as red lines. Superior: red segments 
show mid-lithospheric discontinuity (MLD) and lithosphere-asthenosphere boundary (LAB) estimates in the shear 
wave velocity model SAWum_NA2 (Yuan et al., 2014). Cyan diamonds show LAB depth estimates from Steinberger and 
Becker (2018).
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In summary, we find at least two anisotropic boundaries at all sites except at WEMQ in the Superior cra-
ton. All boundaries are above 170 km, and each site has its own arrangement of depths where they occur. 
Attempts to detect deeper features were unsuccessful (see Text S4). Thus, our results support previously 
reported division of cratonic lithosphere into vertical layers with different properties, with a separation at 
150–170 km (e.g., Yuan & Romanowicz, 2010).

Almost all boundaries have directionally varying P-S converted waves associated with them, and many (14 
out of the total of 23) have no impedance contrast across them. This confirms the importance of anisotro-
py as the marker of the vertical stratification in cratonic lithosphere (Bostock, 1997; Levin & Park, 2000). 
However, we do not find consistent anisotropic patterns within either of the cratons. Instead, each site has 
its own distinct pattern of boundaries with different directional properties. Thus, there are no consistent 
vertical variations in mantle lithosphere rock fabric that would characterize more than one site. As our sites 
were chosen in different tectonic units of respective cratons, this finding suggests an association of bound-
ary sets with tectonic history that precedes the final assembly of both cratons. This conclusion is similarly 
drawn based on crustal velocity features of individual tectonic domains (Reading et al., 2007; Yuan, 2015).

5. Discussion
5.1. Comparison With Tomographic Models

We find all observable impedance contrasts to reside above 170 km (Figure 6a, Table S3). Beneath Western 
Australia surface wave studies place the LAB at ∼200 km (Debayle et al., 2005, 2016; Fishwick & Read-
ing, 2008; Kennett, 2003; Kennett et al., 2004; Simons et al., 2002; Yoshizawa, 2014). The global model of 
Steinberger and Becker (2018) that translates tomographic images into a distribution of temperature has 
smaller LAB depth values, between 160 km under site MUN and ∼200 km beneath sites MEEK and KMBL. 
Yoshizawa and Kennett (2015) argue for a very gradual lithosphere-asthenosphere transition (LAT) ranging 
from ∼100 to ∼225 km (Figure 6b).

In North America, Darbyshire et al. (2007) used dispersion of Rayleigh waves to place the LAB between 120 
and 200 km west of our study area, Yuan et al. (2014) put it between 200 and 220 km, and the global model 
of Debayle et al. (2016) suggests the LAB in this region may be as deep as 250 km. Depths of LAB and the 
MLD from the model of Yuan et al. (2014) are shown in Figure 6b. Thermal model of Steinberger and Beck-
er (2018) is consistent with it in placing the LAB at ∼200 km depth.

Overall, we do not find a clear relationship between the anisotropic boundaries in our study and the tomog-
raphy models in either craton (see Text S2). In Australia we detect anisotropic boundaries within the LAT 
of Yoshizawa and Kennett (2015) at sites MORW and MUN, while at KMBL and MEEK the deepest aniso-
tropic boundaries are above it (Figure 6b). In North America anisotropic boundaries are identified above the 
MLDs at all sites, while sites QM78 and MATQ have anisotropic boundaries between the LAB and the MLD. 
We note that tomography models have lateral resolution on the order of a few hundred kilometers and thus 
their values reflect averages of the corresponding properties in an area much larger than the volume sam-
pled by P-S wave in this study (Figure S5).

Finally, our results (Figure  6b) align with numerous previous studies using P-to-S RFs (cf., Fischer 
et al., 2010) in not being able to see the elusive lower limit of the cratonic lithosphere (Eaton et al., 2009). 
Lack of observable P-to-S converted waves from the LAB requires its vertical dimension to exceed 20 km 
(Text S4).

5.2. Comparison With Studies of Lithospheric Layering

Evidence for multiple MLDs between ∼70 and ∼100 km within the Australian lithosphere was reported by 
Birkey et al. (2021) and Ford et al. (2010) who used S-to-P RFs to identify downward decreases in imped-
ance. We also detect multiple anisotropic boundaries, some with a downward increase in impedance, at 
similar depths. More recently, Taira and Yoshizawa (2020) used a joint inversion of surface and body waves 
to identify multiple MLDs in Western Australia, in good agreement with our results. Abt et al. (2010) com-
bined P-S and S-P receiver function analysis to detect MLDs in the upper mantle of North America. At site 
ULM in the Superior craton to the southwest of our study an MLD was found at the depth of 101 ± 14 km. 
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Ford et al.  (2016) explored cratonic lithosphere in the Wyoming and western Superior cratons using RF 
techniques very similar to those we have applied. Their overall findings of multiple anisotropic boundaries 
in the upper 150 km of the lithosphere, and of strong lateral variations in the nature and position of bound-
aries are very similar to ours. Notably, our locations do not have consistent vertical decreases in impedance 
documented by Ford et al. (2016) in most of their data sets. Calò et al. (2016) carried out a joint inversion 
using both surface wave and body wave data and revealed layered structure in the upper mantle beneath the 
North America continent. Specifically, they reported at least two MLDs beneath the craton, at the depth of 
100–130 and 150–170 km correspondingly.

A common feature of our results are boundaries in the 70–120 km depth range with downward increases in 
impedance, similar to those found in the Slave craton of North America (Bostock, 1999; Chen et al., 2009). 
In this depth range a compressional wave speed increase called the Hales Discontinuity is required by travel 
time observations in both North America and Australia (Hales, 1969; Hales et al., 1975) and an increase in 
S wave speed was identified through a detailed surface wave dispersion study beneath the Yilgarn craton 
(Lebedev et al., 2009). Differing depths of the boundaries with impedance increases within both cratons 
and anisotropy associated with them favor their association with Archean tectonic episodes (Bostock, 1999; 
Chen et al., 2009) rather than a depth-related phase change as envisaged by Lebedev et al. (2009).

5.3. Localized Layering of Cratonic Lithosphere

In this study, we are able to detect distinct layers that differ only in their fabric, which adds more details 
to the view of the cratonic lithosphere layering. Continental tectosphere proposed by Jordan (1978, 1988) 
consists of a buoyant and strong chemical boundary layer that forms earlier, and the underlying thermal 
boundary layer that accrues to it later. In case of cratonic lithosphere this framework is supported by both 
local probes of continental chemistry offered by mantle xenoliths (Griffin et al., 2004; Lee et al., 2011; Per-
chuk et al., 2020) and the large-scale mapping of seismic properties beneath continents, especially when 
anisotropy is included as a characteristic of distinct layers (e.g., Yoshizawa & Kennett, 2015; Yuan & Ro-
manowicz, 2010). Figure 7a depicts a decade-old view of uniform craton-wide layering suggested by those 
and similar studies.

Our new results support the presence of two distinct layers within the lithosphere of both cratons. However, 
they are not consistent with the broad uniformity of the upper layer in either craton. Instead, we find each 
location we have examined to have a distinct set of seismological boundaries in the upper 170 km, some 
marking impedance changes and others indicating past episodes of deformation (Figure 7b). Association of 
these unique sets of boundaries with distinct tectonic units (Figure 1) suggests their origin must pre-date 
the assembly of the Superior and the Yilgarn cratons. The alternative of forming distinct localized layer-
ing after the cratonic assembly would require modification of the lithosphere through tectonic events that 
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Figure 7. Conceptual models of layering in cratonic lithosphere. (a) Uniform laterally extensive layers with different properties, especially anisotropy. Layers 
within the lithosphere are separated by the mid-lithospheric discontinuity (MLD) associated with a downward decrease in seismic impedance. Image from 
Yuan and Romanowicz (2010). (b) Localized layering of the shallow part of cratonic lithosphere suggested by our findings. There is no craton-wide uniform 
MLD, and the collection of seismic boundaries varies between locations. Some boundaries have an impedance change across them (solid white) while others 
are marked only by a contrast in anisotropy (dashed white). Vertical dashed black lines denote terrane boundaries.
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penetrate deep into it on a relatively small lateral scale of a few hundreds of kilometers, an unlikely scenario 
given the long-term stability of cratons.

Regardless of whether initial Archean “proto-continents” discussed by Brown et al. (2020) formed above 
major mantle upwellings (Bédard,  2006) or in equivalent of mid-ocean ridges (e.g., Herzberg & Rud-
nick, 2012; Servali & Korenaga, 2018), these mechanisms can only produce structures composed of layers 
with different compositions. They do not involve long-range horizontal displacements and associated defor-
mation that can align olivine crystals in the upper mantle and form anisotropic boundaries. Presence of 
multiple anisotropic boundaries within cratonic lithosphere requires such displacements, for example, de-
veloped in the course of “tectonic juxtaposition” of the crust and the lithosphere of a future proto-continent 
(Herzberg, 2018), or else in the course of the final cratonic assembly (e.g., Percival et al., 2012). This view is 
quite close to the way Jordan (1978) originally envisaged the development of the chemical boundary layer 
that allows cratons to endure for billions of years.

Data Availability Statement
All data in this study 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 In-
vestigating Seismicity (POLARIS, http://ds.iris.edu/mda/PO). Figures are drafted using GMT (Wessel & 
Smith, 1991) and Matlab (R2016a).
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