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Summary 

This study deals with the evolution of the basaltic lavas of the Kverkfjöll volcanic system, which is 

located at the eastern edge of the Northern Volcanic Zone in central Iceland. The aim of this study is 

to model the melt and mineral evolution of the collected basaltic sample series by utilizing major and 

trace element data. The sample set consists of separated glass shards and plagioclase, olivine and 

clinopyroxene macrocrystals (d>500 µm). In addition, the glass shards contain microcrystals (d<500 

µm) of the same minerals. Major element compositions of the glasses and minerals were analyzed by 

an electron microprobe, after which trace elements were analyzed in-situ by a HR-ICP-MS 

instrument.  

The glasses show MgO contents of 4.2-7.0 wt.% and Mg# values from 54 to 39, indicating that the 

glasses do not represent primitive mantle-derived melts but have evolved by fractional crystallization 

before their eruption. Microcrystals are in equilibrium with their host glasses, while macrocrystals 

crystallized from earlier, more magnesian portions of the melt. The melt evolution was modelled by 

the PELE program, with starting temperature at 1190oC at 1500 bars. Plagioclase, clinopyroxene and 

olivine are the mineral phases crystallizing as the MgO content of the melt decreases from 7 wt.% to 

around 5 wt.%, causing iron enrichment in the evolved melts and the appearance of titanomagnetite 

as one of the liquidus phases at MgO around 5 wt.%. 

The measured mineral/glass distribution coefficients reveal that most of the analyzed trace elements 

in the Kverkfjöll magma series behave as incompatible elements, with the exception of Cr, Ni, Co, 

and Sc. In addition, some elements show D >1 in specific minerals. Incompatible elements are 

enriched in evolved glasses and in general show higher concentrations in microcrystals than in earlier 

crystallized macrocrystals. Partitioning of V between olivine microcrystals and adjacent glass were 

used to determine the oxygen fugacity at 0-1 log units above the NNO buffer. This together with the 

appearance of titanomagnetite suggests the melts of the sample series were moderately oxidized. 

Stable ratios of incompatible element pairs analyzed from glass shards suggest that no remarkable 

contamination or magma mixing have disturbed the ratios between the most primitive and evolved 

samples. In the Zr/Y vs. Nb/Y diagram, the Kverkfjöll magmas plot in the high-ratio end of the 

Iceland array. This is consistent with the observed high incompatible element concentrations in the 

Kverkfjöll melts in comparison to the other volcanic centers nearby (i.e., Kistufell, Bárðarbunga and 

Grímsvötn). In addition, the volcanic rocks of Kverkfjöll are distinguishable from the other three 

volcanoes by its higher K2O concentrations, resulting from a lower degree of partial melting. 
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1.0 Introduction 

Iceland is located in an area influenced by a deep-seated mantle plume and an active mid-

oceanic ridge. These two tectono-magmatic regimes define the nature of most of the 

magmas erupted in Iceland: nearby the plume center and the middle parts of the active 

rift zones, the magmas are tholeiitic basalts, while in off-rift zones, the magma 

composition varies from transitional to alkali basalts (Saemundsson, 1980). This work 

concerns the magma evolution of tholeiitic basalts of a still little-studied Kverkfjöll 

volcanic system, which is located at the eastern edge of the Northern Volcanic Zone 

(NVZ), an area with active plate boundaries (Figs. 1, 2). The area around the Kverkfjöll 

central volcano is characterized by hyaloclastite ridges and lava fields.  

A study based on a rather similar data set was conducted by Breddam (2002) on the 

chemistry of primitive melts of the Kistufell volcano, which is located upon the center of 

the Iceland plume. Breddam studied the major element chemistry of glasses and minerals 

in order to determine if they are in equilibrium. Trace element concentrations of glass 

were analyzed from solution samples by ICP-MS instrument, in addition to which whole-

rock and isotope analyses were made, as well as Mössbauer spectroscopy. Regarding the 

current study of the Kverkfjöll magmas, results of major and trace element chemistry in 

the Kistufell magmas are of interest. Rims of olivine crystals were observed to be in 

equilibrium with the melt, while the cores crystallized from earlier more primitive 

portions of the Kistufell magmas (Breddam, 2002). Plagioclase microcrystals and most 

of macrocrystals are also in equilibrium with the host glasses, although some plagioclase 

macrocrystals were determined as xenocrysts. According to the trace element data, the 

Kistufell magmas represent some of the most depleted magmas found in Iceland. 

While Kistufell is thought to be located directly above the inferred locus of the Iceland plume 

and in the center of the NVZ (Breddam, 2002), the Kverkfjöll volcanic system lies farther 

away from these magma sources. Thus, it is of interest to see how the magmas evolve at 

the edge of an active volcanic zone. There are only few studies of Icelandic basalts in 

which the data is collected from samples that include both glass and minerals. Thus, the 

Kverkfjöll magma series offer a rare opportunity to study distribution of elements 

between the minerals and natural glass. 
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This study is the first MSc thesis from the University of Oulu in which trace element data 

are collected in-situ from solid phases utilizing the HR-ICP-MS instrument at the Finnish 

Geosciences Research Laboratory, a joint research facility between the geoscience 

departments of the Finnish universities and the Geological Survey of Finland. The 

samples used in this study are from pillow lava units of the hyaloclastite ridges in the 

Kverkfjöll volcanic system formed during the younger Weichselian and consist of glass 

shards and separated minerals, olivine, clinopyroxene, and plagioclase. The trace element 

data together with major element compositions determined by electron microprobe were 

utilized in an attempt to unfold the magma and mineral evolution of the Kverkfjöll sample 

series. The key questions to be answered are: 1) what are the relationships between 

separated macrocrystals, glass-hosted microcrystals and the matrix glass, 2) how does the 

mineral assemblage evolve through fractional crystallization, 3) how do the trace element 

concentrations in the melt and minerals evolve in the sample series, and 4) does the 

location of the Kverkfjöll volcanic system affect to the nature of the magmas in 

comparison to the other volcanic systems nearby?  

2.0 Geological setting 

The volcanic island of Iceland has been formed by interaction of the North Atlantic mid-

ocean ridge and a mantle plume, as the anomalously hot mantle, heated by the plume, 

increases the volcanic productivity in the area in comparison to the other areas of the 

ridge (Sæmundsson, 1980). The thickness of the crust varies from 15 km at the end of the 

Reykjanes Peninsula to 40 km in the southern parts of Central Iceland (Kaban et al., 2002) 

where Kverkfjöll is also located. The center of the mantle plume is suggested to lie 

beneath the area in which the crust is thickest (Bjarnason, 2008) and the volcanism most 

vigorous (Sæmundsson, 1980). 

The plume theory proposed by Morgan (1971) describes plumes as narrow, vertical flows 

of hot and buoyant material, which originates from the lower mantle. As the rising 

material reaches shallower depths of the mantle, the lithosphere blocks ascend and the 

material spreads laterally as a head of the plume, while more material keeps rising through 

the plume stem. In Iceland, the low velocity anomaly (LVA) is seen to reach a depth of 

400 km and is proposed to continue through the 660 km discontinuity layer, suggesting a 

deep source for the plume (Bjarnason, 2008). When the plume reaches shallower depths, 
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its material starts to partially melt as a consequence of decompression. Some of the melt 

will stay in the lithospheric mantle and some will continue to rise through the crust and 

erupt as lavas, forming volcanic areas that are referred to as hotspots. 

Mid-ocean ridges, on the other hand, produce about 75% of the erupted lava and tephra 

on Earth, although these eruptions are difficult to monitor due to their subaqueous setting 

(Simkin and Siebert, 2000). Iceland is one of the places on the Earth in which the mid-

ocean ridge rises above sea level and thus provides a unique glimpse into the geological 

processes occurring in the ridge area. Currently, the axial rift zones are the Northern 

Volcanic Zone (NVZ), north of the plume center, and the Western Volcanic Zone (WVZ) 

in south-west Iceland, connected to the NVZ by the Mid-Iceland Belt, as seen in Fig. 1 

(Thordarson and Larsen, 2007). Kverkfjöll is located slightly to the east of the axis of the 

NVZ, which raises an interesting question regarding its magma production: are the 

magmas chemically similar to the magmas found in the actual rift zone, or are they 

starting to yield signs of transitional magmas towards an alkaline nature? 

Figure 1. Map of the active volcanic zones in Iceland. EVZ = Eastern Volcanic Zone, MIB = Mid-Iceland 

Belt, NVZ = Northern Volcanic Zone, WVZ = Western Volcanic Zone. Source: National Land Survey, 

Icelandic Institute of Natural History. 
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The Eastern Volcanic Zone (EVZ) is located south of the plume center and is assumed to 

represent a propagating rift, which will eventually take the position of an active axial rift 

zone over the WVZ (Thordarson and Larsen, 2007). There are evidence that more active 

periods of volcanism took place at the EVZ at 9-7 and 3-1 ka (Jakobsson, 1979), and the 

records of historical eruptions show that the most active present-day volcanic systems are 

also found in the EVZ (Thorarinsson and Sæmundsson, 1980). The most active volcanoes 

that have erupted during the historical time in Iceland are also located in the EVZ beneath 

the Vatnajökull glacier (Thordarson and Larsen, 2007), occurring approximately above 

the center of the plume (Wolfe et al., 1997). Thus, Kverkfjöll is also located nearby the 

most active volcanic systems in Iceland. 

The volcanic activity at Kverkfjöll matches well with the above-mentioned time frames, 

as the dated eruptions fall in time periods of 6-5 and 2-1 ka (Óladóttir et al., 2011). 

Óladóttir et al. (2011) also suggest that the activity in the plume area and southern part of 

the EVZ is controlled by magma pulses from the plume, as the volcanoes at the southern 

EVZ, e.g. Katla, show activity peaks at the same time when Kverkfjöll and other 

volcanoes nearby the plume center experienced a lull in their activity. Even though the 

eruptions of Kverkfjöll are well synchronized timely with the eruptions of Grímsvötn and 

Bárðarbunga, there are differences in the eruption activities between these volcanoes. 

Óladóttir et al. (2011) suggest that the more secluded location of Kverkfjöll in relation to 

the plume center would be the reason for the lower eruption activity. 

Grímsvötn seems to be the most active volcano in the historical time, representing 38% 

of all recorded eruptions in Iceland (Thordarson and Larsen, 2007). Kverkfjöll, on the 

other hand, is much quieter. Tephra layers connected to Kverkfjöll imply that in the 

prehistoric time, the system had, on average, one eruption event per 100 years (Óladóttir 

et al., 2011). Recently, Kverkfjöll has been silent – the latest eruption series might be 

from the 18th century (Thorarinsson and Sæmundsson, 1980; Óladóttir et al., 2011). 

However, intense geothermal activity is still present around Kverkfjöll (Björnsson and 

Einarsson, 1990), which shows that the volcanic system is not yet extinct. 

Currently, 20% of active Icelandic volcanoes are covered by glaciers (Jakobsson and 

Gudmundsson, 2008). Kverkfjöll is also partly buried by glacier, and volcanic formations 

in the area imply subglacial eruptions. According to Höskuldsson et al. (2006), the 

thickness of the glacier was up to 1.2-1.9 km in Central Iceland during the last major 
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glaciation. As the samples used in this study were taken from pillow lava units, the 

eruption(s) took place at least under subaqueous conditions, most likely subglacially, too. 

As the eruption begins, the first units to form are pillow lavas, which require a hydrostatic 

pressure that can be provided by a mass of water and likely ice (Gudmundsson, 2005). 

As the edifice grows and the hydrostatic pressure decreases, the eruption can eventually 

change from effusive to explosive, generating a unit of hyaloclastite (Banik et al., 2014). 

Finally, the eruption can become subaerial and turn to effusive again, producing a lava 

layer on the top of the edifice. 

The surface area above the plume center is dominated by the Vatnajökull glacier, and as 

mentioned earlier, some of the most active volcanoes are located beneath the glacier. 

Since the voluminous plume-induced volcanism is combined with ice-restricted growing 

space, the edifices can mainly grow upwards (Helgason and Duncan, 2001). As a result, 

the maximum elevations of Iceland are found in this area. Kverkfjöll has the third highest 

peak in Iceland, 1920 m above sea level. 

Figure 2. The volcanic systems of the southern part of the Northern Volcanic Zone. The 

Kverkfjöll area is located just north of the Vatnajökull glacier. Source: National Land Survey, 

Icelandic Institute of Natural History. 
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As seen in Fig. 2, the Kverkfjöll volcanic system has two calderas, which are both covered 

by the Vatnajökull glacier (Hjartardóttir and Einarsson, 2011). The calderas are about of 

the same size, 8 km long and 5 km wide. According to Thorarinsson et al. (1973), the 

northern caldera is NE-SW oriented, while the southern one is NW-SE oriented. The 

northern caldera is about 100 m deep, while the southern one is 400-500 m deep. There 

are two mountain ridges, 10 and 20 km long, extending to the south of the southern 

caldera beneath the ice. On the northern side of the central volcano, there is a fissure 

swarm extending up to 60 km to the NE. In addition to fissures and faults, this swarm is 

defined by hyaloclastite ridges, which suggests that the volcanic activity took place 

during deglaciation (Björnsson and Einarsson, 1990; Hjartardóttir and Einarsson, 2011). 

Hyaloclastite ridges with pillow lava units are common, especially near the central 

volcano (Hjartardóttir and Einarsson, 2011). 

As shown by Fig. 3, Kverkfjöll area is characterized by hyaloclastite formations from 

different time periods. The sampling sites (red dots) are on hyaloclastite ridges that were 

formed during the latter part of the Weichselian. The immediate surroundings of the 

Kverkfjöll volcanic system are also characterized by undefined surface deposits, which 

largely follow the estimated routeways of jökulhlaups originated from Kverkfjöll 

(Carriwick and Twigg, 2005). 

3.0 Development of magmas 

3.1 Primitive and primary magmas 

Primary magmas are defined as magmas that were produced by partial melting of mantle 

and were not evolved after segregation from their source and thus they represent the least 

modified melts to be found (Gurenko and Chaussidon, 1995; Raymond, 1995). In some 

rare cases, the primitive melts can be considered as primary melts on trace element aspect 

(Gurenko and Chaussidon, 1995). In these cases, the trace element data can be used to 

estimate the processes the mantle source was going through during melting. As a 

requirement for magmas to be primary, Green (1969) suggested that the melt should have 

a minimum Mg# (molar 100xMgO/(MgO+FeO)) of 70, so that it would be in equilibrium 

with mantle olivine. Magmas that are derived from primitive or primary magmas are 

called derivative or evolved magmas (Raymond, 1995; Winter, 2001). In this case, the  
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Figure 3. Geological map of the Kverkfjöll area (after Sigurgeirsson et al., 2015). The red dots 

represent sampling sites of this study. 

 

primitive or primary magmas are often referred to as parental magmas and they usually 

represent the most primitive magmas that are found in the study area. 

3.2 Differentiation of magmas 

When a magma starts to differentiate, its composition changes: elements behave 

differently as some prefer the mineral structure while some others stay predominantly in 
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the melt. Trace elements can give valuable information on which minerals crystallized 

from the melt as certain elements tend to favor particular minerals (Winter, 2001). For 

example, strontium and barium favor plagioclase and alkali-feldspar, and thus Sr and Ba 

concentrations become high in these minerals, while the remaining melt phase is depleted 

in them (Martin and Sigmarsson, 2010). In contrast, earlier formed minerals, such as 

olivine, show low contents of these elements. 

Crystals can either sink to the bottom of the magma chamber or float in the magma, 

depending on the density of the minerals and magma, and thus the mineral phases will be 

mechanically separated from the melt. There are also other mechanisms of 

differentiations, for example, filter pressing (Raymond, 1995). In this process, magma is 

compressed out of the crystal mush by tectonic forces, so that the magma will form dikes 

or sills, or even a new magma chamber, and leave the crystals behind. The separated 

magma can later differentiate again, and the formed crystals can melt in later events 

adding their components to other melts, which again can go through the same process. 

The differentiated magmas eventually have higher contents of silica and alkalis than 

basalts, producing evolved lavas, such as dacite and rhyolite. 

3.3 Assimilation 

As magmas rise, they can become contaminated via assimilation of crustal or upper 

mantle material. When fractional crystallization takes place, heat energy is released and 

conducted to the surrounding wall rock, which, by melting, can add its components to the 

magma (Winter, 2001). Because the degree of assimilation can vary a lot, its effects on 

the magma composition are also quite different: in some cases, it can be minor while in 

some other cases, it may change the magma composition radically. Wall rock can melt in 

large amounts if the magma is turbulent enough to prevent formation of a solidified 

barrier.  Another manner of assimilation is zone melting, in which some parts of the wall 

rock are more exposed to a hot magma for a certain amount of time. In these more exposed 

areas, the wall rock melts and then solidifies again to form a bar next to the cooler wall 

rock. The formed melts can pass through this barrier and become enriched in some 

incompatible trace elements that favor the melt over the solid rock. Because of this 

incompatible behavior of trace elements and their small quantities, trace elements are 

much more sensitive to assimilation than major elements. 
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3.4 Depleted and enriched mantle 

As differentiation affects single magmatic systems, it also affects the whole mantle. It is 

suggested that the mantle has at least two main magma reservoirs, one that is depleted in 

certain elements and one that is enriched or fertile (Winter, 2001). Since MORBs have 

been formed from a source that seems to be depleted in light rare earth elements (LREE), 

it has been concluded this sort of large-scale depletion is linked to the formation of 

continental and oceanic crust through geologic time. 

Depleted mantle is suggested to be located at shallow depths depending on models, but 

according to the most favored theory, it occurs above the 660 km discontinuity (Winter, 

2001). Enriched mantle is supposed to be located below this layer, although its formation 

seems to be much more complex than first expected, as suggested by its large isotopic 

and chemical variation. Isotopically different enriched mantle reservoirs (EMI, EMII and 

high-μ mantle HIMU) are thought to have obtained material from recycled lithosphere 

which has been subducted at least to a depth of 660 km.  As a slab, for example a piece 

of oceanic crust, is subducted, the mafic material (e.g., basalt and gabbro) undergoes 

metamorphism and forms garnet-bearing eclogite. The ensuing events are not completely 

understood, but it is assumed that the eclogitic material, which is heavier and colder than 

the mantle material beneath the oceanic crust, is drawing the slab deeper. When the slab 

material reaches a depth of ca. 660 km or deeper, it is expected to spread out and mix 

incompletely with the mantle material, since isotopic data imply variable crustal sources 

for plume material. Melting of subducted eclogite forms lighter basalts, which may 

eventually form plume material – according to Cordery et al. (1997), plumes may contain 

heterogeneous mixtures of subducted oceanic crust material and peridotite. 

Ocean-island basalts (OIB) are assumed to be derived from enriched sources and in the 

vicinity of mid-ocean ridges, the mixture of OIB and MORB magmas is called enriched 

mid-ocean ridge basalts (E-MORB). This enriched material, which is lighter and hotter 

than the mantle surrounding it, rises as solid diapiric pods and eventually melts by 

decompression (Winter, 2001). The depth at which plumes originate is not fully agreed 

on; the source is mostly suggested to be at the core-mantle boundary and at least at the 

depth of 660 km. In addition to these deep-seated plumes, enriched mantle sources give 

also rise to smaller pods of enriched magma, potentially creating seamounts. 
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4.0 Geochemistry 

4.1 Classification of magmas 

The rocks are nowadays mostly named after the classification suggested by the 

International Union of Geological Services (IUGS) based on the mineralogy or chemical 

composition of rocks. According to LeMaitre (2002), the classification based on the 

relative modal abundance of minerals is preferred and the chemical composition should 

only be used in cases of very fine-grained or glassy rocks. Kverkfjöll samples include a 

glass phase and thus they fall in the category that requires chemical analysis and can be 

classified, for example, by their total alkali and silica contents (TAS). 

Basalts can also be divided into several main groups. A common way is to divide them 

into alkaline and subalkaline basalts by their chemical composition (e.g., Winter, 2001). 

In alkaline basalts, the silica content is low (46-48 wt.%) and the total alkalis (Na2O and 

K2O) have relatively high concentrations, whereas in subalkaline basalts, the silica 

content is higher (48-52 wt.%) and the alkali concentrations are lower (Winter, 2001; 

Frost and Frost, 2015). In alkaline basalts, the CaO content is also lower than in 

subalkaline basalts. Furthermore, the subalkaline group can still be divided into the calc-

alkaline and tholeiitic series by their iron and magnesium contents, the so-called Fe-index 

(e.g., Frost and Frost, 2015). 

The Fe-index, i.e., iron enrichment index is based on the relative concentrations of iron 

and magnesium in magma and can be defined by the following formula (Frost and Frost, 

2015): 

𝐹𝑒𝑖𝑛𝑑𝑒𝑥 =
𝐹𝑒𝑂+0.9𝐹𝑒2𝑂3

𝐹𝑒𝑂+0.9𝐹𝑒2𝑂3+𝑀𝑔𝑂
  (1) 

Thus, the Fe-index indicates the amount of iron which is enriched in magma compared to 

magnesium at a particular time of differentiation (Frost and Frost, 2015). Based on the 

classification suggested by Miyashiro (1974), iron-enriched basalts are called tholeiitic, 

whereas basalts which do not show iron enrichment are referred to as calc-alkaline (Frost 

and Frost, 2015) and occur usually at convergent plate boundaries (Winter, 2001). 

There are two different kinds of theories suggested for the origin of tholeiitic and alkali 

basalts. According to the first one, both types of magmas have a different origin (e.g., 
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Frost and Frost, 2015). The other theory is based on the extent of partial melting: as the 

partial melting begins, one of the first minerals to be consumed is clinopyroxene. In the 

mantle, clinopyroxene is one of the major sources of K2O and Na2O and thus melting of 

augite would make early magmas alkaline. As the partial melting proceeds, more minerals 

are consumed by melting and the composition becomes more calcic, which is typical for 

tholeiitic magmas. Thus, as magmas go through fractional crystallization on their way up 

through the crust, their evolutionary path depends on the extent of partial melting of the 

source material. Since alkali basalts are enriched in Na2O and K2O, the magmas 

fractionate with a trend towards a nepheline-dominated mineralogy, which is common 

for phonolites, for example. Tholeiites, on the other hand, have higher concentrations of 

silica, and thus fractionation path goes towards silica-saturated rocks, eventually even to 

such rocks as rhyolites. 

Both tholeiitic and alkali basalts are typically formed below sea floors (Winter, 2001). 

Tholeiites can be formed basically wherever but are the most voluminous at mid-ocean 

ridges while alkali basalts form preferably in intra-plate volcanic systems. Tholeiites can 

still be subdivided more precisely, for example, into quartz- and olivine-saturated 

tholeiites (Frost and Frost, 2015). Olivine occurs in tholeiites usually as phenocrysts, 

which can be partially resorbed by magma or react with melt resulting in the formation 

of an orthopyroxene rim around the crystal (Winter, 2001). The matrix consists mostly of 

plagioclase and pyroxenes, which can also be found as phenocrysts (Frost and Frost, 

2015). Augite is usually pale brown (Winter, 2001) or colorless since ferric iron and 

titanium do not tend to be concentrated in it (Frost and Frost, 2015). Orthopyroxene can 

also be present in some amounts (Winter, 2001). 

Olivine is common in alkali basalts, both in the matrix and as phenocrysts (Winter, 2001; 

Frost and Frost, 2015). Augite is also present in the matrix and as phenocrysts, and as 

titanium and ferric iron concentrations are higher than in augite in tholeiites, the color is 

also more reddish. Alkali feldspar appears rather late and is more common in the ground 

mass, while some late plagioclase may appear as phenocrysts (Winter, 2001). Another 

feature distinguishing alkali basalts from tholeiites is the occurrence of nodules, i.e., about 

fist-sized xenoliths that represent cumulates of earlier magmas or mantle material. This 

is also seen as evidence for alkali basalts being more primitive, since the presence of 

mantle nodules implies that alkali basalts travel faster through the crust and thus do not 

have so much time to undergo fractional crystallization or interact with the wall rocks. As 
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alkali basalts are the first melts generated by partial melting, they are also more enriched 

in elements that tend to concentrate in the melt – these includes not only alkalis but also 

other incompatible elements. 

As olivine crystallizes, some of the magnesium and iron in the tholeiitic melt is extracted 

to olivine and later also into clinopyroxene (Winter, 2001; Frost and Frost, 2015). As 

crystallizing olivine and clinopyroxene favor magnesium rather than iron (i.e., the 

forming minerals are forsterite-rich olivine and augite), iron and also titanium will be 

enriched in the melt. Fe-Ti oxides crystallize thus at a very late stage of tholeiitic magma 

evolution, which can be observed in variation diagrams as increasing iron and titanium 

concentrations with decreasing MgO. This differentiation results in magma compositions 

in which the concentration of FeOtot is more than 13 wt.% while that of MgO is less than 

6 wt.%, producing melts that are referred to as ferrobasalts (Frost and Frost, 2015). As 

iron is also being consumed by oxides and its concentration is decreasing with 

differentiation, the melt shifts later to more alkali-dominated compositions (Winter, 

2001). 

4.2 Ocean island basalts 

Oceanic islands usually form of basalts that are dominantly either alkaline or tholeiitic 

(Winter, 2001). A classic and well-studied example of oceanic islands is the islands of 

Hawaii, which are composed of rocks of both the alkaline and tholeiitic magma series. 

When a new island starts to build up, the first erupted magmas tend to be alkali basalts or 

alkaline basanites, which are later replaced by tholeiitic basalts, a stage that is usually 

rather voluminous in Hawaiian volcanoes. Later on, the volcanoes often produce alkaline 

magma series again, which is believed to result either from a decreasing degree of partial 

melting as the volcano moves farther away of the heat of the plume, or extensive 

fractional crystallization.  

Similar stages are observed in Iceland as well: in Vestmannaeyjar, which is located in the 

propagating southern part of the East Volcanic Zone (EVZ), the magmas are alkali basalts 

(Sigmarsson and Steinthórsson, 2007). Grímsvötn at the northern part of EVZ, on the 

other hand, is located in the estimated area of the plume center and is observed to produce 

tholeiitic basalts while Katla, located between Grímsvötn and Vestmannaeyjar, is 

characterized by transitional basalts. Furthermore, the volcano of Snæfellsjökull is 
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located in a former rift zone (an active rift zone before 7 Ma; Sæmundsson, 1980) and the 

post-glacial rocks of the volcano are mildly alkaline (Kokfelt et al., 2009). 

4.2.1 Formation of tholeiites 

Mantle plumes are generally believed to originate at the core-mantle boundary, where the 

heat flow from the convecting core to the lower mantle makes the mantle material buoyant 

(Brown and Musset, 1984). As the result, the core-mantle boundary area becomes rather 

unstable and hot blobs and columns of mantle material can start rising up through the 

lower mantle. As the material rises to the upper mantle, decompression causes melting in 

the rising plume (Frost and Frost, 2015) while some of the heat is conducted to the cooler 

surrounding mantle, which can partially melt under favorable pressure conditions 

(Winter, 2001). 

A typical mantle consists of lherzolite which has olivine, orthopyroxene, clinopyroxene 

and an aluminous phase (garnet, spinel or plagioclase) as its main minerals (Winter, 

2001). As this kind of rock is heated, for example, by extra heat from a plume, it generates 

a partial melt, which typically separates from the solid residue when the degree of melting 

reaches 10-20 %. Depending on the amount of melted and extracted material, the mantle 

residue has a composition of harzburgite or dunite, while the separated melt is tholeiitic 

basalt. As the formed basalt is less dense than the surrounding mantle, the melt will rise 

to shallower depths (Frost and Frost, 2015). The rate of ascent depends on the amount of 

magma as well as its viscosity – large magma bodies with a low viscosity rise faster than 

small amounts of magmas with a great viscosity. This also affects the time magma will 

be in contact with its wall rock and thus the amount of assimilation and heat loss. As 

tholeiitic basalts ascend slower than alkali basalts (Winter, 2001), they are likely more 

affected by contamination by wall rocks through assimilation. 

The composition of magma can also change during its ascent through the mantle even 

though the rising melt is in equilibrium with the surrounding solid mantle (Winter, 2001). 

In this case, the melt exchanges especially major elements with mantle material and thus 

the composition of magma will not be primary anymore. Exchange of elements can take 

place in later stages of melt evolution, too; for example, during segregation the major 

element concentrations can change radically, whereas incompatible trace elements and 

isotopes are rather resistant and can be used to assess the original source of magmas. 
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4.2.2 OITs vs MOR tholeiites 

Ocean island tholeiites (OIT) resemble tholeiites generated at mid-ocean ridges (MOR) 

with some exceptions: OITs have higher K2O and TiO2 but lower Al2O3 than MOR 

tholeiites at the same Mg# (Winter, 2001; Frost and Frost, 2015). Magnesium-rich olivine 

(Mg# 70-90) is commonly the dominant phenocryst phase in OITs and thus it is a very 

useful tool to demonstrate the operation of fractional crystallization (Winter, 2001). 

Olivine is the first phase to crystallize together with a small amount of chrome-spinel and 

later also clinopyroxene and plagioclase will appear from more evolved melts. 

Most of the glasses in tholeiitic ocean island basalts show too low Mg# to be classified 

as primary magmas (Mg# >65, Winter, 2001; Mg# >70, Green, 1970). In terms of Mg#, 

tholeiites from mid-ocean ridges seem to be more primitive than OITs in general, 

although only few of them (MOR tholeiites) could be classified as primary (Winter, 

2001). In addition, the Al2O3/TiO2 ratio is very different between OITs (about 5) and 

MOR tholeiites (20). Since this difference cannot result from fractional crystallization of 

olivine, it is suggested that these two tholeiite types have different mantle sources or 

evolution. For example, mid-ocean ridge tholeiites are thought to originate from a more 

depleted source or be a result of more extensive partial melting and OITs would represent 

a less depleted source from a deeper mantle, below the 660 km discontinuity. The 

hypothesis of heterogeneous mantle is also supported by a large variety of ocean island 

alkaline basalts (OIA). 

4.2.3 OIB mixed with MORB 

Iceland is located in an area where the Mid-Atlantic ridge and a mantle plume interact. 

As for mid-ocean ridge basalts (MORB), melting of mantle material begins at depths from 

60 to 80 km and the generated melt rises through mantle in equilibrium with surrounding 

mantle material (Winter, 2001). At the depth of initial melting, magma adapts the isotopic 

characteristics of its source, in this case depleted upper mantle, while the major and trace 

element chemistries are still affected by later processes, such as contamination by wall 

rocks. At depths between 35 and 25 km, the equilibrated melts finally separate from the 

mantle residue and rise rapidly to magma chambers located beneath the ridge axis. 

In areas where a plume is also present, in addition to a shallow-originated mid-ocean 

ridge, the incompatible element-enriched material from deeper levels rises through the 
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mantle and is affected by decompression melting. The material can rise to the upper 

mantle as a large plume or as smaller blobs; in the case of a deep-seated mantle plume, 

partial melting at shallow depths will be more extensive, while in the case of small blobs, 

the slivers of enriched melt can be drawn up and mixed with MORB by the convection 

below mid-ocean ridges (Winter, 2001). Iceland is generally accepted to have been 

formed by effects of a deep-seated mantle plume, although other theories have also been 

proposed. As plume-generated, incompatible element-rich magmas confront normal mid-

ocean ridge basalts, N-MORBs, they mix and form hybrid magmas that are referred to as 

enriched mid-ocean ridge basalts, E-MORBs. The mixing is not completely homogeneous 

and thus resulting melts can be variably depleted or enriched, depending on the relative 

ratios of end-members (Fitton, 2007). Even though E-MORBs are found on several 

oceanic islands, the area around Iceland represents the most voluminous mixture of 

melted enriched material and N-MORBs and thus offers a unique insight into the 

generation of E-MORBs. 

There is no universally accepted chemical boundary between N-MORB to E-MORB, but 

some ratios are commonly used to separate the two from each other. For example, the 

concentrations of K2O and TiO2 are often used to make the difference between the MORB 

types, based on the difference in the incompatibility between the elements (e.g., Fitton, 

2007). Hall et al. (2006) define basalts as E-MORBs if the K2O/TiO2 ratio is higher than 

0.1 while Mahoney et al. (2002) suggest a ratio higher than 0.15. Niu et al. (2002) classify 

basalts as E-MORBs if they show a K/Ti ratio of >0.11. Mahoney et al. (2002) use the 

chondrite-normalized La/Sm ratio as one of the criteria (in E-MORBs LaN/SmN>0.8). 

As already mentioned, the mantle beneath Iceland is heterogeneous, which is reflected in 

the chemical composition of basalts. In addition to variation in chemical composition, 

there are also isotopic differences in Icelandic basalts (Thirlwall et al., 2004). Together 

these characteristics define a heterogeneity which is most commonly interpreted as 

resulting from involvement of two main components that are called the MORB and OIB 

components. However, Fitton et al. (2003) found depleted basalts enriched in trace 

elements and Pb isotopes, which led them to propose the presence of an intrinsic depleted 

part in the Iceland plume. 

According to early theories, the mantle plumes originate when hot material rises to 

shallower levels from deep, primitive (or at least less depleted) mantle. Later several 
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researchers, including Hofmann (1997), have suggested that plumes include a component 

of recycled oceanic crust which has sunk below the 660 km discontinuity layer. Breddam 

(2002) came also to this conclusion when studying olivine tholeiitic glasses from 

Kistufell, a volcano which seems to produce some of the most primitive plume-related 

lavas so far found in Iceland. 

4.3 Properties of trace elements 

Crystallizing minerals is a very selective process when it comes to trace elements. Thus, 

the trace elements are very sensitive indicators of different kinds of magmatic processes 

and depending on the nature of the process, the elements are either incorporated in or 

excluded from minerals (Winter, 2001). For example, strontium, which can extensively 

replace calcium in plagioclase, may show variation in its abundance in igneous rocks 

between 10s and 1000s of ppm, whereas calcium itself usually has concentrations up to 

10 wt.% (Frost and Frost, 2015). Furthermore, trace elements can also give clues to the 

origin of the magmas, as there are differences in trace element signatures between 

different magma sources (Winter, 2001).  

4.3.1 Distribution factors 

Several studies have shown that the distribution of trace elements between melt and 

minerals is not constant at fixed temperature and pressure (e.g., Shaw, 2006). However, 

when the components in the system are relatively stable, i.e., no major changes occur in 

the amount of the major components, there is only little variation in the distribution 

constants. The activity of a trace element in the system is directly proportional to its 

concentration (Winter, 2001) as defined by Henry’s Law: 

𝑎𝑖
𝑗

= 𝑘𝑖
𝑗
𝑋𝑖

𝑗
 

in which 𝑎𝑖
𝑗
 represents the activity of element i in phase j, 𝑘𝑖

𝑗
 a constant and 𝑋𝑖

𝑗
 the 

concentration of i (Rollinson, 1993). Henry’s Law implies that the concentration of trace 

element i in individual phases in the system is dependent on the total concentration of the 

element i in the system in all phases in equilibrium (Winter, 2001). In other words, if 

mineral A has an original concentration of 60 ppm of element i, and mineral B 110 ppm, 

their concentrations after doubling of i in the system will be 120 ppm and 220 ppm, 

respectively. Henry’s law applies for most trace element concentrations – there are some 
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exceptions, such as very low (<10 ppm) or very high (depends on system) concentrations 

(Rollinson, 1993). 

Compatibility of elements can be measured by different factors. Distribution constant, Kd, 

describes how elements are distributed between solid and liquid phases (Winter, 2001). 

Kd is calculated by dividing the amount of a component in the solid by that in the liquid 

phase using either the concentration in weight units or mole fractions: 

𝐾𝑑 =
𝐶𝑠

𝐶𝑙
 

Distribution constant is often replaced by factor called distribution coefficient (or 

partition coefficient, D) when it comes to trace elements. D varies between each element 

and is especially depended on the composition of the melt; other factors affecting D’s are, 

for example, temperature, pressure, and fO2 (Winter, 2001; Aigner-Torres et al., 2007). 

D can be determined for a particular element by experiments using the concentrations of 

the element in the glass phase as well as in the minerals that are in equilibrium with the 

glass phase (Winter, 2001). Kd and D demonstrate the compatibility of the elements in the 

mineral phase: if D is >1, the element is compatible in a particular mineral, whereas if D 

is <1, the element is incompatible. Using Goldschmidt’s terms, if D is higher than one, 

capture takes place, and if D is less than one, admission is favored (Faure, 1991). In case 

D = 1, camouflage is dominating the element substitution. 

Another way to model the behavior of trace elements is the use of two-component 

partition coefficients KD (also called exchange distribution coefficients; Rollinson, 1993). 

In this case, the partitioning is estimated by the ratio of two elements with similar 

properties between a mineral and melt: 

𝐾𝐷 (𝑖,𝑗) =
(

𝑋𝑖

𝑋𝑗
)  𝑠𝑜𝑙𝑖𝑑

(
𝑋𝑖

𝑋𝑗
)  𝑙𝑖𝑞𝑢𝑖𝑑

⁄   

where i and j represent two different elements and X is expressed as mole proportions. KD 

is used when a trace element is known to replace a major element in the mineral structure 

(Rollinson, 1993) or when calculating major element mineral-melt equilibria (e.g., 

Roeder and Emslie, 1970). 
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When more than one mineral is involved in crystallization or melting processes, the 

behavior of an element is determined by bulk distribution coefficient �̅� i, which is a 

weighted average of the distribution coefficients of each mineral. Mathematically, it is 

defined as (Rollinson, 1993; Winter, 2001): 

𝐷�̅� = ∑ 𝑥𝐴 𝐷𝑖
𝐴 

in which xA represents the weight fraction of a mineral (A) and 𝐷𝑖
𝐴 is the mineral/melt 

distribution coefficient (Kd) for element i. Bulk distribution coefficient represents the 

compatibility of an element in the whole system; thus, if �̅�i <1, these trace elements 

concentrate into the melt and the element concentrations increase as the melt evolves, 

while if �̅�i >1, elements will be depleted from the melt. 

Distribution coefficients can provide valuable information regarding the development of 

magmas. For example, many elements that are compatible in olivine and other early mafic 

minerals, are incompatible in plagioclase. If the composition of magma changes, the 

distribution coefficients for trace elements change, too (Winter, 2001). On the other hand, 

the relative behavior of major elements, such as Mg and Fe, are not similarly sensitive for 

minor changes in the melt composition (Winter, 2001) and thus, using exchange 

distribution coefficients, it is possible to examine how Mg/Fe ratios develop in evolving 

magmas (Aigner-Torres et al., 2007).  

4.3.2. Fractional crystallization 

The behavior of trace elements during fractional crystallization can be modelled as a 

function of the weigh fraction of the remaining melt (F) by the following equation 

(Winter, 2001): 

𝐶𝐿

𝐶0
= 𝐹(�̅�𝑖−1)  (2) 

in which C0 represents the concentration of element i in the starting melt, and CL the 

concentration in more evolved liquids. In the case of a very incompatible element, such 

as Ce or Th, �̅�𝑖  can be assumed to be zero, which leads to the following simplified 

equation: 

𝐹 =
𝐶0

𝐶𝐿
   (3) 
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Thus, the ratio of Ce in the starting melt to that in an evolved melt represents the degree 

of fractional crystallization that has produced the Ce enrichment. 

4.3.3 Oxygen buffers 

In addition to one or more solid phases, magmas usually contain one or more fluid phases. 

These fluid phases can appear as gas, liquid, or a subcritical mixture of both (Ottonello, 

1997). CO2, H2, H2O, O2 and S2 are some of the common species taking a part in solid-

fluid interaction, of which O2 is extensively used to model the effect of the gaseous phase 

in the magma. The term “oxygen buffer” refers to a reaction between O2 and solid phases 

in which the activity of O2 is controlled by the presence of a suitable solid component. 

Such a buffer reaction is, for example, that in which bunsenite (NiO) decomposes into 

nickel and gas: 

𝑁𝑖𝑂 ↔ 𝑁𝑖 +  
1

2
𝑂2 

This reaction is also referred to as the NNO buffer. 

In the case of the presence of the fluid in a gaseous form, buffer effect represents “the 

thermodynamic activity of the component in the gaseous phase” (Ottonello, 1997). 

Oxygen buffers give information of three variables: temperature, pressure, and the 

activity of the gas phase. In many commonly used simple oxygen buffers, including NNO, 

the pressure variation does not play such a big role as temperature, which strongly 

controls the behavior of O2 in the system. 

Oxygen fugacity, i.e., the chemical activity of oxygen, affects the redox states of some 

elements and thus controls the partitioning of these elements between the melt and 

minerals (Ottonello, 1997). For example, divalent europium (Eu2+) has an ionic radius of 

1.33 Å, while the radius of trivalent europium (Eu3+) is 1.15 Å (Shaw, 2006). In the case 

of trivalent europium, which is prevalent under oxidized conditions, europium behaves 

in a very similar way as its neighboring elements in the periodic table, samarium (Sm) 

and gadolinium (Gd), which is reflected as smooth chondrite-normalized REE patterns of 

rocks. On the other hand, the divalent europium is favored by reduced conditions and has 

a radius close to that of strontium, and thus these elements behave alike. In chondrite-

normalized REE diagrams, strongly reducing conditions are reflected as large positive or 

negative europium anomalies. 
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4.3.4 Interpreting trace element data 

Specific minerals show different trace element concentrations, and rare earth element 

patterns, for example, are often very recognizable for certain minerals. In Fig. 4, 

chondrite-normalized concentrations of REE are shown for plagioclase, olivine, and 

clinopyroxene. Plagioclase exhibits a clear positive peak at europium. Because 

plagioclase can incorporate a lot of divalent europium from the melt, the residual melt 

can be left with a negative europium anomaly, concerning especially felsic magmas 

(Rollinson, 1993). Similarly, if garnet is involved at some stage in the evolution of a 

magma, the melt will gain a low HREE/LREE ratio, such as Yb/La, because HREEs are 

more compatible in garnet structure than LREEs (Winter, 2001; McLennan and Taylor, 

2012). Thus, the rare earth element concentrations can also give clues of the depth magma 

formation or fractionation. 

In addition to partial melting, trace element signatures can also be affected by various 

processes that take place when the magma is ascending through the crust. Extent of partial 

melting and processes such as fractional crystallization, crustal contamination and mixing 

with other magmas affect the trace element signature of the melt (Rollinson, 1993; 

Winter, 2001). In the case of magmatic series, it is possible to assess whether separate 

samples in a volcanic center have the same or different source of magma by using 

incompatible elements (Winter, 2001). If two elements are very incompatible in minerals 

crystallizing from the melt, their ratio should remain the same during differentiation. If 

the ratio is not constant, it implies that the samples are derived from different sources or 

parental magmas or some processes, such as contamination, have disturbed the ratio.  
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Figure 4. Characteristic chondrite-normalized rare earth element concentrations of olivine, 

clinopyroxene, plagioclase and tholeiitic glass. Compositions from sample KVK165 of this work. 

 

4.4 General geochemical characteristics of the volcanic zones in Iceland 

As earlier mentioned, the crust is thicker in the central parts of Iceland than near the coast. 

This is due to a greater magma productivity in central areas (Thordarson and Larsen, 

2007) where the geothermal gradient is higher due to the effects of the mantle plume 

(Martin and Sigmarsson, 2010). In the flank zones, on the other hand, the geothermal 

gradient is lower, and Martin and Sigmarsson (2007) suggest that in these areas fractional 

crystallization is more prominent. In active rift zones, the volcanoes produce tholeiitic 

basalts while the off-rift or propagating zones, such as the Snæfellsnes Volcanic Zone 

and the southern part of East Volcanic Zone (EVZ), are characterized by basalts that are 

mildly alkaline or transitional (Saemundsson, 1980). For example, Grímsvötn, which is 

located near the plume, produces tholeiitic basalts, while Katla in the southern part of the 

EVZ is typified by transitional and Vestmannaeyjar by alkali basalts (Sigmarsson and 

Steinthórsson, 2007). Kverkfjöll is thus interestingly located, since it lies between the 

Easter Volcanic Zone and Öræfi Volcanic Belt, with the former being an active rift zone 

while the latter is an off-rift zone. 

As a consequence of the thicker crust, many lavas erupted in Iceland have gone through 

crystal fractionation and also assimilated material on their way up to the surface (e.g., 
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Hemond et al., 1993). Even though crustal contamination is common, some more 

primitive portions of magma can be found, especially as melt inclusions in early formed 

crystals. Melt inclusions, as well as volcanic glasses, are usually tholeiitic and occur in 

rifting areas (Gurenko and Chaussidon, 1995), while alkali basalts are found in off-rift 

zones. For example, at Reykjanes and Hengill in Reykjanes Rift Zone, it is possible to 

encounter rather primitive picritic melt inclusions. Based on a study of post-glacial 

volcanic rocks by Jakobsson (1972), Hemond et al. (1993) suggest that most of the 

Icelandic bedrock is composed of olivine and quartz tholeiites. The alkali basalts are 

characterized by trace element patterns that are more enriched in incompatible trace 

elements than those in tholeiites, and Sigmarsson and Steinthórsson (2007) suggest that 

these magmas were produced by partial melting of pyroxenites containing recycled 

oceanic crust that is richer in garnet than the source of tholeiites. 

5.0 Sampling and methods 

This work utilizes ten basaltic samples that were collected from the Kverkhnjúkar area 

by Vesa Nykänen. The sampling sites follow the ridge lines as shown in Fig. 5. Two of 

the samples, KVK180 and KVK181, are from the same location, with sample KVK180 

representing a lower, earlier lava unit and sample KVK181 a later lava flow. 

The writer received the samples as glass and mineral separates that were earlier produced 

by Vesa Nykänen at the Nordic Volcanic Institute in Iceland. The basalt samples were 

mechanically crushed, after which grains of size fractions of <500 and 500-1000 µm were 

hand-picked using a stereo microscope. In addition to the glass shards, the separates 

consist of olivine, clinopyroxene and plagioclase crystals. They were mounted in epoxy 

buttons, with each button containing all separated phases from a single sample, arranged 

in different parts of the button, as illustrated in Fig. 6. The buttons were then polished and 

coated by thin carbon layer.  

Glass fragments and minerals were analyzed by a JEOL JXA-8200 electron microprobe 

for their major element compositions at the Center of Microscopy and Nanotechnology, 

University of Oulu. During the analysis, the electron microprobe sends a beam of 

electrons to the selected spot of the sample, which creates a beam of secondary X-rays 

(Rollinson, 1993). Each element in the analyzed spot sends X-rays characteristic for the 

element and intensities of different wave lengths are measured. The intensities are then 
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converted to element concentrations utilizing concentrations of standard samples. The 

operating conditions were an accelerating voltage of 15 kV and a beam current of 40 nA, 

and ZAF correction was applied to the analyses. The used beam size was 10 µm. 

 

 

Figure 5. Sampling sites in the Kverkhnjúkar area, following ridge lines. KVK180 and 

KVK181 are from the same location, but from different lava flows. Map source: National Land 

Survey, Icelandic Institute of Natural History. 



27 
 

 

In-situ trace element analyses were performed by an AttoM HR-ICP-MS instrument 

(high-resolution inductively coupled plasma mass spectrometer) at the Finnish 

Geosciences Research Laboratory hosted by the Geological Survey of Finland in Espoo. 

The instrument is a single collector mass spectrometer, which uses a magnetic analyzer, 

providing accurate analyses and high signal-to-noise ratios (Nu Instruments1). AttoM is 

equipped with a laser using a wavelength of 193 nm. During the analysis, the used energy 

was 2.25 J cm-2 (about 40% of total energy level, 3.0 mJ), and the repetition rate was 10 

Hz. AttoM is also equipped with a FastScan option, in which the trajectory of an ion beam 

in the lens assembly can be regulated by different voltages (Nu Instruments2). In this 

study, the FastScan mode was used to collect data of higher quality, i.e., to have less noise 

in the signals. 

In the laser ablation HR-ICP-MS analysis, a laser beam is used to ablate the surface of a 

solid material (Gäbler, 2001). The beam converts the solid material into aerosols, which 

are delivered to the ICP torch by a carrier gas (Wolf, 2005), in this case by helium. In the 

plasma torch, argon gas is ionized by an oscillating electro-magnetic field, which will 

transform colliding gas ions into plasma. As the aerosols are introduced in the ICP torch, 

they first undergo transformation into gaseous atoms and are finally ionized at the end of 

the torch. The ions continue their journey to the mass spectrometer through the sampler 

Figure 6. Glass shards and departed mineral grains mounted in a metal-

rimmed epoxy button. Sample KVK181. The width of the button is 2.5 cm. 
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and skimmer cones, which only let through the central part of the ion beam. Between the 

cones, there is a vacuum region, which is used to lower the pressure from 1-2 torr 

(atmospheric pressure) to less than 1x10-5 torr in the mass spectrometer. After the vacuum 

and skimmer cone, there is a shadow stop or similar device preventing the photons from 

the ICP torch to continue forward to the lens area. Both the lenses and ions are positively 

charged, steering the ion beam in the wanted direction. Ions continue their way to the 

FastScan ion optics system, in which the trajectory of the beam is directed by a magnet 

and changing voltages in the lenses (Nu Instruments2). From here, the beam is steered to 

the exit aperture, after which the ions reach the detector system. 

The used external standards were natural glasses BHVO-2G and BCR-2G, and synthetic 

glasses NIST SRM 610 and 612. NIST SRM 612 was used as the main standard during 

the analysis, but obtained data were later recalculated by utilizing BHVO-2G 

measurements to get more accurate results. SiO2 from electron microprobe analyses was 

used as an internal standard for drift correction, i.e., all other elements analyzed by HR-

ICP-MS were calibrated by silica intensities. The limits of detection (LOD) for most of 

the analyzed elements range from 1 ppb to 10s of ppb. Some elements, such as 

magnesium, scandium, titanium, chromium, manganese, nickel, copper, and zinc have 

minimum LODs of 100s of ppb. The major elements that were also analyzed by HR-ICP-

MS, such as silica and calcium, may have LODs up to 10s of ppm. The measured BCR-

2G values were compared to the published values from Jochum et al. (2005) and means 

of new data uploaded to the site Geological and Environmental Reference Materials 

(Table 1). The precision is good, <± 5%, for Co, Ni, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, 

Sm, Eu, Tb, Dy, Er, Yb, Hf, Ta, Th and U. For Li, Sc, V, Cu, Rb, Cs, Gd, Ho, Tm, Lu, 

W, and Pb, the precision is ±5-10% and 15.6% for Zn, Ga, Ge, and Bi the precision is 

>±10%. 

During the analysis, the used spot size was varied between 40 µm and 110 µm. Glass 

shards, macro-sized clinopyroxene crystals, and olivine and plagioclase macrocrystals 

from samples KVK165 to KVK175 were analyzed with a spot size of 50 µm, after which 

the rest of the macro-sized olivine and plagioclase crystals (KVK176-KVK181) were 

analyzed with a spot size of 110 µm to see if a better signal could be collected. All 

microcrystals in the glass had to be analyzed with the spot size of 40 µm. Because of the 

different spot sizes, the detection limits between micro- and macrocrystals in samples 

KVK176 to KVK181 are slightly different (bigger spot size having lower LOD). 
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The laser ablation ICP-MS method has some advantages over the more traditional 

solution techniques – for example, easy sample preparation with low costs and reduced 

possibilities of contamination (Flem et al., 2001). Kil et al. (2011) used an in-situ 

technique in clinopyroxene analyses and compared the results with ICP-MS analyses 

made by the solution technique. They analyzed elements Li, V, Cr, Mn, Fe, Co, Ni, Zn, 

Ga, Sr, Y, Zr, Hf, and REEs by three different repetition rates (5, 10 and 20 Hz). For REE, 

concentrations of all elements except La and Ce matched well with the results from the 

solution ICP-MS analysis. As a result, the analyses performed by the 10 Hz repetition 

rate (the same as in this study) gave results most alike with those of the solution ICP-MS 

analyses. In the study by Kil et al. (2011), the analytical errors in trace elements was 

<10% at the 2 sigma level, and repeatability <3% at the 2 sigma level, indicating good 

precision in the LA-ICP-MS analyses. In another study, Flem et al. (2001) used the LA-

ICP-MS technique for trace element analysis of quartz, focusing on elements Al, Ba, Be, 

Cr, Fe, Ge, K, Li, Mg, Mn, Pb, Rb, Sr, Th, Ti, and U. Flem et al. (2001) also came to the 

conclusion that the LA-ICP-MS analyses were comparable with those performed by 

solution ICP-MS. Analytical errors in this study were also <10%. 

The magma evolution of the study is modelled by the PELE program. PELE is a modified 

version of the MELTS program and it models interaction of liquid, crystals and water in 

stable silicate systems (Boudreau, 1999). In PELE, the most common mineral phases are 

taken into account and the program calculates the most ideal solutions for them. In this 

study, PELE was used to model fractional crystallization and how the later glasses could 

have evolved from the most primitive glass sample. This was done in two parts, focusing 

first on the major element contents and then the trace element contents. 
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Table 1. Reference and measured trace element concentrations (ppm) in standard BCR-2G. 

 



31 
 

 

 

6.0 Results 

6.1 Sample description 

Glass shards and plagioclase crystals were separated in each basalt sample. In addition, 

some of the samples also contain separated clinopyroxene and olivine crystals. The glass 

shards and separated crystals, from now on referred to as macrocrystals, vary in diameter 

from about 500 to 1000 µm. The glass shards also contain small crystals of plagioclase, 

olivine and clinopyroxene, as seen in Fig. 7 – these crystal inclusions are called 

microcrystals. The micro-sized plagioclase grains occur as elongated crystals with the 

width ranging from 10 to 50 µm and the length from 100 to 500 µm. The micro-sized 

olivine and clinopyroxene crystals are mostly euhedral and vary in size from 40 to 100 

µm. 

 

Plagioclase is the most abundant mineral phase in the samples; in some samples, it occurs 

as the only macro-sized mineral, while in some other samples, its portion can be around 

or less than 50%. Among microcrystals, plagioclase represents approximately 54% of the 

mineral phases and is present in all samples. Clinopyroxene is found as macrocrystals in 

samples KVK165, KVK176, KVK178, KVK179 and KVK181 and as microcrystals in 

all glass shards, excluding sample KVK180. Clinopyroxene macrocrystals are generally 

a minor phase, as in most of the samples, there are only a few clinopyroxene crystals. 

Figure 7.  Back-scattered electron images of glass shards. A)  A glass shard with plagioclase, 

clinopyroxene and olivine microcrystals. B)  Clinopyroxene (dark grey) and olivine (light grey) 

microcrystals in glass. 
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Sample KVK181 makes an exception with dozens of grains. Among the microcrystals, 

clinopyroxene represents about 29%. Olivine macrocrystals are found in samples 

KVK173, KVK174, KVK178, KVK180 and KVK181, in which olivine occurs as a fairly 

abundant phase. Micro-sized olivine crystals were analyzed from samples KVK165, 

KVK168, KVK174, KVK175, KVK179, KVK180 and KVK181, representing 

approximately 17% of the microcrystal assemblage in the glass. 

6.2 Microprobe analyses 

6.2.1 Glass 

Microprobe data for glass are presented in Table 2, using the average values of each 

sample. Figure 8 shows variation of major element contents of the glass shards as a 

function of MgO. The MgO content varies from 6.6 wt.% to 4.4 wt.%. Na2O (2.5-3.2 

wt.%) as well as K2O (0.4-0.8 wt.%), TiO2 (2.4-3.9 wt.%) and FeOtot (11.9-14.8 wt.%) 

increase with decreasing MgO, as seen in Fig. 8, while CaO (8.7-11.7 wt.%) and Al2O3 

(12.8-14.0 wt.%) decrease with MgO. The SiO2 content decreases slightly from 48.9 wt.% 

to 48.2 wt.% when MgO decreases from 6.6 to 5.0 wt.% and increases again up to 50.4 

wt.% when MgO has dropped to 4.4 wt.%. The values of Mg# (molar 

100xMgO/[MgO+FeO]) vary from 53.9 to 39.4. The calcium number (Ca# = 

100xCaO/[CaO+Na2O+K2O] varies from 84.1 to 75.0. Because FeO was only analyzed 

by microprobe, ferric iron is assumed to be 15% of total iron as is typical for Icelandic 

magmas (e.g., Moune et al., 2007; Óladottir, 2009). 

As seen in Table 2, the values of Mg# in the Kverkfjöll glasses vary from 53.9 in sample 

KVK180 to 39.5 in samples KVK168 and KVK181. Even though KVK168 and KVK181 

have similar Mg numbers, the MgO concentrations suggest that KVK181 has the most 

evolved samples in the series – MgO in KVK181 is 4.4 wt.%, while in KVK168 it is 4.6 

wt.%. The most primitive sample is KVK180 with 6.6 wt.% MgO, followed by KVK174, 

KVK176, KVK173, KVK178, KVK179, KVK165, KVK175, KVK168, and finally 

KVK181. Figure 8 illustrates how the concentrations of other oxides evolve in relation to 

MgO: KVK180 and KVK174 form their own, separate groups, while the rest of the 

samples form a more continuous grouping, in which each sample still represents a certain 

stage of evolution. Apart from KVK180, KVK174 and KVK176, the average Mg# values 

of all the glass samples fall in the range of 39.5-42.5. 
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6.2.2 Olivine 

Microprobe data for macro-sized olivine crystals are presented in Table 3. The SiO2 

content falls in the range of 38.0-39.5 wt.%, and MgO and FeOtot in the ranges of 37.7-

 

Table 2. Average major element compositions of glass shards. 
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Figure 8. Major element oxides against MgO in glass 

shards. 
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45.2 wt.% and 15.5-24.4 wt.%, respectively, corresponding to olivine compositions from 

Fo84 to Fo73. Table 4 lists microprobe data for micro-sized olivine crystals found in glass. 

SiO2 is about same as in the macrocrystals, 37.4-39.3 wt.%. MgO is slightly lower, 35.5-

43.5 wt.%, while FeOtot is clearly higher, 17.8-27.7 wt.%. Compared to the macrocrystals, 

composition shifts slightly towards more fayalitic compositions, from Fo81 to Fo70. 

Table 3. Average major element compositions of olivine macrocrystals. 
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6.2.3 Plagioclase 

Average compositions of macro-sized plagioclase crystals in each sample are presented 

in Table 5. The SiO2 content varies from 46.5 to 48.4 wt.%, CaO content from 16.2 to 

17.7 wt.%, Na2O from 1.5 to 2.3 wt.% and Al2O3 from 32.6 to 33.8 wt.%. Plagioclase 

compositions of macrocrystals fall in the range from An93 to An88. Table 6 presents 

average microprobe data for micro-sized plagioclase crystals. The SiO2 content is 

generally higher than in macrocrystals – the range is from 50.4 to 53.3 wt.%. The Na2O 

content is also higher, 3.0-4.7 wt.%, while CaO (12.4-14.9 wt.%) and Al2O3 (28.8-31.0 

wt.%) contents are lower. The composition of microcrystals varies from An84 to An74. 

Table 4. Average major element compositions of olivine microcrystals. 
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6.2.4 Clinopyroxene 

Microprobe data for clinopyroxene macrocrystals are presented in Table 7. The SiO2 

content varies from 49.1 to 51.4 wt.%, CaO falls in range of 20.2-21.4 wt.%, MgO 14.9-

16.7 wt.%, TiO2 0.7-1.1 wt.%, Al2O3 2.9-3.5 wt.% and FeOtot 6.3-9.0 wt.%. The 

magnesium numbers vary from 82.5 to 75.6. Table 8 shows microprobe data for 

microcrystals. The variation in SiO2 is larger than in microcrystals, 47.4-51.2 wt.%, as 

also that for MgO (13.1-16.7 wt.%), TiO2 (0.9-2.8 wt.%), Al2O3 (3.0-5.4 wt.%) and FeOtot 

(6.6-11.4 wt.%). CaO varies from 19.1 to 20.7 wt.%. The Mg number also varies more in 

microcrystals: most primitive crystals are found in sample KVK174 with Mg# of 81, and 

most evolved in sample KVK181 with Mg# of 67. 

Table 5. Average major element compositions of plagioclase macrocrystals. 



38 
 

 

 

As noted in the previous paragraph, TiO2 content is low both in macro- and microcrystals. 

The low titanium content together with low ferric iron (Fe3+) gives clinopyroxene a light 

brown color (Winter, 2001; Frost and Frost, 2015) observed in the samples, whereas 

higher concentrations of Ti and Fe3+ would give clinopyroxene a more reddish color 

(Winter, 2001). The composition of the clinopyroxene grains were calculated by using a 

spreadsheet produced by Dr. Droop from the Universtiy of Manchester. Most of the 

crystals show an augite composition, although some plot in the diopside field. However, 

in many crystals, the difference in composition is very subtle and thus the clinopyroxene 

grains represent a coherent population. 

 

Table 6. Average major element compositions of plagioclase microcrystals. 
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6.3 HR-ICP-MS analyses 

6.3.1 Glass 

Table 9 shows trace element data for glass shards collected by HR-ICP-MS. In Fig. 9A, 

the sample compositions are normalized to the chondrite values given by Sun and 

McDonough (1995). The rare earth element patterns are smooth in each sample, with 

sample KVK180 having the lowest concentrations and sample KVK181 the highest. Also, 

all of the samples show high LREE/HREE. In the primitive mantle-normalized 

spidergram of Fig. 9B, positive Nb, Ta and Ti anomalies and negative Pb and Sr 

anomalies are observed. 

 

Table 7. Average major element compositions of clinopyroxene macrocrystals. 
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6.3.3 Olivine 

As shown by Fig. 10A, olivine shows LREE-depleted chondrite-normalized REE 

patterns. Also, variation in LREE concentrations is larger in macrocrystals than in 

microcrystals, while in HREE, it is opposite. As seen in Tables 10 and 11, most of the 

trace elements have concentrations lower than 1 ppm. Li (1.1-3.3 ppm) and Cu (4.3-6.7 

ppm) show similar concentrations in both crystal types with the exception of 

microcrystals in sample KVK174, in which the Cu concentration increases up to 34 ppm. 

This could be a result of a single copper particle flying on the way of laser beam, and thus 

causing a peak in concentration of that particular element. For Sc, the concentration in 

macrocrystals varies from 7.4 to 9.2 ppm whereas in microcrystals it varies from 10.1 to 

13.2 ppm. Vanadium (microcrystals 8.5-11.3 ppm, macrocrystals 6.1-9.8 ppm) and Co  

Table 8. Average major element compositions of clinopyroxene microcrystals. 
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Table 9. Average trace element concentrations of glass shards. 
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(microcrystals 227-275 ppm, macrocrystals 170-256 ppm) also yield higher concentration 

in microcrystals than in macrocrystals. The Zn concentration is fairly similar in both 

crystal types, varying from 120 ppm to 228 ppm. Chromium concentrations vary from 

200 ppm in the earliest crystals to 12.7 ppm in the latest macrocrystals and 3.6 ppm in the 

latest microcrystals. Nickel concentrations decrease with decreasing forsterite content, 

but interestingly the earliest samples do not show highest Ni concentrations, as seen in 

Fig. 11. Likewise, the most evolved olivine crystals are found from the sample KVK165 

with some of the lowest Ni concentrations. Figure 10B shows well the tendency of the 

microcrystals being slightly more enriched in other trace elements, too. Serrated trace 

element patterns observed in both Figs. 10A and 10B are most likely a result of extremely 

Figure 10. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace 

element patterns (B) of glass shards.  Normalization values from Sun and McDonough 

(1995). 

Figure 9. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace 

element patterns (B) of olivine crystals. Overlapping area shown with an intermediate color. 

Normalization values from Sun and McDonough (1995). 
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low element concentrations in olivine grains, which affects to the precision of the 

analysis. 

 

Table 10. Average trace element concentrations of olivine macrocrystals. 
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Table 11. Average trace element concentrations of olivine microcrystals. 
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6.3.2 Plagioclase 

Tables 12 and 13 list trace element data for plagioclase macro- and microcrystals. As seen 

in Fig. 12A, HREE are depleted in both micro- and macrocrystals. Both phases also show 

a positive anomaly at europium, as is typical for plagioclase. LREE concentrations are 

generally similar, but microcrystals yield slightly higher HREE concentrations than 

macrocrystals. Plagioclase is generally rather poor in trace elements – most of them have 

concentrations of less than 1 ppm. Some elements, such as Li, Sc, V, Cu, and Zn, have 

concentrations in the range of 1-10 ppm in both crystal types, in microcrystals also Co 

and Ce. Gallium shows variation from 13.1 ppm to 18.4 ppm in both types, Ba from 12.0 

to 18.1 ppm in macrocrystals and from 26.4 to 50.5 ppm in microcrystals. All plagioclase 

grains have high concentrations of Sr; in macrocrystals from 358 to 450 ppm and in 

microcrystals from 419 to 577 ppm. Fig. 12B presents a primitive mantle normalized 

spidergram in which positive anomalies at Ba, K2O, Pb, Sr, and Eu are similar both for 

the macro- and microcrystals, while at the most negative anomalies macrocrystals clearly 

show lower concentrations. 
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Table 12. Average trace element concentrations of plagioclase macrocrystals. 
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Table 13. Average trace element concentrations of plagioclase microcrystals. 
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6.3.4 Clinopyroxene 

In the case of clinopyroxene, the microcrystals have systematically higher concentrations 

of trace elements than the macrocrystals (Fig. 13). As can be seen in Fig. 13A, 

clinopyroxene is much more enriched in rare earth elements than plagioclase (Fig. 12A) 

and olivine (Fig. 10A). This is because, compared with the two other minerals, 

clinopyroxene accepts REEs and other trace elements, such as Ti, Sr and Zr, more easily 

into its structure (Kil and Wendlandt, 2007). Many of the measured trace elements have  

Figure 12. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace 

element patterns (B) of plagioclase crystals. Overlapping area shown with an intermediate 

color. Normalization values from Sun and McDonough (1995). 

Figure 13. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace 

element patterns (B) of clinopyroxene crystals. Overlapping area shown with an intermediate 

color. Normalization values from Sun and McDonough (1995). 
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Table 14. Average trace element concentrations of clinopyroxene macrocrystals. 
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Table 15. Average trace element concentrations of clinopyroxene microcrystals. 
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concentrations around or less than 5 ppm both in macro- and microcrystals. Among REE, 

Nd makes an exception with concentrations varying from 3.7 to 7.4 ppm in the 

macrocrystals and from 5.7 to 15.9 ppm in the microcrystals. Other elements with 

relatively high concentrations include Co (39-63 ppm in macrocrystals, 52-58 ppm in 

microcrystals), Zn (29-51 ppm in macrocrystals, 47-62 ppm in microcrystals), Sr (17-22 

ppm in macrocrystals, 17-23 ppm in microcrystals), Y (15-25 ppm in macrocrystals, 18-

45 ppm in microcrystals), and Zr (14-30 ppm in macrocrystals, 27-73 ppm in 

microcrystals). As can be seen in Tables 14 and 15, the most compatible trace elements 

are Ni (73-159 ppm in macrocrystals, 43-129 ppm in microcrystals), Sc (97-146 ppm in 

macrocrystals, 117-161 ppm in microcrystals) and V (233-389 ppm in macrocrystals, 

392-491 ppm in microcrystals). Chromium has minor element concentrations in the 

earliest crystals (on average up to 3050 ppm in macrocrystals and 1900 ppm in 

microcrystals), but then decreases to 577 ppm in the latest macrocrystals and 199 ppm in 

microcrystals. As seen in Fig. 14, the decreasing trend in Cr concentrations with 

decreasing MgO content in clinopyroxene crystals is obvious. 

7.0 Discussion 

In the TAS diagram (Fig. 15A) the Kverkfjöll glasses are classified as basalts. The glasses 

plot in the tholeiitic field and their FeOtot content increases in later melts, as the arrow in 
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Fig. 15B shows. Even though Kverkfjöll glasses have a subalkaline nature (Fig. 15C), 

their composition is very close to the transition line to alkaline composition. As indicated 

by the geological setting of Iceland, the Kverkfjöll glasses plot in the field of E-MORBs 

and tholeiitic within-plate-basalts in Fig. 15D. Furthermore, the Kverkfjöll glasses 

evidently show a character of plume-originated tholeiites as their Al2O3/TiO2 ratios fall 

in the range of 3-6, being consistent with preferred values for OITs around 5 (Winter, 

2001). Also, K2O/TiO2 clearly indicates an influence of the plume: in the Kverkfjöll 

glasses, these ratios vary from 0.18 to 0.2, which match with the ratios of >0.15 that is 

given by Niu et al. (2002) as a characteristic value for E-MORBs. 

 

 

Figure 15. Kverkfjöll glass compositions plotted on different classification diagrams. A: After 

Cox et al., 1979; B and C: After Irvine and Baragar, 1971; D: After Wood, 1980. 
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7.1 Mineral-melt equilibria 

7.1.1 Olivine 

Figure 16 shows well the evolution of olivine microcrystals. There are three different 

groups that can be distinguished by the forsterite content of the olivine crystals: one at 

81% Fo with Mg#glass 54, representing olivines from the most primitive sample; one at 

78% Fo with Mg#glass 48-49, representing sample KVK174 and one at 68-73% Fo, 

representing samples KVK165, KVK175, KVK179 and KVK181. Forsterite content of 

the macrocrystals, on the other hand, varies from 86% to 70%. Equilibrium between 

olivine and melt can be estimated by the following Mg-Fe exchange distribution 

coefficient using molecular proportions of oxides (Roeder and Emslie, 1970): 

𝐾𝐷 𝑜𝑙 − 𝑚𝑒𝑙𝑡 =

(
𝐹𝑒
𝑀𝑔)

𝑜𝑙

(
𝐹𝑒
𝑀𝑔)

𝑙𝑖𝑞

 

Olivine crystals are in equilibrium with the melt when KD values fall between 0.29 and 

0.31, although analytical errors in the forsterite content may lead to a wider range of 

values (Roeder and Emslie, 1970). About 30% of the analyzed olivine microcrystals yield 

KD values within this range with the forsterite content of 68-70%. If the lower limit is 

extended to 0.27 as in Fig. 16, 80% of olivine microcrystals are in equilibrium with the 

melt with the forsterite content varying from 68 to 72%. 

The macrocrystals plot outside the equilibrium field, since they are not in equilibrium 

with their host melts. However, if these macrocrystals are shifted towards higher Mg# 

values, eventually all of them meet the equilibrium area; the most primitive olivine 

macrocrystals would thus have crystallized from a melt in which Mg# was around 60. 

Accordingly, it is very likely that the olivine macrocrystals crystallized from more 

primitive portions of the melt and were carried along as the melts evolved by fractional 

crystallization. There is also obvious evolution observed in olivine macrocrystals: as Fig. 

16 shows, in samples KVK173, KVK174 and KVK180, the forsterite content is >80%, 

and in more evolved samples KVK178 and KVK181 70-80%. 
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Figure 16. Mineral-melt equilibria between glasses and olivine crystals. 

Mg-no. in molar 100xMgO/(MgO+FeO). 

Figure 17. Major element oxides against MgO in olivine crystals. 
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As Fig. 17A shows, the FeO content of olivine increases as its MgO content decreases. 

There is a clear trend with the sample evolution, as earlier crystallized macrocrystals plot 

in their own group with high MgO, while both microcrystals and macrocrystals from the 

most evolved sample show higher FeO concentrations, reflecting evolution of the melt. 

The SiO2 content (Fig. 17B) decreases slightly with the MgO content, so that the most 

evolved samples yield lowest concentrations. Figure 17C also shows that the CaO content 

decreases with MgO, but not significantly. Instead, the NiO drops down in evolved melts 

(Fig. 17D). 

7.1.2 Plagioclase 

Most of the plagioclase microcrystals have compositions between An74 and An85, while 

the macrocrystals show a large variation, mostly between An87 and An95 (Fig. 18). For 

the glasses, Ca# varies from 85 to 74. Plagioclase-melt equilibrium can be estimated using 

the molar Ca-Na exchange distribution coefficient defined as (Honma, 2012): 

𝐾𝐷 𝑝𝑙𝑎𝑔 − 𝑚𝑒𝑙𝑡 =

(
𝐶𝑎
𝑁𝑎)

𝑝𝑙𝑎𝑔

(
𝐶𝑎
𝑁𝑎)

𝑙𝑖𝑞

 

Plagioclase crystals are in equilibrium with the melt when they yield KD values between 

0.8 and 1.4 at 1 atm (Honma, 2012). In Fig. 18, the KD range is limited to 0.8-1.25. It can 

be concluded that most of the microcrystals are equilibrium with the melt, while the vast 

majority of the macrocrystals plot well above the equilibrium line, with their KD values 

exceeding 2.0. It can be seen from Fig. 18 that the melt in equilibrium with the plagioclase 

macrocrystals would have Ca# of around 90. Thus, it can be concluded that these 

macrocrystals crystallized from a more primitive melt than that represented by their host 

glasses. 

In terms of major elements, the macrocrystals and microcrystals deviate clearly from each 

other. Figure 19 presents macro- and microcrystals color coded by samples (compare to 

Fig. 18) and from there it is obvious that plagioclase macrocrystals form a rather coherent 

group regarding their An content (87-95%), without any clear trend between the samples. 

In the microcrystals, on the other hand, a certain trend with magma evolution is evident. 

Additionally, the Al2O3 content decreases with decreasing CaO, leaving the microcrystals 
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depleted in both oxides in comparison to the macrocrystals, as seen in Fig. 20A. In Fig. 

20B, the Na2O content is presented as a function of the SiO2 content, with both of them 

increasing as the melt evolves. 

 

 

 

Figure 16. Mineral-melt equilibria between glasses and plagioclase crystals. 

Ca-no. in molar 100xCaO/[CaO+Na2O+K2O]. 
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7.1.3 Clinopyroxene 

The Mg# values in the clinopyroxene microcrystals vary from 81.5 (KVK174) to 67.2 

(KVK181). Among the clinopyroxene macrocrystals, the most primitive crystals (Mg#cpx 

82.5) are found in sample KVK179, in which the glass phase is already relatively evolved 

(Mg#glass 41.2). However, as the most primitive clinopyroxene microcrystal suggests, 

these most primitive macrocrystals could also have crystallized from a melt in which Mg# 

is around 49 (Fig. 21). The macrocrystals from other samples also show a similar trend 
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and thus it can be suggested that the clinopyroxene macrocrystals crystallized at an earlier 

stage of the melt evolution than what their host glass represents. 

 

Figure 19. Mineral-melt equilibria between glasses and clinopyroxene crystals. 

Mg-no. in molar 100xMgO/(MgO+FeO). 

Figure 20. Major element oxides against Al2O3 and FeOtot in 

clinopyroxene crystals. 
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Equilibrium between clinopyroxene and melt can be tested by the similar Mg-Fe 

exchange distribution coefficient (Toplis and Carroll, 1995) to that used for olivine-melt 

equilibrium: 

𝐾𝐷 𝑐𝑝𝑥 − 𝑚𝑒𝑙𝑡 =

(
𝐹𝑒
𝑀𝑔)

𝑐𝑝𝑥

(
𝐹𝑒
𝑀𝑔)

𝑙𝑖𝑞

 

The values of Mg#glass vary from approximately 53.9 in KVK180 to 39.6 in KVK181. In 

the microcrystals, the KD values vary mostly from 0.21 to 0.26 for melts that have Mg# 

from 39.4 to 48.9 – these results match well with the results presented by Toplis and 

Carroll (1995) and indicate that these crystals are in equilibrium with the melt. When 

looking at Fig. 21, it can be seen that most of the macrocrystals plot above the equilibrium 

line. 

There is no clear evolutionary trend in the micro- and macrocrystal phases between the 

samples, but these two crystal types can be distinguished from each other, as Fig. 22 

shows. As revealed by Fig. 22A, the CaO contents are slightly higher in the macrocrystals, 

while Al2O3 evolves to higher concentrations in the microcrystals. In Fig. 22B, there is a 

clear trend between the macro- and microcrystals: the microcrystals show higher 

concentrations of both oxides – the most evolved sample represents the highest TiO2 and 

Al2O3 concentrations. Figures 22C and 22D separate clinopyroxenes by their FeOtot: the 

microcrystals show slightly higher concentrations than the macrocrystals. 

7.2 Fractional crystallization of mineral phases 

As olivine crystallizes from mafic magmas, the MgO content of the melt will decrease 

(Frost and Frost, 2015). Thus, MgO serves as a good index of melt evolution. The PELE 

program was used to reconstruct fractional crystallization of the sample series at different 

stages of melt evolution. The starting temperature was set to 1190 oC, pressure at 1500 

bars and the used oxygen buffer was NNO. Modelling was started from sample KVK180, 

which is the most primitive one among the basalt samples. At this point, only plagioclase, 

olivine, and clinopyroxene were allowed to crystallize from the melt. Modelling was 

advanced step-by-step until the composition of the residual melt approached that of 
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sample KVK173, which has the lowest silica concentration of the glass shards. After this 

point, PELE fails to model the melt evolution according to the concentrations observed 

from the samples when only these three minerals are considered as crystallizing phases: 

PELE keeps reducing SiO2, while in the analyzed samples, the silica content increases. 

Furthermore, the Al2O3 concentrations in the glass shards of sample KVK173 and later 

samples are lower than suggested by PELE. Thus, spinel was added into the crystallizing 

minerals starting from sample KVK173, resulting in similar modelled values as observed 

in the subsequent samples. 

 

 

The PELE model also estimated the appearance of each mineral crystallizing from the 

melt. Figure 23 presents these estimations as a function of MgO. According to the PELE 

model, plagioclase is the most prominent mineral, followed by clinopyroxene and olivine. 

As the MgO content is decreased to around 5 wt.%, titanomagnetite starts to crystallize, 

mostly at the expense of olivine. In the samples used in this work, no spinel crystals were 

Figure 21. Liquidus mineralogy as a function of MgO in the Kverkfjöll melt suite 

as estimated by the PELE program. 
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found. However, Nykänen et al. in their unpublished study did find titanomagnetites from 

a broader sample set from Kverkfjöll. Thus, it is likely that the incidence of 

titanomagnetite is still very low in the sample series studied in this work. Crystallization 

of spinel also depends on the oxygen fugacity. According to Hill and Roeder (1974), 

chromite crystallizes at higher temperatures and oxygen fugacity before clinopyroxene 

appears, after which there is a break in spinel crystallization. As the temperature and 

oxygen fugacity of the melt decrease, titanomagnetite starts to crystallize. Thus, the 

appearance of titanomagnetite suggests that the Kverkfjöll magmas have become more 

oxidized during the melt evolution. Also, as the crystallization of titanomagnetite is only 

supposed to begin in the later half of the studied sample series, its proportions might still 

be rather low, which could explain its absence in studied samples. 

7.3 Distribution of trace elements between minerals and melt 

In this work, most of the trace elements are incompatible in the minerals discussed above 

and thus these elements are enriched in evolved melts. Some elements, however, have 

very moderate to high D values for specific minerals, and these elements tend to have 

lower concentrations in later evolved melts. In the Kverkfjöll sample series, such 

elements include Cr, Co, and Ni, which are depleted in the melt during crystallization of 

mafic minerals. Average mineral/glass distribution coefficients for REE obtained from 

each sample are presented in Fig. 24. The shapes and relative levels of the partition 

coefficient curves are in good agreement with previous studies (Fujimaki et al., 1984; 

Green et al., 2000). 

7.3.1 Olivine 

Olivine is very poor in most of the trace elements, as was noted in the chapter considering 

HR-ICP-MS results. The only trace elements in this work that result in microcryst/melt 

Dol of >1  are Cr, Co, Ni and Zn, whose valences and radiuses are appropriate to these 

elements to replace magnesium in the mineral structure. Chromium shows D values from 

1.3 to 1.9, except in sample KVK181, in which D is only 0.3. Cobalt is fairly compatible, 

as its D values range from 4.7 to 7.0, while compatibility of Zn is more similar to Cr (D 

1.1-1.6). Nickel is the most compatible trace element with D mainly in the range of 22-

28 (in sample KVK181 𝐷𝑁𝑖
𝑜𝑙=84).  
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Trace element pairs Sc-V, Co-Sc, V-Ga and V-Y are plotted in bivariate diagrams in Fig. 

25. All these pairs show consistency in crystal evolution, as the macrocrystals yield lower 

concentrations than the microcrystals – i.e., the concentration of these trace elements 

seem to increase as the olivine composition shifts towards more fayalitic. As shown in 

Fig. 10A, the rare earth element concentrations in olivine are so low that no clear 

distinction can be made between these two crystal sizes, but in the spidergram of Fig. 

10B, this trend between macro- and microcrystals is similar as found in Fig. 25. 

In Chapter 7.1, which deals with the mineral-melt equilibria, it was concluded that the 

macrocrystals were crystallized from more primitive melts than represented by the glass 

compositions. This assumption is supported by the HR-ICP-MS analyses of a couple of 

olivine crystals that were tested for the presence of chemical zoning. Zoning was not 

detected in the analyzed microcrystal, while in the macrocrystal, compatible cobalt and 

zinc and incompatible titanium show signs of zoning. In the case of earlier crystallized 

minerals, this would be expected, since as the minerals are carried by the evolving melt, 

they keep growing in equilibrium with the surrounding melt. However, the number of 

Figure 22. Mineral/glass partition coefficients for olivine, clinopyroxene and 

plagioclase in the Kverkfjöll magma series. 
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samples for testing zonation is very limited, and more analyses are required for more 

definite conclusions. 

7.3.2 Plagioclase 

Analogously with olivine, the plagioclase macro- and microcrystals form two fairly 

distinct groups with the latter yielding higher concentrations of, e.g., Ti, V, Co, Cu, Zn, 

Rb, Sr, Zr, Nb, Ba and LREE. As can be seen in Fig. 26, there is a certain trend of 

compositional evolution in the microcrystals. Figure 27 reveals that, unlike major 

elements, trace elements display a compositional trend in the macrocrystals, too. This 

trend is not observed with Ba (Fig. 27A), for example, but V and Co, for instance, show 

rather good correlation (Fig. 27B). 

 

 

Figure 23. Trace element compositions of olivine crystals. 
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Strontium is the only trace element that is compatible in plagioclase, as D varies from 1.6 

to 2.1 in case of microcrystals and their host glasses. Otherwise, the D values for trace 

elements are below one, reflecting their incompatible behavior with plagioclase. The rare 

earth elements also have low Ds, appearing to become more incompatible towards HREE. 

Europium stands out with Ds of 0.11-0.18, while other REE yield D values from 0.05 for 

La to 0.003 for several HREE. 
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Figure 24. Trace element concentrations of plagioclase crystals. 
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7.3.3 Clinopyroxene 

Of the three minerals found in the samples, many trace elements are most compatible in 

clinopyroxene. This is seen in element concentrations, which are generally higher in 

clinopyroxene than in olivine or plagioclase. The most compatible trace element is Cr, 

which has D values from 25 to 55. The next compatible elements are Ni (D = 3.3-5.3) and 

Sc (D = 3.0-3.9), followed by Co (D = 1.1-1.4) and V (D = 0.9-1.5). 

As can be seen in Fig. 28, there is a clear trend between the macro- and microcrystals. In 

Fig. 28A, both Ba and Nb concentrations are rather low in the macrocrystals, but clearly 

higher in the microcrystals. There is a similar situation with Ta in Fig 28B. In the case of 
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Figure 25. Trace element concentrations in plagioclase macrocrystals. 
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Sc, the concentrations of the two crystal types overlap (Figs. 28C and 28D). Zirconium 

reaches higher concentration in the microcrystals, but V shows only a slight depletion in 

the macrocrystals. In Fig. 28E, the contents of Ce and Nd in the crystal types partly 

overlap, but on average are more enriched in the microcrystals than in the macrocrystals. 

 

 

Figure 26. Trace element concentrations of clinopyroxene crystals. 
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7.3.4 Distribution of trace elements in the Kverkfjöll magma series 

In all three minerals, it seems that in most of the cases the microcrystals yield higher 

concentrations of incompatible trace elements than the macrocrystals, which is consistent 

with the generally more evolved major element compositions of the mineral grains 

occurring as microcrystals. As was noted at Chapter 4.3.2, the weight fraction of the 

remaining melt can be calculated from the concentration differences of an incompatible 

element between starting melt and evolved melts. 

In this study, an average Ce concentration for melt compositions with different MgO 

contents (7-4 wt.%) were obtained from Fig. 29, after which Equation 3 (p. 21) was used 

to calculate the amount of the remaining melt. At F = 1, the melt is assumed to have 7 

wt.% MgO and 24.0 ppm Ce. Among the samples, the most evolved glass has 4.2 wt.% 

MgO, which is equivalent to 40% of the amount of the remaining melt. CL/C0 ratios for 

Ce, Zr, Cr, Sr, Co and Ni are presented as a function of F in Fig. 30. In this figure, the 

dashed lines represent calculated CL/C0 ratios based on Equation 2 (p. 21). Calculations 

were performed stepwise with constant mineral proportions and D values for each 3% of 

incremental crystallization. At melt fractions from 1 to 0.4, the used D values were those 

Figure 27. Relationship between the remaining melt fraction (F) and MgO of glasses 

determined by the cerium concentrations, assuming that Ce behaves as an incompatible 

element. 
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obtained from microcrystal and glass analyses of this work (Table 16). These coefficients 

are average values of all samples of that particular mineral and they were calculated by 

using the concentrations in the microcrystals, which are in equilibrium with their host 

glass. The calculations from F=0.4 to 0.05 were performed with the D values obtained at 

F=0.4, representing potential later melt evolution trends (dashed lines).  The used 

proportions for each mineral were modelled by the PELE program, and the percentages 

of each mineral can be seen in Fig. 23. Solid lines present CL/C0 ratios taken from the 

average melt evolution lines in Fig. 31. 

As the concentrations of elements in the melt increase, concentrations of these elements 

also increase in the crystallizing minerals. An example of an incompatible element is Zr, 

whose �̅�Zr in the Kverkfjöll magma series is around 0.06. In olivine and plagioclase, Zr 

is extremely incompatible, while in clinopyroxene, it is only moderately incompatible, 

with 𝐷𝑍𝑟
𝑐𝑝𝑥

 being 0.18. Figure 30 shows the CL/C0 ratios of Zr as a function of F, and as  

Figure 28. CL/C0 ratios of Ce, Zr, Sr, Co, Ni and Cr against F. The dashed lines 

represent calculated melt evolutions based on Equation 2 and D values from Table 16. 

The solid lines are the observed average element variations from Fig. 31.  
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Figure 29. Trace elemental concentrations against MgO in glass shards. 
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characteristic for incompatible elements, there is a sharp increase in the ratios in the very 

latest portions of the melt. This enrichment is well seen in Fig. 31A, in which Zr 

concentrations are plotted against MgO and remaining melt fraction (F). In olivine and 

plagioclase, most of the incompatible elements are depleted to an extent that no trends 

can be observed in their concentrations between earlier and later crystallized minerals. In 

clinopyroxene, on the other hand, incompatible elements are not less depleted and for 

some elements, there are clear enrichment trends between macro- and microcrystals, 

including V, Cu, Zn, Y, and Zr.  

In some cases, �̅�𝑖 ≥1. One or more minerals yield D values of >1, and if �̅�𝑖 is distinctly 

above one, the concentration of this element decreases rapidly during crystallization. The 

best example is Cr: �̅�Cr is around 12.5 and it is the most compatible trace element in the 

Kverkfjöll magma series. The high bulk distribution coefficient results from the high DCr 

values for clinopyroxene, falling the range is from 22 to 55 and averaging at 36. 𝐷𝐶𝑟
𝑜𝑙  is 

Table 16. Distribution coefficients for olivine, plagioclase and clinopyroxe in the Kverkfjöll 

magma series. Coefficients for spinel taken from the literature. 
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also relatively high, 1.2, while 𝐷𝐶𝑟
𝑝𝑙𝑔

 is only 0.07, making Cr very incompatible in 

plagioclase. Because of the large variation in 𝐷𝐶𝑟, modelling was made with high 𝐷𝐶𝑟 

(55) and low 𝐷𝐶𝑟  (22). As was noted in Results, Cr concentration decreases in both 

clinopyroxne and olivine as the crystals evolve. A similar development is observed in 

glass shards, as seen in Fig. 31B. CL/C0 ratios for Cr calculated with D values differ 

distinctly from the CL/C0 ratios calculated from the median line in Fig. 31B, as seen in 

Fig. 30. This might be result of the rather large variation observed in the 𝐷𝐶𝑟
𝑐𝑝𝑥

 in the 

Kverkfjöll magma series. Another trace element that shows a similar trend to that of Cr 

is Ni (Fig. 31C). 

There are two elements in the studied magma series that have the bulk distribution 

coefficients around one: Sr and Co. Strontium has a 𝐷𝑆𝑟
𝑝𝑙𝑔

 value of around 1.85, but D of 

0.08 for clinopyroxene and even less for olivine. Strontium is also incompatible in spinel 

(Glaser et al., 1999), and as there was not much spinel crystallizing from the studied melts, 

Sr in spinel does not have a significant effect on �̅�Sr. The bulk distribution coefficient for 

Sr is around 1.0 in the samples whose glasses yield MgO concentrations from 6 to 7 wt.%, 

and decreases with MgO so that at MgO of 4 wt.%, �̅�Sr is around 0.85. The decrease in 

�̅�Sr is due to the change of the proportion of crystallizing plagioclase: as shown in Fig. 

23, the fraction of crystallizing plagioclase decreases as the fractional crystallization 

proceeds. Since the bulk distribution coefficient is depended on the weight fraction of 

each mineral, Sr becomes less compatible in the system, even though 𝐷𝑆𝑟
𝑝𝑙𝑔

 stays about 

the same throughout the sample series. At MgO lower than 5 wt.%, there seems to be two 

trends in Sr concentrations – one with higher concentrations and the other with lower, as 

seen in Fig. 31D. Similar trend is observed in concentrations of Co (Fig. 31E), but with 

different samples. These observations likely do not mean that there would be two different 

evolution trends, but are rather result of �̅�𝑆𝑟  and �̅�𝐶𝑜  being around 1, and thus not 

distinctly either very compatible or incompatible, causing greater variety in distribution 

of these elements. In Fig. 30, Sr behaves as a slightly incompatible element and is 

predicted to enrich in later melts due to the decreasing compatibility. Among the 

plagioclase crystals, later crystals contain higher concentrations of Sr than early crystals, 

and the microcrystals in general are more enriched in Sr than the macrocrystals. 

Cobalt has D >1 both for olivine (5.5) and clinopyroxene (1.2), while D for plagioclase 

is very low (0.02). Horn et al. (1994) determined 𝐷𝐶𝑜
𝑠𝑝

 to be around 7 for spinel in a 
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basaltic glass that is similar to the glasses in the Kverkfjöll sample series. Cobalt increases 

in the olivine microcrystals as the samples evolve, but in the glass, the concentrations stay 

similar throughout the sample series, as seen in Fig. 31E. �̅�𝐶𝑜 increases slightly from 1.2 

to 1.7 as the melt evolves; at the same time, the percentage of crystallizing olivine 

decreases while that of spinel increases. These two minerals have rather similar DCo 

values and could thus compensate each other’s influence on the bulk distribution 

coefficient. As the melt evolves, �̅�𝐶𝑜 is likely to increase, as the amount of crystallizing 

spinel increases and 𝐷𝐶𝑜
𝑠𝑝

 increases with decreasing temperature (Horn et al., 1994). Thus, 

presumably the concentration of Co would eventually start to decrease in the system as 

predicted in Fig. 30. 

As seen in Fig. 31F, Cu decreases in the melt from 205 to 60 ppm, even though it is not 

compatible element in any of the three minerals. Other silicate minerals crystallizing in 

upper mantle, such as garnet and spinel, have also low distribution coefficients for Cu 

(Liu et al., 2014). The copper concentrations in OIBs vary from 80 (Samoa) to 120 ppm 

(Hawaii) in different hotspots (Fellows and Canil, 2012) but such a concentration 

variation in a magma series as observed in the studied samples suggests removal of Cu, 

for example, in a volatile phase. As a transitional metal, Cu tends to form volatile 

compounds in temperatures characteristic for magmatic systems (Moune et al., 2006). 

Basaltic magmas are suggested to contain more trace elements in volatile phases than 

more evolved magmas, since the lower viscosity of basalt enhances the separation 

between volatiles and melt (Giggenbach, 1996). Moune et al. (2006) observed that Cu is 

as a highly volatile element (enrichment factor 2.37) in a study concerning the trace 

element degassing and their concentration in the eruptive plume during the eruption of 

Hekla in 2000. The lavas which were used to normalize the trace elements analyzed from 

snow deposits (i.e., the concentrations of trace elements in the snow that fell during the 

eruption) were slightly more evolved (SiO2 54.6-55.0 wt.%, MgO 2.5-3.0 wt.%, Moune 

et al. 2006) than the most evolved Kverkfjöll glass shards in this study. Based on these 

results, it is possible that the decrease of Cu in the Kverkfjöll magma series is a result of 

Cu extraction from the melt by a volatile phase. 

As is seen in Fig. 9, HREE in the melt are greatly depleted when compared to LREE. 

According to Rollinson (1993), the most likely mineral to cause such a depletion is garnet, 

as HREEs can have 1000 times higher garnet/melt distribution coefficients than LREE. 

Furthermore, La and Yb behave in a similar way in most of the minerals, but for garnet, 
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Yb is much more compatible than La (Winter, 2001). Kverkfjöll magmas show low Yb/La 

ratios (0.18-0.21), suggesting that they originate from a garnet-rich mantle residue from 

which the melts have been extracted before garnet started to melt. 

7.4 Melt evolution of the Kverkfjöll magma series 

Green (1970) suggests that a primary magma has Mg# of at least 70. As Mg#glass in the 

most primitive glass in the sample collection of this work is 54, it is obvious the glasses 

do not represent primary magmas. When the most primitive olivine crystals are 

considered, they seem to have crystallized from a magma with Mg# of around 60. Thus, 

it can be deduced that minerals found in the samples have not crystallized from primary 

magmas but from magmas that have already gone through some degrees of fractional 

crystallization. 

7.4.1 Oxidation state of magma 

During the melt evolution, the oxidation state of the magma can change. The oxidation 

state of the Kverkfjöll magma series was calculated by utilizing the measured partition 

coefficients of V between olivine microcrystals and glass and the following formula from 

Nicklas et al. (2016): 

𝑓O2 =
Log(𝐷𝑉

𝑂𝑙−𝐿𝑖𝑞
)+1.4796

−5.442
  (4) 

The obtained values of fO2 as well as DV and Log(V) are presented in Table 17. The 

estimated median fO2 value is 0.023±0.012 log units (2SD) above the NNO buffer curve, 

suggesting that the magma was moderately oxidized. For comparison, fO2 was also 

calculated using the following parameterization ofMallmann and O´Neill (2013): 

log10𝑓O2(∆NNO) = −7 ∗ 0 − (
log10𝐷𝑉

𝑜𝑙−𝑚𝑒𝑙𝑡

0∗2635
) −

{
1372−3389(1−𝑀𝑔#

𝑜𝑙)
2

+5318𝑋𝐾𝑂0.5
𝑚𝑒𝑙𝑡 +747(𝑋𝐶𝑎𝑂

𝑚𝑒𝑙𝑡+𝑋𝑁𝑎𝑂0.5
𝑚𝑒𝑙𝑡 )−3259(𝑋𝑆𝑖𝑂2

𝑚𝑒𝑙𝑡+𝑋𝐴𝑙𝑂1.5
𝑚𝑒𝑙𝑡 )

0∗2635𝑇
} (5) 

in which the X factors are cation proportions,temperature is in K, and Mg#ol is the olivine 

composition. This formula gives a median fO2 of 1.06±0.34 log units (2SD) above the 

NNO buffer curve, as seen in Table 17. These estimations of the oxidation states match 

well with the appearance of titanomagnetite that was predicted by the PELE program and 
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observed by Nykänen et al. (unpublished study), as titanomagnetite generally crystallizes 

from oxidized melts (Hill and Roeder, 1974).  

 

 

 

7.4.2 Iron enrichment 

Compared to other Icelandic volcanic systems, e.g., Bárðarbunga and Kistufell, the 

magmas from the Kverkfjöll system show exceptionally high FeOtot concentrations: at 

Kverkfjöll, the FeOtot content varies from 12 to 15 wt.%, while at Bárðarbunga the range 

is 10-13 wt.% (Óladóttir, 2011) and at Kistufell FeOtot is around 9 wt.% (Breddam, 2002). 

Figure 32 represents the iron enrichment in the Kverkfjöll magma series using Fe-index 

calculated by Equation 1 (on page 13). As can be seen, the two most primitive samples 

(KVK180 and KVK174) plot in the magnesian basalt magmas. According to Frost and 

Frost (2015), melts plotting in the magnesian field are more oxidized than those plotting 

in the ferroan field, which supports the notion that the earlier melts of the Kverkfjöll series 

were more oxidized than the later ones. The rest of the samples plot in the field of ferroan 

magmas, with the iron content increasing until the sample KVK168. After this, i.e., in 

sample KVK181, the values of Fe-index drop slightly while the silica content increases. 

Table 17. Oxidation state of the Kverkfjöll magmas determined by 

 olivine/glass distribution coefficients of vanadium. 
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Iron enrichment occurs when iron together with titanium concentrates in the melt rather 

than in the crystallizing minerals (Frost and Frost, 2015). Considering Fig. 32, as the iron 

index depends on the MgO, FeO and Fe2O3 contents, MgO is removed from the melt 

more efficiently than iron oxides until the stage of evolution that sample KVK168 

represents. At this point, magnetite likely started to crystallize, which leads to iron 

removal from the melt and enrichment of SiO2. 

7.4.3 Trace elements reflecting the origin of the Kverkfjöll melts 

As was noted in Chapter 4.3.4, elements which are incompatible in all major minerals 

crystallizing from the melt can be used to estimate if different samples were derived from 

the same parental magma. As seen in Fig. 33, all samples plot in a line and their ratios 

stay about the same, which confirms that the sample series represents melts from the same 

parental magma. Furthermore, as all samples plot in a line, it can be assumed that no 

significant amounts of contamination with crustal material have taken place between the 

most primitive and most evolved samples. In Fig. 33A and B, the lines can be extrapolated 

to the origin of the diagram, which suggests that the elements in the diagrams are equally 

Figure 30. Iron enrichment in the Kverkfjöll sample series.  

𝑭𝒆𝒊𝒏𝒅𝒆𝒙 =
𝑭𝒆𝑶+𝟎.𝟗𝑭𝒆𝟐𝑶𝟑

𝑭𝒆𝑶+𝟎.𝟗𝑭𝒆𝟐𝑶𝟑+𝑴𝒈𝑶
. 
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incompatible. In Fig. 33C, on the other hand, the line intersects the y-axis. According to 

Hanson (1989), if the samples are from a same source and the extrapolated line does not 

intersect the origin, other of the elements is more compatible than the other. As the two 

other diagrams indicated the same parental magma, it is evident that Ba is more 

compatible in the magmatic system than Nb. This is observed also in the case of bulk 

distribution coefficients, as �̅�𝐵𝑎 is around 0.13 while �̅�𝑁𝑏 is around 0.01 (Table 16). 

In Fig. 34, Nb/Y is plotted against Zr/Y. As can be seen, the Kverkfjöll samples along 

with data from selected volcanoes nearby (i.e., Grímsvötn, Barðarbunga and Kistufell) 

plot well within “the Iceland array” defined by Fitton et al. (1997). Regardless its name, 

the Iceland array represents OIB compositions in general; OIB magmas show ΔNb>0, 

whereas N-MORBs have ΔNb<0 (Fitton et al., 2003). ΔNb defines the lower boundary 

of the Iceland array (Fig. 34), and is determined as follows:  

ΔNb = 1.74 + log (
Nb

Y
) − 1.92 log (

𝑍𝑟

𝑌
) 

The OIB field in Fig. 34 includes ratios from Hawaii (Dixon and Clague, 2001), Canary 

Islands (Thomas et al., 1999), Azores (Genske et al., 2012; Machado et al., 2010) and 

Figure 31. Incompatible trace element 

contents in glass shards. 
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Galápagos Islands (Thompson et al., 2004), which match well with the OIB field 

suggested by Fitton et al. (2003). The field of depleted Icelandic basalt shows the area 

influenced by the intrinsic depleted plume component (Fitton et al., 2003), which is also 

noted in glass samples from Kistufell (Breddam, 2002). The Kverkfjöll sample series plot 

in the higher end of the array, which is usually typical for magmas erupted at off-axis 

sites, resulting from a lower degree of partial melting (Fitton et al., 2003). This is 

consistent with the composition of the Kverkfjöll magmas towards slightly transitional 

basalts. High Nb/Y and Zr/Y ratios also emphasize the incompatible element enrichment 

in the Kverkfjöll sample series among the Icelandic magmas. 

 

 

7.5 Transitional character of the Kverkfjöll magmas 

As already stated, the Kverkfjöll volcanic rocks represent nearly transitional tholeiitic 

magmas (see Fig. 15C). The volcanic systems of Grímsvötn, Bárðarbunga and Kistufell 

Figure 32. Nb/Y vs. Zr/Y diagram. The lines confine the Iceland array after Fitton et al. (1997). 

Icelandic samples from Breddam (2002) and Óladóttir (2011), depleted Icelandic basalt field 

from Fitton et al. (1997), E-MORB and N-MORB data from Sun et al. (2003) and Le Roux et 

al. (2002), OIBs from Dixon and Clague (2001), Genske et al. (2012), Machado et al. (2010), 

Thomas et al. (1999) and Thompson et al. (2004).  
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all produce tholeiite basalts (Breddam, 2002; Óladóttir, 2009), of which Kistufell 

represents the most primitive magma type with MgO of 9.9-12.2 wt.% (Breddam, 2002). 

MgO, FeOtot, K2O and TiO2 contents of glasses from Kverkfjöll and tephras from 

Grímsvötn and Bárðarbunga are plotted in Fig. 35. As seen in Figs. 35A and 35C, MgO, 

TiO2 and FeOtot have rather similar concentrations in the volcanic rocks of Kverkfjöll and 

Grímsvötn, while the tephras of Bárðarbunga form a distinct group. However, in Figs. 

35B and 35D, there is also a clear difference between Kverkfjöll and Grímsvötn in the 

concentrations of K2O.  

 

 

Augite, which is one of the first minerals to melt in the mantle, is the major source of K2O 

as well as Na2O (Frost and Frost, 2015). Even though Na2O concentrations are very 

similar in the volcanic rocks of Kverkfjöll, Bárðarbunga and Grímsvötn at the same MgO 

Figure 33. MgO and FeOtot against TiO2 and K2O in volcanic rocks from Kverkfjöll, Grímsvötn 

and Bárðarbunga (diagrams of the reference data modified after Óladóttir et al., 2011). Tephra 

data from Óladóttir (2009).  
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content, differences in K2O suggest that the Kverkfjöll magmas result from a lesser 

amount of partial melting than those of Bárðarbunga and Grímsvötn. This assumption is 

also supported by the locations of the volcanic systems with regard to the center of the 

plume and the middle parts of the NVZ: Bárðarbunga and Grímsvötn are both located 

closer to these areas than Kverkfjöll, which could explain the more transitional nature of 

the magmas in the Kverkfjöll magmatic system.  

Figure 36A presents chondrite-normalized rare earth element concentrations of 

Kverkfjöll, Grímsvötn and Bárðarbunga samples with MgO of 6.3 wt.% and a Kistufell 

sample with MgO of 9.9 wt.%. As can be seen, Kistufell and Bárðarbunga show distinctly 

lower concentrations of these elements, while Kverkfjöll and Grímsvötn have rather 

similar concentrations, especially for LREE. However, as the plots in Fig. 36A were based 

on single samples, a more comprehensive look was taken on the Kverkfjöll and 

Grímsvötn volcanic rocks. Figure 36B presents a primitive mantle-normalized 

spidergram for average compositions of volcanic rocks with MgO 5.0-5.5 wt.%. It is 

evident that the Kverkfjöll glasses are more enriched in most of the incompatible elements 

(e.g., LILE and HFSE) than the Grímsvötn tephras. High concentrations of these elements 

are also in harmony with the more transitional character of the Kverkfjöll magmas. 

 

Figure 34. Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace 

element patterns (B) for the Kverkfjöll sample series compared to volcanic products of 

Grímsvötn, Bárðarbunga and Kistufell. Tephra data from Óladóttir (2009), Kistufell glass data 

from Breddam (2002). Normalization values from Sun and McDonough (1995). 
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8.0 Conclusions 

The following conclusions can be drawn regarding the Fe-rich tholeiitic magma series 

from the Kverkfjöll volcanic system: 

1) The Kverkfjöll central volcano is located at the eastern edge of the Northern 

Volcanic Zone (NVZ), where the amount of the partial melting is smaller than in 

the middle parts of the volcanic zone and closer to locus of the plume, accounting 

for the slightly transitional nature of the Kverkfjöll magmas. 

2) Olivine microcrystals show Mg#ol varying from 81 to 68 and are in equilibrium 

with their host melt (Mg#glass from 54 to 39). Macrocrystals (Mg#ol = 70-86) plot 

outside the equilibrium field when compared to the Mg# of the host melt, but form 

a sample-related evolution trend, which indicates that the macrocrystals 

crystallized from earlier portions of the same parental melt. Plagioclase crystals 

show a similar behavior, with microcrystals (An74-85) plotting in the equilibrium 

field of Ca#glass 74-85, and macrocrystals with An87-95 representing more primitive 

parental melts. Clinopyroxene microcrystals (Mg#cpx = 67-82) are also in 

equilibrium with the host glass, while most of the macrocrystals (Mg#cpx = 75-83) 

crystallized from earlier melts.  

3) Plagioclase is the most prominent mineral throughout the Kverkfjöll magma 

series, although the PELE model predicts a decrease in its crystallization as the 

fractional crystallization proceeds. According to the PELE model, clinopyroxene 

is the second most common mineral, and its proportion stays rather constant 

during the melt evolution. The percentage of olivine increases first, but starts to 

decrease as MgO of the melt decreases below 5.2 wt.% and titanomagnetite starts 

to crystallize. Appearance of titanomagnetite also brings a close to increase of iron 

enrichment. 

4) Most of the trace elements in the Kverkfjöll magma series are incompatible, and 

their concentrations in the glasses increase as the melt evolves. An exception is 

made by Sc, Cr, Co and Ni, which all show �̅�<1. In general, the microcrystals 

show higher incompatible trace element concentrations than the macrocrystals.  

5) Incompatible trace element data of glasses suggest that all the samples represent 

melts from the same parental magma at different stages of fractionation. The 
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glasses are highly enriched in incompatible elements, and they plot at the high-

end of the Iceland array. 

6) Olivine/glass distribution coefficients of vanadium indicate that the Kverkfjöll 

magma was moderately oxidized, as the calculated fO2 is around 0–1 log units 

above the NNO buffer curve.  
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