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Abstract Slab pull is generally considered as the dominant force that drives the global movement of
tectonic plates. This convection mode is well constrained in the upper mantle but the convection pattern
in the mid mantle is more speculative. In this study, we present high-resolution global models of the
410-km and 660-km discontinuity structure from finite-frequency tomography of SS precursors. The new
models reveal a strong positive correlation between the two discontinuities under major subduction zones.
In regions where large-scale stagnant slabs have been reported in the mantle transition zone (MTZ), both
discontinuities occur at depths greater than the global average. This structure correlates well with seismic
wavespeed anomalies, suggesting possible return flows from the lower mantle warming up the shallow
MTZ above the stagnant slabs. Using a simple model for stagnant slabs in geodynamical simulations,

we show that this mode of mass exchange between the upper mantle and the lower mantle occurs
predominantly in the vicinity of the slabs, and, the return flows become stronger as the extent of slab
stagnation increases.

1. Introduction

The movement of surface tectonic plates is generally considered to be driven by the pulling force associated
with slab subduction (Forsyth & Uyeda, 1975). Upwellings at mid-ocean ridges are passive return flows in
the shallow mantle in response to subduction at convergent plate boundaries. For example, seismic anoma-
lies beneath the East Pacific Rise spreading centers are mostly confined in the uppermost 250 km (Webb &
Forsyth, 1998). Subduction-driven convection has been well studied in the upper mantle while convective
mass exchange in the mid mantle remains less clear. The mantle transition zone (MTZ) between the upper
mantle and the lower mantle is bounded by two seismic discontinuities associated with pressure-induced
mineral phase transitions, one from olivine to wadsleyite at about 410 km depth and a second one from
ringwoodite to bridgmanite and ferropericlase at about 660 km depth (Anderson, 1967; Ringwood, 1969).
The 660-km discontinuity is generally considered a possible barrier for whole mantle convection due to its
negative Clapeyron slope (e.g., U. Christensen, 1995; Ringwood, 1994; Wada & King, 2015). In contrast, the
Clapeyron slope of the 410-km discontinuity is positive. This predicts an anti-correlation between depth
perturbations of the 410-km and the 660-km discontinuities for purely thermal anomalies in the MTZ (Bina
& Helffrich, 1994; Katsura & Ito, 1989; Weidner & Wang, 2000).

In global seismic tomography, both penetrating and stagnant slabs have been imaged in the MTZ (Fukao &
Obayashi, 2013; van der Hilst et al., 1997). However, structures in the MTZ are often not as well constrained
as those in the upper or lower mantle. This is mainly because teleseismic body waves have turning depths in
the lower mantle and fundamental-mode surface waves are only sensitive to wavespeed perturbations in the
shallow mantle. Efforts have been made to utilize surface wave overtones to improve the resolution in the
MTZ (e.g., Schaeffer & Lebedev, 2013). SS waves and their precursors S410S and S660S are waves reflected
off the underside of the surface and the 410-km and the 660-km seismic interfaces, respectively. They pro-
vide constraints on depth perturbations of the two discontinuities and have been used to study the structure
of the MTZ (Gu et al., 2003; Houser et al., 2008; Huang et al., 2019; Lawrence & Shearer, 2008; Shearer, 1991;
Waszek et al., 2018; Yu et al., 2017). As secondary reflected waves, S410S and S660S waves (or SAS waves
hereafter) are weak signals on recorded seismograms, and a common practice in global studies has been
to stack their waveforms in a large circular area near their bounce points to improve signal-to-noise ratio
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(Gu et al., 2003; Schmerr & Garnero, 2006; Shearer, 1991). While the effects of using different bin sizes in
stacking have been investigated (Flanagan & Shearer, 1998; Houser et al., 2008), it is not surprising that dis-
continuity structures may not be well resolved because of large Fresnel zones associated with SS waves and
their precursors (Lawrence & Shearer, 2008). The finite-frequency sensitivities of SS precursors have also
been investigated based on adjoint calculations using the spectral element method (e.g., Koroni et al., 2017).
When the length scale of discontinuity topography is comparable to the characteristic seismic wavelength,
finite frequency effects become important.

In this study, we use a global data set of arrival time measurements of SS, S410S and S660S waves recorded
at the Global Seismographic Network (GSN) to image depth perturbations of the 410-km and 660-km dis-
continuities at a global scale. We calculate finite-frequency sensitivities of arrival time measurements based
on the Born approximation in the framework of traveling-wave mode coupling, which take into account
complete wave interactions in every measurement window. In addition to accounting for wave diffractional
effects in seismic tomography, the finite-frequency sensitivities allow us to identify measurements that are
significantly contaminated by multiples of shallower interfaces or other seismic phases, in which case those
measurements are excluded from imaging. This global data set allows us to obtain high resolution depth
perturbations of the two discontinuities based on finite-frequency tomography of differential travel times
between SS waves and their precursors.

2. Finite-Frequency Discontinuity Tomography

We use broadband seismograms recorded at GSN stations for earthquakes that occurred between January
2003 and September 2014. Instrument responses are removed and horizontal-component seismograms are
rotated to obtain the radial- and transverse-component displacement seismograms. The transverse (SH)
component seismograms are then band pass filtered between 0.01 and 0.1 Hz as SdS phases show best sig-
nal-to-noise ratio in this frequency range (Figure S1). To minimize possible interference between SdS waves
and earthquake depth phases, we use earthquakes with focal depths shallower than 100 km. The moment
magnitudes of the earthquakes range from 6.0 to 8.5 and the epicentral distances are between 90 and 160°.
This raw data set contains about 150,000 traces.

To measure finite-frequency SS, S410S and S660S travel times, we carefully select seismograms with
high-quality signals through visual inspection of each processed SH-component seismogram. The ampli-
tude of an SS precursor depends on the size of the earthquake, source radiation pattern, the take-off angle
and azimuth that determine the excitation of the S wave leaving the source as well as the reflection coeffi-
cient which depends on the epicentral distance. The amplitudes of the secondary reflected waves are small
and often below the noise level, only about 30% of the recorded SS waves have clear SS precursors that are
suitable for single-trace analysis. We compare observed seismograms with synthetic seismograms calculat-
ed in a 1-D reference earth model IASP91 (Kennett & Engdahl, 1991) using traveling wave mode summation
(Liu & Zhou, 2016). Traces with highly deformed SS waveforms are not used in this study, including wave-
forms affected by complex rupture processes that are significantly different from synthetic seismograms.
Travel time measurements are made with respect to IASP91 synthetic seismograms. The measurement time
windows for SS waves (or their precursors) are determined based on the arrivals of the synthetic and the
observed SS waves (or their precursors) (Figure S1 ). We choose time windows manually to ensure that the
dominant energy of the measured phase is centered in the window. The length of the measurement window
varies from 70 to 120 s. To obtain frequency-dependent travel time measurements, a cosine taper is applied
in spectral estimates following the work of Deng and Zhou (2015). Finite-frequency effects in this data
set and comparisons with ray-theoretical tomography have been documented in a separate study (Guo &
Zhou, 2020). In this study, we focus on tomographic results based on measurements at 20 s period. Finally,
we take advantage of calculated finite-frequency sensitivities in examining each measurement to identify
possible complex wave interactions due to multiple phases arriving within a measurement window. This
leaves a total of about 6,400 seismograms for 1,110 earthquakes, which provide good coverage in the oceans
as well as in major subduction zones, except for in South America and its adjacent southern Pacific Ocean
(Figure S2 ). The final data set does not show apparent geographic locations where data might be absent due
to factors other than the source-receiver distribution.
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We calculate finite-frequency sensitivities of SS and SdS traveltimes to boundary depth perturbations based
on Born (single-scattering) approximation in the frame work of traveling-wave mode coupling (Deng &
Zhou, 2015; Guo & Zhou, 2020; Zhou, 2009). Wave propagation simulations using the Spectral Element
Method have shown that the finite-frequency sensitivities can account for diffractional effects of seismic
body waves when depth variations of the 410-km and 660-km discontinuities are in the order of tens of kilo-
meters (Deng & Zhou, 2015). The boundary sensitivity kernels fully account for source radiation patterns,
phase interactions as well as time-domain windowing and tapering applied in making frequency-dependent
measurements, which have been documented in a separate study (Guo & Zhou, 2020).

Travel time differences between observed and synthetic SdS waves (6tls4s) can be expressed as a two-dimen-
sional integration over the global surface of the corresponding seismic discontinuity .

51 s () = [ K8 (x 0} (x)05 o
z

where K?S (xa)) is the sensitivity of an SdS travel time measurement at angular frequency w to depth per-
turbations dd(x) on the corresponding seismic discontinuity.

For SS waves, the relation can be written as

5t lgs (@) = [[KS (x,0)3d(x)dX. @)
)

The linear relation between measurements and discontinuity depth perturbations in Equations 1 and 2
guarantees

5t lggs (@) =8t Igg (@) = ] [Kgds(x,w) - K;S(x,w)J6d(x)dZ. 3)
z

Example boundary sensitivity kernels of SdS wave traveltime measurements and SdS-SS traveltime meas-
urements are plotted in Figure S3. The finite-frequency sensitivities show a typical X shape due to the
minimax-time nature of the reflected waves (Dahlen, 2005). The sensitivity of SS waves to the 410-km and
660-km discontinuity depth perturbation is about an order of magnitude smaller than the sensitivity of SdS
waves. As a result, the sensitivity kernels for differential traveltime measurements (8tlsqs — Stlss) show only
minor differences from the sensitivity of SdS traveltimes (5tls4s) (Figure S3). We point out that due to wave
interaction, the structure of sensitivity kernels is often more complex, depending on earthquake depths,
epicentral distances as well as measurement windows.

We parameterize the surface of the Earth using a set of spherical triangular grid points with a lateral spacing
of about 4° and the integration in Equation 3 is evaluated using 0.4° x 0.4° cells in the ray coordinate in
which the source-receiver great circle path defines the equatorial plane. The tomographic problems are ill-
posed and exact solutions do not exist, we solve a regularized least-square inverse problem

||Gm - d”2 +a? ||m||2 = minimum 4)

where G is the kernel matrix, m is the model vector, d is the data vector and « is the Tikhonov regularization
(norm damping). The minimization leads to

(G'Gm - G'd) + ¢’m = 0. (5)

We solve the above inverse problem based on singular value decomposition of matrix G,

G = UAVT. 6)

where A is a rectangular diagonal matrix containing singular values 4;, and U and V contain left and right
singular vectors, u; and v;, respectively.

The Tikhonov solution of the inverse problem can be written as
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where p is the rank of the singular value matrix.

The corresponding resolution matrix is

R = VFV?, ©)

where F is diagonal matrix with elements ﬂjz / (ﬂjz +a? ) The tradeoff between data misfit and model

norm for different regularization parameter o as well as resolutions of the optimal models are plotted in the
Supplemental Figures (Figures S4-S6). The 410-km and 660-km discontinuities are obtained from separate
inversions using their respective measurements. The thickness of the MTZ from this data set has been dis-
cussed in Guo and Zhou (2020). In this study, we focus our discussions mostly on the correlation between
the 410-km discontinuity and the 660-km discontinuity depth perturbations as it is less sensitive to different
regularization parameters used in the inversions.

Lateral variations in crustal structure as well as wave speed variations in the bulk mantle may introduce
travel time shifts on SS and SdS waves. We calculate crustal corrections based upon traveltime differenc-
es between IASP91 models with and without a global crustal structure, CRUST 1.0 (Laske et al., 2013).
The crust is 20 km thick in the reference model IASP91 and maximum crustal corrections using model
CRUST1.0 are about 5 s for SS waves reflected off the Tibetan Plateau where the thickness of the crust
reaches about 80 km. Overall, the SdS-SS differential measurements at 20 s period with and without crustal
corrections show minor differences. We calculate 3-D mantle wavespeed corrections using two existing
global models, S40RTS (Ritsema et al., 2011) and S362ANI+ M (Moulik & Ekstrom, 2014). The choice of
mantle model in wavespeed corrections does not affect major structures in discontinuity. It has been point-
ed out, based on modeling using the spectral element method, that the amplitudes of discontinuity depth
variations may be underestimated when ray theory corrections are used for time-domain cross-correlation
measurements (Koroni & Trampert, 2016). For frequency domain cosine-taper measurements, wave prop-
agation simulations show that depths of mantle discontinuities can be reasonably well recovered when ray
theory corrections are made (Deng & Zhou, 2015). We focus on mantle wave speed corrections based on
model S40RTS in this study. Models obtained using S362ANI+M corrections have also been included in the
Supplemental Figures for reference.

3. Results
3.1. The 410 and the 660 in Subduction Zones

The most striking feature in the discontinuity maps is large-scale depressions in both the 410-km and 660-
km discontinuities around the Pacific subduction zones (Figure 1). The circum-Pacific distribution of the
positive correlation is best illustrated by the correlational sum in (c) and (f). In regions where both disconti-
nuities experience depressions, the correlational sum is positive (in blue) and its magnitude is the sum of the
absolute depth perturbations of the two discontinuities. Travel time corrections made using existing crust
and bulk mantle models do not affect the general positive correlation along the circum-Pacific subduction
zones (Figures 1 and S7). The global data distribution is not uniform but shows reduced coverage in Africa,
South Asia and Northwest Australia and minimum data sampling in South America and adjacent oceans
(Figure S5). In South America where stagnant slabs have been imaged in the MTZ, the 410-km and 660-km
discontinuities are both significantly deeper in regional studies (e.g., Schmerr & Garnero, 2007). In Fig-
ure S6, resolution tests on the 410-km and 660-km discontinuity models using spherical harmonic “check-
erboard” at two different length scales (I = 12 and [ = 20) show that structures are well resolved in Eurasia,
North America, the Pacific Ocean and the Indian Ocean, consistent with the sensitivity density (diagonal
elements of the matrix G'G) and diagonal elements of the resolution matrix (Figure S5).

The strong positive correlation in the Pacific subduction zones is somewhat counter-intuitive, because
thermal variations due to a cold slab in the MTZ would predict an “anti-correlation” between the two
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Figure 1. Global models of the 410 and the 660 from finite-frequency discontinuity tomography. (a and b) are global depth perturbations of the 410-km and
660-km discontinuities imaged from finite-frequency tomography of S410S-SS and S660S-SS differential traveltime measurements. (c) correlational sum with

its magnitude defined as the sum of the absolute perturbations of the 410 and the 660. It is positive (blue) in regions where both discontinuities occur at depths
greater than the global average; and it is negative (red) in region where the 410 is deeper while the 660 is shallower (typical anti-correlation signature for mantle
plumes). The correlational sum is not defined (zero) in other regions. Only regions with both discontinuity depth perturbations larger than uncertainties (5 km)

90°
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are plotted. (d-f) are the same as (a-c) but models obtained using traveltime measurements corrected for 3-D seismic structure in the crust (CRUST1.0) as

well as wavespeed variations in the mantle (S40RTS). Due to uncertainties in the global crust and mantle wavespeed models, we will focus on features that are

consistent before and after the corrections.
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nd the 660 in oceanic regions. (a) depth perturbations of the 410 and the 660 in global oceanic regions, averaged over every 20-million-year

age band; (b) the same as (a) but for models inverted using traveltime data corrected using model CRUST1.0 and S40RTS.

discontinuities for a vertically dipping slab or no correlation if the slab stagnates above the 660. This positive
correlation has not been reported in previous global models (Gu et al., 2003; Houser et al., 2008; Lawrence
& Shearer, 2008) but it is in general agreement with several regional scale studies based on SS precursors
and receiver functions (e.g., Heit et al., 2010; Shen et al., 2008). However, interpretations in regional studies
have been difficult as this positive correlation is not expected in the general context of subduction. The glob-
al distribution of the MTZ discontinuity anomalies indicates a general subduction origin associated with
stagnant slabs, possibly warm return flows from the lower mantle filling the space above a stagnant slab as
it gradually sinks into the lower mantle.

In other subduction zones, the correlation between the 410-km and 660-km discontinuity depth pertur-
bations is much weaker (Figure 1). The lack of positive correlation between the 410 and the 660 in the
Alpine-Tethys region is consistent with recent regional studies where most of the Tethyan lithosphere prob-
ably has sunk down to the lower mantle (Hafkenscheid et al., 2006). The 660-km discontinuity anomalies
show similar structure to wave speed anomalies in the lower MTZ along the Tethyan suture zone, extending
from the Mediterranean through the northern Middle East into the Tibetan Plateau (Schaeffer & Lebe-
dev, 2013). The 410-km discontinuity anomalies are much weaker and smaller in lateral extent, indicating
the absence of large-scale return flows warming up the shallower mantle. In the Philippine trench and the
Sunda trench, discontinuity anomalies are narrow features in the close proximity to current trench, consist-
ent with steep penetration of subducted slabs across the MTZ without much flattening above the 660-km
discontinuity (Dokht et al., 2018; Hall & Spakman, 2015). It is worth noting that the anti-correlation can
also be found in some areas where slabs are absent, but they are in general smaller in size and/or sensitive
to velocity corrections. In this study, we shall focus only on the most robust features.

3.2. The 410 and the 660 in Oceanic Regions

In oceanic regions, there was an age-dependent signature with both the 410 and the 660 becoming shallow-
er as the seafloor gets older (Figure 2a). This pattern was introduced by slower S-wave speed in the upper
mantle beneath younger seafloors in response to seafloor spreading, and, the age-dependence is removed
after mantle wave speed corrections are applied (Figures 2b and S8). The average depths of the 410-km and
660-km discontinuities are about 411 and 658 km, respectively. Overall, the oceanic MTZ is about 3 km thin-
ner than the global average and it does not show significant variations with seafloor age. The overall thinner
MTZ and slower seismic wave speed at those depths in global models (Moulik & Ekstrom, 2014; Ritsema
et al., 2011; Schaeffer & Lebedeyv, 2013) suggest the existence of far-field return flows in the global oceanic
mid mantle. The convection process is probably complex as the discontinuity structures in oceanic regions
also show strong small-scale variations (Figure 1).
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Figure 3. (a and b) are the correlational sum of the 410 and the 660 in the Pacific (same as Figures 1c and 1f); (c) correlational sum calculated using
discontinuity models published by Lawrence and Shearer (2008). The anomaly west of the island of Hawaii (HW) becomes much weaker after wave speed
corrections. The plume-like structure south of Hess Rise (HR) is a consistent feature in all three models.

In Figures 1c and 1f, the plume-like structures in the Pacific Ocean are characterized by an anti-correla-
tion between the 410 and the 660 (negative correlational sum), and they show significant differences in
models with and without mantle wave speed corrections. For example, the correlation at the South Pacific
Superswell changes polarity after wavespeed corrections. A plume-like anomaly west of the island of Ha-
waii becomes much weaker after wave speed corrections (Figure 3). Plume anomalies are in general much
smaller in lateral extent compared to slab anomalies, therefore, they are less well resolved due to limited
spacial resolution in this study. In addition, linearized velocity corrections may have an impact (Koroni
et al., 2019; Koroni & Trampert, 2016), therefore, we do not attempt to interpret weak plume anomalies at a
global scale but only focus on the most prominent anomalies. The only significant plume-like signature in
the discontinuity models regardless of wave speed corrections is located south of Hess Rise. In examining
published models, we noticed the anomaly was also present in an earlier global finite-frequency model but
the anomaly was not discussed (Lawrence & Shearer, 2008). While the size of the anomaly is close to the
resolution limit in our model (Figure S6), the general agreement among those models suggests that this
anomaly south of Hess Rise is reasonably well resolved. The geoid anomaly in this region also indicates a
possible mid-mantle origin (Sandwell & Renkin, 1988; Wessel et al., 1994). Hess Rise was formed sometime
in the early Cretaceous (Vallier et al., 1980). The relation between recent deep mantle convection processes
and the evolution of the oceanic plateau remains unclear. We point out that the plume-like features indicate
possible small-scale upwellings through the MTZ, not necessarily that they originate from the core-mantle
boundary. Similar small negative anomalies can also be found in Tibet and Northern Europe (Figure 1).

In this study, we have focused our discussions on the polarity of the 410-km discontinuity and the 660-km
discontinuity depth perturbations as it is less sensitive to the damping parameter (cr) used in the inversions
than the absolute amplitude. The MTZ discontinuities have been modeled as first-order discontinuities.
In reality, velocity structures are more complicated and may include gradient zones and thin layers. For
example, thin melt layers with a horizontal extent of about a couple of hundred kilometers have been re-
ported above the 410-km discontinuity in East Asia and the Alps, possibly caused by local water transport
out of the MTZ (Z. Liu et al., 2016, 2018). At 20 s period, our inversion results are not sensitive to detailed
wave speed structure but rather represent the depths of the equivalent first-order discontinuities (Deng &
Zhou, 2015). The tradeoff between resolution and model uncertainty depends on noise levels in the meas-
urements as well as the sensitivities of travel times to depth perturbations, which are different for S410S and
S660S waves. The damping parameter affects the amplitudes of the recovered depth perturbations, however,
the polarity (uplift or depression) is well resolved in both models. For example, the 410 and the 660 are both
deeper than the global average in subduction zones, this is well resolved but the magnitude of their depres-
sions might have been underestimated.
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Figure 4. Warm mantle above stagnant slab in the Western US. (a and b) are S-wave velocity perturbations at 400 and 650 km depths, respectively (Tian

et al., 2011). (c) correlational sum of the 410 and the 660 in the Western US with positive values in regions where both the 410 and the 660 occur deeper than
the global average. Only regions with consistent anomalies in Figures 1c and 1f are plotted. (d) average radial anisotropy in the mantle transition zone (MTZ)
in model US22 (Zhu et al., 2017) where negative (Vs < Vsy) radial anisotropy indicates dominant vertical mantle flow. Dark red lines are major geological
boundaries; black dashed line indicates subduction front in the MTZ. The 3-D wavespeed model in the red box in (a and b) is plotted in Figure 5.

4. Discussions

In the western United States, the unprecedented deployment of EarthScope USArray allows us to take
advantage of high-resolution wave speed tomographic models in this region together with the MTZ discon-
tinuity models to investigate the thermal structure in the MTZ. The overall depressed 410-km and 660-km
discontinuities are in general agreement with recent regional studies using USArray receiver functions (Gao
& Liu, 2014; Wang & Pavlis, 2016; Y. Zhou, 2018). In seismic wave speed tomography, fast slab anomalies
have been imaged in the lower MTZ from Idaho and Western Montana down to Utah and Colorado (Sigloch
et al., 2008; Tian et al., 2011). In the upper MTZ, this region is dominated by seismic slow (warm) anomalies
(Figure 4). The overall anti-correlation between wave speed perturbations in the upper and lower MTZ in
the western United States supports a thermal origin of the observed discontinuity perturbations. Nonther-
mal origins such as water content have been proposed to explain low seismic wavespeed anomalies at the
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(a) 3-D wavespeed model

(b) cartoon illustration

410 ‘==
hot mantle

660

Figure 5. 3-D wavespeed structure in the Western US and Cartoon illustration of subduction with stagnant slab.

(a) 3-D rendering of S-wave slab anomalies in the Western US. The isosurface represents 1% fast and slow seismic
wavespeed anomalies at depths from 50 to 1,600 km (Tian et al., 2011). US State boundaries are plotted at the surface
for geographic reference. Fast anomalies in the upper mantle beneath the craton have been removed for better
illustration of the slab. (b) Cartoon (not to scale) illustrating the sinking of a stagnant slab from the mantle transition
zone (MTZ) into the lower mantle. The 660-km discontinuity occurs deeper (not illustrated) due to the cold stagnant
slab in the lower MTZ and the 410-km discontinuity also occurs at greater depths (not illustrated) due to warm return
flows in a super adiabatic mantle.

top of the MTZ, however, the positive correlation between the 410 and the 660 in this region cannot be ex-
plained by slab hydration because increased water content would lead to a shallower 410-km discontinuity
(Smyth & Jacobsen, 2006). We point out that wavespeed and discontinuity anomalies at those depths do not
show exact correspondence in their locations, due to the 3-D nature of the slab geometry as well as differ-
ences in data sensitivity and coverage, model parametrization and resolution.

The stagnation of the subducted Farallon plate at the 660-km discontinuity and a warm mantle above the
slab is better illustrated in the 3-D wavespeed image in Figure 5. To balance the sinking of a stagnant
slab into the lower mantle, it requires an ascending return flow from the lower mantle. The overall much
warmer upper MTZ indicates the poloidal mode of mass exchange occurs in the close proximity of the de-
scending slab. Recent geodynamic modeling and fabric calculation suggest that lattice preferred orientation
can explain observed seismic anisotropy in the MTZ (e.g., Sturgeon et al., 2019). To the east (ahead) of the
subduction front, wavespeed and radial anisotropy indicate the presence of local upwellings from the lower
mantle (Figures 4 and 5). The upwellings are confined in the MTZ and “feed” the slow anomalies above the
stagnant slab. We interpret the upwellings as return flows in a superadiabatic mantle, driven by the sink-
ing of the stagnant slab. In reality, subduction can be much more complicated than the simplified cartoon
illustration in Figure 5 due to complex processes such as slab fragmentation and the evolution of multiple
subduction systems through time (Sigloch et al., 2008). In the Western US, it has been suggested that the
mode switch from stagnation to penetration is possibly associated with reversed polarity subduction of
a section of slab between preexisting fracture zones on the Farallon plate, which generates a return flow
through the slab gap, producing the Yellowstone volcanoes (Y. Zhou, 2018). In this global study, we do not
have the spatial resolution to investigate complex structures of slabs.

In Eastern Asia, this strong positive correlation extends about 3,000 km westward inland from the pres-
ent-day Ryukyu trench, with a gap roughly beneath the North China Craton (Figure 6). This positive corre-
lation between the 410-km and 660-km discontinuity topography largely agrees with wavespeed anomalies
in the mid mantle (Schaeffer & Lebedev, 2013), where slow wavespeed dominates this region in the upper
MTZ (~400 km) while fast anomalies are imaged in the lower MTZ (~650 km). Regional observations made
on SS precursors also suggest the existence of reduced seismic wavespeed in the upper MTZ and depres-
sions on the 410-km and 660-km discontinuities (Heit et al., 2010). The overall agreement indicates that the
dominant mechanism associated with depth perturbations of the two discontinuities is also thermal. Radial
anisotropy in the MTZ is consistent with local upwellings at the leading side (west) of subduction, and the
anomalies are also largely confined in the MTZ (Chang et al., 2014). The global wave speed model shown
in Figure 6 was obtained using multimode surface waves, which provide improved sensitivities down to the
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Figure 6. Warm mantle above stagnant slab in Eastern Asia. (a and b) are S-wave velocity perturbations at depths of 400 and 650 km from Schaeffer and
Lebedev (2013). (c) correlational sum of the 410 and the 660 in Eastern Asia, only regions with consistent anomalies in Figure 1c and 1f are plotted. (d) average
radial anisotropy in the mantle transition zone (MTZ) in model SGLOBE-rani (Chang et al., 2014), where negative radial anisotropy (Vsg < Vsv) indicates
dominant vertical mantle flow. Two dashed lines indicate subduction systems in the MTZ, roughly parallel to the present-day Ryukyu trench.

MTZ. While stagnant slab anomalies are a common feature in this region in wave speed tomographic mod-
els (Moulik & Ekstrom, 2014; Schaeffer & Lebedev, 2013; Tao et al., 2018), we point out that the geometry of
wavespeed anomalies vary considerably at those depths among those models.

The large-scale MTZ discontinuity anomalies show two structures separated by a gap in the North China
Craton. The gap is oriented in northeast direction, roughly parallel to the present-day Ryukyu trench. We
interpret this structure as a result of stagnant slabs from two subduction systems, the current subduction
of the Philippine sea plate which deposited slab materials east of the gap, and an earlier subduction of the
Pacific plate beneath the Eurasia plate which deposited slab materials west of the North China Craton. The
subduction of the Pacific plate in this region ceased about 40 million years ago as the growing Philippine sea
plate moved northward into the place (Hall, 2012; Seno & Maruyama, 1984).
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Figure 7. Geometry of the stagnant slab in the mantle transition zone (MTZ) in CitcomsS simulations. The width of the
slab is 60° and the stagnation half-length is 18° in (a), 12° in (b) 6° in (c).

5. Geodynamical Simulations

We examine the convection dynamics of a stagnant slab in the MTZ using CitcomS (Tan et al., 2006; Zhong
et al., 2000, 2008). We assume slab stagnation is transient (U. R. Christensen, 1996; Mao & Zhong, 2018)
and focus on passive upwellings produced by a massive free-sinking slab at the depths of the MTZ due to
its negative thermal buoyancy (Figure 7). The simplified model has a stagnant slab that is initially detached
from the shallower lithosphere and modeled as a temperature anomaly with a latitude extent (width) of 60°
and a thickness of 160 km. We vary the stagnation length of the slab (longitude extent) and examine return
flows as a function of distance from the slab center.

We use CitcomS (Tan et al., 2006; Zhong et al., 2000, 2008) to simulate mantle convection in an incom-
pressible 3D spherical shell under the assumptions of the Boussinesq approximation. The nondimensional
governing equations for the conservation of mass, momentum and energy are

V-u=0 9)
~VP +V -[(Vu + V'u)] + RaTe, = 0 (10)
%—T+u-VT=V2T (11)

t

where u is the velocity vector, P is dynamic pressure, 7 is viscosity and e, is the unit vector in the radial
direction. T is temperature, ¢ is time, and Ra is the Rayleigh number,

_ ocpgATR3

Tlok

Ra (12)

where « is thermal expansion coefficient, p is density, g is the gravita-
tional acceleration, AT is the temperature difference across the mantle,

Table 1 R is the radius of the earth and x is thermal diffusivity. The subscript 0
Thermodynamic Parameters denotes reference values. Thermodynamic parameters are constants (Ta-
Parameter Value Unit ble 1) except for the viscosity.
Earth's radius R 6,371 km The nondimensional rheological equation for depth- and tempera-
Gravitationallacceleration) 10 m/s? ture-dependent viscosity is (X. Liu & Zhong, 2016)
Mantle density p 4,000 kg/m’ 7 = 7'(rexplE0.5 — T)] (13)
Thermal expansion coefficient a 20%x107° K

. where 7'(r) is a depth-dependent viscosity pre-factor with a four-layer
Temperature difference AT e K structure, and their ratios in the lithosphere, upper mantle, MTZ and low-
Reference viscosity 7 107 Pas er mantle are r]l',-,h : r];ppe, : ’7:; : n;(,wer =10:0.01:0.1: 3. It has been sug-
Specific heat capacity 1,200 J/kgK  gested that a four-layer mantle viscosity structure with a high-viscosity
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Figure 8. (a) cross-section view of the initial temperature field (stagnation half-length = 18°). The vertical axis is radius (in km). (b) nondimensionalized

temperature as a function of depth.

lid (lithosphere), a low viscosity upper mantle (asthenosphere) and an increase in viscosity in the MTZ fit
the geoid data better than a simple two-layer (upper-mantle and lower mantle) parametrization of viscosity
(e.g., Hager & Richards, 1989; van Keken & Zhong, 1999; Xue & King, 2016). The radial temperature profile
is plotted in Figure 8. As we will focus on return flows beneath continents where stagnant slabs have been
imaged, the thickness of the lithosphere is 200 km in all simulations. The 410-km and the 660-km disconti-
nuities are modeled as viscosity boundaries but the effects of phase changes have been neglected.

To obtain moderate viscosity variations in the mantle, we have used relatively small activation energy values
(Zhong et al., 2000) with E = 6.9 above the 660-km discontinuity and 3.6 in the lower mantle in the cases
of temperature-dependent viscosity (cases I and III). The activation energy E = 0 in cases II and IV where
viscosity is constant is each layer (Figure 9). Thermal insulation of continents may facilitate melting in
the continental asthenosphere (Till et al., 2010). It has been reported in mineral physics experiments that
the viscosity of partial melts decreases with increasing depth in the upper mantle (Kushiro, 1986), and a
melt layer atop the 410-km discontinuity has been observed in continental regions based on seismic receiv-
er function (Tauzin et al., 2010) and electromagnetic studies (Toffelmier & Tyburczy, 2007). We examine
return flows in the presence of a local low viscosity layer in the upper mantle at depths between 300 and
400 km in cases I and II (Figure 9).

In Figure 10, we show the temperature and flow field from simulations for different sizes of stagnant slabs.
The simulations show that return flows produced by a sinking slab are localized in the vicinity of the de-
scending slab. We calculate the radial flow flux in every 1°x1° degree cell and then we integrate it over lati-
tude from —90° to 90° and plot it as a function of distance normalized by stagnation half length. The vertical
mass exchange between the upper mantle and lower mantle is better illustrated by the radial velocity and
flow flux in the MTZ as a function of distance from the slab center. As the longitude extent (stagnation) of
the slab increases, it does not produce a broader area of upwellings but only stronger return flows near the
slab, regardless of viscosity structures used in the simulations (Figure 11). The strength of the return flow
depends on the size of the slab, when the width of the slab reduces to 12°, local return flows become largely
absent (Figure 12). In all simulations, variations in activation energy do not have a major impact on the pat-
tern of the return flow. As the stagnation length increases, the return flow becomes stronger but confined
in the vicinity of the slab (Figures 10 and 11).
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Figure 9. cross-section views of viscosity structures used in CitcomsS simulations. The slab stagnation half-length is 18° in all plots. In cases I and III, viscosity
is temperature dependent, and in cases II and IV, viscosity is constant in each layer. In cases I and II, a local low viscosity layer is introduced in the continental
asthenosphere above the stagnant slab at depths between 300 and 400 km.

It is generally assumed that the Earth's mantle is only slightly deviated from adiabatic (Birch, 1952; Dzie-
wonski & Anderson, 1981). The adiabatic mantle temperature gradient is ~0.3 K/km (Turcotte, 2002) while
it has been suggested that a super-adiabatic temperature gradient of 0.4-0.6 K/km in the lower mantle
would fit seismic and electromagnetic data better than an adiabatic mantle (e.g., Khan et al., 2006; Verho-
even et al., 2009). In the simulations, we have used a super-adiabatic temperature gradient of ~0.2 K/km
in the bulk mantle and the return flows warm up the shallower MTZ above the slab by about 75°K. We em-
phasize that the adiabatic mantle temperature gradient (which does not drive convection) is not considered
in incompressible models. If we assume a Clapeyron slope of ~3 MPa/K for the olivine to wadsleyite phase
transformation, this temperature change corresponds to ~6-7 km of depth perturbation on the 410-km
discontinuity. In the Pacific subduction zones where large-scale stagnant slabs have been imaged in the
MTZ, the average depth perturbation is ~9-10 km. While the return flows in a superadiabatic mantle may
account for the majority of the deflections of the 410-km discontinuity, other contributing effects may not
be neglected. For example, the subduction of the Farallon plate may have brought hot materials from the
Pacific upper mantle into western North America (Q. Zhou et al., 2018). In addition, thermal blanketing be-
neath the stable continents may also increase the temperature of the asthenosphere above the stagnant slab
(Till et al., 2010). The return flows rising from the lower mantle may be rich in harzburgite in the presence
of chemical layering (Ballmer et al., 2015; Nakagawa & Buffett, 2010), resulting in more seismically visible
deflections of the discontinuities (Nakagawa & Buffett, 2010; Xu et al., 2008). In the future, it would also
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Figure 10. CitcomsS simulations of a stagnant slab in the mantle transition zone (MTZ) sinking into the lower mantle. The return flows are localized in the
vicinity of the slab, regardless of the stagnation length. (a—c) are cross-sections of the temperature and flow field for slabs with different stagnation extent in
the MTZ. The slab geometries and initial conditions are plotted in Figures 7 and 8 and the viscosity structure is plotted in Figure 9a. (d) is the radial (vertical)
velocity at a depth of 630 km as a function of distance from the slab center in the three cross-sections: (a) (red solid), (b) (blue dotted) and (c) (black dashed).
Negative polarity indicates downwelling and positive velocity is upwelling. (e) radial flow flux as a function of distance from the slab center, normalized by slab
stagnation half length. In all simulations, vertical mass exchange occurs in the vicinity of the slab.

be interesting to investigate stagnant slabs in different mantle viscosity structures, possibly including a thin
layer above the 410 as predicted by the water-filter model (Bercovici & Karato, 2003; Karato, 2011).

6. Conclusions

The classic textbook anti-correlation between the 410-km and 660-km discontinuities is not a common fea-
ture in global subduction zones. While counter-initiative, major subduction zones where massive stagnant
slabs have been imaged are characterized by strong positive correlations between the 410-km and 660-km
discontinuity, with both discontinuities occurring at greater depths. Wavespeed and anisotropy models sup-
port vertical variations in thermal structure in the mid mantle. We interpret this circum-Pacific positive
correlation as a result of cold, stagnant slab in the lower MTZ and an overall warmer return flows associated
with the sinking of large, stagnant slabs into the lower mantle. This mode of mass exchange between the
upper and lower mantle occurs in the close proximity of the (sinking) stagnant slabs. The global oceanic
regions are associated with an overall thinner MTZ and a weak anti-correlation between the 410-km and

GUO AND ZHOU

14 of 19



AGVU Journal of Geophysical Research: Solid Earth

ADVANCING EARTH
AND SPACE SCIENCE

10.1029/2020JB021099

(a) case II

1900

temperature (K)

(b) case III

6 cm/yr 1900

temperature (K)

flow flux (cubic km/yr)

radial velocity (cm/yr

radial velocity (cm/yr)

T T

40 60 80
distance from slab center (degree)

T
100

normalized distance from slab center

40 60 80
distance from slab center (degree)

100

© 30
=
€
X 15
©
Qo
@ o T N e —————e e
x
2 -15
3
&= -30 T J
8 10
normalized distance from slab center
(c) case IV
'g 1.25
6 cm/yr 1900 g
g ;; 0.00
) 8
2 Q125
g s
2 3
£ = 280y % % 60 EY 100 120
2 distance from slab center (degree)
s
£
R4
o
Qo
o | ==
L
x
=
3
o
- [ 10
normalized distance from slab center
Figure 11. The same as Figure 10 but for different viscosity structures as shown in Figure 9.
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Figure 12. CitcomsS simulations at different time steps ¢t = 2.4, 4.0, and 5.6 Myr for (a) a small slab and (b) a large slab. Temperature and viscosity profiles are
the same as in Figure 10. The simulation in (a) is the same as Figure 10c but with the width of the slab reduced to 12°. The simulation in (b) is identical to
Figure 10a. The return flows become largely absent when width of the slab is significantly reduced.
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660-km discontinuity depth perturbations, which indicates the existence of a weak return flow in the far-
field oceanic mantle.

We have used a very simple model for stagnant slabs to investigate return flows associated with a large hori-
zontal slab in the MTZ. Our simulations suggest that the strength of local return flows depends on the size
of the slab, and, local return flows become largely absent when the width of the slab is significantly reduced.
In the future, it would be worth investigating return flows in more realistic subduction scenarios. While we
have used a constant super-adiabatic temperature gradient for the bulk mantle, the return flow model does
not require temperature gradient to be constant but it may vary with depth. For example, mantle potential
temperature could be higher in the lower mantle than in the upper mantle as the increased density due to
phase transformations across the MTZ may overcome super-adiabatic thermal buoyancy.

Data Availability Statement

Seismic Data used in this research are available from the IRIS Data Management Center (http://www.iris.
edu). CitcomsS for mantle convection simulation is available at http://www.geodynamics.org/cig/software/
citcoms/
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