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Seismic imaging

DOMERAPI, a French-Indonesian collaborative project, deployed in the period from October
2013 to mid-April 2015 a dense seismograph network of 46 broad-band seismometers, with an
inter-station distance of ~5 km, providing by far the densest coverage of seismographic stations
ever used on Merapi (Fig. 1a). The DOMERAPI data combined with the data of the Indonesian
Agency for Meteorology, Climatology and Geophysics (BMKG) were used simultaneously to
minimize azimuthal gaps in determining event hypocenters®'.

In this study, we used a data set that consists of relocated events recorded by the
DOMERAPI and BMGK stations from the same period. First, hypocenter determination of the
recorded events was performed using the Geiger method” implemented with the
HYPOELLIPSE earthquake location program®®. In this case, the use of the BMKG data were
crucial in minimizing the azimuthal gap, since the DOMERAPI stations were just placed around
Mt. Merapi, while most events occurred along the Java trench to the South of the study region.
The resulting events were then relocated using a double-difference earthquake location
algorithm®’. The jointly processed DOMERAPI and BMGK data produced a new high-quality
catalog comprising 358 events used for the tomographic investigation presented here.

The following figure shows the starting 1-D P- and S-wave velocity models for tomographic
inversions (Supplementary Fig. 1). An example of 3-component waveforms from an event

recorded by DOMERAPI stations and picking of P- and S-wave arrival times conducted using


mailto:sriwid@geoph.itb.ac.id

SeisGram2K*® is given in Supplementary Fig. 2. Supplementary Fig. 3 shows curves depicting
data variance versus model variance for selecting optimal damping values, while Supplementary
Figs. 4 and 5 depict the results of synthetic tests with realistic input models and ray sampling,

respectively.
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Supplementary Figure 1. Starting 1-D P- and S-wave velocity models for tomographic
inversions. The Vp model was taken from Koulakov et al.'® and the associated 1-D Vs model was

derived using a Vp/Vs ratio of 1.73 obtained from Ramdhan et al.”’
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Supplementary Figure 2. Examples of 3-component waveforms from an event recorded by 3
DOMERAPI stations and picking of P- and S-wave arrival times used in this study. Inset:

locations of the event (black dot) and stations (blue reverse triangles).
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Supplementary Figure 3. Curves showing data variance versus model variance for selecting
optimal damping values. (a) Damping values of 30 for Vp, and (b) 20 for Vp/Vs (red dots), with a
station damping value of 20 were selected for the inversions. The data and model variance were
computed after one step iteration for indicated damping values. Note that when the damping
values are too small (rightmost points), the velocity oscillates from one gridpoint to the next, and
large changes in the velocity are made without corresponding large reductions in data
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Supplementary Figure 4. (a) Synthetic test with realistic input models containing representative
“Shallow”, “Intermediate”, and “Deep” features as indicated by high Vp/Vs ratios beneath
Merapi. The input perturbations are +10% relative to the reference Vp/Vs of 1.73. The Vp/Vs
ratio model is plotted in absolute values. (b) Recovery for Vp/Vs using the same data coverage
as used in the real data inversions. Notice that some smearing occurs in the vertical direction.
(c) and (d) are similar to (a) and (b), but for a continuous model with lower Vp/Vs beneath
Merbabu as depicted by the result of real data inversion. The input perturbations are +10% and
-10% relative to the reference Vp/Vs model of 1.73. Notice that a continuous model and
contrasting Vp/Vs values are well resolved, but the deep parts of the system (>~20 km) are not

constrained well due to a lack of ray sampling (see Supplementary Fig. 5).



Depth (km)

Depth (km)

Depth (km)

B} I 1 I

MtMerapl MLMerbabu

20
25

30
0 20 40 60 80 100

Distance (km)

T mm DRE

0.0 0.5 1.0

-5 I I L
MiMerapi MtMerbabu

T T T )
0 20 40 60 80 100

Distance (km)

. og (DWS)
0 1 2 3

It L 1 1
B MUMerapi  MtMerbabu

20
25

30
0 20 40 60 80 100
Distance (km)
2 [

1] 2000 4000 6000
Vp

Depth (km)

Depth (km)

Depth (km)

L L L 1
MtMerapi MLMerbabu

20

25

30
0 20 40 60 80 100

Distance (km)

mm— = DRE

0.0 05 1.0

-5 - 1 1 | L
MiMerapi MEMerbabu

T T T T
0 20 40 60 80 100

Distance (km)

. |og (DWS)
0 1 2 3

Il 1 1
o MUMerapi MLMerbabu

20
25
30

0 20 40 60 80 100
Distance (km)
mm——————== RHC
0 2000 4000 6000
Vp/Vs

Supplementary Figure 5. Resolution test results for Vp structure (first column) and Vp/Vs

structure (second column), showing the results of diagonal resolution element (DRE, first row),

derivative weight sum (DWS, second row) and ray hit count (RHC, third row). Notice that high

values of DRE, DWS and RHC are an indication for high resolution of the tomographic model.

We note that comparable examples of tomographic and interpretive advances during the past

few years at large volcanoes include work at Mount Erebus™, Yellowstone™ and Mount St.



Helens*'. These studies and ours are particularly noteworthy in that they are performed at some

of Earth’s most threating and hazardous volcanoes.

Petrology
A large number of petrological studies have aimed at characterizing Merapi’s magma plumbing
system in terms of magma storage pressures and depth and other intensive parameters of the
system, such as melt H;O and CO; contents (Supplementary Fig. 6). The key information that is
ideally provided by such petrological studies is from which crustal levels magmas and/or
magmatic cumulates have erupted, while they cannot unequivocally constrain the full spatial or
volumetric extent of magma storage zones, which is crucial for future hazard assessment and
mitigation. Detailed geophysical studies as those of the DOMERAPI project are unrivalled in
imaging crustal-scale magma plumbing systems, while the petrological constraints are most
powerful in determining from which level past and present eruptions have been sourced and how
volatile-rich and thus how potentially hazardous a system is.

Models for Merapi’s magma plumbing system range from those that favor storage in one or

>612 1o those that suggest many small magma reservoirs throughout the

more main zones
crust®!'*!" Studies that invoke storage in one or more zones highlight the strong bimodality of
Merapi’s crystal cargo and amphibole barometry, while models that posit magma storage
throughout the crust are strongly influenced by calculated clinopyroxene -crystallization
pressures. Amphibole barometry calculates crystallization at depths of >3 km with main
crystallization/storage zones at depths of ~10-15 and >23 km (A and B in Supplementary Fig. 6).

The large uncertainty of the estimates (>:500 MPa; cf.®"'!

), however, highlights that the
calculated values cannot be taken as conclusive constraints (Supplementary Fig. 6). The range of
amphibole composition and bimodality may equally, and indeed likely, record variation in
crystallization temperature and amphibole crystallization in equilibrium with variably evolved
melt instead®. Calculated clinopyroxene pressures have been used to infer crystallization/storage
zone throughout the crust with a main zone at a depth between ~8 and 20 km (C-D in
Supplementary Fig. 6). As for amphibole barometry, uncertainties are large (>+250 MPa; cf.®*%)
and have to be considered. We highlight moreover that the clinopyroxene barometric estimates
of Chadwick et al.* were derived using the calibration of Nimis*?, which should not be applied to

42
£.6

calc-alkaline systems (c ). The study of Chadwick et al.® also assumed that all clinopyroxene



crystallized at 1000 °C, which results in a relatively low pressure estimate (~450 MPa, i.e. a
crystallization depth of ~15 km for the main, relatively evolved clinopxroxene composition,
while ~700 MPa, i.e. a crystallization depth of ~25 km would be calculated for a more realistic
crystallization temperature of 950 °C; cf.®) and which is moreover an oversimplification that
inevitably results in a large spread of calculated pressures (i.e. much of the compositional
variation of clinopyroxene ascribed to a pressure effect may equally record crystallization over a
range of temperatures at one depth level). The clinopyroxene pressure estimates of Preece et al.'’
are equally based on significant temperature overestimates (i.e. they inferred crystallization at
~1025-1060 °C, which are near-liquidus temperatures for Merapi’s basaltic andesites (cf.?), at
which the bulk of clinopyroxene cannot have crystallized). Crystal-size distributions (CSDs) of
clinopyroxene and plagioclase have also been used to infer crustal-wide magma storage zones
and partial crystallization (F in Supplementary Fig. 6), but CSDs cannot distinguish pressure
effects from variation in other intensive parameters (e.g. crystallization at variable temperature
within one reservoir or crystallization in a reservoir that was only locally affected by magma
recharge or fluid fluxing). Melt inclusion volatile concentrations (G and H in Supplementary Fig.
6) can be used as accurate hygrobarometers; their main limitation is that they commonly re-
equilibrate during magma ascent and eruption (e.g.*). Maximum volatile concentrations may,
but do not necessarily, highlight a zone of magma storage. Phase-equilibrium experiments have
the strength that they constrain the crystallization conditions of natural system by direct
comparison of mineral assemblages, phase proportions, and the composition of minerals and
melts between the natural samples and experimental charges, thus using multiple lines of
evidence and constraints derived for specific magma compositions (unlike constraints from
classical thermobarometry; e.g.**). Experiments for basaltic andesite erupted at Merapi in 2010
suggest that pre-eruptive magma was sourced from pressures and depths of >100 and
predominantly ~200 MPa, i.e. depths of ~4-11+£3-4 km (I in Supplementary Fig. 6), that the
magma was at ~925-950 °C and moderately volatile-rich'”>, while magma from deeper levels

5,6,10,12

replenished the pre-eruptive reservoir prior to eruption (e.g. ). For our interpretation of the

geophysical data, we mostly rely on these experimental results, but we stress that they concur

10,11

with results from GPS ground deformation data'® and melt inclusion studies'™'!, which also have

low uncertainties in estimating approximate magma storage depths.
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Supplementary Figure 6. Summary of previous estimates for magma storage zones below
Merapi’s summit based on a range of approaches. Estimates are based on (A, B) amphibole
barometry; (C-E) clinopyroxene barometry; (F) crystal size distribution and clinopyroxene
barometry; (G-H) melt inclusion volatile content; (I) phase-equilibrium experiments; (J) GPS
ground deformation data. Estimates are those of (4)°, (B, H)", (C)”, (D)°, (E, G)', (F)°, (1",
and (J)"°. Indicated standard uncertainties are those highlighted (1) by Erdmann et al.’? and
Putirka® for amphibole (in orange); (2) by Putirka™ and Erdmann et al.’ for clinopyroxene (in
green); (3) by Newman & Lowenstern® for melt inclusion hygrobarometry (in light blue) (4) by
Erdmann et al.’ for their phase-equilibrium experiments (in pink); and (5) by Beauducel &
Cornet” for their GPS ground deformation data (in purple).
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