@JAGU PUBLICATIONS

Geochemistry, Geophysics, Geosystems

RESEARCH ARTICLE

10.1002/2017GC007120

Key Points:

« Body-wave scattering kernels are
derived for 3-D imaging for both P
and S wave receiver functions

« The forward problem is
approximated using ray theory
resulting in a computationally
efficient method

« The imaging method is
demonstrated using synthetic data
calculated for a hypothetical
subduction zone model

Supporting Information:
« Supporting Information S1
« Data Set S1

« Data Set S2

« Data Set S3

« Movie S1

« Movie S2

Correspondence to:
S. Hansen,
steven.hansen@mq.edu.au

Citation:

Hansen, S. M., & Schmandt, B. (2017). P
and S wave receiver function imaging
of subduction with scattering kernels.
Geochemistry, Geophysics, Geosystems,
18, 4487-4502. https://doi.org/10.
1002/2017GC007120

Received 7 JUL 2017

Accepted 26 OCT 2017

Accepted article online 3 NOV 2017
Published online 15 DEC 2017

© 2017. American Geophysical Union.
All Rights Reserved.

P and S Wave Receiver Function Imaging of Subduction With
Scattering Kernels
S. M. Hansen'-2 () and B. Schmandt!

1Depar‘cment of Earth and Planetary Sciences, MSCO3-2040, 1 University of New Mexico, Albuquerque, NM, USA,
’Department Department of Earth and Planetary Sciences, Macquarie University, North Ryde, Sydney, NSW, Australia

Abstract A method for scattered wave imaging in 3-D with both teleseismic P and S wave receiver
function data is introduced. The approach relies on body-wave scattering kernels that are derived from the
adjoint data sensitivity kernels which are typically used for full waveform tomography. The forward problem
is approximated using ray theory, yielding a computationally efficient imaging algorithm that can resolve
dipping and discontinuous interfaces using both P and S wave receiver functions. Traveltime fields for the
incident teleseismic arrivals and the receiver point-sources are obtained by solving the Eikonal equation
using a Fast Marching code which can handle a 3-D reference velocity model. An energy stable finite-
difference method is used to simulate elastic wave propagation in a 2-D hypothetical subduction zone
model. The resulting synthetic P and S wave receiver function data sets are used to validate the imaging
method. The kernel images are compared with those generated by the Generalized Radon Transform and
Common Conversion Point Stacking methods. These results demonstrate the potential of the kernel
imaging approach for constraining lithospheric structure in complex geologic environments with
sufficiently dense recordings of teleseismic data. Potential imaging targets include short-wavelength
compositional variations in the mantle wedge and the slab’s lithosphere-asthenosphere boundary.

1. Introduction

Scattered wave imaging is critical for constraining the internal structure of the Earth and is the primary
method used to determine the location and magnitude of seismic velocity discontinuities in the subsurface.
Targeted arrays of three-component broadband seismometers are routinely deployed to constrain crust and
mantle structure with passive recordings (e.g., IRIS-PASSCAL program) and scattered wave imaging is an
important tool for these studies. Imaging is typically performed using steeply incident body-waves produced
by earthquakes at teleseismic distances, i.e., the receiver function method (Langston, 1979; Vinnik, 1977). P
wave receiver functions have been used to constrain several fundamental Earth structures, including the
crust-mantle boundary (e.g., Gilbert, 2012) and the mantle transition zone (e.g., Lawrence & Shearer, 2006).
Additionally, S wave receiver functions have more recently emerged as a method for constraining the
lithosphere-asthenosphere boundary (Fischer et al,, 2010; Rychert & Shearer, 2009) and have led to the discov-
ery of enigmatic midlithosphere mantle discontinuities (Abt et al.,, 2010; Ford et al., 2010; Selway et al., 2015).

P and S wave receiver function data have different strengths and provide complementary information for
structural studies. S wave data are lower frequency due to attenuation as well as lower fold and higher noise
because of complications arising from the S-SKS crossover at ~82° epicentral distance (Yuan et al., 2006).
However, S-to-p conversions arrive prior to the direct S wave arrival and are not interfered with by free-
surface reverberations as is the case for the P-to-s conversions in P wave receiver functions (see Kind et al.,
2012 for a review). Despite early investigations of teleseismic S wave scattering (Faber & Muiller, 1980; Jor-
dan & Frazer, 1975; Langston, 1979), the use of P wave receiver functions has dominated the field until
recently. Thus, efforts to improve scattered wave imaging techniques have focused exclusively on P wave
data (e.g., Rondenay, 2009). As a result, traditional 1-D common conversion point (CCP) stacking (Dueker &
Sheehan, 1997) is the only conventional imaging approach currently available for S wave receiver function
analysis (e.g., Lekic et al,, 2011; Levander & Miller, 2012) which makes it difficult to directly compare imaging
results from these two data sets (Hansen et al., 2015).

The CCP approach remains popular, even with P wave data, because it has several advantageous properties:
it is relatively easy to implement, computationally efficient, can be used for 2-D seismic arrays (as opposed
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to a 1-D linear arrays), and can be adapted approximately to account for 3-D velocity models (Levander &
Miller, 2012; Schmandt et al., 2012). However, CCP images are degraded in the presence of lateral inhomo-
geneities such as dipping or discontinuous interfaces (Cheng et al., 2016; Morozov, 2004), both of which are
not accounted for in the CCP method which is founded upon the assumption of minor deviations from a 1-
D velocity structure (subhorizontal discontinuities). This is a potentially significant limitation because P wave
receiver functions studies often target geologic structures that are laterally heterogeneous. Examples
include the dipping megathrust interface (e.g., Abers et al., 2009; Audet et al., 2009) and the low-velocity
mantle wedge (Bostock et al.,, 2002) in subduction zones as well as terrane boundaries and continental
suture zones (e.g., Nabélek et al., 2009; Stanciu et al., 2016). S wave receiver functions have also been used
for crustal imaging in orogens (e.g., Hansen & Dueker, 2009; Hopper et al., 2017) but are more routinely
used to investigate the topography of the lithosphere-asthenosphere boundary (e.g.,, Kumar et al.,, 2005;
Leki¢ & Fischer, 2014) and discontinuous interfaces within the mantle lithosphere (Hansen et al., 2015; Hop-
per et al., 2014). The effects of lateral heterogeneities on S wave CCP images are less well understood; how-
ever, Leki¢ and Fischer (2017) demonstrated several pathologies and find that source-receiver geometry is
an important consideration. These studies highlight the need for methods that are capable of imaging 3-D
structures with both P and S wave receiver function data.

The primary goal of this work is to connect some of the theoretical machinery from the field of full wave-
form inversion (FWI), specifically the adjoint data sensitivity kernels (e.g., Tromp et al., 2005) to the problem
of scattered wave imaging with receiver functions. The strategy employed is similar to that of Dahlen et al.
(2000) whereby ray theory is used to approximate the forward and adjoint problems rather than using full
numeric wavefield simulations which results in a in a computationally efficient method. This approach
results in the derivation of receiver function scattering kernels which are capable of imaging in 3-D using
laterally variable velocity models for both P and S wave receiver functions. The feasibility of the proposed
imaging method is demonstrated using synthetic receiver functions calculated for a hypothetical subduc-
tion zone model using an energy stable finite-difference method.

1.1. Previous Imaging Work

A notable advance in receiver function imaging was made in a series of papers (Bostock et al. 2001; Ronde-
nay et al., 2001; Shragge et al., 2001) based upon the generalized radon transform (GRT) and its inverse
(Beylkin & Burridge, 1990). The GRT method is capable of imaging in laterally heterogeneous isotropic
media and has been successfully applied to several subduction zones using data collected by dense linear
seismic arrays (e.g., Rondenay et al., 2008). One of the benefits of this method is that it can be used to image
with scattered waves generated by the up-going direct P wave arrival as well as the two down-going free-
surface phases PP and PS. The original GRT method has some drawbacks; however, for example, it is imple-
mented using a 1-D reference velocity model which can lead to imaging problems in laterally heteroge-
neous regions. The method was also designed for linear arrays oriented approximately orthogonal to local
geologic strike and so imaging is performed in 2.5-D, i.e., out of plane symmetry is assumed. The GRT
method has recently been extended to 3-D imaging by Liu and Levander (2012) but only for direct P-to-s
(Ps) scattering (no free-surface phases) and is computationally expensive requiring the use of a cluster.
Finally, the GRT method was developed primarily to image with P wave receiver functions and has not been
implemented to image with S wave data.

The CCP and GRT methods are perhaps the most widely used imaging methods for observational receiver
function data but several other approaches have been developed. These include Kirchhoff migration
(Bostock, 2002; Cheng et al.,, 2016; Levander et al., 2005; Wilson & Aster, 2005), plane wave migration (Pop-
peliers & Pavlis, 2003), wave equation migration (Chen et al, 2005), and elastic reverse time migration
(Shang et al,, 2012). Each of these approaches has different strengths and weaknesses; however, we note
that none of the available methods are currently implemented for correctly imaging dipping features in 3-D
with both P and S wave receiver function data.

2. Adjoint Method

A recent theoretical development in seismic imaging is full waveform inversion (FWI, see the review by Vir-
ieux & Operto (2009) or Fichtner (2010)) where the full-physics of wave propagation are accounted for by
simulating the elastodynamic wave equation using numeric methods, such as the spectral element method
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(Komatitsch & Tromp, 1999; Tromp et al., 2008). FWI can naturally account for the complexities of wave
propagation in a 3-D heterogeneous material; however, solving the forward problem requires significant
computational resources (e.g., Chen et al,, 2007). The demands of forward modeling have led to steepest
descent style approaches where the seismic velocity model and the simulated wavefield are iteratively
updated to match the recorded data and minimize the objective function. In this scheme, the Fréchet deriv-
atives of the data misfit functional (the sensitivity kernels) with respect to the current model are calculated
using the adjoint method (e.g., Plessix, 2006). The next section recalls the basic equations underlying this
method which are needed for the receiver function scattering kernels.

Following the derivation of Tromp et al. (2005), the misfit between the observed three-component displace-
ment wavefield u and the predicted wavefield ugy for a known reference model mg is defined as

1
X(mo)=§||u_uo||fu (M

where the L2 norm is defined
;
Hvaz:JJwvdtdx. )
Q0

In equation (2), x € Q,t € (0,T) is the domain of the vector-valued function v(x,t) and - denotes contrac-
tion. The perturbation of the misfit with respect to the model variation dm can be written as the volume
integration
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where u' is the adjoint wavefield and ¢ is the strain field defined by the displacement u. The adjoint wave-
field results from back-propagating the wavefield difference Au=u—uy from point sources at the receiver
locations (Tarantola, 1984; Tromp et al., 2005). Rather than using the Lamé parameters 1 and g, the kernels
may also be expressed in terms of P and S wave seismic velocities o and f5 by

A+2u

K:=2——K;
A
K/;:2K#—4%K;L ’ (5)

Ky =K, +K,+K,
where K, is the residual density kernel (Tromp et al., 2005).

2.1. Relationship to Migration

The adjoint method provides a general framework for the seismic parameter estimation problem and is typ-
ically used to estimate an absolute velocity model from the recorded data. For example, FWI of short-period
teleseismic body-waves is an active research topic and has shown promising results in both 2.5-D (e.g.,
Baker & Roecker, 2014) and 3-D (Monteiller et al,, 2015; Wang et al., 2016). The objective of scattered wave
imaging (migration) is different, and aims to resolve the short-wavelength velocity perturbations that are
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responsible for generating the observed scattered arrivals; however, the problems are clearly related (Zhu
et al.,, 2009). The primary goal of migration is to produce images for structural interpretation, e.g., determin-
ing crustal thickness, rather than to constrain absolute seismic velocity (although this can be done as well).
In the receiver function migration framework considered here, a smooth background velocity model is
assumed and the reference wavefield ug consists solely of the direct arrival and the two free-surface phases.
The wavefield difference Au(t,x,) thus represents the full three-component receiver function for the seis-
mometer located at x, with the direct arrival uo removed (Rondenay, 2009).

The waveform difference used to define the misfit functional in equation (1) is known to be a poor parameter-
ization for the FWI problem because it results in strong nonlinearity (Gauthier et al., 1986) and several alterna-
tives are available (e.g., Gee & Jordan, 1992). However, this is a reasonable choice for the imaging problem
and the resulting sensitivity kernels in equation (4) represent the reverse time migration (RTM) approach used
in active-source seismology (Tarantola, 1984). For example, the K; kernel is proportional to the zero-lag cross-
correlation between the source and time-reversed receiver pressure wavefields and is one of the “imaging
conditions” used for seismic reflection processing in an acoustic medium (Claerbout, 1971). From the perspec-
tive of elastic RTM (Chang & McMechan, 1987), the K, kernel provides an imaging condition for shear-waves
and mixed mode scattering, although other choices are possible (e.g., Yan & Sava, 2008).

3. Scattering Kernels

One of the primary limitations of the FWI and RTM methods for imaging in 3-D with receiver function data
is the significant computational expense of the large-scale forward problem. A complete wavefield model-
ing volume that contains both the teleseismic sources and the receiver locations would require a global-
scale model with temporal sampling up to ~1 Hz which is impractical with current modeling approaches.
Hybrid methods have been proposed where regional (100s of km in scale) wave propagation in a locally
heterogeneous model is simulated on the receiver side of the earth and the incoming teleseismic wavefield
is modeled using a simplified earth model (e.g., Monteiller et al, 2013; Tong et al,, 2014). This strategy is
more efficient but still requires the use of high performance computing resources.

Instead of using numeric wavefield simulations to calculate uy and u', the forward problem is approximated
using ray theory to calculate the sensitivity kernels (Dahlen et al.,, 2000). For the case of receiver function
imaging and a smooth reference velocity model, it is assumed that for each earthquake the incident wave-
field consists of a single phase with a known source time function. Assuming that no reflections or caustics
are encountered within the image volume, the ray theoretical reference wavefield is

Up (X, t) = ISAxss(t_ sz)7 (6)

where 1,=1(X, X;) is the traveltime field from the source location x; to the image point x (solves Eikonal)
and p is the unit length polarization vector at x. The source time function s(t) is assumed to be constant in
space but is the effective source following receiver function source normalization (deconvolution). The
amplitude term in (6) is

Axs:(pc)_l/z(cs%xs)_17 (7)

where c=c(x) is the velocity of the incident wave (either P or S wave velocity) and ¢, %ty =cRs is the relative
geometric spreading term (obeys reciprocity) from the source to the image point. The two down-going free-
surface phases associated with the direct arrival have the same form as (6) but with different polarities and
traveltime functions.

The adjoint wavefield is approximated using the ray theoretical Green'’s function (Cerveny, 2005) for a point
source in the reference velocity model which results in the form

1 R
W )== 3> B AB, - Au(x, T—t+ey), ®

r o rays

where the first summation is over all receiver locations x, and the second summation is over all rays from
the receiver to the scattering point x, p,, and p’ are the polarization vectors of the rays at these locations
and 1, are the traveltime functions. The amplitude term in (8) is given by
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Axr:(PIC,PrCr)_1/2(Cr§er)_1a 9)

where ¢’ and ¢, are the ray velocities, ¢, 3, =¢' Ry is the geometric spreading term. Note that it has again been
assumed that the material is smoothly varying, i.e., no reflection/transmission of the rays occurs, and that no caus-
tics are encountered, otherwise additional terms are needed in (8).

Combining the ray theoretical reference and adjoint wavefields in (6) and (8) with the sensitivity kernels in (4)
yields the final scattering kernels

1 R R
K/r)ay (X)= EZ ZAX’AXS [P/ ’ SP : P} [pr : Crs}

r rays

ra; 1 A~/ A~ A~
K/l y(x): EZ ZAxrAxs [P . s/l : p] [pr : crs] s (10)

r o rays

1 A~ A A~
(0= 235 Adhls 5, -6lp, e

r o rays
where S; , , are the scattering tensors (Dahlen et al., 2000) and are defined as

S,=po ()l

S, =11(x) % (K K)r+kk |

where k and k’ are the unit length wave vectors for the source and receiver rays at the scattering point x.
The term ¢, is the cross-correlation between wavefield difference (receiver function) and the second deriva-
tive of the source time function

c,s:JAu(x,, t+1,5)02s(t)dt (12)

at a lag time corresponding to the net source-to-scatterer-to-receiver traveltime ,,="1, + txs.

Each scattering kernel has three main components, the first A,,Ay is an amplitude term which includes the
net effect of geometric spreading from source-to-scatterer-to-receiver. The second term is p’-S-p and
defines the radiation pattern for a point scatterer at x due to an incident ray with polarization p resulting in
a scattered ray with polarization p’ (Dahlen et al., 2000). The final term p, - ¢, is the projection of the lagged
three-component cross-correlation trace onto the polarization vector of the scattered ray at the receiver
location. Figure 1 shows the spatial distribution of the terms in (10)
and (11). Note that the direction of the scattered ray is from the

PrC, receiver to the scattering point.

3.1. Kernel Examples

Three examples of scattering kernels relevant to receiver function imag-
ing are shown in Figure 2 for a single receiver (triangle) and a uniform
velocity model. The incident wavefield is an up-going plane wave and
the kernels are shown for the scattered arrival corresponding to a hori-
Ay zontal discontinuity at 40 km depth. The kernels are overlain with the
Y ray paths used in the CCP stacking approach which assumes that scat-
tered arrivals are generated from a horizontal interface (CCP image
point in Figure 2) (Dueker & Sheehan, 1997). In contrast to the CCP
method, the scattering kernels can account for arrivals that are gener-
ated anywhere along a surface in the image volume defined by the

incident ray

Figure 1. Ray diagram showing the spatial distribution of terms used in the
scattering kernel definitions in equations (10) and (11). The incident and scat-
tered rays are offset horizontally (dashed line) at the scattering point (black
circle) for clarity and the receiver location is denoted by a black triangle. In this
example, both the incident and scattered phases are S waves.

phase travel time (scattering isochron) and are therefore capable of
imaging dipping features as will be demonstrated.

Two novel observations arise from this analysis. The first is that the
direct S-to-p (Sp) scattering kernel relevant to S wave receiver function
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Figure 2. Scattering kernel examples for three phases commonly used in
receiver function imaging. (a) Direct P-to-s (Ps) forward scattering, (b) direct S-
to-p (Sp) forward scattering, and (c) free-surface reflected PP-to-s (PPs) back-
ward scattering. Kernels are calculated using a homogeneous velocity model
and the scattered phase timing and polarity are determined for a horizontal
interface occurring at 40 km depth. The polarity of the kernels denotes the sign
of the velocity perturbation required to match the observed scattered phase.
Each plot also contains the ray paths and scattering point assumed by the 1-D
CCP stacking method.

imaging is significantly different than that of the direct P-to-s (Ps) ker-
nel. This is because the scattering isochrons have different curvature
due to the relative velocity of the scattered phase compared to the
direct arrival. Second, the Sp and the free-surface reflected PP-to-p
(PPp) scattered phases are better suited for imaging a horizontal inter-
face given the geometry of their sensitivity kernels. In contrast, the Ps
kernel has relatively high curvature and the kernel amplitude dimin-
ishes near a horizontal interface. These differences in kernel geometry
also suggest that Ps imaging requires a higher station density than
that of Sp or the free-surface multiple phases.

3.2. Fast Marching Implementation

The scattering kernels for uniform or 1-D velocity models can be
determined straightforwardly using analytic ray solutions (e.g., Figure
2). However, these kernels may result in inaccurate images due to lat-
eral variations in earth structure which are often encountered in prac-
tice. To overcome this limitation, the traveltime fields for a
heterogeneous reference velocity model are obtained by solving the
Eikonal equation using the Fast Marching Method (FMM) software
from Rawlinson and Sambridge (2004). The scattering kernels for each
source-receiver pair require a total of five traveltime solutions to com-
pute all first-order scattering interactions. Three are needed for the
teleseismic source, including the incoming phase and the two down-
going free-surface phases, and two are needed for the receiver point
source, the direct P wave and direct S wave arrivals. The arrival times
for each teleseismic source are calculated only within the model
domain. The arrival times of the incoming phase along the boundary
are determined by the 1-D reference earth model ak135 (Kennett
et al, 1995).

In addition to the travel times, the kernels require the geometric
spreading and polarization vectors, which can be calculated for a het-
erogeneous model using dynamical ray tracing (Cerveny, 2005). The
purpose of migration is primarily kinematic, i.e., to correctly image the
location of the scatterer, and so for efficiency we make a series of
approximations to avoid dynamical ray tracing. The incident wavefield
is nearly a plane wave for teleseismic sources and so the spreading
term Ry is assumed to be constant over the image volume. The point
source geometric spreading Ry, factor is approximated as ||x—x,||
which is only correct for a homogeneous model. Strategies exist for
calculating the geometric spreading directly from the traveltime fields

(e.g., Vidale & Houston, 1990) but are not implemented here. The wave vectors and P wave polarizations are
obtained from the (normalized) gradient of the traveltime fields. The S wave polarizations are in the travel-
time tangent plane and are calculated via rotation of the wave vector. The definition of the two degenerate
S wave polarizations (isotropic), e.g., SV and SH, is somewhat arbitrary at the scattering point but must be
consistent with the polarizations as defined at the receiver location (Figure 1). These simplifications allow
the full scattering kernels to be approximated directly from the traveltime fields and ray tracing results of
the FMM code. The approximations employed do not prevent accurate imaging of complex lithospheric
interfaces within laterally heterogeneous background velocity structures as shown next.

4, Wavefield Simulation
4.1. Finite-Difference Method

The proposed imaging method is tested on synthetic receiver function data sets generated using a 2-D
finite-difference algorithm that solves the elastic wave equation in time-displacement form (Duru et al.,
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Figure 3. Comparison between the receiver functions calculated by finite-difference simulation and synthetic traces pro-
duced by the CPS package (Herrmann, 2013). A 1-D velocity model is used for both calculations and is composed of a sin-
gle 35 km thick layer overlying a uniform half-space. The vertical and horizontal components of displacement are plotted
in (a) and (b) for an incident P wave are with a horizontal slowness of 0.06 s/km and a Ricker source-time function with a
center frequency of 0.8 Hz. Results for an S wave source are shown in (c) and (d) with a horizontal slowness of 0.1 s/km
and a 0.4 Hz source function. All first-order scattering modes of the direct and free-surface phases are labeled.

2014). This energy stable numeric method relies on the variable coefficient summation-by-parts derivative
stencils (Mattsson, 2012) and weak boundary condition enforcement using simultaneous approximation
terms (see Svard & Nordstrom (2014) for a review). The approach of Duru et al. (2014) is implemented using
fourth-order accurate time-stepping and fourth-order accurate spatial derivative stencils. Absorbing bound-
ary conditions (Petersson & Sjogreen, 2009) are applied on the sides and bottom of the model and the
zero-traction free-surface condition is used along the top boundary. A rigorous error analysis of this
approach can be found in Duru et al. (2014). However, our implementation was applied to a layer over a
half-space velocity model and the resulting traces compare favorably with the 1-D synthetic receiver func-
tions calculated using the CPS code package (Herrmann, 2013) (Figure 3).

The source time function used in all simulations is a Ricker wavelet (second derivative of a Gaussian) using a
center frequency of 0.8 Hz for P wave sources and 0.4 Hz for S wave sources. The motivation for a Ricker
source function (besides its analytic properties) is provided by the kernel correlation term (12) which
involves the second derivative of the source function. To avoid numerical dispersion, the model is spatially
sampled at 18 points per minimum wavelength at the center frequency, resulting in a sampling of 262 and
525 m for P and S wave sources, respectively. The time increment used is

At=05_ ™ (13)

max /o2 +
where o and f§ are the P and S wave velocities and Ax=Az is the spatial sampling. The 0.5 scaling in (13)
was determined empirically and was found to maintain stability in simulations with absorbing boundary
conditions. This choice results in a time step of 14.2 and 28.3 ms for the P and S wave sources.
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4.2. Subduction Zone Model

Synthetic data are calculated for a hypothetical 2-D subduction zone
model consisting of three components: a dipping three-layer slab
with crust-mantle and lithosphere-asthenosphere velocity discontinu-
ities, a horizontal two layer upper-plate with a crust-mantle boundary,
and a low-velocity mantle wedge region (Figure 4). Simulations are
performed for a suite of incoming plane waves which are introduced
into the simulation using “injection” along the bottom of the model
(absorbing boundary conditions are applied after its passage). Ten P
wave sources are simulated with horizontal slowness ranging =0.04 -
0.08 s/km which is representative of the direct teleseismic P wave
arrivals used in receiver function studies. Six direct S wave (+0.09-
0.11 s/km) events are also simulated to produce an S wave receiver
function data set. Example wavefield snapshots of both P and S wave
source simulations are shown in Figure 5. Wavefield animations for
these examples are in the supporting information.

X (km) To produce the receiver function data sets, the simulated wavefields
recorded at the free-surface are decimated to ~1 km receiver spacing,
time-aligned with the direct arrival using cross-correlation and ampli-

tude normalized. The direct arrival is removed from the data by apply-

-

£ 100 ing a trace mute defined by the width of the source-time function.
) The synthetic receiver function data sets are included in the support-
0 150 . inf . . he 2 f th deli e .
Density (g/cc) ing information. Despite the 2-D nature of the modeling effort, it

200+ ; ; ; ; should be noted that the simulation results are valid in 3-D for the

0 100 2(>)<O(km) 300 400 special case of out-of-plane symmetry (2.5-D) of both the velocity

model and the incident wavefield (in-plane source).

Figure 4. The elastic properties of the hypothetical subduction zone model.
The slab consists of a 5 km thick oceanic crust, a 40 km thick mantle litho-
sphere, and an underlying lower-velocity asthenosphere. The upper-plate con-
tains single crust and mantle layers. A slower mantle wedge region is included
that terminates laterally at a slab decoupling depth of 60 km. The velocity and
density values of each model region are labeled. The slab depth profile is taken
from the model of McCrory et al. (2012) for the Cascade Subduction Zone near

5. Imaging Results

The synthetic receiver function data sets derived from the subduction
zone model are used to construct scattered wave images using the
ray kernels from equation (10). The traveltime fields are calculated

46° latitude.

with the FMM code using smoothed versions of the velocity models

in Figure 4. The resulting kernels are linearly stacked over all source-
receiver pairs to produce images for the direct phase and the two free-surface multiples. The proposed
scheme results in a relatively rapid imaging algorithm. For example, the synthetic P wave data set consists
of 4,430 three-component receiver functions and uses a 2-D image volume sized 465 by 250 km sampled at
1 km increments. The image calculation requires about 200 s of computation time on a single CPU Linux
machine using Matlab (8 core AMD processor, 32 GB RAM). The primary computational effort in this
approach is calculating the traveltime fields with the 3-D FMM code for 443 stations, which takes about 2 h,
but only needs to be performed once and stored for later use. For reference, the GRT code with the same
model dimensions and assumption of a 1-D background velocity structure runs for about 80 min.

Scattering from a single seismic discontinuity, e.g., the Moho, should normally produce images with two
bands of energy with alternating sign on either side of the interface. While this is technically correct in
terms of the volumetric velocity model perturbation that is required to produce a discontinuity in a smooth
background model (e.g., Burdick et al., 2013), it is less intuitive for the purposes of structural interpretation
of interfaces, which are represented by zero crossings rather than local maxima. For this reason, an ad hoc
45° phase shift has been applied to the receiver function traces prior to imaging resulting in images with a
single pulse (plus minor side lobes) whose maximum occurs near the interface location (see the supporting
information). Additionally, the time to depth mapping differs between that of the direct arrival and the two
free-surface phases which results in images with different wavelengths. Due to the increased time compres-
sion associated with scattered arrivals associated with the free-surface phases, the P wave receiver functions
are filtered to a lower center-frequency (0.2 Hz) for the multiple images.
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Figure 5. Finite-difference wavefield simulations for the subduction zone model. The P wave source shown in (a) and (b)
is an incident plane wave with an initial slowness of +0.06 s/km. The S wave source in (c) and (d) has a slowness of

+0.1 s/km. Velocity discontinuities in the subduction zone model (Figure 4) are plotted as gray lines in the wavefield
snapshots Figures 5a and 5c¢. The direct arrival and the two free-surface reverberation phases are also labeled. The propa-
gation directions of these phases are denoted by arrows. To facilitate wavefield visualization in these images, P and S
wave modes are separated and plotted independently by calculating the divergence and curl of the displacement field. P
waves are plotted in a blue-to-black color scale and S waves are red-to-black. The resulting receiver function traces are
plotted in Figures 5b and 5d. The traces have been time-aligned by the direct arrival.

5.1. P Wave Receiver Function Images

Kernel and GRT images for direct wave scattering derived from the P wave receiver function data set are
presented in Figures 6a and 6b. The horizontal blue band at 35 km depth on the right side of the images
represents the upper-plate Moho and is well resolved. The top and bottom of the thin crustal layer of the
subducting slab is imaged as two closely spaced bands of energy. Both the kernel and GRT images are
affected by incorrectly migrated phases. For example, the steeply right dipping features observed beneath
the slab LAB (0-200 km offset) result from the free-surface phases back-scattering off the dipping slab. The
GRT image appears to be more susceptible to these artifacts than the kernel image. Additionally, the mantle
wedge forms a vertically oriented velocity discontinuity that causes scattering of the direct wave. These
scattered arrivals can be identified in Figures 5a and 5b as the curved wavefronts immediately trailing the
direct P wave arrival near 275 km x-offset. The kernel image resolves this vertical boundary but it is not
observed in the GRT image. Finally, the GRT code is limited to a 1-D background velocity model which

Kernel X 10 10
a)
1 6
_ s :
ixE/ 0 0
N -2
-0.5 M
_1 -6
2004 - 2004
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
X (km) x (km)

Figure 6. Comparison of kernel and GRT images for the P wave receiver function data set calculated for the subduction
zone model. (a) The scattered wave image resulting from averaging all of the individual K receiver function kernels for
the direct P phase. The kernels are calculated using a smoothed version of the 2-D velocity models in Figure 4. (b) The
GRT image for the Ps phase using a 1-D velocity model.
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Figure 7. Additional kernel images for the P wave receiver function data set. The direct P to P scattering image is shown
in (a). The receiver functions are filtered to a lower corner frequency of 0.4 Hz prior to constructing the free-surface
images in (b)-(d). The free-surface PS P wave velocity kernel image is zero and is not shown.

results in image inaccuracies, primarily due to the presence of the slow mantle wedge in the subduction
model (Figure 4). The surface of the slab is clearly depressed in Figure 6b beneath the wedge location and
this “push-down” effect is also observed for the deeper slab LAB.

All additional kernel images for the P wave data set are contained in Figure 7. The K, image for the direct P
wave arrival (Figure 7a) is dominated by the edge of the wedge which is the only model feature that produ-
ces significant Pp scattering. In contrast, the PPp image (Figure 7b) resolves the boundaries of the dipping
slab and upper-plate well but not the wedge. The Kj kernel images for the PP and PS free-surface phases
(Figure 7c and 7d) resolve the surface of the slab but these images are more heavily affected by migration
noise and are more difficult to interpret.

5.2. S Wave Receiver Function Images

The kernel and CCP images for the S wave receiver function data set are presented in Figure 8. The Moho of
the upper-plate and the top of the subducting slab left of the mantle wedge are well imaged using the ker-
nel method (Figure 8a). However, the deeper portion of the slab surface and the slab LAB are poorly recov-
ered. There are several causes for this observation, one of which is the source geometry. The relatively high
incidence angles of the direct S wave phases (24°-30° with respect to vertical) means that the sources trav-
eling up and to the right impinge upon the steeper portion of the slab at near-normal incidence, resulting
in low S-to-p conversion coefficients. Similarly, the left-going sources are highly oblique to the dipping slab
resulting in little scattered energy. The slab LAB is also difficult to image because it has a lower velocity con-
trast (7.7% Vs reduction) compared to the other discontinuities in the subduction model (Figure 4). Finally,
the steeply dipping limb of the Sp scattering kernel (e.g., Figure 2b) resulting from the shallower and higher
amplitude Sp conversions at the slab surface interfere with the image in the LAB region.

Kernel CCP

-5 -2
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S ——— 1 — e - —
50 To———————— o5 50 {— - an— :
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Figure 8. Comparison of kernel and CCP images for the synthetic S wave receiver function data set. (a) The image of all
Ky kernels averaged all source-receiver pairs for the direct S phase. (b) The CCP image for the Sp phase.
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The CCP image (Figure 8b) has a higher amplitude LAB but it is imaged at the wrong depth because the 1-
D imaging assumption is particularly problematic for Sp conversions which arrive at shallow incidence
angles. The CCP image is also degraded by a spurious high amplitude feature at 150 km depth on the right
side of the image that is not observed in the kernel image. This feature is caused by scattering that occurs
outside of the imaging domain for the left-going S wave sources and is a product of the finite-difference
implementation. A 1-D velocity profile is used outside of the image domain and the lateral transition to the
steeply dipping slab causes a diffracted arrival that is not properly migrated by the CCP method.

5.3. Effects of Sampling and Noise

The synthetic receiver function data sets are optimistic compared to observational data due to the lack of
noise as well as the uniform and relatively dense 1 km receiver spacing. However, the impacts of increased
station spacing and additive noise are explored in Figures 9 and 10. Noise traces are calculated by convolv-
ing white Gaussian noise with a Ricker wavelet so that the noise has a spectrum similar to that of the syn-
thetic receiver functions. The magnitude of the noise variance (relative to the direct arrival) was estimated
from a compilation of observed P and S wave receiver function traces used in a previous study with ~2,000
broadband stations (Hansen et al.,, 2015). Interestingly, the median variance of the S wave receiver function
data set was found to be about 3.5 times larger than that of the P wave data set. The P images (Figure 9)
are more sensitive to the station spacing than the S images (Figure 10) due to the higher curvature of the
Ps kernels (Figure 2); however, the P images are higher resolution and produce the best images overall.
These results suggest that the kernel imaging method will be effective for lithospheric imaging with P wave
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Figure 9. The effect of variable receiver spacing and additive noise on the direct P wave scattering kernel image. Receiver
spacing increases from 1 km at the top (same as in Figure 6) to 20 km at the bottom. Images in the left column are noise-
free and images on the right have colored noise with a variance of 8 X 10~%.
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Figure 10. The same format as Figure 9 but for the S wave receiver function data set. The noise variance for the images in
the right column is 2.8 X 1073,

receiver functions for arrays with a station spacing of less than about 10 km, consistent with previous
numeric studies (Baker & Roecker, 2014; Tong et al., 2014). Sp scattering and free-surface phases are better
suited to imaging with spatially undersampled arrays and provide complementary imaging information.

6. Discussion

The ray-theory-based kernel images (Figures 6-8) reproduce the structure of the subduction model with
fidelity and demonstrate the capacity of this method to constrain subsurface structures using both P and S
wave receiver function data. This approach helps to bridge a gap between traditional receiver function
imaging methods such as CCP stacking and more modern approaches such as elastic reverse-time migra-
tion (RTM) (e.g., Shang et al., 2012) and full waveform inversion (FWI) (Monteiller et al., 2015). The method
developed here provides an efficient framework for elastic scattered wave imaging in 3-D for both P and S
wave receiver function data and thus fills a gap in existing imaging methods. A primary benefit of the pro-
posed scattering kernels is computational efficiency. In principle, the finite-difference implementation could
have been used to simulate the reference and adjoint wavefields instead of using ray theory, which is essen-
tially the RTM approach (e.g., Shang et al,, 2012). However, this would have increased the computational
burden of the imaging algorithm by at least an order-of-magnitude for the 2-D example investigated here.
The imaging results show that the proposed method is a promising tool for 3-D imaging with moderate
computational resources for regional-scale passive-source deployments.
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Teleseismic scattered wave imaging approaches are often applied at frequencies <0.5 Hz, but teleseismic P
waves provide high signal-to-noise ratios at higher frequencies, often up to ~3 Hz, which will become
increasingly important as the recording density of seismic arrays continues to increase (e.g., Schmandt &
Clayton, 2013). Challenges to exploiting higher frequencies in scattered wave imaging with passive data
include computational efficiency and the need to accurately account for smooth 3-D velocity structure to
achieve coherent stacking of scattered energy. Increasing the frequency content beyond the 0.8 Hz source
used in the subduction zone demonstration of Ps imaging further widens the gap in computational burden
between full elastic wavefield approaches, such as RTM, and the ray-based kernel imaging approach. Incor-
porating the FMM code into the kernel calculations allows the imaging method to account for smooth 3-D
background velocity structure and may enable detection of finer-scale interfaces whose scattered arrivals
would be migrated to inaccurate depths or degraded by incoherent stacking under the assumption of a 1-
D background velocity model (e.g., Figure 6). Thus, the method is well suited to explore the full bandwidth
provided by teleseismic body waves.

6.1. Possible Extensions

The methods explored in this work provide a promising technique for receiver function imaging; however,
several issues remain unresolved and require additional exploration. The finite-difference method used
here (Duru et al,, 2014) has yet to be extended to 3-D and so only 2-D synthetics have been tested. With
that said, the scattering kernel derivation and the FMM implementation are inherently 3-D and the images
presented here are constructed using 2-D slices through fully 3-D kernels. The kernels back-project scat-
tered wave energy along the entire scattering isochron and so it is possible for a large amplitude arrival to
interfere with more subtle features in the image, e.g., the missing slab LAB in the S wave kernel image (Fig-
ure 8a). Finally, the efficacy of the proposed method has yet to be demonstrated on observational receiver
function data and this will be the focus of future efforts. The focus of this work is on lithospheric imaging
with receiver functions but this method could also be used for transition zone imaging and other large-
scale body-wave scattering problems, such as SS precursors (e.g., Shearer, 1991). The FMM code used to cal-
culate the traveltime fields (Rawlinson & Sambridge, 2004) accounts for a spherical earth geometry as well
as the curvature of the incoming teleseismic phase (nonplanar source) and can therefore be used for these
types of imaging problems.

Similar to the GRT method, the ray kernels provide intuition regarding the imaging problem because the
contributions from different scattering modes and free-surface phases are separated explicitly in the imag-
ing formulation (e.g., Figure 7). This feature could be used to perform velocity analysis to improve the refer-
ence velocity model and the resulting images (e.g., Burdick et al.,, 2013), a topic which is not addressed
here. Additionally, only free-surface phases associated with P wave sources have been used to image in this
study (Figure 7); however, the proposed method could also be applied to multiples from S wave sources
(e.g., Wittlinger et al., 2009; Yu et al,, 2013). How best to combine the images from the different scattering
phases into a single result remains an unresolved issue. Several nonlinear stacking methods have been pro-
posed for this task (Tauzin et al., 2016; Wilson & Aster, 2005) which aims to enhance features that are com-
mon between different images. One problem with this approach is that the different phases can be
sensitive to different parts of the imaging target and may be removed by stacking. For example, a phase-
weighted multimode stack is presented in Figure 11. The stacking effectively down-weights most of the
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incorrectly migrated energy of the constituent receiver function
images. However, the stacking also removes the vertical boundary of
the mantle wedge and the rightmost part of the slab, both of which
0 are only well resolved in the Kz image for the direct P wave (Figure

h 150 :g:; 4a). The scattering kernels in equation (10) are derived by applying
P,PP,PS- K, -03 the adjoint of the forward modeling operator but the imaging method

2000 50 100 150 200 250 300 350 400 450 is neither iterative nor is it a formal inversion. The kernel approach
x (km) could be adapted to perform a migration inversion, potentially reduc-

Figure 11. Nonlinear multimode image stacks for the P wave receiver function

data set. The phase-weighted stack (Tauzin et al,, 2016) of the Kj kernel images
for the direct arrival (Figure 6a) and the two free-surface phases (Figures 7c and
7d). The constituent images are amplitude normalized prior to stacking.

ing imaging artifacts associated with the limited source-receiver
geometry and spatial undersampling, as well as allowing for image
regularization (e.g., Nemeth et al, 1999; Wilson & Aster, 2005) and
simultaneous imaging with multiple phases.
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7. Conclusions

A new teleseismic scattered wave imaging method is presented that is suitable for use with both P and S
wave receiver function data in 3-D. The efficacy of the method is demonstrated by imaging the discontinu-
ity structure of a hypothetical subduction zone model using synthetic teleseismic waveforms calculated for
a realistic range of illumination angles and a modest number of sources. Examples of the ray theoretical
scattering kernels and synthetic imaging results illustrate the complementary characteristics of different
scattering modes and the utility of the free-surface phases. The scattering kernels provide a practical and
computationally efficient framework for integrative use of P and S wave receiver functions for imaging in
complex structural settings. In subduction zone settings, application of the kernel imaging approach could
enable resolution of relatively subtle or steeply dipping interfaces that may not be accurately resolved
otherwise.
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