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S U M M A R Y 

Measurements of seismic anisotropy provide a lot of information on the deformation and 

structure as well as flows of the Earth’s interior, in particular of the upper mantle. Even though 

the strong and heterogeneous seismic anisotropic nature of the upper mantle has been demon- 
strated by a wealth of theoretical and observational approaches , most of standard teleseismic 
body-w ave tomo graphy studies overlook P - and S -w ave anisotropy, thus producing artefacts 
in tomographic models in terms of amplitude and localization of heterogeneities. Conven- 
tional methods of seismic anisotropy measurement have their limitations regarding lateral and 

mainly depth resolution. To overcome this problem much effort has been done to develop 

tomographic methods to invert shear wave splitting data for anisotropic structures, based on 

finite-frequency sensitivity kernels that relate model perturbations to splitting observations. A 

promising approach to image the upper mantle anisotropy is the inversion of splitting intensity 

(SI). This seismic observable is a measure of the amount of energy on the transverse component 
waveform and, to a first order, it is linearly related to the elastic perturbations of the medium 

through the 3-D sensitivity kernels, that can be therefore in verted, allo wing a high-resolution 

image of the upper mantle anisotropy. Here we present an application of the SI tomography 

to a synthetic subduction setting. Starting from synthetic SKS wa veforms, w e first derived 

high-quality SKS SI measurements; then we used the SI data as input into tomographic inver- 
sion. This approach enables high-resolution tomographic images of upper-mantle anisotropy 

through recov ering v ertical and lateral changes in anisotropy and represents a propaedeutic 
step to the real cases of subduction settings. Additionally this study was able to detect regions 
of strong dipping anisotropy by allowing a 360 

◦ periodic dependence of the splitting vector. 
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N T RO D U C T I O N  

ubduction environments are known for their complex and strong
nisotropy, especially in the upper mantle. Many synthetic models
e.g. Faccenda & Capitanio 2013 ; Confal et al. 2018 ) and some
bservational studies (e.g. Long & Silver 2009 ) identify trench per-
endicular backarc anisotropy, subslab trench parallel anisotropy,
nd circular anisotropic patterns around the edges of a retreating
lab, while within the inner portions of the subduction zone and
lose to the slab the anisotropy patterns reflect the poloidal compo-
ent of mantle flow excited b y subduction. Most body-w ave tomo g-
aphy studies still assume an isotropic upper mantle, which could
ead to artefacts being mapped in the tomographic images. Few
tudies tried to correct isotropic velocities with known anisotropy
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License 
permits unrestricted reuse, distribution, and reproduction in any medium, provided
rom SKS splitting measurements (O’Driscoll et al. 2011 ; Confal
t al. 2020 ). In such models anisotropy is assumed to be uniformly
istributed with depth or the velocities are corrected with anisotropy
rom synthetic models (Bezada et al. 2016 ; Confal et al. 2020 ), with
he limit of not representing the whole complexity of the tectonic
volution of a re gion. Directly inv erting for anisotropy and isotropic
elocities (e.g. Eberhart-Phillips & Reyners 2009 ; Wang & Zhao
013 ; Wei et al. 2019 ; Rappisi et al. 2022 ) causes usually a loss
n resolution, due to additional unknowns in the inversion and ray
overage. 

Seismic anisotropy measurements can be obtained with several
ethods that may detect anisotropy at different depths depending

n the characteristics of the used seismic w aves. Especiall y in re-
ard to lateral and vertical resolution, most methods which retrieve
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( http://cr eativecommons.or g/licenses/by/4.0/ ), which 
 the original work is properly cited. 1725 

https://orcid.org/0000-0002-8036-0262
https://orcid.org/0000-0001-5751-5900
https://orcid.org/0000-0002-6329-9738
mailto:judithconfal@gmail.com
http://creativecommons.org/licenses/by/4.0/


1726 J.M. Confal et al. 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/2/1725/7257552 by U

niversity of Padua: Biblioteca sc. statistiche user on 05 Septem
ber 2023
anisotropic parameters from SKS real data have clear and well 
known limits (i.e. near vertical incidence angle) and often should 
be combined with other observables (e.g. different phases) and ex- 
plicit consideration of finite frequency effects approximated via 
Fresnel zones to get a broader understanding. Surface waves de- 
tect depth dependent azimuthal and radial anisotropy originating in 
the uppermost mantle (e.g. Montagner 2002 ), while Pn-tomography 
is limited to the mantle immediately below the Moho (e.g. Hearn 
1996 ; Diaz et al. 2013 ). For both surface waves and Pn studies the 
results are seismic anisotropy vectors, reported on regular grids, 
with a resolution strictly related to waveform lengths, usually good 
to be compared with global (Kustowski et al. 2008 and references 
therein) or regional studies (e.g. Zhu et al. 2015 ), but sometimes 
poor for smaller areas (e.g. Fry et al. 2010 ). The most commonly 
used method to detect anisotropy is shear wave splitting analysis, 
which gives, for each single station-event pair , tw o splitting param- 
eters: the fast polarization direction (FPD) and the delay time (TD) 
between fast and slow split waves. In particular, shear-wave splitting 
(SWS) analyses that use P-to-S converted phases at the core–mantle 
boundary (e.g. PKS, SKS, SKKS and so on) are widely applied as a 
powerful tool to investigate the mantle structure and flow as well as 
diverse geometry of subduction zones. Ho wever , splitting measure- 
ments retrieve anisotropic properties of the whole medium crossed 
by a seismic ray from the base of the mantle to the surface, lack- 
ing a vertical resolution to define the distribution of the anisotropy 
with depth (e.g. Silver & Chan 1991 ; Savage 1999 ). Perturbations 
of elastic parameters are difficult to retrieve since splitting param- 
eters do not accumulate linearly along the ray path and the weight 
of anisotropy close to the receiver side is larger (e.g. Saltzer et al. 
2000 ). 

Another method to obtain seismic anisotropy data is to mea- 
sure the splitting intensity (SI). This parameter was first studied by 
Chevrot ( 2000 ) and represents the relative difference between the 
amplitude of transverse and radial components. SI builds up lin- 
early along the path of the ray (Silver & Long 2011 ), at least in low 

frequency ranges (Chevrot et al. 2004 ), and therefore can be used 
in tomographic inversions. Indeed, fast polarization direction and 
time delay can be determined fitting the azimuthal variation of SI 
with a sine function, with amplitude and phase shift related to delay 
time and fast velocity direction, respecti vel y (Che vrot 2000 ; Kong 
et al. 2015 ). Therefore, an inversion method has been designed to 
invert SI measurements to recover vertical and lateral changes in 
anisotropy (e.g. Chevrot 2006 ; Monteiller & Chevrot 2011 ). 

Other tomographic approaches to retrieve anisotropic parame- 
ters of the upper mantle, like full-wav eform inv ersion (e.g. Lin 
et al . 2014a ; Beller & Chevrot 2020 ), from teleseismic P waves 
(e.g. VanderBeek & Faccenda 2021 ) or theoretically from direct S 
w aves, recei ve attention recentl y. A combination of w aveforms, and 
especiall y including P w av eforms, would improv e the recov ery of 
orientations of anisotropic fabric (Beller & Chevrot 2020 ), but it 
is still computationally very expensive and needs a very good data 
cov erage. Howev er, in this study we decided to continue exploring 
the possibilities of retrieving anisotropy from SKS on the basis of 
SI measurements because it is an already established approach for 
real data cases (e.g. Monteiller & Chevrot 2011 ; Huang & Chevrot 
2021 ). The reason for using SKS instead of S is that in reality di- 
rect S wa ves ha ve a contribution of source side anisotropy unknown 
while the polarization of SKS waves is known. In this study, we use 
the available velocity distribution, including anisotropy, of a syn- 
thetic subducting slab model designed by VanderBeek & Faccenda 
( 2021 ) (Figs 1 , S1 and S2 ) to determine SI values from SKS waves 
and obtain the corresponding splitting parameters. We then invert 
obtained SI values to produce an anisotropic tomography model 
that allowed us to test how much of the original heterogeneous 
anisotropic pattern can be recovered with our w orkflo w. 

Synthetic model and data 

The synthetic model for this study comes from an anisotropic 
petrological-thermomechanical model of a subducting slab (Fac- 
cenda 2014 ) used by VanderBeek & Faccenda ( 2021 ) to test the 
possibility of retrieving upper mantle anisotropy in complex systems 
with teleseismic P waves. The slab, with a half width of 1000 km 

and a thickness of 90 km at the surface, subducted freely for about 
20 Ma and stagnated at the 660 km discontinuity. The slab gets pro- 
gressi vel y thinner b y thermal erosion as it subducts. The anisotropic 
time dependent fabric (Kaminski et al . 2004 ; Faccenda & Capitanio 
2013 ) accounts for brittle deformation as well as dislocation, diffu- 
sion and creep mechanisms (VanderBeek & Faccenda 2021 ). The 
main anisotropic simulated patterns are: (1) frozen anisotropy in 
the slab; (2) anisotropy from entrained mantle flow parallel to the 
subducting slab; (3) toroidal anisotropic pattern at the edges of the 
slab in the upper 300 km and (4) trench-parallel anisotropy be- 
neath the plate (Fig. 1 ). The elastic tensors have been simplified 
with only hexagonal symmetry. As a reference 1-D model Vander- 
Beek & Faccenda ( 2021 ) used IASP91 Kennett & Engdahl ( 1991 ). 
Within this model synthetic seismograms have been computed with 
SPECFEM3D as recorded by a regular grid network of 770 stations 
with 75 km spacing (Fig. S3). In this paper, we use the synthetics 
SKS waveforms computed for eight events with a magnitude of 
6.5, a dominant period of 15 s, at a hypocentral depth of 50 km, 
e venl y distributed in backazimuth (each 45 ◦) and with an epicen- 
tral distance of 120 ◦ from the middle of study (Fig. 1 this study; 
VanderBeek & Faccenda 2021 ). Although the distribution of back- 
azimuths are ideal compared to real data cases, the distribution of 
incidence angles is limited to 4.5 ◦–7.5 ◦, due to identical epicentral 
distances of the synthetic events. This becomes especially evident at 
0 ◦ latitude (Fig. S4) with only about 0.8 ◦ varying incidence angles. 

SI measurements 

SI represents the amount of energy on the transverse component of 
a seismic waveform, when it passes through an anisotropic medium 

(Chevrot 2000 ). The strength of SI is directly related to the back- 
azimuth, and therefore fast polarization direction and time delay 
can be determined by fitting the azimuthal variation of splitting 
intensities with a sine function, with amplitude and phase shift cor- 
responding to delay time and fast velocity direction, respecti vel y 
(e.g. Chevrot 2000 ; Favier & Chevrot 2003 ). 

In this study, we used a modification of a For tran prog ram by Kong 
et al. ( 2015 ), to calculate splitting intensities and automatized it, to 
handle the large amount of data. First, the synthetic data are filtered 
with a bandpass filter between 10 and 40 s and through a Hanning 
window; then the mean and trend are removed (e.g. Goldstein & 

Snoke 2005 ; Kong et al. 2015 ). The horizontal components are 
rotated into the radial and transverse components. A time window of 
5 s before and 20 s after the SKS arri v al and a dominant period of 15 s
( τ = 30 s) for the Wiener filter have been used, following the known 
characteristics of the synthetic waveforms. Using a Wiener filter 
with a pre-described frequency standardizes the waveforms and 
reduces the variations of apparent splitting (Monteiller & Chevrot 
2010 ). Afterwards the transverse component T projected onto the 
deri v ati ve of the radial component R’ equals the SI (Chevrot 2000 ; 
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Figure 1. Horizontal (a) and vertical (b, c) cross sections through the true anisotropy of the synthetic model by VanderBeek & Faccenda ( 2021 ), plotted with 
gamma and azimuth (a) and azimuth-scaled dip (b, c) marked with black sticks (reduced amount of nodes). In (d) the eight event locations, used in this study, 
are marked with red stars, where the centre represents 0 ◦N/0 ◦E in the model. 
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onteiller & Chevrot 2010 ) 

I = 2 
∫ T ( t ) R 

′ ( t ) dt 

∫ R 

′ ( t ) 2 dt 
. (1) 

 bootstrap method has been used to calculate the standard deviation
f SI representing its error (after e.g. Efron & Tibshirani 1986 ; Kong
t al. 2015 ) √ ∑ 

(
T ( t) + 

SI ∗ R 

′ ( t) 
2 

)2 

. (2) 

ollowing the dependence of SI from a sinusoidal distribution with
ackazimuth, we fit the sinusoidal curve 

 = a 1 cos ( 2 x ) + a 2 sin ( 2 x ) + a 3 cos ( x ) + a 4 sin ( x ) (3) 

ith an unknown vector a n and x as the e venl y spaced backazimuths,
hat best fit the eight SI values for each station (Fig. 2 ). The first
wo summands describe a curve with 180 ◦ periodicity, while the
hole formula describes a curve with 360 ◦ periodicity (green and
urple curv es, respectiv ely, in the e xample on the right-hand side of
ig. 2 ). This approach is reliable in this test, where a backazimuthal
omogeneity is guaranteed by the evenly distribution of events. 

SI and backazimuth (BAZ) of each event are weighted with an
rror ( σ ). With a singular value decomposition of a matrix consisting
f 

 1 = cos ( 2 ∗ BAZ 

) , Y 2 = sin ( 2 ∗ BAZ 

) , Y 3 = cos ( BAZ 

) , 

 4 = sin ( BAZ 

) (4) 

nd SI values, a least square solution to define a n can be found (see
hevrot 2000 for further descriptions). 
Only Y 1 and Y 2 are used to fit the 180 ◦ periodic curve (green

urves in Figs 2 and 3 ), where the amplitude of the sinusoidal curve
epresents the time delay δt 1 and the phase corresponds to the fast
olarization direction φ1 (Chevrot 2000 ), which can be seen as
qui v alent to splitting parameters retrieved from traditional shear
ave splitting for a single station: 

t 1 = 

√ 

( a 1 ) 
2 + 

( a 2 ) 
2 , δt 2 = 

√ 

( a 3 ) 
2 + 

( a 4 ) 
2 (5) 

1 = 0 . 5 tan −1 

(−a 1 
a 2 

)
, φ2 = 0 . 5 tan −1 

(−a 3 
a 4 

)
. (6) 

aking into account that the original model has dipping anisotropy
hat usually is not detected by common methods to measure shear
ave splitting or spitting intensity, we tried to identify the pres-

nce of any pattern in SI distribution with backazimuth for stations
ocated over dipping anisotropy with respect to those located over
orizontal anisotropy (e.g. Chevrot & van der Hilst 2003 ; Monteiller
 Chevrot 2010 , 2011 ; Romanowicz & Yuan 2012 ). Chevrot ( 2000 )

howed that for simple one layer models it is possible to identify
ips that are larger than 30 ◦. A symmetry break in the 360 ◦ periodic
inusoidal curve results in two different amplitudes (purple curves
n Figs 2 and 3 ). For the least square solution Y 1 , Y 2 , Y 3 and Y 4 are
sed and two sets of splitting parameters δt 1 , δt 2 , φ1 and φ2 can be
alculated and a high δt 2 can be seen as an indicator for a dipping
tructure. 

oriz ontal averag e anisotrop y r esults 

he computational process of calculating SI values for all available
ynthetics events and fitting them with 180 ◦ oscillating sinusoidal
urves has been repeated over all the 770 stations and results are
hown in Fig. 2 on the left-hand side. 

Splitting parameters calculated from SI show high time de-
ays ( ∼1.5–2.5 s) in the backarc region, perpendicular to the

art/ggad329_f1.eps
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Figure 2. On the left-hand side, shear wave splitting parameters at the 770 stations with directions of vectors representing the fast polarization direction and 
the length and colour depending on the time delay. The grey transparent shape represents the outline of the slab at 150 km depth (Fig. 1 a). The figures on the 
right-hand side represent the 180 ◦ and 360 ◦ oscillating sinusoidal curves at three stations (respecti vel y green, C1 and purple, C2) and their respective splitting 
intensity values (red dots). Green numbers represent δt 1 and φ1 values for the 180 ◦ fitting curve and purple values represent δt 1 , φ1 , δt 2 and φ2 values for the 
360 ◦ periodic fitting curve. 
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trench, evolving into a circular pattern towards the edges of the 
slab . Belo w the slab, time delays are much smaller (0.2–1 s) and 
mostly trench perpendicular, except the circular pattern around the 
edges. 

In comparison with the anisotropy from the original model, 
the SI method recovers well the apparent horizontal single layer 
anisotropy, for example around the edges of the slab and in the 
backarc region far from the slab . Belo w the slab, west of the slab, 
in the model (Fig. S2) there is a trench perpendicular pattern in 
the top layer (down to 200 km) and a trench parallel pattern with 
weaker anisotropy below it. Since the two perpendicular patterns 
cancel each other out, very small values of time delays are de- 
tected (e.g. Fig. 2 , SYN391) and only the direction of the shal- 
lower but stronger anisotropic layer is recovered (top 150 km of 
the model). Single SI measurements at each station show mostly 
a very good fit with the 180 ◦ periodic curve (e.g. green curves on 
the right-hand side of Fig. 2 ), especially in areas with simple hor- 
izontal or slightly dipping anisotropy, as seen for example in the 
backarc area (e.g. Fig. 2 , SYN377) and around the slab (e.g. Fig. 2 , 
SYN156). 
Dipping anisotropy results 

The well recovered horizontal anisotropy is however an apparent 
anisotropy that could not distinguish the presence of multilayer or 
dipping anisotropy. Nevertheless w e ha ve observed that at some 
stations the SI measurements do not fit very well a 180 ◦ oscillating 
curve with two maxima at the same height (e.g. g reen cur ves in 
Fig. 3 , SYN387). On the contrary, when fitting a 360 ◦ periodic curve 
(purple curve), which allows different amplitudes within the 360 ◦

backazimuthal range, the fit improves. Chevrot ( 2000 ) described 
this phenomenon as related to the presence of one single layer of 
dipping anisotropy; ho wever , it seems to be still difficult to pin this 
variation to a pattern, mainly in real data (Montellier & Chevrot 
2010 ), even though a mathematical explanation has been found 
(Romanowicz & Yuan 2012 ). 

In this study, we test this theory for the complex anisotropy pat- 
terns of the synthetic subduction model (Fig. S5), that is closer to a 
real distribution of anisotropy at depth with respect to a single layer 
anisotropy model. An e v aluation of δt 2 for all the 770 stations is 
shown in Fig. 3 (a), where it is evident that the sharpest boundary is 

art/ggad329_f2.eps
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Figure 3. (a) Interpolation of calculated δt 2 values over the study area. The grey transparent shape represents the outline of the slab at 150 km depth (Fig. 1 a). 
Panels (b) and (c) are true anisotropy directions on cross-sections of interpolated dip angles at 0 ◦N and 6 ◦N , respecti vel y. Beneath (b) and (c) two examples of 
sinusoidal curves of calculated SI values are shown; their locations are indicated on (a) and on the true anisotropy cross sections. The legend for the sinusoidal 
curves is the same as in Fig. 2 . 
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he trench. On the left part of the model, west of the trench, beneath
he oceanic plate and where horizontal anisotropy pre v ails, δt 2 v al-
es are low (0–0.2 s, blue parts of Fig. 3 a). Moving to the eastern
art of the model, where dipping anisotropy is largel y dif fused at
epth, δt 2 is high (Fig. 3 a). It increases between −2 ◦ and −1 ◦ of
ongitude and between −5 ◦ and 5 ◦ of latitude (0.4–0.6 s), which cor-
esponds to the location of the slab at depths (e.g. Fig. 3 , SYN387).
he backarc area, in the centre of the slab (0 ◦ latitude), shows very
mall δt 2 values, but it increases again towards the edges of the slab,
ith some patches reaching maximum values, up to 0.7 s. Regions
ith vertical or nearly vertical anisotropy (backarc region at 0 ◦N,

.g. Fig. 3 , SYN381), as well as small dip angles (lower than 30 ◦,

.g. SYN186) do not show an increase of δt 2 , as already verified in
heoretical studies (Chevrot 2000 ; Romanowicz & Yuan 2012 ). On
he other hand, if there is a layer of dipping anisotropy ( ∼45 ◦) with
mall strength beneath 200 km depth overlain by strong horizontal
nisotropy (e.g. eastern part of 2 ◦–4 ◦ latitude cross sections, Fig.
5), δt 2 values are very high. Thus, the dipping layer at great depth
ould influence the periodicity of the sinusoidal curv e. Howev er we
hould take into account that also the change from purely trench
erpendicular to circular orientation could contribute with its com-
lexity to this local high δt 2 . The far nor ther n and souther n borders
f the model present high δt 2 values in some areas as well, but they
re certainly related to some boundary issues of the model, visible
lso in the fit of the curves of some boundary stations. 
nversion of SI 

he most adopted method to quantify the anisotropy is to measure,
n the individual SKS or SKKS waves, the two anisotropic split-
ing parameters DT and FPD , which describe a uniform layer of
nisotropy beneath the station. This simple assumption draws the
ink between the description of the spatial variation of anisotropy
nd the anisotropic properties of the rock not directly, because the
plitting parameters vary as a function of the angle between the
zimuth of the fast axis and the backazimuth, leading thus to map
n ‘apparent’ fast direction and delay time that has been interpreted
s vertical variation of anisotropy. This is the case, for example,
 hen a doub le lay er structure shows a π /2 periodicity in traditional

hear wave splitting (Silver & Savage 1994 ). To overcome this
isinterpretation, man y ef forts have been made in recent years to

evelop methods that are able to accurately define the distribution of
nisotropy through depth and most of them are based on the tomo-
raphic inversion of SI data rather than the traditional SKS or SKKS
plitting measurements (e.g. Monteiller & Chevrot 2011 ; Huang &
hevrot 2021 ). Indeed, the nature of SKS or SKKS waves char-
cterized by very poor vertical resolution due to the quasi vertical
ncidence angle (and the difficulty in separating the contributions
rom different segments of a ray path), makes it difficult to relate
he splitting parameters to the ef fecti vel y anisotropic perturbation
f elastic parameters, se verel y hindering an y tomo graphic approach

art/ggad329_f3.eps
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Figure 4. L-shaped trade-off curve of data misfit versus model roughness 
for different values of damping parameters with a fixed smoothing of 200. 
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to imaging the mantle anisotropy. Also, the direct inversion of the 
SKS splitting measurements is impossible because splitting param- 
eters are not obtained by a simple integration of seismic anisotropy 
along the ray path. On the contrary, the peculiar characteristic of 
the SI measurements make this observable tomographically invert- 
ible, since they accumulate linearly along the ray (Silver & Long 
2011 ), thus allowing to overcome the problem of uncertainty of the 
distribution of seismic anisotropy in the upper mantle at different 
depths. Here, w e ha ve the unique opportunity to know a priori the 
geometry of a subduction zone and its pattern of anisotropy and 
we thus directly test the ability of SI tomography in replicating the 
anisotropic heterogeneities through depth. This test is propaedeutic 
for applying this approach to the real data. 

There exists a wealth of literature describing the theoretical for- 
mulation of the anisotropic tomographic inversion using the SI 
parameter, among the others Favier & Chevrot ( 2003 ), Chevrot 
( 2006 ), Monteiller & Chevrot ( 2011 ) and Mondal & Long ( 2019 ). 
In practice, γ c = γ cos 2 ϕ and γ s = γ sin 2 ϕ are the only two 
parameters to which SI is related (Favier & Chevrot 2003 ). ϕ is the 
azimuth of the projection of the symmetry axis on the horizontal 
plane and γ (gamma) is a dimensionless parameter representing the 
strength of shear wave anisotropy (Favier & Chevrot 2003 ; Becker 
et al. 2006 ; Chevrot 2006 ; Monteiller & Chevrot 2011 ; Lin et al. 
2014a ). This approach is possible if we assume that the dip has 
little effect on SKS and SKKS waves due to their nearly vertical 
propagation in those depths (Chevrot & Van der Hilst 2003 ). The 
tomographic problem to be solved consists in finding the 3-D dis- 
tribution of an anisotropy vector, defined by its projections γ c and 
γ s on a geographical reference frame. In this paper , we in vert the SI 
measurements, obtained from the synthetic waveforms, using the 
algorithm of Huang & Chevrot ( 2021 ), that allows the recovery of 
the horizontal anisotropy distribution. The SI kernels are computed 
choosing a lateral and vertical grid spacing of 0.1 ◦ and 5 km, respec- 
ti vel y. The chosen parametrization allowed us to capture subwave- 
length anisotropic heterogeneities. In computing the 3-D kernel of 
SI we cannot completely rule out the effect of the shallower layer 
to anisotropy the anisotropy, including thus the near and mid-terms 
of SKS splitting. Indeed, as shown in Favier & Chevrot ( 2003 ) and 
in Lin et al. ( 2014b ), the near and mid-field terms of SKS splitting 
should be properly considered, since they could affect the pattern of 
the sensitivity around the crustal discontinuity and have a significant 
contribution to the shear wave splitting intensities. For the synthetic 
study area, we parametrized the model choosing a 3-D grid node be- 
tween 50 and 350 km depth, and with 0.5 ◦ grid spacing in horizontal 
planes and 10 km grid spacing in depth. We also choose the depth 
interval between the Moho depth (about 50 km) and 350 km depth 
considering that the main anisotropic source is located within the 
upper mantle at about 150–200 km depth. The tomographic inver- 
sion approach assumes a homogeneous background velocity model 
in the upper mantle. This assumption leads to neglect the curvature 
of SKS ra ys betw een 50 and 350 km depth (Monteiller & Chevrot 
2011 ) and this artefact may introduce additional modelling error in 
the inversion that however does not affect the inversion because it 
is small compared to the general errors of SI measurements. 

To stabilize the inversion process, damping and smoothing pa- 
rameters have been applied, selected empirically by running a se- 
ries of inversions with different damping and smoothing values. A 

damping of 10 and a smoothing of 200 have been selected after 
plotting the typical L-shape (Hansen 1992 ) trade-off curves of data 
variance versus model variance for each iteration (Fig. 4 ). 

After inversion for the optimal model, the data residuals reduce 
by 84 per cent, from 1.02 to 0.41. 
In Fig. 5 the results obtained after the tomographic inversion are 
shown. Before discussing the results, it is worth noting that the 
inversion for anisotropy highlights a strong sensitivity to the lat- 
eral resolution and a relati vel y good vertical resolution. The layered 
anisotropy revealed by the tomographic inversion allows us to dis- 
cuss some constraints on the depth variation and localization of the 
source of anisotropy. At first glance we observe that the pattern of 
fast directions and gamma are quite in agreement with the pattern 
of the anisotropy of the original synthetic subduction model. The 
most dominant and well reproduced feature is the circular pattern 
reco gnizable symmetricall y around the nor ther n and souther n edge 
of the slab and comparable to the distribution of the model (Fig. 
S1). This feature is more prominent with increasing depth, reaching 
its best visibility between 150 and 250 km depth. In the mantle 
wedge, at approximately 4 ◦ and 6 ◦ and −4 ◦ and −6 ◦ of longitude 
and −1 ◦/1 ◦ of latitude, a change in the fast axes could be recog- 
nized. Here, fast axes are oriented N–S at shallower layers and down 
to 100 km depth, while they seem to disappear at deeper layers in 
the mantle wedge. A more scattered distribution of fast axes is also 
present in the foreland region at 100 km depth, while moving to the 
deeper layers the pattern seems to be better organized. In the left 
part, west of the slab, an EW largely diffused direction is recovered 
in the shallower layer remaining even at depth, but weaker and more 
scattered. 

In the upper mantle a strong anisotropy, thus high values of 
gamma, is present in the mantle wedge and in the backarc region 
and extended continuously from 50 to 350 km depth. 

To assess the reliability of the tomographic model and estimate 
the horizontal and vertical resolution of the anisotropic model, we 
follow the approach of Huang & Chevrot ( 2021 ), performing two 
synthetic tests, both using the same parametrization applied for the 
optimal model inversion. In the first test (Synth-I), the anisotropic 
model from the inversion is used as the input model to compute 
the synthetic splitting intensities. The obtained synthetic data are 
then inverted for the input model. The synthetics test shows that the 
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Figure 5. On the left-hand side the shear wave anisotropy inverted from the splitting intensity measurements at different depths. On the right-hand side, the 
true anisotropy of the model. The black bars represent the shear wave anisotropy, directed with azimuth of the fast axis ϕ and with the length proportional with 
γ (Gamma), the strength of the anisotropy also reported through the colour scale. 
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Figure 6. Results of synthetic tests. In the top row the inverted SKS-wave anisotropy is used as the input model, while in the lower test the depth slices of the 
inv erted SKS-wav e anisotropy are sw apped verticall y (after Huang & Chevrot 2021 ). The middle row represents the inverted anisotropic input model for both 
tests and corresponds to inversion results (Fig. 5 ). 
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inverted results (Fig. 6 ) are quite similar to the optimal anisotropic 
model, and the fast direction and patches of high and low intensity 
of anisotropy are correctly retrieved. In the second test (Synth-II), 
the optimal anisotropic model is swapped vertically, so that the 
anisotropic model at 50, 100, 150, 180, 250 and 350 km depths 
are used as the input models at 350, 250, 180, 150, 100 and 50 km 

depths, respecti vel y. In the second synthetic test the anisotropic vari- 
ations in terms of gamma and fast axes are still correctly retrieved 
with a good lateral resolution and a smaller vertical one. 

We also recalculated the synthetics shear wave splitting from the 
optimal model (Fig. 7 , red bars). The comparison with the shear 
wave splitting measurements of the sinusoidal curve fitting (Fig. 2 
and blue bars in Fig. 7 ) shows a well recovery of the first-order 
pattern of measurements. In particular, the circular pattern of fast 
direction at the edges of the slab is perfectly recovered, as well as 
the patches of the delay time. Indeed, we observe high values of 
TD above the mantle wedge and over the backarc region, with time 
delays up to 2.5 s. Lower values of TD are found in the foreland 
region. 

D I S C U S S I O N  

The possibility to have a direct 3-D imaging of the anisotropic 
structure over geometrically complex systems such as subduction 
zones could provide constraints on the distribution of deformation 
and heterogeneities of the mantle and subducting plates at different 
depths, which in turns help to better understand the mechanisms of 
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Figure 7. Direct comparison of both shear wave splitting measurements with the grey transparent shape representing the outline of the slab at 150 km depth 
(Fig. 1 a). Marked with red are the splitting parameters restored from the optimal depth dependent shear wave anisotropy model shown in Fig. 5 within the grid 
of the model. In blue are the splitting parameters from sinusoidal curve fitting (Fig. 2 ) at each station. 

m  

t  

m  

t  

p
 

w  

a  

t  

w  

t  

2
 

p  

f  

s  

a  

a  

t  

s  

p  

i  

t  

l  

t  

a  

a  

fi  

o  

t  

v  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/2/1725/7257552 by U

niversity of Padua: Biblioteca sc. statistiche user on 05 Septem
ber 2023
antle dynamics and lithospheric deformation. Having the oppor-
unity of a realistic model of a subduction system, we tested what SI
easurements and their inversion could add to the understanding of

he distribution of anisotropy, with respect to a more common core
hase shear wave splitting analysis. 

SI measurements have been calculated using a modified routine
ith respect to previous studies, with some adapted criteria to guar-

ntee the good quality of results and automatized the procedure
o process data in a large study region and with a huge amount of
a veforms. This allow ed us to calculate splitting parameters similar

o the average shear wave splitting results (VanderBeek & Faccenda
021 ). 

By applying the 360 ◦ fitting sinusoidal curves, this study has also
roven that the δt 2 parameter could be a one dimensional indicator
or the presence of dipping anisotropy in a regional model. In the
lab region clearly a big disagreement of the 180 ◦ sinusoid curves
nd a better fit obtained with the 360 ◦ curves can be interpreted
s a detection of the presence of dipping anisotropy. At the same
ime below the slab low δt 2 values support the absence of dipping
tructures. The backarc region and the edges of the slab are com-
licated and do not show a δt 2 pattern easy to be interpreted, even
f strong variations indicate that anisotropy is not simply horizon-
al. This method has been pre viousl y applied only on simple ‘one
ayer’ models. To show a significant δt 2 variations, a dip larger
han 30 ◦ (Chevrot 2000 ) and smaller than about 60 ◦ with strongly
nisotropic material is needed, as well as a good azimuthal cover-
ge of the events and high quality waveforms, since the sinusoidal
tting is very sensible. Therefore, the test described here, the first
ne on a very complex model, shows the possibility to identify
he presence of dipping anisotropy and to confirm that maximum
alues of δt 2 may be related to 30–60 degrees of dipping. On the
ontrary it seems really difficult to detect quasi vertical anisotropy;
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indeed, at 0 ◦N, above the slab, between 6 ◦E and 8 ◦E, where a lower 
layer shows a nearly 90 ◦ dipping, δt 2 is close to zero. Fur ther more, 
according to Chevrot et al. ( 2004 ), the sinusoidal symmetry can be 
slightly broken for incidence angles of 10 ◦ and higher, instead of 
vertical, which is a typical incidence angle for SKS waves. In this 
study our incidence angles only vary between 4 ◦ and 8 ◦ (Fig. S3), 
but this fact should be taken into account when working with real 
data and a greater span of incidence angles. 

All SI measurements have been inverted to obtain the tomo- 
graphic images in Fig. 5 . With respect to traditional seismic 
anisotrop y studies, the tomograph y seems to reveal the distribu- 
tion of the horizontal anisotropy with depth in different parts of 
the subduction system, comparable with the model for which this 
distribution is known (Figs 5 and S1). 

First, it is evident that the intensity of the anisotropy shows max- 
imum values in front of the slab and where toroidal flows develop 
toward the slab edges at intermediate depths (100–150 km). This is 
very similar to the model anisotropy pattern (Figs 1 and S1). The 
strong anisotropy of the upper layers (e.g. at 50 and 70 km depths) 
including the slab (Figs S1 and S2), can not be reproduced with 
the inversion of SI, due to the small vertical resolution close to the 
surface, as well as to vertical smearing (Fig. S3). The same can be 
said for the recovery of strong dipping anisotropy in the thin slab 
in deeper layers, prevented also by the fact that the inversion is per- 
formed for horizontal anisotropy only. Reaching a depth of 350 km, 
the strength of anisotropy declines, similar to the model anisotropy 
(Figs 5 and S1). The strength of the anisotropy below the slab is re- 
covered well at depth (below 150 km depth). However, the change of 
direction can not be recovered, since the two perpendicular oriented 
anisotropy patterns cancel each other out. 

Focusing on the anisotropy direction pattern, the recovery is very 
good again in front of the slab, with a good reproduction of the hor- 
izontal toroidal flows more and more perv asi ve with depth. Also, 
some small changes in the anisotropy direction occurring in the cen- 
tral part of the dipping slab (e.g. 300 km slice, latitude 0 ◦, longitude 
4 ◦ of the model, Fig. S1) are visible in the tomographic images. 
Ho wever , some parts of the model, mainly dipping structures, are 
not recovered by the tomography, because we are able to invert only 
for horizontal anisotropy. Yet the pattern shown in Fig. 5 and the ev- 
ident changes with depth, as concerns anisotropy direction as well 
as its strength, demonstrate the larger amount of features that SI 
inversion makes available. In addition the δt 2 measurements allow 

us to hypothesize where at depth dipping anisotropy may be present 
and add this information in the interpretation. 

Compared to studies based on real data, the distribution of back- 
azimuths is ideal here, even with just eight events, and therefore 
sinusoidal curve-fitting w as easy. Especiall y δt 2 v alues might not 
be easy to recover when dealing with real data. Additionally, most 
subduction zones have oceans close to them with limited options 
to install permanent stations and it would be therefore difficult to 
find such a dense and e venl y distributed station network. On the 
other hand, a wider range of incidence angles, when including more 
epicentral distances, could improve depth dependent anisotropy in- 
version results. 

C O N C LU S I O N  

We tested SI measurements inversion on data from a synthetic 
model of a subduction zone, for which the 3-D distribution of the 
anisotropy is well known. The greatest limit of shear wave seismic 
anisotropy measurements is the vertical resolution. SI measure- 
ments have been done on synthetic waveforms recorded by 770 
stations located over a regular grid. The SI values have been then 
inverted obtaining an anisotrop y tomograph y to be compared with 
the starting model. The recovery shows a very good quality con- 
cerning the strength as well as the direction pattern. Most of the 
main rele v ant features for a subduction zone are reconstructed, as 
for instance the very well visible circular flow around the slab edges 
or the strongest intensity values in the mantle wedge. The structures 
that are not in the final tomographic 3-D images are those character- 
ized by dipping anisotropy (e.g. the thin dipping frozen anisotropy 
in the slab), since the inversion restores horizontal anisotropy only. 
Ho wever , there are parameters from SI measurements that describe 
the possible presence of dipping anisotropy, that is the average δt 2 
by mapping which, together with tomographic images, allow to 
identify locations of dipping structures. We then consider the re- 
sults of this test convincing of the improving knowledge that SI 
measurements inversion may return, when applied on complex geo- 
dynamic systems. 
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