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1. Introduction
The formation and subsequent evolution of cratons, the cold, thick, ancient cores of the continents, remain 
controversial because a unifying theory is lacking (e.g., Aulbach, 2012; Griffin et  al., 2003; Hoffman, 1990; 
Jordan, 1978; Lee et al., 2011; Priestley et al., 2020). The debate centers on the apparent spatial variability in seis-
mically imaged and geochemically sampled cratonic cores, and incompatibilities between different data types and 
tomographic inversion schemes. For example, active and ancient geological processes such as flow/deformation 
can be constrained by mapping radial anisotropy, the velocity ratio between horizontally traveling shear waves 
that are polarized horizontally and vertically (where positive anisotropy indicates horizontally aligned fabrics 
and negative anisotropy indicates vertically aligned fabrics; Auer et al., 2014; Chang et al., 2015; Kustowski 
et al., 2008; Lekić & Romanowicz, 2011; Megnin & Romanowicz, 2000; Panning et al., 2010). However, these 
global images are especially inconsistent (e.g., Chang et al., 2014; Figure 1, Figures S1–S5 in Supporting Infor-
mation S1), meaning we cannot reliably interpret them for craton evolution. Some models indicate negative radial 
anisotropy only occurs within continental lithosphere at ∼150 km depth (e.g., Priestley et al., 2020). This suggests 
vertically oriented fabrics, interpreted as evidence for craton formation by horizontal terrane accretion and arc 
thickening. Meanwhile, other models (e.g., Lekić & Romanowicz, 2011) reveal pervasive positive radial aniso-
tropy in this depth range, implying horizontally oriented fabrics, perhaps more consistent with craton formation 
by underplating (Arndt et al., 2009; Griffin et al., 2003).

Abstract Inconsistencies between observations from long and short period seismic waves and geochemical 
data mean craton formation and evolution remains enigmatic. Specifically, internal layering and radial 
anisotropy are poorly constrained. Here, we show that these inconsistencies can be reconciled by inverting 
cratonic Rayleigh and Love surface wave dispersion curves for shear-wave velocity and radial anisotropy using 
a flexible Bayesian scheme. This approach requires no explicit vertical smoothing and only adds anisotropy to 
layers where required by the data. We show that all cratonic lithospheres are comprised of a positively radially 
anisotropic upper layer, best explained by Archean underplating, and an isotropic layer beneath, indicative 
of two-stage formation. Within the positively radially anisotropic upper layer, we find a variable amplitude 
low velocity zone within 9 of 12 cratons studied, that is well correlated with observed Mid-Lithospheric 
Discontinuities (MLDs). The MLD is best explained by metasomatism after craton formation.

Plain Language Summary The ancient cores of the continents, or cratons, are a treasure-trove of 
>2.5 billion years of Earth's history. However, scientists disagree on the processes that led to their formation, 
or whether they have evolved significantly through time. This is because the geological and geophysical 
methods used to investigate cratons often yield conflicting results. By capitalizing on an up-to-date global 
long-wavelength seismic data set, we image the cores of 12 cratons using an advanced statistical method, 
Bayesian inference. The flexible method requires few choices to be made a priori, is driven by the quality of 
the data itself and measures uncertainties on results. By detecting velocity differences between horizontally and 
vertically vibrating seismic waves, we show that all cratons likely comprise an upper layer formed during the 
hot early Earth, by a process that strongly aligns the constituent minerals of the rocks in the horizontal plane. 
Below this ∼125 km thick upper layer, a lower layer (∼150 km thick) shows no clear alignment of minerals 
and so was likely formed by a different process, at a later time. Variable slow wavespeed zones exist within the 
upper layer that match previous results from short-wavelength seismic data.
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Moreover, while global shear-wave velocity models based on long period data show that cratons are consist-
ently characterized by smooth high velocity anomalies that extend to ∼250 km depth (e.g., Auer et al., 2014; 
Chang et  al.,  2015; Debayle & Kennett,  2000; Debayle & Ricard,  2012; Kustowski et  al.,  2008; Lekić & 
Romanowicz, 2011; Megnin & Romanowicz, 2000; Panning et al., 2010; Figure 1, Figures S4 and S5 in Support-
ing Information S1), these results are difficult to interpret alongside geochemical evidence that suggests cratons 
possess significant internal layering (e.g., Aulbach et al., 2017; Griffin et al., 1999). Furthermore, short period 
converted seismic phases (e.g., S-to-p) frequently highlight a negative velocity gradient (NVG) at ∼70–130 km 
depth within cratons, often referred to as the mid-lithospheric discontinuity (MLD; e.g., Abt et  al.,  2010; L. 
Chen, 2017; Ford et al., 2010; Fu et al., 2022; Hopper & Fischer, 2015; Karato et al., 2015; Krueger et al., 2021; 
Levin et al., 2023; Miller & Eaton, 2010; Rader et al., 2015; Selway et al., 2015; Sodoudi et al., 2013; Wittlinger 
& Farra, 2007; Wölbern et al., 2012). However, a corresponding low velocity zone (LVZ) in global scale tomo-
graphic models is rarely observed (Figure 1; Figures S4 and S5 in Supporting Information S1), meaning we 
cannot determine the ubiquity of this feature, and therefore, its role in craton development.

Here, we reconcile these observations by inverting surface wave measurements with a flexible Bayesian approach. 
Specifically, we extract Rayleigh and Love fundamental and first-to-fifth overtone surface wave dispersion curves 
for 12 individual cratons from an up-to-date database of global phase velocity maps (Durand et al., 2015; Ho 
et al., 2016). We jointly invert these data, at each specific point in 1D for shear velocity and radial anisotropy 
using a Bayesian scheme (Bodin et al., 2012, 2016). This has two key benefits. First, the Bayesian inversion 
requires no explicit vertical smoothing or linearization around a reference velocity model. Second, our transdi-
mensional parameterization, where the number of model parameters is unknown, only adds anisotropy to layers 
where required by the data (Alder et  al., 2021; H. Yuan & Bodin, 2018). Results show that LVZs may exist 
within the majority of cratons (9 of 12 studied), which are very well correlated in depth to NVGs observed 
by converted phases studies (e.g., Rader et  al.,  2015). Furthermore, cratonic radially anisotropic structure is 
remarkably consistent. All continental cores are comprised of a positively radially anisotropic upper layer, with 
an isotropic layer beneath. Our robust images of seismic cratonic structure facilitate improved insights into craton 
formation and evolution processes.

2. Data and Methods
2.1. Surface Wave Dispersion Curves

Our data set comprises global Rayleigh and Love surface wave phase velocity maps, from the fundamental mode 
up to fifth overtone, for periods ranging from 40 to 200 s, sourced from Durand et al. (2015) and Ho et al. (2016). 
From these phase velocity maps, we extract dispersion curves from 12 selected point locations within cratons 
(Figure S6 in Supporting Information S1). To facilitate global comparison, we extract dispersion curves from 
five tectonically active regions and a cross section through continental North America (Figures S7 and S8 in 
Supporting Information  S1). Because the phase velocity maps are themselves the result of a 2D regularized 
inversion, with a correlation length of 400 km (Durand et al., 2015), we only extract dispersion curve data from 
points within well resolved features with >900 km separation.

2.2. Bayesian Inversion

We jointly invert Rayleigh and Love dispersion curves for 1D posterior distributions of VSV, radial anisotropy 
(ξ = 𝐴𝐴 𝐴𝐴

2

𝑆𝑆𝑆𝑆
 /𝐴𝐴 𝐴𝐴

2

𝑆𝑆𝐴𝐴
 , where VSV and VSH are vertical and horizontally polarized S-wave velocity) and VPH (horizontally 

traveling P-velocity) using a Bayesian transdimensional Markov chain Monte Carlo hierarchical scheme, follow-
ing (Bodin et al., 2016). Including VPH in our inversions improves synthetic model recovery and reduces bias in 
VSV and ξ results (see Text S6 in Supporting Information S1 for discussion). We invert the data between 700 km 
depth and the surface, including the crust, to avoid possible anisotropic artifacts (e.g., Bozdağ & Trampert, 2008). 
However, given the 40 s minimum period of our data set and corresponding sensitivity peak at ∼50 km (Figure S9 
in Supporting Information S1), we limit interpretation to structure below the crust. We thus seek robust recovery 
of mantle seismic parameters using this 1D method because a global inversion would be prohibitively expensive.

Within a Bayesian framework, we use a uniform prior probability distribution where the mean value at each depth 
follows an isotropic PREM-like model (Dziewonski & Anderson, 1981) smoothed into a local crustal model 
sourced from CRUST1.0 (Laske et  al.,  2013, see Text S3 in Supporting Information  S1). Prior distributions 
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have a range of ±20%, ±40%, and ±40% around this model for VSV, ξ, and VPH, respectively. Inversions are 
run on 280 independent chains, whose starting model is randomly selected from a uniform distribution limited 
to half the width of the full prior. The first 300,000 iterations are discarded and we retain one sample in every 
50 from the remaining 300,000 iterations to approximate the posterior probability distribution. The forward 
calculation of dispersion curves is executed by normal mode summation for each proposed velocity model using 
Mineos (Masters et al., 2011), rather than through the use of kernels (e.g., Beghein & Trampert, 2004). The 

Figure 1. Posterior distributions from Bayesian inversion for VSV and ξ for Baltica (a, b), Kaapvaal (c, d) and Yilgarn (e, 
f) with respect to an isotropic reference model smoothed into Crust1.0 (black line). The preferred median model for VSV 
(red) and ξ (blue) is shown as a solid, bold line. Confidence intervals (percentage of models) are shown as varying shades 
of red (VSV) and blue (ξ). Data misfit 𝐴𝐴

(

𝑋𝑋
2

𝐷𝐷

)

 is also reported. Transition depths (blue circles, orange squares) used in Figure 2 
also shown. Gray shaded region marks one standard deviation (dotted) from the mean (dashed) of VSV and ξ profiles 
extracted from 12 radially anisotropic tomographic models in each location (Figures S1–S5 in Supporting Information S1). 
Tomographic models: Durand—unpublished, CAM2016 (Priestley et al., 2020), SEMum (Lekić & Romanowicz, 2011), 
SAVANI (Auer et al., 2014), S362WMANI (Kustowski et al., 2008), S362ANI (Kustowski et al., 2008), S362ANI_M 
(Moulik & Ekström, 2014), SAW642AN (Megnin & Romanowicz, 2000), SAW642ANb (Panning et al., 2010), SEMUCB_
WM1 (French & Romanowicz, 2014), SGLOBErani (Chang et al., 2015), SPani (Tesoniero et al., 2015). LSQR joint 
inversions for VSV and ξ (VPH fixed) are also shown (purple line). Rayleigh (g) and Love (h) fundamental and overtone (1–5) 
dispersion curves used in the inversions. (i) Fundamental mode Rayleigh wave phase velocity map at 100 s period from 
Durand et al. (2015), with three cratonic locations shown (green triangles). Results for nine other cratons (gray triangles) in 
Supporting Information S1 (Figures S16 and S17).
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transdimensional inversion allows addition or removal of layers within the model (between a range of 5 and 80), 
that can be isotropic or variably anisotropic (Alder et al., 2021; H. Yuan & Bodin, 2018). The hierarchical formu-
lation means the level of data noise (i.e., the required level of data fit) for both Love and Rayleigh observations is 
treated as unknown (Bodin et al., 2012). We take the median value of the posterior solution at each depth as our 
preferred model and plot results with respect to the isotropic PREM-like model for visualization.

2.3. Least Squares Inversion

To compare our Bayesian results with standard inversion approaches, we also invert all dispersion data using the 
Tarantola and Valette (1982) LSQR scheme. We use the same isotropic PREM-like reference model for LSQR 

Figure 2. Global map negative velocity gradient (NVG) depth map obtained from short period S-to-P receiver functions. 
(a). Craton locations (purple) from Hasterok et al. (2022); BL: Baltica, CG: Congo, DW: Dharwar, ES: East Superior, KV: 
Kaapvaal, SF: Sao Francisco, SB: Siberia, SL: Slave, TZ: Tanzania, WA: West Africa, WS: West Superior, YG: Yilgarn. 
NVG depth histogram grouped by surface tectonics (b), Phanerozoic, Shield and Craton. NVG depths are averaged into 2° 
bins to avoid spatial sampling biases. For each craton with sufficient data, we extract transition depths (upper: blue circles, 
lower: orange squares) derived from maximum/minimum gradients below the Moho in the VSV low velocity zone (LVZ) and 
positive δξ anomaly as shown in (c, d) and compare these to observed mean NVG depths (e, f). Vertical bars: one standard 
deviation uncertainty of NVG depths. Horizontal bars: estimated transition depth uncertainties.
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inversions, as used for Bayesian inversions. However, we do not add CRUST1.0 (Laske et al., 2013) specific to 
each location at shallow depths. Instead, we simply vary crustal thickness within the reference model at each 
location. This choice dramatically decreases the impact of crustal thickness inaccuracies in the reference model 
when inverting for radial anisotropy (e.g., Chang et al., 2014). Sensitivity kernels appropriate for each reference 
model are calculated using Mineos (Masters et al., 2011).

We test variable parameterizations where data are inverted for VSV and ξ independently (VPH fixed), VSV and ξ 
jointly (VPH fixed), and VSV, ξ and VPH jointly. Optimal regularization parameters for the data and model covari-
ance matrices, as well as the model correlation length (effective smoothing), are chosen by trade-off analysis, that 
aims to balance model smoothness against data fit.

2.4. Synthetic Tests

Initial synthetic tests (Figures S10–S15 in Supporting Information S1) examine the recovery of simple craton models 
in both Bayesian and LSQR inversion schemes and robustness of our parameterization. For each input model, disper-
sion curves of 0.0025 s Gaussian noise are forward modeled using Mineos (Masters et al., 2011), with identical 
data distribution to observed dispersion curves. Data are assigned random Gaussian observational errors of standard 
deviation 0.04 s. The Bayesian scheme recovers the input VSV and ξ anomalies well. It is able to accurately recover 
a total absence of radial anisotropy and the vertical extent of lithospheric VSV and ξ anomalies, with mean depth 
uncertainties of 18 and 9 km, respectively (Figures S10 and S11 in Supporting Information S1). Conversely, while 
LSQR inversions can reliably recover VSV anomalies at upper mantle depths, ξ artifacts are produced in some cases 
where the input model is isotropic (i.e., ξ = 1, Figure S12 in Supporting Information S1). Our Bayesian approach 
is unaffected by crustal heterogeneity (Figure S13 in Supporting Information S1) and is a clear improvement over 
parameterizations that do not explicitly allow isotropic layers (Figure S14 in Supporting Information S1) or fix 
VPH to a reference model (Figure S15 in Supporting Information S1). While VPH often appears weakly constrained, 
broad confidence intervals typically render the true model within half the standard deviation from the mean model 
(e.g., Figure S10 in Supporting Information S1). These tests help explain the observed discrepancy between global 
radial anisotropy models (Figures S1–S5 in Supporting Information S1), and so motivate the use of our Bayesian 
scheme to study cratonic structure, despite the increased expense over LSQR inversions.

We seek a synthetic craton model that explains our results presented in Section  3 and observations from 
short period data (e.g., Rader et al., 2015). Consequently, we construct complex models that resemble results 
presented in Section 3, forward model data as above, and invert these data using the Bayesian scheme. We also 
compute synthetic seismograms through these models with accurate spectral element simulations using AxiSEM 
(Nissen-Meyer et al., 2014) with a minimum period of 5 s. We compute S-to-p receiver functions (SRFs) using 
iterative deconvolution (Ligorrìa & Ammon, 1999) with a Gaussian pulse width of 1.67 s (0.6 Hz) after filtering 
the data from 0.01 to 0.3 Hz. The source window spans 15 s before, to 15 s after the direct S phase, while the 
response window spans 55 s before, to 25 s after the direct phase. Finally, SRFs are stacked between 79 and 84° 
epicentral distance in the depth domain. Results of this analysis are presented in Section 4.

3. Results
3.1. Comparison of Bayesian and LSQR Inversion Results

Figure  1 shows three sets of VSV and ξ posterior distributions from inversion of dispersion curves from the 
Baltica, Kaapvaal and Yilgarn cratons. Results from remaining cratons are given in Supporting Information S1 
(Figures S16 and S17). Broadly, cratonic VSV profiles are characterized by fast velocities above ∼300 km depth 
and lower velocities below, consistent with the thickness of the seismic lithosphere imaged previously (e.g., Gung 
et al., 2003; Priestley et al., 2019). In detail however, the lithospheric velocity profiles are substantially rougher 
than previous results, with possible evidence for a low velocity zone (LVZ) at mid-lithospheric depths in the 
upper 150 km in 9 of 12 cratons (Figure 1; Figures S16 and S17 in Supporting Information S1). LVZs display 
variable amplitude (<3%), peak velocity reduction depth (37.01–115.2 km) and thickness (50 – 150+ km). An 
LVZ is clearly evident in Baltica, Congo, Kaapvaal, but is more subtle in Sao Francisco and Yilgarn cratons. 
Slave, Siberia, West Africa and West Superior show peak mantle velocities below 100 km depth, with lower 
velocities at shallower depths. East Superior displays a relatively constant lithospheric high velocity (2%–3%) to 
300 km depth. Tanzania and Dharwar display slow velocities to ∼250 km depth, although peak velocity reduction 
occurs at LVZ depths.
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Posterior distributions of ξ are very consistent between cratons (Figure 1; Figures S16 and S17 in Supporting 
Information S1). We observe a positive δξ anomaly that extends from the Moho to ∼125–150 km depth in all 
cratons. Peak amplitudes vary between 5% and 21%, at 85.1–99.1 km depth. Below, median models contain no 
radial anisotropy, with very little evidence for any negative radial anisotropy, specifically, within the posterior. 
Elsewhere, away from continental cores, slow VSV anomalies are observed until >250 km depth with variable 
radial anisotropic structure (Figures S18 and S19 in Supporting Information S1). For example, below the East 
Pacific Rise and western United States, there is only very limited evidence within the full posterior for positive 
radial anisotropy in the upper mantle—radial anisotropy is not required by the median model in this depth range.

Results from LSQR inversions (Figures S20–S23 in Supporting Information S1) show substantial differences to 
Bayesian results. Fast cratonic velocities are captured as broad anomalies of up to ∼6% extending to ∼250 km 
depth, with no evidence for a mid-lithospheric LVZ (Figure 1; Figures S20 and S21 in Supporting Informa-
tion S1). While δξ profiles are largely positive above ∼125 km depth, they do not return to zero in the crust and 
frequently show negative radial anisotropy at 150–250 km depth, with amplitudes varying with parameterization. 
Below ∼250 km depth, δξ returns to close to zero. Negative δξ anomalies at mid-lithospheric depths look similar 
to results of inversions of isotropic synthetic data (Figure S12 in Supporting Information S1). Consequently, we 
argue that the negative δξ previously imaged below continental cores in the 150–250 km depth range is likely an 
artifact of LSQR inversion parameterization, particularly where VSV and ξ are inverted for independently (e.g., 
Priestley et al., 2020).

3.2. Comparison With Studies Using Long and Short Period Data

While global models show weak agreement with our results (Figure  1; Figures S1–S5 in Supporting Infor-
mation  S1), continental-to-regional scale studies show some evidence for a mid-lithospheric LVZ and radial 
anisotropic layering in cratons (Figure 1; Figures S16 and S17 in Supporting Information S1). For example, 
seismic reflection/refraction lines across multiple continents indicate the presence of a widespread LVZ at 
∼100 km depth (Thybo, 2006; Thybo & Perchuć, 1997). Perhaps due to shorter periods (<40 s), finer parame-
terization and/or weaker regularization, some regional surface wave studies show evidence for an LVZ at similar 
mid-lithospheric depths in Baltica (Bruneton et al., 2004), North America (C.-W. Chen et al., 2007; H. Yuan & 
Romanowicz, 2010) and when coupled with converted phases (Calò et al., 2016; Eilon et al., 2018). Meanwhile, 
in Australia, dominantly positive radial anisotropy appears in the upper lithosphere, with weaker anisotropy 
below (Kennett et al., 2017). Here, the rapid change of anisotropic strength corresponds well with discontinuity 
depths observed in converted phase studies (Yoshizawa & Kennett, 2015).

In Figure 2 we compare the median profiles for VSV and ξ from the Bayesian inversion results with a global 
database of negative velocity gradient (NVG) observations from point locations in previous S-to-p receiver func-
tion studies (see Supporting Information S1; Abt et al., 2010; Birkey et al., 2021; Bodin et al., 2014; Courtier 
& Revenaugh, 2006; Dündar et al., 2011; Ford et al., 2010, 2016; Geissler et al., 2010; Heit et al., 2007; Heuer 
et al., 2007; Kawakatsu et al., 2009; Krueger et al., 2021; Kumar, Kind, et al., 2005; Kumar, Yuan, et al., 2005; 
Kumar, Kind, et al., 2007; Kumar, Yuan, et al., 2007; Kumar et al., 2006, 2012, 2013; Li et al., 2004, 2007; 
Miller & Eaton,  2010; Mohsen et  al.,  2006; Revenaugh & Sipkin,  1994; Rychert & Shearer,  2009; Rychert 
et al., 2005, 2007; Saul et al., 2000; Selway et al., 2015; Sodoudi, Kind, et al., 2006; Sodoudi, Yuan, et al., 2006; 
Sodoudi et al., 2009; Wirth & Long, 2014; Wölbern et al., 2012; X. Yuan et al., 2006; J. Zhao et al., 2010; W. 
Zhao et al., 2011; Zheng & Romanowicz, 2012). There is little difference in the depth distribution of NVGs 
between Phanerozoic (Mean: 95.6 km, S.t.d: 29.4 km), Shield (Mean: 94.8 km, S.t.d: 24.7 km) and Craton (Mean: 
92.3 km, S.t.d: 26.7 km) localities globally (Figure 2b). Where data is available, we compare the mean depth of 
NVGs observed within each of the 12 cratons studied, with the top and base of both the LVZ in the VSV profile 
and positive anomaly in the δξ profile, defined by maximum/minimum gradients bounding these anomalies 
(Figures 2c and 2d). In all localities, the mean NVG depth exists within the LVZ, because the top and base of the 
LVZ consistently lie above and below the mean NVG depth, respectively. Furthermore, in all but one location, the 
NVG lies within the positive δξ zone. For all cratons, the top of the δξ anomaly lies above the mean NVG depth, 
while the base lies below the mean NVG depth in all but one instance. Therefore, NVGs are likely unrelated to a ξ 
interface. We find no correlation between the mean NVG depth and the minimum lithospheric δVSV (peak velocity 
reduction in the LVZ), suggesting a variable thickness/heterogeneous LVZ. Furthermore, no correlation is present 
between the mean NVG depth and the depth of maximum δξ, that is relatively uniform globally (∼14 km range).

 19448007, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
106170 by C

ochrane France, W
iley O

nline L
ibrary on [08/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

BOYCE ET AL.

10.1029/2023GL106170

7 of 13

The tops of observed LVZs in our inversions likely reflect mid-lithospheric discontinuities in cratons. S-to-p 
receiver function studies record evidence for negative velocity gradients, consistent with the top of LVZs (Krueger 
et al., 2021). The top of the LVZs (blue circles Figure 2e) lie closest to the line x = y (X 2 = 28.9) and are the most 
correlated with mean NVG depths (correlation coefficient = 0.68), of any interface studied in Figure 2. This is 
explored further in Section 4.

4. Discussion
4.1. Implications for Craton Formation

Broadly consistent positive radial anisotropy anomalies extending from the Moho to ∼125–150 km depth in 
12 cratons (Figure  1; Figures S16 and S17 in Supporting Information  S1) help to discern between previous 
models of craton formation (Aulbach, 2012; Lee, 2006; Lee et al., 2011). A craton formation model of horizon-
tal terrane accretion and arc thickening (Jordan, 1978; Pearson et al., 2021; Priestley et al., 2020) would likely 
result in vertically orientated fabrics and consequently, negative radial anisotropy at lithospheric depths (e.g., 
Priestley et al., 2020). However, evidence for negative radial anisotropy is absent (Figure 1; Figures S16 and 
S17 in Supporting Information S1) and tests show that previous results may have been complicated by artifacts 
(Figures S12, S20, and S21 in Supporting Information S1), meaning this mechanism for craton formation is 
unfavorable. Underthrusting of oceanic plates to build thick continents (e.g., Pearson & Wittig, 2008; Simon 
et al., 2007) is supported by some evidence for steeply dipping mid-lithospheric boundaries at craton margins 
(e.g., Hopper & Fischer, 2015; Miller & Eaton, 2010). However, negatively buoyant oceanic lithosphere may 
preferentially subduct rather than subcrete (Arndt et al., 2009), and such a mechanism is hard to reconcile with 
the strong positive radial anisotropy observed in cratons (Figure 1; Figures S16 and S17 in Supporting Informa-
tion S1). Although difficulties remain in explaining the depth difference between cratonic peridotite protoliths 
and their final equilibrium temperature (Lee et al., 2011), our results of a globally consistent ξ anomaly are most 
easily reconciled with a plume/underplating model for craton formation (Arndt et al., 2009; Griffin et al., 2003). 
Because upwelling plume material will spread laterally below a solid plate and subsequently cool, a preferential 
horizontal alignment of mineral fabrics will be established, leading to a clear VSH > VSV signature in the upper 
layer of cratons, as is observed (Figure 1; Figures S16 and S17 in Supporting Information S1).

Tests (Figures S24–S26 in Supporting Information  S1) show that extrinsic anisotropy, characterized by 40% 
variations in δVSV with periodic 5 km thick layering, is required to reproduce a positive radial anisotropy anom-
aly of >10%. We consider this to be unrealistic, so conclude the upper layer anisotropy cannot be solely due to 
layering, and is intrinsically anisotropic, that is, characterized by preferential alignment of crystals. Furthermore, 
such extrinsic anisotropy cannot reproduce a VSV profile containing an upper lithospheric LVZ. We image a fast 
velocity lower layer within cratons that lacks radial anisotropy (Figure 1; Figures S16 and S17 in Supporting 
Information S1), meaning it is likely cold, but it formed via a process unrelated to plume underplating. This 
suggests the lower isotropic layer formed after underplating terminated during times of less vigorous convection, 
consistent with thermal accretion mechanisms (Darbyshire et al., 2013; H. Yuan & Romanowicz, 2010) and/or 
reformation following removal (Hu et al., 2018; Liu et al., 2021).

4.2. Implications for Formation of Mid-Lithospheric Discontinuities

Imaged variable amplitude shallow lithospheric LVZs (Figure 1; Figures S16 and S17 in Supporting Informa-
tion S1) also shed new light on craton development. Negative velocity gradients (NVGs), highlighted as negative 
amplitude arrivals on S-to-p receiver functions (SRFs), are observed intermittently from 50 to >150 km depth 
(Figure 2, e.g., Hua et al., 2023; Karato et al., 2015; Krueger et al., 2021; Rader et al., 2015; Selway et al., 2015). 
In young, thin lithosphere, this discontinuity may represent the lithosphere-asthenosphere boundary, but in old, 
thick cratonic lithosphere (>250 km), these NVGs are termed mid-lithospheric discontinuities (MLDs; Karato 
et al., 2015; Rader et al., 2015; Selway et al., 2015).

Numerous causal mechanisms of the MLD have been suggested (e.g., Selway et al., 2015). Smooth, cold cratonic 
geotherms render temperature and present-day partial melt insufficient to produce sharp NVGs and correspond-
ing LVZs/MLDs observed above 150 km depth by SRFs or our inversions (e.g., Kumar et al., 2012; Krueger 
et  al.,  2021; Thybo,  2006; Figure  1; Figures S16 and S17 in Supporting Information  S1). Spatially variable 
LVZs (Figure 1; Figures S16 and S17 in Supporting Information S1) and NVGs in SRFs (Krueger et al., 2021; 
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Figure  2), that also become shallower rather than deeper between Phanerozoic, Shield and Craton localities 
(95.6, 94.8, 92.3 km depth respectively), mean there is limited support for a ubiquitous MLD of sufficient ampli-
tude produced by elastically accommodated grain boundary sliding, given its thermal dependence (e.g., Karato 
et al., 2015; Selway et al., 2015). Furthermore, a lack of consensus on continental anisotropic structure (e.g., 
Figures S1–S5 in Supporting Information S1) has rendered vertical changes in both azimuthal and radial aniso-
tropy as unfavorable causes of the MLD (e.g., Ford et al., 2016; Rychert & Shearer, 2009; Wirth & Long, 2014; 
Yoshizawa & Kennett, 2015; H. Yuan & Romanowicz, 2010). Our results show cratonic MLDs exist within posi-
tive ξ anomalies, rather than at the anomaly base (Figure 2f) meaning cratonic MLDs are not caused by a change 
in radial anisotropy. Instead we require a horizontal interface in VSV to produce cratonic NVGs/MLDs (e.g., Ford 
et al., 2016).

Although composition partially controls VSV (Schutt & Lesher,  2006), a change in depletion level with 
depth is not easily reconciled with mantle xenoliths (e.g., Griffin et  al.,  2004) or craton formation mech-
anisms (Lee,  2006). However, lithospheric metasomatism leading to the accumulation of lower velocity 
volatile-bearing/hydrous phases or frozen-in melt below MLD depths (e.g., Aulbach et al., 2017; Fu et al., 2022; 
Saha et al., 2021; Sodoudi et al., 2013; Wölbern et al., 2012) presents a fruitful explanation for MLD forma-
tion, despite debate concerning the amplitude of plausible VSV velocity drops (Saha & Dasgupta, 2019; Saha 
et al., 2018, 2021) compared to observations (2%–6%, e.g., Krueger et al., 2021). Because the MLD exists 
within the positive ξ layer, metasomatism (e.g., Bruneton et  al., 2004) occurred after cratons were formed 
meaning, in contrast to Rader et  al.  (2015), the MLD was not the lithosphere-asthenosphere boundary of 
young, thin cratons in Archean times. Variable amplitude LVZs (Figure 1; Figures S16 and S17 in Supporting 
Information S1) and intermittent MLD observations (e.g., Krueger et al., 2021) imply cratons have witnessed 
variable post-formation modification, meaning MLD observations likely coincide with modified cratons char-
acterized by a shallow lithospheric LVZ.

4.3. A Unified Model for Craton Formation and Evolution

In Figure 3, we propose a synthetic craton model including a mid-lithospheric LVZ within a positive radially 
anisotropic upper lithospheric layer. We explore whether this model explains our results and previous observa-
tions by inverting synthetic data using our Bayesian algorithm and forward modeling SRFs (see Section 2). A 
lithospheric LVZ (∼10% instantaneous VSV drop, inline with previous works, Hopper & Fischer, 2015) is recov-
ered as a smoothly varying velocity profile akin to observations (Figure 1). The NVG atop the LVZ produces 
a negative amplitude arrival at ∼90 km depth in the SRF stack, similar to observations (Figure 2). The base of 
the positively radially anisotropic layer and colocated VSV increase with depth is not seen in the SRF stack, due 
to interference from the earlier-arriving phase at the period band used. The forward modeled synthetic data is 
also representative of observed cratonic data (Figures 3d and 3e). Tests show we cannot distinguish between an 
isotropic or extrinsically anisotropic LVZ, but SRF forward modeling is robust (Figures S27–S30 in Supporting 
Information S1).

Figure 4 shows our three-step interpretation of craton development. An upper, ∼125–150 km thick, depleted 
layer is formed in the Archean by underplating from lateral spreading of plume material, producing a radi-
ally anisotropic signature common to all cratons. A lower layer lacking radial anisotropy, perhaps rich in 
diamonds (Garber et al., 2018; Walsh et al., 2023), is formed at later time through cooling and steady thick-
ening to ∼250–300 km depth. Finally, the diverse, recent history of continental cores yields variable levels of 
post-formation modification through metasomatism, producing a variable amplitude LVZ within the upper 
layer. Although our results cannot constrain the metasomatic reagent (i.e., fluid/melt; Saha & Dasgupta, 2019; 
Saha et  al.,  2018), the accumulation of frozen-in melt sills (Saha et  al.,  2021) can cause extrinsic anisot-
ropy (Hansen et al., 2021) within the LVZ (Figure S27 in Supporting Information S1). This interpretation is 
consistent with the anisotropic peak that exists at LVZ depths (Figure 1; Figures S16 and S17 in Supporting 
Information S1).

5. Conclusions
By jointly inverting Rayleigh and Love surface wave dispersion data using a flexible Bayesian approach, 
we reveal evidence for a consistent positive radially anisotropic upper layer and isotropic lower layer within 
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cratons. Our results also show evidence for a heterogeneous mid-lithospheric low velocity zone within the 
upper anisotropic layer, consistent with observations of negative velocity gradients from converted phase 
studies.

Consistent radial anisotropy results likely indicate a common two-stage formation mechanism for cratons. The 
positively anisotropic upper layer is best explained by Archean underplating. The lower isotropic layer may have 
formed later by steady thermal accretion. The variable amplitude low velocity zone in cratonic lithosphere and 
globally heterogeneous observations of mid-lithospheric discontinuities, that do not correspond to a change in 
radial anisotropy, suggest the MLD is best explained by metasomatism that occurred after craton formation 
terminated.

Figure 3. Posterior distributions for VSV (a) and ξ (b) for proposed synthetic model (bold black line) with respect to isotropic 
reference model (gray line). The preferred median model for VSV (red) and ξ (blue) is shown as a solid, bold line. Confidence 
intervals (percentage of models) are shown as varying shades of red (VSV) and blue (ξ). Data misfit 𝐴𝐴

(

𝑋𝑋
2

𝐷𝐷

)

 is also reported. 
S-to-p Receiver Function (SRF) stack (c) obtained from spectral element simulations (Axisem) using the proposed synthetic 
model (a, b). Green horizontal dashed lines show depth difference (ɛ) between input discontinuity and maximum amplitude 
on the SRF. Yellow shaded region is below SRF stacking depth. Rayleigh (d) and Love (e) fundamental and overtone (1–5) 
synthetic dispersion curves.
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Data Availability Statement
The data files, NVG database, software package and plotting codes are available (Boyce, 2023). Figures plotted 
using Generic Mapping Tools (https://www.generic-mapping-tools.org/).
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