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SUMMARY

Virtual deep seismic sounding (VDSS) uses the arrival time of post-critical SSPmp relative
to the direct S wave to infer Moho depth at the Pmp reflection point. Due to the large offset
between the virtual source and the receiver, SsPmp is more sensitive to lateral variations
of structures than near-vertical phases such as Ps, which is used to construct conventional
P receiver functions. However, the way post-critical SsPmp is affected by lateral variations
in lithospheric structure is not well understood, and previous studies largely assumed a 1-D
structure when analysing SsPmp waveforms. Here we present synthetic tests with various
2-D models to show that lateral variations in lithospheric structures, from the lithosphere—
asthenosphere boundary (LAB) to sedimentary basins, profoundly affect traveltime, phase
and amplitude of post-critical SsPmp, and that a 1-D approximation is usually inappropriate
when analysing 2-D data. Despite these strong effects we show, with synthetic examples and
the ChinArray data from the Ordos Block in northern China, that a simple ray-theory-based
back-projection method can retrieve the geometry of the crust-mantle boundary (CMB) given
array observations in cases with moderate lateral variations in the CMB and/or the LAB. The
success of our back-projection method indicates that ray-theory approximations are sufficient
in modelling SsPmp traveltimes in the presence of moderate lateral heterogeneity. In contrast,
we show that the ray theory is generally insufficient in modelling SsPmp phase shifts in a
strongly heterogeneous lithosphere due to non-planar downgoing P waves incident at the
CMB. Nonetheless, our results demonstrate the feasibility of direct imaging of the CMB with
post-critical SsSPmp even in the presence of 2-D variations of lithospheric structure.

Key words: Composition and structure of the continental crust; Asia; Body waves; Crustal
imaging; Crustal structure; Cratons.

CMB to denote the boundary or geological transition from crust

1 INTRODUCTION to mantle, and Moho to denote a seismological inference about

Virtual deep seismic sounding (VDSS) has recently emerged as
a novel method to image the crust-mantle boundary (CMB) and
been successfully applied to multiple data sets from different areas
(e.g. Tseng et al. 2009; Yu et al. 2012; Tian et al. 2015; Kang
et al. 2016; Parker et al. 2016; Luo et al. 2018; Thompson et al.
2019). In keeping with the first two parts of our series paper (Liu
et al. 2018, 2019, hereafter Part 1 and 2, respectively), here we use
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this transition, typically given as a single depth. SsPmp, the seismic
phase used in VDSS, originates when upcoming teleseismic S waves
convert to downgoing P waves at the free surface (at the virtual
source) and then undergo a post-critical reflection at or within the
CMB hefore finally reaching the receiver (Fig. 1). In Part 1 and 2,
we studied the sensitivity of SsPmp to lithospheric structures and
developed methods to infer parameters of the crust and mantle from
SsPmp waveforms recorded at a single station, assuming a 1-D Earth
structure. Due to the large offset between the virtual source and
the receiver (typically >100 km for continental crust), post-critical
SsPmp is more sensitive to lateral variation along its ray path than
near-vertical phases such as Ps (Fig. 1). However, previous studies
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Figure 1. Ray paths of post-critical SSPmp. Note the large separation (>100 km) between the virtual source and the receiver, making SsPmp sensitive to lateral

heterogeneity in the crust and mantle lithosphere. CMB: crust-mantle boundary.

largely assumed a 1-D structure when analysing SsPmp waveforms
(e.g. Tseng et al. 2009; Yu et al. 2012; Tian et al. 2015). Yu et al.
(2016) noted that lateral (2-D) variation in lithospheric Vs causes
traveltime differences between the up-coming S legs of SsPmp and
Ss that are incorrectly included in estimated crustal thickness if a
1-D approximation is used (see also Fig. 11 in Part 1). Yu et al.
(2016) proposed an array-based method to empirically correct for
the effects of lateral Vs variation. However, when Ss arrival time
as a function of distance deviates from the 1-D prediction, the ray
parameters of Ss and SsPmp differ due to lateral heterogeneity and
vary with distance differently from the 1-D case. How this variation
affects Typss, wvbss and Aypss (respectively the relative arrival
time, angular phase shift and amplitude of SsSPmp relative to direct
Ss) is not immediately clear.

Here, we present 2-D synthetic tests to demonstrate the effects
of lateral heterogeneity on Typss, vbss and Aypss. In order to
image the CMB with SsPmp in the presence of lateral variation
in lithospheric structures, we present a simple ray-theory-based
back-projection method that accounts for both lateral variation in
Ss arrival times and ray parameters. We show that our method is
capable of modelling Typss and retrieving the geometry of the
CMB using observations from a linear array. On the other hand,
we show that ray-theory approximations are insufficient to model

vbss because the plane-wave approximation fails in the presence
of lateral heterogeneity. Finally, we demonstrate the success of our
back-projection method in recovering an image of the dipping Moho
beneath the Ordos Block in China, a region with lateral variation in
lithospheric thickness as well as crustal thickness.

2 SYNTHETIC EXAMPLES

To study the potential effects of lateral heterogeneity in the litho-
sphere on SsPmp waveforms, we use the SPECFEM2D software
package to compute 2-D synthetic waveforms (Komatitsch &
Vilotte 1998; Komatitsch et al. 2001; Tromp et al. 2008). Our
models consist of three layers: crust, lithospheric mantle and as-
thenosphere. Fig. 2(a) shows the material properties of each layer in
the format V,/V,/density, which are held constant across all models
in this paper. The incident wave is set to be a planar S wave with
an incident angle of 35° in the asthenosphere (py = 0.1275 s km™,
1/po = 7.84 kms™) for all models (Fig. 2a). Our source time func-
tion is a first-order Hermitian wavelet (first derivative of Gaussian
wavelet) with the dominant frequency 0.25 Hz. This wavelet is

similar in shape and frequency component to the source time func-
tions of deep and intermediate-depth earthquakes that we use later
(Section 3; Fig. 12). We compute velocity seismograms, although
whether the seismograms are in velocity or displacement is unim-
portant to our analysis below. We place receivers at the free surface
with 10 km spacing. We then vary the geometries of the CMB (here
a sharp boundary) and lithosphere—asthenosphere boundary (LAB)
to show their effects on SsPmp waveforms. Section 2.1 (Figs 2-4
and Figs S3-S4) considers a sinusoidal LAB beneath a flat CMB.
Section 2.2 (Figs 5, 6, 8 and Figs S5-S6) models a sinusoidal CMB
above a flat LAB. Section 2.3 (Fig. 9 and Figs S7-S9) studies a
sinusoidal LAB beneath a sinusoidal CMB. Section 2.4 (Fig. 10)
studies a sedimentary basin above flat CMB and LAB. We consider
sinusoidal CMB varying between 30 and 50 km depth (amplitude
2A = 20 km) and sinusoidal LAB varying between 80 and 200 km
depth (2A = 120 km). We test topographic wavelengths A = 1200,
600 and 400 km, so for the CMB, 2A/A = 0.0167, 0.0333 and
0.0500, and for the LAB, 2A/A = 0.1, 0.2 and 0.3. The average
boundary dip 64, is a reasonable proxy for model complexity be-
cause steeper topography causes more ray path bending. Our models
have 8,, = 2°, 4° and 6°, respectively, for the CMB, and 6,, = 11°,
22° and 31° for the LAB. For our models, we choose the amplitude
of the LAB topography to be six times the CMB topography in
order to give similar variability in Ss traveltime residuals ( 1 s)
for the =60 km LAB variation and the £10 km CMB. This ratio
of LAB-to-CMB topography sensibly approximates the real earth:
in the northern Basin and Range Province of the western United
States, the CMB has A = 400 km and 2A = 7 km, with 6,, =

2° (Klemperer et al. 1986), while the LAB in the region shows no
significant variation (Hopper & Fischer 2018, cf. model in Fig. 5).
At the boundary between the western and eastern North China Cra-
ton, the Moho deepens westward from 30 to 40 km across 200 km
(Jiaet al. 2014), with 6,, = 37, while the LAB deepens westward
from 80 to 200 km across 600 km, with 8, = 11° (Chen et al.
2009, cf. model in Fig. S7). At the boundary between the southern
Sierra Nevada and the Basin and Range Province, the CMB has
A= 300kmand2A = 10 km, with 85, = 4°, while the LAB
varies approximately in phase with CMB and hasA = 300 km and
2A = 60 km, with 8,y = 22° (Fliedner et al. 1996, cf. model
in Fig. S9). The northern Basin and Range is representative of
CMB and LAB variation within one geologic province, whereas the
boundaries between southern Sierra Nevada and Basin and Range,
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Figure 2. Synthetic test using a sinusoidal LAB with a horizontal wavelength of 1200 km, and peak and trough at 80 and 200 km depth, respectively, that is
2A/A=0.1,0,4, = 11°. The CMBiis flat at 40 km depth. (a) Model setup (vertical exaggeration x 2): crust (light grey), lithosphere (black) and asthenosphere
(dark grey) are labeled with their Vp/Vs/density. Triangles are 10-km-spaced seismic stations; green, cyan and blue edges identify stations recording the green,
cyan and blue waveforms in (I). Arrows: incident angle of the plane S wave at the bottom of the model, with the same %<2 vertical exaggeration. Yellow dashed
box is the area of model enlarged in (h), (i) and (j). (b) Vertical-component synthetic waveforms recorded at each station and aligned to their theoretical S arrival
times predicted with a constant ray parameter pss of 0.1275 s km™t. Continuous line of black dots: observed S arrival-time residuals derived with multichannel
cross-correlation (MCCC). (c) Same as (b), except that the waveforms are aligned to the observed S arrival times given by MCCC. (d) pss calculated either by
ray tracing (theoretical; thick grey curve) or by differentiating S arrival time with respect to horizontal distance (apparent; thin black curve). The ray parameter
pss applicable to any SsPmp observation is measured at the virtual source point, so is plotted at the trace location where pss is measured. Apparent pss can
only be measured from an actual recording so is not plotted west of the western trace at km 850 in (b). Red line: pss = 0.1275 s km™, that is for the equivalent
model with a flat LAB. (e) SsPmp phase shifts relative to direct Ss ( vpss) either computed for each traced SsPmp ray assuming a plane incident wave at
the CMB (theoretical; grey curve) or measured from pseudo-P-component synthetic waveforms (apparent; black curve). Red line:  vpss for the equivalent
model with a flat LAB. (f) Black curve: upper-mantle V"™ measured from apparent vpss assuming a plane wave incident at the CMB and plotted at the Pmp
reflection point. Red solid line: true VU™ = 8.30 kms™1. Red dashed lines: £1.5 per cent perturbation from the true V,U™. (g) Back-projection image of the
pseudo-P-component synthetic data corrected to 90° phase shift (vertical exaggeration > 7.5). Grey line: true CMB depth. Black dashed box is area enlarged
in (k). (h) Enlargement of yellow box in (a) with traced S rays plotted in red. (i) As (h), but plotting Pmp rays traced with the theoretical Ss ray parameters
[thick grey curve in (d)]. (j) As (i), but plotting Pmp rays traced with apparent Ss ray parameters [thin black curve in (d)]. (k) Enlargement of black dashed box
in (g). Black solid curve: the maximum amplitude at each horizontal location picked as the observed Moho depth (‘corrected Moho’). Black dashed curve:
observed Moho depths from back-projection images assuming a constant pss (0.1275 s km™) and zero S traveltime residual (i.e. assuming a 1-D earth model,
‘uncorrected Moho”). (l) Vertical-component waveforms recorded at the green, cyan and blue stations in (a), coloured accordingly.
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Figure 3. As Fig. 2, now computed with a 600-km-wavelength LAB (64, =
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22°). Panels (h) and (m) are stacked back-projection images of two events with
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Figure 4. As Fig. 2, now computed with a 400-km-wavelength LAB (85 =
characteristic velocities 200 km and 4.61 kms=! (H1) and 40 km and 6.5 km st
events with the same incident angle (35°) coming from west and east.

and between the eastern and western North China Craton are rep-
resentative of CMB and LAB variation between different geologic
provinces that likely differs in lithosphere velocity structure not
captured in our models. In our test models, the LAB is set as a sharp
boundary for simplicity, whereas in reality, the LAB may span tens
of kilometres (Fischer et al. 2010). However, for the same total

31°). H1 and H2: diffraction hyperbolae computed with source depths and
(H2) (red stars). Panels (g) and (1) are stacked back-projection images of two

velocity change across the LAB, a sharp and a transitional LAB
will have the same effect on SsPmp waveforms. We note that the
average CMB and LAB dips chosen for our smoothest (Figs 2a, 5a
and Fig. S7) and intermediate (Figs 3a, 6a and 9a) models are simi-
lar to the aforementioned examples, which makes them appropriate
for studying the effects of lateral structural variation on real SsPmp

1202 U2JBN LE Uo Jasn oBaig ues ‘eluloiieD Jo Ausioaun Aq 18/8985/9912/€/€2Z/0Me/1B/wod dno olwepeoe//:sdny wous papeojumoq



(a) -50

50
100
150
200
250
300

(o) °

Depth (km)

Time (s)

10

15

Time (s)

10

15
(d) = 0.18
0.16

0.14

0.12

Ray parameter (s/ki

(e)/ 180

120

60

SsPmp Phase shift (°)

20

40

Depth (km)

60

Figure 5. As Fig. 2, now computed with a 1200-km-wavelength CMB (68, =

at the CMB.

waveforms. Our most extreme models (Figs 4a, 8a and Fig. S9a)
serve to demonstrate the very real limits of our methodology, albeit
in circumstances not often encountered in reality.
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2°) and a flat LAB. Yellow rays (parts h and i) undergo pre-critical reflections

We model a flat CMB at 40 km depth, and a sinusoidal LAB varying
between 80 and 200 km depth. We vary the wavelength of the LAB
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Figure 6. As Fig. 5, now computed with a 600-km-wavelength CMB (6, =

from 1200 km (Fig. 2a), through 600 km (Fig. 3a), to 400 km
(Fig. 4a) to test its effect on SsPmp waveforms.

).
2.1.1 Effects of gentle dips

We start with the 1200-km-wavelength case, in which the aver-
age dip of the LAB is 11° (Fig. 2a). Fig. 2(b) shows vertical-
component waveforms (containing both P and S energy) plotted
against receiver locations and reduced traveltimes calculated with
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