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S1: Model construction and inversion working flow9

Long-wavelength surface topography from the EGM2008 Geoid (Pavlis et al., 2012) and10

Earth2014 global topography model (Hirt & Rexer, 2015) with Earth ellipticity according11

to WGS84 and Moho topography from Crust1.0 (Laske et al., 2013) are implemented by12

deforming the mesh grid vertically. The surface and Moho topography have been filtered13

with maximum angular order lmax = 128, equivalent to a spatial resolution of 155 km. In14

order to constrain the deep structure of the upper mantle, we initiate our inversion from15
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long-period surface wave data at 60–120 s and progress in seven stages to a final period16

range of 12–120 s (see Table S2); the progressive extension to shorter periods mitigates17

the risk of falling into local minima. The model updates are driven by the Limited-18

Memory Broyden–Fletcher–Goldfarb–Shanno algorithm (L-BFGS Liu & Nocedal, 1989).19

We employ the Time-Frequency Phase Shift and Cross-Correlation-Coefficient misfits as20

misfit functions during stage I-V and VI-VII, respectively, following Gao et al. (2021)21

with the assistance of the Large-scale Seismic Inversion Framework 2.0 (Krischer et al.,22

2015; Thrastarson et al., 2021). The detailed misfit evolution chart and histograms based23

on events and seismic traces are shown in Figure S4. Exemplary waveform fits from24

four events are illustrated in Figures S25-S28. More technical details about the inversion25

workflow can be found in Gao et al. (2021).26

S2: Point-spreading tests27

We analyse the resolution for the inversion and the trade-offs among the parameter28

types. In traditional ray theory tomography, the checkerboard test is popular and rela-29

tively robust with low computational costs, but it is computationally prohibitive for FWIs.30

In this study, we therefore approximate the Hessian-vector product Hδm for a test func-31

tion δm (Fichtner & Trampert, 2011; Fichtner & Leeuwen, 2015; Zhu et al., 2015, 2017;32

Tao et al., 2018)33

Hδm = g(m + δm) − g(m) (1)34

where g(m) denotes the summed gradient from the adjoint simulations for model m, and35

g(m+δm) indicates the gradient from the perturbed model m+δm.36
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If the synthetics from the final model provide a good fit of the observed data and37

the inversion thus has reached convergence, Hδm can be used to estimate the model38

resolution. Specifically, when the δm is nearly point-localised, the Hδm will be a linearised39

point-spread function.40

In order to provide a visual representation of resolution throughout the model rather41

than just for a single model node, we perturbed our model by adding velocity perturbations42

δm in a three dimensional checkerboard pattern in the upper mantle made up of Gaussian43

spheres with ±1% maximum amplitude of the velocity for a specific depth and a Gaussian44

radius σ of 40 km. The horizontal and depth grid spacing of the Gaussian spheres are 2◦
45

and 100 km (Figure S17). We calculate Hδm for this anomaly pattern for VSV , VSH and46

isotropic VP separately (Figure S17-S19).47

Through the multi-parameter point-spread tests, we could confirm that the resolution48

for the inversion parameters is mostly confined to the top 400 km, although VSV and49

isotropic VP even show some ability to resolve the structure down to 460 km. The reso-50

lution of VSH is confined to 360 km depth. Therefore, we could extend our interpretation51

on both of the isotropic VS and VP down to about 400 km.52

To further quantitatively assess the resolution, we also present the normalised product53

of the perturbations δm and the resultant Hessian product Hδm within and between54

parameter classes (Figure S12-S14).55

S3: Model comparison56

In this section, we provide a simple comparison (Figure S17) between our model with57

(Ward et al., 2013). Although the shape of the recovered anomalies is sometimes quite58
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different, the basic features can generally be found in both models. For example, the59

forearc has higher velocities than the main volcanic arc, indicating colder temperatures.60

Importantly, in the middle crust (20 km) only moderately low velocities are found from61

29◦S to 32◦S and spread over a wider distance in EW-direction, compared to the segments62

north and south with stronger anomalies confined to the active volcanic arc. In general,63

the anomalies imaged by us tend to be more focused and with larger amplitudes, compared64

to Ward et al. (2013).65
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Table S1. Seismic Network information
Code Data Center start end reference
C IRISDMC 2007 2009 Chilean National Seismic Network
C1 IRISDMC 2012 - Universidad De Chile (2013)
CX GEOFON 2006 - GFZ and CNRS-INSU (2006)
GT IRISDMC 1993 - Albuquerque Seismological Laboratory (ASL)/USGS (1993)
IU IRISDMC 1988 - Albuquerque Seismological Laboratory (ASL)/USGS (1988)
WA IRISDMC 2011 - West Central Argentina Network
2B GEOFON 2007 2009 Heit et al. (2007)
3A IRISDMC 2010 2012 Maule Aftershock Deployment (UK)
3H GEOFON 2014 2015 Lange et al. (2019)
G IPGP 1982 - IPGP and EOST (1982)
X6 IRISDMC 2007 2009 Sandvol and Brown (2007)
XH IRISDMC 2008 2010 Hersh, Gilbert (2008)
XS RESIF 2010 2011 Vilotte et al. (2011)
XY IRISDMC 2010 2010 Steve Roecker (2010)
Y C IRISDMC 2002 2002 Beck and Terry (2000)
YM IRISDMC 2010 2012 Waite (2010)
ZA GEOFON 2002 2004 Asch et al. (2002)
ZB GEOFON 1997 1997 Schurr et al. (1997)
ZE GEOFON 2010 2011 Maule Aftershock Survey-GFZ
ZL IRISDMC 2007 2009 Beck and Zandt (2007)
ZP GEOFON 1999 2001 ISSA Southern Andes
ZQ GEOFON 2004 2005 Cerro Blanco Project Central Andes
ZR IRISDMC 2015 2018 Thurber (2015)
ZW GEOFON 2005 2005 Rietbrock et al. (2004)

Table S2. Overview of inversion stages. TF: Time Frequency, CCC: Cross Correlation

Coefficient
No. Periods It. Simulation time Events Windows Misfit
I 60–120 s 5 450 s 71 7785 TF
II 40–120 s 7 450 s 93 10211 TF
III 30–100 s 7 450 s 93 12497 TF
IV 20–100 s 11 450 s 93 12497 TF
V 20–100 s 7 450 s 110 28399 TF
V I 15–100 s 9 450 s 120 61516 CCC
V II 12–100 s 8 450 s 139 74751 CCC
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Figure S1. Map showing seismic stations of individual networks used in the study with circles

marking the permanent stations. Detailed information about the networks is given in Table S1
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139 events
8 

events 34 events
8119 raypaths
661 stations
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442    stations

(a) (b)

I-VI

VII

71-110 events 34 events

Figure S2. (a) Earthquakes, stations and ray-paths used for the inversion. (b) Earthquakes,

stations and ray-paths for the validation dataset. 8 earthquakes are overlapped between the

inversion data set and validation data set in the final inversion stage (VII). The waveforms in

the validation dataset were not used in the inversion, but instead used to evaluate improvement

of the model and avoid overfitting. See Fig. S4 for a comparison of fit improvements in inversion

and validation dataset.
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Figure S3. The reference 1D model derived from the depth-averaged initial S20RTS (Ritsema

et al., 1999) model, compared with isotropic PREM (Dziewonski & Anderson, 1981).
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Misfit evolution with iterations. See Fig. S2 for more details on inversion and validation dataset.
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Figure S5. Horizontal slices for isotropic VS model at 40 km, 80 km, 100 km and 120 km

depth.
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depth.
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depth.
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Figure S8. Horizontal slices for isotropic VS model at 340 km, 360 km, 380 km and 400 km

depth.
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Figure S9. Horizontal slices for isotropic VP model at 20 km, 40 km, 60 km and 80 km depth.
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Figure S10. Horizontal slices for isotropic VP model at 100 km, 120 km, 140 km and 160 km

depth.
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Figure S11. Horizontal slices for isotropic VP model at 180 km, 200 km, 220 km and 240 km

depth.
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Figure S12. Horizontal slices for isotropic VP model at 260 km, 280 km, 300 km and 320 km

depth.
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Figure S13. Horizontal slices for isotropic VP model at 340 km, 360 km, 380 km and 400 km

depth.
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Figure S14. Cross-sections of isotropic Vp perturbations relative to the reference 1D Vp. The

positions for the cross sections are defined in Figure 2(d) (see main text). Thick solid gray lines

denote the continental Moho (Rivadeneyra-Vera et al., 2019) and thin solid black lines denote

the slab contour from Slab 2.0 (Hayes et al., 2018). Magenta dots in b-d denote the seismicity

relocated by Sippl et al. (2020) and in other profiles are retrieved from ISC-EHB catalog.August 4, 2021, 6:11pm



: X - 25

−73 −72 −71 −70 −69 −68 −67 −66 −65

FA
FC

SP

(a)

100

200

300

0

D
ep

th
/k

m

−73 −72 −71 −70 −69 −68 −67 −66 −65

FA FC PC SP Pampia
CuyaniaChilenia

(b)

100

200

300

400

0

D
ep

th
/k

m

−74 −73 −72 −71 −70 −69 −68 −67 −66

FA PPC FC PC SP Pampia
CuyaniaChilenia

(c)

100

200

300

0

D
ep

th
/k

m

−74 −73 −72 −71 −70 −69 −68 −67

(d)

FA CV PPC FC SP

CuyaniaChilenia

100

200

300

0

D
ep

th
/k

m

−74 −73 −72 −71 −70 −69 −68

(e)

FA CV PPC NS P
Chilenia

−38 −37 −36 −35 −34 −33 −32 −31 −30 −29 −28 −27

(f)

−38 −37 −36 −35 −34 −33 −32 −31 −30 −29 −28 −27

(g)

−38 −37 −36 −35 −34 −33 −32 −31 −30 −29 −28 −27

(h)

3.0 3.5 4.0 4.5 5.0 5.5

Vs(km/s)

Figure S15. Isotropic absolute VS cross-sections. For other figure elements see Fig. S14.
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Figure S17. Comparison of the crustal structure inferred by the ambient noise tomography

model of Ward et al. (2013) (top) with our model (bottom).
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Figure S18. Point-spread function test with respect to VSV perturbations (δVSV ). (a-e):

horizontal slices of input 1% Gaussian VSV perturbations (δVSV ) with σ=40 km at 60 km,

160 km, 260 km, 360 km and 460 km depth in the upper mantle; (f-j): point-spread functions

HSV
SV δVSV with respect to VSV perturbations (δVSV ) quantify the resolution for VSV . (k-o):

point-spread functions HSH
SV δVSV quantify the cross-talk between VSV and VSH ; (p-t) point-

spread functions HP
SV δVSV quantify the trade-off between VSV and VP . Gray thick lines in f-j

denote the trust region for VSV used for masking results plots.
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Figure S19. Point-spread function test with respect to isotropic VP perturbations (δVP ). (a-

e): horizontal slices of input 1% Gaussian VP perturbations (δVP ) with σ=40 km at 60 km, 160

km, 260 km, 360 km and 460 km depth in the upper mantle; (f-j): point-spread functions HSV
P δVP

with respect to isotropic VP perturbations (δVP ); (k-o): point-spread functions HSH
P δVP ; (p-t)

point-spread functions HP
P δVP ; Gray thick lines denote the trust region for VP .
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Figure S20. Point-spread function test with respect to VSH perturbations (δVSH). (a-e):

horizontal slices of input 1% Gaussian VSH perturbations (δVSH) with σ=40 km at 60 km,

160 km, 260 km, 360 km and 460 km depth in the upper mantle; (f-j): point-spread functions

HSV
SHδVSH with respect to VSH perturbations (δVSH); (k-o): point-spread functions HSH

SHδVSH ;

(p-t) point-spread functions HP
SHδVSH .
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Figure S21. Normalised product between the δVSV and point-spread functions HSV
SV δVSV

(a-e), HP
SV δVSV (f-j) and HSH

SV δVSV (k-o). All the results are normalised by the product of the

maximum of δVSV and the maximum of HSV
SV δVSV for every depth level. The best resolution

is indicated by blue dots of uniform amplitude for the same anomaly type (a-e); poor resolution

by uneven recovery or red zones indicates failure to recover the basic anomalies. For perfect

resolution the plots in f-o would be uniformly white; in fact minor cross-talk of parameters is

observed. Note that this test focuses attention on recovery of correct anomaly polarities in the

anomaly centres, giving a clearer picture in this regard than the raw checkerboard point spread

recovery results, but that the importance of smearing effects is not visible. Both visualisations

are therefore best considered together.
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Figure S22. Normalised product between the δVP and point-spread functions HP
SV δVP (a-c),

HSH
P δVP (d-f) and HP

P δVP (g-i). All the results are normalised by the product of the maximum

of δVP and the maximum of HP
P δVP for every depth level.
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Figure S23. Normalised product between the δVSH and point-spread functions HSH
SV δVSH

(a-c), HSH
SHδVSH (d-f) and HSH

P δVSH (g-i). All the results are normalised by the product of the

maximum of δVSH and the maximum of HSH
SHδVSH for every depth level.
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Figure S24. (a) Horizontal slice of input 1% Gaussian VSV perturbations (δVSV ) with

σ=25 km at 20 km depth in the crust; (b), (d), (f) point-spread functions HSV
SV δVSV , HSH

SV δVSV ,

HP
SV δVSV with respect to VSV perturbations (δVSV ), respectively. (c), (e), (g) Normalised prod-

uct between the δVSV and point-spread functions HSV
SV δVSV , HSH

SV δVSV , HP
SV δVSV , respectively.

All the products are normalised by the product of the maximum of δVSV and the maximum of

HSV
SV δVSV
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Lat: -28.24 
Lon: -67.36    
Dep: 147.50
Mag. 5.34

2016-11-13T01:01:56.8

Figure S25. Waveform comparison between the initial and final model for Z component. (a)

Map for example event (centroid depth 148 km) and stations. (b) 3D ray-path illustration. (c)

Observed (black lines) and synthetic waveforms (blue: initial model - S20RTS; red: final model)

for the indicated stations. Ray-path and arrival times are predicted for IASP91 using Taup

toolkit in Obspy.
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410km

2010-07-26T17:31:34.0

Lat: -24.26
Lon: -67.28    
Dep: 202.20
Mag. 5.52

Figure S26. Waveform comparison for example event at centroid depth 202 km. For other

figure elements see Fig. S25.
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Lat: -26.88
Lon: -63.20    
Dep: 581.70
Mag. 5.60

Figure S27. Waveform comparison for example event at centroid depth 582 km. For other

figure elements see Fig. S25.
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Lat: -28.42
Lon: -69.74    
Dep: 129.20
Mag. 5.55

Figure S28. Waveform comparison for example event at centroid depth 129.20 km. For other

figure elements see Fig. S25.
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