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Abstract 

Alkali basalts are silica undersaturated rocks, essentially containing clinopyroxene, 

plagioclase and olivine phenocrysts in a fine grained groundmass. In Iceland, alkali basalts 

are mainly found in Snæfellsnes belonging to the Snæfellsnes Volcanic System and in 

Vestmannaeyjar belonging to the East Volcanic System. Samples were collected from the 

alkali basalt in Búðahraun, Snæfellsnes, for chemical analysis in order to determine the 

processes responsible for the complex zonation patterns of clinopyroxene crystals. 

All hand specimens have a considerable amount of vesicles and phenocrysts of olivine, 

plagioclase and clinopyroxene, with clinopyroxene being the largest and olivine the most 

abundant. 4 thin sections were made from selected hand specimens and  21 points in 9 cpx 

were analysed by electron microprobe. Chemical compositions were compared to  those 

from the Ph.D thesis of Harðarson (1993) which show a similar distribution. 

The anhedral and subhedral shapes of various phenocrysts suggest melting and 

recrystallization. In order to determine the crystallization environment, the 

thermobarometry models provided by Putrika (2008) were applied. These show that 

crystallization of clinopyroxene  cores and rims happened in a high pressure environment 

at great depths, probably around 10-20 km. Based on the standard errors for the equations 

the cores and rims of the analysed phenocrysts, probably formed in a similar P 

environment, with an exception of one pyroxene rim, which might have crystallized upon 

when magma ascent from the magma reservoir. The various zoning patterns observed are 

therefore best explained by magma mixing in large depth.  
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Útdráttur 

Alkalí basalt er kísilsnautt berg sem inniheldur klínópýroxen, plagíóklas og ólivín díla í 

fínkornóttum grunnmassa. Á Íslandi er alkalí basalt helst að finna á Snæfellsnesi, sem 

tilheyrir Snæfellsnes eldstöðvakerfinu og í Vestmannaeyjum sem tilheyrir Austur 

eldstöðvakerfinu. Bergsýnum var safnað úr Búðahrauni á Snæfellsnesi til efnagreiningar. 

Niðurstöðurnar voru notaðar til að ákvarða þau kristöllunarferli sem gætu útskýrt flókna 

beltun klínópýroxen kristallanna. 

Handsýnin eru auðug af  blöðrum ásamt ólivín, plagíóklas og klínópýroxen dílum. Stærstu 

dílarnir í sýnunum eru klínópýroxen kristallar og hæst hlutfall er af ólivín dílum. Útbúnar 

voru 4 þunnsneiðar úr völdum handsýnum og voru 2 þeirra notaðar til efnagreininga. 

Punktarnir sem efnagreindir voru úr 9 klínópýroxen dílum voru 21 og þeir bornir saman 

við niðurstöður úr doktorsverkefni frá Birni Harðarsyni (1993). Samanburður sýnir að 

efnasamsetningar úr báðum rannsóknum eru svipaðar.  

Óregluleg lögun klínópýroxen dílanna bendir til að þeir hafi byrjað að bráðna og síðan 

endurkristallast. Til að áætla hita og þrýsting við kristöllun voru efnagreiningar settar í 

hita- og þrýstings reiknilíkan fengin frá Putrika (2008). Niðurstöður reiknilíkansins sýna að 

kristöllun kjarna og brúna klínópýroxen kristallanna hafa átt sér stað við mikinn þrýsting 

og á 10-20 km dýpi. Ef stuðst er við skekkjumörk reiknilíkansins, má áætla að bæði kjarnar 

og brúnir dílanna hafi kristallast á svipuðu dýpi. Ein brún virðist þó hafa kristallast á minna 

dýpi sem gæti skýrst af því að sú kristöllun hafi átt sér stað þegar kvikan leitaði upp. 

Beltunin gæti því útskýrst fremur af kvikublöndun á miklu dýpi. 

.  
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1 Introduction 

Chemistry of Icelandic rocks covers a large range due to rift relocations and the underlying 

mantle plume (Oskarsson et al., 1982). The Snæfellsnes Volcanic Zone (SVZ) has received 

less attention than the other regions of Iceland, where the currently active rift zone is 

located, due to the fact that it has remained dormant for the last 1700-1800 Ky (Harðarson, 

1993). 

Samples were collected from the alkali basalt of Búðacrater in Búðahraun (Figure 1). The 

crater belongs to the Snæfellsjökull stratovolcano, one of 3 volcanic systems in 

Snæfellsnes, located on the eastern most part of the peninsula. Volcanic formations from 

Snæfellsjökull are petrologically diverse. The most recent and conclusive study from SVZ 

was presented by Harðarson in his Ph.D. study from 1993, where he examines whole-rock 

and mineral chemistry from various places in the SVZ with special emphasis on 

Snæfellsjökull volcanic system.  

Study of clinopyroxenes (cpx) in igneous rocks is important as it provides insight into 

fractional crystallizations and mixing processes in the mantle and crustal environment (see 

e.g.: Fodor et al., 1995), furthermore it is a mineral, which is suitable to estimate the depth 

of these processes (see e.g.: Putirka, 2008). It is important to estimate the pressure of 

crystallization as it influences the phase relations and therefore the composition of the 

surrounding liquid (see in e.g.: Keiding & Sigmarsson, 2012). 

The aim of this study is to describe the different and complex zoning patterns found within 

cpx phenocrysts in alkali basalt from the study area Búðacrater, and try to evaluate if the 

zonation could be explained by change in P and T conditions upon crystallization or if 

magma mixing could have been involved. In order to do so, chemical analyses were carried 

out within 9 cpx crystals, which showed various zonation patterns. I applied various 

thermobarometry models for estimation of crystallization depth, as to improve our 

understanding of the evolution of magma plumbing systems, the knowledge of the depth at 

which magmas stagnate and crystallize is the key. 
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Figure 1: An overview of Búðahraun on the Snæfellsnes peninsula. The study area, Búðacrater is marked by 

a red circle (Adapted from Google earth) 

 

1.1 Alkali basalt 

1.1.1 General description 

Alkali basalts are chemically a sub-type of basalts (Figure 2 and 3) which are silica 

undersaturated. They often cannot be distinguished from tholeiites by hand specimen 

inspection, but one requires a bulk rock chemical composition. Essentially they contain 

cpx, plg and ol and often nepheline and/or leucite. Alkali basalts are thought to be formed 

by partial melting of mantle peridotite and usually evolve by crystal fractionation either to 

trachybasalts or phonolites (Figure 3). Most commonly, alkali basalts are associated with 

ocean islands like Iceland and Hawaii or continental rift magmatism (Yoder & Tilley, 

1962). 
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Figure 2: Tetrahedron of a generalized simple basalt system. The tetrahedron is divided by major minerals 

found in basalts and silica content. Names written in red are those of basalts divided by their normative 

components (Yoder & Tilley, 1962) 

 

Figure 3: TAS diagram with red and green lines differentiating between alkalic and subalcalic rocks (Kuno, 

1959, 1966; Macdonald & Katsura, 1964) 

1.1.2 Alkali basalts in Iceland 

Three different volcanic rock series have developed in Iceland (Table 1). The tholeiitic 

series is bound to the rift zone whereas the alkalic and transitional alkalic series are bound 

to the non-rifting  flank zones. Alkalic rocks of Iceland are found in 2 main volcanic 

systems (Figure 5); on the Snæfellsnes peninsula, which belong to the SVZ (nr 30-32), 

Vestmannaeyjar belonging to the EVZ (nr 22). Transitional alkali basalts are found in the 

southernmost part of the EVZ, (nr 34-38) and in Öræfajökull in ÖVZ, situated below the 

Easternmost area of the Vatnajökull glacier, (nr 39-41). Numbers referenced are found in 

Figure 5.  
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Table 1: The three igneous rock series of Iceland with distinction made between basaltic, intermediate and 

silicic rocks (Jakobsson, 2008). 

 

 

Alkali basalts in Iceland are mildly alkalic with sodic characteristics and are almost always 

nepheline normative. All sub-alkaline rocks in Iceland are of the tholeiitic series. The 

petrography can be quite complex, especially in Snæfellsnes where phenocrysts can consist 

of plg, ol, cpx and opaque oxides in various ratios (Harðarson, 1993; Jakobsson et al., 

2008). The only cpx found in the groundmass is augite which can be zoned with aegerine-

augite rim (Jakobsson et al. 2008). Other groundmass minerals include plg, ol and 

magnetite (Harðarson, 1993).  

 

1.2 Clinopyroxenes 

Pyroxenes are a group of rock-forming ferromagnesian chain silicates. They are found in 

almost all igneous rocks and many regional and contact metamorphic rocks. Based on 

crystal structure, pyroxenes are categorized into orthopyroxenes (opx), belonging to the 

orthorombic system, and cpx, belonging to the monoclinic system. Calcic cpx have a wider 

and more complex chemical compositions and can be considered as members of the four-

component system CaMgSi2O6 - CaFeSi2O6 - Mg2Si2O6 - Fe2Si2O6 (Deer, Howie & 

Zussman, 1992). Figure 4 shows the nomenclature to each chemical composition of both 

different calcic cpx and alkali (Na and Fe
3+

) cpx. 
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Figure 4: Triangle on the right shows compositional range of calcic cpx (Ca-Mg-Fe) with accepted 

nomenclatures. Triangle on the left side shows compositional range of alkali (Na and Fe
3+

 ) cpx with 

accepted nomenclatures. Quad represents the Ca-Mg-Fe cpx area (Adapted from Morimoto, 1998). 

In a microscope cpx can be distinguished by colour with Mg-rich crystals being colourless 

e.g.:  enstatite and diopside and Fe-rich crystals brown to brownish green e.g.: ferrosilite 

and hedenbergite. Aegerine can be pale-, dark- or yellowish green and augite, which can be 

either Fe- or Mg-rich, can be colourless and show different shades of brown and green 

(Deer et al., 1992).  
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2 Geological background 

Iceland is an island situated in the North Atlantic Ocean that has a complex volcanic 

history resulting in being one of the most active volcanic areas of the world. Not only 

having a hotspot fed by a mantle plume, situated under Vatnajökull glacier, it‘s also a 

subaerial part of the Mid-Atlantic Ridge (MAR), a rift zone, which extends through the 

country from southwest to the northeast (Clifton & Katterhorn, 2006). Most of the 

volcanism in Iceland is bound to the rift zone, where the Eurasian and North American 

plates are separating. The current rift zone divides up into segments extending from the 

Western volcanic zone (WVS), and the parallel Eastern volcanic zone (EVZ) spreading up 

to the Nortern Volcanic zone (NVZ). It is generally assumed that the WVZ is a dying rift 

zone and being replaced by the EVZ, since volcanism there is much more active, due to 

ridge jump (Einarsson, 2008). Intraplate volcanism is also found where no rifting occurs as 

for example the Snæfellsnes volcanic zone (SVZ), which is a non-rifting flank zone 

(Harðarson, 1993). Figure 5 shows the position of the volcanic systems.  

Geological formations in Iceland have been divided up into four chronological units. They 

are: Tertiary formations ranging in age from 16My - 3.3 My, Pliocene-Pleistocene 

formation 3.3 My - 780 Ky, Late-Pleistocene formation 780 ky  - 10 Ky and lastly 

Holocene formation which began to form around 10 Ky ago (Jakobsson et al., 2008) 
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Figure 5: Active volcanic zones of Iceland during Late-Pleistocene and Holocene. NRR: Northern Reykjanes 

Ridge, WVZ: Western Volcanic Zone, HVZ: Hofsjökull Volcanic zone, EVZ: Eastern Volcanic Zone, NVZ: 

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

Volcanic Zone and SISZ: Southern Icelandic Seismic Zone. Distinction is made between tholeiitic, 

transitional alkalic and alkalic volcanic systems with central volcanoes indicated with numbers (Jakobsson 

et al., 2008) 

Snæfellsnes is a peninsula located in the western part of Iceland, approximately 80 km 

long and around 10-30 km wide. The three main volcanic systems located in Snæfellsnes 

are Snæfellsjökull, Ljósufjöll and Lýsuskarð and the system extends around 120 km to the 

east. 16 My to around 6 My ago the peninsula was an active rift zone, as is evident from 

the tholeiitic Tertiary base of the area which forms a synclinal structure running from the 

northeast crossing the western and central parts of the peninsula and running up to the 

Húnaflói peninsula which is located in northwest of Iceland. Around the time of the 

relocation of the rift zone, volcanism diminished significantly, except for a few central 

volcanoes. 2 My ago, volcanic activity started again forming a more evolved magma as the 

activity was not linked to a rift zone. The volcanism in the Snæfellsjökull system has been 

tracked back based on irregularly magnetized lava flows south of Ólafsvík, the oldest being 

dated to around 840 ky. These Pleistocene formations include both hyaloclastites from 

glacial periods and interglacial lava flows. Some of these formations are acid and 

intermediate and show evidence of magma mixing.  Holocene activity is widespread in the 

system but not voluminous, estimated to be around 11 km
3
 for all of Snæfellsnes and over 

half of that belonging to the Snæfellsjökull system. These lavas are classified into those 

belonging to the central volcano and its flank, which are more chemically evolved, and 

those belonging to cones and craters on low ground south and west of the central volcano. 

The oldest Holocene lava, according to Harðarson (1993) is Búðahraun, around 5000-8000 

BP, and one of the youngest, Væruhraun, dated around 1750±150 BP. The activity in the 

Snæfellsjökull system is thought to have been dynamic around 5000 BP, but became 

dormant around 1750 BP (Harðarson 1993). 
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3 Materials and methods  

3.1 Hand specimens  

Of the collected rock samples from Búðahraun, 6 were used to determine the grain size 

distribution of ol, plg and cpx minerals. Examinations were done mostly by hand and 

minerals of each type were distinguished based on size, colour and shape. Plg and ol 

minerals were easily distinguishable but cpx minerals were mostly found by using a stereo-

microscope, due to the dark colour of the groundmass. The length and width were 

measured in mm for 15 grains of each mineral type in the 6 samples, with a QuantuMike 

micrometer from Mitytouo with a precision of 0,001 mm.  

3.2 Thin sections 

3.2.1 Preparation 

Thin sections were made from 4 of the collected rock samples. The samples were put in an 

ultrasonic bath to get dust and grime from the rocks. An epoxy resin was made and poured 

over the samples to cover the vesicles and put under 2 bars pressure to eliminate bubble 

formation. A diamond blade saw was used to cut off excess epoxy and to get the rock 

samples down to a fitting size for the glass slides.  For polishing, 5 different polishing 

papers were used with grit sizes 600, 800, 1000, 1500 and 2000 to get the minerals visible 

on the surface. An epoxy resin was used to glue the samples to 2,6x5 cm glass slides and 

weighted down overnight. A Metkon geoform thin section diamond blade cutter and 

polishing machine was used to cut the samples down and polish to 50-60 µm thickness. 

For final polishing a Logitech polishing machine was used with a 9 µm grit size polishing 

powder. Since the thin sections were made thicker than the standard 30 µm, the 

interference colours of minerals are higher.  

3.2.2 Analysis  

For the thin section analysis an Olympus BX51 polarizing microscope including both 

transmitted and reflected light and a magnification of 2x, 4x, 10x and 20x objectives was 

used. The microscope was equipped by an Olympus UC30 camera. Each thin section was 

carefully examined and photographed, using 4x and 10x magnifications. Both one 

polarizer and two polarizers were used for observations. Special emphasis was put on 

photographing phenocrysts. Different minerals were distinguished based on both plane 

polarized colour, interference colour, shape, twinning and cleavage. 

3.3 Electron microprobe 

For chemical analysis, a Jeol JXA-8230 Superprobe, equipped with 5 wavelength 

dispersive spectrometers was used at the Institute of Earth Sciences, University of Iceland.  
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3.3.1 Preparation 

The thin sections were put in a Metaserv 250 grinder-polisher machine from Buehler for 

finer polishing, using 3 and 1 µm aluminium oxide polishing powder. The even surface is 

essential for electron microprobe analyses. For final preparation the samples were carbon 

coated using a Cressington 208C high vacuum carbon coater. 

3.3.2 Analysis 

For analysis, 9 cpx from 2 thin sections were selected. Cores and rims were analysed in the 

cpx with clear zonation patterns. In some cases the cores were analysed in more spots due 

to clear chemical heterogeneity observed during microscopy and in Back Scattered 

Electron Images (BSEI). The analysis was done with a point beam, which has an 

approximately 1 µm diameter. 20nA probe current and 15 KV accelerating voltage was 

applied. For calibration, natural and synthetic mineral standards were used. Back Scattered 

Images were taken of 4 crystals. 

3.4 Thermobarometry 

To estimate the pressure (P) and temperature (T) at which cpx crystallize, various 

thermobarometry models designed for cpx can be used (Putrika, 2008, and references 

therein).   

Some of the models bases on liquid-pyroxene equilibrium (e.g.: eqn 30 and 31 in Figure 6). 

In these models KD value (Fe-Mg exchange coefficient between cpx and liquid KD (Fe-

Mg)
cpx-liq

 ) has to be calculated to check if there was equilibrium between the liquid and 

minerals. According to Putrika (2008) this KD value has to be 0.28± 0.08 in case of 

equilibrium. KD values that do not fall into this range suggest that the assumed liquid and 

minerals were not in equilibrium. 

Other models (e.g.: eqn 32) depend only on cpx composition. As these models are 

temperature dependent, an independent T estimate is needed to determine the 

crystallization pressure. 

In this study the aim was to determine if any change in P and T conditions had a role in the 

development of the zonation in each crystal. For model 1), whole rock composition of 

Búðaklettur lava taken from the study of Harðarson (1993) was used as liquid together 

with cpx analysed in this study by the microprobe. For model 2), the independent T 

estimate was taken also from Harðarson (1993). 

For the calculations the excel spreadsheet developed by Keith Putrika (downloaded from: 

http://www.fresnostate.edu/csm/ees/faculty-staff/putirka.html) was used. Mineral and melt 

compositions were typed in this spreadsheet in wt%.   
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Figure 6: Common eqn used to estimate cpx crystallization P in igneous systems, developed by Putrika 

(2008) 
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4 Results 

4.1 Hand specimens 

The hand specimen samples examined have dark grey groundmass with obvious 

phenocrysts of ol, plg and cpx. Texture of the samples is porphyritic and very vesicular. Ol 

and plg crystals are quite distinguishable on the cut surface of the rocks, but cpx are not 

visible with the naked eye due to their similar dark colour to the groundmass. Ol crystals 

are light green to brownish green and many are similar sized in both length and width, the 

majority being between 1-2 mm (Figure 7). Plg crystals all have a similar colour of white. 

Their shape is more elongated then those of the ol, with more difference in width and 

length, having the most common length of 1-3 mm and width of 1-2 mm (Figure 7).  Cpx 

crystals are visible on the rough uncut, slightly weathered sides of the samples, are black in 

colour with an anhedral to subhedral shape. They were larger than the ol and plg with the 

most common size being 2-3 mm and the largest being between 7-8 mm in length (Figure 

7). All specimens are vesicular, showing a wide range of vesicle shapes and sizes. 

 

 

Figure 7: Crystal size distribution, length and width, of plg, ol and cpx in mm. 

4.2 Thin sections 

The overall texture of the thin sections was porphyritic holocrystalline, as no glass was 

observed, showing a significant size difference between groundmass and phenocrysts. 

Vesicles were abundant, covering roughly 30% of each thin section with varying shapes 

and sizes. Size distribution of vesicles can be seen in Figure 8.  
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Figure 8: Size distribution of vesicles, length and width in mm 

 

Groundmass: 

Ol, cpx and plg can be seen in the groundmass with plg laths being the most abundant and 

clearly identified. Crystals in groundmass show a euhedral shape. Sizes vary from 50µm in 

length and width, with the largest crystals being plg with length ranging up to around 400 

µm. Texture of the groundmass is inequigranual, since size difference of various 

components are significantly different.  

 

 

Figure 9: a) Shows vesicles surrounding a glomeroporphyritic cluster, roughly seen in the middle of the 

picture. b) Groundmass crystals surrounding a subhedral clearly zoned cpx phenocryst. Note the 

heterogeneous core of the olivine in the bottom right corner. 

Phenocrysts:  

Of the phenocrysts ol is the most common and plg is present in the smallest quantity. Ol 

and cpx were distinguishable in plane polarizer light by colour, ol being colourless and cpx 

showing slight brownish and greenish colours. Plg was easily detectable by clear twinning. 
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All crystals have a euhedral to anhedral shape, though usually they are subhedral with one 

or more resorbed rims (Figures 9, 10 and 11). Complex zoning is especially clear in many 

cpx phenocrysts but can also be seen in ol and plg. Cores of cpx and ol sometimes show 

heterogeneity, observed by variable interference colours (Figure 9b, bottom right mineral) 

by the microscope or variable brightness in the Back Scattered Electron Images (Figures 

14 and 15) though most cores seem to be relatively homogenous (Figure 10b, mineral in 

the centre). Many of the phenocrysts have very clear melt inclusions. 

Glomeroporphyritic clusters (Figure 9a) are found in all thin sections with aggregates of 

cpx, plg and ol. 

 

 

Figure 10: a) Anhedral cpx crystal showing clear zonation and resorption of rims. Different interference 

colours suggest different chemical compositions. b) Anhedral cpx. Resorption is quiet clear on the right side 

of the mineral 

 

 

Figure 11: a) Euhedral Ol crystal, with resorbed rims and clear zonation. Melt inclusions are visible. b) 

Large plg phenocryst with mineral and melt inclusions. 
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4.3 Microprobe 

21 points on 9 cpx were analysed. Their compositional range, in oxide wt% is listed in 

Table 2. Chemical formula calculated for each point is listed in Table 5 appendix A. 

Table 2: Chemical composition for the 9 cpx analysed shown in oxide wt%. Mg# = 100* atomic 

Mg/(Mg/Fe
2+

). Table also shows calculated values of Wo, En and Fs endmembers used for classification. The 

sample column shows the number given to each cpx analysed with c standing for core and r for rim. 

 

 

 

Figure 12: Endmember compositions for the 9 cpx analysed plotted on a cpx quadrilateral. Black dots 

represent cores and red squares rims. Di-diopside, Hd-Hedenbergite, Agt-Augite, Pgt-Pigeonite, En-

Enstatite, Fs-Ferrosilite, Wo-wollastonite. 

The Wo, En and Fs components for each analysis was calculated (Table 2) and used to plot 

into a cpx quadrilateral (Figure 12) for classification. Most compositions fall into the 

augite field, but some fall on the border that separates augite and diopside. One core and 
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one rim composition plot in the diopside field. More rims than cores fall on the border 

between diopside and augite and trend towards the Di composition.  

 

 

Figure 13: Al, Ti and Cr content of the 9 cpx plotted as a function of their Mg#. This was done to see if any 

correlation was for the cores and rims for each chemical component 
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Al, Ti and Cr contents of each analysed phenocryst was plotted as a function of their Mg# 

(Figure 13) to get an overview on the differences between cores and rims.  The Al contents 

of the cores are generally slightly higher than the rims, though no clear correlation is 

observed. Ti content clearly decreases with increasing Mg# with cores having a slightly 

lower Ti content than rims. The Cr content of the cpx shows the most complex distribution, 

with cores and rims overlapping considerably. This distribution shows a general increase 

of Cr with increasing Mg#, however, for some analyses, both core and rim compositions 

deviate from this trend.  

 

 

Figure 14: Back scattered image of cpx 4 showing a heterogeneous core. Note a large microcrystalline melt 

inclusion in the cpx.  

Cores of the cpx cover a wide compositional range with Mg# from 74.7 to 82.5, Al-

contents of 0.251 to 0.311 and Cr-contents of 0.002 to 0.029 (both in APFU). Some of 

them have homogeneous cores with others showing heterogeneity as seen for example in 

cpx 4 (Figure 14). Brightness difference suggests a different chemical composition within 

the core. Fe content of core 1 is 0,172 and Cr content 0,015. Core 2 has Fe content of 0,230 

and Cr content of 0,015 (both in APFU) 
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Figure 15: Back scattered images. a) The two rims analysed from cpx 1. b) The two rims analysed from cpx 

6. Different brightness of the rims suggests different chemical composition. 

 

 

Figure 16: Al, Ti and Cr content of cpx plotted as a function of Mg#  for cpx1 and cpx6. These two 

phenocrysts show different types of zoning. 
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Figure 15 shows backscattered images for the two cpx and Figure 16 shows the 

compositions of Al, Ti and Cr (Table 6) plotted as a function of their Mg# (Table 2). Both 

cpx have complex rims with variable compositions. The core of cpx1 deviates from both 

rim 1 and 2, having a lower Cr-content and higher Ti, than the rims. Both rims have 

considerably higher Mg# than the core. Rim 1 has a slightly lower content of Al, Ti and Cr 

than rim 2. The higher Fe content of the core (Table 2) compared to the rims suggests a 

reversed zoning. The zoning of cpx6 is considerably different than that of cpx1. The core 

has a higher Mg# and lower Al and Ti contents (Table 2) than rim 1. Cr content of the core 

is however considerably higher than that of rim 1. Rim 2 plots on the other side of the core, 

having a higher Mg#. The content of Al, is higher than for both core and rim 1, content of 

Ti is considerably lower than the core and rim1 and the content of Cr deviates the most 

(Table 2).  

  

4.4 Thermobarometry 

KD values for each analysed point are listed in Table 7, appendix B. Only two cpx-melt 

pairs, core of cpx 4 and the rim of cpx 8 have fallen to the accepted range of KD suggesting 

equilibrium with the surrounding melt. Therefore, eqn 30 and 31 were used to estimate the 

P of crystallization. Input T for these calculations was taken from the model Putrika 

presented in his paper from 1996. The KD value for all other cpx compositions were 

significantly higher, suggesting disequilibrium with the surrounding melt, so only eqn 32a 

and 32b were used to estimate the P of crystallization. Eqn 32a improves the precision of 

the old single pyroxene model from Nimis (1995) but preserves the systematic error with 

respect to hydrous experiments. This systematic error is removed in eqn 32b but requires 

an estimate of H2O content of the liquid in equilibrium with the cpx as well as requiring 

use of additional calculations for the fraction of Fe and Mg occupying M1 and M2 sites 

(Putrika, 2008). Standard errors for each eqn are given in the paper from Putrika (2008). 

For eqn 30 the error is µ = ±2.8 kbar, eqn 31 gives µ= ±2.7 kbar, eqn 32a gives µ= ± 1.7k 

bar and eqn 32b gives µ= 1,6 kbar.  Table 4 shows comparisons for these two “equilibrium 

pairs” for the four equations. In the first two lines equilibrium T calculated by the model of 

Putirka (1996) was used as an input T for eqn 32a and b, in the last two lines the T was 

taken from Harðarson (1993). The P values show a significant difference for the different 

Ts, as these barometers are very T dependent. It must be noted, that the equilibrium Ts 

calculated for these mineral/melt pairs by Putirka´s method is unrealisticly high (approx. 

1300 °C). 
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Table 3: Calculated P for the cpx composition using eqn 32a and 32b with the fixed T of 1417°C taken 

from the Ph.D thesis of Harðarson (1993). The sample column shows the number given to each cpx analysed 

with c for core and r for rim. 

 

 

Table 4: KD values for the core of cpx4 and rim of cpx8. The first two T shown are input T calculated by the 

Putrika worksheet from the whole rock composition applied as liquid. The second two T are taken from 

Harðarson (1993). Eqn 30 and 31 show the P calculated based on cpx-liquid pairs eqn 32a and 32b are 

based on cpx composition (wt%) only. If errors for each eqn are taken into account, crystallization depth 

calculated for all eqn fall into similar range. 

 

P values calculated by eqn 32a were used to plot both as a function of Mg# and Al content 

for all analysed points in the cpx to get an overview of the different crystallization depths 

for cores and rims. Overall trend for each crystal is that cores show a slightly higher P 

value then rims with the exception of cpx6. Core of cpx6 has a value of 4.97 kbar, for rim 

1 the value is quite higher, 6.55 kbar and then drops again for rim 2 down to 3.38 kbar. 
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Figure 17: Pressure values from eqn 32a plotted as a function of Al content for each analysed point. 

Standard deviation error of ± 1.7 kbar is shown with error bars on each point. 
 

Figure 17 shows a clear trend where the Al content increases significantly with increasing 

P which is just expected based on Thompson (1974) who observed this relationship. The 

cores generally show slightly higher values for P than the rims, with the exception of rim 1 

for cpx6. 

 

 

Figure 18: Pressure values from eqn 32a as a function of Mg# for each analysed point. Standard deviation 

error of ± 1.7kbar is shown with error bars on each point. 
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The error bars shown in the graphs of figures 17 and 18 does however suggest that the rims 

and cores crystallized at similar depths with the exception of the rim of cpx9 which 

crystalized at a lower P (2.18 kbar).  

Cpxs having heterogeneous cores do not show a significant variation in P. Cpx 6 has 

shown the largest difference between the Fe- and Mg-rich areas (P given by equation 32a 

being 6.25 kbar and 4.82 kbar, see Table 3), however if the error of ±1.7 kbar is taken into 

account the values are in similar P range.  
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5  Discussion 

5.1 Chemical comparison with previous data 

Al content of cpx cores and rims from Búðahraun lava have been taken from the study of 

Harðarson (1993) for comparison (Table 5).  

Table 5: Al(APFU) and Mg# for analysed pyroxenes from the study of Harðarson (1993). Sample numbers 

are as given in Harðarsons study except for numbers in the paranthesis which were assigned for comparison. 

 

Figure 19 shows that the composition of cpx cores of Harðarson (1993) overlap with the 

analysed cpx cores of this study. The 3 cpx rims of Harðarson (1993) have lower Al 

contents than the cores of the same minerals (Table 5), furthermore lower Al-contents than 

most of the rim compositions analysed here. The only overlap is with the rim of cpx 9 

(Table 6). Figure 19 shows that the Al and Mg contents of the two studies are similar, 

suggesting crystallization at similar conditions. This is especially true for the core 

compositions. If more outermost rims were analysed in more cpx in this study, it is likely 

that a similar trend for rims would be seen as can be seen for the rims from the Harðarson 

(1993) study, especially since the rim of cpx9 follows the same trend.  
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Figure 19: Comparison of Al content for analysed points and rims of pyroxenes from the study of Harðarson 

(1993) with Al content from table 6 and Mg# from Table 2. The triangle (core) and cross (rim) are values 

from Table 5. 

 

5.2 Pressure and depth estimations 

Al
VI

/Al
IV

 ratio of cpx can also be used as a qualitative indicator of the crystallization 

pressure (Dobosi & Jenner, 1999). Figure 20, shows the ratio Al
VI

/Al
IV 

plotted as a 

function of Mg# where the Al
VI

/Al
IV 

ratio of all analysed points (Table 6) plot between 1.8 

and 3.1. According to Fodor and Dobosi (1995), points plotting over 3.5 suggest a low 

pressure environment whilst points plotting below 3.5 suggest high pressure environment. 

Clear trend is seen for the cores where the Mg# increases with decreasing Al
VI

/Al
IV 

ratio. 

The rims seem to show 2 different trends where 5 of them follow the same trends as the 

cores but make a big leap upwards in the Al
VI

/Al
IV

 ratio when the Mg# reaches 81.5 with 

cpx1 r1 (Table 2). Figure 21 shows Al
VI

 plotted as a function of Al
IV

 contents in the 

studied pyroxenes (Table 6). All points plot in the granulites and inclusions in basalts 

which indicate that the cpx crystallized at high pressures. All points trend toward the Fe-

rich side having a relatively high Al
IV 

value, except for the rim of cpx9 which has a lower 

value of both Al
IV 

and Al
VI  

 suggesting lower P conditions upon crystallization. 
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Figure 20: Al
VI

/Al
IV 

ratio of cores and rims analysed plotted as a function of Mg#. Values of Al
VI

/Al
IV

< 3.5 

suggest high pressure conditions.  

 

 

 

Figure 21:  Al
VI 

 plotted against Al
IV

 for analysed cores and rims. All points plot the granulites and inclusions 

in basalts field, suggestion high pressure environment upon crystallization. 

Since we do not have information on the H2O content of melt from Búðacrater at present, 

eqn 32a was used to estimate the P. This eqn might slightly overestimate the real pressure 

(see the worksheet of Putirka), it however gives a good estimation of the relative P 

conditions for the different cores and rims, because the error is systematic. Furthermore, 

we can cautiously use it to estimate the potential crystallization depth. 

Based on the P estimates, an estimation of crystallization depth can be made, by 

multiplying the values with density of the bulk rock, for basalt, which is roughly  3 g/cm
3
. 

Even though eqn 32a overestimates the P a bit, it can be assumed that crystallization 

occured fairly deep, around 10-20km for all analysed cores and most rims. Figure 17 and 
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18 show, with standard error for equation 32a, that cores and rims of the analysed cpx all 

crystallized at similiar depths. Rim 1 of cpx1 and rim 2 of cpx6 show a slightly lower P 

value and the rim of cpx9 shows the lowest value (Table 2). This might suggest 

crystallization, especially for the rim of cpx9, might have happened during magma ascent 

from the magma chamber, possibly during eruption.  

KD value is a ratio of on FeO and MgO contents of melt and cpx. The high values (see 

chapter 3.4 and Table 6) for most cpx are most likely due to a high content of MgO in the 

bulk rock (11.58 wt%), a value used for liquid composition taken from the study of 

Harðarson (1993). The reason for this high value in the bulk rock can possibly be 

explained by the significant accumulation of Mg-rich crystals like ol, which can be seen in 

both hand specimens and thin sections. I therefore suggest that the chemical composition 

of bulk rock is not representative of the melt composition from which the analysed cpx 

have crystallized. 

5.3 Crystallization conditions 

Zoning of crystals can be explained by three processes, change in P or T conditions upon 

crystallization or magma mixing see eg.: Fodor & Dobosi (1995). Since P conditions, 

calculated at constant T seem to be quite similar for cores and rims, the more likely 

explanation for the complex zoning of the cpx is magma mixing. The sharp colour change 

in phenocrysts between zones probably excludes the effect of diffusion. Anhedral and 

subhedral shapes of the cpx seen in Figures 9, 10 and 11, suggests that the cores might 

have started to melt and then recrystallize. The various chemical contents of the rims must 

be due to some changes in the surrounding melt, possibly by injection of a new batch of 

magma into the melt. This is further supported by e.g. the reversed zoning of cpx1 which 

has a Fe-rich and a Mg-poor core compared to the rims. Injection of new magma might 

also have increased the T slightly, which might explain why many phenocrysts have 

resorbed cores and rims. 
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6 Concluding remarks 

High content of vesicles seen in both hand specimens and thin sections suggest exsolution 

of volatiles from magma during ascent and eruption. The number of phenocrysts in the 

samples however indicate that crystals had considerable time to crystallize in depth and 

probably upon ascent.  

Pressure estimates show that most pyroxene cores and rims have crystallized between 4 

and 7 kbars pressures. 

Since cores and rims are estimated to have crystallized at roughly similar depth (10 to 20 

km), the most plausible explanation for the formation of complex zoning in the studied 

pyroxenes is magma mixing coupled possibly with changes in T conditions. As in most 

cases the first rim observed has a Mg-rich composition relative to the cores the melt 

injected was more Mg-rich than the one produced the cores and was probably also hotter.   
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7 Future studies 

Many models have been designed to try and explain the mechanisms for intraplate 

volcanism and the origins of alkali basalts (Harðaron, 1993). Even so, researchers still 

debate about these forces and no theory has been confirmed. Studies on intraplate volcanic 

settings, such as Snæfellsnes is therefore necessary in order to better understand these 

processes. 

During the course of this study, high number of melt inclusions in both phenocrysts and 

groundmass minerals caught our attention. Though the study of them is perhaps too 

extensive for this current research, they deserve attention. Most KD values did not fall into 

an accepted range therefore bulk rock compositions are not representative of the liquid 

from which pyroxenes crystallized, the melt inclusions might show different results. In 

order to get a better estimate of the P environment and depth during crystallization, 

estimation of H2O content might also be important in the future. 
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Appendix A: Calculated number of 
atoms in analysed points 

Table 6: Calculated number of atoms for the mineral formula of cpx from analysed points. Calculated Al
IV

 

and Al
VI

  are also given as well as their ratio Al
IV

/Al
VI

. 
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Appendix B: Results from Putrika 
(2008) thermobarometry model 

Table 7: Shows the Input T(K) and P(kbar) that were used to calculate P values for equations 32,from the 

thermobarometry model of Putrika (2008) as well as the calculated KD value. These values were gotten using 

the wt% for analysed points (Table 2) and whole rock liquid compositions in wt% taken from Harðarson 

(1993). 

 


