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Abstract 
Behaviour of Boron Isotopes During Magmatic Degassing and Application to B-Rich 
Volcanic Glass from Lesbos, Greece
Konstantinos Thomaidis 

Boron is a fluid mobile trace element and is routinely employed as a tracer of slab-derived fluids in 
subduction zones since the heavy isotope (11B) preferentially partitions into the fluid phase during slab 
dehydration. However, it has been shown experimentally that boron isotopes (expressed as δ11B) can 
fractionate by up to several permil (‰) during subsequent magmatic evolution and degassing at high 
temperature, calling into doubt the fidelity of boron isotopes in volcanic glass as accurate tracers of 
slab degassing.  

In order to test for isotopic fractionation during magmatic degassing in a well-constrained natural 
case and to further elucidate isotope fractionation during pre-eruptive magma storage and degassing in 
the shallow crust, we carried out Secondary Ion Mass Spectrometry (SIMS) analyses of boron-rich 
rhyolitic glass from a post-subduction extensional setting at Lesbos Island, Greece. Analytical points 
were set as traverses from bubbles into the surrounding glass in order to test for changes in δ11B values 
during volatile exsolution.  

The glass records pre-eruptive magma storage at ~93 MPa and 800-850oC, and an average water 
content of 3.4 wt.% (FTIR). This water content is very close to the water calculated to be soluble in 
the final pre-eruptive melt, indicating that pre-eruptive degassing during final ascent and eruption was 
minor. With respect to its boron content and δ11B value, the glass is statistically homogeneous at the 
2σ level, although minor heterogeneity can be observed at the 1σ level. The average boron 
concentration and δ11B of the volcanic glass is ~102 μg/g (n=60 SIMS, n=1 PGNAA) and -4.31‰ 
(n=60 SIMS, n=2 MC-ICP-MS), respectively. Our data imply that boron isotopes undergo no 
detectable fractionation beyond 2σ uncertainty during degassing at magmatic temperatures in rhyolitic 
systems. This finding allows us to reconstruct the Lesbos magma’s δ11B values at its final holding 
stage prior to eruption. We interpret the data to indicate a slab fluid input, as the analysed glass has 
slightly heavier δ11B values and significantly elevated B/Ce ratio (0.66) than depleted mantle (δ11B = -
7.1 ±0.9‰, B/Ce = 0.10). Therefore, during closed system magmatic evolution, δ11B values in 
volcanic glass may reliably record the δ11B values of undegassed magma, and may thus be useful for 
investigation of subduction fluids in arcs. 
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Populärvetenskaplig sammanfattning 
Borisotopers beteende under magmatisk avgasning och deras applikationer på
B-rikt, vulkaniskt glas från Lesbos i Grekland 
Konstantinos Thomaidis 

Bor är ett väldigt mobilt spårämne, särskilt i vätskefas och nyttjas därför ofta som en indikator för 
subduktion samt de magmatiska och hydrotermala vätskorna kopplade till dessa tektoniska miljöer. 
Detta då den tyngre isotopen av bor (11B) föredrar att partitionera sig i vätskefasen. Men det har visats 
experimentellt att isotoper av bor (uttrycks δ11B) kan fraktionera upp till flera ppm (parts per million, 
miljondelar, uttrycks ‰) under magmatisk utveckling med frigörande av gaser vid hög temperatur. 
Detta innebär att användandet av borisotoper i vulkaniskt glas har ifrågasatts som en pålitlig och 
sanningsenlig metod för att mäta ”avgasning” från tektoniska plattor som genomgår subduktion. 
Därför har vi valt att testa isotopfraktionering under magmatiska avgasning i tydligt definierad och 
kontrollerad naturlig miljö. Detta genom att nyttja masspektrometri av typen SIMS på bor-rikt, 
vulkaniskt glas av ryolit. Dessa prover kommer från en postsubduktion och extensionstekonisk miljö, 
ön Lesbos i Grekland. Detta för att klargöra isotopfraktioneringsbeteendet för bor innan och under 
avgasning hos ett ytligt magmaförvar.   

Det undersökta vulkaniska glaset klassificeras som obsidian och innehåller mindre vesiklar samt 
perlitiska ringtexturer. Det består av ~95% vulkaniskt glas, ~5% större kristaller av plagioklas, Fe-Ti 
oxider samt biotit samt mindre kristaller av zirkon och apatit. Prov Le-9 och dess vulkaniska glas har 
ett medelvärde av SiO2 på 70.4 wt. % samt K2O-halt av 6.7 wt. % (n=107), vilket gör att den klassas 
som en ryolit med hög kaliumhalt.  

I vår studie användes analyspunkter i form av traverser från bubblor in till det omringande 
vulkaniska glaset för att testa för förändringar i δ11B under avgasning av volatila gaser. Det vulkaniska 
glaset visar att magman före eruption förvarades vid ~93 MPa, 800-850oC temperatur samt en 
medelvattenkvot på 3.4 wt. %, beräknats genom Fourier tranformationer med infraröd spektroskopi 
(FTIR). Vattenkvoten är väldigt nära den beräknade vattenkvoten som var lösbar i en pre-eruptiv 
ryolitsmälta, vilket indikerar att avgasning före utbrottet och under transport i jordskorpan var liten. 
Borhalten och isotopvariationer för bor (δ11B), i det vulkaniska glaset visar en homogen population 
med sett över två standardavvikelser (2σ), med mindre deviationer för en standardavvikelse (1σ). 
Medelkoncentrationen av bor och δ11B-värdet för proverna är ~102 μg/g (n=60 SIMS, n=1 PGNAA) 
samt -4.31‰ (n=60 SIMS, n=2 MC-ICP-MS). 

Våra resultat innebär att de olika borisotoperna varierar inte märkbart i fraktionering efter 2 
standardavvikelser (2σ) vid avgasning för magmatiska temperarturer i felsiska system. Detta resultat 
ger oss möjligheten att återskapa δ11B-värden för Lesbos magma före utbrott. Vi har därför funnit 
bevis för att det fanns en subduktionskomponent med tillhörande vätskor, då analyserade vulkaniskt 
glas innehåller högre δ11B-värden, höga B/Ce-halter (0.66) vid jämförelse med värden för den 
utarmade manteln (δ11B = -7.1 ±0.9‰, B/Ce = 0.10). Detta innebär att i ett slutet magmatiskt system 
kan vulkaniskt glas pålitligt bevara δ11B-värden för icke-avgasad magma, vilket är mycket användbart 
i forskningen kring vätskor i subduktionszoner. 

Nyckelord: borisotoper, vulkaniskt glas, SIMS, magmatisk avgasning, Lesbos 
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1. Introduction

1.1.  Fluids and melts in subduction zones 
From the beginning of historical records humans have realized that mother-earth is a "life giver" and 

an unexplained mystery. From Theophrastus (371-287 BC) and his treatise "Peri Lithon" (On Stones) 

to Georgius Agricola (1494-1555), the father of mineralogy, and until the present day, with the aid of 

increasing technological capabilities, humans are trying to understand earth and all its secrets.  

Arguably the most complex geological environments are convergent continental margins (i.e. 

subduction zones). Convergent margins are the boundaries between two tectonic plates which are 

moving towards each other and thus collide or subduct. Subduction zones are also referred to as "mass 

recycling factories" as they are areas where seawater, sediments and oceanic lithosphere are returned 

to and reequilibrate with lithospheric mantle, triggering melting and creating continental crust (Stern, 

2002). The "subduction factory" recycles raw materials from mantle and oceanic lithosphere, 

transferring them to the upper plate and in some cases the atmosphere, in the form of melts, aqueous 

fluids and gases. Moreover, subduction zones are associated with volcanism and volcanic arcs, deep 

sea trenches, ore deposits and geothermal energy, thus making them of high scientific and societal 

interest.  

Fluids and melts are primarily responsible for the chemical differentiation of earth, as they transfer 

material from sources deep in the mantle to the shallow crust. These mass transportation processes are 

pivotal for the enrichment of soluble elements in the outer layers of earth and convergent margins play 

a key role in this process, as briefly described above (Marschall and Jiang, 2011). Fluids and melts 

also play a very important role in geologic processes such as ore formation, metamorphism and 

magma generation (Hervig et al., 2002). It can be challenging to study fluids and melts directly, 

however, especially as they tend to migrate and/or crystallize over time. This is why researchers often 

focus on minerals because they can preserve the chemical (and isotopic) characteristics of the 

environment in which they grew (e.g. Davidson et al., 2005; Budd et al., 2017). In some cases melts 

are preserved as glasses if they escaped the crystallization process and were rapidly quenched. This is 

the case for the Lesbos rhyolitic glass investigated in this thesis. 

1.2.  Boron and boron isotopes 
Boron is the fifth element in the periodic table and is intriguing to scientists as, unlike most other 

elements in the periodic table, it is not created in stars (Grew, 2016). Boron is considered to be a 

quintessential element of the earth's upper continental crust (Grew, 2015) because it is highly fluid 

mobile and incompatible in silicate melts and thus enriched in seawater and continental crustal rocks 

(Table 1). Indeed, the cosmic abundance of boron is anomalously low (Faure, 1986) and its abundance 

in the mantle is also extremely low, being <0.1 μg/g, whereas the boron concentration of the outer 
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reservoirs of Earth, e.g. the upper crust and sedimentary rocks, can reach hundrends of μg/g (Table 1) 

(Barth 1993; Dutrow and Henry, 2011; Marschall et al., 2017).  

 
Table 1. Boron concentration of various geochemical reservoirs. Sources of boron data from Dutrow and Henry 
(2011) and references therein. 
 

Reservoirs Boron (μg/g) 
Fluids  

Seawater 4.4 
Fresh and sedimentary water < ~ 0.2 
River water ~ 10.2 (ppb) 
Brines < 2160 
Salt and borax lakes < 9000 

Crust  
Upper continental 17 
Middle continental 17 
Lower continental crust 2 
Volcanic arc basalts 2 - 35 
Fresh mid-ocean ridge basalt < 1.5 
Within-plate basalts < 3.0 
Silicic igneous rocks ~ 5 - 1900 
Pelagic clay < 230 
Pelitic and metapelitic rocks < ~ 250 

Mantle  
Primitive mantle 0.26 
Upper mantle (average) < 0.1 

 
Boron has two stable isotopes 10B (19.9 %) and 11B (80.1 %) (Rosman and Taylor, 1998), whose 

ratios are expressed as δ11B values, where δ11B = [((11B/10B) sample / (11B/10B) standard )-1]*103 

(Schwarz et al., 1969). Since boron is a highly mobile trace element with large mass difference 

between isotopes, it exhibits extremely large variations in its delta values of up to 90‰ in natural 

materials (Barth 1993; Hoefs, 1973, 2015, Table 2). These broad δ11B variations are produced by 

isotopic exchange between the different reservoirs and more specifically by differential uptake of the 

two main boron species, B(OH)3 and B(OH) ̵
4 (Barth, 1993). The main features that make boron a 

useful tracer of crustal material is its fractionation behaviour between fluid/melt versus solid and the 

strong contrast between crust and mantle in terms of δ11B values. In fact, boron isotopes are one of the 

most effectively applied tracers for investigating mass transfer in subduction zones because the lower 

continental crust is depleted in boron and is isotopically light, whereas slab fluids are for the most part 

boron-rich and their δ11B values vary systematically towards lower δ11B values with increasing degree 

of slab dehydration (see Ryan and Chauvel, 2014, for a comprehensive review of boron in subduction 

zones). 

After dehydration of the subducting slab, B-rich fluids can interact with the mantle wedge, giving 

rise to arc magmas with a wide range of B contents and isotopic ratios (Table 2). However, little is 
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known about how boron and its isotopes behave after the magma has left its source i.e. during magma 

residence in upper crustal magma chambers in subduction zones, especially during fluid-active 

processes such as magmatic degassing before or during eruption.  

 
Table 2. The δ11B composition of various geochemical reservoirs.  
 

Reservoirs δ11B (‰) References  
Modern seawater +39.3 to +40.2 Spivack and Edmond, 1987; Hemming and 

Hanson, 1992; Foster et al., 2010 
Altered ocean crust  -4.3 to +24.9 Smith et al., 1995 
Marine sediment -17.0 to +10.5 Ishikawa and Nakamura, 1993; Moriguti 

and Nakamura, 1998; Tonarini et al., 2011 
Mid-ocean ridge basalt -7.1±0.9 Marschall et al., 2017 
Ocean island basalt -16.9 to +7.8 Chaussidon and Jambon, 1994; 

Chaussidon and Marty, 1995; Gurenko and 
Chaussidon, 1997; Kobayashi et al., 2004; 
Turner et al., 2007; Brounce et al., 2012 

Continental crust -9.1±2.4 Marschall et al., 2017 
Island arcs   

Kuriles -3.8 to +5.9 Ishikawa and Tera, 1997 
Lesser Antilles -25.6 to +12.9 Smith et al., 1997; Bouvier et al., 2008; 

Bouvier et al., 2010 
Izu +6.8 to +12.0 Ishikawa and Nakamura, 1994;  

Straub and Layne, 2002 
Aeolian Islands -13.7 to +2.3 Tonarini et al., 2001; Schiavi et al., 2011 

Continental arcs   
Anatolia -15.1 to -0.2 Tonarini et al., 2005 
Andes -7.2 to +4.2 Rosner et al., 2003 
El Salvador -2.7 to + 6.3 Tonarini et al., 2007 
Kamchatka -3.7 to +5.6 Ishikawa et al., 2001 

 
Recently it has been shown that boron isotope ratios undergo extreme fractionation during fluxing 

of CO2 in the crust. In this extreme case, the δ11B values of the melt can become ~20‰ lighter due to 

the heavy boron isotope being partitioned heavily into the volatile phase (Deegan et al., 2016a). In the 

absence of crustal assimilation and degassing, i.e. during "normal" magmatic degassing, the 

experimental work of Hervig et al. (2002) predicted that δ11B values in the melt will nonetheless 

change by up to several ‰ in the presence of an exsolving aqueous fluid phase. Given the uncertainty 

of the effect of degassing on the isotope ratios of boron, and that boron isotopes in volcanic glass are 

commonly employed to help decipher subduction zone processes, it is now imperative to assess the 

effect of pre-eruptive magmatic degassing on boron isotope ratios. Indeed, many studies of subduction 

zone volatile cycling depend on accurate analysis of δ11B values in glasses by ion microprobe, 

particularly since δ11B values of bulk rocks are technically challenging to obtain (e.g. Bouvier et al., 

2008, 2010; Le Voyer et al., 2010 among many others, see also Table 2). 
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1.3.  Overview and aims of this study 
For this study, we selected boron-rich volcanic glass from Lesbos Island, in the northern part of the 

Aegean Sea, which was an area of intense volcanic activity during the early Miocene (Fig.1, Fytikas et 

al., 1984). The reason we choose boron-rich glass (sample Le-9, which has ca. 95 μg/g boron, as 

reported in Helbling, 2011) was to ensure precise analytical data since boron is notoriously difficult to 

analyse in small quantities (e.g. Marschall and Monteleone, 2014). The general geology of Lesbos 

Island is the subject of extensive study. Lesbos is located in an area of Greece, which from a 

geotectonic point of view, is still puzzling scientists. This is partly because the larger part of the island 

is covered by relatively young volcanic rocks, which makes geological observations of older rocks 

difficult. The sample for this study was taken at a road section along the east coast of the Kalloni gulf, 

about 2 km north of Cape Kofinas and was donated by Angela Herta Helbling-Marschall and Horst R. 

Marschall (see chapter 2).  

Pristine natural boron-rich glass chips were picked from a bulk sample under a binocular 

microscope in order to mount in epoxy for subsequent microbeam analytical techniques. The samples 

were analyzed for major element compositions and degassing textures using the Field Emission Gun 

Electron Probe Microanalyser (FEG-EPMA) at the Section for Mineralogy, Petrology and Tectonics 

(MPT), Uppsala University. Fourier Transform Infrared (FTIR) spectroscopy measurements were also 

carried out to provide accurate water content data. The glass was then analyzed for boron isotopes 

using Secondary Ionisation Mass Spectrometry (SIMS) at the Nordsim laboratory at the Swedish 

museum of Natural History (NRM) in Stockholm and powderized glass was also analyzed by 

Multicollector Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) at ALS Scandinavia in 

Sweden in order to form a comparison with the SIMS data. Special attention was paid to testing 

whether boron concentrations and δ11B showed variability with increasing proximity to degassing 

bubbles in order to test for isotopic fractionation during degassing. In addition, the volcanic glass 

powder was analysed for major and trace elements, H2O and CO2 contents and B concentration at 

Actlabs in Canada to compare to our SIMS, EPMA and FTIR data. 

The research questions addressed in this work include:  

1. How does boron behave under upper crustal magma chamber conditions?  

2. Do boron isotopes fractionate significantly during pre-eruptive magma degassing?  

3. Can we ultimately determine the original boron isotope ratio of the pre-eruptive magma at 

Lesbos and can our data provide insights into magma genesis and evolution at Lesbos? 

This thesis hence represents a careful evaluation of the fractionation behaviour of boron isotopes 

under shallow crustal conditions and will give us the opportunity to add one more piece to the puzzle 

of boron isotope geochemistry.  
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Figure 1. a) Overview of Lesbos Island (source: eol.jsc.nasa.gov). The white line with prongs indicates the current direction of subduction of the African plate beneath the 
Eurasian plate and the red dashed line shows the cross-section in (c). b) The main research question of this thesis. c) Conceptual design combining the subduction zone in the 
Aegean region and the current topography of Lesbos Island. The δ11B values for various geochemical reservoirs relevant to subduction zones are shown in yellow colour and 
are taken from table 2. 
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2. Geological background of Lesbos Island and sample 

description 
 

With an area of 1636 km2, Lesbos is the third largest island of Greece out of over 200 inhabited 

islands. It has a population of over 85 thousand and is located in the north-east part of the Aegean sea 

(Fig. 2a).  

 
Figure 2. a) Geodynamic map of Eastern Mediterranean showing the active geodynamic state, the movements of 
the micro-plates in the region and the formation of the Greek-Aegean Arc and the Cyprus Arc (map modified 
from Papazachos et al., 1998; Papazachos, 2001). b) Geomorphological map and section through Lesbos Island, 
showing major changes in relief and with a red star showing our sample location. Map and section produced with 
GeoMapApp (geomapapp.org). 
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The tectonic evolution of the north Aegean region led to the geomorphology of Lesbos. In general, 

the relief of the island varies and has sharp changes (Fig. 2b). The island has two gulfs in its southern 

part, the Kalloni gulf in the west and the Gera gulf in the east. It has also two main mountains, 

Lepetumnos (peak Vigla 968m) and Olympus (peak prophet Elias 967m). The petrified forest in the 

western part of the island was in the UNESCO network of Global Geoparks until September 2012. 

Since then, the entire island of Lesbos has been listed as a Geopark (see 

http://www.unesco.org/new/en/natural-sciences/environment/earth-sciences/unesco-global-

geoparks/list-of-unesco-global-geoparks/greece/lesvos-island/). 

The north Aegean-Anatolia area is part of a complex system of convergence and collision, 

including the Eurasian, African and Arabian plates. Lesbos Island is located on the Aegean microplate, 

close to the southwest sector of the north Anatolia fault, a seismically and neo-tectonic active zone 

where many catastrophic earthquakes occurred in the past (see Table 3). 

One of the main tectonic features forming the broader region of Lesbos is the Edremit Fault Zone 

which forms one of the southern segments of the North Anatolian Fault Zone (Fig. 2a). It is a right 

lateral strike-slip fault with an orientation of ENE-WSW. The presence of the fault has led to the 

separation of the island from Asia Minor (Fytikas, 1999). 

 
Table 3. Catastrophic earthquakes on Lesbos Island during the 19th century. Data from 
geophysics.geo.auth.gr/ss/ and gein.noa.gr/en/. 
 

Date Magnitude (R)   Fatalities 
1845 6.8 1 
1865 6.7 10 
1867 6.8 550 
1889 6.7 36 

 
Neogene sediments and thick layers of Miocene volcanic rocks (mainly andesites, rhyolites, 

volcanic tuff and ash), cover approximately two thirds of the island. These units rest upon a pre-

Neogene basement consisting of Late Paleozoic-Triassic metamorphic rocks, Triassic carbonate rocks, 

and Mesozoic ophiolites, which have a metamorphic sole and a tectonic mélange unit at their base 

(Thomaidou, 2009). Many studies attempted to understand the origin of the Miocene volcanic rocks in 

the north Aegean – Anatolia area and therefore several conflicting tectonic models have also been 

proposed for the area, as summarized below. 

Firstly, Fytikas et al. (1984) proposed that the volcanic activity on Lesbos was the result of 

collision between the Eurasian and the African tectonic plates, with subduction of the latter underneath 

the former. The African plate dehydrated and triggered mantle melting at depth, which created a 

volcanic arc behind the collision zone. The evolutionary characteristics of the North Aegean volcanic 

system advocates that the subduction which is responsible for the North Aegean Tertiary Activity 
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(NATA) volcanism took place between the Upper Oligocene and Lower Miocene (Fig. 3). In contrast, 

Yilmaz (1990) related the Miocene volcanic rocks to crustal thickening from collision and therefore 

underthrusting. Alternatively, Dinter (1998) correlated Miocene volcanism with an early Miocene 

extension in the Symvolon shear zone and Thasos detachment. In one of the most recent studies on 

Lesbos, Agostini et al. (2010) interpreted the setting for the Miocene volcanism as an atypical back-

arc setting.  

 
Figure 3. Reconstruction of a schematic cross-section from Fytikas et al. (1984), showing the geodynamic 
evolution and the southward migration of orogenic volcanism in the Aegean area. 

 

Based on the above, and also the more detailed presentation of the various proposed tectonic 

models in Helbling (2011), for the purpose of this thesis we will employ the interpretations in Helbling 

(2011) and refer to the tectonic setting of as a post-subduction extensional setting. 

At the present day, the active subduction zone is south of Crete (see Fig. 2a) and the volcanic arc 

comprises several dormant and historically active volcanoes, including Aegina, Methan, Milos, 

Santorini, Kolumbo, Kos, Nisyros and Yali. From 21.5 Ma to 16.5 Ma, in the area of the Aegean Sea, 

the convergence zone was in the area of Cyclades with the corresponding volcanic arc in the 

northeastern Aegean, including the island of Lesbos. This volcanic activity at Lesbos Island formed a 

number of volcanic structures such as craters, domes and veins (Borsi et al., 1972; Mountrakis 2006) 
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and it also produced the majority of the volcanic products (lavas, ash etc.) that covered the thick forest 

at that time and turned it to the well known petrified forest of Lesbos. 

In the past, scientists encountered problems in identifying the geotectonic zone to which Lesbos 

Island belongs. The geotectonic zones of Greece are arranged with a general trend NNW-SSE, but in 

the north Aegean area they turn E-W and even bend to the NE-SW (see in appendix Fig. A1). The 

island’s cover of volcanic rocks results in limited exposures of the basement and it is therefore a 

difficult task to classify Lesbos into one of the existing geotectonic zones of Greece (Thomaidou, 

2009). 

However, Mountrakis (1986, 2010) and Thomaidou (2009) showed that Lesbos belongs in the 

Pelagonian zone, with the alpine basement of the island being part of the Cimmerian continent that is 

obducted ophiolites and post-alpine formations. The Pelagonian zone occupies a large part of Greece's 

backbone and consists of a crystalline schist basement (gneiss, gneiss schists and amphibolites with 

large granitic intrusions), marbles, phyllites, schists, sandstones, limestones and dolomites. Large 

ophiolitic masses are also typical (Mountrakis 1986). 

Rhyolitic eruptions have occurred on Lesbos, which have sometimes allowed formation and 

degassing of obsidian (dark coloured volcanic glass). Our sample, Le-9, is from the Polychnitos 

ignimbrite that contains large portions of pristine glass which is geochemically homogeneous and thus 

provides the opportunity to directly observe the quenched melt (Helbling, 2011). The sample Le-9 was 

collected at a road along the east coast of the Kalloni Gulf, about 2 km north of Cape Kofinas (see star 

in Fig.2b and outcrop image in Fig. 4a). The sample was selected as a coherent piece of glass from a 

fiamme (collapsed pumice) and it has an aphanitic (obsidian) texture consisting mainly of glass 

(≈95%) and a minor amount of crystals (≈5%; see Fig. 4b).  

 
Figure 4. a) Outcrop photo from where Le-9 sample was taken (photo courtesy A. Helbling). b) Le-9 volcanic 
glass fragments. We can observe some macroscopic crystals of plagioclase (red dashed circles), but otherwise 
the sample material is mostly glassy. 
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3. Methods 
 

3.1.  Sample preparation 
In this chapter the details of all the preparations that were carried out prior to the analyses in this 

project are presented.  

The preparation of samples for micro-analysis is a time consuming procedure as it is a detailed, 

delicate and most of the time a manual process. However, it is vital in order to obtain high quality 

results.  

 

3.1.1. Epoxy mounts 
The first step to prepare our samples for Electron Probe Micro Analysis (EPMA) analysis was to clean 

our glass fragments with deionized water in an ultrasonic cleaning bath (VWR Ultrasonic cleaner). 

Ultrasonic cleaning is one of the most effective (and economic) cleaning methods as it can penetrate 

even microscopic openings. After the sample was dried we carefully conducted an optical examination 

under a binocular microscope and picked pristine (no traces of surface alteration) chips from our 

volcanic glass and also chips with interesting mineral impurities. The next step was to make five 

epoxy grain mounts with these chips. Two epoxy mounts contained pristine chips, two contained 

crystal-bearing glassy samples, and one was prepared with particular emphasis on the presence of 

bubbles in the glass. 

To prepare polished sections (thick sections), we put the required amount of an adhesive substance 

(epoxy resin and hardener) in special cylindrical plastic cases (molds). We followed the chemical 

supplier’s instructions and after mixing well for few minutes, we placed our glass chips into the molds, 

with the surface we want to observe downwards. With small tweezers we maneuvered our small chips 

to the desired position (e.g. away from the borders). The whole procedure above must be done under 

good ventilation for the health protection of the scientific staff. 

In the case of preparation of thick sections for microanalysis, the adhesive substance must not have 

vapor pressure at all, because the microanalysis systems (e.g. EPMA) operate under high vacuum 

conditions. This is why we use a special adhesive substance (Struers EPOFIX) that does not have 

vapor pressure when it solidifies (Sklavounos et al., 2011).  

After solidification (samples were left to harden for two days) we separated the mold from our new 

thick sections and we started the procedure of grinding and polishing. We used high hardness carbide 

powder of specific grain size, measured in Mesh units (number of grains per square millimeter). For 

our samples the grinding procedure included four stages, with four different silicon carbide abrasive 

powders (180, 320, 800, 1200 Mesh). At each stage we mixed the powder with deionized water to the 

desired consistency, and made circular movements with the samples on glass plates for several 

minutes. Between each stage, we placed our thick sections in the ultrasonic cleaner for 15 minutes in 
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order to make sure that no powder of different Mesh size was stuck in our samples which could cause 

scratches. 

For polishing we used four different polishing cloths with four different abrasive diamond 

suspensions (6, 3, 1, 0.25 µm). In general, diamond has high removal rates but more specific 

polycrystalline diamond suspensions can offer less subsurface deformation with the highest removal 

rates (buehler.com). A dry cloth can scratch specimens and then as a result the cloth can tear. This is 

why we used deionized water and abrasive suspension before starting the polishing. In order to avoid 

scratches on specimens we must always use one abrasive with a specific particle size only for each 

cloth. Polishing is a critical step for a quantitative analysis. Thick sections must be flat and 

unscratched, otherwise an uneven sample surface may cause e.g. abnormal production of x-rays and 

therefore errors in absorption from the spectrometers during EPMA analysis.   

Through all the stages of grinding and polishing, the samples were examined under a binocular 

microscope in order to make sure that all epoxy was removed from the surface of the sample but 

without damaging the volcanic glass chips. After the last stage of polishing, samples were cleaned 

very carefully for one last time in the ultrasonic cleaner with acetone, in order to proceed to the next 

step; carbon coating.  

Thermal evaporation of carbon is widely used for preparing samples for electron microscopy. In 

microprobe analysis, samples need to be coated with carbon, ≈ 25nm thickness (the thickness should 

be the same as on the standards), to make the surface conductive to avoid charging.  

The Section for Mineralogy, Petrology and Tectonics (MPT) is equipped with a 108C Auto Carbon 

Coater (“Bradley type” carbon rod assembly head) for scanning electron microscopy sample 

preparation. Two carbon rods (graphite) were prepared, one with a very sharp edge and another with a 

flat surface. The carbon rods were mounted in such a way that the sharp pointed rod made contact at 

the center of the flat surface of the second one. A check was made for both rods to ensure that they 

remained in position after tapping the rod holders gently. The contact surfaces of the glass chamber 

were carefully cleaned in order to achieve high vacuum in a relatively short period of time.  

When the vacuum reached the desirable level, we activated the current that travels through the two 

high-current electrical terminals to the carbon rods. Then a fine stream of carbon micro-particles 

evaporated and became deposited onto the sample surfaces (Fig. 5). 

 
 

Figure 5. Epoxy mounts 
containing fragments of Le-9 
volcanic glass after carbon 
coating in preparation for 
EPMA analysis. 
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Sample preparation for SIMS can be separated into two parts. First, we selected pristine volcanic 

glass chips and prepared an epoxy mount at the preparation lab in Uppsala University as described 

above. Second, we carried out high precision polishing and gold coating of the sample mount in the 

NORDSIM preparation lab at the Swedish Museum of Natural History in Stockholm. 

After careful examination of our volcanic chips using back scattered electron (BSE) images from 

the EPMA we decided which chips to focus on for SIMS analysis. Priority was given to the chips that 

included many bubbles. The epoxy mounts were then cut in pieces with a small saw and we 

subsequently produced a new sample mount containing all of the SIMS targets based on the 

NORDSIM instructions (nrm.se). 

We mounted in total five chips of volcanic glass on a piece of double-sided tape. We fixed the tape 

on a flat plexiglass surface and made sure that there was no air below the tape. Samples were mounted 

close together, in the center of the mount and also at least 5 mm away from the edges of the mount 

because the ion-microprobe sample holder partly covers the mount (Fig. 6). 

 
Figure 6. Mount sketch with the five Le-9 volcanic glass fragments of the SIMS study presented here. Care was 
taken to ensure optimal sample geometry and topography (see text for more details). Note that the Le-9 glass 
fragments were placed close to the center of the mount. The standard fragment is magnified (see scale within the 
glass piece) in order for the SIMS spots to be visible (black squares). 

 

During polishing we regularly checked our sample under a binocular microscope. Photographs of 

the sample before gold coating were acquired in order to prepare a mount-map to guide the SIMS 

analysis in combination with the SEM images obtained previously. After the final polishing step, a 
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20nm gold coating was applied. Before the sample was placed in the sample holder it was measured at 

four points (quadrants) with a high precision needle in order to check that the surface was perfectly 

flat. Last but not least, just before the SIMS mount was placed in the sample holder, it was sprayed 

with compressed air to remove dust and with a solution that dissolves fingerprints. 

 

3.1.2. Sample Powders 
A split of our sample was prepared as a bulk-rock powder and sent to Activation Laboratories Ltd, 

Canada, for volatile (CO2 and H2O), boron concentration, and major and trace elements analyses. This 

was carried out to generate data to compare to both the EPMA data obtained in this study and also by 

Helbling (2011). 

In order to mill our sample into fine powder (< 10 μm) for major and trace elements analysis, we 

used the Mortar Grinder RM 200 powered by Retsch (Fig. 7) which is housed at the MPT preparation 

lab at Uppsala University. We produced approximately 10g of powder from volcanic chips that we 

picked carefully to avoid weathered surfaces. Volcanic glass is not a highly coherent material, 

therefore the grinding time was set at 15 minutes. Before we started the procedure the device was 

cleaned with high purity, calcined sea sand (quartz) and also acetone to avoid contamination.  

A total of 500 mg powder was produced and shipped to ALS Scandinavia (Luleå). Samples were 

prepared for isotope analysis at ALS by HNO3 and HF digestion followed by chemical separation 

using ion exchange techniques (for more information see https://www.alsglobal.se/en/isotope-

analysis/analytical-methods).  

 
 

3.1.3. Polished glass chips 
For FTIR analysis glass chips of different size (> 400 μm) were chosen from the clean bulk sample. 

The selected chips were then mounted in thermoplastic resin for further processing. Various particle 

size-grades of Al2O3 grinding paper were used to thin and polish the glass on both sides to total 

Figure 7. Mortar Grinder RM 200 
powered by Retsch, MPT sample 
preparation lab, Uppsala University. 
This instrument was used to prepare 
powdered samples of Le-9 volcanic 
glass for ICP-MS analysis at Actlabs, 
Canada and for MC-ICP-MS analysis in 
ALS, Sweden. 
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thicknesses between 30 to 40 μm. Sample preparation for FTIR analysis was carried out in the 

Swedish Museum of Natural History in Stockholm. 

 

3.2. Electron Probe Micro Analysis 
Electron Probe Micro Analysis (EPMA) is an analytical technique used for in situ, non-destructive 

chemical analysis of solid samples. An electron probe micro analyzer is basically a Scanning Electron 

Microscope (SEM) with the ability of chemical analysis. A focused electron beam bombards the 

sample surface and then the wavelength dispersive spectrometers collect different X-rays (Fig.8a), 

which are characteristic for the elemental species. The EPMA’s main advantage is its ability to obtain 

accurate quantitative elemental analyses at small spot sizes of 5-10 μm, primarily by energy dispersive 

spectroscopy (EDS) and wavelength dispersive spectroscopy (WDS) and also to acquire high 

resolution images from back scattered electrons (BSE). A disadvantage of EPMA is the inability to 

detect the lightest elements (H, He, Li) and therefore H2O cannot be analyzed in hydrous materials. 

For this reason we employed FTIR and IR analyses in our project (see below). Regarding boron, it can 

be analysed with EPMA but only in B-rich materials (e.g. tourmaline), thus we employed SIMS 

analysis (see below) for our glass, as its boron concentration was too low for EPMA. 

Our chemical analysis of volcanic glass was conducted in the National Microprobe Laboratory at 

Uppsala University in Sweden with the JEOL JXA-8530F Hyperprobe field emission gun electron 

probe micro analyser that is equipped with five Wavelength Dispersive spectometers (Fig. 8b,c). For 

glass analysis the run conditions were 15 kV accelerating voltage, 4 nA beam current and 15 μm beam 

diameter. The Armstrong PRZ algorithm was used to correct the data and analytical precision was 

measured on the reference material ATHO-G (Jochum et al., 2006). Data quality was monitored by 

reproducing the ATHO-G values  (n=7)  with success in the identification test rounds, average 74.85 

wt.% for silica content and 99.05 wt.% total, values that are consistent with Jochum et al. (2006). 

Spectrometers 1 and 2 are equipped with TAP crystals used for the analysis of Na, Al, Si, and Mg. 

Spectrometer 3 is equipped with a PETJ crystal for Mn and Ti analysis. Spectrometer 4 is equipped 

with a PETH crystal and was used to analyze K, Ca, and Ba. Spectrometer 5 is equipped with a LIFH 

crystal and was used to analyze Fe, Ni, and Cr. Our dataset consists of 107 spot analyses and 76 BSE 

images. 

 

3.3.  Volatiles, major and trace elements in bulk glass 
Our Le-9 bulk-rock powder was analyzed at Activation Laboratories LTD, Ancaster - Ontario, 

Canada, for volatiles (CO2 and H2O), boron concentration, major and trace elements.  

CO2 and H2O absorb infrared (IR) energy at a very narrow wavelength within the IR spectrum. 

That energy is absorbed as the gas passes from the cell, preventing it from reaching the IR detector 

while all  
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Figure 8. a) Simple sketch 
of the basic setup of the 
EPMA. b) JEOL JXA-
8530F Hyperprobe field 
emission gun electron 
probe microanalyser (with 
its five wavelength 
dispersive spectrometers), 
National Microprobe 
Laboratory, Uppsala 
University and c) its 
computer-control panel 

Figure 9. a) Simple sketch 
showing the setup of a 
FTIR spectometer (taken 
from Weis F., 2016). b) 
Photo of the FTIR 
instrument at the Swedish 
Museum of Natural 
History, Stockholm (photo 
courtesy F. Weis). 
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the other IR energy is stopped from reaching the IR detector by a narrow bandpass filter. Because of 

that filter, the absorption of IR energy can be related only to CO2 and H2O and therefore the 

concentration of our two volatiles are detected as the reduction in the level of energy at the IR 

detector. Detection limits are 0.01 wt.% for CO2 and 0.1 for H2O (actlabs.com). 

Boron concentration analysis was performed by Prompt-Gamma Neutron Activation Analysis 

(PGNAA). One gram of sample was encapsulated in a polyethylene (PE) vial and placed in a 

thermalized beam of neutrons from a nuclear reactor. Then sample was measured for the Doppler 

broadened prompt gamma ray at 478 KeV using a high purity germanium (GE) detector. Our sample 

Le-9 was compared to certified reference materials that are used for calibration of the system. The 

detection limit, a function of the counting times required for each, is 0.5 μg/g and the upper limit is 

10.000 μg/g (actlabs.com). 

After fusion with lithium metaborate (LiBO2)/tetraborate (Li2B4O7) and digestion in nitric acid 

(HNO3), inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively 

coupled plasma mass spectrometry (ICP-MS) were used to measure major and trace elements, 

respectively. Detection limits are 0.01 wt% for major oxides and loss on ignition (LOI) and 0.001 wt% 

for MnO and TiO. For trace elements detection limits ranges from 0.01 μg/g for lutetium to 30 μg/g 

for zinc. Data quality was verified by regular analysis of internal reference materials (actlabs.com).  

 

3.4.  Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) is an analytical technique which is used to acquire an 

infrared spectrum of absorption or emission from a sample (solid, liquid or gas). The instrument that 

obtains the infrared spectrum is called a Fourier Transform Infrared spectrometer and first collects an 

interferogram of a sample signal using an interferometer and then performs a Fourier transform 

(mathematical process) on the interferogram to convert the data into the spectrum (Fig. 9a). The IR-

light hits the sample and excites molecules that then begin to vibrate and rotate. The energy for these 

vibrations and rotations is absorbed from the incoming radiation. This difference in energy is then 

measured with the detector.  

While a dispersive spectrometer (e.g. WDS spectrometer) measures intensity on a narrow range of 

wavelengths, an FTIR spectrometer collects simultaneously high spectral resolution data on a wide 

spectral range. Some of the many advantages of FTIR include the high wavenumber accuracy, the 

wavenumber range flexibility, and the fact that the whole process is less time consuming than e.g. 

EPMA and the data can be stored and reanalyzed. For water measurements, FTIR is very suitable 

method because water is very IR-active. One of the disadvantages of this method is that we need to 

know the density of the analyte accurately and sometimes we have different calibrations regarding the 

molar absorption coefficient, something that can lead to uncertainties. A disadvantage can be the high 

precision for mirror movement.  
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In order to measure the water content in our volcanic glass we performed FTIR analysis in the 

Swedish Museum of Natural History in Stockholm following the method described in Weis (2016). 

For our project an unpolarized FTIR spectra in the range 2000-8000 cm-1 were acquired on polished 

samples. The polished glass samples were analyzed with a Bruker Vertex 70 spectrometer (Fig.9b) 

equipped with a NIR source (halogen lamp), a CaF2 beam splitter, a wire grid polarizer (KRS-5) and 

an InSb detector. Sample thickness varied between 28 and 46 μm. Cracks and inclusions in the glass 

samples were avoided by applying small apertures (100 to 400 μm) for masking during analysis. For 

each individual spectrum, 32 scans were performed and averaged. The obtained spectra were baseline 

corrected by a polynomial with the software PeakFit. The spectra showed three distinctive OH-bands. 

The strongest band occurred at 3550 cm-1 which is the fundamental OH-stretching mode of both OH 

and molecular H2O in the glass and hence represents the total water content [H2O]total. In addition, two 

smaller bands at 4500 cm-1 and 5230 cm-1 were observed representing combined OH-stretching and 

bending of OH and molecular H2O, respectively. The corresponding water contents for individual 

glass chips were then calculated using the Beer-Lambert law (equation 1 below) and the band at 

~3550cm-1: 

 

[𝐻2𝑂]𝑡𝑡𝑡𝑡𝑡 = M∗A
𝜌∗𝑑∗𝜀

  

 

where M is the molar mass of water (18 g/mol), A the absorbance, ρ the density of the rhyolite glass in 

kg/m3, d the sample thickness in meters and ε the molar absorptivity in L/mol/cm. For the rhyolitic 

glass a range of densities 2300, 2400 and 2500 kg/m3 were assumed and water content was calculated 

for all of the values above, with the medium density of 2400 kg/m3 to be our final selection, 50 kg/m3 

higher than the value recommended by Spera (2000). The molar absorptivity for the peak at 3550 cm-1 

representing [H2O]total was taken from Okumura et al. (2003) and was 75±4 L/mol/cm. Due to the good 

quality and the low background of the spectra a relative error of 10% is assumed for the FTIR analysis 

and hence the calculated water contents. 

 

3.5.  Secondary Ion Mass Spectrometry 
Secondary Ion Mass Spectrometry (SIMS) is an analytical technique which is used to analyze the 

composition of solid samples by sputtering the surface of the specimens with a focused primary ion 

beam and then collecting and analyzing ejected secondary ions (Fig. 10a) (Benninghoven et al., 1987). 

SIMS is the most delicate surface analysis technique used in earth science studies, with the elemental 

detection being between parts per million (ppm) to parts per billion (ppb) (Layne, 2009).  

SIMS can be used for both qualitative and quantitative measurements, although for quantitative 

data we need to utilize standards. If the primary beam is composed of negative ions then positive ions  
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Figure 10. a) Detailed sketch of the IMS 1280 SIMS setup. Fundamental parts have noted (image taken from M. Fayek, 2009). b) The Cameca IMS 1280 instrument, 
NORDSIM facility, Department of Geosciences, Swedish Museum of Natural History, Stockholm (photo courtesy of D. Budd).   
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are generated from the sample and vice versa. The primary ion beam hits the surface of the sample to a 

depth of 1 to 2 nm. This interaction (sputtering) is performed under vacuum and in spite of most of the 

atoms removed from the sample surface are neutral, some of them are ionized. These secondary ions 

which are extracted are then accelerated, focused, and analyzed by the mass spectrometer (Stern, 

2009). 

The main advantages of SIMS are high sensitivity and spatial resolution coupled with small sample 

size. One main problem is the so called ‘matrix’ effect, where bias may be introduced by the major 

element composition of the sample. For this reason, matrix-matched standards must be measured 

throughout the analytical session in order to avoid matrix effects (e.g. Gonfiantini et al., 2003; Jochum 

et al., 2006; Deegan et al., 2016b). 

There are two different main designs of SIMS; the Cameca f-series and the SHRIMP (Sensitive 

High mass Resolution Ion MicroProbe) series that are used for earth science research (Hoefs, 2015). 

The NORDSIM facility in the Department of Geosciences at the Swedish Museum of Natural History in 

Stockholm, where we performed our boron isotope analyses, is equipped with the latest version of the 

Cameca series, the IMS 1280 multi-collector instrument (Fig. 10b).  

The analytical protocol used in this study is described in Deegan et al., 2016a. An O2
- primary ion 

beam of 6 nA with accelerating voltage of 13.0 kV and imaging a 200 μm aperture was used to 

produce a 20 μm analysis spot. The beam was employed to sputter a 25 μm square raster for 150 

seconds prior to data acquisition to eliminate surface contamination. Instrumental mass fractionation 

was determined and corrected for by employing a reference volcanic glass from Lipari Island (B6) 

with δ11BNBS and B concentration values of –3.32‰ and 197 μg/g respectively (Gonfiantini et al., 

2003). The choice of standard δ11B value for B6 is under debate and explained in the discussion 

section (see subchapter 5.1). 

Our dataset consists of 66 unknown and 22 standard analyses, however, six of our unknown 

analyses were rejected because unacceptable field aperture centering. The 11B yields ranged from 524 

to 657 cps/µg g-1/nA for the standard and secondary intensities did not vary significantly for the 

unknowns. Internal precision (1σ mean) on 11B/10B ranged from ±0.58 ‰ to ±0.95 ‰ (semean) for both 

B6 and the unknowns. The data were acquired in one single analytical session, with an reproducibility 

on B6 11B/10B of ± 0.50 ‰ (1σ; n = 22). Reproducibility was propagated into the overall analytical 

uncertainty for each analysis. The uncertainty on the boron concentration measurements, determined 

from 10B/30Si++ ratios, is estimated at 4.3% (RSD) which, when propagated with the internal errors, 

gives an absolute uncertainty of ca. 10% (RSD) at the 2σ level. 

 

3.6.  Multicollector Inductively Coupled Plasma Mass Spectrometry 
The company ALS Scandinavia is equipped with a Neptune PlusTM multicollector inductively coupled 

plasma mass spectrometer for measurement of several isotope systems, including boron (alsglobal.se).  
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The plasma is formed by argon gas flowing through a radio- frequency field. The instrument is used 

for high precision isotope ratio measurements. In this technique, mass separation is based on a 

magnetic sector. Higher precision is made possible by simultaneous measurement of the isotopes by 

individual detectors. Isotope ratio precision can reach the levels of 0.001% and typical uncertainty is 

0.05 - 0.2% (alsglobal.se). The δ11B values were calculated relative to NIST SRM 951  (boric acid 

isotopic standard) and σ was calculated from two independent consecutive measurements (Rodushkin 

pers. comm.). NIST SRM 951 was produced from pure H3BO3 at National Institute of Standards and 

Technology (U.S.A.) in order to generate certified reference material for boron isotopic composition 

(Catanzaro et al., 1970).  
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4. Results 
 

4.1.  Texture and composition of volcanic glass 
Our volcanic glass Le-9 has an aphanitic, obsidian texture and is made up of ~95% glass and ~5% 

phenocrysts, mainly plagioclase, Fe-Ti oxide (most probably ilmenite) and biotite. In some plagioclase 

and Fe-Ti oxide phenocrysts we found inclusions of zircon and/or apatite. In the back scatter electron 

(BSE) images Fig. 11a-c we can observe perlitic rings and bubbles in our glass. Notable features are 

also observed in (Fig. 11d-g) where we can see subhedral phenocrysts of plagioclase and Fe-Ti oxide 

with zircon and/or apatite inclusions in both phenocrysts. In Fig. 11h-i we can also see a subhedral 

biotite phenocryst and subhedral shattered plagioclase phenocrysts. 

 

 
Figure 11. BSE (back scatter electron) images of Le-9 glass from EPMA. a),b) and c) Bubbles and perlitic rings 
in our glass. d) Fe-Ti oxide and Pl microcrystals. e) Zoom in of d) showing inclusions of Zrn and/or Ap. f) Zoom 
in of d) showing inclusions of Zrn and/or Ap. g) Pl and Fe-Ti oxide microcrystals. h) Subhedral Bt microcrystal. 
i) Shattered Pl phenocryst. 
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Our volcanic glass major element data are presented in appendix Table A1 (values in wt.%). Totals 

were low with an average of 97.29 wt.% (1σ = 0.90), but this was not surprising as the Le-9 glass has 

a high water content (see below volatile results). The silica content of the glass ranges from 67.86 to 

71.65 wt.% with an average value of 70.36 wt.% (1σ = 0.68) and total alkali content (Na2O + K2O) 

spans from 8.96 to 10.6 wt.% with an average value of 10.02 wt.% (Na2O 1σ = 0.31, K2O 1σ = 0.21). 

The data are plotted in a total alkali versus silica (TAS) diagram and all our points fall within the 

rhyolite area (Fig.12). For comparison and data quality check, the data for Lesbos ignimbrites from 

Helbling (2011) and the Actlabs analysis (see below) are also plotted in the TAS diagram.  

 
Figure 12. Total alkali versus silica (TAS) diagram after Le Bas et al. (1985). All our data have been 
recalculated to a water-free basis prior to averaging. 

The K2O values of the Le-9 glass are high, with minimum and maximum of 6.0 and 7.2 wt.%, 

respectively. This, coupled with the high silica contents, show us that our glass is classified as high-K 

rhyolite (Fig.13).  

 Figure 13. Simple graph showing the 
division of basalts, basaltic andesites, 
andesites, dacites and rhyolites into 
low-K, medium-K and high-K types 
(from Le Maitre et. al., 1989; 
Peccerillo and Taylor, 1976). Samples 
from this study plot in the high-K 
field. All our data have been 
recalculated to a water-free basis prior 
to averaging. 

 



23 
 

 

Sample Le-9 was also analyzed for major and trace elements contents in Actlabs, Canada. In order 

to plot our trace element data we first normalized them to primordial mantle from McDonough et al., 

(1992) (Fig. 14a) and chondrite from Sun and McDonough (1989) and McDonough and Sun (1995) 

(Fig. 14b). For comparison, we also plotted values for global subducting sediments (GLOSS) values 

from Plank and Langmuir (1998) and Andean dacite values from Wörner et al., (1992).  

 
Figure 14. Trace elements graphs (GLOSS: global subducting sediments after Plank and Langmuir, 1998 and 
andean dacite after Wörner et al., 1992). a) Values where normalized with primordial mantle values after 
McDonough et al., 1992. b) Values where normalized with chondrite values after Sun and McDonough, 1989 
and McDonough and Sun, 1995. 
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The glass sample investigated in this study, Le-9, is homogeneous with respect to its major element 

composition as only minor compositional variations (low 1σ values) were calculated in the EPMA 

data (see appendix Table A1). In Fig. 12 we can see that our EPMA and ICP-OES data are in 

agreement and they also overlap with the elemental data for Polychnitos ignimbrite reported by 

Helbling (2011). A comparison between average values of each major element from EPMA and ICP-

OES can be found in the appendix Table A2.  As we can see in this table, Le-9 produced similar data 

for both analytical methods. A difference can be seen in the reported iron oxides as from Actlabs we 

have values for Fe2O3 while the iron from EPMA is reported as FeO. 

If we look the trace element plots (Fig. 14) we can see that Le-9 has a trace element pattern typical 

of subduction zone magma, following the shape of Andean dacite (Wörner et al., 1992) and global 

subducting sediments  (GLOSS, Plank and Langmuir, 1998) , but Le-9 is more enriched in the 

majority of the trace elements. Of particular note is strontium (Sr), which is depleted in the Le-9 

volcanic glass. Strontium is a lithophile element, which is relatively incompatible in silica-rich 

systems, and enriched in the crust. Strontium is likely to be incorporated into plagioclase as a 

substitute for Ca2+ and K+ (Dickin, 2005). The Sr-depletion observed for the Le-9 glass thus indicates 

plagioclase fractionation prior to glass formation. It is also noteworthy that our data for Le-9 coincide 

with the data for Le-9 and other Lesbos ignimbrites presented in Helbling (2011).  

 

4.2. Volatile content of the glass 
Sample Le-9 was analyzed for its CO2 and H2O contents in Actlabs, Canada. CO2 is < 0.01 wt.% and 

H2O is present at 3.4 wt.%.  

We also conducted six FTIR measurements in six different Le-9 volcanic glass fragments and in 

appendix Table A3 we see the total results. For the first calculations we assume that rhyolitic magma 

has a density of 2300 kg/m3 and then we recalculate our data for densities of 2400 and 2500 kg/m3. In 

the Fig. 15 we can see a representative IR spectrum from glass A1 and more specifically, in Fig. 15a 

we can observe the strong band that occurs at 3550 cm-1 representing the OH-stretching mode of both 

OH and molecular H2O. In Fig. 15b we can also see the two smaller bands at 5230 cm-1 and 4500 cm-1 

(see chapter 3.4 for more details). 

For rhyolitic magma with density 2300 kg/m3 an average water content of 3.61 wt.% (1σ 0.21) with 

an IR error 0.36 was calculated. For a density of 2400 kg/m3 the average dropped to 3.46 wt.% (1σ 

0.20) and the IR error was 0.35 and for a density of 2500 kg/m3 the average water content is 3.32 wt.% 

(1σ 0.19) and the IR error 0.33. The concluding water content for Le-9 glass was set to 3.46 wt.%, 

based on the value for rhyolitic magma density of 2400 kg/m3. With these high H2O content values, 

water is considered to be the principal volatile component of the volcanic glass (cf. Helbling, 2011). 

In our analyses at Actlabs we measured water content of 3.4 wt.% which is fully consistent with 

our FTIR analyses and furthermore Helbling (2011) reported an average H20 content approximately of 



25 
 

4 wt.% for her samples, which is also fairly consistent with both our findings. For simplification, the 

water content of Le-9 is hereafter set at 3.4 wt.% ((3.4 + 3.46)/2=3.43). 

 
Figure 15. IR spectra of glass A1. a) The fundamental OH- stretching mode of both OH and molecular H2O. b) 
Two smaller bands, one at 4500 cm-1, which represents combined OH-stretching and bending of OH and one at 
5230 cm-1, which represents stretching and bending of molecular H2O. 

 

4.3. Boron concentration and isotope ratios of the glass 
Sample Le-9 was analyzed for its boron content in Actlabs, Canada and was measured 108 μg/g (n=1). 

Concerning SIMS, in total, five individual volcanic glass fragments were analysed for their boron 

content and δ11B values. Boron concentration was calculated using the equation:  

BLe-9 = BB6 * 11BLe-9/average B6 

The boron concentration of B6 was set at 197 μg/g and the 11BLe-9/average B6 ratio was calculated 

during SIMS analysis. The average boron concentration of Le-9 was thus calculated to 95.25 μg/g (1σ 

3.65) with min and max concentrations for Le-9 of 90.21 and 105.91 μg/g, respectively. Although the 
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SIMS analyses of the glass yielded a slightly lower boron concentration than the analysis carried out 

by Actlabs (108 μg/g), Le-9 is still considered boron rich. 

Together with our Le-9 sample, we also repeatedly measured standard B6. Analysis of the standard 

material B6 showed only minor variation over time, with 1σ uncertainty of 0.5 (Fig. 20).  

From a total of 60 SIMS points we calculated an average δ11B value of -4.89‰ (1σ 0.81) for the 

Le-9 glass with min and max values at -7.25‰ and -3.39‰, respectively. In the Bc volcanic glass 

fragment we performed four traverses, starting from a degassing bubble and then moving away from it 

(fig. 16 and 17).  

 
Figure 16. Bc glass fragment and the four traverses with δ11B and boron concentration data. Both datasets show 
homogeneity at 2σ level, as 95% for δ11B values and 93.3% for boron concentration values fall within 2σ range. 
 

Four more volcanic glass fragments (a3, a4, b3, b4) were also analyzed (fig.18). B3 (six points) 

was however excluded from our statistical analysis because the value for the field aperture was 

unacceptably high, something that indicates complication with the collecting procedure of the 

secondary ions. In Fig. 18 we see an illustration of the other analysed glass fragments (a3, a4 and b4) 

coupled with the SIMS points and the respective plots. 
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Figure 17. δ11B values in the four SIMS traverses carried out in the glass fragment "Bc". 
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Figure 18.  δ11B values in the three Le-9 glass fragments (b4, a3, a4). 

 

The ALS MC-ICP-MS laboratory reported two isotopic measurements for Le-9. δ11B was -3.82‰ 

(2σ 0.63‰) and -3.65‰ (2σ 0.55‰). 

 
Table 4. Boron concentrations and δ11B values for Le-9 glass obtained in this study. 

Sample ID B (μg/g) δ11B (‰) ±‰ 
Le9Bc_2016912@01 93.51 -5.06 0.61 
Le9Bc_2016912@02 91.59 -7.25 0.68 
Le9Bc_2016912@03 92.18 -6.39 0.72 
Le9Bc_2016912@04 97.09 -4.92 0.78 
Le9Bc_2016912@05 92.88 -6.20 0.82 
Le9Bc_2016912@06 92.46 -3.72 0.73 
Le9Bc_2016912@07 90.88 -6.01 0.76 
Le9Bc_2016912@08 92.46 -5.82 0.77 
Le9Bc_2016912@09 97.36 -5.36 0.93 
Le9Bc_2016912@10 93.98 -4.97 0.67 
Le9Bc_2016912@11 92.22 -4.59 0.74 
Le9Bc_2016912@12 96.46 -6.25 0.92 
Le9Bc_2016912@13 90.21 -3.39 0.69 
Le9Bc_2016912@14 91.12 -4.06 0.67 



29 
 

Le9Bc_2016912@15 90.90 -5.07 0.80 
Le9Bc_2016912@16 90.50 -4.54 0.76 
Le9Bc_2016912@17 105.44 -4.97 0.71 
Le9Bc_2016912@18 105.91 -4.44 0.67 
Le9Bc_2016912@19 104.60 -5.69 0.68 
Le9Bc_2016912@20 104.91 -6.06 0.71 
Le9Bc_2016912@21 90.39 -4.88 0.71 
Le9Bc_2016912@22 92.67 -5.06 0.73 
Le9Bc_2016912@23 91.99 -6.04 0.95 
Le9Bc_2016912@24 93.11 -5.46 0.77 
Le9Bc_2016912@25 94.57 -4.84 0.64 
Le9Bc_2016912@26 96.71 -4.76 0.73 
Le9Bc_2016912@27 92.87 -5.17 0.72 
Le9Bc_2016912@28 91.99 -5.49 0.71 
Le9Bc_2016912@29 96.20 -5.20 0.77 
Le9Bc_2016912@30 99.70 -4.70 0.73 
Le9Bc_2016912@31 95.87 -4.51 0.67 
Le9Bc_2016912@32 96.13 -5.03 0.72 
Le9Bc_2016912@33 96.67 -4.96 0.66 
Le9Bc_2016912@34 96.77 -4.38 0.64 
Le9Bc_2016912@35 96.14 -4.63 0.71 
Le9Bc_2016912@36 96.19 -3.71 0.64 
Le9Bc_2016912@37 94.68 -4.83 0.69 
Le9Bc_2016912@38 95.61 -5.22 0.68 
Le9Bc_2016912@39 95.39 -4.55 0.64 
Le9Bc_2016912@40 94.59 -4.45 0.67 
Le9Bc_2016912@65 91.15 -5.21 0.68 
Le9Bc_2016912@66 93.84 -6.61 0.79 
Le9b4_2016912@47 92.91 -4.53 0.72 
Le9b4_2016912@48 93.07 -3.56 0.70 
Le9b4_2016912@49 95.45 -3.79 0.66 
Le9b4_2016912@50 94.65 -3.65 0.66 
Le9b4_2016912@51 92.99 -4.82 0.66 
Le9b4_2016912@52 92.08 -5.68 0.87 
Le9a3_2016912@53 95.95 -4.09 0.67 
Le9a3_2016912@54 97.72 -4.20 0.75 
Le9a3_2016912@55 95.99 -3.96 0.80 
Le9a3_2016912@56 97.94 -4.44 0.79 
Le9a3_2016912@57 100.11 -3.79 0.69 
Le9a3_2016912@58 100.50 -3.88 0.80 
Le9a4_2016912@59 96.60 -4.65 0.73 
Le9a4_2016912@60 98.24 -4.54 0.79 
Le9a4_2016912@61 95.95 -4.33 0.66 
Le9a4_2016912@62 95.94 -5.19 0.70 
Le9a4_2016912@63 93.38 -5.04 0.68 
Le9a4_2016912@64 95.21 -4.69 0.74 

 

To quantitatively evaluate the data we employed several statistical tools (i.e. range, a comparison of 

mean and median values, variance and standard deviation). In order to test the Le-9 glass for 
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homogeneity (or heterogeneity) with respect to its boron content and isotope ratios, we performed 60 

SIMS analyses in four pristine glass fragments, taking care to avoid cracks, bubbles and surface 

regions where conchoidal fracture created areas with a "scratched" appearance.  

The range is an informative tool to measure data dispersion and it is the simplest measure of 

variability. The range is the difference between the highest and the lowest value in a dataset, and it is 

used as supplement to other statistic measures. Its main disadvantage is that it doesn’t take into 

account the majority of the values, therefore it can lead to erroneous interpretations if the dataset 

includes extreme values (outliers). For Le-9, the boron concentration range is 15.70 μg/g (max 

105.91μg/g to min 90.21μg/g) and the range of δ11B values is 3.86 (min │-7.25│‰ to max │-

3.39│‰). 

The mean (average) and median (middle) values are also used to describe a dataset and to measure 

the central tendency by indicating the central position. Our average and median for our two datasets 

are very close: the average SIMS boron concentration is 95.25μg/g and the median is 94.95μg/g and 

the average SIMS δ11B value is -4.89‰ and the median is -4.83‰. As the mean and median should be 

the same for a normal distribution, the closeness of our mean and median values is another indication 

that our data are spread quite normally, following a near normal distribution pattern.  

Variance is another tool to measure the statistical dispersion of a dataset, which calculates how 

much the values in the dataset are spread out from the mean. The sample Le-9 displays low variance in 

its δ11B values of 0.65(‰)2, and is thus statistically homogeneous with respect to its δ11B values at the 

20 μm sampling scale. For boron concentration, the variance is 13.36 (μg/g)2. Variance is much more 

useful mathematically because its value is squared but this makes it difficult to apply in a real-world 

sense. However, standard deviation complements the description of the variability in our dataset, 

coupled with the concept of the normal curve. 

The standard deviation (σ) is the square root of variance and is the most widely utilized tool in 

statistics, as it quantifies the amount of variation/dispersion in a dataset. A low σ value indicates that 

the data have a tendency to cluster close to the mean, while a high σ value indicates that the dataset is 

spread out over a broader range of values. For boron concentration of the Le-9 glass, 1σ is 3.65μg/g 

(2σ = 7.3μg/g) and for δ11B values of the glass 1σ is 0.81‰ (2σ = 1.62‰). We can see in the 

frequency distribution plots in Fig. 19 that although a large percentage of our data fall within 2σ 

(93.3% for boron concentration and 95% for δ11B values), there are also domains of glass that 

demonstrate minor heterogeneity at the 1σ level. More specifically, for boron concentration and δ11B 

values, 76.7% and 68.4% of our data, respectively, fall within the 1σ envelope. Based on the "68-95-

99.7" rule of thumb, a dataset can be described as having a normal (Gaussian) distribution if the values 

that lie within 1σ, 2σ and 3σ from the mean are 68-95-99.7 percent of the total data set, respectively. If 

we compare our two frequency distribution plots with the normal distribution curve in Fig. 19c, we 

can see that both of our datasets follow a nearly normal distribution pattern and also showing a small 

spread out to higher δ11B and boron concentration values. 
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Based on all the statistical tools above, we have shown that our dataset is statistically homogeneous 

at the 2σ level, albeit with minor heterogeneities at 1σ level. The source of these minor heterogeneities 

is currently unknown but could conceivably be related to magma mixing or mingling processes prior 

to eruption. 

 
Figure 19. a) Boron concentration and b) δ11B frequency distribution plots for Le-9 glass. 93.3% for boron 
concentration and 95% for δ11B data fall into the 2σ envelope, meaning that Le-9 is statistically homogeneous at 
the 2σ level. Some minor compositional heterogeneities can be observed at the 1σ level, however, and are 
discussed in the text. c) A normal distribution curve. 
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5. Discussion 
 

5.1.  SIMS data reduction and initial assessment 
Our SIMS data were acquired during one continuous analytical session at the Nordsim ion microprobe 

facility in September, 2016. Throughout this session, a fragment of the reference material B6 (obsidian 

glass) was repeatedly analysed before and after every four analyses of the unknown (i.e. the Le-9 

glass). As can be seen in Fig. 20, the standard showed very little variability (2σ = 1‰) with time 

throughout our analysis session, which is an indication of a good analytical session.   

 

 
Figure 20. Plot showing the variability in δ11B values of reference material B6 throughout the entire analytical 
session. The variability in δ11B values is within the acceptable range (i.e ± 2σ of the accepted value). 

 

We analysed five fragments of Le-9 glass by SIMS, with a total of 60 analysis spots. All mounts 

were polished flat and the SIMS analyses were performed with a minimum distance of 5 mm from the 

edge of the mount (see Fig. 6) in order to avoid any data artifacts associated with sample topography 

or proximity to the edge of the mount, which has previously been recognized as an issue for stable 

isotope systems by Kita et al., 2009 and Whitehouse & Nemchin, 2009. In order to avoid 

contamination of the analyte, the sample spots were pre-sputtered for 150 seconds to remove surface 

material. Following analysis, the data were reduced using the in-house CIPS software at Nordsim, 

which calculates and corrects for any instrument drift over the session period. The CIPS software also 

recalculates the raw 11B/10B ratios to δ 11B values based on the input value of the B6 standard. 

Following data reduction, we then filtered our data by removing all analyses that had an unacceptably 

high value for the field aperture. High values for the field aperture indicated that the analysis was not 

well centered and so the instrument attempted to correct for this. Most of our analyses had normal 

values for the field aperture, but one of the glass fragments (b3) yielded values that deviated from all 

the other analyses. The exact source of this deviation is unknown but it is an indication of inaccurate 
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secondary ion detection and thus we discarded a total of six SIMS spot analyses from all of our 

subsequent statistical calculations. 

Standardization for boron isotope analysis is a contentious issue. A commonly employed standard 

is the B6 reference material, which is a natural rhyolitic glass from Lipari Island in Italy. This material 

behaves well on the micron-scale, as it is homogenous and boron rich (197 μg/g). However, the inter-

laboratory study of Gonfiantini et al. (2003) reported a wide range of δ11B values for B6 from five 

different mass spectrometric techniques (ICP-MS, MC-ICP-MS, SIMS, PTIMS and NTIMS) and from 

nine different laboratories around the world. The inter-laboratory boron isotope results showed 

differences of >5‰ for the investigated natural rhyolitic glass. For example, three PTIMS labs gave 

δ11B values of -0.5‰, -1.6‰ and -3.3‰ (average -1.8‰), while the SIMS labs gave δ11B values of -

2.4‰ and -3.3‰ (average -2.9‰). As a result, different SIMS labs sometimes use different values for 

B6 to calibrate their data. For example, the SIMS boron study by Helbling (2011) employed a value of 

-1.8‰ for B6 owing to the fact that this is the average from three PTIMS results (Gonfiantini et al., 

2003) and, it is also almost identical to the mean value of the repeated analyses conducted during a 

preliminary evaluation, before distribution of the standard material (Tonarini et al., 2003). In this 

project (and others conducted at Nordsim, see Deegan et al., 2016a), we used a standard value of -

3.32‰ for B6, as this value is very close to the average value of -3.30‰, from all the labs and 

techniques in the inter-laboratory study of Gonfiantini et al. (2003).  

 
Figure 21. Boron isotopic compositions of rhyolitic glass from Helbling (2011) and our new Le-9 SIMS and 
MC-ICP-MS data. Errors bars are 1σ except for the MC-ICP-MS data where they are 2σ. Note that our SIMS 
data that were re-calculated to a standard value of -1.8‰ for B6 are also shown and they overlap within error 
with the data of Helbling (2011) who also used a value of -1.8‰ for B6 (see text for more details). 
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In addition, the value of -3.32‰ for B6 adopted in this study is consistent with the SIMS value 

obtained on B6 by G. Layne when using reference material GB-4 for calibration, which itself has an 

accepted  δ11B value of 12.8‰ (Chaussidon et al., 1997; G.Layne, pers. comm). The discrepancy in 

the standard values used in this study and by Helbling thus produced a small difference between the 

data sets (Fig. 21).  

Nevertheless, although the absolute δ11B values for Le-9 glass are uncertain due to the 

standarisation issues explained above, and although care must be taken when comparing boron isotope 

data between SIMS labs, our dataset is internally consistent and it can therefore be used to evaluate 

δ11B variations and potential fractionation effects in the Le-9 glass (see below).  

 

5.2.  Solubility of H2O and magmatic degassing 
In this part of the discussion we carefully examine the solubility of H2O for a specific range of 

temperatures and pressures corresponding to the pre-eruptive physical conditions of the Le-9 magma. 

In order to constrain the pressure and temperature of magma storage for the Lesbos ignimbrites 

Helbling (2011) employed various thermobarometric methods, including i) a two-feldspar 

thermometer and barometer, ii) a plagioclase-liquid thermometer and barometer, iii) alkali feldspar-

liquid, zircon saturation and apatite saturation thermometers, and iv) a consideration of H2O solubility. 

Helbling (2011) constrained pressure and temperature conditions for her ignimbrite samples from 

profile A to be 75-150 MPa and 815-848 oC. The Le-9 glass is mapped with the same ignimbrite unit 

as where the profile A samples came from, but it is has not yet been fully established whether Le-9 

belongs to the same ignimbrite (Helbling, pers. comm.).  

We also ran several calculations in order to determine the pressure conditions at the pre-eruptive 

stage of the Le-9 glass, based on our H2O and CO2 measurements. For these calculations we assumed 

a range for rhyolitic temperatures of 800-850oC. We expect that this is a reasonable approximation for 

Le-9 because i) Aldanmaz (2006) used three different geothermometry calculations to estimate a range 

of 585oC to 1086oC for the western Anatolia Early Miocene volcanic rocks, including Lesbos, and ii) 

Helbling (2011), as mentioned above, used a combination of thermobarometric measurements and 

narrowed down the temperatures to 815oC to 848oC for her profile A samples, and c) based on 

Sugawara (2000), we obtained an average of 841oC, with a 1σ value of 32.85oC and a range 87.66oC.  

Based on the empirical model for mixed H2O-CO2 solubility in rhyolitic melts in Liu et al. (2005), 

we calculated a pressure range of 73.8-78.8 MPa when employing a temperature range of 800-850oC 

and 3.4 wt.% H2O. These pressures are calculated for pure H2O solubility by setting PCO2 to zero. 

Next we employed the H2O-CO2 solubility in magmas model presented in Papale et al. (2006).  For 

this calculation, we again used a temperature range of 800-850oC, a H2O content of 3.4 wt.%, and a 

minor CO2 content of 0.005 wt.% (see below). This model yielded a range of pressures from 92.6-92.7 

MPa. We need to mention here that although this model shows good results, it has two sources of 
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errors. Firstly, we don’t have an absolute value for CO2 as it was reported by Actlabs as being <0.01 

wt.%. If we set 0.01 wt.% CO2 as our maximum limit then we will obtain a pressure range of 104.9-

105.7 MPa, meaning that the pressure of the pre-eruptive Lesbos magma was below 105 MPa, as there 

is less than 0.01 wt.%. CO2 in the glass. Conversely, if we set the CO2 content to 0.001 wt.% as our 

minimum value then we obtain a pressure range of 82.6-83.5 MPa. Secondly, entering values for, 

Fe2O3 and FeO, in the model was problematic as we acquired values only for FeO(T) from EPMA and 

Fe2O3(T) from Actlabs. Since we are lacking the Fe3+/Fetotal ratio we were unable to find the specific 

values for the two iron oxide species (Geiger et al., 2016). If we approach the Papale et al. (2006) 

model using variable Fe2O3-FeO values and different percentage between them, but keeping the 

temperature, H2O and CO2 content the same as before, then we observe that the pressures we obtain 

are still within the range 92-105 MPa. Therefore we conclude that a pressure estimate of ~93 MPa is 

appropriate for the Le-9 glass (i.e. excluding the lowest and highest values from the above mentioned 

models). This finding is also in agreement with Helbling (2011), who states that due to the high water 

content in the volcanic glass, pressures must have been around 100 MPa. 

Additionally, we employed the model of Kelley and Barton (2008), which is based on Yang et al. 

(1996), to determine the pressure and temperature during Le-9 magma storage based on our EPMA 

glass composition analyses. This model employs the phase relations for the olivine-plagioclase-

clinopyroxene cotectic boundary (OPAM). The OPAM model is independent of mineral compositions 

and determines P and T conditions solely from melt compositions. The calculations were performed 

using the spreadsheets provided in Kelley and Barton (2008) and produced pressure values of 60 MPa 

to 130 MPa. However, the 1σ value was large, being up to 1000 MPa, and furthermore the pressure 

range was up to 2800 MPa, meaning that OPAM is a relatively unreliable tool for estimating the 

pressure of magma storage in our case.  

Having established the pressure and temperature of magma storage for Le-9, we then proceeded to 

employ the VolatileCalc1_1 program (Newman and Lowenstern, 2001) to calculate the amount of 

H2O (wt.%) that would be soluble in the Lesbos rhyolitic melt prior to eruption. We estimate that from 

800oC to 850oC, and at a pressure of ~93 MPa, 3.7 to 3.9 wt.% H2O is soluble in the Le-9 melt  (Fig. 

22a). For higher temperatures at the same pressure range, the amount of water dissolved in the melt 

becomes yet smaller. Considering that the total water content measured in the erupted Le-9 glass is 3.4 

wt%, it appears that the Lesbos magma lost a relatively minor fraction of water up to a maximum of 

0.5 wt.% between its pooling at 93 MPa and evolution (Fig. 22b). Indeed, since the solubility of water 

in rhyolite magma is directly proportional to pressure, it is certain that the Lesbos magma would have 

lost water prior to its final residence at ~93 MPa before eruption (i.e. it would have lost water during 

degassing deeper in the magmatic system). We also note here that VolatileCalc1_1 is calibrated for 

"typical" rhyolitic compositions and applying the model to the K-rich Lesbos glass will introduce a 

source of error, although this is not quantifiable at present.  Our degassing calculations are thus 

regarded as estimates. 
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Figure 22. a) H2O solubility calculations using VolatileCalc at various PT conditions as discussed in the text. 
The calculations indicate that pre-eruptive hydrous degassing was ca. 0.5 wt.% H2O in the Le-9 magma. b) 
Schematic reconstruction of the magma supply system beneath Lesbos Island. 
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5.3.  Boron isotope fractionation in the Le-9 glass 
To test for isotopic fractionation during H2O degassing at magmatic temperatures, we evaluated 

whether there were any systematic changes in the δ11B values of the glass in the vicinity of H2O 

degassing bubbles. In order to calculate the expected fractionation factor and Δδ11B between 

tetrahedrally (silicate melt) and trigonally (C-O-H vapour and fluids) coordinated boron, we used the 

equation from Hervig et al. (2002):  

 

Δδ11Bmelt-fluid = 1000*lnα = 5.68 - 12290/T (equation 2) 

 

where α (alpha) is the fractionation factor and T is the temperature in Kelvins. In table 5 below, we 

display calculated fractionation factors over a range of magmatic temperatures from 800 oC to 1200 
oC, where T(K) = T(°C) + 273.15 (equation 3). 

 
Table 5. Calculated fractionation factors for boron isotopes at various temperatures after Hervig et. al. (2002) 

Temperature (oC) α Δδ11Bmelt-fluid (‰)    
800 0.9942 -5.77 
850 0.9948 -5.26 
900 0.9952 -4.80 
1000 0.9960 -3.97 
1100 0.9967 -3.27 
1200 0.9973 -2.66 

 
As we can see from equation 2, boron isotope fractionation is inversely proportional to temperature 

such that when the temperature increases the magnitude of the fractionation decreases. The negative 

sign denotes the change between melt and fluid, the Δ value (delta, Greek: Δέλτα). Therefore, 

according to Hervig et al. (2002) we should expect a fractionation effect of around 5.26 to 5.77‰ 

between melt and fluid during exsolution of a H2O phase at 800-850oC.  

In our SIMS traverses we can only see 10 spot analyses (out of 40 from the traverses) where the 

change in δ11B value is >1‰ from the average glass value. The average Δδ11B of these 10 analyses is 

1.38‰ (1σ = 0.37), with the highest Δδ11B being 2.4‰, which is the only point thatl lies outside the 

2σ uncertainty envelope (Fig. 23). This is further evidence that the Le-9 glass is statistically 

homogeneous (see 4.3 above) and that only minor to no isotopic fractionation occurred during 

degassing at rhyolitic magmatic temperatures, at least to a degree less than the error of the SIMS 

analysis. We therefore show that isotopic fractionation during late stage volcanic degassing does not 

result in detectable fractionation effects, in contrast to experimental predictions by Hervig et al. 

(2002), which suggests that we should see a measurable change in δ11B values of the glass. Very subtle 

fractionation effects may become more of an issue when our capability to measure boron isotopes in 

volcanic glass becomes more precise, however, at the current precision of SIMS δ11B analysis, 

fractionation effects are essentially less than 2σ uncertainty. 
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Figure 23. Variability in δ11B values along our SIMS traverses. The figures in the zoom parts of the traverses are 
Δδ11B(‰) values. We find a maximum variation of 2.4‰ which is significantly lower than experimental 
predictions  (5.26 to 5.77‰) by Hervig et al. (2002), for hydrous degassing at 800 -850oC. 

 

Based on the experimental procedure that was followed for the measurement of isotopic 

fractionation between in rhyolitic melt and aqueous fluid by Hervig et al. (2002), the ratio between the 

glass and H2O in the experimental capsules was 1:1. This represents a relatively high water content (50 

wt.%) compared to the glass in this study, which had  ~4 wt.% H2O during pre-eruptive magma 

storage. The differences in water contents might represent a valid reason for why Hervig et al. (2002) 

observed significant fractionation effects in contrast to this study where no significant isotopic 

fractionation was observed. 

 

5.4.  Insights into magma genesis at Lesbos from boron 
Boron is an ideal tracer for subduction processes and crustal recycling (Turner et al., 2007) because 

the continental crust is depleted in boron and isotopically light, while slab fluids are boron rich and 

generally speaking isotopically heavy. In subduction zones, crustal material may enter the system in 

two ways: i) magmas may interact with crustal rocks during storage in shallow magma chambers 

and/or during magma ascent and ii) crustal material may also enter the system in the magma source 

region through melts/fluids originating from the altered oceanic crust and the sedimentary rock layer 

that comprises subducting slab. Indeed, the main boron hosts in oceanic crust are altered basalts and 

serpentinites that interact with seawater and sediments. Boron therefore is stored in the uppermost part 
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of the subducting slab, releasing boron rich fluids during subduction in the overlying exhumation 

channel (Marschall et al., 2006). 

Igneous rocks high in potassium are generated either by crustal melting or differentiation of mantle 

melts or a combination of the two. So, boron isotopes are a good tool to investigate the origin of our 

high-K rhyolitic glass. Mid-Ocean Ridge Basalt (MORB) δ11B values vary a lot from -10.8‰ to -

1.2‰ (Spivack and Edmond, 1987; Chaussidon and Jambon, 1994; Moriguti and Nakamura, 1998; le 

Roux et al., 2004; Marschall and Monteleone, 2014) but new studies are narrowing down the MORB 

δ11B value to -7.1±0.9‰ (Marschall et al., 2017), with values higher than this owing to some degree of 

contamination by seawater or seawater-altered materials (note that seawater has heavy δ11B values of 

ca. 40‰, see table 1) The main transporters of boron into subduction zones are serpentinites 

(Tenthorey and Hermann, 2004) and they are also the initial source of H2O (Spandler and Pirard, 

2013) that transfers boron and other fluid-mobile elements such as Li, As, and Sb to arc magmas. 

Many arc magmas have higher boron concentration than typical MORB and mantle (Fig. 24), 

because of the slab-derived, boron-rich fluid input that is produced during subduction (Ryan & 

Chauvel, 2014). The δ11B values of slab-derived fluids evolve over time, with high δ11B fluids 

produced initially and which progressively evolve towards lower δ11B fluids as the heavy isotope 11B 

is progressively scavenged from the slab. The degree to which low versus high δ11B materials are 

processed by the subduction zone depends on the thermal regime, and the local proportions of 

sediment versus altered oceanic crust subducting or incorporated into the slabs fluids or melt. For 

instance, high δ11B fluids will be produced at shallow depths along "hot" slabs and therefore low δ11B 

ingredients are likely to be subducted to greater depth while in "cooler" regimes high δ11B components 

may be preserved and transported deep in a subduction zone (Leeman et al., 2004). It is also thought 

that the amount of fluid sourced from altered oceanic crust versus sediment will influence the δ11B 

values of arc magmas too, with systems dominated by altered oceanic crust producing high δ11B fluids 

(Ishikawa and Nakamura, 1994; Ishikawa and Tera, 1997). 

If we plot boron concentration versus the δ11B values of global arcs (Fig. 24), we can observe that 

Le-9 overlaps with the global arc data based on its average boron isotope value. However, Le-9 is also 

one of the most boron-rich arc glasses yet reported. Some other particularly boron-rich arc lavas 

include the Phlegrean Fields (Campi Flegrei), Italy, with boron content up to 118 μg/g (Tonarini et al., 

2004) and the Lesser Antilles, with boron content up to 102 μg/g and an average of 78 μg/g (Gurenko 

et al., 2005). The black arrows on Fig. 24 indicate the directions that the composition of magmas 

would be shifted if they interacted with shallow or deep slab fluids, based on the reasoning described 

above. Our data have slightly heavier δ11B values than MORB, but significantly elevated boron 

concentration and also a higher B/Ce ratio, 0.66, than depleted mantle, which has δ11B value of -7.1 

±0.9‰ and a B/Ce ratio of 0.10 (Marschall et al., 2017). The Le-9 magma is thus interpreted here to 

reveal interaction with a boron-rich slab fluid, albeit with only a minor change in δ11B values from 

MORB. 
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We investigated a possible mixing model between a slab fluid and MORB in order to explain the 

composition of the Le-9 magma. For these mixing calculations we used a slab fluid with δ11B value of 

-5‰ and boron concentration 500 μg/g, based on slab-fluid partitioning models in Marschall et al. 

(2007).  For the starting, i.e. mantle, composition we employed the MORB values in Marschall et al. 

(2017) where δ11B = -7.1‰ and B concentration = 0.2 μg/g. With these compositional endmembers a 

20% input of slab fluid would be able to produce Le-9 magma (Fig. 24). If we change the values 

of boron concentration to 120 μg/g and leave the δ11B values the same, we can see that an 80-90% 

input is needed to produce Le-9 magma. So in general we can say that if the slab fluid is more 

enriched in boron we need less of it in order to achieve Le-9 magma composition. We also note that 

the composition of the Le-9 magma requires input of a slab fluid with a slightly negative δ11B value of 

-5‰ in our models. This can be explained by a greater relative input of sediment-derived fluid as 

opposed to fluid derived from the altered oceanic crust. Indeed, sediments have a wide range of δ11B 

values, extending as low δ11B as -17‰ (Tonarini et al. 2011) and are key fluid sources in subduction 

zones (Ishikawa and Nakamura, 1994; Ishikawa and Tera, 1997; Benton et al., 2001). Another way to 

alter the original, presumably mantle-like boron composition of Lesbos magmas would be via crustal 

assimilation in the over-riding plate, after the magma has left its source. However, this scenario would 

require unrealistic amounts of sedimentary crustal material to be involved, as sedimentary rocks only 

reach ca. 100 μg/g boron (see data compilation in Deegan et al., 2016a), whereas a fluid derived from 

sediments can contain several hundred μg/g boron (Marschall et al., 2007), and thus the subduction-

fluid model seems more plausible at this time, although assimilation of boron-rich igneous materials 

cannot currently be ruled out. We stress that the above models are preliminary and more data would be 

required in order to generate a clearer picture of the subduction and magmatic processes involved in 

the genesis of the Le-9 magma. 
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Figure 24. Overview of literature boron data for arcs in comparison with data from this study. Arrows indicate the effects of the slab fluids. Black line represents the mixing 
model and tick marks (filled circles) represent 10% intervals. 
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6. Conclusions and Outlook 
 
The volcanic glass from Lesbos studied in this thesis (Le-9) is classified as a high-K rhyolite and 

consists of approximately 95% glass and 5% phenocrysts (plagioclase, Fe-Ti oxides, biotite and minor 

zircon and apatite). The high water content (3.4 wt %) obtained from FTIR and IR analyses indicates 

that water was the main volatile component of the glass. Boron concentrations were measured by two 

independent methods providing an average of 101.6 μg/g based on SIMS (n=60) and PGNAA (n=1). 

The δ11B value of the glass is -4.31‰ based on SIMS (n=60) and MC-ICP-MS (n=2). With respect to 

boron concentration and δ11B values, our glass is statistically homogeneous at the 2σ level, although 

minor heterogeneity can be observed at the 1σ level.  
Based on modelling carried out with VolatileCalc, the amount of water that can be dissolved in a 

rhyolitic pre-eruptive melt at crustal conditions applicable to Le-9 (~93MPa and 800-850oC) is 

between 3.7 and 3.9 wt.%. As Le-9 has 3.4 wt.% H2O we can conclude that ca. 0.5 wt.% degassing 

occurred between the final stage of crustal magmatic storage and eruption. Certainly, greater degrees 

of degassing would have occurred prior to this point, as magma migrated from deeper levels in the 

magma supply system. Boron isotope fractionation may have also occurred deeper in the magma 

system, however, since this process is inversely proportional to temperature, fractionation effects in 

the deeper and hence hotter system may have been fairly small. However, we presently have very few 

constraints on whether boron isotopes were fractionated at depth at Lesbos. 

We found no evidence of boron isotope fractionation at the 2σ level of uncertainty. Thus, our data 

show that boron isotopes undergo no detectable fractionation beyond 2σ uncertainty during moderate 

to mild degassing at magmatic temperatures (800-850oC) in rhyolitic systems. This finding allows us 

to reconstruct the Lesbos magma’s δ11B values at its final holding stage prior to eruption. We interpret 

the boron content and δ11B values of Le-9 to indicate a shallow slab fluid input, as the analysed glass 

has slightly heavier δ11B and significantly elevated boron concentration relative to depleted mantle. 

Indeed, the Le-9 data can be explained by about 20% input of a fluid containing 500 μg/g of boron and 

with a δ11B value of -5‰, which likely reflects fluid derivation from subducted sediments.  Although 

there remain many uncertainties with boron isotope mixing modelling for Le-9, it is clear from this 

study that during closed system magmatic evolution, δ11B values in volcanic glass may be a reliable 

record of the δ11B values of undegassed magma, and may thus be useful for investigation of 

subduction fluids in arcs. 

Boron isotope analyses of the boron-rich glass from Lesbos by SIMS provided useful insights into 

the fractionation behavior of boron during upper crustal magma storage and degassing. Of 

consideration for the future is to the concept of certifying Le-9 as an international SIMS δ11B standard. 

The Le-9 glass has a series of characteristics that make it an attractive candidate for use as a SIMS 

δ11B standard: i) Le-9 has an unusually high boron content, making it one of the most boron-rich arc 

samples ever reported, ii) the glass is statistically homogeneous at the 2σ level with respect to its B 
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content and δ11B values, and iii) sufficient reserves of this material exist for distribution to SIMS 

laboratories globally. Of course further analysis of the Le-9 glass and verification of its absolute δ11B 

values through a "round robin", multi-laboratory analytical approach would be required to certify Le-9 

as an international standard and could be the target of future work initiated by this thesis.  
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Table A1. Major elements for Le-9 glass in this study from EPMA analysis. 

S/N SiO2 Al2O3 K2O Na2O FeO CaO Ti2O P2O5 MgO MnO BaO SO3 NiO Cr2O3 V2O3 Total comment 
1 69,68 14,34 6,78 3,17 1,07 0,79 0,30 0,41 0,11 0,00 0,11 0,00 0,00 0,00 0,00 96,76 Bc-3-b3A 
2 67,86 13,8 6,84 3,09 0,91 0,74 0,32 0,17 0,12 0,00 0,09 0,01 0,03 0,00 0,01 93,98 Bc-3-b3A 
3 69,41 14,32 6,8 3,36 1,18 0,73 0,24 0,08 0,24 0,03 0,00 0,03 0,00 0,00 0,04 96,46 Bc-3-b3A 
4 69,28 14,16 6,8 2,75 1,20 0,70 0,31 0,02 0,20 0,00 0,12 0,00 0,00 0,01 0,07 95,62 Bc-3-b3A 
5 68,99 14,39 6,71 3,09 1,19 0,71 0,29 0,20 0,16 0,16 0,05 0,06 0,01 0,00 0,02 96,02 Bc-3-b3A 
6 70,22 13,94 6,74 3,58 1,08 0,75 0,25 0,17 0,20 0,13 0,18 0,06 0,00 0,08 0,03 97,39 Bc-3-b3A 
7 69,4 14,04 6,61 3,35 0,97 0,66 0,31 0,00 0,19 0,13 0,12 0,00 0,04 0,00 0,02 95,83 Bc-3-b3A 
8 70,21 14,21 6,65 3,58 0,61 0,79 0,27 0,12 0,19 0,05 0,17 0,01 0,00 0,00 0,05 96,91 Bc-3-b3A 
9 69,71 14,29 6,97 3,2 1,07 0,73 0,38 0,00 0,15 0,09 0,23 0,13 0,00 0,01 0,00 96,95 Bc-3-b3A 

10 69,56 14,01 6,76 2,93 0,92 0,68 0,36 0,00 0,14 0,01 0,13 0,00 0,05 0,02 0,00 95,55 Bc-3-b3A 
11 69,08 14,2 6,81 3,01 0,99 0,73 0,30 0,07 0,21 0,12 0,08 0,24 0,00 0,00 0,00 95,84 Bc-3-b3B 
12 68,58 13,86 6,58 2,38 0,97 0,78 0,26 0,09 0,20 0,04 0,13 0,06 0,11 0,00 0,11 94,15 Bc-3-b3B 
13 68,59 14,29 6,79 3,35 1,11 0,75 0,28 0,00 0,16 0,01 0,17 0,03 0,00 0,00 0,00 95,53 Bc-3-b3B 
14 69,97 14,55 6,91 3,18 0,41 0,56 0,31 0,00 0,10 0,07 0,00 0,00 0,00 0,01 0,00 96,07 Bc-3-b3B 
15 69,12 13,91 6,57 2,97 1,02 0,74 0,24 0,61 0,15 0,13 0,06 0,00 0,02 0,04 0,00 95,57 Bc-3-b3B 
16 69,71 14,07 6,41 3,4 1,08 0,76 0,26 0,00 0,19 0,14 0,18 0,00 0,02 0,00 0,05 96,28 Bc-3-b3B 
17 69,43 14,3 6,36 3,57 1,28 0,67 0,20 0,13 0,26 0,22 0,14 0,11 0,05 0,00 0,00 96,73 Bc-3-b3B 
18 70,5 14,53 6,04 3,71 0,77 0,74 0,39 0,02 0,22 0,00 0,04 0,03 0,07 0,00 0,00 97,05 Bc-3-b3B 
19 68,94 14,19 6,79 3,33 1,13 0,81 0,34 0,00 0,23 0,00 0,05 0,11 0,00 0,00 0,00 95,92 Bc-3-b3B 
20 70,35 14,25 6,58 3,72 0,66 0,76 0,33 0,00 0,20 0,12 0,16 0,00 0,08 0,00 0,00 97,20 AB-4 
21 71,17 14,32 6,68 3,46 1,09 0,79 0,25 0,04 0,15 0,03 0,02 0,09 0,00 0,00 0,00 98,09 AB-5 
22 70,93 14,14 6,97 3,31 1,12 0,70 0,29 0,01 0,19 0,12 0,21 0,00 0,03 0,06 0,03 98,12 AB-4b 
23 70,17 14,18 7,01 3,3 1,12 0,81 0,33 0,00 0,18 0,12 0,04 0,43 0,00 0,00 0,00 97,69 AB-4b 
24 70,79 14,53 6,82 3,47 1,19 0,64 0,41 0,00 0,18 0,05 0,14 0,00 0,00 0,02 0,00 98,24 AB-4b 
25 71,07 14,06 6,89 3,39 1,03 0,72 0,41 0,00 0,20 0,00 0,14 0,00 0,03 0,00 0,03 97,95 AB-4b 
26 71,13 14,5 6,94 3,41 1,21 0,75 0,30 0,15 0,23 0,09 0,05 0,00 0,00 0,00 0,00 98,76 AB-4b 
27 70,56 14,59 7,04 3,16 1,12 0,67 0,30 0,15 0,13 0,08 0,15 0,00 0,00 0,00 0,00 97,96 AB-4b 
28 70,56 14,47 7,04 2,88 0,96 0,76 0,31 0,08 0,19 0,06 0,20 0,00 0,09 0,01 0,05 97,66 AB-2b 
29 70,14 14,14 7,02 3,39 1,34 0,70 0,41 0,03 0,18 0,01 0,10 0,09 0,00 0,00 0,06 97,61 AB-2b 
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S/N SiO2 Al2O3 K2O Na2O FeO CaO Ti2O P2O5 MgO MnO BaO SO3 NiO Cr2O3 V2O3 Total comment 
30 71,17 14,21 6,87 3,3 0,84 0,78 0,27 0,13 0,22 0,21 0,16 0,00 0,00 0,09 0,00 98,24 AB-2b 
31 70,17 14,4 7,05 2,53 0,93 0,75 0,23 0,13 0,23 0,00 0,15 0,14 0,00 0,00 0,10 96,80 AB-2b 
32 70,69 14,5 6,99 2,86 0,98 0,73 0,27 0,00 0,23 0,07 0,02 0,01 0,00 0,00 0,01 97,36 AB-2b 
33 70,42 13,88 7,07 2,7 0,89 0,72 0,29 0,00 0,10 0,05 0,15 0,00 0,01 0,00 0,00 96,27 AB-2b 
34 71,55 14,28 7,01 3,59 0,89 0,78 0,33 0,00 0,15 0,08 0,00 0,04 0,02 0,05 0,01 98,76 AB-2b 
35 70,17 14,17 7,05 3,11 1,21 0,67 0,31 0,02 0,00 0,06 0,15 0,20 0,00 0,04 0,00 97,15 AB-2b 
36 70,36 14,15 7,16 3,27 1,16 0,79 0,38 0,00 0,22 0,18 0,12 0,06 0,00 0,03 0,01 97,89 AB-2b 
37 70,82 14,66 6,96 3,03 0,51 0,57 0,30 0,05 0,21 0,04 0,08 0,00 0,00 0,02 0,03 97,28 AB-2b 
38 70,45 14,33 6,42 3,75 1,03 0,66 0,39 0,00 0,20 0,03 0,13 0,21 0,01 0,06 0,03 97,71 Ac-2-1 
39 70,96 14,41 6,9 3,02 0,84 0,91 0,26 0,03 0,21 0,10 0,04 0,09 0,00 0,00 0,02 97,79 Ac-2-2 
40 70,81 14,54 6,83 3,57 0,29 0,51 0,14 0,06 0,08 0,14 0,15 0,00 0,00 0,00 0,04 97,16 Ac-2-3 
41 70 14,52 6,7 2,95 1,24 0,73 0,26 0,17 0,14 0,13 0,08 0,04 0,02 0,00 0,08 97,05 Ac-2-4 
42 70,93 14,16 6,39 3,72 0,87 0,80 0,17 0,00 0,14 0,06 0,11 0,03 0,00 0,14 0,01 97,54 Ac-2-5 
43 69,97 14,16 6,99 2,82 1,00 0,72 0,32 0,00 0,11 0,00 0,07 0,16 0,00 0,04 0,08 96,43 Ac-2-6 
44 69,69 14,25 6,53 3,6 1,14 0,72 0,41 0,00 0,21 0,11 0,17 0,04 0,00 0,02 0,00 96,90 Ac-2-7 
45 68,99 14,14 6,61 3,52 1,28 0,75 0,28 0,09 0,18 0,08 0,03 0,06 0,00 0,00 0,00 96,01 Ac-2-8 
46 71,21 14,37 6,5 3,58 1,03 0,79 0,33 0,00 0,22 0,00 0,12 0,00 0,00 0,00 0,13 98,28 Ac-2-9 
47 70,41 14,31 6,64 3,43 1,37 0,67 0,24 0,03 0,18 0,00 0,24 0,00 0,00 0,03 0,03 97,58 Ac-2-10 
48 70,35 14,47 6,76 2,94 1,25 0,70 0,43 0,03 0,14 0,04 0,23 0,01 0,03 0,00 0,00 97,39 Ac-3-1 
49 70,11 14,08 6,61 3,45 1,38 0,66 0,19 0,00 0,14 0,03 0,12 0,04 0,06 0,00 0,13 97,01 Ac-3-2 
50 70,35 14,72 6,75 3,36 1,21 0,65 0,35 0,03 0,12 0,00 0,12 0,07 0,09 0,00 0,01 97,83 Ac-3-3 
51 69,46 14,24 6,61 3,45 1,03 0,71 0,37 0,00 0,20 0,07 0,15 0,00 0,00 0,03 0,00 96,31 Ac-3-4 
52 70,22 14,24 6,61 3,17 1,25 0,68 0,35 0,00 0,11 0,05 0,02 0,04 0,00 0,03 0,00 96,77 Ac-3-5 
53 70,64 14,44 6,89 2,7 0,83 0,82 0,43 0,00 0,26 0,08 0,02 0,00 0,07 0,00 0,00 97,19 Ac-3-6 
54 70,13 14,91 7,05 2,25 1,24 0,72 0,29 0,12 0,07 0,03 0,19 0,16 0,02 0,00 0,00 97,15 Ac-3-7 
55 70,32 14,43 6,86 3,16 1,24 0,68 0,23 0,00 0,14 0,08 0,10 0,00 0,04 0,05 0,06 97,39 Ac-3-8 
56 71,06 14,2 6,41 3,81 0,89 0,70 0,32 0,00 0,27 0,06 0,04 0,11 0,01 0,04 0,00 97,94 Ac-3-9 
57 69,63 14,2 6,85 3,18 1,02 0,66 0,35 0,10 0,19 0,13 0,13 0,00 0,06 0,04 0,00 96,55 Ac-3-10 
58 69,89 14,39 6,77 3,47 1,14 0,73 0,29 0,00 0,18 0,02 0,01 0,11 0,02 0,00 0,00 97,02 Ac-4-1 
59 70,67 14,35 6,76 3,19 0,80 0,75 0,27 0,09 0,21 0,04 0,06 0,00 0,00 0,00 0,04 97,23 Ac-4-2 
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S/N SiO2 Al2O3 K2O Na2O FeO CaO Ti2O P2O5 MgO MnO BaO SO3 NiO Cr2O3 V2O3 Total comment 
60 70,08 14,26 6,89 3,01 1,11 0,67 0,21 0,07 0,20 0,04 0,13 0,53 0,00 0,03 0,00 97,24 Ac-4-3 
61 71,04 14,66 6,82 3,17 0,99 0,83 0,23 0,00 0,17 0,09 0,09 0,00 0,07 0,02 0,06 98,24 Ac-4-4 
62 70,82 14,38 6,43 3,65 1,04 0,74 0,24 0,75 0,16 0,12 0,08 0,00 0,00 0,02 0,03 98,45 Ac-4-5 
63 70,36 13,96 6,78 2,82 1,11 0,67 0,15 0,11 0,07 0,00 0,16 0,18 0,00 0,07 0,01 96,46 Ac-4-6 
64 70,03 14,22 6,46 3,42 1,19 0,73 0,26 0,05 0,27 0,17 0,05 0,00 0,00 0,00 0,03 96,89 Ac-4-7 
65 70,88 14,43 6,68 3,49 0,94 0,74 0,33 0,02 0,19 0,19 0,09 0,00 0,11 0,00 0,01 98,08 Ac-4-8 
66 69,97 14,06 6,8 3,25 1,08 0,67 0,33 0,12 0,11 0,08 0,02 0,06 0,08 0,00 0,00 96,63 Ac-4-9 
67 70,46 14,72 6,74 3,71 1,32 0,60 0,30 0,00 0,10 0,01 0,18 0,11 0,00 0,01 0,00 98,26 Ac-4-10 
68 70,74 14,56 6,65 3,39 1,10 0,92 0,20 0,20 0,30 0,20 0,19 0,06 0,01 0,00 0,00 98,52 Ac-4-11 
69 69,76 14,07 6,84 3,45 1,28 0,68 0,42 0,00 0,15 0,05 0,19 0,00 0,05 0,05 0,00 96,99 Ac-4-12 
70 70,89 14,34 6,52 3,42 1,17 0,74 0,25 0,13 0,24 0,03 0,11 0,14 0,00 0,03 0,00 98,02 Ac-4-13 
71 70,34 14,35 6,72 2,94 1,19 0,68 0,34 0,24 0,12 0,18 0,11 0,10 0,00 0,00 0,00 97,31 Ac-4-14 
72 70,56 14,65 6,29 3,91 0,87 0,77 0,27 0,11 0,27 0,16 0,28 0,07 0,05 0,00 0,01 98,26 Ac-4-15 
73 71,15 14,35 6,95 2,79 0,90 0,73 0,24 0,00 0,07 0,02 0,08 0,03 0,00 0,01 0,07 97,40 Bc-2-1 
74 71,32 14,04 6,88 3,16 0,83 0,72 0,30 0,05 0,26 0,08 0,07 0,03 0,00 0,00 0,01 97,74 Bc-2-2 
75 71,2 14,34 6,67 3,05 1,29 0,75 0,26 0,14 0,10 0,13 0,12 0,00 0,04 0,00 0,00 98,08 Bc-2-3 
76 70,87 14,44 6,6 3,29 1,07 0,69 0,31 0,00 0,17 0,01 0,08 0,07 0,02 0,00 0,00 97,63 Bc-2-4 
77 70,6 14,05 6,88 3,32 1,06 0,76 0,25 0,01 0,10 0,00 0,07 0,06 0,01 0,00 0,00 97,18 Bc-2-5 
78 70,66 14,25 6,74 2,94 0,92 0,72 0,37 0,00 0,27 0,07 0,03 0,11 0,10 0,03 0,01 97,22 Bc-2-6 
79 70,93 14,34 6,88 2,68 1,26 0,76 0,20 0,15 0,26 0,07 0,12 0,06 0,00 0,00 0,02 97,73 Bc-2-7 
80 70,91 14,41 6,68 3,34 0,92 0,79 0,20 0,00 0,11 0,11 0,13 0,07 0,00 0,00 0,05 97,73 Bc-2-8 
81 70,4 14,1 6,81 3,05 1,07 0,76 0,25 0,00 0,18 0,00 0,10 0,01 0,04 0,00 0,00 96,77 Bc-2-9 
82 70,66 14,23 6,88 3,59 1,07 0,66 0,38 0,01 0,10 0,01 0,09 0,03 0,01 0,00 0,00 97,70 Bc-2-10 
83 70,79 14,37 6,34 3,41 1,08 0,71 0,26 0,26 0,10 0,02 0,10 0,06 0,00 0,02 0,00 97,51 Bc-3-1 
84 69,89 14,13 6,58 3,33 1,11 0,72 0,43 0,00 0,16 0,00 0,13 0,07 0,00 0,02 0,00 96,57 Bc-3-2 
85 70,42 14,12 7,14 3,18 1,03 0,67 0,38 0,00 0,12 0,03 0,06 0,00 0,00 0,02 0,05 97,22 Bc-3-3 
86 70,75 14,4 6,46 3,53 0,97 0,67 0,39 0,07 0,07 0,08 0,15 0,01 0,06 0,00 0,03 97,64 Bc-3-4 
87 70,17 14,71 6,57 3,72 1,37 0,74 0,26 0,27 0,14 0,15 0,11 0,34 0,01 0,04 0,00 98,60 Bc-3-5 
88 71,11 14,41 6,85 3,58 1,18 0,69 0,29 0,11 0,16 0,10 0,06 0,04 0,00 0,04 0,06 98,67 Bc-3-6 
89 70,63 14,46 6,72 3,23 1,22 0,71 0,22 0,21 0,08 0,18 0,12 0,01 0,01 0,04 0,06 97,91 Bc-3-7 
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90 70,98 14,45 6,82 3,27 0,96 0,70 0,31 0,00 0,17 0,13 0,14 0,00 0,07 0,02 0,02 98,05 Bc-3-8 
91 70,47 14,23 6,84 3,2 0,92 0,70 0,24 0,14 0,15 0,00 0,12 0,03 0,08 0,04 0,00 97,15 Bc-3-9 
92 70,95 14,62 6,7 3,46 1,19 0,67 0,36 0,10 0,19 0,11 0,06 0,00 0,00 0,03 0,04 98,47 Bc-3-10 
93 70,76 14,17 6,46 3,52 1,20 0,66 0,30 0,10 0,15 0,05 0,08 0,00 0,00 0,04 0,00 97,48 Bc-3-11 
94 70,6 14,73 6,86 3,15 0,69 0,70 0,25 0,07 0,06 0,09 0,08 0,09 0,00 0,01 0,00 97,37 Bc-3-12 
95 70,58 14,35 6,98 3,1 0,97 0,73 0,28 0,13 0,11 0,02 0,13 0,10 0,02 0,00 0,00 97,50 Bc-3-13 
96 71,65 14,15 6,64 3,71 1,31 0,65 0,30 0,13 0,15 0,02 0,09 0,00 0,00 0,10 0,00 98,91 Bc-3-14 
97 70,69 14,25 6,92 3,39 1,20 0,64 0,31 0,08 0,24 0,11 0,14 0,10 0,01 0,04 0,06 98,17 Bc-3-15 
98 71,09 14,5 6,74 3,63 1,30 0,67 0,14 0,09 0,18 0,04 0,10 0,10 0,00 0,00 0,00 98,58 Bc-4-1 
99 71,02 14,3 6,85 3,73 1,19 0,70 0,29 0,00 0,03 0,17 0,14 0,14 0,09 0,01 0,00 98,66 Bc-4-2 

100 70,31 14,26 6,86 2,96 1,08 0,77 0,43 0,03 0,15 0,11 0,10 0,00 0,04 0,00 0,00 97,10 Bc-4-3 
101 71 14,31 6,83 3,27 1,14 0,67 0,32 0,12 0,11 0,10 0,09 0,00 0,03 0,00 0,00 97,99 Bc-4-4 
102 71,15 14,27 7 3 0,79 0,74 0,26 0,00 0,18 0,00 0,11 0,09 0,00 0,02 0,00 97,61 Bc-4-5 
103 70,57 14,35 6,58 3,13 1,17 0,70 0,36 0,00 0,05 0,04 0,14 0,07 0,00 0,02 0,01 97,21 Bc-4-6 
104 70,21 14,47 6,95 3,2 1,16 0,68 0,37 0,00 0,18 0,01 0,10 0,01 0,00 0,01 0,00 97,35 Bc-4-7 
105 70,06 14,12 6,56 3,45 1,05 0,67 0,34 0,03 0,09 0,00 0,22 0,07 0,00 0,06 0,06 96,79 Bc-4-8 
106 70,42 14,29 6,86 3,04 1,00 0,81 0,27 0,06 0,21 0,00 0,12 0,09 0,05 0,00 0,00 97,23 Bc-4-9 
107 70,9 14,65 6,34 3,53 0,83 0,72 0,19 0,00 0,18 0,03 0,13 0,06 0,00 0,00 0,00 97,56 Bc-4-10 

 SiO2 Al2O3 K2O Na2O FeO CaO Ti2O P2O5 MgO MnO BaO SO3 NiO Cr2O3 V2O3 Total  
m* 70,36 14,31 6,75 3,27 1,05 0,72 0,30 0,07 0,17 0,07 0,11 0,06 0,02 0,02 0,02 97,29  
1σ 0,68 0,21 0,21 0,31 0,20 0,06 0,07 0,11 0,06 0,06 0,06 0,08 0,03 0,03 0,03 0,90  

 

*m = average 
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Table A2. Major and trace elements for Le-9 glass in this study from Actlabs. Major elements values are in 
wt.% and trace elements in μg/g. EPMA average values are also presented here for a comparison between the 
two different analyses. 

Actlabs SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O P2O5 Ti2O K2O LOI Total 

 69.35 14.46 1.46 0.07 0.24 0.82 2.9 0.01 0.306 6.76 4.26 100.6 

EPMA average values (FeO)          

 70.36 14.31 1.08 0.07 0.17 0.72 3.27 0.07 0.30 6.75  97.29 

 
Sc 5  Ni <20  Ag 0.9  Sm 8  Lu 0.39 
Be 5  Cu <10  In <0.2  Eu 1.32  Hf 8.8 
V 7  Zn 50  Sn 3  Gd 5.6  Ta 1.7 
Ba 1055  Ga 17  Sb 3.3  Tb 0.8  W 6 
Sr 89  Ge 2  Cs 10.7  Dy 4.4  Tl 4.1 
Y 23  As 27  La 89.2  Ho 0.8  Pb 64 
Zr 366  Rb 236  Ce 162  Er 2.5  Bi <0.4 
Cr <20  Nb 17  Pr 16.3  Tm 0.38  Th 48 
Co 1  Mo 5  Nd 55  Yb 2.5  U 10.2 

 

Table A3. FTIR analyses for Le-9 glass in this study. 

Sample A Thickness 

(meters) 

Density 

(kg/m3) 

Molar 

abs. 

Molecular 

wt% 

H2O 

wt 
% 

Error 

Mol. 
abs 

H2O 

wt 
% 

Error 

Mol. 
abs 

H2O 

wt 
% 

Error 

IR 
(10%) 

A1 1,45 0,000041 2300 75 18,02 3,69 71 3,90 79 3,51 0,37 

A2 1,25 0,000035 2300 75 18,02 3,73 71 3,94 79 3,54 0,37 

B1 0,92 0,000028 2300 75 18,02 3,43 71 3,63 79 3,26 0,34 

B2 1,45 0,000046 2300 75 18,02 3,29 71 3,48 79 3,13 0,33 

B3 1,40 0,000040 2300 75 18,02 3,66 71 3,86 79 3,47 0,37 

B4 1,55 0,000042 2300 75 18,02 3,86 71 4,07 79 3,66 0,39 

A1 1,45 0,000041 2400 75 18,02 3,54 71 3,74 79 3,36 0,35 

A2 1,25 0,000035 2400 75 18,02 3,58 71 3,78 79 3,39 0,36 

B1 0,92 0,000028 2400 75 18,02 3,29 71 3,47 79 3,12 0,33 

B2 1,45 0,000046 2400 75 18,02 3,16 71 3,33 79 3,00 0,32 

B3 1,40 0,000040 2400 75 18,02 3,50 71 3,70 79 3,33 0,35 

B4 1,55 0,000042 2400 75 18,02 3,69 71 3,90 79 3,51 0,37 

A1 1,45 0,000041 2500 75 18,02 3,40 71 3,59 79 3,23 0,34 

A2 1,25 0,000035 2500 75 18,02 3,43 71 3,63 79 3,26 0,34 

B1 0,92 0,000028 2500 75 18,02 3,16 71 3,34 79 3,00 0,32 

B2 1,45 0,000046 2500 75 18,02 3,03 71 3,20 79 2,88 0,30 

B3 1,40 0,000040 2500 75 18,02 3,36 71 3,55 79 3,19 0,34 

B4 1,55 0,000042 2500 75 18,02 3,55 71 3,75 79 3,37 0,35 
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Fig. A1. Geotectonic zones of Greece according to Mountrakis et al. (1983). Image taken from Mountrakis 
(2010). For a detailed guide of the geotectonic zones see the corresponding references. 
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