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Abstract Mid‐ocean ridges generate basalt and harzburgite, which are introduced into the mantle through
subduction as a mechanical mixture, contributing to both lateral and radial compositional heterogeneity. The
possible accumulation of basalt in the mantle transition zone has been examined, but details of the mantle
composition below the 660‐km discontinuity (hereafter d660) remain poorly constrained. In this study, we
utilize the subtle waveform details of S660S, the underside shear‐wave reflection off the d660, to interpret the
seismic velocity, density, and compositional structure near, and particularly below, the d660. We identify a
significant difference in S660S waveform shape in subduction zones compared to other regions. The inversion
results reveal globally enriched basalt at the d660, with a notably higher content in subduction zones, consistent
with the smaller impedance jump and S660S peak amplitude. The basalt fraction decreases significantly to less
than 10% near 800‐km depth, forming a global harzburgite‐enriched layer and resulting in a steep seismic
velocity gradient just below the d660, in agreement with 1D global reference models. The striking
compositional radial variations near the d660 verify geodynamic predictions and challenge the applicability of
homogeneous radial compositional models in the mantle. These variations may also affect the viscosity profile
and, consequently, the dynamics at the boundary between the upper and lower mantle.

Plain Language Summary Compositional heterogeneity is prevalent in Earth's mantle. The basalt
and harzburgite generated by mid‐ocean ridges are transported by subducted slabs into the deep mantle, but they
do not reach chemical equilibrium over geological time scales. Therefore, the heterogeneous mantle can be
modeled as a physical mixture of varying amounts of these two components. Basalt can separate from slabs and
be transported elsewhere, but its spatial distribution is poorly known, which is crucial for understanding the
mantle's composition and evolution. The 660‐km discontinuity (d660) is the boundary between the upper and
lower mantle. This study fully utilizes the subtle details of the seismic wave S660S, the underside shear‐wave
reflection off the d660, to resolve the basalt content at and below the d660. Our results show that basalt
accumulates at the d660, particularly in subduction zones, consistent with previous studies. However, the basalt
fraction decreases substantially below the d660, producing a global harzburgite‐enriched layer, which may
influence the dynamics between the upper and lower mantle. Integrating our findings with mineral physics and
geochemical constraints provides a more detailed understanding of the radial variations in mantle chemistry.

1. Introduction
Compositional heterogeneity is prevalent throughout the mantle, varying across different scales and heavily
influenced by mantle convection and plate tectonics (e.g., Stixrude & Lithgow‐Bertelloni, 2012, and references
therein). The mantle is processed at mid‐ocean ridges, generating basaltic magma and depleted harzburgitic
residue, which are then injected into the deep mantle through subduction. Because of the low chemical diffusivity
of mantle materials (Farber et al., 1994; Hofmann & Hart, 1978; Yamazaki et al., 2000), harzburgite and basalt are
not likely to reach equilibrium over the age of the Earth. Therefore, in contrast to widely used homogeneous
models, such as the pyrolite model (Ringwood, 1962), a mechanical mixture of basalt and harzburgite is more
likely to represent the mantle composition (e.g., Xu et al., 2008). Due to the greater depth of the gradual post‐
garnet transition than that of the post‐spinel transition, basalt is denser than harzburgite throughout the entire
mantle, except at depths of about 660–720 km (Hirose et al., 1999; Ishii et al., 2019; W. Wang, Xu, et al., 2020).
The density crossover, according to numerical experiments and geodynamic modeling (Van Keken et al., 1996;
Yan et al., 2020), should result in a basalt‐enriched layer in the mantle transition zone (MTZ) and a harzburgite‐
enriched layer at depths of approximately 660–800 km, which has been observed in some regions, such as the
Samoan mantle plume (Maguire et al., 2017). If this prediction is valid, the 660‐km discontinuity (hereafter d660)
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would be not only a phase boundary but also a compositional boundary between the upper and lower mantle,
producing radial compositional variations that could influence mantle dynamics.

Owing to the distinct seismic velocity and density properties of basalt and harzburgite, particularly near the d660,
seismological approaches provide an opportunity to resolve compositional mantle heterogeneity. The reflected
seismic waves at discontinuities that arrive before the main PP and SS phases, named PP and SS precursors,
respectively, provide good global coverage and are widely used in studying the MTZ discontinuities. Recently,
some seismological studies confirmed the global accumulation of basalt in the MTZ by analyzing PP and SS
precursors reflected at the 410‐km discontinuity (hereafter d410) and d660 (Bissig et al., 2023; Tauzin et al., 2022;
Yu et al., 2023). These results also suggest a higher basalt fraction at the d660 compared to the d410, with an
increased presence near subduction slabs than in other regions. Although there is a discrepancy in the absolute
basalt content in these studies due to differences in methods and uncertainties in mineral databases, a general
consensus has been reached on the basalt‐enriched layer above the d660. However, the seismic velocity, density,
and composition immediately below the d660 remain poorly constrained, presenting a critical challenge in
assessing the possible existence of a distinct compositional layer between the upper and lower mantle.

To resolve structure below the d660, we examine details of the underside reflected phase S660S. Prior PP and SS
precursor studies typically rely on travel time and peak amplitude to infer the topography and velocity/density
changes across discontinuities. However, waveform characteristics, including sidelobes (secondary waveform
details surrounding the main peak) (Figure 1f), offer additional valuable information, particularly concerning the
velocity/density gradient near discontinuities. For example, the deep right sidelobe of S410S in some regions may
be the signature of a low‐velocity layer above the d410 (Wei & Shearer, 2017). An interesting feature near the
d660 is the steep seismic velocity gradient below it in 1D global reference models (e.g., Dziewonski &
Anderson, 1981; Kennett & Engdahl, 1991), which accounts for the shallow sidelobe on the left side of a global
S660S stack by Shearer (1996). Thus, the waveform details of S660S provide a chance to resolve the fine velocity
structure not only at but also above and below the d660. In this study, using more than 30 years of global seismic
data, we identify a significant difference in S660S waveform shape between subducting slabs and other regions.
We interpret these results with inversions for seismic velocity models alone and for models that incorporate
mineral physics constraints for compositional models of varying basalt content. Our results provide new con-
straints on radial compositional variations near the d660, which can be integrated with previous seismic and
geochemical findings and incorporated into geodynamic modeling to enhance our understanding of Earth's
composition and evolution.

2. Data and Methods
2.1. Data Processing and Stacking

We utilize the large data set of SS precursors compiled in Wei et al. (2020), comprising seismic data recorded at
global permanent broadband stations, USArray stations, and Japan F‐net stations from 1987 to 2018. To reduce
interference from depth phases, only events shallower than 75‐km depth are included. Each transverse‐component
seismogram is band‐pass filtered between 15 and 100 s (first‐order Butterworth, zero‐phase shift) and subse-
quently downsampled to 1 s. The SS phase is picked as the maximum absolute amplitude in a 60‐s time window
centered at the theoretical SS arrival time predicted by the IASP91 model (Kennett & Engdahl, 1991). The noise is
estimated from the maximum amplitude in a time window from 50 s before the predicted S660S arrival to 50 s
after the predicted S410S arrival. To ensure high data quality and avoid potential interference from the Ss660s and
ScS660ScS phases, we only retain seismograms with SS signal‐to‐noise ratios greater than 3 and source‐receiver
distances within the range of 120 to 170°. This screening process results in a total of 143,059 traces and each trace
is aligned and normalized to the SS arrival.

To mitigate the effect of the uneven data distribution, the traces are stacked in overlapping caps of 5° radius at a
spacing of 5° based on their bounce points (Figure 1). Cap stacks containing fewer than 100 bounce points are
discarded due to their high stacking error. SS stacks are obtained by directly stacking traces along the SS arrival,
whereas S660S stacks are obtained by stacking traces along the predicted S660S arrival time relative to SS, ac-
counting for lateral velocity variations. Following the approach of Shearer (1993), we utilized the CRUST1.0
model (Laske et al., 2013) and the GLAD‐M25 model (Lei et al., 2020) to generate 1D S‐wave velocity profiles
for each trace and compute the theoretical differential travel time between SS and S660S (tSS − tS660S) . The S660S
cap stacks are further aligned to the maximum amplitude within the time window from −10 to 10 s relative to the
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predicted S660S arrival and the travel time deviations from the prediction are converted to the topography of the
d660 (Figure 1c) (see details in Section 3.1).

To characterize possible structural and compositional differences between subduction zones, hot upwelling, and
ambient mantle, we divide the caps into three groups based on global tomography models. The vote maps of
absolute velocities exceeding the root‐mean‐square velocity at the depth of 660 km from 18 global S‐wave to-
mography models are generated using SubMachine (Hosseini et al., 2018; Shephard et al., 2017) (Figure S1 in
Supporting Information S1). Caps in regions with at least 9 votes, representing half of the models, are classified as

Figure 1. S660S data and stacks. (a) Ray paths of SS and S660S at a representative epicentral distance of 140°, where the star
and triangle represent the earthquake and station, respectively. (b) Distribution of fast, slow, and neutral caps containing
more than 100 bounce points. The fast and slow caps are delineated with blue and black edges, respectively. The plotting size
of the caps is smaller than the real radius of 5° to avoid overlapping. (c) Topography of the d660 in caps with more than 100
bounce points. (d) Normalized amplitude of S660S in caps with more than 100 bounce points. The black lines in panels (b–d)
represent the plate boundary. (e, f) Corrected SS and S660S stacks in fast, slow, and neutral groups. The SS stacks are corrected
for variations in crustal thickness and the S660S stacks represent the convolution of the original S660S stacks and an attenuation
operator, accounting for the additional attenuation of SS compared to S660S. Two‐standard error bars are shown in panel (f),
which are estimated using the bootstrapping approach (Efron & Tibshirani, 1991).
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fast or slow caps depending on the polarity of their velocity anomalies. The remaining caps are designated as
neutral caps (Figure 1b). In each group, all the aligned cap stacks are further stacked to generate the SS and S660S
group stacks (Figures 1e and 1f), with the uncertainty in the S660S stacks estimated using the bootstrapping
approach (Efron & Tibshirani, 1991). The three sets of group stacks, named fast, slow, and neutral stacks,
generally correspond to regions of cold subducted slab, hot upwelling, and ambient mantle, as temperature is the
predominant factor controlling the lateral changes in seismic velocity.

2.2. Waveform Modeling

Based on ray theory and a given 1D model, a synthetic S660S waveform can be efficiently computed by
convolving the reference SS waveform with the discontinuity operator calculated from reflection coefficients and
geometric spreading (Lawrence & Shearer, 2006; Shearer, 1996) (Figures 2c–2e). The epicentral distances used
in this study avoid triplications, caustics, and diffracted waves, making ray theory a suitable approximation for the
forward problem. Given this method to generate synthetic waveforms, the 1D profile beneath a region (e.g., the
fast region), can be inverted for using the corresponding SS and S660S data stacks. Note that the SS stack for each
group is utilized as the reference phase for the corresponding S660S stack.

The weighted average epicentral distance of the global data set, 140°, is used as a representative distance to
calculate the synthetics, and tests show negligible differences between the group stacks of traces with different
epicentral distances and the synthetic based on 140° (Figure S2 in Supporting Information S1). To accurately
invert for a velocity profile, some corrections need to be applied to the SS and S660S stacks. Changes to the shapes
of S660S and SS stacks arise from the surface crustal reflection and extra attenuation on SS (Shearer, 1996). To
first order, the underside Moho reflection is positively polarized and arrives before the main SS arrival, whereas
the topside reverberation off the Moho is negatively polarized and arrives after the SS arrival. The influence of
oceanic crust on the long‐period SS waveform is negligible due to its thinness, whereas thicker continental crust
has a significant effect, deepening the sidelobe on the right side and elevating the sidelobe on the left side
(Shearer, 1996). We construct a global oceanic stack by stacking all traces with midpoints located in regions
where the crust is less than 10‐km thick according to the CRUST1.0 model (Laske et al., 2013), and use this stack
as a global reference SS phase. We convolve the reference phase with the crustal operator in each 1° × 1° grid

Figure 2. Parameterizations and waveform modeling. (a, b) Illustration of parameters in the seismic and thermodynamic
parameterizations. Free parameters are highlighted in red, whereas the d660 depth (d660) is fixed and estimated by the timing
of S660S. (c–e) The waveform modeling approach illustrated using the IASP91 model as an example. The synthetic S660S
waveform is the convolution of the reference SS and a “spike” seismogram calculated based on the 1D model. The reference SS
phase is corrected for effects of the crust and the synthetic S660S is compared with the observed S660S after accounting for
attenuation, as shown in Figures 1e and 1f.
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based on the CRUST1.0 model, and the difference between the convoluted waveform and the reference is the
crustal correction term. Finally, the average crustal correction term for each group stack is subtracted from the
respective SS stack to correct for the crustal effect. The corrected SS stacks are nearly indistinguishable,
particularly on the left side, suggesting appropriate crustal corrections (Figure 1e).

The extra attenuation of SS relative to S660S reduces the amplitude of SS and widens its pulse. To correct for this
attenuation effect, we convolve a t⋆ operator calculated from the PREM model (Dziewonski & Anderson, 1981)
with S660S stacks (Figure 1f) for comparison with SS pulses. Prior global studies also corrected for the effect of
incoherent stacking of S660S (e.g., Shearer, 1996; Yu et al., 2023). However, this correction is not applied in this
study because all cap stacks are re‐aligned to their maximum amplitude near the predicted arrival time before
group stacking. Given that the long‐period S660S is only sensitive to large‐scale structure (approximately 10°),
the incoherent stacking effect within a single cap with a 5° radius is considered negligible.

The S660S stacks after the attenuation correction exhibit significantly different characteristics (Figure 1f). Given
that the right‐side waveform is significantly affected by the 520‐ and 560‐km discontinuities (Tian et al., 2020),
and recognizing that depth resolution diminishes as one moves away from the 660‐km depth, we restrict our
analysis to the 40‐s time window on the left side of the waveform, corresponding to depths of approximately 660–
830 km. There is no prominent difference between neutral and slow stacks, whereas the fast stack features a lower
peak, a shallower trough, and higher amplitude within the time window of −40 to −30 s, even when accounting
for uncertainty. The difference in the S660S waveform probably reflects distinctive velocity structure between
subduction zones and other regions, which our inversion aims to explore.

2.3. Inversion of Velocity, Density, and Composition

With the corrected SS and S660S stacks, we employ a Bayesian inversion algorithm to obtain VS and density
profiles, as well as the composition at and below the d660. As mentioned above, we focus on the waveform in the
time window of 0–40 s before the S660S peak. Similar to Bissig et al. (2023), we employ two parameterizations:
seismic and thermodynamic (Figure 2). The seismic parameterization directly solves for a layered model of
velocity and density, whereas the thermodynamic parameterization adjusts temperature and composition, which
are then used to predict the velocity and density profiles. To parameterize composition, we assume a mechanical
mixture model of harzburgite and basalt (Figure 3), with the basalt fraction ranging from 0% to 80%. The
compositions of these endmembers in the Na2O–CaO–FeO–MgO–Al2O3–SiO3 chemical system are taken from
Khan et al. (2009) (Table S1 in Supporting Information S1). For the two endmembers, the Perple_X package
(Connolly, 2005) is used to conduct Gibbs' free energy minimization, and the bulk and shear moduli, as well as the
density, are calculated based on the equations of state in Stixrude and Lithgow‐Bertelloni (2022). The elastic
moduli of the mixture are obtained by the Voigt‐Reuss‐Hill average (Hill, 1952) of the properties of the two
endmembers, and the density is the weighted mean density based on their respective fractions. Therefore, given

Figure 3. Velocity (a) and density (b) profiles of mechanical mixtures of basalt and harzburgite with various basalt fractions
(f) along a normal geotherm (Katsura, 2022). PMM is the pyrolitic mechanical mixture (PMM), with a basalt fraction of 0.18.
The profiles are calculated based on the mineral database of Stixrude and Lithgow‐Bertelloni (2022) using the Perple_X
package (Connolly, 2005).
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any combination of temperature and basalt fraction, the velocity and density profiles are computed as interme-
diary models to fit the waveform.

Most 1D global reference models have a high‐gradient layer just below the d660 and a low‐gradient layer at
greater depths (Dziewonski & Anderson, 1981; Kennett & Engdahl, 1991). Due to its long period, the S660S
waveform is sensitive to these gradients, prompting us to assume three layers in both the seismic and thermo-
dynamic parameterizations (Figure 2). The first layer is the d660 with a fixed width of 12 km, the global average
thickness based on Lawrence and Shearer (2006). The d660 depth (d660) , the middle depth in this layer, is
estimated by the average travel time deviations from the predicted arrival in the cap stacks. The S660S arrivals are
3 and 0 s earlier than the prediction in the fast and neutral stacks and 1 s later in the slow stack, corresponding to
d660 depths of 671, 660, and 657 km, respectively (see details in Section 3.1). Figure S3 in Supporting Infor-
mation S1 suggests that the middle depths of the velocity jump, representing d660, are determined by the post‐
spinel transition in harzburgite and depend on the temperature rather than the basalt fraction. Therefore, d660
can be directly translated to the temperature at 660‐km depth, which are 1850, 2050, and 2100 K for fast, neutral,
and slow stacks, respectively. The temperature profile near the d660 is constructed assuming an adiabatic tem-
perature gradient of 0.38 K/km near the d660 (Katsura, 2022). In contrast to the first layer, the boundaries of the
second and third layers (d1 and d2) are free parameters in the inversion (Figure 2). Since the long‐period S660S
cannot distinguish between a narrow layer with an impedance jump and a thick layer with a steep gradient, we
assume the thicknesses of the second and third layers to be at least 30 km. This assumption allows us to
concentrate on impedance gradients rather than abrupt jumps below the d660. The velocity and density profiles at
unspecified depths follow the IASP91 model. Note that the fixed thickness of d660 and the minimum thicknesses
of the second and third layers are applied to reduce the long‐period uncertainty and complexities in the inversion.
Although some inversion parameters, particularly the boundary depths in seismic results, could be influenced by
variations in these layer settings, the velocity and density gradients, which are primarily sensitive to the waveform
amplitude, are well constrained.

The above model settings allow us to focus on waveform shapes, which are sensitive to relative changes in
velocity and density instead of their absolute values. Based on the three‐layer models, the velocity changes in the
first and second layers (dv1 and dv2) are additional free parameters in the seismic parameterization, whereas the
velocity change in the third layer depends on these free parameters (Figure 2). Velocities within layers are linearly
interpolated. The density is scaled using dVS/dρ = 1.644, where 1.644 is the ratio of velocity to density changes
between 660 and 800‐km depths in the IASP91 model. In the thermodynamic parameterization, neither a velocity
nor density profile is assumed. In addition to the boundaries of the three layers, the other free parameters are three
basalt fractions: f1 above and at the d660 layer, f2 at the second boundary (d1) , and f3 at the third boundary (d2) .
The basalt fraction in the first layer does not change with depth, whereas those within the second and third layers
are linearly interpolated to avoid abrupt compositional jumps at the boundaries. In summary, we have four free
parameters in the seismic parameterization (d1,d2,dv1,dv2) and five parameters (d1,d2, f1, f2, f3) in the ther-
modynamic parameterization (Figure 2).

The inverse problem is expressed as d = G(m), where d is the corrected S660S waveform stack on the left side
(0–40 s before the S660S arrival), m contains the free parameters customizing the velocity and density profiles,
and G is the forward waveform modeling operator. The Bayes' theorem can be formulated as follows:

p(m|d) ∝ p(m)L(d|m). (1)

The prior knowledge p(m) is modulated through the likelihood function L(d|m) to reach the posterior probability
density function p(m|d). We use an L2‐norm likelihood function, which is expressed as

L(d|m) ∝ exp(−Φ), (2)

and

Φ =
‖G(m) − d‖2

2σ2 , (3)
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where σ is the standard deviation of the data vector d, which is obtained by bootstrapping. We assume uniform
prior distributions of all parameters within a relatively large range (Table S2 in Supporting Information S1). With
the emcee python package (Foreman‐Mackey et al., 2013), we implement the affine‐invariant ensemble sampler
for Markov chain Monte Carlo in our inversion. This method provides a reasonable criterion of convergence, that
is, the number of steps should be more than 50 times the integrated autocorrelation time. With this criterion, we
apply the method to three group stacks in two parameterizations with 24 walkers and 200,000 steps. The first 10%
of the samples are discarded as the burn‐in period, and every 10th sample is retained from the remaining samples
to reduce autocorrelation. The distribution of samples with 200,000 steps is the same as that with 100,000 steps,
further corroborating sufficient steps.

3. Results
The topography of the d660 and the peak amplitude of S660S in caps containing more than 100 bounce points are
shown in Figures 1c and 1d. Inversion results for the fast, neutral, and slow stacks in the seismic parameterization
are presented in Figures 4, S4, and S5 in Supporting Information S1, respectively. Correspondingly, the inversion
results in the thermodynamic parameterization are shown in Figures 5, S11, and S12 in Supporting Informa-
tion S1. A comprehensive summary of all inversion results is presented in Figure 6, with the radial variations of
basalt fraction shown in Figure 7.

3.1. Topography and Peak Amplitude of the d660

The topography of the d660 is directly estimated by the travel time deviations from the predicted S660S arrival
(ΔT = (tSS − t660)obs − (tSS − t660)pred) in each cap. The conversion from travel time deviations to disconti-
nuity depths requires that the ratio between the discontinuity depth deviation (Δd660) and the travel time deviation
(ΔT) does not change significantly with epicentral distance. Based on the IASP91 model (Kennett & Eng-
dahl, 1991), Δd660/ ΔT is 4.14 km/s at 120°, 3.81 km/s at 140°, and 3.45 km/s at 170°. None of the travel time
deviations in the three group stacks exceeds 3 s and the interpreted d660 depths for ΔT of 3 s are 12.42, 11.43, and

Figure 4. Inversion results for the fast stack in the seismic parameterization. (a) Corner plot of Bayesian samples. The dashed
lines represent the 2.5%, 50%, and 97.5% quantiles, accompanied by corresponding values in subtitles. (b) Observed and
synthetic S660S stacks. The observation is shown as the average with two standard errors estimated by bootstrapping. The
synthetics are generated from Bayesian samples. (c) VS and density profiles based on the samples, in comparison with the
IASP91 model (Kennett & Engdahl, 1991).
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10.35 km at 120, 140, and 170°, respectively. Using Δd660/ ΔT of the average epicentral distance, 140°, the
topography of the d660 can be estimated with an uncertainty of 1 km. Moreover, considering that the inversion
depends on the waveform shapes rather than the topography (travel time), the small uncertainty in the topography
does not affect the inversion.

Regions below the western Pacific, South America, and Tethys subduction zone exhibit a significantly depressed
660 (Figure 1c). An elevated d660 is observed in the Indian Ocean, northern Atlantic Ocean, and West Antarctica.
The large‐scale depressed and elevated d660s are generally consistent with the fast and slow regions in Figure 1b,
suggesting cold subducted slabs and hot mantle upwelling, respectively. The large‐scale pattern of the topography
of the d660 also agrees with prior SS precursor studies (e.g., W. Wang, Xu, et al., 2020; Waszek et al., 2021), but
the absolute depth perturbations vary, likely due to the different tomography models used to correct for velocity
heterogeneity in the upper mantle. The peak amplitude of S660S (Figure 1d) exhibits a similar spatial pattern to
that of the topography of the d660. On a large scale, the S660S amplitude is notably low in the western Pacific and
South America, where deep subducting slabs are present.

3.2. Velocity/Density at and Below the d660

The distribution of Bayesian samples, corresponding synthetic waveforms, and velocity/density profiles in the
seismic parameterization are shown in Figures 4, S4, S5, and S7 in Supporting Information S1. Notably, four
parameters exhibit small uncertainty, which relies on both the small stacking error and priori model settings on the
layer thickness. Due to the long period of S660S, the thicknesses of the three layers are poorly constrained. The
thickness of the d660 is proportional to the impedance jump of the d660 if it is included as a free parameter in the
inversion (Figure S8 in Supporting Information S1), but the average depth and velocity gradient in each layer are
well resolved. The synthetic waveforms demonstrate close fits to all stacks except in the time window of −40 to
−35 s in the fast stack (Figure 4). The poor fit is attributed to the higher amplitude in the fast stack compared with
the other stacks (Figure 1f). This discrepancy is likely caused by anomalous structure near 800‐km depth, such as
the 810‐km reflector produced by a subducted oceanic plateau located west of the Sea of Okhotsk (Wei
et al., 2020). Such structure is not considered in the three‐layer model settings. The synthetics and velocity

Figure 5. Inversion results for the fast stack in the thermodynamic parameterization. The subplots and line representations are
analogous to those in Figure 4.
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profiles of Bayesian samples in three groups are summarized in Figures 6a and 6c, where the distribution of
samples for the fast and slow stacks appears slightly broader, attributable to their larger stacking error (Figure 1f).

The inverted velocity profiles for the slow and neutral stacks are consistent with each other and align with the
IASP91 model (Figures 6, S4, and S5 in Supporting Information S1), featuring a d660 jump and a steep gradient
between the d660 and 760‐km depth. In contrast, the velocity profiles for the fast stack exhibit a smaller d660
jump, a notably steep velocity gradient between the d660 and 710‐km depth, and an underlying moderate‐gradient
layer (Figure 6c). The smaller d660 jump is anticipated because the fast stack has a lower S660S peak than other
stacks (Figure 1f). Note that the waveform inversion is only sensitive to velocity changes, thus only the jumps and
gradients, rather than absolute velocities, can be robustly compared. The lower absolute velocity/density of the
fast profiles, compared to other profiles, result from the same reference velocity and density profiles above the
d660 from the IASP91 model. Increasing the velocity/density by a small factor (e.g., 1.005) has a negligible effect
on the waveform fitting (Figure S6 in Supporting Information S1).

Our approach employs a consistent scaling factor between velocity and density variations, resulting in density
profiles that mirror the patterns observed in velocity profiles (Figures 4, S4, and S5 in Supporting Informa-
tion S1). However, this consistency disagrees with 1D reference models like IASP91 and PREM, which typically
feature two layers with distinct velocity gradients beneath the d660 but exhibit a single layer with a uniform
density gradient. This discrepancy between velocity and density profiles contradicts common sense from mineral
physics that the density gradient usually changes monotonously with the velocity gradient for a given compo-
sition. For example, calculations based on the Perple_X package show that the density gradients change with the
velocity gradients synchronously for the basaltic, harzburgitic, and pyrolitic composition (Figure 3). The asyn-
chronous behavior between density and velocity is caused by the relatively poor constraint on density in the lower

Figure 6. Summary of inversion results for the seismic (a, c) and thermodynamic parameterizations (b, d). (a, b) Synthetic
left‐side S660S waveforms calculated based on the Bayesian samples in three groups and their respective observations. Fast
and slow models are shifted for better comparison. (c, d) Corresponding velocity profiles based on the samples in panels (a,
b), respectively, in comparison with the IASP91 model.
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mantle in 1D models. In the PREM model, the velocities in the lower mantle are fitted with three different
polynomials in three sub‐regions, whereas the density is fitted using a single polynomial (Dziewonski &
Anderson, 1981). Note that waveform fitting is sensitive to reflection coefficients, which depend on impedance
contrasts rather than velocity contrasts only. Therefore, the inverted absolute velocity and density changes are
significantly influenced by the scaling factor. These scaling factors are intricately linked with factors such as
composition, temperature, and pressure, variables that are not explicitly captured in the seismic parameterization,
whereas the thermodynamic parameterization can provide more stringent constraints. Nevertheless, the seismic
results provide straightforward velocity and density profiles that better fit the waveforms. These profiles can be
compared with the thermodynamic results for validation and better interpretation.

3.3. Radial Variations of Basalt Content at and Below the d660

Prior studies primarily have focused on fitting the travel time and peak amplitude of S660S using a constant basalt
fraction without radial variations. However, such a configuration fails to adequately fit the entire waveform of
S660S (Figures S9 and S10 in Supporting Information S1). In contrast, in this study, incorporating radial vari-
ations of basalt content achieves satisfactory fits for both the peak amplitude and the sidelobe of S660S (Figures 5,
S11, and S12 in Supporting Information S1). The basalt fractions in the three layers in the thermodynamic
parameterization exhibit robust sampling with small standard deviations (Figures 5, S11, and S12 in Supporting
Information S1). In comparison to the synthetics in the seismic parameterization, those in the thermodynamic
parameterization display broader distributions (Figure 6), but they still show a reasonable waveform fit with small
residuals (Figures 5, S11, and S12 in Supporting Information S1). Similar to the results in the seismic parame-
terization, the inverted basalt fractions and corresponding velocity profiles for the neutral and slow stacks are in
good agreement because of their similar waveforms (Figures 6 and 7). However, the results for the fast stack are
significantly different.

Because of the post‐spinel transition, harzburgite exhibits velocity and density jumps at the d660, whereas basalt
does not (Figure 3). Therefore, a higher basalt fraction generates a lower d660 jump. Between the d660 and
approximately 800‐km depth, basalt exhibits lower velocity and density than harzburgite (Figure 3), thus

Figure 7. Radial variations of basalt fraction and Mg/Si ratio. (a) Radial variations of basalt fraction and Mg/Si ratio from
geodynamic modeling of Yan et al. (2020). (b) A close‐up radial variation of basalt content near the d660. The blue, red, and
black lines are Bayesian inversion results for the three groups in this study. Results from Yan et al. (2020) and Yu
et al. (2023) are plotted for comparison. There are two different mineral data sets (Stixrude & Lithgow‐Bertelloni, 2011; Xu
et al., 2008) used in Yu et al. (2023), labeled as “stixrude08” and “stixrude11.” Typical composition of the bulk Earth (BE),
bulk silicate Earth (BSE), and the pyrolitic mechanical mixture (PMM) are from Allegre et al. (1995) and annotated by red
arrows and a dashed line.

AGU Advances 10.1029/2024AV001409

HAO ET AL. 10 of 14

 2576604x, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024A

V
001409 by Peter Shearer - U

niversity O
f C

alifornia , W
iley O

nline Library on [07/11/2024]. See the Term
s and C

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

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



decreasing the basalt fraction substantially enhances the velocity gradient. At the d660 layer, the basalt fractions
for the neutral and slow stacks are approximately 35%, with an uncertainty of 1%–2%, whereas that for the fast
stack is 44 ± 2% (Figure 7). The higher basalt fraction leads to smaller velocity and density jumps, consistent with
the seismic results (Figure 6). In the second layer, the basalt fractions for all stacks decrease rapidly to
approximately 15%, resulting in significantly steep velocity gradients (Figures 6 and 7). The decrease of basalt
fraction in the fast group is more significant than the others, so its velocity gradient in the second layer is steeper,
consistent with the seismic results. In the third layer, the basalt fractions of all stacks decrease further to less than
10%, and the corresponding velocity gradients decrease to a level similar to that in the IASP91 model (Figures 6d
and 7b). However, the S660S waveform in the time window of −40 to −30 s may be more affected by mid‐mantle
structures rather than the d660, and the SS waveform in this time window could be affected by the lithosphere‐
asthenosphere boundary. Therefore, the inversion results below approximately 800‐km depth (corresponding to
about −30 s) are more likely affected by other structures. Nevertheless, the basalt fraction between the d660 and
800‐km depth remains consistently at a much lower level than that of the d660.

4. Discussion
Our results reveal a global basalt‐enriched layer at the d660 (Figure 7), consistent with recent SS precursor studies
(Bissig et al., 2023; Tauzin et al., 2022; Yu et al., 2023). The basalt fractions for three stacks are close to the global
estimate of 40% by Yu et al. (2023). The accumulation of basalt at the d660 results from the density crossover
between basalt and harzburgite: Basalt has a higher density than harzburgite above the d660 but a lower density at
depths of about 660–800 km (Figure 3). In addition, the basalt fraction in subduction zones at the d660 layer is
higher than other regions, which agrees with the results in Bissig et al. (2023) and Tauzin et al. (2022). The higher
basalt fraction may be attributed to the segregation of oceanic crust from subducting slabs (e.g., Lee &
Chen, 2007) or stagnating slabs in some regions, such as northwestern Pacific (e.g., Tao et al., 2018).

Moreover, our results reveal a global layer enriched in harzburgite right below the d660. The basalt fraction
decreases from approximately 35%– 44% at the d660 to less than 10% at 800‐km depth. The harzburgite‐rich layer
also results from the density crossover between basalt and harzburgite because harzburgite is denser than basalt at
depths of approximately 660–800 km but lighter at other depths (Figure 3). The basalt profile near the d660 in this
study allows for a detailed assessment of the radial variations of basalt fraction and corresponding Mg/Si ratio in
the mantle in combination with prior findings (Figure 7). The velocities and density in the upper mantle above the
MTZ can be fit with a pyrolitic composition (e.g., Irifune et al., 2008; Zhao et al., 2022), characterized by a Mg/Si
ratio of approximately 1.3, but this ratio notably decreases to about 1.1 at the d660 (Yu et al., 2023). However,
according to our results, there is a substantial decrease in basalt fraction at depths between 660 and 800 km,
leading to a notable increase in the Mg/Si ratio from approximately 1.1 to 1.5 (Figure 7). This change corresponds
to a chemical transition from a chondrite‐like composition, which typically represents the average composition of
the bulk Earth (Allegre et al., 1995), to one that is significantly silica‐poor (Figure 7). At greater depths, prior
studies agree on a silica‐rich lower mantle, characterized by a Mg/Si ratio of approximately 1.1 (e.g., Deng
et al., 2023; Mashino et al., 2020; Murakami et al., 2012), close to the chondritic composition (Allegre
et al., 1995).

The significant variations of basalt content near the d660 observed in this study corroborate the prediction of
geodynamic modeling (Yan et al., 2020) and the substantial compositional layering is also supported by sig-
nificant short‐scale topography of the d660 in some regions (Wu et al., 2019). The pronounced radial compo-
sitional variations in the mantle challenge the applicability of a radial homogeneous model, such as the pyrolite
model, in the MTZ and the lower mantle. Furthermore, the significantly silica‐poor layer below the d660 may
have a considerable effect on the viscosity and thus the dynamics between the upper and lower mantle, affecting
the behaviors of subducting slabs and upwelling plumes, which warrants further investigation.

It is worth noting that the absolute velocity and density calculated in thermodynamic modeling depend on mineral
databases, and uncertainty in these databases may introduce biases in constraining composition with absolute
velocity/density profiles. However, relative changes in mineral properties are generally more robust than absolute
values, enhancing the reliability of our method in constraining composition (Cammarano et al., 2003). Despite
this advantage, the discrepancy between mineral databases still requires further investigation to resolve. It would
be ideal to achieve consistent results of composition and temperature with seismic observations from absolute
(e.g., tomography models) and relative (e.g., discontinuity studies) velocity/density values. Additionally, the
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mechanical mixture model in this study does not account for other effects, such as the presence of water in the
MTZ. A ubiquitous high water content in the MTZ significantly reduces absolute velocities, making it unable to
fit the travel times (Yu et al., 2023). A small amount of water, for example, 0.2 wt% (W. Wang et al., 2021), may
not have a substantial effect on the absolute velocities, but it still slightly decreases the velocity above the d660
and thereby increases the impedance contrast across the d660 (Yu et al., 2023). Consequently, a higher basalt
content than our modeling results is required to match the observed low impedance contrasts of the d660. The
water content could be anomalously high, resulting in partial melting below the d660 in some regions, particularly
in subduction zones (Schmandt et al., 2014; X. Wang, Chen, et al., 2020), providing an alternative mechanism for
the low impedance contrast. However, partial melting induced by water or other volatiles below the d660 is
unlikely a global feature, thus not contradicting our large‐scale results. Furthermore, since there is no significant
change in water content below the d660, the effect of water on impedance change is negligible, ensuring the
robustness of our conclusion regarding a harzburgite‐enriched layer.

5. Conclusion
Within a Bayesian framework, S660S waveforms are fit with layered seismic and thermodynamic models in
subduction zones and other regions. Seismic results in subduction zones exhibit a smaller d660 jump and a steeper
gradient than other regions, whereas other regions have profiles consistent with 1D reference models. Thermo-
dynamic results show a significant decrease in basalt fraction with depth, suggesting a global basalt‐enriched
layer at the d660 and a global harzburgite‐enriched layer below it. Subduction zones are more enriched in
basalt at the d660 compared to other regions, resulting in velocity profiles consistent with the seismic results.
Detailed radial profiles of the basalt fraction and corresponding Mg/Si ratio in the mantle are obtained by
integrating our results with prior interdisciplinary studies. Our results provide a robust constraint on global
compositional layering between the upper and lower mantle, with the silica‐poor layer in the uppermost lower
mantle potentially exerting a significant influence on mantle dynamics.
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