




 

 

 
 

Now this is not the end, 
It is not even the beginning of the end, 
But it is, perhaps, the end of the beginning. 
 

Winston Churchill 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 

The violence pours out from her mouth 
No amount of water could ever dowse 

Or quell the rage she feels inside 
From this volcano you’ll never hide 

 
From time to time she’ll change her tune 

Her blatant anger will not loom 
And there she’ll sit all energy spent 
But within herself doth she repent! 

 
And how she wishes to be free 

Of this curse, but that will never be 
Not ever until her dying day 

When the word extinct can be said her way 
 

 
Wilhelm F. Albright 
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1. Introduction 

Any magma that leaves the mantle and reaches the surface through volcanic 
activity must first traverse the crust. The extent to which the magma interacts 
with the surrounding crustal rocks during its journey surface-ward is a con-
troversial but important topic with repercussions for magma composition at 
the least, and on a larger scale, crustal evolution (Hildreth and Moorbath, 
1998; Price et al., 2005, Annen et al., 2006; Gruender et al., 2010). More 
provocative, however, is the process of magmatic volatile contamination, 
i.e., the addition of crustal volatiles to a magmatic volatile budget. This has 
implications from a local scale, i.e., the volatile emissions of a single volca-
no, to a global scale and some of the largest mass extinction events on Earth 
(Iacono Marziano et al., 2009; Ganino and Arndt, 2009).  

The recent eruption (October 2011) of El Hierro, Canary Islands has been 
a timely event which has brought crustal contamination to the attention of 
the scientific community through the ejection of vesiculated crustal xenoliths 
(Troll et al., 2012). This eruption provides a current example of the very 
topic this thesis is most concerned with – the transfer of crustal volatiles 
from xenoliths and surrounding host rock into a magma itself. The release of 
crustal gases can be detected in the volatile emissions of several volcanoes in 
Java (Figure 1a) but also in other parts of the world e.g. Merapi, Popocaté-
petl and Vesuvius (Goff et al., 2001; Iacono Marziano et al., 2009; Troll et 
al., 2011) which testifies to the widespread occurrence of the process.  

Presented here are the findings to date of several ongoing studies which 
consider magmatic volatile contamination on a large scale in Indonesia and 
in detail using experimental petrology and vesiculated xenoliths. The inves-
tigations employ several contrasting methodologies to explore volatile con-
tamination processes from different perspectives, including a He and C iso-
tope study of volcanic gases, high-temperature high-pressure experimental 
petrology (Figure 1b), and petrographic analysis and 3D reconstruction of 
vesiculated xenoliths using X-r -CT. In using such diverse analytical 
techniques on such distinct sample suites, this study provides an integrated 
and comprehensive approach to a relatively new challenge. Volatile sources, 
volatile composition and the processes behind volatile release are discussed. 
However, it is quite clear that research into crustal volatile sources, their 
release by volcanoes and their effects, both locally and globally, is far from 
complete and requires much further work.  
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The importance of the present efforts can be considered on both a scien-
tific and a human level. Knowledge of volatile sources has implications for 
volatile recycling e.g. in subduction zone environments; for assessing levels 
of upper crustal contamination at a volcano; for understanding the effects on 
the magmatic volatile budget and therefore the eruptive activity of a volcano. 
In the longer term there may be repercussions for geothermal energy and 
even climate models especially when the larger volcanic episodes events are 
considered (e.g. Ganino and Arndt, 2009). 

 

 
Figure 1. a) Merapi volcano, Central Indonesia and b) the Piston cylinder at the High 
Pressure-High Temperature Laboratory of Istituto Nazionale di Geofisica e Vulcano-
logia (INGV, Rome, Italy), where the carbonate dissolution experiments (Paper III) 
were conducted. 

 
 

 



 13 

2. Methods 

The research presented here has been completed using a number of con-
trasting methodologies. The three core techniques I have used include He 
and C isotope values and the CO2/3He ratio of volcanic gases and pyroxene 
crystals; high temperature high pressure experimental petrology using a pis-
ton-cylinder apparatus; and synchrotron X-ray microtomography (X-r -
CT). The following sections briefly describe each method in turn. 

2.1. He and C isotopes and the CO2/3He ratio 
2.1.1 Background 
Helium-3 is primordial in origin and is therefore not produced on Earth other 
than through the decay of 6Li (Andrews, 1985; Ozima and Podosek, 2002), 
4He, however, is produced through the radioactive decay of 238U, 235U and 
232Th (Ozima and Podosek, 2002). The 3He/4He ratio is generally written in 
R/RA notation where A is the atmospheric ratio of 1.4 x 10-6 (e.g. Ozima and 
Podosek, 2002). Mid-Ocean Ridge Basalt (MORB) has an R/RA value of 8 ± 
1 (Grahan, 2002; Hilton et al., 2002), whereas the crustal endmember lies at 
0.05 RA (Andrews, 1985). In a subduction zone setting helium is not sub-
ducted to the deeper mantle, but is lost from clastic sediments in the forearc 
(Staudacher and Allegre, 1988; Hilton et al., 1992), there are exceptions, 
however, for example the Banda arc, Indonesia where continental crust is 
being subducted (Hilton and Craig, 1989). Due to the emission of primordial 
3He therefore, subduction zone volcanoes have, in general, an elevated R/RA 
ratio (Craig et al., 1978). Helium isotopes thus provide an ideal tool to trace 
the crustal contribution to the volcanic gas output of subduction zone volca-
noes (e.g. Marty et al., 1989; van Soest et al., 1998).  

There are three reservoirs in a subduction zone environment with distinct 
carbon isotope signatures (Sano and Marty, 1995). For the mantle source we 
use a value of -6.3 ± 0.9 ‰ (Exley et al., 1986), the other two sources are 
both crustal in origin: a limestone component at 0 ± 2 ‰ (Hoefs, 1987; Sano 
and Marty, 1995) and an organic sedimentary component with a value of 30 
± 10 ‰ often used (Sano and Marty, 1995), however, for this study we make 
this value more applicable to our study region. For carbon isotopes, both 
crustal sources (i.e. the subducting slab and sediments and the upper crust) 
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are combined within the limestone and sedimentary components, therefore 
carbon cannot be used independently to identify upper crustal additions 
(Shaw et al., 2003). 

The CO2/3He relative abundance is high in subduction zone environments 
(average =  15.7 ± 11.0 x 109; Sano and Williams, 1996) relative to MORB 
(average = 1.5 x 109; Sano and Marty, 1995) due to the addition of CO2 from 
the subducting slab as well as the upper arc crust (Marty et al., 1989; Hilton 
et al., 2002). This ratio is prone to some fractionation however which may 
alter the original signal of the magma source (Hilton et al., 1998; 2002).  

2.1.2 Sample collection 
To measure the He and C isotope ratios we sampled volcanic gases and hy-
drothermal fluids from 11 volcanoes along a ~1000 km section of the Java 
and Bali segments of the Sunda arc, Indonesia (Figure 2a). Using the tech-
nique outlined in Hilton et al., (2002) we collected samples from fumaroles, 
bubbling hot springs, geothermal wells and water springs. To collect the gas 
samples (apart from those collected at geothermal wells) a Ti tube attached 
to silicone tubing was inserted into the mouth of the fumarole. Attached to 
the silicone tubing were the sample containers (Cu-tubes; glass flasks with a 
high alkali content and pyrex glass flasks). From the second opening of the 
sample containers another silicone tube was attached, the end of which was 
placed in water. Gases were allowed to pass through the system and bubble 
into water to purge the system of any air. After a period of up to 10 minutes 
the sample was taken (Figure 2 b). To sample bubbling hot springs, the Ti 
tube was replaced by an upturned funnel which trapped the gases under wa-
ter, and for the water springs the silicone tube was placed directly into the 
water source.  

2.1.3 Sample analysis 
Samples were extracted from their field containers within three months of 
collection at the Scripps Institution of Oceanography, UCSD, San Diego. 
This was completed using an extraction line held at high vacuum (see Ku-
longoski and Hilton, 2002). After gases were taken into the line H2O and 
CO2 were sequentially brought to a solid state using a dry ice/acetone com-
bination and liquid nitrogen. The contaminants O2, N2 and heavy noble gases 
were removed using Titanium and charcoal getters (Figure 2 c). The He and 
C fractions were then removed from the line into breakseals for storage be-
fore analysis.  
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Figure 2. Gas sampling, sample extraction and analysis. a) Trekking in the crater of 
Papandayan volcano, Java, Indonesia; b) Sampling fumarole gases (over 100 °C) in 
the crater of Papandayan; c) Gas extraction line and d) MAP 215 noble gas mass 
spectrometer. Photographs c) and d) were taken at the Geosciences Research Divi-
sion Scripps Institution of Oceanography, UCSD, CA, USA. 

 
Helium isotope analysis was completed using a MAP 215 noble gas mass 
spectrometer (Figure 2 d). Samples were inlet into the line, also held at high 
vacuum, and cleaned further using getters. Helium and neon were measured 
successively. Intermittently, air standards were also analysed in order to 
obtain an air corrected He isotope ratio. 

The CO2 fraction was cleaned of any SO2 by means of a variable tempera-
ture trap before isotopic analysis took place. Carbon dioxide was frozen onto 
the trap using liquid N2. The temperature of the trap was raised from -190°C 
to -135 °C by which time all CO2 was vaporised and refrozen onto a finger 
held at -80°C. The amount of CO2 was measured by pressure on a manome-
ter. Isotopic analysis of CO2 was made (relative to the standard Pee Dee 
Belemnite) on a Thermo-Finnigan DeltaPlus XP. The manometric value for 
CO2 and the volume of He measured on the mass spectrometer were used to 
calculate the CO2/3He ratio for each sample.     
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2.2 High pressure high temperature experimental 
petrology 
2.2.1 Experimental methods 
The following description concerns those experiments mentioned in Paper 
III and specifically those which used Vesuvius composition starting materi-
als. Further information about the experimental method and the Merapi ex-
periments can be found in Deegan et al., (2010).  The experiments were per-
formed using a Piston Cylinder apparatus as well as the analytical facilities 
at the HP-HT Laboratory of Experimental Volcanology and Geophysics, 
Istituto Nazionale di Geofisica e Vulcanologia (INGV), Rome in April/May 
2008. Conditions of 1200 °C and 0.5 GPa were used to simulated magma-
carbonate interaction beneath Vesuvius volcano. The pressure used (0.5 
GPa) is the lowest possible using this specific piece of equipment, and is 
equivalent to approximately 15 km depth (Deegan et al., 2010), which is not 
unreasonable for Vesuvius volcano (Auger et al., 2001; Dallai et al., 2011).  

To tailor the experiments to the Vesuvius volcanic system shoshonitic la-
va, representing the least evolved composition from Vesuvius, from the 
Camaldoli della Torre borehole (CdT n-01, sample 108.3) (Di Renzo et al., 
2007) was used as the magma equivalent. Fragments of a local limestone 
were used to represent the host rock. The lava starting material was melted at 
1300 °C for 5 minutes at a pressure of 0.5 GPa and hydrated with 2.02 wt. % 
water to produce a homogeneous glass. 

After melting and hydration, a known amount of powdered starting material 
was loaded into platinum capsules (3 mm diameter, 12 mm length), together 
with a carbonate clast of known weight. Two platinum capsules welded shut at 
both ends containing the starting materials, were placed in one assembly (an-
other set of experiments containing dolomite instead of limestone were run 
simultaneously). An assembly is composed of (from the outside inwards), salt 
cells to produce hydrostatic rather than uniaxial pressure, a pyrex tube, and a 
graphite tube, that surrounds crushable aluminium. The capsules are placed in 
tailor-drilled holes in the crushable aluminium, and are packed in with py-
rophylite powder to prevent water escape (Freda et al., 2001). The assembly 
base is pyrex and above the crushable aluminium cylinder there is a metal base 
plug. This assembly is then placed into the piston cylinder. Run durations were 
0s, 60s, 90s, and 300s. The experimental temperature was reached over a peri-
od of approximately 6 minutes: 200 °C/min from room temperature to 1180 
°C and 20 °C/min for the remaining 20 degrees, these conditions were then 
held for the run duration. The heat source was removed to terminate the exper-
iments and the pressure was then reduced gradually following this. For all 
experiments, glass was used as a starting material to ensure no crystal surfaces 
were available for vesicle nucleation during the experiment, promoting ho-
mogeneous vesiculation, e.g., Mangan and Sisson, (2000). 
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2.2.2 Image Analysis 
After the experiments were run, the capsules were recovered, placed in resin 
and opened to reveal the experimental products. Images were taken of all the 
experiments on an FE-SEM (JEOL JSM-6500F) at varying magnifications in 
order to characterise the textures and the size and number of vesicles present. 
These images were subsequently analysed using the freeware ImageJ. For 
each experiment the area of the whole capsule (i.e., the sample area within 
the Pt capsule) was measured, as was the area of glass (including both pale 
and dark glass) in each high magnification image. Separately the area of 
vesicles was measured in each of the high magnification images. The image 
area and vesicle area measurements were grouped according to their magni-
fication, and using the vesicle diameters (Heywood diameter in the case of 
Vesuvius experiments and Feret diameter in the case of the Merapi experi-
ments) were ordered numerically with the largest first and allocated a cumu-
lative number (Cn). The following equations were then used for the data in 
each magnification class.  

 
Fcorr = Areacapsule image         (1) 

Ccorr = Cn . Fcorr             (2) 

Where Fcorr is the correction factor, and Ccorr is the cumulative correction. To 
prevent bubbles being over-extrapolated over the whole sample area, the 
areas of larger bubbles were removed from the image area measurements of 
subsequently higher magnifications. After plotting cumulative correction 
values against the vesicle diameter for each magnification group, we select 
the data which best represents vesicle numbers at each size group and then 
form one single curve. 

2.3 X-ray computed microtomography 
2.3.1 Background 
X-ray computed tomography (X-ray CT) is a non-destructive methodology 
with rapid analysis times that allows generation of three dimensional images 
on various scales (Flannery et al., 1987; Ketcham and Carlson, 2001; Song 
et al., 2001). The technique uses X-ray attenuation to identify contrasts in 
sample density (Ketcham and Carlson, 2001). The sinograms generated dur-
ing analysis are reconstructed to 2-dimensional images or 'slices' using the 
filtered back projection method, after slice reconstruction data can then be 
converted into 3-dimensional images through volume rendering (Flannery et 
al., 1987; Ketcham and Carlson, 2001). X-ray computed microtomography, 
is able to obtain a very high resolution on the scale of microns, but to 
achieve this requires synchrotron generated X-Rays (Flannery et al., 1987; 
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Ketcham and Carlson, 2001). Although only a relatively new technique, it 
has already been identified as being extremely useful for the characterisation 
of vesicles in volcanic samples and advances have been made in understand-
ing volatile dynamics magmas (Ketcham and Carlson, 2001 Song et al., 
2001; Polacci et al., 2006; 2008 2009; 2010). The high resolution imaging 
provided by X-ray µ-CT is necessary for investigating vesiculated samples, 
however, vesicle walls can often be thinner than the resolution used, there-
fore a sample can appear to have a higher vesicle connectivity than in reality 
(Song, 2001; Polacci et al., 2006, Bai et al., 2008). 

2.3.2 Sample analysis 
X-ray computed microtomography was applied to a subset of vesiculated 
xenolith samples (10 x 5 x 5 mm in size) to image their internal morphology 
and to gain a better understanding of their vesiculation history. Samples 
were imaged at the SYRMEP beamline (ELETTRA Synchrotron Light La-
boratory in Trieste, Italy). We used a monochromatic X-Ray beam with an 
energy of 25 to 48 KeV and a sample to detector distance of 200 mm, to 
collect 1440 radiographs of each sample. A 12 bit water cooled CCD camera 
was used as a detector. The camera had a 12 mm x 18 mm field of view and 
a pixel size of 9 x 9 
back projection method and volume renderings were produced using the 
freeware ImageJ and VGStudio Max 2.0® 3D software. The Pore3D soft-
ware library (Brun et al., 2010) was used for sample analysis. 

2.4 Density measurements 
Two types of density measurement were carried out on a selection of xeno-
lith samples at Ludwig-Maximilians Universität (LMU), Munich, Germany. 
The first set of measurements involved estimation of bulk density through 
the Archimedes principle. This technique is outlined in Kueppers et al., 
(2005), and involves measuring the mass of a sample both in air and whilst 
submerged in water (the sample is protected during the underwater meas-
urement to prevent it becoming water saturated) the error on this measure-
ment is estimated at 5% by Kueppers et al., (2005). 

The second set of measurements, perfomed using Helium Pycnometry, al-
so at LMU, (e.g. Petropoulos et al., 1983) defines the matrix density of a 
sample. If the bulk and matrix densities are combined with measurements of 
a sample’s powder density then the open, closed and total porosity values 
can be determined. 

These values are used to understand the density and porosity characteris-
tics of the xeno-pumice samples.      
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3. Contamination through upper crustal 
volatile additions   

Assimilation and contamination occurs throughout the life cycle of a magma. 
In a subduction zone environment, contamination starts as components from 
the subducting slab and sedimentary veneer rise into the mantle wedge (Pea-
cock, 1990; Elliott et al., 1997). As this magma reaches the base of the crust, 
further modifications occur during MASH (Hildreth and Moorbath, 1988) 
and in Deep Crustal Hot Zones, (Annen et al., 2006). In traversing the upper 
crust, additional contamination can occur (Davidson et al., 1987; van Soest 
et al., 1998). In fact, upper crustal contamination is central to the develop-
ment of more silicic magmas and therefore of continental crust (Price et al., 
2005; Annen et al., 2006; Gruender et al., 2010). However, for contamina-
tion to be visible the contaminant must be chemically distinct from the host 
magma (e.g. Charlier et al., 2005; Handley et al., 2007).  

Crustal contributions continue throughout the upper crust in several 
forms, and evidence of crustal assimilation and contamination pervades both 
the solid and the liquid components of a magmatic system. One major piece 
of evidence for magma crust interaction is the presence of xenoliths (Clarke 
et al., 1998; Shaw, 2009), which break down and make additions to the 
magma (Hansteen and Troll, 2003; Beard et al., 2005). Antecrysts, xeno-
crysts and foreign cores to phenocrysts in volcanic products all point towards 
open systems with contributions from the surrounding host rock (Charlier et 
al., 2005; Chadwick et al., 2007). Crustal melt also contaminates the magma 
(e.g. Gaeta et al., 2009; Dallai et al., 2011), and this is seen in the growth of 
some plagioclase crystals containing radiogenic Sr around less radiogenic 
cores (Chadwick et al., 2007).  

If the solid and melt phases of a magmatic system are contaminated, then 
volatile contamination is likely to occur too. This has been suggested for a 
number of volcanoes including Colli Albani, Merapi, Popocatépetl, Vesuvius 
and Yellowstone (Goff et al., 2001; Werner and Brantley, 2003; Iacono-
Marziano et al., 2009; Freda et al., 2010; Troll et al., 2011). Crustal volatile 
contributions are perhaps as relevant in the evolution of a magma as the solid 
and melt components added, as they can control (in the case of carbonate at 
least) the extent of further crustal assimilation (Barnes et al., 2003; 2005), 
the solubility of other volatile species, specifically H2O, (Dallai et al., 2011) 
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and potentially can even influence the eruptive behaviour of the volcanic 
system (Freda et al., 2010, Deegan et al., 2010).   

Knowledge of volatile provenance is hence important for a greater under-
standing of volatile recycling, in particular carbon, in subduction zone envi-
ronments, i.e., the proportion lost to the mantle versus that emitted to the 
atmosphere and the amount of upper crustal contributions (van Soest et al., 
1998; Shaw et al., 2003). Furthermore, the alteration in climate associated 
with the emplacement of Large Igneous Provinces, many of which led to 
global biological crises, has recently been correlated with the large scale 
release of crustal volatiles, particularly from sedimentary lithologies (Sven-
sen et al., 2004; McElwain et al., 2005; Svensen et al., 2007; 2009; Ganino 
and Arndt, 2009). Estimations of global CO2 budgets currently do not take 
into account a crustal CO2 contribution (Gerlach, 2011) however, given the 
geological climatic record (e.g. Ganino and Arndt, 2009) including this in-
formation in global budgets could prove extremely important.   
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4. Summary of Papers 

4.1. Paper I: Mantle versus crustal volatile sources along 
the Java-Bali segment of the Sunda Arc, Indonesia. 

In this contribution we assess the extent of source versus upper crustal vola-
tile contamination present at volcanoes along the Java and Bali segments of 
the Sunda Arc Indonesia. Volcanic gas and fluid samples were taken from 
eleven centres along this section of the arc including Anak Krakatau in the 
Sunda Straits; Salak Geothermal Field, Gede, Tangkubanparahu, Papanda-
yan, Slamet, Dieng Volcanic Complex, Merapi, Wilis, and Kawah Ijen on 
Java; and Batur on Bali. Samples were analysed for He and C isotope ratios 
and CO2/3He values; classic tracers for evaluating mantle and crustal inputs 
into subduction zone volcanic volatile signatures.  

The Java-Bali segment of the Sunda Arc in Indonesia is an ideal location 
to explore the influence of upper crustal contamination on a volcano’s vola-
tile signature. The subducted component along the arc is relatively low even 
though the trench fill does vary in thickness (Kopp et al., 2002; 2006). What 
is more, however, the upper crust of Java can be broadly divided into distinct 
units from crust of continental affinity in the west (Hamilton et al., 1979; 
Hall et al., 2002; Smyth et al., 2007) to an oceanic affinity in the east (Ham-
ilton, 1979; Smyth et al., 2007).  

We explored multiple techniques to attempt to separate the source addi-
tion component from any upper crustal volatile contribution at a volcano. 
The first attempt involved developing a source addition baseline using a 
database of C and He isotopes ratios and CO2/3He values from active arc 
fronts worldwide (Hilton et al., 2002). The database values were filtered to 
create a baseline containing minimum upper crustal influence. The resulting 
Global Arc Carbon baseline (GAC) value averaged out important distinc-
tions between different arc settings, and therefore proved unsuitable for our 
purposes. The Javanese Arc Carbon baseline (JAC) was formed by taking 
the four samples with the most mantle-like signature of our own dataset. 
This method delivered a more local baseline with which to compare the crus-
tal signatures in our dataset. We used the modeling methods of Sano and 
Marty, (1995) and van Soest et al., (1998) to further break down the carbon 
isotope signature into its component parts i.e., carbon from the mantle, from 
carbonate and from an organic/clastic sediment source. 
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By using the local reference JAC as a baseline we conclude that upper 
crustal volatile contamination is a significant process along this section of 
the Sunda Arc and the type of contamination (i.e. He vs C) identified is de-
pendant on the upper crustal unit, in which the volcano lies forming a broad 
regional pattern. We also recognise that every volcanic centre has an indi-
vidual volatile signature, which is a result of the unique geological setting of 
each volcano. 

4.2. Paper II: Concentration of commercially-viable 
geothermal resources in W-Java is controlled by crustal 
thickness and composition.  

In Java there is a strong correlation between the location of large commer-
cially viable geothermal systems and both upper crustal thickness and vol-
ume of sediment on the subducting slab (Stimac et al., 2008). In the west of 
Java the upper crust is continental in character, this becomes increasingly 
oceanic towards the east (Hamilton, 1979; Smyth et al., 2007). Upper crustal 
thickness is 25 km off central Java and only 18 km off Bali (Curray et al., 
1977).  

We use a suite of trace elemental and isotopic analyses including whole 
rock Sr and Nd isotopes, (La/Sm)N ratios and He isotopes in crystals, gases 
and hydrothermal fluids as well as literature data from volcanoes along the 
arc from Anak Krakatau in the Sunda Straits to Batur on Bali and demon-
strate that this correlation may be more related to the upper crustal composi-
tion than what is downgoing into the subduction zone. 

Data show a generally semi-homogeneous subduction input along the arc 
barring a few notable exceptions e.g. Anak Krakatau and Kelut. However, 
there are strong signatures of upper crustal contamination shown by Sr, Nd 
and He, which correlate with the thicker crust in western and central Java, 
whilst in eastern Java these upper crustal contamination signatures are not 
present.  

We conclude that the presence of large-scale exploitable geothermal sys-
tems in western and central Java is correlated with upper crustal contamina-
tion rather than subduction zone input. This may have strong repercussions 
for future reconnaissance efforts in the geothermal industry.  
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4.3 Paper III: Time-monitored vesiculation and 
dissolution during magma-carbonate interaction 
experiments: Merapi (Indonesia) and Vesuvius (Italy). 

Magma-carbonate interaction has been identified as an important process at 
volcanoes sited on carbonate crust, not least, the release of a CO2 volatile 
phase as a consequence of the reaction has large implications for the dynam-
ics of a volcanic system (Iacono Marziano et al., 2009; Deegan et al., 2010; 
Freda et al., 2010). Both Merapi and Vesuvius volcanoes, already recognised 
as being sited on carbonate basement (van Bemmelen, 1949; Hamilton, 
1979; Zollo et al., 1996; Auger et al., 2001) are here further investigated to 
understand the effects of CO2 production by limestone breakdown on the 
surrounding magmatic system.  

Three series of high-pressure high-temperature experiments were per-
formed (Deegan et al., 2010: Jolis et al., 2011) using starting materials spe-
cific to Merapi and Vesuvius volcanoes with the aim to reproduce magma-
carbonate interaction similar to that occurring at each natural system. Each 
experimental series differed by either composition (basaltic andesite vs sho-
shonite) or water content (anhydrous vs hydration with ~ 2 wt.% H2O) and 
consisted of four experiments each with a different run duration (0 s, 60 s, 90 
s, 300 s).  

We measured the vesicle phase produced in each of the experiments by 
analysis of FE-SEM images, and investigated sample textures and the spatial 
distribution of vesicles. We show that in all series magma-carbonate interac-
tion is an extremely efficient process. However, the efficiency of the reaction 
is greatly affected by the water content and the composition of the magma 
equivalent, both of which influence the liquid viscosity. Generally speaking 
a more silicic composition (e.g. basaltic-andesite) and a lower water content 
produces a slower reaction with less vesicle migration, whereas a lower sili-
ca content (e.g. shoshonite) and a higher water content results in a faster 
reaction with more dynamic vesicle movement. We thus find that carbonate 
dissolution is controlled by melt viscosity and can be discussed in terms of 
cycles of dissolution and exsolution. As the viscosity of a system decreases, 
vesicle migration away from the reaction site becomes easier, consequently 
allowing further carbonate dissolution and volatile exsolution to take place. 
However, a high melt viscosity hinders movement of the volatile phase rela-
tively speaking and therefore limits further progression of the reaction. The-
se finding have implications for the natural volcanic systems of Vesuvius 
and Merapi. A lower viscosity melt would permit vesicle migration and 
promote magma contamination by the dissolving carbonate, whereas a high-
er viscosity melt would be less favourable for vesicle migration and would 
encourage local volatile saturation, resulting in potentially explosive eruptive 
behaviour. 
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4.4. IV: Floating stones off El Hierro, Canary Islands: 
xenoliths of pre-islands sedimentary origin in the early 
products of the October 2011 eruption. 

In October 2011 a submarine volcanic eruption took place just off the south 
coast of El Hierro, Canary Islands. Some of the early eruption products in-
cluded small fist sized clasts with a basaltic rim but a pale (white/cream to 
grey) inner core with a pumice-like texture. These clasts were even more 
distinctive because they were able to float on the sea surface.  

We present a detailed textural, mineralogical and geochemical analysis of 
several samples and compare them to other, similar products found else-
where in the Canary Islands (e.g. Gran Canaria; Hansteen and Troll, 2003). 
Close textural investigations of the El Hierro products reveal signs of vesicu-
lation and degassing.  There is an almost complete absence of common igne-
ous minerals in the samples e.g. olivine, pyroxene and feldspar, but instead 
we find that quartz, mica and clays dominate the mineral assemblage. Oxy-
gen isotope data fall significantly above the mantle range and therefore sug-
gest a non-mantle origin. 

We infer that the quartz is derived from wind-blown sediments and tur-
bidity currents from the African continent (Criado and Dorta, 1999; Gee et 
al., 1999; Ye et al., 1999; Krastel and Schminke, 2002). Combining this with 
the above observations we infer that the ‘floating stones’ are samples of 
‘xeno-pumice’ and represent pre-island sediment that melted, dehydrated 
and vesiculated on contact with magma. These xeno-pumice clasts were only 
associated with the initial phase of the El Hierro eruption as they are a result 
of the magma’s initial penetration of the sediments beneath the island. Xeno-
pumices were no longer erupted subsequent to the development of a more 
mature conduit.    

4.5. Paper V: Remobilisation of crustal volatiles: 
Widespread evidence and implications. 

Here we present a multi-methodology study which characterises vesiculated 
xenolith samples (‘xeno-pumice’) from numerous volcanic centres around 
the world. Using a novel combination of analytical techniques including FE-
SEM imaging, density measurements and 3D reconstructions of samples 
made, we define two xeno-pumice types based on vesicular and crystalline 
textures. Type 1 xeno-pumices display pervasive homogeneous vesiculation 
throughout the sample, and are often represented by finer grained protoliths. 
Type 2 xenoliths can be divided into two sub classifications: 2a specimens 
demonstrate structurally controlled vesiculation, i.e. along bedding or folia-
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tion planes present in the protolith; 2b samples are characterised by vesicular 
patches heterogeneously distributed through the sample and separated by 
areas of crystalline protolith. Density measurements reveal very low values 
for some samples, highlighting the pumice like nature of the sample suite. 
Three-dimensional reconstructions of the samples exhibit extreme inflation 
of nearly all samples and resolve networks or pipelines of coalesced vesicles, 
indicating that exsolved volatiles were able to move through the xeno-
pumice and into the surrounding host magma. 

The repercussions of xeno-pumice vesiculation and disaggregation are 
manifold. Xeno-pumice disintegration leads to the efficient dispersal of xen-
ocrysts and crustal melt throughout the magma, leading to ‘cryptic’ contami-
nation (cf. Beard et al., 2005), and introduces a possible explanation for the 
fate of stoped blocks (cf. Burchardt et al., submitted). Xenolith vesiculation 
presents a new mechanism of magmatic volatile contamination, and has the 
potential to increase the explosivity of an eruption through the late stage 
addition of volatiles (cf. Deegan et al., 2010). This so far unaccounted for 
source of crustal gas could explain for the ‘excess’ volatiles (e.g. sulphur) 
measured using remote sensing techniques (e.g. Andres et al., 1991), and 
should possibly be considered in global volatile (e.g. CO2) budgets (e.g. 
Kerrick, 2001, Gerlach, 2011). 

4.6. Paper VI: Sink or swim: The fate of crustal 
xenoliths in shallow magma chambers. 

The debate as to whether magma emplacement by stoping is an important 
process is ongoing, with views often vehemently expressed (e.g. Glazner and 
Bartley, 2006; 2008; Clarke and Erdmann, 2008; Paterson et al., 2008; 
Yoshinobu and Barnes, 2008). Two major claims against the stoping mecha-
nism are 1) the lack of sufficient stoped material in plutons to explain mag-
ma movement and 2) the deficiency in signs of magmatic contamination to 
explain any bulk host rock assimilation that may have occurred (Glazner and 
Bartley, 2006). The discovery of vesiculated xenoliths samples, however, 
which show extremely low densities (e.g. Paper V; Clarke et al., 1998; 
Shaw, 2009; Gruender et al., 2010), may provide sufficient evidence to ex-
plain why large accumulations of xenoliths are not found in plutons, and 
why significant contamination may not have happened.  

Here we present the findings of several computer models performed using 
the code FDCON (Weinberg and Schmeling, 1992; Schmeling et al., 1999). 
The models demonstrate that xenoliths initially sink through a magma, 
though after melting and vesiculation (which we simulate using a melt of 
slightly lower density) the xenoliths become buoyant and subsequently rise. 
This potentially allows vesiculated xenoliths to accumulate in the roof of a 
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magma chamber. The melting and vesiculation process also provides the 
mechanism by which a xenolith will disaggregate, therefore efficiently dis-
persing crustal melt and xenocrysts through the magma.  

This realisation suggests that any stoped xenolithic material may in fact 
be erupted from a magma chamber rather than collecting at the bottom or 
plutons, therefore negating the need for large amounts of contamination or 
for accumulations of stoped blocks to justify the process of crustal recycling 
by stoping.     
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5. Discussion 

After resolving volatile additions to the mantle wedge volatile inventory 
from those added in the upper crust, we find that the upper crustal contribu-
tion can be substantial. Awareness of such late stage additions is important 
in developing a fuller understanding of the role of volatiles on a magmatic 
system and beyond. In Java the correlation between commercially viable 
geothermal systems and the thickness and composition of upper crust specif-
ically is strong. Detection and isolation of upper crustal contamination using 
a suite of elements and isotopes including 3He/4He is an extremely valuable 
tool for future use, especially within the geothermal industry and is essential 
for understanding source contamination, mantle recycling (cf. van Soest et 
al., 1998; Shaw et al., 2003) and better correlating crustal lithologies with 
specific contaminants. 

To investigate this further, we reproduced magma-carbonate interaction in 
the laboratory through which we have gained a more detailed perspective on 
how the crustal volatiles released at volcanoes sited on carbonate crust are 
produced. Knowledge of the controls on the processes and progression of the 
reaction – (viscosity and therefore composition and water content) allow 
future models of carbonate assimilation to be more tailored to a specific vol-
canic system and therefore more accurate.  

Further knowledge on volatile sources and the processes that trigger their 
release is gleaned from the suite of xeno-pumice samples investigated. The 
exsolution of crustal volatiles from xenoliths is extremely complex and de-
pendant on the interplay of numerous factors, including temperature, pres-
sure, composition and time. The implications are many, and some may be 
very influential in future work from studies of individual phenocrysts to the 
larger scale considerations of the mechanisms of stoping and global volcanic 
volatile budgets.  

Our study is only the start and the possibilities for future investigations 
are multiple and varied. In the end we find that each volcanic system is indi-
vidual and subject to its own particular geological setting. The host rock 
lithology and the magma composition, water content and viscosity are some 
of the key variables that determine how a volcano will respond to the influx 
of crustally derived gaseous species.  
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6. Conclusions 

To conclude, this research has shown that the release of crustal volatiles is 
an inevitable consequence of crustal contamination and assimilation and that 
its presence may be more widespread than previously thought. Knowledge of 
volatile provenance is therefore integral to a deeper understanding of sub-
volcanic processes and the magmatic system. In understanding the means by 
which crustal volatiles can access a magma we can improve our insight into 
contamination, magma evolution and magmatic volatile budgets. On a larger 
scale a more detailed picture can be built up of volatile recycling and global 
CO2 budgets (cf. Gerlach, 2011).  

In common with previous studies (e.g. Deegan et al., 2010: Freda et al, 
2010) we recognise the potential for an alteration in eruptive behaviour of 
volcanoes as a consequence of late stage volatile additions, which has reper-
cussions for hazard mitigation and awareness. Presented here are initial find-
ings of different research approaches to the topic. Given the diversity of this 
field, there is so much more to be learnt. 
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7. Samanfattning på Svenska 

Vid aktiva vulkaner frigörs stora mängder gaser såsom H2O, CO2 och SO2. 
Var och genom vilka processer dessa gaser bildas och frigörs påverkar ut-
vecklingen och dynamiken av det magmatiska systemet i stort. Sammansätt-
ningen av gaserna avspeglar dessutom ur vilka litologier de bildats och ger 
en bild av berggrunden de aktiva vulkanerna är uppbyggda på. De frigjorda 
gaserna är även väsentliga för karaktären av, och explosiviteten hos en viss 
vulkan. 

Huvudsyftet med denna studie är att fastställa hur de olika komponenter-
na samspelar, dvs. den nybildade magman, den äldre underliggande berg-
grunden och de frigjorda gaserna, och ett multidisciplinärt tillvägagångssätt 
tillämpats. Det innefattar bland annat helium- och syreisotopsammansätt-
ningen ( 13CCO2, 3He/4He) samt CO2/3He förhållandet hos frigjorda gaserna 
och fluider, petrologiska experiment under höga tryck och temperaturer av 
reaktionen mellan silikatmagma och karboantsten, Röntgentomografi av 
blåsrumsrika xenoliter och numerisk modellering av xenoliternas densitets-
minskning vid blåsrumsbildning.   

Resultaten visar att en signifikant del av vulkaniska gaser kan genereras 
ur jordskorpans ytligare bergarter, dvs. inte bara från själva magman. Gaser-
nas sammansättning är direkt kopplade till sidobergets litologier. Består den 
kringliggande berggrunden av karbonatsten kommer de frigjorda gaserna att 
ha högre CO2-halt. Karbonatstenarnas upplösningshastighet är dessutom 
beroende av magmans viskositet. Har magman hög viskositet fördröjs upp-
lösningen genom att redan frigjorda gaser är relativt immobila och förhindrar 
vidare reaktion. I lågviskösa magmor är frigjorda gaser mer mobila, reakt-
ionen kan därmed fortgå vilket ger större gasvolymer per tidsenhet. I detalj 
är dock uppkomsten av blåsrummen i, och därmed nedbrytningen och om-
vandlingen av xenoliterna mycket komplex och ännu inte fullt förstådd. Pro-
cessen är trots detta fundamental för att förstå hur den äldre, prevulkaniska 
berggrunden assimilerar och disseminerar i och kring en magmakammare. 
Eftersom en inte obetydlig del av de gaser som frigörs har sitt urspung i om-
kringliggande berggrund är det väsentligt att dessa ingår i de uppskattningar 
som görs av gasemission från vulkanisk aktivitet oavsett skala. Må så var 
från enskilda vulkaner eller vid beräkningar av volymen och sammansätt-
ningen av det globala vulkanogena volatiltillskottet till atmosfären.  

Berggrunden under ett antal av jordens mest kända, aktiva vulkaner, t ex. 
Vesuvius och Merapi, utgörs av karbonatrik berggrund, vilket gör dessa vul-
kaner potetiellt mer explosiva. Det är därför viktigt att även sidoberget ka-
raktär beaktas i riskanalyser av vulkaniska områden. 
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