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ABSTRACT

Magma volatile budgets and storage depths play a key role in controlling the eruptive styles of vol-
canoes. Volatile concentrations in the melt can be inferred from analyses of glass inclusions, which
however may not be present in the investigated rocks or may have experienced post-entrapment
processes that modify their volatile records. Apatite is becoming an alternative robust tool for
unraveling the information of magmatic volatiles. Here we report a comprehensive dataset for the
concentrations of volatiles and major elements in apatite crystals in the rocks from two eruptions
with contrasting eruptive styles: the 2006 (dome-forming) and 2010 (explosive) eruptive events at
Merapi volcano (Java, Indonesia). We obtained two-dimensional compositional distributions and
in situ concentrations of H,O, CO,, F, Cl and S in 50 apatite crystals occurring at various textural
positions. The CO, concentrations we report are probably the first ones from natural volcanic apa-
tite. Using the volatile concentrations in apatite and existing thermodynamic models and geother-
mobarometers, we have calculated the volatile abundances of the pre-eruptive melts of the two
eruptions.

We find that the apatite from the 2006 and 2010 deposits have a similar compositional range of vol-
atiles, with a bimodal distribution of F-H,0-CO, contents. The apatite included in amphibole has
higher H,0 (0-9-1-0wt %) and CO, (>2400 ppm), but lower F (0-9-1-4 wt %), compared to crystals
included in plagioclase, clinopyroxene, or in the groundmass (H,0: 0-4-0-7 wt %; CO,: 40-900 ppm;
F: 1.7-2-:3wt %). Using these volatile concentrations and apatite-melt exchange coefficients we
obtained two distinct ranges of H,O0-CO,—S-F-CI concentrations in the melt. Melts in equilibrium
with apatite included in amphibole had 3-8 wt % H,0, >8000 ppm CO,, 340-2000 ppm S, whereas
melts in equilibrium with apatite included in anhydrous minerals and in the groundmass had lower
H,0 (1-5-4 wt %), CO, (60-2500 ppm), and S (10-130 ppm). We calculated the melt H,O-CO, satur-
ation pressures and found that they correspond to two main magma storage depths. The shallow
reservoir with melts stored at <10 km below the crater agrees with the depths constrained by melt
inclusions, as well as the geodetic, geophysical and seismic tomography studies from the litera-
ture. We have also found a significantly deeper melt storage zone at >25-30 km recorded by the C-
and H,O-rich apatite in amphibole and barometry calculations using amphibole and high-Al clino-
pyroxene, which matches with the depths reported in seismic tomography studies. The high CO,/
H,0 and CO,/SO, concentrations of the deep melt can help to explain the sharp increase in these
ratios in fumarolic gas that were sampled just before the eruption in 2010. Supply of deep volatiles
to the shallower magma column before the eruption in 2010 could have increased the magma
buoyancy, and thus led to higher magma ascent rates and associated eruption explosivity.
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Evidence for the faster pre-eruptive magma ascent in 2010 than 2006 is also found on the diffusion

distance of Cl in apatite microlites.
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volatiles

INTRODUCTION

Magmatic volatiles can play a large role in changing the
eruptive styles of volcanoes by affecting the viscosity
and buoyancy of magmas, which in turn control the
eruption dynamics (Blake, 1984; Roggensack et al.,
1997; Giordano et al., 2008; Cashman & Sparks, 2013;
Cassidy et al., 2018). H,O and CO, are two major mag-
matic volatiles, whose concentrations in the melt are
controlled by multiple factors, including their concen-
trations in the source magmas, the extent of magma
fractionation, and the solubilities of H,O and CO, in the
melt of a given composition at a given pressure-
temperature (referred to as P-T-X condition hereafter)
(e.g. Wallace et al., 2015). The abundances of H,O and
CO, dissolved in the pre-eruptive melt cannot be direct-
ly measured, but can be inferred from petrological
investigations via analyses of volatiles in melt inclu-
sions (MI; Wallace, 2005; Kent, 2008), calculations using
mineral-based geohygrometry (e.g. the plagioclase-
melt hygrometer of Lange et al., 2009; the pyroxene-
based hygrometer of O’Leary et al., 2010), and phase
equilibrium experiments. Although Mis have been
found in some studies to be able to reflect the pre-
eruptive volatile budgets (e.g. Lowenstern, 1995;
Wallace, 2005), they are not always present in the col-
lected rocks, and do not necessarily record the original
melt compositions due to re-equilibration and/or post-
entrapment crystallisation (Qin et al, 1992;
Danyushevsky et al., 2000; Gaetani & Watson, 2000;
Cottrell et al., 2002; Portnyagin et al., 2008; Lloyd et al.,
2013). In addition, Mls typically show less H,O (<6 wt %;
Plank et al., 2013) than those inferred from equilibrium
experiments (up to >15wt %), implying that MIs may
not be capable of recording the deepest and most hy-
drous melts at subduction zones (Steele-Maclnnis,
2019).

In addition to the abundances of magmatic volatiles,
magma ascent rate is the other key factor that controls
the eruptive styles (e.g. Sparks, 2003; Cashman &
Sparks, 2013; Cassidy et al., 2018; Edmonds et al.,
2019). It is widely accepted that the more explosive
eruptions are usually related to faster magma ascent,
due to larger magma buoyancy and limited magma-
fluid separation. The correlation between magmatic
volatile budgets and ascent rates shows the necessity
of considering both factors simultaneously when
addressing the eruptive style(s) of a given volcano.
Moreover, additional complexities can be induced by
the exsolved volatiles that are either already present at

pre-eruptive conditions, or from magma-volatile fluxes
that moved from the deeper parts of the system to the
shallow reservoir(s) (Degruyter et al., 2017; Moretti
etal., 2018).

To provide more insights into the pre-eruptive mag-
matic volatile budgets, here we exploit the analyses of
volatile elements (i.e. C, H, F, Cl, S) in volcanic apatite,
combined with calculations using an apatite-melt
thermodynamic model (Li & Costa, 2020), to study the
rocks emitted from an effusive (2006) and an explosive
(2010) eruption at Merapi volcano, Indonesia. With
these apatite-based data and models, we have deter-
mined the abundances of volatiles in the melt of the
two eruptions, and the depths of the magma storage
zones below Merapi. Our findings reveal the compos-
ition of the deep volatile-rich magma (near the Moho)
below Merapi, which we compare with the changes in
the fumarolic gas compositions prior to the two erup-
tions. Combination of the estimated magmatic volatile
budgets and the large difference in the magma ascent
rates between the two eruptions (based on the ClI zon-
ing in apatite) allows us to better explain the cause of
the difference in eruption dynamics, i.e. there was a
larger magma buoyancy in 2010 due to magma-volatile
fluxing from deep to shallower melts, which led to
faster magma ascent and thus larger explosivity in
2010.

The Merapi 2006 and 2010 eruptions

Merapi Volcano in central Java (Indonesia) is one of the
most active volcanoes in the world, and it had about 27
eruptions in the last century (e.g. Voight et al., 2000).
Most eruptions at Merapi are dome-forming events
with VEIs (Volcanic Explosivity Index; Newhall & Self,
1982) between 1-3, such as that occurred in 2006
(Ratdomopurbo et al.,, 2013). But in 2010, Merapi pro-
duced an unexpectedly explosive eruption (VEI 4),
which turned out to be the largest eruption in the last
hundred years and caused severe hazards to the local
community (Surono et al., 2012). Although the erup-
tions in 2006 and 2010 have very different eruptive
styles, most of the materials emitted from the two erup-
tions (except some from the very last eruptive stage in
2010; Komorowski et al., 2013) show similar petrologi-
cal and geochemical features, i.e. similar compositions
of the bulk rocks (as basaltic andesite), mineral assemb-
lages (see below) and phenocryst compositions (Costa
et al., 2013; Preece, 2014; Preece et al., 2014; Erdmann
etal., 2016; Preece et al., 2016). A critical question is
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what caused the larger and more hazardous eruption in
2010, compared to the 2006 eruption and earlier events,
and in relation to this we provide below a brief review
of the observations from the literature.

Eruptive styles of volcanoes are controlled by mul-
tiple factors, the most important two are probably the
pre-eruptive melt volatile budgets and the magma as-
cent rate (e.g. Kent, 2008; Cashman & Sparks, 2013;
Cassidy et al., 2018). Previous studies have shown that
melt inclusions in 2006 and 2010 rocks contain similar
abundances of H,0O (~0-2-4wt %) and CO, (mostly
<200 ppm), except that those in 2010 pumices show
much higher CO, (up to ~3000ppm) (Nadeau et al.,
2013; Preece et al., 2014), whereas the magma ascent in
2010 seems to be faster than that in 2006 (Costa et al.,
2013; Preece et al., 2014; Preece et al., 2016). Magma ex-
trusion rates in 2010 are about an order of magnitude
higher than those in 2006 (Pallister et al., 2013), which
could be due to larger abundances of volatiles from
depth, and/or a complex dynamic of volatile transfer
through exsolved volatile phase within the system.
Here we provide a new perspective on constraining the
magmatic volatile budgets, by looking into volatile ele-
ments in the mineral apatite. Constraints on the volatile
abundances in melts at different depths of the plumbing
system allow us to evaluate their contributions to differ-
ent eruptive styles.

Using apatite to investigate melt volatile
budgets

Apatite has become a more and more popular tool for
calculating melt volatile budgets over the past decade
(Boyce & Hervig, 2008, 2009; Van Hoose etal, 2013;
Scott et al., 2015; Stock et al., 2016, 2018). Apatite, as a
common mineral in volcanic rocks (especially from an-
desitic-rhyolitic systems), has been recognized as a ro-
bust recorder of melt volatile information, since it can
incorporate various volatile species (e.g. F, Cl, H,0O, S
and CO,) into its crystal structure (e.g. Piccoli &
Candela, 2002; Webster & Piccoli, 2015). To link the
volatile composition of apatite with that of the melt, it is
necessary to know the equilibrium partition relation of
volatiles between the two phases. This has been investi-
gated from previous experimental studies, and incorpo-
rated into thermodynamic models as briefly described
below.

The partitioning of F, Cl and OH between apatite-
melt are non-Nernstian (e.g. McCubbin et al., 2015; Li &
Hermann, 2017), and need to be expressed using the
exchange coefficients (Kp) that involve two volatile
components (e.g. A and B) among F, Cl and OH as:

A 7
KDAp—meIt _XPXpet

R where X represents the mole frac-

tion of A or B in apatite, or in the melt. Given our inter-
est in melt H,O concentrations, here we focus on the
Kps that involves OH, i.e. Kpa? 7" (x=F, Cl). The values

of Kpl ™" determined from experiments vary with
not only the temperature, but also the abundances of F-

CI-OH in apatite due to their non-ideal mixing (Li &
Hermann, 2017; McCubbin et al, 2015, Li &
Costa, 2020). The non-ideal mixing properties of
ternary apatite have been constrained by thermo-
dynamic calculations, and been used to establish a geo-
hygrometer of silicate melts (Li & Costa, 2020), which
we have used here to estimate H,O concentrations in
Merapi melts.

We have determined the concentrations of H,O, CO,,
F, Cl and S in 50 apatite crystals that occur at various
textural positions (either included in other minerals, or
in the groundmass) in the rocks emitted from the
Merapi 2006 and 2010 eruptions. The abundances of
CO, reported in this study are probably the first pub-
lished data for the CO, in volcanic apatite. With the
determined volatile concentrations in the apatite, we
have calculated the concentrations of H,O and CO, in
the pre-eruptive melts of 2006 and 2010, using the cal-
culation procedure in Li & Costa (2020) and the esti-
mated temperatures and halogen contents of the melt
with which the apatite equilibrated. Melt H,O contents
were also calculated using the H,O contents determined
for pyroxenes from the same rocks.

ANALYTICAL TECHNIQUES AND CALCULATION
METHODS

Juvenile bread-crusted bombs were collected shortly
after the 2006 and 2010 eruptions, i.e. in June of 2006
and November of 2010 (see details in Costa et al., 2013).
The rocks collected in 2010 were from the block-rich
pyroclastic density currents (PDCs) emitted at the begin-
ning of the most explosive phases of this eruption, i.e.
Eruption stage 4 on November 5, 2010 (Komorowski
et al., 2013). Three rocks from 2006 and three from 2010
were investigated in this study, showing similar bulk-
rock compositions (Costa etal, 2013), and here we re-
port the representative composition of each eruption
deposit in Table 3. Halogen concentrations were only
determined for 2010 rocks (at Actlabs, Canada) using
the Instrumental Neutron Activation Analysis (INAA) for
Cl, and the lon Selective Electrode (ISE) method for F
(detection limits: 0-01 wt %).

The composition of apatite crystals in three rocks
emitted from each eruption were determined using a
secondary ion mass spectrometer (SIMS) for volatiles
(CO,, H,0, F, CI, S), and using electron probe micro-
analysis (EPMA) for major elements, F, Cl and S (see
analytical conditions below). Major element concentra-
tions in other minerals (amphibole, plagioclase, clino-
pyroxene, orthopyroxene), the interstitial glass and
glass inclusions in the same rocks were determined
using EPMA, whereas H,O concentrations in clinopyr-
oxene and orthopyroxene were determined using
SIMS (see analytical conditions in Supplementary
Data Electronic Appendix; supplementary data are
available for downloading at http://www.petrology.ox-
fordjournals.org).
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SIMS analysis of volatiles in apatite

Volatile concentrations were determined for 50 apatite
crystals using SIMS (Cameca ims-1280, at the
University of Hawai’i at Manoa). The standard-size
petrographic thin sections were cut into the same size
(23 x 23 mm?) to fit that of the custom sample holder
used for SIMS analysis. The samples were cleaned with
ethanol and coated with gold before being loaded into
the sample chamber from at least 24 hours before ana-
lysis. The vacuum of the sample chamber was kept
below 1x 10°torr with LN, cold trap. Scanning ion
images were acquired from 13 crystals to investigate
the compositional distribution of volatile components in
the apatite. Quantitative analyses were performed dur-
ing two sessions (in 2015 and 2016) using similar ana-
lytical conditions (except the smaller field aperture used
for the analysis of CO,; see below). CO, concentrations
were determined in 2016 for 27 crystals. Below we de-
scribe the analytical conditions used for acquiring scan-
ning ion images, followed by those used for
quantitative analyses of F, Cl, H,O, S and CO..

Scanning ion imaging

A focused Cs*' primary beam of ~500 pA was used for
pre-sputtering over an area of ~35x 35 um? on each
sample. The beam current was then reduced to ~50 pA
with scanning area reduced to 30 x 30 pm? for data col-
lection. Secondary ions of '®OH, "0, *2S, "®F'®0 and
37CI were collected sequentially with counting times of
4, 4,12, 4 and 2 seconds, respectively, for 50-70 cycles,
using an axial electron multiplier (EM). Mass resolving
power was ~6000, that is high enough to separate the
signals of interfering ions. Normal incident electron gun
was used for charge compensation of sputtered area.
Secondary ion intensities were normalized to '¥0 and
processed with the L'lmage software to produce
images. Each image consists of 128 x 128 pixels and
has high resolution estimated to be ~0-5pm

Quantitative analyses of F, Cl, H,0, S

The crack-free crystals with nearly homogeneous cores
(shown in the scanning ion images) were selected for
quantitative analyses of volatile concentrations. The core
of each crystal was pre-sputtered for 4-6 minutes over
an area of ~25 x 25 pm? using a primary Cs* beam of
~3nA, after which the raster size was reduced to
~15x 15 pum? for data collection (field aperture of
~2500 x 2500 pm?). An electronic gating of 50% was
used to minimize signals from the edges of the pits, such
that only the signals from the most central area
(~7-5 x 7-5 pm?) of individual pits were used for deter-
mining volatile concentrations. Secondary ions of "®0™H,
180, 343, 9F'0 and ¥’Cl were sequentially collected for
20 cycles using the axial EM. Normal incident electron
gun was used for charge compensation of sputtered
area. Secondary ion intensities were normalized to "0
to determine H,0, F, Cl and S concentrations, using cali-
bration curves determined from natural apatite

standards: three standards from McCubbin et al. (2012)
in the 2015 session, and four standards, i.e. two from
McCubbin et al. (2012) and two from Clark et al. (2016) in
the 2016 session (Supplementary Data Table S1).
Calibration curves were fit using the IsoPlot program
(model-1 fit; Ludwig, 2003), showing good linear correl-
ation between secondary ion intensities and volatile con-
centrations in the standards (Supplementary Data Fig.
S2). The San Carlos Olivine (SC olivine) was analysed at
the beginning and end of each analytical session (within
the same days), reflecting low backgrounds of H,0O
(~7ppm), and S, Cl and F (all <1ppm) during analysis.
Relative errors in the determined concentrations are ~2-
5% for F and H,0, and ~5-20% for Cl and S.

Quantitative analyses of CO,

CO, concentrations in apatite were determined only in
the 2016 session, together with those of H,O, S, Cl and
F. These crystals are located in the two thin sections
analysed in 2015 (see above), and four other thin sec-
tions that were never analysed nor coated with carbon.
All the samples were carefully polished using silk cloth,
cleaned using ethanol and coated with gold before ana-
lysis. To minimize air contamination, the samples were
loaded in the sample chamber of SIMS at least 24 hours
before analysis. Each crystal was pre-sputtered for
~bminutes, after which secondary ion intensities of
2c, "%0'H, 80, 3*s, "®F'®0 and *’Cl were collected
using the same analytical condition as described above
(e.g. voltage, current, analysed area, e-gate), except that
this time we wused a smaller field aperture
(~1200 x 1200 um?) to reduce the analytical background
of C. We obtained a low CO, concentration of ~37 ppm
for the San Carlos Olivine, and ~20 ppm for the clino-
pyroxene and Fe-Ti oxide in the same thin sections that
contain apatite, indicating background CO, contents of
~20 ppm during all the analysis. The collected signals
of "2C” were normalized to 80 to determine CO, con-
centrations, using calibration curves determined by a
natural apatite standard (‘"HAM’) from Clark et al. (2016)
(Supplementary Data Table S1, Supplementary Data
Fig. S1). Errors in the determined CO, concentrations
(=1s.d.) are ~10-30% relative.

The locations of pits produced by SIMS analyses
were investigated using a scanning electron micro-
scope (SEM). Most SIMS pits are within the analysed
crystals, and those that exceed the crystal boundary or
lie above cracks were ruled out (Supplementary Data
Fig. S3). We noticed that three crystals that have cracks
across the pit locations (Supplementary Data Fig. S3)
gave abnormally high CO, concentrations (~4-11wt %)
that are unlikely to be real, considering that the sum of
elemental concentrations in each crystal should not ex-
ceed 100% (Supplementary Data Table S2). Such high
CO, contents likely reflect contaminant C within the
cracks that could be inherited from the epoxy used for
making thin sections, thus these values were excluded
from consideration hereafter.
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EPMA analyses of apatite

Forty two apatite crystals were analysed using a JEOL
JXA 8530F field emission gun electron microprobe
at the Facility for Analysis Characterization Testing
and Simulation, Nanyang Technological University
(Singapore). X-ray maps of Cl, F and S, and cathodolu-
minescence (CL) images were acquired using accelerat-
ing voltage of 15kV, and beam current of 25 nA. Dwell
times used for the X-ray mapping and CL imaging were
70ms and 40 ms respectively. Point analyses and con-
centration profiles of Si, Mg, Fe, Ce, Ca, Na, P, S, F and
Cl were acquired using an electron beam of lower en-
ergy (accelerating voltage: 15kV; beam current: 10 nA).
Most crystals were analysed with their c-axes not paral-
lel to the direction of the electron beam, such that there
should be a minimal extent of F migration during ana-
lysis (Stormer et al., 1993; Goldoff et al., 2012; Stock
et al., 2015). Concentration profiles with 1-um spacing
were acquired using a focused beam, but this did not
produce apparent fluctuation in the counts of F, moni-
tored through analyses. The on-peak counting times
were 80s for F, Cl, S and Mg, 60s for Ce and Fe, 40s for
Si, and 20 s for Na, Ca and P. Natural mineral standards
from Astimex Ltd were used for calibration of different
elements: apatite standard for F, P, Ca; tugtupite for Cl,
Na; anhydrite for S; almandine for Si, Mg; monazite for
Ce. A time-dependent intensity (TDI) correction was
applied to F, Cl, S and Na to mathematically correct sig-
nal variation. Concentrations were quantified using a
modified ZAF matrix correction procedure (Armstrong,
1988). Background intensity was calibrated based on
mean atomic number of analytical volume and con-
tinuum absorption was corrected after Donovan and
Tingle (1996). Stoichiometric oxygen was calculated by
cation abundance and included in the matrix correction.
An absorption correction was applied for carbon coat-
ing to both the standard and sample for electrical con-
ductivity. Detection limits for F, Cl and S are ~300 ppm,
~85 ppm and ~30 ppm, respectively. Relative errors are
<1% for major elements in apatite (Ca and P), <2-3%
for F and Cl, and <10% for minor elements (S, Si, Ce,
Na, Mg).

The structural formula of apatite was calculated fol-
lowing Ketcham (2015), i.e. on the basis of 25 oxygen
for the OH-rich apatite (mole fraction of OH >0-5; hosted
by amphibole), and 26 oxygen for the OH-poor crystals
(mole fraction of OH <0.5; at other textural positions).
The mole fractions of OH calculated on the basis of 25-
oxygen and 26-oxygen show rather small difference of
<4% (Ketcham, 2015), i.e. within errors from analyses.

Abbreviations, symbols and formulations of the
exchange coefficients

Abbreviations and symbols

Abbreviations used in this paper are: Ap, Apatite;
Amph, amphibole; Cpx, clinopyroxene; Opx,

orthopyroxene; PI, plagioclase; Ol, Olivine; Biot, Biotite;
Gm, groundmass; MI, melt inclusion. Symbols are

: . ; ___ cC .
defined as: anorthite value An = - %2- x 100; magne-

sium number Mg# = %x 100, and wollastonite

B c L
value Wo = &7 x 100. Fe indicates total Fe as
Fe®*.

Calculation of the exchange coefficients between
apatite and the melt

The exchange coefficients Kpge 7" and Kpar, e were

calculated using the equations of Li & Costa (2020):

Ap—m 1
In(K[)op” F6lt> __—L" -

x[7 (xa)x (X7~ x08) ~11 (=) x X¢P|} (1)
and
. 1
’”(KDnggf”) ="RT

x {72900 (£2900) — 34 (£0.3) x T

1000 x [5 (£2) x (XA — X55) — 10 (+8) x X]}(2)

where T is temperature (in kelvins), and apatite compos-

ition is expressed in the mole fractions of i (=F, Cl, OH),
ad

W (where M; is the

—totmEt \ g <2

atomic mass of j, and C/* is the weight concentration of i

determined by SIMS; cf. Li & Costa, 2020). Calculations of

Koop 7", Kofe, e and melt H,0 contents following Li &
Costa (2020) can be performed using the ‘ApThermo’ cal-
culation tool in excel format, which is available in
Supplementary Data Electronic Appendix A1.

The exchange coefficient for H,0-CO, between apa-

tite and the melt is defined as (Riker et al., 2018):

calculated using X/ =

cAp_. cmelt

K Ap—melt _ “H,0 ~CO, (3)
bH,0-co, cAP . pmelt
CO, H,O0

where ¢ represents the mass concentrations of H,0, or
CO, (expressed in subscript) in apatite, or in the melt
(expressed in superscript). For calculations in this study,
we take Kp/P, oo, = 0.629 = 0.08, determined for basaltic-
andesitic melts at 1250°C and 1 GPa (Riker et al., 2018).

Calculation of the exchange coefficients Kpéﬂ’g’;me’t
and Kpah~me" hetween amphibole and the melt

The exchange coefficient for CI-OH between
amphibole-melt is defined (on the basis of mole
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Amph yemelt
. . Amph—melt _ X" XG5
fractions) as: Kpg "oy = X

used the equation of Humphreys et al. (2009):

Here we have

Koo et — exp (8.62 — 3.46 x Mg — 0.0062 x T) (4)

where Mg# is the Mg number of amphibole, and T is
temperature in kelvins.

The exchange coefficient for Al-Si is defined (on the

Amph ymelt

basis of mole fractions) as: Kp,/™a " = %

have performed a linear regression of experimental
data from the literature, and found Kpara met —
096+0.04 at a range of P-T-X conditions
(Supplementary Data Fig. S4). This value was then used
to test the equilibrium between the amphibole and li-
quid before applying them to geothermobarometric cal-

culations (see below).

We

Calculation of the partition coefficients of H,O
between pyroxenes and the melt

For calculation of melt H,O concentrations using pyrox-
enes, we have taken the formulations for the partition

coefficients of H,O between Cpx-melt (Dﬁfg_me") and

Opx-melt (D,_O,fg’me’t) from O’Leary et al. (2010):

In(DEFs™m") = —4.2(+02) + 6.5 (+05)- X"
—1.0(£0.2)- X5 (5)

and

In(Dg ") = ~5.66(=0.11) + 8.4 (£1.1)- X1~
+10(£2)- X2 (6)

where X,f is the mole fraction of cation i ("VAl, Ca, V'Al) in
phase j (Cpx, Opx), calculated on a 6-oxygen basis (cf.
O'Leary et al., 2010).

PETROGRAPHICAL OBSERVATIONS

The rocks emitted in 2006, and 2010 (eruption stage 4)
investigated in this study show similar bulk-rock com-
position of basaltic-andesitic (Table 3; more details in
Costa et al., 2013). They also have a similar mineral as-
semblage of plagioclase (Pl) + clinopyroxene (Cpx) +
orthopyroxene (Opx) + amphibole (Amph) + Fe-Ti
oxide + apatite (Ap) = olivine (Ol) * biotite (Biot).
Phenocrysts (> 500 um in length) occupy ~30-40 vol-
ume percent (vol.%) of the whole rocks (vesicle-free
normalization; Costa et al., 2013), consisting of plagio-
clase (~20-30vol.%), Cpx (~5-7v0l.%), Amph
(<£0-5vol.%), Opx (<0-5vol.%), and fewer Ol and Biot
(<0-1vol.%). Fe-Ti oxide and apatite crystals exist as ei-
ther microphenocrysts (~100-500um in length), or
microlites (<100pum in length), whereas some apatite
crystals are included in other minerals.

Plagioclase phenocrysts in 2006 and 2010 rocks
show a variety of textures and zoning patterns, and a
broad range of An between 43 and 90 (Supplementary

Data Table S4; Costa et al., 2013; Cheng & Costa, 2019).
Cpx phenocrysts in 2010 rocks commonly show oscilla-
tory/sectoral zoning of Al and Mg, and some contain
higher Al,O3 (up to 7-9wt %) at the rim than the core
(~1-2wt %) while Mg# varying from 66 to 77. Cpx phe-
nocrysts of 2006 are less prominently zoned and show
narrower ranges of Mg# (70-77) and Al,O3 (1-6wt %)
(Supplementary Data Table S5). The complex zoning
observed in Pl and Cpx phenocrysts of both eruptions
reflect an open-system magma evolution at Merapi,
where magmas migrated from depths to the shallower
reservoir(s), and interacted with the more evolved and
crystal-richer magmas (Costa et al., 2013; Preece et al.,
2014; Erdmann et al., 2016).

The most significant petrological differences between
the rocks emitted from the two eruptions are the textures
and compositions of amphibole phenocrysts and plagio-
clase microlites. Most of the 2006 amphibole shows re-
action rims consisting of fine-grained Pl + Opx + Fe-Ti
oxides that are up to tens of micrometres in width, which
was rarely observed for 2010 amphibole (Fig.1; Costa
et al., 2013; Preece et al., 2014) and has been interpreted
as evidence of a slower magma ascent in 2006 (Costa
et al., 2013). Some of the 2010 amphibole shows com-
plex zoning patterns of Al,O; and Mg#, whereas the
2006 amphibole is more homogeneous (Al,03: 11-12 wt.
%; Mg# = 68-69). In agreement with the texture of
amphiboles, the higher number intensities of microlites
(Pl + Cpx + Fe-Ti oxide + apatite) in stage 4 dome sam-
ples from 2010 rocks (than 2006) reflect nucleation-
dominated crystallization of microlites induced by a
more rapid magma ascent and degassing in 2010 than in
2006 (Costa et al., 2013; Preece et al., 2016).

TEXTURAL RELATIONS AND COMPOSITIONS OF
APATITE

Apatite crystals occupy ~0-2-0-6 vol.% of 2006 and 2010
rocks, and they occur at various textural positions
(Fig. 1): some are surrounded by the glass and appear as
either microlites (30-100 um in length) or microphenoc-
rysts (100-180 um in length), and the rest are included in
phenocrysts of other minerals, such as Amph, Cpx, Pl
and Opx. The host Amph from 2010 are oscillatory zoned
of Al (Al,Os: ~11-13wt %) without any reaction rim,
whereas the host Amph from 2006 is compositionally
more homogeneous (Al,Os: ~12wt %) but has a thin re-
action rim (consisting of Pl + Opx + Fe-Ti oxides). The
Cpx that hosts apatite has Mg# between 74 and 76; and
the host Pl has An values between 53 and 74.

Apatite inclusions can be divided into two types
according to their textures and sizes: Type-1 is small
(<10um in length) and anhedral or needle-shape,
whereas Type-2 is larger (~20-80 pm in length) and sub-
hedral-euhedral in hexagonal or tabular shapes. The
two types of inclusions were likely formed under differ-
ent conditions: Type-1 inclusions were likely crystallised
due to local supersaturation of apatite-forming ele-
ments (e.g. phosphorus) at the boundary layer between
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2006:

Fig. 1. Backscattered electron images of apatite crystals that occur at various textural positions in rocks emitted from (a—f) the 2006
and (g-1) 2010 eruptions (Ap, apatite; Amph, amphibole; Cpx, clinopyroxene; Opx, orthopyroxene; Pl, plagioclase; Gm, ground-
mass; Mt, Magnetite; see sample labels in Table 1). Apatite inclusions show two types of morphology: Type-1 inclusions (‘ApT’) are
<10um in length and anhedral, whereas Type-2 (‘Ap’) inclusions are larger (mostly 20-80 um in length) and euhedral-subhedral,
and were analysed in this study (see text). Scale bars are 10 um for panels g, f, k, |, and 100 um for the rest.

the silicate host mineral and the melt (Harrison &
Watson, 1984; Bacon, 1989), whereas Type-2 inclusions
that are larger and subhedral-euhedral more likely re-
flect the representative melt composition. Considering
this, only the larger Type-2 inclusions and the crystals
in the groundmass that are also subhedral-euhedral
with similar sizes were analysed and used to estimate
volatile concentrations in the melt.

H,O and CO, concentrations were measured using
SIMS, whereas F, Cl and S were measured using both
SIMS and EPMA (Table 1; Supplementary Data Table
S3). Given the larger analysis area by SIMS (~7-5x 7-5

um?) than by EPMA (<1 x 1 pm?), the SIMS data likely
represent the ‘bulk’ volatile concentrations at crystal
cores, whereas the EPMA data represent the ‘local’
volatile concentrations at given locations within the
crystals (at rim/mantle/core). Data obtained from the
two techniques are reported below for comparison.

F, Cl and H,O

Apatite crystals in 2006 and 2010 rocks show a similar
range of F-CI-H,O concentrations, i.e. 1-1-2-2wt % F,
0-4-1-2wt % Cl and 0-5-1-0wt % H,O (Table 1). Apatite
inclusions in amphibole show about twice as much H,0O
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Table 1: Volatile compositions of the apatite (determined by SIMS), from the Merapi 2006 and 2010 (stage 4) eruptions

Eruption Textural position No. Label Concentrations (wt %) Mole fraction
CO, H,0 F Cl S Xe Xei XoH
2006 in Amphibole 1 061506L_1, Amph5 n.d. 090 (4)" 094(3) 037(2) 0.15(1) 0-309 0-065 0.626
(~12wt % Al,03)
2006 in Clinopyroxene 2 061406, Cpx3 0-09(2) 052(5) 1.95(5) 1-08(4) 0-06(2) 0538 0-160 0-302
(Mg#: 74-76) 3 061406, Cpx1 0-031(6) 0-52(5) 1.96(5) 1-08(4) 0-05(2) 0536 0-159 0-305
4 061406, Cpx_v 0-022 (5) 0-56(6) 1-83(5) 1.07(4) 0.04(1) 0511 0160 0-328
5 061506L_2, Cpx2 0-014(4) 051(2) 2.06(5) 1-01(4) 0-033(3) 0-561 0-148 0-291
6 061506L_2, Cpx6 0-005(2) 0-52(2) 1.83(5) 097 (4) 0-032(2) 0532 0-151 0-317
7 061406, Cpx6 0-004 (2) 0-55(4) 2.00(4) 1-0(2) 0-031(4) 0541 0145 0-314
8 061506L_2, Cpx1 0-002 (2) 0-58(2) 1.92(3) 0-90(4) 0.040(3) 0531 0-133 0-336
9 061506L_1, Cpx4 n.d. 0-61(3) 194(6) 097 (3) 0-026(2) 0-517 0-139 0-344
10 061506L_1, Cpx7 n.d. 0-61(3) 1.94(6) 093(3) 0-024(2) 0522 0-133 0-345
11 061506L_1, Cpx3, Ap3  n.d. 059(3) 1-85(6) 0-79(3) 0-026 (2) 0-527 0-120 0-354
12 061506L_1, Cpx3, Ap4 n.d. 0-55(3) 1.72(5) 0-92(4) 0-022(2) 0-508 0-146 0-346
13 061506L_1, Cpx3, Ap5  n.d. 056 (3) 1-79(6) 0-92(4) 0-037(4) 0516 0-141 0-342
2006 in Groundmass 14 061506L_2, Ox3Ap 0-08(2) 0-48(2) 2.13(5) 094(4) 0-13(1) 0585 0:138 0-277
15 061406, GmAp8 0-047 (8) 0-67(3) 155(3) 1-0(2) 0-039(6) 0-443 0-153 0-404
16 061406, GmAp4 0-035(5) 0-51(2) 2-30(4) 1.0(2) 0-029(4) 0587 0-138 0-275
17 061406, GmAp7 0-014(2) 050(2) 225(4) 1-1(2) 0-11(1) 0578 0-151 0-271
18 061506L_2, GmAp3 0-009 (3) 0-52(2) 2.08(6) 0-83(3) 0-038(3) 0-576 0-122 0-301
19 061506L_2, Gm_v 0-004 (2) 0-42(2) 2-29(4) 093(4) 0-057 (5) 0-623 0-136 0-241
20 061506L_1, GmAp3-2-1 n.d. 0-58(3) 1.74(7) 0-96(4) 0-027 (2) 0.-500 0-148 0-352
21 061506L_1, GmAp3-1 n.d. 0-60(3) 1-84(6) 1.00(4) 0-024(2) 0-505 0-147 0-348
22 061506L_1, Ap1 n.d. 0-563(3) 2.12(8) 0-83(4) 0-019(2) 0571 0:127 0-302
23 061506L_1, GmAp5 n.d. 0-46(3) 2-30(8) 0-90(4) 0-027 (4) 0-613 0-128 0-259
2010 in Amphibole 24 1011211A, Amph1 1-6 (2) 0-90(4) 1.37(2) 055(3) 0-31(5) 0-384 0-082 0-533

(11-13wt % Al,O3) 25 10111123, Amph4-1#1" 0-24(5) 091(4) 1.17(2) 0-55(2) 0.090(1) 0345 0-087 0-569

26 10111123, Amph4-1#2" n.d.
27 10111123, Amph4-2 n.d.

0-98(3) 1.24(4) 054(2) 0-19(2) 0-346 0-081 0-573
0-93(4) 1.12(5) 0-41(2) 0.18(2) 0-339 0-066 0-595

2010 in Clinopyroxene 28 1011211A, Cpx5-1 0-03(2) 059(2) 1.99(4) 1-18(4) 0-041(6) 0515 0-163 0-322

(Mg# = 74-76) 29 11051903, Cpx8, Ap1
30 11051903, Cpx8, Ap2
31 11051903, Cpx8, Ap3
32 11051903, Cpx6
33 1011211A, Cpx6
34 1011211A, Cpx4
35 1011211A, Cpx5-2

36 10111123, Cpx5 n.d.
37 10111123, Cpx6, Ap2  n.d.
38 10111123, Cpx6,Ap3  n.d.

0-017(3) 0-55(2) 2.06(4) 1.05(4) 0-11(2) 0-546 0-149 0-305
0-012(2) 0-55(2) 2.07(4) 1-03(4) 0-030(5) 0-549 0-146 0-305
0-017(3) 0-55(2) 2.10(4) 1.04(4) 0-037 (5) 0-551 0-146 0-303
0-014(2) 055(3) 1-99(3) 1-08(4) 0-029(4) 0533 0-154 0-313
0-007 (2) 0-54(2) 2.22(4) 1.03(4) 0-046(7) 0-566 0-141 0-293
0-006(2) 0-51(2) 2.13(2) 1-11(4) 0-058(9) 0-560 0-156 0-284
0-005(2) 0-59(2) 1.87(5) 1.08(4) 0-039(6) 0-507 0-157 0-337

0-57(2) 1.79(6) 0-96(3) 0.023(2) 0509 0-147 0-344
0-57(2) 2.00(5) 1-01(3) 0-028(2) 0-535 0-144 0-321
0-54(2) 1.93(5) 1.01(3) 0-026(2) 0.534 0-149 0-317

2010 in Plagioclase 39 10111123, PI3 n.d. 0-55(2) 1.84(6) 0-93(3) 0.037(4) 0527 0-142 0-330
(An =53-74) 40 10111123, PI1, Ap1 n.d. 0-44(2) 1.24(4) 075(2) 015(2) 0-482 0-157 0-361

41 10111123, PI1, Ap2 n.d. 0-53(2) 1.80(7) 0-97(4) 0-18(2) 0525 0-151 0-325

2010 in Groundmass 42 1011211A, GmAp8 0-07 (1) 0-55(2) 2:09(4) 1-07(4) 0-047(7) 0-548 0-150 0-302

43  1011211A, GmAp7
44 11051903, GmAPG #1
45 11051903, GmAp6 #2

48 10111123, GmAp8 n.d.
49 10111123, GmAp9 n.d.
50 10111123, GmAp6 n.d.

0-039 (5) 0-54(2) 2.12(4) 1.04(4) 0-07(1) 0556 0-145 0-298
0-018(3) 0-55(2) 2-07(4) 1.08(4) 0-037(5) 0-544 0-152 0-304
0-012(2) 0-55(3) 2.05(4) 1.09(4) 0-12(2) 0-542 0-154 0-304
46 10111123, GmAp3 #1 n.d.
47 10111123, GmAp3 #2 n.d.

0-567(2) 1.97(6) 1-03(3) 0-022(2) 0-528 0-148 0-324
0-57(2) 1.95(6) 1.01(3) 0.017(2) 0527 0-147 0-326
0-62(2) 1.98(6) 0-99(3) 0.025(2) 0520 0-139 0-341
0-60(2) 1.96(5) 1.00(3) 0-13(1) 0523 0-142 0-335
0-60(2) 1.90(6) 097(3) 0-14(2) 0516 0-141 0-343

n.d., not determined.

*Values in parenthesis represent the 1o standard deviation of volatile measurements (of the last digit).
™#1 and #2 represent analyses of different positions within the same crystal.

(0-9-1-0wt %) and only half F (1-1-1-3wt %), compared
to the apatite in Cpx, Pl and groundmass (mean:
~0-5wt % H,0, ~2-0wt % F). Comparison between the
concentrations determined from SIMS and EPMA show
similar ranges of F-Cl contents, and larger differences
in H,O (up to 25%, relative). Compared to the H,O
measurements from SIMS (H,Op), those calculated
from stoichiometry (H,Ocac) based on the EPMA data
show a wider range (Fig.6), possibly related to the

larger error in HyOc,c that were propagated from the
error in major element concentrations determined by
EPMA, and the uncertainty in the assumption of a stoi-
chiometric anion site of apatite (Schettler et al., 2011;
Jones et al, 2014; McCubbin & Ustunisk, 2018).
Considering this, we only used H,O, F and Cl concentra-
tions determined by SIMS to calculate the mole frac-
tions of OH, F and Cl in apatite (X5, X/, X5°) and the
melt volatile budgets hereafter.
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Fig. 2. CI-OH-F ternary diagrams for apatite crystals from the 2006 (empty symbols) and 2010 (solid symbols in red) eruption
deposits (mole fractions calculated using the SIMS data in Table 1). (a) shows all the data determined from this study, compared to
volatile compositions of apatite in different types of rocks from the literature (adapted from Li & Costa, 2020). (b—e) show crystals at
different textural positions in different symbols (see legend). The crystals from 2006 and 2010 show similar range of CI-OH-F, and
similar bimodal distribution of F-OH: those included in Amph are higher in OH and lower in F, within the range of mafic plutonic
apatite (grey field in a), whereas those in Cpx, Pl, and groundmass are lower in OH, similar to apatite from other volcanic rocks (red
line in panel a). Errors bars show *+1s.d. of volatile measurements by SIMS (most errors within the symbol size).

The 2006 and 2010 apatite show a similar bimodal
distribution of F-CI-OH (Fig.2; Table 1): crystals in
Amph are OH-rich and F-poor (X5 = 55-63%, X;* =
30-38%, Xé‘,” = 7-9%), with similar composition to apa-
tite from mafic plutonic rocks (e.g. gabbro; Boudreau,
1995), whereas crystals in Cpx, Pl and Gm are lower in
OH and higher in F (X5F, = 26-40%, X7* = 50-60%, X4"
= 12-16%, with similar composition to apatite from
other volcanic systems (e.g. Peng et al., 1997; Webster
et al., 2009; Van Hoose et al., 2013; Scott et al., 2015;
Stock et al., 2016, 2018). The distinct F-CI-OH composi-
tions of crystals that occur at different textural positions
implies that they may have crystallised or equilibrated
at different P-T-X conditions. This is in agreement with
the observations of multiple magma storage-
crystallization zones at Merapi (e.g. Chadwick et al.,
2013; Costa et al., 2013, Preece et al., 2014; Peters et al.,
2017; Widiyantoro et al., 2018), where different minerals
are stable at different conditions: the OH-rich apatite in
Amph likely grew from a H,O-rich melt at greater depth,
compared to the OH-poor crystals in Cpx, Pl and Gm
(see calculations below).

The most significant compositional difference be-
tween the 2006 and 2010 apatite is the Cl-rich zones that
were only observed from the rims of the microlites in
2006 rocks (Fig.3), but not from any crystal in 2010
rocks (Fig.4). The Cl-rich zones in 2006 apatite have
length of ~3-7 um, and appear only parallel to the long
directions of the crystals, i.e. nearly parallel to the crys-
tal c-axis (//c) (see interpretations in Discussion section).
F zoning was found in the rim of one apatite microlite
from 2006 (Fig. 3), whereas there seems to be no zoning
or heterogeneity of OH. Scanning ion images acquired

from some crystals show abnormally high OH/F/CI
intensities at the cracks and/or analysis positions of
EPMA, which more likely reflect interferential signals
due to microtomography/damage on the sample sur-
face, rather than zoning (Figs 3 and 4).

CO,

Apatite crystals in Cpx, Pl and groundmass of 2006 and
2010 show a similar range of CO, concentrations be-
tween 40-900 ppm (detection limits: ~20 ppm; Table 1).
Two crystals in 2010 Amph show the highest CO, con-
tents of ~2400ppm and ~16000ppm, respectively
(Fig.5a; Table 1). We were not able to determine the
CO, for the amphibole-hosted apatite from 2006, be-
cause the only crystal at such textural position in our
samples were analysed with SIMS before (for H,0, F, Cl
and S), leaving insufficient space for the later analysis
of CO..

Sulfur

Sulfur concentrations in apatite (measured by SIMS)
from the two eruptions show an overlapping range,
where the apatite in Amph shows higher S (2006:
~1510 ppm; 2010: ~900-3120 ppm) than the apatite in
Cpx, Pl and groundmass (2006: ~190-1300 ppm; 2010:
~170-1750 ppm) (Table 1). Most crystals show oscilla-
tory S zoning with narrow (<1-5pum in width) S-rich
bands (~500-1000 ppm S) at their mantles/rims (Figs 3
and 4). S in apatite can have multiple valances (5%, S'™,
S**, S®*) depending on the oxidization condition of the
magmatic system (Konecke et al., 2017, 2019), i.e. main-
ly S? at/below FQM buffer (fayalite—-magnetite-quartz
buffer), and > 95% S°* out of the total S at >FMQ + 1-2.
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(a) 061506L_1, GmAp3-2-1

(b) 061506L_1, GmAp3-2-2

EPMA SIMS

EPMA SIMS

Fig. 3. Compositional distribution of F, Cl, S and OH in the groundmass apatite of 2006, shown in X-ray maps from EPMA analyses
(panels a—c), and secondary ion maps from SIMS analyses (panels a and b) (see crystal labels in Table 1). Most crystals show CI-
rich rims (red colour, higher concentration; blue colour, lower concentration) nearly parallel to the c-axes, but not parallel to the a-
axes (panels a—c). One crystal shows high F at the rim (panel c¢). There is no obvious zoning of OH. Some of the secondary ion maps
for OH/CI'/F" show abnormally high or low signals at the cracks or pit locations of previous EPMA analyses (panels a and b), likely
reflecting artefacts from analyses (see text). Most crystals show oscillatory S zoning (panels a, c).

Given the oxidization condition of Merapi magmas at
~FMQ+0-6 to +2-2 above 400 MPa (Gertisser, 2001)
and ~NNO + 1 (NNO = nickle-nickle oxide buffer) in the
shallow reservoir (Erdmann et al., 2016), and a much
more favorable substitution of S®* than S% into apatite
(Kim et al., 2017), there should be a larger proportion of
S8 than the S of other valences in apatite from this
study (see discussion). There are multiple ways to in-
corporate S8+ at the tetrahedral site of the apatite struc-
ture (see review by Pan & Fleet, 2002). Electron
microprobe analysis of crystals from this study show

strong positive correlations between S-Na and S-Si con-
centrations, reflecting a dominant substitution reaction
as: S% 4+ Nat + Si*t + 2Ce®" «— 3P + Ca®" (Parat
etal., 2011).

Non-volatile elements

The apatite in Amph of 2006 and 2010 are much lower
in Ce;03 (0-01-0-03wt %) than those included in anhyd-
rous minerals and in the groundmass (0-1-0-3wt %)
(Fig.6; see data in Supplementary Data Table S3).
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(a) 10111123, Amph4-1, 4-2

EPMA

(d) 10111123, GmAp3

EPMA

SIMS

Fig. 4. Compositional distribution of F, Cl, OH, and S in the 2010 apatite: (a) included in Amph, (b) included in Cpx, (c) included in PI,
and (d) in the groundmass (see crystal labels in Table 1). Most crystals show oscillatory S zoning (panels b-d), but the crystal in
Amph (panel a) shows higher S at the core than the rim. There is no obvious zoning of CI/F/OH. Some maps for OH™ show abnormal
signals at the cracks or pit locations of previous EPMA analyses, as was observed from the 2006 apatite (Fig. 3).

Considering that Ce is an incompatible element and its
partitions into apatite is more favorable at lower Ts with
more silicic melts (Watson & Green, 1981), the Ce-rich
apatite in Cpx/PI/Gm should have grown from either
cooler or more silicic melts (or both), compared to the
Ce-poor apatite in Amph. This is also in agreement with
the multiple P-T-X conditions reflected by the bimodal
distribution of H,O-CO,-F in these crystals (see above).
The Ce-poor crystals show high S contents (Fig.6c),
consistent with those observed in CL images (reflecting
intensities of REEs) and x-ray maps of S where low REE
intensities correspond to high S (Fig.4). This implies
that the incorporation of Ce and REEs into these crystals

were not dominated by the substitution reaction shown
above for S.

COMPOSITIONS OF MELTS

With volatile compositions determined for apatite, we
calculate the melt H,O0-CO, budgets following the
method of Li & Costa (2020). To carry out these calcula-
tions we need to know halogen concentrations in the
melt that equilibrated with apatite, and the temperature.
In this section we report the abundances of F, Cl and
also major/minor elements in the melt, determined
from analysis of the bulk rocks, interstitial glass, and
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Fig. 5. (a) C-OH-F and (b) S-OH-F ternary diagrams for apatite crystals of the 2006 and 2010 eruptions (see legend). C and S con-
centrations were multiplied by 10 for ease of comparison. Apatite crystals in 2010 amphibole (red diamonds within areas marked in
red dashed curves) show higher OH, C and S than the rest of crystals (in Cpx, Pl and groundmass) from the two eruptions. CO, data
was not obtained from any crystal in 2006 amphibole nor in the 2006 and 2010 plagioclase, due to their limited numbers in the
investigated rocks.
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Fig. 6. Ce,03 concentrations in apatite (by EPMA) vs (a) CO,, (b) H,0, (c) S, (d) F and (e) Cl (by SIMS; see symbol legend at the bot-
tom; see data in Supplementary Data Table S3). The CO,-, H,0- and S-rich crystals in Amph (marked in diamonds) are much lower
in Ce than the crystals at other textural positions. The concentrations of H,0, F, Cl and S determined by SIMS are within the ranges
of those acquired for a larger number of crystals using EPMA (crystal textural positions marked in same symbol shapes as used for
crystals analysed by SIMS, but in different colors: 2010, empty with pink edges; 2006, empty with grey edges). Error bars show
+1s.d. of the concentrations determined by SIMS (for volatiles) and by EPMA (for Ce).
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Table 2: Composition of the Cpx-hosted glass inclusions measured using EPMA

Concentration (wt %), normalized to 100% anhydrous

Concentration

(ppm)

Eruption Label Si0, TiO, AlLO; FeO® MnO MgO CaO Na,O K,O P,0s5 Total Cl S
2006 cpx7_incl1’ 6913 048 1639 213 013 061 160 493 448 011 9478 2536 205
2006 cpx4_incl3 6559 051 1622 303 016 032 109 694 601 013 9694 2377 104
2006 cpx4_incl3 6587 043 1599 299 013 029 104 698 612 015 9662 2611 81
2006 cpx4_incl3 6550 040 1612 310 015 032 113 711 6-:07 010 96:60 2487 124
2006 cpx3-incl1 6625 039 1710 28 016 034 113 538 626 014 9959 2059 124
2006 pair-cIB-incl1 68-12 046 1655 197 008 081 228 469 4.88 016 94.91 2472 121
2006 pair-cIB-incl1 6825 042 1694 212 010 048 168 486 498 017 9576 2504 184
2006 pair-clB-incl2 68-07 041 1612 275 013 037 096 496 611 013 9999 2842 18
2010 cpx5_incl2 6598 059 1662 403 019 041 219 452 530 017 9638 2649 68
2010 cpx6_incl2 6803 053 1566 374 015 054 136 484 511 005 9751 2549 80
2010 cpx6_incl2 6804 050 1589 369 012 046 120 476 525 009 9757 2491 172
2010 cpx6_incl4 6834 045 1677 261 007 038 124 493 512 011 9733 2870 532
2010 cpx6_inclb 6719 058 1629 296 013 018 071 631 544 021 9635 2697 258
2010 cpx6_incl5 6752 062 1645 278 016 026 078 578 553 012 9505 2792 222
2010 cpx6_incl5 68-47 047 1688 302 013 023 077 431 558 0-14 9431 2756 242
2010 cpx6_incl5 6776 041 1650 236 008 017 072 631 557 013 9525 2474 117
2010 cpx-opx-pairl-incl1 6729 047 1597 361 016 026 167 441 6-09 0.07 9846 1823 214
2010 cpx-opx-pairl-incl2 65-44 042 1726 388 018 053 190 457 573 009 9849 2229 33

*Total Fe as FeZ*.

"Data marked in bold were acquired for melt inclusions hosted by Cpx crystals that also contain apatite. Mean Cl concentrations in
these melt inclusions were considered as representative of Cl contents in the melt that equilibrated with Cpx-host apatite.

glass inclusions (in Cpx) in this study and from the lit-
erature, combined with a series of calculations. The
temperature derived from multiple calculation methods
are reported in following sections.

Major and minor elements

The SiO, content increases from 54-55wt % in the bulk
rocks, through 65-69wt % in the Cpx-hosted Mils
(Table 2), to 68-72 wt % in the interstitial glass (Table 3).
The Mls analysed in this study and the majority of those
from the literature have >64wt % SiO, (Fig.7; Costa
et al., 2013; Nadeau et al., 2013; Preece et al., 2014). The
exceptions are some Mls hosted by amphibole from un-
known eruption(s) (Nadeau et al., 2013) which show 52—
58wt % SiO,, and apparently lower Mg and higher Ca
and P compared to the bulk rocks, implying the Mis
may be formed by melts that are compositionally differ-
ent from those emitted from 2006 and 2010 eruptions.
To better evaluate the range of liquid compositions
from the Merapi system, we subtracted the phenocrysts
from the bulk rock of the 2010 eruption, and obtained a
calculated groundmass that has ~58wt % SiO,, and its
major-element composition follows the linear trend be-
tween bulk rocks and the interstitial glass in Harker dia-
grams (Fig.7). The liqguid compositions lying on the
linear trends between the bulk rocks and interstitial
glass (Supplementary Data Table S6) were used in the
amphibole-liquid geothermobarometry calculations as
described in the next section.

F and CI

F concentrations in 2010 bulk rocks are below the detec-
tion limit of the applied technique (see methods), i.e. <
0.01wt %, and thus they were not considered hereafter.

F concentrations in 2006 and 2010 interstitial glass are
~700-900 ppm, within the range of data from the litera-
ture (2010 glass: 180-2640 ppm; 2006 glass: <2350 ppm;
Preece et al., 2014). F concentrations in Mls from the lit-
erature also show a broad range, i.e. 140-2390 ppm for
2010, and 40-2050 ppm for 2006 (Preece et al., 2014),
but these values do not seem to show any obvious vari-
ation trend with melt evolution (Fig. 8b).

Cl concentrations measured from 2010 bulk rocks
are 500-700 ppm, overlapping with those in 2010 ash
samples (i.e. 550-1120 ppm; Borisova et al., 2013). The
amphibole-hosted primitive Mls from unknown erup-
tions (Nadeau et al., 2013) show higher Cl contents than
2010 bulk rocks, likely reflecting different source mag-
mas as were also seen from their major element com-
positions (see above). The interstitial glass of 2006 and
2010 contain similar Cl concentrations of 1500-
1700 ppm, within the range of literature values (i.e. 900-
3550 ppm for 2010, and 1000-2920 ppm for 2006; Preece
et al., 2014), but lower than the Cl contents in Mls that
we analysed (i.e. 1820-2870 ppm), and from the litera-
ture (i.e. 2060-5130 ppm; Nadeau et al., 2013; Preece
et al., 2014). The lower abundances of Cl in the intersti-
tial glass than in Mls indicates Cl loss from our samples,
likely due to CI partitioning into vapor/fluid phase(s) at
low pressures before/during eruption (e.g. Webster
et al., 2009; Allard, 2010; Preece et al., 2014). Using the
Cl solubility model of Webster et al. (2015), we find that
the interstitial glass from the two eruptions (at 1bar)
could contain >4500 ppm Cl, meaning that the ‘missing’
portion of Cl likely went into a hydro-saline liquid (ra-
ther than a vapor), which is supported by Li enrichment
in melt inclusions that reflect possible re-equilibration
with a Li-rich brine phase (Preece et al., 2014). The Cl ex-
solution into hydro-saline liquids may occur at ~5km
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Table 3: Representative major elements concentrations (wt %) of the

bulk rocks, matrix glass and minerals, and calculated

groundmass
Data Si0, TiO, AlLO; FeO® MnO MgO CaO Na,0O K,O P,0g Total
source (anhydrous)

2006 Glass (N=5) This study 72-48 053 13.96 247 010 019 060 362 594 011 100.-00

2010 Glass (N=3) This study 6873 057 1597 310 013 037 170 377 543 023 100-00

2010 Bulk rock [1] 54.43 077 1910 830 020 256 860 371 202 032 100.-00

Minerals from 2010 rocks Si0, TiO, AlL,O; FeO® MnO MgO CaO Na,O K,O P,0g Total Modal
abundance
(in volume)

PIt [2] 5393 0-00 2883 051 000 000 1135 461 034 000 99-56 25%

Cpx [3] 51.90 036 209 883 064 1473 2083 035 001 0.00 9974 5.9%

Mgt [1] 010 928 293 7801 090 266 000 000 000 000 9388 2.0%

Opx [3] 53.87 015 075 1840 134 24.23 145 002 001 000 100-22 0.5%

Amph [1] 39-46 268 1244 12.89 0.-27 1281 1160 3:08 095 0.00 96-18 0.4%

Ap Thisstudy 020 000 000 000 000 035 5450 008 0.00 41.40 9653 0.3%

Ol [1] 3781 000 000 2597 116 34.06 012 000 0.00 0-00 99-12 <0.1%

Biot [1] 3699 522 14.36 1524 025 14.45 000 084 879 0.00 9614 <0.1%

Calc, groundmass (2010)* 58.18 057 1837 689 019 218 647 395 293 0-27 100-00 66%

*Total Fe as Fe?™.

TCompositions of minerals and bulk rocks were normalized to 100% (anhydrous) to calculate the groundmass composition (see

text).

*Calculation for the groundmass composition is described in the main text. Modal abundances of minerals were reported by [1].
Data sources: [1] Costa et al. (2013); [2] Cheng & Costa (2019); [3] Erdmann et al. (2016).

depth (Nadeau et al., 2013), or at the conduit level
where a hydrothermal system has been detected by
electrical resistivity tomography (Byrdina et al., 2017).

Given the halogen loss from the interstitial glass and
bulk rocks, we did not use their concentrations for any
calculation. Instead, we use the Ml data from our analy-
ses and from the literature, together with a fractionation
model (see below) to estimate halogen contents of the
less fractionated liquids. First, we use the Mis of 2010
reported by Preece et al. (2014) that have similar SiO,
concentrations to the interstitial glass (i.e. ~68wt %) as
the representative of the most differentiated melts,
which have on average ~2810 (= 250) ppm Cl, and
~860 (= 200) ppm F. With these values, we calculated
the halogen contents of the less differentiated melts,
using a Rayleigh fractionation model (cf. Philpotts &
Ague, 2009):

Cl=Cr " ™

where C! and C? are the concentrations of i (= F, Cl) in
the residual and the initial melts respectively, ¢ is the
mass fraction of the residual melts, and D; is the bulk
distribution coefficient of i between crystals and the

melt. D; in Eq.7 was calculated using
D; =) D™ wf (8)

where DY/™ is distribution coefficient of i between min-
eral ¢ (= Cpx, Opx, Pl, Amph, Ol, Ap; Table 4) and the
melt, and wy is the fraction of the modal abundance of
mineral ¢ out of that of all crystals.

Using D,.C/m measured from previous experiments
(Table 4), and the modal abundances of minerals in
Merapi 2010 rocks (Costa et al., 2013; Table 4), we find
Dr =~0-382 and D¢ 220-050. The ¢ value of the residual
liquid was calculated using K,O concentrations in

residual and initial liquids, where potassium is assumed
to be perfectly incompatible (Dx ~0). The calculated ¢
values are 0-38 (=0-02) for the interstitial glass, and 0-70
(+0-03) for the groundmass (Table 5). The difference (of
~0-32) between the two ¢ values should reflect the ex-
tent of microlite crystallization before the 2010 eruption,
which matches with the microlite crystallinity observed
in rocks that were emitted from same eruption stage (in
2010) as our samples (Preece et al., 2016).

Using the parameter values above and Eq.7, we
found that the ‘hypothetical’ crystal-free liquid (with
composition equivalent to the basaltic-andesitic bulk
rock) could have ~1120ppm CI, and ~470ppm F,
whereas the andesitic groundmass could have
~1600 ppm CI, and ~600 ppm F (Table 5). Moreover, we
found that the value of melt CI/F increases with melt dif-
ferentiation (e.g. from ~1-3 for the bulk rock, to ~1.7 for
the interstitial glass), because Cl is more incompatible
than F (Table 4). The CI/F in melts calculated from the
fractional model above can be compared with that
yielded by apatite to evaluate whether a liquid was in
equilibrium with a given apatite crystal (e.g. in Amph,
Cpx, Pl and groundmass).

WATER IN PYROXENE AND PARTITION
RELATION BETWEEN PYROXENES AND THE
MELT

The Cpx and Opx crystals contain ~10-280 ppm, and
~30-70 ppm H,0 respectively (by SIMS; Supplementary
Data Fig. S4; Supplementary Data Table S5). The Cpx of
2010 shows on average higher H,O concentration
(mean: ~87 ppm) than the 2006 Cpx crystals (mean:
~34 ppm). The highest H,0 in Cpx was ~280 ppm from
a glomerocryst of 2010. Using the major-element com-
positions of Cpx and Opx, we calculated the partition
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Table 4: Distribution coefficients DY/ for F and Cl between dif-
ferent minerals and the melt

Mineral w' pe/m by Data sources
Pl 0.77 0-098 0-0014 [1]

Cpx 0-18 0-114 0-011 [2]

Opx 0-015 0-056 0-02 [2]

Amph 0-012 0-635 0-378 [2]

Ol 0-003 0-0026 0-0003 [3]

Ap” 0-012 25 4 This study

Calculated bulk distribution coefficients: Dr= 0.382, D=0
-050

*Distribution coefficients calculated using the mean halogens
contents of the melt inclusions (Table 2) and of the apatite in
Cpx/Pl/Gm.

"Weight fraction of each mineral out of all crystals.

Data sources: [1] Dalou et al. (2012); [2] Dalou et al. (2014); [3]
Hauri et al. (2006).

coefficients of H,O between Cpx-melt (Dﬁfg*me") and

between Opx-melt (D,_%"C’,“me”) using Eqns. 5-6 (see

above). We find D5 ™" ~ 0.011-0-014 for the 2006
Cpx, and a wider range of D "*"of 0.011-0-024 for
2010 Cpx. The calculated D,S’ng*me” values are between

0.005 and 0-014. The calculated Dg%5 ™" and D7~ ™"
values and the concentrations of H,O in pyroxenes
determined by SIMS (see above) were used to estimate
H,0 concentrations in the melt (see below).

CALCULATIONS ON TEMPERATURES

To calculate melt H,O concentrations based on apatite-
melt volatile partitioning, i.e. Kpj?, 7" (Eqns. 1 and 2),
we need to know the temperature of apatite-melt equili-
bration. The equilibrium temperature can be con-
strained by mainly two methods: (1) calculation of
apatite saturation temperature (AST) using existing em-
pirical equation (e.g. Piccoli & Candela, 1994); and (2)
calculation of the crystallization/equilibrium Ts for min-
erals that host apatite inclusions. In this section, we re-
port the ASTs calculated for the groundmass apatite,
and the Ts for the apatite in amphibole estimated using
amphibole-liquid geothermobarometry of Putirka
(2016). The Ts for the apatite in Cpx and Pl were con-
strained by other methods, and are reported in the next
section where we summarize all the parameter values
used in calculations of melt H,O contents.

Apatite saturation temperature
The empirical equation for calculating the apatite
saturation temperature (AST; Piccoli & Candela, 1994)
. 26400CL 4800
is expressed as: AST = 50

- ! i ’
12.4Cg,~In(Cp, ) 397

where

Csio,and Cf, . are the weight fractions of SiO, and P,0s
in the melt at the temperature at which apatite started
to crystallize. We have noticed that the calculated AST
is very sensitive to the melt P,Og contents. As a result,

calculations using the wide range of P,Os concentra-
tions determined for the dacitic-rhyolitic Mls from
Merapi rocks (0-02-0-3wt %; Fig.7) would yield ASTs
that span a wide range that may be biased from the real
temperatures of apatite-melt equilibration. Considering
this, we only use the measured interstitial glass compo-
sitions (Table 3) to calculate the AST, and consider them
as rough estimates of temperatures at which the
groundmass apatite equilibrated with the melt. The AST
calculated for the groundmass apatite in 2010 and 2006
rocks are ~980°C and ~940°C, respectively. Errors in
the calculated AST are ~10°C, considering errors in the
concentrations of P,Os (7-8% relative) and SiO, (<0-4%
relative) from EPMA of the glass.

Amphibole-liquid geothermobarometric
calculations

Amphibole has been widely used for constraining the
magmatic temperatures and pressures (Hammarstrom
& Zen 1986; Hollister et al., 1987; Johnson & Rutherford
1989; Blundy & Holland 1990; Schmidt 1992; Holland &
Blundy 1994; Anderson & Smith 1995; Anderson 1996;
Ridolfi et al.,, 2010; Ridolfi & Renzulli, 2012; Putirka,
2016). Here we use the amphibole-liquid geothermobar-
ometer of Putirka (2016) and the amphibole-only geo-
thermobarometer of Ridolfi & Renzulli (2012) to
calculate temperatures and pressures (Table6).
Calculation with the amphibole-only method is straight-
forward, whereas that with the amphibole-liquid geo-
thermobarometry requires compositions of the melt that
equilibrated with amphibole to be known. The
amphibole-melt equilibrium can be tested using a par-
ameter that varies little at different P-T-X conditions,
however we noticed that the parameter proposed by
Putirka (2016), i.e. Kpﬁi‘;\'},;me”, varies in a wide range
from 0-16 to 0-38. Considering this, we have used an-
other test parameter, i.e. Kpa™s ™", which was pro-

posed to be less varied with T (Sisson & Grove, 1993).

To determine the values of Kpa™% ™" at a wide range

of P-T-X conditions, we have performed a least-squares
regression on the experimental data reported in Sisson
& Grove (1993) and from other studies (Scaillet & Evans,
1999; Pichavant et al, 2002; Grove et al., 2003;
Rutherford & Devine, 2003; Costa et al., 2004; Sato et al.,
2004). The calculated Kpar™" is equal to 0-96
(+=0-04) (Supplementary Data Fig. S5), and was used to
test the amphibole-melt equilibrium as shown below.
Using Ko™ "= 0.96, we find that the 2006 and
2010 amphiboles with molar Al/Si = 0-34-0-39 should
be in equilibrium with melts that have molar Al/Si =
0-35-0-41 (Table 6). Based on the linear correlation be-
tween Al/Si and SiO, of bulk rocks, melt inclusions and
glass, the melt in equilibrium with amphibole should
have ~54-59 (+2) wt % SiO,, within the compositional
range between bulk rocks and the groundmass, and
less silicic than Mls (Fig.9b; Table 2). Liquid composi-
tions were determined from the SiO, values above and
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Table 5: F and Cl concentrations of the melt calculated using a Rayleigh fractionation model

Melt K20 (wt %) ¢ " (calc) F (ppm) Cl (ppm) mole CI/F
Differentiated melt' 5.38+0-21° 0-36-0-40 860 (200) 2810 (+250) 1.8 (x0-3)
Bulk rock 2.04 +0-02 1 480 (+170) 1120 (+100) 1.3(+0-3)
Groundmass (calc)* 2.7-3-1 0-68-0-72 600 (+210) 1580 (=140) 1.4 (+0-3)
Mls in Cpx (mean) 48501 0-41-0-43 810 (+280) 2570 (+230) 1.7 (=0:3)

*Fraction of differentiated liquid (¢) calculated using Eq. 7 and the K,O concentration in the melt, assuming ¢ =1 for bulk rock.

TK,0 concentration of the interstitial glass and halogens are the median F and Cl contents in glass inclusions.
(Preece et al., 2014) with equivalent SiO, to the interstitial glass of the 2010 rocks.

*Calculated from mass balance (Table 3).

$Values in bold from measurements, whereas the rest calculated from the Rayleigh fractionation model.
fcalculated using Eq. 7 and the mean of Cl concentration in glass inclusions (Table 2).
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Fig. 8. Melt SiO, contents vs (a) Cl, (b) F, and (c) CI/F of the melt (symbols same as in Fig.7). The interstitial glass of 2006 and 2010 (trian-
gles) have lower F and Cl concentrations than most melt inclusions, indicating some extent of Cl loss from the glass. We take the mean
halogen contents measured for dacitic-rhyolitic Mls (grey circles) as the felsic endmember, and use these values and a Rayleigh fraction-
ation model (see text) to calculate halogen contents of the phenocryst-free primitive melt (grey squares) and the groundmass (grey
stars). The melt CI/F values increase with fractional crystallization (panel c), because Cl is more incompatible than F (Table 5).

mass-balance calculations (Supplementary Data Table
S6). Using the most precise equations among those
suggested by Putirka (2016) (Eqns. 4a and 4b for T, and
Eq.7a for P), we find 950-1000°C, 580-850 MPa from
2010 amphibole, and 960-980°C, 560-590 MPa from
2006 amphibole (Table6). These P-T estimates were
calculated using 5wt % H,0 in melt, and we notice that
the value of melt H,O has negligible effect on T, but
larger effect on P (e.g. the T and P calculated using
6wt% H,O are higher of ~3°C, and 40-100 MPa than
those reported above). Compared to P-T estimates
above, calculations using the amphibole-only thermo-
barometry of Ridolfi & Renzulli (2012) show similar Ts

(~ 950-1020 °C) but lower Ps (~340-510 MPa) (Table 6).
Here we have taken the mean values of Ts yielded by
the two methods in the calculation of Kps for the apatite
in amphibole.

PARAMETER VALUES USED FOR ESTIMATION
OF MELT WATER CONTENTS

Parameter values needed for calculating the exchange
coefficients Kph, 7" (Egs. 1 and 2) and melt water con-
tents are: (1) apatite volatile composition (determined
by SIMS), (2) melt Cl and/or F concentrations (calculated

above with a Rayleigh fractionation model), and (3)
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Table 6: Representative amphibole compositions determined by EPMA, and calculated temperatures and pressures

Eruption deposits 2010 2006

Sample Label 10111123, Amph4 1011211A, Amph1 061506L_1, Amph5
Concentration (wt %) Max® Min® Max Min Max Min
SiO, 40-79 40-23 38-86 38-60 40-40 40-55
TiO, 242 2.22 268 266 2.58 2.53
Al,O3 11-90 1313 1273 1295 12-00 12-08
FeO" 12.95 13-45 12-69 12.87 10-98 10-95
MnO 0-23 0-22 0-25 0-26 0-22 0-25
MgO 12.65 12-8 12.82 1263 13-41 13-02
Ca0 11.75 11-62 11-63 11-80 11-43 11-32
Na,O 2.35 237 341 339 228 2.35
K50 1.03 1.02 0-84 0-92 0-95 0-96
F 0-19 0-06 013 0-15 0-02 0-10
Cl 0-04 0-01 0-03 0-03 0-02 0-03
Calc H,0" 1.77 1-85 1.79 1.78 1-.84 179
Sum (hydrous) 98-07 98-98 97-85 98-05 96-14 95.93
Mg# 64 63 64 64 69 68
Mole Al/Si 0-34 0-38 0-39 0-39 0-35 0-35
Mole OH/CI 179 562 241 233 362 272
Amphibole-liquid thermobarometry using equations from Putirka (2016) and the Al-Si equilibria

Mole Al/Si 0-36 0-40 0-41 0-40 0-36 0-37
Melt SiO, (wt %)" 59 56 55 55 59 59
Kp(Fe-Mg)* 0-31 0-33 0-31 0-31 0-26 0-26
T(°C) (Eq. 4a) 953 963 1001 1004 962 965
T(°C) (Eq. 4b) 954 965 977 976 981 980
P(MPa) (Eq.7a) 580 720 840 850 560 590
P(MPa) (Eq.7b) 366 462 470 466 380 390
Amphibole-only thermobarometry using equations from Ridolfi & Renzulli (2012)

T(°C) (Eq.2) 945 957 1013 1012 963 961
P(MPa) (Eq. 1b) 340 439 418 432 391 403
P (MPa) (Eq. 1c) 408 484 493 505 444 449
Mean values of Pand T (calculated using equations of Putirka, 2016) and their variations

T(°C) (Eqgns. 4a, 4b) 959 (= 6) 990 (= 15) 972 (= 10)
P(MPa) (Eq.7a) 650 (= 70) 845 (* 5) 575 (+ 15)
OH-CI partition between Amph-melt (following Humphreys et al., 2009)

Kp(CI-OH) 0-281 0-290 0-220 0-224 0-240 0-244
Melt OH/CI 50 163 53 52 87 67

*Total Fe as FeZ*.

Calculated melt SiO, concentration (relative error: ~ 4%) based on mole Al/Si in Amph, and Kp(Al-Si) =0.96 (Supplementary Data

Fig. S5).

*Equilibrium test parameter proposed by Putirka (2016): Kp(Fe-Mg) = 0-28 = 0-11.

$Min & Max refer to the SiO, concentrations of the melts in equilibria with amphibole.

SErrors in Ts and Ps calculated using the equations of Putirka (2016) are ~20-30 °C, and ~100-150 MPa, respectively.
*Calculated based on amphibole stoichiometry, following Ridolfi et al. (2010).

temperature. Given that apatite crystals appearing at
different textural positions have distinct compositions
of F-CI-OH-C and Ce, they may have grown from melts
that have different halogen contents and temperatures.
Thus, we have used different values of parameters (2)
and (3) in our calculations on apatite at different textural
positions (summarized in Table 7).

Errors in parameter values were propagated to the cal-
culated melt volatile contents (cf. Li & Costa, 2020; Li,
2019), including analytical errors in apatite volatile meas-

urements (by SIMS), variations in melt halogen contents,

and uncertainties in the formulation for KpZ 77" and

Kook e The uncertainty in the two formulations for Kps
(30-50% relative; Li & Costa, 2020) contribute the largest
error to the results, much larger than those induced by var-
iations in melt Cl contents (~9%, relative; Table5), and by

a change in T of <50 °C. Given that melt water contents

can be calculated using either Kpfr, 27" (with melt Cl) or

Kogb T (with melt F), and the smaller error in

Ko'op 2" (30-40 %, relative) than Kpfp 7" (40-50%, rela-

tive) (Li & Costa, 2020), we have mainly used Kp%?, 7" to

calculate melt H,O contents, and later to calculate melt
CO, contents. Eventually the relative error in the calculated

melt volatile contents are ~36-45% for H,O, and ~38-45%

for CO,, considering uncertainties in Kof,fé'_nggz (~13%

relative; Riker et al.,, 2018) and analyses of CO, in apatite.
All the errors are reported in Table 7. It should be noted

here that the Kp/ "%, value used in our calculations was

determined from experiments at a temperature (1250 °C;
Riker et al., 2018) higher than those of Merapi melts, and
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Fig. 9. (a) Molar Al/Si in amphibole (measured), plotted versus molar Al/Si calculated for the equilibrium melt using Kp)"s; =
0-96 (shown as the line slope); and (b) SiO, concentration vs molar Al/Si determined by EPMA analysis of the bulk rocks (WR), inter-
stitial glass (GL), melt inclusions (MI), and calculated for the groundmass (GM) (see symbols and data sources in Fig. 7). The amphi-
bole equilibrated with melts that have ~54-59 (£2) wt % SiO,, i.e. less evolved than the Cpx-hosted Mls.

the relationship between KDf,f{;ngz and T has yet to be

determined. If there is a positive correlation between
KoiroTes, and T, then the melt CO, contents calculated
from this study would represent the highest values. Below
we describe the parameter values used for calculations on
the apatite in amphibole, clinopyroxene, plagioclase and
groundmass (summarized in Table 7).

Apatite inclusions in amphibole

We have shown that the amphibole cores were in equi-
librium with a liquid of ~59 (+2) wt % SiO, (equivalent
to that in groundmass) at ~972°C for 2006, and ~54-
59wt % SiO, at 959-990°C for 2010 (Table 6). Errors in
these T estimates are ~25 °C. These liquids should con-
tain ~1120-1580 ppm Cl and 470-590 ppm F, as calcu-
lated from the Rayleigh fractionation model above
(Table 5). These values were used in calculations on the
amphibole-hosted apatite (Table 7).

Apatite inclusions in clinopyroxene

For calculations on the apatite in Cpx, we use the T
inferred from the host Cpx, and halogen concentrations
measured for glass inclusions. Here we only consider
the low-Al Cpx that contains apatite inclusions, whereas
the high-Al Cpx that grew from the deep reservoir is dis-
cussed below. Using Cpx-liquid thermometry of Putirka
(2008, Eqg. 33), and the composition of Cpx (near apatite
inclusions) and Cpx-hosted Mls, we find Ts between
960-970 (+50)°C assuming 2wt % H,0 in the melt, and
970-980 (*50) °C assuming 1wt % H,O in the melt.
These values are lower than the low-Al Cpx crystalliza-
tion T (~1000°C) inferred from MELTS modelling (Costa
et al., 2013), and the Cpx-bulk rock equilibration T
(1025-1058, =50 °C) calculated by Preece et al. (2014)
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Fig. 10. Mole OH/CI and OH/F of the melts that equilibrated
with apatite (Table 7). Line slopes equal to the melt CI/F values.
Melt OH/CI and OH/F calculated using the apatite in Amph are
higher than those calculated using the apatite in Cpx, Pl and
Gm. Melt OH/CI values calculated from the Amph (marked on
top; Table 6) and from their apatite inclusions show an overlap-
ping range. Error bars show *1s.d. of OH/F and OH/CI calcu-
lated for the melts.

using the Cpx-liquid thermometry of Putirka et al.
(2003). The low-Al Cpx that contains apatite inclusions
from this study (Wo = 41-48; Supplementary Data Table
S5) has compositions within the range of those formed
from phase equilibria experiments at 950-1000°C, down
to ~925 °C (Erdmann et al., 2016). Considering the vari-
ous thermometry results described above and the ex-
perimental constraints of Erdmann et al. (2016), we
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Fig. 11. H,0 vs CO, concentrations of the melt calculated using apatite (panel b as zoomed-in view of the grey dashed area in panel
a). The melt in equilibrium with apatite in Cpx, Pl and Gm show similar abundances of H,O and CO, with the Cpx-hosted glass
inclusions from the literature (2010, red cross; 2006, blue cross; Preece et al., 2014), but much less CO, than the melt in equilibrium
with the apatite inclusions in Amph. Isobars and isopleths (showing a given mole fraction of CO, in fluids) were calculated using
the H,0-CO, solubility model of Papale et al. (2006). Degassing paths were modelled using initial volatile concentrations calculated
from the apatite inclusions in Amph (#1, #2) for closed-system (‘closed’, solid lines) and open-system (‘open’, dashed line). Error

bars show =1 s.d. of the melt H,O and CO, estimates (Table 7).

used T~970°C to calculate the Kppr, ™" for the apatite
in Cpx. Variations in T should be <50 °C which would
only cause small changes in the calculated Kpsr 7"
and melt H,0 contents of <30-40% relative (see above).
For the melt halogen contents, we use ~2570 (+210)
ppm CI (i.e. the average concentration in Cpx-hosted
Mis), and ~810 (+280) ppm F (calculated from the

Rayleigh fractionation model above).

Apatite inclusions in plagioclase

We have only analysed three apatite inclusions in two
plagioclase phenocrysts. The crystal that hosts two apa-
tite inclusions (i.e. ‘P11, Ap1" and ‘PI1, Ap2’ in Table 1) is
An;,, whereas the other one (i.e. ‘PI3’ in Table1) is
Ansz g7. Given the An values of plagioclase formed by
phase equilibria experiments (Erdmann etal, 2016), i.e.
An5o at 950-1000°C and Angg at 925-950°C, we use the
mean T of 975°C for the apatite in ‘PI1" (of Any), and
950°C for the other crystal in ‘PI3’" (of Anss_g7).
Considering the similarity in T between the high-An
‘PI1" and the low-Al Cpx shown above, it is likely that
the melts from which they grew have similar abundan-
ces of halogens, thus we use ~2570ppm Cl| and
~810ppm F in our calculation. For the apatite in ‘PI3’
that grew at lower T (~950°C) from possibly more
evolved melts, we use higher melt halogen contents
(~2810ppm CI, ~860ppm F) that are equivalent to
those used in the calculation for the groundmass apa-
tite reported below. The apatite in plagioclase were
only used to calculate the melt H,O contents but not

melt CO,, given a lack of data for CO, concentrations in
these crystals (Table 1).

Groundmass apatite

The core of the groundmass apatite that we analysed
likely equilibrated with liquids that are compositionally
equivalent to, or less evolved than the interstitial glass.
Here we take the lower value of AST calculated from
the 2006 glass, i.e. 940 (=10) °C, and the mean concen-
trations determined for the dacitic-rhyolitic Mls from
Merapi rocks (~2810 ppm Cl, ~860 ppm F) to calculate
the melt H,O0-CO, contents. Considering the crystalliza-
tion and halogen evolution in the melt with fraction-
ation, the melt in equilibrium with the cores of these
crystals in the groundmass could be actually hotter and
contain less halogen compared to the interstitial glass.
Therefore, calculations using the parameter values
above likely give us the highest values of H,O-CO, con-
centrations in the melt that equilibrated with the
groundmass apatite.

CALCULATED MELT VOLATILE COMPOSITION

Calculated exchange coefficients (Kp), and melt
OH/CI and OH/F values

Using the determined apatite compositions and temper-
atures, we calculated the exchange coefficients (Kp) for
OH-F and OH-CI (Table 7). We found that the melt in
equilibrium with apatite in Amph have mole fraction

. Xmelr Xme/t Xmelt
ratios of o ~ 65-108, % ~ 77-116, and ﬁ ~ 11-
cl
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1-4. In contrast, the melt in equilibrium with the rest of
apatite crystals (in Cpx Pl, groundmass) have lower

Sk (~20-36) and Jdx (~38-76), but higher 5 ¢ (16

2.1) (Table 7; Fig.10). Comparison of melt CI/F values
calculated from apatite with those calculated from the
Rayleigh fractionation model (Table5) shows that the
apatite in Amph equilibrated with basaltic—andesitic to
andesitic melts, whereas apatite in Cpx/Pl/Gm equili-
brated with more evolved melts varying from dacitic to

rhyolitic. In addition, melt OH/CI values (o ) calculated

Xme/t
using the exchange coefficient for OH-CI between
amphibole and melts (Eqg.4; Humphreys et al., 2009)
show a wide range between 50 and 163 (Table 6), which
includes the values calculated from the apatite included
in Amph (Fig. 10). The good match of melt CI/F and OH/
Cl values calculated using the multiple methods above
indicates that the parameter values used in calculations
on apatite are reasonable.

Calculated melt H,O and CO, concentrations
The 2006 and 2010 melts that equilibrated with the apa-
tite in anhydrous minerals/groundmass show a similar
range of H,0-CO, concentrations, i.e. 1.5 (+0-5) to 4
(=1) wt % H,0, and ~60 to 2500 ppm CO, (Fig. 11; Table
7). These estimates are within the range of concentra-
tions measured from Mis (0-2-4 wt % H,0, 10-3000 ppm
CO.,) by Preece et al. (2014).

In addition, we have estimated the melt H,O concen-
trations using H,O concentrations measured from Cpx
and Opx, and the corresponding partitioning coefficients

for H,0 (D75 ™" and D% ™" in Eqns. 5 and 6). We
find that, except for the Cpx in a glomerocryst that
reflects ~2-5wt % H,0 in the melt, the rest of Cpx phe-
nocrysts reflect low H,O concentrations of ~0-1-0-7 wt
% in the melt, and the Opx phenocrysts reflect ~0-5—
1-0wt % H,O in the melt (Fig. 12a; Supplementary Data
Table S5). The much lower melt H,O contents calculated
from Cpx phenocrysts than from their apatite inclusions
(1-9-2-8 wt %; Fig. 12b) can be explained by diffusive H
loss from the Cpx, which could occur during magma as-
cent (Wade et al. 2008). H diffuses more than 3 orders of
magnitude faster in Cpx (Hercule and Ingrin, 1999) than
OH diffusion in apatite at the relevant T of Merapi mag-
mas (Li et al., 2020). This highlights that apatite can bet-
ter record H,O concentrations in the melt compared to
Cpx, especially when the samples have experienced
slow cooling near the Earth’s surface. Using melt H,O-
CO, concentrations calculated from apatite in Cpx and in
groundmass, and the solubility model of Papale et al.
(2006), we find H,0-CO, saturation pressures between
20-410 MPa, mostly <100 MPa (Fig. 11b).

We found that the melt in equilibrium with apatite
included in 2006 Amph had ~8wt % H,0, whereas melt
those included in 2010 Amph contains about 3-8 wt %
H,0, and about 8000 to 27 000 ppm CO, (Table 7). Using
the solubility model of Papale et al. (2006), we find H,O—-
CO, saturation pressures of >800MPa for these high
volatile melts (Fig. 11a). We have used these results and
models (#1 and #2 in Fig. 11a) to compute the open- and
closed- system degassing paths, but none of the paths
fits perfectly with our data. Here we cannot determine
CO, concentration in the 2006 melt with ~8wt % H,0,
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due to a lack of data for CO, concentration in the apatite
inclusion in the 2006 Amph. Nevertheless, if the melt in
equilibrium with the 2006 Amph contains the same or
higher CO, than the melt in equilibrium with ground-
mass apatite, i.e. >2500 ppm, the H,O0-CO, saturation
pressure of the deep melt of 2006 would be >530 MPa.
Comparison of pressures calculated from the apatite in
amphibole and the amphibole barometry are described
in the following section.

Calculated melt S concentrations

Sulfur (S) concentrations in the melt were calculated
using the distribution coefficient for S between apatite
and melt, i.e. Dg*~ ™" = s’

— cmeltr
Cs

Ap melt
where ¢g” and ¢ repre-

sent the concentration of S in apatite and in the melt re-
spectively. The Dép*me” determined from previous
experiments varies with varying apatite S concentra-
tion, melt composition, and oxygen fugacity (fO,) (Peng
et al., 1997; Parat & Holtz, 2004, 2005; Konecke et al.,
2019). For magmas in the shallow reservoir or in the
conduit of Merapi with log(fO,) of ~NNO + 1 (Erdmann
et al., 2016), the S®*/total S in apatite (in Cpx/Pl/ground-
mass) should be ~95% (Konecke et al., 2019). For the
deeper magmas (above 400MPa) with log(fO,;) of
FMQ+2-2 to +0-6 (Gertisser, 2001), the S®'/total S in
apatite (in Amph) may vary from 95% down to ~70%
(Konecke et al., 2019). Considering this and different
compositions of the melt that equilibrated with the S-
rich apatite in Amph and the S-poor apatite in Cpx/Pl/
Groundmass, we have used different equations to cal-
culate D4P~™" as shown below.

For the apatite with >1500 ppm S included in Amph,
we have used the equation for D5°~"°" (S as S®*) deter-
mined for trachyandesite (Peng et al, 1997):
InDgP~me" = 21130 _ 162 (T in kelvins). Using T=950-
1000°C calculated from amphibole-liquid thermometry
(Table6), we find Dg” ™"~ 2-3, comparable to that
determined for basalt at 1000 °C and oxidized condi-
tions (Konecke et al., 2019). The calculated melt S con-
tents are about 670 ppm for 2006, and 340-2000 ppm for
2010 (Table 7; relative error: 7-16%). The highest melt S
estimate (~2000ppm) was yielded by the crystal in
2010 Amph that has the highest concentrations of S and
CO,, which reflects saturation pressure of >800 MPa.
We have noticed that the melt H,O/S concentrations cal-
culated from the apatite in Amph show a wide range
(Fig. 13). This could be related to the kinetic processes
involved in the incorporation of S into these crystals,
and/or the co-existence of multiple valences of S (e.g.
S**, 8%) in apatite below ~FMQ+ 1.2 (Konecke et al.,
2019). More accurate estimation of S concentrations in
the deep and reduced magmas requires direct measure-
ments of the abundances of S®' and the S of other
valences in the natural apatite.

For the S-poor apatite in Cpx, Pl, and the ground-
mass that contains S as mostly S (see above), we

used the equation for D3P~ (S as S®*) of Parat and

Holtz  (2005):  In(Dg" ™") = —0.0025x cg°"
(in ppm) + 2.9178. To solve this equation, we combined

Ap
it with DSAP*’"E" = c"nfe,,, and obtained:
S

cs”(in ppm) = exp (—0.0025 x celt | 2.9178) x celt
(9)

To solve Eq.9 using the values of cép determined
from SIMS, we have inputted a series of guessed cZ®"t
values until the left- and right-hand sides of Eq.9 be-
come equivalent. We find that the melt of 2006 and
2010 in equilibrium with these crystals (i.e. apatite in
Cpx, Pl, and Gm) have a similar concentration range of
S between 10 and 130ppm (using D§” "~ 12-18;
Table 7). These values partly overlap with those deter-
mined from Cpx-hosted Mls from this study (~18-
530 ppm; Table2) and in the literature (~5-760ppm;
Costa et al., 2013; Nadeau et al., 2013; Preece et al.,
2014).

DISCUSSION

A critical appraisal of magma storage depths and
the multi-reservoir plumbing system at Merapi
Constraining the architecture of volcanic plumbing sys-
tems helps to understand the eruption dynamics and in-
terpret the monitoring data for eruption forecasting
(Blundy & Cashman, 2008; Cashman & Sparks, 2013;
Bachmann & Huber, 2016; Sparks & Cashman, 2017).
Despite its importance, most petrological, geophysical
and geodesic methods face the problem of imprecise
determination of the magma storage locations. For ex-
ample, seismic tomography is rarely capable of identi-
fying small magma bodies (e.g. <5km3; Lowenstern
et al., 2017), nor distinguishing a bulk mush containing
a small fraction of melt in its pore space from several
isolated melt lenses in a rock matrix (Magee et al., 2018;
Maclennan, 2019). A simple spherical cavity ‘Mogi
source’ is commonly used in deformation modelling
(Segall, 2010), but this is over-simplified for a plumbing
system made up of multiple reservoirs at various
depths (Amoruso & Crescentini, 2009; Segall, 2019).
Mineral-based geobarometers (Putirka, 2008) usually
give pressure-depth estimates with large errors (e.g. =
5-10km; Preece et al., 2014): the mineral-only geobar-
ometry is not very P-sensitive especially at pressures
<5 GPa, due to the small changes in the partial molar
volumes of solid solutions (Putirka, 2008). Moreover,
mineral-melt geobarometry requires crystal-melt equi-
librium, but this is difficult to test and is not achieved in
many cases (e.g. for the Unzen 1991-1995 eruptions;
Nakada & Motomura, 1999). More complexities arise
when the investigated rocks consist of mixed crystal
populations (such as from Merapi; e.g. Chadwick et al.,
2013; Costa et al., 2013; Erdmann et al., 2016), and/or
the crystals are chemically-zoned as was commonly
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observed in the rocks from the intermediate-felsic mag-
matic systems (Pichavant et al, 2007). Magmatic
volatile-saturation pressures constrained from analyses
of MIs need to be free of the re-equilibration and/or
post-entrapment crystallization (Qin et al, 1992;
Danyushevsky et al. 2000; Gaetani & Watson 2000;
Cottrell et al. 2002; Portnyagin et al., 2008; Lloyd et al.,
2013). Given the limitations of the existing techniques,
our knowledge of the plumbing systems of most volca-
noes focuses on the shallow parts in the mid-upper
crust, leaving the deeper structure in a rather blurred
image (Cashman et al., 2017; Edmonds et al., 2019).
Steele-Maclnnis (2019) has proposed that the generally
lower H,0 contents in Mls (mostly <6wt %) than those
determined for primitive melts from phase equilibrium
experiments (up to >15wt %) indicate that Mls are in-
capable of preserving water contents of the relatively
wet and primitive melt, due to the difficulty of
quenching.

The plumbing system of Merapi volcano has been
studied using a variety of methods, and was proposed
to contain multiple magma reservoirs at depths be-
tween 1km and 45km (Beauducel & Cornet, 1999;
Ratdomopurbo & Poupinet, 2000; Gertisser, 2001;
Chadwick et al., 2007; Chadwick et al., 2013; Costa et al.,
2013; Preece et al., 2014; Erdmann et al, 2016;
Widiyantoro et al., 2018), with low-velocity anomaly

almost through the whole crust observed at Merapi and
other volcanoes in central Java (Wagner et al., 2007;
Koulakov et al., 2009). In the following paragraphs we
review the literature data and compare them with our
results calculated from apatite (Fig. 14). For easy com-
parison of depths proposed by different studies, we
have converted pressure estimates from the literature
into depths (assuming 0 at the summit crater), using the
average crustal densities from Widiyantoro et al. (2018),
i.e. 2242 kg/m3 at <10km depth (Tiede et al., 2005) and
2900 kg/m? at >10 km depth (Rudnick & Fountain, 1995).

Volcano monitoring studies (e.g. seismic and de-
formation data) have suggested the presence of shal-
low magma reservoirs at 1-9km depth: (from shallow
to deep) ~0-8-1-8km from gravity anomalies (Saepuloh
et al., 2010), 1-5-2-56 km from seismic and deformation
studies (Ratdomopurbo & Poupinet, 2000; Budi-
Santoso et al., 2013; Saepuloh et al., 2013; Aisyah et al.,
2018), and ~8-5 km from the GPS and tiltmeter data dur-
ing the quiescence (Beauducel & Cornet, 1999) (Fig. 14).
These depths are covered by the range of magmatic
volatile-saturation depths (1-12km) from petrological
studies on melt inclusions (Nadeau et al., 2013; Preece
et al., 2014), and overlap with the clinopyroxene/plagio-
clase crystallization depths (4-5-12km) found from
phase equilibrium experiments (Erdmann et al., 2016).
The shallowest magma storage zone within the volcano
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librium experiments; MI, melt inclusions (hosted by clinopyroxene, or amphibole megacrysts); Cpx-liq, clinopyroxene-liquid
barometer of Putirka (2008) calculated using Eq. 32¢c (see symbol used for 9#2 in figure); Cpx-only, clinopyroxene-only barometer of
Nimis (1999) (see symbol used for 10 in figure), and that of Putirka (2008) using Eq. 32b where melt H,0 is considered (see symbol
used for 9#1 in figure); Amph-only, amphibole-only barometer of Ridolfi et al. (2010) on megacrysts, and of Ridolfi & Renzulli (2012)
on phenocrysts; Amph-liq, amphibole-liquid barometer of Putirka (2016); Pl-lig, plagioclase-liquid hggrometer of Waters and Lange
(2015) on plagioclase microlites. Data sources: 'Saepuloh et al. (2010); 2Budi-santoso et al. (2013); *Aisyah et al. (2018); “Saepuloh
et al. (2013); ®Beauducel and Cornet (1999); 6Widiyantoro et al. (2018); "Erdmann et al. (2016); ENadeau et al. (2013); °Preece et al.
(2014); "°Chadwick et al. (2013); ""Erdmann et al. (2014); "*Costa et al. (2013); "*Preece et al. (2016); *Peters et al. (2017); *Deegan
et al. (2016).

edifice detected by geoelectric sounding and seismic 2016), and also shallower depths of ~7-13km (Preece
investigations was also interpreted as layers of saline et al., 2014). The clinopyroxene-liquid geobarometry of
fluids, rather than melts (e.g. Wegler and Liihr, 2001; Putirka (2008; Eq. 32c) applied to samples from the 2006
Miuller & Haak, 2004; Luehr et al., 2013; Widiyantoro and 2010 eruptions indicated depths of ~4-16km (with
etal., 2018). one value up to ~20 km from Cpx in 2010 white pumice;
Geobarometric calculations using clinopyroxene and Preece et al., 2014). Calculations using the amphibole-
amphibole suggest a wider range of depths, from the only barometers (Ridolfi & Renzulli, 2010; Ridolfi et al.,
upper to the lower crust, including 1-15km (Nadeau 2012) and amphibole phenocrysts of 2006 and 2010
et al., 2013; Preece et al., 2014), ~11-23km (Deegan indicated depths of ~13 (*2) km and ~30 (*2) km
et al., 2016), ~20-30km (Costa et al., 2013; Nadeau (Erdmann et al., 2014; Costa et al., 2013), whereas
et al.,, 2013; Peters et al., 2017), and up to ~45km amphibole megacrysts from historical eruptions give
(Chadwick et al., 2013) (Fig. 14). The clinopyroxene-only depths of about 20-30km (Nadeau et al., 2013; Peters
geobarometry of Nimis (1999) applied to samples from et al., 2017). The geobarometry calculations mentioned
the 1994 and 1998 eruptions gave the widest range of above (especially those based on mineral composition
depths (2-45km; Chadwick et al, 2013). The only) have large uncertainties which could translate to
clinopyroxene-only geobarometry of Putirka (2008; errors in depths of 5-10 km (cf. Preece et al., 2014).
Eq.32b) applied to the 2006 samples indicated depths To be able to reliably use the crystal-liquid geobar-
of 11-23km (concentrating at ~18km; Deegan et al., ometry it is important, and yet difficult, to know the
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Fig. 15. Results of simulations on the probability of recording
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by the number of apatite crystals (N=27) used for estimating
depths in this study. If the three reservoirs are approximately
the same size, the probability of sampling all the three reser-
voirs by 27 crystals is close to 1 (inset a); if the size of the inter-
mediate reservoir is 10 x smaller than the other two, the
probability of sampling it would drop to ~0-5 (see example of
missing the intermediate reservoir in inset b). Dark grey bars in
insets show ‘original’ distributions of depths (assumed as nor-
mal distributions). Empty bars with red edges show depths
recorded by sampled crystals (mean values: red dashed lines).
See interpretations in the main text and methods in
Supplementary Data Electronic Appendix.

composition of the melt that equilibrated with the
erupted crystals. This is especially difficult when study-
ing open-system volcanoes like Merapi, where the
erupted rocks consist of multiple crystal populations
originating from different magma sources (e.g.
Gertisser & Keller, 2003; Chadwick et al., 2013; Costa
et al., 2013; Preece et al., 2014; Erdmann et al., 2016).
Thus, significant uncertainty remains on whether the
geobarometric results above record the real pressure-
depths for magma crystallization and storage. More
specifically, it is unclear whether such wide range of
depths reflect widespread distribution of melts below
Merapi, or are an artefact of limited and partial melt-
crystal equilibrium of the compositions used. Seismic
tomography images (Widiyantoro et al., 2018) suggest
two magma storage zones at ~10-20 km and >25km re-
spectively (Fig.14). However, given the significant
uncertainties in depths (£5km, according to the size of
grid nodes used in the inversion model of Widiyantoro
et al., 2018), it is unclear whether the magma storage
depths of 10-20km are real, and whether this magma
storage zone is isolated or interconnected with other
magma reservoir(s) at shallower/deeper locations.

Our calculations using apatite volatile compositions
indicate depths of 2-7 (£1-2) km (with an outlier at
~14km) where apatite in Cpx grew (N= 15), mostly 2—
9km (up to 17 km; = 2-3km) where apatite microphe-
nocrysts/microlites grew (N= 10), and >30km where
apatite inclusions in 2010 Amph grew (N=2; Fig. 14).
Using Cpx-liquid geobarometry of Putirka (2008; Eq. 32
c), we find depths of <10km from the low-Al Cpx (with
apatite included) that cover the range of depths calcu-
lated from apatite in Cpx, and larger depths (~24-
30km, =5km) from the 2010 high-Al Cpx (with no apa-
tite inclusion), overlapping with those calculated using
amphibole-liquid barometry of Putirka (2016; Eq.7a), i.e.

~22-32km (+=3-5km). As comparison, pressure-depths
calculated using the amphibole-only barometry of
Ridolfi & Renzulli (2012) show generally lower values
(Table 6; Fig. 14), and were not taken into consideration
due to larger uncertainties. The shallow magma storage
depths at 1-10km are recorded by the majority of apa-
tite crystals in Cpx and in groundmass, and agree with
depths (<5km) obtained by multiple geophysical, geo-
detic, and seismic tomography studies (Saepuloh et al.,
2010; Ratdomopurbo & Poupinet, 2000; Budi-Santoso
et al., 2013; Saepuloh et al., 2013; Aisyah et al., 2018),
overlap with those revealed by Mls (1-12km; Preece
et al., 2014), phase equilibrium experiments (4-5-12 km;
Erdmann etal., 2016), as well as GPS and tilt observa-
tions (~8-5 km; Beauducel & Cornet, 1999). The majority
of depths calculated for the deep reservoir from this
study, i.e. from ~25 (*=5) to >30 km, were also proposed
by previous seismic tomography studies (Widiyantoro
et al., 2018), and overlap with geobarometric calcula-
tions on amphibole megacrysts from older eruption
deposits (Nadeau et al., 2013; Peters et al., 2017).

Only three apatite crystals in the groundmass (out of 27
crystals that we analysed) indicate discrete magma depths
between 13-17 km, reflecting that the reservoir in the mid-
crust (as suggested by some studies mentioned above) was
not significantly involved in the 2006 and 2010 eruptions. A
question that may arise here is whether the apatite sample
size we have used (N=27) provides a biased view of
magma reservoir depths, i.e. whether the limited number of
crystals may have missed the record of any major reservoir.
To investigate this, we performed simple numerical simula-
tions on the probability of sampling the various apatite pop-
ulations from three potential magma storage zones at about
3 (*+2), 15 (+=2) and 30 (£2) km depths (see examples in
Fig. 15 and Supplementary Data Fig. S6). By randomly sam-
pling 27 crystals out of a much larger crystal population for
many times, we have obtained the probability that the
sampled crystals reflect the mean depths of the three reser-
voirs (see Supplementary Data Fig. S7). We find that if the
intermediate reservoir is of similar size to the other two res-
ervoirs, there is a probability of ~0-995 that the sampled 27
crystals would show all the three major distributions at the
expected depths (Fig. 15a). But if the intermediate reservoir
is much smaller than the other two (e.g. ~10 times), the
probability significantly decreases (e.g. to ~0-5; Fig. 15b).
Results from these simulations indicate that the number of
crystals that we have studied are, in principle, statistically
representative of the major magma storage zones (at two
distinct depths) related to the 2006 and 2010 eruptions at
Merapi. Given that apatite can crystallise from silicate melts
over a wide range of P-T conditions through the crust (e.g.
Webster & Piccoli, 2015; Li & Costa, 2020), the fact that no
intermediate reservoir was recorded by our samples is un-
likely due to a lack of apatite crystallization in the mid crust.
Instead, this can be explained if the intermediate reservoir is
much smaller and/or it contributed much smaller volumes
of magmas to the 2006 and 2010 eruptions, compared to
the shallower and deeper reservoirs.
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Fig. 16. Sketch for the plumbing system of Merapi, showing two major magma reservoirs at depths <10km and >25-30km re-
spectively. Compared to the dome-forming eruption in 2006, the more explosive eruption in 2010 was likely caused by larger vol-
umes of magma-volatile fluxes originating from depth, which increased the buoyancy of the shallower magmas, and thus led to

faster magma ascent and larger explosivity in 2010.

In summary, we suggest that there are two major
magma reservoirs that fed the 2006 and 2010 eruptions:
one at <10km below the summit crater where the ma-
jority of magma degassing/crystallization occurred, and
the other at depth >25-30km (Fig. 16). The majority of
shallow magmas (<5km deep) found in this study for
Merapi are at similar depths to those proposed for other
volcanoes in central Java (e.g. Slamet and Lawu,
detected by INSAR; Chaussard & Amelung, 2012) and at
the Sunda arc (e.g. Geiger et al., 2018). It is unclear
whether there are significant amounts of magmas be-
tween the two major reservoirs at Merapi, given the
uncertainties in calculations on apatite from this study,
and on the mineral-only geobarometry from the litera-
ture (see above). Additional constraints on the depths
of magma storage may be obtained based on the depth
of brittle-ductile transition and the magma buoyancy in
relation to the volumes of exsolved volatiles (e.g. Huber
et al., 2019), but this requires a good understanding of
how the high thermal flux affects the crustal densities at
an active volcano such as Merapi. The dual reservoir
model proposed here is different from the architecture
of plumbing systems consisting of multiple continuous

magma reservoirs through the whole crust (e.g.
Cashman et al., 2017). The case study of Merapi volcano
using apatite indicates that the architecture of volcano
plumbing systems may be unravelled by chemical anal-
yses of volatiles in a large number of apatite crystals
that occur at different textural positions in the erupted
products.

Links between magmatic volatiles and pre-
eruptive gas emission

The composition of pre-eruptive volcanic gas can be
combined with modeling of magmatic volatile satur-
ation (e.g. Moretti et al.,, 2003; Scaillet & Pichavant,
2005) and used as eruption precursor (e.g. for Etna and
Stromboli volcanoes; Aiuppa et al., 2007, 2009). To
properly interpret the gas data using volatile saturation
models, it is necessary to know the abundance and
composition of volatiles in melts at different depths of
the system. With the ‘initial’ melt volatile budgets as
estimated from apatite inclusions in amphibole, it is
possible to construct magma ascent and degassing
models that translate to the depth (e.g. Aiuppa et al.,
2007). These models are quite complex and need to
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involve the kinetics of the processes and how volatile
composition may evolved during ascent (Burgisser &
Scaillet, 2007), which are beyond the scope of this
paper. Below we rationalize the changes in composition
of the fumaroles with time with the different compos-
ition of the volatiles in the melt at different depths.

The composition of gas emitted from Merapi has
been traditionally monitored by sampling high-
temperature fumaroles from the summit Woro-field
(Humaida et al., 2007; Surono et al., 2012). A common
observation is that CO,/SO, in the fumarolic gas
increases towards the eruption, e.g. from CO,/SO, ~ 9
during quiescence and passive degassing, to up to ~ 37
before the 2006 eruption, and to the maximum of ~118
on October 20™, 2010 (one week before the first erup-
tion stage) (Humaida et al., 2007; Surono et al., 2012). In
addition, CO,/H,0 in the fumarolic gas also increases
towards the eruption, e.g. from ~0-05 during quies-
cence and passive degassing, to ~0-5 about one month
before the 2006 eruption (in March), and to the max-
imum of ~2-7 in October 2010. This means that from
the quiescence to just before the 2010 eruption, CO,/
S0, and CO,/H,0 values of the fumarolic gas increase
by factors of about 13 and 54, respectively. Such signifi-
cant changes in gas composition can be rationalized as
due to changes in the depths of magma degassing (e.g.
Aiuppa et al., 2007, 2009; Scaillet & Pichavant, 2005),
and qualitatively agree with the differences in C/S and
CO,/H,0 between shallow Mls and the deepest melt
reflected by apatite in Amph from this study.

Another explanation for the CO,-rich gas released just
before eruption is the decarbonation of limestones,
which commonly exist at the upper crust in Java (e.g.
Allard, 1983; Chadwick et al., 2007; Deegan et al., 2010;
Troll et al., 2012, 2013; Blythe et al., 2015; Carr et al.,
2018; Whitley et al., 2019). The CO, released from lime-
stones at such shallow level is hardly likely to be soluble
in the melt and thus tends to exist as a vapor phase ra-
ther than dissolving in the melt (e.g. Troll et al., 2013). As
a result, the CO, contribution from limestone assimila-
tion is difficult to be recorded by melt inclusions or apa-
tite, and thus not recorded in our data. Nonetheless, the
depleted 3'°C signals of fumarolic CO, emitted from
Merapi (Allard et al., 2011) suggest a major magmatic in-
put from large depths, which is supported by the deep
magma reservoir (>25-30 km) found in this study.

Given the similar volatile concentrations in the shallow
melt inferred by the products of the two eruptions, there
have to be more complex processes (e.g. related to the
magma ascent and degassing) to cause the difference in
the explosivities in 2006 and 2010 (e.g. Costa et al., 2013;
Preece et al., 2014, 2016; Handley et al., 2018; Carr et al.,
2020). The high CO,/SO, and CO,/H,0 values of the fuma-
rolic gas emitted about one week before the first explosion
in 2010 suggests larger amounts of deep volatiles, which
could be in accord with larger amounts of magma replen-
ishment from depths that released volatiles that fluxed the
shallow magma column. Surono et al. (2012) has sug-
gested the presence of significant amounts of exsolved

volatiles before the eruption in 2010. These exsolved vola-
tiles were able to produce larger magma buoyancy and
faster magma ascent in 2010, which eventually caused the
explosive eruption (Fig. 16). Evidence for the faster magma
ascent in 2010 than 2006 has been found from volcano
monitoring, petrography observations and diffusion mod-
elling of apatite as summarized below.

Faster magma ascent in 2010 than 2006 revealed
by Cl zoning in apatite
Magma ascent rate has been recognized as a key par-
ameter for controlling eruptive styles (e.g. Cashman &
Sparks, 2013; Cassidy et al., 2018), however few magma
ascent rates were directly determined (e.g. Humphreys
et al., 2008; Myers etal 2016). In the case of Merapi,
magma ascent in 2010 was higher than in 2006, based
on the following observations: (1) magma extrusion
rates of the eruption in 2010 were much larger (~25-
35m?/s; Pallister et al., 2013) than those in 2006 (< 1-
4m?3/s; Surono et al., 2012; Ratdomopurbo et al., 2013);
(2) the amphibole of 2010 rarely has breakdown reaction
rims, whereas many amphibole crystals of 2006 have
(Costa et al., 2013); (3) the higher number density of
microlites in 2010 (stage-4) rocks than that in 2006
deposits reflects nucleation-dominant crystallization of
microlites in 2010 due to more rapid magma ascent and
degassing (Preece et al., 2013, 2016); and (4) different dis-
tances of diffusion-induced Cl zoning in the 2006 and
2010 apatites, due to different durations of magma as-
cent before the two eruptions (Li et al., 2020; see below).
Apatite microlites from rocks emitted in 2006 are com-
monly zoned, increasing Cl towards their rims for distan-
ces of 3-7 um (Fig 3), whereas the 2010 apatite shows no
obvious zoning of F/CI/OH (Fig. 4). Moreover, the Cl zon-
ing is anisotropic, and only occurs along the c-axis, as is
expected given the large anisotropy of the CI diffusion
coefficient in apatite (e.g. Li et al., 2020). The observed ClI
zoning was unlikely related to crystal growth, as there is
no zoning of trace elements (e.g. REE) according to cath-
odoluminescence images (Li, 2019). Cl diffusion in
groundmass apatite can be driven by increasing CI/H,O
concentrations in the melt due to decompression-
induced H,0 loss, and associated microlite crystallization
during magma ascent, and increasing Cl melt concentra-
tion. Thus, we believe that the zoning developed during
magma ascent from the last stage of pre-eruptive stor-
age and its ascent towards the surface. Li et al. (2020) ex-
perimentally determined the diffusivities of F-CI-OH in
apatite and used a three-component diffusion model to
calculate timescales for the same samples from this
study. They found that the 2006 and 2010 apatite reflect
magma ascent times of about two weeks, and less than
3days respectively, which are comparable to the dura-
tions between the start of volcanic unrest and the erup-
tion proposed in previous studies (Ratdomopurbo et al.,
2013; Aisyah et al., 2018). Given that the pre-eruptive
magmas of the two eruptions were likely stored at simi-
lar depths, magma ascent rates of the 2010 and 2006
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eruptions are on average >0-01-0-04 m/s and ~0-002-
0-005 m/s respectively, consistent with an order of mag-
nitude greater magma extrusion rates in 2010 than 2006
(Surono et al., 2012; Pallister et al., 2013; Ratdomopurbo
et al., 2013). The minimum ascent rate of 0-01-0-04 m/s
estimated for the VEI-4 explosive eruption in 2010 using
apatite agrees with the ascent rates of >0-01-0-1 m/s pro-
posed for explosive eruptions at a variety of arc volca-
noes (Cassidy et al., 2018).

CONCLUSIONS

We have found that the apatite crystals from the Merapi
2006 and 2010 eruptions with contrasting eruptive dy-
namics reflect two main magma storage zones with
similar melt volatile contents. The shallow magma stor-
age zone was at <10km below the crater, containing
melts with about 1-5-4 wt % H,0, 60-2500 ppm CO, and
10-130 ppm S. The deeper magma storage zone was at
>25-30km depth, containing melts with ~3-8wt %
H,0, >8000 ppm CO, and ~340-2000 ppm S. The melt
CO, concentrations calculated from apatite likely repre-
sent the maximum, given the extrapolation of apatite-
melt CO, partitioning data (determined from experi-
ments) to the melt and temperature conditions applic-
able to Merapi. Combination of our results with the
literature data suggests that the 2006 and 2010 erup-
tions at Merapi were fed by magmas from two major
reservoirs that are connected by magma-volatile fluxes.
The deep volatile-rich melts revealed by the apatite in
amphibole can explain the changes in the compositions
of fumarolic gases before the two eruptions. Our results
imply that the more explosive 2010 eruption was likely
driven by a larger amount of deep magmas that
released volatiles to the upper parts of the system and
led to a higher magma buoyancy, faster magma ascent
and thus larger explosivity. This is consistent with the
slower magma ascent of the 2006 eruption (than 2010)
recorded by the crystallization-degassing-related CI
zoning in groundmass apatite. Applications of apatite
volatile chemistry to constraints on volatile contents,
storage depths, and ascent rates of pre-eruptive mag-
mas may contribute to a better understanding of the
effusive-explosive transition at volcanoes, and can be
integrated with volatile solubility models and monitor-
ing data to give more accurate eruption forecasts.
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