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Abstract

We study the long-period earthquakes that occur at the crust-mantle

boundary beneath the Klyuchevskoy volcano group in Kamchatka in order to

reconstruct their source mechanisms. These earthquakes are observed at fre-

quencies between 1 and 4 Hz and the phases of their seismograms are strongly

affected by the high-pass filtering required to remove the microseismic noise.

Therefore, we decided to use an inversion method based on amplitude ra-

tios between S- and P-waves. Considering the uncertainties associated with

this method and potentially leading to non-uniqueness of the inversion, we

decided not to explore the full space of the source parameters but to test a

set of “elementary” mechanisms corresponding to processes possibly occur-

ring within magmatic systems of volcanoes and their surroundings. Also,

after measuring the raw amplitudes of P- and S- waves we corrected them

for the site amplification effects. Based on the results of the inversion, the
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generation of the DLP earthquakes beneath Klyuchevskoy by shear faulting

(as would be the case in thermomechanical stresses associated with cooling

of deep intrusions) can be reasonably excluded. The observed signal am-

plitudes can be better explained with source mechanisms containing strong

volumetric or single force components. The former can be associated with

the pressure perturbation withing magmatic reservoirs or conduits and the

latter with the sudden acceleration of the magma movement. The ensemble

of our observations is compatible with the configuration when the magma is

stored in nearly horizontal sills near the crust-mantle boundary and pene-

trates into the crust through conduits dipping south-southwest, in agreement

with previously reported connection of the deep magmatic reservoir with the

Bezymanny and Tolbachik volcanoes.

Keywords: Long-period seismicity, volcano monitoring, source mechanism

1. Introduction.1

Analysis of seismic signals recorded in the vicinity of volcanoes is one of the2

key elements of the volcano monitoring and one of the important sources of3

information about active processes occurring at depths in the volcano plumb-4

ing systems (e.g., Chouet, 2003; Sparks, 2003; Nishimura and Iguchi, 2011;5

Zobin, 2011; Chouet and Matoza, 2013; McNutt and Roman, 2015; Matoza6

and Roman, 2022; Thelen et al., 2022). Volcanic seismicity is often divided7

into two main classes. The first class of signals associated with volcanic ac-8

tivity is composed of volcano-tectonic (VT) earthquakes (e.g., Roman and9

Cashman, 2006). These nearly impulsive signals are characterized by a wide10

spectral range (up to 15–20 Hz) and clear arrivals of P- and S-waves. As11
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their name suggests, the origin of the VT earthquakes is beleived to be sim-12

ilar to regular tectonic earthquakes and is associated with the brittle failure13

faulting of crustal rocks in the vicinity of volcanoes.14

The second class of seismo-volcanic phenomena is called long-period (LP)15

seismicity and regroups a large variety of signals ranging from relatively16

short LP earthquakes to long duration tremors. These signals have typical17

frequencies of a few Hz and their origin is often associated with pressure18

fluctuations within magmatic and hydrothermal fluids (e.g., Chouet, 1996).19

Thus, the LP seismicity is believed to be directly related to the processes20

of the magma motion and pressurisation and to be able to provide reliable21

precursors of volcanic eruptions (e.g., White et al., 1996; Chouet and Matoza,22

2013; Shapiro et al., 2017a).23

While most of the observed LP seismicity originate at very shallow depths24

(less than 3-5 km), a particularly important sub-class known as the deep long25

period (DLP) earthquakes occurs at depths ranging from the middle crust to26

the crust-mantle boundary (25–40 km). The DLPs are usually linked with27

the processes occurring within the magmatic fluids at such large depths and28

can reflect the activation of deep-seated parts of the magmatic systems prior29

to eruptions. One of the first times, the swarms of DLP events were recorded30

beneath Mount Pinatubo (White et al., 1996) who linked them with the31

magma uprising from depth. Later DLPs were reported at different regions32

such as Cascadia (Nichols et al., 2011), the Aleutian arc (Power et al., 2004),33

Japan (Hasegawa and Yamamoto, 1994; Nakamichi et al., 2003; Aso et al.,34

2013; Niu et al., 2017; Yukutake et al., 2019; Kurihara et al., 2019; Ikegaya35

and Yamamoto, 2021; Kurihara and Obara, 2021), Kamchatka (Shapiro et al.,36
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2017a), Eifel (Hensch et al., 2019), and Hawaii (Wech et al., 2020).37

Despite these numerous studies, physical processes leading to generation38

of DLP earthquakes and their seismic mechanisms remain poorly understood.39

Several hypotheses have been suggested. As already mentioned, White et al.40

(1996) considered the DLP seismicity being the elastic manifestation of the41

injection of deep-seated basaltic fluids without, however, proposing any phys-42

ical model. Aso and Tsai (2014) suggested that the DLP earthquakes can be43

caused by thermal stresses induced by cooling of deep magma bodies. The44

relationship between the possible focal mechanisms and stress orientations45

suggested in this work again remained only at a qualitative level. The DLP46

activity beneath Mauna Kea volcano in Hawaii has been also suggested to be47

related to magma bodies cooling by Wech et al. (2020). These authors how-48

ever relate the generation of the DLP earthquakes not with thermal stresses49

but with the degassing caused by so called ”secondary boiling”, i.e., the ex-50

solution of volatiles during the crystallization of cooling magma. Again, no51

quantitative model relating the degassing and the generation of seismic waves52

has been suggested.53

Bursts of DLP earthquakes occurring beneath active volcanoes and pre-54

ceding their eruptions (e.g., White et al., 1996; Shapiro et al., 2017a) are un-55

likely to be explained by the cooling of old intrusions and are rather expected56

to be associated with the supply of the fresh magma to the plumbing system.57

For such situation, the model of Melnik et al. (2020) considered a possible58

DLP generating mechanism via the rapid growth of gas bubbles in response to59

the slow decompression of magma over-saturated with volatiles (CO2–H2O60

rich). These authors show that this model is compatible with the known61
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composition of the basaltic magma emitted by the Klyuchevskoy volcano in62

Kamchatka (Russia) where a sustained DLP activity is observed (Shapiro63

et al., 2017a) and also can reasonably explain amplitudes and frequencies of64

the observed DLP signals.65

Kinematic moment-tensor inversion of the DLP earthquakes (e.g., Nakamichi66

et al., 2003; Aso and Ide, 2014; Hensch et al., 2019; Ikegaya and Yamamoto,67

2021) was carried out with fitting the amplitudes and waveforms of body68

waves and generally demonstrated a strong volumetric component in the69

seismic source, which would be in agreement with the generating process in-70

volving pressure variations in magma. However, the results of such source71

inversion are associated with strong uncertainties because of the combination72

of noisy data with poorly known wave propagation.73

In this work, we study the kinematic source parameters of 29 DLP earth-74

quakes beneath the Klyuchevskoy volcano group (KVG) in Kamchatka, Rus-75

sia recorded by temporary stations of a recent seismic experiment (Shapiro76

et al., 2017b). We use the fit to the observed amplitude ratios between P- and77

S-waves in order to constrain the source mechanism. We consider possible78

mass advection effects and add to the moment tensor a possible single force79

component (Takei and Kumazawa, 1994). At the same time, instead of per-80

forming a full inversion in the parameter space that my be subject to a strong81

uncertainty, we rather proceed with testing a set of ”plausible” hypotheses82

resulting in source mechanisms with a reduced number of parameters.83

In the following sections, we start with describing the studied volcanic84

system and the used dataset. We then discuss different hypotheses about85

the source mechanism and corresponding descriptions in terms of kinematic86
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source parameters. The inversion method is then introduced and applied to87

the records of 29 selected DLP earthquakes.88

2. Klyuchevskoy volcano group and its seismic activity.89

The Klyuchevskoy volcano group (KVG) is one of the largest clusters of sub-90

duction volcanoes in the World. Its most active volcano, Klyuchevskoy has91

produced over the past 7,000 years on average 1 cubic meter of erupted rock92

every second (Fedotov et al., 2010). This eruption rate is much higher than93

that of most volcanoes associated with subduction. Besides Klyuchevskoy,94

the KVG contains 12 other large stratovolcanoes. Two of them, Bezymianny95

and Tolbachik, have been also very active in the past few decades.96

This elevated volcanic activity is related to the unique tectonic setting of97

the KVG located at the corner between the Kuril-Kamchatka and Aleutian98

trenches. The enhanced supply of the melt from the mantle in this region is99

likely caused by the the around-slab-edge asthenospheric flow (Yogodzinski100

et al., 2001; Levin et al., 2002) and related crustal extension (Green et al.,101

2020; Koulakov et al., 2020). Additionally, the underwater volcanic mountain102

range that stretches down to Hawaii, is subducted beneath this corner and103

the KVG, which may result in the release of fluids from the thick, highly104

hydrated Hawaiian-Emperor crust (Dorendorf et al., 2000).105

The KVG volcanoes present a broad spectrum of eruptive styles, ranging106

from steady Hawaiian-type eruptions of Tolbachik to the strongly explosive107

eruptions of Bezymianny. At the same time, recent studies based on seismic108

tomography (Ivanov et al., 2016; Koulakov et al., 2017), seismicity (Shapiro109

et al., 2017a; Journeau et al., 2022), and thermal remote sensing (Coppola110
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et al., 2021) suggest that the volcanoes of the group can be interconnected111

and fed through one extended trans-crustal volcanic system.112

The sustained volcanic activity of the KVG results in nearly constantly113

occurring seismicity including long periods of seismo-volcanic tremors (Droznin114

et al., 2015; Soubestre et al., 2018, 2019; Journeau et al., 2022) and numer-115

ous earthquakes (Senyukov et al., 2009; Thelen et al., 2010; Senyukov, 2013;116

Koulakov et al., 2021). In particular the LP earthquakes have been observed117

at two depth ranges : above 5 km and close to 30 km (Gorelchik et al., 2004;118

Levin et al., 2014; Shapiro et al., 2017a; Frank et al., 2018; Galina et al.,119

2020). The latter represent the persistent DLP cluster located nearly at the120

crust-mantle boundary beneath the Klyuchevskoy volcano and possibly as-121

sociated with a deep magma storage. The temporal correlation between the122

deep and shallow LP activity has been attributed to the the transfer of the123

fluid pressure from the deep-seated parts of the magmatic system towards124

shallow magmatic reservoirs beneath the active volcanoes (Shapiro et al.,125

2017a; Journeau et al., 2022). Galina et al. (2020) have shown that the fre-126

quency–magnitude relationships of these DLP earthquakes deviate from the127

Gutenberg–Richter power-law distribution, which might indicate an origin128

different from the regular tectonic earthquakes. Melnik et al. (2020) sug-129

gested a possible mechanism related to the rapid degassing of a CO2–H2O130

saturated basaltic magma.131

3. Dataset132

In this work we use the data of a joint Russian-German-French temporary133

seismic experiment KISS (Klyuchevskoy Investigation – Seismic Structure of134
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an Extraordinary Volcanic System) (Shapiro et al., 2017b). The catalog of135

earthquakes occurred during operation of this network (August 2015 – July136

2015) has been compiled by the Kamchatka Branch of Russian Geophysical137

Survey (Senyukov et al., 2021) based on semi-automatic picking of arrivals138

of P- and S-waves (Droznin and Droznina, 2011). Earthquakes with the139

hypocenters located in the vicinity of the crust-mantle boundaries beneath140

the Klyuchevskoy volcano were selected as potential DLPs. The first choice141

criterion was the spatial distribution: latitude φ ∈ [56.0◦N, 56.2◦N], longitude142

λ ∈ [160.5◦E, 160.7◦E] and depth z > 25 km. There were 136 events laying143

within given boundaries. The second criterion ML ≥ 1.3 allowed to select144

50 strongest earthquakes. Finally, after visually verifying their frequency145

content and signal-to-noise ratios, we retained 29 earthquakes (Figure 1,146

Table 1) with waveforms suitable for the analysis of the source parameters147

recorded at 19 stations. Figure 2 presents an example of a DLP event (No.148

6 in Table 1)149

4. Hypotheses about the origin and mechanisms of the DLP seis-150

micity beneath the KVG.151

A general kinematic description of an earthquake source is based on a moment152

tensor representation (Aki and Richards, 1980). This second-order symmet-153

ric tensor describes generally oriented and shaped discontinuities within the154

Earth, such as a slip across a fracture plane, or pressure variations within155

a volume of a nearly spherical shape, of a crack or of a pipe. In addition156

to moment tensor, the mass advection effects (Takei and Kumazawa, 1994)157

in mechanically open systems such as volcanic conduits can result in a sin-158
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gle force component of a seismic source. For example, acceleration of fluid159

would result in a changing viscous shear force acting on the conduit walls160

and oriented parallel to the flow (Ukawa and Ohtake, 1987; Shapiro et al.,161

2018).162

Therefore, a most complete description of a seismo-volcanic source could163

be provided by a combination of a moment tensor and a single force (e.g., Ku-164

magai, 2009). This description contains nine independent parameters (three165

force components and six independent components of the moment tensor)166

that can be simultaneously retrieved only in a case of very good data cov-167

erage. This situation can be achieved with inversion of very long-period (a168

few tens of seconds) waveforms recorded by multiple seismic stations (e.g.,169

Ohminato et al., 1998; Chouet et al., 2003, 2005). At such long wavelengths,170

the propagation of seismic waves (Green’s functions) can be predicted with171

a sufficient accuracy based on 3D numerical simulation with accounting for172

topography and other effects.173

At shorter periods, full waveform inversion becomes problematic because174

of the difficulty to characterize the wave propagation accurately. In this175

case, the source configurations are inferred from a reduced set of parameters176

measured from amplitudes and phases of the waveforms. Very often, kine-177

matic source mechanisms are constrained with the polarities of first arriving178

P-waves. In the case of volcanic DLP earthquakes this approach is, however,179

problematic because the relatively weak DLP signals emerge from the noise180

only after band-pass filtering the raw seismograms. In particular, the strong181

microseismic noise is removed with high-pass filters with corner frequency182

near 1 Hz, which is very close to the dominant frequencies of LP waveforms.183
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As a result, phases of filtered waveforms can be strongly distorted and their184

apparent polarities reversed.185

Therefore, in this study we use the amplitude information and namely186

the distribution of S-to-P amplitude ratios. This type of observation has187

been shown to provide useful constraints on focal mechanisms and has been188

used in some previous studies of DLP earthquakes (e.g., Ukawa and Ohtake,189

1987; Ohmi and Obara, 2002; Nakamichi et al., 2003; Ikegaya and Yamamoto,190

2021). At the same time it is associated with strong uncertainties (Hardebeck191

and Shearer, 2003) because of the noise and site amplifications. Taking192

these circumstances into consideration, we do not set up a full inversion for193

an arbitrary focal mechanism with 9 free parameters that would be highly194

unstable and non-unique. Instead, we test specific hypotheses about possible195

DLP generation processes. Each hypothesis is related with a “simplified”196

focal mechanism depending on a reduced number of parameters (maximum197

three).198

One possibility is that DLP earthquakes are caused by the release of me-199

chanical stresses in the crust beneath volcanoes that can be accommodated200

as a slip on faults. The shear-fault mechanism is described by three an-201

gles (Figure 3a). The azimuth ϕ and the dip angle δ define the fault plane202

orientation, and the rake λ points the direction of the slip.203

The DLP earthquakes can be caused by rapid magma pressure variations.204

The associated kinematic source mechanism will then depend on the shape205

of a magma filled volume. The most efficient mechanism of magma transport206

through the cold crust is via formation of cracks along which magma flows in207

the form of dikes and sills (e.g., Rubin, 1995; Melnik et al., 2022). Pressure208
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variations in such planar intrusion can be approximated by a tensile crack209

mechanism. It can be oriented in space with a normal vector to a crack210

surface (Figure 3b), thus it is described with two angles: the azimuth ϕ and211

the polar angle (dip) θ. A similar kinematic mechanism will describe the212

opening of tensile cracks (e.g., Bean et al., 2014).213

Pipe-shaped magmatic conduits are formed beneath eruptive vents of214

volcanoes. We consider a possibility of such conduits at depth. A pressure215

variation within such conduit is kinematically described as a cylindrical pipe216

whose orientation is also defined by two angles, the azimuth ϕ and the dip θ217

(Figure 3c).218

Finally we consider a situation when acceleration of magma within a219

conduit can result in traction forces (Ukawa and Ohtake, 1987; Shapiro et al.,220

2018). Such single-force mechanism is described by two angles, the azimuth221

ϕ and the dip θ, defining the force vector (Figure 3d).222

5. Estimation of the DLPs source mechanism with S-to-P ampli-223

tude ratios224

In this approach, we first compute theoretical ratios between the amplitudes225

of P- and S-waves and thereafter compare them with those measured from226

the real seismograms.227

5.1. Calculation of the theoretical S-to-P amplitudes ratios.228

We start with theoretical expressions of far-field P- and S-wave displacements229

in a homogeneous isotropic media characterized by density ρ, P-wave velocity230

α, and S-wave velocity β (Aki and Richards, 1980). For a source described231

by a single force F, the wave amplitudes on component i are:232
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uP
i =

FjR
FP
i,j

4πρα2r
(1)

uS
i =

FjR
FS
i,j

4πρβ2r
(2)

where Fj is the force projection on direction j, r is the distance between233

the source and the receiver, and RFP
i,j and RFS

i,j are the force-type radiation234

patterns for P- and S-waves that are expressed via the directional cosines of235

a vector pointing from the source to the station γ:236

RFP
i,j = γiγj (3)

RFS
i,j = δi,j − γiγj (4)

For a source described by a seismic moment rate tensor Ṁ, these expres-237

sions become:238

uP
i =

Ṁj,kR
MP
i,j,k

4πρα3r
(5)

uS
i =

Ṁj,kR
MS
i,j,k

4πρβ3r
(6)

where RMP
i,j,k and RMS

i,j,k are the moment-type radiation patterns that are also239

expressed via the directional cosines γ (Aki and Richards, 1980). Details240

about representations of different types of elementary sources and computa-241

tion of radiation patterns are given in Appendix A.242

For known source and station positions the direction from the source to243

the station (azimuth φ and polar angle iξ) can be evaluated (i.e., with ray244
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tracing). Based on this, directional cosines and radiation patterns can be245

computed and displacement components predicted with equations (3-4) or246

(5-6).247

In some studies (e.g., Ukawa and Ohtake, 1987; Ikegaya and Yamamoto,248

2021), a correction of the free surface effect is also introduced. It is computed249

separately for P-, SH- and SV-waves and requires assumption about the250

velocity models and estimations of the incident angles at different stations,251

which can be highly uncertain. Therefore, considering the relatively deep252

location of the source and the significant velocity gradient in the crust, we253

assume the incidence of waves is close to vertical at all stations. Another254

suggested correction (e.g., Ukawa and Ohtake, 1987) is aimed to account for255

the difference in the attenuation for P- and S-waves. This difference is rather256

pronounced at relatively low frequencies where the S-wave quality factor is257

significantly lower that the one for the P-waves. However, for waves with258

frequencies higher than 1 Hz propagating in the Earth’s crust, the seismic259

attenuation is dominated by the scattering resulting in a reverse situation260

with the quality factor of P-waves being lower than one of S-waves (e.g., Sato,261

1984). Measurements of the high-frequency P- and S-wave quality factors in262

the crust (e.g., Campillo and Plantet, 1991; Yoshimoto et al., 1993) produced263

a wide range of values showing that on average their ratio is not very different264

from the VP/VS ratio. In this situation, the distance dependent attenuation265

of P- and S-waves remains nearly identical. This scattering regime in the266

crust corresponds well to the DLP emitted waves. Therefore, we do not267

apply the attenuation correction.268

With the considerations described above, full displacements of P- and269
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S-waves are expressed as:270

Acalc
P =

√
(uP

x )
2 + (uP

y )
2 + (uP

z )
2

Acalc
S =

√
(uS

x)
2 + (uS

y )
2 + (uS

z )
2

(7)

and their ratios can be simply computed and compared with the observations.271

5.2. Measuring S-to-P amplitudes ratios from real seismograms.272

Before measuring real observed amplitudes, seismograms were preprocessed273

with removing instrument response and filtering them in 1–4 Hz frequency274

band (Figure 4a). Instead of measuring amplitudes of P- and S-waves sepa-275

rately at different channels, these values were obtained after calculating the276

3-component amplitude as:277

u3C =
√

u2
N + u2

E + u2
Z (8)

Then, we smooth the amplitude with a 1 s moving window (Figure 4b). The278

resulting envelope was manually processed in order to limit time intervals279

of P- and S-waves arrivals (black and red dashed lines in Figure 4b corre-280

spondingly) and then pick AP and AS as maximum values within defined281

time intervals.282

5.3. Correction for the site amplifications.283

Raw AS/AP measurements shown in Figure 4b contain some very elevated284

values. The reason for this is that they are strongly affected by site ampli-285

fications. Because of the geological structure of the studied area with the286

majority of its territory covered by soft sediments of very recent volcanic287
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deposits (Green et al., 2020), most of sites on which the stations of the KISS288

experiment were installed are prone to strong amplification of seismic waves.289

This amplification does not affect equally the P- and the S-waves, which can290

introduce a significant bias into raw AS/AP measurements.291

Therefore, we estimated the site amplifications for P- and S-waves sep-292

arately and used these estimations to correct the amplitude ratio measure-293

ments. Details of this analysis are described in Appendix B. The S-wave294

amplification factors were estimated from coda of relatively strong regional295

earthquakes. For P-waves, we used a few earthquakes occurred approxi-296

mately beneath the network. The site amplification measurements are sum-297

marized in Table B.4. After computing the average amplification factors for298

each station AF i
S and AF i

P , we correct the raw measurements as:299

lg

(
AS

AP

)obs

i

= lg

(
AS

AP

)raw

i

− lg

(
AF i

S

AF i
P

)
(9)

An example of corrected measurements at a single station is shown in Figure300

4b. Logarithms of amplitude ratios before and after removing site ampli-301

fication at all stations are presented in left and right panels of Figure 5302

correspondingly.303

5.4. Comparison of the observed and calculated amplitude ratios304

We study source mechanisms of the earthquakes located by Senyukov et al.305

(2021). For a known source location and a fixed mechanism orientation ξ306

(that can be determined by two or three angles depending on the considered307

source type, Appendix A), a residual between observations and a model at308

station i is estimated as L1 norm:309
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∆i(ξ) =

∣∣∣∣∣lg
(
AS

AP

)obs

i

− lg

(
AS(ξ)

AP (ξ)

)calc

i

∣∣∣∣∣ (10)

And the overall misfit function over the entire network of stations is:310

ML1(ξ) =
1

Nst

Nst∑
i=1

∆i(ξ) (11)

To find the minimum of the misfit function, we perform a grid search in the311

domain of the mechanism orientations ξ. For mechanisms determined with312

two angles, the grid is designed to distribute the points homogeneously over313

the hemisphere (Appendix C, Figure C.20). The third parameter (rake angle314

in the case of a shear-slip source and component ratio in the case of source315

represented by a combination of a horizontal crack and a force) was sampled316

homogeneously to construct a three dimensional grid (Appendix C, Figure317

C.21).318

6. Results319

6.1. An example of a single DLP earthquake320

We start with showing the source inversion results for a DLP earthquake321

occurred on August 20, 2015 at 12:23:54. Its seismograms are presented in322

Figure 2 and distribution of observed amplitude ratios in Figure 5. Figure323

6 shows the comparison of the observed logarithms of amplitude ratios with324

those computed for the best-fitting orientations for the different mechanisms.325

Table 2 also contains the values of observed and calculated logarithms of326

ratios as well as the residuals at all stations as shown in Figure 6. The327

corresponding distributions of the misfits as a function of orientation angles328

are shown in Figure 7.329
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The results of the inversion for the considered earthquake show that the330

shear-slip mechanism can be reasonably excluded because its misfit (Figure331

7a) is more than 40% larger than those of other types of “elementary” mech-332

anisms (Figures 7b-d). This difference is especially significant considering333

that the slip mechanism is described by three free parameters while all other334

only by two.335

Among other elementary mechanisms, those with volumetric changes,336

i.e., tensile crack (Figure 7b) and cylindrical pipe (Figure 7c), have slightly337

better (5-9%) misfits that the sinle force (Figure 7c) , with a slight advantage338

for the tensile crack over the pipe. However, the misfit distribution as a339

function of orientation angles for the crack mechanisms is very irregular.340

Additionally, all minima of this distribution are rather far from the center,341

i.e., from the horizontally oriented sill. Such horizontally oriented structures342

could expected beneath Klyuchevskoy in association with the near-Moho343

magmatic reservoir (Levin et al., 2014) likely formed by underplating (Annen344

et al., 2005).345

Therefore, we also test a configuration when a sudden pressure increase346

within a horizontal sill is released in connected conduit through which it347

pushes the magma resulting in a viscous drag force (Ukawa and Ohtake,348

1987). Such “complex” source modeled as a combination of a horizontal ten-349

sile crack and arbitrary oriented single force results in the overall best misfit350

among all considered mechanisms. At the same time its description requires351

three free parameters: two force angles and a scaling coefficient between the352

force and the crack components (Equation 12), making its apparent advan-353

tage less significant.354
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r =
Acrack

Acrack + Aforce

(12)

Overall, we can conclude the DLP mechanisms contain a significant vol-355

umetric and/or single-force component. At the same time, the difference356

between different mechanisms with such components is not sufficient to un-357

ambiguously select one of the scenarios. Moreover, the distributions of the358

misfit values in the source parameters space may contain several minima359

(Figure 7) making the final inference highly uncertain. This confirms the as-360

sessment from some previous studies (Hardebeck and Shearer, 2003) that the361

information contained in the S-to-P amplitude ratios is too uncertain to con-362

strain the details of individual source mechanisms. Therefore, we try to make363

inferences based on the analysis of all sufficiently strong DLP earthquakes364

recorded during the KISS experiment.365

6.2. Application to all selected DLP earthquakes366

29 selected DLP earthquakes (Table 1) were recorded by minimum 9 and367

maximum 19 stations (Figure 8) depending on the signal-to-noise ratio of368

signals and data availability. Figure 9a shows the values of misfit functions369

estimated for different types of mechanisms for the selected DLP earthquakes.370

The average values for each mechanism type are shown in the box of Figure371

9a.372

Because the tested source models contain different number of parameters,373

the misfits were recalculated into Akaike information criteria (AIC) following374

(Ikegaya and Yamamoto, 2021):375

AIC = Nst ln(2π) +Nst ln(M
2
L1
) +Nst + 2(m+ 1) (13)
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where Nst is a number of stations (from 9 to 19), M2
L1

is a misfit value and376

m is the number of parameters in a model (2 for crack, pipe and force and 3377

for the the shear slip and combined mechanisms). The obtained AIC values378

for selected DLPs are shown in Figure 9b. It can be seen that the shear fault379

mechanism still have the highest AIC values and can, therefore, be excluded380

from the further analysis.381

On the next step we analyze the consistence of the inferred source param-382

eters over the ensemble of studied earthquakes. For a single force mechanism,383

the both angles defining its orientation remain quite stable in time as shown384

in Figure 10. On average, they correspond to a force directed to the south-385

southwest and inclined ∼40 degrees relative to the vertical with standard386

deviations of 15◦ and 7◦ for the azimuth and dip angles, respectively.387

While these angles are more scattered (standard deviations of 43◦ and 18◦388

for the azimuth and dip angles, respectively) for the pipe mechanism (Figure389

11), its average southward orientation can still be deduced. The inferred390

angles of tensile cracks vary very strongly (standard deviations of 91◦ and391

17◦ for the azimuth and dip angles, respectively) between different individual392

DLP earthquake (Figure 12) and no preferred average orientation could be393

traced.394

For the “combined” source (Figure 13), the force south-southwest azimuth395

remain highly stable (standard deviations of 24◦) while the polar angle ex-396

hibits considerable scattering (standard deviations of 12◦). Variations of the397

DLP source parameters in time may reflect the variability of the underlain398

physical process. Alternatively, these variations could be related to the un-399

stable inversion procedure. As shown in the previous section (Figure 7),400
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positions of the misfit minima in the parameter space are poorly constrained401

for a single DLP earthquake for such mechanisms as the tensile crack or the402

pipe which could be the cause of the observed “apparent” variation of the403

source parameters in time.404

6.3. Stacked misfit distributions405

If the generation of the DLP earthquake is related to the preferential magma406

pathways, these later might be expected relatively stable and not varying407

strongly over short times. Such time stationarity of the DLP generating408

mechanism is partially confirmed by the high level of similarity of their wave-409

forms over series of many events, i.e., the multiplet behavior (Shapiro et al.,410

2017a). To test the hypothesis of stationary processes of generation of DLP411

earthquakes, we decided to compute “stacked” misfit distributions for all412

selected events (NDLP = 29):413

M stack
L1

(ϕ, θ) =
1

N cum
st

NDLP∑
i=1

N i
st ·M i

L1
(ϕ, θ) (14)

where M i
L1
(ϕ, θ) is a misfit distribution in the azimuth-polar angle plane cor-414

responding to one of 29 selected DLPs (i.e., Figure 7). N i
st is a number of415

stations used for DLP i. N cum
st =

∑
i N

i
st is the total number of used seismic416

records. For the “elementary” source mechanisms, equation 14 implies a sim-417

ple stacking in the polar coordinate plane. For the combined sill-force source,418

an additional degree of freedom is still present because the third parameter419

r (equation 12) is allowed to vary for different event and angles. Physically,420

this would correspond to a situation when the geometry of the DLP generat-421

ing part of the plumbing system remains fixed and the partitioning of energy422
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between the pressure increase in the sill and the viscous drag in the conduit423

can be variable between different DLP earthquakes.424

Figure 14 show the distributions of “stacked” misfits for different source425

mechanisms. In comparison with the results for separated DLP earthquakes426

(Figures 7 and 9) the minimum misfit values remain similar, implying that427

the consistency of whole ensemble of observations is at the same level as428

for individual events. The misfit distributions did not change significantly429

for the single force and “combined” mechanism indicating the preferential430

south-southwest direction. The distribution has been “stabilized” (the min-431

ima more clearly defined) for the pipe mechanism and shows more clearly432

the southward orientation. The “tensile crack” solution still remain unstable433

with showing several misfit minima with close values. In terms of the abso-434

lute misfit minima values, the best solution are obtained with the pipe and435

combined source mechanisms.436

7. Discussion and Conclusions437

Understanding physical processes leading to generation of DLP earthquakes438

remains an elusive task. Inferring their kinematic source mechanisms based439

on observed seismic waveforms could provide a key constraint to discriminate440

between different existing hypotheses. With this in mind, we explored the441

records of 29 DLP earthquakes by broadband stations of the KISS tempo-442

rary seismic experiment in the region of the Klyuchevskoy volcanic group in443

Kamchatka, Russia (Shapiro et al., 2017b).444

We first argued that the methods based on the phase of seismograms445

(inversion of full waveforms of polarities of first arrivals) are not practical446
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in the case of DLP earthquakes because their relatively weak signals emerge447

from the noise only after band-pass filtering. In particular, the strong mi-448

croseismic noise is removed with high-pass filters with corner frequency near449

1 Hz, which is very close to the dominant frequencies of LP waveforms. As450

a result, phases of filtered waveforms can be strongly distorted and their451

apparent polarities reversed.452

Consequently, we explored a method based on the amplitude measure-453

ments. Namely, as has been suggested in some previous studies, we use the454

amplitude ratios of P- and S-waves (e.g., Ukawa and Ohtake, 1987; Ohmi and455

Obara, 2002; Nakamichi et al., 2003; Ikegaya and Yamamoto, 2021). This456

type of measurement can be biased by possibly different surface site ampli-457

fication of P- and S-waves. We implemented a correction for this effect with458

measuring S-wave and P-wave site amplifications (Appendix B) from a few459

regional earthquakes well recorded by the whole network. The estimated cor-460

rection factors result on average decrease of the raw S-to-P amplitude ratios461

and are subject to significant uncertainties. Additional uncertainties in the462

inversion of the amplitude data arise from the only approximately known463

model of the wave propagation.464

The mentioned uncertainties in the data and in the forward model con-465

tribute to the non-uniqueness of the inversion procedure. To mitigate this466

non-uniqueness, we decided to consider source models with a limited num-467

ber of free parameters. So far, a complete kinematic description of a volcanic468

earthquake source would be obtained with a combination of a moment tensor469

and a single force (e.g., Kumagai, 2009), which would require nine indepen-470

dent parameters (three force components and six independent components of471
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the moment tensor). Considering the limitations of our amplitude measure-472

ments, instead of trying to resolve all these parameters simultaneously, we473

test a set of simplified source mechanisms (involving 2 or 3 parameters) that474

represent “elementary” physical processes that may generate seismic waves:475

(1) slip on faults, (2) magma pressure variation within sills, dykes, or pipe-476

shaped conduits, and (3) viscous drag force caused by acceleration of magma477

flow in a conduit.478

Even with such a reduced number of parameters, the inversion of individ-479

ual DLP earthquakes remains non-unique for most of types of mechanisms480

which is manifested by multiple minima in the misfit distributions (Figure481

7). To further stabilize the inversion, we consider the hypotheses of time482

stationarity of the DLP generating processes based on which we invert mea-483

surements for all studied DLP earthquakes simultaneously (via stacking the484

misfit distributions obtained for individual events). As a result of this pro-485

cedure, the best-misfit levels are not deteriorated indicating the reasonable486

likeliness of a single mechanism explaining all observations. The misfit dis-487

tributions show relatively well defined minima for all mechanisms except the488

tensile crack.489

Comparison of the minimum misfit levels for different types of studied490

mechanisms allows us to conclude that the generation of DLP earthquakes491

beneath the Klyuchevskoy volcano by slip on faults is not consistent with492

the observed S-to-P amplitude ratios whose explanation requires mechanisms493

with volumetric or single force components. For such mechanisms (tensile494

crack, pipe, and single force) the difference in misfit to seismic data is not495

very strong. This implies that seismic data alone is not sufficient to unam-496

23



biguously constrain the details of the source mechanisms. At the same time,497

the plausibility of results of different seismic inversions can be interpreted498

based on some additional hypotheses about the functioning of the KVG vol-499

cano plumbing system.500

So far, there are two reasons to consider that solutions obtained with a501

pure tensile crack mechanism are less likely (even if they cannot be definitely502

excluded). First, the strong difference in solutions for individual events (Fig-503

ure 12) is not consistent with the time stationarity that may be expected for504

the geometry of plumbing system. Second, the average and most individual505

best-fit solutions correspond to significantly dipping structures while in the506

vicinity of the crust-mantle boundary nearly horizontal sills are more likely.507

Results of inversion for the three remaining tested mechanisms show some508

consistency. Namely, they all indicate a south-southwest dipping magmatic509

conduit generating either pipe-shaped pressure perturbations or an along-510

conduit force. This leads to a possible interpretation shown in Figure 15.511

The DLP earthquakes are generated near the crust-mantle boundary (Moho)512

approximately beneath the Klyuchevskoy volcano, where the main deep mag-513

matic reservoir feeding the KVG volcanoes is located (e.g., Levin et al., 2014).514

This magma storage is likely shaped as complex of underplated sills. From515

this deep reservoir magma penetrates the crust through a south-southwest516

dipping conduit (or a system of conduits). This orientation of dominant517

magma pathways would be in agreement with the overall interconnection518

of the transcrustal KVG plumbing system when the pressure perturbations519

in the deep reservoir are transmitted not only to Klyuchevskoy but also to520

the active volcanoes located south of it, Bezymianny and Tolbachik (Fedo-521
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tov et al., 2010; Shapiro et al., 2017a; Coppola et al., 2021; Journeau et al.,522

2022).523
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Fig. 1: Map of the Klyuchevskoy volcano group. The stations used in this work are rep-

resented by black triangles. The “reference” station OR13 is additionally highlighted with

yellow color. Grey crosses show the entire catalog of volcanic earthquakes with approxi-

mately crustal depth recorded beneath the KVG during the KISS experiment (Senyukov

et al., 2021). Colored diamonds show hypocenters of the DLP earthquakes selected for

this study.
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Fig. 2: Example of sesimograms recorded by multiple KISS stations during a DLP earth-

quake occurred on August 20, 2015 at 12:23:54.
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Fig. 3: Considered “elementary” source mechanisms and respective angles required for

their description: (a) a shear slip on a fault (strike ϕs ∈ [0◦, 360◦], dip (polar angle)

δ ∈ [0◦, 90◦], rake λ ∈ [−180◦, 180◦]) (b) a tensile crack (azimuth ϕ ∈ [0◦, 360◦], dip

θ ∈ [0◦, 90◦]) (c) a cylindrical pipe (azimuth ϕ ∈ [0◦, 360◦], dip θ ∈ [0◦, 90◦]) (d) a single

force (azimuth ϕ ∈ [0◦, 360◦], dip θ ∈ [0◦, 90◦])
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Fig. 4: Example of measurements of P- and S-waves amplitudes for the DLP event

on August 20, 2015 at 12:23:54 at station IR12. a) Seismograms after removing the

instrument response and band-pass filtering (1–4 Hz). b) A three-component amplitude

envelope smoothed with a 1 s window. Black and red vertical dotted lines indicate windows

used for P- and S-waves. Maxima for P- and S-waves are indicated with red crosses.
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Fig. 5: S-to-P amplitude ratios measured at various stations for a DLP earthquake

occurred on August 20, 2015 at 12:23:54. (a) Raw measurements (b) Values after correcting

for the site amplification.
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Fig. 6: Distribution of computed logarithms of amplitude ratios and observed values at

stations (shown in circles with corresponding codes) for best-fit orientations of considered

source mechanisms (an example on a DLP on August 20, 2015 at 12:23:54). (a) Shear

fault: strike ϕs = 85◦, dip δ = 84◦, rake λ = 66◦; (b) Tensile crack: azimuth ϕ = 184◦, dip

θ = 81◦; (c) Cylindrical pipe: azimuth ϕ = 150◦, dip θ = 30◦; (d) Single force: azimuth

ϕ = 220◦, dip θ = 45◦; (e) Combination of a horizontal tensile crack and a single force

with orientation: azimuth ϕ = 228◦, dip θ = 51◦;
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Fig. 7: Distribution of misfits for considered source mechanisms (example of a DLP

earthquake on August 20, 2015 at 12:23:54). Minima of misfits are shown with white

crosses and have the following values: (a) Shear fault ML1
= 0.34; (b) Tensile crack ML1

=

0.22; (c) Cylindrical pipe ML1
= 0.23; (d) Single force ML1

= 0.24; (e) Combination of a

horizontal tensile crack and a single force ML1
= 0.19
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Fig. 8: The number of stations used in processing of each of the selected DLPs.
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Fig. 9: Distributions of (a) misfits and (b) AIC values in time depending on the chosen

source mechanism (shown with different colors and markers as indicated in the legend).
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Fig. 10: Temporal changes of the orientation of a single force vector in space: (a) Azimuth

ϕ = 203◦ ± 15◦ (b) Dip angle θ = 37◦ ± 7◦. Average values and standard deviations are

shown by dashed lines and colored areas, respectively
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Fig. 11: Temporal changes of the orientation of a cylindrical pipe axis: (a) Azimuth

ϕ = 168◦ ± 43◦ (b) Dip angle θ = 40◦ ± 18◦. Average values and standard deviations are

shown by dashed lines and colored areas, respectively.
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Fig. 12: Temporal changes of the orientation of the normal to a tensile crack surface:

(a) Azimuth ϕ = 198◦ ± 91◦ (b) Dip angle θ = 58◦ ± 17◦. Average values and standard

deviations are shown by dashed lines and colored areas, respectively.
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Fig. 13: Temporal changes of the vector orientation of a single force compound of a

“combined” source in space: (a) Azimuth ϕ = 221◦ ± 24◦ (b) Dip angle θ = 56◦ ± 12◦.

Average values and standard deviations are shown by dashed lines and colored areas,

respectively. (c) Temporal changes of a crack to force ratio (Equation 12)
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Fig. 14: Misfit distributions “stacked” for all selected DLP events for different source

mechanisms. The misfits minima are shown with white crosses and have the following

values: (a) Tensile crack Mstack
L1

= 0.23; (b) Cylindrical pipe Mstack
L1

= 0.19; (c) Single

force Mstack
L1

= 0.25; (d) Combination of a horizontal tensile crack and a single force

Mstack
L1

= 0.21
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Fig. 15: Possible interpretation based on the obtained results schematically shown on a

SSW-NNE oriented vertical cross-section indicating positions of three active KVG volca-

noes.
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No Date Time Latitude Longitude Depth, km ML

1 2015-08-08 09:55:30 56.085 160.634 28.0 1.3

2 2015-08-09 23:24:57 56.077 160.628 27.4 1.4

3 2015-08-16 07:29:15 56.096 160.613 29.9 1.5

4 2015-08-16 12:14:57 56.066 160.611 28.4 1.3

5 2015-08-16 13:31:52 56.085 160.609 29.1 1.6

6 2015-08-20 12:23:54 56.084 160.616 26.1 1.6

7 2015-08-21 06:47:06 56.069 160.596 28.4 1.4

8 2015-08-25 10:36:26 56.083 160.582 27.2 1.4

9 2015-08-31 00:19:06 56.074 160.642 28.1 1.6

10 2015-09-02 02:09:31 56.051 160.634 29.5 1.4

11 2015-09-03 09:52:02 56.082 160.658 29.6 1.5

12 2015-09-04 16:25:07 56.100 160.595 27.0 1.4

13 2015-09-04 22:07:35 56.067 160.633 25.3 1.6

14 2015-09-10 23:28:12 56.062 160.652 27.5 1.5

15 2015-09-11 10:40:44 56.082 160.633 28.1 1.5

16 2015-09-14 14:47:30 56.072 160.625 27.5 1.6

17 2015-09-23 15:49:22 56.069 160.639 25.9 1.4

18 2015-09-29 07:15:15 56.078 160.623 28.4 1.3

19 2015-10-02 14:30:58 56.072 160.594 29.8 1.4

20 2015-10-02 17:44:59 56.070 160.586 31.2 1.4

21 2015-11-05 22:13:04 56.102 160.570 29.3 1.3

22 2015-11-23 03:18:38 56.084 160.608 27.6 1.8

23 2015-11-23 13:29:30 56.086 160.627 31.4 1.8
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24 2015-11-26 06:28:15 56.078 160.610 29.2 1.5

25 2015-11-27 19:28:40 56.087 160.616 29.3 1.3

26 2015-11-27 22:05:23 56.079 160.613 24.7 1.3

27 2016-01-11 07:25:44 56.076 160.598 26.8 1.4

28 2016-05-21 11:40:28 56.088 160.619 29.4 1.7

29 2016-05-27 05:40:42 56.091 160.632 29.6 1.4

Table 1: List of selected deep long period earthquakes
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Fault Crack Pipe Force Crack + force

Station obs calc ∆ calc ∆ calc ∆ calc ∆ calc ∆

SV13 -0.15 0.71 0.86 -0.07 0.08 0.23 0.38 0.47 0.61 0.21 0.35

IR18 0.40 0.30 0.10 0.36 0.05 0.12 0.29 0.65 0.24 0.41 0.00

SV9 0.07 0.65 0.58 0.37 0.30 0.21 0.14 -0.15 0.23 0.10 0.03

IR17 -0.01 0.37 0.38 0.24 0.25 0.03 0.04 0.47 0.48 0.33 0.34

IR11 0.62 0.66 0.04 0.34 0.28 0.18 0.44 0.60 0.02 0.46 0.16

IR6 -0.20 0.63 0.83 -0.21 0.00 0.01 0.22 0.32 0.52 0.19 0.39

IR12 0.39 0.53 0.14 0.37 0.02 0.14 0.25 0.50 0.11 0.42 0.03

IR4 -0.10 0.62 0.72 0.37 0.47 0.12 0.22 -0.05 0.05 0.06 0.16

IR13 -0.01 0.50 0.50 0.31 0.32 0.20 0.20 0.45 0.46 0.39 0.39

SV7 -0.05 -0.01 0.04 0.13 0.18 0.23 0.28 0.17 0.22 0.21 0.26

IR3 0.28 0.40 0.12 0.33 0.04 0.13 0.16 -0.08 0.36 0.06 0.23

SV6 0.06 0.04 0.03 0.22 0.16 0.18 0.12 0.01 0.06 0.13 0.07

IR2 -0.21 0.24 0.45 0.27 0.48 0.13 0.34 0.02 0.24 0.11 0.32

OR13 0.65 0.73 0.08 0.35 0.30 0.21 0.44 0.65 0.01 0.48 0.17

IR1 0.16 0.18 0.03 0.16 0.00 0.15 0.01 0.13 0.03 0.16 0.01

SV4 0.10 0.60 0.51 0.37 0.27 -0.10 0.19 0.20 0.10 0.13 0.04

SV1 0.60 0.31 0.29 0.12 0.48 0.12 0.48 0.19 0.40 0.17 0.42

SV3 -0.09 0.38 0.47 0.16 0.25 0.05 0.15 0.23 0.32 0.16 0.26

OR20 0.09 0.47 0.39 -0.07 0.15 0.10 0.01 0.31 0.22 0.22 0.13

Table 2: Observed logarithms of amplitude ratios measured from seismograms and calcu-

lated values all considered source mechanisms (an example of a DLP on August 20, 2015

at 12:23:54
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Appendix A. Theoretical radiation patterns of P- and S-waves537

Radiation patterns appearing in Equations 1-6 can be expressed via the di-538

rection cosines γ (from a source to a receiver):539

RFP
i,j = γjγj (A.1)

RFS
i,j = γjγj − δi,j (A.2)

RMP
i,j,k = γjγjγk (A.3)

RMP
i,j,k = (γjγj − δi,j)γk (A.4)

We use Cartesian coordinates with X axis directed toward the North, Y540

- toward the East, and Z - upward (Figure A.16). Direction cosines can be541

calculated with known direction from a source to a receiver expressed via542

two radial angles: azimuth φ ∈ [0◦, 360◦] measured clockwise from the North543

and inclination iξ ∈ [0◦, 180◦] measured from the upward vertical:544


γx = sin iξ cosφ

γy = sin iξ sinφ

γz = cos iξ

(A.5)

Single force545

The orientation of a single force described with two angles: azimuth ϕf ∈546

[0◦, 360◦] measured clockwise from the East and dip angle θf ∈ [0◦, 90◦] mea-547
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sured from the upward vertical (Fig. 3a). Three components of a unity force548

can be expressed as projections on three axes:549


Fx = sin θf cosϕf

Fy = sin θf sinϕf

Fz = cos θf

(A.6)

Sources described by a moment tensor550

Cylindrical pipe. Similar to a single force, its orientation is described551

by two angles: azimuth ϕp ∈ [0◦, 360◦] measured clockwise from the North552

and dip angle θp ∈ [0◦, 90◦] measured from the upward vertical (Fig. 3b).553

The corresponding components of the normalized moment rate tensor are554

(Kumagai, 2009):555

Mxx = M0 (1 + cos2 θp cos
2 ϕp + sin2 ϕp)

Mxy = −M0 sin2 θp sinϕp cosϕp

Mxz = −M0 sin θp cos θp cosϕp

Myy = M0 (1 + cos2 θp sin
2 ϕp + cos2 ϕp)

Myz = M0 − sin θp cos θp sinϕp

Mzz = M0 (1 + sin2 θp)

(A.7)
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Shear slip is defined by three angles: ϕs, δ and λ

Mxx = −M0 (sin δ cosλ sin 2ϕs + sin 2δ sinλ sin2 ϕs)

Mxy = M0 (sin δ cosλ cos 2ϕs +
1

2
sin 2δ sinλ sin 2ϕs)

Mxz = −M0 (cos δ cosλ cosϕs + cos 2δ sinλ sinϕs)

Myy = M0 (sin δ cosλ sin 2ϕs − sin 2δ sinλ cos2 ϕs)

Myz = −M0 (cos δ cosλ sinϕs − cos 2δ sinλ cosϕs)

Mzz = M0 (sin 2δ sinλ)

(A.8)

Tensile crack is oriented by two angles: ϕc and θc

Mxx = M0 (1 + 2 sin2 θc sin
2 ϕc)

Mxy = −M0 (sin
2 θc sin 2ϕc)

Mxz = M0 sin 2θc sinϕc

Myy = M0 (1 + 2 sin2 θc cos
2 ϕc)

Myz = −M0 (sin 2θc cosϕc)

Mzz = M0 (1 + 2 cos2 θc)

Appendix B. Site amplification factors556

Appendix B.1. Estimation of S-wave site amplification based on codas of557

seismograms558

To estimate the S-wave site amplification we used the method based on coda559

of seismograms (Husker et al., 2010) that consist waves scattered at random560

heterogenities in the Earth. Because of the preferential P-to-S conversion561

druring the scattering of elastic waves, the seismic codas are dominated by562
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Fig. A.16: The coordinate system used in the study and definition of polar angles:

azimuth φ ∈ [0◦, 360◦] and inclination iξ ∈ [0◦, 180◦]
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S-wave energy (e.g., Margerin et al., 2000; Shapiro et al., 2000). The coda563

envelope recorded at station i during event k can be expressed as (Aki and564

Chouet, 1975; Rautian and Khalturin, 1978):565

Aik(f, t) = Sk(f)Ri(f) Ii(f)Gi(f, t) (B.1)

where f is the frequency, t is the lapse time, Sk(f) is the source spectrum,566

Ri(f) is the frequency-dependent site amplification, Ii(f) is the instrument567

response, G(f, t) is the term describing the wave propagation (Green’s func-568

tion). At times significantly greater than the arrival of direct S-waves, the569

energy of scattered seismic becomes uniformly distributed in the media and570

the term G(f, t) becomes approximately equal at all stations. As a conse-571

quence, in the late coda, the ratio of the envelopes (computed after removing572

the instrument response) stabilized in time and becomes equal to the ratio573

of the site amplification factors:574

Aik(f, t)

Ajk(f, t)
=

Ri(f)

Rj(f)
(B.2)

We apply this equation to three-component envelopes computed from seis-575

mograms filtered between 1 and 4 Hz and smoothed with 50 s long moving576

window to estimate average amplification coefficients in this frequency range.577

An example for a pair of stations is shown in Figure B.18. The envelope ra-578

tios are computed within a window of 120 s length. Its starting time was579

chosen with visual inspection but it should be at least two times larger than580

the arrival of direct S-waves. For the example presented in Figure B.18 the581

starting and ending time were chosen as 110 s and 230 s correspondingly.582

We select 7 sufficiently strong regional earthquakes (Table B.3) recorded583
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by the majority of the KISS network. Overall, we used 53 stations. By com-584

puting amplitude ratios for all possible pairs of stations and events, we have585

a set of measurements that we use to constrain average site amplifications in586

a least square sense (after taking logarithms of equation B.2). We also chose587

station OR13 located on a hard rock site well outside the volcanic edifices588

and sedimentary layers as a reference and all site amplification coefficients589

are computed relative to it.590

Appendix B.2. Site amplifications of P-waves591

P-wave amplification can be estimated from fist arriving P waves not con-592

taminated by S-wave energy rapidly appearing in the p-wave coda because of593

the scattering. Telesemic P-waves can be used for this purpose at relatively594

low frequencies. In our spectral range of interest, 1-4 Hz, all teleseismic P595

waves recorded suring the KISS experiment were attenuated. Therefore, we596

decided to use nearly vertically incident P waves from relatively deep sub-597

duction earthquakes located approximately beneath the network. We found598

4 such events listed in Table B.3 and shown in Figure B.17. The process599

of calculating P-wave amplification is illustrated in Figure B.19. For this600

example, a regional earthquake on October 16, 2015 at 06:38:23 was used. A601

significant source of uncertainty arises from the unknown radiation pattern602

of the used earthquakes. We can only assume, because of the nearly vertical603

incidence, the ray parameters do not differ strongly across the network and604

are close to the maxima of the P-wave radiation patterns expect from the605

subduction geometry.606
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Appendix B.3. Final results607

During the study period we found 4 and 7 regional tectonic events to estimate608

averaged amplification coefficients for P- and S-waves. Their parameters are609

presented in Table B.3 and the epicenters are shown in Fig. B.17. The610

site amplification coefficients were estimated stations used for the source611

mechanism inversion for both P- and S-waves are shown in Table B.4.612
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Fig. B.17: Map of the epicenters of the earthquakes used for measuring amplifications of

P- and S-waves, their codes correspond to the codes in Table B.3. The circle size represents

the corresponding event magnitude.

Fig. B.18: Example of measuring a relative amplification of S-waves between two stations

from the coda of seismograms (a) Smoothed three-component envelopes. (b) Amplitude

ratios between two stations. Dotted lines show the beginning and the end of 120 s long

coda window.
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Fig. B.19: Measuring

P-wave site amplification

at station OR13, green

crosses show the defined P-

wave amplitudes

P-waves S-waves

1 2015-11-02 20:02:48 (M = 4.3, z = 156 km)

2 2015-10-16 06:38:23 (M = 5.9, z = 295 km)

3
2015-11-18 22:37:27

(M = 4.2, z = 187 km)

2015-11-29 23:45:55

(M = 4.5, z = 38 km)

4
2016-02-08 04:25:03

(M = 4.2, z = 180 km)

2016-02-01 22:47:51

(M = 5.4, z = 45 km)

5
2015-09-29 04:33:27

(M = 4.9, z = 9 km)

6
2015-08-24 11:50:55

(M = 5.1, z = 65 km)

7
2015-11-05 01:59:22

(M = 5.8, z = 36 km)

Table B.3: Regional earthquakes used for estimation of amplification coefficients.
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P-waves amplification S-waves amplification

IR1 1.50 ± 0.81 1.98 ± 0.39

IR11 2.27 ± 0.74 4.51 ± 1.25

IR12 2.05 ± 0.82 4.20 ± 1.12

IR13 2.20 ± 0.87 3.91 ± 0.75

IR17 0.91 ± 0.66 1.40 ± 0.27

IR18 0.60 ± 0.48 1.61 ± 0.37

IR2 1.20 ± 0.53 3.33 ± 0.91

IR3 2.16 ± 2.34 3.15 ± 0.82

IR4 1.01 ± 0.48 2.62 ± 0.65

IR6 0.58 ± 0.58 1.35 ± 0.31

OR13 1.00 ± 0.00 1.00 ± 0.00

OR20 1.93 ± 0.49 3.44 ± 0.62

SV1 1.35 ± 0.69 1.76 ± 0.33

SV13 1.47 ± 0.83 3.13 ± 0.61

SV3 0.90 ± 0.39 2.30 ± 0.60

SV4 1.58 ± 2.06 3.64 ± 1.04

SV6 0.71 ± 0.47 1.42 ± 0.27

SV7 1.56 ± 0.89 3.22 ± 0.68

SV9 1.02 ± 0.82 1.07 ± 0.22

Table B.4: Average amplification coefficients and their standard deviations.
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Appendix C. Discretization of the mechanism orientation space613

for the grid search614

In order to calculate the misfit function a grid of possible source orienta-615

tions should be defined.616

Two parameters case617

For source mechanisms whose orientation depends on two angles (a single618

force, a tensile crack, a cylindrical pipe) the grid of parameters is compiled619

by dividing a disk or a hemisphere into cells of equal area. Firstly, the range620

of values of the dip angle θ ∈ [0◦, 90◦] was uniformly discretized into Nθ621

points with a step ∆θ. At the next step the same parameter ∆θ was used to622

define a number of intervals Nϕ making up the outer circle, i.e. the one that623

corresponds to θ = 90◦:624

N outer
ϕ =

360◦

∆θ
(C.1)

After all, the amount of points in every circle of θi was defined into two steps.625

Equation C.2 allowed to calculate an aspect ratio ai for a circle corresponding626

to θi.627

ai = sin θi (C.2)

Then, the obtained aspect ratio was used for calculating a number of points628

in a circle corresponding to θi:629

N i
ϕ = aiN

outer
ϕ (C.3)

54



In this work ∆θ was taken as 3◦ what provides Nθ = 31 and N outer
ϕ =630

70 (Figure C.20). This configuration allowed to perform the grid search631

thorough enough but not computationally expensive at the same time.632

Three parameters case633

The classic shear slip model requires three angles to orient a source in634

space. Thus, besides strike ϕs and dip δ the grid of parameters becomes635

three dimensional due to rake angle λ ∈ [0◦, 180◦]. The range of possible636

rake values was discretized with a step of 3◦ as well. Then, the combined637

mechanism included an additional parameter responsible for the contribution638

of one or another source: a force or a horizontal crack. This ratio can be639

expressed as:640

r =
Acrack

Acrack + Aforce

(C.4)

If r → 1, a horizontal crack is dominating, while when r → 0 the dominating641

mechanism is a single force in both cases. Parameter r lies in the range642

[1/6, 5/6] or, in other words, ratio Acrack : Aforce varies from 1:5 to 5:1.643
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Fig. C.20: Two dimensional grid in polar coordinates
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Fig. C.21: Three dimensional grid in polar coordinates. Vertical axis is obtained by

discretizing a third parameter: either a rake angle λ or a ratio r which defines a dominating

mechanism a combined source
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