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at pressures of >500 MPa, i.e., in the mid- to lower crust 
beneath Merapi. Rare-earth element concentrations, in turn, 
require the absence of magmatic garnet in the Merapi feed-
ing system and, therefore, place an uppermost limit for the 
pressure of amphibole crystallisation at ca. 800 MPa. The 
host magmas of the megacrysts seem to have fractionated 
significant amounts of amphibole and/or clinopyroxene, 
because of their low Dy/Yb ratios relative to the estimated 
compositions of the parent magmas to the megacrysts. The 
megacrysts’ parent magmas at depth may thus have evolved 
by amphibole fractionation, in line with apparently coupled 
variations of trace element ratios in the megacrysts, such 
as e.g., decreasing Zr/Hf with Dy/Yb. Moreover, the Th/U 
ratios of the amphibole megacrysts decrease with increas-
ing Dy/Yb and are lower than Th/U ratios in the basaltic 
andesite host rocks. Uranium in the megacrysts’ parent 
magmas, therefore, may have occurred predominantly in 
the tetravalent state, suggesting that magmatic  fO2 in the 
Merapi plumbing system increased from below the FMQ 
buffer in the mid-to-lower crust to 0.6–2.2 log units above 
it in the near surface environment. In addition, some of the 
amphibole megacrysts experienced dehydrogenation  (H2 
loss) and/or dehydration  (H2O loss), as recorded by their 
variable  H2O contents and D/H and  Fe3+/Fe2+ ratios, and 
the release of these volatile species into the shallow plumb-
ing system may facilitate Merapi’s often erratic eruptive 
behaviour.

Keywords Magmatic differentiation · Rare-earth 
elements · Arc magmas · Barometry · Dehydrogenation · 
Dehydration

Abstract Amphibole has been discussed to potentially 
represent an important phase during early chemical evolu-
tion of arc magmas, but is not commonly observed in erup-
tive arc rocks. Here, we present an in-depth study of meta-
stable calcic amphibole megacrysts in basaltic andesites of 
Merapi volcano, Indonesia. Radiogenic Sr and Nd isotope 
compositions of the amphibole megacrysts overlap with the 
host rock range, indicating that they represent antecrysts 
to the host magmas rather than xenocrysts. Amphibole-
based barometry suggests that the megacrysts crystallised 
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Introduction

The role of amphibole in the chemical evolution of arc 
magmas

Fractional crystallisation of amphibole has long been 
considered an important factor during the evolution of 
arc magmas (e.g., Cawthorn and O’Hara 1976; Ring-
wood 1974; Foden and Green 1992; Romick et al. 1992; 
Rutherford and Hill 1993). Amphibole is commonly 
present in exhumed deep crustal suites derived from 
island arcs, where it forms a cumulate phase in gabbros, 
diorites, and amphibolites (e.g., Beard 1986; DeBari 
and Coleman 1989, LaPierre et  al. 1992; Larocque and 
Canil 2010). However, it is rarely found as a major min-
eral constituent in arc lavas, although trends of decreas-
ing Dy/Yb and increasing Yb/La with  SiO2 suggest that 
many arc lavas have likely fractionated amphibole dur-
ing petrogenesis (e.g., MacPherson et al. 2006; Davidson 
et al. 2007). In addition, amphibole bearing xenoliths are 
occasionally found in arc lavas (e.g., Conrad and Kay 
1984; Debari et al. 1987; Camus et al. 2000; Turner et al. 
2003; Chadwick et  al. 2013), suggesting that the deep 
levels of modern island arcs may, indeed, bear similari-
ties to their exhumed plutonic counterparts. Amphibole 
megacrysts have been reported from a small number of 
arc volcanoes and then generally show chemical disequi-
librium with their host magmas (e.g., Sigurdsson and 
Shepherd 1974; Downes et al. 1995; Murphy et al. 1998; 
Rooney et al. 2011; Krawczynski et al. 2012). It has been 
conjectured that such amphibole megacrysts formed in 
the deeper parts of the magmatic systems, and thus may 
record differentiation processes that occurred during the 
earlier stages of magma evolution (e.g., Kiss et al. 2014). 
Moreover, resorption of disequilibrium amphibole could 
have temporarily added volatile species to the magmatic 
systems of these volcanoes, which could have affected 
their eruptive behaviour (e.g., Feeley and Sharp 1996; 
Davidson et  al. 2007). Notably, fractional crystallisa-
tion of amphibole has been suggested to control major 
and trace element evolutions of basaltic andesite mag-
mas from Merapi volcano, Indonesia (Wulaningsih et al. 
2013) and amphibole megacrysts are frequently present 
in the recent deposits of this volcano (Chadwick et  al. 
2013; Costa et al. 2013; Preece et al. 2013; Nadeau et al. 
2013; Erdmann et  al. 2014). Here, we focus on the ori-
gin of the Merapi amphibole megacrysts and report on 
their major and trace element compositions, petrography, 
their Sr and Nd isotope compositions and their  Fe3+/Fe2+ 
ratios, as well as their  H2O content and H isotope com-
positions. The depths at which the amphibole megacrysts 
formed are then discussed based on geobarometric model 
calculations, and finally, trace element concentrations in 

the amphibole megacrysts are used to assess the role of 
deep amphibole fractionation in the evolution of recent 
Merapi magmas.

Geochemistry of Merapi magmas

Merapi volcano is the youngest of a cross-island chain of 
four stratovolcanoes in Central Java (van Bemmelen 1949). 
The recent activity at Merapi is characterized by the for-
mation and subsequent collapse of lava domes, resulting 
in the frequent deposition of block-and-ash flows on the 
upper slopes of the volcano (e.g., Voight et al. 2000; Ger-
tisser et al. 2012), but occasionally, larger explosive events 
occur, as, e.g., the most recent eruption in 2010 (Surono 
et  al. 2012). The lower flanks of Merapi expose Holo-
cene pyroclastic deposits, which are underlain by basaltic 
andesite lava flows that are the product of an older volcanic 
structure (Old Merapi, e.g., van Bemmelen 1949; Newhall 
et  al. 2000) and indicate that volcanism at Merapi com-
menced ≥40,000  years ago (Camus et  al. 2000; Berthom-
mier et al. 1990; Newhall et al. 2000).

The Holocene deposits of Merapi are dominantly basal-
tic andesites with a marked transition from a medium- to 
a high-K composition at ~1900 BP (Gertisser and Kel-
ler 2003). The high-K series is commonly referred to as 
basaltic andesites (e.g., Gertisser and Keller 2003; Gertis-
ser et  al. 2012), but classify as basaltic trachy-andesites 
in the TAS diagram (cf., Le Maitre 2002). Igneous and 
meta-sedimentary inclusions in Merapi lavas show a wide 
range of textures and compositions, indicating a complex 
sub-volcanic plumbing system with likely multiple magma 
chambers and pockets distributed through the crust (Chad-
wick et al. 2013; Troll et al. 2013). These magma pockets 
appear linked into a steady-state supply network that is able 
to maintain overall compositional and textural stability for 
prolonged periods of time (e.g., van der Zwan et al. 2013). 
In addition, elevated 87Sr/86Sr ratios and δ18O values in pla-
gioclase phenocrysts, as well as temporarily elevated δ13C 
in fumarole gases reflect an element of assimilation of car-
bonates in the upper sediment-rich crust (Chadwick et  al. 
2007; Troll et al. 2012, 2013; Borisova et al. 2016).

Amphibole megacrysts are known from recent Mer-
api eruptions (e.g., 1994, 1998, 2006, and 2010) and 
are thought of as xenocrystic and/or antecrystic in ori-
gin (Chadwick et al. 2013; Costa et al. 2013; Preece et al. 
2013; Nadeau et al. 2013; Erdmann et al. 2014). Erdmann 
et  al. (2014) reported two distinct populations of amphi-
bole megacrysts from the 2010 eruption. They interpreted 
megacrysts up to ~2 cm with low  SiO2 and high  Al2O3 as 
xenocrysts derived from mafic cumulates (cf., Chadwick 
et al. 2013; Nadeau et al. 2013; Preece et al. 2013), while 
megacrysts with respectively high and low  SiO2 and  Al2O3 
are considered xenocrystic and/or antecrystic in origin, e.g., 
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from crystal mushes or fully crystallised magma pockets. 
Costa et al. (2013) noticed that amphibole megacrysts from 
the 2006 eruption have breakdown rims, whereas those of 
the 2010 eruption are pristine, possibly indicating a larger 
contribution of a deep, volatile rich magma to the 2010 
eruption. Here, we complement these recent advances with 
the first in-depth investigation of amphibole megacrysts 
from the 1998 eruption deposits that contained exception-
ally large amphibole crystals of up to 8 cm across. In addi-
tion, we present hydrogen isotope analyses of amphibole 
megacrysts from the 1998 as well as the 1994 and 2006 
eruptions to help put the 1998 data into context.

Materials and methods

Samples, petrography, and major element analyses

Samples of basaltic andesite from block-and-ash flow 
deposits of the 1994 and 1998 eruptions were collected 
in 2002 on the southwest flank of Merapi, some 5–8  km 
from the summit (see Chadwick et  al. 2007, 2013; Troll 
et al. 2013) and the 2006 eruptives were sampled in Kali-
atem village, located on the southern flank, ~6 km from the 
volcano’s summit (Donoghue et  al. 2009). Carbon-coated 
thick-sections (120 μm thick) of 16 amphibole megacrysts 
were used for petrographic characterisation and in  situ 
analysis of major elements (Si, Al, Mg, Fe, Ti, Ca, Na, and 
K) by electron microprobe (EMP) analysis on a JEOL JXA-
8800M instrument at VU University Amsterdam (VU), 
The Netherlands, and on a JEOL JXA-8200 located at the 
Department of Applied Mineralogy, Geozentrum Nordbay-
ern University of Erlangen-Nuernberg (GZN), Germany. 
Measurement conditions were 15  kV acceleration voltage 
and 10  nA probe current. The beam diameter was set to 
1 μm for all elements except for Na, which was measured 
with a widened beam of ~10 μm in diameter.

Trace elements and Sr–Nd isotope analyses

Six large amphibole megacrysts without visible weather-
ing were selected for trace element and isotope analyses, 
and carefully separated from the rock matrix by hand with 
a small chisel. These are different amphibole crystals than 
those that were analysed by electron microprobe. After 
ultrasonic cleaning in ultrapure water, the six selected crys-
tals were each crushed, sieved, handpicked, and digested in 
a concentrated HF-HNO3 mixture at 120 °C. After diges-
tion, aliquots were taken for separation of Sr and Nd by ion 
exchange chromatography (after Pin et al. 1994). The solu-
tion remaining after aliquotation was analysed for trace ele-
ment concentrations with inductively coupled plasma mass 
spectrometry (ICPMS) on a Quadrupole ThermoFischer 

X-Series-II machine at VU University Amsterdam. Trace 
element concentrations in the samples were determined 
relative to USGS reference materials BCR-2 and BHVO-2 
using a method modified after Eggins et al. (1997) to cor-
rect for instrumental drift. Analytical precisions for this 
method were typically ≤5%, and all are ≤10% based on 
repeated analyses of the reference materials.

Strontium and Nd isotope ratios were determined 
by thermal ionisation mass spectrometry (TIMS) on a 
Finnigan MAT 262 mass spectrometer in the dynamic 
mode at VU University Amsterdam. For Sr iso-
tope analysis, the NIST SRM 987 standard gave sta-
ble results before and after measurements with average 
87Sr/86Sr = 0.710217 ± 8 (n = 5), slightly lower than other 
labs (e.g., 87Sr/86Sr = 0.710248 ± 23; Thirlwall 1991, 
87Sr/86Sr = 0.710256 ± 16; Raczek et  al. 2003) but within 
uncertainty identical to the NIST-recommended value 
 (87Sr/86Sr = 0.71034 ± 0.00026). Instrumental mass bias 
was corrected using 86Sr/88Sr = 0.1194. For Nd isotope 
analysis, the in-house standard CIGO (Centrum Isotopen 
Geologisch Onderzoek) was used that was prepared in 
1985 from  Nd2O3 obtained from Vitron, Germany, and cal-
ibrated against the La Jolla international standard (Davies 
et  al. 2006). Our average 143Nd/144Nd = 0.511342 ± 10 
(n = 5) is in excellent agreement with the calibrated value 
143Nd/144Nd = 0.511342 ± 7, and also agrees with other 
previous studies (e.g., Meyer et al. 2011; Koornneef et al. 
2013, 2014; Klaver et al. 2015). For correction of the instru-
mental mass bias, the reference ratio 146Nd/144Nd = 0.7219 
was used.

H isotope compositions

Samples were obtained by drilling amphibole megacrysts 
using a  Dremel® professional drill. These megacrysts are 
different samples than the megacrysts that had been ana-
lysed by microprobe, ICPMS, and TIMS. The retrieved 
powders were wrapped in silver capsules and combusted at 
1450 °C in a reducing atmosphere following the procedure 
by Sharp et al. (2001). The hydrogen isotope analyses were 
performed at the CNR institute of Geosciences and Earth 
Resources, Pisa, using a ThermoFisher TC/EA on line with 
a Delta XP IRMS. All δD data are reported in the conven-
tional “δ-notation”, i.e., the deviation of D/H in the sam-
ple relative to VSMOW, in per mill. The precisions of the 
reported D/H ratios are ±3‰. At least two measurements 
were performed for each sample. The measured δD values 
were compared with those of internal standards and cali-
brated relative to NBS-30 (δD = 65.7‰; Hut 1987). A cali-
bration curve was obtained with different hydrous silicate 
internal standards that range in composition from +160 to 
−40‰.
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H2O concentrations

Selected parts of six megacrysts that had previously been 
used for H isotope analyses were crushed to obtain loose 
crystal fragments (≥300  μm) suitable for Fourier trans-
form infrared spectroscopy (FTIR) analysis. These were 
handpicked under a binocular microscope and individual 
crystal fragments were then mounted in thermoplastic 
resin for further processing. With the help of crystal mor-
phology (e.g., cleavage planes) and optical microscopy 
(extinction angles), the selected crystal fragments (n = 13) 
were oriented along their crystallographic c-axis and their 
(010) crystal faces, on which the directions of the main 
refractive indices (α and γ) occur. Various particle size-
grades of  Al2O3-grinding paper were used to thin and pol-
ish the oriented crystal fragments to a thickness between 
25 and 35  μm on the (010) crystal face. Polarized FTIR 
spectra in the range 2000–5000  cm−1 were then acquired 
on the oriented amphibole crystal pieces along the direc-
tions of the main refractive indices α and γ to obtain the 
total absorbance (A), which for amphibole corresponds 
to Atotal = Aα + Aγ as Aβ is approximately zero (Skogby 
and Rossman 1991). The polished crystal fragments were 
measured at the Swedish Museum of Natural History, 
Stockholm, using a Bruker Hyperion 2000 IR-microscope 
equipped with a NIR source (halogen lamp), a  CaF2 beam-
splitter, a ZnS polarizer, and an InSb detector. Cracks and 
inclusions in the crystals were avoided by applying small 
apertures (~100 μm) for masking during analysis. For each 
individual spectrum, 128 scans were performed and aver-
aged. The obtained spectra were baseline corrected by a 
polynomial function and the individual OH bands were fit-
ted with the software PeakFit and used for further calcula-
tions. The corresponding water contents were then calcu-
lated using the wavenumber-dependent calibration function 
established by Skogby and Rossman (1991), but were cor-
rected by a factor of 10 compared to the original publica-
tion (see Stalder et al. 2012). The measurement precisions 
of the water contents are governed by baseline corrections 
and measurements of the crystal thicknesses. Based on 
the quality of the spectra and the large sizes of the crystal 
pieces, the measurement precisions are better than ±10% 
for all samples. The accuracy of the absolute water con-
centrations may additionally be affected by the uncertainty 
of the absorption coefficients (cf., Skogby and Rossman 
1991). For the absolute water concentrations, we, therefore, 
estimate a maximum uncertainty of ±20%.

Oxidation states of Fe

The oxidation states of Fe were determined using Möss-
bauer spectroscopy at the National History Museum in 
Stockholm in the same samples in which D/H ratios and 

 H2O wt% had been measured. To obtain a sample aver-
age for different valence states, powdered crystal sepa-
rates were analysed with a 57Co standard source (active 
diameter 5.0 mm). In addition, selected parts of the crys-
tals on which the H isotope compositions had been meas-
ured were analysed using a point source (active diameter 
0.5  mm) to better compare the results with the hydrogen 
isotope data of those particular samples. Several powdered 
crystal pieces (10 mg in total) from individual rock samples 
were mixed and ground with acrylic resin and pressed to 
a thin disc under mild heat (150 °C) for analysis with the 
standard source. In addition, pieces from selected areas on 
the crystal for analysis with the point source were pow-
dered, mixed, and ground with thermoplastic resin, and 
formed into a ~1  mm3 cylinder that was mounted on a strip 
of tape. The Mössbauer measurements were performed at 
incident angles of 90° and 54.7° to the γ-rays for the point 
and the standard source, respectively. All obtained spectra 
were calibrated against an α-Fe foil, folded, and reduced 
from 1024 to 512 channels. The spectra were fitted with the 
Mössbauer spectral analysis software MossA (cf., Prescher 
et al. 2012). During the fitting process, two doublets each 
were assigned to  Fe2+ and  Fe3+ in the octahedral positions. 
From the area of the doublets, the percentage of each oxida-
tion state relative to the total iron content of the sample was 
obtained, assuming similar recoil-free fractions for  Fe2+ 
and  Fe3+. The estimated analytical error for the obtained 
 Fem+/Fetot ratios is ±1%.

Results

Petrography and EMP data

Examples of Merapi amphibole megacrysts in hand spec-
imens are shown in Fig.  1a and b. Strong reaction zones 
are generally present as coronas around the crystal and 
within cracks (Fig. 1c, e, f). Typical minerals in these reac-
tion zones are clinopyroxene, plagioclase, and spinel, with 
lesser apatite, K-feldspar, and rare anhydrite. Plagioclase in 
the reaction zones is dominated by two distinct composi-
tions, namely bytownite-anorthite (An ~90) and labradorite 
 (An40–60), and often shows internal zoning. Spinel in the 
reaction zones is titanomagnetite and shows frequently 
lamellae of ilmenite, which has been ascribed to high-tem-
perature oxidation (Ozima and Larson 1970). Glass is found 
in many reaction zones, particularly in cracks through the 
crystals, and occasionally occurs together with high-Mg 
olivine. This combination is proposed to result from incon-
gruent partial melting of amphibole due to decompression 
(e.g., Foden and Green 1992). Exsolution of amphibole is 
observed for a portion of the megacrysts and these are typi-
cally rich in melt and fluid inclusions (e.g., Fig. 1c). Rarer 
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crystalline inclusions in the amphibole megacrysts include 
clinopyroxene and opaque oxides. On occasion, the amphi-
bole megacrysts occur together with clinopyroxene-spinel 
rich clots.

Representative EMP analyses are shown in Table  1, 
whereas the complete EMP data set (ntotal = 205) is pro-
vided in the supplementary materials (Appendix 1). There 
are no obvious differences between the EMP data from VU 

and GZN. All analysed amphibole megacrysts (n = 16) are 
calcic amphibole and classify either as pargasite or mage-
siohastingsite, which depends on the normalisation scheme 
for the major cations to calculate amphibole formulas (see 
“Discussion”). For simplicity, we shall continue to refer 
to the megacrysts as “amphibole”. Amphibole composi-
tions in the vicinity of reaction zones are typically higher 
in  SiO2,  TiO2, MnO, MgO, and  Na2O but lower in  Al2O3, 

Fig. 1  Amphibole megacrysts in Merapi high-K basaltic andesite 
(1998 eruption). a and b show hand specimens. c Thin-section scan 
of an amphibole megacryst that is partially recrystallised. Note that 
the amphibole crystal shape is preserved (dashed lines) by the reac-
tant phases. d Thin-section photograph showing fluid inclusions in 
amphibole. e Back scattered electron (BSE) image of a single amphi-

bole crystal with pronounced reaction rim at the contact with the host 
magma. f BSE image of amphibole that is partially recrystallised 
along crystal cracks. Amph amphibole, cpx clinopyroxene, plg plagio-
clase, ti-mag titanomagnetite; B-A basaltic andesite host magma. Sam-
ple numbers are indicated for each sample
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CaO, and  K2O compared to parts of the crystals that are 
more distant to the reaction fronts. This relationship 
implies partial recrystallisation, during which the outer 
crystal lost Al, Ca, and K. The minerals in the reaction 
zones are enriched in these elements [e.g., apatite, anhy-
drite (Ca), K-feldspar (K), and titanomagnetite (Al)], and 

the compositions of these reactants thus appear to com-
plement the recrystallised parts of the amphibole crystals. 
Only one distinct population of amphibole megacrysts was 
observed in our samples from the 1994 and 1998 eruptions, 
unlike the two populations that were reported for samples 
from the 2010 eruption (Erdmann et al. 2014). Compared 

Table 1  Representative EMP analyses of amphibole [wt%]

a Measurements performed on a JEOL JXA-8800M machine (VU University Amsterdam)
b Measurements performed a JEOL JXA-8200 machine (University of Erlangen-Nuernberg)

Amphibole
type

MP98-2-Aa

Primary
MP98-9Aa

Primary
MP98-10-Aa MP98-13-Aa

Primary
MP98-13-Ba MP98-14-Aa

Primary React. zone Primary React. zone Primary React. zone

SiO2 41.03 39.93 40.89 43.21 40.12 40.10 42.10 41.30 41.80
TiO2 1.85 1.89 2.07 2.70 2.10 2.00 2.82 1.61 2.54
Al2O3 14.40 14.77 14.84 11.37 14.93 14.60 11.60 14.54 12.11
Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO 10.26 10.08 11.22 13.64 11.23 11.44 11.75 10.79 12.09
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO 14.28 13.92 13.28 12.88 13.11 13.14 13.44 14.57 14.08
CaO 12.08 12.36 12.35 10.94 12.42 12.29 11.24 12.14 11.63
Na2O 2.32 2.12 2.19 2.39 2.45 2.30 2.83 2.61 2.75
K2O 1.29 1.31 1.59 1.35 1.09 1.14 1.01 1.23 1.06
Total 97.50 96.38 98.42 98.49 97.45 97.01 96.78 98.79 98.05

Amphibole
type

MP98-15-Aa MP98-15-Ba MP98-16-Aa

Primary
MP98-101-Ab MP98-105-Ab

Primary React. zone Primary React. zone Primary React. zone Primary React. zone

SiO2 41.37 43.59 40.75 42.03 40.89 38.75 38.95 40.38 40.56
TiO2 1.99 1.95 2.66 3.05 1.88 1.92 2.08 2.02 3.55
Al2O3 14.06 12.01 14.39 12.58 14.82 13.79 13.60 12.71 11.18
Cr2O3 n.d. n.d. n.d. n.d. n.d. <0.01 <0.01 <0.01 <0.01
FeO 10.98 11.60 13.42 13.66 11.13 12.74 11.64 10.65 11.16
MnO n.d. n.d. n.d. n.d. n.d. 0.13 0.09 0.08 0.09
MgO 14.38 14.78 12.85 13.11 13.59 13.16 13.58 14.80 14.42
CaO 12.02 11.46 11.86 11.30 12.30 12.45 12.54 12.16 12.05
Na2O 2.41 2.59 2.56 2.72 2.40 2.25 2.13 2.43 2.71
K2O 1.57 1.16 1.14 1.09 1.48 1.20 1.12 1.08 0.99
Total 98.78 99.13 99.61 99.54 98.48 96.39 95.73 96.32 96.72

Amphibole
type

MP98-105-Bb MP98Plfx-Ab

Primary
Merap1-Ab Merap1-Bb Merap2-Ab

Primary Primary React. zone Primary React. zone Primary React. zone Primary React. zone

SiO2 40.42 40.16 40.48 41.30 40.17 42.12 39.52 39.33 40.71 44.36
TiO2 1.99 1.99 2.64 1.70 2.02 3.22 1.97 3.01 1.75 1.53
Al2O3 13.03 12.65 11.43 13.69 14.46 11.36 14.87 13.84 13.49 10.19
Cr2O3 <0.01 <0.01 <0.01 0.02 0.03 <0.01 <0.01 0.01 0.06 0.01
FeO 11.15 11.98 11.77 9.82 11.90 11.95 12.03 12.07 9.58 9.57
MnO 0.06 0.13 0.12 0.09 0.13 0.29 0.15 0.33 0.11 0.13
MgO 14.31 14.56 14.38 14.98 13.05 13.62 13.05 12.72 14.63 15.71
CaO 12.17 11.98 11.77 12.26 12.19 11.08 12.12 11.75 12.13 11.25
Na2O 2.73 2.54 2.51 2.22 2.28 2.51 2.25 2.44 2.09 2.57
K2O 1.05 0.91 1.03 1.42 1.19 1.03 1.14 1.09 1.48 0.80
Total 96.90 96.90 96.14 97.50 97.41 97.17 97.10 96.58 96.02 96.11
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to megacrysts from the 2010 eruption, the compositions, 
sizes, and textures of the amphibole megacrysts from the 
1994 and 1998 eruptions appear most similar to the cumu-
late “M1” megacrysts of Erdmann et  al. (2014), with the 
exceptions that megacrysts from the 1994 and 1998 erup-
tions are larger (up to ~8 cm) and that significant internal 
zoning is absent.

Trace elements and Sr–Nd isotope ratios

Trace element concentrations and 87Sr/86Sr and 
147Nd/144Nd isotope ratios of selected amphibole meg-
acrysts (n = 6) are listed in Table 2. Most trace elements 
are less abundant in the amphibole megacrysts than in 
the basaltic andesite host magmas (Gertisser and Keller 
2003), but some of the REE in the middle mass range 
display higher or similar concentrations. A plot of trace 

element concentrations in the amphibole megacrysts rela-
tive to the basaltic andesite host rocks is presented in the 
online supplementary materials (Appendix  2). Niobium, 
Ta, Zr, and Hf have on average lower concentrations in 
amphibole than in the basaltic andesite, but the opposite 
is the case for Ti. However, Nb and Ta concentrations are 
variable, and appear enriched in two amphibole crystals 
relative to the basaltic andesite. These variable Nb and 
Ta concentrations likely reflect variable abundances in 
the amphibole megacrysts of micro-inclusions with high 
concentrations of these elements, e.g., Fe–Ti oxide inclu-
sions, and are not considered fully representative for the 
amphibole megacrysts’ compositions. The Sr and Nd iso-
tope ratios of the amphibole megacrysts plot roughly in 
the same range as the basaltic andesites from the high-
K magma series (Fig.  2), although 87Sr/86Sr ratios are 
slightly less radiogenic than the data of the available 

Table 2  Trace elements 
concentrations [ppm] and 
Sr-Nd isotope compositions 
(amphibole)

Trace element data are given at the ≤10% uncertainty level. Measurement precisions (2 S.E.) of the isotope 
ratios in ppm are given in brackets. The external reproducibility of 87Sr/88Sr and 143Nd/144Nd in standard 
reference materials that were analysed during the same analytical session was 8 and 10 ppm, respectively 
(2σ, n = 5 each)

Sample MP98-1-A MP98-1-B MP98-2-B MP98-5-B MP98-6-A MP98-8

Rb 6.61 5.19 7.02 5.07 5.12 5.69
Ba 174 231 223 194 234 190
Th 0.1 0.12 0.09 0.27 0.13 0.36
U 0.39 0.031 0.027 0.077 0.031 0.086
Nb 0.43 0.73 0.82 1.04 0.75 0.86
Ta 0.24 0.11 0.08 2.55 0.21 0.33
La 1.26 1.92 1.7 1.92 1.95 2.27
Ce 4.5 7 6.4 6.7 7 7.1
Pb 1.1 1.14 0.58 0.9 1.1 7.1
Pr 0.93 1.43 1.35 1.32 1.44 1.36
Mo 0.026 0.022 0.009 0.023 0.024 0.014
Sr 280 366 410 340 364 304
Nd 5.9 8.9 8.8 8.2 9.06 8.1
Sm 2.51 3.57 3.71 3.15 3.49 3.13
Zr 13.1 22.5 21.4 22.8 22.3 21
Hf 0.71 1.16 1.12 1.08 1.13 0.94
Eu 0.9 1.23 1.27 1.12 1.18 1.06
Ti 12120 12774 16891 12109 12951 11428
Gd 3.13 4.42 4.82 4.16 4.45 3.82
Tb 0.5 0.68 0.75 0.66 0.68 0.615
Dy 3 4.23 4.64 4.11 4.2 3.72
Ho 0.55 0.8 0.86 0.8 0.842 0.736
Er 1.52 2.17 2.28 2.04 2.17 1.95
Tm 0.198 0.291 0.307 0.264 0.292 0.263
Yb 1.09 1.65 1.67 1.55 1.63 1.55
Lu 0.148 0.224 0.227 0.217 0.224 0.211
87Sr/86Sr 0.705507 (9) 0.705690 (10) 0.705569 (9) 0.705609 (9) 0.705566 (9) 0.705459 (10)
143Nd/144Nd 0.512710 (11) 0.512707 (9) 0.512712 (10) 0.512701 (16) 0.512736 (8) 0.512737 (9)
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whole rock suite (e.g., Gertisser and Keller 2003; Chad-
wick et al. 2013).

D/H ratios, water contents, and the oxidation states 
of Fe

The H isotope compositions of core and rim samples of 
a set of selected amphibole megacrysts are reported in 
Table  3 together with their  H2O wt% and relative pro-
portion of ferric iron  (Fe3+/Fetot). The full set of Möss-
bauer parameters and the measured relative propor-
tions of ferrous iron in these samples are provided in 
the online supplementary material (Appendix  3). The 
amphibole megacrysts record a range of δD values from 
−11 to −107‰ (Table  3). Core samples (n = 18) show 
values from −20 to −107‰, while rim samples (n = 18) 
yield a range from −11 to −105‰. Of the full δD data 
set, 17 analyses plot above the range of common igneous 
amphiboles, 18 plot within this range, and 4 plot below 
it (Fig. 3). The water contents of some amphibole sam-
ples are close to the stoichiometric amount (~2.1 wt%), 
but are lower in others (lowermost  H2O = 1.5  wt%). 
Megacrysts that have different water concentrations in 
the core and rim typically contain less water in the rim. 
The proportion of  Fe3+ in these samples is variable and 
is overall high (47–75%); however, there seems to be no 
systematic variation in  Fe3+/Fetot between the cores and 
rims of the sampled crystals.

Discussion

Relationship between the amphibole megacrysts 
and their host magmas

The similarity between the Sr and Nd isotope composi-
tions of the amphibole megacrysts and the Merapi high-K 
basaltic andesite magmas indicates that the megacrysts are 
genetically linked to their host magmas, rather than being 
xenocrysts. As the amphibole megacrysts are in apparent 
textural disequilibrium with their host magmas, they may 
be considered antecrysts to the eruptives. Evidently, after 
becoming entrained in their host magmas, the amphibole 
megacrysts were erupted sufficiently rapidly to prevent 
complete dissolution to occur.

Amphibole formulas and barometry calculations

To estimate the crystallisation pressures of the amphibole 
megacrysts, we calculated amphibole formulas from the 
available EMP data according to the stoichiometric con-
siderations of Hawthorne et al. (2012) and Locock (2014). 
It will be pointed out below that some of the amphibole 
megacrysts in our sample suite likely have become partially 
dehydrogenated. These megacrysts consequently contain an 
oxy-component  (O2−) in the hydroxyl site, and likely have 
higher  Fe3+/Fe2+ ratios than megacrysts that were unaf-
fected by this process. Some megacrysts may additionally 
have experienced partial dehydration, a process that may 
be associated with the incorporation of external halogens 
or  O2− at the hydroxyl site and, in the latter case, the oxi-
dation of structural  Fe2+. To accurately calculate the for-
mulas of the amphibole megacrysts, major elements, the 
halogens,  H2O, as well as  Fe3+/Fe2+ ratios must, therefore, 
be known. First, F and Cl concentrations are not available 
for the megacrysts in our data set. Second, for practical rea-
sons, the EMP analyses of the amphibole megacrysts were 
performed on different amphibole specimens than those on 
which the FTIR spectroscopy and Mössbauer spectroscopy 
measurements were done. We, therefore, calculated two 
sets of amphibole formulas to obtain a range of amphibole 
compositions: one for the likely maximum and another 
for the likely minimum oxy-components in the amphibole 
megacrysts. The maximum likely oxy-component was 
estimated from the lowermost  H2O wt% sample in the IR-
data set (i.e., 1.5 wt%  H2O) together with the lowest val-
ues for Cl and F wt% in megacrysts from an unpublished 
data set on the 1998 eruptives (EMPA: F = 0.22–0.49 wt%, 
Cl = 0.02–0.17  wt%, n = 59. L.M. Schwarzkopf, pers. 
comm). The minimum likely oxy-component is considered 
to be zero, i.e., the case when the amphibole megacrysts 
did not experience dehydrogenation and/or dehydration 
and, therefore, (OH + Cl + F) = 2.0  apfu. For both sets of 
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amphibole formulas, the  Fe3+/Fe2+ ratios were then esti-
mated by charge balancing using the set of four cation nor-
malisation schemes proposed by Hawthorne et  al. (2012) 
and Locock (2014). Amphibole formulas were also calcu-
lated exclusively on the basis of the traditional 13 and 15 
cations normalisation schemes (Leake et al. 1997).

Three different empirical barometers were then 
employed to estimate amphibole crystallisation pressures. 
First, we applied the barometer by Krawczynski et  al. 
(2012), which is based on the amount of octahedrally coor-
dinated Al (VIAl) in amphibole. This barometer is expected 
to give the most robust results with respect to the effects of 
dehydrogenation and/or dehydration, because the calculated 
VIAl apfu in amphibole does not change with the assumed 
oxy-component. The hygrometer–barometer for the first 

appearance of amphibole by Krawczynski et  al. (2012), 
which is based on the magnesium number (Mg# = 100Mg/
[Mg + Fe2+]) of the most Mg-rich amphiboles of a given 
sample suite, was also tested for apparently pristine 
domains of the amphibole megacrysts. The results of this 
barometer are, however, expected to overestimate crystal-
lisation pressures of dehydrogenated and/or dehydrated 
megacrysts, because the oxidation of  Fe2+ has increased 
their Mg#. This hygrometer–barometer was applied to the 
~10% most Mg-rich amphibole compositions in our data 
set. As this hygrometer–barometer also depends on oxygen 
fugacity,  pH2O was calculated with the entire spectrum of 
oxygen fugacity of the Merapi magmas, i.e., from 0.1 log 
units below the nickel–nickel oxide (NNO) buffer to 1.5 
log units above it (cf., Gertisser 2001). Finally, amphibole 

Table 3  δD values,  H2O wt%, 
and Mössbauer parameters of 
Merapi amphiboles megacrysts

Precisions of the δD values and  Fe3+/Fetot percentages are ±3‰ and ±1%, respectively. The  H2O wt% for 
core and rim is reported with ±10% uncertainty in precision. Mössbauer parameters are given in the sup-
plementary materials.
a Analysis with standard 57Co source
b Analysis with point source

Eruption year Core Rim

δD [‰] H2O [wt%] Fe3+/Fetot [%] δD [‰] H2O [wt%] Fe3+/Fetot [%]

1994
 MP94-101 −63 −70
 MP94-102 −54 2.18 −56 2.50

2.10
 MP94-114 −44 −53
 MP94-162 −69 −58

1998
 MP98-100 −20 1.53 75.1a −17
 MP98-101 −34 2.19 56.5b −36 2.11 67.4b

53.2a 2.24
 MP98-103 −40 1.94 61.4b −77 1.46 53.5b

1.89 66.5a

 MP98-105 −86 2.17 51.5b −80 1.86 46.9b

 MP98-109 −90 −88
 MP98-201 −107 −105
 MP98-202 −59 −45
 MP98-203 −88 −69
 MP98-204 −48 −44
 MP98-205 −74 −62
 MP98-206 −56 −11
 MP98-207 −93 −101
 MP98-208 −42 −51
 Merap-1A 1.89 61.7a

2006
 MP2006-1 −65 −48

−58 (mid)
 MP2006-2 −41 (bulk)
 MP2006-3 −35 (bulk)
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crystallisation depths were calculated using the barometer 
by Ridolfi and Renzulli (2012), which is based on the major 
cation composition of amphibole. This barometer was only 
applied to amphibole formulas that were based on the 13 
cations normalisation scheme, because this method was 
calibrated this way (see Ridolfi et al. 2010).

The calculated amphibole crystallisation pressures are 
listed together with the corresponding amphibole formulas 
in the online supporting materials, and are shown for one 
megacryst in Table 4 as an example. The calculated crys-
tallisation pressures are also shown in Fig.  4a for appar-
ently pristine domains of the amphibole megacrysts, and 
in Fig.  4b for amphibole in reaction zones. According to 
the VIAl-based barometer by Krawczynski et  al. (2012), 
the amphibole megacrysts crystallised at a pressure range 
of 524 to 895 ± 111  MPa. According to the Mg#-based 
hygrometer–barometer, the minimum likely range of 
amphibole crystallisation pressures (i.e., based on the min-
imum likely oxy-component of the megacrysts) is 460 to 
653 ± 93 MPa for ΔNNO = + 1.5 and 651 to 812 ± 93 MPa 
for ΔNNO = −0.1 and is in reasonably good agreement 
with the VIAl-based barometer. The results of the VIAl- and 
Mg#-based barometers are on average lower than the pres-
sure range derived from the Ridolfi and Renzulli (2012) 
barometer i.e., 807 ± 93 to 1231 ± 142 MPa. We, therefore, 
conclude that the amphibole megacrysts formed at a mini-
mum pressure of 500 MPa. An upper limit for the pressure 
of amphibole crystallisation is independently constrained 

by the apparent absence of magmatic garnet in the Mer-
api feeding system, as is evident from REE systematics 
(Wulaningsih et al. 2013). Garnet is furthermore absent in 
plutonic xenoliths that contain amphibole (Chadwick et al. 
2013), but it may be a stable phase in hydrous magmas at 
P ≥ 800 MPa (e.g., Alonso-Perez et al. 2009; Jagoutz et al. 
2011). We, therefore, conclude that the amphibole meg-
acrysts crystallised at an approximate pressure range of 500 
a to 800 MPa.

The calculated crystallisation pressures for amphibole in 
reaction zones are lower than those for the pristine domains 
of the amphibole megacrysts. These range from 496 to 
183 ± 111 MPa (VIAl-based, Krawczynski et al. 2012) and 
from 374 ± 43 to 659 ± 76 MPa (Ridolfi and Renzulli 2012). 
The lower reaction zone values likely reflect partial recrys-
tallisation of the amphibole megacrysts during ascent.

Origin of the amphibole megacrysts in the volcanic 
plumbing system

At pressures of 500 and 800 MPa, amphibole is expected 
to be stable in hydrous arc magmas at temperatures below 
ca. 1000 and 1050 °C, respectively (e.g., Blatter et  al. 
2013; Nandedkar et  al. 2014). According to the concen-
trations of Si, Al, Ca, Mn, and Na, i.e., temperature-sen-
sitive elements, in experimental amphibole by Nandedkar 
et al. (2014), the amphibole megacrysts at Merapi crystal-
lised at ca. 950–1030 °C (online supplementary materials, 
Appendix  4), i.e., in reasonable agreement with expected 
temperatures from the pressure calculations. Notably, con-
centrations of K in the amphibole megacrysts from Merapi 
are up to three times higher than expected from the experi-
mental amphiboles by Nandedkar et al. (2014) at 1000 °C, 
likely reflecting enrichment of K in the parental magmas 
of the megacrysts compared to the starting materials of 
their experiments. The relatively high-K concentrations in 
the amphibole megacrysts support that the megacrysts are 
antecrysts to the recent high-K eruptives at Merapi.

The structure of the Merapi subsurface has been 
assumed as follows: A 2 km-thick low-density top layer 
(average density: 2242  kg  m−3; Tiede et  al. 2005) that 
overlies a “quasi-continental crust” (i.e., immature arc 
crust) with a density of ~2660  kg  m− 3 (Untung et  al. 
1978). The crust-mantle boundary then lies at 32–34 km 
below Merapi’s summit (Wölbern and Rümpker 2016). 
Using this profile and a minimum crystallisation pres-
sure of ~500  MPa, it is calculated that the amphibole 
megacrysts crystallised at a minimum depth of ~19  km 
below the volcano’s summit. The higher crystallisation 
pressures recorded by the majority of the amphibole 
megacrysts suggest that amphibole crystallisation may 
extend down to just above the garnet stability field, i.e., 
at up to ~32 km underneath the summit. The amphibole 
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megacrysts thus predominantly crystallised in the mid-to-
lower crust and down to the crust-mantle boundary, and 
are hence amongst the deepest mineral phases from the 
plumbing system of the volcano. Given their large crystal 
sizes of up to ~8 cm, they likely were derived from mafic 
cumulates at these depths.

The Sr isotope compositions of the amphibole meg-
acrysts provide independent evidence for their deep origin. 
The range of 87Sr/86Sr in the megacrysts is slightly lower 
than that of the recent Merapi whole rock compositions, 
and is significantly lower than the available groundmass 
and plagioclase data (Gertisser and Keller 2003; Chadwick 

Table 4  Amphibole formulas and corresponding crystallisation pressures of a representative megacryst sample (Merap-1A) according to differ-
ent normalisation procedures of the major cations

Amphibole formulas of other megacryst samples are presented in the online supplements. Normalisation procedures are based on Hawthorne 
et al. (2012) and Locock (2014) (4 cation normalisation schemes) and Leake et al. (1997) (13eCNK and 15eNK). EMP data for this particular 
sample are also listed in Table 1
a H2O, Cl, and F contents were not determined for this particular sample, but the lowest values from the available  H2O data  (H2O > 1.5 wt%) and 
from an additional data set that includes Cl and F data (Cl > 0.02 wt%; F > 0.22 wt%; L.M. Schwarzkopf, pers. comm.) were considered to obtain 
a maximum likely oxy-component. See text for details

4 Cation normalisation schemes

(OH+F+Cl) = 2 apfu Minimum  H2O, Cl, F wt%a 13eCNK 15eNK

T
 Si 5.932 5.932 5.961 5.947
 Al 2.068 2.068 2.084 2.053
 ΣT 8.000 8.000 8.000 8.000

C
 Ti 0.224 0.224 0.224 0.225
 Al 0.448 0.448 0.426 0.469
 Cr 0.003 0.003 0.003 0.003
 Fe3+ 0.368 0.817 0.486 0.251
 Mn2+ 0 0 0.016 0
 Fe2+ 1.084 0.636 0.98 1.172
 Mg 2.872 2.872 2.865 2.880
 ΣC 5.000 5.000 5.000 5.000

B
 Mn2+ 0.016 0.016 0 0.016
 Fe2+ 0.017 0.017 0 0.051
 Ca 1.928 1.928 1.923 1.933
 Na 0.039 0.039 0.077 0
 ΣB 2.000 2.000 2.000 2.000

A
 Na 0.615 0.615 0.575 0.656
 K 0.224 0.224 0.223 0.224
 ΣA 0.839 0.839 0.798 0.880

W
 OH n/a 1.478 n/a n/a
 F n/a 0.103 n/a n/a
 Cl n/a 0.005 n/a n/a
 O n/a 0.414 n/a n/a
 ΣW 2.000 2.000
 Species Pargasite Mg-hastingsite Mg-hastingsite Pargasite

Crystallisation pressures [MPa]
 Ridolfi and Renzulli (2012) n/a n/a 918 n/a
 Krawczynski et al. (2012) (VIAl) 702 702 666 738
 Krawczynski et al. (2012) (Mg#) ΔNNO = -0.1 755 659 169 Mg# <74
 Krawczynski et al. (2012) (Mg#) ΔNNO = 1.5 608 527 154 Mg# <74
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et  al. 2007, 2013). Variations in 87Sr/86Sr ratios amongst 
the different zones of single plagioclase crystals have 
been attributed to crystal growth during assimilation of 

carbonate rocks in the upper crust (≤10 km). The elevated 
whole-rock and plagioclase Sr isotope ratios relative to the 
amphibole megacrysts are, therefore, an indication of mix-
ing with upper crustal materials, and thus the amphibole 
megacrysts likely pre-date crystallisation in the shallower 
levels of the Merapi magma feeding system (Fig. 5). This 
realisation is consistent with the lower 87Sr/86Sr ratios of 
clinopyroxene compared to plagioclase at Merapi (Chad-
wick et al. 2013; Jolis 2013), suggesting that clinopyroxene 
also grew dominantly prior to the onset of shallow-level 
sediment assimilation in the top ~10 km of the crust, which 
is furthermore in agreement with the oxygen isotope record 
for these two phases (Troll et al. 2013).

Role of amphibole fractionation in magmatic 
differentiation of the high‑K basaltic andesite magma 
suite

The recent magmas that erupted at Merapi show apparently 
decreasing Dy/Yb and increasing La/Yb with  SiO2 wt%, 
suggesting that fractionation of plutonic amphibole may 
have played a role in the differentiation of these magmas 
(Wulaningsih et  al. 2013). To further test this hypothesis, 
we have calculated the REE concentrations of the parental 
magma from which the amphibole megacrysts crystallised 
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from their average composition, using selected partition 
coefficients for REE between magnesiohastingsite (sample 
81T116 by Sisson 1994) or pargasite (experiment “RN8 
inner” by Nandedkar et al. 2016) and calc-alkaline basaltic 
andesite (Table 5). Given the high concentrations of K in 
the amphibole megacrysts, we also calculated REE concen-
trations in the amphibole megacrysts’ parent magmas using 
partition coefficients between magnesiohastingsite and 
alkaline trachybasalt (Viccaro et  al. 2007) and kaersutite 
and alkaline basalt (Irving and Frey 1984) for comparison. 
The purpose of this exercise is to compare the Dy/Yb and 
La/Yb ratios of liquids that may have been in equilibrium 
with the amphibole megacrysts with the Dy/Yb and La/
Yb ratios in the most primitive magmas erupted at Merapi 
(Fig.  6). The calculated Dy/Yb and La/Yb of the poten-
tial amphibole megacrysts’ parent magmas vary between 
1.8–2.8 and 4.1–14.8, respectively, and are higher and 
lower than Dy/Yb and La/Yb in the most primitive erupted 
magma of the recent Merapi high-K basaltic andesite series 
(Dy/Yb = 1.7; La/Yb = 8.6, Gertisser and Keller 2003). In 
fact, the concave patterns in Fig. 6 indicate that relative to 
the most primitive erupted Merapi magma, the amphibole 
megacrysts’ parent magmas were likely enriched in REE in 
the mass range Gd–Er relative to the heavier REE. More-
over, relative to this most primitive erupted magma, the 

heavy REE in the amphibole megacrysts’ parent magmas 
were likely enriched over the light REE. This conclusion 
suggests that magmatic differentiation at Merapi involved 
the fractionation of a phase that preferentially incorporated 
REE in the mass range Gd-Er relative to the heavier REE, 
and also incorporated the heavier REE preferentially to the 
light REE. This phase may be present as amphibole in the 
deep portions of the plumbing system of the volcano. In 
addition, substantial fractionation of clinopyroxene could 
explain the patterns in Fig. 6.

To further test the hypothesis that the Merapi mag-
mas evolved by amphibole fractionation, we investigated 
apparently coupled trace element variations between the 
amphibole megacrysts. Notably, the Dy/Yb ratio of the 
megacrysts decreases with their La/Yb ratio (Fig. 7a). The 
parent magmas of the amphibole megacrysts may, there-
fore, have evolved towards lower Dy/Yb by progressive 
fractionation of amphibole and/or clinopyroxene. In addi-
tion, Zr/Hf in the amphibole megacrysts decreases with 
Dy/Yb (Fig. 7b), again suggesting that the deep magmas 
at Merapi may have evolved by progressive fractiona-
tion of amphibole and/or clinopyroxene, because these 
phases preferentially incorporate Hf relative to Zr (e.g., 
Tiepolo et  al. 2001). Moreover, the concentrations of La 
(i.e., likely an incompatible element in the amphibole 

Table 5  REE concentrations 
in the amphibole megacrysts’ 
parent magma compared to the 
most primitive erupted high-K 
basaltic andesite magma

a Calculated from the mean REE concentrations in the amphibole megacrysts and partition coefficients 
between magnesiohastingsite (Sisson 1994, sample 81T116) or pargasite (Nandedkar et al. 2016, experi-
ment RN8 inner) and calc-alkaline basaltic andesite. For comparison, amphibole parent magma compo-
sitions were also calculated from partition coefficients between kaersutite and alkaline basalt (Irving and 
Frey 1984) and between pargasite and alkaline trachybasalt (Viccaro et al. 2007). Data for the most primi-
tive high-K magma that erupted at Merapi (51.85 wt% SiO2) were taken from Gertisser and Keller (2003). 
See text for details

Amphibole 
mean [ppm]

Amphibole parent  magmaa [ppm] Primitive 
high-K magma 
[ppm]Sisson (1994) Nandedkar 

et al.( 2016)
Irving and 
Frey (1984)

Viccaro 
et al. (2007)

La 1.84 11.48 19.13 10.80 5.02 17.3
Ce 6.43 21.44 34.96 24.74 9.59 34.6
Pr 1.30 n.d. n.d. n.d. 1.36 4.28
Nd 8.17 10.60 16.91 18.56 6.64 18.0
Sm 3.26 2.76 3.83 4.29 2.12 4.33
Eu 1.13 n.d. 1.12 1.28 0.68 1.36
Gd 4.13 n.d. 3.46 4.81 3.09 3.65
Tb 0.65 n.d. 0.50 0.78 0.41 0.627
Dy 3.99 2.62 2.74 5.11 2.67 3.45
Ho 0.77 n.d. 0.55 n.d. 0.46 0.72
Er 2.02 1.40 1.45 2.97 1.58 1.93
Tm 0.27 n.d. 0.20 n.d. 0.21 0.318
Yb 1.52 1.48 1.29 2.58 1.22 2.01
Lu 0.21 n.d 0.19 0.41 0.16 0.330
Dy/Yb 2.62 1.77 2.12 1.98 2.19 1.72
La/Yb 1.21 7.76 14.8 4.19 4.11 8.61
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megacrysts) apparently decrease with Dy/Yb, whereas 
the concentration of Dy increases (possibly a compat-
ible element in the amphibole megacrysts; e.g., Davidson 
et al. 2007 and references therein), with the exception of 
sample MP98-2-B (Fig.  7c, d). The suggestion that Dy 
possibly behaved as a compatible element in the amphi-
bole megacrysts during fractional crystallisation is in 
agreement with the calculated higher Dy concentrations 
of the amphibole megacrysts’ parent magmas relative to 
the most primitive high-K magma (3.99 and 3.45  ppm, 
respectively; Table 3). Importantly, Dy typically behaves 
as an incompatible element during fractional crystallisa-
tion of clinopyroxene in calc-alkaline basaltic magmas. 
The increase of Dy concentrations with Dy/Yb ratios in 
the amphibole megacrysts, therefore, suggests that differ-
entiation of the deep magmas at Merapi was dominated by 
the fractionation of amphibole rather than clinopyroxene. 
Finally, Ti concentrations in the amphibole megacrysts 
broadly correlate with their Dy/Yb ratios too (Fig.  7e), 
suggesting that the deep magmas at Merapi evolved 
towards lower Ti concentrations by fractional crystal-
lisation of amphibole. Indeed, in pristine domains of the 
amphibole megacrysts, Ti concentrations are typically 

higher (>1.3  wt%  TiO2) than in the high-K basaltic 
andesite host magma (<0.9  wt%  TiO2), suggesting that 
Ti is likely compatible in Merapi amphibole during frac-
tional crystallisation.

We note that some of the apparent trends in Fig. 7 may 
alternatively be caused by systematic differences in ele-
ment partitioning behaviour with e.g., changing amphibole 
composition or crystallisation pressure or temperature. 
We, therefore, compared partition coefficients for La, Dy, 
and Yb between pargasite or magnesiohastingsite and melt 
for a wide range of systems (Irving and Frey 1984; Sisson 
1994; Bottazzi et  al. 1999; Tiepolo et  al. 2000; Downes 
et al. 2004; Viccaro et al. 2007), but no systematic relation 
between DDy/Yb and DLa/Yb was observed (online supple-
mentary materials, Appendix 5), rendering deep amphibole 
fractionation as a likely explanation for the observed trends.

To better assess the role of amphibole fractionation in 
magmatic differentiation of the high-K basaltic andesite 
magma suite, we modelled the evolution of Dy/Yb versus 
 SiO2 wt% for the most primitive magma that erupted at 
Merapi, assuming the extreme scenario in which amphi-
bole was the only fractionating phase. Figure  8a shows 
that <30% amphibole fractionation from the most primi-
tive erupted magma could have accounted for the observed 
Dy/Yb and  SiO2 wt% in the more evolved magmas. For the 
composition of amphibole in this model, we used the low-
est Dy/Yb ratio and highest  SiO2 wt% value from amphi-
bole megacrysts in our data set to approximate the most 
evolved type of amphibole at Merapi. If the highest Dy/
Yb and lowest  SiO2 wt% values from our data set are used 
instead, i.e., an approximation of the most primitive amphi-
bole in the Merapi system, the model curve does not sig-
nificantly change (Fig. 8a).

We also modelled the differentiation by amphibole frac-
tionation of a hypothetical primitive magma with 47.5 wt% 
 SiO2 and variable Dy/Yb as well as Dy and Yb concentra-
tions. Figure  8b shows that <60% amphibole fractiona-
tion from this hypothetical primitive magma could have 
produced the entire ranges in Dy/Yb and  SiO2 wt% of the 
erupted rocks at Merapi if the primitive magma had Dy/
Yb = 2.0–2.1. This range of Dy/Yb ratios is well within the 
range that is expected for arc magmas before amphibole 
fractionation, which may have Dy/Yb ratios between ~1.6 
and ~2.4 (Davidson et  al. 2007). Although these results 
seemingly underline the relevance of amphibole fractiona-
tion in magmatic differentiation processes at Merapi, we 
stress that other phases in addition to amphibole, notably 
clinopyroxene, were likely also stable at depth. Fractiona-
tion of clinopyroxene may have produced similar trends in 
Dy/Yb versus  SiO2 space, and the quantitative estimates 
above for amphibole fractionation at Merapi, therefore, 
likely reflect upper limits only.

Host magma:
51.85 wt% SiO2

La      Pr      Pm    Eu Tb     Ho Tm     Lu
Ce     Nd     Sm    Gd     Dy     Er Yb

1

Sisson 1994

Viccaro et al. 2007

Amph/melt
partition coefficients:

Nandedkar et al. 2016
Irving and Frey 1984

a
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Fig. 6  Calculated concentrations of REE in the parental magmas 
of the amphibole megacrysts (“Amph equilibrium magma”) divided 
by the most primitive magma composition known from the recent 
eruptive series at Merapi (“Host magma”). The REE concentrations 
were calculated using amphibole-melt partition coefficients for calc-
alkaline systems (sample 81T116 by Sisson 1994; experiment RN8 
inner by; Nandedkar et  al. 2016) and for alkaline systems for com-
parison (Irving and Frey 1984; Viccaro et al. 2007). Data for the most 
primitive erupted Merapi magma (51.85 wt%  SiO2) were taken from 
Gertisser and Keller (2003). Curves are fitted by eye for comparison. 
Note that patterns are typically concave rather than flat, suggesting 
that the amphibole host magmas had fractionated a phase that prefer-
entially incorporated REE in the mass range Gd–Er, i.e., most likely 
amphibole and/or clinopyroxene, relative to the amphibole equilib-
rium magmas
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Amphibole megacrysts as a probe into the deep volcanic 
plumbing system

Interestingly, the Th/U ratios in the amphibole megacrysts 
appear to generally decrease with increasing Dy/Yb ratios 
(Fig.  7f), suggesting that U was more compatible during 
early amphibole fractionation than Th, i.e., the case when 
both elements occur as tetravalent cations (e.g., Tiepolo 
et al. 2000). The magmas that erupted at Merapi, however, 
range in their  fO2 from 0.6 to 2.2 log units above the FMQ 
buffer (Gertisser 2001). At these levels of  fO2, U occurs 
predominantly in the hexavalent oxidation state and is, 
therefore, less compatible than Th during fractional crystal-
lisation, which exclusively occurs in tetravalent state (e.g., 
Fonseca et  al. 2014). Moreover, the basaltic andesite host 
rocks have higher Th/U (Th/U = 4.48–6.04) than the amphi-
bole megacrysts (Th/U = 2.53–4.20), but fractional crys-
tallisation of the major rock phases above the FMQ buffer 
would have decreased Th/U ratios of the residual magmas. 
It is, therefore, possible that the amphibole megacrysts 
crystallised from magmas with  fO2 below the FMQ buffer 
(Fonseca et  al. 2014), in which case the deep magmas at 
Merapi are considerably more reduced than the magmas 
that eventually erupt at the surface. This suggestion is in 
agreement with the view held from Zn/Fe systematics that 
the typically high  fO2 levels of arc magmas (e.g., Ballhaus 

1993) have at least partially originated from shallow-level 
differentiation processes (Lee et al. 2010). Given the com-
mon breakdown features seen with the Merapi amphibole 
megacrysts, the loss of  H2 by amphibole dehydrogenation 
above the amphibole stability field would have helped to 
oxidise the magmas at shallow crustal levels.

Origin of H isotope variability

The range of δD values in the amphibole megacrysts (−11 
to −107‰) considerably exceeds the mantle range (ca. 
δD = −70 ± 10) and the range of “common igneous horn-
blendes and biotites” (δD = −90 to −55‰; Hoefs 1997; 
Rollinson 1993), and some amphibole megacrysts con-
tain less  H2O than typical pristine amphibole (~2.1  wt% 
 H2O) (Table 3). Some variations in δD values between the 
megacrysts may, therefore, have originated from amphi-
bole dehydrogenation  (H2-loss) or amphibole dehydra-
tion  (H2O-loss) after the megacrysts had crystallised 
(e.g., Demény et  al. 2006). Amphibole dehydrogenation 
is expected to result in preferential loss of 1H relative to 
D (2H) due to positive solid versus gas isotope fractiona-
tion, and therefore produces an increase in δD in the crys-
tal (e.g., Feeley and Sharp 1996). The negative charge of 
the resultant oxy-component  (O2−) at the hydroxyl site is 
balanced by the oxidation of  Fe2+ and, to a lesser extent, 
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Fig. 7  Variations in trace element ratios and concentrations in 
selected Merapi amphibole megacrysts, possibly reflecting progres-
sive fractionation of amphibole from the megacrysts’ parent magmas. 
One particular sample plots off the trends defined by the other meg-
acrysts for some parameters (MP98-2-B; indicated). In addition, the 

Ti concentration and Zr/Hf ratios of megacryst MP98-5-B (indicated) 
may be affected by micro-inclusions of Fe-Ti oxides, as this sample 
has an unusually low Nb/Ti ratio for amphibole of ca. 0.4 (Table 2) 
(see text for details )
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the oxidation of  Mn2+ (e.g., Aoki 1963; Boettcher and 
O’Neil 1980; Dyar et al. 1992). Amphibole dehydration, in 
contrast, is expected to result in the preferential loss of D 
and, therefore, causes a decrease in δD in the crystal (cf., 
Richet et al. 1977; Dixon et al. 1991; Demény et al. 2006). 
After amphibole dehydration, the resultant vacancy at the 
hydroxyl site is likely stabilised by the incorporation of 
external halogen anions or  O2− (Demény et al. 2006). In the 
latter case, charge balance is likely maintained by the sub-
stitution of  Fe3+ for  Fe2+ (Demény et al. 2006).

In conjunction with their fluctuating water contents, two 
sets of observations suggest that the variable δD values of 
the amphibole megacrysts were caused by degassing pro-
cesses. First, the amphibole samples for which  Fe3+/Fetot 
and δD data are available show a general increase of δD 
with  Fe3+/Fetot, as is expected for partial dehydrogena-
tion (Fig.  9a). Second, from those amphibole megacrysts 
for which H isotope data for both the cores and rims are 
available (n = 18), six samples have higher δD values in the 
cores than in the rims. These particular megacrysts may, 
therefore, have degassed  H2 from the crystal rims more so 
than from the crystal cores. The cores of 5 megacrysts, in 
contrast, record lower δD values than their corresponding 
crystal rims. These megacrysts may have become predomi-
nantly dehydrated i.e.,  H2O was lost from their rims more 
so than from their crystal cores.

We note that the δD and  Fe3+/Fetot compositions of the 
amphibole megacrysts cannot exclusively be explained by 
amphibole degassing. For example, the core samples of 
two megacrysts (MP98-103 and MP98-105) have higher 
 Fe3+/Fetot ratios than the rim samples of these megacrysts 
(Fig. 9a), but the  H2O contents of these samples apparently 
confirm that the crystal cores were less degassed than the 
crystal rims. This relation is not explained by amphibole 
dehydrogenation or with amphibole dehydration, since both 
processes would have increased the  Fe3+/Fetot of the crystal 
rims relative to the cores. In addition, the core and rim of 
megacrysts sample MP98-101 have indistinguishable δD 
values, and also the water contents of the core and rim are 
apparently pristine (2.2–2.3 ± 0.2 wt%  H2O; Fig. 9b). This 
megacryst is, therefore, unlikely to have experienced sig-
nificant degassing, but its δD values are more than 20‰ 
above the common igneous range. Some variability in δD 
values of the amphibole megacrysts may, therefore, reflect 
contamination during crystal growth coupled with degas-
sing of the parent magmas from which the amphibole meg-
acrysts crystallised.

Conclusions

Amphibole megacrysts are present in the recent high-K 
basaltic andesites of Merapi and were studied as a probe 
into the deeper parts of the volcanic plumbing system. 
Amphibole-based barometry suggests that the meg-
acrysts in the 1994 and 1998 eruptives crystallised from 
primitive magmas at mid-to-lower crustal depths (ca. 
500–800 MPa), in agreement with their Sr isotope com-
positions that indicate crystallisation prior to carbonate 
assimilation in the upper crust. In conjunction with the 
low Th/U ratios of the amphibole megacrysts relative 
to their host magmas, this conclusion suggests that the 
mid-to-lower crustal magmas at Merapi were possibly 
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and Keller 2003). The model curves in (a) show magmatic differen-
tiation by amphibole fractionation of a liquid with intermediate com-
position to the two most primitive magmas that were erupted. Note 
that minor variations in the presumed amphibole composition do not 
significantly affect the model outcome (the dashed and dotted curves 
correspond to the entire compositional range of the amphibole meg-
acrysts that were erupted at Merapi). Magmatic differentiation by 
fractionation of a gabbroic mineral assemblage (20% olivine, 35% 
clinopyroxene, 35% plagioclase) is also shown for comparison (solid 
curve). In (b) magmatic differentiation by amphibole fractionation is 
shown for a liquid with 47.5 wt%  SiO2. The dotted curve corresponds 
to differentiation of a magma with the maximum likely concentration 
of Dy before amphibole fractionation. It is assumed that this maxi-
mum likely Dy concentration equals the concentration in the most 
primitive magma that erupted (i.e., 3.7 ppm), because Dy behaves as 
a compatible element during fractional crystallisation of amphibole. 
Differentiation of a liquid with a more realistic starting composition 
(3  ppm Dy) is shown for comparison (dashed curve). Importantly, 
the Dy/Yb ratios of the primitive magmas that are required to fit the 
model curves through the data (i.e., Dy/Yb = 2.0–2.1) are well within 
the range that is expected for arc magmas before amphibole fractiona-
tion (i.e., Dy/Yb = 1.6–2.4; Davidson et al. 2007)
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at considerably lower  fO2 (i.e., below the FMQ buffer) 
than the erupted magmas (i.e., FMQ +0.6 to +2.2). The 
basaltic andesite host magmas of the megacrysts seem 
to have fractionated significant amounts of amphibole, 
because they have lower Dy/Yb than the estimated com-
positions of the parent magmas of the megacrysts, which 
is also consistent with apparently coupled trace element 
ratios in the megacrysts. During the final stages of ascent, 
the amphibole megacrysts were partially resorbed by 
the melt, and hydrogen isotopes and  H2O concentrations 
imply release of volatile compounds  (H2 and  H2O) during 
this process. Volatile release from amphibole may be one 
of the explanations for Merapi’s rapidly changing and at 
times erratic eruptive styles. In fact, the preservation of 
metastable amphibole megacrysts in the erupted magmas 
may indicate that these magmas were erupted rapidly 
after the onset of amphibole breakdown.
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