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Abstract
Jolis, E. M. 2013. Magma-Crust Interaction at Subduction Zone Volcanoes. Acta Universitatis
Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Science and Technology 1037. 40 pp. Uppsala. ISBN 978-91-554-8648-8.

The focus of this work is magma-crust interaction processes and associated crustal volatile
release in subduction zone volcanoes, drawing on rock, mineral, and gas geochemistry as well
as experimental petrology. Understanding the multitude of differentiation processes that modify
an original magma during ascent to the surface is vital to unravel the contributions of the various
sources that contribute to the final magmas erupted at volcanoes. In particular, magma-crust
interaction (MCI) processes have been investigated at a variety of scales, from a local scale in
the Vesuvius, Merapi, and Kelut studies, to a regional scale, in the Java to Bali segment of the
Sunda Arc.

 The role of crustal influences is still not well constrained in subduction systems, particulary in
terms of the compositional impact of direct magma crust interplay. To address this shortcoming,
we studied marble and calc-silicate (skarn) xenoliths, and used high resolution short timescale
experimental petrology at Vesuvius volcano. The marbles and calc-silicates help to identify
different mechanisms of magma-carbonate and magma-xenolith interaction, and the subsequent
effects of volatile release on potential eruptive behaviour, while sequential short-duration
experiments simulate the actual processes of carbonate assimilation employing natural materials
and controlled magmatic conditions. The experiments highlight the efficiency of carbonate
assimilation and associated carbonate-derived CO2 liberated over short timescales.

The findings at Merapi and Kelut demonstrate a complex magmatic plumbing system
underneath these volcanoes with magma residing at different depths, spanning from the mantle-
crust boundary to the upper crust. The erupted products and volcanic gas emissions enable us
to shed light on MCI-processes and associated volatile release in these systems. The knowledge
gained from studying individual volcanoes (e.g., Merapi and Kelut) is then tested on a regional
scale and applied to the entire Java and Bali arc segment. An attempt is presented to distinguish
the extent of source versus crustal influences and establish a quantitative model of late stage
crustal influence in this arc segment.

This thesis therefore hopes to contribute to our knowledge of magma genesis and magma-
crust interaction (MCI) processes that likely operate in subduction zone systems worldwide.
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‘Tancar els ulls 
Respirar profund. 
Perquè la vida no s’acava 
I jo sóc més que fum . 
Cridar a ple pulmó 
I amb el crit esgarrepar l’ànima, 
Només per veure si sagna 
O si careix de qualsevol substància. 
Agafar aire amb força 
Intentant no desmaiar-me, 
I expressar aquells pensaments 
Que tant costa dir amb veu alta. 
Deixar que el cor torni a bategar, 
Que agafi el seu propi ritme, 
Perquè el sentir es torni clar 
I la veritat em torni a alliberar. 
Tancar els ulls, 
Respirar amb força,  
Cridar com mai, 
Deixar que el cor exploti!’ 

 
Raquel M. Jolis 
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1. Introduction 

Subduction zones are the sites of major cycling and recycling of elements 
between the Earth’s crust, the mantle, and the atmosphere (Merriman 2002). 
Subduction zones are formed where two tectonic plates converge, with one 
plate descending back into the mantle, leading to the formation of volcanic 
arcs (cf. Wilson 1997). These sites are frequently associated with extensive 
and extremely hazardous volcanism and ca. 90 % of the world’s continental 
volcanoes are located in active subduction zone systems with about 20 % of 
the world’s population living in close proximity. Subduction volcanoes (or 
so called arc volcanoes) can produce devastating explosive eruptions that 
have considerable impact on human society, such as, e.g., Toba (Indonesia) 
~ 74,000 years ago, Krakatau (Indonesia) in 1883, Mt. St. Helens (USA) in 
1980, or the famous Pompeii eruption of Vesuvius (Italy) in 79 AD 
(http://www.volcano.si.edu/index.cfm). Understanding magma genesis and 
evolution in subduction zones volcanoes is therefore vital, not only to com-
prehend the origin and growth of our continents and that of long-lived vol-
canic systems, but also to better understand and eventually reduce the de-
structive effects by these volcanoes on our society.   

Arc lavas display a wide range of compositions, which reflects the charac-
teristics of the primary source from which a magma originates and the multi-
tude of differentiation processes occurring during ascent to the Earth’s sur-
face (e.g., magma mixing, fractional crystallisation, and crustal assimila-
tion). In most petrogenetic studies, arc magmas have crustal chemical signa-
tures pointing to the involvement of crustal components in their genesis 
(e.g., Hildreth and Moorbath 1988; Davidson et al. 1990; 2005; Gertisser 
and Keller 2003). The timing and location of crustal input to the magmatic 
system is, however, not always easy to determine and can be attributed to 
either i) source contamination, where the contaminant is derived from the 
subducted slab and added to the mantle wedge where magma is formed, or 
ii) crustal contamination, where the contaminant is derived from the over-
riding plate and incorporated after the magma leaves its source and ascends 
above the subducted plate (cf. Wilson 1997). Source contamination, whereby 
crustal material is derived from the subducted slab, is considered to be the 
dominant mechanism in island arc petrogenesis (e.g., Turner and Foden 
2001; Kent and Elliot 2002; Vroon et al. 2001; Elburg et al. 2002; Hilton et 
al. 2002; Gertisser and Keller 2003; Debaille et al. 2006; Handley et al. 
2007; Halldórsson et al. 2012), yet other researchers do consider crustal 
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contamination important in this tectonic environment as well (e.g., Hildreth 
and Moorbath 1988; Gasparon et al. 1994; Davidson et al. 1995, 2005; 
Thirlwall et al. 1996; Wenzel et al. 2002; Chadwick et al. 2007; Kamenetsky 
and Gurenko 2007; Walker et al. 2007; Deegan et al. 2010; Gardner et al. 
2013).  

The general theme of this thesis is therefore to contribute to our under-
standing to the effects of magma-crust interaction processes (MCI) and the 
potential associated release of crustal volatile components at subduction 
zone volcanoes (e.g., Johnston et al. 2011). The implications of MCI-
processes were investigated at various scales, including a system scale, at 
Vesuvius (Italy), Merapi (Indonesia) and Kelut (Indonesia) volcanoes, and 
on a regional scale, in recent lavas of the Java and Bali segments of the Sun-
da arc, Indonesia, where a traverse of seven volcanoes along ~ 1111 km of 
the arc was investigated (Fig 1).  

The first part of the thesis is concerned with Vesuvius exclusively and 
presents two studies of which the first is on natural samples, while the se-
cond is on high pressure-high temperature short duration experiments to 
investigate the mechanisms of MCI processes. The abundant thermally met-
amorphosed crustal xenoliths, especially marble and calc-silicate (skarn) 
xenoliths found in the eruptive deposits at this volcano indicate shallow-
level (limestone and dolostone) interaction between Vesuvius magmas and 
surrounding crustal carbonates. The textures, mineralogy, and whole-rock 
geochemistry of the calc-silicate xenolith reflect interaction between host 
magma and country rock, but also point to the effect of volatile release from 
these xenoliths during contact metamorphism. This extra volatile component 
could have dramatically affected Vesuvius’ eruptive intensity and style (pa-
per I). To learn yet more on the natural products of crustal interaction (calc-
silicate xenoliths), high pressure-high temperature experiments were per-
formed and are presented in paper II. The experiments simulate the car-
bonate assimilation by Vesuvius magma in short duration experiments (0 to 
300 s) under controlled P-T-X conditions. Analyses of the experimental 
products offer valuable insights into the textural and chemical processes 
during MCI-reactions, and highlight associated carbonate degassing during 
the carbonate assimilation processes.  

In the second part of the thesis, the volcanic plumbing systems and asso-
ciated magmatic processes beneath Merapi and Kelut volcanoes (Java) are 
investigated. At Merapi volcano, analysis of fumarole gas and calc-silicate 
xenoliths combined with petrological, mineralogical and geochemical data 
from Merapi’s igneous and metasedimentary inclusions are employed to 
shed light onto (i) magmatic differentiation, (ii) crustal carbonate assimila-
tion and (iii) associated magmatic versus crustal volatile liberation. It is 
shown that MCI-processes have not only affected the mineral composition 
and magma evolution at Merapi, but also the gas composition and eruptive 
behaviour (papers III and IV). At Kelut volcano, the 2007-2008 lava dome 
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studied provides evidence for a complex magma system underneath the vol-
cano, comprising a deep storage reservoir in the lower crust, a second zone 
at mid-crustal levels, and several magma storage reservoirs distributed 
throughout the uppermost few kilometres of the crust. Petrographical, whole-
rock major and trace element data, and detailed mineral chemistry and oxy-
gen isotope data indicate a complex regime of magma-mixing, decompres-
sion-driven resorption and crustal assimilation within the 2007-2008 Kelut 
plumbing system (paper V). Paper VI compiles the acquired information 
from Merapi and Kelut volcanoes with another four volcanoes in Java and 
one in Bali (Anak-Krakatau, Gede, Slamet, Kawah-Ijen and Batur) to further 
understand the extent of source versus crustal influences along the Java and 
Bali segment of the Sunda arc. By combining petrological and geochemical 
results, a quantitative model of late crustal influence in the Javanese arc is 
established.  
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Figure 1. Impressions of the studied volcanoes. (A) Vesuvius; (B) Anak-Krakatau; 
(C) Gede; (D) Slamet; (E) Merapi; (F) Kelut; (G) Kawah-Ijen; and (H) Batur. 
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2. Methodology 

The data presented here have been acquired using geochemical techniques 
for major and trace element analysis as well as radiogenic and stable isotope 
determination (XRF, ICP-OES, ICP-MS, TIMS). In addition, paper II em-
ploys high pressure and high temperature experimental petrology coupled 
with in-situ micro-analysis (EMPA and micro-drilling). A brief description 
of each of the techniques is provided below.   

2.1. Major, trace and rare earth elements 
Major and trace element contents of the samples in papers I and III were 
determined on fused beads by X-ray Fluorescence (XRF) using an automat-
ed Philips PW1480 X-ray spectrometer at IFM-Geomar, Kiel, Germany. 
International references materials JB-2, JB-3. JA-2 and JR-1 were analysed 
for calibration, and standards analyses are given in Abratis et al. (2002). 
Volatiles (H2O and CO2) concentrations were also measured at IFM-Geomar 
using a Rosemount CWA5003 infrared photometer (e.g., Troll and 
Schmincke 2002). 

Major and trace element contents of samples in paper III were analysed at 
ACME Analytical Labs Ltd. in Vancouver, Canada. The major elements 
were determined by LiBO2/Li2B4O7 digestion of whole-rock powders before 
sample fusion in a furnace using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). Trace and rare earth elements were analysed 
by inductively coupled plasma-mass spectrometry (ICP-MS) after prepara-
tion by multi-acid digestion. Loss on ignition (LOI) was determined by ignit-
ing a sample split and then measuring weight loss (see appendix A of paper 
III for details). 

2.2. Stable isotope analysis 

2.2.1. Oxygen 
The majority of oxygen-isotope ratios of whole rock samples and hand-
picked mineral separates were obtained at the University of Cape Town 
(UCT), South Africa, by both conventional and laser fluorination techniques. 
The O-isotope ratios were measured off-line using a Finnigan DeltaXP mass 
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spectrometer and are reported in standard δ-notation, where δ = 
(Rsample/Rstandard – 1) x 1000, relative to SMOW (Standard Mean Ocean Wa-
ter).  

For conventional oxygen isotope analysis (papers I, IV, V and VI) ap-
proximately 10 mg of sample was reacted with ClF3 and the liberated O2 
converted to CO2 using a hot platinised carbon rod (Fig 2A). Further details 
of the extraction methods of oxygen from silicates employed at UCT are 
given in Vennemann and Smith (1990) and Fagereng et al. (2008). Each 
sample was reacted in the presence of ~ 10 kPa BrF5 and the purified O2 was 
collected onto a 5Å molecular sieve contained in a glass storage bottle. Sam-
ples were run in batches of eight, along with duplicate samples of the inter-
nal quartz standard NBS-28 (δ18O = 9.6 ‰). During the course of this study, 
the analytical error for δ18O is estimated to be ± 0.1 ‰ (1σ) based on long 
term-duplication of NBS-28.  

Mineral separates in paper VI were analysed by the laser fluorination fol-
lowing the method described by Harris and Vogeli (2010). The O-isotope 
ratios of samples analysed using laser fluorination were measured on O2 gas. 
Measured values of the internal standard MON GT (Harris et al. 2000) were 
used to normalise the raw data and correct for drift in the reference gas. The 
average difference on δ18O values of duplicates of MON GT analysed was 
0.14 ‰, and corresponds to a 2σ value of 0.2 ‰ (Fig 2B).  

2.2.2. Carbon 
Rock samples 
Carbon and oxygen isotope ratios of carbonate minerals in paper I were 
measured at UCT, South Africa (Fig 2C). The C- and O-isotope ratios were 
determined on CO2 produced by reaction of whole rock powders with 100 % 
H3PO4 at 25°C overnight. Data were normalised to the V-SMOW and V-
PDB scales, respectively, using an internal standard calibrated against (Har-
ris and Chaumba 2001).  

Carbon isotope analysis of calc-silicate and limestone samples in paper III 
were performed on a PDZ Europa Scientific 20-20 Continuous Flow Isotope 
Ratio Mass Spectrometer (CF-IRMS) at Geo-Chemische Analysen (GCA), 
Hannover, Germany, and by a Thermo Deltaplus Continuous Flow Isotope 
Ratio Mass Spectrometer (CF-IRMS) at the Geochemistry Laboratory in the 
Department of Geology at Trinity College Dublin. Details of the analytical 
methodology are provided in appendix A of paper III.  
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Figure 2. Stable isotope laboratory at the University of Cape Town, South Africa. 
(A) Conventional silicate line showing 10 nickel reaction vessels used for the analy-
sis of oxygen in silicate and minerals; (B) Laser fluorination line. This technique 
allows the analysis of 1-2 mg of pure mineral grains. The δ17O and δ18O values are 
determined on O2 gas absorbed onto a molecular sieve in the sample bottles; and (C) 
Carbonate line used for the extraction of CO2 in carbonate rocks and minerals using 
100% phosphoric acid. Photos are courtesy of Chris Harris and Lynnette Greyling. 

Gas samples 
The 2002-2007 gas samples in paper III were performed using an injector 
connected via a Gas Chromatography (GC) column to a NC2500 EA ele-
mental analyser (Carlo Erba, Italy) via a ConFloIII interface to a DELTA-
plusXL isotope ratio mass spectrometer at the Laboratory for Stable Isotopes 
and Elemental Analysis at GFZ Potsdam, Germany. Further details, includ-
ing the reference gases used during data acquisition and data reproducibility, 
can be found in Plessen and Lüders (2012).  

The 2008 gas samples in paper III were analysed at the Fluids and Vola-
tiles Laboratory at Scripps Institution of Oceanography, California, USA. 
Carbon dioxide was extracted using the instrumentation and procedures de-
scribed in Kulongoski and Hilton (2002) and Shaw et al. (2003). The con-
densable gas fraction (CO2) was transferred to a separate vacuum line for 
further purification. The total amount of CO2 measured manometrically was 
then collected in another breakseal glass tube for isotopic analysis using a 
VG Prism mass spectrometer (see Hilton et al. 2010 and appendix A of pa-
per III for details).  
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2.3. Radiogenic isotope analysis 
Strontium isotopic analysis was performed on pristine whole rock samples 
and mineral separates at the Vrije Universiteit (VU) Amsterdam, Nether-
lands using a Finnigan MAT 262 TIMS system operating in static mode. A 
detailed description of sample processing and the chemical procedures used 
is given in Deegan et al. (2012) and references therein. Strontium isotope 
ratios were corrected for mass fractionation using an exponential law and 
86Sr/88Sr = 0.1194. Values obtained for internal and procedural standards and 
blanks are given in paper VI.  

Neodymium and lead isotopic ratios were analysed using a Finnigan Nep-
tune multi collector ICP-MS (MC-ICP-MS) at the VU Amsterdam. Nd iso-
topes were measured following the method described by Luais et al. (1997). 
Lead isotopes were analysed using the method of standard sample bracket-
ing. Full details of the method used, the instrument settings, analytical re-
producibility and data reduction are given in Elburg et al. (2005). The values 
obtained for internal and procedural standards and blanks for this study are 
provided in paper VI.   

2.4. Experimental petrology and in-situ micro-analyses  

2.4.1. Experimental approach 
The experiments presented in paper II were designed to simulate magma-
carbonate interaction processes under controlled magmatic conditions (0.5 
GPa and 1200°C) and over very short durations (0, 60, 90 and 300 s). The 
experiments were conducted in an end-loaded piston-cylinder apparatus at 
the HP-HT Laboratory of Experimental Volcanology and Geophysics of 
Istituto Nazionale di Geofisica e Vulcanologia (INGV, Rome, Italy) (Fig 3). 
The pressure used was 0.5 GPa, the lowest pressure that the end-loaded pis-
ton-cylinder apparatus was calibrated for at the time. The experimental tem-
perature of 1200°C was calculated using the MELTS algorithm (Ghiorso et 
al. 1994) as the liquidus temperature of the starting composition at this spe-
cific pressure and water content (~ 2 wt. %). 

The starting material used in our experiments was a shoshonitic lava flow 
that represents one of the least evolved rocks in the Neapolitan area (Di Ren-
zo et al. 2007) that was doped with carbonate from the local Neapolitanian 
crust (limestone and dolostone from the Procida carbonate formation). The 
shoshonite starting material was first crushed and powdered and then 2 wt. 
% H2O was added by microsyringe to the experimental capsule, which was 
then sealed and re-melted at 1250°C and 0.5 GPa to produce a homogeneous 
hydrated glass. This hydrated shoshonitic glass was again powdered and 
placed in platinum capsules (3.0 mm diameter) together with a carbonate 
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chip of either limestone or dolostone. The capsules were then welded shut, 
and positioned in tandem into a NaCl-crushable alumina-pyrex assembly. 
The capsules were surrounded by pyrophyllite powder to prevent water loss 
(see Freda et al. 2001). Further details of the experimental approach can be 
found in Freda et al. (2008) and Deegan et al. (2010). 

 

 
Figure 3. (A) The piston cylinder at the HP-HT laboratory of Istituto Nazionale di 
Geofisica e Vulcanologia (INGV), Rome, Italy, where the experiments in paper I 
were performed. (B) Sketch of the NaCl-crushable aluminia-pyrex assembly where 
the capsules were emplaced. Photo and sketch courtesy of C. Freda and F. M. Dee-
gan. 

2.4.2. In-situ micro-analyses  
The experimental products were analysed using an electron microprobe 
(EMPA) JEOL-JXA8200 and a field emission scanning electron microscope 
(FE-SEM) at INGV, Rome. Microprobe analyses were performed using an 
accelerating voltage of 15 kV, a beam current of 5 nA, and a beam diameter 
of 5 μm for glass and 1 μm for mineral analyses. For analytical details see 
Iezzi et al. (2008) and for average standard deviation (1σ) of each major 
element oxide see paper II. 

Four experimental products (two containing limestone and two containing 
dolostone) were analysed for their in-situ Sr isotope ratios. The analysis was 
performed at the Arthur Holmes Isotope Laboratory, Department of Earth 
Sciences, Durham University, UK using a New Wave MicromillTM following 
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the technique outlined in Charlier et al. (2006). Milling was carried out un-
der a single drop of Milli-Q water to collect the drilled sample dust. The 
sample and Milli-Q water mixture was pipetted and transferred directly to a 
‘gold boat’ for processing and micro-Sr column chemistry (Charlier et al. 
2006). After processing, samples were analysed by TIMS using a Thermo-
Finnigan Triton system. Full analytical details are given in Charlier et al. 
(2006) and Font et al. (2008). Values obtained for internal and procedural 
standards and blanks are listed in paper II.   

2.5. Other methodologies 

2.5.1. Crystal size distribution and thermobarometry 
Crystal size distribution (CSD) data was determined from two-dimensional 
(2D) sections through rock samples in the form of thin section, allowing to 
obtain size, shape and number of crystals in a volume of rock (Higgins 
2000). The thin section images were then imported into a vector based 
graphics program that facilitated the identification of individual mineral 
types and allowed accurate measurement of crystal volume. The digitised 
images were then imported as greyscale images to ImageJ to measure differ-
ent parameters, including long- and short-axis length, perimeter, area, elon-
gation, roundness, major-and minor- angle orientation. The CSDslice meth-
od (Morgan and Jerram 2006) and CSDcorrections (Higgins 2000) are ap-
plied before producing the CSD plot. Further details are provided in paper V 
and van der Zwan et al. (2013).  

Thermobarometric modelling was applied to determine the temperature 
and pressure of crystallisation of mineral phases by using measured mineral 
and whole rock compositions. The thermobarometric methods employed 
were plagioclase-melt, clinopyroxene-melt, and amphibole-melt thermoba-
rometry (e.g., Nimis 1995; Nimis and Taylor 2000; Putirka et al 2003; 
Putirka 2003, 2008). More information can be found in paper V and in Dah-
ren et al. (2012). 
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3. Summary of the papers 

3.1. The Vesuvius volcanic system  
The Vesuvius volcanic system (VVS), Italy, is one of the most dangerous 
volcanoes in Europe due to its explosive behaviour and its location close to a 
major population centre, the city of Naples. The VVS comprises the old Mt. 
Somma and the recent cone, Mt. Vesuvius (e.g., Peccerillo 2005; Di Renzo 
et al. 2007). The VVS is emplaced into a Mesozoic to Cenozoic carbonate 
platform, overlain by lavas and volcaniclastic rocks, and marine and fluvial 
sedimentary rocks of Pleistocene age (Civetta et al. 2004; Del Pezzo et al. 
2006). The compositional variability of the VVS magmas (K-basalt to K-
trachyte and K-tephrite to K-phonolite) has been attributed to processes, 
such as mantle source variability (e.g., Ayuso et al. 1998; Somma et al. 
2001), differentiation and magma mixing (e.g., Turi and Taylor 1976; 
Civetta et al. 1991; Cioni et al. 1995) and contamination through carbonate 
assimilation (e.g., Gilg et al. 2001; Del Moro et al. 2001).  

Evidence of magma-crust interaction at the VVS is provided by the occur-
rence of frequent skarn xenoliths (e.g., Fulignati et al. 2004; Gaeta et al. 
2009), anomalous gas chemical compositions (Iacono Marziano et al. 2009), 
and the δ18O isotope composition of mafic VVS minerals which provide 
evidence for interaction with sedimentary carbonate at considerable depths 
(Dallai et al. 2011). The mechanism and rates of magma-carbonate interac-
tion at the VVS and similar systems in central Italy, however, are not yet 
fully understood.  

3.1.1. Paper I  
C and O isotopes of marble and skarn xenoliths from Vesuvius, Italy: 
implications for syn-eruptive CO2 release 
The occurrence in nature of high temperature skarn rocks provides unequiv-
ocal evidence of magma-carbonate interaction. Skarn rocks typically develop 
in metamorphic aureoles, formed from the interaction of a magma body and 
a carbonate host rock such as limestone or dolostone (e.g., Fulignati et al. 
2004; Gaeta et al. 2009). In fact, skarn formation has been demonstrated to 
progressively modify the composition of both the host magma and the aure-
ole wall-rock and the diversity of textures and compositions in skarns often 
provides an opportunity to study the interaction processes between magma 
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and carbonate wall-rock in detail (Fulignati et al. 2001; Barnes et al. 2005; 
Chadwick et al. 2007; Di Rocco et al. 2012).  

In paper I, we present petrological, mineralogical, major- and trace-
element, and oxygen (δ18O) and carbon isotope (δ13C) data from igneous 
rocks and skarn and marble xenoliths from the VVS (Fig 4) with the aim of 
(i) understanding the mechanism of magma-carbonate interaction processes 
and (ii) associated crustal-derived volatile liberation. The effects and impli-
cations that these processes may have in promoting explosive volcanic erup-
tions such as Pollena (472 AD) and Pompeii (79 AD) are then discussed. 

 
Figure 4. Hand specimens of samples studied in paper I. Crustal xenoliths (skarn and 
marbles): (A) Marble; (B) Clinopyroxene skarn; (C) Phlogopite skarn; (D) Phlogo-
pite skarn in contact with sanidine syenite. Igneous rocks: (E) Phlogopite clinopy-
roxenite; (F) Alkaline syenite. 

3.1.2. Paper II 
Experimental simulation of magma-carbonate interaction beneath Mt. 
Vesuvius, Italy 
This paper describes a set of time-variable experiments that simulate the 
process of magma-carbonate interaction under controlled P-T-X conditions, 
using a composition representative of primitive VVS magmas and various 
local carbonates (limestone and dolostone). The experimental approach used 
high-resolution short duration experiments (0, 60, 90 and 300 s), which were 
quenched on completion. This approach allows the preservation of textures 
and phases developed during progressive carbonate dissolution and degas-
sing. FE-SEM images of the experimental products in conjunction with in-
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situ elemental and Sr-isotopic constraints provide a comprehensive under-
standing of the dynamics of magma-carbonate interaction beneath the VVS.  

Magma-carbonate interaction is demonstrated to be a very rapid and high-
ly efficient process. The main features identified in the experimental charges 
are a progressive enrichment of the host melt in Ca, Mg and 87Sr/86Sr isotope 
ratios, the crystallisation of mineral phases (calcite, high-Mg olivine and 
pyroxene), and an intense CO2 vesiculation at the melt-carbonate interface 
(Fig 5).  

 

 
Figure 5. Examples of the experimental products (A) and (B) limestone-bearing 
experiments, and (C) and (D) dolostone-bearing experiments at 0 s and 90 s, respec-
tively. Experiments show: i) a solid phase, i.e., calcite crystallite domains – marked 
with a dashed white line in images (A) and (B) - and olivine and pyroxene crystals 
in images (C) and (D); ii) the melt phase, i.e., Ca-normal and Ca- and Ca-Mg-rich 
glasses; and iii) the vapour phase, preserved as vesicles (black circles).  

Major and trace element variations in the experiments show processes such 
as convection, diffusion, and physical mixing and mingling operating at the 
melt interface. The Sr-isotope profiles of the experimental products display a 
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broad correlation of higher 87Sr/86Sr ratios with increasing CaO wt. % (Fig 
4). However, the observed range of 87Sr/86Sr ratios in the experimental Ca-
rich melts indicates that the contaminant used in the experiments was inho-
mogeneous on a mm to sub-mm-scale. This implies that the Campanian car-
bonates are likely heterogeneous in terms of Sr-isotope values and Sr-
concentrations (e.g., Iacono-Marziano et al. 2008). In this context, relatively 
primitive compositions at the VVS, such as the shoshonite compositions 
employed in the experiments, may represent contaminated magma even in 
the absence of particularly high Sr-isotope ratios or high Sr elemental con-
centrations. Therefore, elemental and radiogenic isotope relationships fore-
seen for large amounts of carbonate assimilation are unlikely to occur if the 
contaminant has low-Sr isotope and variable Ca and Mg contents (lime-
stones versus dolostones). Conversely, mafic minerals such as olivine and 
pyroxene are common mineral phases associated in some ‘primitive’ magma 
at the VVS, which have been demonstrated to be already contaminated by 
crustal carbonate (e.g., Dallai et al. 2011). In fact, Mg-rich olivine and py-
roxene are the mineral assemblages that crystallised during the interaction 
between the shoshonitic melt and the dolostone. The combined evidence of 
i) low-Sr isotope ratios and Sr concentrations of the assimilant and ii) the 
presence of Mg-rich olivine in the dolostone-bearing experiments supports 
the hypothesis of dolostone as a key contaminant for the VVS.  

Finally, our experiments also demonstrate that carbonate dissolution is an 
efficient process of CO2 generation. The carbonate-derived CO2 liberated 
during this process is fast and may have direct consequences on the explo-
sive versus effusive eruptive behaviour of the volcanic system. 

3.2. The Java and Bali segment of the Sunda arc 
The Sunda arc (Java and Bali segment) studied in papers III, IV, V and VI, 
aims to establish the extent and timing of crustal contamination into the arc 
system. Sunda arc volcanism is caused by the northward subduction of the 
Indo-Australian plate beneath the Eurasian plate, and the arc comprises dif-
ferent tectonically contrasting crustal segments, the western Sunda arc (Su-
matra, west Java), is an oblique subduction regime beneath a relatively thick 
Cretaceous semi-continental basement (ca. 25 km), while in the eastern Sun-
da arc subduction occurs beneath considerably thinner oceanic crust (≤ 20 
km). The transition between these crustal regimes is marked by the major 
Progo-Muria fault in central Java (Hamilton 1979; Smyth et al. 2007). De-
spite a number of petrogenetic studies of individual volcanoes along Java 
and Bali (e.g., Gertisser and Keller 2003; Handley et al. 2007; Gardner et 
al. 2013), considerable uncertainty still exists over where and when crustal 
contamination occurs and an accurate quantification of the respective roles 
of mantle and crustal components has not yet been achieved. 
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3.2.1. Papers III and IV 
The next two papers (III and IV) are detailed case studies of Mt. Merapi, 
central Java. Merapi volcano is known for being one of the most active and 
dangerous volcanoes on the planet (Gertisser et al. 2012). It is characterised 
by long periods of dome growth and intermittent explosive pyroclastic 
events and it degasses continuously through high temperature fumaroles. 
The studies are based on carbon isotope measurements of high-temperature 
fumarole gases and petrological, textural, and oxygen isotope analysis of a 
large range of plutonic and meta-sedimentary inclusions contained in Mera-
pi’s eruptive products.  

Paper III: Crustal CO2 liberation during the 2006 eruption and 
earthquake events at Merapi volcano, Indonesia 
It is commonly accepted that the CO2 emissions from arc-related volcanoes 
originate from the mantle wedge and the subducted sediments from the 
down-going slab (Sano and Marty 1995; Hilton et al. 2002) with the δ13CCO2 

mantle values typically falling around ~ -6.5‰. In contrast, the δ13CCO2 val-
ues of Merapi fumarole gas define a baseline of -3.5 to -4.4‰ for the period 
between 1997 and 2005 with an average of -4.1‰, higher than the values of 
pure mantle derived CO2. In addition, a notable exception within the defined 
baseline is seen in the 2006 δ13CCO2 value. This is the only syn-eruptive sam-
ple in the suite and was measured after the May 26th, magnitude 6.4 Yogya-
karta earthquake, which occurred along a splay of the Opak River Fault sys-
tem. During the 2006 event, δ13CCO2 values up to -2.4‰ were measured (Fig 
6). This coincided with an increase in eruptive intensity and volcano seis-
micity by a factor of 3 to 5 for several weeks after the earthquake. In fact, 
the higher δ13CCO2 measured in 2006 indicates that the sources of the ‘excess’ 
CO2 is likely from long-term crustal storage reservoirs, such as the thick 
carbonate basement underneath Merapi (cf. Allard 1983; Chadwick et al. 
2007; Deegan et al. 2010 and references therein). The δ13CCO2 isotope val-
ues combined with the very low volatile concentrations in calc-silicate xeno-
liths in the erupted lavas therefore argue in favour of late-stage crustal vola-
tile additions to purely mantle and slab-derived volatile sources, and indicate 
that the extra crustal volatiles can likely intensify ongoing eruptions and thus 
affect the behaviour of a volcano. [See the short article accompanying pa-
per III at the end of the thesis as an appendix “Crustal volatile release at 
Merapi volcano; the 2006 earthquake and eruption events”].  
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Figure 6. Variations in δ13CCO2 in high-T Merapi fumarole gas from the 1980s to 
2008, including the new data presented in paper III. Note the marked increase in 
δ13C during the 2006 eruption and after the May 26th 2006 earthquake, where values 
rise sharply relative to the baseline. In 2007 and 2008 values were back to the base-
line. 

Paper IV: Magmatic differentiation processes at Merapi volcano: 
inclusion petrology and oxygen isotopes 
Petrological, textural, and oxygen isotope analysis are used to identify the 
intracrustal processes operating within Merapi's plumbing system. A variety 
of magmatic, coarsely crystalline plutonic, and meta-sedimentary inclusions 
is used in this study (Fig 7). These inclusions reveal processes at work like 
mafic recharge, magma mixing, crystal fractionation, and also country rock 
assimilation. Mineral barometry results demonstrate that pyroxene crystalli-
sation occurs in two main zones, at mid- to deep crustal reservoirs (12-18 
km) and below the sedimentary part of the crust (< 8 to 10 km) (Chadwick et 
al. 2013). The upper reservoir also coincides with crystallisation of the ma-
jority of the feldspar crystals in the lavas. This realisation is coupled with 
relatively high δ18O values recorded in feldspar, but lowered in pyroxenes, 
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which help us to infer that crustal contamination occurs most strongly during 
feldspar crystallisation, and thus most probably during magma residence 
within the top few kilometres of the crust.  

The petrological and O-isotope evidence together with high δ13C meas-
ured in recent fumarole gas(es) and calc-silicate xenoliths (see paper III) 
reveal that carbonate assimilation is likely a significant process in the Merapi 
plumbing system. Our data suggest that CO2 released during carbonate as-
similation in shallow magma reservoirs may promote and intensify eruptions 
independently of magmatic recharge or fractionation.  

Figure 7. Representative Merapi calc-silicate and igneous inclusions: (A) Calc-
silicate xenolith, with textural evidence for interaction between the inclusion and 
surrounding basaltic andesite magma is seen in. (B) Close up of the inclusion shown 
in (A) (red box), with bubbly textures at the contact zone with the magma. (C) 
Coarse grained gabbroic cumulate; (D) Diorite xenolith, with feldspar as the domi-
nant mineral. 

3.2.2. Paper V 
The pre-eruptive magma plumbing system of the 2007-2008 dome-
forming eruption of Kelut volcano, East Java, Indonesia 
Kelut volcano in eastern Java is considered to be one of the most dangerous 
volcanoes on Java due to its frequent eruptions (Thouret et al. 1998). Kelut 
is a stratovolcano (1730 m a.s.l) that rises about 1600 m above the broad 
flood plains of Kediri and Blitar to the west and south. Its flanks are deeply 
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dissected by a dense drainage network (Thouret et al. 1998). Kelut’s eruptive 
activity is associated with lahars, pyroclastic flows and surges. The last erup-
tion, however, was effusive and it lasted for approximately seven months, 
and led to the formation of a 200 m high and 400 m wide lava dome that 
displaced most of the crater lake (paper V). 

The 2007-2008 Kelut dome study aims to characterise the magmatic 
plumbing system, using a combination of petrological and geochemical 
techniques such as CSD, thermobarometry and oxygen isotope geochemis-
try.  

The thermobarometric results reveal that Kelut’s recent lava dome has 
magma storage reservoirs at multiple depths throughout the crust and into 
the crust-mantle boundary region, characterised by a deep zone at lower 
crustal levels (> 15 km), a mid-crustal one (~ 10 km depth), and a diffuse, 
upper crustal zone, likely made up of multiple magma storage zones and 
pockets (< 10 km depth). Petrology and textural observations, crystal size 
distribution (CSD) results and oxygen isotope values from mineral separates 
identify a series of magmatic processes, such as magma mixing, convection, 
magma recharge, crystal recycling, decompression-induced resorption, frac-
tional crystallisation and assimilation of crustal volcaniclastic materials and 
limestones. These processes correlate with the depths of the main storage 
zones, at mid- to shallow-crustal depths, i.e., within the levels of exclusive 
sedimentary rocks in the top ~ 10 km of the crust (Smyth et al. 2007).  



 27 

 
 
Figure 8. Representative hand specimen photographs of (A) Fine-grained, meta-
igneous (Group 1) xenolith surrounded by 2007–2008 dome lava; (B) and (C) Ex-
amples of meta-volcaniclastic xenoliths embedded within the 2007–2008 dome lava; 
and (D) Calc-silicate xenolith (highlighted) found entrained within the 2007–2008 
lava dome. See text for detail. 

3.2.3. Paper VI 
Tracing crustal contamination along the Java and Bali segment of the 
Sunda Arc 
Paper VI is a systematic and arc-wide sampling effort on recent lavas from 
seven volcanoes along the Java and Bali segment of the Sunda arc (Anak-
Krakatau, Gede, Slamet, Merapi, Kelut, Kawah-Ijen and Batur). Data ac-
quired include major- and trace-elements and isotopes (O-Sr-Nd-Pb) in lavas 
and mineral separates, however, only from a small number of samples from 
each individual volcanoes. 
On the basis of Sr-Nd-Pb-O isotope ratios, the mantle source(s) underneath 
the Java and Bali arc show a displacement from those of MORB, but with 
restricted 87Sr/86Sr and 143Nd/144Nd, and high 207Pb/204Pb ratios, characteristic 
for the addition of a sediment component. Significant changes in source con-
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taminants via the subducted slab segment are not easily detected.  Ba/La, 
[La/Sm]N and U/Th commonly used as indicators for slab influence, are rela-
tively constant over the length of this arc segment, implying a uniform 
source input from the downgoing slab (Fig 8A). In turn, radiogenic (Sr-Nd-
Pb) and stable (δ18O) profiles along the arc show notable spatial variations 
from west to east (Fig 8B and C). There is an increase in 87Sr/86Sr, 
206Pb/207Pb and δ18O from the most western part (Anak-Krakatau) towards 
central Java (Merapi), and a decrease from central Java towards Bali. 
143Nd/144Nd exhibit an inverse regional trend to that of 87Sr/86Sr. These iso-
topic changes indicate significant crustal contamination from western Java in 
contrast to eastern Java and Bali, and show a clear correlation with the con-
trasting crustal regime underneath this arc segment (i.e., from continental 
affinities in the west toward oceanic affinities in the east) (cf. Whitford 
1975). From phenocryst isotope geochemistry (Sr-Nd-Pb-O) it appears that 
open system processes (magma mixing, recharge and assimilation) are re-
sponsible for modifications of isotopic compositions. They are likely to take 
place at different depths (mid- to shallow-crustal levels) and in the magma 
plumbing system of the volcanoes during magma ascent and final emplace-
ment.  

To conclude, a two-stage model is proposed for the origin and differentia-
tion of magmas on Java and Bali of the Sunda arc: i) primary melts, which 
derive from the mantle wedge have an I-MORB-like composition, but with a 
subduction modified trace element signature. These magmas then ii) ascend 
into the crust and differentiate with strong intracrustal contamination super-
imposed on original source signatures. Source contamination in this region 
seems limited and relatively constant along the arc segment, while upper 
crustal contamination appears largely responsible for the isotope variations 
along the Java-Bali segment of the Sunda arc, and seems a far more im-
portant process than previously thought.  
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4. Conclusions 

The following conclusions can be drawn from the results of a combination of 
HP-HT experiments, petrology, and geochemical data, and demonstrate the 
importance of crustal interaction processes in the sub-volcanic environment. 

Calc-silicate xenoliths are a useful tool for exploring in detail the interac-
tion between magma and carbonate wall-rock. Calc-silicate xenoliths can 
also act as a contaminant that modifies the magma composition and volcanic 
volatile budgets. CO2 release during early and advanced stages of interaction 
between magma, carbonate wall-rock and xenoliths are several orders of 
magnitude higher than ‘pure’ volcanic CO2 emissions. The crustal-derived 
CO2 liberated from interaction processes can magnify explosive eruptions 
such as those at Merapi or Vesuvius.   

High resolution short duration experiments demonstrate mechanisms of 
interaction between magma and carbonate. The study provides insights into 
the rates of carbonate assimilation, the efficiency of carbonate dissolution, 
and the degassing processes that promote liberation of significant amounts of 
CO2 as a by-product. 

Case studies at Merapi and Kelut identify magma storage reservoirs at 
several depths throughout the crust and into the mantle-crust boundary re-
gion beneath these volcanoes. Magmatic processes such as fractional crystal-
lisation, magma mixing, crystal recycling, decompression-induced resorp-
tion, and assimilation of crustal material take place at mid- to shallow-crustal 
depths.  

Sr, Nd, Pb and O isotope information from whole rock and mineral sepa-
rates have been employed to evaluate and quantify the relative roles of crus-
tal versus source contamination to the arc magmas. The presented examples 
provide a comprehensive picture of magma evolution in the Java-Bali seg-
ment of the Sunda arc and reveal that geochemical signatures of volcanic 
rocks are reflecting both, the source as well as significant contributions of 
upper crustal additions. 

This thesis therefore highlights (i) the importance of crustal interaction 
processes for modifying magma compositions in arc settings and (ii) the 
efficiency of how crustal-derived volatile liberation can affect eruptive styles 
of volcanoes and may even represent an eruption trigger in addition to those 
caused by conventional magmatic processes. 
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5. Summary in Swedish 

Denna avhandling fokuserar på interaktionen mellan magma och jordskor-
pan samt associerade krustala volatiler från vulkaner i subduktionszoner. 
Studien baseras både på geokemiska analyser av bergarter, mineral och vul-
kaniska gaser, samt direkta resultat från experimentell petrologi. Forskning 
om differentierande processer som föranleder modifieringen av en primär 
magma då den stiger mot jordytan är av central betydelse för att förstå och 
kvantifiera de komponenter som tillsammans utgör den magma som slutligen 
kommer upp till jordytan. I synnerhet studerar vi här interaktionen mellan 
magma och jordskorpa hos vulkanerna Vesuvius, Merapi och Kelut, men 
även regionalt från Java till Bali i den Indonesiska öbågen.  

Jordskorpans påverkan på magma i subduktionszoner är inte tillräckligt 
väl undersökt, speciellt vad gäller den direkta inverkan jordskorpan kan ha 
på en magmas sammansättning. För att fylla den kunskapsluckan utförde vi 
temporalt högupplösta petrologiska experiment på marmor- och skarnxenoli-
ter från Vesuvius. Dessa xenoliter låter oss identifiera de processer som sker 
när en magma interagerar med xenoliter och/eller karbonater i jordskorpan, 
inklusive påföljande effekter från frigjorda volatiler från jordskorpan, vilka 
kan påverka explosiviteten under vulkanutbrott. De petrologiska experimen-
ten utgjordes av en serie korta test som simulerar faktisk assimilering av 
karbonater under varierande tidsskalor. I experimenten användes naturliga 
bergartsprover under kontrollerade tryck och temperaturer som motsvarar 
naturliga magmatiska förhållanden. De experimentella resultaten visar på 
effektiv assimilering av karbonater och tillhörande frigörelse av CO2.  

Vår studie av Merapi och Kelut påvisar ett komplext system av magma-
förvar under vulkanerna på olika djup i jordskorpan, ända från övre delen av 
manteln upp till övre delen av jordskorpan. Analyser av utbrottsprodukter i 
form av bergarter och vulkaniska gaser hos specifika vulkaner (Merapi, 
Kelut, Vesuvius) ger ökad förståelse för interaktionen mellan magma och 
jordskorpa, samt associerade utsläpp av vulkaniska gaser. Kunskaperna från 
dessa undersökningar appliceras och testas sedan regionalt på Java-Bali 
segmentet i den Indonesiska öbågen. Vi försöker vidare etablera en modell 
för att kvantifiera betydelsen och storleken av assimilerat krustalt material, 
relativt magmans ursprungssammansättning.  

Denna avhandling ämnar därmed bidra till vår förståelse för magmabild-
ning och interaktionen mellan magma och jordskorpan, vilket sannolikt är en 
viktig magmatisk process i många subduktionszoner runt om i världen.  
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Nyckelord: magma-jordskorpa interaktion, stabila isotoper (O-C), radio-
gena isotoper (Sr-Nd-Pb), skarn,  xenoliter, experimentel petrologi med höga 
tryck och temperaturer, krustala volatiler, Vesuvius, Merapi, Kelut, den In-
donesiska öbågen 
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