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Abstract 

Pyroxene phenocrysts in alkali basalts are an important source of information of magmatic 

systems at depth (Dobosi and Jenner, 1999). In this paper the pyroxenes minerals in 

ankaramites of the Hamragarðaheiði quarry in Eyjafjöll were studied to reveal their chemical 

composition and estimate the depth of their crystallization. Only a few studies have been 

conducted on the ankaramite in this region and the chemical composition of the mineral 

phases have not been determined by modern analytical techniques yet. This project fills this 

gap. 

Pyroxenes in this rock have Wo40,02-45,43En40,30-45,68Fs9,86-16,59 composition with relatively high 

Mg# (72,0-82,2) and a uniform CaO content (19,5-21,4 wt%). Zonation is common in the 

phenocrysts, where the Mg#, Al-, Ti- and Cr-contents vary significantly. Multiple zones have 

been observed, where zonation is inverse form core to the first rim, and normal between rims. 

This could be interpreted as magma mixing where a new magma entered the magma chamber, 

most likely it was richer in MgO than the one from which the pyroxenes had started 

crystallizing. The rims can be seen by BSEM and microscopic pictures. 

Geobarometric calculations were applied with equations from Putirka (2008) (equations 32a 

and 32b), with the result of pressure estimates that yield from -2,0-5,7 kbar (for eqn 32a) and -

2,6-3,8 kbar (for eqn 32b). A systematic change can be seen in the P calculated. The core had 

crystallized under greater P then the outermost rims. In some of the samples the first rim 

shows slightly higher P (like in Mg#), suggesting deeper crystallization than the core, then the 

rims have crystallized under decreasing pressures. Although if the uncertainty from Putirka 

(±2.2 kbar) is applied, no prominent change is seen between core and the inner rim. Therefor 

it can be estimated that the crystallization of the core and inner rims happened at lager depth 

than the outermost rim. In these calculations the temperature was fixed and hence, the results 

are considered semi-quantitative and the exact depth could not be determined. Thought the 

pressure difference in the zonations is real.  

 



Útdráttur 

Pýroxen dílar í alkalí basalti geta verið mikilvæg uppspretta heimilda af kvikukerfum undir 

yfirborði jarðar (Dobosi and Jenner, 1999). Í þessari ritgerð eru pýroxen kristallar úr 

ankaramíti frá Harmagarðaheiði námu í Eyjafjallajökli rannsökuð til að greina efna- og  kristal 

samsettningu þeirra og mögulegt dýpi sem þeir hafa kristallast á. Ekki margar rannsóknir hafa 

verið gerðar á ankaramítum á þessu svæði og því var þetta verkefni tilvalið til rannsóknar  

Kristöllun pýroxenana var nokkuð einsleit (Wo40,02-45,43En40,30-45,68Fs9,86-16,59) með frekar hátt 

Mg# (72,0-82,2). CaO innihald kristallanna var einnig frekar einsleitt (19,5-21,4 wt%.) Beltun 

var algeng í dílunum, þar sem Mg# var breytilegt, með andhverfu frá kjarna dílsins að fyrsta 

rima, en breytist svo yfir í kerfisbundna breytingu í gegnum seinni rimana. Hægt er að túlka 

þessa breytingu sem kvikublöndun, þar sem ný kvika hefur gengið inn í kvikuhólfið., Sú 

kvika hefur að öllum líkindum verið magnesíum ríkari heldur en kvikan sem fyrir var. Rimar 

kristallanna eru áberandi í BSEM og á smásjármyndum.  

Geobarometry útreikningum var beitt með jöfnum frá Putirka (jöfnur 32a og 32b). 

Niðurstöður þeirra útreikninga voru að kristallarnir hafi myndast við þrýsting frá -2,0-5,7 kbar 

(úr jöfnu 32a) og -2,6-3,8 kbar (úr jöfnu 32b). Kerfisbundin breyting er sýnileg þegar 

þrýstingurinn er reiknaður. Kjarni dílana hefur kristallast við hærri þrýsting en rimar þeirra, 

samt sem áður, í eitthverjum sýnum hefur fyrsti riminn kristallast undir hærri þrýsting en 

kjarninn og sýnir því andhverfu (svipað og Mg#), sem bendir til að fyrsti riminn hafi 

kristallast á meira dýpi heldur en kjarninn, og ytri rimarnir kristallast við lækkandi þrýsting. 

Ef leiðréttingu Putirku er beitt (±2.2 kbar) er enginn sjáanlegur munur milli fyrsta rimans og 

kjarnans og hafa þeir því að öllum líkindum kristallast á sama dýpi. Þar sem hitastigið í 

þessum útreikningum var ákvarðað en ekki reiknað eru niðurstöðurnar aðeins nokkuð 

áreiðanlegar og ekki var hægt að áætla dýpið sem kristöllun átti sér stað.  Þrýstingsmunur á 

milli beltanna í pýroxenunum er raunveruleg þó svo að dýpið hafi ekki verið ákvarðað 

nákvæmlega. 
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1 Introduction 

This project was very interesting since this is the first study of this kind on the ankaramites in 

Eyjafjöll. Jónsson (1998) described and mapped Eyjafjöll and Steinthórsson (1964) described 

petrographically the ankaramite in detail. The purpose of this project was to study the texture 

and composition of pyroxenes in the Ankaramite from the Hamragarðaheiði quarry. I 

attempted to determine at what pressure they crystalized and if there was a possibility of 

magma mixing in the system. The pyroxene crystals were chosen since clinopyroxene 

phenocrysts in alkali basalt can be an important source of the evolution of magmatic systems 

at depth (e.g. Dobosi and Jenner, 1999). Petrological studies are integral to the investigation 

of magmatic systems since phenocryst abundance from volcanic samples can provide 

information on the conditions of magma storage, since sub-volcanic systems cannot be 

accessed directly (Blundy and Cashman, 2008). 

Jónsson (1998) wrote about Eyjafjöll in his paper Eyjafjöll: Drög að Jarðfræði. He believed 

that the ankaramite were the index rock type of the Eyjafjöll and that they would be found 

distributed all over the Eyjafjöll both as dikes and lava fields. 

Steinthórsson (1964) describes the ankaramite thoroughly in his paper, where he described the 

rock in three ways. By field criteria of the hand specimen, by the texture observed in a 

microscope and by distribution and description of the various rock types that he arranged into 

seven groups. He determined the mineral composition of the crystals by optical microscopy, 

where he said the rocks were composed of 4 primary minerals, plagioclase, clinopyroxene, 

olivine and iron ore. He estimated the composition of the crystals with refractive index (R.I.), 

where the olivine crystals were found to be Fo 83%, Fa 17%. The pyroxene crystals found to 

be of diopsidic augite composition and the plagioclase were found to be of An 77%, Ab 23%.  

The Ankaramite from the Hamragarðaheiði quarry was used by Icelandic Road Authorities 

and the Icelandic Marine Administration for breakwater in the building of a new harbor, 

Landeyjahöfn, in the south of Iceland. After a careful study of different rock types and mines 

in south Iceland, a quarry in Eyjafjallajökull, with the ankaramite seemed to be the best 

choice, both with regards to mining and relative easy access to the quarry (Siglingastofnun 

Íslands, 2007). 

1.1 Ankaramite 

Ankaramite is classified as a fine-grained porphyritic alkaline igneous rock, mostly with dark 

minerals. The most common phenocrysts in Ankaramite are pyroxene, olivine and feldspar, 

where the pyroxene is dominant (Sæmundsson and Gunnlaugsson, 1999). Ankaramitic rocks 

are the most basic rocks found within the Eastern Volcanic Zone (EVZ). They have, however, 

only been found as lava fields and dikes in distribution areas of alkaline basalts around 

Eyjafjallajökull and the Katla volcanic systems, both of which have produced transitional 

alkalic series. The Ankaramite in the EVZ are of upper Pleistocene age and according to 

Sigurdsson (1970) they are similar in composition to the ankaramite of the alkalic Setberg 

region in the Snæfellsnes peninsula (Jakobsson, 1979). The last ankaramitic eruption is 

reputed, to have been during Holocene by the east of Fimmvörðuháls (Jónsson, 1998). 
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1.2 Pyroxene 

Pyroxenes can be formed with a very wide chemical compositions. All pyroxenes have a 

structure based on chains of SiO4 tetrahedral linked by a shared oxygen, although a small 

amount of Al can replace tetrahedral Si (Perkins 2011). Pyroxenes occur as stable phases in 

almost every type of igneous rock and are the most important group of rock-forming 

ferromagnesian silicates (Deer et al, 1992). The general chemical formula is M2M1T2O6, 

where M2 is referred to a cation in a roughly distorted octahedral coordination, M1 is referred 

to cations in a regular octahedral coordination and the T is referred to a tetrahedral 

coordinated cations (Morimoto, 1988). The pyroxene group includes both orthorhombic and 

monoclinic minerals that are distinguished by different atomic arrangement and different 

crystal shape (Perkins 2001). Where the orthopyroxenes consist fundamentally of a simple 

chemical series of (Mg,Fe)SiO3 minerals, with the end members ferrosilite and enstatite. In 

comparison to the larger group of monoclinic pyroxenes which have a very wide chemical 

composition of (Ca,Mg,Fe)2Si2O6 (Deer et al, 1992). 
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2 Geological Setting 

The Eyjafjöll mountain range is situated at the EVZ, it‘s an igneous Quaternary formation 

located in central south Iceland. The mountain range is covered with two separate ice sheets, 

one that covers Eyjafjallajökull to the west, and another that covers Mýrdalsjökull to the east 

(Steinthórsson, 1964). They were formed during the last two glacial periods and last 

interglacial period. (Jörgensen, 1976).  

Figure 1: The active volcanic zones in Iceland. The central volcanoes are indicated with a triangle and the 

distinction between tholeiitic, transitional alkalic and alkalic volcanic systems can also be seen. The placement 

of the Eastern Volcanic Zone (EVZ) and the south Icelandic seismic zone (SISZ) is seen in the south. The 

Eyjafjöll area is indicated by nr 34. 

 NRR: Northern Reykjanes Ridge, WVZ: Western Volcanic Zone, HVZ: Hofsjökull Volcanic Zone, NVZ: 

Northern Volcanic zone, TVZ: Tjörnes Volcanic Zone, SVZ: Snæfellsnes Volcanic Zone, and ÖVZ: Öræfajökull 

Volcanic Zone. (Jakobsson et al, 2008).  

The EVZ extends from within the northeast part of the Vatnajökull ice cap, to the south by the 

Vestmannaeyjar archipelago. In the EVZ there is a noticeable petrochemical gradient that 

starts in the southwest, as an alkaline area, in the middle it goes through a transitional alkaline 

area and when it reaches the northeast it becomes a tholeiitic area (Figure 1).  Eyjafjöll belong 

to the transitional series, which is a hypersthene normative alkali series. Jakobsson (1979) has 

analyzed 19 lava samples in the Eyjafjöll and only two of them are of basaltic composition, 

both found on Fimmvörðuháls, while 17 lavas are of intermediate composition. The rocks in 
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the series are commonly characterized by a high content of Fe and Ti, and low in Al content. 

This series is made up of the following rock types: ankaramite, transitional basalt, basaltic 

andesite, andesite, trachyte (?) and comenditic rhyolite (Jakobsson, 1979).   

Eyjafjallajökull volcano lies to the south of the Tindafjöll complex with borders to the Katla 

volcanic system (Figure 2). It is an ice-covered stratovolcano south of the rift-transform 

intersection where the EVZ and the South Icelandic Seismic Zone (SISZ) meet (Keiding and 

Sigmarsson, 2012), and it has two main outlet glaciers that run to the north, Gígjökull and 

Steinholtsjökull. 

Figure 2: An aerial photograph of the Eyjafjöll complex taken from google earth. The smaller ice sheet to the 

west is Eyjafjallajökull and the larger one to the east is Mýrdalsjökull, the ridge in between them is 

Fimmvörðuháls where the flank eruption started in 2010. 

Compared to other volcanoes in the Icelandic neovolcanic zone, Eyjafjallajökull is 

characterized by dormancy. It‘s most recent eruption was in March 2010, but before that, the 

volcano had been dormant for almost 200 years. Preceding the eruption in 2010, known 

eruptions were in 1821-1823 and possibly around 1612 and 920. These previous eruptive 

cycles at Eyjafjallajökull are thought to have begun with a basaltic eruption on the flanks of 

the volcano, similar to the eruption in 2010 when a small eruption started at Fimmvörðuháls, 

followed by the eruption of more silica-rich magmas from the volcano‘s summit. The 

volcanic unrest of the Eyjafjallajökull had been monitored regularly before the eruption 

started in 2010 because of increased seismicity and inflation in 1994 and 1999 (Keiding and 

Sigmarsson, 2012).  

Eyjafjallajökull is the highest part of the Eyjafjöll volcanic system and before the eruption in 

2010 it reached a height of 1668 m.a.s.l. and had a 2,5 km wide caldera at the top (Jakobsson, 

1979). No new measurements have been done since the most recent eruption. 
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3 Method 

3.1 Hand Specimen 

Ten rock samples were collected from the Hamragarðaheiði ankaramitic quarry which runs 

out southwest from Stórhöfði in Eyjafjallajökull (Figure 3). The samples were brought back to 

the University of Iceland for analysis. Nine of the samples were examined by hand with a 

magnifying loupe and a stereo-microscope to determine the color, phenocrysts, vesicles, and 

groundmass. A QuantuMike micrometer from Mitytouo with a precise measurement of 0,001 

mm was used to measure the length and width of phenocrysts in the samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The Geology of Eyjafjöll from Jónsson (1988). The ankaramites are indicated with the green color 

and the Hamragarða- and Kambragilslavas are indicated with the red color. Náma (c) indicates the quarry 

where the samples were collected from. 
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3.2 Thin Sections 

3.2.1 Thin sections preparations 

When a thin section is made, 

a rock is attached to a glass 

slide with epoxy and a thin 

sliver of the rock is cut from 

the sample with a diamond 

blade saw. Then the rock is 

polished using progressively 

finer abrasive grit until the 

sample is only 30 µm thick, 

which is the normal thickness of 

a thin section. The samples are sometimes covered with another glass slide, a cover slip, 

which is also attached to the rock with epoxy (Figure 4) (Western Washington University, 

2012). In this case the sample was left uncovered for further analysis later on.  

Before making a thin section the glass slide has to be prepared. The glass slide that the rock 

will later be glued on must be flat in order for the rock sample to wind up with a constant 

thickness. The slide will also have to be grinded to flatten it out and roughen the surface so 

the epoxy will bind well (Western Washington University, 2012). The slides used for this 

project were grinded with a Logitech polishing machine. 

For this project a few of the rock samples were cut into smaller pieces to fit on a glass slide of 

2,6x5 cm in size. Since most of the samples had too many cracks they had to be submerged in 

an epoxy resin and kept under 2 bars pressure in a pressure pot for 24 hours. This was done to 

minimize bubble formation in the epoxy liquid. When the resin had solidified the rock and 

epoxy had to be cut and polished down so the crystals would reach the surface. The crystals 

then had to be polished with much finer polishing paper so their shape, cleavage and possible 

inclusions would be clearer. The polishing papers grit size that were used were in the order of 

600, 800, 1000, 1500 and 2000. After the crystals had been well polished the rock had to be 

glued on a glass slide. It was glued with an epoxy solution and had to be pressed down with 

force for 24 hrs.  

When the rock was ready on the slide, it was cut and polished down even more. The cut was 

made with a Metkon geoform thin section system and polished down to 50-60 µm with a 

Logitech polishing machine, the same machine used for polishing the glass slides as 

mentioned above. This thickness is thicker than usual and is more suitable later on for further 

analysis of the thin section, although, seen in a microscope the interference color of a mineral 

is higher than on a thin section with the normal thickness of 30 µm.  

Five thin sections were made this way and were given the names: B04, B05, B05b, B06 and 

B07. Samples B05 and B05b were from the same rock sample, cut twice to analyze a large 

pyroxene within it. 

 

 

Figure 4: A sketch of a basic thin section. In the case of this thesis 

the thin section was 50-60 µm thick, so the epoxy would probably not 

exceed the rock in thickness. In this case a coverslip was not used. 

(Western Washington University, 2012) 
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3.2.2 Thin Section analysis 

Optical thin section analysis is an essential tool for rock and mineral characterization. Rough 

determination of textures can be done by hand specimen inspection, however microscopic 

analysis is better for a precise determination of the rock sample. Petrographic analysis 

provides a detailed description of the texture (or microstructure) of the rock. The texture is 

determined by the relationship of rock-forming phases in them, that includes both grain size 

and the geometric relationship between phases (Mackenzie et al, 1982). 

The thin sections were analyzed with an Olympus BX51 polarizing microscope with an 

Olympus UC30 camera and included both transmitted and reflected light. The microscope is 

equipped by objective lenses with magnification of 2x, 4x, 10x and 20x.  

3.3 Microprobe 

3.3.1 Microprobe preparation 

A Jeol JXA-8230 Superprobe in the Department of Earth Science of the University of Iceland, 

was used for the study of the samples mentioned above. It’s an electron probe micron 

analyzer equipped with 5 wavelength dispersive spectrometers. Before the samples could be 

analyzed with the microprobe, they had to be fine polished. A Buehler Metaserv 250 grinder-

polisher machine was used and Al2O3 polishing powders of 9 µm, 3 µm and 1 µm were 

applied. The samples also had to be coated with a thin layer of conducting media to deplete 

excess charge produced by the electron beam. Coatings such as these are usually made of 25 

nm thick carbon film. In this case a Cressington Carbon coater, 208 carbon machine was used 

for the coating.  

3.3.2 Microprobe Analysis 

Electron microprobe analysis (EMPA) generate X-rays by electron transfer between inner 

orbitals in the target atoms by using a concentrated electron beam. The wavelength for the 

resulting X-radiation is chemically distinguished and the intensity of a particular X-ray is a 

function of the concentration of the element that produced it within the target volume. It is 

possible to collect X-rays of a particular wavelength or energy thus generating a chemical 

map by scanning the beam across the sample (Figure 5). In most cases analytical conditions 

should be carefully selected depending on the type of materials being analyzed, however most 

silicate minerals can be analyzed using an accelerating voltage of 15-20 kV, with a beam 

current of 5-15 nA, focused to a spot at the sample surface. Images form back-scattered 

electrons (BSEM) that can be seized from the microprobe are most useful for explanations on 

fine-scale chemical zoning in minerals and can also be used to generate qualitative diffusion 

profiles across individual chemical zones (Blundy and Cashman, 2008).  

Two of five thin sections were used for microprobe analysis, slides B04 and B06. Before the 

analysis could start the microprobe had to be calibrated with substances with a similar 

structure as the samples that were to be analyzed. For this calibration natural synthetic mineral 

standards were used. For the mineral analysis on both slides a 15 kV accelerating voltage and 

a 20 nA current was used along with a point beam that had approximately 1 µm in diameter. 

The analyses were carried from core to rim in the pyroxene crystals. BSEM images were 

taken of some of the minerals analyzed, showing zonation in the minerals. 
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Figure 5: A chemical map of a Pyroxene grain taken by the microprobe. Collection of X-rays of a particular 

wavelength generates a chemical map by scanning across the sample. The gray picture on the top left is a BSEM 

image of the grain analyzed. Each color represents a major element and their abundance in the grain or the 

groundmass around the grain. Bright colors mean high concentrations of the given element, dark colors mean 

low concentrations. 
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3.3.3 Thermobarometric Calculations 

Many geothermometers and geobarometers have been developed for volcanic systems (see 

e.g. in Putirka 2008). They can be divided into three categories (see e.g. in: Keiding and 

Sigmarsson, 2012).  

1) Models based on chemical compositions of glasses or whole rock compositions 

(taken to be representative for liquid compositions) that are saturated with one or more 

mineral phases - chemical composition of liquids change with temperature (e.g.: Villiger et al, 

2007).  

2) Models dependent on crystal-chemical response to variations in pressure-

temperature, which rely only on mineral compositions (e.g.: Nimis, 1995).  

3) In the last category there are models using a combination of liquid and mineral 

equilibrium pairs whose compositions are sensitive to pressures and/or temperatures (Putirka, 

2008). In pursuit of useful geothermometers or geobarometers, the objective is to find some 

chemical equilibrium where there is a significant difference between entropy (ΔSr) (for a 

thermometer) or volume (ΔVr) (for a barometer) of products and reactants. A “good” 

thermometer has a large ΔSr and a “good” barometer has a large ΔVr (Putirka, 2008). An 

important prerequisite to use these thermobarometers is to test if the mineral and liquid 

represent coexisting equilibrium pairs. This procedure is necessary as crystal-whole-rock pairs 

unlikely to yield valid P-T estimates (Keiding and Sigmarsson, 2012). This prerequisite was 

not used in this project since the bulk rock or liquid could not be tested at this time. 

Equation (32a) and (32b) from Putirka (2008) (Figure 6) for clinopyroxene was used in this 

study for geobarometric calculations. Equation (32a) depends only on the composition of 

clinopyroxene but preserves a systematic error with respect to hydrous experiments. While 

equation (32b) removes the systematic error, but at the cost of requiring an estimate of the 

H2O content of the liquid in equilibrium with the clinopyroxene. Both barometers are 

temperature dependent, therefore, they need an independent temperature estimate of the 

system for the exact quantification, in this study two temperature estimates were used 

(1150°C and 1250°C). The results of geobarometric calculations can be found in table 2 and 3 

in the discussion chapter. 

 

Figure 6: A screenshot of the equations used for thermobarometry calculations from Putirka (2008). 
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4 Results  

4.1 Hand Specimen 

The rock is fully crystallized, generally fine grained and light to medium gray in color as seen 

in figure 7. It‘s texture is highly porphyritic with a small amount of small vesicles that are 

hard to see without a magnifying loupe or a stereo-microscope, although they looked to be 

more circular than elongated. The samples are heterogeneous, where one of the hand 

specimens especially stand out. A part of it is coarser grained than the other samples, and 

composed mostly of large plagioclase and pyroxene, and is therefore classified to be gabbro 

(Figure 7b). 

Figure 7: Hand specimens studied and used for analysis. In this picture you can see how phenocryst abundance, 

distribution and size differ between various samples. Image B shows the gabbro, where the others mostly show 

phenocrysts scattered in the groundmass. Image C shows a large olivine crystal. The black minerals seen in the 

pictures are pyroxene phenocrysts, the white minerals are feldspar and the green and brownish minerals are 

olivines. 

These samples are relatively crystal-rich, where phenocrysts take up to 50-60% of the volume. 

According to Steinthórsson, (1964) on average the phenocrysts content of the rock is about 

30%. The phenocrysts that can be seen are pyroxenes, olivines and feldspar (plagioclase), and 

their size ranges from 0,5-13 mm in length. Pyroxenes are generally somewhat larger than the 

other two phenocryst phases, although there is a variation among samples. The largest 
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phenocryst seen and measured was an olivine in figure 7c, it had the length 21,38 mm and the 

width of 20,629 mm. The biggest pyroxene in the samples had the length of 12,082 mm and 

the width of 4,222 mm. The size of the phenocrysts were plotted in histograms in excel to see 

the variations between the different types of crystals, 144 pyroxenes were measured, 107 

olivines and 54 plagioclase (Figure 8). The most common grain size is 2-4 mm in length and 

1-3 mm in width. 

Figure 8: Histograms of the size distribution of the three major phenocryst phases seen in the nine hand 

specimen used. Both the length and width are indicated in the histograms 

 

4.2 Thin sections 

The thin sections were examined by Olympus BX51 microscope to determine the texture of 

the rock and minerals present.  

Groundmass: 

The samples are all porphyritic holocrystalline. The groundmass can be classified as 

microcrystalline since all the rock-forming minerals can be determined by polarization 

microscopy. It is composed mostly of plagioclase, although pyroxenes and opaque minerals 

were also present (Figure 9 and 10). Plagioclase is mostly euhedral and seems to excel the 

subhedral pyroxenes in length. The plagioclase size ranges from 30-400 µm in length and the 

pyroxenes size ranges from 20-350 µm, different from what is seen in case of the phenocrysts 

in the hand specimen, where the pyroxenes seemed to excel the plagioclase in length (Figure 

8). 

The texture of groundmass may also be called intergranular, where the space between the 

plagioclase grains is occupied by angular grains of ferromagnesian minerals, in this case 
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pyroxenes and opaque oxides (Figure 10). The samples are quite inequigranular and 

porphyritic where the phenocrysts are much larger than the groundmass and some of them can 

be classified as megacryst (see e.g. olivine in Figure 7c). No specific flow texture can be seen 

in the groundmass.  

Vesicles are more obvious in the thin section compared to hand specimen, they are however 

quite small (20-50 µm). 

Phenocrysts: 

The pyroxenes are fairly distributed in the thin sections, and the phenocrysts look to be mostly 

subhedral, though both euhedral and anhedral pyroxenes could also be found (Figure 9). The 

pyroxenes have a brownish color in plane polarizer and look to be a bit darker than the 

olivine. Most of the pyroxenes have a prominent rim of zonation (Figure 9 and 14), although 

it varies between crystals and samples. The zonation is seen in both one polarizer and crossed 

polarizers. In one polarizer the core is lighter in color than the rims around it, however in two 

polarizers the rims have higher interference color than the core (Figure9). Some of the cores 

are euhedral, however the whole mineral is not. Melt inclusions could be seen in some of the 

phenocrysts (Figure 9e-h). 

The olivines were also found to be fairly well distributed in the thin sections and look to be 

more euhedral to subhedral compared to the pyroxenes which looked to be mostly subhedral. 

Alterations could be seen at some of the rims of the olivines, most likely iddingsite alteration, 

furthermore they are also chemically zoned (Figure 9c and d). 

The plagioclase is prominent in the groundmass, but also as large phenocrysts. They are fairly 

distributed in the samples, and all had a strong twinning visible with two polarizers, some 

were even visible in plane polarized light. 

Gabbro xenolith: 

Sample B06 stood out more than the other four thin sections, as it looked to be much more 

coarse-grained. It is mostly composed of a cluster of euhedral to subhedral plagioclase and 

pyroxenes crystals. The exploration of this thin section established the conjecture from the 

hand specimen and was there for characterized as gabbro. The largest pyroxenes in the five 

thin sections could be found in sample B06, in the gabbro, where they were too big for the 

camera in the microscope to take a picture of a whole pyroxene. 
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Figure 9:Microscopic images taken with the Olympus BX51. A) A pyroxene phenocryst where the cleavage is 

clear. A thin darker brown zonation rim can also be seen at the edges. B) A pyroxene surrounded by plagioclase 

from the gabbro in sample B06. Zonation can also be seen. C-D) An olivine in both one and two polarizer where 

zonation can be seen. Note fully crystalline melt inclusions (red circle) in the core. E-F) A Pyroxene phenocryst 

with a plagioclase (colorless in one polariser) and silicate melt (dark, microcrystalline) inclusions in the core. 

Zonation is prominent in two polarizers, tough a thin dark zonation rim can also be seen in one polarizer. G-H) 

A pyroxene with strong twinning and a prominent zonation. It contains a colorless rounded inclusion of olivine 

and small microcrystalline melt inclusions in the core and rim (red circles) 
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Microphenocrysts 

Oxides with the size range from 50-500 µm in length were observed in the groundmass. Most 

of them did not exceeded the 500 µm length most likely due to dissolution. These minerals 

are irregular shaped oxides that contain silicate minerals and potentially melt inclusions (gray 

phases in the bright oxide minerals in the reflected light images). By taking a look at the size 

of the oxides, it is seen that they are larger than the groundmass minerals, but smaller than the 

silicate phenocrysts and therefore can be classified as micro-phenocrysts (Figure 10). 

Inclusions 

Melt inclusions can be seen in all the thin sections in reflected light and large magnification 

(Figure 9). They are mostly anhedral and look to have very irregular boundaries (suggesting 

dissolution). Small sulfide inclusions could also be seen in all the thin sections except B05 in 

reflected light with large magnifications. The largest sulfide inclusion was almost 200 µm 

(Figure 10b) and was observed in a plagioclase phenocryst. The difference between the oxides 

and sulfides can be determined by their color, the oxides are mostly white, where the sulfides 

are more yellow in color with reflected light (Figure 10). The oxide minerals could be found 

fairly distributed in both the groundmass and as inclusions in the phenocrysts, however the 

few sulfides that were found looked to have distributed mostly in pyroxene and plagioclase 

phenocrysts. 

 
Figure 10: Microscopic images from thin section B04, B05 and B06, showing various melt inclusions found in 

phenocrysts and micro-phenocrysts in the thin sections. A) Shows both oxide and sulfide in close range scattered 

in the groundmass, where they can be distinguished by their color, the yellow are the sulfide and the white the 

oxides. B) Shows sulfide inclusions in one of the plagioclase phenocrysts. The gray part under and around the 

sulfide indicate melt inclusions has not reached the surface of the phenocryst. C-D) Oxides scattered around 

pyroxene phenocrysts. The oxides are anhedral with irregular edges that indicate dissolution, they contain small 

silicate inclusions. Pictures A to C are taken with reflected light and picture D is taken with one polarizer. 
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4.3 Microprobe 

Microprobe analyses of major elements were carried out in two out of five thin sections. All 

together 23 points in 9 pyroxene phenocrysts were analyzed. In sample B04 ten points in three 

pyroxene grains were analyzed. In sample B06 thirteen points in six pyroxene grains were 

analyzed as well, since this sample contained the gabbro as mentioned above, three of the six 

grains that were studied were of the gabbro cluster, where the other three grains were of 

phenocrysts scattered in the groundmass. Table 1 shows the analysis of the two thin sections 

and shows composition for the analytical points on all the grains analyzed.  

Figure 11 is of a ternary diagram showing the principal composition of the pyroxene 

endmembers. The diagram was used for classifications of the pyroxenes that were analyzed. It 

shows that most of the pyroxenes are of augite clinopyroxene composition, which is a 

particularly characteristic constituent of basalt, gabbro and dolerite (Deer et al, 1992). One of 

the clinopyroxene core analysis falls in the diopside field. The Wo-En-Fs contents can be 

found in appendix B. 

Figure 11: Ternary diagram of pyroxene endmembers. Most of the pyroxenes characerized as augite tough one core 

looks to be of diposide. The darkest colors represent the core while the others represent the rims in order from the core 

The studied clinopyroxenes are rich in MgO with variation from 13,49-15,96 wt%, with 

magnesium number (Mg#) that ranges from 72,0-82,2 (Mg# = 100 × atomic Mg / (Mg + 

Fetot)), the iron content relatively high with a bit of variation, ranging from 5,8-10,2 wt%. All 

phenocrysts studied have relatively uniform CaO content between 19,5-21,4 wt%. The Cr2O3 

content however varies a lot. Pyroxenes in the gabbro contain almost no chromium (< 0,008), 

whilst the chromium content in the phenocrysts vary from 0,11-0,96 wt%. Also the Al2O3 is 

very variable from 2,4-6,1 wt%. Again in the gabbro aluminum content in pyroxenes looks 

quite uniform.   

Zoning is common in the pyroxenes (Figure 10 and 14). This is shown e.g. in the variations in 

Mg# and a couple of other elements between core and rim. Figures 12 and 13 shows how Cr, 

Ti, and Al abundances in the phenocrysts vary as a function of their Mg# from core to rim. 

Figure 14 shows back scattered electron images (BSEM) that were taken of some of the 

crystals analyzed in details. Places of analyzes and some of the data are also shown in the 

images. 
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Table 1: Electron Microprobe Analyses of major elements  of pyroxenes from samples B04 and B06 

 

  

Sample Pyroxene SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O TOTAL Mg# 

B04 01 core 50,7 1,217 4,25 0,302 8,19 0,167 15,14 20,54 0,352 0 100,858 76,7 

B04 01 rim1 50,15 1,133 5,27 0,92 6,55 0,132 15,04 21,12 0,352 0 100,667 80,4 

B04 01 rim2 49,52 1,63 4,81 0,416 8,32 0,135 14,54 20,86 0,391 0 100,622 75,7 

B04 01 rim3 50,56 1,69 3,34 0,129 9,78 0,2 14,2 20,66 0,352 0 100,911 72,1 

B04 02 dark 51,48 0,944 3,58 0,594 6,97 0,137 15,83 21,02 0,309 0 100,864 80,2 

B04 02 bright 50,27 1,363 4,44 0,522 7,77 0,156 15,05 20,62 0,396 0 100,587 77,5 

B04 03 core 50,18 0,942 5,74 0,96 5,82 0,141 15,11 21,37 0,4 0 100,663 82,2 

B04 03 rim1 51,9 1,07 2,62 0,29 7,78 0,177 15,94 20,61 0,264 0 100,651 78,5 

B04 03 rim2 51,34 1,471 2,47 0,033 10,18 0,204 14,65 20,23 0,38 0 100,958 72,0 

B06 01 gab 50,09 1,508 3,73 0,001 9,61 0,247 14,21 20,88 0,384 0 100,66 72,5 

B06 01 gab2 50,26 1,569 3,66 0,008 9,5 0,262 14,06 20,78 0,401 0 100,50 72,5 

B06 02 gab 50,7 1,455 3,29 0,002 9,35 0,256 14,37 20,7 0,402 0 100,53 73,3 

B06 02 gab2 50,61 1,365 3,3 0,007 9,36 0,252 14,23 20,71 0,383 0 100,22 73,0 

B06 03 gab 51,13 1,242 2,95 0,003 9,05 0,243 14,4 21,02 0,375 0 100,41 73,9 

B06 03 gab2 51,37 1,252 2,87 0,001 9,15 0,261 14,29 20,82 0,372 0 100,39 73,6 

B06 04 core 47,87 2,3 6,08 0,448 9,18 0,187 13,46 20,47 0,389 0 100,38 72,3 

B06 04 rim 51,62 1,133 2,71 0,212 8,74 0,2 15,98 19,48 0,308 0 100,38 76,5 

B06 05 core 48,89 1,7 5,61 0,11 8,52 0,163 14,08 20,48 0,462 0 100,02 74,7 

B06 05 rim1 50,37 1,455 4,47 0,169 7,75 0,142 15,04 20,46 0,306 0 100,16 77,6 

B06 05 rim2 51,2 1,485 2,41 0,037 9,84 0,202 14,92 20,36 0,363 0 100,82 73,0 

B06 06 core 49,92 1,302 4,79 0,067 8,76 0,127 14,47 20,96 0,365 0 100,76 74,7 

B06 06 rim 50,93 1,635 2,84 0,042 9,78 0,215 14,41 20,49 0,386 0 100,73 72,4 
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Pyroxenes commonly contain more than one rim. In these cases the first rim has much higher 

Mg# and Cr content than the core and these values decreases systematically in the rims 

(Figure 12). At the same time the Ti seems to decrease with the first rim and then increases 

systematically in the rims. Al contents are more scattered. 

The phenocryst containing 1-2 rims look to have a systematic change from core to rim. Where 

the change in Mg# is systematic and decreases with the rims. The same can be said about the 

Cr and  Al content, however it varies in the Ti content where it either increases or decreases 

depending on what crystal was analyzed.  

The pyroxenes in gabbro in B06 look to have fairly uniform compositions and resemble to the 

outer-most rims of pyroxene phenocrysts as seen in the figures below (more figures can be 

found in Appendix B). 

 

 
Figure 12: Pyroxene one from sample B04. Showing how Cr, Al and Ti varies as a function of Mg#. The Cr, Al, 

and Ti were calculated as atoms per formula units. The arrows show how the compositions changes from core to 

rim. The average gabbro is shown with a different color to compare to the phenocrysts. Gabbro pyroxenes look 

to have a similar composition to the outer-most rim. 
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Figure 13: Pyroxene three from sample B04 showing Cr, Al and Ti varies with respect to Mg#. The Cr, Al and 

Ti were calculated as atoms per formula units. Average gabbro is shown for comparison. In this figure we have 

a systematic zonations in the rims. 
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Figure 14: Back scattered electron images of pyroxene grains from the Hamragaðaheiði ankaramite. Images A, 

B, and C are from thin section B04, while image D is from thin section B06. The zonation of the pyroxenes are 

quite clear and the number represent the analytical spots analyzed in the right order, from core to rim. 

 

According to Aoki and Kurhiro, (1968) the Al
VI

/Al
IV

 ratio (where, Al
IV

=2-Si, Al
VI

=Altot - 

Al
IV)

 of clinopyroxene megacrysts can be used as a qualitative indicator of crystallization 

pressure. Megacrysts that plot into the ‘granulite and the inclusion in basalts’ field in the 

Al
VI

/Al
IV

 diagram of Aoki and Shiba (1973) suggests that the crystals had crystallized at 

relatively high-pressure (Dobosi and Jenner, 1998). Thompson (1947) suggested that Al tends 

to enter into the tetrahedral site at higher temperatures and into the octahedral site at higher 

pressure in silicate structures (Aoki and Kushiro, 1968). 

Figures 15 and 16 show the Al
VI

/Al
IV

 ratio of clinopyroxenes in thin sections B04 and B06. In 

B04 the phenocrysts are mostly situated in the ‘granulite and inclusions in basalts’ field, only 

the outermost rims of Px1 and Px3 fall in the ‘igneous rock’ field. In B06 the pyroxenes of the 

gabbro, along with one phenocryst (Px4) with both the core and rim at the border between the 

‘granulite and inclusions in basalt’ and ‘igneous rock’ field. While the other phenocryst, both 

core and rim are scattered in the middle section, though, like in B04 the outermost rims of 

those phenocrysts fall in the ‘igneous rock’ field. 
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Figure 15: A plot of the Al

VI
/Al

IV
 ratio of pyroxenes from sample B04. The pyroxenes fall in the granulite field, 

except the outer-most rims which are in the igneous rock field. ‘Granulites and inclusions in basalts’ and 

‘igneous rocks’ fields are taken from Aoki and Shiba (1973) 

 

 
Figure 16: A plot of the Al

VI
/Al

IV
 ratio of pyroxenes from sample B06. Px 1-3 represent the gabbro pyroxenes 

while Px4-6 represents the pyroxene phenocrysts. The cores and inner rims of pyroxenes plot in the granulite 

field, whereas the outer-most rims plot in the igneous rock field, like in figure 15. The Gabbro pyroxenes are 

different and line up at the edge of the granulite and igneous rock field.  ‘Granulites and inclusions in basalts’ 

and ‘igneous rocks’ fields are taken from Aoki and Shiba (1973) 
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5 Discussion 

The primary goal of this study was to determine the chemical composition of pyroxenes in the 

Hamragarðaheiði ankaramite mine. Additionally to describe the variation in chemical 

composition of the pyroxenes, and give possible pressure (P) and/or temperature (T) estimates 

of formation. One of the most interesting features of the compositions and molecular 

components of the pyroxenes are those that are related to the pressure conditions during 

crystallization or recrystallization (Aoki and Shiba, 1973). To try to resolve a specific P and T 

of crystallization of any mineral their chemical composition is a key to determine those 

factors. Knowledge of the P and T, have been an essential question in Geology since the early 

19
th

 century. P and T estimation lie at the heart of fundamental questions like how hot is the 

Earth? Are volcanoes the product of thermally driven mantle plumes? Where is magma stored 

and how is it transported to the surface? (Putirka, 2008) etc. A key to better models and 

understanding of magma plumbing systems and their evolution is the knowledge of the depths 

at which magmas stagnate and partially crystallize. The P at which crystallization takes place 

is important to estimate because it influences the phase relationship and thereby the 

composition of the liquid (e.g. O’Hara, 1968). 

5.1 Crystallization of the pyroxene phenocrysts 

The samples selected for this work are quite heterogeneous. Pyroxenes, present are the 

dominantly phenocrysts, they cover a large grain size range (Figure 8) and have a subhedral-

euhedral shape indicate that they have had enough time to grow. Their core is surrounded by 

rims with a slightly different chemical composition. Some pyroxenes have inverse zoning 

from the core to the first rim; in this case the first rim has a higher Mg# and Cr content than 

the core (Figures 12 and Appendix Fig. 24). Systematic change (normal zonation) is observed 

from the first rim to the other rims. A probable explanation for this behavior, is magma 

mixing, where a new magma entering the magma chamber had to be more Mg- and Cr-rich 

than the one before (e.g. Sigmarsson et al, 2011). Other pyroxenes show normal zonation 

(Figure 13 and appendix B). Some of the pyroxenes show remarkably homogeneous 

composition, where their Mg# ranges from 72,5-73,6 and the Fe, Cr, Al and Ti contents are 

quite uniform (table 1), these were found in the gabbro xenolith. Besides being homogeneous, 

these pyroxenes have a distinct composition compared to the phenocrysts. This homogeneity 

could indicate that the sample had more time to grow in the magma chamber and were not 

affected by the magma mixing. 

5.1.1 AlVI/AlIV ratio 

Qualitative pressure estimates can be done based on the Al
VI

/Al
IV

 ratio in the pyroxenes. The 

pyroxene cores and inner rims in both samples fall in the ‘granulite and inclusions in basalt’ 

field, whereas outermost rims are in the ‘igneous rock’ field (Figure 15 and 16). This can 

indicate that the outer most rim of some of the pyroxenes have crystallized under lower 

pressure conditions than the core and inner rims (Aoki and Shiba, 1973). Gabbro pyroxenes, 

in the Al
VI

/Al
IV 

diagram are fairly uniform and scatter at the edge between the granulite’s and 

the igneous rocks and have therefore probably crystalized at an intermediate pressure between 

those two categories. 
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5.2 Geothermobarometry  

Geothermobarometry has been divided into three categories, (see chapter 3.3.3 

Thermobarometric calculations), in this work the second category was used, as it only relies 

on the mineral composition, since no liquid or glass compositions was obtained. In the lack of 

this data an independent temperature estimate is needed. In order to check the T dependence 

of these pressure estimates two different T were used (1150°C and 1250°C), pressure 

calculation. It must be noted that Putirka 32a equation might slightly, but systematically 

overestimate the pressures, figures 17 and 18 shows a reliability check for this equation. 

The results of geobarometric calculations can be found in tables 2-3, these results should be 

taken with caution, since the input temperature was fixed and not determined form the bulk 

rock composition. The 100°C difference seems to have a large effect on the outcome of the 

calculations as seen in the tables 2-3, and with that we can see that the precise T estimate is 

important for the evaluations of a proper pressure estimates. By looking at one crystal at time, 

from core to rim in sample B04, a similar change is seen from the core to the first rim, as was 

seen in the Mg#. The same change is not seen in the gabbro part of sample B06, but can be 

seen from the phenocrysts in that sample.  For example in pyroxene one from sample B04 (for 

eqn 32a) the core has an estimate of 4,1 kbar, rim 1 at 4,7 kbar, rim 2 at 4,0 kbar and the outer 

most rim 1,8 kbar. Similar change can be seen in pyroxene three in B04. Pyroxenes 5 and 6 in 

B06 have a similar change though they only contain one rim. Putirka (2008) has estimated the 

uncertainty for these calculations to be ±2.2 kbar for equations 32a and 32b, and therefore 

some of the changes in the pressure are quite small from the core and to the first rims. From 

this observation it can be estimated that the crystallization of the core and the inner rims 

happened at larger depth than the outermost rim. The outermost rim could represent uplift of 

the magma in the conduit. Furthermore, a possible magma mixing had happened at deeper 

pressures between 4-5 kbars. 

The pressure estimates that result from these calculations are more reliable from the lower 

fixed temperature and yield 0,4-5,4 kbar (Eqn 32a) and -0,1-3,5 kbar (Eqn 32b) for sample 

B04 and -2,0-5,7kbar (Eqn 32a) and -2,6-3,8 kbar (Eqn 32b). The reason for finding the lower 

fixed temperature more reliable is because of comparison to a similar study from Keiding and 

Sigmarsson (2012) of the Eyjafjallajökull eruption in 2010. Also because of a similar study of 

the same rock from Kristjánsson (2015) where he studied the temperature of olivines (see 

chapter 5.2.1. Comparison to other studies). Since there is no proper T estimate for the 

calculations, the results should be regarded semi quantitative, but the pressure difference 

shown in the zonations are real even though the depth cannot be exactly pinpointed. 

These calculations confirm the observations from the Al
VI

/Al
IV 

diagram, the cores and inner 

rims represent higher pressure than the outer rims. The gabbro represent lower pressure than 

the phenocrysts, and is compatible to the outermost rims of the phenocrysts. The magma 

mixing observed that produced the inverse zoning happened at intermediate-high pressure, 

between 4-5 kbars. 
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Sample Pyroxene Mg# 

Input 

T (K)    

Eqn (32a) 

P(kbar) 

Eqn (32b) 

P(kbar) 

B04 01 core 76,7 1423  4,1 2,9 

B04 01 rim1 80,4 1423  4,7 2,8 

B04 01 rim2 75,7 1423  4,0 2,5 

B04 01 rim3 72,1 1423  1,8 1,7 

B04 02 dark 80,2 1423  2,2 1,0 

B04 02 bright 77,5 1423  4,1 2,8 

B04 03 core 82,2 1423  5,4 3,5 

B04 03 rim1 78,5 1423  0,9 1,2 

B04 03 rim2 72,0 1423  0,4 -0,1 

B04 01 core 76,7 1523  7,3 6,2 

B04 01 rim1 80,4 1523  7,9 6,2 

B04 01 rim2 75,7 1523  7,2 5,8 

B04 01 rim3 72,1 1523  5,1 5,1 

B04 02 dark 80,2 1523  5,5 4,4 

B04 02 bright 77,5 1523  7,4 6,1 

B04 03 core 82,2 1523  8,6 6,8 

B04 03 rim1 78,5 1523  4,2 4,5 

B04 03 rim2 72,0 1523  3,6 3,2 

Table 2: Result for the Gobarometry calculations from section B04. Showing for fixed 

temperature of both 1150°C and 1250°C The input temperature is in Kelvin. 
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Sample Pyroxene Mg# 

Input 

T (K)    

Eqn (32a) 

P(kbar) 

Eqn (32b) 

P(kbar) 

B06 01 gab 72,5 1423  2,5 2,4 

B06 01 gab2 72,5 1423  3,0 2,8 

B06 02 gab 73,3 1423  2,6 2,6 

B06 02 gab2 73,0 1423  2,7 2,8 

B06 03 gab 73,9 1423  2,1 2,5 

B06 03 gab2 73,6 1423  2,6 2,9 

B06 04 core 72,3 1423  5,1 2,4 

B06 04 rim 76,5 1423  2,2 2,1 

B06 05 core 74,7 1423  5,7 3,8 

B06 05 rim1 77,6 1423  4,1 2,7 

B06 05 rim2 73,0 1423  -2,0 -2,6 

B06 06 core 74,7 1423  4,4 3,1 

B06 06 rim 72,4 1423  1,2 0,7 

B06 01 gab 72,5 1523  5,7 5,7 

B06 01 gab2 72,5 1523  6,2 6,1 

B06 02 gab 73,3 1523  5,8 6,0 

B06 02 gab2 73,0 1523  6,0 6,1 

B06 03 gab 73,9 1523  5,3 5,9 

B06 03 gab2 73,6 1523  5,8 6,2 

B06 04 core 72,3 1523  8,3 5,7 

B06 04 rim 76,5 1523  5,5 5,4 

B06 05 core 74,7 1523  9,0 7,1 

B06 05 rim1 77,6 1523  7,3 6,0 

B06 05 rim2 73,0 1523  1,2 0,7 

B06 06 core 74,7 1523  7,6 6,4 

B06 06 rim 72,4 1523  4,4 4,1 

Table 3: Result of the Gobarometry calculations from thin section B06. Showing for fixed 

temperature of both 1150°C and 1250°C The input temperature is in Kelvin 

 



35 

 
Figure 17: Comparison of the results from Putirka (32a) and (30) equations, based on the experimental data 

used by Putirka (2008). It looks equation 32a slightly, but systematically overestimates the pressures 

 

 
Figure 18: Comparison of the results from Putirka (32a) and (30) equations. It looks equation 32a slightly, but 

systematically overestimate the pressures. In this case samples from the Nornahraun data (2014-2015) was used. 
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5.2.1 Comparison to other studies 

I compared my measurements to those in Keiding and Sigmarsson (2012), who examined 

tephra grains and phenocrysts from the 2010 Eyjafjallajökull eruption, where they studied 

mineral and coexisting melt composition from the samples. In their paper they characterize 

the clinopyroxenes as euhedral to subhedral, with a significant variation in composition 

(Wo31-46En11-56Fs14-48) (Figure 19) that is rather similar to the results in this study. Their Mg# 

is also quite variable with ranges between 76-19. In this study most of the pyroxenes are more 

Mg-rich than observed in Keiding and Sigmarsson (2012). Zoning is also common in their 

pyroxenes, and is frequently inverse between core to rim, like seen in the result here. Their 

geothermobarometry results were used to place constrains on the magma storage depths and 

crystallization temperatures. Clinopyroxene-liquid pairs pressure estimates yield 4,5-7,1 kbar 

and -1,2-4,2 kbar for the flank eruption and for the summit eruption, respectively. In this work 

the pressure estimates of the pyroxenes yielded a pressure range of 4,1-5,7 kbars for cores and 

-2,0-4,0 kbars for rims when a fixed temperature of 1150°C was used. Both of these estimates 

have a similar result of pressure for the crystallization of the phenocrysts 

 
Figure 19: Composition of the clinopyroxenes from Keiding and Sigmarsson (2012). The gray curve in the 

pyroxene quadrilateral form Keiding and Sigmarsson shows a comparison to the Skaergaard trend from Wager 

and Brown (1986). A ternary diagram showing the composition of pyroxenes from this paper in the upper right 

corner for comparison. 

Kristjánsson (2015) was working on a similar project, where he was comparing three different 

lava fields from the Eyjafjallajökull, with respect to the chemical composition and 

temperature of crystallization of Olivines. One of his samples came from the 

Hamragarðaheiði quarry, in that sample he analyzed the Olivine along with the groundmass. 

The temperature estimates that he got were from 1000-1150°C with pressures of 0,5 and 1,3 

GPa. 
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6 Summary and Conclusions 

(1) The thin section samples from the ankaramite in the Hamragarðaheiði quarry are 

holocrystalline and porphyritic. Crystals seen in the thin sections, are mostly pyroxene, 

olivine and plagioclase. Oxide and sulfide can be seen as inclusions. The pyroxenes are quite 

heterogeneous, where zonations are common in the phenocrysts. One sample was coarser 

grained with similar sizes of pyroxene and plagioclase and was therefore characterized as 

gabbro. 

(2) 23 points on 9 grains in two thin sections were analyzed with the microprobe. Most 

pyroxenes were classified as augite clinopyroxenes. One core however had a composition of 

diopside, with the highest Mg# of the grains analyzed. 

(3) All pyroxenes are rich in MgO wth variation from 13,49-15,96 wt% and iron content 

also quite high ranging from 5,8-10,2 wt%. The CaO content was uniform (19,5-21,4 wt%) 

while the chromium content varies a lot (0-0,96 wt%), especially between pyroxene 

phenocrysts and pyroxene in the gabbro. The Mg# ranges from 70,2-82,2 and tends change in 

an inverse way from core to the first rim in some of the phenocrysts. Indicating that a new 

magma had entered the chamber, most likely richer in MgO than the magma before. 

(4) The Al
VI

/Al
IV

 ratio can be used as a qualitative indicator of crystallization pressure. 

Most of the pyroxenes are in the granulite field indicating relatively high crystallization P. 

The Gabbro falls on the border of the granulite field and the igneous rock field, and a few of 

the outermost rims tend to end up on the igneous rock field, indicating that they had 

crystallized under slightly lower pressure then the ones in the granulite field. 

(5) Geobarometry calculations were done for the pyroxene crystals at two fixed 

temperatures from which the lower one (1150°C) might be more reliable. Pyroxene 

phenocryst cores and inner rims generally show 2,2-5,7 kbar pressure, pyroxenes in gabbro 

show 2,1-3,0 kbar pressure, whereas the outermost rims in some of the phenocrysts show -

2,0-2,2 kbar pressure based on equations 32a. However Putirka (32a) might slightly 

overestimate the pressure calculations. 

(6) The magma mixing seen by the zonations of the first rim happened under similar 

pressure to the core (when Putirkas uncertainty (±2,2 kbars) is applied). Based on equation 

32a the magma mixing happened at 4-5 kbar pressure. 
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7 Further possibilities for this project 

In this chapter I will discuss a few possibilities that can be used for further study and 

examination of the ankaramites from Eyjafjallajökull. 

7.1 Whole rock analysis 

With petrological and geochemical evidences a whole rock analysis can be important to 

estimate the event of the erupting lava. Geochemical investigation of the eruptive products 

allows identification of magma sources and quantification of magmatic processes leading to 

an eruption. (e.g. Sigmarsson et al., 2013). The groundmass or glass composition can be used 

to try to estimate liquid composition (both major- and trace elements) that are saturated with 

more than one crystal phase. It can also be used to determine the change of liquid composition 

with temperature in the system (Villiger et al, 2007). It would also be useful to analyze other 

minerals in the samples, for example the olivines and plagioclase and compare their 

composition and thermobarometry calculations to those obtained by the pyroxenes. With 

these analysis it could be possible to “trace” the zonation of the phenocryst and estimate the 

depth, pressure and temperature of each phase of the magma chamber.  

7.2 Study of various inclusions 

Silicate melt inclusions could be seen in all the thin sections (Figure 9 and 10) although no 

chemical analysis was done at this time. Their study would be interesting since they can 

pinpoint the parental magma composition and the pressure estimates can be more precisely 

outlined by their help (Hansteein and Klugel, 2008).  

Oxides are often seen in lavas in Iceland, however, finding sulfides in Icelandic rocks is quite 

rare. They have been found in rapidly cooled tephra, but they are rare in lava flow samples 

that have cooled and solidified slower than the Tephra. One possible reason is that the basalt 

might be poor in sulfur so the melts never get saturated in S upon cooling. The sulfide 

precipitations then does not happen. Sulfides were observed in melt inclusions in crystals 

from tephra produced in the Grímsvötn eruption in 2011. Sulfur degassing from hot spot 

related volcanoes is important since it is an addition to the total mass loading of the 

atmosphere. The loading of sulfur can be estimated indirectly from the difference in sulfur 

concentrations in pristine melt inclusions and outgassed groundmass glass (Sigmarsson et al, 

2013). Some sulfide has also been found in the new Nornahraun lava from the Bárðabunga 

eruption 2014-2015, although the research of those sulfides is still ongoing 

In these samples abundant sulfides were observed as inclusions in silicate minerals (Figure 

10).  

7.3 Isotope analysis  

Isotope analysis can also be important, since isotopic composition of a certain elements can be 

used as a fingerprint of geological processes. These compositions can vary and can be 

affected by element source, weather, biological and biochemical processes, it can also 

determine the geological age of the material that is being studied. (ALS life science, 2014). 

Most chemical elements have several different naturally occurring isotopes, for example 
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oxygen can be 
16

O, 
17

O, or 
18

O, however the elements may have very small isotopic variation, 

no matter where they are found, thus all quartz (SiO2) contain about the same relative 

amounts of the three natural oxygen isotopes. The isotopic variation has an extremely small 

effect on the properties of minerals, however the small isotopic variation can be significant for 

geochemistry for trying to determine the genesis of a particular mineral or rock (Perkins, 

2011). 

Both the petrology and geochemistry of the basalts in Iceland have been studied for more than 

a century. The alkali and transitional basalts in Iceland are enriched in incompatible trace 

elements and have more radiogenic Sr, Pb and He isotope composition compared to the 

tholeiites. These observations have been the source of the concept to explain the radiogenic 

isotope ratios in Iceland, and indicate that there is at least three principal mantle components 

beneath Iceland: a depleted upper mantle source, enriched mantle plume and recycled oceanic 

crust (Sigmarsson and Steinthórsson, 2006). 

Therefor the compositions of these isotope are important and can be used for interpretations 

and speculations on the origin of basaltic rocks around Iceland (Sigmarsson and 

Steinthórsson, 2006). 
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Appendix A 

Figure 20: Lenght distribution of the phenocysts measured from hand specimen in the nine samples collected. 
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Figure 21: Hand specimens studied and used for analysed. The black minerals seen in the pictures are pyroxene 

phenocrysts, the white minerals are feldspar and the green and brownish minerals are olivines. 
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Figure 22: Microscopic picture og phenocrysts that are interesting  for further analysis. A and B are of a zoned 

olivine. C a large pyroxene phenocryst with plagioclas inclusion in it (from the gabbro). D Zoned pyroxenes and 

plagioclase. E andF Strongly zoned plagioclase with melt inclusions in the rims. Picture F has more inclusions.  
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Appendix B 

 

Table 4: Wo-En-Fs composition of the pyroxene grains analyzed with the microprobe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Pyroxene Mg# Wo   En Fs 

B04 01 core 76,7 42,7 43,79 13,51 

B04 01 rim1 80,4 44,70 44,29 11,01 

B04 01 rim2 75,7 43,77 42,46 13,77 

B04 01 rim3 72,1 42,88 41,01 16,11 

B04 02 dark 80,2 43,27 45,35 11,39 

B04 02 bright 77,5 43,21 43,88 12,91 

B04 03 core 82,2 45,43 44,70 9,86 

B04 03 rim1 78,5 42,07 45,28 12,65 

B04 03 rim2 72,0 41,55 41,87 16,59 

B06 01 gab 72,5 43,23 40,94 15,83 

B06 01 gab2 72,5 43,35 40,82 15,83 

B06 02 gab 73,3 42,98 41,52 15,51 

B06 02 gab2 73,0 43,16 41,26 15,58 

B06 03 gabo 73,9 43,53 41,50 14,97 

B06 03 gab2 73,6 43,34 41,39 15,27 

B06 04 core 72,3 44,05 40,30 15,65 

B06 04 rim 76,5 40,02 45,68 14,30 

B06 05 core 74,7 43,75 41,85 14,40 

B06 05 rim1 77,6 43,04 44,03 12,93 

B06 05 rim2 73,0 41,61 42,44 15,95 

B06 06 core 74,7 43,67 41,96 14,37 

B06 06 rim 72,4 42,41 41,50 16,09 
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Figure 23: Pyroxene two from sample B04. Showing how Cr, Al and Ti varies with respect to the Mg#. The Cr, 

Al,and Ti were calculated as atoms per formula units.  Average gabbro shown for comparison. 

 

 
Figure 24: Pyroxene four from sample B06. Showing how Cr, Al and Ti varies with respect to the Mg#. The Cr, 

Al,and Ti were calculated as atoms per formula units. Average gabbro shown for comparison. 
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Figure 25: Pyroxene five from sample B06. Showing how Cr, Al and Ti varies with respect to the Mg#. The Cr, 

Al,and Ti were calculated as atoms per formula units. Average gabbro shown for comparison. 

 

 
Figure 26: Pyroxene six from sample B06. Showing how Cr, Al and Ti varies with respect to the Mg#. The Cr, 

Al,and Ti were calculated as atoms per formula units. Average gabbro shown for comparison. 
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Figure 27: Pyroxene one from the gabbro in sample B06. Showing how Cr, Al and Ti varies with respect to the 

Mg#. The Cr, Al,and Ti were calculated as atoms per formula units. 

 

 
Figure 28: Pyroxene two from the gabbro in sample B06. Showing how Cr, Al and Ti varies with respect to the 

Mg#. The Cr, Al,and Ti were calculated as atoms per formula units. 
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Figure 29: Pyroxene thee from the gabbro in sample B06. Showing how Cr, Al and Ti varies with respect to the 

Mg#. The Cr, Al,and Ti were calculated as atoms per formula units. 


