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Abstract 7 

Imaging seismic velocity discontinuities within the Earth’s crust and mantle offers important 8 

insight into our understanding of the tectonic plate, associated mantle dynamics, and the 9 

evolution of the planet. However, imaging velocity discontinuities in locations where station 10 

coverage is sparse, is sometimes challenging. Here we demonstrate the effectiveness of a new 11 

imaging approach using deconvolved SS precursor phases. We demonstrate its effectiveness by 12 

applying it to synthetic seismograms. We also apply it to ~1.6M SS precursor waveforms from 13 

the global seismic database (1990 – 2018) for comparison with Crust1.0. We migrate to depth 14 

and stack the data in circular 6° bins. The tests demonstrate that we can recover Moho depths 15 

as shallow as 20 km. The Moho is imaged at 21 – 67 km depth beneath continental regions. The 16 

Moho increases in depth from 21 km ± 4 km beneath the continental shelf to 45 – 50 km 17 

beneath the continental interiors and is as deep as 67 ± 4 km beneath Tibet. We resolve the 18 

Moho in 77 % of all continental bins, within 10 km of Crust 1.0, with all outliers located in 19 

coastal regions. We also demonstrate the feasibility of using this method to image 20 

discontinuities associated with the mantle transition zone with both synthetic and real data. 21 

Overall, the approach shows broad promise for imaging mantle discontinuities. 22 

 23 
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1. Introduction 25 

Earth’s radial structure is characterized by distinct boundaries associated with variations 26 

in seismic velocity and density (Dziewonski & Anderson, 1981). Various physical and chemical 27 

processes are attributed to these variations. The shallowest of these boundaries include, for 28 

instance, the Moho, the lithosphere-asthenosphere boundary, and the transition zone 29 
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discontinuities. The Moho (Mohorovičić, 1910) defines a boundary between the chemically 30 

distinct and seismically slow crust from the faster mantle beneath. The lithosphere-31 

asthenosphere boundary represents the transition from a rheologically strong and seismically 32 

fast lithosphere, comprised of the crust and a section of the upper mantle, to the deeper, 33 

weaker and seismically slower asthenosphere (Artemieva, 2011; Eaton et al., 2009; Fischer et 34 

al., 2010; Rychert et al., 2020; Rychert et al., 2018; Rychert & Shearer, 2009). The lithosphere is 35 

colder than the asthenosphere, and it may also be chemically distinct and/or partial melt may 36 

exist in the asthenosphere, further distinguishing the layers. The transition zone discontinuities 37 

are characterized by velocity increases with depth. They are typically interpreted as the 38 

pressure-induced solid-state transformation of olivine grains into denser crystal structures, or 39 

phase changes, predicted by laboratory experiments (Ringwood, 1975): α olivine to β-spinel 40 

(wadslyite) at ∼410 km, β-spinel to ringwoodite at ∼520 km and ringwoodite to silicate 41 

perovskite and magnesiowüstite at ∼660 km (Ringwood, 1975). 42 

Imaging seismic velocity discontinuities globally can help us better understand the 43 

tectonic plate, mantle convection, and the evolution of the planet (Bostock, 1999; Rychert et 44 

al., 2007; Rychert & Shearer, 2011; Shearer, 1991; Tharimena, Rychert, Harmon, et al., 2017); 45 

although, tight constraints on these discontinuities globally and self-consistently can be 46 

challenging. For example, both surface wave and body wave seismic tomography provide 47 

important constraints on the seismic velocity of the crust and the mantle (Harmon et al., 2009; 48 

Masters et al., 1996; Montagner & Tanimoto, 1991; Ritsema et al., 2011), but the models have 49 

more difficulty resolving the exact location and character of sharp seismic discontinuities 50 

(Rychert et al., 2005; Rychert et al., 2007). Receiver functions offer tighter constraints on the 51 

sharpness of velocity discontinuities but lack resolution in regions with sparse or no station 52 

coverage (Rychert et al., 2010). The highest resolution constraints come from active source 53 

studies, although these are limited in terms of spatial extent and also the depth to which they 54 

can image, with only very few studies imaging lithosphere-asthenosphere depths (Mehouachi & 55 

Singh, 2018; Roy Chowdhury, 2020; Stern et al., 2015).  56 

SS phases are shear waves that have bounced once off the surface of the Earth roughly mid-57 

way between the source and the receiver. SS precursors are underside reflections from 58 
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discontinuities that arrive just before the main SS phases, which are sensitive to the region of 59 

their bounce point (Figure 1a). These are referred to as SdS, where ‘d’ indicates the 60 

discontinuity of interest, for instance, SmS would refer to the SS reflection from the Moho. The 61 

advantage of these phases is that they offer resolution in locations where station coverage is 62 

sparse. However, SS waveforms and their precursors are relatively long-period waveforms. 63 

Precursors reflected from shallow discontinuities like the Moho and the lithosphere-64 

asthenosphere boundary typically interfere with the surface-reflected SS waveforms, making 65 

them difficult to distinguish. Therefore, SS precursors have mostly been used to image deeper 66 

discontinuities such as the transition zone discontinuities (Flanagan & Shearer, 1998; Frazer & 67 

Park, 2023; Houser et al., 2008; Huang et al., 2019). To minimize waveform interference 68 

Schmerr (2012) considered acceleration seismograms, which are effectively filtered to higher 69 

frequencies and carefully selected data. The waveforms were stacked in bins and a 70 

discontinuity was detected approximately at lithosphere-asthenosphere depths (40 – 75 km) 71 

intermittently across the Pacific. In another approach Heit et al. (2010) deconvolved the SS 72 

waveform from itself before migrating and stacking in bins, imaging a discontinuity related to 73 

the Moho and the lithosphere-asthenosphere boundary beneath Asia. Rychert and Shearer 74 

(2010) developed a strategy to image discontinuities using SS-precursors by performing 75 

waveform modeling on the sidelobes of the stacked SS-waveforms. Synthetic waveforms were 76 

calculated by convolving a reference SS stack with impulse operators corresponding to a variety 77 

of discontinuity depths and characters, and the best-fitting discontinuity was determined via a 78 

grid search approach. They validated the method at shallow Moho depths by demonstrating 79 

agreement with the Crust2.0 (Bassin et al., 2000) and Mixture Density Network (MDN) (Meier 80 

et al., 2007) models in bins across Asia and extended the method to image the lithosphere-81 

asthenosphere boundary across the Pacific using an attenuated S-wave as the reference 82 

waveform (Rychert & Shearer, 2010). Tharimena, Rychert, Harmon, et al. (2017) followed a 83 

similar procedure as Rychert and Shearer (2011) to image lithosphere-asthenosphere structure 84 

beneath the Pacific but implemented a differential evolution algorithm (Price et al., 2005; Storn 85 

& Price, 1997) to minimize both the model storage size and computation time in comparison to 86 

a typical grid search. The inclusion of 7 additional years of data (1990 – 2014 instead of 1990 - 87 
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2007) yielded a three-fold increase in the number of waveforms and a higher resolution result 88 

in which greater numbers of parameters could be explored. The study found discontinuities 89 

consistent with Schmerr (2012) and Rychert and Shearer (2011) but also found evidence for 90 

locations where either two discontinuities exist in depth and/or lithosphere-asthenosphere 91 

boundary depths vary laterally within a Fresnel zone of the waveforms. 92 

 93 

 94 

Figure 1: (a) Schematic showing ray paths of the SS and the SdS phases, which are sensitive to 95 

the structure beneath the bounce point, roughly halfway between the source and the receiver. 96 

SdS refers to the underside reflection of the S wave at a discontinuity, located at ‘d’ km depth, 97 

e.g. Moho, 410, 660. (b) Schematic representation of bins in the grid binning schemes. The 98 

shaded area shows the region of overlap between bins. The ‘1’ and ‘0.5’ labels indicate the 99 

weighting that is applied to the data, which varies linearly from 1 at the center of the bin to 0.5 100 

at the edge of the bin. 101 

 102 

Here we develop an approach to clearly image seismic discontinuities via deconvolution. 103 

We also incorporate an additional 4 years of data in comparison to Tharimena, Rychert, 104 

Harmon, et al. (2017). We focus on the SS precursor phases that reflect at the Moho (SmS) for 105 

validation purposes. We demonstrate the validity of our approach by applying it to synthetic 106 

seismograms. We also validate our approach by comparing the recovered global Moho depths 107 

with those from the Crust1.0 model (Laske et al., 2012). Finally, we discuss the potential of this 108 

method for imaging other discontinuities.  109 

 110 

2. Methods 111 

2.1 SS Data 112 
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We use the Incorporated Research Institutions for Seismology (IRIS) broadband dataset 113 

from 1990 to 2018, with event-to-station (epicentral) distances of 85° – 150°, for events with 114 

Mw > 5.5. Previous work has used a slightly more restricted range, e.g., 90° - 140° (Rychert & 115 

Shearer, 2010). However, this choice does not appear to strongly contaminate our resolution, 116 

as we will describe in the results and discussion section. We restricted our analysis to raw data 117 

from broadband channels (20 – 40 samples per second), and events with source depth < 75 km 118 

to minimize complications from depth phases. The seismic records are corrected to remove 119 

instrument responses and then rotated to radial and transverse components. We consider only 120 

the transverse components. 121 

We convert all seismograms from displacement to acceleration, and then Hilbert 122 

transform them to produce symmetric SS pulses (Oppenheim & Schafer, 1975; Rychert & 123 

Shearer, 2010). The waveforms are resampled to 10 samples per second and band-pass filtered 124 

with corners at 0.02 Hz and 0.5 Hz. However, given the frequency content and dominant period 125 

of SS waves (~15 seconds), there is not much frequency content above this in the waveforms 126 

(Rychert & Shearer, 2011). An automated procedure is used to eliminate incomplete seismic 127 

records. We also use an automated procedure to center the waveforms on the SS phase, which 128 

is picked as the maximum positive or negative amplitude in a 10-second time window before 129 

and after the theoretical SS arrival time. The amplitude of the centered waveform is normalized 130 

to unit amplitude. We compute the signal-to-noise ratio (SNR) for each record as the ratio of 131 

the maximum amplitude of the seismic phase to the standard deviation in a time window 270 s 132 

to 30 s preceding the SS pulse. Visual inspection of a random sample of 2000 waveforms shows 133 

that the waveforms are generally poor quality for SNR < 3. Therefore, waveforms with SNR < 3 134 

are rejected. In addition, seismic records with amplitude > 1 within a 90 s window preceding 135 

the normalized SS pulse are rejected. Finally, records with long-period noise evaluated as those 136 

with zero-crossings that occur at > 20 s intervals are also rejected. We obtain 4,962,579 seismic 137 

records that fit the source parameters described above, 1,648,704 of which also fit the signal-138 

to-noise criteria. Our data provides improved spatial coverage over previous studies (Figure 2). 139 

  140 
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 141 

Figure 2: Maps showing the number of waveforms with SS phases and precursors in each bin 142 

that satisfy our requirements. Most of the Earth is shown (left) with the northern (central) and 143 

southern (right) hemisphere projections shown. 1,648,704 SS waveforms that satisfy our 144 

selection criteria are shown here.  145 

 146 

2.2 Binning Schemes 147 

Here we define a global binning scheme (Figure 2) for stacking waveforms. We divide 148 

the surface of the Earth into evenly distributed 6° circular bins with 30% overlap, resulting in 149 

1146 bins.  150 

SS precursors have saddle-shaped Fresnel zones (Tharimena et al., 2016). However, this 151 

effect can be mitigated by stacking waveforms along different azimuths, which results in a more 152 

circular region of sensitivity centered on our bins and the sensitivity region of the precursors 153 

(Figure 1). The large number of waveforms (>1000) and better azimuthal coverage in each bin 154 

compared to our previous work, minimizes the effect of off-axis structures in our study. In 155 

addition, we also linearly weight the waveforms depending on their distance from the bin 156 

center. We assign the highest weight of 1 to waveforms with bounce points closest to the bin 157 

center and a weight of 0.5 to waveforms with bounce points on the edges of the circular bin. 158 

This further ensures that the SS precursor stacks are more sensitive to the structure beneath 159 

the bounce points. 160 

 161 

2.3 S Data and processing source wavelets 162 

The SS phases are Hilbert transformed relative to the S phases (Choy & Richards, 1975). 163 

Therefore, the deconvolution of stacked source S phases from Hilbert transformed SS phases 164 

has the potential to separate the SS and SdS responses (Figure 3). We create event S-wave 165 
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source stacks that will be deconvolved from the SS waveforms (Rychert & Shearer, 2011; 166 

Tharimena, Rychert, & Harmon, 2017; Tharimena, Rychert, Harmon, et al., 2017; Tharimena et 167 

al., 2016). We follow similar processing steps described above for the SS. We use seismic 168 

records from 1990 – 2018, with epicentral distances of 25° – 80°, for events with magnitudes 169 

Mw > 5.5, and source depths < 75 km. We resample the data to 10 Hz and then apply a band-170 

pass filter with corners at 0.02 Hz and 0.5 Hz. We use an automated approach to pick the 171 

seismic S phase as the maximum positive or negative amplitude pulse in a 10 s window before 172 

and after the theoretical S arrival time. The signal-to-noise ratio for each seismic record is 173 

calculated by comparing the maximum absolute value to the standard deviation in a time 174 

window 100 s – 20 s before the S phase. Waveforms with SNR < 2.8 are generally found to be of 175 

poor quality, with seismic coda before the S phase containing amplitudes as large as or greater 176 

than the S phase, and therefore they are rejected. The seismic records are then cut to a 40 s 177 

window centered on the picked S phase. The records are normalized to unit amplitude, and a 5 178 

s cosine taper is applied to the ends of the wavelet. Finally, the source wavelets from all global 179 

receivers for a particular seismic event are stacked, scaling by individual SNRs to produce 180 

source stacks. We obtain 11,484 unique source stacks, for the events from 1990 – 2018 in our 181 

study. 182 

 183 

2.4 Deconvolution, Migration and Stacking SS Waveforms 184 

 We deconvolve the S wavelet stack of the corresponding event from each SS waveform 185 

using an extended time multi-taper frequency domain deconvolution method (Helffrich, 2006; 186 

Rychert et al., 2012) (Figure 3). The deconvolution method is a hybrid between multi-taper 187 

deconvolution and Welch’s method for spectra estimation. Specifically, the method sums multi-188 

taper cross and auto spectral estimates on several overlapping windows across the records and 189 

then performs the deconvolution. We use a 30 s window, with a 50% overlap on each window, 190 

a time-bandwidth product of 3 that translates to a frequency bandwidth of permissible spectral 191 

leakage of 0.2 Hz and 4 tapers (Shibutani et al., 2008). This results in an impulse response 192 

function that corresponds to the discontinuity structure beneath the bounce point. 193 

Deconvolutions of individual waveforms are normalized to the SS phase amplitude. The 194 
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normalized impulse response functions with amplitudes larger than 1 in precursor sections are 195 

rejected.  196 

 The impulse response functions are then migrated to depth, stacked, and Moho depths 197 

are estimated. For the crust, we use a smoothed version of Crust1.0, corresponding to the 198 

average thickness and velocity within the 6° bin. For the mantle we use the IASP91 model, 199 

beginning at sub-crustal depths. Finally, we stack the migrated impulse response functions 200 

scaled according to their signal-to-noise ratio and distance from the bin center (section 2.2). We 201 

then search automatically for the peak in the stack arriving before the main SS pulse, which is 202 

likely related to the Moho discontinuity.  203 

 204 

 205 

Figure 3: Deconvolutions of real data. Stacked S wavelet of an earthquake of Mw 6.9 that 206 

occurred at 06:48:10, Feb. 19, 1990, at west of Luganville, Vanuatu, which contributes 30 207 

waveforms to Bin 84, and all SS waveforms and deconvolutions stacked from Bin 84, located in 208 

North America. SmS phases are indicated by arrows. 209 

 210 

2.5 Validation 211 

We validate our approach by applying it to synthetic seismogram data calculated using 212 

the spectral element solver AxiSEM (Nissen-Meyer et al., 2014) which creates full waveform 213 
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synthetics assuming a spherically symmetric Earth model. AxiSEM separates the problem of 214 

wave propagation in a symmetric medium into an analytical solution of the problem in the 215 

azimuthal (ϕ) direction perpendicular to the source-receiver plane and a numerical spectral-216 

element discretization within the in-plane r, θ, which reduces the numerical cost to that of 217 

about a 2D method (Nissen‐Meyer et al., 2007) and includes attenuation and anisotropy. We 218 

used a source with the following focal mechanism parameters: M0=1e21, strike=32, dip=62. We 219 

then generate wavefields for the 1-D velocity models modified from the reference earth model 220 

PREM (Dziewonski & Anderson, 1981) including a velocity increase at a range of potential Moho 221 

depths: 10, 20, 30, 40 and 60 km and one without crust. For models with Moho depths at 10 222 

and 20 km, we replace the upper crust layer (≤ 15 km) in the PREM model with lower crust 223 

parameters and set the Moho at corresponding depths. For other models with deeper Mohos 224 

we extend the deeper crustal layer to the corresponding Moho depths. We process the 225 

synthetics in the same way we process the data and use the input model to translate the 226 

resulting receiver functions to depth.  227 

 Instaseis (van Driel et al., 2015), a python package, is used to reconstruct seismograms 228 

for a source defined by moment-tensor and receiver locations using the precalculated 229 

wavefield databases. This is possible due to the reciprocity of the Green’s function which 230 

permits switching the location of source and receiver of a seismic wavefield. Instaseis uses the 231 

stored displacement wavefield to calculate strain, which enables simulation of arbitrary 232 

moment tensors and source time functions. 233 

We also compare the depth of SmS phase in each data bin to Crust1.0. The standard 234 

deviation of error between resolved crust thickness and Crust1.0 is 4 km, which is the value we 235 

report as the error here. 236 

 237 
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238 

Figure 4: Synthetic and real examples. (a)  SS synthetics were calculated for models modified 239 

from PREM to incorporate a Moho at 10, 20, 30, 40, and 60 km depth and a model without a 240 

Moho. The synthetics were processed in the same way we process the data. We calculated 241 

waveforms from a range of epicentral distances (each degree from 85° - 150°) and stacked the 242 

resulting waveforms on the SS phase and migrated to depth. The resolved corresponding Moho 243 

depths are marked by arrows. (b) Same as (a) but in a longer depth window. (c) Examples of real 244 

data in Bin 84, 757, and 275. Bin 757 represents an oceanic region where we failed to resolve 245 

the Moho.  Bin 84 represents normal crust in North America and bin 275 represents a bin with 246 

thick crust in Tibet, which we resolve (diamond and square) in comparison to Crust1.0 (dashed 247 

line). (d) Same as (c) but in a longer depth window. Markers in the inset map show the locations 248 

of these three bins, blue diamond for Bin 84, cyan square for Bin 275, and red circle for Bin 757. 249 

 250 

3. Results and Discussion 251 
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The resolution testing with synthetics shows that we can resolve discontinuities as 252 

shallow as 20 km depth (Figure 4). We also resolve phases at 15 km depth for the synthetic 253 

models with Mohos at ≥ 30 km, since this discontinuity exists in the PREM model (Figure 4a). 254 

However, it does not impact the resolution of the deeper Moho depths. 255 

For real data, regions with Moho depths < 20 km are not well-resolved. Therefore, we 256 

focus only on discontinuities at  20 km depth. This includes 397 bins out of 415 bins with 257 

continental crust according to the 3SMAC (Nataf & Ricard, 1996) classification. 258 

Our SS precursor method applied to the data resolves the Moho globally beneath the 259 

continents well. We image a Moho at 21 – 67 km depth beneath the continents. The thickest 260 

crust, 67 ± 4 km depth, is imaged beneath the Himalayan region of Asia.  261 

Our results are in excellent agreement with crustal thickness from Crust1.0 averaged 262 

over our bins in continental regions (Laske et al., 2012) (Figure 5). Our result is a minimum of 9 263 

km shallower than Crust1.0 in all locations (Figure 6). Our result is deeper than 10 km than 264 

Crust1.0 in 19 % of bins with Crust > 20 km. The outliers are all located in coastal areas except 265 

for 1 bin in Africa. The reason for this asymmetry and the fact that SS cannot resolve the coastal 266 

bins is because the depths of the Crust1.0 model averaged over the bin areas are relatively 267 

shallow, given nearby oceanic crust. However, shallow, oceanic Moho phases fall within the 268 

main SS pulse and do not affect its sidelobe or resulting Moho depth (Rychert & Shearer, 2010). 269 

Therefore, the only resolved SS Moho in these coastal regions is from the thicker continental 270 

regions. In addition, thick sediments near coastal regions could add greater complexity (Wang 271 

et al., 2022). Excluding the 76 outlier coastal bins, observed crust thicknesses of the remaining 272 

321 bins are correlated with Crust1.0 model at 0.81, and 70 % of those bins are resolved within 273 

5 km of Crust1.0, with a correlation coefficient of 0.93. This verifies that this method can be 274 

used to resolve discontinuities, although we do not believe that it supersedes Crust1.0. 275 

Overall, the increase in data quantity and improved method demonstrates enhanced 276 

resolution capabilities in comparison to previous work (Rychert & Shearer, 2010) . Rychert and 277 

Shearer (2010) resolved the Moho in 30 10 bins beneath Asia and at depths > 25 km, a region 278 

of particularly large bounce point coverage and deep Moho depths and found Moho depths 279 

correlated with Crust2.0 at 0.82. However, we resolve the Moho beneath 321 bins in 280 
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continental regions at depths as shallow as 20 km. Negative phases at sub-Moho depths may 281 

cause artificial LAB phases and/or interfere with LAB phases. Therefore, future work is required 282 

to assess the viability of this approach for the LAB; however, this method will be useful for 283 

other deeper discontinuities such as those of the mantle transition zone. From synthetic 284 

testing, despite variations of crust thickness, the discontinuities at 200 km, 400 km and 670 km 285 

in the PREM models were well resolved. Moreover, we also find clear phases associated with 286 

the mantle transition zone in real data even though the parameters, e.g. epicenter distances, 287 

and bandpass, used in this work may not be ideal to image them (Figure 4).  288 

 289 

 290 

Figure 5. Crust thickness. (a) Crust thickness measured from SmS phases. Top: global view; 291 

Bottom left: Antarctic view; Bottom right: Arctic view. (b) Same as (a), Crust thickness from 292 

Crust1.0 model. 293 

 294 
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 295 

Figure 6: Comparisons to Crust1.0. (a) Differences between Crustal thickness from SS precursors, 296 

SmS phases, and Crust1.0 model. (b) Histogram of different crustal thicknesses between SmS 297 

and the Crust1.0 model. (c) Comparisons of Crustal thickness from SmS phases, and the Crust1.0 298 

model. Semi-transparent dots show cases with differences of 5 - 10 km from Crust1.0. Semi-299 

transparent dots with outlines show cases with differences of ≤ 5 km from Crust1.0. Red crosses 300 

show data with differences larger than 10 km, shown as pink dots in (a), which are primarily in 301 

coastal regions. 302 

 303 

4. Conclusion 304 

We developed a new SS precursor imaging method that achieves high-resolution 305 

imaging, 6 X 6, of discontinuities as shallow as 20 km depth. We verified that the method 306 

resolves structures as shallow as 20 km depth by applying it to AxiSEM synthetics calculated for 307 

a PREM model modified to include velocity increases at potential Moho depths between 10 and 308 

60 km depth. We also validated the method by comparing the Moho resolved by data stacked 309 

in 6 bins to Crust1.0. We find that we can resolve Moho depths ≥ 20 km from Crust1.0 within 310 

the continental interior in all cases, and in 77 % of all continental regions, with outliers in 311 
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coastal regions. Both synthetic and data examples demonstrate mantle transition zone 312 

discontinuities are also well resolved. Overall, this approach shows much promise for imaging 313 

discontinuity structure of other discontinuities at high resolution in the future.  314 

 315 
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