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VOLCANOLOGY

A large magmatic sill complex
beneath the Toba caldera
K. Jaxybulatov,1,2,3 N. M. Shapiro,3* I. Koulakov,1,2

A. Mordret,3 M. Landès,3 C. Sens-Schönfelder4

An understanding of the formation of large magmatic reservoirs is a key issue for the
evaluation of possible strong volcanic eruptions in the future.We estimated the size and level
of maturity of one of the largest volcanic reservoirs, based on radial seismic anisotropy.
We used ambient-noise seismic tomography below the Toba caldera (in northern Sumatra)
to observe the anisotropy that we interpret as the expression of a fine-scale layering
caused by the presence of many partially molten sills in the crust below 7 kilometers.This
result demonstrates that the magmatic reservoirs of present (non-eroded) supervolcanoes
can be formed as large sill complexes and supports the concept of the long-term
incremental evolution of magma bodies that lead to the largest volcanic eruptions.

T
he size and type of a volcanic eruption
depend on the processes that occur in the
magmatic reservoirs in Earth’s crust. In
particular, the largest eruptions require the
building of extended pools of viscous gas-

richmagmawithin the crust (1–3). In the present
study, we investigated the magmatic system that
produced one of the strongest eruptions in the
Quaternary: the Toba event that occurred 74,000
years ago in northern Sumatra, Indonesia (Fig. 1),
and emitted at least 2800 cubic kilometers of
volcanicmaterial (4). This catastrophe is believed
to have affected the global climate and to have
had a strong impact on the biosphere (4, 5). The
eventwas preceded during the previous 2million
years by at least four other eruptions in nearby
locations thathadvolcano explosivity indices above
7 (4). The generation of this exceptional sequence
of eruptions could be possible with the existence
of a very large magma reservoir in the crust that
formed over a long period of time (>1 million
years) (6). Considering the relatively short period
of time that has passed since themain Toba event,
the structures that were responsible for the for-
mation and functioning of this reservoir are ex-
pected to be well preserved in the Sumatra crust
to date. Combined with previous geophysical in-
vestigations, the new data presented here pro-

vide us with information about the structure of
the Toba volcano-magmatic complex and help us
to better understand the internal structure and

ascentmechanismof largemagma volumes through
the crust before their super-eruptions.
Geological observations of eroded and exposed

past volcanoes and geodynamic models indicate
that volcano-magmatic reservoirs evolve over
long periods of time and grow in small increments,
with the formation of dykes or sills (2, 3, 7–9).
However, the exact mechanisms involved in the
ascent and emplacement of the magma in the
crust beneath active volcanoes are not yet com-
pletely understood, mainly because of the lack of
detailed informationabout the structures of volcano-
magmatic complexes below volcanoes in their
most productive phase. Large-scale images of zones
affected by melts can be obtained with magneto-
telluricmethods (10) andwith seismic tomography
(11). Some signatures of large crustal intrusions
can also be detected by receiver functions (12).
However, the individual dykes or sills withinmag-
matic complexes that have metric or decametric
thicknesses (7) cannot be deduced from geophys-
ical imaging alone, and as layered intrusions, their
interpretation requires additional geological in-
formation (13).
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Fig. 1. Topographic map of the Lake Toba region. Blue triangles, locations of the seismic stations;
black line, profile for cross sections shown in Fig. 3; red circles, locations where 1D inversion is
illustrated in figs. S6 and S8. (Inset) Location of the Lake Toba region within northern Sumatra.
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Fine-scale layering in dyke or sill complexes
affects the macromechanical properties of the
crustal material, which results in anisotropy that
can be measured with seismic waves. For exam-
ple, the faster velocities of vertically propagating
PwavesbelowtheMerapi volcano (Java, Indonesia)
(14) were attributed to the presence of dykeswith
dominantly vertical orientations. Alternatively,
the horizontal layering that is typical for sill
complexes would result in so-called radial aniso-
tropy (vertical transversely isotropic media with
a vertical slow axis of symmetry) (15). This type of
anisotropy is well known in the upper mantle,
where it is mainly associated with mineralogical
preferential orientation caused by the strain in
response to large-scale mantle flow (16). Similar
processes are believed to produce the radial an-
isotropy that has been observed recently within
the crust in tectonically active regions (17, 18).
Transverse isotropy is also well known in sedi-
mentary rock (19).
One of the methods used to estimate radial

anisotropy is the measurement and simulta-
neous inversion of dispersion curves of Rayleigh
and Love surface waves (16). Inferring informa-
tion about crustal structure generally requires
dispersion measurements at periods <20 s, which
are now possible with methods based on the cor-
relation of ambient seismic noise (20). We have
applied noise-based surface-wave seismic tomog-
raphy to study the structure of the middle and
upper crust below the Toba caldera and its sur-
rounding areas (21). Recent seismological studies
(22–25) have indicated the presence of low–seismic-
velocity anomalies beneath the Toba caldera that
might be associated with sediments filling the
caldera at its shallowest levels and with magma
or partlymolten portions in the deeper crust and
mantle. However, because of poor vertical reso-
lution, these seismic images have not provided
indications todate about how thesemagmabodies
might have been emplaced within the crust.
We processed continuous records from 40

seismic stations that were installed around Lake
Toba (25) betweenMay andOctober 2008 (Fig. 1)
to compute the cross-correlations of ambient seis-
mic noise (fig. S1). The resulting waveforms were
used to measure group velocities of fundamental-
mode Rayleigh and Love waves (26) at periods
between 3 and 19 s. We then regionalized these
measurements to obtain two-dimensional (2D)
maps (Fig. 2) of the distribution of group ve-
locities (27). A 3Dmodel of the distribution of the
shear speeds within the crust (Fig. 3) was con-
structed via inverting regionalized dispersion
curves with a neighborhood algorithm (21, 28).
For Rayleigh waves (Fig. 2, A and B, and fig.

S9) at all periods, the group velocity distributions
show the prominent low-velocity anomaly be-
neath Samosir Island, which is located in the
central part of the Toba caldera. These images
are similar to those previously obtained with the
same data set but slightly different data process-
ing and inversion (25), and they are consistent
with the body wave tomography (24). For Love
waves, the strong low-velocity anomaly is also
observed for short periods that correspond to

shallower depths (Fig. 2C), although its ampli-
tude strongly decreases at long periods that are
affected by deeper structures (Fig. 2D). To ex-
plain this difference between Rayleigh and Love
waves, there is the need to introduce radial ani-
sotropy (transverse isotropy with a vertical sym-
metry axis) with a horizontally polarized shear
wave speed (VSH) that is greater than the ver-
tically polarized shear wave speed (VSV). This
anisotropy is required at depths >7 km (figs S6 to
S8) below the Toba caldera, whereas outside this
region, the data can be explained through an
isotropic middle crust.
The radial anisotropy within the middle crust

below the Toba caldera (fig. S9) can be explained
by a large layered intrusion complex that is dom-
inated by horizontally oriented sills (Fig. 3D). We
have estimated the possible macromechanical
properties of such media via the modeling of
seismic velocities in random layered structures
(15, 21). We compared the modeling results with
the average shear wave speeds VSV and VSH ob-
served below the Toba caldera at depths between

7 and 20 km (~3.0 and ~3.35 km/s, respectively).
We also used the regional tomographicmodel (24)
that is based on records from earthquakes that
were mainly located below the Toba caldera (i.e.,
on the nearly vertical rays) to deduce the average
speed of the vertically propagating P waves (VPV),
which was approximately 5.3 km/s. After testing
numerous randomstructureswhosepropertieswere
basedon theknownseismic speedsof plutonic rock
(29, 30) and on typical thicknesses of sills (7), we
found that the observed strong radial anisotropy
and low VSV can be explained by the presence of
molten fractions in some sills (table S1), which is
in agreement with geodynamic models (2).
Fast magma displacements and strong explo-

sions during super-eruptions might destroy the
dominant horizontal stratification in the upper-
most crust. Based on our tomography images, we
hypothesize that the observed nearly isotropic
low-velocity anomaly above 7 km indepth beneath
the caldera (Fig. 3D, red area above dotted line)
represents the medium that was affected by the
most recent Toba eruption, 74,000 years ago.
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Fig. 2. Group velocity maps of the Rayleigh and Love waves derived from the ambient noise to-
mography. Colors plotted on top of the shaded relief show group velocity anomalies relative to average
values at every period. (A and B) show Rayleigh wave maps, and (C and D) show Love wave maps.
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Below 7 km in depth, the strong horizontal ani-
sotropy corresponds to the preserved sill complex
in the middle crust.
The evidence obtained for significant crustal

anisotropy, together with the information derived
on Toba from other geophysical studies, provides
the key to an understanding of the magma in-
trusion mechanisms that are related to large
caldera-forming eruptions. These large-scale
volcanic events, such as that of Toba 74,000
years ago, should be preceded by a massive as-
cent of a large volume of magma. A plausible
scenario is that this magma was accumulated in-
crementally over long periods of time andmainly
in the form of successive sill-type intrusions, as
suggested by geodynamic models (2, 3, 7, 8, 31).
This resulted in the formation of a large layered
intrusion complex in the crust. The preferential
horizontal orientation of the layers within this
sill complex containing a significant amount of
melt leads to the observed radial anisotropy. We
argue, therefore, that observations of such ani-
sotropy can be used to image and to characterize
parts of the crust where the partially molten
magma is accumulated before future eruptions.
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Fig. 3. 3D shear velocity model below the Toba caldera and its inter-
pretation. (A) Distribution of VSV in vertical cross section along profile A-A’ of
Fig. 1. The topography is vertically exaggerated. (B) Similar to (A), but for
VSH. (C) 3D iso-surface representation of the tomographic model. Red
surface, low (<–10%) Voigt average speed anomaly; yellow surface, region
with strong (>10%) radial anisotropy [ξ = 2 × 100% × (VSH – VSV)/(VSH +
VSV)]. Vertically exaggerated topography is shown on the top. (D) Schematic

interpretation of the velocity structure for the Toba caldera complex su-
perimposed on the distribution of the VSH (shown above 20 km in depth).
The anisotropy below 7 km in depth appears to be due to a layered mag-
matic intrusion dominated by horizontally oriented sills. Dotted line, the
low-velocity area below the caldera that might have been affected by the
super-eruption 74,000 years ago and where the horizontal stratification
would not be preserved.
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