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Abstract Waveforms of SS precursors recorded by global stations are analyzed to investigate lateral
heterogeneities of upper mantle discontinuities on a global scale. A sporadic low-velocity layer
immediately above the 410 km discontinuity (LVL-410) is observed worldwide, including East Asia, western
North America, eastern South America, the Pacific Ocean, and possibly the Indian Ocean. Our best data
coverage is for the Pacific Ocean, where the LVL-410 covers 33–50% of the resolved region. Lateral variations
of our LVL-410 observations show no geographical correlation with 410 km discontinuity topography or
tomographic models of seismic velocity, suggesting that the LVL-410 is not caused by regional thermal
anomalies. We interpret the LVL-410 as partial melting due to dehydration of ascending mantle across the
410 km discontinuity, which is predicted by the transition zone water filter hypothesis. Given the low vertical
resolution of SS precursors, it is possible that the regions without a clear LVL-410 detection also have a thin
layer. Therefore, the strong lateral heterogeneity of the LVL-410 in our observations suggests partial melting
with varying intensities across the Pacific and further provides indirect evidence of a hydrous mantle
transition zone with laterally varying water content.

1. Introduction

The mantle transition zone (MTZ), bounded by the 410 and 660 km seismic discontinuities, plays an impor-
tant role in Earth’s evolution and mantle convection. One critical question is the water content in the MTZ,
as wadsleyite and ringwoodite are capable of storing 1–3 wt%water in their crystal structures [Kohlstedt et al.,
1996]. The answer remains controversial because only one natural sample of hydrous ringwoodite with
~1 wt % of water has been discovered [Pearson et al., 2014]. Although a few geophysical observations suggest
the MTZ next to subducted slabs is hydrated by the slab dehydration [e.g., Zhu et al., 2013], others claim that
no water is brought below 400 km depth by subduction [e.g., Green et al., 2010]. A related debate concerns
global MTZ water content, as geophysical evidence for high water content (on the order of 0.1 wt %) has been
found in the Pacific MTZ [Huang et al., 2005], although Houser [2016] suggests a dry MTZ globally with only a
few hydrous regions with ~0.6 wt % of water. While it is challenging to directly detect water within the MTZ
from a seismological prospective [Thio et al., 2016], indirect evidence of the MTZ water content has been
obtained from detailed analyses of the 410 km discontinuity [e.g., van der Meijde et al., 2003].

The seismic discontinuity at 410 km depth is usually attributed to an isochemical phase transformation from
olivine to wadsleyite [Ringwood, 1975]. In addition to this globally observed feature, a low-velocity layer
immediately above the 410 km discontinuity (LVL-410 hereinafter) has been observed regionally in many
places. The LVL-410 was initially discovered beneath northeast Asia by Revenaugh and Sipkin [1994] using
seismic waves reflected at the core-mantle boundary (multiple-ScS reverberation). Later seismic studies using
a similar technique [Courtier and Revenaugh, 2007; Bagley et al., 2009], receiver functions [Vinnik and Farra,
2002; Vinnik et al., 2003; Fee and Dueker, 2004; Jasbinsek and Dueker, 2007; Vinnik and Farra, 2007; Wittlinger
and Farra, 2007; Leahy, 2009; Jasbinsek et al., 2010; Schaeffer and Bostock, 2010; Tauzin et al., 2010; Vinnik
et al., 2010; Schmandt et al., 2011; Huckfeldt et al., 2013; Bonatto et al., 2015; Morais et al., 2015; Thompson
et al., 2015; Liu et al., 2016], and body wave triplications [Song et al., 2004; Gao et al., 2006; Obayashi et al.,
2006] suggest the widespread existence of this LVL (Figure 1 and supporting information Table S1). In addi-
tion, an electromagnetic study in the southwestern U.S. also suggests a layer with high conductivity near the
410 km discontinuity [Toffelmier and Tyburczy, 2007].

Based on the assumption of a hydrous MTZ, the transition zone water filter (TZWF) hypothesis [Bercovici and
Karato, 2003; Leahy and Bercovici, 2007] proposes that when the ascending mantle passes through the
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410 km discontinuity from the hydrous MTZ to the anhydrous upper mantle, wet wadsleyite transforms to dry
olivine, releasing water to trigger partial melting above the discontinuity. By invoking a chemical filtering
mechanism during dehydration at the 410 km discontinuity, this hypothesis helps resolve the long-standing
debate between the whole-mantle-convection model, supported by seismic observations [e.g., Grand et al.,
1997], versus the layered-mantle-convection model, inferred from geochemical distinctions between mid-
ocean ridge basalts and ocean-island basalts. Therefore, the existence of the LVL-410, indicative of partial
melting, is consistent with the TZWF hypothesis and provides indirect evidence for a hydrous MTZ.

However, mantle convection models predict that ascending mantle should cross the 410 km discontinuity in
many different regions, and thus, the TZWF should produce a widespread LVL-410, whereas almost all
previous observations are confined to continents or continental margins due to limited seismic raypath
coverage. Better coverage in oceanic regions can be provided by SS precursors (SdS), the underside S wave
reflections off the d-km discontinuity, which sample the upper mantle midway between sources and
receivers (Figure 2a) and have been widely used to map mantle discontinuity topography [e.g., Flanagan
and Shearer, 1998; Chambers et al., 2005]. Here we analyze S410S waveforms to investigate lateral heteroge-
neities of the 410 km discontinuity and the potential LVL-410 on a global scale.

2. Data and Methods
2.1. Data Processing and Stacking

Stacking is required to enhance the SS precursor signals, which are usually weak and buried in noise. We stack
all seismic data recordedby global permanent stations from1976 to 2010 in a similarmanner to Shearer [1991],
binning the data by bouncepoint to study lateral variations of upper mantle structure. Larger bouncepoint
caps include more data and thus yield more reliable stacked waveforms but provide lower lateral resolution.

The stacking was restricted to earthquakes shallower than 75 km depth to reduce complications owing to
depth phases. Each transverse-component seismogram was band-pass filtered between 15 and 100 s
(first-order Butterworth, zero-phase shift), and then the SS phase was automatically picked by searching for
the maximum amplitude around the predicted SS arrival time according to the IASP91 model [Kennett and
Engdahl, 1991]. We discarded seismograms with signal-to-noise ratios of SS lower than 3 and restricted the
source-receiver distance to 106°–176° to avoid interference from Ss660s. These restrictions led to 48,180 use-
able S410S traces, which primarily sample the Pacific Ocean and northeast Asia (Figure 3a). Each trace was

Figure 1. Previous observations of an LVL-410 under continents and continental margins [Revenaugh and Sipkin, 1994;
Vinnik and Farra, 2002; Vinnik et al., 2003; Fee and Dueker, 2004; Song et al., 2004; Gao et al., 2006; Obayashi et al., 2006;
Courtier and Revenaugh, 2007; Jasbinsek and Dueker, 2007; Toffelmier and Tyburczy, 2007; Vinnik and Farra, 2007; Wittlinger
and Farra, 2007; Bagley et al., 2009; Leahy, 2009; Jasbinsek et al., 2010; Schaeffer and Bostock, 2010; Tauzin et al., 2010;
Vinnik et al., 2010; Schmandt et al., 2011; Huckfeldt et al., 2013; Tauzin et al., 2013; Bonatto et al., 2015; Morais et al., 2015;
Thompson et al., 2015; Liu et al., 2016]. Digits indicate the reference numbers listed in supporting information Table S1.
The regions of an LVL-410 revealed by receiver function studies are generally beneath the analyzed stations, whereas
studies using multiple-ScS waves and body wave triplications image large areas with lower resolution. The red polygon in
East Asia outlines the region analyzed by Revenaugh and Sipkin [1994] using multiple-ScS waves.
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normalized and aligned to the maximum SS amplitude and then stacked in bouncepoint caps to obtain refer-
ence SS waveforms. The polarity of each seismogram is switched if necessary so that the SS peak amplitude
(normalized to unity) is always larger in magnitude than its negative sidelobes. This empirical procedure
avoids the need to use earthquake source information, while preserving amplitude and polarity information
relative to the reference phase. This simple waveform alignment procedure is easier to implement than refer-
ence phase deconvolution or cross-correlation methods [e.g., Gu et al., 1998, 2003] but yields very similar
results [Houser et al., 2008]. We stack S410S waveforms in a similar manner but aligned to the predicted
S410S arrival time curve relative to SS. Figure 2b shows 874 seismograms sharing a single bouncepoint cap
of 5° radius, aligned on the SS phase, and stacked as a function of source-receiver distance. Although the results
at any particular distance are noisy and often biased by interfering seismic phases, by stacking all of the traces
over distances from 106° to 176°, the mantle discontinuity reflections can be clearly resolved (Figure 2c).

Figure 2. SS precursor stacks. (a) Two pairs of SS (surface-reflected S wave) and precursor SdS (underside S wave reflection
off the d-km discontinuity) sharing the same bouncepoint cap. (b) The 874 transverse-component seismograms stacked in
one cap aligned to the reference phase SS, with positive amplitudes in blue and negative in red. Black curves show the
predicted traveltime curves based on the IASP91 model [Kennett and Engdahl, 1991]. Grey and black boxes surround 834
seismograms stacked in Figure 2c. SS waves are stacked along 0 s (grey box), whereas precursors are stacked along the
predicted S410S traveltime curve (black box). (c) Seismogram stacks at ranges of 106°–176°. The precursor phases have
much smaller amplitudes, and the scale below the thin dashed line is enlarged by 5 times. The 95% confidence limits for the
SS precursor stacks are shaded in blue, and the 95% confidence limits for the SS stacks are within the curve thickness.
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In order to study global variations of the 410 km discontinuity, we first stacked all traces in 412 nonoverlap-
ping bouncepoint caps of ~10° width (Figure 3b) because this technique can only resolve lateral heterogene-
ities larger than 500–750 km at this depth [Schmerr et al., 2013]. Because the data coverage across the Pacific
Ocean is higher and the stacking is more coherent, we further stacked traces in 2000 overlapping bounce-
point caps of 5° radius and 2° spacing across the Pacific Ocean (Figure 3c), which yields smoother images
of small-scale features. The uncertainties of the stacked waveform amplitudes were estimated using a
bootstrap resampling method [Efron and Tibshirani, 1991] where we repeated the stacking 200 times using
random subsets of the data. The stacking error in each bouncepoint cap is defined as the average uncertainty
over time between �5 and 20 s relative to the S410S arrival time since the right sidelobe is our focus as
discussed later. As expected, more traces produce more robust stacked waveforms with smaller errors
(Figure 3d), and there is no significant reduction in stacking error when the number of stacked traces is

Figure 3. (a) Bouncepoints of all S410S seismograms used in this study. (b) Shape of the nonoverlapping bouncepoint caps of ~10° width used for all global surveys.
(c) Shape of the overlapping bouncepoint caps of 5° radius and 2° spacing used for the detailed survey of the Pacific Ocean. (d) Stacking errors decrease with
increasing numbers of stacked traces in the Pacific survey. Waveform uncertainties are estimated with bootstrap resampling. The stacking error is defined as the
average waveform uncertainty over time between�5 and 20 s relative to the S410S arrival time because the right sidelobe is our focus. The median, maximum, and
minimum waveform uncertainty in each cap are also shown for comparison. The stacks become reliable when the trace number is larger than ~300.
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larger than ~300. We thus conclude that ~300 traces in each cap are roughly enough to obtain a robust
waveform stack with relatively small uncertainties. Accordingly we assign greatest weight to stacks with
more than 300 traces, and caps with fewer than 100 traces are discarded. The S660S waveforms are
obtained in a similar way except that the source-receiver distance was restricted to 120°–176°, and the
stacking was along the predicted S660S travel-time curve.

2.2. Synthetic Waveform Modeling

We compare our observed SdS stacks with predicted SdS synthetic waveforms, computed using geometrical
ray theory and by convolving the reference phase with discontinuity operators (Figure 4b). Ray theory is
sufficiently accurate to capture the main features of interest in our study because we consider only 1-D
models, and we window SS and its precursors to epicentral distances that exclude complications from tripli-
cated or diffracted phases. The reference velocity model is obtained by modifying the IASP91 model [Kennett
and Engdahl, 1991] with sharp discontinuities constrained by Lawrence and Shearer [2006] (IASP91-LS06

Figure 4. S410Swaveform analysis. (a) Scaled SS (blue) and S410S (red) waveforms stacked in cap #3055 (see Figure 7 for its
location). In general, structural perturbations at depths below the discontinuity will affect the waveform shape at negative
times, whereas perturbations above the discontinuity will change the pulse shape at positive times. The 95% confidence
limits for the S410S stacks are shaded in pink, and the 95% confidence limits for the SS stacks are within the curve thickness.
The trough-to-peak ratio (T2P) is defined as the trough amplitude divided by the peak amplitude, and its uncertainty is
estimated based on the S410S amplitude uncertainties. (b) The discontinuity operators (green) are calculated from the
IASP91-LS06 model. The synthetic seismogram (blue) is obtained by convolving the reference SS waveform with the
discontinuity operators. (c) The synthetic S410Swaveform from Figure 4b is broadened or narrowed to fit the observed one.
(d) The RSR slope is defined as the slope of the S410S residuals (green) compared to the stretched synthetic waveform
(black dashed) and then is normalized to the SdS peak amplitude. The 95% confidence limits for the residuals are shaded in
green, which leads to the estimation of the RSR slope uncertainty. The Hilbert transform is applied on the stretched
synthetic waveform. The Hilbert transform factor (HTfac) is grid searched for the minimummisfit between the transformed
(black solid) and observed (red) waveforms.
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model) to better model the S520S phase that may affect the S410Swaveform. The discontinuity operators are
calculated from reflection coefficients and geometric spreading according to this model [Shearer, 1996].
Seismic attenuation is ignored, because the SdS amplitude and width are not our focus (as discussed in sup-
porting information Text S1). The SS waveform stacked in the same bouncepoint cap is used as the reference
phase for the convolution in most of the later analyses. Although individual SS waveforms vary in shape and
symmetry, owing to the effects of depth phases, Moho reflections, and the fact that SS is Hilbert transformed
relative to direct S [Choy and Richards, 1975], our alignment and stacking procedure produces a relatively
symmetric and repeatable reference SS pulse [e.g., Shearer, 1991]. However, because the SS reference pulse
is usually not perfectly symmetric, we need to consider the effects of reference pulse asymmetries on the
SdS observations and synthetics. Thus, for comparison, we also produce a symmetric reference phase for
use in computing SdS synthetics by stacking all SS waveforms and averaging the left and right sidelobes
(Figure S1a).

2.3. Waveform Shape Analysis

After obtaining the SS and SdS waveforms and calculating the synthetic SdS waveforms in each bouncepoint
cap, the SS amplitude is scaled to the SdS amplitude and then aligned along the peaks. For many caps, we find
significant differences between the observed S410S waveform shapes and the model predictions, in contrast
to the S660S waveforms, which generally agree more closely with the synthetic waveforms. These S410S
waveform shape anomalies are the focus of this study, and we will show how they can be related to the likely
presence of the LVL-410.

Since the amplitude and relative time of S520S can distort the left sidelobe of the S410S waveform, we focus
on the S410S right sidelobe and experiment with three different ways to measure its behavior relative to SS:

1. We define the trough-to-peak ratio (T2P) of SdS as the trough amplitude of the right sidelobe divided by
the peak amplitude (Figure 4a). The T2P error is estimated based on the trough and peak amplitude
uncertainties of the SdS stack.

2. The synthetic SdSwaveform based on the IASP91-LS06 model is first broadened or narrowed to match the
observed SdS width (Figure 4c). We then apply a Hilbert transform approach to distort the
broadened/narrowed synthetic SdS waveform to fit the right sidelobe of the observed SdS. The resulting
waveform is a combination of a �π/2 Hilbert-transformed and a π/2 Hilbert-transformed pulse with a
weighting factor ranging from �1 to 1. This weighting factor, Hilbert transform factor (HTfac), is grid
searched for the minimum misfit between the synthetic and observed waveforms (Figure 4d).

3. We calculate the residuals of the observed SdSwaveform compared to the broadened/narrowed synthetic
waveform and define the Right-Sidelobe-Residual slope (RSR slope) as the slope of the residuals from 0 to
15 s. This RSR slope is normalized to the SdS peak amplitude in order to extract the relative information
between the trough and the peak. The RSR slope uncertainty is estimated as the model error of the linear
regression. These analyses are applied to the S410S and S660S waveforms stacked in all caps with more
than 100 traces.

3. SdS Waveform Shape

The stacked S410S and S660S waveform shapes show significant variations, whereas the stacked SS wave-
forms are generally consistent and nearly symmetric (Figures 5 and S2). One obvious feature is that S410S
waveforms stacked in many caps are asymmetric with a deep trough in the left or right sidelobe
(Figures 6a and S2). Although the left sidelobe of long-period S410S can be affected by S520S, the right side-
lobe should be stable for a simple 410 km discontinuity. Thus, we focus on the shape of the right sidelobe
instead of the total waveform symmetry.

The skewed S410S waveforms are unlikely to be an artifact due to data filtering or stacking techniques.
Figures S3a and S3b show the S410Swaveforms stacked using the same seismograms as in Figure 6a but with
different filters. Despite the appearance of short-wavelength wiggles, it is clear that the right sidelobe is much
stronger, which is indicated by the negative RSR slope. Additionally, the SdS waveform will be slightly
distorted from stacking over varying source-receiver distances, because the relationship between time and
discontinuity depth is slightly nonlinear. To avoid this distortion, we convert all seismograms used in
Figure 6a from time to depth based on the IASP91 model prior to stacking. The stacked waveform, which
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is a function of depth, is almost identical with the waveform stacked in the time domain (Figure S3c).
However, this conversion relies on the velocity model and thus may introduce other waveform distortions.
So for simplicity, we focus our analyses and discussions on the waveforms stacked in the time domain.

The three different measures of S410Swaveforms correlate well with each other in a detailed study across the
Pacific Ocean using overlapping bouncepoint caps (Figures 7b and 8). We prefer the RSR slope measure
because it has smaller uncertainties (notice the standard deviations of T2P and RSR slope in Figure 6) and
is more robust with respect to short-wavelength wiggles in the waveform stacks. A negative RSR slope
indicates a strong right sidelobe of S410S, and a positive RSR slope, which is seen occasionally, reflects
short-wavelength wiggles in the right sidelobe (Figure 6).

Figure 7a shows the S410S RSR slope in each bouncepoint cap in a global survey, and a more detailed study
across the Pacific Ocean is shown in Figure 7b. Strong negative RSR slopes are observed sporadically across
the Pacific, northeast Asia, and South America. Could the negative S410S RSR slope be explained as contam-
ination from other phases or systematic variations in the reference SS waveforms? First, since the raypaths of

Figure 6. Examples of S410Swaveforms stacked in 5° radius caps. (a) Stacked waveforms for a cap in the northwest Pacific.
The SS waveform is nearly symmetric, whereas the S410S waveform is asymmetric, suggesting anomalous structure near
410 km depth. (b) Stacked waveforms for a cap in the South Pacific. The SS and S410S waveforms are similar and nearly
symmetric. (c) Stacked waveforms for a cap in the south Pacific. The RSR slope is positive due to short-wavelength wiggles
in the S410S right sidelobe. The cap locations are shown in Figure 7. The SS amplitude (blue) is scaled to the S410S
amplitude (red), and their peaks are aligned. The 95% confidence limits for the S410S stacks are shaded in pink. The black
dashed curve indicates the synthetic S410S waveform calculated from the reference SS waveform. The thin green line
plots the residuals of the observed S410S waveform compared to the synthetic one; its slope (thick green line) defines our
S410S RSR slope measure. RSR slope, HTfac, and T2P are measured in the same way as in Figure 4. A negative RSR slope
indicates an anomalously deep S410S right sidelobe, whereas a positive RSR slope is caused by short-wavelength
wiggles in the right sidelobe.

Figure 5. Waveform comparisons in the global survey. (a) SS stacks in nonoverlapping caps with more than 300 traces.
(b) S410S stacks in nonoverlapping caps with more than 300 traces. (c) S660S stacks in nonoverlapping caps with more
than 300 traces. See Figure S2 for individual waveforms.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014100

WEI AND SHEARER LOW-VELOCITY LAYER ATOP THE PACIFIC 410 7



Figure 7. Maps of S410S RSR slope. (a) A global survey for nonoverlapping bouncepoint caps of ~10° width (Figure 3b). Thin
black curves indicate plate boundaries. Bold black curves outline the region in Figure 7b. Dark grey squares indicate
previous observations of an LVL-410 (Figure 1). (b) A more detailed survey across the Pacific Ocean using overlapping caps
of 5° radius and 2° spacing. Only caps with more than 100 seismograms are shown in Figures 7a and 7b, and circle sizes
are scaled to emphasize reliable caps according to their stacking errors. Numbers show the example cap locations in
Figures 2, 4, and 6. Larger negative skewness anomalies provide stronger evidence for a low-velocity layer atop the
410 km discontinuity (LVL-410). (c) Histogram of S410S skewness shown in Figure 7b. The red curve indicates cumulative
percentage. Only caps with more than 300 seismograms and stacking error smaller than 5e�3 are included.
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SdS and SS are almost identical away from the bouncepoint, source differences including depth phases
should distort both SS and SdS waveforms in the same way and thus have little influence on the SdS RSR
slope. Second, the Moho beneath the bouncepoint may amplify the right sidelobe of the reference SS
waveform [Shearer, 1996], which in turn diminishes the negative SdS RSR slope. The map of S410S RSR slope
calculated from a symmetric reference phase (Figure S1c) shows little difference from the map using the SS
waveform stacked in each bouncepoint cap (Figure 7a). Third, similar analyses on SS and S660S waveforms
show that the SS and S660S shapes have no systematic correlation with the S410S RSR slope across the
Pacific Ocean (Figure 9) or on a global scale (Figure 10). Fourth, we stacked SS, S410S, and S660S traces in
“negative” Pacific caps (with S410S RSR slope smaller than �0.01) and in all other Pacific caps. The right
sidelobes of the stacked SS and S660Swaveforms are consistent, whereas the S410Swaveforms show obvious
variations (Figure 11). Fifth, the RSR slope uncertainties obtained from bootstrap resampling are much
smaller than the observed RSR slope anomalies (Figure S4). Finally, although incoherent stacking can change
the SdSwaveform amplitude andwidth, it produces negligible bias on the SdS RSR slope, especially in oceanic
regions (supporting information Text S1 and Figure S5). Therefore, we conclude that the strong negative
anomalies of S410S RSR slope across the Pacific Ocean are robust, and those in northeast Asia and South
America are likely also present.

Figure 8. Maps of S410S (a) Hilbert transform factor and (b) trough-to-peak ratio as defined in Figure 4 for the Pacific Ocean.
Plots are similar to Figure 7b. (c, d) S410S RSR slope generally correlates well with HTfac and T2P. Circle sizes are scaled to
emphasize reliable caps according to their stacking errors.
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4. Discussions
4.1. Low-Velocity Layer Atop the 410 km Discontinuity

The strong S410S negative RSR slope, i.e., the deep trough of the right sidelobe, is unexpected for a simple
410 km discontinuity, as shown by a synthetic S410S waveform calculated from the IASP91-LS06 model
(Figure 12). The most likely explanation is structure near 410 km depth, i.e., the LVL-410 suggested by
previous studies (Figure 1). In order to quantify the LVL characteristics, we conduct a series of modeling tests
to fit an example S410S waveform in one of the bouncepoint caps with the strongest LVL-410 signals
(Figure 12). By parameterizing the LVL as a negative-gradient discontinuity with a finite thickness immedi-
ately above the 410 km discontinuity, we grid search for the 410 km discontinuity thickness (D410, 0 to
50 km), the LVL thickness (DLVL, 0 to 80 km), and the impedance (product of density and velocity) contrast
ratio (ZLVL/Z410, �50% to 50%) to invert for the best velocity and density models. The density and velocity
values at the top of the LVL-410 and at the bottom of the 410 km discontinuity are fixed to the IASP91 model
[Kennett and Engdahl, 1991]. The best fitting model shows a strong LVL-410 with a thickness of 26 km and a
shear wave velocity reduction as great as 10% in a cap characterized by an extremely negative RSR slope. A
“good” model is defined as a model whose corresponding S410S waveform misfit is smaller than twice the

Figure 9. (a–c) Pacific maps of SS, S410S, and S660S trough-to-peak ratio. They show no systematic correlation with each other. Circle sizes are scaled to emphasize
reliable caps according to their stacking errors. (d) Pacific map of S660S RSR slope, showing different patterns compared to S410S RSR slopes in Figure 7b.
(e) Histogram of S660S RSR slopes across the Pacific Ocean, in comparison with Figure 7c. (f) Little correlation is seen between S410S and S660S RSR slope mea-
surements across the Pacific Ocean.
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misfit for the best fitting model. Then the velocity and density uncertainties are estimated based on these
“good” models. Compared to previous studies with a 3–8% velocity reduction and thickness varying from
20 to 80 km, our results for this extreme example provide an upper bond in velocity reduction but are
intermediate in thickness.

Many factors, including incoherent stacking, attenuation, and scattering in the upper mantle, and ray angle,
can affect the S410Swaveform and this inversion. Additionally, the nature of long-period seismic waves, with
a wavelength of ~150 km, limits the vertical resolution. In order to test the sensitivity of RSR slope to the thick-
ness and impedance contrast of the LVL-410, we generate synthetic SdSwaveforms using various parameters

Figure 10. (a–c) Global maps of SS, S410S, and S660S trough-to-peak ratio. They show no systematic correlation with each
other. Circle sizes are scaled to emphasize reliable caps according to their stacking errors. (d) Global map of S660S RSR
slope, showing different patterns compared to S410S RSR slopes in Figure 7a.

Figure 11. Comparisons of SS and SdS right sidelobes stacked in nonoverlapping Pacific caps. (a) Right sidelobes of SS,
S410S, and S660S stacked in all Pacific caps. (b) Right sidelobes of SS and S660S stacked in all “negative” Pacific caps
(S410S RSR slopes smaller than �0.01) are similar, whereas the S410S stack is clearly different. (c) Right sidelobes of SS,
S410S, and S660S stacked in all other Pacific caps are similar.
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and thenmeasure the corresponding values of RSR slope, HTfac, and T2P (Figure 13). These tests suggest that
an LVL-410 is always required to model the S410S right sidelobe in caps where strong anomalies of negative
RSR slope (smaller than�0.02 to �0.01) are observed. Given the large uncertainties in the velocity inversion,
it is difficult to quantify the relationship between RSR slope and the LVL-410. Larger negative RSR slopes
provide stronger evidence for an LVL-410, but inverting for detailed LVL structure is not warranted given
the bandwidth of our data.

Our results unambiguously reveal an LVL-410 distributed sporadically but worldwide (Figure 7a). The exis-
tence of the LVL-410 beneath northeast Asia, western North America, eastern South America, and East
Antarctica is in general agreement with previous observations in continents and continental margins
[Revenaugh and Sipkin, 1994; Song et al., 2004; Jasbinsek and Dueker, 2007; Vinnik and Farra, 2007; Schaeffer
and Bostock, 2010; Tauzin et al., 2010; Schmandt et al., 2011]. For instance, Vinnik and Farra [2007] also
observed a strong right sidelobe of S410p (S wave converted to Pwave at the 410 discontinuity) and an asso-
ciated 350 km discontinuity beneath stations BJT and HIA, indicating an LVL-410 beneath northeast China.

Figure 12. Example of S410S waveform modeling. (a) Mantle S wave velocity and density models. Dashed lines indicate a
modified IASP91 model [Kennett and Engdahl, 1991] with sharp discontinuities constrained by Lawrence and Shearer [2006]
(IASP91-LS06 model). Solid lines show the modified model corresponding to the synthetic waveform that fits the
observation best. This model includes a 27 km thick 410 km discontinuity and a 26 km thick LVL-410 whose impedance (Z)
is �44% of the impedance of the 410 km discontinuity. Pink and light blue shades indicate the uncertainties of velocity
and density, respectively. (b) Observed and synthetic S410S waveforms. The black dashed curve shows the synthetic
waveform produced by the IASP91-LS06 model, whereas the black curve is the best-fitting synthetic waveform based on
the modified model plotted in Figure 12a.

Figure 13. Forward modeling of (a) RSR slope, (b) T2P, and (c) HTfac as a function of the LVL-410 thickness and impedance
contrast. The reference phase is the same as the SS waveform at Cap #3055 (Figure 4a). The RSR slope, T2P, and HTfac are
obtained from a synthetic S410S waveform that is calculated with given values of the LVL-410 thickness and impedance
contrast. The 410 km discontinuity thickness is fixed at 30 km as suggested by Lawrence and Shearer [2006]. Red crosses
indicate the LVL-410 parameters shown in Figure 12a. The existence of an LVL-410 is required when RSR slope < �0.02,
T2P < �0.6, and HTfac < �0.4.
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The LVL-410 may also exist beneath the Indian Ocean, although the sparseness of data there prevents a solid
conclusion. Given the low vertical resolution of our S410S data, it is possible that the regions with neutral RSR
slope also have an LVL-410, but which is too thin to be observed.

More reliable results are shown for the Pacific (Figure 7b), where we have themost data and wheremore than
75% of the well-resolved caps are characterized by negative RSR slope (Figure 7c). If we assume the RSR slope
uncertainty due to incoherent stacking is about�0.01 (Figure S5c) and consider the large uncertainties of the
velocity inversion, we estimate that the LVL-410 covers about 33 to 50% of the resolved area across the Pacific
Ocean. The most prominent LVL-410 signal is beneath the northwest Pacific and seems to be clustered into
three subregions (outlined by the dashed line in Figure 7b). The LVL-410 beneath Hawaii is not definitive in
our results due to the lack of raypath coverage but was suggested by previous receiver function studies using
local data [Tauzin et al., 2010; Huckfeldt et al., 2013].

The strong positive RSR slopes at the Northern Cook Islands are puzzling, especially given the fact that an LVL-
410 with a thickness of 80 km was detected beneath the Southern Cook Islands [Leahy, 2009]. The positive
RSR slope is caused by short-wavelength wiggles in the S410S waveform (Figure 6c), which are similar to
the multiple conversions in the receiver function analysis [Leahy, 2009]. We suggest that the LVL-410 in this
region may be so thick that the negative signal of the LVL-410 top is separated from the positive signal of the
410 km discontinuity, resulting in short-wavelength wiggles in the S410Swaveform result. Alternatively, these
wiggles may reflect small-scale reflectors in the upper mantle due to chemical heterogeneities introduced by
the Cook Island mantle plume [Montelli et al., 2004].

4.2. Partial Melting Above the Mantle Transition Zone

The lateral variations of our LVL-410 observations do not correlate with any available tomographic models of
seismic velocity [e.g., Lebedev and van der Hilst, 2008; French and Romanowicz, 2015] or 410 km discontinuity
topography [e.g., Flanagan and Shearer, 1998; Chambers et al., 2005], which primarily reflect thermal hetero-
geneity in the mantle. In addition, likely temperature variations are too small to explain strong reductions in S
wave velocity [Takei et al., 2014; Faul and Jackson, 2015]. Alternatively, the LVL-410 in our results could be
modeled as strong anisotropy atop the 410 km discontinuity, because most of the Pacific caps are sampled
only by NE-SW striking raypaths. However, this model does not predict the lateral variations across the Pacific,
and strong anisotropy is not expected atop the 410 km discontinuity.

The most plausible explanation for our observations is a partial melting layer caused by high water concen-
tration or a combination of high water content and high temperature. Observations of high electrical conduc-
tivity and anomalously high Poisson’s ratio of the LVL-410 beneath the southwestern U.S. [Toffelmier and
Tyburczy, 2007] and northwestern Canada [Schaeffer and Bostock, 2010], respectively, further confirm the exis-
tence of partial melt above the 410 km discontinuity. Due to the low vertical resolution of SS precursors and
large uncertainties in the velocity inversion, we hesitate to convert our observations of RSR slope to mantle
porosity filled with melt. If we assume the maximum shear wave velocity reduction to be 10% (Figure 12) and
follow the seismic-physical relationship of Hier-Majumder and Tauzin [2017], the upper bond of melt content
of the LVL-410 is estimated to be about 4%. However, the largest uncertainty comes from the relationship
between seismic velocity and rock physical properties. Recent experiments of polycrystalline borneol aggre-
gates suggest that seismic velocity reductions at near-solidus temperatures are much more significant than
previously thought [Yamauchi and Takei, 2016], in which case the melt content of our observed LVL-410 may
be less than 1%.

Although the LVL-410 and the inferred melting layer near subduction zones can be explained by slab dehy-
dration [e.g., Song et al., 2004], no similar feature is expected beneath the Pacific Ocean. The TZWF hypothesis
[Bercovici and Karato, 2003] based on the assumption of a hydrous MTZ can solve this discrepancy: when
mantle convection drives the ambient mantle upward across the 410 km discontinuity, hydrous wadsleyite
transforms to dry olivine, releasing a large amount of water to trigger partial melting. An improved TZWF
model [Leahy and Bercovici, 2007] suggests that an entrainment mechanism can help melt spreading, which
leads to a varying thickness of the melting layer and heterogeneous water content in the MTZ. This model,
however, predicts a diminished melting layer near mantle plumes, contrary to previous and our observations
[Tauzin et al., 2010; Huckfeldt et al., 2013]. By revisiting water storage capacity in olivine, Hirschmann [2006]
suggested that partial melting atop the 410 km discontinuity can still exist in hot plumes. Driven by these
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arguments, Schmandt et al. [2011] attributed the sporadic detection of LVL-410 beneath the western U.S. to
small-scale mantle convections that disrupt the melt spreading atop the 410 km discontinuity. The flattening
of seafloor bathymetry with age suggests that small-scale mantle convection may exist beneath old ocean
plates [Parsons and Sclater, 1977; Huang and Zhong, 2005]. But there is no direct observational evidence for
such small-scale convection in the Pacific mantle. Therefore, the strong lateral heterogeneity of the
LVL-410 in our observations suggests partial melting with varying intensities across the Pacific, which may
further imply varying water content in the Pacific MTZ.

5. Conclusions

We investigate the substructure of the 410 km discontinuity by stacking and analyzing SS precursors
recorded by global stations. Incoherent stacking and seismic attenuation can significantly change the SdS
amplitude and width but have little effect on sidelobe shapes. A large fraction of S410S stacks show an anom-
alously deep trough in the right sidelobe, indicating an LVL-410 beneath those regions, including East Asia,
western North America, eastern South America, the Pacific Ocean, and possibly the Indian Ocean, in
agreement with previous observations. A detailed survey across the Pacific shows that the LVL-410 covers
33–50% of the resolved region. Due to the low vertical resolution of SS precursors, a thin LVL-410 may still
exist beneath the other regions. The lateral variations of this LVL-410 show no geographical correlation with
tectonic settings, hot spots, 410 km discontinuity topography, or seismic tomography models, suggesting
that the LVL is not caused by regional thermal anomalies. We attribute the LVL-410 to a partial melting layer
predicted by the transition zone water filter hypothesis. Its lateral variations imply regional heterogeneities of
partial melting at the 410 km discontinuity and the inferred dehydration of the MTZ.
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