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Rayleigh-Love Discrepancy Highlights Temporal Changes in
Near-Surface Radial Anisotropy After the 2004 Great Sumatra
Earthquake
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Institute of Earth Sciences, Academia Sinica, Nangang, Taiwan, >Department of Earth Sciences, University College London,
London, UK, *Earth-Life Science Institute, Tokyo Institute of Technology, Meguro-ku, Japan, “Department of Earth Sciences,
University of Oregon, Eugene, OR, USA

Abstract Strong ground motions from large earthquakes are capable of damaging near-surface sediments
and promoting notable reductions in their seismic velocity structures. These velocity reductions can be
monitored using either body waves or surface waves from repeatable seismic sources, such as repeating
earthquakes (REs) or ambient seismic noise. Here, we compile a decade-long catalog of REs since the 2004
M, 9.2 Sumatra Earthquake, and monitor the temporal velocity changes from Rayleigh waves (6V, ;) and Love
waves (§V) ). We observe a 6V, of —0.16% and 6V, /6V/ , ratio of ~6, inconsistent with velocity reductions
in isotropic media. To reconcile the observations, we carry out analyses of sensitivity kernels of surface waves
in isotropic and vertical transversely isotropic (VTI) media and forward waveform modeling. The modeling
reveals that the observed large OV R0V g ratio can be explained by strong df,, (—4%) and weak df,; (—=0.615%)
reductions and an increase in radial anisotropy in the near surface. These changes are best explained by a

2% increase in crack density of aligned horizontal cracks in overpressured sediments near the compressive
subduction zone forearc. Temporal variations of AL ratios and radial anisotropy after consecutive great
earthquakes are consistent with laboratory experiments under cyclic loading and unloading.

Plain Language Summary This study detects temporal changes in the wave speeds of long-period
Rayleigh and Love waves after the 2004 Great Sumatra Earthquake, which were measured from repeating
earthquakes. Seismic observations reveal that the Rayleigh-wave speed reduction is more than that of Love
waves by a factor of 6. Love waves are much more sensitive to the S-wave speed of the shallow crust than
Rayleigh waves in isotropic media (i.e., the S-wave speed is the same in all directions). One would therefore
anticipate considerable Love-wave speed reduction if the S-wave speed reduction results from the near surface
after great earthquakes. However, the observations indicate the opposite. The result of waveform modeling
suggests that these unexpected observations can be suitably explained by an increase in radial anisotropy as a
result of increasing fluid-filled horizontal cracks after great earthquakes.

1. Introduction
1.1. Review of Temporal Velocity Changes in Isotropic and Anisotropic Media

Repeatable seismic sources, including active sources (Niu et al., 2008; Vidale & Li, 2003), repeating earthquakes
(REs) (K. H. Chen et al., 2015; Igarashi & Kato, 2021; Peng & Ben-Zion, 2006; Rubinstein et al., 2007; Uchida &
Biirgmann, 2019), and ambient noise interferometry (Bensen et al., 2007; Brenguier et al., 2008; Lin et al., 2008;
Takagi et al., 2012), are uniquely effective in probing changes in the seismic wave speed of the uppermost
few kilometers of the crust. Previous analyses have shown substantial velocity changes (several percent) in the
near-surface layer, likely induced by the strong ground motions of great earthquakes (Hobiger et al., 2016; Nakata
& Snieder, 2011; Rubinstein et al., 2007; Wu et al., 2009; Yu et al., 2013a). In contrast, several studies have also
provided evidence of subtle temporal velocity changes in the deep crust (Froment et al., 2013; Rivet et al., 2011;
Yu et al., 2020), potentially associated with aseismic slip. Notably, the velocity reduction (6V) inferred from the
body- and surface-wave measurements were discussed in isotropic media.

It is also understood that strong anisotropy, either in the form of azimuthal anisotropy (L. W. Chen et al., 2017;
T. Y. Huang et al., 2015; Mordret et al., 2013) or radial anisotropy (Jeng et al., 2020; Naghavi et al., 2019;
Shirzad et al., 2017; Tomar et al., 2017) have been detected in the near surface. Typically, azimuthal anisotropy

YUET AL.

1 of 19


https://orcid.org/0000-0001-6214-0410
https://orcid.org/0000-0003-3697-5881
https://orcid.org/0000-0002-8682-4857
https://orcid.org/0000-0002-8134-9612
https://doi.org/10.1029/2021JB022896
https://doi.org/10.1029/2021JB022896
https://doi.org/10.1029/2021JB022896
https://doi.org/10.1029/2021JB022896
https://doi.org/10.1029/2021JB022896
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JB022896&domain=pdf&date_stamp=2021-12-10

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB022896

describes the azimuthal dependence of S-wave velocity (denoted as V or f§) and particle motion within the hori-
zontal plane, assuming a horizontal symmetry axis (i.e., horizontal transverse isotropy, abbreviated as “HTI”)
(Crampin, 1975). Shear-wave splitting, which measures the apparent fast polarization direction and the time delay
between the fast and slow S waves traveling through anisotropic media (Crampin, 1981), has been widely used
to probe earthquake-induced changes in azimuthal anisotropy near the surface (Cochran et al., 2003; Crampin
et al., 1990; Liu et al., 2008; Peng & Ben-Zion, 2005; Savage et al., 1990). More recently, changes in azimuthal
anisotropy were also determined by seismic interferometry (Durand et al., 2011; Nakata & Snieder, 2012; Saade
etal., 2017, 2019; Sawazaki et al., 2018; Zuo et al., 2018). The interpretation of near-surface changes in azimuthal
anisotropy often involves the presence of stress-induced cracks, where the S wave polarized parallel to the plane
of the cracks travels at a higher velocity (Crampin, 1981). Since the orientation of cracks is subject to the back-
ground tectonic stress, changes in azimuthal anisotropy in the near surface after large earthquakes are related to
variations in crack geometry, crack density (¢), and/or stress orientation.

Radial anisotropy is characterized by B, # S, where 3, (or V) and B (or V) refer to the velocity of the
horizontally propagating S waves polarized in the vertical and horizontal directions, respectively, in vertical
transversely isotropic (VTI) media. Early observations of the “Rayleigh-Love discrepancy” typically referred to
the fact that the phase (or group) velocity of Rayleigh and Love waves cannot be reconciled by a simple isotropic
velocity model (Anderson, 1961; Babuska & Cara, 1991; Maupin & Cara, 1992), indicative of radial anisotropy.
While crustal radial anisotropy was extensively investigated (Hu et al., 2020; H. Huang et al., 2010; Jaxybulatov
et al., 2014; Moschetti et al., 2010; Shapiro et al., 2004), only a handful of studies investigated near-surface radial
anisotropy (Jeng et al., 2020; Shirzad et al., 2017; Tomar et al., 2017). To our knowledge, no reports documented
key observations indicative of changes in radial anisotropy in the near surface.

1.2. Summary of Earthquake-Induced Temporal Changes in 6V in the Sumatra Subduction Zone

We have constructed REs catalog and used REs to detect time-varying 6V since the 2004 Great Sumatra Earth-
quake recorded at the permanent seismic station PSI in Parapat, Sumatra, Indonesia, and several other stations
(Figure 1) (Yu et al., 2013a, 2013b, 2020). It has been noted previously that temporal change in 6V after the 2004
M, 9.2 Sumatra and 2005 M, 8.6 Nias earthquakes (Chlieh et al., 2007; Feng et al., 2015; Ishii et al., 2007; Konca
et al., 2007) is likely associated with near-surface damage induced by strong ground motions. The latest work by
Yu et al. (2020) (hereafter Y2020) also pointed out that temporal recovery in 6V exhibits a bifurcation after late
2007 between the long-period (20-s period) Rayleigh wave (denoted as 6V, ,) and high-frequency (HF, 0.8-s pe-
riod) S coda wave (6V). The observed 6V recorded at station PSI shows a steady and subtle recovery from 2005
to 2015, whereas the relatively large 6V, , displays an additional reduction after late 2007.

Y2020 showed that the bifurcation between 6V, and 6V after late 2007 and the observations of 6V << 6V,
can be reconciled by velocity changes in two zones. 6V, after the 2004 and 2005 earthquakes can be explained
by the “SF” models with a strong S-wave velocity reduction of df (or dVy) = —4% confined to the uppermost
0.5-1.0 km of the crust. On the other hand, §V can be explained by a subtle df = —0.12% over the 1-16 km depth
range of the crust, corresponding to the “DL” models. A strong S-wave velocity reduction in the near surface can
substantially alter 5V, but unable to reproduce the observed pattern of 5V, whereas a subtle S-wave velocity
reduction in the upper crust (the DL model) is necessary to account for the observed 5V,. Y2020 suggested that
0V, predominantly reflects post-seismic afterslip in the upper crust or/and viscous relaxation in the lower crust,
whereas the strong 6V, reflects damage confined to the near surface. Besides, a further reduction in 6V, , after
late 2007 is consistent with re-damaging the subsurface sediments induced by strong ground motions of the 2007
M, 8.4 and M, 7.9 Bengkulu (Konca et al., 2008; Tsang et al., 2016) and 2008 M, 7.3 Simeulue earthquakes
(Table S1 in Supporting Information S1 for the event IDs of the major earthquakes).

Even though there were relatively few robust 5VLQ measurements (Yu et al., 2013a) (hereafter Y2013a), one puz-
zling observation is that 6V, is 3—4 times larger than Vi of Love wave recorded at PSI. Xu and Song (2009)
investigated ambient noise cross-correlation between the seismic station pair PSI and CHTO in Chiang Mai,
Thailand. Xu and Song (2009) also found a similar observation: a large delay time of +1.0 s for Rayleigh wave
and a null delay time for Love wave after the 2004 and 2005 earthquakes. In a way, the observations of 6V, >
6V, are rather unexpected, since as elaborated in the later sections, Love wave is sensitive to the S-wave velocity
in the shallower crust compared to Rayleigh wave in isotropic media. One would expect a strong oViqoréV ,>
0V, if df is primarily confined in the near surface.
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Figure 1. Regional seismicity map of the Sumatra Subduction Zone. The epicenters of several large earthquakes (M > 7.3) are shown as large open stars that are
labeled with either their respective event IDs or M values (Table S1), repeating earthquake (RE) sequences are represented by small stars, and the background
seismicity is represented by the gray dots. The black arrows show the rupture extent of the 2004 and 2005 earthquakes on the map. RE sequences for the relative
locations (Table S2), and 6V, ; and 6V, , analyses are indicated by small yellow stars with the global centroid moment tensor (Ekstrom et al., 2012), whereas the

REs with high cross-correlation (CC) coefficients and no further relocation analysis are indicated by small white stars; the source parameters of the latter are not
provided. The solid black line indicates the Sunda trench (Bird, 2003), and the gray lines indicate the slab surface at 25 and 50 km depth in the Slab 1.0 model (Hayes
et al., 2012). Seismograph station PSI is indicated by the open triangle. An enlarged map near the Nias, Banyak, and Simeulue Islands is displayed in the upper-right
inset (a) to illustrate better the locations of the REs associated with the 2005 Nias Earthquake, with the gray dotted box indicating the region displayed in the main
figure. The lower-left inset (b) displays the histogram of the back azimuth (¢) distribution of the 6VLQ data at station PSI.

The observations of 6V, , > 6V, g are inconsistent with df reductions in isotropic media, and we will demonstrate
that such observations serve as a proxy for the change in radial anisotropy in the near surface. This study uses
the term “Rayleigh-Love discrepancy” to indicate the observations of 6V, , > 6V o In this report, we include
additional 7 years of seismic data over the 2005-2015 time period to confirm the robustness of 6V, , > 6V, (or
large 5VLR/6VLQ ratios), and illustrate the time-varying 6V, , and Vi observations. In the following sections,
after outlining the method of RE detection and the procedure of 6V measurements in Section 2, we first sum-
marize the observations of 6V, and 6VLQ over 2005-2015 in Section 3. In Section 4, we contrast the sensitivity
kernels of Rayleigh wave and Love wave in isotropic and VTI media and elaborate on the scenarios where the
observed high zSVLR/5VLQ ratio may be reconciled. These scenarios will serve as the basis in the forward modeling
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a) Rayleigh-wave responses along the N1-PSI path (267 km, ¢ = 229°) C) Love-wave responses along the N1-PSI path (267 km, ¢ = 229°)
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Figure 2. (a), (c) Waveforms and (b), (d) lag-time time series z(¢) for the N1 RE sequence recorded at station PSI. The vertical- and transverse-component data

are shown for the long-period (10-33 s) (a), (b) Rayleigh (LR) and (c), (d) Love (LQ) waves, respectively. The epicentral distance (in km) and back azimuth (¢) are
displayed in the titles. The high-frequency (HF; 0.5-2.0 s) P-wave onset is displayed in the inset in (a). The () values for the target event are computed relative to the
reference event (black trace, October 9, 2006) and labeled “target event ID-ref.” The blue and red traces are used to indicate the measured 7(f) and target events that
occurred before and after the September 2007 Bengkulu earthquake sequence, respectively. The shaded regions correspond to the waveform segments with signal-to-
noise ratios of >5 and CC coefficients of >0.9, which are used to compute 6V (Equation 2). The unstable and oscillatory z(f) values at the beginning are due to low
signal-to-noise ratio values. The arrivals of P-, S-, Rayleigh-, and Love-wave arrivals are labeled as “P,” “S,” “LR” (7 ), and “LQ” (“tLQ”), respectively.

trials in Section 5, where we systematically validate the predictions from these models against the observations.
Finally, we elaborate our preferred model in the context of the effective radial anisotropy in cracked media and
briefly discuss the implications of change in crack geometry or/and crack density (¢) after great earthquakes in
the subduction zone.

2. 7(t) and 6V Measurements Between RE Pairs

The procedural details of the RE detection, relative location assessment within a given RE sequence, and the lag-time
time series 7(f) and 6V measurements have been discussed in the previous studies (Yu et al., 2013a, 2013b, 2020).
Coda-wave interferometry (Poupinet et al., 1984; Snieder et al., 2002) is used to compute the lag-time time series
7(¢) of the 20-s Rayleigh and Love waves at station PSI for a given RE sequence. 7, (r) and rLQ(t) are computed
from the Rayleigh wave in the vertical component and the Love wave in the transverse component, respectively.
The 7, ,(¢) for the 20-s period Rayleigh waves can be expressed as follows:

_ [qrg ref rg ref
TLR = (t20,\' Lr ~ Ty LR) ("5 p=1ir ») (€]

where ¢ refers to the arrival time of the initial 0.8-s period (1.2 Hz) HF P-wave (subscript “HF P,” inset of Fig-
ure 2a) and 20-s Rayleigh-wave (subscript “20s LR,” Figure 2a) signals between the target (superscript “trg”’) and
reference (superscript “ref”) events of a given RE sequence. The relative velocity change for the Rayleigh wave
(6V, ) can be computed as follows:

oVir = - IR 2)
ILR

where 7, . is the Rayleigh-wave arrival time and 7, is the mean of the 7, , values whose lapse time segments sat-
isfy the thresholds of signal-to-noise ratios (SNR) >5 and cross-correlation (CC) coefficient >0.9. The 1LQ(t) and
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Table 1 6VLQ are computed in the same manner for Love waves. The details of 7, ,(?)
List of the 8V, and 8V, , Data From RE Sequences and Similar Earthquake and 6V, , uncertainties are presented in Text S1 in Supporting Information S1.

Pairs, and the 6V Data Measured From Event Pairs With a Time Interval
>0.5 years Included in KDE Analysis in Figure 3

The number of
6V with a time
interval >0.5 years
between target and
reference events

The number
of 6V from
similar
earthquake Total
pairs measurements

The number
of 6V
from RE
sequences

8Viy 84 508 592 422

Vg 24 88 112 87

The 6V,  measurements are taken from Y2013a and Y2020, which include
84 measurements from 15 RE sequences and 508 measurements from similar
earthquake pairs that are too small to have a sufficient number of stations for
relocation, but with high quality (SNR > 5) and highly correlated waveforms
(CC = 0.9). On the other hand, the 6V, o measurements are primarily acquired
in this report, including 24 new measurements from six RE sequences and 88
new measurements from similar earthquake pairs that are too small to have
a sufficient number of stations for relocation, but with high quality (SNR >
5) and highly correlated waveforms (CC > 0.9) (Table 1). The new data set
is an approximately sevenfold increase in the number of measurements that
were analyzed in the previous study (Figure 3c of Y2013a). Examples of the

relocation results of the six RE sequences and their source parameters are presented in Figure S1 and Table S2 in

Supporting Information S1. Rayleigh and Love waveforms at station PSI and their corresponding 7, p(#) and 7o

for the six RE sequences are displayed in Figures 2 and S2—S6 in Supporting Information S1. In total, we acquired

5926V, and 112 5VLQ measurements from the waveforms recorded at station PSI (Table 1).

We note that for RE sequences associated with the 2004 Sumatra or 2005 Nias great earthquakes, the reference

event is chosen as the last event before September 2007. On the other hand, we mostly choose the latest event as
the reference event for REs associated with the September 12, 2007 M 8.4 and M 7.9 Bengkulu earthquakes
(Table S2 and Figure S6 in Supporting Information S1). These choices allow us to highlight the additional in-
crease in 7, induced by the 2007 Bengkulu earthquakes (Konca et al., 2008; Tsang et al., 2016) and the 2008
M, 7.3 Simeulue earthquake (i.e., red traces in Figures 2b and S2b—S5b in Supporting Information S1, see also

Section 3).

3. Observations of Large 6V, /6V, , Ratios After the 2004 Sumatra Earthquake

Many of the observed Vil6Vig ratios are in the ~4—6 range after the 2004 and 2005 great earthquakes (Chlieh
et al., 2007; Feng et al., 2015; Hsu et al., 2006), and they increase slightly after the 2007 (Konca et al., 2008;
Tsang et al., 2016) and 2008 earthquakes. We use 6V in the probability density analysis and a kernel density es-
timation (abbreviated as “KDE”) (Parzen, 1962) to investigate the 6V, and 5VLQ distributions and establish the
consistency and robustness of the observed 6V, , and & Vo values. The KDE is a representation of the probability

density function f},(x), and can be formulated as follows:

=23 K (222) ®

where X, is the ith 6V value for a sample size n, 4 is the bandwidth value that controls the smoothness of the result-

ant probability density curve, and K(x, h) is the kernel, which is expressed by the Gaussian function:

1 1/x—x\>
K(xi, h) = exp (—— d )
= (25 @

The peaks correspond to the maximum likelihood values for each set of 5V values.

To ensure the robustness of the KDE analysis, the measurements made by event pairs separated by a time interval

longer than 0.5 years are retained, including 422 6V, and 87 6V, o measurements (Table 1, Figures 3a and 3b).

We use the timing of the September 2007 Bengkulu earthquake sequence to divide the §V values into two groups,
before (blue curve, Group 1) and after the 2007 earthquakes (red curve, Group 2). The 6V data in Groups 1 and
2 indicate those whose target events occurred before and after the September 2007 earthquakes, respectively. In

general, the 6V data in Group 1 mostly correspond to the recovery stage after the 2004/2005 great earthquakes,

whereas the §V data in Group 2 correspond to the stage of an additional velocity reduction as a result of the

2007/2008 earthquakes. This division allows us to inspect the impact of subsequent earthquakes on changes in
material properties. The peak 5V, value decreases from —0.16% (Group 1) to —0.25% (Group 2, Figure 3a),
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Figure 3. The kernel density estimation (KDE) inferred probability densities for the observed (a) 5V, , (b) EVLQ, and (c)

8V, 6V, , ratio distributions, which were measured from REs that have been relocated (Table S2) and those possess high CC
coefficients, and calculated via Equations 3 and 4. The KDE-inferred §V before (Group 1) and after (Group 2) the September
2007 Bengkulu earthquake sequence are indicated by the blue and red curves, respectively. In (a), (b), the probability
densities are defined in units of 1/%. In (c), the probability density of SV R0V 4 ratio is presented in the functional form

of cot™!(x), where x = 5VLR/5VLQ. Therefore, the peak corresponding to 5VLR/5VLQ ratio = oo is located in the center of the
X-axis.

whereas the peak 6V, , value also decreases from —0.008% (Group 1) to —0.027% (Group 2, Figure 3b). These
observations indicate an additional velocity reduction after the 2007 earthquakes. The peak 6V, ./6V/ , ratios are
6.5 and 6.9 for Groups 1 and 2, respectively (Figure 3c). We also perform the same KDE analysis against data
from RE sequences (Figure S7 in Supporting Information S1) and similar earthquake pairs (Figure S8 in Sup-
porting Information S1), respectively. The results remain very similar. Furthermore, we do not find systematic
differences in 6V  /6V/ , ratios against the locations of REs (REs of the 2005 vs. REs of the 2004; Figures 2 and
S1-S5 in Supporting Information S1). Note also the back azimuth (¢) of the station PSI against the recorded REs
is in the range of ~160-300°, suggesting that such a large 6V, ./6V, , ratios can be consistently observed over
a ~140° azimuthal swath (inset (b) of Figure 1). In the following section, we contrast the sensitivity kernels of
Rayleigh wave and Love wave in isotropic and VTI media to illustrate that change in anisotropy in VTI media can
be consistent with the observed large 6V, /6V, , ratios.

4. Rayleigh Wave and Love Wave Sensitivity Kernels in Isotropic and VTI Media
4.1. Sensitivity Kernels in Isotropic Media

First, we compute the sensitivity kernels (partial derivatives) in isotropic media. The sensitivity kernels of surface

wave phase-velocity ? [g—;] and g [:—;] in isotropic media are computed using the DISPERS0 code (Saito, 1988;

2}

Takeuchi & Saito, 1972), where a and f denote the P-wave and S-wave velocity, respectively, c is the phase veloc-

ity, and w is the angular frequency. The kernels (f [Z—Z]w and g [Z—;] are denoted as K(a) and K(p), respectively.
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Figure 4. Sensitivity kernels of the 20-s (a) Rayleigh and (b) Love waves with respect to a and f in isotropic media, which
are denoted as K(a) (dotted blue) and K(f) (green for Rayleigh, light-blue for Love), respectively. Sensitivity kernels of the
20-s (c) Rayleigh waves with respect to a; (K(,,), dotted blue), @, (K(a,), solid blue), and j,, (K(,), green) in VTI media
and (d) Love waves with respect to 8, (K(f3,)), light-blue) and f3,, (K(f,), green) in VTI media (Saito, 1988; Takeuchi &

Saito, 1972); each sensitivity kernel is defined in the presentation of 7 (Kawakatsu, 2016b). The horizontal lines on each plot
indicate 16, 24, and 42 km depth.

These kernels are computed against the isotropic velocity model mST2, which includes the regional velocity
model ST2 (Lange et al., 2010) in the upper 50 km and VTI PREM (Dziewonski & Anderson, 1981) over the
50-220 km depth range (Figure S9 and Table S3 in Supporting Information S1). The ST2 model is derived from
regional P-wave and S- wave traveltime data sampling the forearc and the Sumatra Island. Synthetic seismograms
from the direct solution method (DSM) (Kawai et al., 2006) based on the VTI mST2 velocity model are generally
consistent with the observed Rayleigh waveforms (Figure S10 in Supporting Information S1).

The sensitivity kernels of the 20-s Rayleigh and Love waves based on the isotropic velocity model mST2 exhibit
the following characteristics: (a) The Love-wave kernel K(f) decreases considerably from the surface with depth
(light-blue curve, Figure 4b). (b) The Rayleigh-wave kernel K(f) increases from its minimum at 5 km depth to
its maximum at 16 km depth (green curve, Figure 4a). The Rayleigh-wave kernel K(f) is approximately 10 times
smaller than the Love-wave kernel K(p) at the surface (green curve in Figure 4a vs. light-blue curve in Figure 4b).
(c) The Rayleigh-wave kernel K(a) increases from the surface to the peak at 2.5 km depth and decreases with
depth (dotted blue curve, Figure 4a). The characteristics of these kernels confirm the notion that, the near-surface
dp velocity reductions in isotropic media, as derived from Y2020, will result in 6V, , < 6V, inconsistent with
the observations of large 6V, ./6V, , ratios.
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4.2. Sensitivity Kernels in VTI Media

We examine the sensitivity kernels in VTI media, which has one of the simplest anisotropy symmetry with five
independent elastic constants, A, C, N, L, and F. A and C are related to the phase velocity of horizontally and
vertically propagating P-waves, respectively, whereas N and L are related to the phase velocity of a horizontally
propagating S wave polarized in the horizontal and vertical directions, respectively, where

01H=\/z(lv=\/§ﬂH=ﬂEﬂv=\/Z )
p P p P

and p refers to the density. A fifth parameter # is introduced to characterize the incidence angle dependence of
body waves (Anderson, 1961; Takeuchi & Saito, 1972), and defined as

= A-2D) ©)

In the case of VTI, the strength of P-wave radial anisotropy ¢ and S-wave radial anisotropy £ can be defined as

b= ¢

2
@y,

_ P

B

@)

A new fifth parameter 57 for describing vertical transverse isotropy is introduced in several recent studies (Ka-
wakatsu, 2016a, 2016b; Kawakatsu et al., 2015), and »,_is defined as

- F+L
x (A— L)I/Z(C_ L)1/z

®

It has been shown the new parameter 7,_to be advantageous in greatly reducing the trade-off between a,, and 5
(Kawakatsu, 2016a). The comparisons between ;_and ;7 adopted for sensitivity-kernel computations are discussed
in Text S2 and Figure S11 in Supporting Information S1. The sensitivity kernels of the surface wave phase-ve-

: : ag | 9 | ey | 9 | Py | 0 by | o
locity ¢ with respect to ay, a, fy, and §, are expressed as — [«MH ]w, . [Bav]w’ . [dﬂH ]w, and = ol I

respectively. We abbreviate the expressions of sensitivity kernels as K(a,), K(a,), K(B,;), and K(B,,), respectively.
The sensitivity kernels in VTI media are computed using the modified DISPERS80 code (Saito, 1988; Takeuchi &
Saito, 1972) in the presentation of 7, following Equation 3 of Kawakatsu (2016b). We have benchmarked K(«,,),
K(a,), and K(B,) of the fundamental mode of 30-s Rayleigh wave based on the VTT PREM model, and they are
identical to those presented in Figures 1a and 1d of Kawakatsu (2016b).

The sensitivity kernels of the 20-s Rayleigh and Love waves based on the VTI mST2 velocity model exhibit the
following additional characteristics. (a) The Rayleigh-wave kernel K(f,,) is smaller than the Love-wave kernel
K(p,)) by a factor of 3.6 at the surface in VTI media (green curve in Figure 4c vs. light-blue curve in Figure 4d).
(b) The Rayleigh-wave kernel K(a,) is larger than the Rayleigh-wave kernel K(a,,) by a factor of four near the
surface (dotted blue curve vs. solid blue curve in Figure 4c). In a way, Rayleigh waves are sensitive to the verti-
cally polarized S-wave velocity (8,), the horizontally propagating P-wave velocity (a,,), and, to a lesser degree,
the vertically propagating P-wave velocity (a,,), whereas Love waves are sensitive to the horizontally polarized
S-wave velocity (8;,) in VTI media.

The comparisons of sensitivity kernels in isotropic and VTI media lead to several scenarios that may reproduce
large 5VLR/5VLQ ratios: (I) a notable da,, reduction or da, > da,, in the near surface; (II) a notable df,, reduction
or df,, > dp,, in the near surface; and (III) dB,, > df, below 20 km depth of the crust. Note that scenarios (I) and
(IT) also indicate an increase in the strength of both P-wave radial anisotropy ¢ and S-wave radial anisotropy & in
the near surface.

5. Forward Modeling 6V, , and 6VLQ via the DSM Synthetics in VTT Media

Following the scenarios (I)—(III) discussed in Section 4, we use the forward modeling approach and systematical-
ly explore these scenarios and validate the predictions from a number of candidate models against the observa-
tions. In particular, we demonstrate that this approach offers quantitative estimates of the size and depth extent of
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Figure 5. Synthetic 6V, , (x-axis) versus 6V, , (y-axis) values (black triangles) based on (a, b, ¢) SF, and (d), (¢) DL perturbed models superimposed on the observed
KDE-inferred peak 6V, ,/6V , ratio of 6.5 (thick-dotted blue line) and +1c standard deviation (thin-dotted red/blue lines) and 6V values (large blue/red triangles). Blue
and red colors indicate the peak 6V, ./6V) , ratio and 6V measured from the observations in Groups 1 and 2, respectively (same as Figure 3). One o of the peak 6V, o/
Vo ratio in Group 1 is in the range of —4.0-1.3, denoted as —4:1 and 1.3:1, whereas 1o of the peak (3VLR/(3VLQ ratio in Group 2 is in the range of —11:1 and 2.5:1. The
vertical arrow in (c) indicates the trend of the 5VLR/5VLQ ratio as increasing the dp, /dp,, ratio.

velocity perturbation in line with the models discussed in Y2020. Here synthetic seismograms are computed via
the DSM in VTI media with accuracy up to 2 Hz (Kawai et al., 2006). We have modified the DSM and used Equa-
tion 8 to assign the elastic constant F for a given 5. The moment-tensor source mechanism of the RE sequence
is acquired from the global centroid moment tensor (Ekstrom et al., 2012). The representative source-receiver
geometry between the cluster N1 and the station PSI was considered in the calculations for all tested models.

Synthetic waveforms from the perturbed models and the reference model VTI mST2 are used to obtain synthetic
(1) following the same processing steps as the observed waveforms. Synthetic 6V, , (or 6VLQ) values are comput-
ed from , , (or 1LQ) using Equation 2, and they are compared against the observed KDE-inferred peak 5VLR/6VLQ
ratio (Figure 5) to discuss suitable candidate models. The candidate models are categorized based on the two-lay-
er model discussed in Y2020, where relatively strong velocity changes occur in the near surface (i.e., 0—1 km, SF
model) and weak velocity changes in the deep layer (i.e., 1-16 km or 16-24.4 km, DL model). The aim of the
forward modeling approach is to explore several end-member models that can reproduce the key observation of
large (SVLR/(WLQ ratios and reconcile 6V << 6V, . These end-member models include changes in da,,, day;, dfy,
and dp,, and the ratio of da,/day and dp, /dp,, over different depth extents (Table 2).

5.1. Synthetic 6V ./6V, , Ratios Based on Strong da and dfj Perturbations Confined to the Surface (SF
Models)

In the SF models, the velocity perturbations are confined to the uppermost 1 km of the surface. The SF1 model
with P-wave velocity reductions of day; = da,, = —2% (SF1) yields a 6V, , of —0.04% and 6V, of 0%, respec-
tively (SF1, Figure 5a). The SF2 model with S-wave velocity reductions of df, = dp,, = —4% predicts a 6V, , of
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Table 2
List of Perturbed Models Used to Compute the Direct Solution Method (DSM) (Kawai et al., 2006) Synthetic Seismograms, and the Associated Parameters That Were
Modified to Perturb the VTI mST2 Reference Velocity Model

Model ID Parameter perturbations in the VTI mST2 reference velocity model

SF1 daoy; = —2% and da, = —2% (da/da; = 1) over the 0-1 km depth range (Surface denoted as SF)

SF2 dpy = —4% and dp, = —4% (dp/dp, = 1) over the 01 km depth range

SF3 dat; = —2% over the 0—1 km depth range

SF4 dp,, = —4% over the 0—1 km depth range

SF5 dar, = —2% over the 0—1 km depth range

SF6 dpy = —4% over the 0-1 km depth range

SF7 dp, = —2% and dp,, = —4% (dp,/dp,, = 2) over the 0—1 km depth range

SF8 dpy = —0.615% and dp,, = —4% (dp,/dp, = 6.5) over the 0—1 km depth range

SF9 dpy = —1.23% and dp,, = —8% (dp/dp, = 6.5) over the 0—1 km depth range

SF10 dp,, = —0.8% and dp,, = —8% (dp,/dp,;, = 10) over the 0—1 km depth range

DL1 dot; = —0.08% and da, = —0.08% (dex,/do,; = 1) over the 1-16 km depth range (Deep Layer, denoted as DL)

DL2 dpy = —0.16% and dp,, = —0.16% (dp,/dp, = 1) over the 1-16 km depth range

DL3 dp,, = —0.75% and dp,, = —0.75% (dp,/dp,, = 1) over the 16-24.4 km depth range

DL4 dp,, = —0.16% over the 1-16 km depth range

DLS dp,, = —0.75% over the 16-24.4 km depth range

DL6 dp,; = —0.16% over the 1-16 km depth range

DL7 dpy = —0.75% over the 16-24.4 km depth range

DL8 do; = —0.08% over the 1-16 km depth range

DL9 da,, = —0.08% over the 1-16 km depth range

SCK1 Crack density (¢) = 2.0% and AR = 1 for spherical cracks, where the crack aspect ratio AR is defined as the
ratio of the in-plane direction to the symmetry-axis direction, which outputs da;; = —=2.27%, da,, = —=2.25%,

dpy = —1.86%, and dfp,, = —1.86% over the 0—1 km depth range (da/de,; = 1.0, dp/df; = 1.0)
HCK2 &£ =2.0% and AR = 10 for horizontal cracks, where AR is defined as the ratio of the in-plane direction

(horizontal axis) to the symmetry-axis direction (vertical axis) for horizontal cracks, which outputs
day = =2.72%, da, = —8.92%, dff; = —1.13%, and dfs,, = —5.76% over the 0—1 km depth range (da,,/
day, = 3.3, dp/dp,, = 5.1)

HCK3 £ =2.0% and AR = 30 for horizontal cracks (AR is defined in the same manner as the model HCK?2), which
outputs day; = —3.62%, da, = —13.34%, dff,; = —1.05%, and df,, = —13.50% over the 0—1 km depth range
(day/day = 3.7, dp/dp, = 12.9)

HCK4 e =2.0% and AR = 100 for horizontal cracks (AR is defined in the same manner as the model HCK?2), which
outputs day, = —4.21%, day, = —16.12%, df,; = —1.02%, and dfp,, = —30.34% over the 0-1 km depth range
(day/day = 3.8, dp/dp, = 29.7)

HCK5 £ =4.0% and AR = 10 for horizontal cracks (AR is defined in the same manner as the model HCK?2), which
outputs day, = —4.98%, day, = —15.96%, dff; = —2.26%, and dfp,, = —10.81% over the 0-1 km depth range
(dalday, = 3.2, dp, /dp,, = 4.8)

VCK6 &£ =2.0% and AR = 10 for vertical cracks, where AR is defined as the ratio of the in-plane direction (vertical
axis) to the symmetry-axis direction (horizontal axis) for vertical cracks, which outputs da; = —8.92%,
da, = —2.72%, dp; = —5.76%, and dp,, = —5.76% over the 0—1 km depth range (da,/day, = 0.3, dj,/
dpy=1.0)
VCK7 &£ =0.5% and AR = 30 for vertical cracks (AR is defined in the same manner as the model VCK6), which

outputs day; = —3.89%, da, = —1.05%, dfp; = —3.90%, and dp,, = —3.90% over the 01 km depth range
(doy/day, = 0.3, dp., /dp, = 1.0)
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Table 2

Continued

Model ID Parameter perturbations in the VTI mST2 reference velocity model

VCKS8 e =1.0% and AR = 30 for vertical cracks (AR is defined in the same manner as the model VCK6), which

outputs day, = —7.36%, da, = —1.99%, dpp; = —7.41%, and dp,, = —7.41% over the 01 km depth range
(da/da; = 0.3, dp/dp,; = 1.0)
VCK9 £ =2.0% and AR = 30 for vertical cracks (AR is defined in the same manner as the model VCK6), which

outputs day; = —13.34%, da,, = —3.62%, df;; = —13.50%, and dp,, = —13.50% over the 0—1 km depth range
(da/der; = 0.3, dp,/dp, = 1.0)

Note. Perturbations of day, da,, df,;, and df,, for the SCK1-VCK9 cracked-solids models were computed using the Tandon and Weng (1984) formulations to determine
the effective elastic moduli of fluid-filled inclusions using defined &, AR, and orientation inputs. For cracked-solids (CK) model IDs, initials “S,” “H,” and “V”’ refer to
spherical, horizontal, and vertical cracks, respectively.

—0.13% and a oV, of —0.15%, respectively. Furthermore, the synthetic 0V, value is greater than the range of
observations (SF2, Figure 5a). These two examples are consistent with the inferences from the sensitivity kernels
in isotropic media, and they highlight the necessity to impose changes in velocity anisotropy in VTI media.

As noted in Section 4, Rayleigh waves are primarily sensitive to a,; and f3,, and less sensitive to a,, whereas Love
waves are sensitive to f,; near the surface in VTI media. da; = —2% (SF3) and dfs,, = —4% (SF4, Figure 5b) are
able to reproduce the observed 6V, 6V, and 6V, ;/6V, , ratio in Group 1 within *lo. da, = —2% (SF5) and
dp,, = —4% (SF6, Figure 5b) perturbations produce either a small, positive 6V, or large 6V ,, respectively, and

these models do not reproduce the observed 6V, (/6V/ , ratio.

R’ Q
It is conceivable that an increase in df, /df, ratio for perturbations confined to the surface can amplify the 6V ./
5VLQ ratios effectively. As shown in Figure 5S¢, when the df, /df,, ratio increases from 1 (SF2) to 2 (SF7) or 6.5
(SF8), the synthetic (WLR/5VLQ ratio increases from 0.9 to 1.8 or 5.5 for a fixed df,, = —4%. The models SF9 and
SF10 include a stronger df,, of —8% and dp, /dp,; = 6.5 and 10, respectively. These two models predict a 6V, , of
—0.28% and OV, f6V, , ratios of 5.5 and 7.7, consistent with the observed amplified 6V, ; in Group 2.

5.2. Synthetic 6VLR/6VLQ Ratios Based on Subtle da and df Perturbations in the Deep Layer of the Bulk
Crust (DL Models)

Alternatively, we consider candidate models where small velocity changes are embedded in the deep layer of the
depth range of 1-16 km or 16-24.4 km. The DL1 model with P-wave velocity reductions of da, = da,, = —0.08%
over the 1-16 km depth range produces 6V, , of ~0% (DL1, Figure 5d), whereas the DL2 model with S-wave
velocity reductions of df,, = df,, = —0.16% over the 1-16 km depth range produces a large 6V, , value and a small
6VLR/5VLQ ratio (DL2, Figure 5d). Neither DL1 nor DL2 reconciles the observations. Similarly, the DL3 model
with S-wave velocity reductions of df,, = df,, = —0.75% over the depth range of 16-24.4 km (DL3, Figure 5d) is
unable to reproduce the observed large 6V, /6, , ratios neither.

However, only when dp, is assigned in the deep layer, it produces a null 6V , and a large 6V, /6, , ratio com-
parable to the observations (DL4 and DL5, Figure Se). The model DL4, including a smaller df,, over the depth
range of 1-16 km to explain the observed HF 6V, predicts a slightly lower value than the observed peak 6V, ,
value, whereas the DL5 model includes a stronger dj,, over the 16-24.4 km depth range can reproduce the peak
0V, in Group 1 (Figure 5¢). Finally, we test end-member models with perturbations of df,,, day,, or da,, in the
deep layer, but they do not reproduce the observed 6V, ./6V/ , ratio. Specifically, df,; in the deep layer produces
a large 5VLQ and a small 5VLR/6VLQ ratio (DL6 and DL7, Figure Se); da,, (DL8) or da,, (DL9) in the deep layer
produce a 6V, , = 0% (Figure 5e).

In summary, the large 6V, ./6V, , ratios observed in the data can be reproduced by the scenarios as stated pre-
viously: (I) a notable day, or da,; >> da,, confined to the surface (SF3, Figure 5b), (I) a notable dp,, or dp,/
dp,, ratio >6.5 confined to the surface (SF4, Figure 5b, and SF8-SF10, Figure 5c), and (III) a notable dp,, or
dp,, >> dp, in the deep layer of the crust (DLS5, Figure Se).
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5.3. Validating Scenarios (I)—(III) Against the Observations of 6V, << 6V, .

As documented in Y2020 and summarized in the previous sections, the bifurcation between 6V, and 6V after
late 2007 can be reconciled by velocity changes in two zones. 6V, ; after the 2004 and 2005 earthquakes can be
explained by a strong S-wave velocity reduction of df = —4% confined to the uppermost 0.5-1.0 km of the crust.
8V can be explained by a subtle df ~ —0.1% over the 1-16 km depth in the deep layer. To validate the success-
ful end-member models discussed in Sections 5.1 and 5.2, it is critical to examine if the scenarios (I)—(III) can
also reconcile the observations of 6V << 6V, . Since the scenarios (I) and (II) only invoke perturbations in the
uppermost 1 km near the surface, Y2020 have demonstrated that velocity changes near the surface cannot repro-
duce the observed pattern of 6V (Figure 12a of Y2020).

In the case of scenario (III), the model DL5 (df,, = —0.75% at 16-24.4 km depth) can indeed produce a large
6VLR/6VLQ ratio (Figure Se). However, the magnitude of df,, in the model DLS is 1 order of magnitude larger than
those discussed in Y2020 where dff ~# —0.1% over the 1-16 km depth. To validate scenario (III), we implement
the finite difference method to compute the HF coda wavefield (detailed in Y2020) and assign the model FD-DL5
with a perturbation dff = —0.55% and root mean square perturbations of 25% over the same depth range as the
model DLS5 (Table S4 and Text S3 in Supporting Information S1). While the model FD-DL5 produces a good
fit to the observed peak 5V, value in Group 1, however, it results in 5V over —2%, 10 times larger than the ob-
servations (Figure S12 in Supporting Information S1). Consequently, we conclude that scenario (III) is unlikely,
and the large (WLR/&VLQ ratios are predominantly contributed by either dp,, > dp,, (scenario (I)) or da,; > da,
(scenario (I)) confined to the surface.

6. Discussion
6.1. The Effective VTI Media of Fluid-Filled Cracked Solids

It has been frequently documented that velocity changes in the upper crust likely reflect changes in crack density
(¢) (O'Connell & Budiansky, 1974). However, if the cracks are preferentially aligned, depending on crack geom-
etry, one also expects changes in seismic anisotropy (Crampin, 1987; Crampin et al., 1990). For example, it has
been shown that increasing ¢ of horizontal cracks produces da,, > day and dp,, > df,; (Anderson et al., 1974).
While both scenarios (I) and (II) can produce large 6V, ;/6V, , ratios, they imply opposing crack orientation or/
and geometry. In the framework of fluid-filled cracked media, we evaluate the effective anisotropy against chang-
es in ¢, crack aspect ratio (AR), and orientation to distinguish scenario (I) from (II).

Following Tandon and Weng (1984), the crack aspect ratio (AR) can be defined as the ratio of the in-plane di-
rection to the symmetry-axis direction. When AR = 1, spherical cracks do not possess any velocity anisotropy.
For horizontal cracks, the in-plane direction and symmetry axis correspond to the horizontal and vertical axes,
respectively. When AR >> 1, horizontal smarty-shape cracks possess a slow symmetry axis along the vertical
axis, resulting in VTI anisotropy. On the other hand, when such horizontal smarty cracks are rotated vertically,
they possess a slow symmetry axis along the horizontal axis, resulting in horizontal transversely isotropic (HTT)
anisotropy. In this case, as the aligned cracks are sampled from diverse directions by Rayleigh and Love waves
(inset (b) of Figure 1), we compute azimuthally averaged effective anisotropy (Montagner & Nataf, 1986) against
&, AR, and crack orientation.

We use the formulations of Tandon and Weng (1984) to compute the effective elastic constants (A, C, N, L, and F)
and da,, da,;, dp,, and dp,, of fluid-filled cracked solids. We set a = 4.4795 km/s, f = 2.24 km/s, and p = 2.6 g/
cm? for the crack-free solids in the uppermost 1 km in the mST2 model (Table S3 in Supporting Information S1).
For crack-filled media, we define @ = 1.45 km/s, # = 0 km/s, and p = 0.997 g/cm? for the fluid inclusions. day,
da,, dp,;, and dp,, based on given €, AR, and crack orientation are implemented to the DSM to compute synthetic
waveforms (models SCK1—-VCKO in Table 2). The synthetics based on the cracked-solids model are processed

against those based on the VTI mST?2 reference model (i.e., crack-free) to retain 6V, 5VLQ, and 5VLR/§VLQ ratios.

For horizontal cracks, increasing the AR from 1 (SCK1) to 10 (HCK2) to 30 (HCK3) to 100 (HCK4) with a
fixed & = 2% increases the da,/da,; and dp, /dp,, ratios progressively, equivalent to increasing the P-wave radial

anisotropy ¢ and S-wave radial anisotropy £. Since £ is stronger than ¢ due to changes of AR, as a consequence,
the 6V, , and (SVLR/cSVLQ ratios increase (Figure 6a). With a fixed AR = 10, increasing crack densities from 2%

YUET AL.

12 of 19



A7N |
NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB022896

ADVANCING EARTH
AND SPACE SCIENCE

a) Models of cracked solids b) 8V,,/8V,, ratio due to changes of ¢, AR and orientation
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/A HCK3 (e = 2%, AR = 30, horizontal cracks)
A HCK4 (¢ = 2%, AR = 100, horizontal craks)
HCKS5 (e = 4%, AR = 10, horizontal cracks)
VCK® (g = 2%, AR = 10, vertical cracks)
VCK?7 (e = 0.5%, AR = 30, vertical cracks)
VCKS8 (e = 1%, AR = 30, vertical cracks)
/A VCK9 (g = 2%, AR = 30, vertical cracks)

Figure 6. Similar to Figure 5, but for the cracked-solids models. Colors are used to distinguish models with crack density (¢), AR (defined as the crack aspect ratio
of the in-plane direction to the symmetry-axis direction), and crack orientation. The text identifier follows the format: cracked-solids model ID (e, AR, and crack

orientation that is labeled as “spherical/horizontal/vertical cracks™). The thin-dotted blue box indicates +16 of the observed KDE-inferred 6V , and 6V, , values in

Group 1. Crack geometry and orientation of the tested models are represented as the proxy in (b). The horizontal red arrow indicates the trend of the 6V, /0V/, ratlo

as a result of increasing the AR from 1 (SCK1) to 10 (HCK2), 30 (HCK3), and 100 (HCK4) with a fixed & = 2% for horizontal cracks. The yellow arrow indicates the
effect of increasing the ¢ from 2% (HCK?2) to 4% (HCKS) with a fixed AR = 10 for horizontal cracks. The dark-green arrow indicates the trend of the 5VLR/5VLQ ratio as
increasing the ¢ from 0.5% (VCK7) to 1% (VCKS8) and 2% (VCK9) with a fixed AR = 30 for vertical cracks. The cyan arrow indicates the effect of increasing the AR
from 10 (VCKG®6) to 30 (VCK9) with a fixed € = 2% for vertical cracks.

(HCK?2) to 4% (HCKDS) for horizontal cracks result in stronger 6V ., but similar 6V, ./6V, ratios (Figure 6a). Ina

LR’
way, 6V, , and 5VLQ values increase with &, and (SVLR/zSVLQ ratios increase with AR for horlzontal cracks.

For vertical cracks, increasing the AR from 10 (VCK6) to 30 (VCK9) with a fixed & = 2% increases the P-wave
radial anisotropy ¢, but the S-wave radial anisotropy ¢ is absent (i.e., df,/df; = 1). In the absence of &, the
P-wave radial anisotropy ¢ alone still produces relatively large Vo values and low ViRl ratios, inconsist-
ent with the observations (Figure 6a). With a fixed AR = 30, the effect of increasing crack densities from 0.5%
(VCK7) to 1% (VCKB8) to 2% (VCKDY) for vertical cracks is similar to the effect in changing AR (Figure 6a). Since
the alignment of vertical cracks leads to HTI with a slow symmetry axis along the horizontal axis, azimuthally
averaged effective anisotropy & remains at 1, leading to relatively low SViRf6Vig ratios.

Figure 6b summarizes the synthetic ViRl6Vig ratios against €, AR, and crack orientation in the presentation of
crack geometry. Increasing the AR from 1 (the black circle) to 10 (the planar orange smarty) to 30 or 100 (the
planar red smarty) with a fixed € = 2% for horizontal cracks can enlarge the V1rl6Vig ratio effectively, as indi-
cated by the horizontal red arrow. Increasing the & from 2% (the planar orange smarty) to 4% (the planar yellow
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Figure 7. Back-azimuth dependence of (a) 6V, and (b) 6VLQ. oV goréd VLQ are averaged over 10° back-azimuth bins. The
horizontal gray strip indicates the peak 5V in Group 1 (Figure 3). The criteria for selecting the 6V, , and Vo data from
Group 1 are described in the text. We find minimal change in 6V ; or 5VLQ against back azimuth.

smarty) with a fixed AR = 10 for horizontal cracks produces a moderate 5VLR/5VLQ ratio, as indicated by the
yellow arrow. For vertical cracks, increasing the AR from 10 (the vertical cyan smarty) to 30 (the vertical dark-
green smarty) with a fixed e = 2% produces large 6V, , and Vo values and low (SVLR/éVLQ ratios, as indicated by
the cyan arrow. Similarly, increasing the ¢ from 0.5% (the vertical light-green smarty) to 1% or 2% (the vertical
dark-green smarty) with a fixed AR = 30 for vertical cracks also produces low 5VLR/6VLQ ratios, as indicated by
the dark-green arrow. In summary, the observed large 5VLR/5VLQ ratios are consistent with horizontal cracks of
& ~2.0% and AR > 10 confined to the uppermost 1 km of the crust, and they argue against predominant vertical

cracks (i.e., scenario (I) and day, > da,).

6.2. Further Assessment of Changes in Azimuthal Anisotropy in HTT Media

We have demonstrated that the large 6V, ./6V, , ratios reflect radial anisotropic changes due to an increase in
e for horizontal cracks of VTI media. On the other hand, near-surface temporal changes in azimuthal anisot-
ropy have been documented in various tectonic regimes (Durand et al., 2011; Nakata & Snieder, 2012; Saade
etal., 2017, 2019). While we have also shown that azimuthally averaged radial anisotropy from vertically aligned
cracks of HTI media does not reproduce the observations of large 6V, ;/6V , ratios, the azimuthal coverage of our
data set is not perfect, and the validity of changes in azimuthal anisotropy in HTI media deserves further evalua-
tion. Here we further examine if there is significant azimuthal anisotropy induced by vertically aligned cracks of
HTI media. If the media were predominantly HTT, 6V, , from Rayleigh waves are dominated by a 2¢ variation,
whereas 5VLQ from Love waves are characterized by a 4¢ variation (Montagner & Nataf, 1986; Tanimoto, 2004),
where ¢ is the back azimuth.

To properly examine the azimuthal dependence of 6V, and Vi

temporal change on these measurements. In the subsequent analysis, we select a subset of 6V, and Vi using

it is important to minimize the effect of

the following criteria: (a) we restrict the time separation between the target and reference events in the range
of 0.5-1.8 years. This allows a consistent sampling of the media in a coherent time interval while providing
sufficient data and sampling in different back-azimuth swathes; (b) since 6V, and Vo immediately after great
earthquakes are very sensitive to the event time, we select the target event of the REs between 0.1 and 0.6 years
after the 2004 or 2005 great earthquakes. Figures 7a and 7b present the 6V, , and Vi in 10° back-azimuth bins.
In general, the magnitudes of 6V, , and Vi in different back azimuthal bins are consistent with the values corre-
sponding to the peak KDE in Figures 3a and 3b. Evidently, we do not observe notable 2¢ azimuthal dependence
in 6V, (Figure 7a) nor 4¢ azimuthal dependence in Vo (Figure 7b), supporting our modeling of changes in

radial anisotropy of VTI media near the surface.

Finally, as discussed in Y2020 and Section 5.3, to account for the observed 6V, the velocity change in the lower
crust is likely much smaller than that near the surface (Figure S12 in Supporting Information S1). While this study
mostly emphasized changes in radial anisotropy near the surface, the estimated change of radial anisotropy near
the surface is likely a lower bound if the effective reference media in the lower crust are not VTI. Regardless the
nature of the effective anisotropy symmetry in the lower crust, its effect on our modeling result is likely minimal.
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(a) Before the 2004 event

(b) After the 2004 and 2005 events

6.3. Changes in Seismic Anisotropy After the Great Earthquakes in the
Sumatra Subduction Zone

0-1 km (SF) Figure 8 illustrates the schematic diagrams, highlighting the change in seis-
mic anisotropy as a result of an increase in crack density after the 2004 and
2005 great earthquakes. In comparison to the state before the 2004 earth-
quake (dark-gray area, denoted “SF,” Figure 8a), an increasing & =~ 2.0% and
AR > 10 for horizontal cracks after the 2004 and 2005 earthquakes can pro-
z duce dp,, > dp,, and da,, > da, in the near surface (the SF zone, Figure 8b),

thereby producing large 5VLR/6VLQ ratios. A stretch of the horizontal cracks is

1-16 km (DL)

indicative of a change in radial anisotropy. A subtle djf reduction of —0.12%,
constrained by the subtle HF 5V (Y2020), is below this strong near-surface

X dp, reduction (light-gray to white area, denoted “DL,” Figure 8b).
gl? km4g/SF) As the S-wave polarized parallel to the plane of the cracks travels at a higher
v = —47%

dp. = -0.615% speed (Cochran et al., 2003; Crampin, 1981, 1984), our observed oVig >
(from Y2020 and thi:study) oV, (e, df, > dp,) and the inferred horizontal cracks indeed agree with
€=+2.0%AR =10 the inference of the higher S-wave velocity polarized in the direction parallel
to the plane of horizontal cracks (i.e., B, < f3;). However, planner cracks are
typically aligned vertically when the least compressive stress o, is horizon-

1-16 km (DL) tal, forming effective HTI media. In this case, one may expect to observe

o dp ~ -0.12% changes in azimuthal anisotropy near the surface after earthquakes (Durand

o o (from Y2020) et al., 2011; Saade et al., 2017). However, as discussed previously, our ob-

o o o servations of large ViRl6Vig ratios and the lack of azimuthal dependence of

6V g or 6V o suggest predominant changes in radial anisotropy in VTI media.

Figure 8. Inferred ¢, crack geometry, crack orientation, and df, and df, in While we do not rule out that stress change after great earthquakes may reor-
the near surface (0-1 km depth range, denoted as “SF,” and indicated by the ient cracks and result in a change in azimuthal anisotropy, it probably occurs
dark-gray hatched area) and 1-16 km depth range of the upper crust (deep at a much lesser extent than the change in radial anisotropy as inferred by the

layer, denoted as “DL” and indicated by the light-gray to white area) at two
stages: (a) before the 2004 Great Sumatra Earthquake, and (b) after the 2004

observations of 6V, and §VLQ.

Sumatra and 2005 Nias earthquakes. The SF zone in (a) possesses low ¢ values  We suggest that the predominance of horizontally aligned cracks could be

(indicated by the fewer number of cracks), whereas ¢ increases and the cracks

consistent with an overpressured, compressive environment near the subduc-

are stretched horizontally (indicated by the higher number of the elongated

cracks and AR ~ 10 and & ~ +2.0%) in (b). Note that the inferred df. df,,. . tion zone. (i.e., o, = o,, where o, is the Veftlcal .stress and o, is the 1ea.st
and AR values in the SF zone are inferred from Y2020 and this study, whereas ~ compressive stress). The overpressure state is defined when the pore-fluid
the df value in the DL is inferred from the HF 8V discussed in Y2020. pressure P, is larger than hydrostatic pressure. It is commonly discussed in

offshore environments (Dugan & Sheahan, 2012). The arrays of horizontal

extension veins can be formed in metamorphic assemblages defining tensile
overpressured compartments. Elevated pore-fluid pressure P has also been noted in the accretionary prism in
the Sumatra forearc (Dean et al., 2010; McNeill & Henstock, 2014) as well as in other subduction zones (Saffer
& Tobin, 2011).

As the rock tensile strength (7)) is low (~1-10 MPa) for sedimentary rocks near the surface, it is conceivable
that supralithostatic overpressure (i.e., P, = ¢, + T,)) under the condition (¢, — 6,)/T, < 4 results in extension
fractures, forming sub-horizontal extension veins perpendicular to o, (Figure 1 of Sibson, 2017). It is conceivable
that, during the great earthquakes, rapid cyclic dynamic stresses from strong ground motions may compromise
the rock strength (Bagde & Petros, 2005; Braunagel & Griffith, 2019; Erarslan & Williams, 2012), facilitating
new horizontal extensional veins near the surface in the Sumatra forearc (Figure 8).

6.4. Enhanced Changes in Elastic Anisotropy as a Result of Repeating Loading-Unloading

Rock mechanics experiments demonstrated time-dependent anisotropy as a result of crack damage or subse-
quent closure (or recovery) (Meyer et al., 2021; Passelegue et al., 2018). In particular, Passelegue et al. (2018)
monitored the elastic properties of Westerly granite during several cycles of loading and unloading, and dis-
cussed the evolution of strain, stress-induced elastic wave anisotropy associated with damage and healing. They
demonstrated that the magnitude of damage-induced anisotropy increases after consecutive loading cycles. These
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Figure 9. Temporal changes in near-surface radial anisotropy, as indicated by the EVLR/(SVLQ ratios (gray circles) for four RE
sequences recorded at station PSI: (a) N1, (b) N17, (c) S1, and (d) S4, displayed over 2005-2013. The vertical dotted lines
indicate the occurrence of the 2004, 2005, 2007, 2008, 2010 Banyak, and 2010 Mentawai earthquakes (Table S1), and the
open triangle indicates the ratio at the reference event for each RE sequence, which is positioned at 1. An enlarged view is
displayed in the inset in (a) to present better the decreasing 5VLR/6VLQ ratio during the 2005-2007 time period. Note that the

8V, /6, , ratios of >80 in (c) are due to low 6V, , <0.001%. Note that the decreasing radial anisotropy after the 2004 and

2005 great earthquakes is likely due to the closure of cracks (unloading), whereas sudden increasing radial anisotropy after
late 2007 is due to loading induced by the ground motions of the 2007 and 2008 earthquakes.

experimental results apparently corroborate the notion of re-damaging inferred from our observations where the
magnitude of 6V , and radial anisotropy observed in Group 1 before the 2007 Bengkulu earthquakes are further
enhanced in Group 2 after the 2007 sequence (Figures 3 and 9). Moreover, decreasing (SVLR/(SVLQ ratio after the
2004 and 2005 great earthquakes is consistent with the reduction in the strength of elastic anisotropy due to the
closure of cracks during the unloading stage (Figure 9).

7. Conclusions

This study examined temporal velocity changes from 20-s Rayleigh (6V/ ) and Love (6V o) waves that were
recorded at seismic station PSI using REs after the 2004 M 9.2 Sumatra Earthquake in the Sumatra Subduction
Zone. Seismic observations revealed the following first-order patterns: (a) a 5V, reduction of —0.16% was ob-
served after the 2004 and 2005 M, 8.6 Nias earthquakes, with an additional reduction of —0.25% observed after
the 2007 M, 8.4 and M 7.9 Bengkulu, and 2008 M, 7.3 Simeulue earthquakes; (b) a weak Vo reduction of
—0.008% was observed after the 2004 and 2005 earthquakes, followed by an additional reduction of —0.027%
after late 2007; and (c) the 6V ®Vigo ratio is ~6. Two approaches were adopted to investigate the parameters
that are sensitive to 6V ,, Vo and 5V #/V1 o including the Rayleigh-wave and Love-wave sensitivity kernels
in isotropic and VTI media, and synthetic §V based on synthetic waveforms from the DSM in VTI media. The

modeling result highlighted dp,, ~ —4% and df,; ~ —0.615% confined to the uppermost 1 km of the crust, repro-
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ducing the V1rl6Vig ratio of 6. Furthermore, we show that the modeled df,, and df3,; values can be reconciled
by an increase in the crack density (¢) of 2.0% and a crack aspect ratio of >10 for fluid-filled horizontal cracks.
Increasing horizontal cracks in the subduction zone forearc after great earthquakes may be facilitated in overpres-
sured sediments. This study documented robust changes in radial anisotropy and presented the V16V ratio as
a proxy to identifying/monitoring changes in near-surface radial anisotropy.

Data Availability Statement

The seismic data analyzed in this study were assembled from the Pacific 21 (PS) network, which was download-
ed from the JAMSTEC data center, Japan (http://p21.jamstec.go.jp/top/) and IRIS DMC (http://service.iris.edu/
fdsnws/dataselect/1/). The PDE event catalog was downloaded from ftp://hazards.cr.usgs.gov/NEICPDE/isf2.0.
The DSM software package was downloaded from http://www-solid.eps.s.u-tokyo.ac.jp/~dsm/software/soft-
ware.htm. The MSAT software package was downloaded from https://www1.gly.bris.ac.uk/MSAT/. The global
CMT moment tensor was retrieved from https://www.globalcmt.org/.
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