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Abstract13

L-P (LP)         14

      . T   -15

      ,     - .16

I  ,           -17

         LP  (   -18

 )           -19

 . W         -20

           21

    . T      22

      ,   ,     23

 . B        ,   24

          ,25

         . S    26

             -27

           . A28

  -  ,      -29

   -  ,       30

  - . M,        -31

 - ,           -32

             33

-   . O,       34

   -       35

           .36

1 Introduction37

V            38

           -39

 . A          (..,40

B. A. C & M, 2013). S       -41

      (A & R, 2002). T   42

 G’             43

 . T          44

 , ..,  ,  , , . M -45

    G’       ,46

     - . U  -47

,            -48

    .49

A            50

   - (LP)   (.., B. A. C, 1996). T -51

             -52

        . T  53

   LP         54

            - 55

. T             -56

,      . M      57

   LP          :58

-  (A  ., 1977),   -  (B. C, 1986,59

1988), -   (J, 1994), -  (J60

& B, 2011),        (G  ., 2019),61

–  (M & C, 2010),     62

  (O. M  ., 2020, 2024). A,    LP  -63
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     -    (I  ., 2006) 64

      (B  ., 2014).65

T LP          - 66

 (.., B. C, 1986, 1988)        67

      . I      , 68

          (M &69

K, 2013, 2017). B   ,     70

             71

      .72

T     -      -73

          -74

. T      . A   75

            76

  -  (.., W & L̈, 2001; W, 2003; D P, 2008;77

Y & S, 2010; O  ., 2014; C  ., 2015; B  ., 2018).78

T,       -  79

    G’        80

 - . I ,      81

 -          82

 1  10 H        LP   (B83

 ., 2023).84

T           85
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T -          -124

   O. E. M  . (2021)  2D. T    125

          126

  10  20      200  1500 . T -127

             128

     (    , ).129

T              -130

 . A            131

,  ,         .132

A     , 2D   ,  , -133

,    . I   ,     134

           S  .135

(2012).136

I  ,    -    F 5  O. E. M-137

  . (2021). T 10 × 10 × 10 km   (   -138

       )       139

      75      025 m3s. W  140

 2D    ρ(x, z)    VP (x, z)  VS(x, z) -141

          . W   -142

    VS             143

. I       1,  S-  144

   0 /,   . T  ,    -145

 S-   200 /,      .146

T            -147

       (VS   200  3500148

/)    F 1. T    P-  S-   149

 55kms, 32kms,  2300kgm3 .150

I  ,           151

   . T,    -  .152

T               153

     ,        -154

   -  (.., R  ., 2003).155

T       ,    -156

       :157
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Figure 1. Synthetic seismic velocity model. (a) Shear wave velocity. (b) standard deviation of the

shear wave velocity uctuations (equation 1).
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 σS             S, 158

⟨vs⟩S        . T  S       = 1 159

    (x, z). T    ϵ,   F 1, -160

      -     -161

. T  ,        4 ,  -162

. I ,      4  6    ,163

    (ϵ)   20%  30%. B ,  164

        . T    165

   S-     200 / .166

I            167

      (.., S  ., 2012),  168

          -. T -169

      ,    170

          .171

T,    ,         172

    ,      .173

3 Numerical simulations of 2D elastic wave propagation174

I  ,         2D -175

        SEM2D (T  ., 2019; C176

 ., 2022). T          177

 SEM        . F178

     B  . (2024, C 3). B    -179

         ,  180

      .181

F,      . S   -182

            ,183

      . M,     -184

            185

. T,       .186

S,           187

  . A    ,   188

           ’ .189

T            -190

     - ,   4.5  191

 (F S1).192

T      52003200       193

5 ,   900      . T194

             . T,195

       2616 ,  3520.5  -196

   .197

G              ,  -198

   2      . T     199

            20 200

,     4 . T   201

   1  10 H. T          202

 ,            203

 .204

A              205

F 2. O      ,      206
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      P  S . W   -207

 ,         P , , S 208

(  2.5  3.5 , ). A  ,     209

            210

  .211

W  7800           -212

   5      (F 1). P    :213

ξrk = [xr
k, z

r
k] k = 0, 4

xr
0 = 60 km xr

1 = 80 km xr
2 = 120 km xr

3 = 125 km xr
4 = 170 km

zrk = 0 km

(2)

T          100  . T  :214

ξsi,j = [xs
i,j , z

s
i,j ] i = 0, 65 j = 0, 120

xs
i,j = 10 + 01 i km zsi,j = 25 + 01 j km

(3)

3.1 Accelerating calculations based on the reciprocity theorem215

A   ,          216

 . T -  S(t)   R    -217

   3 H. T  5×2×7800    -218

   -     G’ . S , -219

 u   n    k       m  -220

     i, j (  2  3)    :221

un,m(ξrk, t; ξ
s
i,j) = S(t) ∗Gn,m(ξrk, t; ξ

s
i,j) (4)

 G   G’ ,  t    .222

T   ,    2 × 7800  223

  (4),   2× 5  :224

ũm,n(ξ
s
i,j , t; ξ

r
k) = S(t) ∗Gm,n(ξ

s
i,j , t; ξ

r
k) (5)

    5       7800  . W225

      (A & R, 2002)   226

 :227

Gn,m(ξrk, t; ξ
s
i,j) = Gm,n(ξ

s
i,j , t; ξ

r
k)

un,m(ξrk, t; ξ
s
i,j) = ũm,n(ξ

s
i,j , t; ξ

r
k)

(6)

A            F S2.228

A      T 1.229

4 Results: analysis of synthetic seismograms230

E          231

       F 3. F       -232

  (  2.5  4.5 ),       P 233

S . F         234
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Figure 2. Snapshots of the vertical displacement waveeld amplitude generated by a vertical force

source located at x=8.0km, z = 0km. Times after origin are indicated at bottom-right corners of the

snapshots.
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Parameter Value

E  52003200
E  5m
S  R - 3Hz
A   900
I  2
S  37.4 s
T  2.5-4s

Table 1. Settings of the simulation.

(  7.5  11.5 ),      ∼ 5 . T   -235

            (F 2). W  236

          ,  -237

        . I ,     238

       . I  F , 239

       ,    240

     (   F 3).241

Figure 3. Vertical displacement seismograms (left frames) and their Fourier amplitude spectra (right

frames) recorded at receiver number 3 (x=12.5km) generated by four vertical force sources located at x =

13.0km and dierent depths: zS1
= 2.5 km, zS2

= 4.5 km, zS3
= 7.5 km, zS4

= 11.5 km. Dashed red lines

show the spectrum of the source time function.

T             -242

,  ,  F 4,        243

         3. W     244

    t = 0 ( )      S-  245

     :246
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tcoda(xs, zs;xr, zr) =


(xs − xr)2 + (zs − zr)2

⟨vs⟩
+ tsf (7)

H [xs, zs]  [x0, z0]       , . ⟨vs⟩247

   S-     ,  tsf      248

, 2s. T              -249

        (37.4 ). T    250

             F 3. I 4,251

              -252

       ,      .253

T              254

     -      -255

 .256

Figure 4. Spectra of vertical displacement generated by a vertical force recorded at receiver number

3 for all the sources, sorted by source number. On the left, the spectrum obtained considering only the

ballistic arrivals; on the right, considering only the coda. The ballistic part appears much smoother than

the coda part, indicating that the peaks in the signals are related to the waves scattered in the structure.

T       (F 3)     257

            -258

. N           -259

         . T   -260

        ,     -261

 . I  ,          262

     .263
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4.1 Strength of scattering and media heterogeneity264

I F 4     -     265

        . T      266

    4500  7000, ..,       267

     . T       268

              . T269

        . W     270

  . F ,       271

ξsi,j    ξrk, u
2
x(ξ

s
i,j , ξ

r
k, t),      :272

Ec(ux(ξ
s
i,j , ξ

r
k, t)) =

 T

tcoda


u2
x(ξ

s
i,j , ξ

r
k, t) +H2{ux(ξ

s
i,j , ξ

r
k, t)}


dt (8)

 H   H    . I   ,     273

        :274

⟨Ei,j
c ⟩ = 1

5

5

k=1

(Ec(ux(ξ
s
i,j , ξ

r
k, t)) + Ec(uz(ξ

s
i,j , ξ

r
k, t))) (9)

F,             ξs0,0,275

  xs
0,0 = 100   zs0,0 = 25 :276

⟨Ei,j
c ⟩norm = ⟨Ei,j

c ⟩⟨E0,0
c ⟩ (10)

T           ( 1)277

    . T    F 5    -278

         ϵ.279

Figure 5. Logarithm of the normalized coda energy as a function of ϵ in the source region for all

source-receiver pairs. Vertical component force sources located in points with ϵ > 0.1 were considered.

T             280

      F 6. I       281

         . I , 282

         = 12.5 ,  = 11  283

     ϵ. A   (F 6)     -284

            (285
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() ()

() ()

Figure 6. Maps of the normalized coda energy generated by vertical component force sources com-

puted after ltering signals in dierent frequency ranges: (a) All frequencies, (b) 1-2Hz, (c) 3-4Hz, (d)

7-8Hz.

). A           286

   . I F 6,     . T -287

 A 1     . A 2,       -288

 7  8 H. A 3     3  4 H. T  289

           -  290

           -291

       .292

4.2 Emergence of local resonances.293

T   B. A. C (1996)        -294

  LP        - ,  -295

   . I        -296

       . H     297

             -298

. W   :      - ,  xA =299
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125   zA = 80 ,           -300

    - ,  xB = 125   zB = 114 .301

T              F-302

 7  8         , .303

A       ,   304

        . I ,   -305

   ,         . O306

              307

     . B      308

       - ,    309

.310

A              -311

           -312

             ,  313

      .314

H,           315

    ,       (B. A. C, 1996).316

S          , ..,  -317

    . T,      318

  . W     ts ( 7)  12  ( -319

       F 7  8). T   -320

         F.321

F  A          , 322

        ,     323

        . T       324

        A. I  -325

,             326

         - -327

.328

F  B          ,  329

            . S -330

        (F 7)    331

  1.8, 2.9,  3.1 H. T           -332

 (F 8)     . W      333

       .334

T   ,        1.8 H. W  335

F 9        2   336

       x = 12 ,  z   2.5 337

14     1  2 H.338

T   t = 15         ,339

            340

           2. W   ,341

       .342

I      5.12 ,      343

     . S     344

     (F 2)       345

  (F 6),        10 346

13         . R,    -347

              348
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Figure 7. Vertical displacement seismograms and corresponding spectra computed for vertical force

sources A and B shown in the upper left frame. Upper right frames show signals at receiver number 2.

Middle frames show spectra computed from the whole signal. Lower frames show spectra computed from

the late coda (onset indicated on seismograms with vertical blue lines. Black lines show spectra at

receiver number 2. Light gray lines show spectra at other 4 receivers. Red lines show the average spectra

observed at the 5 receivers.
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Figure 8. Similar to Figure 7 but for horizontal displacement seismograms.

             349
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Figure 9. Vertical displacements recorded at receiver 2 and generated by sources distributed along

the prole located at x = 12 km, with z varying from 2.5 to 14 km. The signals are ltered between 1

and 2 Hz. At each subplot, displacements at 20 subsequent times spaced by 0.025 s are shown. The black

line corresponds to the time indicated in the plots, and the gray lines for the following 19 time steps. The

points marked with stars, A and B, refer to the two sources analyzed in Section 4.2.
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5.1 Scattering regime of seismic waves in the strongly heterogeneous369

plumbing systems.370
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    . W     ,  -390

       (.., R  ., 1996). T391

           -392

 1D  (A  ., 1991).393

W    -      394

          -395

. I      ,     396

              397

         :  398

 6      3.5  6 . A  ,  -399

 ϵ    (> 40%)      ,  400

 F 1. A   ,           401

             -402

 (F S3)   (F S4) .403

A   F 6,         404

    . I  ,   405

    : ka = ω
<Vs>

a ( k   , ω 406

  , a     ,  < Vs >    -407

 ),     . I       408

   ka     0.1  1     -409

 . H,            410

               -411

     (F S5, S6).412

O           -413

     (F 6). T     414

        (F 9). S   415

       ,     -416

 ,        . T,   -417

           418

  . M     - (  )419
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     (.., D B  ., 2012; B  ., 2018; T420

 ., 2023; G  ., 2024).421
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W           424

     . F  ,       -425

      . W        -426

        (    F 3),  -427

         (F 3, 7,428

 8). A             429
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5.3 Implications for seismo-volcanic monitoring.455
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Text S1. Validation of numerical simulations

The validation of the simulations required two analyses, which we outline below: assessment

of the eect of absorbing boundaries and verication of compliance with reciprocity.

To assess the eect of absorbing boundaries, we conducted three simulations in a homogeneous

medium having the same size as the original model, each lasting 12.5 seconds, progressively

increasing the thickness of the absorbing boundaries from 0.1 to 4.5 kilometers. In these simula-

tions, a source was placed at the surface, position (xs, zs), while a single receiver was positioned

at depth at (xr, zr), where xr = xs. By using a source characterized by vertical force, we aimed

to examine the impact of reections on the edges of the medium by observing the horizontal

component of motion at the receiver. In the case of perfect absorption, one would expect a null

signal on the horizontal component of the displacement. However, the presence of any signal in

this case would indicate the generation of reections at the edges of the medium.
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Analysis of the recorded signal and its spectrum showed the inuence of the medium’s size.

Notably, when employing an absorbing boundary with a thickness of 4.5 kilometers, the recorded

signal exhibited energy at frequencies lower than 1 Hz, gure S1. This observation aligns with

expectations, as lower frequencies, corresponding to longer wavelengths, experience less attenu-

ation.

The verication of reciprocity involved performing two seismic simulations in which the posi-

tions of the source and receiver were exchanged. These simulations used only a single receiver and

a single seismic source. Remarkably, the recorded signals in both cases were perfectly identical,

gure S2, highlighting the good precision of the computation, even for long lapse time.

Text S2. Correlation length of the medium

The correlation length of the medium was computed by analyzing square regions of the S-

velocity model, each measuring 1 km per side. Within each selected region, horizontal and

vertical slices were extracted, and their autocorrelation was calculated. The positive values of

the autocorrelation were then tted to an exponential function of the form:

f(x) = e−x/b (1)

where x denotes the coordinate of the autocorrelation vector, and b is the correlation length to

be tted. Vertical and horizontal sections were analyzed separately, with the nal value obtained

by averaging the computed values in each square area. The results of this computation are

presented in Figure S3, for the horizontal direction, and Figure S4, for the vertical direction.

Text S3. Computation of ka

In scattering theory, the product of the correlation length a and the wave vector k = 2πf

plays a fundamental role in the determination of the scattering eciency, and thus the transition
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between scattering regimes. The calculation of ka presented in this section was performed using

the previously determined correlation length and considering the frequency of 3.5 Hz. The results,

are shown in Figure S5, using the correlation length computed in the horizontal direction and S6

in the vertical direction.

Text S4. Analysis of seismogram and spectra generated by horizontal force source

This paragraph presents the gures of the seismograms and the spectra observed at receiver

number two, generated by two sources located at xs = 12.5km and zs = 8km, source A, and xs =

12.5km and zs = 11.4km, source B. This gure reects the analysis discussed in paragraph 4.2,

but instead of a source expressed by a vertical force, it considers a horizontal force. The horizontal

displacement component is shown in Figure S8, while the vertical component is displayed in

Figure S7.

Text S5. Analysis of seismogram and spectra generated by vertical force source in

a dyke

In paragraph 5.2, we discuss frequency peaks observed in the vertical component of displace-

ment, generated by a vertical force. We show how some stable peaks may be related to the

presence of resonances in the medium. In this paragraph, we analyze the spectra of a single

source located in a Dyke, at xs = 11.5 km and zs = 10 km. The goal of this analysis is to show

that stable peaks can appear on any of the two components. In this case, for instance, a common

peak for all receivers is visible in the horizontal component 1.8 Hz, Figure S9, while in the vertical

component, no clear common peaks are visible, Figure S10.
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Figure S1. Absorbing boundaries, ABS, test. As the thickness of the absorbing boundaries increases, the reections from the

edge of the medium increase. Using ABS of 4.5km, generates small signals at frequency lower than 1Hz.

Figure S2. Reciprocity test: the black line represents the simulation where the source was placed at a depth of 2.5 km and

the receiver at the surface. The red line was obtained by interchanging the positions.
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Figure S3. Media correlation length computed in the horizontal direction over segments of 1 km length. Results are only

shown for locations where the standard deviation of velocity uctuations exceeds 5%.

Figure S4. Media correlation length computed in the vertical direction over segments of 1 km length. Results are only shown

for locations where the standard deviation of velocity uctuations exceeds 5%.
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Figure S5. Parameter ka = ω
<Vs>

a estimated at 3 Hz with media correlation length a computed in the horizontal direction

over segments of 1 km length and velocity averaged in 1x1 km squares. Results are only shown for locations where the standard

deviation of velocity uctuations exceeds 5%.

Figure S6. Parameter ka = ω
<Vs>

a estimated at 3 Hz with media correlation length a computed in the vertical direction over

segments of 1 km length and velocity averaged in 1x1 km squares. Results are only shown for locations where the standard deviation

of velocity uctuations exceeds 5%.
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Figure S7. Vertical displacement seismograms and corresponding spectra computed for horizontal force sources A and B

shown in the upper left frame. Upper right frames show signals at receiver number 2. Middle frames show spectra computed from

the whole signal. Lower frames show spectra computed from the late coda (onset indicated on seismograms with vertical blue lines.

Black lines show spectra at receiver number 2. Light gray lines show spectra at other 4 receivers. Red lines show the average spectra

observed at the 5 receivers.
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Figure S8. Horizontal displacement seismograms and corresponding spectra computed for horizontal force sources A and B

shown in the upper left frame. Upper right frames show signals at receiver number 2. Middle frames show spectra computed from

the whole signal. Lower frames show spectra computed from the late coda (onset indicated on seismograms with vertical blue lines.

Black lines show spectra at receiver number 2. Light gray lines show spectra at other 4 receivers. Red lines show the average spectra

observed at the 5 receivers.
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Figure S9. Horizontal displacement seismogram and corresponding spectra computed for horizontal force source shown in

the upper left frame. Upper right frame shows signal at receiver number 2. Low frames show spectra computed from the whole signal

nd the late coda (onset indicated on the seismogram with vertical blue lines. Black lines show spectra at receiver number 2. Light

gray lines show spectra at other 4 receivers. Red lines show the average spectra observed at the 5 receivers.

Figure S10. Vertical displacement seismogram and corresponding spectra computed for horizontal force source shown in

the upper left frame. Upper right frame shows signal at receiver number 2. Low frames show spectra computed from the whole signal

nd the late coda (onset indicated on the seismogram with vertical blue lines. Black lines show spectra at receiver number 2. Light

gray lines show spectra at other 4 receivers. Red lines show the average spectra observed at the 5 receivers.
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