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Materials and Methods:

Observation of the crustal seismic anisotropy below the Toba caldera from the ambient
noise seismic surface-wave tomography

We used six months of continuous records from the stations shown in Fig. 1. The stations were
equipped with the 1 Hz Mark Products L-4 sensors whose lower-frequency limit of sensitivity is
approximately at 0.06 Hz (32). We did not perform any instrumental correction, because all of
the stations were equipped with similar instruments. We down-sampled the signals from 100 Hz
to 10 Hz. Then, spectral whitening between 0.025 Hz and 5 Hz followed by one-bit
normalization was applied to one-day records (26,33). Finally, we computed one-day cross-
correlations between all pairs of stations, and stacked these over the whole six-month period. We
used five components of the cross-correlation tensor: N-N, E-E, N-E, E-N, and Z-Z, and rotated
these to transverse and radial components (34) (T-T, R-R, T-R, R-T) (Fig. S1). We used
Frequency-Time analysis (35,36) to measure group velocities at periods between 3 s and 19 s
(Fig. S2). The Z-Z and the R-R cross-correlations were used for Rayleigh waves and the T-T
cross-correlations we used for Love waves (Fig. S1).

Reliable dispersion curves were selected according to the following criteria: 1) an inter-station
distance more than 1.5 wavelengths; 2) a signal-to-noise ratio >1; 3) deviation of the group
velocity from the average <50%; and 4) difference between group velocities measured from the
positive and negative sides of the cross-correlations <100 m/s. The total numbers of retained
dispersion curves for T-T, R-R and Z-Z components were 494, 440 and 585, respectively (Fig.
S3). Finally, we smoothed the measured dispersion curves via applying a 4th order polynomial
interpolation. The measurements from the Z-Z and the R-R components for every pair of stations
were combined together.

We performed 2D tomographic inversions of the measured dispersion curves to construct the 2D
group velocity maps at a set of periods (between 3 s and 19 s, with a step of 1 s; see examples in
Fig. 2). We used a tomographic method based on a straight-ray approximation that minimizes a
combination of a least-squares misfit function with regularization and smoothing terms (27). The



dispersion maps were parameterized on a grid with a regular spacing of 0.05°. This resulted in
ray coverage with at least 5 rays per cell across most of the studied area (Fig. S4). The
smoothing and damping parameters were selected to optimize the trade-off between the map
smoothness and the variance reduction.

Regionalized dispersion curves at every grid point were inverted into local 1D shear velocity/
depth models using a Monte-Carlo method (random exploration of the model-parameters space)
based on the Neighborhood Algorithm (28,37). We parameterized the model as a 1D S-wave
depth/ velocity profile with 20 layers linearly spaced (see Figs. S6-S8). The depth and velocity of
the first (Vsl, D1) and the last (Vs2, D2) layers with velocities of the other layers were inverted
simultaneously. We imposed a-priori ranges of possible values for isotropic shear speeds and
depths in the first and the last layers (based on inference from previous seismological studies):
1,500 m/s < Vsl < 3,000 m/s; 100 m < D1 < 1,000 m; 3,800 m/s < Vs2 < 4,300 m/s; 29 km < D2
< 40 km. The shear speed ranges in the remaining 18 layers were defined from a condition that
the difference between neighboring layers should not exceed 200 m/s. The values of the P-wave
velocities and densities were computed from Vs via a simple scaling relation (38). Depth
sensitivity kernels of the measured group velocities are shown in Fig. S5.

We first inverted the dispersion curves with a fully isotropic parameterization. The results are
shown in Fig. S6. and demonstrate that in many locations, especially within the Toba caldera, the
isotropic crustal structure cannot explain the Rayleigh and the Love wave dispersion curves
simultaneously.To define an appropriate parameterization that allows for radial anisotropy, we
first defined the average Rayleigh and Love wave dispersion curves for cells within the caldera
where the isotropic inversion gave bad results (Misfit >0.4; Fig. S6a, black points). Then we
inverted these average dispersion curves with a set of anisotropic parameterizations, as shown in
Fig. S7. All of the models included a mid-crustal layer with a positive radial anisotropy (Vsy >
Vsy), and we varied the upper limit of this layer. We also tested a set of models where we added
a negative radial anisotropy in the top part of the crust. As can be seen in Fig. S7, the best result
was obtained with a parameterization with a negative radial anisotropy (in the shallow part of the
crust [layers 1 to 3] and a positive radial anisotropy in the middle crust below [layers 6 to 15]).
Therefore, we introduced two additional parameters into our final inversion that described the
radial anisotropy (39). These two parameters &; and &, describe the levels of radial anisotropy in
layers 1-3 and 6-15, respectively (§ = 2*100%*(Vsu—Vsv)/(VsutVsv); -15% <&, <0; 0 <&, <
20%). To produce the final 3D model, we applied this new anisotropic parameterization to all of
the points where the misfit after the isotropic inversion >0.2. For computing dispersion curves,
we considered separate models for the SV and the SH cases and used the Computer Programs in
Seismology package (40).

Finally, the inversion provided more than 25,000 1D models with different misfits at every grid
point. The final 3D model of S-wave velocities in the crust beneath Toba caldera was calculated
by averaging 1,000 best-fit solutions and by combining the averaged 1D profiles from all of the
grid points (Fig. S9 and Fig. 3). A significant negative radial anisotropy was observed above 5
km, and mainly in the vicinity of the Sumatra fault and of the borders of the Toba Caldera, where
vertically oriented structures are expected. The strongest anisotropy was negative and was
observed below Samosir Island in the middle crust.

Analysis of the lateral resolution (27) of the group velocity dispersion maps (Fig. S10) indicated
that anomalies larger than 20 km should be well resolved over the whole studied area. Vertically,
the model was well resolved down to 20 km (below which the uncertainties increase



significantly). This implies that the radial anisotropy anomaly below the Toba caldera (Fig. 3) is
well resolved. We also performed additional tests that showed that this anomaly was very robust
with respect to the choice of the smoothing and damping parameters used in the construction of
the group velocity maps, and with respect to the parameterization of the 1D shear velocity
profiles. Independent of the choice of these different parameters, the explanation of the
observations requires strong radial anisotropy below the Toba caldera at depths below 7 km.

Modeling radial anisotropy in the horizontally layered media

We modeled the structure of a layered intrusion as a 1D medium represented by a stack of n
horizontal layers of total thickness H. When the wavelength A is larger than the typical scale of
vertical heterogeneity /’, the propagation of elastic waves in such stack of layers can be

approximated by an effective transversely isotropic (TI) media with a vertical axis of symmetry
(15).

In our case, this condition was satisfied because the wavelengths were larger than 5 km and the
typical scale of the vertical heterogeneity did not exceed a few hundreds of meters. A TI-media
can be characterized by four types of waves, according to their propagation direction and
polarization: gpl, a quasi P-wave that propagates parallel to the symmetry axis (also known as
PYV); gp2, a quasi P wave that propagates perpendicularly to the symmetry axis; SH, an S wave
polarized in a direction perpendicular to the symmetry axis; and SV, an S wave polarized in the
direction parallel to the symmetry axis. A TI media is fully described by 5 elastic parameters: the
speeds of the four described waves and by an additional parameter 1. These parameters can be
evaluated by averaging of the elastic properties of the media (/5). In this study, we focus on
three seismic speeds:

where the averaging () is calculated as: (a) = Eai' (h,/H).
1

We generated sets of random 1D media with different average layer thicknesses and speeds. In
all of the cases, the total thickness of the stack of the layers H was set to 15 km. For every tested
set of parameters, we generated 1,000 1D models with random distributions of layer thicknesses
and elastic parameters. The elastic modulus and density (/;,m;,r;,) of each layer were evaluated as
follows (38):
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where velocities are in m/s and densities are in kg/m’. The average layer thicknesses were
controlled by the number of layers n. We considered three values: n=100, n=1,000, and
n=10,000. We also tested the different levels of velocity contrast between the layers. In the first
set of models (type of layers 1 in Table S1) only the extreme values V=V pin and Vi=Vax were
assigned. In the second set (type of layers 2 in Table S1), V; was distributed in intervals [Vin »
VinintOV] and [Viax=-0V, Viax], where 8V = 0.1(Vyax- Vmin). In the last set of models (type of
layers 3 in Table S1), the values of V; we homogenously distributed between Vi, and Vygx.

We compared the modeling results with the average shear wave speeds Vgp and Vsy observed
below the Toba caldera at depths between 7 and 20 km. We estimated three sets of values by
averaging all points with the radial anisotropy exceeding 5%, 7%, and 10%, respectively (Table
S1). We also used the regional tomographic model based on records from earthquakes mainly
located below the Toba caldera (24) (i.e., on nearly vertical rays) to deduce an average speed of
vertically propagating P-waves Vpy. For the comparison, we selected from every set of 1000
models the one predicting better the observed values.

First, we tested the random media with velocities that varied within typical limits for the middle
crust: Vipin = 3,000 m/s (Andesite) and Vyax = 3,800 m/s (Gabbro)®. The data presented in Table
S1 show that for this range of velocities, the predicted values of the radial anisotropy are
systematically lower, and the predicated seismic velocities are systematically higher, than the
observations. Further tests showed that the observations can be reasonably predicted with the
lower value of Vyin = 2,500 m/s. Such low velocities can be explained either by rock with a
strongly felsic composition, such as rhyolits (30,38,41,42), or more likely by a significant
fraction of melt in some of the sills (2).

Overall, the modeling data show that the radial anisotropy is only weakly sensitive to the average
thickness of the layers (sills), which, therefore, cannot be constrained from our observations. In
contrast, the parameters that strongly affect the radial anisotropy are in the range of seismic
speeds in the layers and the contrast between them. The explanation of the observed strong radial
anisotropy requires a structure where the partially molten sills are emplaced between layers with
fast seismic velocities that are typical for the middle crust.
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Fig. S1. Cross-correlations for all pairs of stations plotted as a function of inter-station distance
(transverse, radial, and vertical components are indicated as T-T, R-R, and Z-Z, respectively).
Waveforms were filtered in two frequency bands: 0.125-0.3 Hz and 0.0625-0.125 Hz. Energy
arriving at near-zero times on the short-period R-R and Z-Z cross-correlations corresponds to
teleseismic P-waves generated by a localized noise source in the South-Indian Ocean (43).
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Fig. S2. Examples of the Frequency-Time Analysis (FTAN). Map on the left shows location of
the selected station pairs. Amplitudes of the FTAN diagrams are shown with colors progressively
increasing from dark blue to dark red. Small circles show measured dispersion curves.
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Fig. S5. Depth sensitivity kernels for Rayleigh (relative to Vs and Vp) and Love (relative to Vs)
group velocities denoted UR and UL, respectively. Computation was performed at a set of
periods with using a typical 1D isotropic structure of the Toba lake region.
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Fig. S6. Results of the inversion of dispersion curves based on isotropic parameterization. (a)
Map of the misfit defined as the dimensionless ratio of the area of the predicted dispersion curve
outside the area defined by the measured dispersion curve and its uncertainties, normalized by
the area within one standard deviation of the measured dispersion curve (28) (as shown in the
schematic illustration below the map). Black dots, grid points within the caldera where the misfit
>0.4. Examples of 1D inversions of dispersion curves in points 1 and 2 shown in Fig. 1 are
illustrated in (b, ¢) and (d, e), respectively. (b, d) Observed and predicted dispersion curves with
solid and dashed lines, respectively (blue for Love waves, green for Rayleigh waves). Error bars
of 200 m/s are estimated as average standard deviations of group velocity measurements. Grey
lines, dispersion curves predicted from 1,000 best-fitting 1D profiles (darker colors correspond to
better misfits). (c, ) Predicted shear velocity profiles. The best-fitting isotropic 1D profiles are
shown with thick solid lines.



Fig. S7. One-dimensional inversions to test the anisotropic model parameterization. Left panel
pairs: Solid lines, dispersion curves averaged over the areas indicated by the black points in Fig.
S8a (Rayleigh and Love waves are shown in green and blue, respectively); dashed lines,
dispersion curves predicted from the best-fit models shown in the right panels (Vsy and Vgy in
green and blue, respectively); red line, 7 km in depth, for reference. The numbers on top are the
misfits. The models on the left do not include anisotropy in the upper crust.



o
~—
(a)
~
o

Point 2 Point 2

A% 32
s
- -
e 2
vz 2 €
,’;‘?21 328 £
s 2z <10
l ot 8 r—
A £
] s
2 a
324
o

4 8 12 16 20 20 3.0 4.0

period (s) S-wave velocity (km/s)

98.4 98.6 98.8

0 01 02 03 04 05 06 07 08 09
misfit

Fig. S8. Similar to Fig. S8 but for the combined model based on inversion with the isotropic and
the anisotropic parameterizations.

Anisotropy, %
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| Vov (m/s) | Vsu(m/s) [ Vsv(m/s) | E(%)
Observations
From ' 5300 % 320
From ?, for & > 5% 3390 % 120 3100170 | 9.1+3.8
From ?, for & > 7% 3370 % 120 3010160 | 11.3%35
From ?, for € > 10% 3350 % 120 2920+ 120 | 13.8%25
Modeling: Vs=3000-3800 m/s
Type of layers 1, N = 100 5642.9 3429.9 3261.8 5.03
Type of layers 2, N = 100 5695.9 3439.9 3292.5 4.37
Type of layers 3, N = 100 5717.2 3391.9 3304.7 2.60
Type of layers 1, N = 1000 5642.9 3429.9 3261.8 5.03
Type of layers 2, N = 1000 5711.6 3443.1 3301.5 4.20
Type of layers 3, N = 1000 5789.0 3412.5 3346.3 1.96
Type of layers 1, N=10000 5642.9 3429.9 3261.8 5.03
Type of layers 2, N=10000 5720.9 3446.7 3306.9 4.13
Type of layers 3, N=10000 5807.4 3417.4 3356.9 1.78
Modeling: Vs=2500-3800 m/s
Type of layers 1, N=100 4918.6 3306.6 2843.1 15.07
Type of layers 2, N=100 4914.2 3243.1 2840.5 13.23
Type of layers 3, N=100 5190.5 3250.7 3000.3 8.01
Type of layers 1, N=1000 4918.6 3306.6 2843.1 15.07
Type of layers 2, N=1000 5002.5 3280.0 2891.6 12.59
Type of layers 3, N=1000 5258.3 3225.3 3039.5 5.93
Type of layers 1, N=10000 4918.6 3306.6 2843.1 15.07
Type of layers 2, N=10000 5007.1 3278.1 2894.3 12.43
Type of layers 3, N=10000 5243.4 3201.8 3030.9 5.48

Table S1. Comparison of the parameters of transversely isotropic media deduced from
observations and from the modeling. The radial anisotropy was computed as: § = 2*100% *(Vsuy—

Vsi)/(VsutVsy).
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