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Abstract   

Magma-crust interaction in magma reservoirs and conduits is a crucial process during magma 

evolution and ascent. This interaction is recorded by crustal xenoliths that frequently show partial 

melting, inflation and disintegration textures. Frothy xenoliths are widespread in volcanic deposits 

from all types of geological settings and indicate crustal gas liberation. To unravel the observed 

phenomena of frothy xenolith formation we experimentally simulated the behaviour of crustal 

lithologies in volcanic conduits. We subjected various sedimentary lithologies to elevated temperature 

(maximum 916 °C) and pressure (maximum 160 MPa) in closed-system autoclaves. Experimental 

conditions were held constant between 24h and 5 days. Controlled decompression to atmospheric 

pressure then simulated xenolith ascent. Pressure release was a function of temperature decline in our 

setup. Temperature lapse rate proceeded exponentially; the mean rate during the first 30 minutes was 

17.8 ˚C/min and the mean decompression rate during the same interval was 3.0 MPa/min, eventually 

reaching room temperature after approximately 5.5 hours of slow cooling. The experimental products 

have been analysed for internal textures by synchrotron X-ray μ-CT at a resolution of 3.4 – 9 

microns/pixel. This method permits visualisation and quantification of vesicle volumes, -networks and 

-connectivity in 3D without destroying the sample.     

 

 Experimental products closely reproduced textures of natural frothy xenoliths in 3D and define an 

evolutionary sequence from partial melting to gas exsolution and bubble nucleation that eventually 

leads to the development of three-dimensional bubble networks. Experimental P-T-t conditions and 

especially rock lithology proved decisive for degassing behaviour and ensuing bubble nucleation 

during decompression. Progressive bubble nucleation leads to subsequent bubble coalescence to form 

interconnected bubble networks. This, in turn, enables efficient gas liberation and release. Our results 

attest to significant potential of even very common crustal rock types to release volatiles and develop 

interconnected bubble networks upon heating and decompression in magmatic systems. Crustal 

volatile input from xenoliths affects magma rheology and may drive magmas to sudden explosive 

eruptions. Our experiments offer insight into the mechanism of how such crustal volatile liberation is 

accomplished.  
 

 

 

 

 

Keywords: Xenoliths, crustal gases, synchrotron, X-ray μ-CT, 3D-bubble networks, gas migration, 

magmatic volatile budget, explosive eruption. 
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Sammanfattning 

Ständig växelverkan mellan magma och jordskorpan i magmatiska reservoarer är en betydande 

process som sker under migration av magmareservoarer. Xenoliter bevarar värdefull information från 

denna interaktion som visar på reaktioner i sidoberget, vilka induceras av rådande högt tryck och hög 

temperatur i magmakammaren. Sådana reaktioner inkluderar partiell smältning, mobilisering av gaser 

och slutlig disintegration av sidoberget i magmakammaren. Bubbelrika xenoliter är frekventa i 

vulkaniska avlagringar världen över och dessa ger tydliga tecken på bildning och tillväxt av 

gasbubblor, samt efterföljande gasmigration. Med avsikt att utöka den hittills bristfälliga vetskapen om 

gasavgivning och andra reaktioner i xenoliter, simulerade vi de magmatiska krafter sidoberget 

exponeras för, genom att utsätta olika sedimentära litologier för ökad temperatur (maximum 916 ˚C) 

och ökat tryck (maximum 160 MPa) i autoklaver. De experimentella förhållanden (temperatur (T) och 

tryck (P)) bibehölls konstant under en tidsperiod (t) som varierade från 24 timmar upp till fem dygn. 

Påföljande tryck- och temperaturreduktion i experimentets slutskede efterliknade stigning av xenoliter 

i magmareservoarer. Denna PT-minskning skedde exponentiellt; under de 30 första minuterna var 

medeltemperaturminskningen 17,8 ˚C/min, respektive 3,0 MPa/min för tryckreduktionen, för att, efter 

5,5 timmar av långsamt avsvalnande, slutligen nå rumstemperatur. Med avseende på texturer, 

relaterade till bildade gasbubblor, så analyserades de experimentella produkterna med 

röntgenmikrotomografi (X-ray μ-CT) med hjälp av synkrotronen i Trieste (Italien), med en upplösning 

av 3,4 – 9 mikroner/pixel. Denna innovativa metod åskådliggör och kvantifierar invändiga gasbubblor, 

och belyser bildandet av permeabla nätverk i 3D för effektiv gasmigration och -avgivning.  

Experimenten reproducerar naturliga processer hos xenoliter och påvisar en serie egenskaper som 

innefattar partiell smältning, mobilisering av gaser, bildning och tillväxt av gasbubblor, samt bildandet 

av kopplade nätverk för gasmigration. Experimentella P-T-t förhållanden och i synnerhet, typ av 

moderbergart, visade sig vara avgörande för bildandet av gasbubblor. Progressiv bildning och tillväxt 

av gasbubblor resulterar slutligen i sammanväxning av bubblor och formering av kopplade nätverk, 

vilket möjliggör effektiv avgivning av gaser till omgivande magma. Våra experimentella resultat ger 

belägg för att även mycket vanliga bergarter har en betydande potential att frigöra krustala gaser under 

partiell smältning och dekompression i magmatiska system. Sådant införlivande av gaser har 

avsevärda konsekvenser för magmasystems, och även, i stort, vulkaners utveckling, då gaser är 

drivande krafter som kan ge upphov till plötsliga och explosiva utbrott. Resultaten ger en värdefull 

inblick i hur mekanismer leder till frigörelse av gaser från sidoberget till magman.  

 

Nyckelord: Xenoliter, krustala gaser, synkrotron, X-ray μ-CT, 3D-bubbelnätverk, gasmigration, 

explosiva utbrott.  
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1. Introduction 

There is strong evidence that crustal assimilation acts in volcanic systems on a global scale. Not only 

does magma chemistry disclose elevated crustal signatures from crustal assimilation, but also, this is 

significantly testified by xenoliths frequently hosted in igneous rocks. Xenoliths are remnants of 

foreign crustal rock fragments torn off magma chamber walls and incorporated in the magma. The 

xenoliths, particularly in terms of degassing textures, carry fingerprints from the vesiculation and 

deformation history during residence in the magma chamber and the conduit. The vesicularity itself is 

a direct equivalent of the volume fraction of gas exsolved from the partially melting rock (e.g. Thomas 

et al., 1994; Mangan & Cashman, 1996; Papale, 1999), and vesicle morphology relates to vesicle 

growth dynamics in response to magmatic impact. As well as magma chemistry being modified by 

crustal assimilation during xenolith dissolution (e.g. Wörner, 1985; Goff et al., 2001; Troll & 

Schmincke, 2002; Hansteen & Troll, 2003; Troll et al., 2005; Aparicio et al., 2006; Nicoll et al., 2009; 

Meyer et al., 2009; Shaw, 2009; Acosta–Vigil et al., 2010; Deegan et al., 2010; Gruender et al., 2010) 

the xenoliths contribute significant amounts of crustal gases to the system, involving not only H2O but 

also CO2 from magma residing in carbonate strata, in particular. The modification of magma volatile 

budgets bears implications for magma rheology and evolution. This can kick-start a positive loop of 

feedback mechanisms that further enhance directed magma evolution and significantly control the 

eruptive behaviour of volcanoes. The magmatic volatile budget, as a regulator of volatile liberation, is 

the main driver of volcanic eruptions, magma rheology and magma evolution. The volatile budget is 

controlled by the kinetics of bubble nucleation, magmatic gas solubility and the efficiency of gas 

transfer from melt to bubble (e.g. Sparks, 1978; Wilson et al., 1980; Cashman & Mangan, 1994; 

Hurwitz & Navon, 1994; Proussevitch & Sahagian, 1998; Gardner et al., 1999; Mourtada-Bonnefoi & 

Laporte, 2002; Cluzel et al., 2008). For that reason it is essential to gain advanced knowledge of 

bubble processes during magma-crust interaction, involving controls on bubble formation, growth and 

volatile transport in volcanic conduits, to improve our understanding of magma eruptive behaviour for 

reliable hazard assessments. 

In terms of crustal assimilation and volatile release to magma systems it is complexly enhanced by 

positive feedbacks and also constrained by self-limiting feedbacks. Firstly, there are several feedback 

mechanisms that enhance the assimilation efficiency. Xenolith expansion upon vesicle growth and 

networking increases the surface area in contact with the magma. This consequently increases 

conductive heat transfer, and thus promotes crustal melting and dissolution, which, in turn, lead on to 

further degassing. Moreover, crustal volatile input induces high gas pressure build-up in a confined 

magma volume, which finally is sufficient enough to initiate wall rock cracking for final entrainment 

of new xenoliths and also dike initiation for magma surface migration (e.g. Clarke et al., 1998; Lensky 

et al., 2006). These feedbacks make assimilation much more significant than previously thought and 
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bear strong impact on the volcanic behaviour in general. Secondly, studies also suggest that, in view of 

magma kinetics, the degree and efficiency of assimilation is restricted by an upper boundary (Glazner, 

2007). It has been advocated that crustal wall rock incorporation is limited by magma crystal content 

that significantly increases during xenolith assimilation. For example, addition of 25 % granite would 

result in crystal content reaching 50 % for typical basaltic magmas, and consequently surpassing the 

limit for critical viscosity increase, going from a liquid state to a semi-rigid crustal network. The 

viscosity transition reduces magma rise ability, and energy balances limit further xenolith entrainment. 

Even the addition of a mere 10 % granite would elevate the crystal content to 30 %, and if xenolith 

disintegration to single xenocrysts occurs the crystal content would be even higher. As a consequence 

this is believed to impose thermal- and energetic limitations on xenolith entrainment, making it a self-

limiting process restricted to a few percent of assimilation.   

However, frothy xenoliths (i.e. vesiculated) (see Fig. 1) provide windows into the volcanic basement, 

and hence give valuable information on processes at the magma-crust interface (e.g. Wörner et al., 

1982; Wörner, 1985; Clarke et al., 1998; Goff et al., 2001; Hansteen & Troll, 2003; Troll et al., 2005; 

Aparicio et al., 2006; Shaw, 2009; Acosta –Vigil et al., 2010; Gruender et al., 2010). Therefore 

textural xenolith studies offer valuable understanding of crustal volatile degassing, and associated 

bubble nucleation- and growth processes in country rock. However, the complete set of reactions in 

the entrained xenoliths, which may be of sedimentary as well as igneous or metamorphic nature, in 

response to high pressure and temperature, cannot be satisfactorily revealed by the natural record of 

xenoliths accessible to us. These are close to end-products of the reaction process, having escaped only 

the very last phase of disintegration or dissolution (Bowen, 1928; Clarke et al., 1998), and as a 

consequence, the evolutionary stages are overprinted. This shortcoming is here rectified by 

experimental studies coupled with synchrotron X-ray μ-CT visualisation, which would offer a step-

wise evolutionary sequence during xenolith entrainment and degassing. The results open new horizons 

for detailed understanding of processes and mechanisms during volcanic magma-crust interaction.  
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2. Aim 

Studies on natural xenoliths are well documented (e.g. Wörner et al., 1982; Wörner, 1985; Clarke et 

al., 1998; Goff et al., 2001; Hansteen & Troll, 2003; Troll et al., 2005; Aparicio et al., 2006; Chadwick 

et al., 2007; Shaw, 2009; Acosta –Vigil et al., 2010; Gruender et al., 2010), and also crustal 

contamination of magmas is well recognised (Wörner, 1985; Goff et al., 2001; Troll & Schmincke, 

2002; Hansteen & Troll, 2003; Troll et al., 2005; Aparicio et al., 2006; Nicoll et al., 2009; Meyer et 

al., 2009; Shaw, 2009; Freda et al., 2008; Mollo et al., 2010; Acosta –Vigil et al., 2010; Deegan et al., 

2010; Gruender et al., 2010). Moreover, the actual mechanism of xenolith dissolution, vesiculation, 

thermal expansion, volatile release and final disintegration during magma contact is not fully 

understood. To better constrain the origin and formation of natural samples, an experimental series 

was conducted to reproduce xenolith behaviour in P-T-t controlled autoclave cells (Berg, 2010). 

Conventional two-dimensional analysis by SEM imaging was performed in conjunction with this 

earlier study. However, the 2D-approach is unable to characterise the internal vesicle networking 

structures that are indicated in 3D. For that reason this previous study is complemented by state of the 

art analytical techniques from synchrotron sources to morphologically visualise internal bubble 

volumes and -networks in three dimensions. On that basis, the aim of this study lies in investigating 

the relationship between bubble textures and rock permeability for gas escape in xenoliths in 3D, by 

means of X-ray μ-CT imaging. This analysis has been performed at Elettra Synchrotron Light 

Laboratory in Trieste and is supplemented by a comparison between natural xenoliths and 

experimental products to bridge between nature and laboratory. This aids my final conclusions and 

furthers our understanding of degassing processes in volcanic systems. 

Figure 1. Hand specimens 
of foamed xenoliths of 
different parent rock. A) 
Close up of B) granitic 
xenolith from the Auvergne 
region, France (collected by 
V.R. Troll). C) Sandstone 
xenolith (AK) from 
Krakatau, Indonesia 
(collected by V.R. Troll). D) 
Sandstone xenolith    (CQ) 
from Cerro Quemado, El 
Salvador (sampled by V. 
Rapprich). E) Foamy 
sandstone from Cerro 
Negro, Nicaragua (collected 
by B. van Wyk. de Vries). 
(Berg, 2010.) 
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3. Background 

This work builds on fundamentals laid out during my earlier bachelor research (Berg, 2010) on 

experimental approaches to unravel bubble formation and growth in xenoliths. The following section 

therefore briefly reviews the experimental work that was performed earlier, and raises noteworthy 

issues for the continuation. In addition, final results have modest meaning if not put into wider 

perspective, and therefore a discussion chapter is offered on volatile induced implications in magma 

systems.  

  

3.1 Experimental Configuration and Results 
To parameterise the behaviour of crustal rocks (in this case sedimentary lithologies) in volcanic 

conduits and consequent formation of frothy xenoliths, high pressure-high temperature hydrothermal 

autoclave experiments were conducted. Starting material for our experiments was a variety of 

sedimentary lithologies from the Uppsala University rock collection. Samples were encapsulated in 

non-reactive Au-cells that were subjected to desired PT-conditions in cold sealed hydrothermal 

autoclave vessels, which are externally heated and use water as pressurising medium 

(www.geo.uu.se/mpt/). The experimental series was conducted at varying magmatic conditions, with a 

temperature ranging from 810°C to 916°C and a pressure ranging from 100 to 160 MPa, for the 

different experiments. Samples were held at constant PT-conditions for 24 hours up to 5 days. 

Subsequent cooling and decompression simulated xenolith ascent, and pressure release was from 160 

MPa (at the most) down to atmospheric pressure. Decompression was a function of temperature 

decline in our setup and the temperature lapse rate and pressure decline followed an exponential path, 

eventually reaching room temperature after 5.5 hours. The equation for experimental cooling (Eq. 1, 

see Fig. 2 and Table 1) was determined for sample SST-1B, in particular, but all other experiments 

that followed controlled decompression also follow the same exponential cooling path. The equation 

was calculated in the MathWorks’ MATLAB 7.9.0.529 (R2009b) by applying an exponential best fit 

function according to the general equation:  f(x) = a * e (b*x) + c * e (d*x) 

 

 

T(x) = 496. 8 * e (-0.0662x) + 392. 2 * e (-0.01018x)  (Equation 1) 
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Experimental products closely reproduced textures of natural frothy xenoliths and, in addition, define 

an evolutionary sequence from partial melting to gas exsolution and bubble nucleation that eventually 

leads to the development of three-dimensional bubble networks. This cannot, however, be adequately 

assessed by 2D analysis and demands 3D visualisation (this work). The lithology and suitable P-T-t 

conditions proved decisive for degassing behaviour and ensuing bubble nucleation during 

decompression. For further information on the experimental details the reader is referred to my BSc- 

thesis (Berg, 2010).    

 
TABLE 1: CALCULATED 

EXPERIMENTAL COOLING AND 
DECOMPRESSION RATES DURING THE 

FIRST 30 MIN  
 

Time  
 

(min) 

Temp. 
lapse rate 
(˚C/min) 

Decompression rate 
   

 (MPa/min)    (MPa/s) 

0-10 28.24 4.78 0.080 

10-20 15.99 2.70 0.045 

20-30 9.19 1.51 0.026 

0-30  
(mean) 17.81 3.0 0.050 

Figure 2. Experimental temperature lapse rate. 



 

6 
 

3.2 Geological Background  

3.2.1 Bubble nucleation 

Melts formed by small degrees of partial melting during mineral dissolution are usually enriched in 

dissolved volatiles. The H2O molecules concentrate in the melt as a result of their incompatibility, and 

finally the melt becomes saturated in volatiles at a given pressure and temperature (e.g. Sparks, 1978; 

Holloway & Blank, 1994; Hurwitz & Navon, 1994; Bower & Woods, 1997; Gardner et al., 1999; 

Gardner & Denis, 2004). Volatile saturation in rock melts is a function of H2O solubility, which in 

turn is controlled by melt composition and by a non-linear relation to ambient pressure and 

temperature. Broadly speaking, volatile solubility in melts decreases moderately with increasing 

temperature, and solubility increases with increasing pressure. Compositional effects imply that water 

solubility is higher in rhyolitic melts compared to less evolved basaltic melts, and the difference is yet 

more pronounced at higher pressures (Holloway & Blank, 1994). This effect is accordant with respect 

to lower temperature in rhyolitic melts (~850˚C) than in basaltic melts (~1200˚C). Melt saturation can 

be attained as volatile solubility decreases during either, or a combination (usually) of the following: 

pressure decrease, temperature fluctuations, and progressive crystallisation that concentrates volatiles 

in the residual melt. Consequently, a given amount of volatiles can no longer be held in dissolution, 

and for the melt to remain in thermodynamical and chemical equilibrium, a separate gas phase 

exsolves (e.g. Sparks, 1978; Cashman & Mangan, 1994; Mangan & Sisson, 2000; Gardner & Denis, 

2004; Gardner et al., 1999).  

However, for bubbles to nucleate from volatiles dissolved in the melt (i.e. volatile exsolution) a certain 

degree of melt supersaturation (i.e. high supersaturation pressure) is required in order to overcome the 

impeding effects of surface tension. At the point of volatile saturation in melts, the build-up of 

oversaturation commences, which is termed supersaturation. By definition supersaturation pressure is 

the difference between gas pressure in the bubble and the vapour pressure of gas that is dissolved in 

the melt (Sparks, 1978). The degree of supersaturation required for bubble nucleation, in turn, is 

controlled by pressure and temperature. This is an effect of surface tension that increases at low 

pressure and low temperature and also at low H2O contents. Hence, the required supersaturation 

pressure follows constraints from surface tension; high surface tension at low T- P- H2O results in 

higher supersaturation pressures before nucleation can occur (e.g. Hamada et al., 2010).  

Bubble nucleation is essentially an energy exchange process, where the activation energy required to 

create a stable bubble nucleus is supplied by the vaporisation energy of the volatile species (e.g. water) 

in a supersaturated melt (e.g. Mangan & Sisson, 2000; Mangan et al., 2004). Nucleation commences 

as water molecules cluster, preferentially attaching to crystal interfaces and heterogeneities, 

whereupon the formed bubbles then act as volatile sinks for the surrounding shell of melt (e.g. Mangan 

& Sisson, 2000; Lensky et al., 2006). Juvenile bubbles assume spherical shapes to minimize surface 
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energy, but once they have reached a critical threshold size, stabilisation ensures growth that is 

unconstrained by surface tension forces. Consequently, tortuous bubble shapes can form (e.g. Sparks, 

1978; Cashman & Mangan, 1994; Hurwitz & Navon, 1994).  

 

3.2.2 Crustal assimilation and implications 
Crustal assimilation entails many distinct processes that may or may not compromise the integrity of 

wall rock. This involves processes such as melting and dissolution (Tsuchiyama, 1986), reduction of 

rock rigidity by partial melting (Arzi, 1978), gas pressure cracking (Huber et al., 2011), or thermal 

stress and resultant fracturing (Furlong & Myers, 1985). Assimilation is evidenced by chemical and 

isotopic signatures in igneous rocks, from e.g. zoned magmatic minerals (e.g. Bohrson & Reid, 1998; 

Garcia et al., 1998; Harris et al., 2000) and wall rock fragments (xenoliths and xenocrysts) hosted in 

igneous rocks (e.g. Wörner et al., 1982). Each assimilation process is associated with a number of 

implications and feedbacks in magmatic systems. On a chemical basis, crustal wall rock assimilation 

generally drives magma to an increasingly silica-rich composition, which, in turn, causes higher 

magma viscosity (leading to non-Newtonian magma behaviour under high strain-rates) characterised 

by increased potential for explosive eruptive behaviour (c.f. Dingwell & Webb, 1989; Webb & 

Dingwell, 1990; Eichelberger, 1995; Dingwell, 1996; Papale, 1999). In addition, magma-crust 

interaction has been reported to cause magmatic differentiation and directed magma evolution. Magma 

chambers emplaced in carbonate substrata, in particular, cause silica-undersaturated and alkali-rich 

residual melts (e.g. Freda et al., 2008; Deegan et al. 2010; Mollo et al., 2010), often leading to the 

formation of low viscosity melts and magmatic skarns. Despite such strong evidence, the extent, 

efficiency and impact of assimilation on magma composition and eruptive regime remains controver-

sial and is often questioned (e.g. Glazner, 2007). The controversy springs from our poor understanding 

of concealed processes and interplays at the magma-crust interface. Here therefore, we seek to time-

track a stepwise assimilation processes by experimental reproduction of xenolith behaviour and 

associated degassing evolution under entrainment into the magma. 

Magmatic volatile budgets are particularly sensitive parameters. Small changes by remobilised crustal 

gas input or withdrawal during magma degassing can bear considerable imprints on magma evolution 

and behaviour. Addition of volatiles/water into a magma/melt results in a drastic, non-linear drop in 

magma viscosity, which is significantly higher at low magma water contents. Hence, if the amount of 

water increases from 2 to 6 wt% it brings little change in viscosity, whereas increasing from 0.2 to 2 

wt% water results in a viscosity decrease by five orders of magnitude (Dingwell, 1996; Dingwell et 

al., 1996). Conversely, magma dehydration during degassing from permeable bubble networks drives 

a steep and vertically grading viscosity increase, promoting cooling and accompanied crystallisation 

(Sparks, 1978; Tait et al., 1989; Hurwitz & Navon, 1994; Sparks et al., 1994; Wilding et al., 1995; 
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Ferlito et al., 2009). This strong volatile-induced viscosity increase translates into a steep vertical 

gradient in pressure as well, generating a region of extreme decompression rates upon ascending 

magma from below. In turn, this effectively brings about a change in eruptive regime as diffusive 

degassing fails to keep pace with the accelerated decompression rates. In addition, diffusive degassing 

becomes unfavourable as high viscosity hinders bubble growth and migration (e.g. Dingwell et al., 

1996; Dingwell, 1996; Proussevitch & Sahagian, 1998; Eichelberger, 1995). The viscosity increase 

impinges on bubble growth rates by retarding bubble expansion as viscous deformation of the 

surrounding melt is impeded (e.g. Sparks et al., 1994; Thomas et al., 1994; Eichelberger, 1995; 

Proussevitch & Sahagian, 1998; Gardner et al., 1999; Gardner & Denis, 2004). Impeded bubble 

expansion has severe effects on ascending magmas, and this may rapidly lead on to efficient magma 

disruption as internal bubble pressures continuously increase whilst growth stops. This scenario has 

been termed “viscosity quench” by Thomas et al., (1994) and would generate brittle failure of the 

bubble foam, with accompanied magma fragmentation (e.g. Thomas et al., 1994; Dingwell et al., 

1996). The disruption surface propagates like a wave downwards in the conduit, and violent, highly 

explosive fragmentation of the rising magma is inevitable. In summation, the extreme non-linear 

influence of water on melt viscosity implies that degassing proceeds much more effectively than 

previously thought. At a late stage of degassing, when water contents reach sufficiently low values 

(0.2 - 0.4 wt %), the tremendously high melt viscosity blocks further bubble growth and brittle failure 

of the melt is expected, leading to explosive volcanic activity (Sparks, 1978; Alidibirov & Dingwell, 

1996; Dingwell, 1996; Dingwell et al., 1996).  

Crustal gas input to the magma volatile budget has, in theory, implications on the supersaturation 

pressure that control depth of vesiculation. This goes back to surface tension that strongly decreases 

with increasing H2O, and hence the required supersaturation pressure decreases as well. Consequently, 

volatile input induces enhanced gas pressure build-up that leads to early attained supersaturation 

pressures, triggering early onset of bubble nucleation at deeper levels in the reservoir or conduit. This, 

in turn, enhances bubble growth rates and may trigger volcanic disruption (c.f. Sparks, 1978; Pyle & 

Pyle, 1995; Proussevitch & Sahagian, 1998; Mourtada-Bonnefoi & Laporte, 1999, 2002; Gardner & 

Denis, 2004; Cluzel et al., 2008). In particular, lowering of the supersaturation pressure is recurrent 

along the conduit walls where crustal gases enter the system simultaneously as magmatic pressures 

decrease during ascent. Once gas nucleation is triggered here, it gives rise to a mixture of viscosities 

compared to magma chamber conditions. In turn, this leads to increased friction along the conduit 

walls, and further decreasing pressure on magma ascent. Thus giving rise to a positive feedback loop 

of increasing magmatic gas exsolution, as both pressure and gas volume fraction change more and 

more rapidly. Volumetric gas expansion then forces magma to accelerate (Papale, 1999). Additionally, 

introduction of volatiles have potential to form “gas slugs” (i.e. large gas bubbles) that affects the flow 

regime in the conduit and consequently regulate eruptive behaviour and timing of eruption(s). Gas 
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slugs have proved a significant controller of sporadically pulsating versus periodically pulsating 

Strombolian eruptions in basaltic systems (Seyfried & Freundt, 2000).   

Bubbles in magma systems are mobile and they continuously migrate upwards as a result of buoyancy 

forces, which, in part, are controlled by bubble radius and magma viscosity. Any rising gas bubble in a 

liquid strives for expansion to remain in equilibrium with the surrounding fluid-static pressure. If this 

would be possible all bursting bubbles at the surface would contain gas of nearly atmospheric 

pressure, and no energetic eruptions would form. This is, however, not the case since expanding 

bubbles are hindered by inertial- and viscous forces that come from the dynamics of expansion 

(Sparks, 1978; James et al., 2009). Hence, bubbles are generally markedly overpressurised when they 

reach the surface.   

Moreover, not only gas bubbles become overpressurised during their migration, but also the magma 

body itself. Introduction of gas bubbles along the magma-crust interface can cause overpressurisation, 

when, for example, upward bubble migration takes place. In a closed system reservoir, it has been 

suggested that even very small amounts of added volatiles, less than ~0.1 %, would induce pressure 

differentials that are sufficient to trigger fragmentation and volcanic eruption (Tait et al., 1989; 

Sahagian & Proussevitch, 1992). However, from mass transfer calculations (Pyle & Pyle, 1995), 

timescales for overpressurisation build-up by advective forces alone are long, and bubble migration 

ought to be speeded by large-scale convective motions, occurring in both directions, to reach sufficient 

overpressure. Hence, it has been advocated that eruption initiated by advective overpressuring is only 

plausible in thick, convecting magma reservoirs where bubbles are concentrated at the base (Pyle & 

Pyle, 1995), and so could induce sufficient pressure differentials to initiate magma fragmentation.  

Magmatic volatile contents not only affect type and timing of eruption, but also have a dominant 

control on the mass that is erupted. This is based on the principle that the erupted mass increases with 

increasing compressibility of the magma-, volatile- and crystal mixture in the chamber. The elastic 

bulk modulus of magma is high and therefore it is relatively incompressible. Gaseous volatiles, on the 

other hand, are 10-100 times more compressible than the liquid magma, and expectedly much larger 

volumes will erupt if the magma is saturated in volatiles. The erupted mass is also linked to magma 

crystallinity, since crystallisation concentrates and increases the volume fraction of volatiles in the 

residual melt. As a result the mixture becomes more compressible (Tait et al., 1989; Bower & Woods, 

1997). The depth at which magma becomes saturated in volatiles is, hence, decisive for the mass 

erupted. This depth increases with volatile content and any crustal contribution of volatiles will 

increase the volatile budget and lead to saturation. Therefore the more volatile rich the magma, the 

higher volume of volatiles are exsolved, the higher compressibility and as a consequence the larger the 

erupted mass (c.f. Bower & Woods, 1997).   
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Collectively, crustal volatile input imparts multiple effects on magma evolution and rheology, which 

affects bubble nucleation and gas phase evolution inducing magmatic conduit flow (or blow). Volatile 

transfer by xenolith assimilation in magmas is fundamental for magmatic expansion in the conduit, 

ascent rates and final eruptive regime, since high volatile content in magma promotes the potential for 

explosive and erratic eruptions (e.g. Sparks, 1978; Gonnermann & Manga, 2003; Polacci et al., 2008). 

Hence, improved understanding of crustal gas assimilation and processes at the magma- crust interface 

will improve the possibility to monitor and foresee volcanic eruptions. 
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4. Methodology 

The analytical work for this thesis comprises a multidisciplinary approach, being an efficient 

combination of several different research branches that have not been utilised in unity before (c.f. 

Polacci et al., 2006, 2008, 2010; Zandomeneghi et al., 2010). Our work involves HPT-experiment 

earlier performed at Uppsala University1, synchrotron X-ray computed microtomography (μ-CT) for 

3D analysis carried out at the Elettra Synchrotron Light Laboratory in Trieste (Italy)2 and chemical 

melt analysis on experimental products by FE-EMPA at Uppsala University3. The following sections 

describe each of them apart from the experimental work, which was described in the background 

section above. This thesis concentrates on the synchrotron X-ray μ-CT analysis and subsequent 

interpretation, which comprises the main part of this work.  

 

4.1 Technical Background of 3D Modelling 
The experimental sample suite and the natural xenoliths together form the foundation for the analytical 

work performed at Elettra. All samples have undergone X-ray μ-CT analysis by using monochromatic 

radiation and in some cases also exposure to the white X-ray beam. The following section is devoted 

to the technical background of synchrotron radiation and describes the applied methods with an outline 

of its benefits. 

4.1.1 Synchrotron radiation 
Synchrotron radiation arises from the electromagnetic radiation produced by the acceleration of 

charged, high-energy electrons moving near the speed of light and forced to follow a curved trajectory, 

by the aid of a magnetic field (bending magnets, wiggler, undulators and focusing magnets) (e.g. 

Paganin, 2006). The electrons circulate in the storage ring that in large scale is a segmented ring of 

multiple turns together forming a circular shape. According to Maxwell’s theory, the accelerating and 

relativistic (very high speed) electrons emit electromagnetic waves, and each time electrons interact 

with the magnets synchrotron light is produced tangentially to the curved path. The emitted light is 

then collimated into a narrow, intense beam, with wavelengths from microwaves to hard X-rays, and 

later utilised for a great variety of research applications (Hendee & Ritenour, 2002). Several such 

beamlines are attached to the storage ring and each is optically optimised for its field of application for 

instance by choosing a suitable wavelength with optical devices called monochromators (see Fig. 3) 

(Elettra Synchrotron Light Laboratory, website, 2011). 

                                                      
1 webpage: http://www.geo.uu.se/mpt/default.aspx?pageid=1845&lan=0 
2 http://www.elettra.trieste.it 
3 http://www.geo.uu.se/mpt/default.aspx?pageid=1810&lan=0 
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Figure 3. Scheme of a synchrotron light source facility. 1. The electron gun generating the electrons. 2. Linear 
electron accelerator. 3. The booster ring transporting electrons, which are accelerated to nominal working 
energy. 4. Electrons are transferred to the storage ring. 5. Beamline of emitted X-ray light. 6. Experimental 
station. (Image courtesy of the Australian Synchrotron.) 

 

The first synchrotron radiation beam in history was observed in 1947, and since then impressive 

technical advances have exploited new ways to produce very bright X-ray beams. Broadly speaking, 

about 70 synchrotron light research facilities are spread out in the world today, the largest and most 

powerful being APS in USA, ESRF in Grenoble (France) and Spring-8 in Japan (ESRF, website, 

2011). The extraordinary bright synchrotron light can efficiently be used to reveal detailed structural 

information of a great variety of materials for various applications and research fields, such as 

geosciences, chemistry, biology, electronics, environmental science, material engineering, medicine, 

nanotechnology and archaeology. 

 

4.1.2 The Elettra Synchrotron Light Laboratory 

The Elettra Synchrotron Light Laboratory located in Basovizza (Trieste, Italy) (see Fig. 4), is an 

international multidisciplinary laboratory specialising in synchrotron radiation, and operates as a user 

facility by Sincrotrone Trieste S.C.p.A. Elettra is a third generation synchrotron radiation source 

operating at energies between 2.0 and 2.4 GeV, and feeding over 24 beamlines. The storage ring 

measure about 260 meters in circumference. Elettra was built in 1986 and was fully operational the 

following year, and today a fourth-generation light source based on a free-electron laser is under 

construction (Elettra Synchrotron Light Laboratory, website, 2011). 

 

 

 

 

http://www.elettra.trieste.it/experiments/beamlines
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The SYRMEP (SYnchrotron Radiation for MEdical Physics) beamline was originally designed for 

research in medical diagnostic radiology by using hard X-ray imaging techniques. Since 1999 the 

research activity of the beamline has been devoted to material science studies as well. The source of 

this beamline is a bending magnet, mainly utilising imaging techniques such as: absorption and phase-

contrast microradiography and microtomography, X-ray diffraction topography and diffraction-

enhanced imaging. The main detection system is a CCD detector (Charge-Coupled Device, see Fig. 6) 

(Abrami et al., 2005; Tromba et al., 2010; Elettra SYRMEP Beamline, website, 2011).  

 

4.1.3 Principles of X-ray computed microtomography  
Rock textures have traditionally been restricted to two-dimensional studies via optical and/or scanning 

electron microscopy (SEM) on thin sections and aerial samples (Cashman & Mangan, 1994; Higgins, 

2006). These analytical techniques have their advantages and are very powerful for chosen 

applications. However, 2D- approaches cannot fully reveal the true internal structure of volcanic 

materials. As a consequence this limits the information that can be provided on vesiculation, degassing 

and crystallisation processes, as well as on the overall eruption dynamics inferred from ejected 

pumices, xenoliths etc. Hence, many research fields today require knowledge of the three-dimensional 

(3D) morphology and topology of rock constituents (Polacci et al., 2006; 2008; 2010; Zandomeneghi 

et al., 2010). On that basis, the innovative and fairly recently developed technique of high-resolution 

X-ray computed microtomography (μ-CT) has proved widespread applicability to geological 

specimens (Song et al., 2001; Robert et al., 2004; Ketcham et al., 2005; Gualda & Rivers, 2006; 

Polacci et al., 2006; 2008; 2010). This is a very efficient method that opens great possibilities in 

visualising and quantifying internal structures of porous materials in three dimensions. Moreover, 

sample preparation is minor with respect to microscopy techniques; the sample only has to be sized to 

Figure 4. Elettra Synchrotron Light Laboratory in Basovizza (image courtesy 
of Elettra Synchrotron Light Laboratory). 
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fit technical apparatus of the experimental setup (i.e. energy range, X-ray beam and detector size). 

Above all, the technique is non-destructive, and hence allows further complementary analyses.  

The use of third generation synchrotron sources for X-ray μ-CT has several benefits compared to 

conventional imaging. Indeed, thanks to the nearly parallel geometry and high intensity of the beam it 

is possible to extend the spatial resolution to the micron and even to the submicrometer scale with 

strongly reduced exposure times for the images. This, in turn, reduces noise, beam hardening effects 

and cone beam artifacts as well as increasing image contrast by the use of monochromatic radiation. 

Moreover, synchrotron light has a partial spatial coherence which allows the use of interference effects 

in order to increase the contrast of objects. This is done by modifying the phase of the transmitted X-

rays, e.g. phase-contrast imaging. 

 

4.1.4 Phase contrast imaging 
During X-ray imaging the penetrating rays interact with the media and undergo absorption, refraction 

and diffraction, of which the latter two are related to phase shift effects. The main contrast information 

for imaging is generated by absorption properties of the sample, which are related to density, thickness 

and composition (Snigirev et al., 1995). Variations in these properties arise from different features and 

structures within the sample itself. This, in turn, leads to amplitude variations of the transmitted X-

rays, thus determining the contrast of the recorded image (e.g. Momose et al., 1996; Gao et al., 1998; 

Mayo et al., 2003). The amplitude variations are recorded by using e.g. a CCD (Charge-Coupled 

Device) camera directly behind the sample. Conventional absorption imaging meets limitations when 

it comes to light density materials, owing to the low absorption capacity of the material itself. 

Therefore phase contrast imaging was developed in the mid 90’s for synchrotron-based methods (e.g. 

Snigirev et al., 1995; Gao et al., 1998). 

The refractive and diffractive properties of X-rays emerging from the object they interact with are 

related to the variation in speed and direction of the X-rays, which are referred to as phase shift 

effects. In conventional transmission X-ray imaging the contrast arises solely from absorption 

properties, whereas in phase-contrast imaging it is also generated by interferences between parts of the 

wave front that experienced different phase shifts (the diffracted and refracted waves) (Polacci et al., 

2010). In phase contrast imaging the wave is allowed to propagate a distance beyond the sample 

sufficiently for Fresnel diffraction to occur, i.e. free-space propagation (contrary to transmission X-ray 

where the detector is placed directly behind the sample). The sample-to-detector distance normally 

varies between 10 and 100 cm (Zandomeneghi et al., 2010; Polacci et al., 2010). The interference 

patterns are associated with features in the sample that induce phase modifications in the transmitted 

X-ray beam, and would be indistinguishable in absorption mode. As a result, phase-contrast imaging 

enables enhanced visibility of the edges of features in the sample, such as inclusions, pores, cracks and 
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other interfaces between regions with different mass density. Phase contrast imaging also benefits 

immensely from its high resolution that allows increased structural detail (e.g. Snigirev et al., 1995; 

Cloetens et al., 1996; Mancini et al., 1998; Mayo et al., 2003). 

Phase-contrast imaging is a significant technique in microtomography that allows visualisation and 

extraction of morphological information in rocks (such as crystals, vesicles and matrix) owing to the 

contrast enhancement at their boundaries (Polacci et al., 2010) (Fig. 5). Thanks to the high spatial 

coherence of the X-ray beam provided by the third generation synchrotron radiation, phase-contrast 

imaging experiments can be carried out with a very simple experimental setup (Snigirev et al., 1995; 

Zandomeneghi et al., 2010; Polacci et al., 2006; 2008; 2010). 

 

 

 

 

 

 

 

4.1.5 Experimental beamline setup 

At the SYRMEP beamline, the optics are based on a double-crystal Si (111) monochromator which 

works in an energy range between 8 and 35 keV. The beamline provides, at a distance of about 23 m 

from the source, a monochromatic, laminar-section X-ray beam with a maximum area of 120 mm x 6 

mm. The monochromatic-beam experiments, for this work, were performed in phase-contrast mode 

and a water-cooled 12 bit CCD detector characterised by a pixel size of 9 micron was used as detector. 

The sample-to-detector distance was set at 200 mm, (see Fig. 6 for a schematic view of the 

experimental setup used for synchrotron X-ray microtomography at Elettra).  

The SYRMEP beamline is characterised by a peak photon flux density around 109 photons/ s mm2 (at 

a ring energy of 2.4 GeV and for a ring current of 180 mA) when using monochromatic radiation. This 

moderate photon flux limits the performance of the SYRMEP beamline in terms of spatial resolution. 

Figure 5. Volume renderings picturing black/white rims along phase boundaries (e.g. solid 
and pore spaces), as a result of phase contrast and its enhanced contrast at the boundaries. 
A) SST-3C, black/white structure in the sample along inward-going cracks. B) SST-3A, 
black/ white rims surround the red filled bubbles in the sample. 
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Therefore, in order to optimize the performances of the μ-CT setup for high resolution experiments, a 

lens coupled CCD detector system, designed to achieve a spatial resolution up to about 2 micron, is 

used in white-beam mode to overcome the flux limitation. The optical system is based on indirect 

detection of X-rays by using a 25 micron thick single crystal LuAG:Ce scintillator screen, coupled via 

visible light microscope optics to a 16 bit CCD camera (Photonic Science Ltd.).  

In white-beam mode, the beamline provides, at a distance of about 15 m from the source, a nearly 

parallel, laminar-section X-ray beam with a maximum area of 100 mm (horizontal) x 6 mm (vertical). 

The effective pixel size of the detector used in our experiments was 3.4 x 3.4 μm2, thus yielding a field 

of view of about 7 x 7 mm2. The high flux may also lead to radiation damage of the sample and it 

necessitates carefully shielding of the X-ray beam. Experiments were also carried out in phase-contrast 

mode, setting the sample-to-detector distance at 100 mm. 

 

  

Figure 6. A) Schematic visualisation of the experimental setup for μ-CT experiments 
at the SYRMEP beamline of Elettra (Polacci et al., 2010). B) Experimental setup 
(image courtesy of Lara Blythe).  

A 

B 
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4.1.5.1 Imaging artifacts  

Ring artifacts are the most recurrent artifacts during the reconstruction process of μ-CT images. Ring 

artifacts severely complicate post processing of the data, in particular segmentation and further 

quantitative analyses. The artifacts arise from some systematic effects consistent in all views; such a 

bright/dark pixel in the detector gives an erroneous reading at each angular position, and results in 

concentric rings. Significant ring reduction is essential for post processing and ring removal 

algorithms have been developed, along with software that characterises and corrects detector 

variations (Barett & Keat, 2004; Brun et al., 2009). 

Artifacts may also arise from components inside the rock. Scanning very dense objects, like metals, 

commonly leads to severe streaking artifacts that emanate from these compounds. These occur 

because the density of the compound is beyond the normal range that can be handled by the computer, 

resulting in incomplete attenuation profiles (Barett & Keat, 2004). Artifacts of this type are recognised 

for a few of the scanned samples; the sandstones especially display this metal-induced streaking, 

coming from accessory magnetite, ilmenite and titanite minerals (observed by EMP analysis, see 

results and appendix). The degree of X-ray impenetrability is dependent upon mineral composition. In 

our sandstone experiments two types of reflective compounds are distinguished, one compound is 

bright white and the other more pale white, the former derives from metal grains whereas the latter 

presumably from calcite (see Fig. 7).    

When using white-beam radiation the axial 2D images (slices) reconstructed from μ-CT experiments, 

in many cases, display so-called beam hardening artifacts (Baruchel et al., 2000). These artifacts are 

due to differential absorption of the X-ray spectrum by the sample, giving rise to a misleading 

recovery of the linear absorption coefficients, which mainly appear as bright sample borders in the 

reconstructed slices. Beam hardening is related to the density of the material, and since geological 

samples are generally very dense, these artifacts can be strong. One way to reduce this kind of artifact 

is to filter the radiation by employing appropriate materials for the analysed sample. 

 

 

 

 

 

 

Figure 5. Imaging artifacts, A) ring artefacts in C-10 from scanner-based sources, 
B) streaking artifacts from dense compounds in the sample (SST-3C). 
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4.2 Analytical Methods by μ -CT 

For the purpose of this MSc-project X-ray microtomography data on the experimental - and the natural 

specimens were provided from experiments earlier performed at the SYRMEP beamline of Elettra, by 

Troll, Freda and Mancini. For the conducted μ-CT experiments the white-beam was used for SST-1, 

SST-3A, C-10 and GC-1, allowing high resolution and detailed visualisation of internal structures in 

the sample, which are not adequately revealed with lower spatial resolution experiments by using the 

monochromatic light (see Fig. 8 for comparison of sample C-10). From X-ray μ-CT measurements a 

digital dataset is obtained, which is, in this work, processed to 3D information and utilised for a great 

variety of purposes by means of powerful computers and softwares. The custom software named 

Syrmep_tomo_project 4.0 (Montanari, 2003), based on a filtered back-projection algorithm (Kak & 

Slaney, 1987), was used to reconstruct the 2D axial slices from the sample projections. 

 

 
 
 
 
 
 
 
 
 
 
 
 

4.2.1 3D-rendering  

Synchrotron X-ray microtomography experiments produced up to 1000 reconstructed axial 2D-slices, 

from bottom to top of each sample. For 3D-rendering a number of consecutive slices were selected, 

between 350 and 500, and stacked together in an image sequence using the freeware ImageJ 

(Abramoff et al., 2004).  

The reconstructed (μ-CT) 2D-slices were converted from 32-bit gray scale to 8-bit images, giving an 

image containing grey-scale values between 0 and 255, where "0" represents black and "255" 

represents white. The 3D digital volumes were rendered using the commercial software VGStudio 

MAX 2.0. This software allows efficient textural visualisation of the studied rocks in three dimensions 

and segmentation by grey-scale thresholding allows separation of the phases of interest, e.g. vesicles, 

crystals etc. Image processing and 3D rendering require finding suitable and reliable threshold limits 

to separate different phases during segmentation. Each phase, characterised by similar properties with 

respect to X-ray interaction, is assigned its own grayscale intensity and these can be separated by 

means of the gray-scale histogram. Segmentation of phases allows separation of bubbles in the rock 

Figure 8. Comparison of image resolution and structural detail between sample C-
10 in monochromatic light (A) and white-beam (B). 
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and this offers extraordinary investigation of the relationship between bubble textures and rock 

permeability for gas escape in 3D.  

4.2.1.1 Filtering  

The median smoothing filter is occasionally (when required) applied before the 3D segmentation 

process to reduce image noise by omitting pixel values under a chosen threshold, without altering the 

actual object geometry. Median filtering can, however, remove small, but important information in the 

images, and it ought to be applied with respect to the structures of interest and the particular sample in 

question. Applying the filter to bubbles in the rocks will undoubtedly remove, at least, the smallest 

bubble population (a nucleation event) depending on filter size, and this has to be considered during 

interpretation (see Fig. 9 for comparison of different filter sizes). Several softwares allow the 

application of a 2D median smoothing filter to the reconstructed slices, and the filter is manually set 

for an appropriate pixel size-threshold, the smallest dimension being 2x2 pixels in every direction (X, 

Y). The filter then replaces each pixel value in the image that is under the chosen threshold with a grey 

median value, based on the surrounding pixel values of the image. However, 2D smoothing filters 

introduce linear artifacts in the planes orthogonal (ZX and ZY) to the filtering direction (XY) 

(Favretto, 2009). Fortunately, software like Pore3D can utilise this filter in 3D without such artifacts 

(Brun et al., 2009; 2010). 

 

4.3 FE-EMPA  
The new JXA-8530F JEOL HYPERPROBE at Uppsala University was utilised by EDS (Energy 

Dispersive X-ray Spectroscopy) to analytically determine mineral constituents of the starting 

sedimentary lithologies employed in the HPT-experimental work, and, also, to determine chemical 

compositions of the experimentally produced melts. Therefore, thinsections of both starting material 

and products were grinded, polished and carbon-coated to undergo EDS, which permits imaging at 

nanometres and quantitative chemical analysis at micrometer scale (www.geo.uu.se/mpt/). Results of 

all analysed data points are presented in the appendix.   

Figure 9. Median filtering of internal bubbles (red) separated from the solid rock itself, sample NZ. The 
sequence displays the difference between different filter sizes, A) unfiltered, B) 3x3x3 pixel filter, C) 5x5x5 
filter. Note the clear disappearance of the smallest bubble generation for each filtering step. 
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5. Analysed Samples 

Samples analysed with X-ray μ-CT are described in Table 2, and comprises both, xenolith specimens 

from the natural record that originate from diverse localities and tectonic regimes, and selected 

samples of the experimental HPT-series (performed at Uppsala University, for detailed description on 

experimental conditions see Berg, 2010).  

 

Sample name Source area Tectonic regime Magma type 

AK23Φ Anak Krakatau, Indonesia Island arc rift Basaltic-andesite

CQ Cerro Quemado, El Salvador Continental arc Basaltic-andesite

NZΔ Mt. Taranki, New Zealand Island arc Basaltic-andesite and dacite

06WUD-5A§ Wudalianchi complex, China Continental intraplate Trachy- basalt

FR-B-X1 Beaunit, Auvergne, France Gneiss  

FR-LY2-X1

LX
Φ Mandeville et al., 1996
Δ Gruender et al., 2010 
§ Feng & Withford-Stark, 1986

Sample name Source rock Composition* Temp./pressure/time Decompression Comments

SST-1B Arcosic sandstone

Quartz, k-fsp, interstitial 
muscovite and minor biotite, 
titanite (CaTiSiO5) with Al 
impurities.

889˚C / 150 Mpa / 4d 19,5h Controlled 
Inflated capsule 
white beam**

SST-3A Arcosic sandstone 853˚C / 100 Mpa / 24h Controlled White-beam

SST-3C Arcosic sandstone 888˚C / 120 Mpa / 4d 21h
Uncontrolled, 
pressure leakage

SST-4B Micaceaous sandstone Quartz, k-fsp, chlorite, biotite, 
ilmenite, monazite. 

898˚C / 140 Mpa / 4d 20,5h Controlled Inflated capsule

GC-1 Ocean bottom sediments
Cpx (augite), fsp, chlorite, Mg-
rich olivine, ilmenite. 

916˚C / 140 Mpa / 2d 4,5h Controlled White-beam

C-10 Granite Not analysed 900˚C / 200 Mpa / 24h Controlled White-beam

*FE-EMP  (UU), see appendix.

**In addition to monochromatic light that was applied to all samples. 

Basanite/phonoliteContinental rift, intraplate

Experimental products 

Granite

Natural xenoliths 

Quartz and fsp rich, 
muscovite, biotite, minor 
magnetite and ilmenite.
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 TABLE 2: SAMPLE DESCRIPTION
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Xenolith lithology

Sandstone

Sandstone

Sandstone

Granite 

Lemptégy, Auvergne, France
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6. Results 

This section focuses on the description of both the experimentally produced xenoliths and xenolith 

samples from the natural record that have been analysed for bubble textures by synchrotron X-ray μ-

CT. The natural xenoliths are of worldwide derivation, from distinct tectonic settings, and in the 

following chapter they have been divided into subsections according to rock lithology. Bubble 

morphologies of each sample are given a thorough interpretation based on classical bubble theory, and 

by comparison to established natural processes and other experimental reproductions of magmatic 

systems. In a combined fashion, the natural samples and the experimental products will lead on to a 

comprehensive understanding of the two systems and permit new insights into bubble evolution in 

xenolith in a volcanological framework.  The chapter is divided into several parts; first a description of 

the natural samples, followed by the experimental samples, after which bubble porosity data and melt 

chemistries are presented.  

As outlined in the methodology chapter, 3D-renderings were processed by ImageJ freeware and the 

commercial software VGStudio Max 2.0, where volumes are finalised and imaged in the latter. 

Renderings deriving from monochromatic light experiments have voxel size equal to 9 μm/pixel, 

whereas the white-beam (WB) has 3.4 μm/pixel. The scale bar is 500 μm for the monochromatic 

samples, and 300 μm for the white-beam. In addition to analysis by monochromatic light that was 

applied to all samples, some samples were done with the white-beam as well, hence a few samples are 

imaged in two sets of pictures.  

 

6.1 Natural Xenoliths  
Several rock lithologies, sandstone, granite and gneiss, have been studied with synchrotron X-ray μ-

CT, and each sample is given a description below. Xenoliths display a variety of structural and textural 

features that demonstrate the great variability of natural processes. The processes responsible for the 

typical textures will be given an interpretation and discussion, in conjunction with the general 

description of the sample. This approach has been chosen to give broad understanding in direct 

coupling to the individual xenoliths and their respective source area and source rock.  
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6.1.1 Sedimentary lithologies  

 

Krakatau xenolith (AK-23)  

The sandstone xenolith originates from Anak Krakatau volcano that is a part of the Sunda Arc 

subduction system. The xenolith sampled the volcanic subsurface stratigraphy that consists of a marine 

succession of Recent to Pleistocene sediments underlain by about 2400 m thick Pliocene sedimentary 

rocks. The sequence includes mainly clays and claystones interbedded with quartz sandstone, 

siltstones and occasional tuffaceous beds (Mandeville et al., 1996; Dahren et al., 2011).  

 

Observations 

The xenolith is extensively vesiculated and vesicles occupy an, at least, equally large portion of the 

rock as does the solid matrix (Fig. 10). The fairly limited bubble size distribution composes two 

bubble generations at the very most. Bubble size ranges from around 100 μm for the smallest isolated 

ones to 250-350 μm for the connected bubbles that still have retained their original shape, and up to 

700 μm for the convoluted and coalesced shapes. The spatial bubble distribution is homogenous 

throughout, and occasionally interrupted by remnant euhedral crystals, which, in turn, carry exsolved 

gas bubbles within dissolution cracks and pockets. No certain structure can be ascribed to the 

irregularly shaped vesicles, some are shaped like tubes and very few, not even the smallest vesicles, 

have typical spherical shapes. The majority of the vesicles are, however, inter-connected through tiny 

bridges or conduits to form local small-scale networks.  

 

Interpretation 

The voluminous bubble population, but small bubble size distribution and small bubble sizes, are 

interpreted to indicate that the sample underwent close to bulk melting, instead of restricted partial 

melting. This may have been a result of sufficiently homogenous source rock, apart from a few 

preserved crystals, that allowed massive melting events and subsequent fast nucleation “en masse” 

during decompression. This would give rise to closely occurring nucleation events, few populations 

and a high vesicle number density. Hence, vesicles would be unable to enlarge without connecting to 

their neighbours in one direction or other. The style of coalescence is also markedly different 

compared to other xenoliths, since bubbles did not grow to any considerably size before recurrent 

connection to tortuous shapes occurred. Bubble textures may be a reflection of the presumably high 

volatile content of the loosely consolidated upper crust beneath Anak Krakatau, which would have 

allowed increased potential for early onset of partial melting and accompany early volatile release (cf. 

Bowen, 1928; Sparks, 1978).  
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Figure 10. AK-23. A) Tomo-projection, solid line represents the orientation of the 2D-
axial slice in (B). C)- G) 3D- renderings, grey is solid and orange represents voids/bubbles. 
G) Segmented bubble phase, air space is solid rock. Bubble textures are markedly irregular 
and tube-shaped. 
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Cerro Quemado xenolith (CQ) 

This xenolith is of sandstone origin and derives from interaction with a basaltic-andesitic magma type 

in the continental arc setting in Cerro Quemado, El Salvador (sampled by V. Rapprich). 

 

Observations 

The sample is densely vesiculated by several bubble generations (Fig. 12). The smallest population has 

a diameter of 100 μm or less, whereas the majority of the bubbles are larger and sized between 600 

and 1100 μm. Very thin films (15-40 μm) separate isolated bubbles. Numerous bubbles have grown 

especially large, up to 1100 μm, and, to a large extent, coalesced along crystal boundaries in particular. 

Crystals are either sharp edged and completely engulfed in bubbles, or crystal boundaries are diffuse 

and edged by numerous small sized bubbles. Bubble shapes are markedly close to spherical and 

shearing is negligible. One noteworthy point is that even the larger bubbles have retained their 

spherical shape, even though their size theoretically should allow growth unconstrained by surface 

tension (Hurwitz & Navon, 1994). Bubble walls are frequently ruptured by apertures (largest is 285 

μm in diameter) and occasionally only plateau borders (25 – 35 μm) of bubble walls exists, especially 

were bubbles have coalesced.  

 

Interpretation 

The presence of thin bubble films confirms that extensive coalescence has occurred, but since film 

thickness exceeds the threshold limit of 1 μm, bubble wall wrinkling did not developed (c.f. Cashman 

& Mangan, 1994). The high degree of coalescence that appear to have taken place along crystal 

boundaries, in particular, is a result of  crystal faces having provided efficient interfaces that bubbles 

could adhere to during nucleation. The eased nucleation on crystal edges seems, however, markedly 

selective and some crystals provided more efficient sites for bubbles than others. This resulted in, 

either large- or small sized bubbles at crystal edges, which was dependent on the point of melting and 

when nucleation was allowed for. This is either an effect of crystal mineralogy, since, for example, Fe-

Ti oxides, biotite and apatite are preferred nucleation sites compared to feldspars crystals, or an effect 

of limited and late melting at crystal boundaries (e.g. Cashman & Mangan, 1994; Hurwitz & Navon, 

1994; Mangan & Sisson, 2000; Mourtada-Bonnefoi & Laporte, 2002; Gardner & Denis, 2004).  

 

The dense bubble population and high vesicularity show a close resemblance to magmatic foam, 

which is characterised by vesicularity above 74 % (lower porosity is named bubble suspension) (see 

Fig. 11). In resemblance, the current sample CQ has been calculated for open porosity by He-

pycnometry to 76.22 % (closed porosity is 1.43%) and consequently lies above the limit for foam (data 

derived from an ongoing wider study on frothy xenolith pumices worldwide, coordinated by Prof. V. 

R. Troll, Uppsala University). The sample shows several foam-typical textures that formed during 

bubble expansion in the close-packed bubble structure, which represents the least energy consuming 
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configuration for a two-phase mixture. Bubble interaction, commencing as decompressional expansion 

decreases the separation distance between adjacent bubbles to an equivalence of their radius, forms 

plateau borders as three spheres meet at 120˚ (or occasionally four spheres at 90˚). The plateau borders 

remain as quenched melt channels in-between bubbles as melt was expelled between the expanding 

bubbles (c.f. Cashman & Mangan, 1994; Mangan & Cashman, 1996).   

 

The great number of apertures rupturing the bubble walls, i.e. former bubble conduits between 

connecting bubbles, and the pillar like remnants of bubble walls (plateau borders) are both indicative 

of extensive bubble networking for gas permeability. The sample presents a slightly different type of 

networking that can be expressed as small bridges or conduits linking the isolated spherical bubbles, 

instead of bubble coalescence that forms more tube-like shapes. Bubble coalescence that induces film 

thinning during bubble growth may occur in either of two ways depending on melt chemistry. In 

basaltic, low viscosity liquids the ruptured bubble wall retracts and plateau borders disappear to allow 

complete coalescence, forming a polymodal size distribution of very large vesicles. In silicic melt, on 

the other hand, the high viscosity makes film retraction more sluggish and solidification commonly 

occurs before bubble relaxation is completed (Mangan & Cashman, 1996; Proussevitch & Sahagain, 

1998). Film retracting may also be hindered if vesiculation is extensive and time constrained 

(Cashman & Mangan, 1994). Judging from the presence of intact plateau borders and bubble walls, the 

CQ xenolith solidified prior to complete film retraction, which is, also, in line with its silicic 

composition.   

 

  

Figure 11. Idealised construction of 2D-foam structure, demonstrating plateau borders in-between spheres (ideal 
bubbles) (Mangan & Cashman, 1996).  
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Figure 12. CQ. A) Tomo-projection.  
B) Axial slice from position in (A). C)-G) 
Volume renderings, D) is a longitudinal, 
interior cut through (C). F), G) Inverted 
shapes, where all is solid, red depicts the 
interior of bubble walls and white is solid 
material meeting the cutting surface. This 
offers enhanced visualisation of thin 
bubble walls, plateau borders in-between 
expanding bubbles and apertures in bubble 
walls. 
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Mt. Taranki, New Zealand xenolith (NZ) 

This sandstone xenolith derives from Egmont volcano (Mount Taranaki) and was provided by R. B. 

Stewart. Egmont volcano is centred on the Taranaki Peninsula in the western part of the North Island 

of New Zealand, which is the main region of active subduction zone volcanism in New Zealand. The 

Taranaki Peninsula is an island arc setting composed of an upper 6 km of Cretaceous to Tertiary 

sedimentary rocks, whereas the deeper basement geology consists of plutonic and metamorphic rocks 

of the Median Batholith. Sedimentary xenoliths are often found in the region (Gruender et al., 2010) 

and they commonly sample the supracrustal rock lithologies of the Kapuni Formation of quartz 

sandstones (at ~3.5 km depth), also Tertiary quartz-feldspathic sandstones and siltstones together with 

andesite volcanics from the upper part of the volcano are frequent xenolith material. The xenoliths 

commonly show Ca-rich clinopyroxene crystals in a clay-rich matrix. The magma composition has 

been determined to basaltic-andesite and dacitic chemistry (Gruender et al., 2010, and references 

therein). 

 

Observation 

The sample presents the spectacular boundary between the xenolith and the host lava it was entrained 

into (Fig. 13) (similar to xenolith founds from the Rockeskyllerkopf volcano in West Eifel, Germany, 

described by Shaw (2009)). The host lava is characterised by a large number of euhedral crystals of 

two types, one elongated in shape (feldspar and pyroxene) and sized from 1000-1800 μm (pale grey), 

whereas the other type is beam reflective (white) metal compounds (Fe-oxides like e.g. magnetite) 

sized up to 330 μm and often close to cuboidal. The xenolith itself grades smoothly into the host lava, 

and have begun disintegrating by detaching parts to the lava. The boundary at the lava-xenolith 

interface is, however, separated by vesicles that stretch along the lithological border, allowing only 

occasional bridge-like connectivity between xenolith and lava (see Fig. 13: C, D).  

The bubble population is largely concentrated in the xenolith and bubbles are significantly less 

numerous and smaller sized in the lava, as expected. The polymodal bubble population (i.e. multiple 

sizes) of two or possibly three generations at the most (the smallest included), is distinctively shaped 

in a gradational pattern that is connected to the lithological boundary and accompanied magma 

proximity. From the xenolith interior and outward, bubbles are spherically shaped, often isolated (150-

300 μm), unless they have coalesced to tube-like channels (the longest is at least 2100 μm in length). 

Tube-bubbles are sparse but evenly distributed within the rock. Approaching the xenolith-lava 

interface bubbles are significantly more tortuous and irregularly shaped (up to 2200 μm in long axis). 

The largest bubbles actually stretch along the boundary. Moreover, a large amount of very small (30-

70 μm) and deformed bubbles are concentrated around the large vesicles and often attach to them.  

 

 

http://tyda.se/search/in%20conformity%20with
http://tyda.se/search/in%20conformity%20with
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Interpretation 

The connecting boundary between xenolith and lava gives evidence for progressive fragmentation and 

dissolution of the xenolith, as a result of high pressure and high temperature impact. Xenoliths 

entrained in the magma undergo an evolution from initially being surrounded by magma to a 

progressive separation from it along the magma-xenolith contact boundary. This occurs as gas 

exsolves in the xenolith and bubbles nucleate and concentrate in the early formed melt along the 

magma-xenolith contact. Finally, the connecting, elongated, gas bubbles at the border, will allow 

complete separation of xenolith and host magma. This is a plausible mechanism during xenolith 

assimilation and representatives of these evolutionary stages have been found in natural xenoliths from 

the Rockeskyllerkopf Volcanic Complex (Shaw, 2009). The magma-xenolith separation, in the form 

of a bubble rich boundary, is believed to largely form during, or just prior to eruption. This is a 

combination of melt expansion upon vesiculation and loss of volatiles during eruption, which pushes 

the melt and its bubbles out and away from the xenolith. A similar xenolith-lava separation can also 

form from shearing between melts of different viscosities along the interface during rock spinning 

under eruptive ballistic transport. Our sample is, however, still fairly attached to the host lava along 

local bridge-like connectivity (see Fig. 13: C, D), which is indicative of magma residence times not 

long enough to complete the evolution toward final detachment.  

Collectively, vesicle textures that give evidence for early stages of bubble evolution, and preserved 

attachment to host lava, reflect fairly short time scales of xenolith residence in the magma system. 

Either this is a result of late and/or shallow crustal rock entrainment, leading to short duration in the 

system, or unusually low magma temperature that restricted and slowed the necessary melting 

procedure. The gradational pattern of bubble distribution and shape, leads on to suggest great 

sensitivity of bubble evolution on the direct proximity around the xenolith (i.e. the magma it is 

entrained into). Timescales and duration of magmatic impact will affect the bubble distribution within 

the xenolith as well.   
 

 
  

Figure 13 (next page). NZ. A) Tomo-projection. B) Axial slice. C), D) Renderings demonstrate the vesicular 
boundary between the host lava and the xenolith (upper part). E)-H) Segmented renderings cut from different 
directions. Yellow colour represents the disintegrating xenolith in the host lava, which is depicted in grey. The 
bubble phase is highlighted in red. Bubbles are distributed largely in the xenolith, and only a small sized 
population is present in the lava. In E), F), H) bubbles are filtered for 3x3x3 pixels, and in G) 5x5x5 pixel filter is 
applied. 
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6.1.2 Plutonic lithologies, granites and gneisses  
 

Wudo-xenolith, China (06WUD-5A) 

The Wudo-xenolith originates from the Wudalianchi volcanic complex in China and was emitted 

during the 1719-1721 eruptions (sampled by Jon Davidson). The volcanic complex is a continental 

intraplate setting with trachy-basaltic magma deriving from deep-sourced, volatile rich mantle of small 

degrees of partial melting (Whitford-Stark, 1983; Feng & Whitford-Stark, 1986). The prehistoric 

basement rocks in the area have been mapped in earlier works to consist of biotite granites (in places 

also muscovite bearing) and sandstones and mudstones of Cretaceous and Upper Tertiary age. These 

rock lithologies are frequently found as xenoliths within the lavas, and also as cores to volcanic 

bombs. The hydrous nature of the biotite bearing granite, (water content in biotite is 2-3 wt% (Deer, 

Howie & Zussman, 1962)), a likely source for the sampled Wudo-xenolith, underlines a high potential 

of vesiculation and accompanied gas release.  

 

Observations  

The xenolith is highly vesiculated with various bubble sizes of at least three generations reasonably 

well separated in time (Fig. 14). The smallest generation measures around 60-100 μm in diameter, 

whereas the oldest and largest population reaches bubble sizes of 800-1200 μm and up to 2000 μm if 

extensive coalescence has taken place. A third population occupies the size range in-between these 

two extremes, normally around 300-600 μm. The largest population markedly occupies the interior of 

the sample, whereas the small bubbles mainly reside in the exterior parts, but also at earlier vacant 

spaces close to larger vesicles. Bubble distribution is inhomogeneous with some areas markedly 

bubble deficient, while others carry large clusters (up to 400-600 μm) of small bubbles. Bubbles are 

deformed into convex respective concave shapes, and mainly elongated from the interior and 

outwards. The bubble spacing is dense, bubble walls are thin (~20 μm) and frequently walls are 

punctuated by, one or several, rounded or elongated apertures. 

 

Interpretation 

The inhomogeneous bubble distribution with prominent areas unaffected by vesiculation (though 

fractured instead) gives evidence for the inhomogeneous nature of the original granite on its mineral 

make-up. This originates from diverging melting and dissolution susceptibility of its crystal make-up, 

since anhydrous and mafic minerals largely escape melting and vesiculation until magma residence 

times and pressure-temperature are sufficiently high. Bubble deficient zones potentially represent late 

formed patches of melt from late crystal dissolution that allowed only small bubbles to form prior to, 

or during, eruption. The small bubble generation commonly fringes- and clusters around the larger 

bubbles as a result of physical laws, seeking to equalise pressure gradients by merging small bubbles 

of significantly higher vapour pressure into the larger bubbles (e.g. Cashman & Mangan, 1994).  
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The convoluted bubble shapes reveal significant shearing in one prevalent direction. Moreover, 

shearing and flattening along bubble contact planes may have been effective means to achieve a dense 

bubble population, (c.f. Cashman and Mangan, 1996), or it may be the effect of late stage external 

forces acting upon the rock during its ascent in the conduit (e.g. Toramaru, 1990; Cashman & Mangan, 

1994). Close bubble spacing, thin separating bubble walls, numerous apertures and convex respective 

concave shapes that formed during bubble interaction when separation distances decreased 

sufficiently, altogether confirms bubble interconnection and network formation as inevitable.  As well, 

numerous bubbles are elongated and tube-like in shape, which are indicative of considerable 

coalescence and bubble networking (c.f. Saar & Manga 1999).  

 

 

  

Figure 14 (next). 06WUD-5A. A) Tomo-projection, black areas are dense compounds in the sample, 
corresponding to the highly reflective white compounds in the axial slice (B). C) Global rendering showing 
large crystal in the foreground and outward directed shearing of vesicles. D) Longitudinal cut through (C). E) 
Interior cut through sample. F) Isolated bubbles (filter 5x5x5 pixels) in red presenting dense bubble populations 
and a certain elongation. G), H) Inverted surfaces, showing interior bubble walls that are ruptured by apertures. 
Both blue and white is solid, and white represents the cutting surface.  
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French Massif Central xenoliths  

The Cenozoic alkaline volcanoes in the French Massif Central (Auvergne) have developed from a 

continental rift- intraplate setting, and are prime localities for a great variety of xenoliths, which derive 

from the crust and the lower mantle. Puy de Beaunit is a Quaternary maar, dated to 43,900 ± 5100 

years, and located at the northern end of Chaîne de Puys. The scoria cone of Beaunit contains a great 

abundance of xenoliths and is one of the richest occurrences with respect to xenolith diversity of both 

crustal and mantle derivation (Féménias et al., 2001; Féménias et al., 2003). From Auvergne we have 

three samples; one gneiss xenolith from Beaunit (FR-B-X1, sampled by S. Berg and V. R. Troll), and 

two xenoliths of granitic derivation from Lemptégy (FR-LY2-X1 and LX, respectively sampled by L. 

Blythe and V. R. Troll).  

 

Beaunit xenolith (FR-B-X1) 

Gneiss xenolith from Puy de Beaunit (sampled by S. Berg and V. R. Troll).  

 

Observations  

The bubble population is dense, bimodal (the very smallest generation neglected), and the shape of 

bubbles changes with size and spatial location within the sample (Fig. 15). The smallest population is 

sized between 190 and 280 μm in diameter, but also smaller is present, and individual bubble shapes 

are closely spherical to more elongate the more they have reached close interaction distances with 

neighbouring bubbles and crystals. The older bubble generation is irregular and more tortuous shaped, 

ranging in size from 1100 up to 2100 μm in diameter for the most coalesced forms. Further, this 

bubble population is commonly present at a distance away from crystal boundaries.  Intact and non-

vesiculated solid parts and crystals are preserved, the majority is sized from 600 to 1400 μm, whereas 

a few reaches up to 4000 μm in length. 

 

Interpretation  

Bubble textures, like concave-convex shapes, ellipticity and wall remnants, depict considerable 

interaction between neighbouring bubbles, and confirm progressive coalescence. Coalescence is 

demonstrated by Ostwald ripening effects and wall wrinkling that formed during merging of bubbles 

as gas diffuses from regions of high pressure to low pressure (i.e. from small to large bubbles) (c.f. 

Cashman & Mangan, 1994). This effect is especially well visualised by the small and convex shaped 

vesicles that bulge into larger and more concave bubbles. During such interaction the melt between the 

two bubbles becomes thinner and thinner until the bubble wall ruptures completely and the two 

bubbles finally merge into a combined irregular, or often ellipsoidal, shape. The combined shape may 

later gradually relax back to a spherical bubble to minimise surface tension if the supersaturation 

pressure is insufficient (c.f. Liu & Chang, 2000; Lensky et al., 2006), and this would, in turn, explain 
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the presence of large spherical bubbles in our sample. However, wall retraction during coalescence is 

sometimes incomplete, which resulted in parts of former bubble walls remaining intact as well.  

Even though the xenolith is inhomogeneous in bubble shape, -size and -distribution, a certain linkage 

to crystal proximity is evident. The smaller bubble generation cluster along intact crystal edges, and 

the small separation distances between bubbles have resulted in considerable coalescence, forming 

either tortuous or spherical shapes, depending on the supersaturation pressure (c.f. Liu & Chang, 2000; 

Lensky et al., 2006). The young bubble generation obviously indicates that crystal edges were not 

utilised as efficient sites for early bubble nucleation. In contrast, bubbles grew considerably larger 

further away from crystals. This selectivity goes back to the heterogeneous melting point of the 

mineral constituents in the starting gneiss. Besides, feldspar crystals, in particular, serve as non-

efficient sites for bubble nucleation (c.f. Hurwitz & Navon, 1994) and may, therefore, potentially have 

brought about late nucleation at such crystal boundaries. However, dissolution within intact crystals 

themselves has begun and bubbles developed in the melt that formed along possible planes of 

weakness or fractures.  

 

Figure 15 (next page). FR-B-X1. A) Tomo-projection. B) Axial slice. C) Global rendering where (D) is a cut 
through its interior, revealing large vesicles close to the core, and small sized bubbles along remnant crystals. E) 
Isolated bubbles depicted in green, empty spaces are glass and remnant crystals (carrying a bubble population). 
In F), G) and H) the sample position and cut are identical in all three images, but renderings are configurated 
differently. F) Grey is solid. G) Solid is depicted in both grey and white colour (white is the cutting surface). H) 
Inverted configuration of (G), showing only isolated bubbles in green and all that was solid in (G) is empty 
spaces.  
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Lemptégy, France (FR-LY2-X1) 

Granite xenolith sampled in Lemptégy, Massif Central, by L. Blythe. 

 

Observations 

Bubble textures closely resemble earlier described granites, and are characterised by diversely shaped 

and -sized bubbles, belonging to approximately three separate generations (Fig. 16). The smallest 

bubble fraction (<100 μm in size) is concentrated in certain regions (up to 1600 μm wide) uniformly 

distributed throughout the sample. The following generation is typically spherical (150-300 μm) and 

often gives evidence of Ostwald ripening and wall wrinkling. Bubble walls are often ruptured and film 

retraction incomplete, leaving visible spike-like remnants. The largest population is irregular and 

tortuous (tubes are common). In cross-section the largest population is sized between 1000 μm to 1700 

μm, possible even longer if connected in a dimension that goes into the sample. Remnant crystals are 

commonly fractured and edged by small sized bubbles. 

 

Interpretation  

Progressive coalescence and networking is indicated by bubble shapes, apertures, remnant bubble 

walls, Ostwald ripening and wall wrinkling from bubble expansion by gas diffusion. Moreover, the 

bubble volume largely exceeds the volume of remaining quenched glass and solid crystals, hence 

revealing enormous volumetric expansion upon magma contact and ascent.  
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Figure 16. FR-LY2-X1. A) Tomo-projection. B) Axial slice. C) Rendering of solid 
material, D) bubbles are illustrated in red (filter 5x5x5 pixels). E), F) Two phases, solid 
and bubbles, superimposed on each other and cut separately at different levels. G) Only 
separated bubbles.  
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Lemptégy - France (LX) 

Granitic xenolith sampled in Lemptégy, Auvergne, by Prof. V. R. Troll.  

 

Observations  

The xenolith is densely vesiculated, but presents a limited bubble size distribution of principally two 

major nucleation events (excluding the smallest size fraction) that are fairly closely related in size and 

timing (Fig. 17). The largest population measures from 350 to 600 μm at the most, whereas the smaller 

population ranges in size from 100 to 200 μm. The bubble distribution is inhomogeneous, and small 

sized bubbles are concentrated in certain regions. Bubbles have various shapes; everything from 

convex-concave and elongated to spherical, where spherical bubble shapes are common even for the 

larger bubbles. Bubble walls are preserved and occasionally thin (10 - 30 μm) where the separation 

distances between bubbles are small. 

 

Interpretation 

The inhomogeneous bubble distribution with certain zones considerably unaffected by the latest 

nucleation event may be a result of late melting or a melt that was already volatile depleted upon 

earlier extensive gas consumption and transfer to already existing bubbles. Bubbles appear to grow 

and coalesce by inter-bubble diffusion, i.e. Ostwald ripening, which is indicated by convex-concave 

bubble shapes as they interact, and this effect would reduce the forming of irregular shapes (c.f. Liu & 

Chang, 2000). Moreover, bubbles are slightly elongated to allow further close-packing and to 

accommodate external stresses (e.g. Toramaru, 1990; Cashman & Mangan, 1994). Overall, the closely 

spaced vesicles and extensive coalescence confirm that bubble connectivity is an ongoing process to 

form a network, which has developed locally already.  
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Figure 17. LX. A) Tomo-projection. B) 
Axial slice. C), D) Volume renderings of 
solid material (grey) cut at different levels. 
E) Blue bubble phase (uncut) 
superimposed on solid in (D). F) Same as 
(E) but bubbles are incised at a level below 
the solid. G) Only bubbles. The bubble 
population is largely unimodal, spherical 
and demonstrate convex/concave shapes.   
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6.2 Experimental Products  
 

SST-1B 

An arcosic sandstone (77 wt% quartz, 7 wt% plagioclase, 15 wt% orthoclase, LOI 1.1 wt%) was held 

at 889˚C and 150 MPa for 4 days and 19.5 hours. The result was a blue glass that had undergone 

considerable expansion in response to voluminous gas exsolution from the rock interior. The 

expansion, in turn, completely overprinted the previous rod-like shape of the original sample and 

inflated the gold capsule. The experimental setup implies that melt distribution, as well as bubble 

distribution, is confined by the capsule configuration, and readily occupies the void space between the 

capsule wall and the sample.  

Observations 

Several bubble generations formed (Fig. 18, 19). The largest generation reaches, on average, diameters 

of about 460 μm. However, an open bubble that is connected to the surface is 1000 μm diameter and 

its conduit measures 145 μm in diameter (see lower right in Fig. 18, C). Then different bubble sizes of 

the whole size range down to micron scale exists, the tiniest bubbles that cluster along large bubble 

walls measure 5 μm. The size distribution reveals three prominent nucleation events. The smallest 

bubble generation is distributed throughout the sample, and in particular makes up the majority of 

bubbles present in the thick melt phase that surrounds the former rectangular sample. Bubbles are also 

distributed following structures, e.g. former grain boundaries and cracks upon partial melting. Isolated 

bubbles are connected by “bridges” and the outer surface of larger vesicles is often spiky. One 

elongated and tube-like bubble commences in the interior and stretches all the way outwards to the 

surface, where it has formed a concave crater in the melt (see Fig. 18, C, D, E in lower right corner).  

Interpretation 

The irregular and elongated bubble shapes, along with bridge-like connectivity, together indicate 

bubble interconnection and network formation. The old generation, characterised by large vesicle 

sizes, is responsible for encompassing and transporting the bulk of the exsolved gases in the 

experimental charge during melting. These nucleate in the sample interior and migrate outwards to the 

rock surface. During their evolution they enlarge and connect to nearby vesicles by coalescence, which 

is displayed by irregular and in many cases elongated shapes. However, even though bubble 

connectivity is significant it, apparently has not formed by simple coalescence when bubbles merge 

together by mutual growth that decreases the separation distances until walls rupture. Instead, isolated 

bubbles connect by pathways or conduits (80-200 μm in diameter), bridging them together during 

early stage networking. This connectivity may be a result of long bubble separation distances. 

Bridging vesicles are markedly present at all scales, both between small and large vesicles. This is 

indicative of bubble networking in full progress, some pathways more evolved than others, on both 

small and large scale, to efficiently transport the exsolved gases from the rock interior.  
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Figure 19 (next page). SST-1_WB (white-beam). A) Tomo-projection, clearly distinguishable bubbles in the 
sample and migration to the sample edges (toward free-surfaces). B) Axial 2D-slice. C) Volume rendering, 
empty spaces are bubbles, bubbles are isolated in (D) (no filter) and (E) (5x5x5 pixel filter). The smallest bubble 
population totally disappears in the latter. In (D) the tiny bubbles follow structural features in the sample. 
Extensive melt production during the experimental run generated an ellipsoidal exterior of melt, following the 
capsule wall and completely encapsulating the former sample rod. The bubble distribution reveals the former 
shape (see Fig. 19 D), and also displays early bubble nucleation in the interior (large bubbles). F) Filtered 
bubbles from (E) and solid laid are upon each other. G), H) Inverted renderings, where red colour represents air 
in the sample (the red sample exterior is an artifact of applied masking processes, coming from unavoidable 
imprints of air on the sample surface). Bubbles (red) are shown as surface inversion (i.e. empty interior) and cut 
at different levels (cutting plane parallel to sample surface), (H) lower cut than (G). Note the connectivity of the 
large gas-blob stretching sample-inwards, and how surface migrating bubbles displace the exterior melt (lower 
right in (H)). 

Figure 18 (previous page). SST-1, monochromatic light. A) Tomo-projection, the internal structure denotes 
porous spaces occupied by bubbles. (B) Axial 2D-slice. C)-H) are 3D-renderings (the sample measures 4.7 mm 
in height). C) Global rendering that is cut through the interior of sample, grey is solid, empty spaces depict 
bubbles. D) Isolated bubbles (red) superimposed on solid, which is incised at a lower level than the bubbles. E) 
Only red bubbles, viewed from the opposite direction compared to (C) and (D). F), G) Isolated bubbles (grey). 
Collectively, renderings demonstrate several bubble generations, interior nucleation and outward growth and 
migration of bubbles.  
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SST- 3A 

The arcosic sandstone (76 wt% quartz, 0.6 wt% plagioclase, 18.3 wt% orthoclase, LOI 1.3 wt %) was 

held at 853˚C and 100 MPa for 24 hours.  

 

Observations 

The sample is sparsely vesiculated from limited bubble nucleation and bubble growth (Fig. 20). Small 

sized bubbles, which are up to 50 μm in diameter, occupy former melt pockets along grain boundaries, 

and their sphericity increases with size. Bubbles are mainly distributed along the rim of the sample, at 

the sample-capsule interface, whereas the sample interior is markedly bubble deficient. The original 

rectangular shape of the sample-rod put into the capsule has been retained even after the experimental 

run, which is in line with sparse melting, accompanied small bubble populations and, hence, limited 

rock expansion. Phase contrast imaging resolves an internal structure that derives from relict mineral 

grains and melt pockets along grain boundaries. The small bubbles further follow this structure and are 

present in the first melt that commonly is located along grain boundaries, which, in turn, provides a 

connected melt pathway between grains for volatile migration and diffusion (c.f. Fialin et al., 2011).  

 

Interpretation 

Concentration of bubbles at the sample edges has been ascribed to heterogeneous bubble nucleation 

and this has proved to be a recurrent process that is recognised during bubble PT- experiments (e.g. 

Mourtada-Bonnefoi & Laporte, 1999; Gardner et al., 1999; Liu & Chang, 2000; Mangan & Sisson, 

2000; Mangan et al., 2004; Cluzel et al., 2008). These studies disclose this type of bubble nucleation 

as an effect of decompression before high supersaturation has been reached. Consequently, bubbles are 

forced to nucleate heterogeneously on facilitating surfaces. Conversely, the sample core is bubble 

deficient as a result of insufficient melting and gas diffusion en masse toward the already formed 

fringe bubbles, which is connected to the low experimental P-T-t-conditions (see above) (c.f. Mangan 

& Sisson, 2000). The short time duration of the experimental run (24h) may, as well as lower pressure, 

have been a contributing cause to the restricted degree of partial melting, which would reduce the 

volatile release and the ability for bubbles to grow. During partial melting under steady state PT, water 

molecules continuously diffuse into the melt phase, owing to their incompatibility (Holloway & 

Blank, 1994; Papale et al., 2006), and the ensuing water accumulation gives rise to eventual H2O-

saturation. If timescales are insufficient before decompression, large volatile saturation pressure that is 

required for nucleation, will not develop and bubbles may be forced to nucleate heterogeneously on 

facilitating interfaces even at low supersaturation (e.g. on crystals, microlites and other 

heterogeneities).  
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Figure 20. SST-3A, white-beam. A) Tomo-projection. (B) Axial slice. C) Global cut through interior. Note the 
difference in X-ray attenuation values between metal grains (bright white) and presumably calcite (pale white). 
D) Bubbles (red) are concentrated at the edges and follow a certain structure in the sample. E), F), G), H) 
Renderings incised at different angles, but the bubble phase (red) is uncut.  
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SST-3C 

This sample is of identical starting composition to SST-3A (i.e. 76 wt% quartz, 0.60 wt% plagioclase, 

18.30 wt% orthoclase, LOI 1.3 wt %), but experiments were conducted at elevated P-T-t conditions, 

with 888˚C and 120 MPa over 4 days and 21 hours. The experimental cooling and decompression, 

unfortunately, did not follow the exponential function outlined earlier, since a leakage caused 

uncontrolled decompression that may have been considerably slower (i.e. starting earlier).  

 

Observations 

The sample is scarcely melted (Fig. 21). It is characterised by a well developed- and connected system 

of fractures, individual fractures are from 500 up to 1100 μm at the longest, that emerge at the sample 

borders and penetrate half-way to the sample centre from each direction, leaving the interior little 

affected. In general neither the sample core nor the border shows vesicles. However, a small porous 

region in the core exists, and consists of irregularly shaped voids that are connected to fractures from 

the sample surface.  

 

Interpretation  

The fractures resemble decompression cracks, formed by brittle failure of the solidifying melt phase 

and non-melted solids, during experimental decompression. This occurs in response to thermal 

expansion in a media far too viscous to undergo deformation. Whether this is a result of early 

(uncontrolled) decompression or an effect of prevailing PT-conditions is difficult to assess in full.  

In a volcanological framework, SST-3C reflects an early stage snapshot during xenolith assimilation 

as it is heated and subjected to pressure release during xenolith ascent. If the rock is not sufficiently 

melted prior to thermal expansion during decompression it responds by brittle failure. Similar 

phenomena from studies on magma degassing has been recognised and they confirm that fractures 

formed by brittle failure may, as well, be a result of volatile degassing in a more or less solid rock (e.g. 

Martel et al. 2000; Gonnermann & Manga, 2003; Neuberg et al., 2006; Okumura et al., 2009). These 

gas pathways would, however, be subordinate to the bubble networks that form in deformable media. 

This phenomenon would occur as a result of viscosity increase during melt dehydration at shallow 

depths, whereas at deeper magma depths and higher pressures degassing relies on bubble networking 

in ductile material. However, as there is little evidence of gas vesicles in our sample, the 

decompression cracks ought to derive from thermal expansion of approximately 10 % in a solid media 

that could not accommodate the expansion by regular internal deformation. Though, small amounts of 

volatiles may have escaped from the early formed melt and into the cracks, in turn giving rise to a 

porous region.  
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Figure 21. SST-3C, monochromatic light. A) Tomo-projection. B) Axial slice. C) Global 
3D rendering. D) Vertical cut through (C) showing thermal decompression cracks in red, 
and accompanied phase contrast effects (yellow) at the borders. The system of cracks is 
concentrated at the edges and stretches inwards for 1100 μm at the most, until it diminishes 
out completely. E) Sample cut at an angle. F) Similar to (E) but different cuts of different 
phase-segments, empty spaces (i.e. cracks) and metal compounds (white) stick out from the 
solid. The heavy compounds are commonly bordered by tiny vesicles, or connected to 
cracks.  
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SST-4B 

The starting sandstone was green in colour (41.7 wt% quartz, 11.5 wt% plagioclase, 16.3 wt% 

orthoclase, LOI 4.3 %), less consolidated and more porous than previous experimental samples (SST-1 

and SST-3). The high volatile content of SST-4B (4.3 wt%), and the included hydrous mineral phases 

of the micaceous sandstone, especially chlorite containing about 10 wt % volatiles (Bailey, 1988), are 

significant amounts of volatiles that can be released during high PT- experiments. It was held at 889˚C 

and 140 MPa for 4 days and 20.5 hours, and the resulting product was a complete glass of black-

brownish colour, shaped like a cylinder that was open at one end. After the experiment in the 

autoclave cell, the gold capsule was inflated, indicating an internal pressure build-up considerably 

larger than that outside the capsule walls. 

 

Observations 

The experimental product is entirely glassy and demonstrates no traces of relict un-melted material 

(Fig. 22). Unlike previously described samples, the bubble population is concentrated in the upper 

portion and comprises a few closed and isolated bubbles (longest axis up to 1.4 mm) that swing around 

the edges of a giant open slug-bubble (2.6 mm in diameter), which connects to the sample surface and 

occupies the bulk of the sample volume.  

 

Interpretation  

Extensive melt production and large bubble dimensions of existing bubbles indicate large scale 

exsolution of volatiles. The absence of widespread bubble populations and the markedly homogenous 

sample interior indicate that this represents a late stage of melting and voluminous degassing, 

subsequent to complete collapse of bubble networks and foam structure into one large slug. The 

bubble free core is expectedly volatile depleted and represents the restite after that bubble networking 

has transported away all volatiles and the network itself has retracted or collapsed as no volatiles 

remained to maintain its internal pressure, finally disappearing completely. This type of bubble 

evolution is expected once the sample is completely molten and under timescales sufficient for mass 

transport of volatiles.  
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Figure 22. SST-4B monochromatic light. A) Tomo-projection, vertical line represents 
orientation of the axial slice in (B).C) Global 3D-rendering, observe patches of secondary 
vapour phase crystallisation (needle-like) on the sample surface. D), E), F) Global cut 
through sample interior. Minor bubbles fringe the large slug-bubble that is open to the 
surface. The half-transparent veil surrounding the sample is a remnant trace of the 
parafilm, which was used to attach the sample to the rotating sample stage during 
experimentation.  
 



 

50 
 

GC-1 

This sample consists of ocean-bottom sediments dredged from offshore Gran Canaria (Canary 

archipelago) during a cruise of the RV Poseidon (P174) in 2001, and collected by V. R. Troll. The 

GC-sediments are low in silica, which is balanced by high amounts of CaO and MgO and also 

volatiles (LOI 19.30 wt%, see Table 3). This suggests the presence of carbonate and dolostone 

components, which, in turn, are sources of CO2 that is released during partial melting. In hand 

specimen the sample composes numerous dark silicate minerals as well, and is, overall, poorly 

lithified. The sample was held at 916˚C and 140 MPa for 2 days and 4.5 hours, resulting in restricted 

melt phases, but extensive new crystallisation on the sample’s surfaces.  

 

Observations 

The sample melted only locally, and remnant crystals are still present (Fig. 23). This is followed by 

sparse and poorly developed bubble populations that largely occupy melt pockets. Bubbles are 

irregularly shaped, with spherical shapes markedly deficient. The size distribution is mainly unimodal, 

and principally, they measure between 50 and 150 μm in diameter, occasionally reaching up to 300 μm 

for the tortuous and connected shapes. The tiny bubbles are separated by thin films, and appear to 

cluster in certain regions, as well as along crystal edges. 

 

Interpretation  

The clusters of bubbles appear to occupy spaces from former crystals that have undergone dissolution 

and melting, and the fringing around crystal edges indicates that early melt formed in pockets along 

grain boundaries. Although bubbles are irregularly shaped, coalescence is restricted and only local as 

bubbles were confined by the small volumes of melt, from low degrees of partial melting of its 

considerably mafic mineral constituents. Altogether, this proves an early stage of bubble evolution and 

suggests the action of extensive vapour phase crystallisation.   
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Figure 23. GC-1, white-beam. A) Tomo-projection. B) Axial slice. C) Global rendering 
with solid given in grey and bubbles depicted in blue. Note the irregular bubble shapes 
and size distribution, and that certain areas have a high concentration of small bubbles. 
D) Separated bubble phase (no-filter, and sample has the same position as in C). E), F) 
Bubble phase superimposed on sample that is incised at different angels (filter 5x5x5 
pixels applied on bubbles).  
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C-10  

The experimental sample was formed from a granitic source rock that originated from Bolivia 

(donated by C. McLead of Durham University), and was held at 900˚C and 200 MPa for 24h. This 

sample does not belong to the experimental suite performed on sedimentary lithologies hitherto 

discussed (Berg, 2010). Instead, it contributes to this work as a reference, both comparative to the 

natural granitic xenoliths and as a marker that would show differences between experiments performed 

on sedimentary and plutonic lithologies, respectively.  

 

Observations 

During experimentation the sample reacted by gas exsolution and formed closely spherical to 

elongated vesicles ranging in size between 50 and 550 μm at the most (Fig. 24, 25). Bubbles are 

homogenous in shape but inhomogeneous in size and distribution. Broadly three bubble generations 

have nucleated and their distribution within the sample appear, in part, controlled to restricted regions, 

and, also, to follow a certain structure. The larger bubble population have nucleated rather uniformly 

throughout the sample, whereas the youngest and smallest bubbles cluster in certain areas (markedly 

whiter areas in the images, see Fig. 24, E and G). 

 

Interpretation  

The preferential bubble distribution and bubble concentration into certain regions is inferred to result 

from late stage melting of the concerned areas. As well, the simultaneously low volatile content and/or 

low gas pressure in the already melted and vesiculated parts, presumably, made these regions sparsely 

populated by the youngest bubble generation. Besides, the smallest bubbles follow a structure in the 

rock that may be connected to melting along former grain boundaries. Elongated and slightly 

deformed spherical shapes reveal ongoing coalescence, but networking is not yet developed. The 

network deficiency is a remarkable trait that contradicts the fairly high P-T-t conditions, and, hence, 

distinguishes it from previous sandstone experiments.  

 

 

 

  

Figure 24 (next page). C-10_WB, (white-beam). A) Tomo-projection, darker areas are representative of thicker 
areas of less void spaces. B) Axial slice. C) Global rendering, demonstrating irregular vesiculation and 
structurally discrete areas that are markedly volatile deficient, mirroring the original textural sample-
heterogeneity. D) Same sample orientation as in (C) with bubbles filled in light red (5x5x5 pixel filter). Bubble 
shapes are typically spherical. E) Vertical cut through the interior of the sample, in F) bubbles are uncut but 
filtered by 7x7x7 pixels. G) The smallest bubbles noticeably concentrate in discrete zones, largely along the 
edges, and follow former grain boundaries. H) Isolated bubbles.  
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Figure 25. C-10, monochromatic light. A) Tomo-projection. B) Axial slice. C), D), E), F) 
Volume renderings, grey is solid, bubbles are depicted in red (filtered by 5x5x5 pixels).  
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6.3 Porosity Calculations 
Selected experimental products were quantitatively measured for bubble volume, compared to the 

solid volume (i.e. porosity) by multiple steps of masking procedures in freeware ImageJ (see Table 3), 

and also by the Pore3D software (Brun et al., 2010) for verification. The necessary masking procedure 

in ImageJ and the segmentation in Pore3D, allowed calculation of closed porosity only, and hence 

results exclude all networks connected to the sample’s surface. The credibility of our porosity 

calculations on the experimental samples are confirmed by their close agreement with calculated 

values on closed porosity for natural xenoliths (data intended for a wider study on frothy xenolith 

pumices worldwide, coordinated by Prof. V. R. Troll, Uppsala University).  Some examples are the 

xenolith from Anak Krakatau (AK) with a calculated closed porosity of 9.22 %, and Cerro Quemado 

(CQ) from El Salvador with 1.43 % closed porosity.    

 

 
 

 

 

          
 

 

6.4 Bulk Rock Chemistry on Starting Material  
Bulk-rock analyses for major oxides and trace elements on starting material for the complete HPT-

experimental sample suite (used in Berg, 2010) have been determined at Acme Analytical 

Laboratories Ltd, in Vancouver 2011 (Table 4). Experimental products from SST-1, SST-3, SST-4 and 

GC are analysed by X-ray μ-CT. In general, samples SST-1, SST-2 and SST-3 are not only texturally 

similar, but also particularly alike in their oxide constituents and low volatile contents that vary 

between 0.7 and 1.3 wt %. On that basis, they would expectedly behave similarly when subjected to 

elevated pressure and temperature in our experiments. On the other hand, SST-4 and SH-5 are 

considerable lower in silica, which is balanced by higher Al2O3, Fe2O3, MgO and Na2O, and these 

samples are also significantly richer in volatiles, with 4.3 and 3.7 wt% respectively. During partial 

melting and bubble nucleation, the volatile content and also the amount of hydrous mineral phases 

(e.g. biotite and muscovite) is relevant, since it sets constraints on the temperature and pressure 

causing melting and volatile saturation, finally feeding the bubbles during mineral breakdown.   

TABLE 3: POROSITY 
CALCULATIONS 

 
Sample 

    
   Closed porosity (%)Δ 

     
       Pore3D     ImageJ       

  
SST-1B 5.57  6.94 
SST-3A 1.29  1.55 

Δ Error estimates lie within the difference 
between the two methods, i.e. ± 1.37 % for 
SST-1B and ±0.26 % for SST-3A.    
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Sample SST-1 (%) SST-2 SST-3 SST-4 SH-5 GC-sed. 
SiO2 89.53 87.66 88.79 65.39 62.84 32.35
Al2O3 4.64 6.06 5.35 15.33 17.04 11.61
Fe2O3 0.65 1.02 0.72 7.40 7.02 12.29
MgO 0.25 0.21 0.35 1.88 2.46 9.98
CaO 1.00 0.33 0.07 0.14 0.16 5.95
Na2O 0.24 0.9 0.08 1.43 1.54 2.61
K2O 2.41 2.80 3.02 2.70 4.27 0.92
TiO2 0.08 0.18 0.18 0.95 0.64 3.44
P2O5 0.06 0.07 0.03 0.19 0.10 0.94
MnO 0.01 0.01 0.01 0.05 0.05 0.21
Cr2O3 <0.002 <0.002 <0.002 0.013 0.011 0.038
Trace 
elements

0.0657 0.0985 0.0977 0.0950 0.10920 0.109

LOI 1.1 0.7 1.3 4.3 3.7 19.30

SUM 100.03 100.04 100.06 99.93 99.97 99.74

TABLE 4: BULK ROCK CHEMISTRY
 

 

 

 

 

 

 

 

 
 

6.5 Melt Chemistry 
Whole rock chemical compositions of starting materials and partial melt compositions of the 

experimental glasses, which respectively derive from XRF (Acme Analytical Laboratories, Vancouver 

Ltd., see Table 4) and EDS analysis (FE-EMPA at Uppsala University, see appendix), are normalised 

according to the CIPW norm and plotted in a ternary Qtz-Or-Ab phase diagram (Fig. 26).  

Whole rock data for SST-1, SST-2 and SST-3 are very similar and show SiO2 (qz) dominated 

sandstones (72-77 wt %) with approximately double as much orthoclase compared to albite (apart 

from SST-3 with markedly low albite content). Their partial melts mainly fall within less quartz-rich 

areas and closer to orthoclase than to albite. Overall there is a great chemical variation of the partial 

melts, which occurs both between samples and within the sample itself.  

Observations indicate varied compositions upon various degrees of partial melting. The quartz poor 

partial melts are indicative of preferential melting of feldspar components prior to quartz, and the 

higher the degree of partial melting the more quartz would be allowed to melt and data points would 

move upwards on the diagram, approaching the quartz region (e.g. see partial melts for SST-4 (green 

circles)). Also, as a result of earlier melting of orthoclase compared to albite, partial melts commonly 

reflect increased concentrations of orthoclase compared to albite. Local mineral chemistry is, most 

probably, very relevant to consider as well, since the small sample sizes would allow local melt 

chemistry to differ significantly even within the same sample. For example, if partial melting proceeds 

in feldspar dominated areas the melt would follow that chemistry and hence plot in the albite and/or 

anorthite corners. If more quartz dominated areas melt, they produce highly silica rich melts.  
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Figure 26. A) and B) Qtz-Or-Ab-H2O 
phase relations for selected 
experimental products (only sandstone 
lithologies, SH-5, GC-1 neglected), 
plotting whole rock chemistry (XRF) 
in triangles and melt chemistry (EDS) 
in circles. Each sample is assigned a 
specific colour, e.g. all red data points, 
both triangles and circles belong to the 
same sample, SST-2 in this case).  In 
(B) whole rock and melts are 
connected by solid lines, sample by 
sample. Dashed line (X) represents 
qtz-fsp cotectic for the system Qtz-Or-
Ab-H2O (Tuttle & Bowen, 1958), and 
the solid line (Y) denotes the qtz-fsp 
cotectic, with temperatures increasing 
down the thermal valley. Whole rock 
data points plot at a very similar bulk 
composition for SST-1, SST-2 and 
SST-3. The great variation of partial 
melt data reflect compositional 
dependence on the degree of partial 
melting, and a general preferential 
melting of feldspar before quartz. 
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6.6 Crustal Volatile Contribution 
Experimental results confirm that vesiculation occurs even at low starting volatile contents, of e.g. 0.9 

up to 4.3 wt% for the more porous sandstones (XRF), which is accordant with H2O concentrations in 

the shallow crust (e.g. Donoghue et al. 2008; 2010). Inferring that experiments apply to natural 

volcanic systems, this implies a consequent volatile release that has implications for the total magma 

volatile budget, but is dependent on the degree of crustal assimilation and crustal volatile content. The 

contribution of country rock volatiles during assimilation is modelled below according to a general 

mass balance equation (Eq. 2) and has been done for varying degrees of assimilation and crustal 

volatile contents (see Table 5). Conservative and viable values of assimilation are set at 10, 20 and 

25%, according to realistic assimilation rates predicted by e.g. the EF-AFC model (Energy –

Constrained Assimilation-Fractional Crystallisation) (Bohrson and Spera, 2001; Spera and Bohrson, 

2001). The original magma volatile content is set to 0.5 wt % (e.g. Tait et al. 1989). Assimilation of 

crust, with volatile content varying between 1 and 5 wt %, then contributes a specific amount of 

volatiles to the magma. This contribution follows a linear trend that rises with increasing assimilation 

rate and volatile content of the assimilant (Table 5, Fig. 27). 

 Ci = M1 * αi + M2 * αj   (Equation 2) 

 

Ci = concentration (%) of element αi, j in magma  

M1,2  = magma and crustal volume respectively  

αi, j = fraction of component 
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TABLE 5: CRUSTAL VOLATILE CONTRIBUTION TO MAGMA SYSTEMS 

 Initial 
magma 
volume 

 Volatiles 
(wt%) 

 Assimilation 
volume 

Crustal 
H2O 

(wt%)  

Magmatic 
H2O  

fraction 

Crustal  
H2O 

fraction 
 

Resultant 
total H2O 

(wt%)    

            

10
 %

 a
ss

m
ila

tio
n 0.90 * 0.5 + 0.10  * 1 → 0.45 + 0.1 = 0.55 

0.90 * 0.5 + 0.10  * 2 → 0.45 + 0.2 = 0.65 
0.90 * 0.5 + 0.10 * 3 → 0.45 + 0.3 = 0.75 
0.90 * 0.5 + 0.10 * 4 → 0.45 + 0.4 = 0.85 
0.90 * 0.5 + 0.10 * 5 → 0.45 + 0.5 = 0.95 

              

20
 %

 a
ss

m
ila

tio
n 0.80 * 0.5 + 0.20  * 1 → 0.4 + 0.2 = 0.6 

0.80 * 0.5 + 0.20 * 2 → 0.4 + 0.4 = 0.8 
0.80 * 0.5 + 0.20 * 3 → 0.4 + 0.6 = 1.0 
0.80 * 0.5 + 0.20 * 4 → 0.4 + 0.8 = 1.2 
0.80 * 0.5 + 0.20 * 5 → 0.4 + 1.0 = 1.4 

               

25
 %

 a
ss

m
ila

tio
n 0.75 * 0.5 + 0.25 * 1 → 0.375 + 0.25 = 0.625 

0.75 * 0.5 + 0.25 * 2 → 0.375 + 0.5 = 0.875 
0.75 * 0.5 + 0.25 * 3 → 0.375 + 0.75 = 1.125 
0.75 * 0.5 + 0.25 * 4 → 0.375 + 1.0 = 1.375 
0.75 * 0.5 + 0.25 * 5 → 0.375 + 1.25 = 1.625 

Φ Calculations according to Eq. 2 

Figure 27. Plot of crustal volatile contribution to magma systems at different degrees of assimilation, the 

staring magma volatile content is set at 0.5 wt%. 
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7. Discussion 

Textural analysis and comparison between samples from the natural xenolith record, and 

experimentally produced xenoliths, together with bubble porosity-, and melt chemistry data and 

modelled crustal volatile contribution, offer a means for comprehensive understanding and valuable 

insight into processes beneath the volcanic edifice. Hence, the following chapter focuses on tying 

together the different parts and setting them into a volcanological framework with some further-

reaching implications. The natural samples introduce the chapter and give fundamental background to 

recurring processes in nature, whereas the experimental section attempts to unravel the complete 

sequence of events that forms the natural end-products.  

 

7.1 Characteristics of Natural Xenoliths 

7.1.1 Bubble shape 

Comparison of the natural xenoliths and the experimental samples, reveal certain differences in 

vesicularity and vesicle shape. The natural samples show pervasive vesiculation significantly more 

voluminous compared to the experiments, also bubble shapes are more distorted from spherical and, 

often sheared (e.g. Wudo-xenolith, China), approaching tube shaped forms. Shearing arises from 

effects brought about in the magma reservoir and conduit, and also during transport, and hence cannot 

be adequately reproduced in the current experimental setup. Sheared and elongated bubble shapes 

have proved to carry significant coupling to permeable gas flow. Permeability (i.e. networking) is 

allowed at even lower rates of vesicle porosity when external forces drive bubble elongation and –

connectivity to form a permeable bubble network. This, in turn, increases the rates of volatile escape, 

heat transfer and xenolith cooling (c.f. Cashman & Mangan, 1994; Stasiuk et al., 1996; Rust & 

Cashman, 2004; Okumura et al., 2008; 2009; Zandomeneghi et al., 2010).  

Shear deformation in magma is well recognised from several earlier observations of natural pyroclastic 

rocks (e.g. Stasiuk et al., 1996; Saar & Manga, 1999; Polacci et al., 2001; Rust et al., 2003). These 

studies demonstrate that shear in magmas is recurrent, especially along the magma walls where strain 

rates are highest (c.f. Papale, 1999; Gonnermann & Manga, 2003), and significantly affects bubble 

morphologies and network formation. Likewise, experimental approaches attest that viscous 

permeability parallel to the shear direction commences at a vesicularity of ~30 volume % (Okumura et 

al., 2009), and that it, in this direction, strongly increases with shear deformation, while the 

permeability in other directions shows non-linear and complicated dependence. Shear-induced bubble 

coalescence by means of efficient bubble elongation is hence a contributing mechanism for the 
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development of gas pathways in natural systems (Okumura et al., 2008; 2009), assuming an existing 

volatile content.  

In addition to sheared bubbles, bubbles in natural xenoliths may also develop to spherical foam of 

bubbles (e.g. CQ), whose walls are thin lamellae of silicate glass separating one from the other. Foam 

mainly forms during voluminous and unrestricted bubble growth (c.f. Robert & Baker, 2004). The 

obvious difference in bubble shape and -appearance (e.g. sheared or spherical foam) suggest that 

bubble evolution is sensitive to the surrounding conditions. The variation of bubble morphologies 

within the natural record of xenoliths verifies sample uniqueness, regardless of geographical sample 

proximity, e.g. the localities Beaunit and Lemptégy are in the same volcanic region but yet xenoliths 

appear structurally are unrelated. Sample individuality and “personal history” is, namely, a collective 

result from all acting and interacting constraints of the volcanic system, which determine material 

ductility and susceptibility to bubble growth. These constraints and conditions are: (1) composition 

and (2) physical properties of each constituent (e.g. melting temperature, acting temperature, pressure 

release, residence time and shear), (3) chamber- and conduit- geometries, (4) eruptive regime, (5) 

magma type and (6) magma characteristics.  

 

7.1.2 Source rock lithology  

The sheer variety of rock lithologies that may be entrained as xenoliths into the magma is almost as 

diverse as the crust itself, and necessitates basic characterisation of the effects of the crustal basement. 

Sandstones and granites or gneisses are common rock types in the shallow crust, and form frequent 

xenoliths (e.g. Wörner et al., 1982; Wörner, 1985; Clarke et al., 1998; Goff et al., 2001; Hansteen & 

Troll, 2003; Troll et al., 2005; Aparicio et al., 2006; Chadwick et al., 2007; Shaw, 2009; Acosta –Vigil 

et al., 2010; Gruender et al., 2010). The natural record analysed here demonstrates differences between 

sedimentary and igneous types, based on diverging responses to the prevalent magmatic conditions.  

Judging from 3D- visualisation of bubble morphologies (see Fig. 14-17), granites and gneisses broadly 

follow a similar pattern of vesiculation. Bubble populations are commonly large and often 

pronouncedly sheared, and both, bubble size and -shape are inhomogeneous. Rock vesiculation is 

concentrated in discrete zones (c.f. experiments by Hurwitz & Navon (1994) and Mangan et al. (2004) 

on rhyolitic obsidians), mirroring the structural control from starting mineral composition that affects 

volatile content and timing of melting. Considering gneisses, in particular, metamorphic overprint 

equilibrated the rock and fused away substantial amounts of water, and importantly equilibrated the 

crystalline structure as well. Sandstones, on the other hand, show pervasive vesiculation and smaller 

bubble sizes. The bubble distribution is generally homogenous, as are bubble shapes as well, which 

often are closely spherical. The textural differences between the lithologies result from plutonic 

granites and gneisses originally being holocrystalline with interlocking crystals, with sandstones on 
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the other hand being composed of rounded mineral grains enclosed in a fine grained matrix. Therefore, 

sandstones would likely melt more homogenously, whereas melting of granites would be more 

confined by larger-grained mineral constituents that form interlocking mineral networks.  

The different response of crustal rocks to magmatic entrainment is heavily controlled by rock fusibility 

(from mineral composition) as a result of initial water content, and also the mechanical rock resistance 

to magmatic forces during entrainment and tearing of country rock. Granites, for example, can have 

higher volatile content than sandstones due to additional hydrous mineral phases like muscovite and 

biotite, both facilitating gas pressure build-up and early bubble nucleation, especially since these 

minerals melts first (Duffied & Ruiz, 1998). 

 

7.1.3 End products  
Natural xenoliths are end-products (or close to it), of magma-crust interaction processes and often 

represent considerable late stages of degassing, demonstrated by high vesicle percentages and tortuous 

bubble shapes. The natural samples are the complex and cumulative result of all interacting processes 

that formed the crustal rocks and all that they have been subjected to since entrainment into the magma 

and final emplacement on the surface. Rapid quenching during early rock emplacement on the surface 

conveniently freezes bubble textures, like thin bubble walls, and this prevents significant inter-bubble 

wall relaxation into the voids.  

Being end products with only some source rock characteristics left, natural samples give modest 

control on the evolutionary stages of xenolith inflation and degassing. As well, no system is alike and 

the natural xenoliths present us with an array of quetions and uncertainties, making it adventurous and 

complicated to fully untangle xenolith history without knowing the comprehensive stages of evolution 

in time and space. For that reason, reproductive experimental approaches offer fertile bridges to 

natural volcanic systems and feed a more thorough understanding. 

 

  



 

63 
 

7.2 Experimental Series 
Our experimental series presents fundamental insight into evolutionary stages for the production of 

natural xenoliths, and offers a mechanism of how crustal volatile liberation is accomplished in nature. 

The following chapter discusses results from the experimental work and applies results to natural 

volcanological systems. To give a brief overview of the applied experimental P-T-t conditions, the 

experiments are plotted in 3D space, in relation to pressure (MPa), time (hours) and temperature (˚C) 

(Fig. 28). 

 

 

 

  

Figure 28. Experimental conditions plotted in P-T-t 3D-space. The arrows indicate ascending xenoliths in 
magma reservoirs. Legend to the right gives representative volume renderings for the experimental products.   
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7.2.1 Experimental parameters: the governing factors  

The experimental set of bubble evolution can be broadly related to pressure, temperature, time and 

rock lithology. Bubble evolution is complex and the most important parameters controlling the 

dynamics of bubble growth are (1) viscosity, (2) diffusivity, (3) temperature, (4) ambient pressure, (5) 

volatile (H2O) concentration and (6) bubble separation. Each of these six parameters and their 

accompanied interdependent interactions alter the total bubble growth time by 2-4 orders of magnitude 

(Proussevitch & Sahagain, 1998). The sensitivity of bubble growth to varying parameters (including 

rock lithology), and their interaction complexity make bubble interpretations and parameter 

comparison in part difficult, but by combining the experimental approach with nature and bubble 

theory some advanced assessment of the overall phenomenon is quite possible.    

On a chemical basis, our experimental samples SST-1B, SST-3A and SST-3C are similar in both 

texture and composition, and therefore comparison with respect to P-T-t changes is straightforward. 

The growing bubble population from SST-3A to SST-1B follows elevated temperature, pressure and 

time. Sample SST-3C, on the other hand, experienced a pressure release setting in earlier than 

predicted (which should have been at the end of the run duration). Hence, SST-3C represents an early 

stage of magma-crust interaction, and since it had melted only very sparsely, decompression cracks 

formed during thermal expansion. 

Further, comparison to SST-4B implies that differences in sample lithology must be considered as 

well, in particular volatile content (see Table 3 and Fig. 26). Looking at bubble textures from bubble 

evolution in particular,  the distinct differences between SST-1B and SST-4B reveal that the former is 

a precursor to the latter (i.e. SST-4B). Conversely, the experimental conditions (P-T-t) for SST-1B and 

SST-4B are rather similar, hence suggesting that the starting lithology is decisive for bubble evolution. 

This confirms that the potential to release volatiles during partial melting is lithology dependent and 

controlled by, both, initial volatile content and mineral make-up. The initial volatile content in SST-4 

is close to four-fold higher than in SST-1, and this allowed onset of partial melting and gas release at a 

lower temperature and pressure (cf. Bowen, 1928). Bubble nucleation would consequently be allowed 

at an earlier stage too, once gas overpressure is sufficient, giving more time for mass transfer, bubble 

growth and migration. It follows that final bubble dimensions, bubble growth rates and networking 

increases drastically with high initial water content, relative to lower ones (c.f. Sparks, 1978; Cluzel et 

al., 2008). 

Moreover, the experimental granite C-10 demonstrates a considerably different behaviour compared 

sedimentary lithologies. Bubbles are spherical in shape and concentrated in certain regions controlled 

by original sample heterogeneity. Significantly, granites appear less prone to networking under similar 

P-T-t conditions than sandstones (SST-1B in this case), indicating higher threshold on bubble- and 

melt volumes to form interconnected networks in these lithologies.   
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7.2.2 Experimental artifacts  

For the experimental series, rock and capsule configuration in the autoclave cell influence bubble 

distribution and would have to be regarded an artifact when related to natural systems. This artifact is 

ascribed to gas bubble expansion that necessitates melt displacement that is most readily 

accommodated near the void space between the sample and the capsule wall. This implies that volatile 

migration preferably directs toward free surfaces (e.g. see SST-1B) (e.g. Mangan & Sisson, 2000), 

which is therefore a fundamental corner stone of my interpretation.  

 

7.2.3 Homogenous versus heterogeneous bubble nucleation 

The experimental suite envisages two different types of bubble nucleation that influence bubble 

distribution and -morphology. These types are termed homogenous (e.g. SST-1B) and heterogeneous 

bubble nucleation (e.g. SST-3A) and occur in relation to experimental conditions, which dictate ease 

of nucleation. The nucleation types are widely recognised in other experimental bubble work (e.g. 

Hurwitz & Navon, 1994; Gardner et al., 1999; Mourtada-Bonnefoi  & Laporte, 1999; 2000; Mangan  

& Sisson, 2000; Martel et al., 2000; Gardner & Denis, 2004; Mangan et al., 2004; Massol & 

Koyaguchi, 2005; Cluzel et al., 2008).  

Bubble theories ascribe heterogeneous nucleation as an effect of decompression before sufficiently 

high supersaturation pressure has been reached, and the ensuing bubble population turns out small and 

concentrated at the sample edges. The rock interior is typically bubble deficient as a result of gas 

diffusion en masse toward the already formed fringe bubbles (Mangan & Sisson, 2000). Whereas 

homogenous nucleation from the sample interior, on the other hand, occurs when the supersaturation 

pressure has reached sufficient high values and when the melt contains two times its equilibrium water 

content (c.f. Mangan & Sisson, 2000). On an energy basis, bubble nucleation occurs readily if 

heterogeneities exist (e.g. remnant crystals and microlites), offering physical interfaces onto which gas 

molecules attach and cluster. Homogenous nucleation in a uniform melt without facilitating surfaces is 

far more energy-consuming and proceeds with greater difficulty, hence demanding a larger 

supersaturation pressure (Hurwitz & Navon, 1994; Gardner et al., 1999; Mourtada-Bonnefoi & 

Laporte, 1999; 2002; Mangan & Sisson, 2000; Gardner & Denis, 2004; Mangan et al., 2004; Massol & 

Koyaguchi, 2005).  

Homogenous or heterogeneous nucleation is complexly controlled by experimentally induced 

conditions that bear implications on melt rheology. Differences in melt surface tension during 

nucleation under certain pressures are strongly coupled to the type of nucleation. This relationship is, 

however, ill constrained and strongly dependent upon melt composition, temperature and volatile 

content (Mangan & Sisson, 2000). Further experimental studies have brought in the parameter of 

decompression rate (Mangan & Sisson, 2000) and found that it, as well, is strongly associated with the 
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prevalence of homogenous or heterogeneous nucleation. Heterogeneous nucleation would occur at 

slow decompression rates (<0,025MPa/s), in a melt below the supersaturation threshold. If run 

duration increases, still at low supersaturation, the fringe bubbles would grow inwards by diffusion, 

but without allowing interior bubble nucleation (Mourtada-Bonnefoi & Laporte, 1999; 2002; Mangan 

& Sisson, 2000). Homogenous nucleation in the interior is, on the other hand, only triggered during 

higher decompression rates. Prior to the onset of internal nucleation it is suggested that, instead of 

vesiculation, the interior melt degasses by diffusion of volatiles to the early formed fringe bubbles. 

Though, if decompression rates are faster than diffusion can keep pace with, bubbles nucleate readily 

in the interior instead, i.e. homogenous nucleation.  

Heterogeneous nucleation is strongly related to high melt crystallinity (see above). Vesiculation in 

natural systems, in all likelihood, involves both heterogeneous and homogenous bubble nucleation 

since crystals are invariably present. Low crystal content and high decompression rates would, 

however, imply both heterogeneous and homogenous nucleation as volatile diffusion into the few 

heterogeneous and early formed bubbles on the few crystals present cannot sufficiently keep pace with 

the gases exsolved during fast decompression. Therefore degassing of the melt between crystals 

proceeds via homogenous nucleation at high supersaturation pressure. The relative dominance of 

homogenous versus heterogeneous nucleation is consequently largely controlled by magma 

crystallinity and decompression rate, which determines depth of vesiculation that impinges on magma 

ascent rates and eruptive behaviour (Sparks, 1978; Gardner et al., 1999; Mourtada-Bonnefoi & 

Laporte, 1999; 2002; Mangan & Sisson, 2000; Mangan et al., 2004).  

Heterogeneous nucleation mainly occurs as a single and early event during minor pressure drops at 

near equilibrium conditions in the magma chamber, forming a bubble population following Poisson 

normal distribution. Homogeneously nucleated bubbles, on the other hand, follow an exponential size 

distribution, and once triggered, when supersaturation has reached almost twice the H2O equilibrium 

concentration shallow in the magma conduit, it continues until the melt is sufficiently volatile depleted 

(Mangan & Sisson, 2000; Mangan et al., 2004). Careful characterisation of bubble size distributions in 

the natural xenoliths and the experimental samples would reveal the prevailing nucleation mechanism 

and disclose magmatic settings in chamber and conduit. 

 

7.2.4 Importance of bubble networking 

Our xenolith studies focus on bubble networking and the consequent potential for gas migration to the 

surrounding magma. Bubble networking forms a continuous chain of interconnected bubbles and, if 

sufficiently connected to the surface, generates a permeable rock. Following the percolation theory 

(Rust & Cashman, 2004), it could theoretically be calculated when such a network is expected. This 

occurs when bubble volume fraction encompasses the entire volume and exceeds a certain limit, i.e. 
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the critical porosity (percolation threshold) (Saar & Manga, 1999). The point of bubble 

interconnectivity and networking is the percolation threshold for the system and may occur at 

vesicularities as low as 10 % (Polacci et al., 2008) and even as low as ~6-7 % in our current 

experimental series (SST-1B). At this point of vesicularity, bubble interconnection creates a large 

network that encompasses the bulk of the exsolved gases. Internal pressure gradient forces in bubbles 

then drive the surrounding bubbles to coalesce with the network, finally giving rise to a surrounding 

melt that is depleted in volatiles. The network then experiences viscous drag from the walls, especially 

if the pathways are tortuous, that resists gas migration by complicating and decreasing the flow of gas 

(c.f. Klug & Cashman, 1996; Saar & Manga, 1999; Rust & Cashman, 2004). Also, at the point when 

the internal gas bubble-pressure has decreased by gas migration, the low pressure is insufficient to 

sustain the network. The network, hence, collapses, and forms a single, but large, “slug-bubble”. 

Together, these effects explain the evolution from a bubble network to a single slug-bubble, and are 

representative of a long duration experiment e.g. our SST-4B. This is likewise represented in some 

natural, highly vesicular rocks that show few but large vesicles (Polacci et al., 2008). The percolation 

threshold that accordingly must be surpassed before formation of a network, which evolves to a single 

vesicle, however, is sensitive to a variety of magmatic conditions. Modelled threshold values for 

spherical interconnecting bubbles in the magma is calculated to nearly 29% (Lorenz & Ziff, 2001) and 

formation of a single vesicle expectedly would occur anywhere above this threshold.  

Rock permeability for gas escape to the surroundings occurs above the percolation threshold and 

requires bubble connectivity, which is strongly related to rock porosity and vesicle microstructure that 

affect bubble collision rates and coalescence efficiency. This relationship is controlled by the 

formation, morphology, growth, deformation, homogeneity and coalescence of bubbles. Melt 

crystallinity, viscosity ratio between the melt and the gas, as well as decompression and degassing 

history are of significant importance (e.g. Klug & Cashman, 1996; Saar & Manga, 1999; Rust & 

Cashman, 2004; Okumura et al., 2009).  

 

7.2.5 Bubble evolution and explosive volcanism 

The aim of the experimental series was to reproduce evolutionary stages during xenolith formation, 

from crustal entrainment to final end-products, hence overcoming the difficulty of overprinting that is 

displayed in natural xenoliths. Experimental products closely reproduced the broad textures of the 

natural frothy xenoliths and define an evolutionary sequence, which cannot be inferred from the 

natural record. This evolution ranges from partial melting and the first nucleation of bubbles during 

decompression after 24 hours of steady-state high PT, to full melting and voluminous growth of 

bubble populations with time as the degree of partial melting increases, eventually developing three 

dimensional bubble networks for extensive gas exsolution, a process observed after ca. 5 days (see 
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Fig. 28 for P-T-t relations, Fig. 29 for experimental bubble evolution). The experimental series shows 

intermediate stages in between these end-points, arising not only from experimental P-T-t- constraints, 

but also from type of source rock.  

The efficiency of volatile release and escape is confirmed by vesicle concentration in glasses at high 

PT and long experimental run duration (SST-4B). Increasing experimental P-T-t conditions gradually 

progresses to a fourfold increase in bubble porosity, arising from growing bubble populations, as 

partial melting and gas exsolution progressively increase. For volatile poor sandstones, as our samples 

are (LOI 1.1- 1.3 wt %), the closed bubble porosity grew from 1.29 volume % at low P-T-t conditions 

(SST-3A) to 5.57 volume % (SST-1B) at elevated conditions, which is in addition to the voluminous 

open porosity for SST-1B. Further, this indicates the possibility of having even higher vesicularities if 

the system was allowed to evolve further. Besides, this reveals that gas expansion (in volume %) is 

several-fold compared to original volatile content (wt %) and attests to the great potential of crustal 

gas release from even common, volatile poor, sandstones. The release of volatiles in volcanic systems 

is, as well, relevant considering the enormous volumetric increase that occurs when water transforms 

to steam upon heating during e.g. phreatomagmatic eruptive events (c.f. Zimanowski et al., 1991; 

1997; 2003).  

The evolving sequence during gas exsolution is monitored by the high PT- experimental series (see 

Fig. 29 and 30). It commences with partial melting and gas pressure build-up as the incompatible 

behaviour of water molecules forces their migration to the melt (e.g. Gardner & Denis, 2004). If 

decompression and quench occur before the sample is sufficiently melted, it responds by 

decompression fractures as the solid material cannot accommodate the induced strain rates during 

thermal sample expansion as the pressure is released (SST-3C). If sufficient melting occurs, on the 

other hand, thermal expansion sets in and bubbles nucleate upon decompression. This occurs not only 

during the final decompression, but even minor pressure fluctuations may be sufficient enough to 

initiate nucleation (c.f. Hurwitz & Navon, 1994; Cluzel et al., 2008). If decompression occurs before 

sufficient supersaturation pressure has accumulated in the melt, bubbles nucleate heterogeneously on 

favour heterogeneities (e.g. relict crystals, microlites). This process takes the shape of small, isolated 

and spherical bubbles that nucleate in the first partial melt commonly occurring along grain boundaries 

and close to the sample surface (SST-3A). If, on the other hand, decompression occurs when the 

required supersaturation pressure is surpassed, bubbles nucleate homogenously in the sample core 

(e.g. SST-1B). Progressive melting and gas pressure build-up allow large scale bubble nucleation in 

the expanding melt, and bubbles grow in an isolated fashion until bubble distances lessen, and 

coalescence finally allows an interconnected network to form, which allows gas to migrate outwards 

to the sample surface (process commenced in SST-1B). If given sufficient supply of gas, the sample 

undergoes a transition from closed- to open-system degassing (e.g. Rust & Cashman, 2004), finally 

liberating most contained gases to the surroundings. If bubble networking proceeds to its extreme, the 
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network collapses as melt becomes more and more depleted with respect to volatiles, and one giant, 

single bubble remains in the charge (SST-4B). The internal gas network pressure simply cannot be 

sustained and bubbles concentrate into a slug. The surrounding melt is accordingly dehydrated and 

seemingly homogenous in its bubble deficiency. 

During experimentation, the gas released was trapped inside the gold capsule. This generated pressure 

build-up that finally exceeded the outside pressure and the capsule inflated (as was the case for SST-

1B and SST-4B). The accumulation of gas inside the capsule explains why fluids escaped from the 

capsule with a “puff” (SST-1B and SST-4B) when opened after experimentation (see Berg, 2010 for 

details).  

 

 

 

 

 

 

 

 

Figure 29. Evolutionary chart of bubble nucleation, -growth and –networking in the experimental 
products, following progressive melting and degassing.  
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Reflecting upon the function bubbles have in magmatic systems, it is possible to understand the 

importance of crustal volatile addition to magma reservoirs and the striking potential of even small 

supplementary amounts of gas to cause dramatic changes. Bubbles that rise by advective forces or 

with convecting melt patches induce an overpressure by carrying the hydrostatic pressure from the 

place of bubble formation to the top of the reservoir, thereby increasing the pressure throughout the 

system by ρgh (ρ= melt density, g= gravity acceleration, h= rising height) (Tait et al., 1989; Sahagian 

& Proussevitch, 1992; Pyle & Pyle, 1995). If the bubble-induced pressure increase becomes sufficient 

to exceed the tensile strength of magma chamber wall rocks, this phenomenon becomes a likely 

eruption trigger (c.f. Sahagian & Proussevitch, 1992). However, advective overpressure in volcanic 

systems is a balance between (1) bubble ascent rate, (2) gas escape from the system, (3) deformation 

and inflation of the volcanic edifice that lowers the pressure, (4) magma compressibility and (5) 

concurrent crystallisation resulting in gas exsolution and magmatic contraction (Tait et al., 1989; 

Sahagian & Proussevitch, 1992). Respecting these parameters, magma crystallisation alone will cause 

plausible overpressures that are sufficient to trigger eruption from possibly relatively small amounts 

(≤10%) of fractional crystallisation (c.f. Tait et al., 1989). At this point, crystallisation has given rise to 

a magmatic vesicularity amounting to a mass fraction of 10-3, equal to, approximately, 10-2- 10-1 

volume fraction. Thus, introducing an equal amount of gases (i.e. ~0.1- 1.0 vol. %) e.g. directly from 

crustal wall rocks (without invoking crystallisation processes), would, accordingly, give rise to equal 

Figure 30. Schematic sketch of qualitative evolutionary stages during high- PT bubble experiments. A) 
Heterogeneous nucleation at edges, at low saturation (SST-3A). B) Bubble nucleation in the core, multiple 
bubble generations and progressive coalescence (GC-1). C) Bubble networking and gas escape from the sample 
(SST-1B). Red arrows indicate direction of volatile motion. D) Network collapse and formation of a giant “slug-
bubble” (SST-4B). The sketch does not illustrate volumetric sample expansion on vesiculation. Note expansion 
sets in at stage (B) and increasses progressively towards (D).  
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overpressures and accompanied volume changes that might be sufficient to induce fragmentation and 

volcanic eruption.  

Our mass balance calculations on crustal volatile contribution to the total magmatic gas budget during 

assimilation (Table 5, Fig. 27), indicate that additions of ca. 0.1 vol. % of extra volatiles is attained 

with only 10 % of crustal assimilation of very common crustal rocks (e.g. as low as 1 % H2O). This 

implies that even small additions of crustal volatiles can induce overpressures sufficient to overcome 

the tensile strength of the magma chamber, stirring volcanic failure and eruption (c.f. Tait et al., 1989; 

Sahagian & Proussevitch, 1992). The dramatic effects then driving the system to explosive eruption 

result from the significant extra volumetric expansion of the bubbles in the magma and hence the 

magma body itself, as magma decompresses during ascent. The pressure release during ascent leads to 

an enormous expansion in vesicularity volume. According to Polacci et al. (2008), equilibrium 

vesiculation at 40 MPa with original magma volatile content of 1 wt % corresponds to 30 volume % 

vesicularity, whereas at 1 atm, the same amount of volatiles is equal to a vesicularity of 94 volume %. 

In addition to conventional processes like gas enrichment due to fractional crystallisation, higher gas 

volumes may also result from adding volatile rich assimilants. This work suggests that even small 

additions of such crustal volatiles can be significant for changing magma behaviour, as the dramatic 

effects of vesicle expansion become most pronounced on decompression. This leads to intensified 

magma fragmentation and thus increased explosivity of an eruption.  
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8. Summary and Conclusions 

The experimental approach, combined with high-resolution X-ray μ-CT, unravels vesicle formation 

during xenolith degassing, and broadly reproduces the evolutionary stages that natural crustal 

xenoliths undergo during magma-xenolith interaction. The work offers unprecedented insight into the 

mechanisms during partial melting and gas release in sedimentary lithologies, and gives detailed 

insight into bubble volumes, -networks and -connectivity in 3D. Collectively, these results feed into a 

more comprehensive understanding of volcanological effects brought about by xenolith assimilation, 

disintegration and devolatilisation in magma reservoirs and conduits. 

Our frothy experimental xenoliths define the following evolutionary sequence of processes during 

high pressure- high temperature treatment. 1) Tearing of country rock upon exposure to heat and 

pressure, 2) xenolith anatexis and devolatilisation, and eventually 3) xenolith disintegration down to 

single crystals (Fig. 31). The final vesicularities in the experimental products are direct equivalents of 

the volume fraction of gas exsolved from the xenolith melt. Crustal volatile contents as low as 1 wt% 

H2O for common sandstones (this study) have the capacity to release large volumes of gas, as is 

indicated by analysed sample vesicularities and expansion. The results therefore demonstrate the 

viability of significant devolatilisation of xenolith at shallow levels in the crust (160 MPa translate to ~ 

4-5 km) and from very common, generally volatile-poor, crustal rock types. Loosely consolidated, 

water-logged sediments in the uppermost crust would speed up the process considerably.  

Mass balance calculations on crustal assimilation indicate that additions of ≥ 0.1 vol. % of volatiles is 

attained after only 10 % of crustal assimilation of a 1% H2O country rock. The extra volume change 

caused by the addition of even such small amounts of volatiles can create overpressures sufficient to 

overcome the tensile strength of the rock and cause eruption (c.f. Tait et al., 1989). The dramatic 

effects driving the system to explosive eruption result from the enormous volumetric expansion of 

bubbles during decompression as magma ascends (c.f. Polacci et al., 2008). To put this in context, the 

conversion from e.g. water to steam causes a volumetric increase by factor 1000 (c.f. Zimanowski et 

al., 1991; 1997; 2003). Higher degrees of crustal assimilation (e.g. >10 %) would hence enforce and 

accelerate fragmentation and explosive eruptive behaviour.  

In addition, volcanic activity is well known to emit volcanic gases into the atmosphere. Recent studies 

show that volcanic degassing may not only comprise gases originating from the magma itself (e.g. 

Svensen et al. 2004; Deegan et al., 2010; Ganino & Arndt, 2010). Examples exist where the more 

voluminous input, in fact, derives from contact metamorphism with sedimentary rocks. In such cases, 

the remobilisation of crustal volatiles may outnumber the volatiles released from the magma itself. 

Such immense release of sedimentary volatiles (H2O, CO2, SO2 and CH4) into the atmosphere by 

magmatic intrusions is believed to be able to disturb atmospheric gas budgets with consequent climatic 
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effects (Sigurdsson, 2000). This is particularly relevant to crustal degassing during emplacements of 

large igneous provinces (LIPs) that seem frequently associated with former global warming and mass 

extinction events (e.g. Svensen et al., 2004; Svensen et al., 2007; Ganino & Arndt, 2010). Therefore, 

processes at the magma-crust interface demand increased future attention as its effects appear to have 

far more gravity than previously considered.  

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 31. A) Schematic diagram 

summarising crustal volatile 

mobilisation and volatile input to 

the magmatic system, during 

magmatic intrusion. B) Close-up of 

marked area in A. 1) Tearing of 

country rock upon heat and 

pressure. 2) Xenolith entrainment 

into the magma. 3) Xenolith 

devolatilisation. 4) Xenolith 

disintegration down to single 

xenocrysts. The image is a “joint 

effort” in collaboration with 

Valentin Troll, Lara Blythe, Ester 

Muñoz Jolis and myself.  
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Volt           : 15.00 kV
Mag.           : x 700
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 13.91 sec.
Real Time      : 14.58 sec.
DeadTime : 5.00 %
Count Rate     : 9556.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line

O 52.87 66.32 0.11 864423 0.0000000 K
Si 47.13 33.68 0.08 2599889 0.0000000 K
Total 100.00 100.00

SST‐1

Volt           : 15.00 kV
Mag.           : x 45
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.17 sec.
DeadTime : 5.00 %
Count Rate     : 9196.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio
Line

Na2O 1.28 1.44 0.35 0.48 67429 0.0000000 K
Al2O3 18.65 12.72 3.06 0.59 994144 0.0000000 K
SiO2 63.74 73.78 8.89 0.81 2760037 0.0000000 K
K2O 16.33 12.06 2.90 0.87 791523 0.0000000 K
Total 100.00 100.00 15.20

SST‐1
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Volt           : 15.00 kV
Mag.           : x 45
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.00 sec.
DeadTime : 5.00 %
Count Rate     : 7603.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Al2O3 3.30 2.12 0.60 0.35 158991 0.0000000 K
SiO2 31.54 34.38 4.90 0.43 1369938 0.0000000 K
CaO 28.97 33.83 4.83 0.58 1182202 0.0000000 K
TiO2 36.20 29.67 4.23 1.01 799916 0.0000000 K
Total 100.00 100.00 14.56
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Volt           : 15.00 kV
Mag.           : x 2,500
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.99 sec.
DeadTime : 4.00 %
Count Rate     : 7868.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

MgO 2.40 4.20 0.49 0.53 112833 0.0000000 K
Al2O3 28.75 19.87 4.67 0.62 1312959 0.0000000 K
SiO2 55.12 64.66 7.59 0.88 1972885 0.0000000 K
K2O 9.42 7.05 1.66 0.90 398661 0.0000000 K
FeO 4.30 4.22 0.50 3.26 54454 0.0000000 K
Total 100.00 100.00 14.90
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Volt           : 15.00 kV
Mag.           : x 17,000
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.08 sec.
DeadTime : 5.00 %
Count Rate     : 8654.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line
O 36.03 60.31 0.06 1426920 0.0000000 K
Mg 0.87 0.96 0.07 64667 0.0000000 K
Al 6.33 6.29 0.06 565039 0.0000000 K
Si 9.75 9.30 0.07 893980 0.0000000 K
K 2.97 2.04 0.11 205357 0.0000000 K
Fe 44.03 21.11 0.36 966522 0.0000000 K
Total 100.00 100.00
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Volt           : 15.00 kV
Mag.           : x 450
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.15 sec.
DeadTime : 5.00 %
Count Rate     : 9170.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O* 0.50 0.56 0.14 0.47 25781 0.0000000 K
Al2O3 18.56 12.71 3.06 0.58 981923 0.0000000 K
SiO2 63.53 73.82 8.89 0.79 2728255 0.0000000 K
K2O 17.41 12.90 3.11 0.85 835616 0.0000000 K
Total 100.00 100.00 15.20

SST‐1A
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Volt           : 15.00 kV
Mag.           : x 750
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Pixel          : 1280 x 960
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Volt           : 15.00 kV
Mag.           : x 270
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.17 sec.
DeadTime : 5.00 %
Count Rate     : 9056.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O 1.14 1.27 0.31 0.48 59289 0.0000000 K
Al2O3 18.63 12.69 3.05 0.59 985653 0.0000000 K
SiO2 64.31 74.30 8.93 0.81 2762256 0.0000000 K
K2O 15.92 11.74 2.82 0.87 764717 0.0000000 K
Total 100.00 100.00 15.11
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Volt           : 15.00 kV
Mag.           : x 270
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.19 sec.
DeadTime : 5.00 %
Count Rate     : 9600.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

MgO 4.75 8.05 0.94 0.75 256459 0.0000000 K
Al2O3 29.91 20.04 4.68 0.90 1540930 0.0000000 K
SiO2 57.74 65.67 7.66 1.28 2319807 0.0000000 K
K2O 4.39 3.19 0.74 1.30 209097 0.0000000 K
FeO 3.21 3.05 0.36 4.70 45955 0.0000000 K
Total 100.00 100.00 14.37
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Volt           : 15.00 kV
Mag.           : x 270
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.23 sec.
DeadTime : 5.00 %
Count Rate     : 9648.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line
O 52.29 65.80 0.11 1482346 0.0000000 K
Si 47.71 34.20 0.08 4597831 0.0000000 K
Total 100.00 100.00
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Volt           : 15.00 kV
Mag.           : x 7,000
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.16 sec.
DeadTime : 5.00 %
Count Rate     : 9291.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O 3.77 4.46 1.42 0.99 145745 0.0000000 K
MgO 7.65 13.93 2.22 1.00 321860 0.0000000 K
Al2O3 31.71 22.81 7.27 1.12 1354551 0.0000000 K
SiO2 4.12 5.03 0.80 1.47 148977 0.0000000 K
K2O* 0.38 0.30 0.10 1.23 20064 0.0000000 K
FeO 52.37 53.47 8.52 4.46 818271 0.0000000 K
Total 100.00 100.00 20.32
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Volt           : 15.00 kV
Mag.           : x 13,000
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.05 sec.
DeadTime : 4.00 %
Count Rate     : 8283.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Al2O3 4.01 2.81 1.15 1.10 153731 0.0000000 K
SiO2 9.26 11.00 2.26 1.27 340382 0.0000000 K
FeO 86.74 86.20 17.74 3.96 1341220 0.0000001 K
Total 100.00 100.00 21.16
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Volt           : 15.00 kV
Mag.           : x 160
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.15 sec.
DeadTime : 4.00 %
Count Rate     : 9080.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 0.81 0.91 0.22 0.09 42132 0.0000000 K
Al2O3 18.50 12.63 3.04 0.11 980797 0.0000000 K
SiO2 63.94 74.08 8.92 0.14 2753964 0.0000000 K
K2O 16.75 12.38 2.98 0.16 806254 0.0000000 K
Total 100.00 100.00 15.16
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Volt           : 15.00 kV
Mag.           : x 160
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.03 sec.
Real Time      : 26.24 sec.
DeadTime : 5.00 %
Count Rate     : 9492.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
SiO2 100.00 100.00 12.00 0.21 4615178 0.0000000 K
Total 100.00 100.00 12.00
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Mag.           : x 160
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.00 sec.
DeadTime : 4.00 %
Count Rate     : 7602.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Al2O3 4.29 2.75 0.78 0.09 202199 0.0000000 K
SiO2 32.21 35.09 4.99 0.11 1360773 0.0000000 K
CaO 29.06 33.92 4.82 0.14 1153221 0.0000000 K
TiO2 34.45 28.23 4.01 0.25 741258 0.0000000 K
Total 100.00 100.00 14.61
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Volt           : 15.00 kV
Mag.           : x 160
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.93 sec.
DeadTime : 4.00 %
Count Rate     : 7223.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
SiO2 0.91 1.10 0.23 0.17 31847 0.0000000 K
TiO2 15.00 13.67 2.86 0.31 354467 0.0000000 K
FeO 84.09 85.23 17.82 0.54 1224190 0.0000000 K
Total 100.00 100.00 20.91

SST‐2

Volt           : 15.00 kV
Mag.           : x 430
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.11 sec.
DeadTime : 4.00 %
Count Rate     : 8603.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Al2O3 1.25 0.77 0.20 0.15 58640 0.0000000 K
SiO2 76.53 79.85 10.56 0.19 3227648 0.0000000 K
FeO 22.21 19.38 2.56 0.74 313246 0.0000000 K
Total 100.00 100.00 13.33
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.12 sec.
DeadTime : 5.00 %
Count Rate     : 8946.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 2.85 3.01 0.72 0.10 139540 0.0000000 K
Al2O3 13.42 8.60 2.06 0.13 656281 0.0000000 K
SiO2 76.91 83.66 10.00 0.17 3120531 0.0000000 K
K2O 6.83 4.74 1.13 0.19 300638 0.0000000 K
Total 100.00 100.00 13.90
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Mag.           : x 3,500
Date           : 2011/05/06
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.09 sec.
DeadTime : 4.00 %
Count Rate     : 8488.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
MgO 0.91 1.57 0.30 0.13 35460 0.0000000 K
Al2O3 4.00 2.73 1.03 0.14 168606 0.0000000 K
SiO2 18.81 21.79 4.11 0.16 754613 0.0000000 K
FeO 76.29 73.92 13.94 0.51 1250839 0.0000001 K
Total 100.00 100.00 19.38

SST‐2A
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Volt           : 15.00 kV
Mag.           : x 350
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.13 sec.
DeadTime : 4.00 %
Count Rate     : 9076.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 1.12 1.25 0.30 0.09 58037 0.0000000 K
Al2O3 17.93 12.20 2.95 0.11 944215 0.0000000 K
SiO2 64.45 74.40 8.98 0.15 2764514 0.0000000 K
K2O 16.50 12.15 2.93 0.16 789792 0.0000000 K
Total 100.00 100.00 15.16
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Volt           : 15.00 kV
Mag.           : x 330
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.96 sec.
DeadTime : 4.00 %
Count Rate     : 7610.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

SiO2* 0.92 1.10 0.26 1.25 32052 0.0000000 K
FeO 99.08 98.90 23.48 3.79 1480368 0.0000001 K
Total 100.00 100.00 23.74

Chemical formula ms% mol% Cation Sigma Net K ratio Line
Na2O* 0.55 0.61 0.15 0.48 28850 0.0000000 K
Al2O3 18.35 12.48 2.99 0.59 988418 0.0000000 K
SiO2 65.06 75.09 9.01 0.81 2845831 0.0000000 K
K2O 16.04 11.81 2.83 0.87 782169 0.0000000 K
Total 100.00 100.00 14.98
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Volt           : 15.00 kV
Mag.           : x 1,100
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.12 sec.
DeadTime : 4.00 %
Count Rate     : 8931.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Al2O3 38.51 28.25 6.17 0.73 1970180 0.0000000 K
SiO2 50.82 63.27 6.91 1.10 1929812 0.0000000 K
K2O 10.67 8.47 1.85 1.10 486583 0.0000000 K
Total 100.00 100.00 14.93
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Volt           : 15.00 kV
Mag.           : x 170
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.20 sec.
DeadTime : 4.00 %
Count Rate     : 9691.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line
O 52.77 66.23 0.12 1509837 0.0000000 K
Si 47.23 33.77 0.10 4564674 0.0000000 K
Total 100.00 100.00

Chemical formula ms% mol% Cation Sigma Net K ratio Line

MgO 15.52 24.43 3.59 0.66 757664 0.0000000 K
Al2O3 14.68 9.14 2.68 0.81 661052 0.0000000 K
SiO2 40.80 43.08 6.32 1.04 1597550 0.0000000 K
K2O 9.53 6.42 1.89 1.01 462746 0.0000000 K
TiO2 2.69 2.14 0.31 2.20 60095 0.0000000 K
FeO 16.76 14.80 2.17 3.69 241632 0.0000000 K
Total 100.00 100.00 16.96
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Volt           : 15.00 kV
Mag.           : x 170
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.13 sec.
DeadTime : 5.00 %
Count Rate     : 9026.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Na2O* 0.40 0.43 0.10 0.09 19656 0.0000000 K
MgO 0.93 1.53 0.18 0.10 46549 0.0000000 K
Al2O3 16.58 10.78 2.55 0.12 815159 0.0000000 K
SiO2 73.73 81.38 9.62 0.16 2960964 0.0000000 K
K2O 8.36 5.88 1.39 0.17 368141 0.0000000 K
Total 100.00 100.00 13.85

SST‐3A

Volt           : 15.00 kV
Mag.           : x 1,500
Date           : 2011/05/05
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.15 sec.
DeadTime : 4.00 %
Count Rate     : 9183.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
MgO* 0.55 0.87 0.10 0.78 27756 0.0000000 K
Al2O3 10.79 6.76 1.60 0.91 534348 0.0000000 K
SiO2 83.55 88.90 10.54 1.21 3457165 0.0000000 K
K2O 5.11 3.47 0.82 1.37 224225 0.0000000 K
Total 100.00 100.00 13.07

SST‐3A
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Volt           : 15.00 kV
Mag.           : x 1,500
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.13 sec.
DeadTime : 4.00 %
Count Rate     : 8985.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line
O 52.18 66.00 0.10 1398178 0.0000000 K
Mg* 0.17 0.14 0.07 14729 0.0000000 K
Al 3.92 2.94 0.07 373510 0.0000000 K
Si 40.80 29.40 0.08 3728893 0.0000000 K
K 2.91 1.51 0.16 156600 0.0000000 K
Total 100.00 100.00

SST‐3A

Volt           : 15.00 kV
Mag.           : x 1,500
Date           : 2011/05/05
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.13 sec.
DeadTime : 4.00 %
Count Rate     : 8985.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

MgO* 0.29 0.45 0.05 0.73 14729 0.0000000 K
Al2O3 7.52 4.62 1.10 0.84 373510 0.0000000 K
SiO2 88.62 92.54 11.01 1.11 3728893 0.0000000 K
K2O 3.57 2.38 0.57 1.28 156600 0.0000000 K
Total 100.00 100.00 12.73
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Volt           : 15.00 kV
Mag.           : x 15,000
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.91 sec.
DeadTime : 3.00 %
Count Rate     : 7270.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Al2O3 2.82 2.10 0.50 0.34 133454 0.0000000 K
SiO2* 19.89 25.03 3.00 0.41 857667 0.0000000 K
K2O 1.96 1.58 0.38 0.40 104797 0.0000000 K
TiO2 75.32 71.29 8.53 0.92 1770758 0.0000000 K
Total 100.00 100.00 12.41
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Volt           : 15.00 kV
Mag.           : x 300
Date           : 2011/05/05
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.13 sec.
DeadTime : 5.00 %
Count Rate     : 9003.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O* 0.38 0.41 0.10 0.65 18829 0.0000000 K
MgO* 0.57 0.93 0.11 0.69 29026 0.0000000 K
Al2O3 12.68 8.14 1.95 0.80 631950 0.0000000 K
SiO2 76.81 83.73 10.05 1.06 3183410 0.0000000 K
K2O 8.88 6.18 1.48 1.18 397948 0.0000000 K
FeO* 0.67 0.61 0.07 4.29 9053 0.0000000 K
Total 100.00 100.00 13.77
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Volt           : 15.00 kV
Mag.           : x 300
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.16 sec.
DeadTime : 5.00 %
Count Rate     : 9020.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O* 0.53 0.59 0.14 0.46 27464 0.0000000 K
Al2O3 18.43 12.60 3.03 0.57 984402 0.0000000 K
SiO2 63.92 74.14 8.93 0.78 2772899 0.0000000 K
K2O 17.12 12.67 3.05 0.84 829436 0.0000000 K
Total 100.00 100.00 15.15
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Volt           : 15.00 kV
Mag.           : x 95
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.15 sec.
DeadTime : 4.00 %
Count Rate     : 9090.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O* 0.44 0.46 0.11 0.70 21407 0.0000000 K
MgO* 0.56 0.89 0.11 0.74 27801 0.0000000 K
Al2O3 10.03 6.31 1.52 0.86 491874 0.0000000 K
SiO2 81.61 87.15 10.47 1.13 3366347 0.0000000 K
K2O 6.51 4.43 1.07 1.28 286020 0.0000000 K
FeO* 0.85 0.76 0.09 4.62 11200 0.0000000 K
Total 100.00 100.00 13.36
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Volt           : 15.00 kV
Mag.           : x 1,800
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 11.89 sec.
Real Time      : 12.52 sec.
DeadTime : 5.00 %
Count Rate     : 10167.00 CPS

Chemical formula ms% mol% Sigma Net K ratio Line
O 32.03 65.01 0.09 276151 0.0000000 K
Si 13.49 15.60 0.04 721238 0.0000000 K
Zr 54.47 19.39 0.14 1388722 0.0000000 L
Total 100.00 100.00
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Volt           : 15.00 kV
Mag.           : x 450
Date           : 2011/05/05
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 10.42 sec.
Real Time      : 10.91 sec.
DeadTime       : 4.00 %
Count Rate     : 9713.00 CPS

Chemical formula ms% mol% Cation Sigma Net
K ratio Line

O
SiO2 100.00 100.00 12.00 0.19

1949349 0.0000000 K
Total 100.00 100.00 12.00

Chemical formula ms% mol% Cation Sigma Net K ratio Line

SiO2 100.00 100.00 12.00 1.09 4666554 0.0000000 K
Total 100.00 100.00 12.00
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Volt           : 15.00 kV
Mag.           : x 190
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.12 sec.
DeadTime : 4.00 %
Count Rate     : 9026.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Al2O3 10.97 6.96 1.65 0.87 536132 0.0000000 K
SiO2 81.92 88.16 10.47 1.15 3340334 0.0000000 K
K2O 7.11 4.88 1.16 1.30 307936 0.0000000 K
Total 100.00 100.00 13.28
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Volt           : 15.00 kV
Mag.           : x 4,000
Date           : 2011/05/05
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.90 sec.
DeadTime : 4.00 %
Count Rate     : 7063.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

MgO 4.59 8.36 1.25 0.39 191758 0.0000000 K
Al2O3 2.99 2.16 0.64 0.43 129668 0.0000000 K
SiO2 4.20 5.14 0.77 0.51 171525 0.0000000 K
K2O 0.54 0.42 0.13 0.45 29918 0.0000000 K
TiO2 55.96 51.48 7.68 1.01 1388870 0.0000000 K
FeO 31.72 32.45 4.84 1.77 486453 0.0000000 K
Total 100.00 100.00 15.30
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.18 sec.
DeadTime : 4.00 %
Count Rate     : 9568.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
SiO2 100.00 100.00 12.00 0.19 4568970 0.0000000 K
Total 100.00 100.00 12.00
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.14 sec.
DeadTime : 5.00 %
Count Rate     : 9293.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
MgO 1.83 2.94 0.35 0.10 90149 0.0000000 K
Al2O3 14.49 9.18 2.21 0.11 698916 0.0000000 K
SiO2 75.63 81.32 9.77 0.15 3030123 0.0000000 K
K2O 3.20 2.19 0.53 0.17 141298 0.0000000 K
FeO 4.85 4.37 0.52 0.60 64742 0.0000000 K
Total 100.00 100.00 13.39
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Volt           : 15.00 kV
Mag.           : x 350
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.08 sec.
DeadTime : 4.00 %
Count Rate     : 8608.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
MgO 0.81 1.51 0.17 0.09 40449 0.0000000 K
Al2O3 38.62 28.42 6.28 0.10 1869661 0.0000000 K
SiO2 48.29 60.29 6.66 0.15 1738593 0.0000000 K
K2O 12.28 9.78 2.16 0.15 534114 0.0000000 K
Total 100.00 100.00 15.28
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Volt           : 15.00 kV
Mag.           : x 1,200
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.06 sec.
DeadTime : 4.00 %
Count Rate     : 8013.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Al2O3 2.24 2.85 0.51 0.33 64218 0.0000000 K
SiO2 2.24 4.84 0.44 0.39 61314 0.0000000 K
P2O5 33.12 30.24 5.45 0.40 798926 0.0000000 K
CaO 4.43 10.25 0.92 0.43 137872 0.0000000 K
FeO 12.31 22.21 2.00 1.23 139137 0.0000000 K
La2O3 13.42 5.34 0.96 1.40 197142 0.0000000 L
CeO2 32.23 24.27 2.19 1.44 466125 0.0000000 L
Total 100.00 100.00 12.47
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Volt           : 15.00 kV
Mag.           : x 330
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.98 sec.
DeadTime : 4.00 %
Count Rate     : 7848.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
MgO 8.45 14.22 1.98 0.11 332301 0.0000000 K
Al2O3 22.13 14.73 4.10 0.13 848890 0.0000000 K
SiO2 35.80 40.42 5.63 0.17 1162125 0.0000000 K
K2O 3.77 2.72 0.76 0.16 156996 0.0000000 K
TiO2 2.94 2.50 0.35 0.35 57166 0.0000000 K
FeO 26.90 25.41 3.54 0.59 334025 0.0000000 K
Total 100.00 100.00 16.35
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Volt           : 15.00 kV
Mag.           : x 400
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.11 sec.
DeadTime : 5.00 %
Count Rate     : 8884.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 2.72 2.84 0.67 0.10 129881 0.0000000 K
Al2O3 13.00 8.24 1.96 0.13 619946 0.0000000 K
SiO2 79.73 85.80 10.18 0.17 3155741 0.0000000 K
K2O 4.54 3.12 0.74 0.19 194074 0.0000000 K
Total 100.00 100.00 13.55
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Volt           : 15.00 kV
Mag.           : x 400
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.15 sec.
DeadTime : 4.00 %
Count Rate     : 9067.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
MgO 10.91 20.66 2.72 0.10 518961 0.0000000 K
Al2O3 51.45 38.51 10.14 0.11 2353480 0.0000000 K
SiO2 4.18 5.31 0.70 0.17 146328 0.0000000 K
FeO 33.45 35.53 4.68 0.50 511054 0.0000000 K
Total 100.00 100.00 18.23
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.90 sec.
DeadTime : 3.00 %
Count Rate     : 7156.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
MgO 0.83 1.55 0.25 0.11 32573 0.0000000 K
Al2O3 1.24 0.92 0.29 0.11 52107 0.0000000 K
SiO2 1.49 1.87 0.30 0.13 59714 0.0000000 K
TiO2 51.18 48.23 7.62 0.25 1273084 0.0000000 K
FeO 45.25 47.42 7.49 0.44 693716 0.0000000 K
Total 100.00 100.00 15.94
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.18 sec.
DeadTime : 5.00 %
Count Rate     : 9204.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 1.25 1.25 0.30 0.12 62466 0.0000000 K
Al2O3 5.34 3.24 0.78 0.15 271226 0.0000000 K
SiO2 91.52 94.27 11.27 0.19 3974790 0.0000000 K
K2O 1.88 1.24 0.30 0.22 84553 0.0000000 K
Total 100.00 100.00 12.64
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.07 sec.
DeadTime : 5.00 %
Count Rate     : 8633.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 1.94 2.15 0.54 0.09 87410 0.0000000 K
MgO 4.56 7.76 0.97 0.09 214633 0.0000000 K
Al2O3 27.11 18.24 4.57 0.11 1250069 0.0000000 K
SiO2 48.40 55.27 6.92 0.15 1805484 0.0000000 K
K2O 2.60 1.90 0.47 0.15 119689 0.0000000 K
FeO 15.38 14.69 1.84 0.53 212500 0.0000000 K
Total 100.00 100.00 15.31
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Volt           : 15.00 kV
Mag.           : x 430
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.90 sec.
DeadTime : 3.00 %
Count Rate     : 6318.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line
O
Na2O 1.04 1.18 0.36 0.08 36963 0.0000000 K
MgO 1.42 2.47 0.38 0.08 56197 0.0000000 K
Al2O3 8.46 5.83 1.80 0.09 352317 0.0000000 K
SiO2 27.00 31.55 4.87 0.11 1028553 0.0000000 K
K2O 1.44 1.07 0.33 0.10 71370 0.0000000 K
TiO2 14.12 12.41 1.91 0.21 328682 0.0000000 K
FeO 46.53 45.49 7.02 0.37 681136 0.0000000 K
Total 100.00 100.00 16.67

SST‐4A

Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.08 sec.
DeadTime : 4.00 %
Count Rate     : 8384.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O 2.70 2.68 0.79 0.46 125638 0.0000000 K
MgO 8.55 13.03 1.93 0.49 413315 0.0000000 K
Al2O3 11.56 6.97 2.06 0.58 537903 0.0000000 K
SiO2 44.35 45.35 6.70 0.74 1799342 0.0000000 K
K2O 0.95 0.62 0.18 0.73 46815 0.0000000 K
CaO 18.40 20.16 2.98 0.98 713406 0.0000000 K
TiO2 4.05 3.11 0.46 1.65 88541 0.0000000 K
FeO 9.44 8.07 1.19 2.74 134783 0.0000000 K
Total 100.00 100.00 16.30
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Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.03 sec.
Real Time      : 26.16 sec.
DeadTime : 4.00 %
Count Rate     : 9086.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O 6.19 6.68 1.69 0.60 305720 0.0000000 K
MgO 1.21 2.00 0.25 0.66 59215 0.0000000 K
Al2O3 18.23 11.96 3.02 0.75 893981 0.0000000 K
SiO2 57.29 63.78 8.06 1.01 2334426 0.0000000 K
K2O 4.74 3.37 0.85 1.04 226031 0.0000000 K
CaO 3.67 4.38 0.55 1.39 138333 0.0000000 K
TiO2 2.56 2.14 0.27 2.26 55902 0.0000000 K
FeO 6.11 5.69 0.72 3.78 86704 0.0000000 K
Total 100.00 100.00 15.43
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Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 25.87 sec.
DeadTime : 3.00 %
Count Rate     : 6938.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

Na2O 1.15 1.15 0.32 0.71 39441 0.0000000 K
MgO 13.42 20.65 2.85 0.75 480722 0.0000000 K
Al2O3 18.49 11.25 3.10 0.93 611764 0.0000000 K
SiO2 49.78 51.39 7.09 1.22 1393727 0.0000000 K
K2O 1.19 0.79 0.22 1.20 40808 0.0000000 K
CaO 4.11 4.54 0.63 1.59 111955 0.0000000 K
FeO 11.85 10.23 1.41 4.37 121119 0.0000000 K
Total 100.00 100.00 15.62
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Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.01 sec.
Real Time      : 26.15 sec.
DeadTime : 4.00 %
Count Rate     : 9090.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O*
MgO 43.67 54.89 9.91 0.09 2212293 0.0000000 K
SiO2 38.98 32.88 5.94 0.16 1474609 0.0000000 K
FeO 17.35 12.24 2.21 0.54 251998 0.0000000 K
Total 100.00 100.00 18.06
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Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.02 sec.
Real Time      : 26.09 sec.
DeadTime : 3.00 %
Count Rate     : 8469.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Na2O* 0.69 0.65 0.20 0.07 32675 0.0000000 K
MgO 12.18 17.80 2.75 0.07 613768 0.0000000 K
Al2O3 8.09 4.68 1.44 0.09 382927 0.0000000 K
SiO2 44.36 43.50 6.71 0.11 1861959 0.0000000 K
CaO 22.74 23.89 3.69 0.14 907769 0.0000000 K
TiO2 3.68 2.72 0.42 0.24 82332 0.0000000 K
FeO 8.26 6.77 1.04 0.40 120879 0.0000000 K
Total 100.00 100.00 16.25
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Volt           : 15.00 kV
Mag.           : x 180
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.03 sec.
Real Time      : 26.11 sec.
DeadTime : 5.00 %
Count Rate     : 8207.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
MgO 13.13 18.97 2.94 0.09 646057 0.0000000 K
Al2O3 6.39 3.65 1.13 0.11 293247 0.0000000 K
SiO2 46.22 44.79 6.94 0.13 1893835 0.0000000 K
CaO 22.56 23.42 3.63 0.18 873125 0.0000000 K
TiO2 3.76 2.74 0.43 0.31 81567 0.0000000 K
FeO 7.93 6.43 1.00 0.51 112623 0.0000000 K
Total 100.00 100.00 16.07
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Volt           : 15.00 kV
Mag.           : x 650
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.09 sec.
DeadTime : 4.00 %
Count Rate     : 8629.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Na2O* 0.51 0.48 0.15 0.08 24353 0.0000000 K
MgO 12.98 18.87 2.93 0.08 655214 0.0000000 K
Al2O3 7.17 4.12 1.28 0.10 338291 0.0000000 K
SiO2 44.71 43.59 6.76 0.12 1880724 0.0000000 K
CaO 22.01 22.99 3.57 0.16 880497 0.0000000 K
TiO2 3.99 2.92 0.45 0.27 89351 0.0000000 K
FeO 8.63 7.03 1.09 0.45 126586 0.0000000 K
Total 100.00 100.00 16.22
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Volt           : 15.00 kV
Mag.           : x 650
Date           : 2011/05/06
Pixel          : 1280 x 960
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.84 sec.
DeadTime : 4.00 %
Count Rate     : 6928.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
MgO 14.15 21.95 3.03 0.14 507489 0.0000000 K
Al2O3 17.42 10.68 2.95 0.17 577369 0.0000000 K
SiO2 47.06 48.97 6.76 0.22 1331957 0.0000000 K
K2O 1.12 0.74 0.21 0.22 39086 0.0000000 K
CaO 1.72 1.91 0.26 0.29 47747 0.0000000 K
TiO2 4.46 3.49 0.48 0.47 72126 0.0000000 K
FeO 14.07 12.24 1.69 0.80 146228 0.0000000 K
Total 100.00 100.00 15.38
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.03 sec.
DeadTime : 4.00 %
Count Rate     : 8373.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Na2O 3.05 2.93 0.89 0.08 138690 0.0000000 K
MgO 15.73 23.21 3.52 0.09 738764 0.0000000 K
Al2O3 11.60 6.77 2.05 0.11 502274 0.0000000 K
SiO2 43.33 42.90 6.50 0.14 1653534 0.0000000 K
CaO 11.32 12.01 1.82 0.18 424049 0.0000000 K
TiO2 2.65 1.98 0.30 0.30 56817 0.0000000 K
FeO 12.33 10.21 1.55 0.50 171035 0.0000000 K
Total 100.00 100.00 16.62
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Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.87 sec.
DeadTime : 3.00 %
Count Rate     : 6982.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
MgO 2.65 4.73 0.97 0.21 89263 0.0000000 K
Al2O3 4.12 2.90 1.19 0.23 149267 0.0000000 K
SiO2 0.80 0.96 0.20 0.26 27935 0.0000000 K
TiO2 11.50 10.35 2.12 0.46 272855 0.0000000 K
FeO 80.93 81.05 16.61 0.81 1185405 0.0000000 K
Total 100.00 100.00 21.09
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.02 sec.
Real Time      : 26.12 sec.
DeadTime : 5.00 %
Count Rate     : 8756.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio
Line

O
Na2O 2.58 2.41 0.73 0.08 125037 0.0000000 K
MgO 19.06 27.31 4.16 0.09 947912 0.0000000 K
Al2O3 10.14 5.74 1.75 0.11 451773 0.0000000 K
SiO2 46.08 44.29 6.75 0.14 1815814 0.0000000 K
CaO 11.75 12.10 1.84 0.18 449413 0.0000000 K
TiO2 2.49 1.80 0.27 0.30 54272 0.0000000 K
FeO 7.90 6.35 0.97 0.50 112007 0.0000000 K
Total 100.00 100.00 16.47

GC‐2



115

Volt           : 15.00 kV
Mag.           : x 4,500
Date           : 2011/05/06
Pixel          : 1280 x 960

001[]

keV
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

C
o

u
n

ts
[x

1
.E

+
3

]

0.0

1.0

2.0

3.0

4.0

5.0

001

Ti
Ti

O

Fe
Fe

Mg

Ti

FeKesc
Ti

Fe

Fe

Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 25.93 sec.
DeadTime : 3.00 %
Count Rate     : 7310.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
MgO 3.63 6.60 1.10 0.19 136421 0.0000000 K
TiO2 47.34 43.41 7.26 0.46 1142690 0.0000000 K
FeO 49.03 50.00 8.37 0.80 729815 0.0000000 K
Total 100.00 100.00 16.74
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Acquisition Condition
Instrument     : 8530F
Volt           : 15.00 kV
Current        : 0.10 nA
Process Time   : T2
Live time      : 25.00 sec.
Real Time      : 26.20 sec.
DeadTime : 5.00 %
Count Rate     : 9635.00 CPS

Chemical formula ms% mol% Cation Sigma Net K ratio Line

O
Na2O 5.19 5.71 1.40 0.20 250360 0.0000000 K
Al2O3 24.99 16.72 4.10 0.25 1217535 0.0000000 K
SiO2 51.32 58.26 7.14 0.34 2014455 0.0000000 K
CaO 8.25 10.03 1.23 0.45 310123 0.0000000 K
TiO2 4.74 4.04 0.50 0.75 102058 0.0000000 K
FeO 5.51 5.23 0.64 1.25 76862 0.0000000 K
Total 100.00 100.00 15.01
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