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Abstract we describe a newly developed method for recovering high-resolution images of seismic dis-
continuities, such as subducting slabs, in 3D. Our method makes use of converted S — P or P — S waves
observed by dense arrays of seismometers to infer the locations and relative strengths of seismic discontinu-
ities at depth in a target region. Observed direct and converted waves are backpropagated to their times
of origin. The time-reversed wavefield is then separated into its constituent P and S components via the
Helmholtz decomposition, and those separated wavefields are used to compute imaging functions that char-
acterize the locations and relative strengths of seismic discontinuities. Imaging functions may be designed
to use either S — P or P — S waves, so that users can target those arrivals expected to be most dominant
in a given dataset. We have previously demonstrated the efficacy of our method in two dimensions, and we
now present a 3D implementation of our technique which addresses the significant computational challenges
posed by the size of volumetric wavefield data in three dimensions. Through a series of synthetic examples,
we demonstrate that our method is capable of recovering the fine scale structure of a subducting slab given
realistic station coverage and earthquake sources. We investigate optimal seismic station geometries for our
technique and explore image interpretability in regions with poor data coverage. We find that linear station
geometries yield more optimal, interpretable imaging functions than collections of small arrays can. We also
show that our method can successfully recoverboth S — Por P — Simageswhen realistic shear earthquake
sources are used, and we explore the additional computational challenges presented by the high frequency
content of S waves. Our results demonstrate the potential for our technique to recover high-resolution in-
formation about subducting slabs in real-world regions, given that relatively sparse seismic arrays with only
approximately 100 stations are capable of recovering interpretable imaging functions from just a few realistic
earthquake sources for multiple discontinuities at significant depth in an area of approximately 400 sq km.

1 Introduction
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Here, we present a 3D implementation of our con-

High-resolution imaging of a seismic discontinuity,
such as a subducted slab, may be accomplished using
converted Sto P or P to Swaves. This type of analysis has
successfully been used in subducted slab imaging stud-
ies in many regions around the world (e.g., Eberhart-
Phillips and Reyners, 1999; Horleston and Helffrich,
2012; Gong and McGuire, 2021). More precise imaging
with converted waves has been investigated via reverse
time migration (RTM) methods, in which direct and
converted waves observed on the Earth’s surface are
back-propagated to the location of discontinuities. The
direct and converted time-reversed wavefields may then
be cross-correlated to obtain an estimate of the disconti-
nuity’s location (e.g. Shang et al., 2012; Duan and Sava,
2015; Shabelansky et al., 2017; Li and Li, 2022). These
methods utilize high-frequency seismic data from local
earthquakes to obtain high-resolution images of a seis-
mic discontinuity. A recent study, Zou et al. (2024), suc-
cessfully demonstrated the capacity of this type of tech-
nique to obtain images of the subducting slab in south-
west Japan.

*Corresponding author: llanger@tauex.tau.ac.il

verted wave RTM imaging technique. The method is
intended to target dense seismic datasets collected in
subduction zone regions. Our algorithm (Langer et al.,
2023) is based on an approach that is conceptually sim-
ilar to the methods presented by Duan and Sava (2015);
Shabelansky et al. (2017), and Du et al. (2019). Direct
and converted waves are back-propagated to their point
of origin and separated into their constituent P and S
components using the Helmholz decomposition, and
those time-reversed wavefields are then used to con-
struct an imaging function. Our method differs from
previous work because the computed imaging functions
feature high signal-to-noise ratio, and under some cir-
cumstances, an interpretable imaging function may be
obtained with data from only a single earthquake. Our
imaging functions are also normalized to remove any
dependence on the seismic wavefields that were used to
construct them, which means that the images may be
used to infer the relative strengths of impedance con-
trasts (that is, the contrast in seismic shear velocity and
density across a boundary) as well as their locations.

The 3D high-resolution structural information pro-
vided by our imaging functions represents a large step
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forward in comparison with current structural models
utilized by dynamic rupture and ground motion sim-
ulations. While 2D models of dynamic rupture (cou-
pled with tsunami generation) yield valuable insights
into first-order structural controls on cascading haz-
ards (e.g. Lotto et al., 2019), 3D models of these pro-
cesses are feasible (e.g. Kutschera et al., 2024; Madden
et al., 2020), but they are contingent upon the availabil-
ity of 3D structural models. Appropriate 3D structural
models are rarely available as inputs for dynamic rup-
ture and ground motion studies in subduction zone re-
gions, because while high resolution seismic imaging is
achievable offshore via active source seismic imaging
studies (Preston et al., 2003; Shiraishi et al., 2019), on-
shore imaging, which generally relies on passive source
seismic data, often from teleseismic earthquakes, is
of far lower resolution, with an upper frequency limit
of approximately 0.5 Hz (Bostock et al., 2001; Nikulin
et al., 2009). Very high density arrays in receiver func-
tion analysis permit potentially higher frequency anal-
ysis and finer resolution of structure at depth (Ward
et al., 2018), but this isn’t common practice due to lim-
itations on the types of earthquake sources which can
be used and the need to utilize very small windows,
which may allow for imaging only of shallow structure
above the slab interface. In addition, it is not clear how
signal-generated noise, including expected high levels
of scattering of teleseismic waves from small-scale het-
erogeneities (e.g. Takemura et al., 2015), impact these
results. Our technique, which utilizes local earthquake
sources, avoids these issues.

High-resolution imaging of the structure of subduct-
ing slabs, particularly shear structure, is important be-
cause variations in thickness and extent of low seismic
velocity layers within the slab are believed to strongly
impact rupture dynamics and extent. Fault zones are
often contained within areas of relatively low seismic
velocity. In subduction zones, the low velocity layers
correspond to fluid rich subducted sediment in both
the shallow updip part of the fault (Bangs et al., 2023)
and down through seismogenic zone depths where ac-
tive source imaging has been possible (Nedimovic et al.,
2003; Li et al., 2015). Changes in the thickness of this
subducted sediment layer may delineate rheological
changes and hence have first order implications for es-
timating the downdip rupture extent and hazard from
future large earthquakes (Nedimovic et al., 2003). Sim-
ilarly, along-strike variations in the thickness of the
subducted sediment layer are correlated with the ex-
tents of past great earthquakes (Contreras-Reyes and
Carrizo, 2011; Bassett et al., 2025), indicating a poten-
tial control on rupture dynamics. Low velocity zones
trap seismic energy, particularly shear waves, and are
capable of having a first-order effect on the dynamic
stress field during rupture (Duan, 2008; Huang and Am-
puero, 2011; Thakur et al., 2020). At and below the base
of the seismogenic zone, the presence of high Vp/Vs ra-
tio zones and/or low velocity zones are key to under-
standing the physical mechanisms that control inter-
seismic locking (Guo et al., 2021) and slow slip. Imag-
ing methods based on converted waves may be capable
of providing information about the temporal evolution
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of fluid content (Herath and Audet, 2024), allowing com-
parisons with slow slip cycles. Understanding the con-
nections between long-term rupture behavior, slow slip,
and material properties in the vicinity of the megathrust
at depths of 20-40 km requires much higher resolution
information than can currently be obtained through on-
shore imaging methods, and is a target of key research
plans (Gomberg et al., 2017). To achieve this, methods
are needed that approach the frequency band typically
utilized for active source reflection imaging, approxi-
mately 5-15 Hz (Li et al., 2015). Our converted-wave
RTM technique is capable of recovering high-resolution
onshore structural information thanks to its use of seis-
mic data from local earthquake sources. Imaging func-
tions recovered by our technique can potentially ap-
proach the lower end of the active source imaging fre-
quency band with typical waveforms from magnitude
M2.0 - M4.0 earthquakes in the downgoing plate, and
thus allow high-resolution imaging of megathrust fault
zones in regions where active source studies are imprac-
tical.

In our prior publication, Langer et al. (2023), we
presented a 2D implementation of our technique and
showed the potential of our newly developed method
to recover high resolution images of subducting slabs
onshore. We have now developed a 3D implementa-
tion, which will give us great flexibility in using our
method in real-world settings. Our new implementa-
tion will enable us to image detailed along-strike struc-
ture in subduction zones, and will eliminate error in-
troduced when non-planar earthquake and station ge-
ometries are projected onto a plane during 2D imag-
ing. Although the theoretical framework we previ-
ously developed translates easily to three dimensions, a
3D implementation presents significant computational
challenges. The volumetric computed 3D wavefields
are very large, and lead to substantial memory and
data storage requirements that must be addressed when
computing imaging functions and producing visualiza-
tions of the wavefield and imaging data.

In this study, we describe solutions that we developed
to address these computational challenges and present
a workflow of the 3D implementation of our technique.
We then illustrate the method with synthetic examples
that demonstrate its applicability in regions with sub-
duction zone like structure, and show that our imaging
functions are able to recover the target structure using
data from realistic earthquake sources. We also explore
the effects of seismic station geometry on image inter-
pretability, and discuss optimal station geometries for
arrays that are designed to target this type of seismic
imaging technique.

2 Methods

2.1 Theoretical Treatment

A summary of our method is presented here. We refer
the reader to Appendix A of Langer et al. (2023) for a
complete theoretical treatment of our converted wave
reverse time migration imaging method. The theoreti-
cal treatment is the same in two or three dimensions;
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(a) Forward simulation (b) Time reversed wavefield calculation
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Figure1 Conceptualillustration of converted wave imaging. In this example, in panel (a), an incident P wave emanating
from an earthquake source interacts with a boundary at depth to produce a transmitted direct P wave and a converted P — S
wave. A single seismic station at the location of the blue dot records these phases. In panel (b), the seismogram is time
reversed in an adjoint simulation. During the adjoint simulation, the end of the seismogram is injected first, so the converted
S wave is backpropagated into the domain prior to the direct P wave. The faster velocity P wave and slower velocity S wave
are temporally co-located when both phases reach the seismic discontinuity.

however, the code implementation is slightly different because it is necessary for all vector quantities to be specified
in three rather than two dimensions.

As shown in Figure 1(a), when seismic waves originating from an earthquake source encounter a discontinuity at
depth, converted (P — S and S — P), reflected and transmitted waves are produced. All seismic waves may then
be observed by an array of seismic receivers at Earth’s surface. We assume that the seismic discontinuities may be
characterized as specular discontinuities, and we portray the locations and strengths of those discontinuities using
imaging functions that estimate the P — S and S — P wave conversion coefficients. To calculate these imaging
functions, we first time reverse the recorded wavefields, as shown in Figure 1(b). The time reversed receiver wavefield
is separated into its constituent P and S components using the Helmholtz decomposition:

(ui)P ZQQV(V-ui) (1)

(u') g ==V x (Vxu') (2)

where ut is the time reversed receiver wavefield.

To determine the imaging function for a single earthquake source, we calculate a zero lag cross-correlation using
the direct (transmitted) and converted receiver wavefields. Imaging functions from multiple earthquake sources are
then stacked and normalized to give the final imaging function:

I (5u &.1)- ) (uﬁ(&,t).ﬁ)Pdt

1
Ips(€) = (€)%, p(€.j) zj: I ‘(ui(g t) - n) ‘2 dt .
VAN P
1 Ji (puiten)-n), (wlien)-6)
Isp(§) = BE) S, p(E.7) - foT ’(ui,(g :) .E) ’2 dt = (4)
VAR S

In these formulas, j is the index of a particular earthquake source and p(§, j) is the ray parameter for the di-
rect wavefield from source # j at £&. n and t are normal and tangent vectors to the hypothetical discontinuity at
£. nand t are calculated using the dip of the seismic discontinuity, which must be specified a priori. o and /3 are

2
P and S velocities on a reference structure. In our implementation, the denominator fOT ‘(u;[ &,t) ﬁ) ‘ dt or
P

2
fo ‘ ( (&,1) )s‘ dt is laterally averaged to ensure numerical stability. The lateral averaging is performed by cal-

culating the average of the value of the denominator over points within the X — Y plane for each depth value in
the mesh. Note that the method is source independent; no information about the focal mechanism or location are
required.
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These formulas are identical to those introduced
in Langer et al. (2023), which presented a 2D implemen-
tation of this method. In that publication, it was shown
that these imaging functions are proportional to the ra-
tio of converted wave to direct wave transmission coef-
ficients across a seismic discontinuity and that they are,
to first order, dependent on the the contrast in density,
Ap, and the contrast in shear velocity, AS, across the
discontinuity. This means that our imaging functions
can be used to infer density contrast and shear wave
structure, which are linked to porosity, fluid pressure,
and sediment properties of a subducting slab (Chris-
tensen, 1996). These properties are believed to be most
critical for understanding the probable extent and ve-
locity of rupture, particularly downdip (Kato et al., 2010;
Liu, 2013; den Hartog and Spiers, 2014).

2.2 Code Implementation and Workflow

Our workflow uses the SPECFEM3D wave propagation
code (Komatitsch and Tromp, 2002a,b) to compute seis-
mic wavefields due to forward and adjoint sources in a
3D structure. Imaging functions for a synthetic domain
are computed as follows: A forward run of SPECFEM3D
in the target velocity model is first used to obtain syn-
thetic seismic data at specified station locations for a
given earthquake source. This step would obviously
not be necessary when calculating imaging functions
with real seismic data. The seismic data are then fil-
tered with a 3 Hz lowpass filter, and seismograms are
windowed to eliminate interference from phases other
than those of interest. Seismograms from each earth-
quake are then back propagated via an adjoint run of
SPECFEM3D in a domain that contains the smoothed
velocity model, which is obtained by utilizing a Guas-
sian filter to smooth the target velocity model. During
the adjoint run, 3D displacement and velocity data are
saved for each Gauss-Lobatto-Legendre (GLL) quadra-
ture point in the volume at every time step. We then
compute the Helmholtz decomposition to separate the
displacement and velocity wavefields into their con-
stituent P and S components. These decomposed wave-
fields are then used to compute the imaging functions
using the workflow illustrated in Figure 2.

This workflow features significant potential bottle-
necks due to the size of datasets that are produced and
analyzed to obtain an imaging function. During adjoint
runs, we output three-component velocity and displace-
ment data at every GLL point in the volume of the mesh
at every time step. Initially, this step took a very long
time (often several hours for large meshes) due to the
size of the datasets being written to file. The datasets
are very large because the mesh must be very fine in
order to avoid artifacts at mesh elements that would
otherwise result from the second order spatial deriva-
tives required for the Helmholtz decomposition. We
found that a mesh spacing of 50-60% of the S wave-
length is needed to ensure that decomposed wavefields
are smooth and artifact free, approximately half the
mesh spacing typically required for seismic propaga-
tion codes. Ifthe velocity structure is not homogeneous,
variable mesh spacing may be utilized to reduce the
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overall number of elements, but the model will still in-
clude more GLL points than would be required for a typ-
ical seismic propagation model. For the examples pre-
sented in this study, the mesh contains nearly 2 million
elements, with 5 GLL points per dimension in each ele-
ment. The seismograms utilized in the adjoint runs are
15s long, with a time step of 0.0025s, for a total of 6,000
samples.

To address this issue, we developed a new I/O rou-
tine which minimizes time spent writing data to file. In
our current workflow, at each time step, volumetric dis-
placement and velocity data are sent to a processor that
writes data to file while the remaining processors con-
tinue to perform calculations. This routine has led to
a significant reduction in the time required to write the
full wavefield data to file, from up to several hours to just
minutes. The saved wavefield data are then used to com-
pute the imaging function. The imaging function cal-
culation follows the method presented in Langer et al.
(2023); the only change required for 3D vs. 2D wave-
fields is that the normal and tangential vectors to the
fault must be specified in three components.

3 Examples

In this section, we present imaging functions that are
calculated with synthetic seismic data. The model do-
main and velocity structure used to generate these syn-
thetic data are shown in Figure 3(a). This is the target
model that we will attempt to recover with our imag-
ing functions. The velocity model is designed to imitate
the structure of a generic subduction zone region, with
a low-velocity layer on the top of the slab and higher-
velocity layers beneath it. The top of the slab features a
square-shaped topographic bulge measuring 1 km high
and 10 x 10 km wide. The height and scale of this
bulge are similar to subducted seamounts that are im-
aged in the shallow parts of subduction zones due to
seamounts. For instance, Carbotte et al. (2024) imaged
seamounts that are approximately 1 to 2.5 km high and
5to 8 km wide offshore of Oregon in the shallow part of
the Cascadia subduction zone. Our model domain mea-
sures 40 x 40 x 45 km. The smoothed velocity model uti-
lized in backpropagation calculations is shown in Fig-
ure 3(b).

3.1 Isotropic earthquake sources

One important question that must be addressed is the
issue of optimal station geometry for seismometer de-
ployments targeting imaging function analysis. The-
oretically, a dense grid of stations would be the best
choice, because this would provide full coverage in all
directions, enabling the backpropagated wavefronts to
optimally cohere at depth. Unfortunately, this type
of station geometry is not often achievable in the real
world, due to limitations imposed by topography, veg-
etation, urban infrastructure, and permitting require-
ments. Therefore, we tested a variety of station geome-
tries to determine the most optimal choice in a region
with imposed limitations. The first station geometryisa
theoretically optimal grid of 400 stations. The grid mea-

SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | 3D Converted Wave Reverse Time Migration Imaging

[ START

|

Read in curl and divergence of velocity field (curl and div),
and P and S displacement fields ( u’, and u ).
Read strike and dip of interface

Calculate vertical normal vector { 1i ) and
tangent vector ( t ) to the discontinuity

March through the mesh
depthwise. For all GLL points at a StwP
given depth slice, compute "—c'=---._____

N

Which typ
(“.ts' i E}E g

Integrate the computed quantity over all ime steps, and
divide by the number of GLL points in the X-Y plane
under consideration to obtain IC_norm

h 4

Begin loop over all GLL points in mesh
and loop over all time steps

h 4

rayhat = -u; * curl

rayhat = rayhat / norm(rayhat)
factor = rayhat - fi (rayhat -fi)

yes

Is factor]0] *sin{strike)
factor[1] * cosistrike) = 0 2

h 4

sign=1

numerator = numerator +

v

e of imaging func‘tinn'i_’-___::::

— March through the mesh
Tome Fto5 | depthwise. For all GLL points at a
i 2 > given depth slice, compute

pam— (ul, - &)?

!

Integrate the computed quantity over all time steps, and
divide by the number of GLL paints in the X-Y plane
under consideration to obtain IC_norm

A 4

and loop over all time steps

}

rayhat = -ui,a: div
«4+—  rayhat = rayhat / norm(rayhat)
factor = rayhat - 11 {rayhat -f1)

!

numerator = numerator +

‘ Begin loop over all GLL points in mesh

no

sign=-1

v

sign #(ub, - &) (€ # ul)

F

¥

pl=pl+ (uf,’. : uf,_‘.) (rayhat -£)2
pnorm = pnorm + (u{‘ . uf,_‘.}

sign #(ub - &) (f * ul)
p1=p1 + (u}, - ul) (rayhat £)?
pnorm = pnorm + {u}. . “.:P]'

Y

T
end time loop |

h

r

p=+/pl/pnorm

IC = numerator !/ IC_norm

b

r

‘ end loop over GLL points J

Figure2 Imaging function code workflow

h

Imil:epandl[:tnfile

¥

8

| END |

SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | 3D Converted Wave Reverse Time Migration Imaging

(b)

E (km)

0 334 35
. .
P
200 30 - [ ] 30 1
= °
w i, ~ .
-250 0 250 500 .
25 ° 251
° —_
—_ H 5]
£ 204 X 20
= esescscscccodhe >
= N Ht
=1 g3s2s2seseme
° H14t 134t
104 ° sscodbe 10
[ o000 Ll
13 13333 133833
odBoocococodhoccssce
5 ° cooodhe [ 3 5
o 0

N (km)
1
de

0 5 10 15 20 25 30 35 40 ] 5

15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

E (km) E (km)

Figure3 Model design for our examples. (a) true velocity structure used to calculate synthetic seismograms. (b) smoothed
velocity structure used for our time reversed wavefield calculations. (c) Station geometry. Grid of stations shown as blue
circles, perpendicular lines of stations in green and mini arrays in red. Inset shows the geometry of a single mini array. View
is looking down in the surface of the domain. (d) and (e): earthquake source geometries. View is a 2D slice of the XY plane at
40 km depth. Earthquake sources in (d) are shear sources dipping +75° and —75°. (e) shows earthquake source geometry
for examples with realistic earthquake sources. The size of each beachball corresponds to the magnitude of that event.

sures 25 x 25 km and has a station spacing of 1.25 km.
The second station geometry consists of two linear per-
pendicular lines, each 30 km long with a station spac-
ing of .5 km for a total of 120 stations. The third station
geometry consists of 10 mini-arrays, each with 10 sta-
tions in an area of approximately 1 sq km. Both of these
types of geometries could be realized for our frequency
band using temporary deployments of nodal seismome-
ters or other instruments. Additionally, several ‘array of
arrays’ datasets exist (Ghosh et al., 2009; Ryberg et al.,
2010; Hutchison and Ghosh, 2017). The three station
geometries are shown in Figure 3(c). The locations of
the synthetic events are shown in Figure 3(d). All of the
earthquakes are at 40 km depth. For each of the 8 earth-
quakes shown in this figure, we assigned an isotropic
moment tensor and generated synthetic data at all of
the station locations for the three station geometries by
performing a forward calculation in the target model
shown in Figure 3(a). The seismic data for each of the
station geometries were then filtered as described in
Section 2.2 and backpropagated in the smoothed model
shown in Figure 3(b), and an imaging function given by
Equation 3 was calculated for that station geometry and
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earthquake. Then, for each of our chosen station ge-
ometries, we stacked the imaging functions for all eight
earthquakes and normalized to obtain the results shown
in Figure 4. Movies showing the full 3D imaging func-
tions are included in the Supplementary Material.

In these figures, bright red lines represent strongly
positive locations in the imaging function, while bright
blue lines represent strongly negative locations in the
imaging function. The sign of the imaging function cor-
responds to the sign of the velocity difference across
a discontinuity; because the uppermost discontinuity
represents a change from a higher velocity region above
to a lower velocity region below, while all other discon-
tinuities represent a jump in velocity values from above
to below, we expect the imaging function for the upper-
most discontinuity to have the opposite sign of all oth-
ers, which it does. The imaging function for each dis-
continuity has side lobes of the opposite sign, consistent
with the narrow band nature of the time reversed wave-
forms. All of the stacked imaging functions recover in-
terpretable information about each of the significant
seismic discontinuities present in our structure. The
shape of the upper surface of the slab is represented
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(a) P to S, isotropic earthquakes, grid of stations

(b) Pto S, isotropic earthquakes, perpendicular lines of stations (c) Pto S, isotropic earthquakes, mini arrays of stations

Figure 4 Stacked P — S imaging functions with 8 isotropic earthquake sources for each of the three station geometries.
(a) imaging function for grid of 400 seismic stations. (b) imaging function for two perpendicular lines of stations. (c) imaging

function for 10 mini arrays.

well, showcasing the capability of our technique to re-
cover fine-scale structure with good fidelity.

As expected, the grid of seismic stations recovers the
most optimal imaging function, with very few artifacts
and bright, clean curves clearly marking the locations
of each of the significant discontinuities across a large
area. The imaging function is only recovered near the
raypaths to the receivers from the earthquakes, which
are clustered near the center of the domain, with mini-
mal artifacts outside the resolvable region. By contrast,
Figure 4(b), which shows the imaging function recov-
ered by two perpendicular lines of stations, features sig-
nificant artifacts outside the resolvable region. How-
ever, this imaging function has promising features as
well; despite the relative sparsity of stations, recovery
of the imaging function in the resolvable region near
the center of the domain is excellent, and the movie
presented in the Supplementary Material shows that the
structure is well resolved within a region approximately
5km around the array. One can readily deduce the inter-
pretable region of this imaging function through anal-
ysis of source-receiver raypaths. Similarly, the imag-
ing function recovered by 10 mini arrays, shown in Fig-
ure 4(c), includes artifacts outside the resolvable area,
but near the center of the domain, it is able to recover
the structure surprisingly well, given the sparsity of the
coverage for this array as shown in Figure 3(c). These
results demonstrate that our technique is capable of re-
covering interpretable imaging functions for multiple
discontinuities at depth in a large area of approximately
400 sq km using data from only 8 earthquakes and a rel-
atively sparse seismic array.

3.2 Synthetic shear earthquake sources

Our tests with isotropic earthquakes established that in-
formative imaging functions may be obtained with real-
istic station geometries. To extend the method to more
realistic earthquake sources, which produce more com-
plex wavefields, we first attempt to recover an S — P
imaging function from synthetic data generated from
75-degree dipping shear earthquake sources. The loca-
tions of these earthquakes is the same as in the isotropic
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earthquake test cases, but now 50% of the earthquake
sources are shear sources dipping 75° east and 50% of
the earthquake sources are shear sources dipping 75°
west. The locations of these sources is as shown in Fig-
ure 3(d). Synthetic seismic data were generated at the
grid of 400 stations for each of these earthquakes via a
forward run of SPECFEM3D in the target velocity struc-
ture shown in Figure 3. The data were then filtered with
a 3 Hz lowpass filter, and windowed to remove interfer-
ence from phases other than those of interest. The lat-
ter step is important when processing data from shear
sources because the seismograms from these earth-
quakes are more complex, and include many phases
which tend to interfere positively when imaging func-
tions are calculated from backpropagated data, leading
to artifacts. To best isolate the S — P imaging func-
tion, we window the data to remove the direct P wave
and all information after the direct S wave. This pro-
cess improves the signal-to-noise ratio for S — P imag-
ing functions, which are formed by cross-correlation of
direct S and converted S — P seismic phases.

When the filtering and windowing processes are
complete, the seismic data from each earthquake were
backpropagated in the smoothed velocity structure
shown in Figure 3(b), and the imaging function was cal-
culated from the backpropagated wavefields. Imaging
functions from all eight earthquakes were then stacked
and normalized to obtain the final result shown in Fig-
ure 5. Movies showing the full 3D imaging functions are
included in the Supplementary Material.

This imaging function is bright at all significant dis-
continuities recovered by the P — S imaging functions
shown in Figure 4 for isotropic earthquake sources. It
additionally recovers another, very fine scale seismic
discontinuity that is not recovered by our P — S imag-
ing functions: the 1 km thick discontinuity marking the
base of the uppermost layer of the slab. It is not sur-
prising that S — P imaging functions are capable of
recovering higher-resolution images, due to the shorter
wavelengths of S waves. However, there is a tradeoff
to this higher resolution capability. The imaging func-
tion displayed in Figure 5 shows high-resolution arti-
facts at each of the discontinuities present in our struc-
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Figure5 Stacked S — P imaging function for shear sources dipping 75°.

ture. As with the artifacts present in imaging functions
obtained with nonoptimal station geometries, these ar-
tifacts should be anticipated and accounted for during
interpretation of imaging functions.

3.3 Realistic earthquake sources

As final evidence of our technique’s capability to pro-
duce informative imaging functions in a realistic set-
ting, we selected eight earthquake sources from the
Gorda region of the Cascadia subduction zone and cal-
culated an imaging function with synthetic data gener-
ated from those earthquake sources. The earthquake
sources have magnitudes between M2.7 - M5.4, and
were selected from the aftershock sequence of Decem-
ber 2022 M6.4 Ferndale earthquake. The moment ten-
sors and locations for each earthquake are shown in Fig-
ure 3(e). These locations are identical to those used for
synthetic isotropic and shear sources in our previous
examples, and do not correspond to real-world earth-
quake locations. Synthetic seismograms were calcu-
lated via a forward run of SPECFEM3D for each earth-
quake source in the target model domain shown in
Figure 3(a). The synthetic seismograms, earthquake
sources and station information for this dataset can be
found in the USGS data release (Langer, 2024). The seis-
mograms were then filtered with a 3 Hz lowpass Butter-
worth filter, and windowed to remove interference from
seismic phases other than those of interest. The win-
dowing scheme for these seismograms is shown in Fig-
ure 6: prior to adjoint runs intended for P — S imaging
function calculations, the direct S wave and everything
after it were removed from the record section; and prior
to adjoint runs intended for S — P imaging function
calculations, the direct P wave and all data after the di-
rect S wave were removed.

The processed seismograms were backpropagated
via an adjoint run of SPECFEM3D in a domain with
the smoothed velocity structure shown in Figure 3(b).
Imaging functions were then calculated for each earth-
quake. The P — S and S — P imaging functions
were then separately stacked and normalized. For these
earthquake sources, we computed imaging functions
for two station geometries: the grid of 400 stations and

the two perpendicular lines of 120 total stations. Fig-
ure 7 shows stacked P — S and S — P imaging func-
tions obtained with synthetic seismic data from the grid
of 400 stations. Movies showing the full 3D imaging
functions are included in the Supplementary Material.

These stacked imaging functions are consistent with
each other and with results found with synthetic earth-
quake sources. The P — S imaging function shows
that all significant seismic discontinuities are recovered
well, with bright, clean curves clearly delineating the lo-
cations of the discontinuities and the shape of the top
of the slab recovered correctly. As expected, the imag-
ing function at the top of the slab is opposite in sign
from the imaging function indicating the locations of
deeper seismic discontinuities. This sign difference is
consistent with the difference in velocity change across
the discontinuities; as we have previously discussed, the
uppermost discontinuity represents a velocity contrast
that is opposite in sign to the velocity contrast repre-
sented by the lower discontinuities. The S — P imag-
ing function is consistent with the P — S imaging func-
tion, and is also very clean, with minimal artifacts, but
it recovers information in a smaller region near the cen-
ter of the domain. This is to be expected, because S
waves have higher takeoff angles and therefore illumi-
nate a smaller region as their raypaths are concentrated
near the source. This S — P imaging function, sim-
ilarly to the S — P imaging function recovered with
synthetic shear sources, is able to recover the additional
fine-scale seismic discontinuity at the base of the slab
surface that is not recovered by our P — S imaging
functions.

In order to fully establish the capability of our imag-
ing technique to recover velocity structure in a realis-
tic setting, we calculated P — S and S — P imaging
functions for the Gorda earthquake sources using seis-
mic data from the array with two perpendicular lines
of stations and 120 total stations. The stacked imaging
functions are shown in Figure 8. Movies showing the
full 3D imaging functions are included in the Supple-
mentary Material.

These imaging functions, too, are consistent with re-
sults found with synthetic earthquake sources, and with
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Figure 6 Seismograms for a M4.1 shear source. Arrival times of P and S direct waves are shown at the locations of dashed
red curves. Converted phases arrive between these two direct waves. The areas highlighted in blue and green are windowed

out prior to an adjoint run for an S to P imaging function, and the areas highlighted in yellow and green are windowed out
prior to an adjoint run for a P to S imaging function.

(@) P to S, Gorda earthquakes, grid of stations (b) S to P, Gorda earthquakes, grid of stations

Figure 7 Stacked imaging functions for Gorda earthquake seismic sources obtained with a grid of 400 seismic stations.
P — Simaging function (a) and S — P imaging function (b).
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(a) PtoS, Gorda earthquakes, perpendicular lines of stations

(b)

S to P, Gorda earthquakes, perpendicular lines of stations

Figure8 Stackedimagingfunctionsfor Gorda earthquake seismic sources obtained with two perpendicular lines of seismic
stations. P — S imaging function (a) and S — P imaging function (b).

each other. The P — S imaging function appears simi-
lar to the imaging function obtained using data from two
perpendicular lines of seismic stations and isotropic
earthquake sources, shown in Figure 4(b): the imag-
ing function is well recovered near the center of the
domain, in the resolvable region, but significant arti-
facts are present outside that region. The S — P imag-
ing function is more clean, with fewer artifacts outside
the resolvable region, but again a smaller region is re-
solved, consistent with the narrower region illuminated
by higher take-off angles of direct S waves. Together,
these examples demonstrate that our converted-wave
reverse time migration is capable of recovering infor-
mative, high-resolution imaging functions in subduc-
tion zone regions given realistic earthquake sources and
feasible station geometries.

4 Discussion

The examples that we have presented demonstrate our
converted-wave reverse time migration technique can
fill the need for fine-scale structural models of sub-
duction zone regions via the calculation of informa-
tive high-resolution 3D imaging functions in a model
domain that features reasonable station geometry and
realistic earthquakes. The imaging functions shown
in this study are capable of recovering high-resolution
information about multiple impedance contrasts at
depths of up to 40 km, over an area of approximately
400 sq km, using data from just a few realistic earth-
quakes and relatively sparse seismic arrays. Conse-
quently, our technique is immediately applicable to sub-
duction zone regions where dense seismic datasets al-
ready exist, and we anticipate that it will be applicable to
seismic datasets that are expected to be collected in the
near future, such as the SZ4D MegaArray (Hilley et al.,
2022).

One important component of real-world applicabil-
ity is the computational efficiency of our implementa-
tion. As we have discussed, we've already optimized
I/0 and developed parallelized workflows to greatly im-
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prove the efficiency of our method. During the develop-
ment process, we have chosen to output the full wave-
field data so we can visualize the P and S wavefields,
and gain a thorough understanding of how our imag-
ing technique is inferring discontinuity locations from
the data. Thanks to our optimized I/O routine, this deci-
sion has not incurred prohibitive computational costs.
However, computational costs may be reduced further
in the future through the implementation of a workflow
that calculates imaging functions for individual earth-
quakes without the need to output large wavefield data
as an intermediate step.

The high frequency content of S waves leads to com-
putational challenges which are not so easily overcome.
As we have mentioned, high frequency seismic data
tend to lead to artifacts at the edges of mesh elements
unless the mesh spacing is very fine. This is particu-
larly important when S to P images are desired, due to
the higher frequency content of S waves. Considera-
tion of this issue is likely to be important in real world
situations where the S to P observed converted phases
are strong and an S to P image may be targeted in an
imaging project. In that case, as we have shown, the
problem remains tractable, but greater computational
resources may be required, and caution should be ex-
ercised in interpretation of images which may include
high-resolution artifacts. It should also be anticipated
that a smaller region will be resolved by the S — P
imaging function. However, because S — P imag-
ing functions are able to recover fine-scale structure at
exceptionally high resolution, it is worthwhile to over-
come these challenges when large amplitude S to P con-
verted waves are present in observed data.
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