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Abstract 
Olivine-hosted melt inclusions from Hvammsnúpur ankaramites were studied in order to 
determine the temperature and composition of the melt from which olivine crystallised. This 
locality was chosen because this ankaramite is one of the most primitive rocks in the 
Eyjafjöll mountain range and is rich in olivine with partially crystallised melt inclusions. 

The ankaramite rock from Hvammsnúpur was crushed and olivine (and clinopyroxene) 
phenocrysts hosting melt inclusions picked out. They were heated in a high-temperature 
furnace at varying temperatures between 1120°C-1200°C and afterwards quenched. The 
melt inclusions were then exposed and analysed by electron microprobe. Results from the 
heating experiments show that the temperature of homogenisation is higher than 1200°C, 
evident by the still partly crystalline melt inclusions. Petrographic evidence suggests that the 
glass composition of the melt inclusions is in disequilibrium with the host olivines; This is 
likely the result of a process called Fe-loss occurring after the entrapment of the melt 
inclusions during slow cooling. 

 

 

 

 

Útdráttur 
Bráðarinnlyksur í ólivíndílum sem eru í ankaramíti frá Hvammsnúpi voru rannsakaðar með 
það að markmiði að ákvarða hitastig og efnasamsetningu bráðarinnar sem ólivíndílarnir 
kristölluðust úr. Hvammsnúpur er eftirsóknarverður staður til slíkra rannsókna þar sem 
ankaramítið þar er með frumstæðasta bergi Eyjafjalla og er ríkt af ólivíndílum sem hafa að 
hluta til kristallaðar bráðarinnlyksur. 

Ankaramít-bergsýni frá Hvammsnúpi var mulið og ólivín (og pýroxen) -dílar með bráðar-
innlyksum týndir frá. Dílarnir voru settir í háhitaofn við mismunandi hitastig (1120–1200°C) 
og síðan snöggkældir í vatni. Bráðarinnlyksurnar voru afhjúpaðar og efnagreindar með 
örgreini. Niðurstöður háhitatilraunanna sýna að innlyksurnar eru ekki orðnar einsleitar við 
1200°C þar sem þær eru enn að hluta til kristallaðar. Ennfremur virðist glerið í innlyksunum 
ekki vera í efnajafnvægi við ólivín-hýslana. Þetta orsakast líklega af ferli sem kallast Fe-tap 
(e. Fe-loss) sem verkar á innlyksurnar við hæga kólnun eftir að þær verða innlyksa. 
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1 Introduction 
Eyjafjöll is the index locality for ankaramite in Iceland (Jónsson 1998). The ankaramite from 
Eyjafjöll has been thoroughly described by Steinþórsson in his 1964 paper. He studied both 
topography of the ankaramite outcrops and their compositions and concluded the 
ankaramites formed at similar times. Later studies from the locality of Hvammsnúpur 
include Loughlin’s (1995) comprehensive overview of the volcanic system, detailed 
description of the Hvammsnúpur ankaramite and speculations on its origin, concluding it 
formed in a lava lake. Kristjánsson (2015) calculated crystallisation T for the Hvammsnúpur 
ankaramite based on groundmass compositions yielding a mean T of 1185°C (±71°C). 
Helgadóttir (2016) compared the plagioclase compositions and zonation patterns in several 
ankaramite localities from the region. 

Hvammsnúpur has some of the most primitive rock compositions in the volcanic system of 
Eyjafjallajökull (Loughlin 1995; Steinþórsson 1964). High number of melt inclusions had 
been observed in different minerals during preliminary studies, making this locality ideal for 
studying the evolution of primitive magmas in the region. The only detailed work on silicate 
melt inclusions (MIs) from Eyjafjallajökull eruptive products was done by Moune et al. 
(2012) from the Fimmvörðuháls flank eruption of Eyjafjallajökull in 2010, which is notably 
a more evolved rock than the Hvammsnúpur ankaramite.  No work has been done on melt 
inclusions from Hvammsnúpur. The aim of this study is to determine the composition and 
temperature of an ankaramite rock from Hvammsnúpur Eyjafjöll, based on olivine-hosted 
melt inclusions.  

1.1 Melt inclusions 
This chapter is a brief summary based on a review paper on silicate melt inclusions by Kent 
(2008). Melt inclusions are small pockets of magma that become trapped within a crystal in 
a magmatic system. While inclusions are trapped, they are isolated from the external melt. 
Crystals hosting these inclusions act as barriers protecting the melt inclusion from 
experiencing processes that can alter the composition of the melt. These processes are e.g.: 
magma mixing and assimilation, crystal liquid separation, vapour saturation and degassing 
which can leave the erupted magma very different compared to the parental one. Melt 
inclusions can therefore give a window into the depths and past, reflecting on the origin and 
evolution of the erupted end products. This includes information on the original composition 
of the melt from which the minerals crystallised as well as the physical properties (pressure, 
temperature, density, viscosity etc.) of the crystallizing magmatic body. There are three 
primary advantages of studying melt inclusions as opposed to whole rock or matrix glass 
analysis of the erupted rock. These are: 

1) The resistance of the host phenocrysts protects the inclusions and preserve them from 
alteration; in altered and weathered rocks melt inclusions may be the only way to 
study compositions of magmatic liquids. 
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2) Melt inclusions can preserve volatile elements that otherwise would not be preserved, 
because they can be degassed during magma ascent. 
 

3) Melt inclusions can have more diversity of melt compositions than the erupted rock. 
This indicates that magmatic diversity in magmatic systems is substantially greater 
than in the erupted lava. “The best explanation for this phenomenon is that inclusion-
bearing magmas represent mixtures of smaller volumes of melts of variable 
compositions…” (Kent 2008) but mixing and blending reduce the diversity prior to 
erupting. 

Analysing melt inclusions also has some disadvantages. They are sometimes very small, 
and analyses can be difficult and with increased uncertainties. Melt inclusions are also 
not excluded from undergoing chemical changes and although the changes are different 
from what the external melt undergoes, “…melt inclusions very rarely, if ever, preserve 
the exact composition of the trapped melt.” (Kent 2008). These changes happen mainly 
from the host mineral crystallising on the edges of the melt inclusion and other mineral 
phases precipitating in a melt inclusion during slow cooling. Furthermore, components 
might be modified by diffusion through the host mineral resulting in an altered 
composition (Danyushevsky et al. 2000). When analysing chemical composition of melt 
inclusions, it is often if not always better to analyse homogenous glass rather than partly 
crystallised mix of phases and glass. Homogenisation of melt inclusions can be achieved 
by heating inclusion bearing grains and quenching them to prevent recrystallisation 
(Kent 2008). 

1.2 Ankaramite 
Ankaramite is a porphyritic alkali basaltic rock first described from Ankaramy in 
Madagascar (Lacroix 1916). It is rich in pyroxene and olivine phenocrysts; pyroxene is 
usually more abundant (Sæmundsson & Gunnlaugsson 2013; Lacroix 1916). Although 
plagioclase phenocryst may occur in them, they contain less than 30% modal plagioclase 
(Loughlin 1995). Ankaramite is considered the pyroxene-rich, alkali equivalent of picrite. 
Ankaramite formation is primarily associated with ocean island volcanism like the Azores 
(Genske et al. 2012), and Hawaii (Hammer et al. 2016) as well as volcanic arcs like Sunda 
arc (Della-Pasqua and Varne 1997), Central Mexico (Ortiz Hernández 2000) and Vanuatu 
(Barsdell 1988). 

The ankaramites of Hvammsnúpur are ultrabasic, highly porphyritic rocks. They consist 
primarily of olivine, pyroxene, plagioclase and iron oxide in the groundmass with 
phenocrysts of olivine and clinopyroxene that can reach up to 6 mm across (Steinþórsson 
1964). Plagioclase phenocrysts can also be found but are rare. The groundmass can show 
both sub-ophitic and intergranular texture (Steinþórsson 1964).  A representative 
Hvammsnúpur ankaramite contains 37% pyroxene, 33% olivine, 21% feldspar and 9% 
oxides including (Ti-) magnetite and ilmenite (Loughlin 1995; Steinþórsson 1964).  
Phenocrysts make up 30% of the rock, 60% of which are olivine, with core compositions 
ranging from Fo76-84 and 40% clinopyroxene with core compositions ranging from 
Wo41En51Fs6 to Wo44En44Fs12 (Steinþórsson 1964; Loughlin 1995). The anorthite content of 
plagioclase phenocrysts was determined to be An87-94 by Helgadóttir (2016). 
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2 Geological setting 
The relatively simple model of mid-ocean ridge rifting cannot be easily applied to Iceland. 
This is because Iceland lays on a hot spot, fed by a mantle plume (Einarsson 1991; 
Guðmundsson 1983). A large seismic low-velocity anomaly can be measured down to 400-
450 km depth. The best models suggest a cylinder like plume, 135-150 °C hotter than the 
surroundings, increasing partial melting and driving increased volcanic activity in Iceland 
(Bjarnason 2008). Iceland has experienced a number of rift jumps, where a new rift zone 
forms in a new area as an old one is dying. The presently active Northern Volcanic Zone has 
been active for 3 – 4 million years. 2 million years ago activity started propagating to the 
south and the Eastern Volcanic Zone (EVZ) was formed (Jóhannesson 1980).  

 

Figure 1: Volcanism and tectonics in Iceland. Snæfellsnes Volcanic Belt (SVB); Reykjanes Ridge (RR); 
Reykjanes Volcanic Belt (RVB); Western Volcanic Zone (WVZ); South Iceland Seismic Zone (SISZ); 
Mid Iceland Belt (MIB); Eastern Volcanic Zone (EVZ); Northern Volcanic Zone (NVZ); Tjörnes 
Fracture Zone (TFZ); Kolbeinsey Ridge (KR); Öræfajökull Volcanic Belt (ÖVB). (Þórðarson 2012).
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The EVZ (Figure 1) propagates southwards at a rate of 3.5-5 cm/year. A new rift jump seems 
to be currently taking place as the EVZ is replacing the WVZ (Einarsson 1991).  

The Eyjafjöll mountain range lies in the south of the EVZ and is capped by the glacier and 
central volcano Eyjafjallajökull (Jósepsson & Steinþórsson 1984). The age of the mountain 
range is not known for certain but magnetic measurements show activity had started 0.7 
million years ago (Jónsson 1998). They belong to the palagonite formation 
(móbergsmyndunin) and consist of palagonite, lavas and tillite (Jónsson 1998). 
Eyjafjallajökull is a stratovolcano rising 1666 meters above sea level capped by a glacier 
with a caldera at the top. It has erupted a few times in historical time. In 920, possibly in 
1612, again in 1821–1823 and finally in 2010 after increased monitoring following increased 
seismic activity interpreted as intrusion activity in 1994 and 1999 (Keiding & Sigmarsson 
2012). The recent eruption started as a flank eruption in two fissures at Fimmvörðuháls 
between Eyjafjallajökull and Mýrdalsjökull. Activity later moved to the summit crater of 
Eyjafjallajökull producing a subglacial phreatomagmatic eruption, spewing tephra with 
memorable effect on aviation (Keiding & Sigmarsson 2012).  

Eyjafjallajökull is a transitional alkali system ranging from silicic to basic in composition 
(Óskarsson & Sverrisdóttir 2012). Eyjafjöll is the type locality for Ankaramite in Iceland 
(Jónsson 1998). These rocks were first described by Sigurður Steinþórsson in 1964, indeed 
from Hvammsnúpur where the samples for this study originate (Steinþórsson 1964).  

 

Figure 2: An overview of the southern part of the Eastern Volcanic zone, including Eyjafjöll. 
Hvammsmúli, also known as Hvammsnúpur encircled (Steinþórsson 1964). 
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The locality of Hvammsnúpur, named after the mountain, where the ankaramite is found has 
sometimes incorrectly been named after the nearby farm of Hvammsmúli (Figure 2). This 
was later corrected by Jónsson in his 1998 publication as it should be named after the 
mountain as will be done in this thesis (Jónsson 1998). Several isolated outcrops make up 
the Hvammsnúpur ankaramites and all together they cover an area of 400 m by 400 m. The 
ankaramite is 45 m thick (Loughlin 1995). The ankaramites in Hvammsnúpur are very 
primitive in composition and were considered to likely be intrusive by Jakobsson (1979). 
More recently however, Loughlin (1995) considered the idea that the Hvammsnúpur 
ankaramites formed in a topographically constrained lava lake. The petrographic variety, 
limited lateral extent and thickness suggest ponding may have occurred (Loughlin 1995).  
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3 Methods 

3.1 Preparation for experiments 
After a preliminary inspection, the rock sample was crushed with the aim of isolating as 
many phenocrysts as possible without breaking them to pieces. The sample was first broken 
into smaller pieces with a hammer. The crushing was done using a piston like mortar and 
pestle, applying force with a hammer. The crushed sample was then sieved in a small hand 
sieve with mash sizes of 0.5, 1.2 and 2.0 mm and sorted by grain size. The grain size below 
0.5 and above 2.0 mm were discarded. Next step was picking out phenocrysts that were 
isolated from the groundmass but not too fragmented and looked like they might host an 
inclusion. 

 

Figure 3: Stereomicroscopic images of crushed samples. (a) overview of the crushed sample (6.7 times 
magnification). Brown and yellow grains are olivine phenocrysts, green grains are clinopyroxene and 
grey grains are groundmass. (b) A large clinopyroxene grain likely to host an inclusion (40 times 
magnification). 

An Olympus SZ61 stereoscope with 6.7 to 45 times magnification was used for this task for 
both olivine and pyroxene crystals (Figure 3) with grain sizes of between 0.5-2 mm. The 
picked crystals were then inspected again, this time under water, to locate MIs (see examples 
in Appendix A). Water was used as it made it easier to see through the dust and irregularities 
on the surface of the grains. The same stereoscope was used for this task. The grain size from 
1 to 1.5 mm turned out to be the most useful, being easier to work with. They were less 
commonly cracked and were not covered by significant groundmass material. 10-15 grains 
were selected for each of the five predetermined temperature target values during the heating 
experiment. 

(a) (b) 
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3.2 Heating experiments 
An electric furnace was used for the heating experiments. The temperature in the central part 
of the furnace was calibrated by melting the following elements and compounds: Gold (Au), 
Silver (Ag) and Halite (NaCl). Based on our calibration the precision of temperature reading 
is within ±5°C. 

The grains were divided into six groups. Five groups were put into a graphite crucible and 
mixed with fine graphite powder, in order to avoid oxidation of the grains. One group 
remained unheated for comparison. The five groups were then heated up to different 
temperatures. Experimental temperatures were 1120°C, 1140°C 1160°C 1180°C and 
1200°C as these temperatures were thought to cover the complete T range of crystallisation 
within the inclusions and give an adequate overview of the process of homogenisation. When 
a sample was in the furnace, time was given for it to reach the desired temperature. The 
sample was then left in further for 5 minutes at the target temperature to ensure complete 
homogenisation. The samples were then quickly quenched in a bucket of room temperature 
water to prevent recrystallisation of the inclusions and then placed in a drying oven 
overnight. 

3.3 Preparation for analysis 
Following the heating experiment, the grains were polished to help the inspection of melt 
inclusions. For that, each temperature group, along with some unheated inclusions, was 
glued on a separate glass slides by superglue to make polishing easier as many can be 
polished at a time and in a plane. The grains were polished with sandpaper, starting with 
600, 1200 and 2000 grit. This was done until all of the grains had a flat, polished surface. 
Diamond paste with grain size of 3 µm was used to give a smooth finish. While this process 
was ongoing, the Olympus SZ61 stereoscope was frequently used to inspect the progress. 
The slides were then put in water to loosen the glue so that the grains could be sliced off and 
turned around, glued on again and polished on the other side. The same polishing procedure 
was used until all the grains were polished, now on both sides.  

This allowed for the grains to be inspected despite them being cracked and the melt 
inclusions were located again. Not all of the melt inclusions survived the heating and 
quenching well enough and the grains with the best melt inclusions were picked and cut out 
from the others. In the end only olivine-hosted MIs were analysed. The next step was 
exposing the melt inclusions. Each grain was glued separately on a glass slide. The depth of 
the melt inclusion was judged by a microscope, and the grain then polished/sanded down 
and occasionally polished with finer sandpaper or diamond paste to increase visibility until 
the melt inclusion was exposed. The stereoscope was used to follow the progress. 
Additionally, an Olympus BX51 optical microscope with 4-, 10-, 20- and 40-times 
magnification was used. This microscope can use both transmitted and reflected light and is 
better suited for viewing the melt inclusions to confirm exposure (Appendix A).  

When exposure was confirmed on all of the melt inclusions the superglue was dissolved 
using acetone. As the heated grains were all cracked and fractured after the quenching, some 
of them did not hold well after the supporting glue was dissolved. Nevertheless, the melt 
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inclusions with at least part of the host minerals were saved in all cases and mounted in 
Epothin2 resin. The grain mount was fine polished by 1 µm diamond paste and coated with 
a 25 nm thick carbon film as a conducting layer before electron microprobe analysis. A 
Cressington Carbon coater, 208 carbon machine was used for the coating.  

3.4 Electron microprobe analysis 
The microprobe used for chemical analysis and imaging of melt inclusions in this project 
was a Jeol JXA- 8230 Superprobe at the Institute of Earth Sciences of the University of 
Iceland. This is an electron probe micron analyser equipped with 5 wavelength dispersive 
spectrometers (WDS) and an energy dispersive spectrometer (EDS) as well as with detectors 
for back scattered electrons (BSE) and secondary electrons.  

The electron microprobe produces a concentrated electron beam and shoots it at the sample 
to be analysed. This excites the targeted atoms within the sample which respond by emitting 
X-rays. The wavelength of these X-rays is characteristic for each element and the quantity 
of a certain X-ray can be used to infer the quantity of an element within a phase.  

Some of the electrons are deflected by the atoms in the sample, which results in back 
scattering of these electrons. These electrons can be detected by BSE detectors within the 
microprobe. The larger the atoms in the sample are, the more likely are the electrons to 
collide with them. Thus, the number of electrons reaching the BSE detector is proportional 
to the mean atomic number of the sample and corresponds with the brightness of an BSE 
image. In a BSE image, bright areas represent higher mean atomic numbers and dimmer 
represent lower (Nesse, 2012).   

BSE images were collected prior to analysis to document which phases are present in each 
studied melt inclusion. Prior to the session, the microprobe was calibrated with natural and 
synthetic standard samples. An accelerating voltage of 15 kV was used. A 10 nA current was 
used for glass and a 20 nA current for olivines. Only glass in melt inclusions and their host 
olivines were analysed by WDS, other phases within the melt inclusions were identified and 
analysed by EDS, where the counting time was 100 seconds. For the olivine, a spot analysis 
with a diameter of approximately 1 µm was made. For the silicate glass in the melt 
inclusions, a defocused beam with a diameter of 5-8 µm was used for increased accuracy.  
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4 Results 

4.1 Petrography of experimental products 
Changes within the melt inclusions with increasing temperature are apparent. The ratio of 
crystals to glass decreases dramatically as some of the crystals in the inclusions melt. Some 
of the unheated melt inclusions contained up to 65% crystals and 35% glass as can be seen 
in Figure 4a below. As the temperature increases the more crystals melt and melt inclusions 
at 1200 °C contain about 20% crystals and 80% silicate glass. As a result of the crystals 
melting into the liquid, the chemical composition of the glass changes and appears lighter in 
BSE images with each temperature raise (Figure 4). Additionally, the crystals are euhedral 
in the unheated MIs but slowly lose form and appear more irregular as the exposing 
temperature increases. 

For identification of the various phases within the melt inclusions an optical microscope was 
used in addition to the BSE images and the EDS. The unheated MIs (Figure 4a) contained: 
glass, a dark medium surrounding the crystals in BSE images; an acicular bright phase too 
small to analyse precisely but is likely ilmenite based on its shape and brightness; 
clinopyroxene, many euhedral and fairly bright crystals; orthopyroxene, a few darker slightly 
elongated euhedral crystals; spinel, a bright, large, euhedral (hexagonal in two dimensions) 
oxide; Ni-Fe sulphide, a very bright subhedral mineral; Other oxides, small very bright 
crystal grains. In MIs at 1120 °C Glass, clinopyroxene, spinel and oxides were still present, 
but ilmenite and orthopyroxene were not identified any more (Figure 4a and b). The 
clinopyroxenes still kept their euhedral shape at this temperature. At 1180 and 1200 °C 
(Figure 4e, f) spinel was no longer identified leaving only glass and clinopyroxene and some 
small oxides or sulphides. These changes in phase proportions are reflected in the chemical 
composition of the glass within these inclusions and is discussed below. 

An interesting observation in Figure 4b is the different shades of the glass at 1120 °C. A part 
of it is notably brighter suggesting the glass is quite heterogenous at this temperature. 
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Figure 4: BSE images of olivine-hosted melt inclusions heated up to different T. The white bar underneath 
each image represents 10µm. (a) Unheated melt inclusion. (b) MI at 1120°C. (c) MI at 1140°C. (d) MI at 
1160°C. (e) MI at 1180°C. (f) MI at 1200°C. opx-orthopyroxene; cpx-clinopyroxene 

 

 (A) 

(b) 

(c) (d) 

(e) (f) 
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4.2 Chemical composition of glass in 
experimental products 

 

 

Figure 5: TAS (total alkali silica) diagram. Total alkali consists of Na2O + K2O. The plot is divided into 
areas of according rock type. The different temperatures follow a trend close to the alkali-subalkali 
division. 

The glass from the unheated MIs plots as trachyte, transitional with dacite, being heavily 
affected by the crystallisation of various minerals within the MIs presented in the previous 
chapter. At lower Ts, 1120°C and 1140°C to be precise, there is a large scatter in glass 
compositions. MIs at 1120°C plots from basalt to basaltic trachy-andesite to andesite, both 
above and below the alkali-subalkali division and 1140°C from basanite to basaltic andesite. 
This likely springs from the heterogeneity apparent in these lower T (Figure 4b). 1160°C 
plots dominantly as transitional basalt. As does 1180°C and 1200°C, each a little further 
down the alkali-subalkali division towards lower SiO2 contents. 

The mass percentages of the major elements (SiO2, Al2O3, CaO, Na2O, K2O, FeO and TiO2) 
were plotted as a function of magnesium-oxide (MgO) at each temperature (Figure 6). Three 
notable trends are apparent.  

The first trend is a negative correlation between incompatible elements and MgO (Figure 6a 
and c). This is a trend from initially high concentrations in the unheated residual melt which 
steadily decreases with increasing temperature. Al2O3, SiO2, Na2O and K2O show this trend. 
Al2O3 (Figure 6a) and SiO2 (Appendix C) have very high concentrations in the residual 
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trachyte but steadily decrease with increasing temperature. Concentrations of Al2O3 decrease 
faster towards 1200°C but concentrations of SiO2 seem to even out towards 1200°C. Na2O 
(Figure 6c) and K2O (Appendix C) concentrations in the silicate melt also decreases with 
increasing T, but with more scatter.  

A second trend is a positive correlation between CaO (Figure 6b) and FeO (Appendix C) 
with MgO, where the low values in the residual trachyte steadily increase with increasing 
temperature. CaO shows this trend the most strongly (Figure 6b).  

An interesting variation can be observed in case of the TiO2 (Figure 6d) contents. TiO2 
contents increase from values close to 0 wt% in the unheated inclusions up to 5 wt% at 
1120°C but start to decrease again with higher temperatures (Figure 6d). In other words, 
there is a positive correlation of TiO2 with T up to a point before or at 1120°C but then a 
negative correlation overtakes with increasing T after that point.  

 

Figure 6: Graphs showing the composition of glass within MIs. Different major components as a function 
of MgO. (a) Al2O3 as a function of MgO showing a negative correlation. (b) CaO showing a positive 
correlation. (c) Na2O also showing a negative correlation and finally (d) TiO2 initially showing a positive 
correlation but turns into a negative one. Errors of values are within the symbol size. Comparative data 
are from melt inclusions of the 2010 Eyjafjallajökull eruption, studied by Moune et al. (2012). 

 

The variability within each temperature is considerable in some components, notably in TiO2 
and Na2O and more so for the lower temperatures, 1120 °C and 1140 °C which can likely be 
attributed to the heterogeneity of MIs at these Ts (Figure 4b). Na2O content at 1140°C varies 
from 4 - 7.5 wt% while the variability is much less at 1200°C, from 2 - 3.3 wt% and even 
less for 1180 °C from 3.4 – 3.7 wt%. Looking at the graphs, the higher temperatures, 1180°C 
and 1200 °C, plot very similarly and seem to represent a similar state of homogenisation. 
The lower temperatures, 1120 °C and 1140 °C do plot close to each other as well and glass 
compositions at 1160 °C plots between the low and high T groups. 

(a) (b) 

(c) (d) 
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4.3 Composition of host olivine 
The host olivine composition ranged from Fo76 to Fo86, specifically the lowest being 76.4 
and the highest was 85.6 (Figure 7). The sample size is not big enough for statistical 
speculations. This is in a comparable range although less primitive than Steinþórsson’s 
(1964) observations of olivines in Hvammsnúpur ankaramites which were optically analysed 
yielding a range from Fo80 to Fo93. Kristjánsson (2015) did some EDS analysis of olivines 
from Hvammsnúpur. Those analyses yielded a range from Fo70-79 in the cores and Fo67-71 in 
the rims, altogether a much lower Fo content than determined by this thesis. Loughlin (1995) 
measured core compositions in the range Fo76-84 and Fo72-79 for rims. These compositions 
match the compositions determined by this thesis well. 

 

Figure 7: Diagram showing NiO as a function of forsterite content in olivine. A slight positive correlation 
of NiO and Fo can be detected in core samples with Fo>80. 
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5 Discussions  

5.1 Comparison of glass compositions to 
homogeneous MIs from the Eyjafjallajökull 
2010 eruption 

Olivine is particularly interesting when studying primitive magmas as olivine phenocrysts 
are generally the first to crystallise. Therefore, they grow from the least fractionated liquids. 
Melt inclusions trapped in olivines are thus commonly representing the most primitive melt 
within a magmatic system (Danyushevsky et.al 2000). 

Moune et al. (2012) did work on homogenous MIs from the 2010 eruption of Eyjafjallajökull 
at Fimmvörðuháls. The erupted rock was a mildly alkalic basalt containing olivine and 
plagioclase phenocrysts. The rock was more evolved rock than Hvammsnúpur ankaramite, 
but the composition of the olivine phenocrysts was similar to those in this study (Fo73-87). 
Olivine-hosted MIs were analysed by the electron microprobe. The homogeneous 
Fimmvörðuháls MIs had a very varied MgO content, ranging from 5.2 to 7.2 wt%. Although 
not yet homogenised, MgO contents of Hvammsnúpur MIs are >8 wt% (Figure 6), notably 
higher than Fimmvörðuháls MIs. Ranges for Al2O3 are also somewhat different between the 
localities (Figure 6a). In Fimmvörðuháls MIs with MgO value of 5-6 wt% Al2O3 content is 
14 -16 wt%, 2-3 wt% lower than in the Hvammsnúpur glasses with the same MgO values. 
FeO contents from Fimmvörðuháls MIs on the other hand are significantly higher, ranging 
from 7 to 15 wt% compared to values approaching 6 – 8 wt% in the higher Ts at 
Hvammsnúpur glasses (Appendix C). This can likely be attributed to Fe-loss from the 
Hvammsnúpur MIs. This will be discussed more in chapter 5.3. Other major element 
contents in MIs are comparable between the localities. 

5.2 Comparison of measured and calculated 
temperature 

Putirka (2008) made a comprehensive overview of commonly applied geothermometers and 
geobarometers. Among those are a few thermometers which uses glass composition with 
increasing accuracy and complexity. Of the many equations for calculating temperature of 
glasses based on chemical composition, equation 16 (Putirka 2008) is the most accurate. The 
equation is the following: 

"(°%) = −583 + 3141/01234
526 7 + 15779/0:543;

526 7 + 1338.6/0>?3
526 7

− 31440/01234
526 ∙ 0:543;

526 7 + 77.67[P(Gpa)]] 

Where terms like [01234
526 ] represent the mole fraction of SiO2 in the liquid. The calculations 

are pressure dependent where pressure should be given in GPa as an input parameter (0.001 
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GPA was used as heating experiments were done at 1 atmosphere) and the derived 
temperature is given in °C. This equation shows that the temperature depends on the SiO2, 
Al2O3 and MgO content of the silicate melt. This can be applied if the glass is in equilibrium 
with olivine, clinopyroxene and plagioclase, but performs worse if glass is saturated with 
other phases. If only glass, olivine, clinopyroxene and plagioclase are reported the equation 
yields R2 = 0.75 and a standard error of estimate of ±26°C for test data. As the studied MIs 
do not quite fit this description the uncertainty of the calculations is somewhat higher. 

Using the spreadsheet developed by Keith Putirka (downloaded from: 
http://www.fresnostate.edu/csm/ees/faculty-staff/putirka.html#downloads) temperatures 
were calculated for each glass composition determined in this study and compared to 
measured temperatures during the experiments. The data points in Figure 8 were plotted, and 
uncertainties added. On the x-axis, 1 sigma standard deviation of the calculated Ts was added 
as error bars, whereas the uncertainty of the furnace temperature of ±5°C are the error bars 
on the y-axis. Included in the graph (red error bars) the uncertainty of the thermometer’s 
calibration.  

 

Figure 8: A graph showing the measured T during the experiments as a function of T calculated by 
equation 16 of Putirka (2008). Data points are averages of the calculated temperatures, error bar on 
data points display 1 sigma standard deviation of calculations and uncertainty of measured T. For 
comparison the uncertainty of T calibration is shown by an error bar in red. 

The major observations are the follows:  

1) Calculated T range for glass compositions produced at 1120 and 1140 °C are very variable 
and even more so than the thermometers uncertainty range; at higher temperature the 
calculated T ranges are much narrower. 

2) On average, the thermometer slightly underestimates the measured temperatures, but within 
the uncertainty of the T calibration above 1160°C. 
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3) The big scatter of values for 1120°C and 1140°C can likely be explained by the heterogeneity 
apparent in the glass of some of the MIs (see Figure 4b). This could suggest that at this T 
range crystals are in the process of being melted or having recently done so without proper 
homogenisation of the glass.  

5.3 Olivine melt equilibrium 
Roeder and Emslie (1970) first experimented to test the equilibrium between olivine and 
silicate melt compositions at 1 atmosphere conditions. Their study on Fe-Mg partitioning 
between olivine and liquid showed that the equilibrium constant (Fe-Mg exchange 
coefficient) KD(Fe-Mg)ol-liq for the following equation   

HIJK5 + LM526 = HIJ526 + LMK5 

is fairly independent of T and composition, being nearly constant at 0.30±0.03. 

Equilibrium or disequilibrium conditions between olivine and liquid can be graphically 
displayed in the Rhodes diagram. When olivine and liquid compositions are plotted on the 
graph (Figure 9), they will fall within the dashed lines, which represent KD(Fe-Mg)ol-liq, if 
they are in equilibrium.  

 

Figure 9: A Rhodes diagram displaying whether MI glass is in equilibrium with host olivine or not. Area 
within the dashed lines represent the KD =0.3±0.03; and olivine-melt pairs in equilibrium fall within 
them. The unheated Mis plot far to the left of it while the heated ones plot to the right, both in apparent 
disequilibrium. 
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Having plotted the data on the Rhodes diagram disequilibrium between glass compositions 
and host olivine is apparent. First off, the unheated MIs plot far to the left of the equilibrium 
zone. This is characteristic for liquids that have experienced olivine removal and to be 
expected as the MIs are not homogenised and highly crystalline. When the Mg-Fe bearing 
crystals like olivine melt, values will move to the right and approach equilibrium. The heated 
MIs however still show disequilibrium when plotted on the graph. They are not fully 
homogenised yet and this disequilibrium could be explained if the remaining crystals have 
low Mg# which could move the liquid composition to the left in the case of complete 
homogenisation. But this is not the case in these melt inclusions as the clinopyroxenes in the 
MIs have an Mg# of 78-81 (Appendix F). What likely explains this disequilibrium is a 
process called Fe-loss. Fe-loss is a process of re-equilibration of the melt inclusion with the 
host mineral or even the host magma upon slow cooling. Fe diffuses out of the MIs during 
slow cooling resulting in an altered composition of decreased FeO and increased MgO in the 
melt inclusions which cannot be experimentally revised with short experiments. This 
reportedly results in a higher KD value compared to the equilibrium one. Furthermore, higher 
MgO contents will raise the T of homogenisation requiring overheating the MIs of up to 50 
°C over the original trapping T (Danyushevsky et al. 2000).  
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6 Conclusions 
In this work I have studied olivine-hosted melt inclusions from Hvammsnúpur in Eyjafjöll. 
major conclusions are:   

• As evident by the still partly crystalline MIs at 1200°C, the T of homogenisation for 
these MIs is higher than 1200°C. It is clear from the present results that T of 
homogenisation is in the higher end of Kristjánsson’s estimates (1185°C±71°C). 

• The glass in the MIs exposed to the lower Ts, 1120°C and 1140°C show a large 
degree of heterogeneity resulting in a scatter of compositions. This is most likely the 
result of crystals being in the process of melting and the melt did not have time to 
homogenise before quenching during the short experiments.  

• Three trends are apparent in major element compositions in the MIs exposed to 
different Ts. Incompatible elements (SiO2, Al2O3, Na2O, K2O) show a negative 
correlation with MgO resulting from them being diluted with newly melted crystals 
of compatible elements. CaO and FeO show a positive correlation with MgO. Finally, 
TiO2 initially shows a positive correlation with MgO before 1120°C but after 1120°C 
TiO2 has a negative correlation with MgO. This is because ilmenite, the Ti bearing 
mineral, only spotted in unheated inclusions melts before 1120°C and increases the 
Ti-content of the glass. Ti then gets increasingly diluted as other minerals melt. 

• The MIs in the Hvammsnúpur Ankaramite likely experienced Fe-loss due to Fe-Mg 
diffusion during cooling. This process can also raise the T of homogenisation up by 
up to 50 °C and could be a factor in why the T of homogenisation is higher than 
originally expected. 
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Appendix A  
 

 

Figure 10: Optical microscope images of MI bearing mineral grains (3 olivine, 1 clinopyroxene (bottom 
right)) submerged in water. Mis can clearly be seen as dark specs within the crystals. The small scale on 
each image represents 500µm (0.5mm). 
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Figure 11: Optical microscope images of exposed MIs in olivine crystals. (a) at 1120°C, (b) at 1160°C. 
(c) at 1180°C. (d) at 1200°C. 

 

Figure 12: Optical microscope image of transmitted light displaying an exposed MI in a polished 
crystal grain. 

(a) (b) 

(c) (d) 
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Appendix B  
Table 1: Glass compositions in melt inclusions (MIs) measured by the microprobe. All components are in mass%. 

Comment SiO2  TiO2  Al2O3  FeO MnO MgO CaO  Na2O K2O  P2O5 SO3 Cl  Total  

ol1_MI1_1120_spot1 48.04 5.19 17.77 4.52 0.09 6.12 10.33 4.10 0.78 0.60 0.03 0.09 97.67 

ol1_MI1_1120_spot2 50.96 3.44 16.57 4.07 0.09 6.92 11.55 4.02 0.74 0.53 0.03 0.08 98.99 

ol1_MI1_1120_spot3 58.28 1.60 17.78 3.19 0.07 4.35 7.09 2.94 1.07 0.75 0.01 0.09 97.23 

ol2_MI1_1120_spot1 51.65 2.71 17.18 4.94 0.04 5.42 9.37 4.60 1.39 0.90 0.11 0.08 98.39 

ol2_MI1_1120_spot2 51.61 2.51 17.99 5.02 0.04 5.07 9.28 4.62 1.39 0.51 0.16 0.07 98.27 

ol1_MI1_1140_spot1 47.83 4.14 18.11 5.45 0.14 5.70 10.25 6.50 0.06 0.34 0.01 0.09 98.62 

ol1_MI1_1140_spot2 46.05 3.55 19.42 5.36 0.15 5.64 11.08 7.44 0.04 0.10 0.01 0.12 98.96 

ol1_MI1_1140_spot3 54.73 1.68 18.29 5.47 0.13 5.08 7.24 3.97 0.04 0.15 0.01 0.14 96.93 

ol2_MI1_1160_spot1 52.82 2.04 15.77 4.06 0.08 6.65 9.85 4.47 1.20 0.90 0.07 0.07 97.98 

ol2_MI1_1160_spot2 49.68 3.31 15.76 4.85 0.08 7.49 11.31 4.06 0.94 0.79 0.15 0.07 98.49 

ol2_MI1_1160_spot3 50.83 3.01 15.60 4.57 0.05 7.21 10.96 4.22 1.02 0.95 0.15 0.06 98.63 

ol3_MI1_1160_spot1 50.04 2.80 15.60 5.91 0.11 7.04 11.31 3.77 0.99 0.65 0.05 0.07 98.34 

ol3_MI1_1160_spot2 50.72 2.72 15.60 5.92 0.13 6.96 11.26 3.72 1.01 0.57 0.05 0.06 98.72 

ol3_MI1_1160_spot3 49.48 2.40 14.37 6.25 0.11 7.63 11.87 3.62 0.96 1.64 0.10 0.06 98.49 

ol4_MI1_1160_spot1 49.84 2.51 15.97 5.06 0.09 7.60 12.49 3.46 0.59 0.40 0.06 0.04 98.12 

ol4_MI1_1160_spot2 50.00 2.70 16.00 5.34 0.07 7.16 11.43 3.50 0.66 0.55 0.07 0.03 97.51 

ol4_MI1_1160_spot3 48.14 2.93 17.49 5.91 0.10 7.16 12.48 3.20 0.53 0.18 0.09 0.04 98.24 

ol1_MI1_1180_spot1 48.65 2.72 15.67 5.42 0.03 7.84 12.96 3.70 0.83 0.47 0.15 0.05 98.50 

ol1_MI1_1180_spot2 48.19 2.76 15.99 5.55 0.07 7.83 13.26 3.37 0.80 0.40 0.12 0.05 98.39 

ol1_MI1_1180_spot3 48.86 2.68 15.70 5.41 0.10 7.75 12.96 3.63 0.84 0.42 0.15 0.05 98.55 

ol2_MI1_1180_spot1 50.03 2.64 15.12 5.13 0.10 8.41 12.05 3.51 0.76 0.54 0.12 0.05 98.45 

Comment SiO2  TiO2  Al2O3  FeO MnO MgO CaO  Na2O K2O  P2O5 SO3 Cl  Total  
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ol2_MI1_1180_spot2 50.90 2.51 14.62 5.11 0.06 8.12 11.85 3.41 0.78 0.61 0.17 0.06 98.20 

ol2_MI1_1180_spot3 50.15 2.53 14.89 5.23 0.07 8.26 12.18 3.35 0.75 0.66 0.16 0.05 98.28 

ol1_MI1_1200_spot1 47.94 3.35 13.71 6.18 0.09 8.38 13.86 3.26 0.76 0.52 0.07 0.04 98.16 

ol1_MI1_1200_spot2 47.82 3.45 13.66 6.01 0.08 8.21 13.93 3.23 0.77 0.52 0.07 0.04 97.79 

ol1_MI2_1200_spot1 49.20 0.67 15.17 9.20 0.16 7.01 11.96 1.87 0.65 0.02 0.01 0.00 95.92 

ol1_MI2_1200_spot2 51.42 0.83 15.32 8.24 0.15 7.97 12.16 1.89 0.57 0.01 0.02 0.01 98.59 

ol1_MI2_1200_spot3 48.77 0.74 14.88 9.22 0.14 7.73 11.36 2.25 0.60 0.04 0.01 0.01 95.75 

ol3_MI1_1200_spot1 48.49 2.48 13.52 5.76 0.07 7.78 12.87 3.24 0.71 0.48 0.14 0.04 95.58 

ol3_MI1_1200_spot2 48.24 2.56 13.90 5.84 0.07 7.90 12.72 3.09 0.70 0.41 0.17 0.04 95.63 

ol3_MI1_1200_spot3 47.93 2.71 13.90 5.80 0.11 8.04 13.09 3.09 0.67 0.36 0.15 0.04 95.89 

ol1_MI1_unheated_sp

ot1 

65.51 0.14 20.32 0.42 0.01 0.13 0.89 8.11 2.24 0.65 0.01 0.14 98.56 

ol1_MI1_unheated_sp

ot2 

67.21 0.14 20.66 0.43 0.00 0.10 0.84 6.27 2.14 0.38 0.01 0.15 98.34 

cpx_MI1_unheated_sp

ot1 

68.35 0.09 18.99 0.54 0.04 0.16 2.06 6.12 1.70 0.38 0.00 0.09 98.52 

 

 

 



39 

Appendix C  

 
Figure 13: Graphs showing the composition of glass within MIs. Different major components as a 
function of MgO. (a) K2O showing a negative correlation with MgO, (b) SiO2 also showing a negative 
correlation with MgO and (c) FeO showing a slight positive correlation with MgO. 

 

 

(a) 

(b) 

(c) 
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Appendix D  
Table 2: Composition of host olivine as analysed by the microprobe. All components in mass%. 

Name SiO2 TiO2  Al2O3  Cr2O3  FeO  MnO  NiO  MgO  CaO  Total  

ol1_host_unheated 39.16 0.02 0.04 0.02 16.06 0.19 0.15 43.85 0.29 99.79 

ol1_host_1120_ 39.36 0.01 0.05 0.01 13.96 0.18 0.22 45.33 0.28 99.41 

ol2_host_1120_ 39.18 0.03 0.04 0.00 16.94 0.23 0.13 43.30 0.23 100.08 

ol1_host_1140_ 38.72 0.00 0.02 0.00 18.07 0.17 0.13 42.50 0.21 99.83 

ol1_host_1160_ 38.17 0.03 0.03 0.02 19.93 0.24 0.17 40.97 0.25 99.81 

ol2_host_1160_ 39.32 0.03 0.03 0.01 14.15 0.17 0.18 45.34 0.23 99.46 

ol3_host_1160_ 38.58 0.04 0.14 0.00 18.95 0.23 0.13 41.40 0.31 99.77 

ol4_host_1160_ 39.03 0.02 0.04 0.02 14.68 0.17 0.23 44.77 0.21 99.17 

ol1_host_1180_ 39.15 0.04 0.04 0.02 15.23 0.19 0.16 44.55 0.29 99.66 

ol2_host_1180_ 38.96 0.02 0.02 0.01 14.95 0.17 0.18 45.09 0.25 99.64 

ol1_host_core_1200_ 38.88 0.00 0.04 0.01 13.59 0.15 0.24 45.18 0.28 98.36 

ol1_host_rim_1200_ 38.01 0.02 0.03 0.00 19.24 0.25 0.20 41.95 0.29 99.99 

ol2_host_1200_ 38.11 0.03 0.03 0.02 21.08 0.28 0.16 38.38 0.28 98.37 

ol3_host_rim_1200_ 38.13 0.01 0.03 0.02 18.80 0.25 0.20 40.13 0.26 97.84 

ol4_host_1200_ 38.91 0.01 0.07 0.02 17.44 0.21 0.13 42.59 0.29 99.67 
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Appendix E  
Table 3: Calculated T (°C) from glass compositions in MIs. Equation 13-16 are from Putirka (2008). 

 Equation (13) Equation (14) Equation (15) Equation (16) 

ol1_MI1_1120_spot1 1155 1161 1168 1115 

ol1_MI1_1120_spot2 1176 1184 1188 1135 

ol1_MI1_1120_spot3 1109 1090 1124 1017 

ol2_MI1_1120_spot1 1137 1155 1157 1090 

ol2_MI1_1120_spot2 1128 1143 1147 1072 

ol1_MI1_1140_spot1 1144 1173 1166 1108 

ol1_MI1_1140_spot2 1143 1185 1171 1118 

ol1_MI1_1140_spot3 1128 1115 1133 1045 

ol2_MI1_1160_spot1 1169 1189 1188 1136 

ol2_MI1_1160_spot2 1191 1206 1200 1154 

ol2_MI1_1160_spot3 1184 1200 1196 1150 

ol3_MI1_1160_spot1 1180 1191 1187 1146 

ol3_MI1_1160_spot2 1177 1188 1184 1144 

ol3_MI1_1160_spot3 1195 1207 1199 1165 

ol4_MI1_1160_spot1 1194 1196 1196 1155 

ol4_MI1_1160_spot2 1183 1184 1186 1145 

ol4_MI1_1160_spot3 1183 1179 1183 1142 

ol1_MI1_1180_spot1 1201 1211 1204 1160 

ol1_MI1_1180_spot2 1200 1205 1201 1160 

ol1_MI1_1180_spot3 1198 1207 1202 1159 

ol2_MI1_1180_spot1 1216 1223 1215 1176 

ol2_MI1_1180_spot2 1208 1213 1208 1175 

ol2_MI1_1180_spot3 1212 1217 1210 1175 

ol1_MI1_1200_spot1 1215 1222 1212 1172 

ol1_MI1_1200_spot2 1210 1216 1208 1169 

ol1_MI2_1200_spot1 1179 1168 1172 1148 

ol1_MI2_1200_spot2 1204 1194 1193 1167 

ol1_MI2_1200_spot3 1198 1196 1192 1165 

ol3_MI1_1200_spot1 1199 1201 1198 1172 

ol3_MI1_1200_spot2 1202 1203 1200 1172 

ol3_MI1_1200_spot3 1206 1206 1203 1173 

ol1_MI1_unheated_spot1 998 981 982 728 

ol1_MI1_unheated_spot2 997 944 957 688 

cpx_MI1_unheated_spot1 999 945 965 791 
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Appendix F  
Table 4: EDS analysis results from mineral phases in MIs. Opx-orthopyroxene, cpx-clinopyroxene. All 
components are in mass%. 

Unheated opx  Unheated opx  1120°C opx 
MgO 28.61  MgO 29.07  MgO 30.21 
Al2O3 7.94  Al2O3 7.58  Al2O3 5.45 
SiO2 51.42  SiO2 51.48  SiO2 52.35 
CaO 0.94  CaO 0.75  CaO 1.48 
TiO2   0.48  TiO2   0.63  TiO2   0.55 
FeO 10.61  FeO 10.49  FeO 9.95 
Total 100  Total 100  Total 100 
Mg# 82.81  Mg# 83.13  Mg# 84.44 
        
Unheated  Ni-Fe sulphide  Unheated cpx  Unheated  cpx 
S 43.62  Na2O 0.47  Na2O 0.64 
Fe 50.81  MgO 14.03  MgO 15.06 
Ni 5.57  Al2O3 8.18  Al2O3 5.60 
Total 100  SiO2 46.92  SiO2 48.61 
   CaO 21.59  CaO 20.29 
   TiO2   2.51  TiO2   1.48 
   Cr2O3 0.32  Cr2O3 0.62 
   FeO 5.98  FeO 7.69 
   Total 100  Total 100 
   Mg# 80.73  Mg# 77.67 
        
1160°C Spinel  1160°C Spinel    
MgO 17.60  MgO 19.05    
Al2O3 55.26  Al2O3 64.64    
P2O5 0.51  P2O5 0.72    
TiO2 0.68  TiO2 0.40    
Cr2O3       7.96  FeO    15.19    
FeO    17.99  Total   100    
Total   100       
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Figure 14: A ternary diagram of pyroxene compositions within melt inclusions as measured by EDS. 


