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Abstract15

The seismic moment tensor, which represents the equivalent body-force system of the seismic source,16

may exhibit non-double couple components (NDCs) when the earthquake occurs on a planer fault if the17

source medium is anisotropic. Kawakatsu (1991a) reported that the NDCs of the moment tensors for18

shallow earthquakes from the Harvard CMT catalog exhibited a systematic characteristic dependent19

on faulting types: the sign of the NDC parameter ϵ on average systematically changes for thrust20

(negative), normal (positive), and strike-slip (positive) faults. The behavior of thrust and normal21

faults that shows opposite sign can be explained if the source region is transversely isotropic with a22

vertical symmetry axis (VTI, radially anisotropic). In fact, the VTI model of PREM at a sub-Moho23

depth predicts the observed systematic NDC pattern, although the magnitude is underestimated,24

indicating the potential to enhance our understanding of the lithospheric transverse isotropy using the25

NDC of the moment tensors. To investigate the lithospheric transverse isotropy structure utilizing26

the NDCs of the moment tensors, we propose a novel inversion scheme, building upon the approaches27

employed previously for deep and intermediate-depth earthquakes, but with necessary modifications28

to address shallow sources. Synthetic tests conducted under conditions of random faulting indicate29

the potential to constrain the S-wave anisotropy ξ and the fifth parameter ηκ, but with moderate30

to severe correlation depending on data types. The application of this method to real data sourced31

from the GCMT catalog suggests that the lithospheric transverse isotropy of PREM at the sub-Moho32

depth serves as a suitable initial model. However, some adjustments may be necessary, particularly33

regarding the fifth parameter, to enhance the model’s fidelity in representing observed NDCs of the34

moment tensors. Finally, the behavior of the strike-slip faults that cannot be explained by the VTI35

may deserve further attention.36
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1 Introduction37

The seismic moment tensor, which represents the equivalent body-force system of the seismic source38

(Backus and Mulcahy, 1976), may exhibit non-double couple components (NDCs) when an earthquake39

as a shear-faulting on a plane occurs in an anisotropic medium. Aki and Richards (1980), in their40

text book on seismology, states this as in the caption of Figure 3.7 as “The nine possible couples41

that are required to obtain equivalent forces for a generally oriented displacement discontinuity in42

anisotropic media”. As the Earth is elastically anisotropic (e.g., Babuska and Cara, 1991; Montagner43

and Mainprice, 2024), the moment tensor corresponding to an earthquake as faulting should naturally44

exhibits non-double couple components.45

The era of broadband digital seismology started around the second half of 1970’s has brought46

seismic moment tensor solutions of global moderate size earthquakes (Mw ≥∼ 5.5) available soon47

after their occurrence to the seismological community (e.g., Dziewonski et al., 1981; Sipkin, 1986;48

Kawakatsu, 1995). Using the early solutions of the Harvard Centroid Moment Tensor (HCMT) catalog,49

Giardini (1983, 1984) showed that the NDCs of the CMT solutions show systematic behavior for deep50

and inter-mediate depth earthquakes that might be related to the dominant stress pattern in the51

subducting slabs hosting those earthquakes. This view was followed by Kuge and Kawakatsu (1990,52

1992, 1993) who showed that for events with large NDCs, the presence of multiple ruptures sharing53

a common dominant stress in earthquakes could explain the waveform complexity. More recently, for54

deep and intermediate-depth earthquakes, NDCs with relatively mild magnitudes, their origin due to55

seismic anisotropy have been discussed (Vavrycuk, 2004; Li et al., 2018); further, some theoretical56

aspects of the effect of anisotropy on the NDCs as forward (Menke and Russell, 2020) and inverse57

(Menke, 2020) problems have been introduced.58

As for shallow earthquakes, while the global average properties show no systematic pattern,59

Kawakatsu (1991a) reported that the NDCs of the Harvard CMT catalog (Dziewonski et al., 1981)60

exhibited a systematic characteristic dependent on faulting types, which can be seen in more recent61

GCMT catalogue (Figure 1). The average NDC parameter ϵ (Giardini, 1983) is negative for thrust62

faulting (TF) and positive for normal faulting (NF) and strike-slip faulting (SS). While concluding63

that this systematic behavior cannot be explained by un-modeled random error in the inversion pro-64

cess, Kawakatsu (1991a) listed potential causes, such as the presence of multiple sub-events with65

different focal mechanisms sharing similar principal axes, near-source anisotropy, and the presence of66

systematic regional heterogeneities; although he preferred the first one, because it explains the nature67

of the NDCs occurring in the ridge-transform-fault plate boundaries, but left it as an open question.68

Further, Kuge and Lay (1994b) discussed the effect of the fault zone irregularity that might result69

in the systematic NDCs, and Kuge and Lay (1994a) showed the data-type dependence of the CMT70

inversion that might bias the size dependence of the NDCs.71

The purpose of the present paper is to show that a part of the reported behavior related to72

thrust (TF) and normal (NF) faults by Kawakatsu (1991a) can be explained if the source region is73

transversely isotropic with a vertical symmetry axis (VTI, radially anisotropic) as in the reference74

earth model PREM (Dziewonski et al., 1981). We further investigate the potential to enhance our75

understanding of the lithospheric transverse isotropy using the NDC of the moment tensors. It should76

be noted that VTI here represents an averaged property of the lithospheric anisotropy that can be77

more complicated. As far as the lithospheric anisotropy originates from the causes that share similar78
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characteristics, as an (azimuthal) average property, VTI emerges as in PREM. In this regard, we first79

discuss the global feature of the NDCs that may be modeled with VTI. Then, as a natural extension80

of the approach, we model the difference between ocean and continent and discuss the future research81

perspectives.82

2 Non-double couple components and transverse isotropy (VTI)83

2.1 Non-double couple components of the moment tensor84

The seismic moment tensor M , which is the point source representation of the indigenous seismic85

source of the stress-glut distribution (Backus and Mulcahy, 1976), is a 3× 3 symmetric tensor; it has86

six degrees of freedom and can be characterized by three eigen-solutions. For an earthquake of a shear87

dislocation on a planar fault, it can be expressed as,88

Mpq = uiνjCijpq, (1)

where ui and νj respectively correspond to the shear displacement integrated on the fault plane and89

the unit normal vector to the fault plane, and Cijpq to the elastic tensor of the the source region (Aki90

and Richards, 1980). For the case of an isotropic source region, it is reduced to91

Mpq = µ (upνq + uqνp) (2)

that represents the double-couple source with four degrees of freedom with the constraints,92

trace(M) = 0, (3)

which is equivalent to the orthonormality between the slip vector and the fault normal,93

u · ν = 0, (4)

and94

λ2 = 0 (λ1 + λ3 = 0) (5)

where λ1 ≥ λ2 ≥ λ3 are the eigenvalues of M .95

The two extra degrees of freedom of a general moment tensor are called non-double couple com-96

ponents (NDCs), and their strength can be measured by the isotropic component97

I =
1

3
trace(M) (6)

and the intermediate eigenvalue λ2 both scaled by the seismic moment. Due to the difficulty of con-98

straining the isotropic component, most of the global catalogues, such as those provided by [H,G]CMT,99

USGS, etc, assume I = 0 to report zero-trace (deviatoric) moment tensors. The strength of the devi-100

atoric NDC is often measured by101

ϵ =
−λ2

max(|λ1|, |λ3|)
(7)

(Giardini, 1983). For a deviatoric moment tensor,102

ϵ =
1

2
CCLV D (8)
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where CCLV D is define by Vavrycuk (2015) in the “standard decomposition”.103

In the standard decomposition, a moment tensor M , after the diagonalization, is decomposed104

into three base (unit) tensors corresponding to the isotropic (ISO), the double-couple (DC), and105

the compensated linear vector dipole (CLVD) types; base tensors are defined such that the largest106

magnitude of eigenvalues is equal to one. Then, the corresponding “components”, MISO, MDC , and107

MCLV D, are defined by108

MISO =
1

3
(λ1 + λ2 + λ3) (9)

MDC =
1

2
(λ1 − λ3 − |λ1 + λ3 − 2λ2|) (10)

MCLV D =
2

3
(λ1 + λ3 − 2λ2), (11)

where MDC is always positive, and other NDC components do not have the restriction. The total109

seismic moment M is given by110

M = |MISO| + MDC + |MCLV D|, (12)

to scale the fractional strength of each component, CISO, CDC , CCLV D to make |CISO| + CDC +111

|CCLV D| = 1.112

2.2 Lithospheric transverse isotropy (VTI) and NDCs113

The reference earth model PREM (Dziewonski and Anderson, 1981) has a layer with transverse114

isotropy with a vertical symmetry axis (VTI) in a depth range of 24.4km - 220km that may cor-115

respond to the lithosphere-asthenosphere system where the shear deformation due to the plate motion116

may dominate. While VTI S-wave and P-wave parameters (i.e., β[V,H] and α[V,H]) should be well117

(relatively speaking) constrained with βH > βV and αH > αV , whether or not the fifth parameter ηκ118

introduced by Kawakatsu (2016a) is constrained is uncertain (see Table 1 and Figure S1).119

We characterize the lithospheric VTI using the five parameters, β[V,H], α[V,H], ηκ, following Kawakatsu120

(2016a). As for a characteristic value of VTI, we choose the sub-Moho parameters at a depth of 24.4km121

where the fifth parameter ηκ shows the smallest value (Table 1). Figure 2 shows the distribution of122

NDCs expected for earthquakes occurring in a source region with VTI of sub-Moho PREM. One123

thousand faults with random orientations are generated (Figure 2a), and resulting NDCs are plotted124

on a diagram introduced by Vavrycuk (2015) (Figure 2b) that is essentially the same as the τ − k125

plot originally developed by Hudson et al. (1989) except for the sign of the horizontal (CCLV D) axis.126

Different faulting types are classified with colors (red: thrust fault (TF); green: normal fault (NF);127

blue strike skip (SS); yellow: the rest). While blue points (SS) are evenly distributed near around128

the origin, which represents the pure-DC moment tensor, green (NF) and red (TF) points are located129

respectively on the positive and negative side of CCLV D values. This faulting type dependence of the130

NDC parameter (ϵ or CCLV D) for normal and thrust faults is what is observed by Kawakatsu (1991a,131

Figure 1). Considering that PREM is the reference earth model, it seems reasonable (or natural) to132

infer that the reported systematic NDC distribution is due to the presence of VTI in the lithosphere.133

The average values reported by Kawakatsu (1991a) are ϵ̄ = 0.049±0.005 for NF and ϵ̄ = −0.055±0.003134

for TF (the numbers after ± here represent standard errors for the mean estimates). The correspond-135

ing values for the synthetic modeling shown in Figure 2 are C̄CLV D = ±0.079±0.012, and considering136
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their mutual relationship in equation (8), the magnitudes (absolute) modeled by PREM are smaller137

than those of the data. This indicates a potential to used NDCs of observed (or reported) moment138

tensor solutions to further constrain the lithospheric transverse anisotropy.139

Although the points in Figure 2b appear to be linearly scattered and the isotropic component140

(CISO) is generally weak, this is not always the case. Figure 3 shows how changing the VTI parameters141

affects the NDC distribution, where we fix both S (ξ =
β2
H

β2
V
) and P(ϕ−1 =

α2
H

α2
V
) anisotropy to the PREM142

values and vary the fifth parameter ηκ. With the constant strength of P- and S-anisotropy (i.e., ξ and143

ϕ−1), it can be seen that the strength of NDCs varies significantly. For example, the spread of CCLV D144

for a case ηκ = 1.10 (Figure 3f) is more than three times compared to the PREM case (i.e., ηκ = 0.97,145

Figure 3c). Similarly, Figure 4 shows the case of varying ξ while fixing others to sub-Moho PREM.146

It is worthwhile to note that the decrease of ξ rotates the NDC pattern counter-clockwise, and when147

ξ = 1.00 (Figure 4a) and ξ = 0.95 (Figure 4f), the polarity of ϵ reverses. Therefore, ξ > 1.00, i.e.,148

βH > βV , is required for the lithospheric VTI from the distribution of NDCs of moment tensors. The149

behavior of NDCs further supports the idea of using NDCs to constrain the VTI parameters of the150

source region (similar figures showing the ϕ−1 effects and corresponding r0-projection are provided in151

the Supplemental Material (Figures S3,S4,S5,S6)).152

3 Characterization of lithospheric VTI via NDC of Moment Ten-153

sors: Method154

Vavrycuk (2004) first introduced a general methodology to invert for the source region anisotropy155

using the NDCs of moment tensors of deep earthquakes in the Tonga subduction zone, and later Li156

et al. (2018) applied the methodology to solve for tilted transverse anisotropy (TTI) in the subducting157

slabs. We propose a novel inversion scheme, building upon the approaches employed by them, but158

with necessary modifications to address shallow sources (Kawakatsu, 1996).159

3.1 Inversion for full moment tensors160

Following Vavrycuk (2004), we rewrite equation (1) using the Voigt notation (in bold lowercase),161

m = cd, (13)

where c is a 6 × 6 matrix of the elastic coefficients in the Voigt notation, m and d are six elements162

vectors defined as163

m = (M11,M22,M33,M23,M13,M12)
T , (14)

and164

d = (u1ν1, u2ν2, u3ν3, u2ν3 + u3ν2, u1ν3 + u3ν1, u1ν2 + u2ν1)
T . (15)

The vector d is closely related to the symmetric dyadic source tensor, D = (upνq + uqνp)/2, and165

D =
1

2

 2d1 d6 d5
d6 2d2 d4
d5 d4 2d3

 (16)

(Vavrycuk, 2005, see also equation (2)). (Note that neither D nor d here is scaled as in Vavrycuk166

(2005) due to our definition of u.)167
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Our goal is to find a set of elastic coefficients c for a given set of scaled moment tensor solutions168

m̃i (i = 1, .., n) that share a common anisotropic source structure, such that some cost (or misfit)169

function as170

Γm =
1

n

∑
||m̃i − cd̂i||2, (17)

can be minimized with a constraint requiring D̂i to represent a double-couple source tensor (i.e.,171

trace=0 with the zero intermediate eigenvalue), where || · || represents the Frobenius norm of a matrix.172

This approach makes sense in the ordinary least-squares way, but leads to a two-step process that173

consists of (1) for each m̃i, finding d̂i, for a given c, that minimizes the squared difference in (17),174

and (2) then look for c that minimizes the summation of the squared differences, that requires some175

computing cost.176

An alternative approach suggested by Vavrycuk (2004) is to directly solve for177

d̂i = c−1m̃i (18)

for each m̃i to minimize a cost function178 ∑
|Trace(D̂i) + Det(D̂i)|, (19)

where D̂i denotes the source tensor corresponding to d̂i but not necessarily represents the double179

couple. This approach offers a quick way to get to a solution but the meaning of cost function might180

not be obvious. Besides, the determinant is a highly nonlinear function of the elements that may181

introduce many local minimums for the cost function when its summation is used. The Trace(D) = 0182

constraint can be incorporated as a linear constraint, d1 + d2 + d3 = 0, in the least-squares inverse,183

thus we use an alternative measure for the cost function that is given in the next section.184

3.2 Inversion for Zero-Trace moment tensors185

3.2.1 Projection of the isotropic component186

Because of the difficulty of constraining certain components of the moment tensor particularly for187

shallow sources (e.g., Kanamori and Given, 1981; Kawakatsu, 1996), the trace of moment tensor188

solutions of the catalogues, such as GCMT (Dziewonski et al., 1981; Ekstrom, 2012), USGS, W-phase189

(Kanamori and Rivera, 2008), are constrained to be zero.190

It is important to note that this Zero-Trace moment tensor (M∗) is not the same as the deviatoric191

part of the true moment tensor (MDev),192

M∗ ̸= MDev. (20)

By constraining M∗
11 +M∗

22 +M∗
33 = 0 in moment tensor inversions, the isotropic component, which193

is present in the moment tensor in anisotropic medium, will be mapped into other components, most194

likely to the diagonal parts. Kawakatsu (1996) investigated the observability of the isotropic com-195

ponent in the CMT inversion of Dziewonski et al. (1981), and showed that, for shallow earthquakes,196

the isotropic component and the vertical CLVD components are strongly correlated and cannot be re-197

solved separately (the correlation coefficients are -0.99 for surface wave data and -0.85 for the bodywave198

data). For deep earthquakes, the usage of various bodywave phases improve the situation that allows199

to constrain the isotropic part (Kawakatsu, 1991b, 1996). Therefore, instead of assuming M∗ = MDev
200
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as done in the previous work (Vavrycuk, 2004; Li et al., 2018), we need to think that the reported201

Zero-Trace MT is a function (projection) of the original MT,202

M∗ = F(M). (21)

Assuming the azimuthal station coverage is reasonably good, which may be satisfied for global mod-203

erate size earthquakes (say Mw ≥ 5.5), we assume that the isotropic component I will be converted204

equally to the two horizontal diagonal components; i.e.,205

M∗
11 = M11 + β × I

M∗
22 = M22 + β × I (22)

M∗
33 = M33 + α× I,

where subscripts 1 and 2 represent the horizontal components, and subscript 3 denotes the vertical206

component in Cartesian coordinates. The ratio of mapping coefficients r = α/β defines how the207

mapping is done; summing both sides, α = −3r/(r + 2) and β = −3/(r + 2) are derived. For208

the case of previous researches, r = 1 and α = β = −1/3 (r1-projection) are presumed. In our209

case for shallow earthquakes, the result of Kawakatsu (1996) indicates that the long-period surface210

wave excitation due to the isotropic moment tensor I = [1, 1, 1] and the vertical CLVD MT C =211

[0.5, 0.5,−1], where numbers in parentheses represent the diagonal components of the moment tensor212

with the rest components being zero, are nearly equal in magnitude and opposite in sign (cf. Table 1213

and Figure 2 of Kawakatsu (1996) and references therein), and thus indistinguishable; so, MI will be214

converted to MC as MC = −MI that requires r = 0 and α = 0, β = −1.5 (r0-projection), resulting215

M∗
11 = M11 − 1.5I

M∗
22 = M22 − 1.5I (23)

M∗
33 = M33.

We do not expect this to occur for each earthquake exactly, but for a large number of earthquakes,216

on the average, we suggest this provides a likely expectation. It should be also noted that, strictly217

speaking, the condition r = 0 does not apply for the case of the long-period bodywaves that still218

show the strong negative correlation of the resolvability between I and C. Considering that the CMT219

methodology relies on both datasets, r may be considered as an adjustable parameter (close to 0), but220

here we assume r = 0 for shallow earthquakes for the rest of analysis.221

3.2.2 The misfit function222

As discussed by Vavrycuk (2004), for a catalogue Zero-Trace MT solution223

m∗ = (M∗
11,M

∗
22,M

∗
33,M

∗
23,M

∗
13,M

∗
12)

T , (24)

the equation (13) needs to be modified. The introduction of r-projection requires224

m∗ = bd (25)

HITOSHI KAWAKATSU
取り消し線
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where225

bij = cij + β · c1j + c2j + c3j
3

(i = 1, 2)

bij = cij + α · c1j + c2j + c3j
3

(i = 3 ) (26)

bij = cij (i = 4− 6).

Because c to b conversion is associated with a loss of degree of freedom due to r-projection, the226

matrix b is singular and does not have an inverse (this point is not well discussed in Vavrycuk (2004)).227

Here we can use the Zero-Trace property of D (i.e., d1 + d2 + d3 = 0) as a constraint to solve228

d = b−1
cg m∗, (27)

where b−1
cg denotes the constrained generalized inverse of b (Li (2020); Jiaxuan Li (personal commu-229

nication, 2023)). The resulting d and the associated source tensor D (instead of the moment tensor)230

have the Zero-Trace property, but the other required property for double-couple, i.e., the intermediate231

eigenvalue λ2 to be zero may be unsatisfied. So for the misfit function, we use the “non-double couple”232

measure ϵ (equation (7)) of the source tensor Di as233

ΓCLV D =
1

n

∑
|CDi

CLV D|
2 =

4

n

∑
|ϵDi |2, (28)

where i = 1, .., n denotes i-th moment tensor solution. This measure of the misfit function shares234

similar characteristics to the least-squares type measure (17) such that the results may be compared235

with each other (Figure S2). In fact, it can be shown that each term in the summation of (28) (i.e.,236

|ϵDi |2) is equal to a half of the sum of the squared differences of the scaled eigenvalues of Di (i.e.,237

[λDi
1 , λDi

2 , λDi
3 ]/max(|λDi

1 |, |λDi
3 |)) from the corresponding double-couple (i.e., [1, 0,−1]) sharing the238

same principal axes. This approach offers much faster way to estimate the minimum solution compared239

to (17). It may be noted that the natural extension of (28), i.e., ΓNDC =
∑

(C2
CLV D+C2

ISO)/n, might240

be useful for the case when full moment tensor solutions are available.241

4 Characterization of lithospheric VTI via NDC of Moment Ten-242

sors: Analysis243

Our strategy is that we perform a series of grid-searches in the model parameter space of ξ−ϕ−1− ηκ244

with a grid size of 0.01. As for the P-anisotropy parameter ϕ−1, we parameterize it as a function of ξ245

as246

ϕ−1 ∼ ξα, (29)

where α is the S-P scaling parameter. Before going into the analysis of real data, we first examine247

the resolution of VTI parameters from the NDCs of synthetic moment tensors. Then, as a first step248

toward characterizing the lithospheric anisotropy using NDCs of moment tensors, we apply the the249

developed methodology to the entire dataset of the GCMT catalogue to discuss future perspectives.250

We note that the term “lithospheric” here refers to regions where earthquakes occur and thus the251

inferences made will be limited to that sort of the lithosphere where earthquake activity is high.252
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4.1 Resolution analysis253

Figure 5 shows the distribution of the misfit function (28) in ηκ − ξ parameter space for a set of254

moment tensors synthesized (noise free) for 100 randomly oriented faulting (Kagan, 2005) in VTI255

medium with the PREM parameters at a depth of 24.4km (Table 1). Figure 5a shows the case when256

we scale P-anisotropy ϕ−1 to S-anisotropy ξ with that of the PREM value and indicates that the257

resolution is not uniform; i.e., there exits a moderate trade-off between ηκ and ξ. The situation can258

be more drastic when we restrict the faulting type (Figure 5c,d); if faulting is limited to a certain type259

only (TF, NF or SS), there occurs a strong trade-off between ηκ and ξ (or ϕ−1). Since earthquakes260

occur under a regional stress field resulting in limited faulting types, this poses a limitation of the261

method, especially to the regional inference. Due to the symmetry of this inverse problem for TF and262

NF, for random faults, integrated effects of TF and RF in total overcomes the effect of SS resulting in263

the moderate trade-off seen in Figure 5a. Figure 5b shows the result similar to Figure 5a but with S-P264

scaling equals to one (i.e., ϕ−1 = ξ). It should be noted that the minimum point shifts to lower(-left)265

relative to the input value (red asterisk).266

4.2 Application to GCMT 1976-2023267

We apply the methodology developed above to the entire dataset of the Global Centroid Moment268

Tensor (GCMT) catalogue (Ekstrom, 2012; Dziewonski et al., 1981) from a period of Jan., 1976 to269

Nov., 2023. We select shallow events depths above 50 km for Mw ≥ 5.5. The magnitude control is270

partly to assure a good station azimuthal coverage. As to the further solution quality controls: we271

select solutions with (1) formal error estimates (both for location and MT-components) given, and (2)272

the MT-component relative error smaller than 0.08 (Vavrycuk, 2004). The first condition utilizes the273

flag information provided in the GCMT catalogue, and is to avoid poor station distribution and poor274

resolution of certain components. This condition limits event depth to be deeper than (or equal to)275

10km. With these conditions employed, there are 9487 GCMT solutions left to be analyzed.276

Figure 6 shows the result for three different S-P scaling cases. The first thing to notice is that277

there exits the strong negative tradeoff between ηκ and ξ as seen in the resolution test just for TF (or278

NF) type sources (Figure 5c). It seems likely that this reflects the fact that strike-skip type events279

generally show the distribution of NDCs negative (Figure 1c) without following the VTI prediction280

(see Discussion). Therefore, the resulting resolution figure reflects the resolution due to other two-281

type sources resulting in a strong trade-off. This means that, solely from the NDC distribution, it282

is difficult to constrain the VTI parameters (say, both ξ and ηκ at the same time). On the other283

hand, the situation can be improved using other data. For example, Kawakatsu (2016b) showed that284

Rayleigh wave phase velocities are sensitive to βV and ηκ, but more sensitive to βV than to ηκ (∼7:1285

at a period of 30s where the sensitivities have peaks around a depth of 50 km, as indicated by the286

slope (converted for ξ) in Figures 6 as a reference). Therefore, by combing the NDC analysis with287

Rayleigh wave dispersion measurements, we may be able to constrain two parameters independently.288

Secondly to notice is that the location of the minimum-valley shifts relative to the PREM value289

depicted by a red asterisk in each plot. It is likely that the points along the minimum valley are equally290

good candidates for a “solution” and there is weak resolution to distinguish the difference (Figure 7).291

For example, if the SP-scaling is known to be equal to that of PREM, it can be inferred that the292

PREM VTI parameters (at a depth of 24.4km) is generally consistent with the NDC distribution293

HITOSHI KAWAKATSU
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(Figure 6b). However, the SP-scaling of PREM that is α =∼ 0.45 is fairly small, and for the mantle294

rock olivine, the scale factor is somewhere between 1 and 1.5 (e.g., Kawakatsu, 2022). So, if we accept295

these values, then the results in Figure 6c,d may indicate that ηκ is smaller and ξ is slightly larger296

than the PREM values to be consistent with the NDCs.297

5 Discussion298

5.1 Error analysis299

Figure 7 shows the result of 500 bootstrap resampling grid searches of the GCMT moment tensors.300

The strong tradeoff of parameters can be seen as a cloud of the minimum grid points scattered along301

the valley of the misfit function map. The formal Bootstrap estimates are ξ = 1.108 ± 0.022 and302

ηκ = 0.918 ± 0.031 with the correlation coefficient of Cor = −0.99. As discussed above, combining303

this with the tradeoff constraint given from Rayleigh wave dispersion measurements, we should have304

better estimates of VTI parameters. It should be noted that, in the case of PREM (Dziewonski305

et al., 1981), as various data sources are incorporated in the modeling, the trade-off situation could306

be significantly better for βV than the simple Rayleigh wave prediction.307

5.2 Ocean vs Continent308

Considering the plate tectonic origin of the earthquake occurrence and the lithospheric structure, we309

may expect different VIT solutions for oceanic and continental areas. From the entire dataset, we310

classify events into ocean and continent respectively if the geographic altitude of the source location311

is below -2000m or above 0m. Figure 8 compares the analysis results, and the general trend (the312

location of the minimum valley to the PREM value) appears to be similar. Although the minimum313

points are farther away from the isotropic point (ηκ = ξ = 1) for the oceanic region than for the314

continental, the difference might be within the uncertainty (Figure 7). Nevertheless, it is interesting315

to note the observation that the apparent departure is stronger for the oceanic region. It is known316

that many of the rock-fabrics of the continental lithosphere (mostly crust) are anisotropic (Brownlee317

et al., 2017) and, when azimuthally averaged, VTI comparable to the oceanic fabrics may appear318

Kawakatsu (2021). The difference between continent and ocean in this regard is that the degree of319

the alignment of fabrics that may be stronger in the oceanic lithosphere than the continental one320

because of the simpler history of the development that may be seen here as the result of the ocean-321

continent regionalized analysis. Further regionalization and/or the plate-tectonic classification (ridge,322

subduction zone, transform fault, etc.) is possible, but then VTI may be too simple and it is better323

to be modeled by more general anisotropy that is beyond the scope of this paper.324

5.3 Time Variation: the effects of data-type325

From the moment tensor catalogue characteristic view, it may be of interest to see if there is any326

time dependence of the inversion results. Along the development history of the Harvard and Global327

CMT projects over the past 40 more years, the number of stations has been increasing and the328

methodological developments exist (Dziewonski et al., 1981; Ekstrom, 2012); so, we may expect some329

changes in the inversion result. According to Ekstrom (2012) there was a major development for the330

events after 2004. Figure 9(a),(b) compare the results before and after the change. There are two331

HITOSHI KAWAKATSU
取り消し線
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noticeable changes; one is the relative location of the minimum valley with respect to the PREM point.332

The other is the value of the minimum misfit (event average). The decrease of the misfit may indicate333

that the NDCs may be better determined after 2004, which might be also reflected in the nature of334

the inference for the VTI parameters. It appears that the corresponding full dataset result in Figure335

6c indicates stronger influence of the recent (post 2004) result.336

To understand the nature of this time variation, we investigate the impact of the data-type used337

for the CMT inversion (Kuge and Lay, 1994a). We further classify the data into those with bodywave338

only (B) and with bodywave and (mantle) surface wave combined (C) solutions using the data-type339

flag of the GCMT catalog (Ekstrom, 2012). The bodywave only solutions are for events till the end of340

2003 (plus one on Feb. 24, 2004), and combined solutions span the whole period. Figure S7 compares341

the results for the events before the change (i.e., 1976-2003) for B and C data-types. Here again, the342

difference of the relative location of the minimum valley with respect to the PREM point is notable343

and appears even stronger. As noted in Section 3.2.1, the r-projection is expected to be different for344

the bodywave solution and the surface wave combined solution, the difference of Figure S7 (a) and345

(b) is likely due to the difference in the value of r for the corresponding datasets; the average ϵ values346

for thrust and normal faults are about twice as large (in absolute value) for bodywave only solution347

compared to those for combined solutions for events before 2004 (Table S1, Figure S7). Figure 9(c)348

shows the result for the entire period for the combined data-type that appears close to the result349

of the entire dataset within the model uncertainty (Figure 7). So, the inclusion of the bodywave350

only solutions to the entire dataset does not seem affecting the results significantly, but a further351

investigation might be worth making.352

5.4 Spread of the NDC distribution: the effects of azimuthal anisotropy and 3D-353

structure354

The VTI models discussed in this paper mainly concern the average property of the NDC distribution355

for the thrust faults and normal faults, but not the other statistical property, the spread (i.e., standard356

deviation) of the distribution. To delineate the effect of azimuthal anisotropy (in addition to VTI) on357

the NDC distribution, we generate synthtic faults with random orientations for hypothetical source358

regions that consist of well documented mantle fabrics (for the detail of modeling, see the caption359

of Table 2). Figure 10 and Table 2 compare those statistical properties. The VTI models generally360

explain the average but not the spread of the NDC distribution (Table 2: PREM and those with a361

superscript circle; Figure 10b); the predicted spread values are 0.01− 0.02 that are much less of what362

are seen in GCMT data (∼ 0.2). On the other hand, the expected spreads for the randomly generated363

faultings for the mantle fabrics predict about 5 times larger spreads (Table 2, Figure 10c) that may364

account for 1/3 of the observed spread in GCMT solutions. This suggests a possibility that the365

significant portion of the observed (spread of) the GCMT NDCs are due to the seismic anisotropy of366

the lithosphere. Modeling of the effect the realistic azimuthal anisotropy (e.g., Schaeffer and Lebedev,367

2013; Debayle et al., 2016; Becker et al., 2014) with the GCMT solutions may quantify to what extent368

the seismic anisotropy contribute the observed NDCs that is beyond the scope of the present paper.369

In this account, the recent effort to incorporate the 3D-structural effect in the waveform modeling370

for the global CMT inversion (Hjorleifsdottir and Ekstrom, 2010; Sawade et al., 2022) is essential.371

Earlier, by inverting synthetic waveforms calculated for a 3D-structure with the GCMT methodology,372
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Hjorleifsdottir and Ekstrom (2010) reports that the error in the NDC is very small when using all373

wave-types to constrain the solution. More recently, by conducting the CMT inversion using Green’s374

functions computed by the spectral-element method in the 3-D model, Sawade et al. (2022) reports375

that the overall distribution of source type (meaning NDCs) as a function of depth remains nearly376

unchanged. As this is a still on-going active research (Sawade et al., 2023), it would be important to377

see how the final result after the full iteration modifies the distribution of the NDCs. It might be also378

important to understand how the Zero-Trace constraint modifies the r-projection in different inversion379

schemes.380

Before closing this section, it should be also noted that the modeling of the VTI parameters381

conducted in this paper is not just for the average of ϵ values, but, as discussed in Sections 3 and 4,382

actually fitting individual moment tensors that have different source (fault) orientations.383

5.5 On the fabric and Vs/Vp-anisotropy scaling384

Kawakatsu (2021, 2022) summarizes the possible scaling relation between P- and S-anisotropy param-385

eters, ξ and ϕ−1 as,386

ϕ−1 ∼ ξ1.0−1.5, (30)

for various mantle fabrics. In the case of Russell et al. (2019), who constructed a model of 70-Ma387

oceanic lithosphere in Pacific based on the in-situ OBS measurements, the scaling value of 1.0 is388

employed. As for the oceanic sub-Moho azimuthal anisotropy, Shinohara et al. (2008) estimated the389

P-wave and S-wave variations to be about 5% and 3.5%, respectively, indicating that the P-wave390

anisotropy is larger than that of S-wave. All these appear to indicate that the scaling value for PREM391

at a depth of 24.4km (i.e., sub-Moho) is 0.43 is exceptionally small that reflects the general observation392

that P-wave anisotropy in PREM is fairly small.393

Considering these, we suggest that the results in Figures 6c,d are more probable, indicating that ηκ394

and ξ are respectively slightly over- and under-estimated in PREM. The mantle fabrics show ηκ ∼ 0.98395

for ξ ∼ 1.10 (Kawakatsu, 2022) that is larger than the ηκ ∼ 0.9685 of PREM at 24.4km (Table 1).396

The presence of laminated scatterer observed in the both continental and oceanic lithosphere (e.g.,397

Kennett and Furumura, 2016; Shito et al., 2013; Kennett and Furumura, 2015; Takeuchi et al., 2017)398

may further contribute to lower ηκ.399

5.6 Enigma of strike-slip earthquakes400

The VTI model employed in this paper, as a cause of the NDCs for TF and NF, cannot explain401

the those of strike slip events. Menke and Russell (2020), in their theoretical account, conclude that402

both ISO and CLVD components are zero when the axis of symmetry is within the fault plane or the403

auxiliary plane. As this is the case for VTI and a pure strike-slip fault, we expect zero or small404

NDCs for strike-slips. The positive shift of the average ϵ for SS events is strong and persistent,405

and it is unlikely that seismic azimuthal anisotropy explains it either as discussed by Kawakatsu406

(1991a). Instead, Kawakatsu (1991a) attributed the cause to the presence of multiple faultings in the407

ridge-transform-fault environment in the plate tectonics context (i.e., near simultaneous occurrence of408

strike-slip and normal faulting there), and suggested that it is related to that particular plate boundary409

related phenomenon. However, the positive shift of ϵ for SS events can be seen in the continental data,410
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though the magnitude of the shift appears smaller (Table 2). In this view, it might be related to the411

some peculiar nature of strike-slip earthquakes that the current author cannot think of.412

6 Concluding remarks413

As the earth lithosphere is elastically anisotropic, the moment tensor of an earthquake as a planar414

faulting naturally exhibits non-double couple components including the isotropic component. The415

reported moment tensor catalogues often report only zero-trace moment tensors (M∗) that are mod-416

ified somehow to become deviatoric with Trace(M∗) = 0 constraint in the inversion by possibly417

modifying the other moment tensor elements. In the present paper, we have attempted to show how418

this transformation (or projection) may be taking place for shallow earthquakes of the Harvard and419

Global Centroid Moment Tensor project catalogues. After confirming the presence of the systematic420

fault-type dependence of NDCs, which was reported earlier for the HCMT catalogue, in the modern421

GCMT catalogue, we have also shown how to retrieve useful parameters of the lithosphere, such as422

transverse isotropy structure, from the distribution of NDCs. The application of the methodology to423

the entire GCMT dataset indicates the PREM sub-Moho VTI model offers a suitable initial model.424

Whether or not the suggested further model adjustment is needed is uncertain, considering that the425

other processes, such as the simultaneous occurrence of multiple-faulting sharing similar dominant426

stress axes, might be also contributing to the systematic NDC behavior. Some of the findings of the427

exercise include (1) the systematic NDC pattern of thrust and normal faults indicates that ξ > 1 (i.e.,428

βH > βV ), for the shallow lithosphere (likely for oceanic), (2) the lithospheric azimuthal anisotropy429

should contribute the spread of the NDC pattern. Lastly, the enigmatic behavior of the NDCs of the430

strike-slip earthquakes seems to deserve further attention.431

Data and Resources432

The GCMT data analyzed in this paper are downloaded from the source in the public domain: [Global433

CMTWeb Page, https://www.globalcmt.org/] on February 21, 2024. Most of computations and figures434

are made using the Matlab software. The Supplemental Material provides some introduction material435

for transverse isotropy with a vertical symmetry axis (VTI) and supplemental figures further facilitate436

the discussion of the main text.437
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Depth Density αV αH βV βH ηκ ξ ϕ−1

km g/ccm km/s km/s km/s km/s

24.4 3.381 8.022 8.190 4.396 4.612 0.9685 1.101 1.042
60.0 3.377 7.982 8.165 4.404 4.580 0.9805 1.081 1.046
120 3.370 7.914 8.121 4.418 4.526 1.001 1.049 1.053
220 3.360 7.801 8.049 4.441 4.436 1.034 0.997 1.065

Table 1: PREM VTI model parameters for selected depths. Calculated using Love’s coefficients of the
1 sec model.

Data Total Thrust Normal Strike slip
source number N µ σ N µ σ N µ σ

HCMT 5841 1732 -0.11 0.2* 858 0.098 0.29* 1318 0.070 0.2*
GCMT 12773 4848 -0.090 0.194 1537 0.076 0.275 3547 0.092 0.245
GCMT⋆ 9487 3807 -0.092 0.180 1012 0.078 0.253 2810 0.094 0.235

GCMT⋆
l 1357 397 -0.102 0.229 158 0.086 0.302 390 0.065 0.306

GCMT⋆
o 5756 2278 -0.095 0.170 682 0.081 0.241 1990 0.105 0.212

GCMT⋆
− 4065 1603 -0.109 0.187 335 0.103 0.270 1197 0.075 0.244

GCMT⋆
+ 5422 2204 -0.080 0.173 677 0.066 0.243 1613 0.108 0.228

GCMT⋆
C 6858 2742 -0.077 0.169 821 0.070 0.244 2021 0.097 0.232

PREM 10000 3285 -0.080 0.012 3286 0.080 0.012 3728 0.000 0.019
A-type 10000 3311 -0.065 0.062 3304 0.067 0.063 3437 0.001 0.046
A-type◦ 10000 3264 -0.065 0.014 3261 0.067 0.014 3492 0.000 0.003
D-type 10000 3278 -0.127 0.079 3249 0.126 0.079 3866 0.000 0.029
D-type◦ 10000 3214 -0.123 0.021 3234 0.124 0.021 3875 0.000 0.008
NoMelt 10000 3238 -0.074 0.067 3244 0.072 0.066 3709 0.000 0.023
NoMelt◦ 10000 3202 -0.072 0.011 3262 0.072 0.011 3658 0.000 0.006

Table 2: Statistics of NDCs via CCLV D(= 2ϵ). As to the data source, HCMT refers to the data used in
Kawakatsu (1991a); GCMT to those in Section 4.2 with the quality control (1); GCMT⋆ to those with
the additional quality control (2) that is used for the analysis. Those below the first separation line
are further grouped: subscripts l and o to continental and oceanic data used in Section 5.2; subscripts
− and + to pre-2004 and post-2004 data used in Section 5.3; subscripts C to combined data-type
(1976.01-2023.11) used in Section 5.3; note that most of post-2004 data correspond to combined data-
type. Those below the second separation line are for synthetic data of 10000 randomly generated
faults. CCLV D values correspond to those estimated after the r0-projection. PREM refers to the
sub-Moho PREM model; A-type to the A-type olivine of Jung et al. (2006); D-type to the D-type
olivine of Ben-Ismail and Mainprice (1998); NoMelt to the model for the shallowest 70-Ma Pacific
oceanic lithosphere from the direct OBS measurements Russell et al. (2022). For these fabrics, b-axis
is assumed to be vertical. Superscript ◦ indicates azimuthally averaged VTI model. * for certain σ
indicates the standard deviation calculated from the standard error estimates given in the original
paper (Kawakatsu, 1991a).



19

(a)

(b)

GCMT: global
All: =-0.002 0.129
TF: =-0.045 0.097
NF: = 0.038 0.138
SS: = 0.046 0.122

TF

SS

NF

Figure 1: Distribution of the NDC parameter ϵ of shallow earthquakes for the Harvard (a) and the
Global (b) CMT catalogues. (a) after Kawakatsu (1991a). The data consisted of 5481 shallow (<50km)
earthquakes that occurred between Jan., 1977 and Sept., 1989 from the Harvard CMT catalogue.
(b) 12773 shallow (≤50km) earthquakes between Jan., 1976 and Nov., 2023 from the Global CMT
catalogue (Mw ≥5.5; Table 2). The source type is classified by the angle (θ) of the principal axis (T ,
P , or B-axis) of moment tensors from the vertical axis (i.e., thrust (TF), normal (NF) and strike-slip
(SS) faults are for θT , θP , and θB less than 30o degrees, respectably).
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-CLVD

(a)

(b) (c)

Figure 2: Simulation of 1000 random faults and the distribution of resulting NDCs due to the PREM
sub-Moho VTI model. Fault-types are indicated by the color (red, green, and blue are for TF, RF, and
SS; yellow for the rest). (a) Distribution of 1000 faults plotted on the fault-type diagram (Kaverina
et al., 1996; Kagan, 2005). (b) Distribution of the resulting NDCs plotted on the diamond CLVD-ISO
diagram (Vavrycuk, 2015), where the horizontal and vertical axes denote the strength of CLVD and
ISO-components, CCLV D and CISO. (c) The same as (b), but paths of r0-projection lines are plotted
by cyan, purple, and black lines for TF, NF, and SS. The shade-scale at the bottom indicates the
strength of the DC-component. Note that (b) and (c) show only the central part of the whole diagram
and that the origin corresponds to the pure DC source.
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 ηκ = 0.97ηκ = 0.95ηκ = 0.90
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(d) (e) (f)

Figure 3: The same as Figure 2b, but for different VTI models with varying ηκ value: (a) ηκ=0.90,
(b) 0.95, (c) PREM sub-Moho (0.97), (d) 1.00, (e) 1.05, (f) 1.10
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 ξ = 1.10ξ = 1.05ξ = 1.00

ξ = 1.15 ξ = 1.20 ξ = 0.95

(a) (b) (c)

(d) (e) (f)

Figure 4: The same as Figure 2b, but for different VTI models with varying ξ value: (a) ξ=1.00, (b)
1.05, (c) PREM sub-Moho (1.10), (d) 1.15, (e) 1.20, (f) 0.95. Similar figures for varying ϕ−1 is in
Figure S3.
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(a) (b)

(c) (d)

Figure 5: The resolution of the model VTI parameters in ηκ − ξ domain. The point in cyan color
gives the minimum const-function location, and the red asterisk denotes the PREM sub-Moho point
as a reference. (a) 100 random faults are used as the input MT-data, (b) the same as (a), but S-P
scaling 1.0 is employed, (c) 100 random thrust faults (TF) are used (a similar result occurs for RF
data due to the symmetry of the problem), (d) 100 random strike-slip faults (SS) are used. The same
S-P scaling as that of PREM sub-Moho is employed for (a), (c), and (d). The three digits at the top
in each figure give the minimum point (ηκ, ξ) and the corresponding misfit value in (28).
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SP scaling = PREM

SP scaling = 1.5SP scaling = 1.0

(a) (b)

(c) (d)

Figure 6: Grid-search results for the entire GCMT dataset. (a) The fault-type diagram showing the
distribution of the CMT solutions. The concentration of points near the tree corners may reflect plate
tectonic origin of earthquakes. The high density area along the lower edge of the diagram near the
thrust fault (TF) corner may be due to the low-angle thrust faults sub-parallel to the subducting
oceanic plate interface. (b-d) The same as in Figure 5 but for the GCMT dataset with different S-P
s. (The point in cyan color gives the minimum const-function location, and the red asterisk denotes
the PREM sub-Moho point as a reference.) The increase of the scaling coefficient appear to shit the
location of the minimum valley away from the PREM sib-Moho model. Note that the minimum misfit
values indicated at the top-right of each plot are almost equal to each other indicating the lack of
resolution for the S-P scaling.
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Figure 7: Bootstrap error estimate. The same as in Figure 6b, but the results of 500 bootstrap
resampling are shown by yellow plus marks. The point in cyan color gives the minimum const-function
location, and the red asterisk denotes the PREM sub-Moho point as a reference. The green asterisk
indicates the boot strap average. Note that the resampling minimum points are mostly scattered along
the minimum valley of the misfit map, indicating the lack of the resolution along the valley.

LandOcean

(a) (b)

(c) (d)

Figure 8: Ocean vs Continent: Similar plots as in Figure 6 but for the datasets for earthquakes in
(a,c) oceanic and (b,d) continental regions with S-P scaling=1.
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(a) (b)

(c)

Figure 9: Time lapse: Similar plots as in Figure 8(c),(d) but for the datasets for earthquakes occurring
in (a) 1976-2003, (b) 2004-2023.11, and (c) for the combined data-types (C) in 1976-2023.11 , all with
S-P scaling=1.
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Figure 10: Histograms showing the distribution of the NDCs of (a) the quality controlled GCMT data
used in the analysis, (b) synthetic MTs for 10000 randomly generated faults in an anisotropic source
region equivalent of the azimuthally averaged A-type olivine (i.e., VTI) fabric, and (c) those for A-type
olivine (assume vertical b-axis). Red (dotted), green (thick) and blue (thin) colors (lines) correspond
to TF, RF, and SS. Note that the introduction of more realistic (e.g., azimuthal) anisotropy increases
the spread of the NDCs.
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Representation of VTI

In a VTI or equivalently radial anisotropy system, horizontally and vertically propagating P-waves

have phase velocities of

αH =
√

A/ρ, and αV =
√

C/ρ,

respectively, where ρ gives the density, and A and C denote Love’s elastic constants. As for shear

waves, with Love’s constants L and N , horizontally and vertically polarized horizontally propagating

S-waves respectively have phase velocities of

βH =
√

N/ρ, and βV =
√

L/ρ,

and vertically propagating S-waves also have a phase velocity of βV (cf. Figure 1 of Kawakatsu (2016a)).

So for these horizontally or vertically traveling bodywaves, the ratios of Love’s elastic constants define

the degree of radial anisotropy,

ϕ−1 = A/C = α2
H/α2

V , and ξ = N/L = β2
H/β2

V ,

for the P-wave and the S-wave, respectively. As for the P-wave anisotropy index, we specifically use

ϕ−1 (instead of ϕ), because for many of realistic cases, the strength of anisotropy for P and S is

positively correlated. For other intermediate direction bodywaves, the Love’s fifth elastic constant, F ,

affects the incidence angle dependence of quasi-P and quasi-SV waves via ηκ,

ηκ =
(F + L)

(A− L)1/2(C − L)1/2

(Kawakatsu, 2016a).
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Data Total Thrust Normal Strike slip
source number N µ σ N µ σ N µ σ

GCMT⋆
−B 2434 990 -0.143 0.192 172 0.132 0.284 739 0.085 0.244

GCMT⋆
−C 1537 578 -0.060 0.164 159 0.071 0.252 441 0.056 0.243

Table S1: Statistics of NDCs via CCLV D(= 2ϵ) similar to Table 2. GCMT⋆
−B and GCMT⋆

−C correspond
to bodywave only and surface wave combined solutions for pre-2004 data used for Figure S7.
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Figure S1: Figure after Kawakatsu (2016a). The thick solid and broken lines respectively show ηκ and
η of PREM as a function of the depth that are compared with those of Kustowski et al. (2008).
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Figure S2: More results of resolution tests. (a) The same as Figure 5c, but for the synthetic moment
tensor data with a random noise of 10% added. The point in cyan color gives the minimum const-
function location, and the red asterisk denotes the PREM sub-Moho point as a reference. (b) The
same as (a), but for the cost function that is 2Γm in (17).
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Figure S3: The same as Figure 2b, but for different VTI models with varying ϕ−1 value: (a) ϕ−1=0.96,
(b) 1.00, (c) PREM sub-Moho (1.04), (d) 1.08, (e) 1.12, (f) 1.16
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Figure S4: The same as Figure 2c, but for varying ηκ
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Figure S5: The same as Figure S4, but for varying ξ
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Figure S6: The same as Figure S4, but for varying ϕ−1
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Figure S7: Data-type dependence: Similar plots as in Figure 9 but for earthquakes occurring in
1976-2003 with (a) bodywave only and (b) surface wave combined solutions.




