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Abstract

We present new 2*®U-2*°Th-?*Ra-*1%Pp-*%Po, 8'sr/®sr and **Nd/***Nd isotopic data of
whole-rock samples and plagioclase separates from volcanic deposits of the 2006 and 2010
eruptions at Merapi volcano, Java, Indonesia. These data are combined with available
eruption monitoring, petrographic, mineralogical and Pb isotopic data to assess current
theories on the cause of a recent transition from effusive dome-building (2006) to explosive
(2010) activity at the volcano, as well as to further investigate the petrogenetic components
involved in magma genesis and evolution. Despite the significant difference in eruption style,
the 2006 and 2010 volcanic rocks show no significant difference in (*3U/%*Th), (3°Th/??Th)
and (?*Ra/?°Th) activity ratios, with all samples displaying U and Ra excesses. The **Ra
and “°Pb excesses observed in plagioclase separates from the 2006 and 2010 eruptions
indicate that a proportion of the plagioclase grew within the decades preceding eruption. The
2006 and 2010 samples were depleted in #*°Po relative to *°Pb ((**°Po/*°Pb); <1) at the time
of eruption but were variably degassed (69% to 100%), with the degree of **°Pb degassing
strongly related to sample texture and eruption phase. In good agreement with several activity
monitoring parameters, “!°Po ingrowth calculations suggest that initial intrusion into the
shallow magma plumbing system occurred several weeks to a few months prior to the initial
2010 eruption. The 2006 and 2010 samples show a wide range in (***Pb/**°Ra) activity ratio
within a single eruption at Merapi and are largely characterised by *'°Pb deficits
((**°Pb/**Ra) <1). Assuming a model of complete radon degassing, the *°Pb deficits in the
2006 volcanic rocks indicate relatively longer degassing timescales of ~2-4 years than those
given by the 2010 samples of ~0-3 years. The uranium-series and radiogenic isotopic data do
not support greater crustal assimilation of carbonate material as the explanation for the more
explosive behaviour of Merapi in 2010 (as has been previously suggested) and instead
indicate that relatively rapid ascent of a more undegassed magma was the primary difference
responsible for the transition in explosive behaviour. This interpretation is in good agreement
with gas monitoring data, previous petrological studies (mineral, microlite and melt inclusion
work) and maximum calculated timescale estimates using Fe-Mg compositional gradients in
clinopyroxene, that also suggest more rapid movement of relatively undegassed magma in
2010 relative to 2006.

1. Introduction
Many volcanoes undergo relatively rapid changes in eruption explosivity, often exhibiting

transitions between effusive and explosive behaviour both within and between eruptions,
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such as at Soufriere Hills Volcano, Lesser Antilles (e.g., Edmonds and Herd, 2007),
Novarupta, Alaska (e.g., Nguyen et al., 2014) Kelut, Indonesia (e.g., Jeffery et al., 2013) and
Volcan de Colima, Mexico (e.g., Zobin et al., 2015). Therefore understanding the drivers of
such change is of great importance for volcanic hazard mitigation.

Merapi Volcano, located 25 km north of Yogyakarta in Central Java in the Sunda arc,
is one of the most active volcanoes in Indonesia. The 2010 explosive eruption was the
volcano’s largest eruption since 1872, resulted in the highest number of fatalities since the
1930 eruption and was much more violent than expected. Prior to the 2010 eruption, recent
volcanic activity at Merapi was characterised by the growth and collapse of lava domes (e.g.,
Andreastuti et al., 2000; Camus et al., 2000; Newhall et al., 2000; Voight et al., 2000;
Gertisser et al., 2012), for example, as witnessed in 2006 (Charbonnier and Gertisser, 2008;
2011; Preece et al., 2013; Ratdomopurbo et al., 2013). Whether eruptions at Merapi are
effusive or explosive in character is thought to result from a number of factors, such as
variations in magma supply from depth, magma ascent rate, magma degassing behaviour and
the assimilation of crustal carbonates (Newhall et al., 2000; Gertisser and Keller, 2003a;
Chadwick et al., 2007; Deegan et al. 2010; Surono et al., 2012; Troll et al., 2012; 2013;
Borisova et al., 2013; 2016; Costa et al., 2013; Preece et al., 2013; 2014; 2016). Petrologic
and monitoring data suggest the rapid ascent of a significantly larger, volatile-rich (i.e.
relatively undegassed) magma body, and its possible interaction with crustal carbonates,
caused the significant change in explosive behaviour of the volcano between 2006 and 2010
(Surono et al., 2012; Borisova et al., 2013; Costa et al., 2013; Preece et al., 2013; 2014; 2016;
Erdmann et al., 2016).

The uranium-series (U-series) nuclides provide unique timescale information on
magmatic processes ranging from melt production, differentiation and ascent to magmatic
degassing prior to eruption (e.g., Bennett et al., 1982; Gill and Williams, 1990; Turner et al.,
2000; Condomines et al., 2003; Peate and Hawkesworth 2005; Bourdon et al., 2006; Reagan
et al., 2006; Handley et al., 2008; Reagan et al., 2008; Berlo et al., 2010; Sims et al., 2013;
Bragagni et al., 2014) as the nuclides have varied geochemical properties that cause them to
be fractionated in distinct ways by different magmatic processes (see Peate and Hawkesworth
(2005) for a review). At secular equilibrium the activities of the nuclides (denoted by
parentheses) are equal, for example, (*°Th/?®U) = 1. If the decay chain is affected by
chemical fractionation of a parent/daughter elemental ratio, restoration of equilibrium by
radioactive decay is determined by the half-life of the daughter nuclide involved. Excess 22U

(PBU/”Th)>1) and #*°Ra ((***Ra/**Th) >1) in subduction zone volcanic rocks are typically
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attributed to fluid addition from the subduction slab on timescales of less than ~380,000 years
and less than ~8,000 years, respectively (e.g., Condomines et al., 1988; Gill and Williams,
1990; Hawkesworth et al., 1997) although there may be some modification of ratios by
crustal-level processes (e.g., Handley et al., 2008; Reubi et al., 2014; Huang et al., 2016). At
magmatic temperatures, ***U is not expected to be fractionated from U, and so fresh
igneous rocks should have (3*U/*®U) = 1.

Detailed studies of the shorter-lived U-series nuclides from individual volcanic
centres, for example, “°Po (half-life = 138.4 days) and its ‘grandparent’ “°Pb (half-life =
22.6 years), require the collection of young, fresh and dated samples that need to be analysed
within a short timeframe after eruption. Polonium partitions efficiently into exsolving volatile
phases and is almost completely lost during eruption (Bennett et al., 1982; Gill et al., 1985,
Rubin and Macdougall, 1989; Reagan et al., 2008), which results in (**°Po/?°Pb) << 1.0 in
erupted lavas. The short-lived *°Pb nuclide is produced by decay of the gas *’Rn (half-life =
3.8 days), which readily enters the volatile phase in magmas (Lambert et al., 1985; Gill et al.,
1985). Persistent loss or gain of ?Rn via magmatic degassing or volatile accumulation will
therefore create disequilibrium between the nuclides situated before and after ?’Rn, that is
between the parent °Ra and the daughter !°Pb. As a result, in an open, degassing system
where ??Rn is efficiently lost in the gas phase, deficits of *°Pb are expected, i.e.
(*°Pb/**°Ra) < 1. Thus, ?°Pb deficits can constrain the duration of degassing (e.g., Gauthier
and Condomines, 1999). Alternatively, if gas is supplied from underlying fresh (and probably
more mafic) magma, it is possible to create a *°Pb excess (e.g., Kayzar et al., 2009;
Condomines et al., 2010).

Previous *!°Pb-*°Ra disequilibria measurements on Merapi volcanic rocks erupted
between 1981-1995 showed variable initial (*°Pb/**°Ra) ratios, from 0.75 to 1 (Gauthier and
Condomines, 1999). Based on these data, a <10-year cycle of closed-system magmatic
evolution with open degassing followed by episodes of undegassed magmatic recharge was
proposed for Merapi (Gauthier and Condomines, 1999). In a study of (**°Pb), (***Bi), and
(**°Po) activities and SO, in Merapi gaseous emissions conducted between 1978-1995, it was
found that growing dome magma had been completely degassed when it reached the surface.
It was also suggested that the non-explosive (dome-building) eruptions arise due to open-
system degassing at depth beneath the volcano (Le Cloarec and Gauthier, 2003).

Abundant, young volcanic samples from progressive phases of the dome-forming
eruption in 2006 and the highly explosive eruption in 2010 at Merapi volcano, provide a rare

opportunity to conduct a detailed 2°Po-?'°Pb-??°Ra disequilibria study and provide insight
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from 2*®U-2*°Th-Ra-*1%Pb-*%Po disequilibria and Sr-Nd-Pb isotopic compositions on
magmatic source components, the role of assimilation of carbonate material and the
timescales of magmatic degassing. The data are used to assess current theories on the recent
transition from effusive to explosive eruption at Merapi (e.g., Surono et al., 2012; Borisova et
al., 2013; 2016; Costa et al., 2013; Preece et al., 2013; 2014; 2016; Erdmann et al., 2016) and
to further investigate the proposed periodicity in magmatic degassing and recharge at Merapi
(Gauthier and Condomines, 1999) over a longer time period, ending with the cataclysmic
eruption in 2010.

2. Summary of the 2006 and 2010 volcanic eruptions of Merapi

Over the last two centuries, dominant volcanic activity at Merapi has characteristically
consisted of the growth and collapse of basaltic-andesite lava domes, producing relatively
small-volume pyroclastic density currents (PDCs) on a periodicity of 4-6 years, with larger
explosive eruptions recurring on the order of centuries (Andreastuti et al., 2000; Camus et al.,
2000; Newnhall et al, 2000; Voight et al., 2000; Gertisser et al., 2012).

The April to October 2006 eruption (Volcanic Explosivity Index (VEI) 1) was
characterised by typical recent Merapi activity, with episodes of lava dome growth and
collapse. Early eruption seismic precursors suggest that the first signs of new activity were
detected by seismic and deformation data in July 2005, which increased from December 2005
to mid-April 2006 (Ratdomopurbo et al., 2013). The full chronology of events of the 2006
eruption can be found in Charbonnier and Gertisser (2008; 2011), Preece et al. (2013) and
Ratdomopurbo et al. (2013). Lava dome extrusion likely began between 26-28 April 2006
and continued throughout May, with the first dome collapses on 11 May, producing PDCs
extending less than 4 km from the summit to the southwest. Three major collapse stages took
place from 4 to 14 June (Charbonnier and Gertisser, 2008, 2011; Ratdomopurbo et al., 2013)
destroying most of the dome and forming a series of PDCs that reached up to 7 km from the
summit at the peak of activity on 14 June (Charbonnier and Gertisser, 2008, 2011; Lube et
al., 2011; Ratdomopurbo et al., 2013). A new lava dome was observed inside the new crater
on 26 June, which continued to grow until October 2006 (Preece et al., 2013; Ratdomopurbo
etal., 2013).

In contrast, the following October-November 2010 eruption (VEI 4) at Merapi was
the largest eruption since 1872 (Surono et al., 2012). After approximately one year of unrest
and intrusion (Stage 1; 31 October 2009 to 25 October 2010), initial phreatomagmatic

explosions occurred between 26 and 29 October (Stage 2) (Komorowski et al., 2013),
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followed by recurrent rapid dome growth and destruction during 29 October to 4 November
(Stage 3). Dome extrusion rates in 2010 were extremely rapid at >25 m®™ on average
(Pallister et al., 2013) compared to 1 to 4 m®s™ for the 2006 eruption (Ratdomopurbo et al.,
2013). A series of laterally-directed explosions (Stage 4) and retrogressive dome collapses
(Stage 5) occurred during the climactic eruption phase on 5 November. These produced
valley-confined, concentrated pyroclastic density currents that travelled up to ~16 km from
the summit, and contemporaneous widespread, high-energy pyroclastic density currents.
Sulphur dioxide emission levels also peaked at this time (Surono et al., 2012; Fig. 1).
Following a sub-Plinain phase and fountain collapse (Stage 6), further dome growth and
multiple ash plumes continued until 8 November (Stage 7). The activity waned towards the
end of November (Stage 8), with decreasing intensity of gas and ash emissions (e.g., Surono
et al., 2012; Charbonnier et al., 2013; Cronin et al., 2013; Komorowski et al., 2013; Preece et
al., 2014; 2016). Detailed chronological accounts of the eruption (noting slight discrepancies
in eruption timings between accounts) are presented in Surono et al. (2012), Charbonnier et
al. (2013), Cronin et al. (2013), Komorowski et al. (2013) and Preece et al. (2014). The
estimated deposit (non-DRE) volume for the 2010 eruption of ~ 30-60 x 10° m® (Surono et
al., 2012; Charbonnier et al., 2013) is also much greater than that for the 2006 eruption at
~8.7 x 10° m® (Charbonnier and Gertisser, 2011). In the months preceding the 2010 eruption,
a significant increase in CO, abundance (10 wt% to 35-63 wt% from September to 20
October) and CO,/SO,, CO,/HCI and CO,/H,0 ratios suggested a progressive shift to a deep
degassing source (Surono et al., 2012), which has been corroborated by petrological studies
(Costa et al., 2013; Preece et al., 2014; 2016). Time-series of SO, flux estimated from
ground-DOAS and satellite measurements show that the SO, emission rates during the 2010
eruption were orders of magnitude higher than during the previous eruption period in 2006
(Fig. 1) and were correlated with energetic tremor and high eruption rates during the most
explosive phases of the eruption (Surono et al., 2012). High SO, emissions accompanied the
initial explosive eruptions on 26 October and again between 29-30 October 2010. The
emissions then decreased during the extrusion and growth of a lava dome and peaked during
the climatic phase of the eruption on 5 November (Surono et al., 2012) (Fig. 1).

Juvenile material erupted in both 2006 and 2010 displays similar whole-rock
compositions of ~55-56 wt% SiO, (Surono et al., 2012; Costa et al., 2013; Preece et al.,
2013; 2014; 2016) and similar mineral assemblages dominated by plagioclase with
clinopyroxene, orthopyroxene and minor amphibole and titanomagnetite. However, most

amphibole phenocrysts in the juvenile 2010 material do not show reaction rims, whereas



204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

many within the 2006 deposits are largely reacted (Surono et al., 2012; Costa et al., 2013;
Preece at al., 2013, 2014). The lack of amphibole reaction rims in 2010 deposits along with
microlite textural and compositional analysis, suggest minimal storage and relatively rapid
movement of the 2010 magma relative to that erupted in 2006 (Preece et al., 2013; 2014,
2016).

3. Samples and analytical procedures

A summary of the sample textural types selected for U-series isotopic analysis is given in
Tables 1 and 2. A detailed description of samples (except MER061406-L and MER061406-
D) can be found in Preece (2014) and Preece et al. (2013; 2014; 2016). Samples
MERO061406-L and MER061406-D are scoriaceous fragments collected from a PDC deposit
erupted 14 June, 2006. The “L” sample is light grey, highly crystalline and has ~30%
vesicles. The sample contains about 30% plagioclase (<1.3 mm in length), 5% clinopyroxene
(<0.7 mm), 3% magnetite (<0.2 mm), and < 1% hornblende (<1 mm) and orthopyroxene
(<0.3 mm). Plagioclase is euhedral, complexly zoned and typically has abundant inclusions
of glass, magnetite, and clinopyroxene. Clinopyroxene also is euhedral with abundant
inclusions of magnetite and apatite. Hornblende is anhedral with variably thick reaction rims
of plagioclase, orthopyroxene, magnetite, and clinopyroxene. Orthopyroxene is anhedral with
optically continuous clinopyroxene rims. The remaining approximately 30% is groundmass
consisting of glass, plagioclase, magnetite, orthopyroxene, and clinopyroxene. The “D” (dark
grey-brown) sample is similarly vesicular and highly crystalline, but has a more mafic
mineral assemblage of ~40% complexly zoned plagioclase (< 1 mm), 10% clinopyroxene (<
1mm), 3% magnetite (<0.1 mm), and < 1% olivine (<1 mm). The olivine is anhedral with
~0.1 mm reaction rims of granular clinopyroxene. The groundmass in this sample is finely
holocrystalline, mostly plagioclase and partially oxidized magnetite.

The relationship of samples to the eruption chronology is given in Table 1 and
follows that presented in Preece et al. (2013) for the 2006 eruption, and Komorowski et al.
(2013) and Preece et al. (2014; 2016) for the 2010 eruption. The light grey dense inclusions
(LGD-Inc) are found as abundant angular inclusions ranging from millimetres to centimetres
in size within the juvenile dome material. Occasionally, this lithology forms diffuse bands
through the darker dome material and large, sometimes prismatically-jointed blocks (up to
several metres in diameter) of this material have been found loose within the 2010 Stage 4
PDC deposits (Preece et al., 2016). There is some degree of uncertainty in the exact extrusion

age of juvenile dense clasts from pyroclastic density current deposits, as for example, for the
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2010 eruption, the juvenile dome material that collapsed on the 5 November was extruded
anytime between 29 October and 4 November (see Table 1 footnote for further details on
assumed eruptive age). However for the (**°Po) activities (which would be most affected by
assumptions in extrusion age), whether the 29 October or 4 November is selected as the
extrusion age, the calculated initial (**°Po) activities lie within 2o error of each other.

Fresh samples MER061406-L and MER061406-D were ultrasonically washed in
purified water, dried, reduced in a jaw crusher, and ground to powder in a ceramic mill. All
other samples had any weathered edges removed prior to washing in deionized water, drying
and processing to powder in an agate mill (Preece et al., 2013; Preece 2014). U, Th and Ra
concentrations and isotopic ratios were determined on bulk-rock powders and plagioclase
separates using the procedure employed by the Uranium-series Research Laboratory at
Macquarie University GeoAnalytical (MQGA) for volcanic rock samples. Approximately 0.5
g of bulk-rock powder or 2 g of plagioclase separate was spiked with **U-**Th and **Ra
tracers and digested in a mixture of concentrated acids (HF-HNO3-HCI). Separation of U and
Th followed standard anionic resin chromatography as described in Turner et al. (2011).
Uranium and thorium concentrations, determined by isotope dilution, and U-Th isotopic
ratios were measured on a Nu Instrument Multi-Collector inductively coupled plasma mass
spectrometer (MC-1CP-MS) at Macquarie University following the approach given by Turner
et al. (2011). In addition, the New Brunswick Laboratory (NBL) U010 synthetic standard was
used to carry out linear drift correction and normalisation of samples for U isotopes, using the
certified atomic ratios of 5.47 x 10, 1.01 x 10 and 6.88 x 10 for **U/*®*U, ?**U/***U and
2878, respectively. The NBL synthetic standard U005-A was run as an unknown at
regular intervals throughout the analytical session to assess the robustness of instrumental
corrections. The average corrected U005-A **U/8U, 2°U/*®U and #°U/%*8U ratios (n = 8)
were 3.42 + 0.01 x 10” (2SD), 5.09 + 0.01 x 10°(2SD) and 1.18 + 0.01 x 10 (2SD), which
are within error of the NBL published values of 3.42 x 10°, 5.09 x 10° and 1.19 x 10~
Similarly, the UCSC Th ‘A’ was used as a monitor of the robustness of instrumental
corrections during the analytical session. The average corrected Th ‘A’ (using the Th ‘U’
bracketing method detailed in Turner et al., 2011) “*Th/***Th ratio was 5.83 x 10° + 0.04 x
10 (2SD, n = 7), which is within error of the recommended ratio of 5.86 x 10° given by
Sims et al. (2008) taken from Rubin (2001). The Table Mountain Latite (TML) rock standard,
was digested and fully processed alongside the samples in each batch (n = 2) and the data are
presented in Table 1. The (**U/?2Th), (*°Th/?2Th) analyses of TML lie within error of
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published values (e.g. Sims et al., 2008; Sims et al., 2013). However, the (*°Th/?%U)
deviates by 2.5% from equilibrium. It is possible that due to the corrections required for MC-
ICP-MS data (e.g., instrumental fractionation, “**Th-tailing corrections and the uncertainties
on half-lives) compared to measurements by alpha-spectrometry, that *°Th is slightly
underestimated for our samples. Nevertheless, there is no significant difference in U-Th
isotopic ratios of the 2006 and 2010 rocks (Fig. 2). Replicate analysis of M11-05 and MQ7-
53P gave (Z*U/ARU), (BBU/”%Th), (3°Th/??Th) and (Z*®U/?°Th) activity ratios within error
of the initial analyses (Table 1). The Ra separation and analysis procedure follows that
described by Turner et al. (2000; 2011). Samples were loaded onto degassed single Re
filaments using a Ta-HF-H3sPO, activator solution (Birck, 1986) and **®Ra/***Ra ratios were
measured in dynamic ion counting mode on a ThermoFinnigan Triton TIMS at Macquarie
University. Accuracy was assessed via analysis of TML that yielded *°Ra = 3594 fg/g and
(**°Ra/?°Th) = 1.005 + 0.008 (2SE), within internal analytical error of secular equilibrium.
The Merapi (*°Th/?Th) and (***Ra/*°Th) ratios have not been recalculated for differences
in eruption age as samples were analysed within 10 years of eruption and therefore, post-
eruption radioactive decay is insignificant compared to the half-life of ?*°Th (75,690 years)
and %°Ra (1599 years).

Analyses of *°Po by alpha counting were performed at the University of lowa, using
methods described by Reagan et al. (2005; 2006) and Waters et al. (2013). Approximately 2
grams of whole rock powder or 3 grams of separated plagioclase were used for each %°Po
analysis. All whole rock powders with ages of less than two years and the plagioclase mineral
separate were leached for 5 minutes in cold 0.5 N HCI using an ultrasonic agitator and triply
washed in purified water. Older samples were ultrasonically washed in purified water.
Samples and some supernates were spiked with a 2°*Po solution calibrated against the TML
standard and monitored with repeat analysis of RGM-2. The samples were subsequently
digested using an HF-HNO3; method, dried, dissolved in 1IN HCI, and the solution passed
through anion exchange resin to separate Po. Polonium was washed off the resin in warm 7.5
N HNOj3. The separated Po was autoplated on Ag in 0.5 N HCI and counted using an EGG
Ortec alpha spectrometer. The 1995 sample and most 2006 samples were more than two
years old at the time of measurement, i.e. five times the half-life of #*°Po (138.4 days) and
therefore, (**°Pb) was considered equal to (**°Po). For the 2006 and 2010 samples repeatedly
analysed soon (< 2 years) after eruption, the initial >!°Pb activities, (*°Pb);, representing %°Pb

activity at the time of eruption, and associated uncertainties were obtained through a Markov
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Chain Monte Carlo simulation using Matlab. Only best-fitting models that fitted the data
within analytical uncertainties were considered in the computation.

Samples for Sr and Nd isotopic analysis (from the same sample digestion as for U-Th
isotopes) were prepared and analysed at the MQGA at Macquarie University. Sr and REE
fractions were separated using a cationic column containing Biorad® AG50W-X8 (200-400
mesh) cationic exchange resin, after which Sm and Nd were separated using EIChrom® LN-
spec resin following the column procedure given by Pin et al. (1997). Samples were loaded on
to out-gassed single (Sr) and double (Nd) rhenium filaments using 2 ul of TaCls + HF +
H3PO4 + H202and 5 ul of IN HCI: 0.35N HsPOas activator solutions, respectively. Analyses
were performed in static mode on a ThermoFinnigan Triton® TIMS in the MQGA.
Instrument mass fractionation was accounted for by normalizing 8'Sr/%°Sr and ***Nd/***Nd to
875r/%°Sr = 0.1194 and **Nd/***Nd = 0.7219, respectively. Sr and Nd blanks were lower than
1000 and 80 pg, respectively. Analysis of NIST SRM-987 gave 0.710214 + 8 (2SE) and the
JMC Nd standard gave 0.511116 * 8 (2SE).

4. Results

4.1. 28U-2"Th-*"Ra disequilibria in whole-rock samples and plagioclase

The new 2006 and 2010 Merapi whole-rock samples and plagioclase separates have U
excesses ((Z®U/%°Th) activity ratios > 1) (Table 1, Fig. 2a), typical of subduction-related
volcanic rocks. The 2010 samples show slightly greater variation in (***U/?*?Th) and
(®°Th/?2Th) compared to the 2006 samples, although the data for both eruptions largely
overlap. The new data in this study overlap with but display slightly lower (3°Th/?2Th)
compared to the previously published, whole-rock Merapi data (Fig. 2a), which were largely
produced by alpha spectrometry.

The 2006 and 2010 Merapi whole-rock samples and plagioclase separates have excess
radium ((***Ra/?°Th) > 1) (Table 1, Fig. 2b) with no significant difference between the 2006
and 2010 whole-rock samples, and the majority of (***Ra/**°Th) ratios lying between 3.0-3.3.
The plagioclase separates also show similar (***Ra/*°Th) ratios between the two eruptions of
3.5-3.7. The previously published historical and recent, whole-rock Merapi data (Gill and
Williams, 1990; Gauthier and Condomines, 1999; Condomines et al., 2005) show comparable

excess Ra values to the 2006 and 2010 samples (Fig. 2b).

4.2 ?°po- 29pph_22Ra disequilibria

10
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Repeated analysis of (*°Po) in leached, whole-rock material of two 2006 samples and the
2010 samples, all collected shortly after eruption, was carried out to constrain the initial :°Po
activity at the time of eruption (Table 2), i.e. where the growth curve intersects the y-axis at
zero days since eruption in Fig. 3. The repeated sample measurements lie within analytical
error of a single growth curve apart from sample MER061406-D, which has a high initial
2% activity of 2.95 dpm/g (Table 2; Fig. 3) and is therefore, not a juvenile fragment of the
2006 eruption. Excluding MER061406-D, the results show that the 2006 and 2010 samples
were all depleted in 2°Po relative to *°Pb ((***Po/*°Pb); < 1) at the time of eruption but were
variably degassed (Table 2). The 2006 sample, MER061406-L, was 93% degassed on
eruption with an initial (**°Po) of 0.21 (Table 2). For the 2010 samples, the pre-Nov 5 scoria
(S2S; M11-28a) and light grey dense inclusion (LGD-Inc; M11-28b) samples erupted at the
beginning of the eruptive period (26 October, Stage 2 of Komorowski et al., 2013), display
intermediate initial (*:°Po) compared to the other 2010 samples. The scoria sample has a
lower initial (**°Po) compared to the LGD-Inc sample and is also relatively more degassed on
eruption (87% compared to 74%). The dark dense, lava dome (DD) samples (M11-27-5 and
M11-12) extruded during stage 3, i.e., the dome extrusion phase between 29 October and 4
November (Komorowski et al., 2013; Table 2) and emplaced in PDCs during stage 4
(labelled 1 Nov in Fig. 3) show the lowest initial (*:°Po) and are 97% to 100% degassed of
2190 at the time of eruption, which contrasts to the light grey inclusion (LGD-Inc; M11-05)
from the same stage (Table 2). The LGD-Inc shows the highest initial (**°Po) and was 69%
degassed of *!%Po at the time of eruption ((***Po/*°Pb); = 0.31, Table 2). The white pumice
(WP; M11-18) erupted during sub-plinian fountaining on 5 November (Stage 6 of
Komorowski et al., 2013) was 83% degassed of ?°Po at the time of eruption (Table 2).

The majority of the 2006 Merapi volcanic rocks were analysed several years post-
eruption and therefore, due to the short half-life of ?°Po (138.4 days), the measured (*°Po)
equates to the initial (*:°Pb) at measurement date for these samples. The range in initial
(**°Pb) activities for the 2006 samples analysed more than 2 years post-eruption (2.57-3.15
dpm/g, Table 2), are shown plotted along the right-hand y-axis in Fig. 3 and lie within the
range displayed by the 2010 samples and sample MER061406-L from 2006 (comparing with
the (**°Po) activities from the growth curves at ~800 days). The initial (*°Pb) activities
determined from best-fit growth curves are relatively similar for the samples erupted in the
middle stage of the 2010 eruption (2.93-3.13 dpm/g) but higher than those determined for the
samples erupted earlier, on 26 October, in Stage 2 (2.38-2.64 dpm/g) (Table 2).
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The initial (**°Pb/??°Ra), activity ratios, calculated to the time of eruption, of the 2006
and 2010 Merapi volcanic rocks are presented in Table 2 and Fig. 1. The variation observed
in (**°Pb/**Ra), for each of the 2006 and 2010 eruptions is comparable to the full range of
ratios measured in the time period from 1981 to 1995, previously reported by Gauthier and
Condomines (1999). With the exception of one DD 2010 sample (M11-27-5), the 2006 and
2010 samples are largely characterised by 2°Pb deficits ((**°Pb/??°Ra), < 1), though four of
the samples lie within error of secular equilibrium. Figs. 1b and ¢ show (***Pb/**Ra), ratios
during different stages of the 2006 and 2010 eruptions, respectively. The 2006 samples show
very little variation throughout the eruption, with most samples showing #*°Pb deficits. The
sample erupted towards the end of the eruptive period lies within error of secular equilibrium.
For the 2010 rocks, the LGD-Inc sample (M11-28b), representing the onset of the 2010
eruption (26 October; Stage 2) shows a significant >°Pb deficit ((***Pb/**°Ra), of 0.79). This
is followed by a change to near equilibrium (**°Pb/?*°Ra) values for the LGD-Inc and DD
samples extruded during the rapid dome growth and destruction period between the 29
October to 4 November (Stage 3) and emplaced in Stage 4. The white pumice sample erupted
during the latest stages of the climactic phase of 5 November (Stage 6) lies within error of the
Stage 4 emplaced samples with a *!°Pb deficit of 0.92. The 2010 plagioclase separate from a
DD clast, M11-01P, has excess (**°Pb); with (***Pb/?*°Ra), = 1.97 + 0.42 (Table 2).

4.3. Sr-Nd-Pb radiogenic isotopes

Sr-Nd isotopic ratios have also been determined for selected 2006 and 2010 whole-rock
samples and are presented in Table 3 and Fig. 4. The accompanying Pb isotope data are
published in Handley et al. (2014) and presented in the inset to Fig. 4a. The 3'Sr/*Sr and
3N d/***Nd ratios of the 2006 and 2010 samples overlap and lie within the field of previously
published data on historically erupted samples from the volcano (Woodhead et al., 2001,
Gertisser and Keller, 2003a; Debaille et al., 2006), towards the higher ®Sr/®®Sr, low-
intermediate ***Nd/***Nd-end of the Merapi array, characteristic of the Merapi high-K series
volcanic rocks that have erupted since ~1900 *“C years B.P. (Gertisser et al., 2003a) (Fig. 4a).
The 2006 and 2010 Pb isotope ratios are indistinguishable from one another and are
remarkably similar to Pb isotope ratios determined for both high-K (<1900 **C yr B.P.) and
medium-K (>1900 *C yr B.P.) Merapi volcanic rocks (Handley et al., 2014) (Table 3; Fig. 4a
inset). The 2006, 2010 and previously published Merapi data plot within the range of Th
isotopic ratios of other Javanese volcanic rocks (Turner and Foden, 2001) at slightly higher

Sr isotopic composition (Fig. 4b). Local Javanese calcareous crustal samples (Gertisser and
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Keller, 2003a; Gardner et al., 2012; Handley et al., 2014; Fig. 2 caption), a Merapi calc-
silicate xenolith sample (Gertisser and Keller, 2003a), I-type Sumatran Granitoids (Gasparon
and Varne, 1995) and altered oceanic crust (AOC; Staudigel et al., 1995) have similar Sr
isotopic ratios to the Merapi samples but moderate to significantly higher estimated Th
isotopic ratios. The Merapi samples have generally higher Th and lower Sr isotopic ratios
compared to Indian Ocean pelagic sediments (Ben Othman et al., 1998; Gasparon and Varne,
1998), Bulk Java Sediment (Plank and Langmuir, 1998) and the two S-type Sumatran
granites, with low Th and high Sr isotopic ratios (Gasparon and Varne, 1995). No
correlations are observed between U-series activity ratios and Sr-Nd isotope ratios for the
2006 and 2010 samples (e.g., Fig 4b).

5. Discussion

As noted in Sections 1 and 2, previous studies of the 2010 Merapi volcanic rocks suggested
that rapid ascent of a larger volume of more volatile-rich magma, with the additional
potential contribution of CO, from the assimilation of carbonate crust was responsible for the
more explosive eruption in 2010 compared to 2006 (Surono et al., 2012; Borisova et al.,
2013; Costa et al., 2013; Preece et al., 2013; 2014; 2016; Erdmann et al., 2016). These

hypotheses can be scrutinised and assessed with the new isotopic data.

5.1. Petrogenetic components and timescales of magmatic processes from U-Th-Ra
disequilibria and radiogenic isotopic compositions

The 2006 and 2010 Merapi volcanic rocks are characterised by 22U excesses (Fig. 2a),
typical of subduction-related volcanic rocks, suggesting that recent fluid addition, likely from
the down-going slab (e.g., Condomines et al., 1988; Gill and Williams, 1990; Hawkesworth
et al., 1997) or that in-growth melting in the mantle and subsequent crustal modification (e.g.,
Reubi et al., 2014; Huang et al., 2016), occurred in the last 380 ka. In the past, Th isotopic
variation in volcanic rocks (the vertical spread in data on the U-Th equiline diagram) has
been used to estimate magma residence or storage times assuming closed-system
differentiation (e.g., Heath et al., 1998). However, given the strong evidence for open-system
processes, such as magmatic recharge and carbonate assimilation at Merapi volcano (e.g.,
Chadwick et al., 2007; Deegan et al., 2010; Borisova et al., 2013; Troll et al., 2013) and
Merapi’s almost continuous eruptive activity over the past few hundred years (Voight et al.,
2000), the limited variation observed in (*°Th/?**Th) ratios in Fig. 2a is likely explained

through the combination of magmatic differentiation, magma recharge and the potential
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assimilation of carbonate material, instead of being attributed to a single process such as
closed-system magmatic differentiation (see arrows in Fig. 2a).

Crustal assimilation of carbonate material is implicated in petrogenesis at Merapi
(e.g., Chadwick et al., 2007, Deegan et al., 2010, Borisova et al., 2013; Troll et al., 2013) and
has been proposed by some to play a role in the more explosive behaviour of the 2010
eruption (e.g., Borisova et al., 2013; 2016; Troll et al., 2013). A study by Allard et al. (1983)
and more recent studies (e.g., Troll et al., 2012) on the §"C composition of fumarole gases
from Merapi suggest that a high §°C, non-magmatic CO, input may be important, such as
that associated with late-stage crustal decarbonation reactions through assimilation of
limestone and skarnification processes. Javanese limestone or calcareous marl is expected to
have a higher U/Th concentration ratio compared to the Merapi magma (e.g., 0.65 (Handley
et al., 2014) relative to 0.22-0.24, respectively, Table 1) and will be older than 380 ka.
Carbonate crustal material is therefore, projected to sit on the equiline in Fig. 2 but at higher
(?®U/*Th) and (**°Th/*?Th) than the volcanic samples. Using the U and Th concentrations
of local Javanese calcareous sediments (Handley et al., 2014; Fig. 2 caption) and chalky lithic
clasts found in the 1883 Krakatau eruption deposits (Gardner et al., 2012) and assuming that
(*8U/**Th) is in secular equilibrium, the local calcareous sedimentary crust would have
(?®U/**Th) (and also therefore, (*°Th/?*2Th) ratios) of between 0.85 and 1.98 (Fig. 2). The
arrows on Fig. 2a show the expected impact on the activity ratios from the addition of such
carbonate material. The 2010 Merapi data are relatively scattered in (Z2U/%Th)-
(®°Th/?2Th) space and therefore, it is not possible to rule out the influence of carbonate
assimilation in the more recent explosive eruption. However, calc-silicate xenoliths were
found in the 2006 and 2010 volcanic deposits (e.g., Borisova et al., 2016) and therefore, due
to the overlap in U-series isotopic composition of the 2006 and 2010 samples, it is deemed
unlikely that a greater amount of carbonate assimilation was implicated in the 2010 eruption
based on the U-series data and field observations. The Merapi 2006 and 2010 Sr-Nd-Pb
radiogenic isotopic compositions show no difference between eruptions, or in the case of Pb
isotopes, with previous eruption periods (Fig. 4a), therefore, again it is considered unlikely
that there was a greater degree of carbonate assimilation in 2010 compared to 2006 as a
primary explanation for the change in explosivity. Furthermore, in a plot of (*°Th/??Th)
activity ratio versus ®'Sr/®Sr (Fig. 4b) the 2010 Merapi data show no greater predicted
influence from local crustal/carbonate material in magma genesis compared to 2006 and

other Javanese volcanic rocks.
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As carbonate crustal material will be significantly older than 8000 years (5 times the
half-life of 2?°Ra) it is expected to have (**Ra/>°Th) = 1, i.e. to be in secular equilibrium.
Local limestone/calcareous marl crust is also characterised by significantly lower SiO,
content compared to the Merapi volcanic rocks (Handley et al., 2014), therefore, bulk
assimilation of limestone by magma would lead to a shift to lower SiO, and (**Ra/>°Th). In
contrast, addition of fluid produced from skarnification processes would lead to a shift to
lower SiO, and higher (***Ra/“°Th), presuming that the fluid/solid partition coefficients for
Ra are greater than those for Th for this process. Magmatic recharge would be expected to
create a shift to higher (**Ra/**°Th) at constant or variable SiO,, depending on the SiO,
composition of the recharging magma (Fig. 5). Assimilation of older igneous crust (older
than 8000 years and therefore, in secular equilibrium) of similar composition to the present
day Merapi volcanic rocks, would significantly reduce the (**Ra/*°Th) of the samples with
little change in SiO, if completely digested. Partial melting of igneous crust could add
siliceous material with ?Ra excesses or deficits depending on the residual mineralogy.
These processes may create scatter in data on a (**Ra/?°Th) versus SiO, plot, which may
have traditionally been interpreted as a timescale for closed-system differentiation (Fig. 5).
Therefore, as recharge and assimilation are both implicated for Merapi, changes in
(?®°Ra/>°Th) are not likely representative of closed-system evolution timescales as was also
found at Lopevi volcano in the Vanuatu arc (Handley et al., 2008). The 2006 and 2010
volcanic rocks appear to display different trends in Fig. 5. The 2006 sample suite shows a
near vertical trend with a slight increase in SiO, content with decreasing (**Ra/>°Th), which
could be interpreted as magmatic differentiation or recharge/assimilation of older igneous
material, and the 2010 suite displays a positive correlation between SiO, and (*°*Ra/>*°Th),
which could be attributed to bulk carbonate assimilation (see vectors in Fig. 5). However,
these observations are largely dependent on the lowermost (**Ra/>*°Th) sample in each
eruption suite as the majority of samples show similar (**Ra/**Th) ratios. As the U-Th and
radiogenic isotopic ratios show little difference between the 2006 and 2010 eruptions (i.e.,
pointing to a similar source composition for both), the relatively lower SiO, content of the
2010 rocks compared to the 2006 rocks is consistent with a more mafic recharge magma that
underwent faster ascent/less stalling in the crust (e.g., Surono et al., 2012; Costa et al., 2013;
Nadeau et al., 2013; Preece et al., 2013; Borisova et al., 2016) and that may have mixed with
a magma compositionally similar to that erupted in 2006.

5.2. Timing of fluid addition and crystallisation (last fractionation of Ra-Th)
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As noted above, the Merapi volcanic rocks all have excess *Ra, relative to its parent nuclide
20Th (Fig. 2), which in arc rocks is commonly attributed to fluid addition from the
subducting slab within the last ~8000 years (e.g., Turner and Hawkesworth, 1997; Turner et
al., 2001, 2003, cf. Huang et al., 2008; 2016). At Merapi, there is clear evidence for
assimilation of carbonate rocks during differentiation (e.g., Costa et al., 2013; Nadeau et al.,
2013; Troll et al., 2013; Borisova et al., 2016). One of these lines of evidence is the presence
of abundant calc-silicate xenoliths in Merapi lavas (e.g., Gertisser and Keller, 2003a; Troll et
al., 2013). In addition, Merapi whole-rock, grain and in-situ feldspar oxygen isotope data
suggest that contamination at shallow levels involves a high &0 component, such as
carbonate crust (Troll et al., 2013; Borisova et al., 2016) rather than a low §'®0 component,
such as hydrothermal fluid. Thus, we postulate that at least part of the enrichments in Ra
observed for Merapi magmas may result from fluid transfer from carbonates included within
the magma and in the magma chamber walls as they were transformed into calc-silicates
(skarns). This carbonate imprint is likely superimposed upon magma compositions already
characterised by % Ra excess. Published Merapi (*®Ra/***Th) ratios lie within error of
secular equilibrium (Gauthier and Condomines, 1999) and imply that any Ra enrichment to
Merapi magmas occurred >30 years before eruption, due to the short half-life of ?*®Ra (5.75
yrs).

The plagioclase crystal separates from the 2006 and 2010 samples have (**U/?2Th)
and (Z°Th/?2Th) ratios that lie within the range displayed by the whole rock ratios (Table 1),
suggesting that older recycled crystals do not dominate the plagioclase population (cf. van
der Zwan et al., 2013). However, plagioclase phenocrysts from Merapi are noteworthy for the
abundance of glass inclusions (e.g., Costa et al., 2013). Thus, the similarity in U-Th nuclide
abundances between plagioclase separates and whole rocks likely reflects domination of the
U-Th budgets in plagioclase crystals by the inclusions, and we cannot rule out that some
plagioclase cores have ages that are long compared to the half life of #°Th. In contrast,
plagioclase crystal separates from lavas erupted in both years have similar levels of *Ra
excesses over “Th (Fig. 2b), which are slightly higher than the whole-rock observed **Ra
excesses. The 2010 dense dome plagioclase sample (M11-01P; Table 2) also has excess *°Ph
((**°Pb/*Ra), = 1.97). As Pb is more compatible than Ra in plagioclase (e.g., Reagan et al.,
2008), the **°Pb excess indicates that some plagioclase in Merapi volcanic rocks grew within
decades of eruption. Similar to that observed for highly porphyritic andesites from Mount St.

Helens (Reagan et al., 2008) and Arenal (Reagan et al., 2006). This timeframe concurs with
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estimated plagioclase growth and residence timescales of <34 years for the 2010 eruption
given by Borisova et al. (2016) and largely with timescales of Merapi plagioclase crystal

growth of 5 to 310 years determined by van der Zwan et al. (2013).

5.3. Timescales of degassing and magma ascent from 2°Po- 2°Pb-**Ra disequilibria

In contrast to other magmatic systems that exhibit complete, or almost complete, loss of *°Po
(t,, = 138.4 days) on eruption (e.g., Arenal: Gill et al., 1985, Reagan et al., 2006; Mount St.
Helens: Reagan et al., 2008), the 2010 Merapi rocks were variably degassed of ?°Po upon
eruption (Fig. 3), showing no systematic temporal evolution. The light grey dense inclusion
(LGD-Inc) clasts from Stage 2 (M11-28b) and Stage 4 (M11-05) were the least degassed of
2%q on eruption (Table 2). Preece et al. (2016) have suggested that these inclusions
represent parts of a plug in the shallow conduit and the initial intrusion into the shallow
magma plumbing system prior to eruption. Therefore, the magma forming the inclusions may
have stalled at a shallow level and cooled below the blocking temperature for degassing Po
for a period that was long enough to allow Po to ingrow via radioactive decay from its
nuclide parent prior to eruption. If we assume that these samples would have been fully
degassed of Po on ascent before reaching the shallow conduit, i.e. had no initial °Po, the
time to rebuild the observed Po by decay from the parent nuclide would be ~53-74 days
before eruption. If these samples had initial (**°Po/?°Pb) ratios of 0.26-0.31 (Table 2), Po
ingrowth calculations would suggest that the plug cooled to below the blocking temperature
for degassing Po between 29-56 days before it erupted. Therefore, initial intrusion of magma
is estimated to have taken place several weeks to several months prior to the onset of the
main eruption period. This time frame largely corresponds to a marked increase in all
monitored parameters: ground inflation, earthquake counts and seismic energy release from
20 September 2010, and a significant increase in temperature, CO,/SO, and H,S/SO, ratios,
in summit fumaroles from the end of September, which suggested a shift to a deep degassing
source, attributed to the influx of new magma (Surono et al., 2012). In contrast to the LGD-
Inc sample from Stage 4, the DD samples (M11-27-5 and M11-12) from the same eruptive
phase have degassed most, if not all, of their Po at the time of eruption. This suggests that
despite prior evidence for rapid ascent of the 2010 dome-forming magma, for example, the
lack of amphibole breakdown rims (Costa et al., 2013; Preece et al., 2014) and from microlite
textural and compositional analysis (Preece et al., 2014; 2016), the magma was still able to
efficiently degas and partition Po into the exsolving gas as it ascended to the surface. Le

Cloarec and Gauthier (2003) have shown that gases emitted from previously growing domes
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at Merapi are strongly depleted in the most volatile isotopes and gas species. The white
pumice from the post-climatic phase of the eruption (M11-18, Stage 6) was 83% degassed of
294 on eruption; less degassed relative to the DD samples from Stage 4. The samples were
leached prior to analysis and therefore, it is unlikely that this is due to Po condensing on
vesicle walls prior to or during eruption. Instead, it may reflect less efficient degassing by this
stage of the eruption related to fast magmatic ascent. This is in agreement with microlite
textures in the white pumice that indicate despite some stalling in the conduit at 1.4-2.4 km
depth, the magma experienced fast final ascent during this stage (Preece et al., 2016).

The variation in (**°Pb/**Ra), measured in the 2006 and 2010 volcanic rocks is
comparable to the full range of (**°Pb/??°Ra), reported by Gauthier and Condomines (1999)
for rocks erupted between 1981-1995 at Merapi, with most samples showing deficits of *°Pb
relative to ?°Ra (Fig. 1). This differs with many other arc volcanoes that display values
within analytical error of 1 (Reagan et al., 2017). Equilibrium (**°Pb/??°Ra), values in other
arc rocks indicate that the last stage of 2Rn degassing must have occurred over a time period
short enough to be undetectable using ?°Pb-**°Ra disequilibria (~less than two years) prior to
eruption. In contrast, excess *!°Pb is observed in tephra from the cataclysmic eruption of
Mount Pinatubo in 1991 that did not significantly vent gases at the surface prior to eruption,
and is attributed to #*°Pb accumulation in recharging magma at the base of the dacitic
Pinatubo reservoir and subsequent mixing (Kayzar et al., 2009). At Merapi, the !°Pb deficits
are consistent with the observed evidence for continuous degassing at fumarole fields and
through cracks within the dome at Merapi (Le Cloarec and Gauthier, 2003). However, Ra
enrichment (relative to #*°Pb) can lead to *!°Pb deficits if late-stage fluids derived from
carbonate skarnification are added to magmas within decades of eruption. ?°Pb-**Ra
disequilibria may also be affected by the interaction of magma with sulphide melt and brine,
which has been suggested for Merapi (e.g., Le Cloarec and Gauthier, 2003; Nadeau et al.,
2013; Preece et al., 2014). However, it would be expected that the transfer of sulphide melt or
chloride brine from the recharge mafic magma to the shallower magmatic system should
largely produce #°Pb excesses, which are not observed in the rocks.

What is clear from the new data is that there is a significant range in (**°Pb/?*°Ra),
within a single eruption at Merapi, therefore, process interpretations based on one sample per
eruption/year may not yield sufficient information about the plumbing system and degassing
behaviour over decadal timescales (cf. Gauthier and Condomines, 1999). Berlo et al. (2006)
also observed variability in (***Pb/**°Ra), within a single eruption at Mount St. Helens and

attributed it to tapping magma from various depths. Mineral and mineral-melt
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thermobarometry studies on the 2006 and 2010 Merapi samples suggest that for both
eruptions, magmatic crystallisation (and inferred storage) occurs over a range of depths, from
~30 km deep to the surface (Costa et al., 2013; Preece et al., 2014). Recent phase equilibrium
experiments conducted by Erdman et al. (2016) suggest Merapi’s pre-eruptive main reservoir
is located at a depth of >4.5-9 + 3 km, which is recharged by a higher temperature magma
with a higher melt H,O content from below. Therefore, it is possible that the variability in
(*Pb/**Ra), within single eruptions at Merapi is related to variation in magmatic source
depth, and mixing of a faster moving, more undegassed, recharging magma with slower
moving, shallower, more degassed magma as well as any influence from late-stage carbonate
assimilation.

The 2006 scoria samples are characterised by deficits of #°Pb, with all samples
(except one) lying outside of error of secular equilibrium with no clear evolutionary trend in
(**Pb/**Ra), (Fig. 1). Assuming the simplest model of efficient (complete) removal of ’Rn
with other exsolving gas species (e.g. H,O, CO,, SO,), that the influence of carbonate
assimilation is similar for all samples, and a system closed to magmatic recharge (equation 11
of Gauthier and Condomines, 1999), the range of ?°Pb deficits observed in the 2006 Merapi
samples imply approximately 2-4 years (with one sample giving 7 years) of degassing prior
to eruption (Table 2). This timeframe compares well with maximum timescale estimates
using Fe-Mg gradients in 2006 clinopyroxenes of 2.4-5 years for magma influx into
intermediate or shallow depth reservoirs prior to eruption (Costa et al., 2013). The agreement
between the two approaches suggests that radon degassing from this shallow reservoir may
be the dominant process controlling the °Pb systematics in Merapi rocks. The first signs of
activity for the 2006 eruption were detected by seismic and deformation data in July 2005,
which may suggest that the magma may have been degassing while ascending from deeper
levels for a year or two before its movement to a shallow level storage region was seismically
detected. The previous eruption prior to 2006, occurred 5 years earlier in 2001, so the
interpretation of a new influx of magma from a deeper region after 2001 is also compatible
with Merapi’s eruptive history.

Despite differences in initial >°Po between the scoria (S2S M11-28a) and light grey
inclusion (LGD-Inc M11-28b) samples erupted during the Stage 2 of the eruption on the 26
October, both samples appear to have significantly lower initial *°Pb activities of around 2.3-
2.5 dpm/g compared to the other 2010 samples (Fig. 3). This suggests that magma involved
in the initial eruption had degassed for longer and either that the magma was sourced from a

greater depth and/or travelled more slowly to the surface compared with later stages of the
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eruption. Microlite textures in the rocks suggest that the eruption intensity and decompression
rates were faster for Stage 4 and 6 samples compared to Stage 2 (Preece et al., 2016) and
therefore, a slower ascent to the surface is the likely explanation for the lower “*°Pb activities
in Stage 2 samples. The ?!°Pb deficit of the LGD-Inc (M11-28b) erupted at the start of the
2010 eruption on 26 October can be modelled by 8 years of continuous degassing (equation
11 of Gauthier and Condomines, 1999; Table 2) prior to emplacement at shallow levels
around a month or two prior to the eruption (calculated from the initial >*°Po activity). The
explosive activity at the start of the eruption on 26 October was accompanied by significant
release of SO, (Surono et al., 2012; Fig. 1c) and so, as such a large **°Pb deficit is recorded in
the inclusion, it is unlikely that a significant volume of this gas was trapped for an amount of
time that was long relative to the half-life of “’Rn in the shallow magma system because the
decay of “’Rn would have increased the °Pb activity.

The eruption in 2006 was 4 years prior to 2010, suggesting that magma that formed
the light grey material may represent slowly ascending, unerupted magma related to
magmatic influx from the 2006 magmatic event, as the °Pb deficits from the 2006 samples
suggest between 2-4 years of degassing prior to eruption, giving a total of 6-8 years of
degassing for this material. Between 1 and 4 November 2010 in the main dome-building
phase (Stage 3, with samples emplaced in PDC deposits during Stage 4), the three samples
analysed show small ?!%Pb deficits to a small #°Pb excess and lie within error of secular
equilibrium. This likely represents the arrival of relatively fast moving magma that did not
stall and degas for any significant amount of time since its last stagnation point. The rapid
ascent of this relatively undegassed magma triggered a sudden release of gas close to the
surface, which caused the massive SO, flux during the climactic stage (Fig. 1). This
interpretation is consistent with previous petrological studies on minerals and melt inclusion
work that suggest the supply of a greater volume of volatile-rich, deeper magma in 2010, that
ascended fast with little time to degas (Costa et al., 2013; Preece at al., 2013, 2014). For
example, maximum times for magma influx prior to eruption estimated from Fe-Mg gradients
in clinopyroxenes give shorter timescales for 2010 compared to the 2006 eruption, of 1.6-2.7
years relative to 2.4-5 years, respectively (Costa et al., 2013). The white pumice sample
erupted during the latest stages of the climatic phase of 5 November (Stage 6) has a slight
219h deficit but lies within error of the Stage 4 samples, also suggesting relatively rapid
magmatic ascent. Preece et al. (2014) have shown that clinopyroxene in the white pumice
samples crystallised from the deeper levels of the plumbing system, suggesting an increase in

deep magma supply at this stage of the eruption. The larger size, lower number density and
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equant morphologies of microlites in the white pumice, compared to those in samples from
other stages of the eruption, suggest that this magma stalled in the conduit at estimated depths
of ~1.4-2.4 km prior to a rapid final ascent to the surface (Preece et al., 2016).

Gauthier and Condomines (1999) (grey diamonds Fig. 1) explained the variation
observed in (**°Pb/**Ra), in rocks erupted between 1981 and 1995 by short periods (<10
years) of closed-system evolution and continuous magmatic degassing. They attributed
higher (**°Pb/??°Ra), ratios to reinjections of magma and noted that the higher (***Pb/?*°Ra),
ratios coincided with explosive gravitational dome collapses in 1984 and 1992. In this study,
the generally higher (**°Pb/**Ra), observed in samples erupted between 1 to 4 Nov 2010,
compared to the more effusive 2006 eruption, supports the model by Gauthier and
Condomines (1999) that periods of magmatic recharge are linked to rapid dome extrusion
and, ultimately, more explosive eruptions at Merapi and the low/zero initial Po activities in
these samples suggest that open-system degassing must have occurred very shortly, in the

weeks to months, before eruption.

6. Conclusions
The main conclusions from this study are presented schematically in Fig. 6 and are as
follows:

1. The similar U-Th-Ra and Sr-Nd-Pb isotopic ratios presented by the 2006 and 2010
Merapi volcanic rocks, along with the presence of calc-silicate xenoliths in both the
2006 and 2010 eruption deposits, suggest that although carbonate crustal assimilation
must have played some role in magmatic evolution for both eruptions it is not a
significant contributor to the transition in the volcano’s explosive style. Evidence for
magmatic recharge and crustal assimilation at Merapi means that U-Th-Ra
disequilibria cannot be interpreted using a closed-system evolution timescale model.
At present, it is unclear whether Ra excesses are fully attributed to fluid addition from
the subducting slab or whether Ra is also added by fluids produced from skarn
formation over a timeframe of hundreds to several thousand years prior to eruption
(Fig. 6 (A)).

2. The repeated measurement of (*°Po) activities for samples collected shortly after
eruption reveals that sample MER061406-D was not a juvenile fragment of the 2006
eruption and shows that the juvenile 2006 and 2010 samples were all depleted in
2% relative to #°Pb, at the time of eruption but were variably degassed (Fig. 6 (C)).

In the 2010 samples, the degree of #*°Po degassing is directly related to sample texture
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and eruption phase, with the greatest degree of degassing observed in the dense dark
dome-building samples erupted during the climatic phase of the eruption (97-100% of
290 degassed on eruption) and the lowest degree of degassing measured in the light
grey inclusions (69-74% of ?°Po degassed on eruption) from the initial and earlier
phases of the eruption. The light grey inclusion samples are interpreted to represent an
initial influx of magma into the shallow plumbing system (Preece et al., 2016). If this
is the case, Po ingrowth calculations suggest that the initial intrusion ‘plug’ cooled
through the blocking temperature several weeks to several months before eruption,
which is consistent with the marked increase in observed monitoring parameters from

20 September 2010 onwards that suggested influx of new magma from deep.

. This study shows that there is a wide range in (**®Pb/**Ra), observed in volcanic

deposits from single eruptive episodes at Merapi, which are comparable to the entire
range in (**°Pb/?*°Ra), ratios for rocks erupted between 1981-1995 (Gauthier and
Condomines, 1999). Using a model of complete radon degassing, the 2°Pb-?**Ra
disequilibria can be modelled by ~2-4 years and ~0-3 years of degassing prior to
eruption in 2006 and 2010, respectively (Fig. 6 (B)). These timeframes correlate well
with maximum timescale estimates from Fe-Mg compositional heterogeneities in
clinopyroxene, which suggest 2.4-5 years (2006 eruption) and 1.6-2.7 years (2010
eruption) between magma influx into intermediate/shallow depth reservoirs and
eruption (Costa et al., 2013). The agreement in timescales using different approaches
suggests that despite the potential impact of crustal assimilation on (**°Pb/?*°Ra)
ratios, magmatic degassing and recharge alone can explain ?°Pb-?*Ra disequilibria in
Merapi volcanic rocks. In this context, the *°Pb data suggest that the deeper magma
involved in the 2010 eruption began degassing only shortly before eruption (possibly
due to its rapid ascent). This interpretation is supported by the lack of amphibole
reaction rims in 2010 deposits along with microlite textural and compositional
analysis, which suggest minimal storage and relatively rapid movement of the 2010
magma relative to that erupted in 2006 (Preece et al., 2013; 2014; 2016). It also
corroborates the work of Gauthier and Condomines (1999), suggesting that periods of
magmatic recharge are linked to rapid dome extrusion and ultimately, more explosive
eruptions at Merapi. Excess #°Pb relative to ?°Ra in plagioclase from the 2006 and
2010 volcanic rocks indicates that part of the plagioclase in Merapi volcanic rocks

grew within decades of eruption.

22



742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

7. Acknowledgements

Peter Wieland and Norman Pearson are thanked for analytical assistance at Macquarie
University. John Pallister is thanked for contributing three of our samples. We are grateful to
Juan Carlos Afonso for the Matlab code to determine the best-fit ingrowth curves for (**°Po).
This manuscript has also benefited from three anonymous reviews and editorial handling by
Rosemary Hickey-Vargas (Associate Editor) and Marc Norman (Executive Editor). HH is
supported by an ARC Future Fellowship FT120100440. This work has been supported by the
Natural Environment Research Council (NERC) through Urgency Grant NE/1029927/1. The
Sr-Nd and TIMS and MC-ICP-MS U-series isotope data were obtained using instrumentation
funded by DEST Systemic Infrastructure Grants, ARC LIEF, NCRIS, industry partners and
Macquarie University.

Figure Captions

Figure 1. a) Initial (***Pb/**Ra), activity ratios of the 2006 and 2010 Merapi volcanic rocks
(this study) compared to the (**°Pb/**Ra), activity ratios for Merapi volcanic rocks erupted
between 1981 to 1995 (Gauthier and Condomines, 1999; grey diamonds). Panels b) and c)
show the detailed changes in (**°Pb/**Ra), activity ratios throughout the 2006 and 2010
eruptions, respectively. COSPEC SO, flux measurements for the 2006 eruption (grey circles
in panel b are from the Geological Agency Center for Volcanology and Geological Hazard
Mitigation (http://www.vsi.esdm.go.id/index.php/gunungapi/data-dasar-gunungapi/542-g-
merapi?start=5) and the maximum flux during 1992-2007 (dashed line in b) and mean SO,

gas flux data for the 2010 eruption are from Surono et al. (2012).

Figure 2. a) (®*U/22Th)-(*°Th/?2Th) equiline diagram for Merapi volcanic rocks and
plagioclase separates. Arrows show the expected impact on whole-rock compositions from: i)
magmatic recharge (a likely shift to lower (**°Th/?**Th) relative to differentiated magma), ii)
assimilation of older volcanic material in secular equilibrium (with a similar U/Th elemental
ratio to the 2006 and 2010 samples) and/or closed system differentiation (shift to higher
(®°Th/*2Th)), and iii) the potential assimilation of crustal carbonate material (a shift towards
the equiline but at significantly higher (**®*U/?2Th)). The vector for carbonate assimilation is
estimated using the U and Th concentrations of local Javanese calcareous sediments (data
given in Handley et al., 2014 and local upper crust samples MX99-1: U: 1.36 ppm, Th: 4.64
ppm; MX99-2: U: 0.72 ppm, Th: 2.56) and assuming that (*8U/*Th) is in secular

equilibrium. Previously published whole-rock Merapi data (historical and recent (< 200 years
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old) and older) from Gill and Williams (1990), Gauthier and Condomines (1999) and Turner
and Foden (2001), Condomines et al. (2005). b) (**°Th/?*®U)-(**Ra/*°Th) diagram for
Merapi volcanic rocks and plagioclase separates. Previously published whole-rock Merapi
data from Gill and Williams (1990), Gauthier and Condomines (1999), and Condomines et al.
(2005). The ‘older’ Merapi data of Condomines et al. (2005) and the Turner and Foden
(2001) data were not used in Fig. 2b due to either i) uncertainty in the eruption age of the

sample or, ii) samples had assumed, and not measured, (**°Th/***Th ratios).

Figure 3. Plot of °Po activities versus days since eruption for leached Merapi whole-rock
volcanic samples. Note that only two of the 2006 samples were analysed in the days (rather
than years) following the eruption. The 2006 sample, MER061406-D, has high initial *°Po
and is therefore, not a juvenile fragment of the 2006 eruption. For the 2006 samples that were
more than two years old at the time of measurement (‘other 2006°), i.e. five times the half-life
of 2°Po (138.4 days), (**°Pb) was considered equal to (**°Po) and these samples are plotted
on the right-hand y-axis (plotted arbitrarily at 1000 days) for comparison of initial (**°Pb)
activities. Indicated initial (**°Po) and (**°Pb) values (Table 2) were obtained through a
Markov Chain Monte Carlo simulation using Matlab (see Section 3). Error bars represent 2c
total analytical error. Refer to Table 1 and the text for further eruption framework details and

clast type information.

Figure 4. a) ®Sr/*°Sr versus “**Nd/*“Nd for the 2006 and 2010 Merapi volcanic rocks.
Previously published Merapi data (grey-filled diamonds) from Debaille et al. (2006),
Gertisser and Keller (2003a) and Woodhead et al. (2001). Java (including Krakatau) volcanic
rock data (grey crosses) from Edwards et al. (1993), Gerbe et al. (1992), Handley et al. (2007:
2008; 2010; 2011), Sendjaja et al. (2009), Turner and Foden (2001), Vukadinovic and
Sutawidjaja (1995), White and Patchett (1984), Woodhead et al. (2001). Inset shows Pb
isotopic ratios for the 2006 and 2010 Merapi volcanic rocks relative to recent high-K (<1900
4C yr B.P.) and medium-K (>1900 **C yr B.P.) Merapi volcanic rocks (green triangles)
(Handley et al., 2014). b) (*°Th/®*Th) versus ®'Sr/*°Sr for the 2006 and 2010 Merapi
volcanic rocks. The (2°Th/2Th) activity ratios for all samples, except the volcanic rock
samples from Merapi and Java were calculated using their U and Th concentrations and
assuming that (**8U/%Th) is in secular equilibrium. Previously published Merapi data from

Turner and Foden (2001). Java volcanic rock field (Galunggung and Krakatau) from Turner
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and Foden (2001). Java calcareous crustal data and Merapi calc-silicate xenolith data from
Gardner et al. (2012), Gertisser and Keller (2003a), Handley et al. (2014). Bulk Java
subducted sediment, Bulk Sumatra subducted sediment and Bulk East Sunda subducted
sediment from Plank and Langmuir (1998). Indian Ocean sediments (pelagic: I-Pelag and
terrigeneous: I- Terrig) from Ben Othman et al. (1989), Gasparon and Varne (1998) and
Plank and Langmuir (1998). Sumatran Granitoids divided into I-type (low Sr isotopic ratio
and moderate to high Th isotopic ratio) and S-type (high Sr isotopic ratio and low Th isotopic
ratio) from Gasparon and Varne (1995). Altered oceanic crust (AOC) lies off the top of the
diagram at significantly higher Th isotopic ratios ((*°Th/??Th) = 8.78 to 53.4) (Staudigel et

al., 1995). Inset diagram shows a close up view of the Merapi and Java volcanic data.

Figure 5. (*°*Ra/?°Th) activity ratio versus SiO, (wt%) in Merapi volcanic rocks for the 2006
and 2010 eruptions. SiO, contents are taken from Preece et al. (2013) and Preece (2014) and
are given in Table 1. Previously published Merapi data are from Condomines et al. (2005).
Arrows show the expected impact on whole-rock compositions from: i) magmatic recharge or
addition of fluid produced by skarn formation (carb. fluid), ii) assimilation of older volcanic
material in secular equilibrium with similar SiO, content to the 2006 and 2010 samples
and/or closed system differentiation and iii) the potential assimilation of crustal carbonate

material (a shift towards secular equilibrium and lower SiO, content).

Figure 6. Schematic diagram showing the uranium isotope activity ratios used and the
timescales of magmatic processes that have been deduced for the 2006 and 2010 eruptions at
Merapi. A: ?°Ra and %**U excesses indicate addition of ?°Ra on a timescale of 8000 years or
less and for 2*®U on a timescale of <380,000 years, probably due to fluid addition from the
subducting slab. It is unconstrained at present whether crustal assimilation of carbonate
material or skarn formation processes have added additional *°Ra and ?*®U to the magma. B:
Shallow degassing of *’Rn occurred ~2-4 years prior to eruption in 2006 and ~0-3 years in
2010, suggesting that the ascent of volatile-rich magma shortly before eruption contributed to
the greater explosivity observed in 2010. C: Final magma ascent and shallow-level
emplacement took place over the weeks to months preceding the eruption as indicated by the

degassing of °Po.
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Table 1

Table 1. Uranium-series whole-rock and plagioclase separate data for the 2006 and 2010 Merapi volcanic rocks

Sample Name Sample Type Stage Eruption Age Sio, U] + [Th] £ UL 2 UPTh) £ TRATh) £ BThAU)
MEO08-10 Kali Bebeng Scoria (KB-S) | 20/05/2006° 55.18 1.55 0.04 6.67 0.08 1.003 0.005 0.702 0.006 0.642 0.007 0.914 0.013
M07-53 Lobe 1 - Scoria (L1-S) 1l 30/05/2006° 55.22 1.50 0.03 6.39 0.08 1.004 0.005 0.712 0.006 0.644 0.007 0.904 0.011
MO07-53P Lobe 1 - Scoria Plagioclase (L1-S-Plag) I 30/05/2006° n.d. 0.35 0.01 151 0.02 1.003  0.005 0.700 0.006 0.640 0.006 0.913 0.010
MO7-53P (rpt)  Lobe 1 - Scoria Plagioclase (L1-S-Plag) 1l 30/05/2006° n.d. 0.35 0.01 151 0.02 1.004 0.005 0.703 0.006 0.640 0.006 0.911 0.010
MEO08-01 Lobe 4 - Scoria (L4-S) 1] 20/06/2006° 55.16 1.59 0.04 6.78 0.08 1.002  0.005 0.711 0.006 0.641 0.006 0.901 0.010
MEO08-04 Lobe 8 - Scoria (L8-S) 1] 20/06/2006° 55.40 1.62 0.04 6.94 0.09 1.008 0.005 0.708 0.006 0.638 0.005 0.902 0.009
ME08-07 Lobe 10 - Scoria (L10-S) n 01/07/2006° 55.20 1.49 0.03 6.23 0.08 1.002  0.005 0.720 0.006 0.633 0.005 0.879 0.008
MEO08-14 Summit Dome Scoria (SD-S) v 01/08/2006° 55.47 1.64 0.04 7.06 0.09 1.004 0.005 0.705 0.006 0.640 0.006 0.909 0.011
M11-28b Light Grey Dense Inclusion (LGD-Inc) 2 26/10/2010 n.d. 1.47 0.03 6.33 0.08 1.006  0.005 0.706 0.006 0.635 0.006 0.899 0.010
M11-05 Light Grey Dense Inclusion (LGD-Inc) 4 01/11/2010° 53.76 1.44 0.03 6.49 0.08 1.003 0.005 0.671 0.006 0.636 0.007 0.948 0.013
M11-05 (rpt) Light Grey Dense Inclusion (LGD-Inc) 4 01/11/2010° 53.76 1.46 0.03 6.63 0.08 1.003 0.005 0.670 0.006 0.634 0.006 0.946 0.011
M11-12 Dome Dense (DD) 4 01/11/2010° 54.77 1.57 0.04 6.64 0.08 1.004 0.005 0.717 0.006 0.627 0.006 0.876 0.010
M11-27-5 Dome Dense (DD) 4 01/11/2010° 54.80 1.45 0.03 6.03 0.07 1.004 0.005 0.728 0.006 0.647 0.006 0.889 0.010
M11-01P Dome Plagioclase (DD-Plag) 4 01/11/2010° n.d. 0.24 0.01 1.03 0.01 1.004 0.005 0.694 0.006 0.641 0.007 0.924 0.012
M11-18 White Pumice (WP) 6 05/11/2010 55.16 1.53 0.03 6.54 0.08 1.002  0.005 0.708 0.006 0.643 0.005 0.908 0.009
TML Std (Ra) 29.8 0.138 1.070 0.010
TML Std (U-Th) 10.7 0.026 29.8 0.081 1.002  0.003 1.090 0.006 1.067 0.007 0.979 0.009
TML Std (U-Th) 10.9 0.021 30.1  0.064 1.005 0.003 1.097 0.004 1.066 0.005 0.972 0.007
Average TML 10.8 29.9 1.003 1.094 1.068 0.975
2 Std. Dev. 0.24 0.37 0.005 0.009 0.004 0.009
Sample Name Sample Type Stage Eruption Age **Ra(fg/lg) = (**Ra/®’Th) =
MEO08-10 Kali Bebeng Scoria (KB-S) | 20/05/2006" 1501 19 3.13 0.12
MO07-53 Lobe 1 - Scoria (L1-S) 1l 30/05/2006° 1474 19 3.19 0.12
MO07-53P Lobe 1 - Scoria Plagioclase (L1-S-Plag) ] 30/05/2006° 395 23 3.65 0.22
MO7-53P (rpt)  Lobe 1 - Scoria Plagioclase (L1-S-Plag) I 30/05/2006° 379 22 3.49 0.21
MEO08-01 Lobe 4 - Scoria (L4-S) 1] 20/06/2006° 1522 19 3.12 0.12
MEO08-04 Lobe 8 - Scoria (L8-S) 1] 20/06/2006° 1517 19 3.05 0.12
MEO08-07 Lobe 10 - Scoria (L10-S) 1] 01/07/2006° 1449 18 3.28 0.12
MEO08-14 Summit Dome Scoria (SD-S) \% 01/08/2006° 1398 18 2.76 0.10
M11-28b Light Grey Dense Inclusion (LGD-Inc) 2 26/10/2010 1378 17 3.06 0.12
M11-05 Light Grey Dense Inclusion (LGD-Inc) 4 01/11/2010° 1402 18 3.03 0.11
M11-05 (rpt) Light Grey Dense Inclusion (LGD-Inc) 4 01/11/2010° 1390 18 2.95 0.11
M11-12 Dome Dense (DD) 4 01/11/2010° 1458 18 3.12 0.12
M11-27-5 Dome Dense (DD) 4 01/11/2010° 1396 18 3.19 0.12
M11-01P Dome Plagioclase (DD-Plag) 4 01/11/2010° 258 15 3.49 0.21
M11-18 White Pumice (WP) 6 05/11/2010 1496 19 3.17 0.12
TML Std (Ra) 3594 26 1.005 0.008

Sample types following Preece (2014) and Preece et al. (2016). SiO, (wt %) from Preece et al. (2013) and Preece (2014).
The 2006 eruption stage is taken from Charbonnier and Gertisser (2008) as detailed in Preece et al. (2013). The 2010 eruption stage is taken from Komorowski et al. (2013) as detailed in Preece et al. (2016).
®ME08-10 extruded between 1 May and 1 June 2006 and was emplaced between 11 May to 1 June.
®M07-53 emplaced in BAFs on 14 June, but extruded between 1st May to 14th June. Microlite textures and lack of amphibole reaction rims in these samples extruded not long before collapse (Preece et al. 2016).
°Stage Il 2006 samples: extruded post-14 June. Exact date of collapse not know, extrusion between 15 June and early July 2006.
Stage IV 2006 sample: extrusion 15 June - Oct 2006, so an intermediate date in August is assumed for plotting purposes (sample collected in 2008 from the uncollapsed part of the 2006 summit dome).
°Samples extruded during Stage 3, between 29 October and 4 November 2010 and emplaced in BAFs and surges on 5 Nov (Stage 4). An intermediate eruption date of 1 November 2010 was used for plotting.

rpt = sample repeat including digestion. n.d. = not determined. Errors on TML are 2SE (measurement precision). Errors given on samples represent 2o precisions based on TML and sample reproducabilities.



Table 2

Table 2. Measured and initial *°Po and 2'°Pb activities and (*'°Po/*'°Pb) and (*"°Pb/**Ra) in Merapi volcanic rock samples

Sample Name __Sample Type _Eruption/ExtrusionDate_Analysis Day (*"Po), dpm/g_* 20 _(*"Po), *20 (2°Pb) *20 (2°Po/”Pb)_2"Po Degassed (%) (Pb/"°Ra), * 20 Years Degassing
0.16

MER 95 1995 >700 3.10 0.06 3.05
ME08-10 KB-S 20/05/2006 >700 2.96 0.07 2.90 0.09 0.88 0.05 4
ME08-10 (rpt) KB-S 20/05/2006 >700 2.99 0.07
M07-53 L1-S 30/05/2006 >700 3.04 0.07 3.01 0.09 0.93 0.06 2
ME08-01 L4-S 20/06/2006 >700 3.03 0.07 2.98 0.09 0.89 0.05 4
MEO08-01 (rpt) L4-S 20/06/2006 >700 3.06 0.07
ME08-04 L8-S 20/06/2006 >700 2.99 0.07 2.93 0.09 0.88 0.05 4
MEO08-04 (rpt) L8-S 20/06/2006 >700 3.02 0.07
ME08-07 L10-S 01/07/2006 >700 2.66 0.07 2.57 0.09 0.81 0.06 7
ME08-14 SD-S 01/08/2006 >700 2.95 0.07 2.93 0.09 0.95 0.06 2
MER061406-L GR-LGS 14/06/2006 37 0.71 0.02 021 02 315 0.10 0.07 93
149 1.74 0.04
370 2.73 0.05
825 3.06 0.06
MER061406-LL8 leachate 14/06/2006 37 3.81 0.42
MER061406-D GR-DGS 14/06/2006 37 2.98 0.05 295 02 312 0.10 0.95
149 3.04 0.05
370 3.10 0.06
MER061406-DL8 leachate 14/06/2006 37 2.84 0.32
M11-28a S28 26/10/2010 162 1.62 0.04 0.34 020 264 0.15 0.13 87
475 2.43 0.06
M11-28b LGD-Inc 26/10/2010 162 1.60 0.04 062 020 238 0.16 0.26 74 0.79 0.10 8
475 2.22 0.06
M11-05 LGD-Inc 1/11/2010 156 2.01 0.05 091 0.10 293 0.1 0.31 69 0.95 0.07 2
191 2.15 0.06
469 2.71 0.06
742 2.90 0.06
M11-12 DD 1/11/2010 156 1.74 0.05 0.10 0.20 3.11 0.1 0.03 97 0.97 0.07 1
469 2.76 0.06
742 3.08 0.10
M11-27-5 DD 1/11/2010 156 1.55 0.04 -0.30 0.20 3.13 0.12 -0.10 100 1.02 0.07 0
469 2.84 0.07
891 3.06 0.10
M11-01P DD-Plag 1/11/2010 >700 1.12 0.08 1.12 0.10 1.97 0.42
M11-18 WP 5/11/2010 152 1.85 0.05 052 0.20 3.04 0.1 0.17 83 0.92 0.07 3
465 2.85 0.06
738 2.92 0.06
BCR-2 Rock Standard 1.27 0.04
BCR-2 Rock Standard 1.24 0.04

Analysis Day is days after the eruption date. For details on sample eruption date see Table 1. Radium activity is taken from Table 1.

Sample types are given in Table 1. S2S = Pre Nov 5 Scoria; GR-LGS = Gendol River, Light Grey Scoria; GR-DGS = Gendol River, Dark Grey Scoria.

MERO061406-D is not a juvenile clast of the 2006 eruption (see text).

MERO061406-L was taken from a PDC deposited on 14 June, the exact extrusion age is unknown.

Most 2006 samples were analysed 5-6 years after eruption, which is significantly greater than five times the half-life of2'"°Po (138.4 days), therefore, (*'°Pb) was considered equal to measured (*'°Po)
and analysis day is listed as >700 days.

For samples analysed soon after eruption, the initial 2'°Pb activities, (*'"°Pb), representing #'°Pb activity at the time of eruption, were calculated using a Matlab code (see text).

The initial 2'°Pb activities for M11-28a and M11-28b are likely carry greater uncertainty than that shown as they are based on only 2 (**°Po) measurements.

The years of magmatic degassing (prior to eruption) is calculated using (*'°Pb/?*Ra), and assuming: 1) the simplest model of efficient (complete) removal of *’Rn, 2) that the influence of carbonate
assimilation is similar for all samples and, 3) a system closed to magmatic recharge (Equation 11 of Gauthier and Condomines, 1999).

The percentage of 2'°Po degassed on eruption is calculated using the degassing efficiency factor equation given in Gill et al., 1985.



Table 3

Table 3. Sr, Nd and Pb isotopic data of the 2006 and 2010 Merapi volcanic rocks

Sample  *'Sr/*°Sr 2SE "Nd/"**Nd 2SE %°pp/*%Ph “"Pp/**Pb *%Pb/**Pb
M07-53  0.705714 0.000007 0.512718 0.000006 18.762 15.693 39.147
MEQ8-07 18.766 15.697 39.157
MEQ8-14 18.762 15.692 39.143
M11-05  0.705742 0.000007 0.512699 0.000008 18.770 15.696 39.162
M11-12  0.705722 0.000006 0.512723 0.000006 18.762 15.694 39.147
M11-18  0.705709 0.000027 0.512711 0.000007 18.762 15.692 39.125
M11-27-5 0.705701 0.000012 0.512718 0.000007 18.760 15.692 39.137
M11-28b 0.705702 0.000009 0.512719 0.000005 18.765 15.697 39.153
SRM 987 0.710214 0.000008

JMC Nd 0.511116 0.000008

Pb isotope data are from Handley et al. (2014).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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