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Abstract Large numbers of earthquakes occur in subduction zones that are marked by dipping, narrow
high seismic velocity slabs. The existence of these fast velocity slabs can cause serious earthquake
mislocation problems that can bias estimates of seismic travel time residuals. This can affect the recovery of
subducting slabs in tomography as well as introduce significant artifacts into lower mantle structure in
tomography models. In order to better account for known subducting slabs, we performed a new P and S
wave joint tomography inversion incorporating a three-dimensional thermal model of subducting slabs in
the starting model. In addition, velocity and source locations were inverted for simultaneously. Our new P
and S models feature higher-amplitude subducting slabs compared with previous global tomography results.
The S to P heterogeneity ratio based on the new tomography model indicates that thermal elastic effects
alone cannot explain all the heterogeneities in the lower mantle. Much of the observed abnormal S to P
heterogeneity ratio can be explained by anelastic effects, the spin transition, and phase transitions of
bridgmanite to post-perovskite in the lower mantle.

Plain Language Summary Seismic tomography uses seismic travel time data to image deep
earth velocity structure. However, it has been shown that the existence of subducting slabs can
significantly bias the imaging result. In order to reduce this effect, we produced a new P and S wave
tomography model that included theoretical three-dimensional subducting slab structures in the starting
model. The new model has higher-amplitude subducting slabs compared with other models. Based on the
new model, we conclude that it is difficult to explain the P and S velocity anomalies found in the deep mantle
by temperature variations alone without invoking complex mineral phase transitions, large anelastic effects,
or chemical variations.

1. Introduction

Subduction of oceanic lithosphere is believed to play a critical role in large-scale mantle convection (e.g.,
Billen, 2008; Kellogg et al., 1999). The investigation of deep subducting slabs, therefore, has been an active
field in geophysics. It is widely accepted that subducting slabs are relatively cold and thus have high seismic
velocity compared to surrounding mantle (e.g., Fukao & Obayashi, 2013; Zhao et al., 2017). Global seismic
tomography, a method to image deep earth seismic velocity structure, has been used to constrain the loca-
tion of subducting slabs. Generally, shear wave global tomography has limited ability to image short-
wavelength structures such as subducting slabs (e.g., French & Romanowicz, 2014; Grand, 2002;
Kustowski et al., 2008; Moulik & Ekstrom, 2014; Panning & Romanowicz, 2006; Ritsema et al., 2011).
Compressional wave global tomography has provided higher-resolution images of upper mantle slabs
(e.g., Amaru, 2007; Li et al., 2008; Obayashi et al., 2013; Simmons et al., 2012). However, detailed waveform
modeling studies suggest that the amplitude of subducting slabs is underestimated in global P wave tomogra-
phy models (Zhan et al., 2014). Tao et al. (2018) performed full-waveform inversion using upper mantle tri-
plicated waves to image the subducting slabs beneath Eastern Asia. Both of their P and S models show much
higher-amplitude velocity anomalies inside the slabs than in global tomography models. Other seismic mod-
elling results, as well as theoretical thermal models of subducting slabs, also imply far stronger velocity
anomalies within slabs relative to those seen in global tomography (Chen et al., 2007; Kawakatsu &
Yoshioka, 2011; Syracuse et al., 2010; Wang et al., 2014). The discrepancies between detailed seismic studies
of slabs with global tomography models imply a potential problem with using tomography models to infer
density anomalies for use in mantle convection studies.
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Median: 0.16
Sigma: 0.88
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The existence of sharp, dipping fast velocity anomalies can also bias earth-
quake locations and impact seismic travel time data used in tomography

(Creager & Jordan, 1984; Ding & Grand, 1994; Sleep, 1973). Therefore,
§ the incorrect imaging of subducting slabs could degrade tomography
models even far from subduction zones. Through synthetic testing, Lu
and Grand (2016) found that the incorrect imaging of subducting slabs
could introduce up to 0.5% amplitude false velocity anomalies in the lower
mantle in global shear wave tomography. This is comparable to the ampli-
tude of velocity anomalies found in the lower mantle. These artifacts may
have significant implications for interpretation of lower mantle heteroge-

§ § neities. For example, some studies use the S to P heterogeneity ratio to

§ identify potential chemically distinct heterogeneities (e.g., Koelemeijer

2016). Artifacts produced by incorrectly accounting for subducting slabs

Figure 1. Distribution of travel time residuals measured at station MAW for
a representative 30 X 30-km earthquake group used in the EHB data selec-
tion process. The group is centered at 7.3°S, 155.9°E, and 45-km depth. The
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et al., 2016; Masters et al., 2000; Saltzer et al., 2001; Tesoniero et al.,
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0
can impact the reliability of results using this approach.

Lu and Grand (2016) compare several strategies to best account for sub-
ducting slabs in global tomography. They suggest including a priori sub-
ducting slabs in the starting model and performing structure and source

station MAW is located in Antarctica 67.6°S, 62.9°E. The residuals outside location jointly in tomographic inversions. In this study, we present a
+20 were treated as outliers and eliminated from the inversion. new P and S global tomography model using a three-dimensional (3-D)

subducting slab structure in the initial model. This enables us to produce
a global tomography model with more realistic subducting slabs. In the lower mantle, we evaluate the effect
of subducting slabs on S to P heterogeneity ratio estimation.

2. Data and Method
2.1. P Wave Data

The P wave data used in this study are from the database of travel time residuals maintained by E. R.
Engdahl and coworkers (EHB data; Engdahl et al., 1998). They use arrival times reported to the
International Seismological Center (ISC) and the U.S. Geological Survey's National Earthquake
Information Center (NEIC), relocate earthquakes and re-identify phases, and then produce a final data set
after quality control. In this study, we use P, pP, and Pn phases in the EHB data, which contains approxi-
mately 14 million rays from ~553,000 earthquakes from the years 1966 to 2008.

Even though the quality of EHB data is significantly higher than the raw ISC catalogue data, there are still
errors in the data set. For example, we have found cases where two nearby earthquakes have more than a 10-
s difference in travel time residuals to a common station. In order to further improve the data quality, we
designed a new data selection process for the EHB data. We first group nearby earthquakes together, then
evaluate the travel time residuals of each group at each station. For earthquakes close to subduction zones,
a group covers about a 30 X 30-km area in the horizontal direction, while larger 300 x 300-km areas form
groups away from subduction zones. In the radial direction, we separate earthquakes using a 30-km interval.
Figure 1 shows the distribution of travel time residuals for a representative 30 X 30-km group (centered at
7.3°S, 155.9°E; 45-km depth) to station MAW in Antarctica (67.6°S, 62.9°E). The residuals outside +2o (cor-
responding to ~95% confidence interval) were labeled as outliers and eliminated from the inversion. For
groups with very few arrivals to a station (less than 10 arrivals), the standard deviation of the whole EHB
data (~1.8 s) is used to define outliers. This process rejected about 5% of the EHB data.

2.2. S Wave Data

We include two groups of shear wave data in this study. The first group (TX data) was used in Lu and Grand
(2016). The data set consists of ~70,000 global S, ScS, SKS, and SKKS phase travel times from 540 earth-
quakes. Their upgoing and surface bounce equivalents are also included. Upper mantle triplicated waves
are also included to provide better coverage in the upper mantle and transition zone. All the travel times
were manually measured using a seismic waveform approach. The data measurement method, with exam-
ples, is discussed in Grand (1994). The other group of shear wave data is presented in Lai et al. (2019). They
use a semiautomated process to determine the onset time of horizontally polarized shear waves bandpassed
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from 0.01 to 0.1 Hz. The measurements involve the derivation of an
empirical wavelet, which is matched to seismic waveforms from a given
earthquake, through an iterative cross-correlation process. The onset tra-
vel time is measured based on a Gaussian function which best fits the
empirical wavelet. This data set includes ~226,000 S, SS, SSS, ScS, and
ScSScS phases from 360 earthquakes all of which turn within the lower
mantle; that is, upper mantle triplicated phases are excluded. These new
data provide better ray coverage than the first data set in the lower mantle,
especially in the southern hemisphere (Figure S1).

2.3. Input Slab Model

dVs/Vs (%)

We use a starting 3-D slab model based on a theoretical global 3-D thermal

Figure 2. Comparison of the subducting slab beneath East Asia found in a model of subducting slabs given by Stadler et al. (2010). The slab locations
regional tomography model FWEA18 (Tao et al., 2018) and our input slab  are defined by seismicity and represented on a 0.1° X 0.1° grid. The model

model. (a) Horizontal slice of shear wave model FWEA18 at 300 km. Thered  does not include seismically inactive subduction zones so it is a relatively

line shows the location of the cross sections in (b) and (c). (b) Cross section
of the same tomography model in (a). (c) Cross section of the input shear
wave slab model. Solid black lines represent the 410- and 660-km disconti-

nuities, respectively.

conservative representation of slabs. The geometry of the slabs has been
checked against model Slab 1.0 (Hayes et al., 2012). The high degree of
similarity between the two models, in terms of slab geometry, confirm
the reliability of the input slab model. The thermal structure of the slab
model is determined by the age of the subducting plate at the time of sub-
duction and the convergence rate. When compared with slab thermal models produced by detailed dynamic
modeling (e.g., Kawakatsu & Yoshioka, 2011; Syracuse et al., 2010; van Keken et al., 2011), the Stadler et al.
model generally has larger thermal anomalies. Therefore, we changed the thermal anomalies in the Stadler
et al. model using the slab thermal model of van Keken et al. (2011) while keeping the geometry the same.
Because the van Keken et al. model only contains 2-D thermal structures across different subducting slabs,
we interpolated their model for each slab in Stadler et al.'s model to make the average thermal anomaly
across slabs to be consistent with van Keken et al.'s model. The scaling we used to adjust the amplitude of
the Stadler et al. model varied from ~0.7 to ~0.9.

We followed Lu and Grand (2016) to convert the thermal slab model to a 3-D perturbation model of P and S
velocity. The slab model contains uncertainties due to both the thermal structure as well as the mineral phy-
sics modeling procedure. However, our derived slab model generally agrees with some detailed regional stu-
dies (e.g., Chen et al., 2007; Gaherty et al., 1991; Tao et al., 2018; Vidale, 1987) in terms of geometry as well as
seismic amplitudes. In Figure 2, we compare our input slab model for a cross section in East Asia with a
recent regional full-waveform tomography model FWEA18 (Tao et al., 2018). Both models have about a
100-km-thick undeformed subducting slab dipping to 660-km depth. Therefore, we feel the model is a good
first-order approximation to global slab structure.

2.4. Forward Modeling

In our previous work, we used the open-source package “SPECFEM3D GLOBAL” Spectral-Element Method
(SEM; Komatitsch & Tromp, 2002a, 2002b) to model the effect of the 3-D subducting slabs on shear wave
travel times for the handpicked data set discussed above (Lu & Grand, 2016). For each earthquake, we com-
puted SEM synthetics for the 1-D starting model then another simulation for a second model that included
slabs embedded in the 1-D model. The calculations are accurate to periods of about 12 s. Comparing the two
simulations, for each measured phase in the data, allowed us to adjust the travel time residuals for the effect
of the slabs. In other words, we produce a set of residuals relative to an Earth model with slabs.

For the presumably higher frequency and far larger EHB data, it is not feasible to use the SEM method to
model the effect of slabs on the data. Therefore, instead of using SEM, we used 3-D ray tracing to evaluate
the effect of slabs on our P wave data. The shear wave data set from Lai et al. (2019) are measurements of
onset time so are presumably the equivalent of high-frequency travel times. Thus, we also used 3-D raytra-
cing to correct the Lai et al. data set for slab structure. The open-source LLNL-Earth3D 3-D ray tracing pack-
age (Simmons et al., 2012) was used for this purpose. The 3-D Earth can be represented by different levels of
spherical tessellation grids. A higher tessellation recursion level means a finer grid and more computation
cost. In order to check the accuracy of the 3-D ray tracing code as well as determine the optimal level of
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Figure 3. Distribution of travel time residuals caused by the input slab model. Plotted are the differences between a 1-D
prediction of travel times and predictions for the same 1-D model with slabs embedded for all the data used in our
inversion. P wave residuals were derived from 3-D ray tracing (Simmons et al., 2012), while the S wave residuals were
obtained from 3-D ray tracing and SEM simulations (Komatitsch & Tromp, 2002a, 2002b).

the spherical tessellation grids, we compared 3-D ray tracing results with SEM simulation results for a few
test earthquakes. We find that the when the tessellation recursion level is above 9 (corresponding to ~0.25
arc degree average node spacing), the difference between 3-D ray tracing and SEM simulations agree to
within 0.2 s, which we consider acceptable for our purposes. The effect of subducting slabs on the seismic
travel time residuals are summarized in Figure 3. The largest travel time residual caused by our starting
model is ~8 s for P wave data while it is ~12 s for S wave data.

The “TX” data set contains upper mantle turning waves. As discussed in Grand (1994), due to the large het-
erogeneity in the shallow mantle, at a given distance the ray paths of S or SS waves can be quite different
depending on the specific region being sampled. Relative to standard 1-D models the difference is especially
significant in cratonic regions. For this reason, different seismic models were used to determine ray paths for
upper mantle waves in Grand (1994, 2002). This process required detailed waveform analysis, and thus is not
suitable for large-volume catalogue data. The EHB P data set contains upper mantle turning waves. In order
to correct the ray paths that sample cratonic regions for EHB data, we first derived a 3-D S wave craton
model and then converted it to a P wave model (Figure S2). The fast velocity anomalies in our previous S
wave tomography at the shallowest depths (Lu & Grand, 2016) are used to determine the location of cratons
if they have Archean or Proterozoic crust (Laske et al., 2013). The fast velocity anomalies down to 210 km
which are close to these regions are used to define the craton roots. These cold cratons are believed to have
distinct chemical compositions relative to surrounding mantle and contain high percentages of Mg. Lee
(2003) showed that the effect of Mg# (100 x Mg/(Mg + Fe)) on V,/V; ratio was significantly larger than
the effect of temperature in peridotite. Therefore, we estimated the Mg# in cratons using a linear interpola-
tion based on our S wave craton model, assuming that normal mantle has a low (87) Mg# while the fastest
craton has the highest (94) Mg# (Lee, 2003). Using this approach, the average variation of Mg# in cratons is
~3.5, which agrees with the value reported by Deschamps et al. (2002) and is slightly higher than predictions
by Forte and Perry (2000) and Perry et al. (2003). Then we adopted the linear relationship between Mg# and
V,/V; ratio reported by Lee (2003) to derive a P wave craton model. Using the P wave craton model, 3-D ray
tracing (Simmons et al., 2012) was used to determine the ray paths for rays turning above 800-km depth
(Figure S3). For rays turning below 800-km depth, the effect of cratons on seismic ray paths is negligible.

2.5. Joint P and S Inversion Starting From 3-D Slab

In our inversion, the mantle was divided into 99,146 blocks. The blocks are about 275 X 275 km in lateral
dimension and vary from 75 to 240 km in thickness. Both P and S wave sensitivity kernels were calculated
using the ray theory approximation based on a 1-D velocity model. For S waves, we use a combined
TNA/SNA model (Grand & Helmberger, 1984), which is the same 1-D model as we used in previous TX mod-
els (Grand, 2002). The AK-135 model (Kennett et al., 1995) is used as the P wave starting model. The P and S
wave data are known to have very different ray coverage, especially in the shallow mantle. At shallow
depths, the P wave data have limited sampling of the oceans, while S wave data have much better resolution
there. Therefore, we correlated the P wave and S wave models by introducing another term Xp/s into our
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inversion, which is the ratio of the P and S wave slowness perturbations in each layer. This parameter can be
obtained using thermoelastic parameters from mineral physics measurements as a function of depth assum-
ing a thermal origin for mantle seismic heterogeneity (see Lu & Grand, 2016 for details). The Xp/s in cratons
vary in 3-D and are consistent with the values used in our forward modeling. Also, Lu and Grand (2016)
showed that correcting for earthquake mislocation can be better achieved if one inverts for velocity structure
and earthquake location simultaneously. Therefore, we include earthquake location in our inversion as well.
The linearized seismic tomography problem can be written as

i Gp Ap ] [ rp ]
AGs AAg mp Ars
D ms 0
P Lp = (1)
D 0
s Ls
| &x  —AxXps | L o |

where Gp and Gg are the P and S wave sensitivity kernel matrices and rp and rg are the corresponding travel
time residuals caused by velocity anomalies and earthquake mislocation. The travel time residuals r are the
leftover residuals after we removed the effect of subducting slabs, which is the most significant difference
from previous global tomography studies. We use 4 to represent the relative weight of S wave data to P wave
data. mp and mg are the P wave and S wave slowness perturbations and L represents the relocation para-
meters to be inverted that include changes in event latitude, longitude, and depth, as well as origin time.
A is the relocation matrix formed of the partial derivatives for these parameters. D is a smoothing operator,
which is a Laplacian filter with 76% of the weight applied to horizontal nearby blocks and 24% of the weight
applied to the vertical nearby blocks. A weighting term Ay is used to control how strong the connection
between the P and S models is enforced. Through a trial and error process, 1x was chosen to be 500 which
was the maximum value before the connection term began to decrease the variance reduction of the S wave
data (less than 0.5%; Figure S4).

3. Results
3.1. TX2019slab Model

We show our new model (TX2019slab) in horizontal slices at selected depths in Figure 4. The blocks used in
the inversion and the input slab model have been resampled onto a 1° X 1° grid when making the plot. Our P
and S models generally agree with previous tomography results at large scale. At 150-km depth, our model
shows fast velocity anomalies in cratonic regions as expected. Slow velocity anomalies are found beneath
mid-ocean ridges as well as the East African Rift. Due to poor data coverage in the oceans, most previous
global P wave tomography models do not have slow mid-ocean ridges (e.g., Amaru, 2007; Li et al., 2008;
Obayashi et al., 2013). Our shallow oceanic P structure is mainly constrained by the S wave data and the rela-
tionship between P and S anomalies we introduced into the inversion. In the upper mantle and transition
zone, short-wavelength subducting slabs appear to be the most heterogeneous structures in our model.
Interestingly, the slab signature near 600-km depth is much broader than at 300-km depth. In the mid-lower
mantle, as in previous tomography studies, two elongated fast velocity anomalies in P and S are seen beneath
North/South America and South Asia. The locations of these fast anomalies generally agree with previous
studies (e.g., Amaru, 2007; French & Romanowicz, 2014; Grand, 2002; Li et al., 2008; Moulik & Ekstrém,
2014; Obayashi et al., 2013; Ritsema et al., 2011). Beginning in the mid-lower mantle, slow anomalies are
seen in both P and S beneath the south central Pacific and Africa. They increase in strength and size with
depth and at the bottom of the mantle are quite broad. These two structures have been called Large Low
Shear Velocity Provinces (LLSVPs; see Garnero et al., 2016 for a review). Note that the P wave amplitude
is muted at the base of the mantle inside the Pacific LLSVP.

Our model yields a 33.8% overall variance reduction for the P wave data and 91.4% for S wave data. In com-
parison, we derived another P and S model using the same data, inversion method, and regularization but
starting from a 1-D velocity model. We refer to this model as TX2019. The variance reduction, using model
TX2019, is slightly less than 33.8% for the P wave data and 91.3% for the S wave data. The inversion starting
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Figure 4. Lateral velocity variations in model TX2019slab at representative depths. Each row corresponds to the model ata
particular depth, and the two columns show (left) P wave and (right) S wave models, respectively. The color scales change
for each plot according to the amplitude (X) labeled at the bottom right corner. Purple lines in the second row show the
locations of cross sections in Figures 7 and 8.

from a model with 3-D slabs results in a slightly better data fit than the inversion starting from the 1-D model
although the difference is minimal. This is a clear indication of the nonuniqueness of models in global
seismic tomography. The addition of slabs in our starting model, however, results in a model more
consistent with regional studies and geodynamic models without sacrificing fit to global data.

3.2. Checkerboard Test

In order to test the ability of the data to image mantle structure, we performed a resolution test. The input
checkerboard consists of 5° X 5° blocks with alternating P wave velocity perturbations of +1.5% for each
layer. S wave velocity perturbations are scaled from the P wave, using the thermally introduced S to P rela-
tionship discussed above. Synthetic travel times were generated using the sensitivity matrix from forward
modeling, and inverted using the same inversion scheme as for the real data (Figure 5). The correlation
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coefficient (CC) between the input (m;,) and output models (m,,,) at each depth has been calculated and
labeled in Figure 5. The CC of two scalar fields can be calculated as

C Z]iil(XuXm)
N 2 N 2
VEL (1) (x20)
where X ; and X, ; are the ith elements in X; and X, after having mean values removed, respectively. We also

calculated amplitude recovery (AR) to illustrate the resolution of the inversion. AR is defined as the ratio of
the root-mean-square (RMS) amplitudes of m;,, and m,,,, as

C @)

AR = \/ (Z?leou@) / <Z§11mm2) x100% 3)

The CCs vary from 0.68 to 0.98, while amplitude recoveries are generally below 83% because of the regular-
ization. Because of the S to PP wave velocity scaling used in the inversion, the shallow oceanic regions in the
P wave model show some structures simply scaled from the S wave model. However, these regions are still
the least resolved regions in the mantle. The derived P wave model in these regions highly depends on the S
wave model as well as the scaling relationship used in the inversion.

3.3. Relocation Results

Earthquake hypocenters were relocated in our inversion. The average epicenter shift for the whole data set is
about 9 km with a 6-km standard deviation. We also find an average 3 + 10-km depth shift for all the events
used in our inversion. For the origin time, our inversion results found a 0.1 + 1.2-s average shift. These
results generally agree with earthquake relocation results for EHB data reported by Amaru (2007).
Figure 6 shows the shifts in event locations in two subduction regions. For better visualization, only earth-
quakes with more than 250 travel time residuals and a focal depth greater than 100 km are included in the
plots. In regions that are azimuthally well sampled such as the Ryukyu arc and Izu-Bonin arc, the epicenter
shifts are relatively small. In regions, such as South America, where the station coverage around the subduc-
tion zone is less complete, the epicenters shift more (Figure S5). Note that in the Kuriles, there is a systematic
shift oceanward in epicenters due to the northwest dipping slab. There is also an interesting change in pat-
tern along Central America that may be related to a change in slab dip angle along the subduction zone.
Further analysis of the earthquake relocation results is left for future work.

4. Discussion

Compared with previous global tomography studies, the most significant difference in our model is that we
performed our inversion starting with a 3-D subducting slab model and invert for velocity and earthquake
location simultaneously. We compare our new model to previously published models in vertical cross sec-
tions across four major convergent plate boundaries. Figure 7 compares P models across the sections
(Amaru, 2007; Li et al.,, 2008; Obayashi et al., 2013), and Figure 8 compares S models (French &
Romanowicz, 2014; Moulik & Ekstrom, 2014; Ritsema et al., 2011). The cross-section locations are shown in
Figure 4.

For the P wave models, similar fast anomalies are seen in all four tomography models (Figure 7). Across the
northern Honshu arc, our model shows stagnant slab above the 660 discontinuity, and agrees with all the
other models. The cross section across the western Java arc, beneath which the Indo-Australian plate is sub-
ducting, shows large fast anomalies in the uppermost lower mantle, with an extension of fast velocity into
the deeper mantle to the north. Similar features can be seen in the other models, although our new model
has a larger, stronger anomaly in the deepest mantle. The Tonga and South American cross sections show
more differences among models. This is likely due to worse azimuthal station coverage around these regions.
The cross sections across the Tonga arc show very complex structures. In our model, a stagnant slab above
the 660 discontinuity is seen but there is also an anomaly in the lower mantle with a gap between the two.
This is most similar to the GAPP4 model except in that model there is no gap between the deeper structure
and the anomalies in the transition zone. Some studies (e.g., Bonnardot et al., 2009; Brudzinski & Chen,
2005) suggest that the stagnant slab above the 660 is the southwestward flattening of the downgoing slab
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Figure 5. Output from a checkerboard test for (left column) P wave and (right column) S wave data at selected depths.
Correlation coefficients (CCs) and amplitude recovery (AR) between the input checkerboard and the inversion results
are labeled on each plot.

beneath the Lau basin, while the slab below the 660 is the westward extension of the downgoing slab from
the southern Tonga trench (see Fukao & Obayashi, 2013, Figure 11). Richards et al. (2011), however, treat
the stagnant slab above the 660 as a slab remnant detached from the Vanuatu trench. In South America,
both our model and UUO7P show a dipping slab in the upper mantle but the slab in our model penetrates
deeper into the lower mantle. Possibly due to poor ray coverage, models GAPP4 and MITO8P have less clear
subducting slabs in the upper mantle and little continuation of slab into the lower mantle.

Compared with the other models, the most significant difference with our model is the higher amplitude of
velocity anomalies within subducting slabs. In our model, the amplitude of P wave velocity anomalies inside
the slab in the upper mantle and transition zone are mostly higher than 2% while in the other models the
anomalies are less than 1.5%. The difference is more significant in the regions where ray coverage is limited.
The difference, of course, is because we include slabs in our starting model (Figure S6). The differences this
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Figure 6. Representative epicenter shifts derived from velocity and source location joint inversion. The circles show the
original earthquake epicenters. The red lines show the direction and amplitude of epicenter shifts. Only earthquakes
with more than 250 travel time residuals and a focal depth greater than 100 km are shown for better visualization.

causes elsewhere in the model are smaller in amplitude but can still be significant. Given that the slabs in our
model are consistent with regional studies and theoretical modeling, and that the data variance reduction is
the same or slightly improved over a model derived without the slabs in the starting model, we feel that our
new model has some advantages over previous models.

The comparison of our model with other S wave models also shows similar features (Figure 8). Generally, S
wave models are longer wavelength and narrow slabs, such as in our model, are not well resolved. The slabs
we start with are consistent with geologic inferences and also result in a slightly higher variance reduction of

TX2019slab_P GAPP4 MITO8P uuo7pP

% &,, =
. e
-1.5 0.0 1.5
dVp/Vp (%)

Figure 7. Comparison of cross sections across four major subduction zones in representative P wave tomography models.
Each column shows specific tomography models, including TX2019_slab (this study), GAPP4 (Obayashi et al., 2013),
MITOS8P (Li et al., 2008), and UUO7P (Amaru, 2007). Each row corresponds to cross-section locations indicated in Figure 4.
Solid black lines show 410-, 660-, and 1,000-km depth, respectively.
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S362+M
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Figure 8. Comparison of cross sections across major subduction zones in representative S wave tomography models. Each
column shows specific tomography models, including TX2019_slab (this study), S40rts (Ritsema et al., 2011), UCBSEM
(French & Romanowicz, 2014), and S362+M (Moulik & Ekstrom, 2014). Each row corresponds to cross-section locations
indicated in Figure 4. Solid black lines show 410-, 660-, and 1,000-km depth, respectively.

the S wave data. Our S wave model shows similar features as seen in our P wave model, including dipping,
stagnant, and penetrated slabs (Figure S6). The other three S wave models, however, only show very long-
wavelength fast velocity anomalies, which makes it challenging to identify the location and shape of sub-
ducting slabs. Also, the amplitude of the subducting slabs in our S wave model are mostly higher than 3%,
which are again much higher than in the other models.

The S to P heterogeneity ratio, defined as

= “4)

has been widely used as an important diagnostic parameter to determine the compositional state of the
Earth's mantle, especially in the deeper mantle (e.g., Della Mora et al., 2011; Houser et al., 2008; Karato &
Karki, 2001; Koelemeijer et al., 2016; Masters et al., 2000; Robertson & Woodhouse, 1996; Saltzer et al.,
2001; Tesoniero et al., 2016). Several approaches have been used to calculate the S to P mantle heterogeneity
ratio (see Tesoniero et al., 2016 for a summary). It has been shown that different approaches can lead to dif-
ferent heterogeneity ratios, even using the same tomography model (Koelemeijer et al., 2016). We used two
methods to determine the 1-D S to P heterogeneity as a function a depth using our TX2019slab model
(Figures 9 and S7). In the first method, a point to point division is computed except for regions where V,,
or Vg variations are less than 0.1%. Regions that have opposite sign V,, and V anomalies, which contribute
to about 5% of the volume of the mantle, were also excluded. The median values at each depth are chosen
as the 1-D heterogeneity ratio. In the second method, we divided the RMS of the velocity variations for P
and S at each depth after excluding small or opposite variations as in the first method (Figure 9).
Throughout most of the mantle, the S to P ratio derived by RMS division is higher than by point to point divi-
sion. A similar observation is seen in the comparison done by Koelemeijer et al. (2016) using tomography
model KRDH16. This is due to the fact that the RMS value is more sensitive to outliers than the median
value. The LLSVPs have large shear anomalies with smaller P anomalies and are the primary cause of the
difference between the two methods in the deepest mantle. Even though the two methods described above
lead to different 1-D S to P ratios, both S to P ratio models show similar trends.
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Figure 9. (2) S to P heterogeneity ratio derived using the TX2019slab model as a function of depth. Two S to P ratio profiles are derived by point to point (P2P)
division and RMS value division, respectively. (b) Distribution of P2P division results at selected depths.

Lu and Grand (2016) showed that earthquake mislocation caused by subducting slabs could bias the tomo-
graphy results in the lower mantle. This bias has the potential to further affect our estimation of the S to P
ratio. To evaluate this effect, we also derived the S to P heterogeneity ratio for model TX2019 model using the
two approaches described above (Figure 10). We find very little difference in the S to P heterogeneity ratio
between the slab model and the model without starting slabs. We also calculated the point to point S to P
ratio differences between the TX2019slab and TX2019 models and plot them in map view in Figure 11.
The S to P ratio can differ by more than 0.5 between the models in specific regions. This is a significant dif-
ference since the lateral average S to P ratio in the lower mantle is between 1.5 and 3.5 in our model. Our
analysis shows that the 1-D average of P to S heterogeneity ratio is unlikely to be significantly affected by
the bias introduced by unmodeled subducting slabs. However, the bias may be quite large for the S to P het-
erogeneity ratio on a regional scale.

In the deeper mantle, our 1-D S to P heterogeneity ratio profiles show an increase with depth, which is con-
sistent with most previous tomography studies (Antolik et al., 2003; Della Mora et al., 2011; Ishii & Tromp,
1999; Koelemeijer et al., 2016; Masters et al., 2000; Mosca et al., 2012; Resovsky & Trampert, 2003;
Romanowicz, 2001; Su & Dziewonski, 1997; Tesoniero et al., 2016) (Figure 12). We followed Koelemeijer
et al. (2016) and used the RMS division method for all the models in Figure 12. The S to P heterogeneity ratio
profiles derived using body wave seismic data alone are plotted separately (Figure 12a) from results that also
used normal model data (Figure 12b). Among these profiles, the Ry, range from about 1.5 to 4 throughout
the lower mantle. The Ry, profiles vary more dramatically in the deep lower mantle than at shallower
depths among the different models. In particular, most of the Ry, v, profiles agree with each other above
1,500-km depth. These models were produced using different data sets and different inversion strategies;
therefore, the similarity indicates a convergence of Ry, v, estimations in this depth range. In the deep lower
mantle, Ry, v, in KRDH16 (Koelemeijer et al., 2016) increases rapidly with depth and reaches ~4 near 2,450
km, then decreases again to the CMB. This feature is not seen in the other models. Most of the other models,
including TX2019slab, show a gradual increasing Ry v, with depth in this depth range. In contrast, there are
several models have a small decrease above the CMB, including DBTNG11 (Della Mora et al., 2011), R01
(Romanowicz, 2001), TCB16 (Tesoniero et al., 2016), and SFBG10 (Simmons et al., 2010).

Figure 12c compares our Ry y, in the lower mantle with predictions assuming that seismic heterogeneity
is due to thermal variations alone. All the predicted Ry,y, profiles in Figure 12c assume a simple
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Figure 10. Comparison of S to P heterogeneity ratios using TX2019slab (solid lines) and TX2019 (dash lines). S to P ratio
profiles are derived by point to point (P2P) division (green lines) and RMS value division (red lines), respectively.

“pyrolite” mineral assemblage model (e.g., Stixrude & Lithgow-Bertelloni, 2012) without invoking more
complex proposed scenarios in the lower mantle such as spin transition effects (Lin et al., 2013; Wu &
Wentzcovitch, 2014) or the phase transition from bridgmanite to post-perovskite (pPv; Murakami et al.,
2004; Oganov & Ono, 2004; Tsuchiya et al., 2004). The estimate of Ry,y, by Karato and Karki (2001) is
lower than values we obtained using the RMS division method from about 1,500-km depth and below

(a) 700km (c) 1820km

S to P Differences

Figure 11. The difference in point to point S to P heterogeneity ratio between the TX2019slab and TX2019 models in map
view at representative depths. The S to P heterogeneity ratio was calculated in each individual block. Although the 1-D
average S to P heterogeneity ratio is not significantly different between these two models, the incorrect imaging of sub-
ducting slabs could bias the tomography results in the lower mantle in specific regions, as shown by high-amplitude
regions in this figure.
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Figure 12. Comparison of S to P heterogeneity ratios in the lower mantle from (a) pure body wave seismic study, (b) normal mode data involved seismic study, and
(c) mineral physics predictions assuming a thermal cause for heterogeneity in the lower mantle. Results in this study are shown using red solid (RMS division
method) and green solid lines (point to point method). S to P heterogeneity ratio derived from mineral physics modeling from this study and used in the P and S joint
inversion is also shown as a red dot dash line. (a) Results from previous pure body wave studies include AGEDO03 (Antolik et al., 2003), HMSL08 (Houser et al.,
2008), SD97 (Su & Dziewonski, 1997), SHKO1 (Saltzer et al., 2001), DBTNG11 (Della Mora et al., 2011), SFBG10 (Simmons et al., 2010), and TCB16 (Tesoniero et al.,
2016). All the S to P heterogeneity ratios were obtained using the RMS value division method. (b) Results from models that used normal mode data include MLDB0O
(Masters et al., 2000), IT99 (Ishii & Tromp, 1999), R01 (Romanowicz, 2001), KRDH16 (Koelemeijer et al., 2016), and MCDRT12 (Mosca et al., 2012). All the S to P
heterogeneity ratios again were obtained using the RMS value division method. (c) Thermally induced S to P heterogeneity ratios derived from mineral physics
modeling including the effect of anelasticity (Trampert et al., 2001; Karato, 1993; Karato & Karki, 2001; Yang et al., 2016) are shown in colored dot dash lines.

but is similar to values we derived using point to point division. However, the Karato and Karki (2001)
estimates are significantly higher than other mineral physics predictions (Karato, 1993; Trampert et al.,
2001; Yang et al., 2016) as well as ours. Two studies have argued that Karato and Karki (2001)
overestimated the effect of anelasticity in the lower mantle, which would overpredict Ry, v, since the
temperature derivative of shear wave velocity is more sensitive to the anelasticity effect (Brodholt et al.,
2007; Matas & Bukowinski, 2007). If this is the case, our derived Ry,,y, implies factors other than
simple thermal variations, starting from near 1,500-km depth, contribute to seismic heterogeneity. We
also plotted the predicted Ry, from mineral physics modeling in this study in Figures 12a and 12b.
All of the seismically derived Ry, v, profiles have higher values than mineral physics predictions in the
deep lower mantle, which implies the existence of more complex thermal-chemical heterogeneities,

although the amount and depth of these heterogeneities still vary among models and methods for
estimating 1-D Ry, v,

Anelasticity in the Earth for P and S waves is quantified by quality factors Qp and Qs, respectively. The qual-
ity factor Q due to viscoelastic relaxation can be written as (Karato, 1993)

Q. T) = Queofexp (%) )

where w is the seismic frequency, a is the exponent describing the frequency dependence of the attenuation,
T is the temperature, R is the gas constant, H' is the activation enthalpy, and Q, is a normalization constant
that can be constrained using seismically observed attenuation. Assuming that bulk attenuation is
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negligible, the relationship between elastic (“el”) and anelastic (“anel”) values of Ry,,y, can be given by
(Matas & Bukowinski, 2007)

A 3Vp?
R anel _ p el P R el 6
Vs/Vp Vs/Vp +VP4T+AP V2 Vs/Vp 6
where
H'cot(am /2
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The measurements of several critical anelasticity-related parameters, including Hand a, still vary a lot
among different studies (see Brodholt et al. (2007) and Matas and Bukowinski (2007) for summaries).
Therefore, the predicted Ry, v, from mineral physics after taking anelasticity into account may contain sig-
nificant uncertainties. In Figure 13, we evaluated the potential effect of anelasticity on predicted Ry ,y, to
check whether the uncertainty in anelasticity could explain the apparent discrepancies between seismic
observed and mineral physics predicted Ry, in the deep lower mantle (Figure 12c). To make the compar-
ison more diagnostic, we plotted the variation of Ry, as a function of S velocity perturbation at selected
depths instead of using a 1-D profile. We varied the anelasticity-related parameters within their possible
ranges to fully explore the possible anelasticity effect. Figures 13b (and 13c only show estimates at 2,000-
km depth but we found similar results at all other depths. According to our test, when the anelasticity effect
is strong, mineral physics predicted Ry, /i, becomes larger, but the amount of variation is limited. For exam-
ple, the maximum Ry, v, is ~2.5 at 2,000-km depth, which is comparable to our observed 1-D Ry y, in
TX2019slab (Figure 12). But this maximum value requires the combination of extreme values for multiple
parameters (i.e., H' =800kJ/mol, « = 0.4), that Brodholt et al. (2007) claim unlikely. For better visualization,
we binned and averaged seismically derived Ry, )y, based on a 0.2% S velocity perturbation interval and
applied a moving average filter in Figure 13a for comparison. At all selected depths, the seismically derived
Ry, v, profiles show “V” shapes: Ry, ,y, values increase with increasing S wave perturbation, both in the
positive and negative directions. The Ry, v, for large S wave perturbation regions (larger than 1% for exam-
ple) can easily be over 2.8 and even reach 5. Tesoniero et al. (2016) has shown that the “V” shape is a common
feature in all the tomography models they tested and argued that the V shape could be a result of errors in
seismic tomography. The effect of small errors on Ry, values can be amplified when the true velocity per-
turbation is small because of the division between S and P wave anomalies (see Tesoniero et al. (2016) for
more discussion). If Tesoniero et al. (2016) are correct, it means that the Ry, in the large S wave perturba-
tion regions are more reliable than in the small-velocity perturbation regions. In other words, the actual
Ry, v, could be higher than our 1-D seismic observation in Figure 12, which means that anelasticity effects
alone cannot explain the observed Ry i, assuming that heterogeneity is due to thermal effects in a chemi-
cally homogeneous mantle. More complex thermal-chemical structures are needed to explain our seismic
observed Ry, v, in the deep lower mantle.

An interesting feature in our S to P heterogeneity profile is that the ratio increases starting from 1,400-km
depth and reaches a local maximum around 1,800-km depth, stays relatively constant to 2,100-km depth,
then decreases before a large jump near the CMB. Both our derived S to P heterogeneity ratios have this pat-
tern, although the S to P ratio derived by RMS division shows this feature more clearly. Model SD97 (Su &
Dziewonski, 1997) and KRDH16 (Koelemeijer et al., 2016) show a similar trend above 2,100-km depth but
Ry, v, continues to increase with depth below 2,100 km. Several other models have similar peaks but at dee-
per depth, including SFBG10 (Simmons et al., 2010), SHKO1 (Saltzer et al., 2001), IT99 (Ishii & Tromp, 1999),
(Romanowicz, 2001), and MLDBO0O (Masters et al., 2000). Wu and Wentzcovitch (2014) reported that the P
wave velocity of pyrolitic lower mantle becomes insensitive to temperature variations due to the spin transi-
tion between ~1,400- and ~2,100-km depth. This would increase the S to P heterogeneity there even if varia-
tions were solely due to thermal effects. Thus, the abnormal Ry, we observe between 1,400 and 2,100 km
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Figure 13. Comparison of seismically observed S to P heterogeneity ratios versus S velocity perturbations and mineral physics predictions assuming different ane-
lasticity parameters. (a) Results calculated for TX2019slab model at selected depths. The average scaling factors are calculated for each 0.2% velocity perturbation
interval. A three-point moving-average filter was applied before plotting for better visualization. (b) Mineral physics predictions at 2,000-km depth with varying H.
a is fixed at 0.2 and Q is derived following Matas and Bukowinski (2007) method assuming average lateral temperature variation d7/T = 0.4 and seismic observed

quality factor Qg = 350. (c) Similar as (b) but « is fixed at 0.4.

may partially be due to the spin transition in a mantle with heterogeneity dominated by temperature
variations. In Figure 14 we compare the predicted Ry, from Wu and Wentzcovitch (2014) to our
results. Our result matches the mineral physics prediction for an aggregate consisting of 5 wt %
ferropericlase (Mgyo,Feo05)SiO; and the rest bridgmanite the best, which generally agrees with a
bridgmanite-enriched mantle model proposed by Murakami et al. (2012). However, the modeling result of
Wu and Wentzcovitch (2014) may oversimplify the effect of the spin transition in the mantle since it does
not consider several critical effects such as iron-partitioning variations crossing the spin transition (e.g.,
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Figure 14. Comparison of the S to P heterogeneity ratios in the TX2019slab
model and mineral physics predictions including the effects of the spin
transition and the pPv phase transition. The mineral physics predictions
accounting for the spin transition (dash lines) are adopted from Wu and
Wentzcovitch (2014). Thermally induced S to P heterogeneity ratios in
aggregates along adiabatic (Adi) and superadiabatic (SAdi) geotherms are
shown. Aggregates consist of 5 or 10 wt % ferropericlase (Mgg 92Feq.0g)SiO3
and bridgmanite. The predicted S to P heterogeneity ratio due to the bridg-
manite to pPv transition along the phase boundary (solid black line) is
shown with uncertainty (shaded purple area) from Wentzcovitch et al.
(2006). The light yellow background color indicates the proposed depth
range for the spin transition effect and light background below shows the
depths where the pPv phase transition could occur.

Kobayashi et al., 2005; Lin et al., 2013), and the spin transition in Fe-
bearing bridgmanite (e.g., Chantel et al., 2012; Fu et al., 2018). We leave
to further work a more detailed analysis of the effect of the spin
transition on the S to P heterogeneity ratio.

Karato and Karki (2001) claim that Ry, cannot exceed 2.7 for an iso-
chemical deep lower mantle. Our model, as well as several other mod-
els shown in Figure 12, shows the bottom 200 km of the mantle to
have heterogeneity ratios well above 2.7. One major limitation of the
mineral physics predictions we use is that they did not consider poten-
tial phase transitions occurring in the lower mantle. Bridgmanite could
transform to pPv in the deepest ~400-km mantle (Murakami et al.,
2004; Oganov & Ono, 2004; Tsuchiya et al., 2004). Compared with
bridgmanite, pPv has similar P velocity and higher S velocity
(Tsuchiya et al., 2004; Wookey et al., 2005). Wentzcovitch et al.
(2006) reported a very large Ry )y, (>6) caused by the pPv transition
along their predicted phase boundary (Figure 14). Lateral variation in
phase abundances can explain the high Ry, we found in our model
in the bottom few hundred kilometers of the mantle. The amplitude
differences between the results of Wentzcovitch et al. (2006) and seis-
mic observations could be caused by uncertainties in the mineral phy-
sics modeling, such as the pressure and temperature sensitivity of the
bridgmanite to pPv phase transition (Cobden et al., 2015), and the pos-
sible presence of subducted MORB or iron at the lowest mantle
(Grocholski et al., 2012; Tateno et al., 2007).

Figure 15 shows radial depth profiles of the correlation coefficient (CC)
between P and S wave perturbations, the RMS velocity anomalies for P
and S, and the CC between bulk sound and shear speed perturbations.
P and S velocity heterogeneities are highly correlated throughout the
mantle in our model (Figure 15a). The RMS amplitude of S wave
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Figure 15. Depth profiles calculated for the TX2019slab model. (a) Correlation between P and S wave heterogeneities. (b)
RMS amplitude of P and S wave anomalies. (c) Correlation between bulk and shear wave anomalies. Bulk and shear
speeds become decorrelated in the shallow lower mantle (~700- to ~1,500-km depth) and anticorrelated below 1,500-km
depth.

perturbations is higher than P waves at all depths, which agrees with previous studies (e.g., Koelemeijer
et al., 2016; Simmons et al., 2010; Figure 15b). The depth profile of the correlation between bulk sound
and shear speeds shows a more complex variation (Figure 15c). In the upper mantle, the bulk sound
speed correlates well with shear speed. In the shallow and mid-lower mantle, the bulk sound
anomalies are almost decorrelated with S wave anomalies. Sound and shear speeds become
anticorrelated below ~1,500-km depth. Similar anticorrelation of sound and shear speeds in the deep
lower mantle has been reported in several other tomography studies (e.g., Koelemeijer et al., 2016;
Masters et al.,, 2000; Simmons et al.,, 2010; Su & Dziewonski, 1997). The anticorrelation between
shear wave and bulk sound speed anomalies has been used to argue for chemical variations in the
deep mantle. However, previous investigations have shown that both the spin transition effect (Wu &
Wentzcovitch, 2014) and the phase transition from bridgmanite to pPv (Wookey et al., 2005) can
cause anticorrelation between sound and shear speeds in the deep mantle. Thus, the anticorrelation
we observe in our model could still be explained by thermal effects alone for an isochemical mantle,
although it likely requires a strong effect of the spin transition.

It is still challenging to draw concrete conclusions about the thermal-chemical structure in the lower mantle
using P-S tomography results alone. Although the observed Ry y, is higher in the deep mantle than pre-
dicted by simple calculations assuming that heterogeneity is due to thermal effects alone, the effects of the
spin transition, phase changes, and anelasticity can increase the scaling beyond what has been considered
in the past for an isochemical mantle. Detailed evaluation of several critical topics are still lacking to defini-
tively rule out a thermal explanation for mantle heterogeneity. These include the effect of iron-partitioning
variations crossing the spin transition (e.g., Kobayashi et al., 2005; Lin et al., 2013), the spin transition in Fe-
bearing bridgmanite (e.g., Chantel et al., 2012; Fu et al., 2018), the pressure and temperature sensitivity of
the bridgmanite to pPv phase transition (Cobden et al., 2015), and the vertical smearing effect in tomography
models.
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5. Conclusions

In this study, we produce a new P and S global tomography model. The most significant improvement in our
inversion, relative to our past work, is that we include a priori 3-D subducting slabs in our starting model and
inverted for velocity and source parameters simultaneously. Both of our P and S wave models feature higher-
amplitude subducting slabs compared with previous global tomography results, which better matches obser-
vations using other approaches. We also calculated the S to P heterogeneity ratio using our model. Although
the 1-D S to P heterogeneity ratio is not significantly different using models with starting slabs relative to
models without, we found that the incorrect imaging of subducting slabs could bias the tomography results
in the lower mantle in specific regions. Our derived S to P ratio features a broad peak at around 1,800- to
2,100-km depth, which is consistent with mineral physics predictions of the spin transition effect. The high
S to P ratio right above CMB can be due to bridgmanite to pPv phase change. However, our observations
alone cannot rule out the possibility of the existence of chemical heterogeneities in the deep lower mantle.
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