
Geophys. J. Int. (2010) doi: 10.1111/j.1365-246X.2009.04497.x

G
JI

S
ei

sm
ol

og
y

FA S T T R A C K PA P E R

Resolving crustal thickness using SS waveform stacks
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S U M M A R Y
We image lithospheric interfaces using variations in the character of SS waveform stacks,
a method we term SS Lithospheric Interface Profiling (SSLIP). The variations are caused
by reflected phases, that is, underside reflections (SS precursors) and topside multiples (SS
reverberations), created at velocity discontinuities near the midpoint of the SS ray path.
Stacks from continental versus oceanic bounce point regions produce distinctly different
SS waveforms, consistent with the large continent/ocean difference in crustal thickness. To
investigate the potential of SS waveform stacks to constrain Moho depths under continents,
we develop a method to fit continental bounce point stacks with a reference SS waveform
convolved with a crustal operator. The SSLIP inferred Moho depths agree with the CRUST
2.0 model in Asia for those regions where the SS bounce point density is the highest. The
SSLIP depths are correlated (correlation coefficient 0.82) with the CRUST 2.0 values averaged
over sample bins of 10◦ radius. The SSLIP method has broad lateral resolution in comparison
to most other methods for resolving crustal thickness, but has the potential to sample regions
where station coverage may be sparse.
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I N T RO D U C T I O N

Many questions remain regarding the formation of the continents,
mantle dynamics, and planetary evolution. Some of these may be
better understood by constraining the structure of the plates, and
thus the imaging of lithospheric seismic velocity discontinuities.
Perhaps the most fundamental lithospheric discontinuity globally
is the Moho, which was discovered 100 yr ago in Croatia by seis-
mologist Andrija Mohorvičić by studying passive source arrivals at
various epicentral distances (Mohorovičić 1910; Grad et al. 2009).
This discontinuity has since been widely mapped using a variety
of geophysical, geochemical, and geological constraints, and it is
well established that it represents the compositional change distin-
guishing the crust from the mantle. The Moho is characterized by
a sharp impedance change, with P and S velocity jumps of 15–20
per cent, and thus seismic imaging using a variety of techniques
is a powerful means of mapping its depth. Moho depths vary from
∼6–8 km beneath oceans to 20–75 km beneath continents, where it
is deeper beneath orogens and shallower beneath rifts (Christensen
& Mooney 1998). However, depth variations are sometimes more
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complicated and/or abrupt (e.g. Zhu & Helmberger 1998; Zhang
et al. 2009) owing to the long and complicated history of the conti-
nental crust.

An accurate model of Moho depth is important for a variety
of reasons, both directly impacting our understanding of funda-
mental lithospheric processes, and also influencing our ability to
seismically image other features. For instance, Moho depth has a
significant impact on surface wave inversions for upper mantle seis-
mic structure (Zhou et al. 2005) and the ability to accurately locate
nuclear explosions and earthquakes (Oda & Ushio 2007; Priestly
et al. 2008). Moho depth can also impact the accuracy of receiver-
function imaging of deeper discontinuities (e.g. Rychert et al. 2007;
Rychert & Shearer 2009).

Seismic resolution of the depth to the Moho is dependent on the
dominant period of the waveform, the way the waveform interacts
with the boundary, that is, scattering versus transmission, and the
degree of trade-off between crustal thickness and velocity (Bostock
& Rondenay 1999; Zhu & Kanamori 2000; Rychert et al. 2007).
The Moho is sharp, and it may be imaged using high-frequency
scattered waveforms. Therefore, reflection imaging provides the
highest depth resolution, although generally local in scale. Refrac-
tion imaging also provides high resolution over larger swaths. Many
studies have used these active source methods (using chemical or
nuclear explosions) to measure Moho depths (e.g. MONA-LISA

C© 2010 The Authors 1
Journal compilation C© 2010 RAS

Geophysical Journal International



2 C. A. Rychert and P. M. Shearer

Working Group 1997; Steer et al. 1998; Morozova et al. 1999;
Morozova et al. 2000; Pavlenkova et al. 2002). Active source re-
sults usually provide sensitivity to P velocity, given the waveforms
that are considered, though S velocities may also be used (e.g. Behm
2009).

Ps and Sp receiver functions give relatively high resolution of
Moho depth without the need for active source experiments, though
lateral resolution is still limited to a small cone beneath the locations
of seismic stations (e.g. Bostock 1998; Bump & Sheehan 1998;
Zhu & Kanamori 2000; Rychert et al. 2005; Chen et al. 2006;
Kumar et al. 2006; Oreshin et al. 2008; Ozacar et al. 2008; Schutt
et al. 2008; Hansen & Dueker 2009). These waveforms are sensitive
to sharp changes in shear wave velocity. Moho depth resolution
may suffer from a trade-off between crustal velocity and Moho
depth, but considering the moveout of crustal reverberations can
minimize this trade-off (e.g. Zhu & Kanamori 2000; Rychert et al.
2005).

Results from these three high-frequency methods, reflection, re-
fraction, and receiver functions have been synthesized into a widely
known global model, CRUST 2.0, which uses statistical interpo-
lations in regions without data (Mooney et al. 1998; Bassin et al.
2000). This model is particularly useful in regions where high res-
olution is available, that is, zones where active source experiments
have been performed or permanent seismic stations or temporary
arrays have been analysed with receiver function methods. How-
ever, because many of these high-resolution studies are necessarily
local or regional in scale and mostly located on continents, some
areas are poorly constrained, for example, the oceans (e.g. Rychert
et al. 2009).

Surface waves constrain lithospheric velocities over wide swaths,
but generally do not have the resolution to image sharp features such
as the Moho. However, because they have the potential to provide
global coverage, attempts have been made to use surface waves
to constrain the boundary, both with Monte Carlo (model CUB2)
and neural network inversion schemes (model MDN) (Shapiro &
Ritzwoller 2002; Meier et al. 2007). Both studies use CRUST 2.0 as
a starting model, one damping depths to within 5 km of the starting
model (Shapiro & Ritzwoller 2002). These studies are in general
agreement, but discrepancies still exist (Meier et al. 2007), and
complete global coverage at high resolution has yet to be obtained.

SS precursors can also be used to image upper-mantle disconti-
nuity structure (e.g. Flanagan & Shearer 1998; Deuss & Woodhouse
2001; Gu & Dziewonski 2002; Lawrence & Shearer 2008). SS pre-
cursors have the advantage of resolving discontinuities in regions
far away from seismic stations since they are sensitive to struc-
ture at the SS bounce point, that is, roughly the midpoint between
source and receiver. In this way SS precursors have provided global
constraints on transition zone discontinuities.

However, SS precursors are generally observed at longer peri-
ods than receiver functions and their broader pulse widths cannot
resolve fine-scale discontinuity structure or closely spaced inter-
faces. For this reason, underside Moho reflections do not appear as
a distinct phase in SS precursor studies. However, Moho structure
does affect the character of the stacked SS waveform, and here we
demonstrate that this variation may be exploited to constrain litho-
spheric structure, in particular the depth to the Moho using a crustal
operator technique (Shearer 1996). Because of the size of the SS
bounce point Fresnel zone and the large number of waveforms re-
quired to resolve the relatively subtle waveform features that may be
translated to Moho depth, this method has wide lateral resolution.
Its potential utility lies in its ability to sample structure in regions
with sparse station coverage.

DATA A N D S TA C K I N G M E T H O D

We used the global IRIS FARM data set from 1990 to 2007 with
event-to-station distances of 90◦ to 140◦ preprocessed to remove
the instrument response. Station locations are shown in Fig. 1. The
140◦ cut-off is to avoid contamination from ScSScS, which arrives
closely following SS at longer distances. We restricted source depths
to 0–75 km to minimize complications from depth phases. We ro-
tated the horizontal components to obtain the transverse component,
which we then Hilbert transformed to remove the expected Hilbert
transform of the SS phase and produce more symmetric pulses.
Following low-pass filtering at 0.1 Hz, we aligned the waveforms
on the maximum amplitude (positive or negative) in a window 10 s
before and 40 s after the theoretical SS arrival time, normalizing to
unit amplitude and flipping the polarity of the negative pulses before
stacking. We calculated the signal-to-noise ratio for each waveform
using the standard deviation in a window 255 s to 5 s before the SS
peak to the subsequent 30 s window, and rejected waveforms with
signal-to-noise ratios less than three. We obtained 261 686 wave-
forms that fit the source parameters described above, and 113 975
of these waveforms also fit the signal-to-noise criterion (Fig. 2). We
weighted the stacked waveforms according to their signal-to-noise
ratio to a maximum weight of eight before stacking, and normalized
the final stacks to unit amplitude.

C O N T I N E N T – O C E A N D I F F E R E N C E S

We divided SS waveforms by bounce point location into separate
continental (red circles in Fig. 2) and oceanic (blue circles in Fig. 2)
bins, using the tectonic regionalization of Jordan (1981). The result-
ing stacked waveforms have distinctly different shapes (Fig. 3). The
oceanic stack (solid line in Fig. 3) is closer to a symmetric pulse.
The continental stack (dashed line in Fig. 3) has a more asymmetric
shape, with a lower amplitude negative sidelobe on its leading side
and a higher amplitude negative sidelobe on its trailing side. As
we discuss later, this is caused by the filtering effect of a thicker
continental crust on the SS reflections.

We also examined waveform stacks at a finer spatial scale to map
regional variations in Moho depth. We used SS bounce point bins of
10◦ radius, spaced about 10◦ apart. There is some overlap between
adjacent bins, and an individual waveform may be used in multiple
bins. We compared these 10◦ waveform stacks to the continental and
oceanic global stacks of Fig. 3 by computing correlation coefficients
between each 10◦ stack and the two global stacks, using a signal
window 60 s before and after the SS peak. We then compared
the sizes of the continental and oceanic correlation coefficients in
each bin to determine the most likely type of crust. The results
of this simple continent–ocean discriminant are shown in Fig. 4.
Green circles indicate bins that correlate more strongly with the
continental reference waveform stack, whereas blue circles indicate
bins that correlate better with the oceanic stack. Because the bounce
point distribution within each bin is not necessarily uniform, the
results are plotted at the average bounce point location of the bin,
the bin centroid. This is the reason that the circle locations are not
equidistant in Fig. 4.

Bins that are more correlated with the global continental SS stack
generally correspond to continental locations, and those that are
more correlated with the global oceanic stack are found in oceanic
locations, with only a few exceptions (Fig. 4). This continent–ocean
discriminator can be compared with the oceanic/continental labels
in the coarse (5◦ × 5◦ cell) tectonic regionalization of Jordan (1981).
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Figure 1. Station map. Grey inverted triangles indicate stations that recorded SS waveforms exceeding the signal-to-noise ratio cut-off (3) that were used in
this study.

Our SS result agrees with the Jordan (1981) model at the location of
the bin centroids for 82 per cent of the bins, more specifically 94 per
cent of oceanic bins and 61 per cent of continental bins. The largest
discrepancy, the apparent oceanic SS behaviour in northeast Africa,
occurs in an area of relatively low bounce point density (compare
Figs 2 and 4). The same is true for the few remaining discrepancies,
for example, bin 303 in Australia and bins 201, 202 and 338 in
the Pacific. Generally bins that produce discrepancies are near the
ocean–continent boundary and/or have low bounce point density,
<500 waveforms per stack.

We tested the sensitivity of these results to differences in the low-
pass filter (checking values of 0.05, 0.075, 0.1, 0.15, 0.25, 0.5 and
1.0 Hz) and obtained very similar outcomes for the ocean–continent
discrimination test. The results plotted in Fig. 4 changed in less
than 5 per cent of the bins, even when we used extreme low-pass
filters.

I N V E R S I O N M E T H O D : C O N C E P T
A N D A P P L I C AT I O N

The majority of the observed variation in SS character between the
continent and ocean bins in Fig. 3 is likely caused by reflections
off the Moho, which is the strongest velocity discontinuity in the
lithosphere. The oceanic crust is much thinner than the continental
crust (∼6–8 km versus ∼25–75 km). Velocity discontinuities such
as the Moho create two first-order SS reflections, one that arrives
before and one that arrives after the SS phase. We neglect second-

and higher-order reflections, which are much smaller in amplitude.
The arrival times of the precursor and reverberated phase relative to
SS are related to the two-way traveltime between the discontinuity
and the surface. The polarities of the phases are dependent on the
reflection coefficient of the interface. For a velocity increase with
depth, such as the Moho, the bottom-side reflection, the SS pre-
cursor, arrives before the SS phase with positive polarity. The SS
reverberation, which reflects twice off the free surface and once off
the top of the Moho, arrives after the SS phase with negative am-
plitude (Fig. 5). Assuming the plane-wave approximation that the
secondary phases have the same ray parameter as the main phase
(reasonably accurate for the Moho but not for deeper discontinuities
such as at 410 km) and a uniform crustal layer, the traveltime offset
is given by the layer delay time:

τ = 2h
√

1/β2 − p2, (1)

where p is the ray parameter, h is the crustal thickness and β is the
shear velocity of the crust. Compared to direct SS, the underside
Moho reflection arrives early by this time, the Moho reverberation
arrives delayed by this time. For the modelling presented here, we
assume β = 3.55 km s−1, based on the CRUST 2.0 and MDN
crustal velocities averaged over the region covered by our 10◦ bins
in Asia, 3.54 km s−1 and 3.57 km s−1, respectively. We assume p =
0.12 s km−1, the global average slowness for the SS data that we
analyse.

A simple crustal operator may be used to approximate the effects
of Moho structure on the SS waveform stacks (Shearer 1996). A
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Figure 2. SS bounce point distribution. Red and blue circles indicate continental and oceanic SS bounce points, respectively. Bounce points are shown only
for waveforms that passed the source parameter criterion and the signal-to-noise ratio cut-off of three, as described in the text. The continent–ocean distinction
here is based in the tectonic regionalization of Jordan (1981).

crustal operator convolved with a reference SS waveform, that is,
one not affected by thick crustal structure, gives the waveform
observed for continental bounce points (Fig. 5). Similarly, an inverse
crustal operator convolved with the continental stack results in the
original reference waveform (a simple first-order approximation to
the inverse operator is shown in Fig. 5).

The Moho is a relatively shallow discontinuity, and thus its as-
sociated precursors and reverberations arrive close to the SS phase,
especially for the oceanic crust. A reference pulse convolved with
a crustal operator corresponding to typical oceanic crust (6–8 km
thick) is relatively unaffected by the convolution (Shearer 1996)
because the arrival times of the phases are so close. This is the rea-
son that oceanic SS stacks are relatively symmetric in comparison
to continental stacks (Fig. 3). This also means that SS precursors
do not have the ability to constrain oceanic crustal thicknesses, or
any relatively thin crust. However, in the case of the continents, the
thicker crust means that the precursors and reverberations arrive
at greater time differentials from the SS phase. The resulting SS
stack has a distinct asymmetry, and the potential to constrain Moho
depths.

We should note at this point that asymmetric pulses are often
seen in waveforms from single events, because of interference with
depth phases. However, stacks of enough of these sources (created
by aligning waveforms on their maximum amplitudes) nonethe-
less will produce a repeatable source–time function because these
differences tend to cancel out (e.g. Shearer 1991). Our method
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Figure 3. Global ocean versus continent stacks. The global SS waveform
stack of oceanic bounce points (solid line) is compared to the global SS
waveform stack of continental bounce points (dashed line).

works because we process enough data that the waveform stacks
become very consistent in shape, but our results do become less re-
liable when we consider bounce point bins with smaller numbers of
waveforms.
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Figure 4. Result of the continent–ocean binary test. Each circle corresponds to the location of a common bounce point bin, spaced at regular 10◦ intervals,
but plotted at the average bounce point location, the bin centroid. The colour of the circle is related to the correlation coefficients of the waveform stacks of
the 10◦ bins with the global continent and ocean stacks in Fig. 2. Green circles indicate bins that are more correlated with the continental global stack. Blue
circles show bins that are more correlated with the oceanic global stack. The numbers printed within the coloured circles correspond to the bin numbers of our
naming scheme, starting from bin 1 at the North Pole, and continuing to bin 409 at the South Pole.

To model our results, we convolved a reference stack with for-
ward crustal operators corresponding to a variety of Moho struc-
tures. We used the global oceanic stack as a reference since it is
relatively unaffected by crustal structure. However, we also per-
formed tests with alternate reference phases and obtained similar
results, as described in a later section. We determined Moho depth
for the continental waveform stacks (green circles in Fig. 4) using
a grid search approach. We experimented with both one-parameter
(Moho depth) and three-parameter (Moho depth, impedance con-
trast, and sharpness) inversions. The three parameters correspond
to crustal operators with precursor and reverberation variations in
timing, amplitude and Gaussian spread function, respectively. In the
one-parameter inversions, a delta function is assumed, and ampli-
tude is fixed to its best-fitting global average.

S S L I P M O H O D E P T H R E S U LT S

We focus our discussion on the SSLIP inversion results in Asia
where resolution is best owing to the dense bounce point coverage
(Fig. 2). Waveform stacks from Asia contain between 482 (bin 89)
and 3912 (bin 66) individual waveforms. Examples of some of the
best-fitting convolved waveforms and the SS data stacks are shown
in Fig. 6, together with the global oceanic reference stack. The
inversions produce 54 and 65 per cent decreases in variance over the
oceanic reference model for the one-parameter and three-parameter
models, respectively.

Our Moho depth estimates from the one-parameter inversions
are shown in Fig. 7. Bin locations are plotted at the average bounce
point location within each bin. Only bins of continental character
(as determined by the correlation coefficient test) are plotted, given
that the SSLIP method cannot resolve very shallow Moho depths.
Continental SSLIP Moho depths beneath Asia (generally 26–55 km)
are consistent with the typical range of crustal thicknesses in Asia
(e.g. Bassin et al. 2000; Shapiro & Ritzwoller 2002; Liu et al. 2006;
Meier et al. 2007; Zhang & Wang 2007). In addition SSLIP crustal
thickness estimates increase from the edges of the continent toward
the Himalayan Mountains and the Tibetan Plateau, as is expected
for continental margins and orogenies.

E R RO R A NA LY S I S

Our solution from the grid search is the model with the small-
est residual. Multiple minima do not exist, since the shapes of
the crustal thickness versus residual curves generally appear well-
behaved with singular well-defined minima. Although residuals are
slightly reduced by including amplitude and spread parameters, an
F-test for significance of regression indicates that these parameters
are not significantly resolved. However, since the trade-off in the
effects of these model parameters on crustal thickness is minimal
there is little difference in the resulting Moho depths. Moho depth
results for inversions assuming one-parameter, that is, those with the
spread-function fixed as a delta function and amplitude fixed at the
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a

b

c

Figure 5. Schematic of the forward model. (a) Ray paths of the direct SS waveform as well as the SS precursor and reverberation near the bounce point. (b)
The data may be described as a crustal operator convolved with a reference stack (top row). An inverse crustal operator (approximation) convolved with a
continental SS stack results in the original reference phase (bottom row). (c) The effects of variations in the crustal operator parameters (in comparison to the
model shown in b) are demonstrated, that is, decreased amplitude (top row), increased spread function (middle row), and increased Moho depth (bottom row).
Note that the vertical axis of the crustal operator in the spread function example is not to scale, since the waveform has been enlarged for viewing purposes.

global average, were very close to those assuming three-parameter
inversions, within estimated errors. The Moho depth map (Fig. 7)
is very close for the two cases.

To quantify error we performed a bootstrap test for each of the 10◦

waveform stacks in Asia. We stacked the same number of waveforms
that were originally in the bin, randomly resampling the waveforms
included in the stack. We then inverted the resampled stack for the
best-fitting model. We performed this bootstrap test 100 times for
each bin and estimated standard errors from the resulting depth
distributions. These one-standard-error estimates were generally
0.5–4 km, though, as expected, larger errors occur for those bins
with smaller numbers of data (Figs 8 and 9). Therefore, 95 per cent
error limits for Moho depths across the region are generally no
more than ±8 km. Modelling assumptions such as ray parameter

and shear velocity also contribute to uncertainty, but on a much
smaller scale.

D I S C U S S I O N

We compare the SSLIP Moho depth results to crustal thicknesses
in the CRUST 2.0 model (Bassin et al. 2000) and the MDN
model (Meier et al. 2007), both of which are specified on a 2◦

× 2◦ grid. CRUST 2.0 is a compilation of reflection, refraction,
and receiver function studies with statistical inferences in unsam-
pled regions (Bassin et al. 2000). The MDN model constrains
Moho depth using a surface wave inversion, where CRUST 2.0
is the starting model (Meier et al. 2007). We did not do a direct
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Figure 6. Examples of the waveform fits in Asia. SS waveform stacks (thick black lines) are plotted with waveforms corresponding to the best-fitting model
(dashed gray lines). The oceanic reference stack is also plotted (thin black lines) to demonstrate the improvement in fit. The numbers in each box indicate bin
number and the best-fitting crustal thickness from the one-parameter inversion, that is, amplitude and Gaussian spread parameters fixed.

comparison to model CUB2 (Shapiro & Ritzwoller 2002), another
surface wave model, since its Moho depths are generally very close
to CRUST 2.0, damped within 5 km, and our resolution is likely
lower than that.

Crustal thicknesses increase from the edges of the Asian conti-
nent toward the Himalayan orogeny in all models. The magnitudes
of the SSLIP Moho depths are also in general agreement with those
of CRUST 2.0 and MDN (Fig. 7). All models reach global maxima
beneath Tibet, and the locations of these maximum values are in
general agreement, somewhere between 31◦–33◦ N and 83◦–98◦ W.
The maximum crustal depths of the models are 75, 79 and 55 km
for model CRUST 2.0, MDN and the SSLIP models, respectively.
The Moho is deepest in the MDN model (79 km), and it is deep
(75 km) over a wider area in the CRUST 2.0 model, while it is
relatively shallow in the SSLIP model (Fig. 7). The shallow SSLIP
value is likely owing to lateral averaging in SSLIP, that is, the fact
that the method has generally lower spatial resolution. CRUST 2.0
and MDN generally have much better resolution than SSLIP across
the region.

We tested the ability of the SSLIP method to resolve deeper crust
beneath Tibet. We performed stacks of data in a bin centred near
the deep Moho of model CRUST 2.0 (latitude = 33◦ N, longitude
= 85◦ E). We included waveforms with bounce points at radii up
to 2◦ and also 3◦ away from the bin center. The bins contained 111
and 226 waveforms, respectively. The SSLIP method recovered a
Moho depth of 56 km for both radii tested. We also considered a
bin centered at (latitude = 33◦ N, longitude = 90◦ E), and radii
of both 4◦ and 5◦, but none of the results were deeper than 56 km
depth. Therefore, careful bin definition and decreased bin radii can
slightly improve resolution over that presented in Fig. 7. However,
the improvement is small, and the SSLIP modelling approach gen-

erally averages small-scale features, as might be expected given the
relatively large Fresnel zone of long-period SS reflections.

The SSLIP results are well correlated with the CRUST 2.0 and
MDN results when compared directly (Fig. 8). To perform this com-
parison we averaged CRUST 2.0 and MDN values within 10◦ of the
bin center, since these models report Moho depths at a finer scale
than the 10◦ spacing of the SSLIP model. The MDN averages in
Fig. 8(b) are not weighted by the standard deviation values supplied
by this study, since large MDN depths are characterized by large
standard deviations. Therefore, the weighted MDN average in deep
Moho regions is systematically smaller than expected by CRUST
2.0 or the SSLIP model. Although this averaging scheme does not
fully account for all of the expected resolution differences (such
as the size of the SS bounce point Fresnel zone, see e.g. Shearer
1993), the depths are in reasonable agreement, with correlation co-
efficients of 0.82 (CRUST 2.0) and 0.74 (MDN). Averaged MDN
and averaged CRUST 2.0 Moho depths are also well correlated in
Asia (0.92). Although CRUST 2.0 and MDN have higher resolution
than our SSLIP model, the good correlation of SSLIP with CRUST
2.0 and MDN is encouraging. In the future, a larger global database
may enable better coverage outside Asia. More data will also en-
able smaller SSLIP bin radii, and thus somewhat increased lateral
resolution.

We also experimented with other reference phases. For example,
we stacked waveforms with bounce points at regions with crustal
thicknesses from 35 to 45 km according to the CRUST 2.0 model.
We convolved the resulting waveform with an inverse operator cor-
responding to 40 km crustal thickness, and used this new waveform
as the reference phase to create the forward models for the inver-
sion. The new reference phase closely resembles the oceanic stack.
The inversion results are also similar to those of Fig. 7. Although
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8 C. A. Rychert and P. M. Shearer

Figure 7. Moho depth results in Asia. (a) CRUST 2.0 Moho depth (Bassin
et al. 2000). (b) MDN Moho depth (Meier et al. 2007). (c) SSLIP Moho
depth. SSLIP depths are reported in locations determined to be continental
in character using the binary ocean–continent test result in Fig. 4. SSLIP
results are plotted at the locations of the bin centroids. The colour scale is
saturated at 60 km. The CRUST 2.0 Moho reaches as deep as 75 km beneath
Tibet, and MDN reaches 79 km.

an average of 2.5 km thicker, ∼75 per cent of the results from Asia
are less than 5 km greater than inversions that use an oceanic ref-
erence stack. The result is within the estimated errors of the model
presented here that used an oceanic reference phase. However, the
variance of the model using this alternate reference phases is 15 per
cent greater than the result using an oceanic reference phase, so the
oceanic reference is preferred.

a

b

Figure 8. Direct comparison of SSLIP to other Moho results in Asia. (a)
SSLIP compared to CRUST 2.0 Moho depths and (b) SSLIP compared
to MDN Moho depths. CRUST 2.0 and MDN depths are calculated by
averaging values within the 10◦ radii bin used to bin the SS waveforms. A
1:1 ratio is plotted as a black solid line for reference. Vertical lines represent
SSLIP 95 per cent confidence limits determined by bootstrap resampling.

C O N C LU S I O N S

Lithospheric velocity discontinuities may be imaged using varia-
tions in the character of stacked SS waveforms. SS continent versus
ocean waveform stacks are different primarily because of variations
in Moho depth. Waveforms binned at regular intervals by bounce
point demonstrate global variations in character dependent on the
tectonic region of the bin and can resolve continents and oceans.
SSLIP images variations in Moho depth across Asia that are in gen-
eral agreement with models CRUST 2.0 and MDN, and the results
are correlated at a lateral resolution of ∼10◦. The SSLIP method
may be useful in mapping crustal thickness in areas poorly sampled
by other techniques.
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SSLIP crustal thickness 9

Figure 9. Difference between SSLIP and CRUST 2.0 depth, compared to
the number of waveforms stacked in each SSLIP bin. CRUST 2.0 Moho
depths are calculated by averaging the model over the 10◦ radius bins used
in the SSLIP model. The absolute values of the differences between CRUST
2.0 Moho depths and SSLIP Moho depths are compared to the number
of bounce points in the SSLIP bins. All bins with continental character
(Fig. 4) are plotted. Continental bins beneath Asia (Fig. 7) are plotted as
open circles, while the rest of the continental bins are solid dots.
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