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Abstract4

In a series of papers, Kawakatsu et al. (2015) and Kawakatsu (2016a,b, 2018) introduced and discussed5

a new parameter, ηκ, that characterizes the incidence angle dependence (relative to the symmetry6

axis) of seismic body wave velocities in a transverse isotropy (TI) system. During the course of7

these exercises, several nontrivial consequences of transverse isotropy are realized and summarized as8

follows: (1) P-wave velocity (anisotropy) strongly influences the conversion efficiency of P-to-S and9

S-to-P, as much as S-wave velocity perturbation does; (2) Rayleigh wave phase velocity has substantial10

sensitivity to P-wave anisotropy near the surface; (3) a trade-off exists between ηκ and Vp/Vs-ratio if11

the latter is sought under an assumption of isotropy or the elliptic condition. Among these findings,12

the first two deserve careful attention in interpretation of results of popular seismic analysis methods,13

such as receiver function analysis and ambient noise Rayleigh wave dispersion analysis. We present14

simple example cases for such problems to delineate the effect in actual situations, as well as scalings15

among TI parameters of the crust and mantle materials or models that might help understanding to16

what extent the effect becomes important.17

Introduction18

Kawakatsu (2018) recently showed that reflection and transmission of plane waves in a transversely19

isotropic system with a vertical symmetry axis (VTI) had unexpected properties by the analogy of the20

corresponding isotropic case: P-wave speed (anisotropy) strongly influences the conversion efficiency21

of P-to-S and S-to-P, as much as S-wave speed perturbation does. It was also pointed out that, with22

the properly defined set of VTI parameters using the new fifth parameter, ηκ, Rayleigh-wave phase23

velocity had substantial increased sensitivity to the shallowmost P-wave anisotropy, especially near24

1



2

the surface, although the sensitivity is generally much reduced elsewhere. This suggests that P-wave25

anisotropy might have significant consequences for the interpretation of receiver functions and/or26

ambient noise Rayleigh wave dispersion measurements that are now commonly employed in crustal27

and mantle studies of shear velocity. The purpose of this short note is to present such example case28

waveforms for receiver function analysis and Rayleigh wave sensitivity kernels for 1-D VTI structures29

to draw attention of researchers in the related field.30

Representation of VTI or radial anisotropy31

In a VTI, or equivalently radial anisotropy, system, horizontally and vertically propagating P-waves32

have phase velocities of33

αH =
√
A/ρ (1)34

and35

αV =
√
C/ρ, (2)36

respectively, where ρ gives the density. As for shear waves, horizontally and vertically polarized37

horizontally propagating S-waves respectively have phase velocities of38

βH =
√

N/ρ (3)39

and40

βV =
√

L/ρ, (4)41

and vertically propagating S-waves also have a phase velocity of βV (cf. Figure 1 of Kawakatsu (2016a)).42

So for these horizontally or vertically traveling bodywaves, phase velocities are given by the four elastic43

constants, A, C, L andN , and the ratios of these elastic constants define the degree of radial anisotropy,44

φ−1 = A/C = α2
H/α2

V (5)45

for the P-wave, and46

ξ = N/L = β2
H/β2

V (6)47

for the S-wave (Takeuchi and Saito, 1972). As for the P-wave anisotropy index, we specifically use48

φ−1, because for many of realistic cases, the strength of anisotropy for P and S is positively correlated,49
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and also because having αV as a reference (i.e., denominator) is more reasonable for a layered VTI50

medium as in Thomsen’s parameters (Thomsen, 1986). For other intermediate direction bodywaves,51

the fifth elastic constant, F , affects the incidence angle dependence of quasi-P and quasi-SV waves via52

ηκ,53

ηκ =
(F + L)

(A− L)1/2(C − L)1/2
, (7)54

(Kawakatsu, 2016a).55

Synthetic waveform examples: Ps or Sp conversion without S-wave56

speed perturbation57

We consider the elastic response (noise free) of a homogeneous layer (80 km thick) over a homogeneous58

half-space to incident P or S plane waves. As for a reference isotropic case, the upper layer is given59

by a Poisson solid whose P-wave and S-wave velocities and density are given by α1 = 8.0 kms−1,60

β1 = 4.6188 kms−1, and ρ1 = 3.3 g cc−1, and the lower half-space with 5% velocity reduction for S,61

but not for P and density. As for anisotropic cases, for the sake of simplicity, we introduce anisotropy62

only for the lower layer. We employ anisotropy strength, ap and as, to specify anisotropic velocities63

as64

αH/V = α0(1∓ ap/2), βH/V = β0(1∓ as/2),65

where α0 = (αV + αH)/2 and β0 = (βV + βH)/2 denote reference isotropic wave speeds, and ap =66

(αV − αH)/α0, as = (βV − βH)/β0. Also for the sake of simplicity, we assume the elliptic condition67

(i.e., ηκ = 1.0) in which a phase slowness surface of P-wave becomes elliptic (Kawakatsu, 2016a). It68

should be also noted that S-wave anisotropy itself does not directly enter in the P/SV coupling in69

VTI, and thus the effect of changing it is equivalent to that of changing the S-wave speed, βV .70

In Figure 1a, instead of receiver functions, we show radial component waveforms at a surface point71

of the top layer; as for the waveform for the primary P-S conversion phase, the isotropic case (thin72

line) with 5% S-speed reduction is almost identical to the anisotropic case with ap = 5% (thick line),73

while one with ap = −5% (broken line) exhibits reversed polarity. For anisotropic cases, the situation74

is consistent with the properties of the transmission coefficients described in Kawakatsu (2018): An75

S-wave speed reduction of 5% generates a converted phase nearly equivalent to that caused by P-wave76
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anisotropy of ap = 5%, which makes αV (αH) 2.5% faster (slower) than the reference velocity, α0.77

For the secondary multiples, the situation is different, indicating a possibility of differentiating the78

effects of S-wave speed and P-wave anisotropy. A similar observation can be made for the case of79

the S-wave incidence; in Figure 1b, the vertical component of S-wave waveforms that is used for S-80

receiver function is shown. The precursors to S, i.e., Sp, show similar behavior to Ps for P-wave case;81

i.e., the significant effect of P anisotropy on S-to-P conversion can be seen. It should be noted that82

the amplitudes in Figure 1 depend on the slowness of incoming plane waves, and will vary differently83

with ray parameter depending on the arrival type (primary conversions vs. multiples, etc.). The ray84

parameter of 0.06s/km employed for the synthetic waveforms presented in Figure 1a,c is a typical one85

for the teleseismic P-wave case (0.04 − 0.08 s/km). The ray parameter of 0.09s/km for the S-wave86

incidence case (Figure 1b,d) corresponds to the lower end of the teleseismic range (0.09− 0.12 s/km).87

Although the amplitudes of the primary conversion phases (Ps and Sp), which are the main focus of88

the present manuscript, vary depending on the employed ray parameter within the teleseismic range,89

the significant effect of P-anisotropy compared to that of the S-wave speed reduction discussed above90

is unchanged.91

Significance of P-wave anisotropy in receiver function analysis92

It is well known for isotropic material that P-to-S and S-to-P conversions have a strong sensitivity93

to S-wave speed perturbation and a weak one to density (note however that multiples have a higher94

sensitivity to density contrasts), but no sensitivity to P-wave speed in the first order (e.g., Aki and95

Richards, 1980). Based on this, in most of receiver function analyses, we generally assume the primary96

converted phases to represent the structure of the S-wave speed perturbation. Kawakatsu (2018), on97

the other hand, showed that once anisotropy (TI) was considered, P-wave anisotropy was as important98

as S-wave structure, and in this report, we present simple 1-D examples of converted waveforms without99

S-wave perturbations (Figure 1).100

Figure 1 indicates that P-anisotropy of +5% (ap = 0.05) gives comparable amplitude of Ps (or Sp)101

phase to S-wave speed reduction of 5% (∆βV = −5%). Note that radial anisotropy on the order of 5%102

or larger has been reported for the oceanic crust (Russell et al., 2019) and the mantle (asthenosphere)103

(e.g., Nettles and Dziewonski, 2008) and 10% ∼ 30% beneath active volcanos (Jaxybulatov et al., 2014;104
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Nagaoka, 2020). To examine a more realistic situation, let us consider a case of fabrics representing105

the mantle. It is generally known that P and S anisotropy correlates positively for mantle fabrics106

(e.g., Montagner and Anderson, 1989; Becker et al., 2006). Consider a case that the strength of P and107

S-wave anisotropy is comparable (i.e., ap ∼ as, φ
−1 ∼ ξ); then P-anisotropy of -5% means S-anisotropy108

of -5%, equivalent to ∆βV = −2.5% in the case of Figure 1. Therefore, the contributions of P- and S-109

anisotropy to the Ps phase are opposite in sign, and the P-anisotropy contribution dominates. This is110

somewhat paradoxical, but it is the case: i.e., when βV decreases, the corresponding receiver function111

shows a positive primary Ps phase if it is due solely to the fabric. Thus, in environments where112

seismic anisotropy is important, the interpretation of receiver functions may require careful attention113

(e.g., Moho, MLD (mid-lithospheric discontinuity), or LAB (lithosphere-asthenosphere boundary);114

Brownlee et al. (2017); Abt et al. (2010); Kawakatsu et al. (2009), respectively).115

Rayleigh wave sensitivity to near-surface P-anisotropy116

A small change in phase velocity (c) of surface waves at a given angular frequency (ω) due to changes117

in material properties can be expressed as,118 (
δc

c

)
ω

=
∑
i

∫
Kϵi(z)

(
δϵi
ϵi

)
dz, (8)

where ϵi denotes the i-th elastic parameter among five anisotropy parameters of VTI or the density119

at a depth z, and Kϵi =
ϵi
c

[
∂c
∂ϵi

]
ω
represents the corresponding sensitivity kernel (partial derivative)120

(e.g., Takeuchi and Saito, 1972; Aki and Richards, 1980). For Rayleigh waves, when we use the121

set (αH , αV , βH , βV , ηκ or η) as parameters, where η = F/(A− 2L) is the conventional fifth parameter122

defined by Takeuchi and Saito (1972), the explicit expressions forKϵi ’s are given in Kawakatsu (2016b).123

The influence of P-anisotropy change on c can be written as124 (
δc

c

)
ω

=

∫ {
KαV (z)

(
δαV

αV

)
+KαH (z)

(
δαH

αH

)}
dz

=

∫ {
(KαV +KαH )

(
δα0

α0

)
+

(
KαV −KαH

2

)
δap

}
dz, (9)

assuming the initial unperturbed state is isotropic, i.e., αV = αH = α0.125

Kawakatsu (2016b) pointed out that, with the introduction of the properly defined set of VTI126

parameters with ηκ, the Rayleigh wave sensitivity kernel to P-anisotropy was significantly modified127
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and that some of the previously claimed sensitivity (Dziewonski and Anderson, 1981; Anderson and128

Dziewonski, 1982) was an inappropriate projection of the sensitivity of S-anisotropy into that of P-129

anisotropy. Figure 2 shows such Rayleigh wave sensitivity kernels with the new parameters using the130

expression (9) at the peak period of the microseisms (7 s), which are now commonly used to infer the131

subsurface structure via ambient noise dispersion analysis (e.g., Shapiro and Campillo, 2004; Nishida132

et al., 2008). The P-anisotropy kernel (ap) shows a sharp increase in sensitivity (i.e., the absolute133

amplitude) near the surface (from nearly zero at a depth of 2.5 km to | − 0.08| at 0 km), although the134

amplitude is generally reduced elsewhere. For the top 2 km, the sensitivity to ap is as large as that to135

βV . Considering that δβV ∼ as/2, this indicates that the sensitivity to P-anisotropy is nearly twice136

as large as that to S-anisotropy and the sign is opposite; this characteristic is quite similar to that of137

P-S and S-P conversions discussed earlier and appears to indicate that the increase of P-anisotropy138

sensitivity near the surface is related to P-S and S-P conversions at the free surface.139

This may affect the interpretation of ambient noise tomography (e.g., Lin et al., 2010), as well140

as time-lapse measurements of phase velocity (e.g., Brenguier et al., 2008a,b; Nishida et al., 2020).141

For example, introducing P-anisotropy of ap = 5% (while keeping βV and ηκ constant, but not η142

that is essential (Kawakatsu, 2016b)) for the top 2.25km of the model in Figure 2 (i.e., flat PREM143

without water layer) will decrease the phase velocity about 0.37%. This value is about one order of144

magnitude larger than those observed in pre-eruption phases at the Piton de la Fournaise volcano145

(Brenguier et al., 2008b) and Shinmoe-dake of the Kirishima volcano (Nishida et al., 2020), and post-146

seismically in Parkfield (Brenguier et al., 2008a). That is, a change of near-surface P-anisotropy of147

ap ∼ 0.5% that might be caused by, for example, opening or healing of cracks (e.g., Crampin, 1984),148

could potentially explain those observations. Figure 2 indicates that the sensitivities of the Rayleigh149

wave phase velocity to near-surface ap and as (βV ) are opposite in sign; i.e., if P and S-anisotropy are150

positively correlated, the near-surface net effect tends to cancel each other depending on the degree of151

the correlation; in case they are linearly correlated as discussed for the case of P-S conversion before,152

the effect of P-anisotropy dominates the phase velocity change. Therefore, if anisotropy becomes an153

important factor, the interpretation might not be straightforward.154
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Trade-off between ηκ and Vp/Vs ratio155

The incidence angle dependence of quasi P- and Sv-wave phase velocities on ηκ indicates that the156

effect is opposite between P and Sv; i.e., in the propagation direction where P velocity increases, Sv157

velocity decreases and vice versa (Figure 3). This suggests that if this effect is ignored (i.e., if the158

elliptic condition or isotropy is assumed), the estimate of Vp/Vs-ratio can be biased. The spherical159

average of this effect can be estimated under the assumption of weak anisotropy as160

VP

VSV

≈ αv

βv

(
1− 8

45
σ

)
≈ αv

βv

[
1 +

16

45
(ηκ − 1)

]
(10)161

where, using Thomsen parameters, the following approximation is employed,162

σ =
α2
V

β2
V

(ε− δ) =
1

2

(
1− η2κ

)(A

L
− 1

)
163

≈
(
1− η2κ

)
≈ − 2(ηκ − 1) (if A ≈ 3L), (11)164

where σ follows the definition of Tsvankin and Thomsen (1994) (cf. Kawakatsu, 2018) and is not165

Poisson’s ratio. So the effect of this bias roughly scales with one third of (ηκ − 1) if a Poisson solid-166

type character is assumed. If ηκ lies between 0.9 and 1.1 as seen in later examples, the Vp/Vs-ratio167

bias will be less than ∼ ±3.5% and might not be so significant except for some peculiar situations,168

such as laminated melt layering (cf. Figure 4) or SPO (shape-preferred orientation) of volatile-filled169

high aspect ratio cracks under shear.170

It may be informative to compare (10) with ratios of VP (45) to VP (0) and VSV (45) to VSV (0)171

(numbers in parentheses denote incidence angles measured from the symmetry axis) (e.g., Okaya and172

Christensen, 2002) that measure the strength of the 4θ term of anisotropy. Assuming the absence of173

P-anisotropy (i.e., A = C and φ−1 = 1), it can be shown that174

V̂P (45)

V̂P (0)
=

[
1 +

1− L/C

2
(ηκ − 1)

]1/2
≈ 1 +

1

6
(ηκ − 1) (12)175

and176

V̂SV (45)

V̂SV (0)
=

[
1 +

1− C/L

2
(ηκ − 1)

]1/2
≈ 1− 1

2
(ηκ − 1) (13)177

whereˆdenotes the absence of P-anisotropy.178
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Discussion179

Scaling among VTI parameters180

Mantle In order to find out to what extent discussed consequences of VTI impact on actual geo-181

physical interpretation, understanding of the scaling among VTI parameters might be useful. Here182

we compare two end-member scenarios for the mantle: olivine crystal-preferred orientation (CPO)183

fabrics and the laminated melt structure (millefeuille (MF) model). For the former, we assume that184

the crystallographic b-axis is aligned in the vertical direction and its azimuthal (Montagner) average185

(Montagner and Nataf, 1986; Chen and Tromp, 2007) is considered for various fabrics (Saruwatari186

et al., 2001; Jung et al., 2006; Ohuchi et al., 2011; Michibayashi et al., 2016). For the latter, we187

employ a layered melt parameterization of Kawakatsu et al. (2015); we construct a series of VTI188

models by Backus averaging (Backus, 1962) of a stack of two kinds of homogeneous isotropic layers:189

soft layers embedded in a background solid matrix (e.g., Kawakatsu et al., 2009). We parameterize190

(i) the proportional reduction of rigidity of soft layers to the background by a (0 ≤ a ≤ 1), (ii) the191

proportional reduction of the bulk modulus by a/2, and (iii) the volume fraction of soft layers by192

f (0 ≤ f ≤ 1). Figure 4 shows the correlation among VTI parameters for such models. In case of193

reported CPO fabrics (both natural and laboratory) there exists a strong positive scaling between S194

and P wave anisotropy, while for the millefeuille model S-anisotropy dominates:195

φ−1 ∼ ξ1.0−1.5 (for olivine)196

φ−1 ∼ ξ0.2 (for millefeuille).197

These two end-member models represent very different behavior for receiver functions. For the198

millefeuille model, as the dependence on P-anisotropy is weak, the S-wave speed effect dominates the199

receiver functions. On the other hand for the olivine case, as we discussed earlier, the P-anisotropy200

effect dominates. As the scaling index ranges roughly from 1 to 1.5, the discussed dominance of201

P-anisotropy could be even more significant than previously considered. In Figure 5(a), we show202

synthetic waveforms, as in Figure 1, for some of the representative fabric models (A-, B-, C-, and203

E-type olivine of Jung et al. (2006)) for the lower anisotropic half space; we set the reference velocities204

(α0, β0) of the lower layer equal to that of the surface layer. Then, we use anisotropy parameters of205

the models to construct the equivalent anisotropy lower layer (Table 1). For example, a case of A-type206
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olivine of Jung et al. (2006), which has strong P-anisotropy (ap = −3.9%) and mild S-anisotropy207

(as = −1.6%) for azimuthally averaged VTI, shows a positive primary phase, while the C-type olivine208

(ap = +2.7%, as = +2.2%) case shows negative one. Compared to the case of 5% S-velocity decreases,209

these particular olivine fabrics affect the Ps-phase amplitude about half or less. For the MF model,210

model parameters are a = 0.92 and f = 0.01 that give ap = −0.6%, as = −5.0%, and ηκ = 0.92. The211

absolute amplitude of the primary Ps-phase is as large as that of the ∆βV = −5% case, but half of212

the contribution comes from the ηκ effect (cf. Figure 2b of Kawakatsu (2018)). In reality, two end-213

member models may co-exist and other isotropic effects, such as temperature, may take roles that214

further complicate the interpretation. Also, VTI could be just an azimuthal average of more general215

anisotropy. Therefore, for environments where seismic anisotropy is important, the interpretation of216

receiver functions may require careful attention.217

It may be of interest to comment on the scaling between S (or P) anisotropy and the fifth parameter,218

ηκ. For the millefeuille case, a clear scaling,219

ηκ ∼ ξ−0.8
220

emerges, resulting in ηκ < 1. While the natural olivine samples representing the lithospheric mantle221

(Michibayashi et al., 2016) show scaling ηκ ∼ ξ−0.4, other fabrics show more scattered behavior.222

Notably, some mantle xenoliths exhibit ηκ ∼ 1.03, comparable to the value suggested for the oceanic223

asthenosphere by Song and Kawakatsu (2012, 2013) to explain the trench-parallel fast direction of the224

sub-slab anisotropy (Long and Silver, 2008) as a simple consequence of the geometrical effect of tilted225

transverse isotropy (TTI) at subduction zones.226

Crust Figure 6 presents correlation among the VTI parameters for the crustal fabrics reported by227

Brownlee et al. (2017). Considering the possibility of complex fabrics orientation in a crust setting,228

here we construct a series of VTI models for each fabric given by azimuthal averaging (Montagner229

and Nataf, 1986) of an arbitrarily rotated elastic tensor (the rotation is done with a 30-degree interval230

for each Euler angle that results in 72 (12× 6; rotation around the original z-axis can be azimuthally231

averaged out) VTI models for each original fabric). Among the various rock-types classified in Brownlee232

et al. (2017), those fabrics grouped as “amphibolite” indicate clear correlations of the VTI parameters233
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(Figure 6a); the trend is generally similar to that for the mantle fabrics shown in Figure 4, but with234

stronger anisotropy (1.5 ∼ 2 times), and thus a similar qualitative argument for the impact of the235

VTI on the receiver functions can be made. As for the rest of fabrics, points are more scattered but236

still somewhat similar correlations appear to emerge (cf. Supplemental Material). Those consisting of237

significant mica component (> 10%) can have very strong anisotropy (ξ or φ−1 up to 1.8; cf. Figures238

S2,S4). Considering that the S-velocity increase at Moho is ∼ 15%, ap ∼ ±15% (i.e., φ−1 ∼ 1.0∓ 0.3)239

could have comparable effect. So these fabrics could potentially impact on the interpretation of receiver240

function signals from Moho.241

To model a more realistic Moho structure, we simulate radial component seismograms for a P-wave242

incidence into an interface at a depth of 80 km with a ∼ 15% S-velocity increase (Figure 5(b)). The243

thick dark solid line represents a reference case where both layers are isotropic: the amplitude of244

Ps phase is ∼ 10% of that of the direct P-wave. When we introduce P-anisotropy of ap = −7.5%245

(φ−1 ∼ 1.15) in the upper crustal layer, the Ps amplitude is reduced about half as expected from the246

above argument (thin broken line). Instead, if we introduce radial anisotropy equivalent of A-type247

olivine (generally believed to be the most dominant fabric in the mantle; Table 1) in the lower layer, the248

Ps amplitude increases about 30% (thick medium line). We compare this with three additional cases249

in which the upper layer has P-anisotropy of ap = −7.5% and S-anisotropy of as = 0%,−5%,−7.5%,250

respectively representing a pure P-anisotropy case and two different scaling of φ−1 ∼ ξ1.5 and251

φ−1 ∼ ξ1.0. Here, the reduction of the Ps amplitude ranges from ∼ 40% to ∼ 15%, and the252

decrease of the reduction is due to the competing effect of the P and S anisotropy. The range of the253

Ps amplitude variation exemplified here is larger than the uncertainty of the S-wave velocity jump254

at the continental Moho estimated from the array stacked receiver functions (e.g., Niu and James,255

2002). Therefore, crustal P-anisotropy discussed here should have observable effects on P-wave receiver256

functions. As for other discontinuities with smaller velocity changes, such as LAB or MLD, the relative257

significance of P-anisotropy could be more severe depending on the actual situation.258

In summary, the situation for both mantle and crust could be very complicated, and invoking a259

probabilistic parameter space search (e.g., Mosegaard and Tarantola, 1995; Bodin et al., 2012) with260

appropriate a priori constraints might help to infer the actual structure. It should be also noted261



11

that variations with slowness and azimuth of conversion amplitudes in receiver functions may allow262

distinctions between isotropic S contrasts and anisotropic P contrasts.263

Intrinsic vs. extrinsic VTI264

VTI or radial anisotropy discussed in this paper represents, by definition, a hexagonally anisotropic265

system with the symmetry axis that is vertical. Such a system can be considered as a realization of266

nature in two ways: intrinsic and extrinsic VTI. Intrinsic VTI occurs when symmetry axes of hexagonal267

symmetry crystals are aligned vertically, or when horizontally laminated structure dominates (e.g.,268

millefeuille). Extrinsic VTI occurs in other cases as a result of azimuthal averaging of arbitrary269

anisotropy. In the case of intrinsic VTI, discussions presented in this paper can be taken as they are.270

In the case of extrinsic VTI, the azimuthal variation of receiver functions or dispersion measurements271

has to be considered, and in the data analysis, azimuthal averaging is essential. It is a common272

practice for the Rayleigh wave dispersion analysis. On the other hand, for the receiver function273

analysis, how (back-)azimuthal averaging of receiver functions of arbitrary anisotropy compares with274

that of azimuthally averaged VTI might not be straightforward (e.g., Levin and Park, 1998) when the275

azimuthal anisotropy term is strong compared to the radial anisotropy one; this may deserve careful276

attention, but is beyond the scope for the present paper. It should be noted that in the recent analyses,277

strong radial anisotropy is reported in the oceanic crust and mantle (Russell et al., 2019; Nettles and278

Dziewonski, 2008) and beneath active volcanos (Jaxybulatov et al., 2014; Nagaoka, 2020). It is also279

worth mentioning that Levin and Park (1998) reported that the importance of P-anisotropy in the280

generation of P-to-S converted P coda waves, although anisotropy in their analysis refers to that of281

tilted transverse isotropy (TTI).282

Conclusion283

We discussed several nontrivial consequences of the wave propagation in a transverse isotropy (TI)284

system, and presented example cases to show the significant effect of P-wave anisotropy on both285

receiver function analysis and Rayleigh wave dispersion analysis. This suggests that in the presence286

of anisotropy, careful interpretation of receiver functions and ambient noise Rayleigh wave dispersion287

are required. We also presented scalings among VTI parameters of the crust and mantle materials or288
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models that might help delineating to what extent this effect becomes important and be used in the289

actual problems as a priori constraints.290

Data and Resources291

No seismic data were used in this paper. Supplemental Material presents correlations among the VTI292

parameters for each of the crustal fabrics reported by Brownlee et al. (2017).293
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Table 1: VTI parameters for anisotropy models in Fig. 5
model name φ−1 ξ ηκ ap (%) as (%)

Millefeuille 1.013 1.105 0.917 -0.6 -5.0
A-type 1.082 1.033 0.997 -3.9 -1.6
B-type 1.033 1.016 0.999 -1.6 -0.8
C-type 0.948 0.957 0.995 2.7 2.2
E-type 1.019 1.017 1.000 -0.9 -0.9
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Figure 1: Synthetic elastic responses at the surface of a homogeneous isotropic layer over a homo-
geneous VTI half space: (a) the radial component of a plane P-wave incidence case (ray parameter:
0.06s/km); (b) the vertical component of a plane S-wave incidence case (0.09s/km). Three cases for
the half space are shown for ap = +5% (solid line), ap = −5% (thick broken line), and isotropic with βV
reduction of 5% (thin solid line). The amplitude is scaled with that of the main phase (i.e., P-vertical
(a) and S-radial (b)) and multiplied by −1 for the S-wave case (b), and a low-pass (2s) causal But-
terworth filter is applied. For multiple phases, the number of P- and/or S-legs in the upper layer are
indicated. These waveforms provide essential information for receiver functions (e.g., Ammon, 1991),
but corresponding receiver functions are also shown (c) for P-receiver functions and (d) for S-receiver
functions; they are calculated via the spectral domain deconvolution with a water level of 0.01 and
the gaussian filter coefficient a = 2.0; no L-Q coordinate rotation is applied. For S-receiver function,
time is reversed and the amplitude is multiplied by −1 so that both receiver functions show similar
primary Ps- and Sp-phase appearance. Synthetic seismograms are calculated with a locally developed
Haskell matrix code for VTI. The color version of this figure is available only in the electronic edition.
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Figure 2: Partial derivatives (sensitivity kernels) for fundamental mode Rayleigh wave at a period of 7 s
calculated for a flat PREM model without the water layer. The figure compares the anisotropic P-wave
sensitivity for (αH , αV , βH , βV , ηκ or η) parameter sets, where η = F/(A−2L) is the conventional fifth
parameter defined by Takeuchi and Saito (1972). Note that P-wave sensitivity is generally reduced for
the ηκ case (thick solid and dotted lines) compared to the conventional η case (thin solid and dotted
lines), but increased near the surface. For detail, see the text and Kawakatsu (2016b). The color
version of this figure is available only in the electronic edition.
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Figure 3: Phase velocity surfaces of bodywaves for five VTI models that have common P- and S-wave
anisotropy (ap = as = −0.1): outer set of five lines for quasi-P-wave, inner set of five lines for quasi-
SV-wave and thick broken ellipse for SH-wave. Thick solid lines show cases when the elliptic condition
is satisfied, i.e., ηκ = 1. Thin solid (broken) lines are for cases with ηκ < 1 (> 1). ηκ varies from 0.60
to 1.40 with an interval of 0.2. Note that the opposite effect of ηκ on phase velocities of q-P and q-SV.
(Same as Figure 3b of Kawakatsu (2016a) but in color.) The color version of this figure is available
only in the electronic edition.
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Figure 4: Correlation among the anisotropy parameters for different fabric models for some represen-
tative ones: (a) S-anisotropy (ξ) vs. P-anisotropy (φ−1). (b) S-anisotropy vs. the fifth parameter (ηκ).
Symbols represent fabrics of natural mantle rocks (Michibayashi et al., 2016) (cross); mantle xenolith
(Saruwatari et al., 2001) (reverse triangle); laboratory rocks (Ohuchi et al., 2011, 2015) (triangle),
(Jung et al., 2006) (diamond); and the millefeuille model (small solid circle). Thick lines are inferred
scalings with various scaling indexes indicated by italic numbers. The color version of this figure is
available only in the electronic edition.
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Figure 5: (a) The same as in Figure 1(a), but for various fabric models. MF stands for the millefeuille
model, JK for Jung et al. (2006) fabrics (A, B, C and E-type). See the text for more details. (b)
Examples of Ps phases in realistic Moho cases. The background model is the same as in Figure 1(a),
but S velocity increases by 15% at the interface to simulate the Moho situation. Different lines indicate
Ps phases for corresponding cases shown in the legend: (thick dark solid) both layers isotropic, (thin
broken) upper layer radially anisotropic only in P-wave, lower layer isotropic, (thick medium solid;
thinner broken, solid, and dotted lines) upper layer radially anisotropic as indicated in legend, lower
layer radially anisotropic with that of the olivine A-type fabric (Table 1). Time 0 s corresponds to 7 s
after the incident P-wave. The color version of this figure is available only in the electronic edition.
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Figure 6: Correlation among the anisotropy parameters for crustal fabrics of Brownlee et al. (2017):
S-anisotropy (ξ) vs. P-anisotropy (φ−1) (cross) and S-anisotropy vs. the fifth parameter (ηκ) (open
circle). (a) Amphibolite, and (b) the rest of fabrics. Solid lines are reference scalings with various
indexes indicated by italic numbers. cf. Figures S1-10 for more detail. The color version of this figure
is available only in the electronic edition.
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1. Figure S1 to S10

These figures present correlations among the VTI parameters for each of the crustal fabrics reported

by Brownlee et al. (2017). As similar for Figure 6 in the main text, we construct a series of VTI

models for each given fabric by the azimuthal averaging of an arbitrarily rotated elastic tensor (here

the rotation is done with a 15-degree interval for each Euler angle for denser sampling).
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Figure S1: Correlation among the anisotropy parameters for crustal fabrics (Gneiss) of Brownlee et
al. (2017): (left ) S-anisotropy (ξ) vs. P-anisotropy (φ−1) (black crosses), (right) S-anisotropy vs. the
fifth parameter (ηκ) (red dots). Green lines are reference scalings with various indexes as in the main
text.

Figure S2: Same as Figure S1 but for a wider plotting range.
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Figure S3: Same as Figure S1 but for Schist of Brownlee et al. (2017).

Figure S4: Same as Figure S3 but for a wider plotting range.
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Figure S5: Same as Figure S1 but for Plutonic rocks of Brownlee et al. (2017).

Figure S6: Same as Figure S1 but for Calcsilicate of Brownlee et al. (2017).
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Figure S7: Same as Figure S1 but for Quartzite of Brownlee et al. (2017).

Figure S8: Same as Figure S1 but for Sandstone of Brownlee et al. (2017).
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Figure S9: Same as Figure S1 but for Granfels of Brownlee et al. (2017).

Figure S10: Same as Figure S1 but for Amphibolite of Brownlee et al. (2017).


