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Abstract 
 
Iceland straddles the Mid-Atlantic Ridge and overlies a mantle hotspot. This tectonic setting produces 
voluminous tholeiitic magmas. Volcanism in Iceland is focussed along three neovolcanic spreading 
ridges. During the Holocene, the Eastern Volcanic Zone (EVZ) in southeast Iceland has been the most 
volcanically active and has been the site of several large (>6 km3) eruptions, including the only flood-
basalt type eruption in recorded history, the 1783-84 Laki eruption. Three eruptions of large volume 
have been sampled for this study: the 1783-84 Laki eruption (15.1 km3); the 3,000-4,000 yBP 
Thjórsárdalur eruption (probably >4 km3); and the ~8,600 yBP Thjórsá eruption (>21 km3). The 
products of these eruptions have been analysed using a range of analytical techniques, with the 
specific aim of investigating crystallisation, degassing and mixing processes in the magma reservoirs 
that feed large eruptions. 
 The Laki eruption has been the particular focus of this study. Samples from different parts of 
the lava flow show fine-scale variations in trace element concentrations and ratios. This compositional 
variation is not fully explained by fractional crystallisation processes, but is strongly controlled by 
crystal accumulation as whole-rock incompatible trace element concentrations show a linear, negative 
correlation with the mass fraction of crystals in the sample. Simple crystal accumulation models, 
however, fail to explain the compositional variation, and one explanation is that the homogeneous 
Laki melt mixed with varying proportions of a crystal mush that contained its own liquid. The results 
of thermobarometry calculations indicate that the erupted Laki liquid was in equilibrium with olivine, 
plagioclase and augite at 1-3 kb. Most of the crystals carried by the flow are too primitive to have 
crystallised from the erupted liquid and barometry calculations indicate that clinopyroxene crystallised 
at 3-7 kb. The majority of the large crystals hosted in the Laki basalt samples are therefore antecrysts 
that grew within the same magma plumbing system as the Laki carrier melt but are not in direct 
chemical equilibrium with it. This finding is verified by the fact that olivine crystals that are too 
magnesian to be in chemical equilibrium with the Laki whole-rock composition contain melt 
inclusions with average La/Yb values that are the same within error as the whole-rock values. The 
wide range of La/Yb values in melt inclusions hosted in the most magnesian (Fo86) olivine crystals in 
comparison to the least magnesian (Fo<74) indicates the initial variability of the Laki magma prior to 
concurrent crystallisation and extensive mixing, which acted to homogenise the carrier melt 
composition. The preservation of a wide range of La/Yb within the melt inclusions in comparison to 
the whole-rock composition, and a range of La/Yb values in different inclusions from the same 
crystal, indicates short timescales between melt inclusion entrapment and quenching during eruption. 
Melt inclusion studies also reveal the dissolved volatile content of the Laki magma at the onset of 
olivine crystallisation, although the majority of H2O concentrations have almost certainly been reset 
by low pressure diffusive exchange with the host crystal or surrounding magma. Comparison of the 
behaviour of volatiles with that of incompatible elements in the melt inclusions indicates that CO2 was 
degassing during olivine crystallisation, but S, F and Cl were not. New estimates of total volatile 
loading to the atmosphere during the eruption based on melt inclusion volatile concentrations show 
SO2 and HCl loading comparable to previous estimates, but higher HF loading. Mass balance 
calculations show that the observed H2O and CO2 concentrations of melt inclusions hosted in olivines 
in chemical equilibrium with the Laki whole-rock composition are ~50% and ~93% lower 
respectively than would be expected if no pre-eruptive degassing of the magma reservoir had 
occurred, meaning that pre-eruptive degassing of H2O and CO2 from the magma must have been 
significant. 
 Lava flows from Thjórsá are more compositionally variable than those from Laki, and have 
different average major and trace element compositions. Compositional variation within the Thjórsá 
whole-rock composition is explained by a combination of source variation and fractional 
crystallisation, and, unlike Laki, is not strongly controlled by crystal accumulation.  
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A note on the use of Icelandic characters 

 
The Icelandic alphabet uses 3 runic characters and several accented characters that are not used in the 
Roman alphabet: 

Icelandic character Translation 

Á á A a 

Ð ð (eth) D d 

É é E e 

Í í I i 

Ó ó O o 

Ú ú U u 

Ý ý Y y 

Þ þ (thorn) Th th 

Æ æ (ae ligature) Ae ae 

Ö ö O o 
 
Throughout this study Icelandic characters have been retained for proper nouns, except for rare cases 
where the Roman alphabet translation provides clarity of pronunciation and has been widely adopted in 
the literature, e.g. Þjórsárdalur becomes Thjórsárdalur; Þordarson becomes Thordarson. Where 
Icelandic words are used in this study to describe an event, volcanic phenomenon or an object they are 
highlighted in italics and defined individually within the text e.g. Eldrit, meaning Book of Fire. 
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Contemporary descriptions of the Laki eruption, 1783 A.D. 
 

 

 

‘… again the lava surged out of the western fissure, filling up the Skaftá  River gorge which was both 

deep and wide, and accompanied by intense earthquakes, tremors and frequent thunder claps…’ 

 Steingrímsson, 1788 

 

‘…the face of the Earth became white.  Grass withered down to the roots like it had been burned.  

Milking cows and milch ewe lost their yield.  Due to the haze and the mist the sun was blood red in 

colour... 

… this could be called the grass burning summer or the sulphuric summer…’ 

Pétursson, 1784 

 

‘…the flow of lava was so intense that no one had experienced such enormity and people thought that 

this would be their last day alive…’ 

Pálsson, 1784 
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Chapter 1 
Introduction 
 
 

1.1 Aims and Approach 
 

This study investigates the geochemistry of the eruption products of large (>4 km3) basaltic fissure 

eruptions in southern Iceland. Several eruptions of large volume have occurred in southern Iceland’s 

Eastern Volcanic Zone (EVZ) during the Holocene, including the 934-938 AD Eldgjá eruption (Miller 

1989; Larsen 1990) and the 1783-84 AD Laki eruption (Thordarson and Self 1993), which are the 

only examples of flood basalt eruptions in recorded history. The nature of the magma chamber 

processes that act to modify the composition of the magmas that feed such large eruptions is the focus 

of this study. Particular attention will be paid to the relationship between crystallisation, mixing and 

degassing in the magma plumbing systems of such eruptions. Compositional variation in the products 

of volcanic eruptions is a function of magmatic processes, and a range of analytical techniques can be 

used to quantify this variation. This study explores the geochemistry of three large-volume Holocene 

eruptions in the EVZ; the 8,600 years before present (yBP) Thjórsá eruption (Hjartarson 1988); the 

3,200 yBP Thjórsárdalur eruption (Vilmundardóttir 1977); and the 1783-84 Laki eruption (Thordarson 

and Self 1993). The products of all these eruptions are examined petrologically, but this study focuses 

particularly upon the products of the Laki eruption. The compositions of Laki whole-rock samples, 

phenocrysts, and olivine-hosted melt inclusions are quantified geochemically. The second, third and 

fourth chapters of this study investigate the products of the Laki eruption, focussing specifically on 

the relative timing and relationship between mixing, crystallisation and degassing within the magma 

plumbing system. The final chapter takes a broader look at two other large Holocene eruptions that 

occurred in the same region of Iceland as Laki, the Eastern Volcanic Zone, allowing broader 

inferences to be made about magma reservoirs in the most active portion of the Icelandic rift zone. 

 Erupted Icelandic basalts are much less compositionally variable than the range of fractional 

melt compositions predicted by fractional melting models, indicating that the initial parental melts are 

homogenised in the mantle and crust between formation and eruption (O'Hara 1968; Johnson et al. 

1990; Sobolev and Shimizu 1993). By analysing different parts of the products of volcanic eruptions 

using different methods, it is possible to piece together the evolution of the magma that fed an 

eruption. In this study, electron probe analyses of tephra glasses reveal the liquid composition of the 

lava at the moment of eruption. The whole-rock compositions of solidified lava samples have been 

measured by XRF spectrometry to reveal a bulk lava composition that is strongly influenced by the 

modal mineralogy of the sample. The modal proportions of phenocryst phases in the solidified 

eruption products have been determined and modelled against the whole-rock compositions in order to 
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determine the dominant processes controlling whole-rock compositional variation (Chapter 2). The 

range of crystal compositions hosted in the solidified eruption products has been measured on the 

electron probe and used to determine the pressure and temperature intervals over which the magma 

was crystallising. 

 The basaltic eruptions that are the focus of this study contain olivine phenocrysts, and the 

composition of these crystals is a function of the extent of crystallisation of the magma and the 

temperature of the magma at the time of olivine crystallisation. Olivine is also the liquidus phase in 

basaltic liquids at upper mantle pressures, and many olivine crystals host melt inclusions, which are 

tiny blebs of magma that become trapped inside the crystals as they grow (e.g. Kohut and Nielsen 

2004; Faure and Schiano 2005). Melt inclusions provide a record of variation in the composition of 

individual batches of melt that contributed to the magma reservoir prior to eruption, and therefore 

record information about the initial composition of the magma before it was extensively homogenised, 

crystallised or degassed (Sobolev and Shimizu 1993; Gurenko and Chaussidon 1995). Investigating 

melt inclusion compositions in conjunction with the composition of their host crystal provides a 

record of these processes as the magma crystallises and becomes homogenised (Chapter 3). Melt 

inclusion studies are also one of the few ways in which the change in dissolved volatile content of a 

parental magma through time can be estimated (e.g. Johnson et al. 1994; Caracausi et al. 2003). 

Volatile elements and compounds account for less than 2 wt % of basaltic magmas, yet play a 

fundamental role in controlling the dynamics and duration of volcanic eruptions (Woods and Huppert 

2003). Once released into the atmosphere, volcanic gases contribute to the global gas budget, which 

may in turn lead to short and long-term impacts on climate. The amount of degassing associated with 

an eruption can be estimated by comparing the concentration of gases (e.g. H2O, CO2 and SO2) 

dissolved in melt inclusions with those that remain dissolved in bulk lava samples, and degassing can 

be related to crystallisation by exploring how the volatile concentrations of melt inclusions change as 

the composition of their host crystal changes. Volatiles behave as incompatible elements during 

mantle melting and crystallization of basalts (Johnson et al. 1994). Their concentrations therefore 

increase in tandem with those of other incompatible trace elements until the onset of degassing. It 

follows that degassing from the magma chamber will be signalled by a negative correlation between 

the gas content and incompatible element concentrations of melt inclusions. Most studies of degassing 

associated with volcanic events focus on the gas release during eruption of the magma. In Iceland it is 

likely that pre-eruptive degassing from magma reservoirs occurs as Icelandic basalts become saturated 

in CO2 at crustal depths of 10-20 km (Métrich et al. 1991). Melt inclusions can only provide 

information on the dissolved total volatile content of the magma since the onset of crystallisation. This 

study will therefore also assess the importance of pre-eruptive degassing for the overall eruption 

volatile budget, using mass balance calculations (Chapter four). Measurements made from melt 

inclusions combined with estimates of the extent of pre-eruptive degassing can be used to quantify the 

total gas flux from large eruptions.  
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1.2 Chapter synopsis 
 

The remainder of this chapter provides an introduction to the tectonics, geodynamics, geochemistry 

and volcanism of Iceland, including a detailed review of the current understanding of Icelandic 

volcanic systems and magma reservoirs. There is a brief introduction to the Eastern Volcanic Zone, as 

lava flows from this region of Iceland are the focus of this study. The significance of this research in a 

wider scientific context is also outlined.  

 Chapter 2 provides a thorough introduction to the 1783 A.D. Laki eruption. This chapter 

explores the significance of small-scale geochemical variations in the Laki whole-rock composition, 

and the composition and proportions of the three major minerals occurring in the Laki basalt - 

plagioclase, olivine and clinopyroxene. The petrology of the whole-rock samples is presented, 

including a detailed discussion of the method used for estimating the modal phenocryst proportions in 

each sample. Possible causes of the variation in the whole-rock composition are explored, including 

the effects of the accumulation of phenocrysts in the erupted lava, the effects of fractional 

crystallisation, and the effects of sampling-induced bias. The chapter concludes with a schematic 

model to illustrate the history of melt mixing within the Laki reservoir.  

 Chapter 3 investigates the composition of olivine-hosted melt inclusions from the Laki lava, 

comparing these to the whole-rock data. The way in which the melt inclusion data have been 

processed and used for modelling is described. Physical parameters are assigned to the Laki plumbing 

reservoir using geochemical data to calculate pressure and temperature of crystallisation. The chapter 

concludes with a schematic model for the chemical evolution of the melt in the magma plumbing 

system prior to eruption. 

 Chapter 4 looks at the relative timing of degassing from the Laki magma reservoir, and 

explores degassing in relation to crystallisation. The ability of olivine phenocrysts to act as pressure 

vessels for trapped melt inclusions is explored, and the reliability of the measured volatile data 

examined. This chapter concludes with new estimates of the volatile budget of the Laki fissure 

eruption based on direct measurements of the gas contents of olivine-hosted melt inclusions. 

 Chapter 5 explores the geochemistry of two other large lava flows in the Eastern Volcanic 

Zone, the ~3,200 yBP Thjórsárdalur flow and the ~8,600 BP Thjórsá flow, and makes comparisons 

between the magma reservoirs of these eruptions and that of the Laki eruption.  

 Chapter 6 provides a synopsis of the conclusions from each chapter, and suggestions for 

future work that could further develop the findings of this study. 

 All reference information is contained in three appendices. Appendix A gives detailed 

descriptions of all the analytical methods used in the course of this study, and includes estimations of 

the analytical precision and accuracy. Appendix B contains all the data collected in the course of this 

study presented in tables. Appendix C gives a list of abbreviations used in this study (which are also 

defined upon their first appearance in the text) and a glossary, which includes definitions of terms 

such as forsterite and Mg#. 
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1.3 Iceland - a natural laboratory for studying basaltic eruptions 
 

Iceland is the site of one of the largest basaltic eruption in recorded history, the 1783 A.D. Laki 

eruption, which is the only flood basalt eruption to have been witnessed by man (e.g. Eiríksson 1783; 

Steingrímsson and Ólafsson 1783; Hólm 1784; Pálsson 1784). Iceland is an excellent place to study 

effusive, large-volume basaltic eruptions as the island is elevated above sea-level and sampling a 

subaerial mid-ocean ridge (MOR) lava flow is far easier than sampling a submarine one. Eruptions at 

submarine MORs are typically long-lived and produce low-viscosity basalt that forms compound lava 

flows emplaced lobe-by-lobe. Rapid sedimentation and erosion on the sea floor acts to obscure the 

margins of young submarine lava flows. When such magmas erupt sub-aerially, the toes and lobes at 

the edge of the flow inflate rapidly during emplacement, often crusting over as they cool to produce 

thermally efficient, insulated tube-fed flows capable of travelling tens to hundreds of kilometres (e.g. 

Hon et al. 1994; Self et al. 1996; Thordarson and Self 1998). This complex emplacement mechanism 

produces lava flows with irregular margins and complex internal structures. Submarine MOR lava 

flows are typically sampled using techniques such as dredging, which have very poor spatial 

resolution. Sampling from a subaerial lava flow is by comparison far cheaper and easier, and provides 

superior spatial resolution. Iceland’s geology has been extensively mapped, and post-glacial eruption 

units are generally easily distinguished from older units (e.g. Jóhannesson and Sæmundsson 1998), 

although recognition of individual eruption units is more difficult. In this study a hand-held GPS was 

used to record grid references for sample locations that are accurate to within <7 metres (Garmin; 

manufacturing specification). The spatial resolution of the samples collected for this study is therefore 

high, and, as individual samples can often be tied to specific eruptive fissures, the temporal resolution 

is also high (see sections 2.3 and 5.4 for details of sample collection). Geochemical variations between 

different samples can therefore be investigated in relation to timing of the eruption.  

 

1.4 Iceland overview 
 

Iceland’s geological history spans four time periods (Sæmundsson 1979): the Holocene (<0.01 Ma); 

the Late Pleistocene (0.01-0.78 Ma); the Plio-Pleistocene (0.78-3.3 Ma); and the Tertiary (3.3-16 Ma). 

This study focuses on Holocene volcanic eruptions in southern Iceland. The following section gives a 

review of the present day understanding of the tectonism, volcanism and geochemistry of Iceland, 

supplying important background information that supports interpretations made in this study. 

 

1.4.1 Icelandic tectonics and geodynamics 

 

Iceland is the largest subaerial landmass on the Mid-Atlantic Ridge. The island is bisected by the 

Reykjanes-Kolbeinsey Ridge (figure 1.1), which is classed as a slow-spreading ridge as the Eurasian 
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plate is moving away from the North American plate at a full spreading rate of 18 mm/yr (Demets et 

al. 1994). Spreading is accommodated across the island along four neovolcanic rift zones and two 

transform zones, which are indicated on figure 1.2. The four neovolcanic zones, the Western Volcanic 

Zone (WVZ), Eastern Volcanic Zone (EVZ), Northern Volcanic Zone (NVZ) and the Reykjanes 

Volcanic Zone (RVZ), are the subaerial expression of the Mid-Atlantic Ridge. The offshore 

Reykjanes Ridge becomes the Reykjanes Peninsula in the southwest of Iceland, and continues 

northwards as the WVZ. Sub-parallel to the WVZ is the EVZ. The WVZ and EVZ are separated by a 

transform region known as the South Iceland Seismic Zone (SISZ), a pervasively fractured region of 

crust which is the one of the most seismically active regions of the island (Sigmundsson et al. 1995). 

Rifting is accommodated here along numerous normal faults, which are oriented perpendicular to the 

direction of spreading. The EVZ continues northwards towards the Vatnajökull icecap. North of 

Vatnajökull, spreading is centred on the NVZ, which was the site of the most recent long-lived fissure 

eruption to occur in Iceland, the Krafla fires, in 1975 (Einarsson and Brandsdóttir 1980; Tryggvason 

1984). The NVZ is truncated in the north by the transform Húsavík-Flatey Fault, which is part of the 

Tjörnes Fracture Zone that connects the subaerial spreading centre with the offshore Kolbeinsey 

Ridge to the north of Iceland. The EVZ and NVZ are linked to the WVZ by a region in central Iceland 

referred to as the Central Iceland Volcanic Zone, or Hofsjökull zone, which defines the northernmost 

extent of the Hreppar Microplate, a region of negligible volcanic activity and negligible internal 

deformation north of the SISZ (LaFemina et al. 2005). Variations in the spreading rate along the 

Reykjanes-Kolbeinsey ridge, and the oblique trend of the EVZ and WVZ to the overall spreading 

vector, and to each other, indicates that there are rotational elements to the regional deformation of the 

Icelandic crust (Einarsson 2008). 

 The tectonic setting of Iceland is complicated by a region of increased heat flow or ‘hotspot’ 

that lies beneath the centre of the island close to the ridge-axis, which is interpreted as either a region 

of anomalous mantle that has melted (e.g. Foulger et al. 2005), or as a mantle plume, possibly derived 

from the lower mantle (e.g. Saunders et al. 1997; Wolfe et al. 1997; Einarsson 2001; Ruedas et al. 

2007). For consistency, the hotspot will be referred to as the Iceland plume in this study. Saunders et 

al. (1997) link the Iceland plume with lithospheric doming and large scale basaltic volcanism in 

Greenland in the late Tertiary. Continental breakup of Greenland and the formation of new oceanic 

crust began 56–53.5 Ma (Vogt and Avery 1974), roughly coincident with the general rifting of the 

North Atlantic (Jolley and Bell 2002). The Iceland plume may also have contributed to the formation 

of the North Atlantic Igneous Province (NAIP) during the opening of the North Atlantic (White and 

McKenzie 1995; Saunders et al. 1997; Storey et al. 2007). Although the existence of a hotspot 

underneath Iceland is undisputed, the nature and origin of the hotspot is still debated. For example, 

projects using broadband seismometers such as ICEMELT (Bjarnason et al. 1996; Wolfe et al. 1997) 

coupled with experiments such as HOTSPOT (Foulger et al. 2000; Allen 2001; Allen et al. 2002) 

have mapped the upper mantle tomography beneath Iceland and confirmed the presence of a roughly 

cylindrical region of low-velocity seismic-wave propagation at 75-400 km depth, interpreted as a 
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partial melt region. There is still much debate over whether or not this region extends into the lower 

mantle, whether the low velocity region is analogous to a plume, and what the exact dimensions of the 

plume are in the upper mantle. Geophysical studies of mantle seismic velocities show that the centre 

of the plume head is underneath the northern edge of the Vatnajökull icecap in central Iceland (Wolfe 

et al. 1997; Bijwaard and Spakman 1999; Foulger et al. 2000; figure 1.1 and 1.2), which is one of the 

most volcanically and seismically active regions of Iceland. A review of the history and evolution of 

the Iceland hotspot is given by Bjarnason (2008). 

 

 
 
Figure 1.1. Map showing the location of Iceland with relation to the Mid-Atlantic Ridge. The off-
shore Mid-Atlantic Ridge is shown as a red line where RR indicates the Reykjanes Ridge and KR 
indicates the Kolbeinsey Ridge. The on-land configuration of the ridge is shown in figure 1.2. The 
colour-shaded scale-bar gives heights and depths in metres. The red star marks the approximate centre 
of the Iceland plume (Wolfe et al. 1997; Bijwaard and Spakman 1999; Foulger et al. 2000). 
Topographic data are from Amante and Eakins (2008). 
 

 The plate boundary that delineates present day Iceland, the Reykjanes-Kolbeinsey rift, is 

thought to have passed over the plume stem ~24 Ma (Vink 1984). For the past 24 million years the 

Iceland plume has remained roughly ridge-centred due to periodic rift-jumps of segments up to 400 

km long; prominent rift jumps occurred 24, 15, 7 and 3 million years ago (Sæmundsson 1979; 

Helgason 1984; Hardarson et al. 1997). The cumulative effects of crustal accretion, rift relocation and 

rift propagation have shaped the present day rift system in Iceland. Extinct rifting centres include the 

Snæfellsnes peninsula in the west of Iceland, last active ~2 Ma, and the Húnaflúi-Skagi Volcanic 

zone, which become inactive ~3 Ma after spreading in the north of Iceland jumped to the NVZ ~7-6 

Ma (Helgason 1984). Rifting along the NVZ started ~ 8.5 Ma and continues today, whilst rifting in the 
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south of Iceland is accommodated along both the WVZ and the EVZ (Einarsson 1991). The EVZ 

formed 1.5-3 Ma by southwards propagation of the NVZ, and has been propagating southwards ever 

since (Sæmundsson 1979). GPS data show that the EVZ is currently accommodating most of the 

spreading in south Iceland, with only a small component of extension across the WVZ (LaFemina et 

al. 2005). An imminent rift jump from the WVZ to the EVZ is expected as there has been no volcanic 

activity in the WVZ in the past 1000 years (Sinton et al. 2005). 

 The mantle plume beneath Iceland results in high melt production rates and thermal uplift of 

a region of the North Atlantic oceanic crust at least 1000 km in radius (Bjarnason 2008). Mantle 

potential temperatures in the centre of the Iceland plume are estimated to be 150-300 °C hotter than 

the ambient mantle temperature of ~ 1350 °C (Nicholson and Latin 1992; White et al. 1992; Bown 

and White 1994; White et al. 1995; White and McKenzie 1995; Wolfe et al. 1997), causing partial 

melting of the upper mantle over a wide region. The rate of crust production beneath Iceland is 

consequently ~2.4 times higher than the average along the Mid-Atlantic ridge (Bjarnason 2008). The 

seismic structure of the Icelandic crust has been studied for decades and an original thin-crust (8-16 

km) model (e.g. Pálmason 1971) has now been superseded by recent seismological studies that 

support a thick-crust (10-40 km) model (e.g. Bjarnason et al. 1993; Menke et al. 1996). A review of 

the seismic structure of Iceland is given by Brandsdóttir and Menke (2008). Crustal thickness is 

variable across Iceland, and is largely controlled by the age of the crust, or its proximity to the plume 

centre. Old (15 Ma) crust in the central eastern fjords is ~35 km thick (Staples et al. 1997), whilst 

crustal thicknesses along the neovolcanic zones range from 11 km thick on the Reykjanes Ridge and 

21 km thick in southwest Iceland (Weir et al. 2001), to 35-40 km thick towards central Iceland near 

the plume centre (Darbyshire et al. 1998; 2000; Allen 2001), and ~20 km thick to the north of Hengill 

in the WVZ and below Krafla in the NVZ (Brandsdóttir et al. 1997; Staples et al. 1997) to only 9 km 

thick on the Kolbeinsey Ridge in the north (Kodaira et al. 1998). Varying crustal thickness has 

implications for magma production rates beneath Iceland (see section 1.4.3).  

 

1.4.2 Icelandic volcanism 

 

Iceland is a region of active and diverse volcanism; in the past 300 years, ~30 eruptions of varying 

composition have been recorded per century (e.g. Thordarson and Larsen 2007; Larsen and Eiriksson 

2008). Volcanism ranges from short-lived, small-volume basaltic, intermediate and acidic eruptions at 

central volcanoes, to long-lived, large-volume basaltic fissure and shield eruptions. The two largest 

volume eruptions in recorded history have occurred in southern Iceland, the 934-38 AD Eldgjá 

eruption (19.1 km3) and the 1783 Laki eruption (15.1 km3), both of which were fissure eruptions in the 

EVZ. The size of any volcanic eruption is controlled by the amount of magma available during the 

eruption and the rate of magma cooling (Head et al. 1996). In Iceland, large-volume basaltic eruptions 

are supplied with magma either from large-volume crustal storage reservoirs that have built-up before 

the onset of eruption, or via mantle-derived magmas that periodically replenish the magma reservoir 
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during eruption. This leads to two broadly different styles of effusive eruption; relatively short-lived 

(months to years) homogeneous eruptions fed from differentiated crustal reservoirs, or longer-lived 

(years to decades) comparatively heterogeneous eruptions fed from recharge-controlled reservoirs 

(e.g. Sinton et al. 2005).  

 

 
 

Figure 1.2. The neovolcanic zones and volcanic systems of Iceland. The active volcanic zones are 
shown in orange. Permanent glaciers and icecaps are shown in white, where VAT indicates the 
Vatnajökull icecap. The red star marks the approximate location of the centre of the Iceland plume 
(Wolfe et al. 1997; Bijwaard and Spakman 1999; Foulger et al. 2000). Also indicated are the main 
features of the Mid-Atlantic Ridge in Iceland: KR = Kolbeinsey Ridge, H-FF = Húsavík-Flatey Fault, 
NVZ = Northern Volcanic Zone, EVZ = Eastern Volcanic Zone, WVZ = Western Volcanic Zone, 
SISZ = South Iceland Seismic Zone, RP = Reykjanes Peninsula, RR = Reykjanes Ridge, RVZ = 
Reykjanes Volcanic Zone and HMP = Hreppar Microplate. The volcanic systems within the 
neovolcanic zones are: Thr = Theistareykir, Kr = Krafla, Fr = Fremri-Námur, As = Askja, Kv = 
Kverkfjöll, Th = Thórðarhyrna, Gr = Grímsvötn, Ha = Hamarinn, Ba = Bárðarbunga-Veiðivötn, Tu = 
Tungnafellsjökull, Hg = Hágöngur, Ka = Katla, Ey = Eyjafjallajökull, Ve = Vestmannaeyjar, Ti = 
Tindfjallajökull, Va = Vatnafjöll, Hk = Hekla (where Vatnafjöll-Hekla is now considered one volcanic 
system; Thordarson and Larsen, 2007), Hj = Hofsjökull (which Ke = Kerlingarfjöll is now considered 
part of; Thordarson and Larsen, 2007), La1 and La2 =Langjökull, and He = Hengill. The submarine 
systems of the Reykjanes Peninsula from west to east are Eldey, Geirfuglasker, and Eldeyjarboði, and 
the subaerial systems are Reykjanes, Trölladyngja and Brennisteinsfjöll. Off-axis volcanic systems 
occur on the Snæfellsnes Peninsula: Sn = Snæfellsjökull, Ly = Lýsuskard, and Lj = Ljósufjöll; and to 
the east of the Eastern Volcanic Zone: Ör = Öraefajökull, Es = Esjufjöll, and Sn = Snæfell. Figure 
from Gudmundsson (2000), with modifications based on Thordarson and Larsen (2007).  
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 The rates of magma production in all of the neovolcanic zones have varied throughout 

Iceland’s history (Thordarson and Larsen 2007; Sigmarsson et al. 2008). There is a well-observed 

increase in magma production in postglacial times in all the rift zones for which there are data, for 

example, in the Veiðivötn system in the EVZ (Vilmundardóttir and Larsen 1986), and the 

Theistareykir and Krafla volcanic systems in the northern NVZ (Slater et al. 1998; Maclennan et al. 

2002). This production maximum has been broadly linked with deglaciation following the end of the 

last ice-age (Maclennan et al. 2002), ~12,000 years ago (Norðdahl and Pétursson 2005). 

 By volume, the greatest amount of volcanism in Iceland occurs in the neovolcanic rift zones 

within volcanic systems, spatially constrained sites of eruption that are typically active for 0.1 to 1 

million years, which were first defined by their structural and petrological characteristics by 

Sæmundsson (1978) and Jakobsson (1979) respectively. Twenty-eight onshore volcanic systems are 

considered to have been active in Iceland during the Holocene (figure 1.2). At the surface, a volcanic 

system typically has one or more central volcanoes plus a fissure system running perpendicular to the 

spreading direction, which consists of vertical tension fractures typically 100 m long and normal faults 

and volcanic fissures typically 10s km long (Sæmundsson 1978; Gudmundsson 1995). Volcanic 

systems typically occur in shallow grabens bounded by normal faults with small throw, and cover an 

area 5-10 km wide and 40-100 km long (figure 1.3). Volcanic systems are typically arranged side-by-

side in the active rift zones and en echelon in the oblique zones, such as the Reykjanes Peninsula, due 

to regional deformation dynamics (Gudmundsson 2000). The definition of a volcanic system is 

flexible as not all volcanic systems in Iceland feature both a central volcano and a fissure swarm. For 

example, many volcanic systems within the RVZ do not have a central volcano, and a number of 

volcanic systems within the EVZ, including Katla and Grímsvötn, do not have a well developed 

fissure swarm (e.g. Jakobsson 1979; Thordarson and Larsen 2007). Extinct fissure systems have been 

identified within the late Tertiary and Pleistocene lava flows of Iceland by the presence of regional 

vertical to sub-vertical dyke swarms, and extinct central volcanoes by the presence of cone-sheet 

swarms, which typically dip at angles of 45-65° (Walker 1960, 1966). The 3D structure of the active 

volcanic systems has been inferred in part from studies of these extinct systems. Each volcanic system 

is active over a relatively short timespan, though some may be active for up to 1 million years 

(Sæmundsson 1979). The lifespans of central volcanoes vary from 300,000 years to 2 million years 

and eruptions occur at a frequency of one every several hundred years. Individual volcanoes may, 

however, be more active over short time periods. Grímsvötn for example has erupted on average once 

every 11 years in the past 400 years. Compositionally, fissure eruptions extrude large volumes of 

tholeiitic basalt (45-52 wt % SiO2, <5 wt % total alkalis), whilst central volcanoes erupt more 

explosively, over shorter time periods, and over a greater compositional range, from basic, through 

intermediate to acidic material. Acidic eruptions in Iceland are limited to central volcanoes.  

 Active volcanic systems are believed to be supplied with magma from storage reservoirs 

located at the base of the crust, at depths of 8-12 km, which are thought to be dome-shaped semi-

ellipsoids, with a cross-sectional area similar to that of the sub-aerial volcanic system that they supply 
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(Gudmundsson 1987a). The domed nature of the deep reservoirs means that they are separated by 

thick crust, and do not communicate with each other, hence it is possible to have two very different 

magma compositions erupted in volcanic systems in close (< 10 km) proximity (e.g. alkalic Eldgjá 

and tholeiitic Laki, which are sub-parallel fissure swarms only 9 km apart). Regional dyke swarms are 

fed directly from such storage reservoirs, and their emplacement is largely controlled by regional 

tectonics. Central volcanoes such as Grímsvötn, which have explosive caldera-forming eruptions and 

are associated with areas of high crustal heat flow (Björnsson and Guomundsson 1993), are thought to 

be fed from smaller high-level magma reservoirs. The presence of eroded gabbro and granophyre 

plutons within the Tertiary lava pile at palaeo-depths of 1-2 km and associated with multiple cone-

sheet intrusions suggests that central volcanoes are fed from high-level magma chambers 

(Gudmundsson 1995). These high-level reservoirs (at <5km depth) have been postulated from 

chemical data and inferred from geodetic data (Alfaro et al. 2007). The amount of interaction that is 

possible within the crust between the two types of storage reservoirs is debated. Nowhere has it been 

unequivocally demonstrated that the magmas that erupt through the central volcanoes are always from 

the same mantle source as the magma erupted through the fissure swarms. Gudmundsson (1995) 

suggests that high-level magma chambers are periodically replenished from the deeper storage 

reservoir, inferred to be at the base of the crust (Sigmarsson et al. 1991). Current data suggest that this 

model holds true for the Grímsvötn system and also perhaps the Katla system (Oladóttir et al. 2008), 

but whether it is correct for other volcanic systems remains to be proven.  

 

 

 
 

Figure 1.3. Schematic cross-section through a typical volcanic system, where RES = deep storage 
reservoirs at the base of the crust, DS = dyke swarm, C = central volcano reservoir, CSS = cone-sheet 
swarm, NF = normal fault and VF = volcanic fissure. From Gudmundsson (1995).  
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 Iceland is rifting to accommodate regional tension stresses, and two models of regional dyke 

injection on a broad scale have been proposed: 1) vertical emplacement (Gudmundsson 1987b), and 2) 

lateral migration (Sigurdsson and Sparks 1978; Einarsson and Brandsdóttir 1980). In the vertical 

emplacement model, magma pools at the base of the crust at depths between 11 and 40 km, and is 

only injected via dykes during periods of rifting. The magma reservoir becomes domed as extension 

continues and magmatic overpressure increases at the base of the crust. During episodes of rifting in 

Iceland, failure begins at some point in the roof of the deep magma reservoir, extending in all 

directions through the overlying crust (Gudmundsson 1995). As the region undergoing stress is much 

longer than it is thick, failure, once started, tends to spread laterally along the roof of the deep 

reservoir. Magma flow, due to the relative buoyancy of magma in relation to the lower crust, is 

generally perpendicular (vertical) to the direction of the fracture propagation (Gudmundsson 1995). 

Local dyke injection adds to the tensile stress in the crust overlying the reservoir, leading to extensive 

lateral propagation of fractures. By contrast, in the lateral migration model, magma moves sideways 

through the crust from a high-level (<7 km deep) reservoir (e.g. Sigurdsson and Sparks 1978). This 

idea is appealing when there is simultaneous activity at the central volcano and fissure swarms on the 

same volcanic system, and is thought to explain the volcanic activity during the Krafla Fires 

(Brandsdóttir and Einarsson 1979; Tryggvason 1984). A single rifting episode, where magma flows 

out of the deep reservoir, with associated fracture propagation, dyke propagation, and, if dykes reach 

the surface, eruption, may take months (e.g. Laki fissure eruptions, 1783-84 A.D.) or even years (e.g. 

Krafla Fires, 1975-1984).  

1.4.3 Icelandic geochemistry 

 

Iceland is one of the most volcanically active regions on Earth and home to compositionally diverse 

volcanism that includes long-lived basaltic fissure eruptions, picritic eruptions, minor alkali-basalt 

eruptions and occasional rhyolitic eruptions. Iceland straddles the Mid-Atlantic Ridge and is hence 

composed primarily of tholeiitic basalts. However, Icelandic basalt shows a slight enrichment in 

incompatible trace elements relative to N-MORB (figure 1.4) and is isotopically distinct (Heier et al. 

1966), which reflects mixing of upper-mantle derived melts with mantle plume material (Schilling 

1973; Hémond et al. 1993; Fitton et al. 1997). The mantle that is being melted underneath Iceland is 

also known to be chemically and isotopically heterogeneous on small (<50 km) length scales (e.g. 

O’Nions et al. 1976; Hémond et al. 1993; Thirlwall 1995; Hanan and Schilling 1997; Chauvel and 

Hémond 2000; Kempton et al. 2000; Fitton et al. 2003; Thirlwall et al. 2004; Maclennan 2008a). 

 The products of Icelandic volcanism can be grouped into three compositional suites: alkaline, 

transitional-alkaline and tholeiitic based on their total-alkali content (Jakobsson 1979; Sigmarsson and 

Steinthorsson 2007; Jakobsson et al. 2008). These three suites are further subdivided into basic, 

intermediate and silicic based on their SiO2 content. Analyses of volcanic rocks produced in Iceland in 

the past 1100 years reveals that the ratio of basic to intermediate to silicic rocks is roughly 79:16:5, 

where the abundance of intermediate rocks stems from high historic magma production at Hekla 
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(Thordarson and Larsen 2007). Axial-rift volcanism produces lavas that are largely tholeiitic and vary 

in SiO2 content from basalt through icelandite to dacite to rhyolite (Jakobsson 1979; Sigurdsson and 

Sparks 1981; Jónasson 1994; Slater et al. 1998; Larsen et al. 1999; Sinton et al. 2005; Jónasson 2007; 

Lacasse et al. 2007; Oladóttir et al. 2008), where the term icelandite is used to distinguish the higher 

Fe and Ti, and lower Ca and Al contents of Icelandic basalts in comparison to other tholeiitic 

andesites. Off-axis volcanic systems such as Snæfellsnes produce alkaline lavas (Hardarson 1993; 

Hards et al. 2000), whilst systems such as Öræfajökull, Skagi and Hekla produce transitional-alkaline, 

Fe- and Ti-enriched lavas.  
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Figure 1.4. Icelandic geochemistry summary. a) Trace element variation diagram showing average 
MORB and OIB (Kovalenko et al. 2007), average continental crust (from numerous references on 
PETDB, http://www.petdb.org; Lehnert et al. 2000) and Laki whole-rock average composition from 
this study. b) Incompatible trace element variation in basalts from the Eastern Volcanic Zone (EVZ) in 
Iceland, and N-MORB from uncontaminated mid-ocean ridge segments. The grey shaded region 
shows the limits of the Iceland array (Fitton et al. 1997). N-MORB data are from the East Pacific Rise 
and SW Indian Ocean. (Humphris et al. 1980; Mahoney et al. 1993; Harpp 1995; Hall and Sinton 
1996; Niu et al. 1996; Niu and Batiza 1997; Wendt et al. 1999; Sims et al. 2002; Coogan et al. 2004). 
Average N-MORB and primitive mantle compositions are from Sun and McDonough (1989). Iceland 
data are from various locations across the EVZ (pers comms, J.G. Fitton, 2008). 
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 Regional geochemical trends across Iceland are broadly attributable to variations in melt 

production rates. These trends can be split into two types: 1) those that occur N-S along the active rift 

zones with increasing distance from the plume centre, and 2) those that occur E-W between the active 

rift zones and the flank zones. Compositional variation N-S along the active rift zones can be broadly 

attributed to proximity to the mantle plume. Volcanic systems in central Iceland that are close to the 

plume centre produce enriched material (e.g. high La/Sm, high 87Sr/86Sr) relative to volcanic systems 

that are near the coast. For example, He-isotope ratios measured in samples from Central Iceland are 

high in comparison to samples from submerged sections of the Mid-Atlantic Ridge (Kurz et al. 1985; 

Breddam et al. 2000; Moreira et al. 2001; Graham 2002), indicating that the mantle source of the 

magma beneath Central Iceland is closer to the primordial noble-gas composition than on the rest of 

the ridge. This observation indicates that Central Iceland magmas contain material that taps a deep-

seated mantle reservoir (Courtillot et al. 2003). Compositional variation has been attributed to either a 

larger proportion of enriched, fusible material in the plume upwelling under central Iceland (Foulger 

et al. 2005), or increased plume flow in the deep melting region under central Iceland (Maclennan et 

al. 2001a). Compositional variation E-W between flank zones such as Snæfellsnes and axial-rift zones 

in central Iceland can be broadly attributed to variations in mantle potential temperature or 

lithospheric thickness. For a synopsis of the current understanding of the geochemistry of igneous 

rocks in Iceland, see Sigmarsson et al. (2008). 

 

1.5 Introduction to large Holocene eruptions in the Eastern Volcanic Zone  
 

The EVZ is currently the most volcanically active region of Iceland, producing 80% of all the historic 

eruptions on the island (Thordarson and Larsen 2007), which is a reflection of its proximity to the 

proposed centre of the Iceland plume (figure 1.5) and consequent high magma production rates in this 

region. Four of the most active EVZ volcanic systems, Grímsvötn, Bárðarbunga-Veiðivötn, Katla and 

Hekla, are responsible for ~77% of these eruptions (Thordarson et al. 2003a; Thordarson and Larsen 

2007). In historic times eruptive activity in the EVZ has been high, and includes the Vatnaöldur 

eruption of around 872 A.D., the Eldgjá eruption of 934-938 A.D., the Veiðivötn eruption of around 

1480 AD, and the Laki eruption of 1783-84 AD (Thordarson and Larsen 2007). Eleven Holocene 

flood lava eruptions are known from the EVZ, including the 8,600 yBP Thjorsá and the 3,200 yBP 

Thjórsárdalur lava flows (Vilmundardóttir 1977a; Hjartarson 1988). These two flows are explored in 

greater detail in Chapter 5. The most recent flood basalt eruption in the EVZ, and the largest in 

Iceland’s history, was the Laki fissure eruption of 1783 A.D., which is the primary focus of this study, 

and is introduced in detail in Chapter 2 
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Figure 1.5. The extent of several Holocene lava flows in the EVZ. Outlines of lava flows are from 
Vilmundardóttir et al. (1983; 1988; 1990; 1999a; 1999b), and outlines of lava flows and base map is 
from Jóhannesson et al. (1990). Permanent glaciers are indicated in white, and tuff cones, fissure-and-
cone rows and Katla central volcano are indicated in red. The light brown region shows the extent of 
the EVZ rift zone. The pink shaded flows are various recent lava flows on the Sigalda-Veiðivötn 
system, which cover older flows sourced from this region, such as the Thjórsá lava flows. The red star 
on the inset map marks the approximate location of the centre of the Iceland plume (Wolfe et al. 1997; 
Bijwaard and Spakman 1999; Foulger et al. 2000)  
 

1.6 Wider justification for research 
 

Large basaltic eruptions are common in Iceland. The 934-38 A.D. Eldgjá fissure eruptions occurred 

shortly after the settlement of Iceland (874 A.D.), and had a severe impact upon the agriculturally-

dependent population. Global climatic effects associated with this eruption may have been felt as far 

away as China (Fei and Zhou 2006) due to a stratospheric aerosol veil that persisted for up to seven 

years after the eruption (Stothers 1998). Similarly, the impact of the Laki eruption was felt across 

Iceland and the Northern Hemisphere. The Laki eruption, though smaller and of shorter duration than 

Eldgjá, was more vigorous, and is analogous in terms of eruption style and behaviour to flood basalt 

eruptions in the geological past (Thordarson and Self 1993; Thordarson et al. 1996; Self and 

Keszthelyi 1997; Thordarson 2003), though it was 1-2 orders of magnitude smaller than a typical 

flood basalt (Thordarson and Self 1996, 1998). Flood basalt eruptions have been cited as contributors 

to mass extinctions, and are thought to affect global climate (e.g. Thordarson et al. 1996; Self et al. 

2005; White and Saunders 2005). The impact of the Laki eruption upon the local population was 
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particularly devastating. The eruption covered large portions of southern Iceland in tephra deposits up 

to a few centimetres thick and produced a lingering, halogen-rich haze. The effects of the haze and the 

tephra were locally devastating, leading to the death of livestock, the failure of crops and an ensuing 

famine that killed 22% of the Icelandic population (Finnsson 1796; Thorarinsson 1979; Hálfdánarson 

1984). The deaths of Icelanders combined with increased mortality rates in Europe in the months 

during and after the eruption (Grattan and Brayshay 1995; Grattan and Pyatt 1999; Grattan et al. 

2003) lead to an estimated death toll of 50,000 people, making Laki one of the deadliest eruptions in 

recorded history. 

 A more thorough understanding of volcanic degassing is necessary in order to aid volcanic 

forecasting and to investigate the potential impacts of large scale volatile injection on the atmosphere, 

and ultimately, the climate. Volcanic sulphur emissions are linked to significant climate perturbations 

(Carroll 1997; Stevenson et al. 2003a) and are already used as precursors for volcanic eruptions at 

persistently degassing volcanoes (Weibring et al. 1998; Aiuppa and Frederico 2004). Eruption 

forecasting in Iceland has largely focused on seismic precursors to date, and more needs to be known 

about the pre-eruptive degassing signatures of large magma chambers. Forecasting the potential 

explosivity, longevity and volume of volcanic eruptions continues to be a worldwide concern. Tilling 

(1989) estimates that in the past 3,000 years more than 300,000 people have been killed as a direct or 

indirect result of a volcanic eruption, and many millions more injured and/or made temporarily 

homeless. In the modern world, large scale volcanism in the northern hemisphere would also have a 

hugely detrimental impact on the global economy, as charged particles in the atmosphere as a result of 

an eruption could interfere with satellite communications and aviation (Stone 2004). An eruption of 

comparable size in modern day Iceland would also put ~230,000 Icelanders at immediate risk from 

volcanic smog, and would affect air quality across the Northern Hemisphere. Accurate forecasting 

would go a long way in mitigating the impact of an eruption.  

 More also needs to be known about the potential variability of large-volume lava flows. 

Large tholeiitic eruptions have long been considered to be compositionally uniform, and the extent of 

pre-eruptive mixing within large magma chambers has been assumed to be large, destroying any 

initial heterogeneity imparted during melting or through crustal processes. Mafic magmas are low-

viscosity and erupted at high temperatures, facilitating pre-eruptive mixing and homogenisation 

within the storage reservoir. High precision geochemical studies of basalt samples from spatially-

constrained locations in Iceland show that intraflow geochemical variation exists within basaltic lava 

flows (Maclennan et al. 2003a), and provide insight into the behaviour of magma chambers associated 

with large volume Icelandic eruptions. Significant chemical heterogeneity in large-scale eruptions has 

implications for the accuracy of the petrologic method of estimating volatile release from old 

eruptions, where homogeneity of the eruption products is often assumed. Findings from the Laki 

eruption could be applicable to other eruptions in Iceland, placing this work in a broader context. 
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Chapter 2 
The significance of fine-scale whole-rock geochemical 
variations in Laki basalt  
 
 

2.1 Introduction 
 
Primary mantle melts are rarely erupted at the Earth’s surface, and most melts experience some degree 

of modification as they ascend through, and interact with, the crust and mantle (Elthon 1979; Stolper 

1980; Stolper et al. 1981; O'Hara and Herzberg 2002). Mid-ocean ridge basalt (MORB) is generated 

by near-fractional melting of the upper mantle in response to decompression at spreading mid-ocean 

ridges (McKenzie 1984, 1985; Kelemen et al. 1997). Erupted MORBs are much less compositionally 

variable than the range of fractional melt compositions predicted by fractional melting models, 

indicating that the initial parental melts are homogenised in the mantle and crust between formation 

and eruption (O'Hara 1968; Johnson et al. 1990; Sobolev and Shimizu 1993). Compositional variation 

in erupted MORB is therefore rarely attributable to source heterogeneities and is more often generated 

by low-pressure melt modification processes such as fractional crystallisation (e.g. Grove et al. 1992). 

Significant intra-flow compositional variations in major- and trace-element concentrations and trace 

element ratios, which are not fully explained by fractional crystallisation, have been measured in both 

submarine and subaerial MORB (e.g. Rubin et al. 2001; Maclennan et al. 2003b). These studies 

constrain intra-flow MORB variation using high-resolution sampling of single lava flows, which are 

analysed using high-precision micro-analytical techniques. Compositional heterogeneity in erupted 

MORB samples can therefore be used as a tracer of the low-pressure modification processes acting 

upon magma between its generation and eruption.  

 Iceland lies upon the Mid-Atlantic Ridge above a mantle plume. This tectonic setting 

promotes regional-scale uplift of the crust and high magma production rates and Iceland is 

consequently composed almost entirely of basaltic crust (e.g. Sæmundsson 1979). Partial melts 

formed by decompression melting beneath the ridge-axis are contaminated by actively-upwelling 

plume material and sourced from heterogeneous mantle material, meaning that basalt that is 

compositionally and isotopically distinct from normal-MORB is routinely erupted in Iceland’s 

neovolcanic rift zones (e.g. Schilling 1973; Fitton et al. 1997). Compositionally variable mantle melts 

are supplied to magma chambers underneath Iceland, and are recorded in the compositions of melt 

inclusions hosted in primitive picritic melts from the rift zones (Gurenko and Chaussidon 1995; 

Maclennan et al. 2003a; Maclennan 2008b). Large-volume, relatively evolved Icelandic lava flows 

such as the one produced by the 1783 Laki eruption (49.99 - 50.45 wt % SiO2, this study) are, by 

contrast, thought to be extremely compositionally homogeneous (Sigmarsson et al. 1991; Bindeman et 

al. 2004; Bindeman et al. 2006).  
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 This chapter undertakes a detailed petrological analysis of the whole-rock products of the 

1783-84 A.D. Laki eruption, following a similar approach to that used by Maclennan et al. (2003b) to 

investigate the Borgarhraun flow in northern Iceland. For this study the products of the Laki eruption 

have been extensively analysed using a range of quantitative geochemical techniques. Whole-rock 

REE, and major- and trace-element concentrations of 54 Laki basalt samples have been measured by 

ICP-MS and XRF spectrometry respectively, and electron probe analyses of crystal phases and glass 

made from a subset of these samples. High-precision whole-rock trace-element analyses reveal that 

statistically significant fine-scale intra-flow geochemical variability, well outside analytical 

uncertainties, exists between Laki basalt sampled at different locations. This finding contradicts 

previous ideas about the extreme homogeneity of the Laki whole-rock products (e.g. Sigmarsson et al. 

1991). Simple fractional crystallisation models fail to explain the variation seen in Laki whole-rock 

major- and trace-element concentrations and trace element ratios. Chemical variations seen throughout 

the vertical thickness of a single flow lobe are far smaller than those seen between samples from 

different lateral positions within the flow. The intra-flow variation in the sample compositions is 

therefore not a product of sampling the flow at different heights at different lateral positions. The 

modal proportions of phenocrysts in whole-rock samples have been estimated by point-counting. The 

geochemical effects of phenocrysts accumulating in the lava as crystal cargo cannot explain all of the 

variation seen in the whole-rock trace element concentrations, although these concentrations vary 

linearly with the total mass fraction of phenocrysts in the sample indicating that the variation must be 

coupled to crystal accumulation. This study shows that the compositions of phenocrysts vary in the 

lavas produced throughout the course of the eight-month eruption, and that later eruptions tend to 

contain more primitive phenocrysts, which can be interpreted in terms of magma reservoir processes. 

A new model is proposed involving incorporation of a crystal mush with its own melt to explain the 

variations in phenocryst composition with time, and the linear trends between whole-rock trace 

element concentrations and mass fraction of crystals. This chapter ends with a summary schematic 

model showing the relative timing of crystallisation, magma homogenisation by mixing, and eruption. 

 

2.2 Background information  

2.2.1 The 1783 A.D. Laki eruption 
 

The Icelandic fissure eruption of 1783-84 A.D. has come to be known as the Laki eruption in the non-

Icelandic literature, and will be referred to as such throughout the course of this study. Icelanders refer 

to the event as the Skaftáreldar (the Skaftá Fires) named after the Skaftá River, along which some of 

the lava flows were channelled. Icelandic suffixes such as gígar (cone-row) and hraun (lava flow) are 

also used to describe the eruption and its volcanic edifices, for example Lakagígar (Laki cone-row) 

and Skaftáreldahraun (Skaftá Fires lava flow). Detailed contemporary accounts of the eruption by 

Icelanders make Laki not only one of the earliest examples of a well-documented volcanic eruption, 
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but also the only example of a flood basalt eruption to have been witnessed by man. As such, these 

accounts are a valuable resource for investigating the nature and progress of the eruption as they 

enable researchers to link contemporary observations with current knowledge of volcanic processes. 

Iceland has a rich written history, and accounts of Icelandic eruptions date back 1100 years to the time 

of the early settlement. Accounts of the Laki eruption that were published before 1795 are considered 

contemporary (Thordarson 2003), and those based on eyewitness observations made during the 

eruption that describe its development are known as Eldrit, meaning Book of Fire, a term derived 

from the Icelandic word eldur, meaning fire (Rafnsson 1984). From these accounts it is known that 

the six districts to the immediate south, southeast and east of the fissures were the most affected by the 

eruption, and these districts - Álftaver, Meðalland, Landbrot, Fljótshverfi, Siða Highlands and 

Skaftártunga - are often referred to as the Fire Districts (Hólm 1784). In the Eldrit the progress of the 

eruption was often described on a day-by-day basis and these accounts include information that is 

useful for charting the nature and progress of the eruption, such as the farms affected by lava flows or 

tephra and the duration and thickness of tephra falls (e.g. Steingrímsson and Ólafsson 1783; Swinden 

1783; Steingrímsson 1783a, 1783b; Hólm 1784; Pálsson 1784).  
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Figure 2.1. (previous page). Simplified map showing the location of the Laki lava flow and the Fire 
Districts in southeast Iceland. The inset map of Iceland shows the volcanic zones in orange and 
permanent glaciers and icecaps in white. The red box indicates the location of the enlarged area. On 
the enlarged map the area of dark grey fill marks the extent of the Laki lava flow, and the red lines 
indicate the trend of the Laki fissure- and cone-row. The extent of the Grímsvötn volcanic system is 
shown in light brown, and its extent beneath Vatnajökull is indicated by the dashed brown lines. The 
Fire Districts are labelled and boundaries are shown as dashed black lines. The Hverfisfljót and Skaftá 
rivers are labelled in blue, where HRG indicates the Hverfisfljót river gorge and SRG the Skaftá river 
gorge. The scarp that makes the edge of the Siða Highlands is shown as grey hachured lines. 
Reproduced from Thordarson and Self (1993). 
 
 
 The Laki fissure swarm is part of the Grímsvötn volcanic system, and the Laki eruption is 

part of a volcano-tectonic episode on the Grímsvötn volcanic system that lasted for more than 2 years 

(Thordarson and Self 1993). The fissure swarm of the Grímsvötn volcanic system as originally 

described by Jakobsson (1979) was defined by cone rows including Laki (Lakagígar), Lambagígar and 

Nupar-Halsagígar. Recent studies using trace element and oxygen isotope data (Bindeman et al. 2008) 

suggest the system is less mature than previously thought, featuring only two Holocene fissures, Laki 

and Lambagígar. The extent of the Grímsvötn volcanic system is indicated on figure 2.1, and is 

thought to be ~100 km long and 15 km wide. Magmas erupted from the Grímsvötn system are 

tholeiitic, and have been throughout the Holocene. There are 70 historical eruptions recorded from the 

Grímsvötn system, making it the most active volcanic system in Iceland’s history (Larsen 2002). 

Grímsvötn central volcano is the most active part of the system, and lies beneath the Vatnajökull ice 

cap. The Laki fissures are located in an upland region to the north of the Siða Highlands, a region 

bounded to the south by the scarp of an old sea cliff. Between the scarp and the coastline a large 

glacial outwash (sandur) plain has been built up by the Skaftá and Hverfisfljót Rivers, and this plain is 

now covered in part by Holocene lava flows, including Laki, the 934 A.D. Eldjgá lava flow, and the 

3800 ybp Raudhólar lava flow. The eruption site is marked by a 27 km long fissure-and-cone row 

(figure 2.2a) that dissects the pre-existing hyaloclastite mound, Laki, from which the eruption takes its 

name. The cone-row is oriented perpendicular to the regional rifting direction. 

 A detailed description of the physical volcanology of the eruption is given by Thordarson and 

Self (1993), which builds upon earlier work by Thorarinsson (1967, 1969, 1979, 1981, 1984). The 

work of Thordarson and Self (1993) provides better constraints on the volume of the eruption 

products, and gives more detailed information about the eruption sequence and effusion rates; this 

account forms the basis of the description of the eruption given here. The Laki eruption was the 

second largest in Iceland’s recorded history after the AD 934–38 Eldgjá event (Thordarson et al. 

2001). The Laki eruption produced ~14.7 km3 of quartz-tholeiite basalt, plus ~0.4 km3 of tephra, from 

10 en echelon fissures erupting sequentially over an 8-month period, from June 1783 to February 

1784 (Thordarson and Self 1993). In the course of the eruption, outpourings of low-viscosity basalt 

created a flow field that extends from the southwest margin of Vatnajökull to the coast, covering an 

area ~600 km2. The onset of the eruption was preceded by several weeks of increased seismic activity, 

which is described in contemporary accounts (e.g. Eiríksson 1783). The fissure-forming period of the 
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eruption lasted for 8 months and can be split into 10 eruptive episodes, corresponding to 10 separate 

lava surges (Thordarson 1990). The timing of the opening of individual fissures is well-constrained 

from eye-witness accounts and a detailed tephrochronology study (Thordarson and Self 1993), which 

reveals that the fissures opened in sequence, propagating northeastwards towards the Grímsvötn 

central volcano. The opening and closing of each fissure can be considered a single eruption episode, 

with some episodes overlapping and others being separated by a hiatus in activity. The beginning of 

each new episode was marked by seismic activity of increasing intensity associated with the opening 

of a new fissure. Fissure opening was marked by a 0.5–1 day long explosive eruption phase of sub-

plinian intensities, caused by the interaction of magma with groundwater. This activity gave way to a 

longer-lasting (days to weeks) phase of weak lava-fountaining and lava effusion. This cycle of activity 

defines a single eruption episode (Thordarson and Self 1993). The lavas of episodes I-V formed the 

western branch of the Laki lava flow field, which was discharged through the Skaftá River gorge and 

the Varmá-Hellisá valley complex down onto the Siða coastal plain. Lava episodes VI-X were 

emplaced further to the east, covering the flood plain of the Skaftá River to the northeast of Mt Laki, 

and discharging down the Hverfisfljót River gorge and onto the Siða coastal plain (table 2.1). The lava 

flow rates were variable and highest during lava surges occurring shortly after the onset of each 

episode, waning as each episode continued (Thordarson and Self 1990). The eruption rate also showed 

a decrease throughout the course of the eruption as the average eruption rate, calculated from the 

volume of solidified, degassed lava produced, was 2550 m3 s-1 from fissures I-V, but only 1150 m3 s-1 

from fissures IV-X (Thordarson and Self 1993). Similarly, flow rates for lava surges associated with 

the first two fissure episodes are estimated at 6-17 km/day, dropping to 2-4 km/day for later surges 

(Thordarson and Self 1993). Approximately 60% of the total lava erupted was emplaced in the first 

six weeks of the eruption, and ~90% emplaced after the first 5 months (figure 2.2b). Fissures shut off 

in sequence as the supply of magma migrated north eastwards, with the final eruptions at each fissure 

forming small (<120 m high) scoria and spatter cones which define the fissure row today. Two tuff 

cones were also formed in the course of the eruption, and are on fissure 4 and fissure 6, ~2 km SW 

and NE of the Laki hyaloclastite mound respectively. The present-day configuration of the cone-row 

is shown in figures 2.2a, 2.3, 2.4a and 2.4b.  

 Thordarson and Self (1993) suggested that the episodic nature of the Laki eruption cannot be 

explained by individual deflation-inflation events within the Laki magma reservoir as the time-lapse 

between eruptive episodes (2-4 weeks) was too short, and the magma fluxes are too high to allow 

over-pressure of the source region sufficient to trigger the next eruptive episode. They suggest that 

non-uniform flow in the magma conduit could explain the episodic nature of the eruption. The 

episodic eruption style, variable lava flow rate and variable lava rheology in the course of the Laki 

eruption means that the surface morphologies of the lava flows are diverse, ranging from smooth, 

inflated-pahoehoe surfaces to slabby pahoehoe and aa-like surfaces (Thordarson and Self 1993). A 

detailed account of the morphology and surface structures of the flow field is given by Guilbaud et al. 

(2005). 
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2.2.2 Previous petrological studies of the Laki eruption 
 

The first general descriptions of the physical nature of the Laki eruption and its products were made 

by Thoroddsen (1925) and Thorarinsson (1967, 1969, 1979, 1981, 1984). Thorarinsson (1969) 

established that the average lava composition was quartz-normative tholeiite. Other studies have 

confirmed this bulk quartz-tholeiite composition, where Mg# in whole-rock samples ranges from 41.7 

to 44.7 (Grönvold 1972; Sigurdsson and Sparks 1978; Óskarsson et al. 1982; Grönvold 1984). One of 

the first studies to investigate the petrology of the eruption products in detail looked at the low (<250 

Mpa) pressure crystallisation sequence of the Laki melt, and showed that plagioclase was the first 

phase on the liquidus, followed by plagioclase+olivine, then plagioclase+olivine+clinopyroxene (Bell 

and Humphries 1972). This crystallisation sequence has since been confirmed by other authors (e.g. 

Guilbaud et al. 2007). The wide range in the composition of plagioclase (An90-69), olivine (Fo86 - 68) 

and augitic clinopyroxene (Mg# ~66-82) phenocrysts hosted in the Laki lava has been noted by 

several authors (Métrich et al. 1991; Sigmarsson et al. 1991; Guilbaud et al. 2007), and is in good 

agreement with the findings of this study. The consensus among these authors is that high-An 

plagioclase crystals and high-Fo olivine crystals that are not in direct chemical equilibrium with the 

average whole-rock composition have been incorporated into the Laki magma from another source, 

and are therefore xenocrysts. One suggestion is that the Laki magma assimilated variable amounts of 

hyaloclastite from the surrounding crust (Bindeman et al. 2006). Whole-rock analyses of basalt from 

Laki have shown that it is highly uniform in terms of its major element composition, U and Th 

concentrations and 87Sr/86Sr, 230Th/232Th ratios (Sigmarsson et al. 1991). Samples of glass from lava 

and tephra erupted at Laki have a consistently low and extremely homogeneous d18O value of 3.2 ‰ 

(Bindeman et al. 2006), although olivine phenocrysts measured from the flow have the largest range 

in d18O values (2.2-5.2 ‰) of any crystals measured from any Icelandic lava. Laki melt inclusion 

studies have been undertaken by several authors (Métrich et al. 1991; Thordarson et al. 1996; 

Bindeman et al. 2006) and are discussed in more detail in the following two chapters. 

 

2.2.3 Magma mixing and crystal terminology 
 
It is useful at this point to provide a clear definition of the terminology used in this study to describe 

the mixing process. The terminology used here is based on that of Danckwerts (1953) who described 

the mixing of fluids in a chemical engineering context. Mixing can be thought of as a three stage 

process. The first stage described by Danckwerts (1953) is the physical juxtaposition of two or more 

batches of compositionally distinct melt, and is equivalent to magma mingling where the melt batches 

are adjacent but retain their original compositions. The second stage is stirring, which occurs when 

heat-induced motion within the melt stretches the individual melt batches out into long filaments. This 

process lengthens the interface between the adjacent, compositionally distinct melt batches and 

facilitates the third stage of mixing, which occurs when these stretched melt filaments become 
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sufficiently thin that material passes between them by diffusion. It is the completion of this mixing 

process that results in homogenisation of batches of melt down to the very smallest scale. In the basalt 

melts considered in this study it is assumed that stirring and diffusion are likely to be concurrent, and 

that fluid immiscibility between melt batches is minimal. Complete mixing of compositionally diverse 

melt batches therefore requires not only homogenisation of the fluid phase, but also the attainment of 

diffusive equilibrium between the carrier melt and the phenocrysts hosted within the carrier melt. In 

the Laki magma reservoir, mixing was at an advanced stage at the time of eruption, shown by the 

homogeneity of the whole-rock compositions. Mixing was not complete however as a wide range of 

phenocryst compositions are preserved, indicating that these crystals were not resident in the carrier 

melt for long enough to attain diffusive equilibrium with it. 

 The relationship between the melt inclusions, their host olivine crystals and the melts that 

transport them to the surface places important constraints on how, when and where melt mixing 

occurs. Here, the terms used in this chapter to describe different types of crystal and melt are defined. 

The final mixed carrier melt is the homogenised liquid composition after extensive mixing of variable 

mantle melts derived by fractional melting. The carrier melt is defined as the liquid within which 

crystals are hosted in the magma reservoir. Upon eruption, the carrier melt is analogous to the 

composition of the crystal free vent tephra. In terms of crystals, in this study the term phenocryst is 

used in a purely textural sense, and does not imply any interpretation of the crystal growth history. 

The terms equilibrium phenocryst, xenocryst and antecryst are used in this study to describe crystals 

that have been analysed and compared to the composition of the Laki carrier melt. Equilibrium 

phenocrysts are in direct chemical equilibrium with the carrier melt, and grew from it within the 

magma reservoir shortly before eruption. The term xenocryst is applied to crystals that are not 

compositionally related to the whole-rock. Xenocrysts are crystals that have been accidentally 

incorporated from older unrelated wallrocks, and originated from a separate magma reservoir 

(Davidson et al. 2007a). The term antecryst is used to describe crystals that are not in direct chemical 

equilibrium with the carrier melt, but are thought to have grown in the same plumbing system that 

produced the carrier melt (Davidson et al. 2007). An antecryst starts to grow as the carrier melt begins 

to mix or differentiate by fractional crystallisation, and the core of the antecryst reflects the average 

carrier melt composition at the time of crystallisation, which will be different to the composition of 

the final mixed carrier melt. Compositional disequilibrium between the antecryst and the carrier melt 

will be maintained if the crystal is held in the final mixed carrier melt for a time period that is short in 

comparison to crystal-melt diffusion rates.  

 
 

 



 

 

 

 

 

 
Figure 2.2. a) Schematic map of the Laki fissures showing the main features of the cone-row. Lava flows are shown in grey, scoria-, spatter-, and tuff cones are shown 
in red and black and pre-existing hyaloclastite mounds and ridges are shown in light brown. The graben that dissects the Laki mound is shown as thin black lines with 
ticks on the downthrown side. TC indicates the location of the two tuff cones. The approximate extent and duration of activity on each fissure is indicated by numbers 
and dates below the schematic. Reproduced from Thordarson and Self (1993). b) Schematic timeline representing key events in the Laki eruption. The red vertical 
arrows mark the start and finish of the eruption. Row 1 indicates the eruption episode, row 2 indicates the primary fall units produced by the eruption where S is 
strombolian and P is phreatomagmatic, row 3 indicates the duration of the associated earthquake swarms that accompanied the eruption episodes, row four shows 
eruption columns that indicate the timing of explosive activity and row 5 is a qualitative indication of the magma production rates during each eruption episode. The 
red circles marked 60 % and 90 % indicate the volume fraction of lava erupted by the time indicated. Reproduced from Thordarson et al. (1996). 
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Table 2.1. Timing of events during the 10 fissure-forming eruption episodes of the Laki 1783 - 1784 
A.D. fissure eruptions, based on the chronology by Thordarson and Self (1993). In the events column 
F indicates the fissure number, S is strombolian, P is phreatomagmatic and TC is tuff cone. 
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Figure 2.3. Map to show the extent of the lava flows produced during the Laki fissure eruption, 
including the timing of lava lobe emplacement, and the sample locations for this study. The reduced 
scale map of Iceland at the top left shows the extent of the neovolcanic rift zones in orange and 
permanent glaciers in white. The main figure is an enlargement of the red box on the inset map. The 
Laki cone row is the linear feature shown in red and black, trending from fissure 1 in the south west to 
fissure 10 in the north east (see figure 2.2a for details). Open circles are lava sample locations, filled 
black circles with white rims are tephra sample locations and the numbers are the LAK sample 
numbers as in table 2.2. EVB indicates the location of lava samples taken from a vertical profile 
through a single flow lobe at Eldvatnsbrú. The dates in blue are the dates in 1783 A.D. when the lava 
lobe indicated was emplaced. Reproduced from Thordarson and Self (1993). 
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2.3 Sample collection 
 

Samples were collected in three field seasons between 2004 and 2006, and consist of 47 basalt hand 

specimens and 7 tephra samples. Sample locations are shown in figure 2.3. Tephra samples were 

obtained from proximal deposits around the Laki cone-row by digging down through the surface 

cover (figure 2.4e), ensuring stratigraphically-constrained sampling of fresh, glassy material. Lava 

samples were collected from across the lava flow, including proximal areas on the cone-row (figure 

2.4d) and from the distal margins of the flow (figure 2.4c). Tumuli and lava-rise plateaux are abundant 

features of the lava flow surfaces (e.g. Walker 1991; Guilbaud et al. 2005), especially of the most 

proximal lava flows, and are covered in cracks known as inflation clefts that allow fresh samples to be 

taken from beneath the vesicular lava crust in the degassed interior of the flow. Care was taken to 

avoid sampling from portions of the lava flow that showed obvious alteration or segregation 

structures, which are known to cause local perturbations in whole-rock trace element composition 

(Goff 1996; Caroff et al. 2000). Large-scale segregation structures were rare in the outcrops that were 

sampled, and were not observed in the hand specimens. Samples containing oxidised olivine crystals 

or mud-filled vesicles were discarded. At the flow margins, individual lobes are sometimes exposed in 

cross section next to rivers, for example at Eldvatnsbrú (Thordarson and Self 1998). Of the 54 

samples, 12 were taken from a single outcrop at Eldvatnsbrú, at 25-30 cm intervals throughout the 

vertical thickness of one flow lobe.  

 A hand-held GPS was used to record grid references for the sample locations, which are 

accurate to within 7 metres and given in table B.1. The samples are also well-constrained in terms of 

timing of emplacement. Contemporary accounts of the Laki eruption (e.g. Steingrímsson and Ólafsson 

1783; Steingrímsson 1783a, 1783b, 1788) that have been appraised in recent literature (Thordarson 

and Self 1993; Thordarson 2003; Thordarson et al. 2003), plus detailed field observations made 

during sampling were used to tie the lava and tephra samples to particular fissures in the Laki cone 

row. Maps showing the evolution of the lava flow fronts through time (Thordarson et al. 1996; 

Guilbaud et al. 2005) were used to support the field observations (figure 2.3). Geochemical variations 

between different samples can therefore be investigated in relation to timing of the eruption. 
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Figure 2.4. Photographs of Laki field work. a) View looking along the SW fissure-and-cone row from 
the top of Mount Laki. Cones in the foreground belong to fissures 5 and 4. b) View looking along the 
NE fissure-and cone row towards Vatnajökull  from the top of Mount Laki. c) Laki lava flows covered 
in thick moss on the southern-most flow lobe, looking roughly north. Note the hummocky topography 
on the lava flow surface. d) Sampling from the NE fissure-and-cone row. Photograph courtesy of 
Godfrey Fitton e) Digging down through the surface cover to sample a proximal tephra layer. 
Photograph courtesy of John Maclennan. 
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2.4 Analytical methods 
 
A total of 54 Laki lava and tephra samples were collected for this study. Table 2.2 indicates which of 

these were analysed and by what method. Each of the 54 samples collected for this study were 

prepared as whole-rock powders according to the method described in section A.1.1. Each powdered 

sample was then prepared for and analysed by XRF spectrometry to determine the concentrations of 

major- and trace-elements according to the method described in section A.1.2. All powdered samples 

were also prepared for analysis by ICP-MS, where the concentrations of REE were measured 

according to the method described in section A.1.3. The full dataset of all Laki whole-rock major- and 

trace-element analyses is given in table B.2. A sub-set of fourteen Laki samples were analysed for 

whole-rock 87Sr/86Sr using TIMS, according to the method described in section A.1.4. Feldspar 

crystals were separated from 6 feldspar-rich Laki samples according to the method described in 

section A.2.1. These 6 samples were the only ones collected that contained enough feldspar to allow 

this type of analysis. The Sr concentration and 87Sr/86Sr of the feldspar separates were measured by 

TIMS (see section A.2.2). All Laki Sr data are given in table B.3.  

 Each of the 54 samples were thin-sectioned and then 50 were point-counted according to the 

method described in this chapter in section 2.5; all data and full counting statistics are given in table 

B.4. The major-element compositions of glass (table B.5), plagioclase (table B.6), clinopyroxene 

(table B.7) and olivine (table B.8) were measured in a sub-set of these samples using the electron 

probe, according to the method described in section A.3.1.  

 

2.5 Point-counting method 
 

The following section outlines the methods used to identify phenocrysts in thin section, describes how 

these were then point-counted to determine the modal phenocryst proportions in each sample and 

describes the errors associated with the point-counting.  

2.5.1 Crystal terminology 
 

The majority of the basalt samples analysed in this study have a porphyritic texture, meaning that they 

contain large crystals that are optically distinct from smaller groundmass crystals in terms of crystal 

shape and size. These large crystals are here referred to as phenocrysts, in accordance with the 

etymology of the greek prefix ‘pheno-‘, meaning to show, appear or display and in agreement with the 

definition given by Maclennan (2008b). This term has been used throughout the following 

petrography section, and deliberately avoids any interpretation of the genesis of these large crystals at 

this stage. In this study, it has seldom been possible in practice to distinguish between phenocrysts in 

equilibrium with the carrier melt, xenocrysts or antecrysts, either in hand specimen or under an optical 

microscope. Terms such as xenocryst and antecryst are interpretative, and their use must be based 

upon the crystal composition as measured using quantitative analytical techniques.  
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Table 2.2. Sample catalogue, where F indicates the fissure from which the sample was erupted and 
dist. is the distance of the sample from the fissure in km, along the flow path. Crosses indicate that an 
analysis was obtained for the sample where: PC is point-counting of phenocryst phases; WR XRF is 
whole-rock major- and trace-element concentrations measured by XRF spectrometry; WR REE is 
whole-rock rare-earth element concentrations measured by ICP-MS; EP represents electron probe 
analyses, where plg is plagioclase, olv is olivine, cpx is clinopyroxene and gls is glass; WR 87Sr/86Sr is 
whole-rock Sr isotope ratios measured by TIMS; fsp. 87Sr/86Sr, Sr. ppm is Sr isotope ratios and Sr 
concentrations measured for feldspar separates picked from crushed hand specimens. 
 

sample F dist. type PC WR  
XRF 

WR 
REE 

EP 
plg 

EP 
olv 

EP 
cpx 

EP 
gls 

WR 
87Sr/86Sr 

fsp. 
87Sr/86Sr, 
Sr. ppm 

LAK01 7 20.2 lava x x x  x x  x x 
LAK02 7 20.2 lava x x x  x    x 
LAK03 7 20.2 lava x x x  x    x 
LAK04 7 20.2 lava x x x  x x  x  
LAK05 7 20.2 lava x x x  x x    
LAK06 7 20.2 lava x x x x x x    
LAKt07 1 >0.2 tephra  x x    x   
LAK08 3 0.9 lava x x x       
LAK09 3 0.9 lava x x x       
LAK10 6 1.9 lava x x x  x    x 
LAK11 6 1.9 lava x x x x x x  x  
LAK12 7 0.6 lava x x x x x x    
LAK13 7 0.6 lava x x x     x  
LAK14 7 0.6 lava x x x  x     
LAK15 7 0.6 lava x x x       
LAK16 7 1.2 lava x x x  x     
LAK17 6 1.3 lava x x x  x     
LAK18 1 4.3 lava x x x     x  
LAK19 1 4.3 lava x x x     x  
LAK20 1 4.3 lava x x x x x x  x  
LAK21 3 0.4 lava x x x     x  
LAK22 3 0.4 lava x x x       
LAKt23 3 >0.2 tephra  x x    x   
LAKt24 3 >0.2 tephra  x x    x x  
LAKt25 3 >0.2 tephra  x x    x   
LAK26 7 33.6 lava x x x       
LAK27 8 38.7 lava x x x       
LAK28 8 38.7 lava x x x x x x  x x 
LAK29 8 40.0 lava x x x x x x  x  
LAK30 4 69.2 lava x x x       
LAK31 4 68.4 lava x x x       
LAK32 5 53.7 lava x x x  x     
LAK33 5 53.4 lava x x x       
LAK34 5 60.0 lava x x x       
LAK35 5 63.7 lava x x x       
LAK36 10 >0.2 lava x x x  x     
LAKt37 10 >0.2 tephra x x x       
LAK38 10 >0.2 lava x x x     x  
LAKt39 9 >0.2 tephra x x x       
LAK40 8 >0.2 lava x x x  x   x  
LAKt41 8 >0.2 tephra x x x  x   x  
LAK42 8 >0.2 lava x x x  x     

EVB 
01-12 

5 53.3 lava x x        
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2.5.2 Method for phenocryst mode estimations by point-counting 
 

Vesicularity and modal proportions of phenocryst phases and total groundmass have been estimated 

for each of the 47 lava samples and three of the tephra samples by point-counting of thin-sections. 

Note that groundmass crystal phases were not counted. A manually-operated mechanical slide holder, 

moveable in <0.2 mm increments in the x and y axes, was affixed to the stage of a petrological 

microscope and used to count single points in straight lines on each thin section. The phases counted 

were phenocrysts of plagioclase, olivine, and clinopyroxene, plus vesicles and groundmass, where 

groundmass is a cover-all term to indicate all small crystals and/or glass. Phenocrysts were defined 

based on strict size criteria and by their textural relationship to the groundmass. Point-counting was 

carried out at x10 magnification and each large crystal was roughly measured as it appeared under the 

cross-hair on the microscope optics. Two types of phenocryst occur in the samples: lone phenocrysts 

(figure 2.5a, c and e), and those within glomerophyric clusters (figure 2.5b, d and e). Both types of 

phenocryst share the same size range, where plagioclase is 150-2000 µm (though exceptionally >2mm 

to <8mm), and clinopyroxene and olivine are 200-1000 µm (though exceptionally clinopyroxene is 

>2mm to <8mm). Any crystal smaller in its longest dimension than the size range defined in table 2.3 

was counted as part of the groundmass. This size scheme is similar to the size classification used for 

Laki phenocrysts in glassy lava selvages by Guilbaud et al. (2007), though their criteria for olivine 

phenocrysts is any crystal >500 µm, whereas this study counts any olivine crystal >200 µm as a 

phenocryst. Each sample was also classified into one of three types depending on the grain size of the 

groundmass, and the consequent textural distinction between the phenocryst phases and the 

groundmass (table 2.3). Type 1 samples have a glassy to very fine-grained groundmass, hence the 

distinction between phenocryst and groundmass phases is very clear. Type 2 samples have a slightly 

coarser groundmass, but retain an obviously porphyritic texture. Type 3 samples have no glass in the 

groundmass and show a continuum in grain sizes between phenocrysts and groundmass, and have a 

seriate texture where large groundmass crystals almost overlap in size range with small phenocrysts. 

Note that the range in phenocryst sizes is the same across all three types. Figure 2.6 (a, b and c) shows 

photomicrographs of phenocryst-poor samples for each textural type, and figure 2.7 (a, b and c) shows 

phenocryst-rich samples for each textural type. 

 

Table 2.3. Textural classifications of Laki lava samples. These criteria for phenocryst sizes were 
applied during point-counting. Note that the maximum and minimum phenocryst sizes are measured 
directly from the thin section, from randomly oriented crystals and therefore probably underestimate 
the true crystal sizes. n = number of samples of this type. 
 

 n texture groundmass plagioclase clinopyroxene olivine 

Type 1 31 porphyritic glassy to = 100 µm > 150 µm > 200 µm 200 µm 

Type 2 17 porphyritic glassy to = 150 µm > 150 µm > 200 µm 200 µm 

Type 3 6 seriate = 50 µm = 150 µm > 150 µm > 200 µm 200 µm 
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2.5.3 Estimating point-counting error 
 

To estimate the number of points (N) that needed to be counted in each thin section to be 99% 

confident that all the phases counted lie within ± 5% of their true abundance in the population 

sampled the following equation was used: 

 N = Cy/? 2 [1] 

where Cy is the appropriate coverage factor for the given confidence level, and ?  is the accuracy 

sought (Thompson 1987). For example: N = 1.96989/(0.05)2 = 788; counting 1000 points therefore 

gives an estimated accuracy of better than ± 5% relative at the 99% confidence level. Over 1000 

points were counted for each sample, normalised to 100% and then re-calculated as dense-rock-

equivalents (vesicle-free). Crystal mass fractions were determined by multiplying the percentage 

dense-rock-equivalent of each phase by the density of the phase. Densities used were 2.7 g/cm3 for 

plagioclase, 3.3 g/cm3 for olivine and 3.2 g/cm3 for clinopyroxene. Error in the point-counting results 

was estimated in two ways: 1) by making repeat measurements of the same sample, which gives good 

error estimation, but is time-consuming; 2) by using counting statistics, which will give minimum 

estimates of the actual errors: 

 

1) Error estimates using repeat measurements on the same sample 

At least three and a maximum of five repeat measurements were made for all thin sections by the 

same worker, at different times. The thin section used was assumed to be representative of the sample 

as a whole, which is verified later in this study by the strong correlation between point-counting 

results and the whole-rock composition. Other assumptions made were that phenocryst phases were 

randomly distributed throughout the sample and did not form a fabric, and that the criteria used to 

define a phenocryst were applied to each sample consistently. A representative sample from each of 

the three textural types was point-counted five times to estimate the maximum error associated with 

modal proportion estimations of each phase. Type 3 samples had the greatest errors as phenocrysts are 

more difficult to distinguish from groundmass crystals when the sample texture is seriate. The 1s  

relative precision calculated across all samples is ± 18.4 % for plagioclase, ± 45.5 % for olivine, ± 

33.6 % for clinopyroxene and ± 16 % for all phenocrysts (table B.4).  

 

2) Error estimates using counting statistics 

Two-sided binomial confidence intervals were calculated about the sample mean using equation 11 of 

Howarth (1998). Appropriate Beta values were calculated using the BETAINV function in Microsoft 

Excel, where Beta(1-a, v1, v2) is the 100th(1-a) percentile of the inverse beta distribution with shape 

parameters v1 and v2, and a is the level of risk. Two-sided confidence intervals were calculated at 

95% confidence (equivalent to 2s  for a Gaussian distribution) and 69% confidence (equivalent to 1s  

for a Gaussian distribution). The upper and lower one-sided confidence intervals become increasingly 

asymmetric at very high and very low crystal proportions. The 1s  relative precision calculated across 

all samples is ± 9.3 % for plagioclase, ± 27.8 % for olivine, ± 12.8 % for clinopyroxene and ± 6.6 % 
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for all phenocrysts. The 2s  relative precision calculated across all samples is ± 17.8 % for plagioclase, 

± 53.8 % for olivine, ± 24.7 % for clinopyroxene and ± 12.6 % for all phenocrysts. The calculated 

percentage confidence interval on either side of the mean based on counting statistics is in good 

agreement with precision estimates based on multiple counts of the same sample at the 95% (2s ) 

confidence level. All point-counting data and estimates of precision are given in table B.4. 

 

 
Figure 2.5. Photomicrographs to illustrate the difference between lone and glomerophyric 
phenocrysts. (a) - (e) are digital photomicrographs taken under crossed polars and (f) is a false-colour 
back-scattered electron SEM image. a) Sample LAK01 showing lone plagioclase phenocrysts. b) 
LAK06 showing a plagioclase crystal cluster. c) LAK08 showing a lone, euhedral clinopyroxene 
phenocryst (blue) at the bottom left. d) LAK12 showing an exceptional, large clinopyroxene 
phenocryst with inclusions of plagioclase and intergrown, ophitic plagioclase. e) LAK28 showing a 
lone olivine phenocryst. f) LAK11 showing an olivine phenocryst (coloured red) in a glomerophyric 
cluster with clinopyroxene (coloured yellow) and plagioclase (coloured blue). 
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Figure 2.6. Photomicrographs and illustrations of portions of thin sections to demonstrate the textural 
relationships between phenocrysts and groundmass for the phenocryst-poor end members of each of 
the three textural types of whole-rock sample, where a) is type 1; LAK31, b) is type 2; EVB11 and c) 
is type 3; LAK40. (a), (b) and (c) are digital photomicrographs taken under crossed polars. (d), (e) and 
(f) are block colour diagrams showing the definitions of phenocrysts for this field of view where white 
indicates vesicles, blue is plagioclase, yellow is clinopyroxene, green is olivine and dark grey is 
groundmass. The pie charts at the top right of each block diagram indicate the relative proportions of 
groundmass, vesicles, plagioclase, olivine and clinopyroxene in each sample, as measured by point-
counting and using the same colour-scheme as the block diagram. Note that the area shown here for 
each sample is only a small portion of the entire thin section, and therefore may not be adequately 
represented by the pie chart.  
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Figure 2.7. Same as figure 2.6 but for phenocryst-rich end members of each of the three textural types 
of whole-rock sample, where a) is type 1; LAK04, b) is type 2; LAK02 and c) is type 3; LAK28, and 
d), e) and f) relate to the photomicrograph to their left.  
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2.6 Geochemical variations in Laki whole-rock data 
 

Table 2.4 shows the range, average and standard deviation of all the whole-rock major and trace 

element concentrations and ratios from all the Laki samples measured in this study. The composition 

of the Laki samples varies from 49.99 - 50.45 wt % SiO2 and 3.01 - 3.20 wt % total alkalis (Na2O + 

K2O), which places the Laki samples centrally within the basalt compositional field (Le Maitre 1989). 

The range in major element concentrations between different samples from across the flow is small in 

comparison to regional compositional variations measured from other Icelandic tholeiites. For 

example, the range in MgO measured from the Laki samples is 5.64 - 5.88 wt % ( x  = 5.78), whilst 

the regional variation in MgO content of Icelandic tholeiites is 4.05 - 10.75 wt % (Óskarsson et al. 

1982). Similarly, the range in Laki Al2O3 (13.5 - 14.25 wt %) and CaO (10.25 - 10.64 wt %) 

concentrations is far smaller than that measured in other Icelandic tholeiites, where the regional range 

in Al2O3 = 13.1 - 17.8 wt %, and CaO = 8.5 - 13.9 wt (Óskarsson et al. 1982). The regional range in 

TiO2 in Icelandic tholeiites is 0.6 - 3.1 wt % (Óskarsson et al. 1982), and by comparison the range in 

TiO2 in the Laki basalts is restricted and towards the upper end of the regional range (2.60 - 2.82 wt 

%). The variation between individual major element pairs is explored later in figure 2.10. 

 The overall concentrations of individual REE in Laki basalts is <35 ppm, which is typical of 

tholeiites (e.g. Best 2003). Laki basalts are, however, enriched in LREE relative to average normal-

MORB (n-MORB). For example, the range in La measured in the Laki samples is 12.62 - 14.27 ppm, 

and 31.73 - 35.71 ppm Ce, in comparison to only 2.5 ppm La and 15 ppm Ce in average n-MORB 

(Sun and McDonough 1989). Laki basalts are also enriched in other incompatible trace elements 

relative to n-MORB. For example, the range in Nb, Y and Zr measured in the Laki samples is 18.3 - 

20.9, 35.4 - 41.1 and 109.0 - 123.0 ppm respectively, in comparison to 2.33 ppm Nb, 28 ppm Y and 

74 ppm Zr in average n-MORB (Sun and McDonough 1989), or 2.2 ppm Nb, 32.5 ppm Y and 88.8 

ppm Zr measured in n-MORB from the East Pacific Rise (Hall and Sinton 1996). The range in 

concentrations of compatible trace elements between different Laki samples, such as Sr (228.34 - 

240.16 ppm), Ni (35.02 - 46.68 ppm) and Cr (50.13 - 75.39 ppm) is larger than that shown by 

incompatible trace elements. The variation between individual trace element pairs is explored later in 

figure 2.11. The statistical significance of the geochemical variations shown by the Laki whole-rock is 

explored in more detail in the following section. 

 

2.6.1 Statistical significance of geochemical variations in Laki whole-rock data 
 

Variations in trace element concentrations and ratios are observed between samples from across the 

Laki lava flow. Given the fine-scale nature of these geochemical variations, it is important to estimate 

how much geochemical variation may be due to analytical uncertainty, which is the focus of the 

following section. The standard random error, s r, was estimated for each element analysed by 

performing multiple analyses on the same sample, and is based on 8 repeat measurements on the same 
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sample (LAK21) for major elements, and 8 repeat measurements on the same sample for trace 

elements (LAK04). The true analytical error, s R, is estimated by s r. The true standard deviation of the 

sample set, s t, was calculated by removing the analytical ‘noise’, from the observed standard 

deviation of the whole sample set, s o, using 222
rot σσσ −= . If s r is greater than s o, then the variation 

observed could potentially be due to analytical error alone (table 2.4). The value of so is greater than 

s r for all elements except Rb, which has very low abundance, and Ba, which is poorly determined by 

XRF spectrometry, and for Zr/Y, where the standard deviation in the whole-rock population is 

extremely small. These elements and element-pair ratios are therefore not used to draw conclusions 

about the Laki whole-rock data in this chapter.  

 The signal-to-noise ratio is estimated using s t/s r (Slater et al. 2001) and is large when the 

variation in the sample population is large and the analytical error is small. A ?2 distribution was used 

to calculate the value of s t/s r at which the null hypothesis, that sR = s o, can be accepted. If the null 

hypothesis is true then there is no natural variability in the elements being examined. The number of 

repeat measurements, n, used to define s r is 8, hence the number of degrees of freedom, f, is n - 1 = 7. 

The ?2 distribution constant appropriate for the desired confidence interval and degrees of freedom 

was calculated in Excel using the CHIINV function. For f = 7 and a significance level of a = 0.01 the 

critical value, c, is 1.24. At this significance level the probability of rejecting the null hypothesis when 

it is true is 0.01 (1%). Using the method of Maclennan et al. (2003b) the calculated value for s t/s r at 

which the null hypothesis can be accepted is = 2.16 at the 99% confidence level, and = 1.77 at the 

95% confidence level. Conclusions in this chapter for the whole-rock data are therefore only based 

upon elements where the signal-to-noise ratio is = 1.77, which excludes all of the REE. The value of 

s t/s r above which the null hypothesis can be rejected will be referred to as the critical value from here 

on. 
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Table 2.4. Geochemical variability in whole-rock major and trace elements across the Laki lava flow. 
Major element oxides are in wt %, all other elements are in ppm. n is the number of analyses; x is the 
mean; s o is the observed standard deviation from the mean for the whole sample set; s r is the repeat 
standard deviation based on multiple repeat analyses of the same sample; s t is the true standard 

deviation once s o has been corrected for analytical noise and is calculated as ( ) ( )22
ro σσ − ; s t/s r is 

the signal-to-noise ratio; P% is the percentage precision and is calculated as (s r / x )*100; and V% is 
the percentage variability and is calculated as (s t / x )*100. Major and trace elements were measured 
by XRF spectrometry and REE were measured by ICP-MS. Grey fill indicates elements analysed 
where s r is greater than s o; these elements are not used in the conclusions drawn in this study. 
Analyses highlighted in bold have s t/s r = 1.77. See text for discussion.  
 

 n min max x  s o s r s t s t/s r P% V% 

SiO2 54 49.99 50.45 50.28 0.10 0.03 0.09 2.79 0.06 0.18 
Al2O3 54 13.50 14.25 13.74 0.20 0.04 0.20 4.66 0.31 1.44 
FeOT 54 12.88 13.70 13.42 0.17 0.01 0.17 13.20 0.10 1.29 
MgO 54 5.64 5.88 5.78 0.07 0.02 0.07 3.53 0.33 1.16 
CaO 54 10.25 10.64 10.41 0.07 0.01 0.07 6.61 0.11 0.70 
Na2O 54 2.61 2.77 2.69 0.06 0.02 0.05 3.60 0.56 2.02 
K2O 54 0.40 0.43 0.42 0.01 0.00 0.01 2.29 0.53 1.22 
TiO2 54 2.60 2.82 2.75 0.04 0.01 0.04 6.33 0.25 1.61 
MnO 54 0.22 0.23 0.22 0.00 0.00 0.00 0.29 1.47 0.43 
P2O5 54 0.26 0.31 0.29 0.02 0.00 0.02 8.75 0.68 5.92 
La 42 12.62 14.27 13.53 0.37 0.21 0.31 1.48 1.53 2.26 
Ce 42 31.73 35.71 33.90 0.90 0.53 0.72 1.35 1.58 2.14 
Pr 42 4.46 5.02 4.78 0.13 0.07 0.11 1.69 1.39 2.34 
Nd 42 21.03 23.75 22.48 0.60 0.44 0.41 0.94 1.95 1.82 
Sm 42 5.65 6.39 6.07 0.16 0.11 0.11 1.00 1.86 1.86 
Eu 42 1.84 2.07 1.97 0.05 0.03 0.04 1.22 1.61 1.97 
Gd 42 6.39 7.24 6.85 0.18 0.10 0.15 1.61 1.39 2.23 
Tb 42 1.05 1.18 1.12 0.03 0.02 0.02 0.89 2.00 1.78 
Dy 42 6.35 7.26 6.85 0.18 0.13 0.13 1.01 1.84 1.87 
Ho 42 1.26 1.43 1.35 0.04 0.02 0.03 1.63 1.55 2.53 
Er 42 3.54 4.01 3.81 0.11 0.07 0.08 1.10 1.95 2.13 
Tm 42 0.53 0.61 0.58 0.02 0.01 0.02 1.30 2.10 2.73 
Yb 42 3.14 3.65 3.40 0.10 0.05 0.09 1.72 1.48 2.54 
Lu 42 0.47 0.53 0.50 0.01 0.01 0.01 1.32 1.21 1.59 
Nb 54 18.31 20.86 19.88 0.40 0.10 0.39 4.01 0.49 1.95 
Zr 54 173.89 191.47 185.09 2.92 0.35 2.90 8.38 0.19 1.57 
Y 54 38.84 42.45 41.08 0.64 0.18 0.61 3.48 0.43 1.49 
Sr 54 228.34 240.16 234.21 2.61 0.35 2.58 7.44 0.15 1.10 
Rb 54 7.56 8.21 7.83 0.14 0.17     2.20   
Zn 54 111.15 140.14 125.46 6.35 0.97 6.28 6.46 0.78 5.00 
Cu 54 94.75 121.73 100.03 5.29 0.64 5.25 8.15 0.64 5.25 
Ni 54 35.02 46.68 39.38 2.60 0.55 2.54 4.65 1.39 6.46 
Cr 54 50.13 75.39 58.06 5.33 0.77 5.27 6.82 1.33 9.08 
V 54 345.90 424.08 387.27 16.08 2.24 15.93 7.13 0.58 4.11 
Ba 54 83.62 94.48 89.44 2.10 3.00     3.36   
Sc 54 39.18 47.11 42.36 2.10 0.72 1.97 2.72 1.71 4.64 
Zr/Y 54 4.46 4.55 4.51 0.02 0.02     0.49   
Nb/Zr 54 0.10 0.11 0.11 0.00 0.00 0.00 1.75 0.51 0.89 
La/Yb 42 3.91 4.07 3.99 0.04 0.03 0.03 0.90 0.83 0.75 
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Table 2.5. Geochemical variability in tephra glass major elements. Data are electron probe analyses of 
glass from 3 different proximal vent tephra from the Laki lava flow. Based on these data, the value of 
s t/s r at which the null hypothesis is accepted is = 1.02 at the 99% confidence level, and = 0.9 at the 
95% confidence level, according to the method described in the text. Analyses highlighted in bold 
have s t/s r = 0.9. Table key is the same as for table 2.4.  
 

 n min max x  s o s r s t s t/s r P% V% 

SiO2 30 47.95 49.77 48.95 0.39 0.37 0.11 0.29 0.76 0.22 

Al2O3 30 12.47 13.23 12.81 0.15 0.09 0.12 1.28 0.72 0.92 

FeOT 30 13.84 15.16 14.23 0.32 0.19 0.26 1.32 1.37 1.80 

MgO 30 5.28 5.70 5.54 0.10 0.09 0.05 0.59 1.59 0.93 
CaO 30 9.32 9.77 9.63 0.10 0.07 0.07 1.03 0.69 0.71 

Na2O 30 2.21 3.05 2.74 0.14 0.08 0.11 1.35 3.02 4.09 

K2O 30 0.44 0.52 0.46 0.02 0.01 0.01 2.17 1.46 3.17 

TiO2 30 3.02 3.20 3.11 0.04 0.03 0.03 1.19 0.86 1.02 

MnO 30 0.22 0.28 0.25 0.01 0.03     12.72   

P2O5 30 0.38 0.48 0.43 0.02 0.04     9.68   

 

 

2.6.2 Error associated with high-precision XRF analyses 
 

A high-precision XRF technique was used to analyse whole-rock samples according to the method 

described in section A.1.2. The conclusions drawn in this study require that geochemical variation in 

the Laki whole-rock samples is true variation (s t) that exists beyond the effects of analytical noise. 

The method of Maclennan et al. (2003b) was used to estimate the effect of analytic noise introduced 

by incomplete mixing of the sample powder before sample preparation, or heterogeneous 

contamination, on s t. Five of the samples (LAK04, LAK10, LAK13, LAK18 and LAK26) were 

prepared as two pressed powder pellets that were analysed 4 times each, giving a total of 40 analyses 

per element. The 8 repeats on each sample were used to calculate s rs, a precision estimate that 

includes machine noise, plus heterogeneity imparted to the sample during preparation for analysis. 

The 4 repeats on each pellet were used to calculate s rp, which estimates machine noise only. The 

variability between different pellets of the same sample, s h, is an estimation of heterogeneity imparted 

to the sample during preparation for analysis only, and is estimated by 222
rprsh σσσ −= . The true 

variation, s t* was recalculated using ( ) ( )22
rso σσ − . Table 2.6 shows s t*/s rs in comparison to s t/s r 

(as calculated in table 2.4). For all elements the value of s t*/s rs is smaller than the value of s t/s r, 

which is due largely to the smaller sample size under consideration. The value of s t*/s rs is always, 

however, >1.77 except for Ba and Rb. This finding reinforces the conclusion that geochemical 

variability between different Laki whole-rock samples is significant beyond the effects of analytical 

noise. 
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Table 2.6. Variability in Laki whole-rock samples to show the effects of heterogeneity imparted to the 
sample during preparation for analysis. The mean and standard deviation of the 5 samples were 
calculated from 4 repeat analyses on 2 pellets of each sample, and are given as x and s o. The 
calculation of s rs, s rp, s h and s t* is described in the text. Those elements with s t*/s rs =1.77 are 
highlighted in bold. The value of s t/s r as calculated in table 5 is shown for comparison. 
 

Sample min max x  s o s rs s rp s h s t* s t*/s rs s t/s r 

Nb 19.40 20.30 19.86 0.30 0.10 0.10 0.01 0.28 2.89 4.01 

Zr 180.90 186.70 183.64 2.00 0.34 0.34 0.06 1.97 5.75 8.38 

Y 39.90 41.30 40.62 0.38 0.17 0.17 0.05 0.34 1.95 3.48 

Sr 232.60 237.20 234.67 1.57 0.35 0.30 0.17 1.53 4.40 7.44 

Rb 7.70 8.40 8.03 0.19 0.18 0.17 0.05 0.08 0.43 - 

Zn 115.20 130.70 124.07 5.20 0.96 0.69 0.67 5.11 5.30 6.46 

Cu 91.50 98.40 95.20 2.14 0.61 0.57 0.23 2.05 3.35 8.15 

Ni 37.50 43.00 39.98 1.47 0.55 0.49 0.25 1.37 2.48 4.65 

Cr 59.50 73.40 65.04 3.88 0.86 0.71 0.50 3.78 4.37 6.82 

V 366.00 399.30 386.52 11.34 2.24 2.32 - 11.11 4.97 7.13 

Ba 78.40 96.00 85.45 3.48 2.87 2.73 0.91 1.96 0.68 - 

Sc 39.90 45.20 42.38 1.55 0.72 0.73 - 1.38 1.90 2.72 
 

2.6.3 Geochemical variation within the vertical thickness of a single flow lobe 
 

The following section explores the effect on the whole-rock composition of sampling from different 

portions of a single Laki flow lobe at Eldvatnsbrú. Twelve samples were collected from the vertical 

thickness of the flow at 5 to 45 cm spacings (figure 2.8). Given the relatively small-scale variations 

shown in the trace element concentrations (table 2.4; figure 2.11), it is important to show that there 

was no physical segregation of elements within the flow lobe as it cooled and continued to crystallise 

that may have affected the whole-rock compositions.  

 The architecture of a lava flow is complex. Flows are often emplaced as one morphological 

type of lava (e.g. thin pahoehoe lobes), which may then show a rapid transition into something else, 

usually in response to changing magma supply rates or change in slope angle. In cross-section, it is 

often difficult to distinguish individual flow lobes from one another as they frequently merge and 

suture together. Consequently, a lava flow may be composed of several lobes throughout its vertical 

thickness, and each lobe will have its own architecture (e.g. Walker 1972; Hon et al. 1994). Most 

individual lobes at Laki consist of a massive, degassed interior, which may have columnar jointing if 

the flow was thick enough and left undisturbed for long enough to facilitate jointing. Above is the 

same thickness of entablature, where jointing has been disrupted by later flow. The very top and 

bottom surfaces of flows are highly vesicular, and may be comprised of rubble if the crust of the flow 

was continually disrupted during emplacement. Segregation, pipe- and mega-vesicles form during 

cooling and crystallisation of the flow as gas continues to segregate from the lava and migrate towards 

the surface. Figure 2.8 shows a schematic representation of the Eldvatnsbrú flow lobe, which shows 

such features. Laki exhibits some of the most morphologically diverse lava flows of any basaltic 
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eruption (Guilbaud et al. 2005) and, at 14.7 km3, was an extremely voluminous lava flow (Thordarson 

and Self 1993). The samples collected for this study have all been carefully selected in an attempt to 

adequately characterise it, sampling from proximal and distal portions of the flow and only selecting 

samples that had low vesicularity, contained unaltered phenocrysts and fresh black glass, and were 

isolated from nearby large vesicles or cracks. Lava samples were taken where possible from the non-

vesicular interior of flows. By contrast, at Eldvatnsbrú the entire vertical thickness of the flow lobe 

was sampled. 

 Thick lava flows can be affected by in-situ chemical differentiation as they cool. Philpotts 

and Philpotts (2005) show that in the central portion of a 40 m thick Columbia River Flood Basalt 

(CRFB) flow, crystal compaction and consequent migration of evolved interstitial liquids occurs as 

the flow cools and solidifies over a period of years, explaining ‘z-shaped’ profiles in incompatible 

trace elements such as Ti, which are depleted in the compaction zone (colonnade) and enriched in the 

dilation zone (entablature). Their study shows that modelled compaction and dilation estimates are in 

good agreement with variations in the amount of residual melt in the vertical thickness of the flow, 

and closely match the vertical compositional stratifications within the flow. Lava flows produced at 

Laki were much thinner than those modelled by Philpotts and Philpotts (2005), typically around a few 

metres thick (Guilbaud et al. 2005), and consequently cooled and solidified a lot faster. The thickness 

of the lava flow crust can be used to calculate how long the flow would have been inflating prior to 

complete solidification. The equation of Hon et al. (1994), derived using geologically analogous 

recent flows at Kilauea, Hawai’i, was used to estimate how long the Eldvatnsbrú flow lobe was 

inflating for prior to solidification: 

 t = 164.8C2 [2] 

where t is time in hours, and C is the thickness of the lava crust in metres. From this equation it is 

estimated that the Eldvatnsbrú flow lobe was inflating for just 2 weeks prior to complete 

solidification, whereas 40 m thick CRFB flows may have taken more than 30 years to cool. Samples 

from Eldvatnsbrú also do not demonstrate any of the textural compaction features seen in the thick 

CRFB flows. Figure 2.9 shows signal-to-noise ratios for major and trace elements for all 54 samples 

from the study set in comparison to those from just Eldvatnsbrú. As discussed previously, the signal-

to-noise ratio is an indicator of the statistically significant chemical variation within a sample set. 

Elements with signal-to-noise ratios <1.77 show small observed variations in concentration that are 

within analytical error. For almost all elements, the signal-to-noise ratio within the single flow lobe at 

Eldvatnsbrú shows that the compositional variation seen within this lobe is statistically significant, but 

is considerably smaller than that of the entire flow. Despite the obvious morphological distinctions 

within a single flow lobe, the composition of the lobe remains largely unaltered throughout its 

thickness. The geochemical variations in the Laki whole-rock composition are therefore not a product 

of poorly-constrained vertical sampling. 
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Figure 2.8. Schematic to show the architecture of the flow lobe at Eldvatnsbrú. The approximate 
locations of each sample and their heights above the base of the flow are indicated on the left hand 
side. The photo to the right shows the outcrop at Eldvatnsbrú, where the red lines indicate the 
approximate morphological transitions as indicated on the schematic. 
 
 

 
 

Figure 2.9. Comparative signal-to-noise ratios (s t/s r) for major element oxides, trace elements and 
trace element ratios, for all Laki whole-rock samples and those from a vertical section through a single 
flow lobe at Eldvatnsbrú. A missing column indicates that the element variation within the sample 
was smaller than the ‘noise’ i.e. that the measured standard deviation of the sample set was smaller 
than the standard deviation of repeat analyses on the same sample. The critical value of s t/s r is shown 
as a solid grey line. 
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2.7 Whole-rock XRF data 
 

Results from high-precision XRF major- and trace-element analyses of Laki basalt show that small-

scale variations exist in major- and trace-element concentrations and trace element ratios between 

samples from different lateral locations of the lava flow, and that this variation exists outside of 

analytical error (table 2.4 and 2.5). This section investigates the variation in major and trace element 

concentrations in the whole-rock samples in more detail.  

 

2.7.1 Major elements 
 

Figure 2.10 shows major element co-variation plots for Laki whole-rock lava compositions and Laki 

glass compositions. The major-element variability measured between whole-rock samples from a 

single flow lobe is smaller than the variability of the whole-rock samples from across the flow, as 

demonstrated by the fact that the Eldvatnsbrú analyses plot in a small cluster within the Laki data 

cloud for all the element pairs shown. The compositions of other Laki glasses measured by other 

authors are shown on figure 2.10 for comparison to data collected for this study. Vent tephra is the 

erupted liquid composition, which is rapidly quenched at the moment of eruption. Lava selvages are 

the glassy rinds that form on the surfaces of exposed lava flows as they cool slowly and crystallise. In 

comparison to the whole-rock compositions, both vent tephra glasses and lava selvages are relatively 

enriched in elements that have low compatibility in plagioclase, clinopyroxene and olivine (e.g. K and 

Ti). The grey line shows that the relationship between the average Laki vent tephra composition and 

the lava selvages can be largely explained by ~10-25 % subtraction of a basaltic mineral assemblage, 

where the composition and proportions of phenocrysts in that solid are modelled on average Laki 

compositions and proportions. This finding is the same as that of Guilbaud et al. (2007) who show 

that there is a distinct gap in MgO content between tephra glasses (5.4 -5.6 wt % MgO) and glassy 

lava selvages (4.3 - 5.0 wt % MgO), both of which are more evolved than the average whole-rock 

composition (5.75 ± 0.01 MgO wt %). They used least-squares calculation to show that this MgO gap 

was attributable to 8-11 vol% groundmass crystallisation of a basaltic phase assemblage from the 

average whole-rock composition to form the tephra.  

 The black line in figure 2.10 shows the effect of accumulating a bulk solid with the average 

composition and crystal proportions of the Laki whole-rock into the average tephra composition. 

Some of the compositional whole-rock variation can be explained by between 5 and 10 % 

accumulation of this basalt. There is, however, considerable scatter in the Laki whole-rock 

composition data perpendicular to the crystal accumulation trend. For example, figure 2.10b shows 

that when Laki whole-rock compositions vary in wt % MgO between ~5.6 - 5.8 there is a 

corresponding variation in Al2O3 of 13.4 - 14.4 wt %, which cannot be explained by simple crystal 

accumulation trends. 
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Figure 2.10. Major element trends for Laki whole-rock compositions. Grey-filled diamonds are Laki 
lava whole-rock compositions and red-filled diamonds are lava whole-rock compositions from a 
single Laki flow lobe at Eldvatnsbrú. Open diamonds are Laki tephra glass analyses. Blue open 
diamonds are vent tephra and blue crosses are lava selvages, both from Guilbaud et al. (2007). Green 
open circles are Laki matrix glasses from Metrich et al. (1991). The black line shows the effect of 
adding a solid composed of 54.1 % plagioclase, 34.6 % clinopyroxene and 11.3% olivine to an 
average tephra composition (blue-filled diamond, sample 22-08-83; Guilbaud et al., 2007) in 5% 
increments (black squares) from 0 to 20 %, where the phenocryst proportions are the average of the 
Laki lava samples and are known from point counting and the composition of the accumulated solid 
was calculated from the average Laki phenocryst core compositions, as measured by electron probe. 
The grey line shows the effect of subtracting the same solid composition from the same tephra sample 
in 5 % increments (grey squares). Errors are based on repeat analyses on unknowns and are smaller 
than the data points. 
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2.7.2 Trace elements 
 

Similarly to the major element data, the variation in trace element concentrations and ratios measured 

in whole-rock samples from Eldvatnsbrú is smaller than the variation seen between Laki whole-rock 

samples from different lateral locations. No trace element data were collected from tephra glasses in 

this study. A fractional crystallisation trend line showing the effect on the whole-rock trace element 

concentrations of crystallisation of a basaltic mineral assemblage in 0.01 fractions (1% increments) is 

shown in figure 2.11. The starting point for the calculations is LAK28, the sample with the lowest 

concentrations of incompatible trace elements. This sample also has the highest Mg# of all the whole-

rock samples analysed, 44.5, in comparison to the total range across all the samples of 42.5 - 44.5, and 

this high Mg# reflects the high proportion of accumulated olivine in this sample. Bulk distribution 

coefficients were calculated for incompatible trace elements using the average proportions of 

phenocrysts in the whole-rock samples (known from point-counting) and partition coefficients 

appropriate for each element and the melt composition (Hart and Dunn 1993; Bedard 2005; Aigner-

Torres et al. 2007), where bulk KDNb = 0.009; KDZr = 0.048; KDY = 0.287; and KDSr = 1.05. These 

simple fractional crystallisation models fail to explain the variation seen in whole-rock Sr 

concentrations, or whole-rock Nb/Y. Nb and Y are both very incompatible in basaltic mineral phases, 

hence Nb/Y is not affected by small amounts of fractional crystallisation. Interestingly, there is no 

correlation at all between the Laki whole-rock Nb/Y and Zr concentrations, yet there is a well-defined 

negative correlation between whole-rock Nb/Y and Sr. This relationship indicates that the varying 

concentrations of Sr in the whole-rock compositions that are likely to be controlled by the presence of 

plagioclase in the samples are also linked to the Nb/Y composition, which is not controlled by crystal 

accumulation or fractionation. Whatever process is controlling the whole-rock compositional variation 

therefore must be linked to crystal accumulation, but crystal accumulation alone doesn’t explain the 

correlation between whole-rock Sr and Nb/Y. For information, all other major- and trace-element 

correlations are shown in a matrix of R2 values in table 2.7. 
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Figure 2.11. Fine-scale trace-element variations in whole-rock basalt samples from Laki, as measured 
by XRF spectrometry. Error bars show 1s  relative precision based on repeat measurements on 
standards. Grey-filled diamonds are Laki whole-rock compositions and red-filled diamonds are 
Eldvatnsbrú whole-rock compositions. The solid black line is a linear regression line for all the 
analyses, and the equations and regression coefficients refer to this line. The large black-filled 
diamond is LAK28, the sample with the lowest concentrations of incompatible trace elements. The 
small black-filled diamonds represent fractional crystallisation of 1% of a basaltic mineral assemblage 
from LAK28.  



 

 

 

 

 

 

Table 2.7. Matrix of R2 values for co-varying element pairs measured from Laki whole-rock samples by XRF spectrometry. Only elements with s t/s r values = 1.77 are 
shown. R values were calculated using equation 7 of Slater et al. (2001). Correlations where R2 values are = 0.6 are highlighted in a larger font in bold. Correlations 
where R2 values are = 0.2 are highlighted in a smaller font in italics.  
 

 Nb Zr Y Sr Zn Cu Ni Cr V Sc SiO2 Al2O3 FeOT MgO CaO Na2O K2O TiO2 Nb/Y 
Nb 1.00                   
Zr 0.74 1.00                  
Y 0.60 0.91 1.00                 
Sr 0.66 0.30 0.19 1.00                
Zn 0.65 0.22 0.13 0.82 1.00               
Cu 0.11 0.02 0.00 0.35 0.29 1.00              
Ni 0.09 0.01 0.03 0.48 0.50 0.60 1.00             
Cr 0.05 0.33 0.46 0.04 0.06 0.11 0.49 1.00            
V 0.71 0.33 0.20 0.90 0.90 0.34 0.44 0.02 1.00           
Sc 0.48 0.15 0.10 0.83 0.78 0.47 0.65 0.09 0.85 1.00          
SiO2 0.01 0.02 0.00 0.00 0.06 0.02 0.01 0.01 0.01 0.03 1.00         
Al2O3 0.20 0.62 0.62 0.01 0.00 0.02 0.24 0.68 0.02 0.01 0.08 1.00        
FeOT 0.48 0.81 0.84 0.14 0.10 0.00 0.07 0.56 0.16 0.05 0.00 0.80 1.00       
MgO 0.09 0.00 0.00 0.15 0.19 0.13 0.29 0.20 0.14 0.23 0.02 0.31 0.09 1.00      
CaO 0.65 0.67 0.65 0.43 0.29 0.10 0.01 0.21 0.43 0.28 0.03 0.33 0.51 0.03 1.00     
Na2O 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.26 0.06 0.02 0.19 0.03 1.00    
K2O 0.49 0.76 0.68 0.11 0.09 0.01 0.05 0.39 0.15 0.03 0.03 0.66 0.69 0.03 0.49 0.01 1.00   
TiO2 0.60 0.93 0.91 0.21 0.14 0.00 0.04 0.48 0.21 0.08 0.01 0.75 0.94 0.03 0.60 0.02 0.74 1.00  
Nb/Y 0.41 0.04 0.00 0.57 0.71 0.21 0.50 0.23 0.62 0.51 0.02 0.06 0.00 0.25 0.09 0.01 0.01 0.00 1.00 
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2.7.3 Limited geochemical variation in the Laki carrier melt 
 

So far it has been established that statistically significant compositional variation exists in the major- 

and trace-element concentrations of the whole-rock samples. The whole-rock is, however, a bulk 

composition that represents a mixture of glass, groundmass phases, and varying proportions of 

phenocrysts. By comparison, tephra glasses are rapidly quenched at eruption, which prohibits the 

growth of groundmass crystals. Measuring the (crystal-free) tephra glass composition is therefore 

analogous to measuring the bulk groundmass composition. Because tephra glass analyses are single 

electron probe points rather than a bulk analysis they represent the melt composition at the time of 

eruption without compositional input from the phenocrysts. Theoretically, tephra whole-rock samples 

should contain the same number of phenocrysts as the lava whole-rock samples, but this was difficult 

to verify with point-counting as the tephra samples are highly vesicular ( x = 67% vesicles) and a 

single thin section does not provide enough material to make point-counting statistically significant. 

 The composition of vent tephra glass from 3 proximal vent samples has been measured by 

electron microprobe. The range in MgO wt % in the tephra glasses is 5.28 - 5.70 (± 0.1 absolute at 

1s ). Guilbaud et al. (2007) found the same compositional range in the Laki tephra glasses, and 

showed that they contain only a very small proportion of groundmass crystals (4-7 volume %). 

Groundmass crystals were not point-counted for this study and it is assumed that the tephra samples 

have no groundmass crystals. Figure 2.12 shows that the major-element concentrations in the glass are 

much less variable than they are in the whole-rock for most elements, except K2O, which shows 

similar variability to the whole-rock compositions. The carrier melt that transported the phenocryst 

cargo to the surface during the eruption was therefore homogeneous in comparison to the whole-rock. 

Phenocrysts in the whole-rock samples must therefore play a significant role in controlling the 

chemical variation in the whole-rock. The processes that control whole-rock variation will be explored 

in the subsequent section.  

 Note that the signal-to-noise ratio for the tephra glass is >0.9 for all elements measured, 

(except SiO2 and MgO; see table 2.5), meaning that the variation in these elements is significant 

beyond the effects of analytical noise. Compositional variation therefore exists in the carrier melt, but 

is not as pronounced as compositional variation in the whole-rock compositions.  
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Figure 2.12. Signal-to-noise ratio (s t/s r) calculated for major element concentrations of Laki whole-
rock samples (from XRF spectrometry), in comparison to Laki tephra glasses (from electron probe). 
The signal-to-noise ratio is calculated as in table 2.4 and 2.5, and the critical value of s t/s r is shown as 
a dashed black line for the tephra samples and a solid grey line for the whole-rock samples. MnO and 
P2O5 have poor reproducibility on the electron probe for glass analyses, and are excluded here. 
 

2.7.4 Isotopic homogeneity in Laki whole-rock samples 
 

Radiogenic isotope ratios can be used to describe the amount of variation within the whole-rock that is 

inherited from the mantle as they are largely unaffected by processes occurring in crustal magma 

reservoirs, such as fractional crystallisation. Disentangling variation that is inherent from the mantle 

from that which is superimposed on the melt by crustal modification processes is important when 

interpreting the geochemical evolution of the melt reservoir. Figure 2.13 shows that there is a limited 

range in the whole-rock 87Sr/86Sr (0.70323 - 0.70331), which is independent of the total mass fraction 

of crystals within the sample (figure 2.13c). Geochemical variation in the Laki whole-rock is therefore 

unlikely to be dominated by mantle source heterogeneities, and must be controlled by processes 

operating in the magma reservoir. Whole-rock 87Sr/86Sr variation is independent of the incompatible 

trace element concentration of the whole-rock samples (Nb) and compatible trace element 

concentrations (Sr), indicating that the small-scale variation in this ratio is not due to crystallisation. 
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Figure 2.13. Sr isotope values for Laki whole-rock samples measured by TIMS. a) Showing variation 
with whole-rock Nb concentrations. b) Showing variation with whole-rock Sr concentrations. c) 
Showing variation with the total mass fraction of phenocrysts in each sample, as determined by point-
counting. Error bars on the y-axis show 2s  instrumental standard error. Error bars on the x-axis show 
1s  absolute precision and are smaller than the data points for Sr. 
 

2.8 Petrological descriptions of Laki samples 

2.8.1 Phenocrysts, xenocrysts, and antecrysts  
 
The terms phenocryst, xenocryst and antecryst were defined in section 2.2.3. As discussed previously 

the term phenocryst has been used up to this point in a purely textural sense, and does not imply any 

interpretation of the crystal growth history. Groundmass crystals are defined as those that are smaller 

in their longest axes than the criteria defined for a phenocryst in table 2.3. Using these criteria means 

that phenocrysts that may have grown in the conduit, and are consequently smaller than the 

phenocrysts that formed in the magma reservoir, have been excluded from the point-counting results. 

The result is potential underestimation of the number of phenocrysts hosted in the Laki whole-rock 

samples, but in practice this problem would be almost impossible to resolve without analysing every 

single crystal in each sample. False-colour back-scattered electron SEM images clearly show that 

phenocrysts are compositionally graded from cores to rims, and electron probe analysis shows that 
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this zoning is generally normal as crystal cores are more calcic and magnesian than rims (figure 2.14). 

It is possible that this zonation represents diffusion between the crystal rims and the surrounding 

carrier melt during cooling. This process may particularly affect olivine and clinopyroxene, which 

show smooth core to rim compositional transitions consistent with diffusion profiles (Figure 2.14b 

and c), in contrast to plagioclase, which shows a sharper compositional transition between core and 

rim (e.g. LAK06plg2, figure 2.14a). For consistency, electron probe analyses of crystals were made at 

the cores and rims, and it is the core analyses that are used in this study.  

 The relationship between olivine phenocrysts and the carrier melt that hosts them is 

investigated in greater detail here. The forsterite contents (Mg/Mg+Fe, molar values) of olivine 

phenocryst cores from Laki samples have been measured using an electron probe and range from Fo67 

to Fo86 mol %. The partitioning of iron and magnesium between liquid and olivine in a basaltic melt is 

largely independent of temperature, where Kd
lqol
MgFe

−
− = 0.3 ± 0.03 at equilibrium (Roeder and Emslie 

1970), and the effect of pressure on the calculated Kd is small enough to be ignored (Takahashi and 

Kushiro 1983). This information can be used to calculate the composition of an olivine in chemical 

equilibrium with a given melt composition. Partitioning of iron and magnesium between liquid and 

olivine varies as a function of the Mg content of the liquid, where Kd
lqol
MgFe

−
− ranges from 0.265 in melts 

with 5 wt % MgO, to ~0.35 in melts with >20 wt % MgO (Herzberg and O'Hara 2002). The average 

Laki whole-rock composition contains 5.75 wt % MgO giving a calculated Kd
lqol
MgFe

−
− of 0.33 using the 

method of Ford et al. (1983) and assuming that all Fe measured from the electron probe is Fe2+. Using 

this Kd value, olivine in chemical equilibrium with the average Laki whole-rock composition is Fo72.2. 

For comparison, using the average Kd
lqol
MgFe

−
− of 0.3, as calculated by Roeder and Emslie (1970), olivine 

in chemical equilibrium with the average Laki whole-rock composition is Fo74.0. The composition of 

Laki glass was measured for this study from air-quenched tephra samples using an electron 

microprobe. The glass has 5.43 wt % MgO on average, giving an equilibrium Kd
lqol
MgFe

−
− of = 0.33, and 

equilibrium olivine composition of Fo71.8, or of Fo73.7 if Kd
lqol
MgFe

−
− of = 0.3 is used. Of 268 olivine 

phenocryst cores measured, 244 have molar forsterite values Fo>72.1, meaning that ~90% of the large 

olivine crystals are too magnesian to be in chemical equilibrium with the average whole-rock 

composition, and are either xenocrysts or antecrysts. It is tempting to dismiss such crystals as 

xenocrysts. However, studies of other lava flows across Iceland repeatedly show the same pattern of 

disequilibrium between the whole-rock composition and the olivine crystal cargo. Maclennan (2008a) 

uses the trace element concentrations of olivine-hosted melt inclusions to show that although olivine-

melt disequilibrium is common in Icelandic basalts, the average trace element concentrations of the 

melt inclusions are similar to the average whole-rock composition, meaning that the olivine crystals 

grew from a liquid chemically related to that of the whole-rock. These crystals should therefore not be 

considered xenocrysts, but neither are they true phenocrysts, and in this situation the term antecryst is 
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appropriate to describe the relationship between with crystals and the whole-rock composition. 

Recognising a crystal as a xenocryst or antecryst is difficult in Iceland, as magma reservoir wall-rocks 

are composed of young plutonic rocks made up of crystals that may have very similar compositions to 

those grown within the Laki magma reservoir. Without further analysis, it is impossible at this stage to 

distinguish between the different crystal types. Study of the phenocryst-hosted melt inclusions from 

the Laki samples would reveal whether or not these crystals are xenocrysts or antecrysts, and is the 

subject of chapter 3. 

 

 
 

Figure 2.14. a) Electron probe transect analyses from the core to rim of three zoned plagioclase 
phenocrysts. b) False-colour back-scattered electron SEM image of a zoned olivine crystal, with the 
compositional analyses shown to the right. c) False-colour back-scattered electron SEM image of a 
zoned clinopyroxene crystal, with the compositional analyses shown to the right. 
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2.8.2 Petrological descriptions of whole-rock samples 
 

Lava whole-rock samples from Laki are porphyritic to seriate, olivine-bearing quartz-normative 

tholeiites, with varying proportions of forsteritic olivine, calcic plagioclase and augitic pyroxene 

phenocrysts, and variable vesicularity. Phenocrysts in Laki basalts occur either as lone crystals (figure 

2.5a, c and e) or within glomerophyric clusters, which may contain multiple crystals of the same phase 

(figure 2.5b), or a mixture of two or three phases (figure 2.5d and f). In general, both types of 

phenocryst share the same size range though there are some minor textural variations between the two 

types. Lone olivine phenocrysts tend to be larger than those grown in glomerophyric clusters (figure 

2.5e and f), whereas lone clinopyroxene phenocrysts tend to be smaller than those in glomerophyric 

clusters (figure 2.5c; d and f). Phenocrysts of clinopyroxene are often associated with elongate 

phenocrysts of plagioclase, forming ophitic glomerocrysts (figure 2.5d). Plagioclase phenocrysts also 

tend to form clumps, which can be up to 7mm across (figure 2.5b). The minor textural differences 

between the two types of phenocryst may mean that they crystallised under different conditions; for 

example, glomerophyric clusters may represent clumps of cumulates that are not in chemical 

equilibrium with the Laki melt, and lone crystals may represent equilibrium phenocrysts that grew 

from the Laki melt. To investigate this idea, the compositions of lone phenocryst cores and 

glomerophyric phenocryst cores were measured by electron probe. Across the two phenocryst types, 

plagioclase cores range in composition from An74 to An93, clinopyroxene from Mg# 67-81 and olivine 

cores from Fo68 to Fo86 (An = (Ca/(Ca+Na))*100, where Ca and Na are molar values; Mg# and Fo = 

(Mg/(Mg+Fe2+))*100, where Mg and Fe are molar values; see glossary, C.2). Almost the entire range 

in both plagioclase and olivine crystal core compositions were measured from crystals from single 

sample locations, as indicated by the dashed grey line on figure 2.15. There is, however, no marked 

compositional difference between phenocrysts that occur within glomerophyric clusters and those that 

occur alone (figure 2.15), indicating that both types of phenocryst may have crystallised from melt of 

a similar composition. There is however a marked compositional difference between groundmass 

crystals, defined as those that fall below the size ranges indicated for phenocrysts in table 2.3, and 

phenocrysts. Groundmass crystals of olivine and plagioclase are compositionally distinct from both 

types of olivine and plagioclase phenocryst. Groundmass crystals of clinopyroxene fall within the 

compositional range of the clinopyroxene phenocrysts, and it is possible that some of these apparent 

groundmass crystals are in fact small phenocrysts that grew in the conduit prior to eruption. The 

petrological observations made for this study are similar to those made by Guilbaud et al. (2007). 
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Figure 2.15. Histograms to show core compositions of glomerophyric phenocrysts (colour-filled bars), 
lone phenocrysts (open bars) and groundmass crystals (black-filled bars) for each of the three crystal 
phases present in Laki basalt. The x-axis can be read as mol % anorthite, Mg# or mol % forsterite. 
GPh indicates the number of glomerophyric phenocrysts, LPh is the number of lone phenocrysts and 
Gm is the number of groundmass crystals. Unknown indicates the number of crystal analyses where 
the phenocryst type was not known, either because it was not recorded at the time of analysis or 
because the analysis was from a crystal that had been picked from a crush and mounted in a resin 
block; these analyses are not shown in this figure but are used in figure 2.26b. The grey dashed lines 
show the maximum range in crystal core compositions measured within a single sample, where the 
sample number is indicated at the end of the line.  
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2.8.3 Modal crystal proportions 
 

There are significant variations in vesicularity, phenocryst abundance and relative proportions of 

phenocrysts across the 50 samples that were point-counted. Table 2.8 shows the average phenocryst 

proportions in each type of sample. The full data-set is given in table B.4. The total average volume of 

all phenocryst phases in the lava was calculated on a vesicle-free basis and varies from 5.0 to 33.0% 

( x = 11.5%; 1s  = 6.1%). A previous study estimated an average phenocryst volume for Laki basalt of 

9% (Grönvold 1984). Relative proportions of phenocrysts vary between different lavas, with 

plagioclase consistently being the dominant phase. Type 1 lavas contain fewer phenocrysts on average 

than type 2 lavas, which in turn contain fewer phenocrysts than type 3 lavas. Type 3 samples therefore 

have the coarsest groundmass texture and also have the greatest number of counted phenocrysts. It 

may be speculated that some of the groundmass crystals have been erroneously counted as 

phenocrysts in type 3 samples, however, later modelling of whole rock trace element concentrations 

against proportions of phenocrysts shows that the linear trends produced are the same regardless of 

sample type (see section 2.10). The fact that type 3 samples contain more crystals than type 1 or type 

2 samples is therefore a true reflection of the texture of these samples. This assertion is supported by 

the observation that relative proportions of phenocrysts do not vary according to sample type. The 

average phenocryst proportion across all the samples is as expected for a basaltic liquid crystallising at 

the low pressure eutectic of ~55% plagioclase, 30% clinopyroxene and ~15% olivine (figure 2.16). 

 

 

Table 2.8. Averaged phenocryst point-counting results for Laki whole-rock samples, where plg is 
plagioclase, olv is olivine, cpx is clinopyroxene and crys is all phenocrysts. The results for all samples 
are split up by textural type (1, 2 and 3) and then by sample type (lava and tephra). Standard 
deviations are shown as 1s  absolute percentages. n is the number of samples point-counted. DRE 
stands for dense-rock equivalent, where the vesicle counts have been removed from the total counts. 
Crystal mass percentages were calculated using the densities given in brackets (g/cm3) in column one 
for each mineral type.  
 

 all 1s   type1 1s  type2 1s  type3 1s   lava 1s  tephra 1s  
n 50   17  27  6   47  3  
vesicle % 19.5 15.6  24.9 19.2 15.6 9.6 21.8 22.8  16.5 9.8 67.4 8.9 
               
plg% DRE 6.7 4.2  4.9 2.2 6.4 3.5 13.1 6.0  6.5 4.3 9.4 1.7 
olv% DRE 1.1 0.7  0.9 0.7 1.1 0.6 2.0 0.5  1.1 0.7 1.4 1.2 
cpx% DRE 3.6 1.8  2.8 1.1 3.5 1.4 6.5 2.2  3.6 1.7 4.7 2.5 
total % crys DRE 11.5 6.1  8.6 3.4 11.0 4.8 21.6 7.9  11.2 6.2 15.4 4.1 
total min 5.0   5.0  6.3  12.5   5.0  12.7  
total max 33.0   16.1  26.0  33.0   33.0  20.1  
               
plg mass% (2.7) 6.6 4.2  4.9 2.2 6.4 3.5 12.8 5.9  6.5 4.2 9.2 1.7 
ol mass% (3.3) 1.4 0.9  1.1 0.8 1.3 0.8 2.4 0.6  1.4 0.8 1.6 1.5 
cpx mass% (3.2) 4.2 2.1  3.3 1.3 4.1 1.6 7.5 2.6  4.2 2.0 5.4 2.9 
total crys mass% 12.3 6.4  9.3 3.6 11.8 4.9 22.8 8.1  12.0 6.4 16.3 4.6 
               
plg vol%  56.8   56.7  56.3  59.5   56.5  62.3  
ol vol% 11.1   11.2  11.1  10.8   11.2  9.2  
cpx vol% 32.1   32.1  32.7  29.7   32.3  28.5  
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Figure 2.16. Ternary plot of relative proportions of plagioclase (plg), olivine (olv) and clinopyroxene 
(cpx) phenocrysts in Laki basalt samples, as measured by point-counting. The larger figure is an 
enlargement of the grey-shaded region on the inset diagram. Pink-filled circles represent type 1 lavas, 
green-filled are type 2 and blue-filled are type 3. The three type 1 symbols with cross-hairs are tephra 
samples. The black diamond represents the average of all samples, and the open diamond represents a 
low-pressure eutectic basaltic crystallisation assemblage.  
 

2.9 Processes capable of producing the whole-rock trace element variation 
 

The preceding sections showed that small-scale variation in trace element concentrations and ratios 

exists between different samples taken from different locations across the Laki lava flow, and that for 

most elements these variations existed beyond the effects of analytical noise. The compositional 

variation measured laterally between different samples is also much larger than that measured 

vertically within a single flow lobe, which suggests that compositional variation is not a function of 

poorly-constrained vertical sampling. Given these deductions, it is likely that the whole-rock 

compositional variation is caused by processes occurring within the magma reservoir. The relationship 

between Laki vent tephra glasses and Laki lava selvage glasses can be explained by fractional 

crystallisation as groundmass crystallises. However, the variation within the whole-rock samples 

cannot be explained by this process as incompatible trace element ratios, which are not affected by 

small amounts of fractional crystallisation, are variable between different whole-rock samples. This 

variation represents the variable mantle melts that pooled and mixed to form the parental Laki melt, 

referred to as the Laki mixed melt from here on. The variation in incompatible trace element ratios 

was nearly completely destroyed by mixing, and the current variability in the Laki whole-rock 

composition must be explained by processes occurring in the magma plumbing system. Here, the 
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ability of simple crystal accumulation to produce this variability in the Laki whole-rock samples is 

explored. 

 The effect on the concentration of a perfectly incompatible and a perfectly compatible trace 

element in the whole-rock composition as the total fraction of phenocrysts varies can be simplified 

into three end member models (figure 2.17; the terms ‘equilibrium crystallisation’ and ‘fractional 

crystallisation’ are defined in the glossary, C.2): 

1. Perfect fractional crystallisation. The mass fraction of crystals remains permanently at zero. 

The concentration of the incompatible element steadily increases in the melt as crystals form 

and are immediately separated. The concentration of the compatible element steadily 

decreases in the melt as it partitions into crystals and is fractionated. 

2. Perfect equilibrium crystallisation. The bulk concentration of both the incompatible and 

compatible elements remains constant during melt crystallisation as there is no addition or 

removal of material from the system. 

3. Perfect crystal accumulation. The highest concentration of a strongly incompatible trace 

element (such as Nb) is found in the initial melt, where mass fraction of crystals = 0, and 

decreases linearly to 0 in the total solid as the mass fraction of accumulated crystals increases 

to 1.0. Conversely, the lowest concentration of a strongly compatible element is found when 

mass fraction of crystals = 0, and steadily increases towards the composition of the 

accumulated crystals when the mass fraction of accumulated crystals = 1.0. 

4.  

 

 
 

Figure. 2.17. Idealised end member models to show how the concentration of a) a strongly 
incompatible trace element and b) a strongly compatible trace element varies with mass fraction of 
crystals in the lava. The initial, crystal-free melt composition is indicated by the open circle. See text 
for discussion.  
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2.9.1 Modelling crystal accumulation alone into a single carrier melt  
 

Point-counting results and electron microprobe analyses of large phenocryst phases show that the Laki 

samples host a crystal cargo of plagioclase, clinopyroxene and olivine, which accumulated in the 

magma prior to eruption. The vesicularity and phenocryst content of the samples varies in a non-

uniform way across the lava flow. The effects of variable vesicularity have been accounted for by 

converting all point-counting data to a vesicle-free dense-rock equivalent (DRE). The following 

section shows the effect on the concentration of trace elements in the whole-rock compositions of 

adding variable amounts of accumulated phenocrysts into the Laki mixed melt.  

 The concentration of any element in a whole-rock sample can be calculated if the proportions 

and compositions of the crystal phases within the sample and the concentrations of the element in the 

groundmass are known. Crystal fractions for each sample were measured by point-counting. The 

concentrations of major elements were measured for whole-rock samples by XRF spectrometry and 

for crystal phases by electron probe. The concentration of specific elements in the groundmass, whole-

rock and crystals are related in the following way: 

Cwr = FolvColv + FcpxCcpx + FplgCplg + FgmCgm [3] 

where F is the fraction and C is concentration of the given phase and the subscripts wr, olv, cpx, plg 

and gm refer to whole-rock, olivine, clinopyroxene, plagioclase and groundmass respectively. 

Perfectly incompatible trace elements do not partition into crystal phases, hence: 

Cwr = FgmCgm 
=(1-Fcrys)Cgm 

[4] 
[5] 

where Fcrys is the total fraction of crystals in the sample. Rearranging equation 5 into an equation of a 

straight line gives: 

Cwr = Cgm - FcrysCgm [6] 

 

According to this equation, if crystal accumulation alone is controlling the concentration of the 

perfectly incompatible trace element in the whole-rock, then Cgm is the intercept when Fcrys is zero, and 

Cwr should be zero at Fcrys = 1, where -Cgm is the slope of the line. The concentrations of trace 

elements in each mineral phase were calculated using:  

Ccrys = CgmFcrysKdcrys [7] 

where Kdcrys is the partition coefficient between the crystal and melt appropriate to the melt 

composition. Figure 2.18 shows the outcome of this modelling for elements that are incompatible in 

basaltic crystal phases, and table 2.9 shows data used in these calculations. 
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Table 2.9. Data table for end-member crystal accumulation model shown in figure 2.18. The crystal 
fractions are the average of all point counts for all Laki samples. Cwr is the average Laki whole-rock 
composition as measured by XRF spectrometry. TiO2 and K2O were measured in crystal phases (Cplg, 

Ccpx, Colv) and glass (Cgm) using an electron probe. Calculated values are shown for comparison and 
are in good agreement with the compositions measured; nm = not measured. 
 

term origin TiO2 K2O Zr Nb 
Cwr XRF 2.75 0.42 184.80 19.82 
Cwr calc. equation 3 2.81 0.42 184.81 19.82 
Fplg point count 0.07 0.07 0.07 0.07 
Cplg  electron probe 0.03 0.05  nm nm  
Cplg calc. equation 7 0.00 0.00 0.42 0.01 
Fcpx point count 0.04 0.04 0.04 0.04 
Ccpx electron probe 0.97 0.00  nm nm  
Ccpx  calc. equation 7 1.07 0.00 0.89 0.00 
Folv point count 0.01 0.01 0.01 0.01 
Colv  electron probe 0.00 0.00  nm nm  
Colv calc. equation 7 0.00 0.00 0.08 0.00 
Fgm point count 0.88 0.88 0.88 0.88 
Cgm electron probe 3.16 0.47 nm  nm  
Cgm calc. equation 3 3.09 0.48 210.56 22.59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 (overleaf). Laki whole-rock incompatible trace element concentrations versus mass 
fraction of crystals in the sample. Figures a, c, e and g show linear regression trend lines fitted to Laki 
whole-rock data (thick black lines), and the equations in the top right corner of each figure refer to this 
line. The dashed red lines are the perfect crystal accumulation end member model for a perfectly 
incompatible trace element, and the equations in red in the bottom left corner of each figure refer to 
this line. Error bars are smaller than the data points for all analyses. Figures b, d, f and h are the same 
as figures a, c, e and g respectively, but with each sample colour-coded by type, where pink are type 1 
samples, green are type 2 and blue are type 3. The colour-coded equations in the top right-hand corner 
of each figure refer to the linear regression lines for each sample type. The black trend line is for all 
sample types. Error bars show 1s  precision based on repeat analyses and are generally smaller than 
the data points for concentration data. 
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The effect of crystal accumulation on the concentration of compatible trace elements was modelled by 

first correcting their concentrations within each whole-rock sample according to the proportions of 

phenocrysts within that sample. For elements that are compatible in the three crystal phases, equation 

3 can be expressed as: 

Cwr = FcrysCav + FgmCgm [8] 

where Cav is the average crystal composition in the sample. Re-arranging equation 8 into the equation 

of a straight line gives: 

Cwr - FcrysCav = FgmCgm 
= (1-Fcrys)Cgm 
= Cgm - FcrysCgm 

[9] 
[10] 
[11] 

Again, if crystal accumulation alone controls the variation in compatible elements, then a plot of Cwr - 

FcrysCav (y) against Fcrys (x) should give the concentration of the element in the groundmass as the y-

axis intercept (c) when the fraction of crystals is zero, and a slope of -Cgm (m).  

 The crystal accumulation end-member model is superimposed upon Laki whole-rock data for 

four incompatible elements in figure 2.18, and for three compatible elements in figure 2.19. In both 

cases a simple model of crystal accumulation fails to reflect the trends seen in the whole-rock data, 

hence crystal accumulation alone is not the sole force controlling the geochemical variation. Figure 

2.20 shows the whole-rock concentrations of elements compatible in plagioclase (Sr), clinopyroxene 

(Cr) and olivine (Ni) corrected for the concentration of those elements in the crystal fraction measured 

in each sample (CWR-FcrysCav), versus the total crystal fraction in each sample. Regression lines fitted 

to these data would have a slope of -Cgm and a y-axis intercept of Cgm if crystal accumulation alone 

were controlling the trace element variation, but this is not the case for Cr or Sr, even though Sr is 

enriched in the whole-rock relative to other trace elements due to the dominance of plagioclase in the 

phenocryst assemblage. The crystal accumulation trend line does fit the Ni whole-rock data better than 

either the Cr or Sr data, but there is considerable scatter in the Ni data, which show the least robust 

relationship with the total fraction of phenocrysts in the sample (R2 = 0.38). 
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Figure 2.19 (previous page). Models to show whole-rock compatible trace element concentrations 
modelled against the whole-rock mass fraction of the mineral in which the element shown is 
compatible. The asterisk after the element indicates that all data have been corrected according to the 
mass fraction of other types of crystals in the sample (e.g. plagioclase data were corrected for the 
abundance of clinopyroxene and olivine in each sample). Pink-filled diamonds are type 1 samples, 
green-filled are type 2 samples and blue-filled are type 3 samples. Figures a, c and e show the effect of 
crystal accumulation on the whole-rock trace element concentrations. The thick black line is a linear 
regression line for the Laki whole-rock data. White-filled diamonds are the compositions of the total 
solid (the mineral phase) measured by electron probe for clinopyroxene and olivine, and by TIMS of 
feldspar separates for plagioclase. The dashed red line and small red diamonds model addition of the 
crystal phase in increments of 5%, where the crystal composition used is indicated by the white-filled 
diamond (for plagioclase the average of the TIMS measurements was used). The starting composition 
for the crystal addition model is the y-axis intercept when the percentage of crystals is zero, as 
calculated from the linear regression trend line. Error bars for the crystal compositions are generally 
smaller than the data points. Figures b, d, and f are the same as a, c and e respectively, where the data 
have been colour-coded by sample type, and a linear regression line fitted to the data of each sample 
type. Red and black trend lines are as before. For figures b, d and f error bars were calculated for each 
individual sample. Error bars on the x axis show the maximum standard error in the estimate (SEE) 
based on multiple point-counts of the same sample. Error bars on the y axis are the combined 
maximum SEE based on multiple point-counts of the same sample. 
 
 
 

 
 
Figure 2.20. The concentration of compatible elements (Sr, Cr and Ni) in the whole-rock corrected for 
their concentration in accumulated crystals, versus the total fraction of crystals in the whole-rock 
sample. Pink-filled diamonds are type 1 samples, green-filled are type 2 and blue filled are type 3. The 
dashed red lines are the perfect crystal accumulation end member model and the equations in red at 
the bottom of each figure refer to this line. See text for discussion.  
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2.9.2 Modelling mush accumulation into a single carrier melt 
 
This section develops the ideas outlined in the previous section by showing the effect on Laki whole-

rock compositions of adding a mush with its own melt into the Laki mixed melt. The terminology 

used in the following section is defined in figure 2.21. 

 

 
 
Figure 2.21. Schematic diagram to show the process of adding a mush with its own melt to the Laki 
mixed melt. The terms defined are used to model this process with relation to whole-rock trace-
element concentrations in the following section. Note that quenched tephra glasses are analogous in 
composition to the bulk Laki groundmass (i.e. the Laki groundmass is Laki carrier melt that was given 
time to crystallise after eruption). 
 

The effects of addition of a crystal mush that contains its own liquid into the Laki mixed melt can be 

modelled for single elements using the equation: 

Cwr = FMcrysCMav + FgmCgm + FMmCMm [12] 
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where Fgm is the fraction of the Laki mixed melt, Cgm is the concentration within the Laki mixed melt 

of the element under consideration, FMm is the fraction of mush melt, CMm is the concentration within 

the mush melt of the element under consideration, and: 

FMcrysCMav = FMolvCMolv + FMcpxCMcpx + FMplgCMplg [13] 

where FM(mineral) is the fraction of that mineral within the mush, and CM(mineral) is the concentration 

within the mush mineral of the element under consideration. At this stage the assumption is made that 

the ratio of melt to crystals in the mush is constant: 

FMm = kFMcrys [14] 

Equation 12 can be expressed as: 

Cwr = FMcrysCMav + (1-FMcrys-Fmm)Cgm + FMmCMm [15] 

Incorporating equation 14 into equation 15 gives: 

Cwr = FMcrysCMav + (1-FMcrys-kFMcrys)Cgm + kFcrysCMm 

= FMcrysCMav + Cgm + FMcrys (kCMm -(1+k)Cgm) 
[16] 
[17] 

For a totally incompatible element CMav = 0, therefore: 

Cwr = Cgm + Fcrys (kCMm -(1+k)Cgm) [18] 

These equations were used to model the bulk composition of a mush that could mix with the Laki 

mixed melt, using the following assumptions. The bulk composition of the groundmass (Cgm) should 

be the same as the composition of the quenched tephra glasses, but no measurements were made of Nb 

and Zr in the glass. For consistency, the concentrations of TiO2, K2O, Zr and Nb in the groundmass 

were therefore estimated by extrapolating the linear regression lines in figure 2.18 back to the y-axis 

when x = 0 (i.e. the whole-rock composition with no contribution from phenocrysts). A plot of a 

completely incompatible element (i.e. Nb) against FMcrys will give Cgm as the y axis intercept when the 

fraction of crystals is zero (figure 2.22a and 2.23a). Equation 18 describes the linear trend lines fitted 

to these data, where the slope, m, is given by kCMm - (1+k)Cgm. Hence the gradient can be used to 

estimate CMm if k is kept constant. 

 Two scenarios of mush addition to the Laki mixed melt have been modelled, using different 

compositions for the mush melt. In figure 2.22, it was assumed that the composition of the mush melt 

(CMm) was similar to an evolved tephra composition from the 1996 Gjálp eruption at Grímsvötn, 

V1996 (Steinthórsson et al. 2000). In contrast, in figure 2.23 the composition of the mush melt is 

calculated as: 

CMm = (Cwr -(FMcrysCMav)-(FgmCgm))/FMm [19] 

where Cwr is the average Laki whole-rock concentration for the desired element, as measured by XRF. 

Fgm was fixed at 0.5, hence the fraction of the mush was 0.5, and the ratio of crystals to melt in the 

mush was fixed at 1. The average compositions of the Laki crystals, as measured by electron probe, 

were used as the mush crystal compositions, and the composition of the groundmass was estimated 

from sample LAK20, the sample with the least accumulated phenocrysts. 

 A mush melt with a composition derived from an evolved Grímsvötn tephra composition 

gives variable calculated k values (labelled (a) in table 2.10). In particular, Ti concentrations in the 

Laki whole-rock compositions would not be well modelled by incorporation of a mush with this melt 
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composition. By contrast, a mush melt with a composition derived from the Laki whole-rock 

composition (labelled b in table 2.10) gives a calculated k value of ~0.86 for all four incompatible 

trace elements. This k value is the equivalent to a mush composed of ~45% liquid (of composition 

Cmm b in table 2.10) and 55% crystals (with average compositions the same as that of the Laki whole-

rock). The bulk composition of this mush is shown in table 2.11, and plotted as yellow squares on 

figure 2.24. The blue line on this figure shows mixing in 10% increments between the Laki mixed 

melt composition (y-axis intercept) and this bulk mush composition. The variation in the Laki whole-

rock compositions could be explained by 10-60 % incorporation of this mush into the Laki mixed 

melt. 

 
Table 2.10. Calculating the composition of the mush melt at variable k values. Calc k indicates the k 
value of the mush that most closely models the Laki whole-rock compositions. Calc k = -m + c/Cmm - 
c, where m and c are the gradient and y-axis intercept respectively of a linear regression line fitted to 
the Laki whole-rock data, and the Cmm is as indicated in the table.  
 

 Ti K Zr Nb 
Composition of Laki carrier melt 

Cgm 2.81 0.43 188.96 20.27 
Cmm based on Grímsvötn melt V1996 (figure 2.22) 
a) Cmm 2.57 0.78 411.40 38.50 
Cmm at variable k values 

k = 0.01 5.33 1.20 593.96 58.17 
k = 0.05 5.124 1.15 572.36 56.01 
k = 0.10 4.889 1.10 547.76 53.59 
k = 0.50 3.5466 0.87 437.31 42.22 

k = 1 2.57 0.78 411.40 38.50 
k = 5 -0.1034 1.66 1026.89 85.75 

k = 10 -1.6927 3.29 2076.76 171.07 
calc k -9.38 1.02 0.70 0.91 

  
Cmm calculated from Laki compositional data (figure 2.23) 
b) Cmm 5.48 0.84 368.27 39.23 
Cmm at variable k values 

k = 0.01 8.16 1.25 548.47 58.63 
k = 0.05 7.86 1.20 527.87 56.47 
k = 0.1 7.52 1.15 505.07 54.04 
k = 0.5 5.95 0.91 399.62 42.70 
k = 1 5.48 0.84 368.27 39.23 
k = 5 12.71 1.97 853.92 89.88 

k = 10 25.48 3.96 1712.12 179.94 
calc k 0.85 0.86 0.86 0.88 

 

Table 2.11. The bulk composition of a mush derived from a the Laki whole-rock composition and 
containing liquid and crystals in a ratio of 45:55. 
 

 TiO2 wt % K2O wt % Zr ppm Nb ppm fraction 
Cmm 5.48 0.84 368.27 39.23 0.45 
Ccrys 0.17 0.02 3.99 0.072905 0.55 
total 2.56 0.39 167.92 17.69 1.00 
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Figure 2.22. Modelling the composition of the mush melt (Cmm) at varying k values, where Cmm is 
based on a Grímsvötn melt composition. a) shows the effect of adding a mush to the Laki mixed melt, 
where the mush is composed of mush melt (Mm) and crystals (Mcrys) in varying proportions as 
indicated by the k value, where k = FMm/FMcrys. The green lines and equations relate to k values of 10, 
brown are k=5, purple are k=1, light blue are k=0.5, orange are k=0.1, pink are k=0.05 and dark blue 
are k=0.01. Figure b shows the composition of the mush melt at varying k values, derived from the 
gradients of the trend lines in the corresponding figure to the left. 
 



2. Fine-scale whole-rock variations - Laki  68 

 
 
Figure 2.23. Modelling the Cmm at varying k values, where the Cmm is derived from the Laki whole-
rock composition. See text for discussion. 
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Figure 2.24. Modelling mush addition into the Laki mixed melt to explain variations in Laki whole-
rock incompatible element concentrations. The grey diamonds are whole-rock analyses and the yellow 
square is the bulk mush composition as discussed above. The blue diamonds represent mixing in 10% 
increments between the Laki groundmass composition (y-axis intercept) and the bulk mush 
composition.  
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2.10 Evaluating the objectivity of point-counting results 
 
Estimations of the error associated with point-counting were outlined in section 2.5.3. The following 

section demonstrates how far wrong point-counting estimates would have to be in order to fit the Laki 

whole-rock data to the simple crystal accumulation trends, and also evaluates the effect of sample type 

on the point-counting results. The gradient and y-axis intercept of the crystal accumulation trend line, 

specific for each incompatible element (figure 2.18), was used to calculate the percentage difference 

between the measured total mass fraction of crystals and the calculated total mass fraction of crystals 

if the data were following the crystal accumulation trend line (table 2.12). In order to fit these data to 

the crystal accumulation trend line the point-counting results would have to be over-estimated by an 

absolute mass fraction of 0.07-0.08 for type 1 samples, over-estimated by 0.09-0.10 for type 2 

samples and over-estimated by 0.18 for type 3 samples. In order to fit the observed data to the crystal 

accumulation trend line each sample would require a mass fraction of crystals that is ~80% lower than 

that observed by point-counting. The precision of the estimate of the total volume of crystals per 

sample was calculated from repeat point-counting on the same sample, and found to be on average ± 

16% relative (see table B.4). In order for the point-counting results to match the crystal accumulation 

trend line (i.e. in order for the point-counting results to be wrong) all of the samples would therefore 

have to have been miscounted, far beyond the estimated average error of 16%. 

 In figure 2.18b, d, f and h the linear regression trend lines for each sample type have been 

superimposed on the whole-rock data. The trend lines for each sample type are always similar to the 

trend line for all samples, and are similar to each other. In all cases, the trend lines for the different 

sample types are nothing like the simple crystal accumulation trend line. The trends seen in whole-

rock incompatible trace element concentrations versus mass fraction of phenocrysts in the sample are 

therefore robust irrespective of sample textural type. 
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Table 2.12. The percentage difference (% diff) between the total mass fraction of crystals as measured 
by point-counting (total crys) and the corrected total mass fraction of crystals if the data were forced 
to fit the crystal accumulation trend line (fit), as calculated using the gradient (m) and y-axis intercept 
(c) of the crystal accumulation trend line specific to each element and shown in figure 2.18. 
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2.11 Petrological evolution of the Laki lava in the course of the eruption 
 

Simple fractional crystallisation or crystal accumulation models alone cannot explain the variation in 

the Laki whole-rock compositions. This variation is most likely due to incorporation of a mush 

containing crystals and melt into the Laki carrier melt prior to eruption. This section will show how 

the relative proportion and composition of the crystal phases hosted within the Laki samples varies 

during the course of the eruption, and show what implications this observation has for the mush 

accumulation model. 

 The Laki eruption can be broken down into twelve eruptive episodes, the first 10 of which 

were fissure-forming (Thordarson 1990). The total phenocryst mass fractions have been determined 

for each sample by point-counting and vary from sample to sample. Samples from the same eruption 

fissure were grouped and the average total phenocryst fraction for each fissure was calculated. During 

the eruption, fissures erupted in sequence from fissure 1 through to fissure 10, although the time 

periods between the opening of each fissure are variable (table 2.1). Fissure number can therefore be 

thought of as time elapsed since the start of the eruption.  

 Figure 2.25a shows that plagioclase is the dominant phenocryst phase in all samples from all 

fissures, followed by clinopyroxene, then olivine. In the initial stages of the eruption fissures 1 to 5 

produced lava flows that were phenocryst-poor. Lavas from fissures 6-10 have larger total numbers of 

phenocrysts than lavas from fissures 1-5, but figure 2.25c shows that the relative crystal proportions 

remain largely similar regardless of fissure number. The most coarse-grained samples (type 3) were 

erupted from fissures 5-8, and sample texture is variable between different fissures, with fissures 1, 4, 

and 9 producing the most fine-grained samples.  

 In contrast to the very small-scale variations shown in the whole-rock trace element 

concentration data, the variations in phenocryst compositions are large. Olivine cores range in 

composition from Fo66.4 to Fo85.8, clinopyroxene cores range from Mg# 67.2 to 81.0 and plagioclase 

cores range from An73.9 to An93.1 (figure 2.26b). The composition of olivine and plagioclase cores 

shows a bimodal distribution, whilst the composition of clinopyroxene cores shows a roughly normal 

distribution. Figure 2.26a shows that the average composition of all crystals from fissures 1-5 is 

different to the average composition of all crystals from fissures 6-10. Both olivine and clinopyroxene 

become more magnesian on average from the later fissures, but the effect is most pronounced in 

plagioclase, which becomes markedly more anorthitic in samples from fissures 6, 7 and 8, averaging 

An86.8 (±2.7 mol %, 1s ), in comparison to samples from fissures 1 and 3, which average An78.7 (±4.0 

mol %, 1s ); there are no data for fissures 2, 4, 5, 9 or 10. Cumulative frequency diagrams showing the 

crystal composition in fissures 1-5 versus fissures 6-10 verify this finding, although the effect is much 

less pronounced in clinopyroxene compositions than in olivine and plagioclase (figure 2.27).  

 Plagioclase crystals erupted towards the end of the eruption are more calcic than those 

erupted at the beginning of the eruption. Plagioclase cores with An>82 mol % have previously been 

interpreted as xenocrysts that have been assimilated into the Laki magma (Métrich et al. 1991; 

Bindeman et al. 2006; Guilbaud et al. 2007). The anorthite content of plagioclase is controlled by 
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Al/Si and Na/Ca in the melt, and is also very sensitive to pressure, temperature and water content of 

the melt. Laki olivine-hosted melt inclusions contain <0.47 wt % H2O (Métrich et al. 1991), which is 

a reflection of the dissolved water content of the melt at the onset of olivine crystallisation and before 

extensive degassing. If plagioclase crystallisation were concurrent with degassing, then the anorthite 

content of plagioclase would reflect the changing H2O concentration of the melt, where high water 

concentration in the melt leads to crystallisation of high-An plagioclase. 

 

 

 
 
Figure 2.25. a) Average total mass fraction of phenocrysts (DRE) of samples from the same fissure 
versus the fissure number. Blue bars represent plagioclase phenocrysts, green bars represent olivine, 
and yellow bars represent clinopyroxene. The sum of the three phenocryst phases in each vertical bar 
gives the total mass fraction of phenocrysts, where n is the total number of lava and tephra samples 
collected per fissure. The thick black bars to the left-hand-side of each bar show 1s  standard deviation 
from the fissure average. Fissures 4 and 9 had less than 3 samples and hence lack a standard deviation 
estimate. No samples were collected from fissure 2. b) Frequency diagram of sample type against 
fissure number, where dark grey bars are type 1 samples, light grey bars are type 2 samples and white 
bars are type 3 samples. c) and d) show the data in a) and b) respectively, normalised to 100%. 
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Figure 2.26. a) Variations in phenocryst core composition through time. Blue-filled circles represent 
the average plagioclase core composition for the given fissure, green-filled diamonds are the average 
olivine cores and yellow-filled squares are the average clinopyroxene core; n is the number of crystals 
measured per fissure. The solid vertical bars show 1s  standard deviation from the fissure average. The 
high and low horizontal bars are the maximum and minimum compositions recorded respectively. The 
red dashed vertical lines indicate where no phenocryst compositions were measured, though 
phenocrysts are present in all samples from all fissures. The solid red horizontal line indicates the 
average plagioclase composition for fissures 1 and 3 combined, and fissures 6, 7 and 8 combined, and 
the grey shaded region shows 1s  standard deviation. b) Frequency diagram of phenocryst core 
compositions.  
 

 

 
 
Figure 2.27. Cumulative frequency diagrams to show phenocryst compositions from samples erupted 
from fissures 1-5 (colour-filled circles and solid lines) and fissures 6-10 (colour-filled diamonds and 
dashed lines) for plagioclase (An mol %), olivine (Fo mol %) and clinopyroxene (Mg#). 
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 Another explanation for the variable phenocryst compositions is the incomplete mixing of 

mantle melts. The first partial melts produced during mantle melting are small volume and at depth, 

and have high Na contents as Na is very incompatible in the mineral phases that crystallise from 

basaltic melts. Melts forming at shallower depths have much lower Na, as Na concentration in the 

melt is diluted by continued melting. If the shallow, low Na melt is isolated (in a crustal magma 

chamber for example) and plagioclase crystallises from this melt before the melt batches mix, then the 

resulting crystals will have high anorthite contents. Similarly, the increasing forsterite content of 

olivine and the Mg# of clinopyroxene in later fissures is a reflection of the composition (and 

temperature) of the magma from which the crystals formed. Forsterite and Mg# are calculated as 

molar Mg/Mg+Fe2+. As mantle-derived melts cool and crystallise their Mg/Fe decreases, and this is 

reflected in the composition of the crystals formed. Hence the variation in the olivine and 

clinopyroxene compositions may simply reflect the evolving melt composition, as it cooled and 

crystallised. Mantle melts with variable compositions coalesced to form the Laki reservoir. Crystals 

that formed from these melts before the melts became homogenised in the Laki plumbing system 

reflect the variation in the melt composition. Such crystals are the first to form in the magma 

plumbing system, and may have either formed on the sidewalls of the magma reservoir or else 

physically settled from the magma.  

 The variations in the lava texture and the composition of the phenocryst phases hosted within 

the lava can be linked to processes occurring in the magma reservoir. The first 5 episodes were the 

most productive of the Laki eruption; during this time ~60% of the total volume of lava was 

emplaced. Lava effusion rates have been estimated at a maximum of 8.7 x103 m3s-1 during the first 

two eruptive episodes, with average effusion rates trailing off as the eruption progressed (Thordarson 

and Self 1993). The fact that lavas produced at the later fissures are more crystal-rich could mean that 

as the eruption progressed crystals from the side-walls of the magma reservoir were being entrained 

into the remaining magma.  

 

2.12 Discussion 
 

Small-scale physical processes such as in-situ crystal settling and crystallisation and assimilation can 

significantly affect whole-rock compositions. Studies such as Shih et al. (1975) found that cm-scale 

crystal settling observed within single hand specimens returned from the lunar landings could account 

for substantial variations in whole-rock compositions. Similarly, Rhodes (1983) defined a 

homogeneity index to identify compositional variation in lava flow samples that was greater than the 

error associated with the measurement technique, and went on to distinguish genuine chemically 

distinct subunits of lava flows at Mauna Loa, Hawai’i, from those that were variable because of the 

accumulation of olivine crystals within the flow. In this study, the compositional variation measured 

within a single flow lobe was much smaller than that measured across the whole-flow, indicating that 

post-emplacement in-situ fractionation processes do not have a strong effect on lava whole-rock 
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compositions. In this context, the Laki whole-rock compositions are interesting to study in detail 

because compositional variation in typical MORBs is often largely attributable to fractional 

crystallisation, which has been shown to be less important than crystal accumulation in this study. 

Incorporation of variable amounts of a mush containing ~55% crystals (of similar composition to 

those measured in the Laki samples) and ~45% melt (of a more evolved composition than the average 

Laki carrier melt) into the homogeneous Laki carrier melt can explain the compositional variation 

seen in the Laki whole-rock compositions. What is problematic however, is how, where and when this 

mush is generated, and how it becomes incorporated into the Laki carrier melt. The following section 

discusses possible scenarios for mush generation, and proposes a schematic model to explain how the 

mush was formed and came to mix with the Laki carrier melt.  

 

2.12.1 Scenarios for mush generation 
 

The processes that could have created a mush, composed of crystals and liquid, which then mixed 

with the Laki mixed melt are explored in figure 2.28 and explained below. 

 

 

 
 

Figure 2.28. Summary schematic showing three end-member models that could explain the origin of a 
mush, composed of an enriched melt and crystals, which may have mixed with the Laki mixed melt. 
The data shown in this example are Laki whole-rock Zr concentrations. See text for discussion. 
 
a) This model shows a starting composition which is similar to the Laki mixed melt, and shows the 

evolution of the mush by equilibrium crystallisation, followed by crystal accumulation. 

1. Melt that is initially of roughly the same composition as the Laki mixed melt evolves by 

equilibrium crystallisation. 

2. The end product is a mush composed of ~50% crystals. At this point the ratio between the 

crystals and melt in the mush starts to change, either through segregation of the liquid from 

the mush, or through accumulation of crystals into the mush. The liquid could be segregated 

by a rifting episode, allowing the liquid to migrate upwards through the crust and possibly be 
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erupted. Alternatively, the mush could be accumulating crystals from the magma reservoir 

walls. 

3. As the melt is segregated/crystals are accumulated the mush becomes increasingly crystal-

rich. The bulk composition becomes increasingly depleted in incompatible elements, and 

follows the crystal accumulation trend line towards an incompatible-element free solid. The 

end product is a crystal mush composed of ~75% crystals. 

4. The Laki mixed melt is formed by extensive mixing and homogenisation of variable mantle-

derived melts. The initial crystal-free composition of this melt is represented by the dashed 

circle. 

5. The Laki mixed melt mixes with the crystal mush. A mixing line from the initial enriched 

melt composition to the depleted mush explains the trends seen in incompatible trace element 

concentrations in the Laki whole-rock. 

 

b) This model shows a starting melt composition that is initially more depleted than the Laki mixed 

melt, then evolves to a crystal mush by equilibrium crystallisation. 

1. A melt composition that is initially more depleted than the Laki mixed melt with respect to 

incompatible elements evolves by equilibrium crystallisation 

2. The end product is a mush composed of ~75% crystals 

3. The Laki mixed melt percolates through this crystal mush and starts to mix with it. 

4. A mixing line from the initial enriched Laki carrier melt composition to the depleted mush 

residue explains the trends seen in incompatible trace element concentrations in the Laki 

whole-rock. 

 

c) This model shows a starting melt composition that is more enriched than the Laki mixed melt, then 

evolves to a crystal mush by crystal accumulation. 

1. A melt composition that is initially much more enriched than the Laki carrier melt with 

respect to incompatible trace elements evolves by crystal accumulation. 

2. The end product is a mush composed of ~75% crystals 

3. The Laki carrier melt percolates through this crystal mush and starts to mix with it. 

4. A mixing line from the initial enriched melt composition to the depleted mush residue 

explains the trends seen in incompatible trace element concentrations in the Laki whole-rock. 

 

 Realistically, distinguishing between these three end member models is difficult given these 

data alone, and any further interpretation at this stage is largely speculative. However, eruptions at 

Grímsvötn tend to produce lava flows that are more evolved in composition than Laki, reflecting 

fractionation of melt in the high-level Grímsvötn reservoir. The Laki and Grímsvötn reservoirs may 

have been connected in some way as the Laki fissure eruptions were contemporaneous with eruptions 

at Grímsvötn, and it was originally believed that lateral migration of melt from the Grímsvötn 
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reservoir drove the Laki eruptions (Sigurdsson and Sparks 1978). However, models of mush 

accumulation that were based on a mush melt composition derived from a Grímsvötn melt 

composition failed to model the Ti variation in the Laki whole-rock compositions. The Laki whole-

rock compositional variations were most closely modelled by mixing of between 10% and 60% of a 

crystal-rich mush (k = ~0.85) with the Laki mixed melt, where the composition of the mush melt was 

estimated using Laki compositional data (i.e. the mush was somehow derived from the Laki melt 

reservoir). Figure 2.29 shows a schematic model outlining a likely scenario for mush formation, and 

shows how it mixed with the Laki mixed melt to produce the Laki carrier melt.  

2.12.2 Mixing and mush 
 

Geophysical studies indicate that the Icelandic crust varies in thickness, having an average thickness 

of 15-40 km under the Tertiary lava plateaux, but <10 km thick beneath the active rift zones 

(Björnsson 1985; Darbyshire et al. 2000). Crystal mush zones, sill-like bodies containing <25% 

crystals, have been proposed to exist in the crust that underlies slow-spreading ridges such as Iceland 

(Sinton and Detrick 1992), and both Hansen and Grönvold (2000) and Gurenko and Sobolev (2006) 

suggest that melt percolation through a pre-existing crystal mush is the dominant mechanism for 

controlling geochemical trends seen in plagioclase-phyric rocks in Iceland’s active rift zones. 

Gabbroic xenoliths ejected during powerful phreatomagmatic eruptions, estimated at around 8,600 

years old (Hjartarson 1988), have been collected from the Veiðivötn-Vatnaoldur volcanic system in 

central Iceland (Holness et al. 2007), which indicates that a crystal mush is probably also associated 

with this volcanic system. The Veiðivötn-Vatnaoldur volcanic system is sub-parallel and close to the 

Grímsvötn-Laki volcanic system, indicating that mush formation is probably a common process in 

volcanic systems of the Eastern Volcanic Zone. 

 The extreme end member scenario of mush formation is the production of rhyolitic melts. 

Rhyolites make up 10-12% of all the surface rocks in Iceland and are produced by two processes. At 

central volcanoes within the rift zones, e.g. Krafla, Torfajökull and Hekla, rhyolites are generated by 

partial melting of hydrothermally altered basaltic crust (Marsh et al. 1991; Sigmarsson et al. 1992; 

Jónasson 1994; Gunnarson et al. 1998), whilst in the flank zones, e.g Austurhorn, Torfajökull and 

Snæfell, rhyolites are produced by large amounts of fractional crystallisation from a basaltic parent 

melt (Macdonald et al. 1990; McGarvie et al. 1990; Furman et al. 1992a; Furman et al. 1992b; Hards 

et al. 2000). In this second scenario, magma reservoirs crystallise in a series of solidification fronts 

from the wall rocks inwards. Within these fronts, crystallisation produces an increasingly rhyolitic (or 

increasingly less basaltic) interstitial liquid, which remains interspersed with crystals to form a mush. 

In Iceland, the combination of hot, thin crust and dynamic tectonics allows these solidification fronts 

to be reprocessed, making the rhyolitic liquids available in the eruptive portion of the magma reservoir 

(Marsh et al. 1991). It is therefore conceivable that a crystal mush containing an evolved liquid could 

reside in a solidification front within the Laki reservoir.  



 

 

 

 

 

 

 

 

 

 
Figure 2.29. Schematic diagram to show the generation and modification of the Laki mixed melt and a crystal mush with its own liquid, which mixed to produce the Laki carrier

melt. 
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2.13 Conclusions 
 

Samples of basalt taken from across the 600 km2 Laki lava flow show small-scale variations in whole-

rock major- and trace-element concentrations and trace element ratios. These variations are significant 

beyond the effects of analytical noise. Compositional variation exists between different samples 

erupted from the same eruption fissure and between samples from different fissures, and is therefore 

present on small (<500 m) length scales within the flow. The range in compositional variation in 

samples taken from the vertical thickness of a single three metre thick Laki flow lobe at Eldvatnsbrú is 

much smaller than the variation that occurs laterally between different samples from across the lava 

flow. The MgO content of quenched glass also does not vary systematically with distance of the 

sample from the eruption fissure (Guilbaud et al. 2007). The intra-flow compositional whole-rock 

variation is therefore not the product of post-emplacement in-situ fractionation processes within the 

cooling lava flow, nor is it produced by poorly-constrained vertical sampling within single flow lobes. 

 Basalt samples contain phenocrysts of calcic plagioclase, augitic clinopyroxene and 

forsteritic olivine, which have variable modal proportions between samples but on average give the 

crystal proportions expected for low-pressure crystallisation of a basaltic liquid. Phenocrysts occur as 

lone crystals, or within glomerophyric clusters, but show the same range in composition regardless of 

type, indicating that lone phenocrysts could be disaggregated glomerophyric clusters. The majority of 

the olivine phenocrysts analysed are too magnesian to be in direct chemical equilibrium with the 

average Laki whole-rock composition, and are therefore either xenocrysts, derived from older 

solidified lavas in the surrounding crust, or antecrysts, which crystallised from the same magma 

reservoir as the Laki carrier melt but were isolated from it soon after formation. Analyses of tephra 

glasses, which are analogous to the bulk groundmass composition, and whole-rock Sr isotope 

measurements show that the carrier melt was extremely well-mixed at the time of the eruption and 

was also isotopically homogeneous. Whole-rock compositional variations therefore cannot be 

attributed to mantle source heterogeneities, as the record of fractional mantle melts has been almost 

completely destroyed in the whole-rock composition by extensive mixing. Magma reservoir processes 

are therefore responsible for imparting the whole-rock variation. However, simple fractional 

crystallisation trends fail to explain the variation seen in whole-rock major- and trace-element 

concentrations and trace element ratios.  

 The concentrations of incompatible trace elements measured in whole-rock samples show 

negative linear correlations with the total mass fraction of phenocrysts in each sample. This 

relationship indicates that whatever process is causing the whole-rock geochemical variation is 

coupled to crystal accumulation. However, simple crystal accumulation trends superimposed on these 

data fail to explain the compositional variation in either incompatible or compatible trace elements. 

Point-counting estimates of total crystal mass fractions would have to be 80 % lower than those 

observed in order to fit these data to simple crystal accumulation trend lines.  
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 The effect of mixing a mush derived from the Laki magma reservoir with the Laki mixed 

melt was modelled. The bulk composition of a crystal mush with its own melt was calculated by 

making assumptions about the composition of the mush melt and the proportions of crystals to melt 

within the mush. This model shows that incorporation of variable amounts of a crystal-rich mush 

(55% crystals to 45% melt) into the Laki mixed melt could explain the trends seen in the Laki whole-

rock incompatible trace element concentrations. This model also explains the disequilibrium between 

the Laki phenocrysts and the average Laki whole-rock composition. The variability in whole-rock 

compositions therefore reflects variable amounts of mixing between the homogeneous Laki mixed 

melt, and a crystal-rich mush that contains its own evolved melt and that may have been derived by 

earlier crystallisation of the mixed melt. The length scales of mixing after the mush incorporation 

must have been short in order to preserve the compositional variation between the crystals and the 

Laki carrier melt. Whilst it is unclear exactly where the mush originated, it is likely that the mush 

resided at the margins of a large storage reservoir and was progressively sampled during the eruption. 

The mush crystallised from the Laki mixed melt, which was generated by coalescing fractional melt 

batches from the mantle. The variable phenocryst compositions are a reflection of the changing 

composition of the mixed melt at the time of crystallisation. Primitive phenocryst compositions are 

associated with lava from later fissures. These phenocrysts probably crystallised when the Laki mixed 

melt was hot and wet, i.e. before it had degassed or had a chance to cool and crystallise extensively, 

which would explain the high Mg-content of the olivines and clinopyroxenes, and the high anorthite 

content of the plagioclases. These crystals were stripped from the magma reservoir walls and extruded 

as the eruption neared its conclusion. 
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Chapter 3 
Concurrent melt mixing and crystallisation in the magma 
plumbing system of the Laki eruption 
 
 

3.1 Melt inclusions – glass windows into magma reservoirs 
 

Near-fractional melting of the upper mantle in response to decompression at spreading mid-ocean 

ridges generates melts with variable compositions (McKenzie 1984, 1985; Kelemen et al. 1997). 

These heterogeneous melt batches begin to cool and crystallise before they become completely mixed 

and homogenised. During crystallisation small blobs of melt can become trapped within crystal 

embayments (figure 3.1) and may become completely enclosed as crystal growth continues, forming a 

melt inclusion (Kohut and Nielsen 2004; Faure and Schiano 2005). In basaltic magmas, plagioclase, 

clinopyroxene and olivine crystals all host melt inclusions. Olivine is, however, the liquidus 

phenocryst phase in basaltic melts at upper mantle pressures (Grove et al. 1992) and will therefore 

trap melt inclusions that record the earliest stages of the magma evolution. As mantle-derived melts 

cool and crystallise olivine their Mg/Fe decreases, and this is reflected in the composition of the 

crystallising olivine – high Mg/Fe reflects olivine crystallisation at high temperatures. Melt inclusions 

record the melt composition at the time of entrapment and reflect the compositions of batches of melt 

that contributed to the magma reservoir, whilst the host olivine composition gives an indication of 

temperature and the fraction of crystallisation of the melt at the time of entrapment.  

 The large range in observed trace element concentrations and ratios in melt inclusion 

compositions is in contrast to the relative homogeneity of the lava flows from which the inclusions are 

sampled, both along the Mid-Atlantic Ridge (Sobolev and Shimizu 1993) and from ocean island 

basalts (Saal et al. 1998), implying extensive homogenisation of melts between inclusion entrapment 

and eruption (O'Hara 1968; Johnson et al. 1990). It is now widely accepted that variable REE 

concentrations recorded in Icelandic melt inclusions are a reflection of the variable compositions of 

mantle melts from which the host crystals grew (Gurenko and Chaussidon 1995; Slater et al. 2001; 

Maclennan et al. 2003a; Maclennan et al. 2003b; Maclennan 2008b). The Pb-isotope variation 

measured in melt inclusions from Icelandic basalts is a strong indication that the compositional 

heterogeneity in melt inclusions arises in the mantle (Maclennan 2008a). 

 A number of basaltic eruptions with volumes of >10 km3 have occurred in Iceland’s 

neovolcanic zones over the last ten thousand years. The most recent of these was the historic Laki 

fissure eruption of 1783-84 A.D. in the Eastern Volcanic Zone, which produced ~15 km3 of olivine-

bearing basalt (Thordarson and Self 1993; Thordarson 2003; Thordarson et al. 2003b). The products 

of this eruption were once thought to be extremely uniform in terms of whole-rock major element 
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composition, U and Th concentrations, 87Sr/86Sr, 230Th/232Th and δ18O (Sigmarsson et al. 1991), yet 

XRF spectrometry and ICP-MS whole-rock analyses made for this study reveal small-scale variation 

in major- and trace element concentrations and trace-element ratios (Chapter 2). The cores of olivine 

phenocrysts hosted in the Laki flow show a wide range in molar forsterite (Fo68 - 86), indicating that 

crystallisation occurred across a range of temperatures and melt compositions. Olivine crystals also 

show oxygen isotope heterogeneity with δ18O values ranging from 2.2 to 5.2 ‰ and bracketing the 

more homogeneous oxygen isotope values in the glass, which range from 3.0 to 3.2 ‰ (Bindeman et 

al. 2006). Laki olivines with high (>83) mol % Fo have previously been interpreted as xenocrysts as 

they are not in direct chemical equilibrium with the whole-rock composition, nor the tephra glasses 

(Métrich et al. 1991; Bindeman et al. 2006; Guilbaud et al. 2007). Disequilibrium between magnesian 

olivine phenocrysts and a more evolved carrier melt is, however, common in Holocene lava flows in 

Iceland (Gurenko and Chaussidon 2002; Maclennan 2008b). In Icelandic basalts, crystals that are not 

in direct compositional equilibrium with the whole-rock composition contain melt inclusions with 

average trace-element concentrations and ratios that are similar to the whole-rock composition, 

indicating that they are petrogenetically linked (Maclennan 2008b). 

 The aim of this study is twofold; firstly, to understand the mixing process in terms of 

physical magma chamber processes by investigating the petrology of the eruption products; and 

secondly, to establish the amplitude of chemical heterogeneity present in the melt inclusions and to 

compare this variation with variation in the whole-rock composition. The origin of the Laki olivine 

crystals will be investigated by analysing the melt inclusions hosted within them. For this study the 

REE concentrations of 131 olivine-hosted melt inclusions have been measured using an ion 

microprobe, and these data, coupled with compositional data from the host olivine and from Laki 

whole-rock samples, will be used to investigate the relationship between the phenocrysts and the Laki 

carrier melt. The relative timing of mixing and crystallisation, the depths and pressures of mineral 

crystallisation and the composition of melts parental to the Laki magma will be explored, culminating 

in a petrological model of the magma plumbing system. A critical comparison of this model with 

recent models by Bindeman et al. (2006; 2008) is given in the discussion. 

 

3.2 Background information 

3.2.1 Icelandic magma chambers 
 

Iceland is composed almost entirely of thickened oceanic crust. The presence of a mantle plume 

beneath this region of the Mid-Atlantic Ridge leads to dynamic uplift of the Iceland plateau and high 

rates of magma production. Iceland is dissected by three neovolcanic zones – the Western, Eastern 

and Northern Volcanic Zones - which are the sub-aerial expression of the Mid-Atlantic Ridge. The 

thickness of the crust beneath these volcanic zones is variable and is largely a function of the age of 

the crust and/or its proximity to the Iceland plume. Crustal thicknesses along the neovolcanic zones 
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range from 11 km thick on the Reykjanes Ridge (Weir et al. 2001) and ~20 km thick below Krafla in 

the NVZ (Brandsdóttir et al. 1997; Staples et al. 1997) to 35-40 km towards central Iceland near the 

plume centre (Darbyshire et al. 1998; Darbyshire et al. 2000a; Allen 2001). Similarly, the crustal 

thickness varies along the length of the EVZ, where the crust is thickest (30-40 km thick) beneath the 

supposed plume centre under Vatnajökull (Wolfe et al. 1997), then decreases with distance from the 

plume centre to an average of ~20 km thick at the coast (Darbyshire et al. 2000b). Volcanism within 

the neovolcanic zones occurs in volcanic systems, which are broadly defined as a central volcano plus 

its associated fissure swarm (Sæmundsson 1978; Jakobsson 1979). Examples of volcanic systems in 

the Eastern Volcanic Zone include Katla central volcano and the Eldgjá fissures, and Grímsvötn 

central volcano and the Laki fissures. Central volcanoes are thought to tap relatively shallow magma 

reservoirs (<7 km deep) and fissure swarms deeper ones (>7 km; Gudmundsson 1995; Gudmundsson 

2000). There is debate about the level of interaction between melts within the magma plumbing 

systems of volcanic systems, and about the mechanism of melt migration within the crust during 

rifting episodes, which may be different for different volcanic systems. Two end-member models of 

melt migration to feed fissure eruptions in volcanic systems exist: 1) where fissure eruptions are fed 

by lateral migration of magma from a high-level reservoir (Sigurdsson and Sparks 1978; Einarsson 

and Brandsdóttir 1980; Gudmundsson 1987b); 2) where fissure eruptions are fed by vertical dyke 

injection from a reservoir near the base of the crust (Gudmundsson 1987a; Sigmarsson et al. 1991; 

Thordarson and Self 1993; Gudmundsson 1995). Fissure eruptions at Laki were contemporaneous 

with small-scale eruptions at Grímsvötn (Thordarson and Self 1993), and similar coupled eruptions 

are seen on other volcanic systems, such as during the A.D. 1875 eruption at Askja (Sigurdsson and 

Sparks 1981). Such relationships have been used to argue that the magma plumbing system that feeds 

fissure eruptions must, in some cases, be coupled to that which feeds central volcanoes (Sigurdsson 

and Sparks 1978). Several authors have argued that the Grímsvötn and Laki plumbing systems were 

not, however, connected, as lateral drainage of magma from the shallow magma chamber beneath 

Grímsvötn to feed the Laki fissures during the 1783 eruption would have resulted in a pressure drop 

within the Grímsvötn reservoir sufficient to prevent further eruptions, and this does not fit with the 

observed pattern of eruption activity at Grímsvötn in 1783-84 (Gudmundsson 1987b; Sigmarsson et 

al. 1991; Thordarson and Self 1993). 

 The depths of magma reservoirs underlying the neovolcanic zones have been estimated using 

various methods including: petrological modelling (e.g. Hansteen 1991; Schiellerup 1995; Maclennan 

et al. 2001b; Slater et al. 2001; Breddam 2002); geodetic techniques (e.g. Tryggvason 1994; Sturkell 

et al. 2003; Zeeuw-van Dalfsen et al. 2004; Sturkell et al. 2006); magnetotelluric surveying (e.g. 

Eysteinsson and Hermance 1985; Gudmundsson 1988); gravity surveying (e.g. Gudmundsson and 

Milsom 1997; Gudmundsson and Hognadottir 2007); and seismology (e.g. Gudmundsson et al. 1994; 

Brandsdóttir et al. 1997; Alfaro et al. 2007). A review by Kelley and Barton (2008) of published 

magma reservoir depth estimates from volcanic systems across Iceland shows that magma reservoirs 

can exist throughout the thickness of the crust from 20-30 km to <4 km depth. Schiellurp (1995) 
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demonstrated that eruptions at Blafell, NVZ, that were close in time tapped magma reservoirs at 

different depths in the crust. 

 The depth of the magma reservoir that fed the Laki fissure eruptions is debated. Guilbaud et 

al. (2007) assume that more magnesian olivines that are in equilibrium with the average Laki whole-

rock composition were forming in a magma reservoir near the base of the local crust, which they 

assume to be at a depth of 7 km according to the model of Sigmarsson et al. (1991), corresponding to 

a pressure of 2.5 kb. Recent geodetic surveys indicate, however, that this value may be an 

underestimation of the local crustal thickness. Crustal thicknesses close to the axis of the mid-ocean 

ridge in southwest Iceland have been estimated at ~ 25 km (Kumar et al. 2007). Seismic surveys taken 

across Iceland and including the neovolcanic zones show that the majority of seismic reflectors 

thought to represent the Moho occur at depths between 19 and 40 km (Darbyshire et al. 2000b; 

Ruedas et al. 2007). A study based on Laki glass petrology also indicates that melt crystallisation 

beneath Laki was polybaric and occurred at between 26 and 7 km depth (Kelley and Barton 2008). 

Crystallisation depths of 7 km for crystals in equilibrium with the Laki whole rock are therefore likely 

to be a minimum estimate. Recent work by Bindeman et al. (2006; 2008) favours a high-level magma 

chamber underneath the volcanic system, tapped by both the Laki fissure eruptions and by subsequent 

Grímsvötn eruptions. These models are based upon the fact that both Laki and Grímsvötn glasses 

share similar, restricted δ18O glass values of 3.0 to 3.2‰, which are in isotopic disequilibrium with 

normal mantle values of ~5.6‰. They propose that low δ18O glass values of 3.0 to 3.2‰ could have 

been achieved by bulk assimilation of 25 - 45% of Pleistocene hyaloclastites, altered to negative and 

low δ18O values (-4‰ to + 1‰) by synglacial meltwaters. Their bulk digestion model does not 

constrain pressure and therefore cannot distinguish between high-level (<7 km deep) assimilation 

beneath Grímsvötn central volcano followed by lateral migration of dykes (Sigurdsson and Sparks 

1978), versus magma generated near the base of the crust and intruded through vertical dykes 

(Sigmarsson et al. 1991; Thordarson and Self 1993). However, they argue that palagonitisation of 

basalt to form altered hyaloclastite is a relatively shallow (less than a few kms depth) process in the 

crust, and that MELTS experiments with Laki whole-rock compositions return low crystallisation 

pressures of a plagioclase-olivine-clinopyroxene crystal assemblage, which are better explained by 

assimilation of hyaloclastite into a shallow magma chamber. 

 Bindeman et al. (2006) also used short-lived U-series nuclide modelling to estimate the age 

of the Laki-Grímsvötn magma reservoir. The (226Ra/230Th) activity ratio in Laki lavas and recent 

Grímsvötn tephra shows 13% enrichment in daughter 226Ra in-excess of secular equilibrium, but 

Grímsvötn eruption products have equilibrium (210Pb/226Ra), implying magma storage of longer than 

100 years but <1000 years beneath the Grímsvötn volcanic system. Bindeman et al. (2006) back-up 

their time estimate using simple diffusion models, which limit the exchange time associated with 

plagioclase-melt disequilibria and olivine-melt disequilibria to a maximum of <1000 years. The 

models of Bindeman et al. (2006; 2008) are discussed in relation to the data presented in this chapter 

in section 3.10.1.  
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3.2.2 Previous melt inclusion studies from Laki lava 
 

Previous studies have focussed on major- and volatile-element concentrations of Laki melt inclusions 

(Métrich et al. 1991; Thordarson et al. 1996); the volatile concentrations of Laki melt inclusions will 

be discussed in detail in Chapter 4. Métrich et al. (1991) measured the major-element concentrations 

of melt inclusions hosted in plagioclase and olivine from rapidly-quenched tephra samples. They 

found that the melt inclusions had heterogeneous bulk compositions, ranging from primitive olivine-

tholeiite (Mg# 64.3) to quartz-tholeiite (Mg# 43-37). Rare, evolved melt inclusions hosted in 

clinopyroxene phenocrysts had Mg#s of 33.5, corresponding to a Fe-Ti basalt composition. 

Thordarson et al. (1996) also measured naturally-quenched melt inclusions and found the uncorrected 

Mg#s ranged from 33.9 - 53. Bindeman et al. (2006) found that melt inclusions hosted in the most 

primitive Fo86 olivine crystals had high Mg#s within the primitive olivine-tholeiite range measured by 

Métrich et al. (1991). There are few published trace element data for Laki melt inclusions. Métrich et 

al. (1991) measured the REE concentrations of three Laki melt inclusions, hosted in Fo86, Fo75 and 

An89 phenocrysts, which were shown to be more variable than the REE concentrations of matrix 

glasses. One of the key aims of this study is to further develop this observation by analysing the trace 

element concentrations of olivine-hosted melt inclusions.  

 

3.3 Sample preparation and mounting 
 

A total of 54 samples were collected for this study, of which 47 are lava and 7 are proximal tephra 

(figure 2.3). Of these samples, twelve contained melt-inclusion-bearing olivines in sufficient 

quantities to enable them to be sampled (0.7-3.2 mass fraction of olivine, dense-rock-equivalent): 

LAK01, LAK03, LAK04, LAK06, LAK12, LAK14, LAK15, LAK16, LAK17, LAK22, LAK39 and 

LAK40. These samples were crushed to fine chips in a tungsten-carbide jawcrusher. Fresh olivine 

crystals were picked by hand and those containing melt inclusions were separated under a binocular 

microscope, which yielded a total of 100 melt-inclusion bearing olivines. Analysed crystals range in 

size from 200 µm up to ~1200 µm, and host melt inclusions from 20 to 110 µm on their longest axis 

(mean = 40 µm). Melt inclusions < 20 µm are too small to be analysed by SIMS. Naturally-quenched 

inclusions occur in abundance in only one sample, LAK04, which was erupted into the Skaftá river 

channel and rapidly quenched (Thordarson et al. 1996; figure 1, sample locality 6). Naturally-

quenched inclusions were also found in LAK39, which is a proximal vent tephra sample that would 

have been rapidly quenched upon eruption. Several attempts to pick olivine crystals from crushed 

tephra for this study were unsuccessful, possibly because the margins of the olivine crystals were 

coated in glass, which made them extremely difficult to distinguish optically from the surrounding 

groundmass. Quenched inclusions are brown, homogeneous glass, occasionally contain a vapour 

bubble, and were analysed without re-heating. These inclusions are referred to as naturally-quenched 

or NQ inclusions throughout the course of this study.  
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 Slowly cooled inclusions contain microlites of plagioclase and were re-homogenised prior to 

analysis according to the following method. The initial entrapment temperature of the melt can be 

estimated using olivine-liquid equilibria equations (e.g. Roeder and Emslie 1970; Ford et al. 1983). At 

the time when this work was carried out, the highest published forsterite content measured in an 

olivine from Laki was Fo86 (Métrich et al. 1991) giving a crystallisation temperature of ~1190 °C, 

calculated using the method of Roeder and Emslie (1970). Heating the olivine crystal back up to this 

temperature caused the melt inclusion to re-melt without extensive re-melting of the host crystal. An 

estimated entrapment temperature of 1220 °C was used for all homogenisation runs to ensure that the 

inclusions were completely molten prior to quenching. (N.B. The homogenisation temperature of 

1220 °C was excessive and has resulted in over-heating of many of the re-homogenised samples, but 

was deemed necessary to make sure that the entrapment temperature of all the melt inclusions was 

exceeded. It is advised that any repeat studies use a lower homogenisation temperature of 1190 °C, 

and also that a batch of naturally-quenched inclusions should be re-homogenised and analysed 

alongside unheated naturally-quenched inclusions, and other re-homogenised inclusions to act as a 

control). Olivine crystals were heated in Pt capsules in a 1-atm gas-mixing furnace at fO2 ~2 log units 

below the QFM buffer to prevent oxidation, maintained with a controlled gas-mix of either H2-CO2 or 

CO-CO2. Melt inclusions re-homogenised in a H2-CO2 gas-mix are referred to as CH (carbon-

hydrogen) inclusions, and those homogenised in a CO-CO2 gas-mix as CC (carbon-carbon) inclusions 

throughout the course of this study. Gas-mix proportions appropriate for the temperature were used 

(Deines et al. 1974), and the furnace was brought up to temperature whilst being flushed with gas. 

The samples were introduced into the top of the furnace at ~700°C and the furnace was left to heat up 

for several hours to reach re-homogenisation temperatures of 1220 °C ± 5 °C. Samples were 

introduced completely into the furnace when it was up to temperature, held at 1220 °C for 20 min and 

then immediately quenched in a water bath beneath the furnace. Short homogenisation times were 

used to minimise hydrogen diffusion and Fe-loss out of the melt inclusions (e.g. Danyushevsky et al. 

2000a; Danyushevsky et al. 2002; Hauri 2002). Heated samples were dried overnight in a low 

temperature oven.  

 All melt-inclusion bearing olivine crystals were mounted in Epo-thin resin in a 25 mm 

diameter Al ring and abraded with successively finer grades of silicon-carbide paper. A reflected light 

microscope was used to check that the inclusions were exposed at the crystal surface. A transmitted 

light microscope was used to see inclusions below the polished surface, and each mount was polished 

until an optimum number of inclusions were exposed. Care was taken to ensure, where possible, that 

the maximum surface area of the melt inclusion was exposed by polishing, giving a larger area to 

analyse. Mounts were then polished on 6- and 1-µm diamond laps, and finally with fine-grained Al2O3 

powder and distilled water to increase relief between the inclusions and the host olivine before 

analysis, which made the inclusions easier to see on the optics of the ion microprobe. Note that the 

homogenisation process did not result in the disappearance of the vapour bubble for all melt 

inclusions, and this is discussed in greater detail in the subsequent chapter (section 4.7.1). 
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Figure 3.1. (a) Photomicrograph taken with crossed polars of an embayed olivine phenocryst in 
sample LAK27. (b) Plane-polarised transmitted light image of multiple brown melt inclusions in a 
single olivine phenocryst in sample LAK04. The only inclusion large enough to analyse (~50 µm on 
longest axis) and exposed at the crystal surface is indicated by the red circle at the top centre of the 
crystal. (c) Back-scattered electron (BSE) image showing three melt inclusions (light grey) at the 
surface of an olivine phenocryst in sample LAK03. (d) BSE image showing a single olivine-hosted 
melt inclusion in sample LAK04. Note the circular bubble at the top of the crystal, which appears 
bright due to remnant Au-coat infilling it. 
 
 
 

3.4 Analytical techniques and data correction 
 
 The 100 melt-inclusion-bearing olivine crystals picked contained 131 melt inclusions that 

were large enough to analyse (>20 µm on their longest axis). After mounting and prior to analysis 

each melt inclusion and its host olivine were imaged using an SEM, and only those melt inclusions 

that were whole and not connected to the edge of the host crystal by a crack or fracture were selected 

for analysis. The major-element concentrations of each melt inclusion and its host crystal were 

measured using an electron probe, and these analyses are given in table B.9. The concentrations of 

REE and selected trace elements (Rb, Sr, Y, Zr, Nb and Ba) in each melt inclusion were measured 
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using a 4f ion microprobe, according to the method described in section A.4.3. The full dataset for all 

inclusions measured is given in table B.9 and B.10. 

 

3.4.1 Correcting the melt inclusion major element compositions 
 

Melt inclusions are trapped during the formation of the host crystal, and should therefore represent the 

composition of the liquid in equilibrium with the host crystal. Melt inclusions trapped at high 

temperatures will, however, equilibrate to some degree with the host crystal. The melt inclusion 

composition is modified by growth of olivine onto the walls of the inclusion before the inclusion is 

quenched (figure 3.2). This process is known as post-entrapment crystallisation (Roedder 1979, 1984) 

and is hereby referred to as PEC. The method of Danyushevsky et al. (2000a) was used to correct for 

PEC, and this method assumes that Fe2+/Fe3+ values are initially constant, and that the host olivine 

controls the oxidation state within the melt. The assumption was made that only 10% of the Fe in the 

glass is Fe3+ and the remainder is Fe2+, consistent with direct observations made from Icelandic basalts 

(Óskarsson et al. 1994). The major element concentrations in naturally quenched inclusions were 

corrected by adding olivine to the melt in 0.1% increments. The composition of this olivine was 

calculated so as to be in chemical equilibrium with the melt inclusion composition at a constant 

Kd
lqol
MgFe

−
− of 0.33, where Kd was calculated according to the method of Ford et al. (1983). After each 

addition of olivine the melt composition was re-calculated and a new equilibrium olivine composition 

calculated; 0.1% of this new olivine composition was then added to the melt. This process continued 

until the olivine composition calculated to be in chemical equilibrium with the melt was the same as 

the observed composition of the core of the host olivine crystal. In a small number of cases olivine 

had to be subtracted from the melt inclusion composition to force it into equilibrium with the host 

olivine, but in these cases the correction was always < 0.7 wt % olivine. On average 2.19 wt % olivine 

addition (±1.7, 1σ absolute) was sufficient to achieve equilibrium in the naturally quenched melt 

inclusions.  

 Re-homogenised melt inclusion compositions were restored using the same method, but 

required ~10% olivine subtraction from the melt in order to attain equilibrium, due to the effects of 

over-heating during re-homogenisation. As described in section 3.3, the homogenisation temperature 

used was deliberately too high to make absolutely sure that all of the melt inclusions were re-melted in 

the 1-atm furnace, but, consequently, over-heating lead to various amounts of dissolution of the 

surrounding olivine (figure 3.2). In practice, over-heating is almost impossible to avoid, even when 

carefully observing the re-homogenisation process on a heating stage. On average, 8.6 wt % olivine 

subtraction (±4.1, 1σ absolute) was sufficient to attain equilibrium between melt inclusion and host. 

The full dataset, including the corrected major element compositions, is given in table B.9. 
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Figure 3.2. A melt inclusion at the point of entrapment (represented by the red-filled oval) within an 
olivine crystal (represented by the green background). The effects of slow natural cooling of the melt 
inclusion - including crystallisation of microlites within the inclusion, formation of a vapour bubble 
and post-entrapment crystallisation (PEC) of olivine on the walls of the inclusion - can be reversed by 
controlled heating. Over-heating past the temperature of entrapment leads to dissolution of the 
surrounding olivine into the melt inclusion. Modified after Danyushevsky et al. (2002). 
 
 
 
 

3.4.2 Melt inclusion and host-olivine composition summary 
 

The forsterite content of melt-inclusion-bearing olivine crystals ranges from Fo68 to Fo86 mol % 

(figure 3.3). The corrected melt inclusion major- and trace-element compositions are given in table 

3.1. The composition of the Laki melt inclusion varies from 47.73 - 52.18 wt % SiO2 and 2.38 - 3.49 

wt % total alkalis (Na2O + K2O), which places the Laki melt inclusions within the basalt 

compositional field (Le Maitre 1989). The range in melt-inclusion major element concentrations is 

within that measured by other authors (e.g. Métrich et al. 1991; Thordarson et al. 1996), as shown in 

figure 3.5. The range in melt-inclusion trace element concentrations is much larger than that measured 

in Laki whole-rock samples (figure 3.6), and both major- and trace-element melt-inclusion 

concentrations are strongly tied to the forsterite content of the host olivine (figure 3.5 and 3.6). Melt 

inclusion compositional data are considered in more detail in section 3.6. 
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Table 3.1. Corrected major- and trace-element compositions of Laki melt inclusions. Major element 
oxides were measured using an electron probe and are given in wt %. Trace element concentrations 
were measured using an ion probe and are given in ppm.  
 

 min max average stdev 
SiO2 47.73 52.18 49.65 0.88 
TiO2 1.63 3.33 2.31 0.47 
Al2O3 10.92 18.05 15.15 1.57 
FeOT 6.65 17.53 10.13 2.57 
MnO 0.10 0.33 0.19 0.05 
MgO 2.08 7.60 5.69 0.76 
CaO 8.27 15.01 12.03 1.46 
Na2O 1.92 3.04 2.61 0.24 
K2O 0.23 0.54 0.35 0.08 
P2O5 0.08 1.01 0.41 0.10 

Na2O+K2O 2.38 3.49 2.97 0.29 
Rb 1.59 8.30 4.24 1.27 
Sr 142.42 242.24 188.64 15.71 
Y 14.31 43.32 24.91 6.27 
Zr 73.75 267.14 146.52 42.94 
Nb 6.82 24.02 14.19 3.29 
Ba 33.46 108.32 60.81 14.45 
La 5.65 19.14 11.21 2.63 
Ce 13.13 46.16 26.89 6.52 
Pr 1.94 6.54 3.70 0.95 
Nd 10.17 34.06 19.13 4.92 
Sm 3.00 8.62 4.89 1.22 
Eu 0.87 2.79 1.65 0.40 
Gd 3.01 10.62 5.68 1.62 
Tb 0.51 1.82 0.95 0.26 
Dy 3.01 10.55 5.94 1.52 
Ho 0.55 1.99 1.11 0.28 
Er 1.17 5.86 3.09 0.82 
Tm 0.22 0.85 0.46 0.13 
Yb 1.41 5.01 2.76 0.76 
Lu 0.16 0.79 0.42 0.13 

La/Yb 3.08 6.04 4.13 0.55 
Nb/Y 0.40 0.81 0.58 0.08 

 

3.5 Laki olivine and clinopyroxene compositions 
 

Olivine and clinopyroxene compositions are used in this chapter to calculate crystallisation pressures 

and temperatures (section 3.9). This section explores the relationship between olivine and the whole-

rock composition, and presents the major-element composition of the clinopyroxene crystals. 

 

3.5.1 Equilibrium olivine compositions 
 

In the previous chapter it was shown that >90 % of the olivines hosted in the Laki samples are too 

magnesian to be in direct chemical equilibrium with the average Laki whole-rock composition. Figure 

3.3b shows that there is a normal distribution in the forsterite contents of the groundmass crystals, but 
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a bimodal distribution in the forsterite contents of olivine phenocrysts, with two distinct peaks at ~78 

mol % and ~84 mol % forsterite. It has been suggested that Laki olivines with Fo>83 mol % are 

xenocrysts (Guilbaud et al. 2007), possibly incorporated into the Laki melt by digestion of local 

hyaloclastite (Bindeman et al. 2006). Recognising a crystal as a xenocryst or antecryst is difficult in 

Iceland, as magma reservoir wall-rocks are composed of young plutonic rocks made up of crystals that 

may have very similar compositions to those grown with the Laki magma reservoir. Crystals are 

broadly defined as an antecryst or a xenocryst by analysing the melt inclusions hosted in such crystals 

and comparing the average trace element concentrations of the melt inclusions to that of the average 

carrier melt. Generally speaking, where the average composition of the melt inclusions and carrier 

melt is the same, the crystal is an antecryst and tells us about the history of the Laki magma reservoir. 

Where the average composition of the melt inclusions and the carrier melt is not the same, the crystal 

is a xenocryst and gives information about the regional magmatic history of the surrounding Icelandic 

crust. The compositions of olivine-hosted melt inclusions are explored in relation to the composition 

of their host crystals in section 3.6. 
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Figure 3.3. a) Molar forsterite content of olivine crystals versus the Mg# of the carrier whole-rock. 
The olivines measured are from 16 different samples; sample numbers are indicated in grey. The grey 
band shows the calculated equilibrium olivine field when Kd lqol

MgFe
−
− = 0.3 ± 0.03 (Roeder and Emslie 

1970). The average Laki whole-rock Mg# is indicated by the grey arrow. Green circles are olivine 
phenocryst cores and white diamonds are averaged groundmass olivine crystals. The black arrow 
shows the mol % Fo of olivine in chemical equilibrium with the average whole-rock (Fo72.1), the green 
arrow shows the average of the olivine phenocrysts (Fo80.9) and the white arrow shows the average of 
the groundmass olivine crystals (Fo66.7). Repeat analyses on St John’s Island Olivine yield a 1σ 
relative precision for forsterite better than 0.25% (table A.7), which gives error bars smaller than the 
data points. b) Histogram showing forsterite frequencies of groundmass olivine crystals (open bars) 
and olivine phenocryst cores (green bars). 
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3.5.2 Clinopyroxene compositions 
 

The major element composition of 355 points from the cores and rims of clinopyroxene phenocrysts 

from several different samples of Laki basalt were measured using an electron microprobe. All the 

Laki clinopyroxenes measured are augitic in composition (figure 3.4a). Groundmass clinopyroxene 

crystals are compositionally distinct from phenocrysts and contain proportionally more Ca. Figure 

3.4c shows a strong positive correlation between Al2O3 and Na2O concentrations in the clinopyroxene 

crystals, but there is little correlation between the Na2O content of the crystals and Mg# (figure 3.4d). 

 

 
 

Figure 3.4. (a) Clinopyroxene compositions from 355 points taken from different crystals where (b) is 
an enlargement of the shaded area on (a) and red diamonds are groundmass crystals and yellow 
diamonds are phenocrysts. (c) and (d) show clinopyroxene major-element compositions. 
 

3.6 Melt inclusion data 
 

This section presents the Laki melt inclusion data measured in this study. Where previous 

measurements have been made by other authors they are shown for comparison. 

3.6.1 Melt inclusion major element data 
 

Figure 3.5 shows the uncorrected data from this study on the left-hand figures, and the corrected data 

on the right-hand figures. These data were corrected according to the method described in section 
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3.4.1. Figure 3.5a shows the effects on the Mg concentrations of over-heating the re-homogenised 

melt inclusions, which have measured MgO concentrations 3-5% wt % higher than the average Laki 

whole-rock composition. By comparison, naturally-quenched melt inclusions have MgO 

concentrations that are up to 2.5 wt % lower than the average Laki whole-rock composition, which is 

an effect of PEC of olivine onto the walls of the inclusion. Figure 3.5e shows that the corrections 

applied to these data bring them broadly in line with MgO and CaO concentrations measured by other 

authors, and in line with the whole-rock compositions measured for this study. The scatter in the 

corrected data may stem from the fact that the correction technique involves correcting the melt 

inclusion concentrations until they are in equilibrium with the host olivine composition, which was 

measured at the core of the crystal. Laki olivine crystals show broad normal zoning from core to rim 

(Guilbaud et al. 2007; and figure 2.14 of this study), hence if the melt inclusion was not located close 

to the core of the olivine crystal then it is possible that the inclusion is in equilibrium with a slightly 

less magnesian composition of olivine than the one to which it was corrected.  

 Corrected data are in good agreement with previous melt inclusion measurements and the 

average Laki whole-rock composition for all elements shown on figure 3.5 except Fe. Removing the 

effects of PEC using the method of Danyushevsky et al. (2000a) leads to unrealistically low 

concentrations of FeO in the corrected melt inclusion composition in comparison to the lava. Fe-loss 

has been well documented in other melt inclusion studies (Gurenko et al. 1988; Danyushevsky et al. 

1992; Gurenko et al. 1992; Sobolev and Shimizu 1993; Sobolev and Danyushevsky 1994), and is due 

to post-entrapment Fe diffusion out of the melt inclusion and into the surrounding olivine. The amount 

of Fe-loss is determined by the cooling rate of the host olivine in the magma reservoir and the time 

interval and temperature difference between trapping and quenching of the melt inclusion 

(Danyushevsky et al. 2000a), but in practice it is difficult to quantify. After PEC corrections, the Mg# 

of the melt inclusions were always higher than that of the average glass, Mg# = 43.4, meaning that the 

average composition of the melt inclusions is olivine tholeiite. Thordarson et al. (1996) split Laki melt 

inclusions into groups based on their Mg#s after PEC corrections, and concluded that those with 

olivine-tholeiite compositions, where Mg# > 45, were representative of parental liquids. 

 The range in major element compositions measured in the melt inclusions is the same 

regardless of inclusion type, which is a good indication that melt inclusion major element 

concentrations have not been modified by the heating process used to homogenise them prior to 

analysis. Melt inclusion major element concentrations show broad variations with relation to the 

composition of the host olivine. For example, figure 3.5e shows that there is a positive correlation 

between MgO and CaO content in the melt inclusions and that melt inclusions hosted in the most 

forsteritic (>83 mol %) olivines have the highest MgO and CaO concentrations. Similarly, figure 3.5f 

shows that melt inclusions hosted in the most forsteritic olivines have generally high (>12 wt %) CaO 

concentrations and low (<2 wt %) TiO2 concentrations. These relationships show that the melt 

inclusion major element composition is strongly coupled to the host olivine composition. 
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Figure 3.5 (previous page). Major element compositions of Laki melt inclusions, as measured by 
electron probe. Filled-shapes are measurements from this study, where triangles are NQ inclusions, 
circles are CC inclusions and squares are CH inclusions, and the symbols have been colour-coded 
according to the forsterite content of the host crystal, where green fill indicates forsterite <76 mol %, 
blue fill indicates Fo76 - 83 mol % and yellow fill indicates Fo>83 mol %. The grey-filled circles 
indicate Laki whole-rock compositions. a), b) c) and d) show uncorrected data from this study and e), 
f) g) and h) show these data corrected according to the method described in section 3.4.1. The blue 
circles are Laki melt inclusion compositions from Thordarson et al. (1996) and the red circles are 
from Métrich et al. (1991), both measured by electron probe. Error bars are smaller than the data 
points for all analyses.  
 
 

3.6.2 Melt inclusion trace element data 
 
The range in melt inclusion trace element compositions is the same regardless of inclusion type, 

which suggests that melt inclusion trace element compositions are not modified by the re-

homogenisation process. Figure 3.6a and 3.6e show that incompatible trace element concentrations are 

positively, linearly correlated in the melt inclusions. There is a strong relationship between the 

composition of the host olivine and the composition of the melt inclusion as was shown for the major 

element data, where melt inclusions hosted in high-Fo (>83 mol %) olivine have the lowest 

concentrations of incompatible trace elements. Melt inclusions hosted in Fo<76 mol % olivines have 

incompatible trace element concentrations that are close to that of the whole-rock composition. 

Figures 3.6a and 3.6e show that melt inclusions hosted in Fo>83 mol % olivines show a range in Nb 

versus Zr, and Nb versus Y, defined by a spur of data points that lie above the main linear trend. 

Figure 3.6b shows that the Nb/Y ratios are most variable in melt inclusions hosted in Fo>83 mol % 

olivines (Nb/Y=0.4-0.85), and much less variable in the least forsteritic (<76 mol %) olivines 

(Nb/Y=0.45-0.65). A similar pattern is found in La/Yb (figure 3.6f). There is little correlation between 

either Nb or Nb/Y with Sr concentrations in the melt inclusions. Sr is very compatible in plagioclase, 

hence the dominant control upon this variation may be coupled to plagioclase crystallisation. Sr 

concentrations are enriched in the whole-rock compositions relative to the melt inclusion 

compositions, which may be linked to plagioclase accumulation in the whole-rock. 
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Figure 3.6. Trace element compositions of Laki melt inclusions, where the symbols are the same as 
figure 3.5. The error bar in the top right shows 1σ precision for melt inclusion data. The error bars for 
the whole-rock data are smaller than the data points. 
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3.6.3 Establishing the amplitude of chemical heterogeneity in the melt inclusions in 
comparison to the whole-rock composition 

 

The compositional range in the Laki whole-rock and olivine-hosted melt inclusions is shown on a 

primitive-mantle normalised multi trace-element concentration diagram (figure 3.7), with the relative 

precision and accuracy associated with each measurement for different analytical techniques. This 

figure shows that the compositional range of selected trace elements and REEs is much larger in the 

melt inclusions than in the whole-rock samples. For example, the range in La, which shows similar 

relative 1σ precision in the melt inclusions and in the whole rock (1.5% and 2.4% respectively), is 8-

29 ppm in the melt inclusions, but only 19- 22 in the whole rock. Despite the large range in the melt 

inclusion concentrations the average composition of the melt inclusions is similar to the average of the 

whole rock for most elements. Trace element concentrations are however ~21 % lower on average in 

the melt inclusions than in the whole rock. The average composition of melt inclusions hosted in 

Fo<76 mol % olivine is almost the same as the average of the whole-rock composition. The average 

composition of melt inclusions hosted in Fo76 - 83, and Fo>83 mol % olivines is similar to that of the 

whole-rock, but 17% and 37% lower on average, respectively. 
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Figure 3.7 (previous page). Primitive-mantle (PM) normalised concentrations of selected trace 
elements in the Laki whole rock (dark grey) and olivine-hosted melt inclusions (light grey). The 
average of the melt inclusion concentrations is shown in red. The green dashed line indicates the 
average composition of melt inclusions hosted in Fo<76 mol % olivine, the blue dashed line indicates 
those hosted in Fo76 - 83 mol % olivine and the yellow dotted line indicates those hosted in Fo>83 
olivines. Element compatibility in basaltic melts increases toward the right hand side of the diagram. 
Numbers at the top are PM normalisation factors from McDonough and Sun (1995). The table shows 
1σ relative percentage precision and accuracy for each element measured depending on the analytical 
method used where WR = whole rock and MI = melt inclusion.  
 
 
 Figure 3.8 develops these observations by showing that the range of REE concentrations of 

olivine-hosted melt inclusions is greatest in magnesian (Fo>83 mol %) populations, and more 

restricted in those olivines in chemical equilibrium with the whole rock (Fo<76 mol %). The average 

of each population, indicated by the thick red line on the diagram, varies for each population, but is 

always similar to the average of the whole rock, indicated by the line at 1.0. The downwards shift 

away from the average whole-rock composition in melt inclusions hosted in Fo>83 mol % olivine is 

probably caused by fractional crystallisation, and this will be explored in greater detail in section 3.10. 

 Melt inclusions hosted in the most forsteritic olivines are furthest from chemical equilibrium 

with the whole rock, yet still show averaged REE concentration patterns that are similar to the average 

concentrations of the whole rock (figure 3.8). For comparison, figure 3.9 shows the whole-rock REE 

concentrations for Eldgjá, a 19 km3 transitional basalt flow that pre-dates Laki by ~850 years, and has 

a subaerial fissure row sub-parallel to Laki and only 10 km distant. The Eldgjá whole-rock 

composition shows twice the La concentration of the average of the Laki whole rock, and is more 

depleted in the HREE, giving a REE pattern that is distinctly different from Laki, and is also 

dissimilar to the REE patterns for the Laki melt inclusions with the highest and lowest La/Yb. 
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Figure 3.8. Melt inclusion REE concentrations from three populations of olivine, normalised to the 
average Laki whole rock (WR = normalisation factors). Numbers at the top indicate the percentage 
precision for each element based on repeat measurements on unknowns. Red lines represent the 
average melt inclusion concentration for each olivine population. Green dashed lines and black dashed 
lines represent the melt inclusion with the lowest and highest La/Yb respectively in each population. 
The 1σ relative precision for each element is shown at the top of the figure (P%).  
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Figure 3.9. Primitive-mantle normalised plot of REE concentrations in the Laki whole-rock (solid 
dark grey) and in olivine-hosted melt inclusions (solid light grey). The normalisation factors are from 
Sun and McDonough (1995) and are indicated at the bottom of the diagram. The average of all melt 
inclusions is shown in red, the melt inclusion with the highest La/Yb ratio is shown as a dashed black 
line and the melt inclusion with the lowest La/Yb ratio as a dotted line. The whole-rock composition 
of a large basaltic fissure eruption at Eldgjá in the Eastern Volcanic Zone is shown in purple for 
comparison. The 1σ relative precision for each element is shown at the top of the figure (P%).  
 
 

3.6.4 La/Yb ratios in melt inclusions versus host olivine composition 
 

La and Yb are incompatible in olivine; Kd La
ol = 0.014 and Kd Yb

ol = 0.041 calculated using the method of 

Bedard (2005) and assuming an average MgO content of the whole-rock of 5.75 wt %, as measured in 

this study. La/Yb ratios are not affected by small fractions of fractional crystallisation, and can 

therefore be used to show the extent of the compositional variability in the melt inclusions that results 

from processes other than fractional crystallisation. 

 The greatest range in melt inclusion La/Yb is shown by those inclusions hosted in the most 

forsteritic olivine (figure 3.6f). The range in La/Yb decreases in the melt inclusions as the forsterite 

content of the host olivine decreases. To investigate the statistical variability of La/Yb in relation to 

forsterite these data were split into three roughly equal populations based on the core forsterite content 

of the host olivine: Fo<76 mol %; Fo76 – 83 mol %; and Fo>83 mol %. These populations were chosen 

as olivines with Fo<76 mol % can be considered to be approximately in chemical equilibrium with the 

Laki whole-rock composition, and olivines with Fo>83 mol % are considered by some authors to be 

xenocrysts (e.g. Métrich et al. 1991; Bindeman et al. 2006; Guilbaud et al. 2007). Figure 3.10b 

compares the sum of La concentrations divided by the sum of Yb concentrations in three melt 



3. Melt mixing and crystallisation - Laki  103 

inclusion populations (which have been separated according to the forsterite content of their host 

olivine), and shows that the average of each population is similar within analytical error. The trend 

line shows the correlation between Fo mol % and the average ΣLai/ΣYbi in the melt inclusions at each 

whole forsterite mol % (± 0.5 mol %), where the gradient of the trendline is 0.0467 i.e. near 

horizontal.  Figure 3.10c and d shows that La concentrations steadily increase in the melt 

inclusions as the forsterite content of the host olivine decreases, consistent with La becoming 

concentrated in the residual melt as crystallisation progresses. This is also reflected in slightly higher 

La concentrations in the whole-rock composition with respect to the average of the melt inclusions. 

The average La concentration of melt inclusions hosted in Fo>83 mol % olivine is 9.9 (± 0.85 1σ; 

n=31), and 14.4 (± 1.95 1σ; n=56) in melt inclusions hosted in Fo<76 mol % olivine, consistent with 

~40% crystallisation (which is the same fraction of crystallisation that explains the offset between the 

average REE concentrations of melt inclusions hosted in Fo>83 mol % olivine in comparison with the 

average REE concentration of the Laki whole-rock). The most forsteritic olivines host melt inclusions 

with the greatest range in La concentrations, but, due to a few high-La melt inclusions in ~ Fo78 

olivines, the range in La concentrations does not decrease with decreasing forsterite as convincingly 

as the range in La/Yb ratios. 
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Figure 3.10. (a) La/Yb ratios and (c) La concentrations of melt inclusions plotted against the molar 
Fo% of the host olivine crystal. The error bar shows 1σ relative precision, based on repeat 
measurements on unknowns. The green arrow shows the average Fo% of all melt-inclusion-bearing 
olivine crystals and the black arrow is the calculated composition of olivine in chemical equilibrium 
with the average Laki whole-rock composition. The grey arrows show the average La/Yb (3.99) and 
La concentration (13.5 ppm) in the whole rock, and the red arrows show the average La/Yb (4.06) and 
La concentration (11.9 ppm) in the melt inclusions. Black circles in (b) and (d) show ΣLai/ΣYbi and 
average La concentrations respectively in melt inclusion populations for the range of host forsterite 
compositions indicated by the shaded portion of the diagram. The vertical black bars show the 
observed 1σ standard deviation. The white open circles are ΣLai/ΣYbi melt inclusion ratios and La 
concentrations at each whole forsterite mol % (± 0.5 mol %), and the red horizontal bars above and 
below each circle are the 1σ standard deviation (standard deviation is not indicated for populations 
with fewer than 3 melt inclusions).  
 

 



3. Melt mixing and crystallisation - Laki  105 

 
 
Figure 3.11. Frequency plot to show variation in La/Yb in the Laki whole-rock (grey vertical bars) 
compared with melt inclusions (green bars). The dashed red line shows the average of the whole rock 
(3.99) and the solid red line shows the average of the melt inclusions (4.06). 
 
 
 The standard error in the estimate (SEE) is a measure of how well the mean of a population is 

known and is closely related to the sample size. The SEE is calculated by: 

SEE = 
N

2σ
 [1] 

where N is the number of analyses and σ is the standard deviation of the population, defined as: 

1
)( 2

−
−Σ

=
n

xxσ  [2] 

where x  is the mean and n is the number of samples. The mean La/Yb of the whole rock is 3.99 

±0.01 SEE, whereas the mean La/Yb of the melt inclusions is 4.06 ± 0.05 SEE. The average La/Yb of 

the Laki whole rock is therefore very close to that of the melt inclusions and nearly within statistical 

error.  

 The statistical variation in melt inclusion La/Yb between the three populations of olivine can 

be evaluated by comparing the standard deviation of each population. The standard deviation of 

La/Yb in melt inclusions in olivines with Fo>83 mol % is 0.64 (n=57), in olivines with Fo76 - 83 mol % 

is 0.46 (n=40) and in olivines with Fo<76 mol % is 0.27 (n=32). The error in the estimation of 

standard deviation for the three populations was calculated using a Chi-squared distribution. The 

upper (k1) and lower (k2) confidence intervals on the standard deviation were calculated for each of 

the three populations using:  

( )
2,1

2,1
*1

C
sNk −

=   [3] 
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where N is the number of analyses, s is the variance (equal to the standard deviation squared) and C1,2 

is the Chi-squared distribution constant appropriate for the desired confidence interval and the degrees 

of freedom (N-1). This constant was calculated in Excel using the CHIINV function. At the 69% (1σ) 

confidence level there is no overlap in the range of the standard deviations between the three 

populations (Fo<76 = 0.24 - 0.31; Fo76 - 83 = 0.41 - 0.52; Fo>83 = 0.58 - 0.71), and there is only a 

small overlap at the 95% (2σ) confidence level (Fo<76 = 0.21 - 0.36; Fo76 - 83 = 0.38 - 0.59; Fo>83 = 

0.54 - 0.79; table 3.1). The statistical variability between the three populations is therefore significant 

at these confidence levels.  

 
Table 3.2. Estimation of error in the standard deviation of La/Yb in three melt inclusion populations 
using a Chi-squared distribution, where N is the number of inclusions measured and k1 and k2 are the 
upper and lower bounds of the standard deviation at the given confidence level, and C1 and C2 are 
Chi-squared distribution constants. See text for discussion.  
 

 Fo<76 Fo76 - 83 Fo>83 
min 3.37 3.18 3.08 
max 4.48 4.86 6.04 
mean 3.84 4.01 4.30 
stdev 0.27 0.47 0.64 
variance 0.07 0.21 0.41 
N 31 40 56 

conf. level 0.95 0.95 0.95 
C1 16.79 23.65 36.39 
C2 46.97 58.12 77.38 
k1 stdev 0.36 0.59 0.79 
k2 stdev 0.21 0.38 0.54 

conf. level 0.69 0.69 0.69 
C1 22.24 30.13 44.43 
C2 37.79 47.91 65.60 
k1 stdev 0.31 0.52 0.71 
k2 stdev 0.24 0.41 0.58 

 

3.7 Inter-crystal melt inclusion compositional evolution 
 

Basalts from Laki have low abundances of olivine phenocrysts; by volume, olivine accounts for on 

average only 1.3 % (± 0.7% 1σ) dense rock equivalent of each sample. Melt inclusions were exposed 

at the sample surface by progressively polishing resin-mounted crystals, yet melt inclusions occur at 

different depths within the crystals and it is consequently difficult to expose multiple inclusions within 

the same crystal at the sample surface. Consequently, multiple analysable melt inclusions in the same 

crystal are rare. Four of the whole rock samples - LAK03, LAK04, LAK12 and LAK15 - contained 

the majority of the analysable olivine-hosted melt inclusions. Nineteen of the olivines picked from 

these samples contained 2 or 3 melt inclusions that were exposed at the sample surface and large 

enough to analyse. 



3. Melt mixing and crystallisation - Laki  107 

 It might be expected that melt inclusions near the rims of phenocrysts, which were trapped 

later in the crystallisation history, would reflect more evolved melt compositions. Electron probe 

traverses taken across single olivine phenocrysts show them to be normally zoned, with relatively 

forsterite-rich cores and lower-forsterite rims that are in equilibrium with the whole-rock or glass 

composition (this study; Guilbaud et al. 2007). Measuring melt inclusions located across the 

compositional zones of a single olivine would therefore give a well constrained record of melt 

evolution in relation to the growth of that particular crystal, provided that the crystal and the melt 

inclusion have not equilibrated with the carrier melt. 

  

 

 
 

Figure 3.12. a) La/Yb ratios of multiple melt inclusions hosted within the same olivine crystal against 
the molar Fo% of the host olivine crystal. The squares represent the individual melt inclusion analyses 
and the tie lines indicate melt inclusions hosted within the same crystal, where blue indicates 
inclusions from sample LAK03, grey are from LAK04, black are from LAK12 and red are from 
LAK15. The error bar shows 1σ precision. Filled squares are melt inclusions near the core of the host 
crystal, open squares are melt inclusions at or close to the rims. The red arrow indicates the average 
La/Yb ratio of melt inclusions, and the grey arrow is that of the whole rock. b) La/Yb ratio of all melt 
inclusions versus the distance from the melt inclusion (MI) to the edge of the host olivine crystal in 
µm.  
 
Figure 3.12a shows that individual whole rock samples host olivines with forsterite contents that 

bracket almost the entire range measured (e.g. LAK15). Within single olivines, the analysed melt 

inclusions often show a large range in La/Yb, particularly those hosted by the most forsteritic olivines 

and those where the melt inclusions are at the core of the crystal. Melt inclusions hosted at or close to 

the rim of the crystal show a restricted range in La/Yb that is close to the average La/Yb recorded for 

the whole rock, where average La/Yb = 3.89 (± 0.17 1σ, n=8). Inclusions hosted closer to the crystal 

cores show a greater range in La/Yb, where average La/Yb = 4.12 (± 0.53 1σ, n=36). At least one 

crystal from LAK04 preserves a rim-hosted melt inclusion with La/Yb of 4.85. Figure 3.12b shows 

that there is no relationship between La/Yb measured in the melt inclusion and the distance from the 
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melt inclusion to the edge of the host crystal, which is a good indicator that these ratios have not been 

modified by trace element diffusion through olivine. 

3.8 Reliability of melt inclusion concentration data  
 
This section highlights some potential problems regarding melt inclusion concentration data and 

shows either how these problems have been overcome, or why they can safely be ignored. 

3.8.1 The effects of sampling bias 
 
Olivine is not abundant in Laki basalts, and melt inclusions are not abundant in the olivine. One 

sample, LAK04, had olivines that were particularly rich in naturally-quenched inclusions, and this 

sample was analysed repeatedly. Olivine-rich samples were also favoured over olivine-poor ones and 

it is possible that these samples are not representative of the flow as a whole. To overcome this 

problem a large sample size was used, comprising 100 individual olivine crystals from 16 different 

lava samples, yielding 131 analysable melt inclusions.  

 Rapidly grown skeletal or dendritic olivines trap melt inclusions have been shown to sample 

a compositional boundary layer close to the crystal margins that is not a true record of the parental 

melt composition (Faure and Schiano 2005). Skeletal and dendritic olivine habits were not seen in the 

samples used for this study, and it has also been shown that this kind of rapid crystal growth does not 

have an effect on REE ratios (Maclennan et al. 2003a). Hence it is assumed that the measured melt 

inclusion concentrations are a true reflection of the melt composition at the time of inclusion 

entrapment. 

3.8.2 Modification during post-entrapment processes 
 

The compositional information that can be gleaned from melt inclusions is potentially extremely 

useful in terms of modelling magmatic processes, provided that the limitations of the data are 

recognised. For example, melt inclusion compositions can only tell us about the composition of the 

melt after the onset of crystallisation. Melt inclusion trace element concentrations are also susceptible 

to post-entrapment modifications. Explored below are the effects on melt inclusion major- and trace- 

element concentrations of: 1) over-heating during re-homogenisation; 2) diffusive exchange between 

the melt inclusion and the olivine after melt inclusion entrapment and quenching.  

 

1) effects of re-homogenisation on major- and trace-element concentrations 

Many of the inclusions used in this study contained microlites, and were re-homogenised in a 1-atm 

quench furnace under reducing conditions prior to analysis. This technique is routinely used to re-

homogenise melt inclusions (e.g. Nielsen et al. 1998; Danyushevsky et al. 2002). All melt inclusions 

were imaged on an SEM prior to analysis, and any that appear breached (i.e. were touching crystal 

margins or had large cracks running through them or near them) were not analysed, as material can be 
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lost or gained through such breaches during re-homogenisation (Nielsen et al. 1998). Using a closed 

furnace rather than a heating stage means the amount of surrounding olivine digested by the melt 

inclusion during heating can’t be observed, and, even using a heating stage, this process is difficult to 

quantify. Electron probe analyses show that the MgO wt % of re-homogenised inclusions is always 

higher than that of naturally quenched inclusions (figure 3.5a, c, d; table B.9), which is caused by 

olivine dissolving into the melt inclusion during heating. Corrections were applied to the melt 

inclusion major element data in an attempt to restore the inclusion compositions back to their original 

compositions at the time of entrapment (figure 3.5), and this procedure is described in section 3.4.1. 

This restoration of melt inclusion compositions appears to have been achieved with variable success. 

Most of the corrected melt inclusion compositions lie within the range measured by other authors, but 

there is considerable scatter within the data. Fe concentrations in particular do not appear to have been 

adequately corrected using this method. In defence, these data are not used to draw conclusions in this 

chapter, and are provided to show that the correction procedure is on the whole successful, but could 

be refined, for example, by ensuring that the melt inclusion composition is corrected back to the 

forsterite composition of the olivine directly adjacent to the inclusion, rather than just the olivine core 

composition. The important information gained from restoring the melt inclusion major element 

compositions is the amount of olivine that needs to be added or subtracted to restore equilibrium 

between the melt inclusion and the core composition of the host crystal, as this correction value, 

known as the PEC value, is then used to correct the trace element data.  

 The concentrations of incompatible trace elements in the melt inclusions are not affected by 

the re-homogenisation process. Table 3.3 shows that there is no difference in the average melt 

inclusion REE concentrations of the naturally quenched melt inclusions in comparison to the corrected 

values for the re-homogenised ones, as variability between the populations is close to zero, or within 

analytical error, for all elements analysed. The effects of over-heating on incompatible trace element 

concentrations are therefore adequately compensated for by applying PEC corrections to the data (e.g. 

Sobolev and Chaussidon 1996). Figures 3.5 and 3.6 also show that the range in melt inclusion major- 

and trace-element concentrations is the same regardless of inclusion type, which supports these 

findings. 

 

2) Effects of post-entrapment diffusion 

The rates at which elements diffuse are controlled by the size and charge of the ion under 

consideration, the composition and structure of the medium through which it is diffusing and the 

physical conditions, particularly temperature, during diffusion. Fe-loss from melt inclusions is a 

particular problem in olivine-hosted inclusions as Fe rapidly diffuses from the melt inclusions into the 

surrounding olivine. Incompatible elements do not occupy sites in the olivine crystal lattice, and will 

therefore diffuse through olivine much more slowly than compatible elements during the post-

entrapment processes that act to modify melt inclusion compositions. It has been assumed that 

elements such as the REE diffuse at rates too slow to modify melt inclusion compositions within the 
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timescales at which magma generation and extraction occurs in the crust. Studies based on oxygen 

isotope disequilibria in phenocrysts and short-lived U-series nuclides in Laki lava suggest that the 

Laki-Grímsvötn reservoir was between 100 and 1000 years old at the time of eruption (Bindeman et 

al. 2004; Bindeman et al. 2006). Spandler et al. (2007) have shown that the rate of diffusion of 

incompatible elements in olivine is much faster than previously thought, and could act to modify melt 

inclusion compositions on these timescales. Analysed olivine phenocrysts range in length from ~200 - 

1175 µm, with an average length of 550 µm (±200 µm 1σ). Using a Lu diffusivity constant in olivine 

of 1.12 x 10-15 m2/s, appropriate for Fo90 olivine at 1300 °C (Spandler et al. 2007), Lu would be 

capable of diffusing from the centre of an olivine crystal to its margins in between 1 and 39 years, 

depending on the size of the crystal. This calculation gives an indication of the potentially short 

timescales needed to destroy REE compositional variation in melt inclusions.  

 However, multiple inclusions within single olivine crystals have highly variable La/Yb 

ratios, which have not been destroyed by diffusion since entrapment within the host crystal (figure 

3.12a), indicating that the inclusions were either trapped very late in the history of the magma 

chamber evolution and hence did not have time to equilibrate with the surrounding melt, or that 

diffusion rates are not as rapid as those used in the calculations above. Geothermometry calculations 

indicate that olivine crystallised from the Laki melt at temperatures between 1175-1150 °C (Bell and 

Humphries 1972; Guilbaud et al. 2007). This range of crystallisation temperatures is considerably 

cooler than the 1300 °C used in the Spandler et al. (2007) calculations, hence a slower diffusion rate is 

more probable. La/Sm in the melt inclusions shows a weak positive correlation with Nb/Zr (figure 

3.13). Nb and Zr are high field strength elements (HFSE) that are highly incompatible in olivine, 

where the olivine-liquid Kd Nb = 0.004 and Kd Zr = 0.030, calculated using the method of Bedard 

(2005) and based on the average Laki whole-rock composition. HFSEs such as the REE, Sc, Y, Zr, Ti, 

Nb, Ta, Co, Ni, V and Cr are strongly charged and are relatively immobile during weathering and 

hydrothermal alteration. The large range shown in La/Sm in the melt inclusions in comparison to the 

whole rock is also reflected in Nb/Zr, where La/Sm varies from highest to lowest by a factor of 1.6, 

and Nb/Zr by a factor of 1.8. The positive correlation between Nb/Zr and La/Sm, where R2 = 0.23, 

indicates that the processes that are affecting the Nb/Zr ratios are affecting the La/Yb ratios in a 

similar way, and the REE could therefore be assumed to be diffusing at similar slow rates as the 

HFSEs. 
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Table 3.3. Average melt inclusion compositions of re-homogenised (CC and CH) and naturally-
quenched (NQ) melt inclusions. An averaged correction factor was applied to each of the three groups 
to compensate for the effects of post-entrapment crystallisation (PEC) of olivine on the walls of the 
inclusion, and was calculated using the method of Danyushevsky et al. (2000). For the re-
homogenised melt inclusions the correction was negative to compensate for over-heating. The 
observed standard deviation (σo) for each element for each population is given in brackets. The 
average (corr. av.) and the observed standard deviation of the three corrected populations were 
calculated. The analytical standard deviation (σr) is calculated by repeat analyses of unknowns, and 

the total standard deviation (σt) is calculated as: ( ) ( )22
ro σσ − . Dashes indicate that σo of the three 

populations was within the analytical error, σr. The percentage variability, V%, is calculated as 
σt/corrected average.  
 

 all  
min 

all  
max CC CH NQ CC CH NQ     

n 127 127 22 71 34 PEC 
corr 

PEC 
corr 

PEC 
corr 

corr. 
av. σr σt V% 

La 5.65 19.14 10.84 11.04 11.59 11.81 11.98 11.39 11.73 0.43 - - 
σo 2.56  (2.04) (2.44) (3.06) (2.22) (2.65) (3.01) (0.30)    
Ce 13.13 46.16 25.68 26.45 28.08 27.96 28.69 27.60 28.08 0.21 0.52 0.02 
σo 6.34  (5.12) (6.07) (7.46) (5.58) (6.59) (7.33) (0.56)    
Pr 1.94 6.54 3.51 3.63 3.87 3.83 3.94 3.81 3.86 0.28 - - 
σo 0.93  (0.74) (0.89) (1.10) (0.81) (0.96) (1.08) (0.07)    
Nd 10.17 34.06 17.85 19.03 19.79 19.43 20.65 19.45 19.85 0.65 0.26 0.01 
σo 4.80  (4.21) (4.61) (5.49) (4.58) (5.00) (5.40) (0.70)    
Sm 3.00 8.62 4.59 4.85 5.07 5.00 5.26 4.98 5.08 0.47 - - 
σo 1.19  (1.05) (1.16) (1.33) (1.15) (1.26) (1.31) (0.16)    
Eu 0.87 2.79 1.52 1.64 1.71 1.66 1.78 1.68 1.71 0.36 - - 
σo 0.39  (0.33) (0.36) (0.46) (0.36) (0.39) (0.45) (0.06)    
Gd 3.01 10.33 5.28 5.58 5.90 5.76 6.05 5.80 5.87 0.52 - - 
σo 1.56  (1.20) (1.55) (1.70) (1.31) (1.68) (1.67) (0.16)    
Tb 0.51 1.71 0.86 0.94 0.99 0.93 1.01 0.97 0.97 0.39 - - 
σo 0.24  (0.17) (0.24) (0.27) (0.18) (0.26) (0.27) (0.04)    
Dy 3.01 10.55 5.39 5.88 6.17 5.87 6.38 6.06 6.11 0.22 0.13 0.02 
σo 1.47  (1.08) (1.42) (1.68) (1.17) (1.54) (1.65) (0.25)    
Ho 0.55 1.92 1.06 1.08 1.16 1.15 1.17 1.14 1.16 0.26 - - 
σo 0.27  (0.16) (0.26) (0.30) (0.18) (0.28) (0.29) (0.02)    
Er 1.17 5.33 2.90 3.02 3.24 3.16 3.28 3.19 3.21 0.23 - - 
σo 0.78  (0.51) (0.77) (0.88) (0.55) (0.83) (0.86) (0.06)    

Tm 0.22 0.85 0.44 0.45 0.48 0.48 0.49 0.47 0.48 0.41 - - 
σo 0.12  (0.09) (0.12) (0.14) (0.10) (0.13) (0.14) (0.01)    
Yb 1.41 5.01 2.56 1.81 2.83 2.79 3.00 2.78 2.86 0.25 - - 
σo 0.74  (0.57) (0.72) (0.86) (0.63) (0.78) (0.85) (0.13)    
Lu 0.16 0.79 0.39 0.42 0.42 0.43 0.46 0.41 0.43 0.23 - - 
σo 0.13  (0.11) (0.12) (0.15) (0.12) (0.13) (0.14) (0.02)    

PEC   -8.90 -8.50 1.70        
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 Fe-Mg disequilibrium between highly forsteritic olivine phenocryst cores and the carrier melt 

can also be used to estimate how long the phenocrysts have resided in the melt. Analysed olivine 

phenocrysts range in length from ~200 - 1175 µm, with an average length of 550 µm (±200 µm 1σ). 

Using an Fe-Mg diffusivity constant of 1.2 x 10-16 m2/s, appropriate for Fo85 olivine at 1200 °C 

(Chakraborty 1997), equilibrium between olivine phenocrysts and the carrier melt would be attained at 

between ~10 and 365 years, depending on the size of the crystal. The preservation of Fe-Mg 

phenocryst and liquid disequilibrium therefore indicates very short residence times of phenocrysts in 

the carrier melt. The preservation of compositional and isotopic zoning in olivine phenocrysts, and 

pronounced olivine-liquid oxygen isotope disequilibrium also indicates very short crystal residence 

times, on the order of decades to centuries (Bindeman et al. 2006). In view of this observation, and the 

fact that a wide range of La/Yb ratios are preserved in separate melt inclusions within the same crystal 

it can be assumed that the trace element concentrations are not significantly modified by post-

entrapment diffusion on these timescales. 

 

 
 
Figure 3.13. La/Sm versus Nb/Zr of olivine-hosted melt inclusions, shown as green-filled circles. For 
comparison, the Laki whole rock analyses are shown as grey-filled circles. The error bar shows 1σ 
precision for the melt-inclusion data.  
 

3.9 Geothermobarometry 
 

The following section leads on from the presentation of the melt inclusion data by exploring the 

crystallisation pressures and temperatures of the olivine crystals that host them, plus clinopyroxene 

crystals, and various Laki liquid compositions. 
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3.9.1 Glass crystallisation pressure estimates 
 

The method of Yang et al. (1996) can be used to calculate the molar fraction of Al, Ca and Mg in 

anhydrous melts that are saturated with augite, plagioclase and olivine as a function of melt 

composition and pressure. The ol-plag-cpx cotectic boundary has been determined experimentally for 

basaltic liquids, and shifts towards olivine as pressure increases (e.g. Kinzler and Grove 1992). The 

pressures at which natural melts lie on this saturation plane can be determined by recalculating the 

observed compositions into normative mineral components, projecting the results onto ternary phase 

diagrams and comparing the observed natural melts with the predicted location of the ol-plag-cpx 

cotectic boundary at variable pressures. Kelley and Barton (2008) used the model of Yang et al. 

(1996) to calculate the pressure at which Laki liquid compositions equilibrated with a liquid saturated 

with olivine, plagioclase and clinopyroxene. Using a data-set of 67 glass analyses from Thordarson et 

al. (1996) they showed that the average equilbration pressure of Laki magma was 3.79 kb, 

corresponding to a depth of ~ 10 km. Calculated equilibration pressures ranged from 1.44 - 7.65 kb, 

suggesting polybaric crystallisation of Laki melts at variable depths within the crust.  

 The crystallisation pressures of Laki lava selvages, tephra glasses and whole-rock 

compositions were explored using the method of Yang et al. (1996). The liquids were assumed to be 

saturated with olivine, augite and plagioclase as the average modal phenocryst proportions of the 

whole-rock samples as determined by point counting were close to that expected at the basalt cotectic 

(~55% plagioclase, 35% clinopyroxene, 10% olivine). Figure 3.14b shows that lava selvage glasses 

equilibrated with olivine, augite and olivine at atmospheric pressure. Figure 3.14c shows that Laki 

tephra glasses equilibrated at pressures between 0.1 and 3 kb, whereas figure 3.14d shows that liquids 

with the same composition as the whole-rock samples may have equilibrated at pressures between 2 

and 3 kb. The average equilibration pressures calculated using Laki compositions measured for this 

study give average results of ~3 kb, which is close to the average of Kelley and Barton (2008), 

although these data do not reproduce their maximum equilibration pressure of 7.65 kb.  

 

 
 
 
 
 
 
Figure 3.14 (overleaf). Calculation of olivine-plagioclase-augite-melt (OPAM) saturation boundaries 
for different anhydrous Laki liquid compositions at variable pressures using the method of Yang et al. 
(1996). The projections are from plagioclase (Walker et al. 1979). (a) shows all data for all Laki liquid 
and whole-rock compositions (lava selvage glass, vent tephra glass and whole-rock samples) and (b) 
(c) and (d) are enlargements of the area shaded grey on this figure. The solid lines on (b) (c) and (d) 
show the position of the OPAM saturation boundary, where compositions to the right hand ends of the 
lines represent more evolved samples, and compositions to the left hand end of lines least evolved 
compositions. Numbers at the end of the lines give the calculated pressure in kb. Blue filled diamonds 
(b) are Laki lava selvage glasses from Guilbaud et al. (2007); red filled diamonds (c) are Laki tephra 
glass analyses and grey filled circles (d) are Laki whole rock analyses from this study.  
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3.9.2 Olivine crystallisation temperature estimates 
 

Guilbaud et al. (2007) analysed glassy tephra and glassy lava selvages sampled from the first five 

eruption episodes at Laki. Lava selvage glasses represent liquids that crystallised at the lowest 

temperature of all the eruption products, and have a partially crystalline groundmass. Vent tephra 

glasses represent erupted material that is by comparison crystal-poor, and represents the liquid 

composition at the moment of eruption. Guilbaud et al. (2007) used thermometry calculations on 

olivine groundmass crystals in equilibrium with vent tephra and lava selvages to show that they were 

emplaced at atmospheric pressure at temperatures of 1148 °C and 1125 °C respectively. These 

temperatures are in good agreement with those calculated by Bell and Humphries (1972). Olivine 

crystallisation temperatures from this study calculated using the method of Ford et al. (1983) give 

temperatures that are within 2 - 5 °C of those calculated by Guilbaud et al. (2007). It was important to 

establish the good agreement between the Ford et al. (1983) and Beattie et al. (1993) olivine 

thermometers as the Ford et al thermometer is used later in this section in the PETROLOG 

(Danyushevsky 2004) modelling, and has been proved here to be reliable. 
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Table 3.4. Lava emplacement temperatures calculated using the composition of different minerals in 
chemical equilibrium with different Laki liquid compositions, where WR is the average whole-rock 
composition. For each dataset, the first reference indicates the published data and the second indicates 
the thermobarometry model used. 
 

ref. and 
model Liquid mineral min temp 

°C  
max temp   

°C  
average 
temp °C  

H2O 
wt P kb 

Guilbaud et al. 2007; Plg-lq equilibria - Putirka 2005 (T± 23 °C)  
 WR An76 1185 1189 1187 0.00 0.001 
 WR An76 1198 1200 1199 0.00 2.500 
 WR An76 1153 1155 1154 1.00 2.500 
 tephra gls An61 1146 1148 1147 0.00 0.001 
 tephra gls An61 1142 1144 1143 0.10 0.000 
 lava gls An57.5 1113 1134 1124 0.00 0.001 
 lava gls An57.5 1109 1129 1119 0.10 0.000 
Guilbaud et al. 2007; Olv-lq equilibria - Beattie 1993 (T± 10 °C)  
 WR Fo75 1158 1159 1159 0.00 2.500 
 tephra gls Fo72 1144 1149 1147 0.00 0.001 
 lava gls Fo66 1116 1134 1125 0.00 0.001 
Bell and Humphries 1972; experimental results (T± 7 °C)   
 WR plg 1161 1185 1173 0.25 0.001 
 WR olv 1155 1179 1167 0.25 0.001 
 WR cpx 1140 1162 1151 0.25 0.001 
This study; Olv-lq equilibria - Ford et al. 1983 (T± 17 °C)   
 WR olv 1154 1174 1164 0.00 2.500 
 tephra gls olv 1133 1154 1144 0.00 0.001 
  lava gls olv 1114 1134 1124 0.00 0.001 

 
 
 
 Olivine is the liquidus phase in basalt at upper mantle temperatures and pressures. As such, a 

melt composition in chemical equilibrium with the most magnesian (Fo86) olivine crystal will be close 

to a primitive Laki melt composition. The compositions of melts parental to the Laki magma have 

been estimated using the programme PETROLOG (Danyushevsky 2004), where fractional 

crystallisation of a basaltic mineral phase assemblage is inverted, using the average Laki glass tephra 

composition (which represents a crystal-free liquid) as the starting point for the calculations. 

Calculations were carried out at constant pressures of 0.001, 0.1, 1, 2, 3, 4, 5, 6, 7 and 8 kb. H2O in the 

melt was estimated at 0.5 wt % at the time of phenocryst formation (Métrich et al. 1991; Guilbaud et 

al. 2007). Fe2O3 in the melt was calculated using fO2 at the QFM buffer following the method of 

Kilinc et al. (1983). The models used for calculating the equilibrium crystal compositions were 

Danyushevsky (2001) for plagioclase and clinopyroxene, and Ford et al. (1983) for olivine, where the 

effect of H2O on the olivine liquidus temperature was calculated after Falloon and Danyushevsky 

(2000). Calculations were stopped when the calculated melt composition was in equilibrium with Fo86 

olivine. At each stage of the calculations, 0.1% of each mineral phase was added to the previous melt 

composition, and a new melt composition calculated. 
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3.9.3 Olivine crystallisation pressure estimates 
 

Liquids parental to the Laki whole-rock composition started crystallising in crustal storage reservoirs 

at depth, forming olivine phenocrysts that are too magnesian to be in direct chemical equilibrium with 

the extruded glasses. The Beattie (1993) olivine thermometer used by Guilbaud et al. (2007) does not 

include a pressure function. Guilbaud et al. (2007) assume that the more magnesian olivines that are in 

equilibrium with the average Laki whole-rock composition were forming in a magma reservoir near 

the base of the local crust, which they assume to be at a depth of 7 km, corresponding to a pressure of 

2.5 kb. A study based on Laki glass petrology suggests that the Laki melt equilibrated with 

plagioclase-augite and olivine at depths of 1.4 - 7.7 km (Kelley and Barton 2008). Geodetic and 

seismic surveys taken across the neovolcanic zones also indicate that the crust may be as thick as 20-

40 km beneath the active rift zones (e.g. Darbyshire et al. 2000b; Kumar et al. 2007; Ruedas et al. 

2007). Crystallisation depths of 7 km for crystals in equilibrium with the Laki whole-rock 

composition are therefore likely to be a minimum estimate. 

 The equilibrium pressure and temperature conditions under which different compositions of 

olivine can crystallise from the same basaltic liquid were calculated using PETROLOG, and are 

shown on figure 3.15. Basaltic liquid compositions in chemical equilibrium with Fo86 olivine, Fo75 

olivine and Fo72 olivine were calculated at a range of pressures and H2O contents by reverse fractional 

crystallisation of a basaltic mineral assemblage from a starting liquid composition of average Laki 

vent tephra using the same conditions as described in section 3.9.2. Calculations were stopped when 

olivine of the desired composition was in equilibrium with the calculated liquid. The compositions of 

these calculated liquids are listed in table 3.6. The Kd
lqol
MgFe

−
−  and the crystallisation temperature of 

equilibrium olivine were calculated from these liquid compositions using the method of Ford et al. 

(1983). The pressures and temperatures of olivine crystallisation under anhydrous and hydrous (0.5 wt 

% H2O in the starting liquid composition) are shown in table 3.5. 
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Table 3.5. Calculated equilibrium crystallisation pressures and temperatures for Fo86, Fo75 and Fo72 
olivine according to the method of Ford et al. (1983; crystallisation temperature and Kd

lqol
MgFe

−
− ), and 

using the average Laki vent tephra as the initial liquid composition. H2O wt % is the amount of water 
in the initial liquid composition. LQ indicates the liquid in table 3.6 to which these data correspond. 
 
Anhydrous     Hydrous     

P kb Temp °C H2O 
wt % 

Eq. 
Fo. Kd

lqol
MgFe

−
−   P kb Temp 

°C 
H2O 
wt % 

Eq. 
Fo. Kd

lqol
MgFe

−
−  LQ 

0.001 1187 0 86.0 0.31  0.001 1176 1 86.0 0.31 C 
0.1 1187 0 86.0 0.31  0.1 1178 1 86.0 0.31  

1 1195 0 86.1 0.31  1 1186 1 86.1 0.31  
2 1204 0 86.2 0.32  2 1195 1 86.2 0.31 F 
3 1213 0 86.2 0.32  3 1204 1 86.2 0.32  
4 1222 0 86.3 0.32  4 1213 1 86.4 0.32 I 
5 1230 0 86.4 0.32  5 1221 1 86.4 0.32  
6 1239 0 86.5 0.32  6 1231 1 86.5 0.32 L 
7 1248 0 86.6 0.32  7 1240 1 86.6 0.32  
8 1257 0 86.6 0.32  8 1248 1 86.6 0.32 O 

0.001 1160 0 79.4 0.32  0.001 1131 1 75.1 0.33 B 
0.1 1160 0 79.0 0.33  0.1 1132 1 75.1 0.33  

1 1154 0 75.3 0.33  1 1140 1 75.3 0.33  
2 1164 0 75.5 0.33  2 1150 1 75.4 0.33 E 
3 1173 0 75.6 0.33  3 1159 1 75.6 0.33  
4 1183 0 75.8 0.33  4 1165 1 75.7 0.33 H 
5 1154 0.00 72.35 0.33  5 1171 1 75.9 0.33  
6 1195 0 76.1 0.33  6 1177 1 76.1 0.33 K 
7 1201 0 76.3 0.33  7 1183 1 76.2 0.33  
8 1207 0 76.4 0.33  8 1189 1 76.3 0.33 N 

0.001 1160 0 79.4 0.32  0.001 1126 1 74.1 0.33 A 
0.1 1160 0 79.0 0.33  0.1 1125 1 73.5 0.33  

1 1154 0 74.6 0.33  1 1126 1 72.5 0.33  
2 1142 0 72.4 0.33  2 1130 1 72.5 0.33 D 
3 1146 0 72.4 0.33  3 1134 1 72.4 0.33  
4 1150 0 72.4 0.33  4 1138 1 72.4 0.33 G 
5 1154 0 72.4 0.33  5 1142 1.00 72.3 0.33  
6 1159 0 72.3 0.33  6 1146 1 72.3 0.33 J 
7 1163 0 72.3 0.34  7 1150 1 72.2 0.34  
8 1167 0 72.3 0.34  8 1154 1 72.2 0.34 M 

 

3.9.4 Clinopyroxene-liquid crystallisation P-T estimates 
 

The major element composition of 355 points from the cores and rims of clinopyroxene phenocrysts 

from several different samples of Laki basalt were measured using an electron microprobe. The 

clinopyroxene-liquid (cpx-lq) equilibria equations of Putirka et al. (1996) were used to estimate 

clinopyroxene crystallisation pressure and temperature, and are based on the composition of the melt 

and the Na content of clinopyroxene in equilibrium with this melt. The 1σ errors for this method 

reported by Putirka et al. (1996) are ± 27 °C and ± 1.4 kb. Various liquids were used as starting 

compositions, and are listed in Table 3.6. The clinopyroxene compositions in equilibrium with each 



3. Melt mixing and crystallisation - Laki  118 

liquid composition were identified by calculating the Fe-Mg distribution coefficient. Only those 

crystal-melt pairs with calculated Kd within the equilibrium field (Kd
lqcpx

MgFe
−
− = 0.3 ± 0.01; (Putirka et 

al. 1996) are shown in figure 3.15. 

 

Table 3.6. Natural and calculated Laki liquid compositions. Liquid A is the average of all Laki vent 
tephra analyses, where nm = not measured. Liquids B-O were calculated in PETROLOG by reverse 
fractional crystallisation of a basaltic mineral assemblage from the average Laki vent tephra 
composition. Liquids are calculated to be in chemical equilibrium with either Fo86, Fo75 or Fo72 
olivine, at the pressure and H2O content of the starting liquid as indicated. The column headed lq. 
gives the letter by which each liquid composition is referred to in the text.  
 

lq. kb SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O Fo 
A 0.001 49.0 3.2 12.8 1.4 11.6 0.3 5.4 9.6 2.7 0.5 0.4 nm 72.0
B 0.001 50.1 2.8 14.2 1.9 10.2 0.2 5.7 10.6 2.7 0.4 0.4 0.47 75.0
C 0.001 49.8 1.6 15.7 1.2 7.3 0.2 7.8 13.3 2.1 0.2 0.2 0.47 86.0
D 2 50.2 3.0 14.1 2.0 10.7 0.2 5.2 10.0 2.9 0.5 0.4 0.47 72.0
E 2 50.0 2.8 14.5 1.9 10.3 0.2 5.9 10.0 2.8 0.4 0.4 0.47 75.0
F 2 49.9 1.6 16.1 1.2 7.3 0.2 8.0 12.7 2.2 0.2 0.2 0.47 86.1
G 4 50.2 3.0 14.2 1.9 10.6 0.2 5.3 9.9 2.9 0.4 0.4 0.47 72.0
H 4 50.0 2.7 14.7 1.8 10.3 0.2 6.0 9.8 2.9 0.4 0.4 0.47 75.0
I 4 50.0 1.5 16.4 1.2 7.3 0.1 8.2 12.0 2.4 0.2 0.2 0.47 86.1
J 6 50.2 2.9 14.3 1.9 10.6 0.2 5.4 9.8 2.9 0.4 0.4 0.47 72.1
K 6 50.1 2.6 14.8 1.8 10.3 0.2 6.0 9.6 2.9 0.4 0.4 0.47 75.1
L 6 50.2 1.4 16.8 1.2 7.2 0.1 8.3 11.3 2.6 0.2 0.2 0.47 86.1
M 8 50.3 2.9 14.4 1.9 10.5 0.2 5.4 9.7 3.0 0.4 0.4 0.47 72.0
N 8 50.2 2.6 14.9 1.8 10.2 0.2 6.1 9.5 3.0 0.4 0.3 0.47 75.0
O 8 50.4 1.3 17.3 1.1 7.1 0.1 8.3 10.6 2.9 0.2 0.2 0.47 86.0

 
 
 Figure 3.15 shows the pressure and temperature conditions at which clinopyroxene in 

chemical equilibrium with different parental liquid compositions can crystallise. The parental liquid 

compositions are calculated over a range of pressures, and are in chemical equilibrium with either Fo72 

olivine, Fo75 olivine, or Fo86 olivine. The histograms to the right-hand side show how many of the 

cpx-lq pairs can crystallise in chemical equilibrium with the indicated parental melt composition. Cpx-

lq pairs that gave calculated negative pressures have been omitted from these figures. When the 

parental liquid composition is calculated at atmospheric pressure (figure 3.15a; 0.001 kb) the majority 

of the clinopyroxene crystals are in chemical equilibrium with a Fo72 or Fo75 liquid. None of the cpx-

lq pairs measured are in chemical equilibrium with a Fo86 liquid at this pressure. The majority of the 

clinopyroxene compositions that are in chemical equilibrium with the average Laki vent tephra 

composition could have crystallised across a pressure range of ~6 to ~2.5 kb (figure 3.15b), across a 

temperature range of 1175-1150 °C. When the parental liquid is calculated at pressures >2 kb, the 

majority of the clinopyroxene crystals are in chemical equilibrium with a Fo75 liquid (figure 3.15c, e 

and g).  

 When the parental liquid is calculated at 8 kb most of the clinopyroxene crystals are in 

chemical equilibrium with a Fo86 liquid (figure 3.15i). Figure 3.15j shows that of all the 355 
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clinopyroxene compositions measured only 4 can crystallise in chemical equilibrium with liquid M. 

Similarly, only 46 of the clinopyroxene compositions can crystallise in chemical equilibrium with 

liquid N, but 317 can crystallise in equilibrium with liquid O. Of these 317, approximately 75% could 

crystallise at pressures between 4.5 and 8 kb, and at temperatures between 1240 and 1210 °C. A 

parental liquid of composition O gives unrealistically high olivine and clinopyroxene crystallisation 

temperatures at atmospheric pressure in comparison to the calculated lava emplacement temperatures 

(red squares), but is arguably representative of the magnesium-rich end member melt compositions 

that may exist at depth in the magma reservoir.  

 To summarise, clinopyroxene compositions that are in chemical equilibrium with the average 

Laki tephra composition (liquid A) may have crystallised over a pressure interval of ~6 - 2.5 kb (with 

two compositions that may have crystallised at 1 and 0.5 kb), from a liquid in chemical equilibrium 

with Fo72 olivine at 0.001 kb. As the pressure of the calculated parental melt increases, these same 

clinopyroxene compositions can crystallise from liquids that are in chemical equilibrium with Fo75 

olivine, over a pressure interval of >3-6 kb. When the parental liquid is calculated at 8 kb (which is 

slightly higher than the maximum pressure of equilibration of a Laki liquid composition with olivine-

plagioclase-augite as calculated by Kelley and Barton, 2008), clinopyroxene can only crystallise from 

a liquid in chemical equilibrium with Fo86 olivine, over a pressure range of ~0.5 - 8 kb. The 

conclusion is that clinopyroxene can crystallise across a wide pressure interval from a wide range of 

parental liquids, but minimum crystallisation pressures appear to be ~2.5 kb. 

 

 

 

 

 

 

 

 

Figure 3.15 (overleaf). a) Crystallisation pressure and temperature of clinopyroxene-liquid pairs, 
calculated using the method of Putirka (1996) and equilibrium olivine crystallisation conditions (open 
squares), which were calculated using PETROLOG (see text for discussion). The open squares with 
coloured outlines and the coloured lines indicate the crystallisation conditions for olivine in 
equilibrium with the liquid composition indicated on the line (given in table 3.5). The filled red 
squares show the crystallisation temperature of Laki groundmass olivines, calculated for this study 
using the method of Ford et al. (1983). The pressure at which the parental liquid was calculated is 
indicated at the top right. Green-filled diamonds represent clinopyroxene compositions in chemical 
equilibrium with a liquid that is crystallising Fo72 olivine, blue-filled diamonds are for a liquid in 
equilibrium with Fo75 and yellow diamonds are for a liquid in equilibrium with Fo86. Pressures were 
converted to depths assuming a crustal density of 2.88g cm-3 and thickness of 10 km (Sigmarsson et 
al. 1991), and a mantle density of 3.27g cm-3. b) Histograms to show frequency of clinopyroxene-
liquid equilibrium pairs by pressure. The numbers on the left hand side indicate how many of the 355 
clinopyroxene compositions measured are in chemical equilibrium with the indicated liquid 
composition. Green bars indicate the number of clinopyroxene-liquid pairs that are in chemical 
equilibrium with a liquid that is crystallising Fo72 olivine, blue-filled bars are for a liquid in 
equilibrium with Fo75 and yellow-filled bars are for a liquid in equilibrium with Fo86 olivine. 
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3.10 Discussion 

3.10.1 Antecrysts not xenocrysts? 
 

Variable trace element concentrations and ratios in melt inclusions hosted in Icelandic basalts are 

thought to reflect the variable compositions of mantle-derived melts that coalesced to form magma 

reservoirs (Gurenko and Chaussidon 1995; Slater et al. 2001; Maclennan et al. 2003b; Maclennan 

2008b). The inset schematic in figure 3.10a shows that if physical mixing and stirring of magma is 

continuous and concurrent with steady crystallisation of olivine then the La/Yb ratio in the melt 

inclusions would remain constant at varying Fo% of the host crystal. Figure 3.10a shows that the 

range of La/Yb ratios in the melt inclusions decreases as forsterite decreases in the host olivine, whilst 

maintaining a similar average La/Yb ratio that is also similar to that of the average whole-rock 

composition. One explanation for this observation is that olivine crystallisation began before the 

heterogeneous melt batches that made up the magma in the storage reservoir had completely mixed, 

thus preserving a large range of La/Yb ratios (3.1 - 6.0) in the trapped melt inclusions. The decrease in 

the range of La/Yb in the trapped melt inclusions as forsterite decreases in the host olivine shows that 

mixing was concurrent with crystallisation and cooling. Similar relationships between mixing and 

cooling have been found in other lava flows across Iceland, indicating that coupled mixing and 

crystallisation is common in the plumbing systems of Icelandic volcanoes and is likely to result from 

convective motion of melt within the plumbing system (Maclennan 2008b). These mixing processes 

are apparently independent of the style of eruption - as exhibited by Borgarhraun, a small early 

postglacial eruption from a single point-source vent, and Laki, a huge fissure eruption. Melt inclusions 

that were trapped close to crystal rims were trapped later in the crystallisation history than those near 

the core. If melt mixing in the storage reservoir was concurrent with crystallisation, then it is possible 

that the limited range in La/Yb in melt inclusions hosted close to crystal rims is a record of this 

mixing. Alternatively, melt inclusions close to the rims of crystals may have had enough time to reach 

diffusive equilibrium with the surrounding melt. However, at least one crystal from LAK04 preserves 

a rim-hosted melt inclusion with La/Yb of 4.85, which is far higher than that expected if the olivine 

rim had completely equilibrated with the carrier melt.  

 In most natural magmatic systems, disequilibrium between phenocrysts and the whole-rock 

composition is common, and Laki olivines have been shown to be out of direct chemical equilibrium 

with the Laki whole-rock composition. A crystal that hosts melt inclusions that have the same average 

La/Yb as the average whole-rock composition may have originated in the same magma reservoir as 

that carrier melt, even if the host crystals are now no longer in equilibrium with it. Results from this 

study show that the average La/Yb of olivine-hosted melt inclusions is the same as the average of the 

whole-rock within analytical error. The average concentrations of REEs and other trace elements in 

the melt inclusions hosted in Fo<76 mol % olivine show a similar pattern to that of the whole-rock. 

The average concentration of REEs and other trace elements in all the melt inclusions are also similar 

to the average of the whole-rock composition, but are ~ 21% lower. This relationship could be 
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explained by fractional crystallisation, as the slope of the REE and consequently light REE/heavy 

REE ratios such as La/Yb, are not significantly affected by this process. Fractional crystallisation 

would act to concentrate the incompatible REE in the melt as they don’t readily partition into olivine, 

clinopyroxene or plagioclase, but, because the difference in the incompatibilities of La and Yb in 

olivine is small, this process would not have a large effect on their relative concentrations. 

 Other authors have suggested that the range in the compositions of large crystals hosted in 

the Laki lava samples, which are not in chemical equilibrium with the average whole-rock 

composition, indicates that these crystals are xenocrysts (e.g. Métrich et al. 1991; Bindeman et al. 

2006; Guilbaud et al. 2007; Bindeman et al. 2008). Bindeman et al. (2006) showed that δ18O values in 

Laki olivines show a considerable range (2.2 - 5.2‰) and are more isotopically light by ~3 ‰ than 

would be expected for crystals in equilibrium with the mantle (δ18O ~5.6 ‰). They suggest that the 

low-δ18O olivines were incorporated into the Laki reservoir as reworked olivines previously erupted 

under ice and preserved as variably altered hyaloclastite, which has low δ18O values due to interaction 

with glacial meteoric waters and is abundant in the surrounding crust. The hyaloclastite surrounding 

the Laki fissure-and-cone row is tholeiitic in composition (Bindeman et al. 2006; Bindeman et al. 

2008), hence it should host olivines with a similar compositional range to those found in the Laki 

basalts. They also propose that forsteritic olivines (>Fo80) that have high δ18O values (5.2 ‰) more 

similar to the mantle average (5.6 ‰) are xenocrysts, that have experienced shorter than average 

residence times in the Laki magma reservoir, and hence have not attained isotopic equilibrium with it. 

 However, these findings conflict with the fact that the Laki olivine-hosted melt inclusions 

measured in this study have similar average REE patterns to the average Laki whole-rock 

composition, and have average La/Yb ratios that are the same within error as the average of the 

whole-rock. This finding suggests that the melt inclusions, and hence the olivines that host them, are 

petrogenetically related to the Laki whole-rock and cannot be xenocrysts. This idea is reinforced by 

the fact that the melt inclusion La/Yb ratio is particularly sensitive to contamination by assimilation of 

different material, as shown in the following example. The Laki fissure eruption occurred in the 

Eastern Volcanic Zone, which also hosted the largest basaltic eruption in recorded history, the 19 km3 

Eldgjá fissure eruption of AD 934. This eruption was larger than Laki and occurred on a subaerial 

fissure system sub-parallel to Laki and less than 10 km away. Eldgjá lavas are transitional alkali in 

composition, whereas Laki lavas are tholeiitic. The Eldgjá fissures largely exploited a pre-existing 

graben structure in the crust that widens towards the northeast (i.e. towards the Laki fissures), 

suggesting that the graben was likely originally formed by activity relating to the Grímsvötn system. 

During the Eldgjá eruption a new rift was created towards the southwest end of the existing graben. 

There is no evidence that the sub-surface magma reservoirs of these two large eruptions are in any 

way linked, even though both eruptions were very large and probably had extensive plumbing systems 

at the time of eruptions. The products of the Eldgjá eruption are, on average, very different 

compositionally to those of the Laki eruption, showing much greater whole-rock light-REE 

enrichment than the Laki whole rock (figure 3.9). The δ18O values of the Eldgjá whole rock (+ 4.5 ‰) 
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are also very different to those of Laki (+ 3.1 ‰; Bindeman et al. 2006), showing that whole-rock 

oxygen isotope values of lavas are heterogeneous at small length scales in the Icelandic crust. Eldgjá-

type light REE enriched melt inclusions were not measured amongst the Laki melt inclusions, which 

indicates that the plumbing systems of these two eruptions must have remained separate within the 

crust. The average La/Yb ratio of the Eldgjá whole rock is 8.67 (± 0.17 1σ) compared to 3.99 (± 0.04 

1σ) for the Laki whole rock. Of the 131 melt inclusions measured, if just three had Eldgjá-type REE 

concentrations than this would be enough to produce a positive shift of 0.12 in the average La/Yb 

ratio of the Laki melt inclusions, causing the mean of the Laki melt inclusions to move outside the 

standard error in the estimate of the mean of the Laki whole-rock composition. This example shows 

that the La/Yb ratio of the Laki melt inclusions is extremely sensitive to contamination, which would 

be picked up if the Laki reservoir was incorporating altered hyaloclastite containing xenocrystic 

olivines. Olivine crystals hosted in altered hyaloclastite would also be very compositionally unstable, 

and would quickly be converted to hydrous mineral assemblages. Olivine crystals analysed from the 

Laki lavas do not show the textural distress that may be expected had they been erupted, cooled, 

weathered, altered within the hyaloclastite and then re-incorporated back into a magma reservoir and 

undergoing diffusive exchange, before being erupted again. 

 The model proposed by Bindeman et al. (2006) to explain the low δ18O values (3.0 - 3.2‰) 

of Laki and Grímsvötn glass requires up to 45% assimilation of Pleistocene hyaloclastite altered to 

negative and low δ18O values (-4‰ to + 1‰) by synglacial meltwaters, into a high-level (<7km deep) 

magma reservoir situated below Grímsvötn. This model is problematic, however, as the Icelandic 

crust has a high geothermal gradient and is metamorphically zoned, which restricts the depths to 

which meteoric waters are able to penetrate into the crust. If the Laki reservoir was assimilating local 

hyaloclastite, which had been altered by interaction with meteoric waters then this process would have 

to have occurred at relatively shallow (less than a few kms) depths. However, the model of lateral 

dyke migration from a high-level magma reservoir beneath Grímsvötn proposed by Sigurdsson and 

Sparks (1978) has been shown to be less likely than vertical dyke propagation from a magma reservoir 

near the base of the crust (Thordarson and Self 1993). The origin of the low-δ18O values of the Laki 

glass remains problematic, but could be explained by processes other than assimilation of low-δ18O 

hyaloclastite. Whole-rock δ18O values in Icelandic tholeiites vary from 3 - 6.25 ‰ (e.g. Muehlenbachs 

et al. 1974; Hémond et al. 1993). Meteoric water falling on central Iceland has strongly negative δ18O 

values at ~ 11.9 ‰ (Sveinbjornsdottir et al. 1986). Interaction of low-δ18O water with magma at depth 

may explain the 3.1 ‰ value of the Laki magma (Muehlenbachs et al. 1974), but meteoric water 

penetration through the crust to the depths needed to interact directly with the Laki magma (7-11 km) 

seems unlikely. Hydrothermal fluids interacting with meteoric waters also develop negative δ18O 

values. Whilst it is unlikely that meteoric water interacts directly with magma before eruption, it is 

possible that hydrothermal fluids with low δ18O values cause compositional alteration of the wall rock 

surrounding magma reservoirs (Muehlenbachs et al. 1974; Condomines et al. 1983; Hémond et al. 

1988). Stoping and assimilation of the altered wall-rock may lower the δ18O value of the magma 
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(Taylor and Sheppard 1986). Alternatively, if assimilation was occurring at very shallow levels in the 

crust then it may simply not have been recorded by the Laki melt inclusions measured in this study, 

which may have been trapped during crystallisation in deeper parts of the reservoir. 

 Given these concerns, the results from this study favour an antecryst origin for crystals that 

are not in direct chemical equilibrium with the average Laki whole-rock composition, where large 

olivine and clinopyroxene crystals are petrogenetically related to the whole-rock composition and 

grew within the same magma plumbing system. A more thorough petrological investigation of the 

formation history of the crystals is needed to resolve this problem. 

 

 

3.10.2 Physical models of the Laki magma reservoir 
 
This section presents three suggested models for the physical nature of the Laki magma reservoir. 

 
1. High level magma chamber under Grímsvötn feeds the Laki fissures 

Previous studies have suggested that the Laki magma accumulated and fractionated in a high-level 

crustal magma reservoir underneath Grímsvötn, then migrated laterally to feed the fissure system 

(Sigurdsson and Sparks 1978). These interpretations were largely based on the fact that Grímsvötn 

volcanic products have a similar major element composition to Laki, and a similar but more evolved 

trace element composition. Sigmarsson et al. (1991) demonstrated that although the U/Th ratio of the 

two magmas is the same, the concentration of both U and Th is higher in the Grímsvötn magma than 

in the Laki magma. U and Th are concentrated in magma during low-pressure fractional 

crystallisation, which could have occurred as the magma was stored temporarily in a high-level crustal 

reservoir. This finding suggests that although the magmas are chemically related they probably 

evolved in separate reservoirs. Eruptions at Grímsvötn coincided with eruption events V, VIII, IX and 

X at Laki (Thordarson and Self 1993), and these coupled events have been interpreted as a major 

volcano-tectonic episode occurring on the Grímsvötn volcanic system (Thordarson and Self 1993). 

Eruptions at Grímsvötn would have lowered the pressure in the plumbing system preventing dyke 

propagation and eruption at the fissures, yet there is no apparent periodicity connecting the eruptions 

at the two locations. This observation implies that the magma feeding Grímsvötn at this time couldn’t 

have been directly coupled to the magma feeding Laki. Further evidence that the two magma 

plumbing systems are decoupled comes from the fact that Grímsvötn has erupted 75 times in the past 

1100 years, making it Iceland’s most active volcano (Larsen et al. 1998; Larsen 2002), but the Laki 

eruption has been the only subaerial fissure eruption on this system over the same period (although a 

large portion of the Grímsvötn volcanic system is subglacial and it is possible that small-scale 

subglacial eruptions have gone undetected). The same pattern of activity is seen at other volcanic 

systems such as Katla, which has erupted frequently since the settlement of Iceland, but produced only 

one fissure eruption, Eldgjá, in 934 A.D. (Oladóttir et al. 2008). However, although high-level (>5 km 
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depth) magma reservoirs beneath central volcanoes such as Katla have been shown to be relatively 

transient features in the crust, on the time scale of 100s to >1000 years, Bindeman et al. (2006) show 

that this time scale is consistent with the residence time of the Laki magma, based on U-series 

disequilibrium calculations. 

 Contemporary accounts of the eruption show that the Laki fissures opened to the southwest 

of Grímsvötn, then propagated some 27 km towards the central volcano over the course of the 8 

month rifting event. To feed the Laki fissures from Grímsvötn this would require magma to move 30 

km away from the storage reservoir through pervasively faulted crust without reaching the surface, 

then migrate consistently back towards the central volcano. Though this is possible dynamically 

speaking, it seems less likely than a large magma chamber that underlies the length of the rift zone. 

Volcanic systems in Iceland typically consist of a central volcano fed by a shallow, persistent crustal 

magma reservoir, and a fissure swarm fed by a deeper magma reservoir (Gudmundsson 1987a). 

Magma reservoirs within an elastic medium e.g. the Icelandic crust, are capable of extruding a 

maximum of 10% of their volume before the pressure drops so low as to halt further eruptions 

(Gudmundsson 1988), and shallow magma chambers In Iceland are estimated to have typical volumes 

of 30 - 80 km3 (Gudmundsson 1987b). The Laki eruption produced 15 km3 of basalt, giving an 

estimated parental magma reservoir volume of > 150 km3. For the Laki fissure eruption to have been 

fed from Grímsvötn would have required extensive emptying of the shallow magma chamber, an 

event that would usually lead to caldera collapse. No such collapse event is recorded during the Laki 

fissure eruptions or in the years following it. It is known that there is a persistent high-level magma 

reservoir under Grímsvötn as this central volcano erupts frequently and is one of the most 

geothermally active regions of the planet, with crustal temperatures high enough to maintain a summit 

crater lake, even at the top of the Vatnajökull icecap. Alfaro et al. (2007) have shown seismically that 

a magma reservoir of ~20 km3 resides under Grímsvötn at a depth of 3 km beneath the ice surface 

(~2.5 km beneath the land surface). Given its present dimensions this chamber would have been too 

small to accommodate the volume of lava extruded during the fissure eruptions unless the magma 

influx rate into the chamber was almost matching the extrusion rate and this has been shown to be 

unlikely (Thordarson and Self 1993). Thermobarometry modelling also shows that clinopyroxene and 

olivine could have crystallised at pressures of up to ~7.5 kb, consistent with depths of ~24 km and far 

deeper than the high level reservoir underneath Grímsvötn. 

 

2. Large, persistent, deep magma reservoir beneath Laki 

Gudmundsson (1995) suggests that some Icelandic eruptions are fed directly from large magma 

reservoirs situated near the base of the crust, via vertical feeding dykes. The melts parental to Laki 

were initially heterogeneous but were extensively homogenised during storage prior to eruption, and 

this homogenisation must have taken place in a large magma reservoir that was vigorously convecting 

prior to eruption, hence the Gudmundsson model seems plausible. However, Laki whole-rock and 

glass compositions have been shown to have equilibrated with an olivine-plagioclase-augite liquid at 
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relatively low pressures (<3 kb), and clinopyroxene may also have been crystallising at this pressure. 

The proposed site of the large, deep storage reservoir in the Gudmundsson (1995) model would be at 

the base of the crust, which could be 8-12 km beneath Laki. A hybrid model may therefore be a more 

plausible option. 

 

3) Polybaric crystallisation of small volume mantle-derived fractional melts that coalesce into a 

large, temporary magma chamber 

The decrease in the range of La/Yb ratios in melt inclusions as forsterite of the host olivine decreases 

indicates that crystallisation and mixing are coupled, and thermobarometry calculations show that 

clinopyroxene crystallisation was polybaric, and most likely across the pressure interval of 6 - 3 kb. 

An alternative explanation to the two end-member models proposed above, that explains these 

observations, is partial polybaric crystallisation of small volume mantle-derived fractional melts in the 

crust underlying Laki. These small volume melts mixed, cooled and crystallised until a seismic event 

(for example) caused the individual melt lenses to mobilise and coalesce, temporarily forcing them 

into a larger reservoir prior to eruption. The preservation of Fe-Mg disequilibrium between the olivine 

crystals hosted in the melt and the carrier melt means that this storage phase must have been short-

lived, on the order of decades rather than hundreds of years. It is within this large reservoir that the 

final melt homogenisation occurred. Previous studies have described mush lenses residing at varying 

depths in the Icelandic crust (Hansen and Grönvold 2000). Seismic surveying has revealed a low 

velocity zone underlying the high-level Grímsvötn reservoir, at depths of >5 km, which has been 

interpreted as a sill-like partial melt lens in the crust (Alfaro et al. 2007) that could fit this explanation. 

 Figure 3.4 shows that the major-element compositions of the clinopyroxenes used to 

calculate crystallisation pressures are variable. Na is more readily incorporated into clinopyroxene at 

high pressure (Blundy et al. 1995), so higher Na contents in clinopyroxene may indicate higher 

crystallisation pressures, or higher Na concentrations in the melt. Mg# is a good indicator of 

crystallisation temperature where high Mg#s indicate high crystallisation temperatures. The lack of 

correlation between Mg# and Na2O in the clinopyroxene (figure 3.4d) may indicate that clinopyroxene 

was crystallising across a range of pressures and a range of temperatures where pressure and 

temperature are not coupled. 

3.11 Summary of melt mixing and crystallisation in the Laki magma reservoir 
 

Figure 3.16 is a schematic model that incorporates the findings of this study. Melt generation, mixing 

and crystallisation occurred in the following order (where the letters refer to those on figure 3.16):  

 (a) Heterogeneous batches of melt are generated at different depths, temperatures and 

pressures and potentially from chemically different sources by fractional melting of the mantle. These 

melts begin to ascend through the mantle due to their relative buoyancy and become juxtaposed, 

coalescing in a magma reservoir at the base of the crust. Olivine and clinopyroxene nucleation begins 

when physical conditions overstep the olivine and clinopyroxene liquidus. Crystallisation therefore 
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occurs across a range of pressures as the melt batches ascend. Crystals forming at this stage have the 

highest magnesium contents. Embayments in crystals trap blobs of nearby melt, which may become 

melt inclusions as crystal nucleation and growth continues. The population of melt inclusions trapped 

at this stage will have the greatest range in trace element concentrations as they are sampling the 

heterogeneous magma batches that form the carrier melt.  

 (b) Juxtaposed melts begin to mix and stir physically as crystal nucleation and growth 

continues. As crystallisation continues the carrier melt becomes increasingly depleted in compatible 

elements, and the first olivine crystals that formed now acquire rims that are less magnesian than their 

cores. Crystals may trap additional melt inclusions as they continue to grow; the composition of these 

melt inclusions will reflect the amount of homogenisation of the carrier melt. Clinopyroxene 

nucleation and growth continues. Plagioclase nucleation begins as physical conditions change during 

magma ascent and the plagioclase liquidus is overstepped. Melts ascend in small batches that are 

stored in small, staggered sills throughout the thickness of the crust. Mixing within these sills is 

minimal, but crystallisation proceeds explaining why the melts show equilibration over such a wide 

range of pressures. 

 (c) Melt batches are mobilised by a rifting event and coalesce in a large, high-level magma 

chamber. Mixing between the melt batches accelerates due to increased convection within the large 

chamber, but is not quite complete. The early-formed phenocryst phases are no longer in direct 

chemical equilibrium with the carrier melt which is becoming increasingly depleted in compatible 

elements as crystallisation continues. If these crystals are erupted they will be defined as antecrysts in 

relation to the Laki whole-rock composition. The range in composition of melt inclusions trapped at 

this stage is similar to the average final whole-rock composition as mixing of the Laki melt is almost 

complete. This melt composition is the Laki mixed melt (Chapter 2). 

 (d) The melt moves quickly towards the surface and is erupted. Mixing must still be 

occurring at this stage to almost completely homogenise the carrier melt prior to quenching. 

Groundmass crystals form that are in chemical equilibrium with the quenched glass. 
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Figure 3.16. Summary schematic to show the melt mixing and crystallisation processes operating in 
the Laki reservoir prior to eruption. Numbers on the right hand side are pressures in kb. See text for 
discussion. 
 
 

3.12 Conclusions 
 

Lavas from the Laki eruption host crystals of plagioclase, clinopyroxene and olivine with a wide range 

of compositions. The forsterite contents of olivine range from Fo67 to Fo86 mol %, and can be used to 

estimate the temperature of olivine crystallisation. Whole rock analyses of samples from across the 

Laki flow show small-scale variation in trace element concentrations and ratios. By comparison, melt 

inclusions hosted within Laki olivine phenocrysts show a wide range of trace element concentrations 

and ratios, and the average REE concentrations of the melt inclusions are similar to that of the average 
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whole-rock composition. The phenocrysts are chemically related to the whole-rock compositions, and 

are not xenocrystic in origin, even though the majority of the olivine phenocrysts are not in direct 

chemical equilibrium with the average whole rock composition. Such crystals, shown to have 

originated in the same magma plumbing system as the whole rock but not in chemical equilibrium 

with it, are termed antecrysts, following Davidson et al. (2007a). 

 The La/Yb ratio of olivine-hosted melt inclusions decreases as the forsterite content of the 

olivine decreases, showing that crystallisation and destruction of chemical variation in the melt were 

concurrent. The standard deviation in La/Yb in melt inclusions hosted in the least forsteritic olivines 

(Fo<76) is 0.37 (n=31) but is only 0.03 (n=42) in the whole rock. Mixing was therefore not quite 

complete before the melt began to move towards the surface. The majority of the Laki olivine 

phenocrysts show normal zoning, with a high forsterite core that is surrounded by a lower forsterite 

rim that is often in chemical equilibrium with the glass. Where multiple analysable inclusions exist 

within the same crystal, those close to the crystal core generally show a greater range in La/Yb ratios 

then those close to the crystal rims, which may reflect the homogenisation of the carrier melt during 

olivine crystallisation. Variable La/Yb concentrations in melt inclusions hosted in olivine reflect 

variation in the mantle melts feeding the Laki reservoir. The La/Yb ratio is not affected by small 

amounts of fractional crystallisation, and can therefore be used as a passive tracer of mixing of these 

variable mantle melts. Mixing decreases the range in La/Yb, and this is observed within single 

crystals. These findings fit well with observations from other volcanic systems across Iceland, such as 

Theistareykir, a shield volcano in the north of Iceland, composed of more primitive basalt than that at 

Laki (Maclennan et al. 2003a; Maclennan et al. 2003b). 

 Liquid compositions parental to the Laki melt were calculated in PETROLOG. Olivine-liquid 

thermometry calculations show that olivine could have crystallised over a temperature interval of 

1240 - 1122 °C (±10 °C), in equilibrium with mantle-derived melts and the Laki carrier melt at the 

time of eruption, respectively. Clinopyroxene-liquid thermobarometry calculations indicate that 

clinopyroxene in Fe-Mg chemical equilibrium with the average Laki melt composition crystallised at 

between 7.65 and 3 kb, corresponding to depths of ~24 to ~10 km. Clinopyroxene was also 

crystallising at between 1190 and 1160 °C (± 27 °C) across this pressure interval, roughly consistent 

with the temperatures of olivine crystallisation. Polybaric crystallisation of Laki melts and crystals 

occurred in lenses at variable depths in the crust, with maximum crystallisation pressures 

corresponding to depths of ~24 km. Phenocrysts that formed at high temperatures and pressures in the 

deep magma reservoir were transported to the surface in a carrier liquid that became increasingly 

evolved as crystallisation proceeded, accounting for the phenocryst/glass disequilibrium. The melt 

was homogenised in the magma reservoir prior to eruption. 
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Chapter 4 
Timing and extent of volcanic degassing associated with the 
A.D. 1783 Laki fissure eruption 
 
 

4.1 Introduction 
 

Volatile elements or compounds are those that exsolve from magma to form gases at relatively low 

pressures. The amount and composition of volatiles within a melt directly affects the pre-eruptive and 

eruptive dynamics of magma, and volatile over-saturation leading to over-pressure in magma 

chambers is the driving force behind many volcanic eruptions. Millions of tonnes of volatiles are 

released into the atmosphere annually by volcanic activity. Basaltic volcanism accounts for 10-15% of 

the total global volcanic gas output (Halmer et al. 2002). Understanding the behaviour of volatile 

phases in magma is the key to understanding the causes and consequences of large basaltic eruptions. 

The importance of volatiles in magma is twofold. Firstly, volatiles act to modify the physical 

properties of magma (e.g. viscosity, density and temperature), and the chemical properties of magma 

(e.g. the presence of certain volatiles can inhibit crystallisation of certain phases). Physically, 

exsolution and degassing of volatiles causes magmatic undercooling, which induces crystallisation. 

Volatiles therefore exert an important control on magma ascent and eruption. Secondly, once released 

into the atmosphere volcanic volatiles contribute to the global gas budget, and large eruptions can 

have significant short and long term impacts on climate. The ability of volatiles to affect relatively 

small-scale systems such as single magmatic reservoirs whilst also influencing very large-scale 

systems such as the global climate makes the study of volatile phases in magma integral to assessing 

the impact of an eruption. This chapter begins with a brief review of the role that volatiles play in 

magmatic processes, the climatic impact of volcanic degassing and an overview of how volcanic gas 

budgets from past eruptions are estimated. This chapter will then focus specifically on volcanic 

degassing from the magma reservoir that fed the 1783 A.D. Laki fissure eruption. 

 The volatile measurements in this chapter were made from olivine-hosted melt inclusions 

picked from crushed samples of Laki basalt. Olivine is the first mineral to form in basaltic lavas at 

upper mantle temperatures and pressures, and Mg-rich olivines therefore host melt inclusions with 

compositions that reflect the most primitive magma batches contributing to the magma reservoir (e.g. 

Sobolev and Shimizu 1993; Schiano 2003). Measuring the volatile concentrations of melt inclusions 

allows us to model magma chamber processes. Until recently, H2O and CO2 analyses from melt 

inclusions were not possible using secondary ion mass spectrometry (SIMS) due to high detection 

limits (Ihinger et al. 1994). Continued development means that ion microprobes now combine the 

high spatial resolution needed to analyse areas <20 µm across with the analytical capability to quickly, 
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accurately and precisely measure light elements such as H, C, F and Cl, and detection limits for H2O 

in olivine as low as 2-4 ppm have been recorded (Koga et al. 2003). SIMS is now routinely used for 

volatile concentration measurements in crystals and crystal-hosted silicate melt inclusions (e.g. Hervig 

and Williams 1988; Hervig 1992; Gurenko and Chaussidon 2002; Hauri 2002; Hauri et al. 2002). 

Melt inclusion volatile data are now widely used to understand the degassing history and eruption 

dynamics of magma reservoirs that feed all kinds of different eruptions from long-lived basaltic 

eruptions (e.g. Métrich et al. 1991; Thordarson et al. 1996; Bertagnini et al. 2003) to violent silicic 

eruptions (Gerlach et al. 1996; Michaud et al. 2000).  

 Understanding the evolution of the volatile content of magma before an eruption is the key to 

understanding the driving processes behind that eruption. Section 4.8 shows what melt inclusion 

volatile concentrations can reveal about processes happening at the magma-reservoir scale, such as the 

relative solubility of different gases and the relative timing of crystallisation and degassing. Section 

4.9 investigates the saturation pressure at the time of melt inclusion entrapment using H2O and CO2 

solubility models. Section 4.10 revisits the petrological method of estimating total gas emissions 

during a volcanic eruption. The original gas content of magmas that were erupted in the geological 

past can be estimated by measuring the volatile concentrations of phenocryst-hosted melt inclusions. 

Comparing these concentrations with those of the quenched eruption products gives an estimation of 

the extent of degassing during the eruption. If the total volume of the eruption products and the 

original gas content of the magma is known then the total volatile output for the eruption can be 

calculated. Section 4.10 reviews the petrological model of Thordarson et al. (1996) and gives new 

constraints on the original gas content of the magma using direct measurements of volatiles in olivine-

hosted melt inclusions. Simple mass balance calculations have been used to estimate the pre-eruptive 

H2O and CO2 content of the Laki magma, and show the possible extent of pre-eruptive degassing from 

the magma reservoir. This chapter includes a discussion of the reliability of the melt inclusion volatile 

data, and concludes with the outcome of the saturation pressure modelling and an overview of the 

relative timing of degassing and crystallisation within the Laki magma plumbing system. 

 

4.2 Background information 
 

The most common volatile phases in magmas consist essentially of 7 low-atomic-weight elements - H, 

C, N, O, S, Cl and F - which combine in various molecules to form the most common gas phases 

associated with degassing magmas; H2O, CO2, H2, HF, HCl, H2S, SO2, S2, CO, CH4, O2, NH3 and N2 

(Carroll and Webster 1994). The volatile phases and elements considered in this study are H2O, CO2 

and S as these make up the bulk of all volcanic gas emissions (Symonds et al. 1995), and Cl and F as 

the Laki eruption notoriously produced a halogen-rich gas haze (Thordarson et al. 1996). The 

following sections will review what controls the solubility of volatile phases in magma, the 

consequent relative solubilities of H2O, CO2, S, C and F in basaltic magma and the effect of dissolved 



4. Timing and extent of volcanic degassing - Laki  132 

volatiles, and subsequent degassing of those volatiles, on the physical and chemical properties of 

magmas.  

4.2.1 The significance of volatile solubilities in magma 
 

Volatile solubilities are dictated by the physical and chemical properties of the host magma, such as 

pressure, temperature, oxygen fugacity (fO2) and magma composition (Johnson et al. 1994). Dissolved 

volatiles come out of solution once a melt exceeds volatile saturation; the volatile species present in 

the magma partition between the magma and a vapour phase in proportions that are dictated by the 

solubility of the volatile and its abundance in the magma. In order to understand magmatic degassing 

it is therefore necessary to understand what controls volatile solubility. Much of our understanding of 

the variable solubilities of volatile species under different physical and chemical conditions comes 

from experimental petrology. Comparing synthetic assemblages produced under carefully controlled 

conditions to natural assemblages allows us to make inferences about the physical and chemical 

processes that these assemblages experienced (e.g. Dixon and Stolper 1995; Dixon et al. 1995). 

Experimental modelling has tended in the past to focus on the more common volatile phases and 

elements, such as H2O, CO2 and S in volatile-enriched melts, such as dacites and andesites. 

Experiments on basaltic melt compositions have also been hindered by the notorious difficulty of 

quenching the melt after an experiment. Consequently, there is a relative paucity of information 

concerning the solubilities of volatile species such as Cl and F in basaltic melts. The following section 

outlines how volatile solubilities have been measured under different conditions using experimental 

modelling, and how these findings relate to natural systems.  

 Pressure exerts a much greater physical control on volatile solubilities than temperature 

(Carroll and Holloway 1994). For example, Mysen and Popp (1980) demonstrated experimentally that 

sulphur solubility in a diopsidic (CaMgSi2O6) melt increased at fixed temperature, oxygen fugacity 

and sulphur fugacity as pressure increased from 15-30 kb, whilst experiments at 1 atmosphere showed 

that sulphur solubility is independent of temperature at fixed oxygen fugacity (Katsura and Nagashima 

1974). Generally speaking, increasing pressures result in increased volatile solubility. Adiabatic 

decompression of magma during ascent results in the exsolution of volatiles which had previously 

been dissolved within the magma, leading to bubble formation and expansion. The decrease in volatile 

solubility at low pressures is demonstrated by the fact that extruded lavas are commonly vesicular, and 

that plutonic rocks are not, and by the transition from pillow lavas to hyaloclastite at the top of 

Icelandic table mountains. Similarly, there is a well known negative correlation between the eruption 

depth of submarine lava and vesicularity, where high hydrostatic pressures prevent volatile exsolution 

from the surfaces of lava flows (Moore 1979). Both H2O and CO2 become increasingly soluble in 

basaltic melts as pressure increases (Dixon et al. 1995). Pressure affects the solubility of F in a similar 

way, but not to such a large degree, as water (Carroll and Webster 1994).  

 The composition and oxygen fugacity of the host magma exert a strong control over volatile 

solubilities. Water, for example, is more soluble in rhyolitic melts (SiO2 >65 wt %) than basaltic melts 
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(SiO2 <55 wt %) at comparable pressures, when pressure is > ~0.5 kb (Carroll and Holloway 1994). 

CO2 solubility is similarly strongly controlled by the bulk composition of the magma. Within the 

silica-saturated calc-alkaline melt composition range, CO2 dissolves more readily into rhyolitic melts 

as CO2 molecules, and less readily into basaltic melts as carbonate (CO3
2-) molecules (Baker 1982). In 

contrast, sulphur solubility is much more dependent upon the oxygen fugacity of the host magma. 

Sulphur dissolves as sulphide (S2-) ions in reduced magmas where the oxygen fugacity is at least one 

log unit below the quartz-magnetite-fayalite buffer (QFM), and as sulphate ((SO4)2-) ions in oxidised 

magmas where the oxygen fugacity is greater than one log unit above the QFM buffer (e.g. Fincham 

and Richardson 1954). At comparable oxygen fugacites and atmospheric pressure sulphur is more 

soluble in magmas with low SiO2 contents (Katsura and Nagashima 1974), and this has also been 

shown to be the case at high (15-30 kb) pressures (Wendtland 1982). Under experimental conditions 

sulphide (S2-) anions in reduced, anhydrous basaltic melts preferentially exchange with oxygen (O2-) 

anions that are associated with ferrous iron in the melt, hence the solubility of sulphide increases with 

an increase of ferrous iron in the melt (e.g. Haughton et al. 1974). This relationship is commonly 

observed in natural basaltic systems (e.g. Mathez 1976; Wallace and Carmichael 1992). In natural 

systems sulphide-saturation of melt leads to the exsolution of sulphur-bearing compounds such as 

immiscible iron-sulphides. If the total volatile content of a melt is to be estimated accurately it is 

therefore important to know if the melt was sulphide-saturated before eruption. The factors controlling 

halogen solubilities are more complex and are currently poorly constrained by experimental modelling 

of basaltic melts.  

 As degassing progresses during decompression, the physical and chemical parameters of the 

magma are altered (e.g. Burgisser et al. 2008). However, the relative timing of degassing of different 

volatile species from basaltic magma remains largely a function of relative volatile solubilities. The 

solubility of carbonate in basaltic melt at 1 bar and 1200 °C is 0.5 ppm, whereas the solubility of 

water under the same conditions is 1100 ppm (Dixon et al. 1995). CO2 is therefore much less soluble 

than water at similar physical conditions and hence exsolves at greater depths and higher pressures 

than water. S is more soluble than CO2 in basaltic magma, and will therefore only start to exsolve at 

lower temperatures and pressures than those required for CO2 exsolution. F will often be one of the 

last phases to exsolve during decompression of basaltic magma as it is extremely soluble. Chlorine is 

also very soluble as it bonds with cations such as Na, K and Fe in silicate melts, but will preferentially 

partition into a separate aqueous phase in water-saturated melts. Chlorine solubility is therefore 

closely linked to the water content of the melt. For further information see Carroll and Holloway 

(1994) and references therein. A thorough recent review of H2O and CO2 solubility in silicate melts is 

given by Moore (2008). 
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4.2.2 The effect of dissolved volatiles and subsequent degassing on the physical 
properties of magma 

 

The degassing of volatiles from melts before and during eruption increases the viscosity of the melt in 

two important ways. Firstly, volatiles depolymerise melts by substituting for ions within bonded silica 

tetrahedral molecules; volatile degassing leads to melt polymerisation, which increases melt viscosity. 

Secondly, gases in solution act to suppress the liquidus of the melt. Volatile degassing leads to 

adiabatic undercooling of the melt, encouraging the rapid growth of quench crystals, which in turn 

increase the viscosity of the melt. The residual liquid becomes increasingly silicic as crystallisation 

continues, further increasing melt viscosity (e.g. Sparks and Pinkerton 1978; Lipman et al. 1985); 

aside from temperature and pressure, SiO2 content of a melt exerts the greatest control on viscosity. 

Basaltic magmas are considerably less viscous than rhyolitic magmas despite their relatively low 

volatile concentrations due to the effects of temperature. Basaltic magmas are generally erupted at 

higher temperatures (~1200 °C) than volatile-rich acidic magma (~800 °C). 

 As magma degasses, crystallisation is induced by rapid undercooling (Sparks and Pinkerton 

1978). Degassing-induced crystallisation can occur either during magma ascent (e.g. Métrich et al. 

2001; Melnik and Sparks 2002) or at the surface in the erupted lava flow (Lipman et al. 1985). Once 

magma has reached the surface and is erupted as a lava flow heat is radiated from the flow surface, 

further encouraging crystallisation (Kilburn 1990; Cashman et al. 1999). The effects of syn-eruptive 

ascent degassing on the lava rheology and consequent flow emplacement mechanisms during the Laki 

fissure eruptions has been explored in detail by Guilbaud et al. (2007). They link the diverse surface 

morphologies of the Laki lava flows with degassing from the surface of the flows, which induced 

groundmass crystallisation and affected the lava rheology. The focus of this chapter is towards 

understanding relative volatile solubilities and the total Laki degassing budget, and will not revisit the 

physical effects of degassing on lava rheologies.  

4.2.3 The climatic impact of volcanic degassing 
 

The following section takes a broader view of volcanic degassing, which has long been known to have 

an impact on global climate (e.g. Rampino and Self 1984; Rampino et al. 1985; Symonds et al. 1988; 

Robock and Mao 1992; Robock 2000). The severity of the impact on the climate depends on a number 

of factors including the duration, type and style of the eruption, the global location of the eruption and 

the composition and concentration of the gases reaching the atmosphere. Eruptions that produce large, 

high eruption columns and fire-fountains loft gases into the upper troposphere and stratosphere where 

their impact is more pronounced than if restricted to the lower atmosphere. Aerosol circulation rates 

are slower and aerosol residence times longer in the stratosphere than in the troposphere, meaning that 

aerosols which may persist for only a matter of days in the troposphere can persist for years in the 

stratosphere (e.g. Jaenicke 1993; Holton et al. 1995). The global location of the eruption is also 

important in terms of how the volcanic gases are dispersed. Due to global air mass circulation 

patterns, high latitude eruptions cause uniform dispersal of stratospheric aerosols injected above 30° 
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latitude (Stothers 1996b), and therefore have more potential to affect climate than equatorial 

eruptions. On a smaller scale, the regional prevailing wind directions will determine the direction of 

volcanic gas dispersal. For example, aerosol dispersion at heights >20 km above Iceland is largely 

controlled by the westerly jet stream (Thorarinsson 1981; Jónsson 1990), which sweeps material 

lofted into the atmosphere across northern Europe. 

 The largest climatic impacts of volcanic eruptions are due to the release of dust and volcanic 

aerosols to the atmosphere. One of the most significant volcanic aerosols in terms of climate 

modification is sulphate. Sulphate particles have typical diameters of ~0.5 µm, smaller than the size of 

dust particles (2.5 µm) and within the wavelength of visible light. Both submicron dust particles and 

volcanic aerosols reduce the amount of solar radiation reaching the Earth’s surface by back-scattering 

the sun’s rays. Dust particles are dense in comparison to sulphate aerosols, and hence rapidly 

deposited post-eruption. The climatic impact of dust in the atmosphere is therefore short-lived and 

localised. The impact of sulphate aerosols on climate is much more significant, as they not only back-

scatter sunlight, but also absorb terrestrial and solar infrared radiation, leading to warming of high 

altitude atmospheric air masses, but cooling of lower air masses. Sulphate aerosols can persist for 

three weeks in the troposphere and up to 3 years in the stratosphere, far longer than the residence 

times of volcanic dust. Devine et al. (1984) showed that there is a positive correlation between 

decrease in Northern Hemisphere surface temperatures and the amount of sulphur released during 

Recent large eruptions, including the Laki eruption. This cooling effect, coupled with the fact that 

sulphate particles act as condensation nuclei for water vapour and encourage cloud formation, leads to 

considerable interference with established climatic patterns. Sulphur in the atmosphere also reacts 

with Cl (a common emission product from volcanoes) and hydroxyl molecules to reduce the 

production rate of atmospheric ozone (Albritton 1989; Bekki et al. 1993). Sulphur, along with Cl and 

F act as greenhouse gases and combine with water in the atmosphere to form acidic aerosols. Other 

volcanic gas emissions also have an important part to play in modifying climate. For example, H2O 

and CO2 are by far the most abundant volcanic gases released during volcanic activity and act as 

greenhouse gases in the upper atmosphere.  

 

4.3 Measuring volcanic volatiles 
 

The quantification of magmatic volatile concentrations before, during and after an eruption is integral 

to magma degassing studies. The pre-eruptive volatile concentrations prior to significant magma 

degassing are measured directly from phenocryst-hosted melt inclusions. The degassed eruption 

products can also be analysed and a comparison made between these and the melt inclusions to 

estimate total degassing. More difficult to quantify is the gas flux during eruption, which may vary 

considerably throughout the course of the eruption (Symonds et al. 1995), and is particularly difficult 

to reconstruct for past eruptions. 

 The volcanic gas output from past eruptions can be estimated using several techniques, 

although none provide the same resolution achieved by measuring gas emissions in real-time during 
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eruptions. Qualitative analyses can be performed by analysing contemporary accounts of historical 

eruptions, which are likely to be more detailed and reliable if the eruption was particularly large, long-

lived, violent, or posed a threat to the life and property of local residents. For example, contemporary 

accounts of the Laki eruption (e.g. Steingrímsson and Ólafsson 1783; Swinden 1783; Steingrímsson 

1783a, 1783b) have been assessed for reliability in the recent literature (e.g. Rafnsson 1984; 

Thordarson 2003), and used to draw qualitative, and sometimes even semi-quantitative, conclusions 

about the eruption (e.g. Stothers 1996a; Thordarson et al. 2003). The contemporary accounts include 

detailed descriptions of atmospheric phenomena associated with volcanic degassing such as dry fogs 

and hazes or unusual/un-seasonal weather conditions, and also provide a record of how far away the 

effects of the volcanic gases were felt. In the case of the 934 A.D. Eldgjá eruption in southern Iceland 

the climatic impacts associated with the eruption were recorded as far away as eastern Europe and the 

Middle East (Stothers 1998). Indirect impacts of volcanic degassing associated with volcanic 

eruptions include enhanced mortality rates in areas affected by the plume fallout in the years 

following the eruption, and a retarded rate of plant growth recorded in tree rings immediately after the 

eruption due to a decrease in solar insolation. Both these phenomena are associated with the Laki 

eruption (e.g. Jacoby et al. 1999; Grattan et al. 2003; Grattan et al. 2005). 

 Direct measurements of total volatile fluxes from historic eruptions can be made in two 

ways. The first is analysis of acidity in ice cores induced by atmospheric loading of volcanic volatiles 

(e.g. Hammer 1977; Hammer et al. 1980; Clausen and Hammer 1988; Zielinski et al. 1994; Wei et al. 

2008). Sulphur entering the atmosphere combines with water to form H2SO4 and precipitation is 

acidified for the time that the aerosol is resident in the atmosphere. A record of this acidification is 

retained in ice-cores, which can be accurately dated and correlated with past eruptions. The second 

method is to take direct measurements of volatile concentrations in the products of the eruption (Rose 

1977; Devine et al. 1984; Sigurdsson et al. 1985; Thordarson et al. 1996). Analysis and comparison of 

the pre-eruptive and the residual gas contents of the eruption products gives a measure of degassing 

during an eruption. Quenched vent tephra represents the most evolved composition of an erupted 

magma prior to extensive groundmass crystallisation, and records residual gas concentrations after 

low temperature and low pressure degassing. In contrast, gas concentrations of melt inclusions – small 

blebs of melt that become trapped in growing crystals – are those of the primitive magma batches that 

contributed to the magma reservoir. Magma begins to crystallise across a range of temperatures, 

pressure and compositions, and the composition of the mineral hosting the melt inclusions can be 

analysed and used to make inferences about the physical conditions in the magma reservoir at the time 

of melt inclusion entrapment. Olivine is the first mineral to form in basaltic lavas at upper mantle 

temperatures and pressures, and will therefore host melt inclusions with volatile concentrations most 

similar to those of the undegassed magma reservoir. This study uses this second method to evaluate 

degassing during the Laki eruption, and the theory behind using olivine-hosted melt inclusions is 

outlined below. 
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4.3.1 Olivine as a container for melt inclusions 
 

Olivine-hosted inclusions are often considered to serve as a suitable vessel for melt inclusion 

containment as olivine is mechanically robust, lacks cleavage which limits post-entrapment breaching 

of melt inclusions and is a chemically simple system that doesn’t readily accommodate trace elements. 

The information that can be acquired from melt inclusions includes the extent of magma mixing 

(Anderson 1975) and degassing (Lowenstern 1995), minimum pressure of crystal formation 

(Anderson et al. 1989; Newman and Lowenstern 2002), and temperature of crystallisation (Roedder 

1984). This information is only useful, however, if the inclusion has been truly isolated after 

entrapment. During volcanic eruptions, both the crystal and the inclusions they host experience 

decompression, which has a greater effect on the melt inclusion than on the phenocryst as silicate 

melts have a bulk modulus that is an order of magnitude less than the elastic modulus of crystals, and 

because melt inclusions contain dissolved volatiles. The host crystal is however relatively 

incompressible in comparison to the surrounding melt, and the melt inclusion volume remains nearly 

constant (isochoric) during decompression (Roedder 1984). Within the melt inclusion: 

 
β
α

δ
δ =
T
P

 
[1] 

where P and T are the pressure and temperature within the melt inclusion, a is the coefficient of 

thermal expansion of the surrounding melt and ß is the compressibility of the surrounding melt. 

Silicate melts are relatively incompressible hence ß is a small value, and the internal pressure of the 

melt inclusion changes rapidly for only a small change in temperature. Tait (1992) shows that ? P, the 

pressure difference between the crystal and the melt inclusion, is zero at the time of trapping, and little 

changed during decompression associated with an eruption. Consequently, for most inclusion sizes the 

host crystal should be thought of as an infinite environment.  

 Several authors have however questioned the reliability of olivine as a chemically inert 

container for melt inclusions, mostly due to the fast rates at which melt inclusions have been shown to 

exchange material with their host crystals and surrounding melts. For example, melt inclusions have 

been shown to change composition on short time scales of days to years through diffusive Fe-Mg 

equilibration with either their host olivine crystal or a surrounding matrix melt (Danyushevsky et al. 

2000a; Gaetani and Watson 2000). Hydrous melt inclusions rapidly lose hydrogen by diffusion during 

1 atm homogenisation experiments, on time scales of minutes to hours (Hauri 2002; Massare et al. 

2002), and also diffusively lose hydrogen during slow, natural post-entrapment cooling. Melt 

inclusions also often nucleate a vapour bubble as they cool, and the effect that this may have upon the 

dissolved volatile contents of the melt inclusion needs to be considered. For example, Anderson and 

Brown (1993) show that saturation pressures calculated from the CO2 contents of melt inclusions 

hosted in olivines from Kilauea underestimate the true trapping pressure of the inclusion by up to a 

factor of three, and suggest that this underestimation is due to CO2 partitioning into a vapour bubble 

during decompression. Figure 4.1 shows how vapour bubbles form in melt inclusions in response to 

pressure changes and consequent changes in volatile saturation within the inclusion. At point A 
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vapour undersaturated melt is trapped within a crystal at temperature Tt. At point B the melt becomes 

saturated with a volatile phase and nucleates a bubble. If the crystal is cooled slowly then the melt 

inclusion cools along the melt/vapour curve to point C. Under rapid cooling conditions the melt 

inclusion becomes supersaturated with a volatile phase and cools to point F, at which point a bubble 

forms. The pressure at which the vapour bubble forms is linked to the speed at which the melt 

inclusion cools. Rapid cooling, such as that associated with rapid decompression as the host crystal is 

carried toward the surface by the carrier melt during eruption, promotes supersaturation of the vapour 

phases in the melt inclusion prior to bubble formation. The bubble traps volatiles at a lower pressure 

than if the melt inclusion had cooled more slowly under equilibrium conditions. According to this 

model rapid quenching would lead to lower than expected volatile concentrations in the melt 

inclusions. 

 

 
 

Figure 4.1. Physical conditions of bubble formation in a melt inclusion in relation to type of cooling. 
The isochore represents the change in pressure with the change in temperature within the melt 
inclusion, where the internal pressure changes rapidly for a small change in temperature. The black 
arrows show cooling of the melt inclusion under equilibrium conditions. The blue arrows show the 
effects of rapid cooling of the melt inclusion. See text for discussion. Figure adapted from Lowenstern 
(1994).The reliability of melt inclusion volatile concentrations measured in this study is discussed in 
section 4.7.  
 

 Care must also be taken when interpreting the volatile concentrations measured in crystal-

hosted melt inclusions, as these only reveal the amount of volatiles dissolved within the melt at the 

time of inclusion entrapment (Johnson et al. 1994). The total volatile concentration of the melt 

includes not only those volatiles dissolved in the melt, but also the concentration of exsolved gases 

present as separate fluid phases, and gases present within crystals (Johnson et al. 1994; Papale 2005). 

The extent of exsolution of gas phases prior to the onset of crystallisation is variable, but the most 

insoluble species, such as CO2, will be the first to exsolve. Magma is able to degas even when residing 

in a relatively deep crustal reservoir (Métrich et al. 1991; Caracausi et al. 2003), and degassing may 

therefore precede or be concurrent with crystallisation and melt inclusion entrapment. The Mg content 

of olivine is strongly controlled by the temperature of the melt at the time of crystallisation, and the 



4. Timing and extent of volcanic degassing - Laki  139 

extent of olivine crystallisation (which acts to remove Mg from the residual liquid). The most 

magnesian olivines crystallise at the highest temperatures, which often coincides with the highest 

pressures. High pressures encourage volatiles to remain in solution, hence the volatile content of the 

melt inclusions hosted in the most magnesian olivines is likely to be the best representation of the total 

pre-eruptive dissolved volatile content of magma. 

 

 
Figure. 4.2. Schematic diagrams to show the limitations of melt inclusions as records of magma 
volatile content. a) Bulk magma A contains dissolved volatiles and is relatively enriched in 
compatible elements as crystallisation has only just begun. Highly insoluble volatiles have exsolved 
into a separate fluid phase, represented by the white-filled bubbles. b) Crystallisation proceeds and 
insoluble volatiles continue to exsolve as the magma ascends, decompresses and oversaturates and the 
bulk magma composition evolves to composition B. Melt inclusions trapped within olivine 
phenocrysts will have a bulk composition of magma A, reflecting only the dissolved volatile content 
of that magma at the time of inclusion entrapment. There is no record in the melt inclusions of the 
exsolved fluid phase. 
 

 

4.4 Volcanic degassing associated with the 1783 A.D. Laki eruption 

4.4.1 Eruption style 
 

Contemporary accounts have been a valuable source of information concerning the physical aspects of 

the Laki eruption, and provide evidence of episodic explosive activity. Although primarily effusive in 

nature, of the 15.1 km3 of volcanic material extruded during the eruption, 0.4 km3 was tephra. Whilst 

this volume is small in comparison to eruptions from stratovolcanoes, it is significant in terms of 

basaltic eruptions; for example, 0.4 km3 is greater than the cumulative production of tephra from all 

20th century eruptions of Hekla (Thordarson et al. 2003b). Six separate tephra fall units, four 

strombolian and two phreatomagmatic, are associated with the Laki eruption and have been defined 

using descriptions from contemporary accounts, field observations of tephra stratigraphy and textural 

analysis (Thordarson and Self 1993). The presence of Pele’s hair in some of the tephra units attests to 

the high-velocity, gas-charged nature of the tephra-forming eruption episodes (Shimozuru 1994), as 

does the presence of clasts with fluidal skins known as achneliths (Thordarson and Self 1993). Further 

evidence of the explosive nature of some of the eruptions comes from deposits of ash, spatter-fed lava 
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and spatter-fall deposits. Contemporary accounts indicate that fire-fountains in the first few months of 

the eruption reached maximum heights of 0.8 - 1.35 km to coincide with peak magma discharge rates 

(Thordarson and Self 1990). Modelling based on the volatile content of the Laki magma, the high lava 

effusion rates and the prolonged eruption duration verifies these fire-fountain heights (Wilson and 

Head 1981; Thordarson and Self 1993). Contemporary accounts also describe an eruption column 

>8.5 km high in the first few months of the eruption, whilst modelling based on lava effusion rates, 

eruption duration and melt composition indicates that the eruption columns associated with subplinian 

activity were between 11 and 13 km high (Thordarson and Self 1993; Fiacco et al. 1994; Grattan and 

Charman 1994; Thordarson et al. 1996; Grattan 1998; Thordarson et al. 2003b). Although 

contemporary accounts indicate that violent eruptions and associated tephra-fall were short-lived, 

usually on the order of hours, high eruption columns and fire-fountaining are efficient at transporting 

volcanic gases into the troposphere, and even into the stratosphere. The environmental impact of the 

Laki eruption was therefore greatly magnified by the eruption style.  

 Thordarson et al. (1996) give a detailed study of the volatile emissions associated with the 

Laki eruption in terms of the amount, mechanism and rate of magma degassing during the eruption, 

the heights reached by gas emissions and the consequence for their longevity in the atmosphere. They 

show that the Laki magma degassed in two stages: 1) via the conduit leading from the magma 

reservoir and via the surface vents at the beginning of the eruption 2) via the surface lava flows as 

they were being emplaced and immediately afterwards. Approximately 75% of the total dissolved 

volatile content of the Laki magma was released during explosive activity and fire-fountaining at the 

vents (Wilson and Head 1981; Thordarson et al. 1996), lofting gases into the stratosphere. Only 18% 

of the total volatile content of the magma was released from the surface flows, and these emissions 

reached the lowermost troposphere, and hence were only important over Iceland (Thordarson et al. 

1996).  

 

 
 

Figure. 4.3. A schematic representation of two-stage degassing during the Laki eruption. Reproduced 
from Thordarson et al. (1996). 
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4.4.2 Environmental impact of Laki degassing  
 
The local environmental impact of the Laki eruption can be attributed to two phenomena; tephra-

fallout, and the production of a low-altitude halogen-rich gas haze (Thordarson and Self 2003). The 

impact of the eruption in Iceland was greatest in the Fire Districts, which were proximal to the 

eruption site and hence were the areas most affected by coarse-tephra fallout, and by degassing from 

the surfaces of lava flows, which contributed to the haze (Óskarsson et al. 1984). Thordarson and Self 

(1993; 2003) show that 90% of the tephra from the Laki eruption was deposited within 10 km of the 

eruption source. Tephra deposition and a reduction in solar radiation due to atmospheric dust lead to 

the failure of crops across Iceland. Livestock grazing upon fluorine-coated vegetation died in vast 

numbers from fluorosis, resulting in a famine known as the Móðuharðindin or ‘the famine of the mist’ 

(Bjarnar 1965; Einarsson et al. 1984; Ogilvie 1986), that lasted from 1783-1786. The famine, 

combined with disease and harsh winters in the years following the eruption lead to the death of ~ 

22% of the Icelandic population (Finnsson 1796; Thorarinsson 1979; Hálfdánarson 1984).  

 The global environmental impact of the eruption can be attributed to ash or dust in the upper 

atmosphere, and atmospheric volcanic aerosols. Atmospheric dust and aerosols caused blood-red skies 

at sunrise and sunset (e.g. Pálsson 1784) and lead to a reduction in solar radiation that caused a 2 °C 

depression in Northern Hemisphere surface temperatures between 1783 and 1785 (Lamb 1970; 

Sigurdsson 1982; Angell and Korshover 1985). Ashfall associated with the Laki eruption was reported 

from across northern Europe, including Scotland (Geikie 1893), the Faeroe Islands, Norway, Holland, 

Denmark, north Germany and north Italy (Hólm 1784; Thoroddsen 1925). In the months during and 

following the eruption there were reports of a persistent tropospheric haze across western Europe, 

north Africa and Asia (Hólm 1784; Thorarinsson 1979; Stothers 1996a; Grattan 1998) and even in 

eastern North America (Franklin 1784). The fog has been linked to increased mortality rates in Britain 

and France, due to respiratory illnesses caused by the atmospheric pollution (Grattan and Brayshay 

1995; Grattan et al. 2003; Grattan et al. 2005). Tropospheric and lower stratospheric aerosols 

persisted in the atmosphere long after the eruption, and are thought to have disrupted the thermal 

balance of the Arctic region for at least two summers after the eruption (Thordarson and Self 2003) 

The deaths of Icelanders combined with increased mortality rates in Europe in the months during and 

after the eruption lead to an estimated death toll of 50,000, which makes the Laki eruption one of the 

deadliest eruptions in recorded history. 

 

4.4.3 Previous Laki volatile measurements and total gas flux estimates 
 

The Laki eruption was a significant source of atmospheric pollution. Several studies have explored 

degassing associated with the eruption through measurement of the volatile concentrations of the 

eruption products. Devine et al. (1984) measured S concentrations in Laki melt inclusions by electron 

microprobe and recorded two average values of 704 ±85 ppm and 963 ±98 ppm. Métrich et al. (1991) 

measured S in olivine-tholeiite melt inclusions from plagioclase and Fo85 - 75 olivine by electron 
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microprobe, and found that it ranged from 915-1970 ppm as the FeO of the melt inclusion increased 

from 9 to 13.5 wt %. Thordarson et al. (1996) also measured S in Laki melt inclusions by electron 

microprobe and found an average concentration of 1675 ±225 ppm. Métrich et al. (1991) measured S 

in Laki matrix glasses and showed that S decreases from 1490 to 500 ppm as the Mg# of the matrix 

glass decreases from 47 to 37. Thordarson et al. (1996) measured S in Laki strombolian tephra and 

lava selvages and found an average of 490 ±82 ppm, and 350 ±30 ppm respectively.  

 Óskarsson et al. (1984) used Quadropol mass spectrometry to measure the H2O and CO2 

released by vacuum fusion of crystalline lava, strombolian tephra and crushed melt-inclusion-bearing 

plagioclase phenocrysts from Laki. Using this method they measured 100 ppm CO2 in crystalline lava, 

1480 ppm in strombolian tephra and 8530 ppm in melt inclusions. The melt inclusion measurement is 

now known to be an overestimation as the host plagioclase crystals that were crushed to release the 

CO2 also contained CO2 bubbles (Métrich et al. 1991), and the tephra measurement is also considered 

an overestimate as strombolian tephra clasts have been shown to contain occasional fluid-filled 

bubbles (Ólafsson et al. 1984). Métrich et al. (1991) measured 430 - 510 ppm CO2 in melt inclusions 

using FTIR. No revision of the CO2 concentration of strombolian tephra has yet been made. An 

attempt was made to measure the volatile concentrations of Laki tephra for this study using SIMS, but 

was abandoned as the tephra sample was mounted in a large resin block that failed to pump down to a 

low enough vacuum in the sample chamber of the ion microprobe for an analysis to be performed. The 

average H2O concentration measured from melt inclusions by Óskarsson et al. (1984) using the 

vacuum fusion method is 0.63 wt %, which is considerably higher than the 0.47 wt % recorded by 

Métrich et al. (1991) using FTIR. The H2O content of matrix glasses was measured using FTIR by 

Guilbaud et al. (2007) and ranged from 0.076 - 0.102 wt % in tephra and 0 - 0.352 wt % in lava, with 

local patches of high (0.2 - 0.35 wt %) water concentration. Measurements of the halogen content of 

the Laki eruption products are sparse. Thordarson et al. (1996) estimated a pre-eruption magma 

composition of 250 - 350 ppm Cl (mean 310 ±59 ppm) and 600-800 ppm F (mean 665 ±100 ppm). 

Métrich et al. (1991) measured average Cl concentrations in Laki matrix glasses of 190 ±37 ppm, and 

average melt inclusion concentrations of 134 ±67 ppm Cl. 

 Gas flux estimates are based upon an estimate of the total volatile concentration of magma, 

usually derived from melt inclusion studies, multiplied by the amount of magma released during the 

eruption. Total volatile contents of the Laki magma (primarily SO2, CO2, H2O) have been estimated at 

1-1.5 wt % (Thordarson and Self 2003), and total volume of the eruption products at 15.1 km3 

(Thordarson and Self 1993), revising the previous estimate of 12.3 km3 (Thoroddsen 1925; 

Thorarinsson 1969). Previous estimates of the total amount of SO2 released during the Laki eruption, 

corrected for the 15.1 km3 volume estimate range from 56 to 63 Mt (Sigurdsson 1982; Devine et al. 

1984; Óskarsson et al. 1984). The estimates of Devine et al. (1984) were based upon measurements of 

average S concentrations from Laki phenocrysts of 704 ±85 ppm and 963 ±98 ppm, which are now 

known to be at the minimum end of the measured range. Thordarson et al. (1996) used the 

petrological method to estimate the amount of degassing associated with different phases of the Laki 

eruption, and converted these amounts to Mt released over the entire course of the eruption. Based on 
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their melt inclusion and lava volatile concentration measurements they revised the total SO2 release 

during the Laki eruption to 122 Mt, producing ~250 Mt of H2SO4 aerosols. They also estimated total 

atmospheric loading during the eruption of ~7 Mt of HCl, 15 Mt of HF, 235 Mt of H2O, and 349 Mt of 

CO2, though they note that the CO2 loading is likely to be an overestimate as it was based on the 

measurements of Óskarsson et al. (1984). The estimates made by Thordarson et al. (1996) of gas 

release during different stages of the eruption are shown in table 4.3a. 

 

 

4.5 Analytical techniques and data correction 
 

The method by which melt-inclusion-bearing olivine crystals from Laki basalts were prepared for 

analysis is described in detail in chapter 3. Preparation included heating the olivine under reducing 

conditions in order to melt and re-homogenise the hosted melt inclusions. Melt inclusions are referred 

to in this chapter by the method of re-heating, where NQ indicates naturally-quenched melt inclusions 

that were not heated, CH indicates melt inclusions re-homogenised in a H2:CO2 gas-mix and CC 

indicates melt inclusions re-homogenised in a CO2:CO gas-mix (note that the re-homogenisation 

process did not result in the disappearance of the vapour bubble from the melt inclusions, which is 

probably a function of the re-homogenisation being carried out at atmospheric pressure. Melt 

inclusions that contain vapour bubbles are highlighted in grey in table B.11). The concentrations of 

selected trace elements and major elements were measured in 131 olivine-hosted melt inclusions, and 

the major-element composition of their host olivine crystals, using EPMA and SIMS; these methods 

are described in detail in the appendix (section A.3.1 and A.4.3). Of these 131 melt inclusions, a sub-

set have been analysed for volatile trace elements and compounds using SIMS. This sample set is 

derived from 12 different Laki samples, LAK01, LAK03, LAK04, LAK06, LAK12, LAK14, LAK15, 

LAK16, LAK17, LAK22, LAK39 and LAK40, which yielded a total of 100 melt-inclusion bearing 

olivines. Melt inclusions were analysed for H2O, CO2, Cl and F, according to the method described in 

the appendix (section A.4.4). Trace element concentrations were measured during one analysis 

(presented in the previous chapter), and volatiles were measured separately. H2O, and F 

concentrations were measured together, and CO2 and Cl concentrations measured (and corrected) 

separately (section A.4.5 and A.4.6). The ion probe spot size was up to 15 µm across, and size of the 

analysed melt inclusions varied from 20 to 110 µm on their longest axis (mean = 40 µm). 

Consequently, only the larger (>80 µm) Laki inclusions were analysed for the full range of trace 

elements and volatiles. Table 4.1 shows how many of the 131 melt inclusions were analysed for each 

of the volatile elements. Precision was estimated by repeat analyses on unknowns (melt inclusions) 

and repeat analyses on standard materials of known composition. The 1s  percentage precision for 

repeats on standards was better than 5% for H2O and F, 6-13% for CO2 depending on the standard 

used, and 13% for Cl (table A.14; P%STD). The total error was calculated by combining the 

measurement errors from repeats on multiple unknowns with those from repeats on standards (section 

A.4.8). Total error was calculated by combining the error of repeat analyses on standards with the 
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combined error of repeats on multiple unknowns (table A.13) and was ~7.5% for H2O, 4.2% for F, 

16.3% for Cl and 10.8-12.8% for CO2, depending on the standard used (table A.14). Accuracy was 

estimated by taking repeat measurements on standards, and was better than 6% for H2O, Cl and F. 

Accuracy was poorly determined for C as a single C concentration measurement made on basaltic 

glass standard cy82293 for this study, which was in good agreement with two other measurements 

made by another worker using the same instrument and the same method at a similar time (pers 

comms, S. Collins, 2007), were in very poor agreement with the published value (table A.14). This 

discrepancy has been regularly observed during similar analytical work (pers comms, R. Hinton, 

2007), indicating that this standard is probably a poor choice for carbon analyses using this method. 

Repeats on another carbon standard, RB480, were accurate to within 3% of the known composition, 

but this standard had CO2 concentrations that were ten times higher than those measured in the melt 

inclusions. For future work, more repeat measurements on the cy82293 standard would provide better 

estimations of precision for the carbon data and would add to a growing database of recorded 

measurements for this standard that would help with accuracy estimates. 

 The sulphur concentrations of the melt inclusions were measured using EPMA according to 

the method described in section A.4.2. The melt inclusion volatile data have been corrected for the 

effects of post-entrapment crystallisation/over-heating during re-homogenisation by the PEC 

correction factors, as described in chapter 3. Full data tables showing raw and corrected melt-inclusion 

volatile data are given in table B.10. 

 

4.6 Melt inclusion volatile concentrations 
 

The average melt inclusion volatile concentrations measured for this study are shown in table 4.1. The 

concentrations have been corrected for the effects of post-entrapment crystallisation or over-heating 

during re-homogenisation, and are ordered into three groups based on the forsterite content of the host 

olivine crystal (Fo<75 mol %, Fo75 - 83 mol % and Fo>83 mol %). The total at the bottom of the table 

indicates the total number of melt inclusions measured in this study. Note that the complete range of 

volatiles couldn’t be measured in all of the inclusions, largely due to either the constraints of 

analytical time on the ion probe or because the melt inclusion was too small to permit the multiple 

measurements necessary to acquire the full dataset. The only volatile for which there is a measurement 

for every inclusion is sulphur, as this was measured separately on the electron probe. Figure 4.4 shows 

that the concentrations of individual volatile species vary according to the forsterite content of the host 

olivine phenocryst, and these trends are explored in detail in the following section.  
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Table 4.1. Laki melt inclusion volatile concentrations, where n indicates the number of melt inclusions 
measured. The melt inclusions are split into three groups based on the forsterite (Fo) mol % of the 
host olivine crystal. H2O, CO2, Cl and F were measured by ion microprobe, and S by electron 
microprobe. 
 

   H2O wt % CO2 ppm S ppm Cl ppm  F ppm 

Fo<75 n 12 6 21 7 12 
 average 0.19 304.12 1319.02 194.84 904.70 
 stdev 0.09 181.05 670.50 78.12 217.32 
 min 0.11 125.67 4.22 21.62 603.92 
 max 0.41 620.34 1998.28 247.95 1218.04 

Fo75 - 83 n 40 35 51 16 40 
 average 0.15 400.63 1326.38 158.08 709.92 
 stdev 0.09 208.46 399.29 81.94 127.39 
 min 0.06 98.28 48.41 15.16 436.30 
 max 0.52 982.09 1856.77 265.03 1010.65 

Fo>83 n 40 27 59 9 40 
 average 0.25 399.77 832.71 141.31 490.91 
 stdev 0.19 212.89 282.10 71.29 114.50 
 min 0.11 34.94 31.39 8.74 277.00 
 max 0.69 936.44 1426.33 207.65 897.43 

all n 92 68 131 32 92 
 average 0.20 391.77 1102.86 161.41 640.11 
 stdev 0.15 205.45 473.85 76.98 197.52 
 min 0.06 34.94 4.22 8.74 277.00 
 max 0.69 982.09 1998.28 265.03 1218.04 

 

 

 

 
Fig 4.4. Average volatile concentrations of Laki melt inclusions. The filled circles are the average of 
the group analyses, the vertical bars show 1s  standard deviation and the horizontal bars show 
minimum and maximum values. 
 

 

 The volatile concentrations of Laki melt inclusions measured in this study are here compared 

with volatile concentrations of typical MORB and with previous measurements of melt inclusions and 

other glasses from Laki. MORB typically contains 0.1-0.4 wt % H2O (e.g. Dixon et al. 1991), yet 

Icelandic magmas are often water-enriched in comparison to MORB, ranging from 0.1-1.02 wt % 

H2O (Nichols et al. 2002). The range of H2O concentrations measured in this study (0.1 - 0.7 wt %) is 
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well within the range measured by Nichols et al. (2002). Melt inclusions from Icelandic basalts have 

been found to contain up to 800 ppm CO2 (Nichols et al. 2006), yet quenched MORB glasses typically 

contain <400 ppm CO2 (Muenow et al. 1990). The maximum CO2 concentration measured in this 

study is ~1000 ppm, and so slightly higher than other Icelandic magmas, though the average CO2 melt 

inclusion concentrations are <400 ppm. Métrich et al. (1991) measured volatile concentrations in two 

Laki melt inclusions by FTIR, giving water contents approximately twice those measured in this study 

yet comparable CO2 concentrations. Both the CO2 concentrations measured by Métrich et al. (1991) 

and those measured in this study are 20 times smaller than the values recorded by Óskarsson et al. 

(1984), which must now be considered over-estimates. Figure 4.5 shows that CO2 concentrations in 

melt inclusions measured in this study vary by a factor of ten (~100–1000 ppm CO2), whilst H2O 

concentrations vary by a factor of two (~0.1–0.2 wt %). There is no correlation between the CO2 and 

H2O concentrations. Of the 92 melt inclusions analysed for H2O 15 had concentrations > 0.25 wt % to 

0.69 wt %, which are in better agreement with measurements made by Métrich et al. (1991). 

Unfortunately, a separate analysis of the CO2 concentration could not be made for any of these melt 

inclusions because they were too small (<20 µm) to permit a second ion microprobe analysis, which 

leaves a pit ~10 µm by 10 µm. Consequently these higher H2O melt inclusions are shown on figure 

4.5 as question marks on the x-axis. Several of these inclusions have H2O concentrations that are 

significantly higher than those measured by Métrich et al. (1991), but within the range of Nichols et 

al. (2002). 

 

 
 

Figure 4.5. Laki melt inclusion H2O versus CO2 concentrations. Grey-filled circles are values 
measured for this study and n indicates the number of analyses. The error bars in the top right show 1s  
absolute precision for these values. The green-filled diamond is Laki matrix glass from Óskarsson et 
al. (1984). Red-filled circles are Laki melt inclusions from Métrich et al. (1991). The question marks 
on the x-axis are the H2O concentrations of 15 melt inclusions measured in this study, from which 
CO2 measurements were not obtained. 
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 Figure 4.6 shows how H2O and CO2 melt inclusion concentrations vary with other volatiles, 

and shows for comparison analyses of Laki melt inclusions, tephra glasses and lava selvages made by 

other authors. Tephra glasses are rapidly quenched upon eruption and should record the volatile 

concentration of the magma immediately prior to eruption, whilst lava selvages record the volatile 

content of the lava after emplacement and degassing from the lava surface. Melt inclusion H2O 

concentrations from this study do not correlate with S, F or Cl concentrations. The uniformly low 

(<0.2 wt %) H2O measured in melt inclusions for this study is close to the range of H2O measured in 

degassed lava selvages (Guilbaud et al. 2007). Figure 4.6a shows that the majority of melt inclusions 

from this study plot at lower H2O and S concentrations than melt inclusions measured by other 

authors, apart from six that have >1500 ppm S range, and 0.25-0.5 wt % H2O. A further 11 inclusions 

have lower S concentrations similar to those of tephra glasses (Thordarson et al. 1996) that range from 

~1000-1300 ppm, and H2O concentrations >0.3 wt %. Figure 4.6c shows a similar trend to figure 4.6a 

where the majority of the melt inclusions have H2O concentrations <0.2 wt % and the same selection 

of high (>0.25 wt %) H2O inclusions plot in a high F (~650-750 ppm) cluster with concentrations 

similar to other Laki melt inclusions, and a low F (~400-500 pmm) cluster with concentrations similar 

to Laki tephra. Fewer measurements of Cl were made in this study than of other volatiles, hence there 

are no Cl concentrations for the high H2O inclusions on figure 4.6e, and H2O concentrations are all 

<0.2 wt %. The majority of the melt inclusion Cl concentrations fall in the range measured for lava 

selvages and tephra by Thordarson et al. (1996), though Métrich et al. (1991) measured uniformly 

lower Cl concentrations (~170 ppm) in melt inclusions, which are in better agreement with the Cl 

concentrations measured in this study. The four sub-100 ppm Cl inclusions also have H2O 

concentrations that are close to those measured in degassed lava selvages by Guilbaud et al. (2007). 

 CO2 concentrations in melt inclusions from this study show no correlation with either S, F or 

Cl concentrations. The full range of CO2 concentrations (100-1000 ppm) is measured across almost 

the full range of S and F concentrations (~450-2000 ppm and 270-1200 ppm respectively). Melt 

inclusions from this study with <950 ppm S and <480 ppm F fall within the volatile range measured in 

glassy tephra samples by Thordarson et al. (1996). Although more than half of the melt inclusions in 

4.6b and d and nearly all of the inclusions in 4.6f plot at CO2 values lower than those recorded by 

Métrich et al. (1991), these data do not cluster at uniformly low values, unlike the H2O data. Figure 

4.6f shows a Cl-poor group of six melt inclusions that have Cl concentrations below 100 ppm and CO2 

concentrations below 600 ppm, whilst the rest of the melt inclusions have Cl values above 150 ppm. 

This apparent split may reflect a paucity of CO2 versus Cl data points, as this dataset is less than half 

the size of the CO2 versus F and CO2 versus S datasets.  
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Figure 4.6. Volatile concentrations from various Laki glasses. Grey-filled circles are melt inclusion 
concentrations measured for this study, where n indicates the number of analyses. The error bars in the 
top right show 1s  absolute precision for these values. Datasets from other authors do not record the 
full range of volatile species measured in this study. Consequently, data from other authors are shown 
on the x- or y-axis and are as follows: open circles are measurements from melt inclusions, open 
diamonds are from tephra and open triangles are from rootless cone tephra or lava selvages. Red 
indicates data from Métrich et al. (1991), blue from Thordarson et al. (1996) and green Guilbaud et al. 
(2007). 
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Figure 4.7. Volatile concentrations from various Laki glasses where grey-filled circles are melt 
inclusions measured for this study and n indicates the number of analyses. The error bars in the top 
left show 1s  absolute precision for these values. Blue open circles are melt inclusion analyses, blue 
open diamonds are tephra analyses and blue open triangles are rootless cone tephra, crystalline lava 
and lava selvage analyses, all from Thordarson et al. (1996). Red circles are melt inclusion analyses 
and red triangles are matrix glasses from Métrich et al. (1991). 
 
 

 Primitive, submarine MORBs are typically sulphide-saturated at the time of eruption, and 

have matrix glass concentrations of dissolved S of 900-1800 ppm (e.g. Mathez 1976), though 

differentiation processes that concentrate FeO in the melt can lead to S concentrations in more 

evolved basalts of 2000-2500 ppm. At 1300 ppm the average melt inclusion sulphur concentrations 

measured in this study are within the range expected for MORB, and within the range measured by 

Métrich et al. (1991), but are ~400 ppm lower than the average concentrations measured by 

Thordarson et al. (1996) (figure 4.6a). Seven of the melt inclusions on figure 4.7a lie within the range 

of Cl and S values measured for tephra glasses and lava selvages by Thordarson et al. (1996). 
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 The most primitive MORB magmas typically contain 20-50 ppm Cl and 100-600 ppm F 

(Wallace and Anderson Jr. 2000), though crystallisation of mineral phases that are incompatible with 

volatiles will act to increase these concentrations. Average Cl and F concentrations in Laki melt 

inclusions are considerably higher than those of primitive MORB. The average Cl concentration of 

melt inclusions measured in this study is 161 ppm, which is less than half the value measured by 

Thordarson et al. (1996) though in good agreement with Métrich et al. (1991). Metrich et al (1991) 

measured average Cl values in tephra of ~200 ppm, which is higher than their average estimate of Cl 

in the melt inclusions of ~120 ppm. Thordarson et al. (1996) measured similar average Cl values in 

tephra of ~220, but higher average melt inclusion Cl concentrations of ~300 ppm. Figure 4.7b shows 

that there is a positive correlation between melt inclusion Cl and F concentrations for both the 

inclusions measured in this study and those measured by Thordarson et al. (1996), but that Cl 

concentrations measured in this study are uniformly lower than those measured by Thordarson et al. 

(1996) at comparable F concentrations. The average F concentration of melt inclusions in this study is 

640 ppm, which is comparable to that of Thordarson et al. (1996), yet the range of F concentrations 

measured here (up to 1218 ppm) is far greater. 

 

4.7 Reliability of volatile measurements from melt inclusions 
 

The previous section highlighted three major discrepancies between the melt inclusion values 

measured for this study and those recorded by other authors. Firstly, of the 92 melt inclusions 

analysed for H2O in this study, 77 had uniformly low (<0.2 wt %) and unvarying H2O concentrations, 

which are less than half those measured by other authors. Secondly, the average of the Cl values 

measured in this study was approximately half of that measured by Thordarson et al. (1996), which is 

aggravated by at least six <100 ppm measurements that plot at lower concentrations than degassed 

lava selvages. Thirdly, the average S concentrations measured in this study are ~375 ppm lower than 

the average measured by Thordarson et al. (1996). Thordarson et al. (1996) measured both Cl and S 

by electron probe, whilst this study measured Cl by ion microprobe and S by electron probe. It is 

therefore possible that some of the discrepancy in the Cl and S measurements could be explained by 

discrepancies in the different measurement techniques. For example, figure 4.7b shows that there is a 

positive correlation measured between Cl and F in melt inclusions in both the Thordarson et al. (1996) 

study and in this study, but that the Thordarson et al. Cl data are systematically higher than the data 

recorded in this study, at comparable F concentrations. The next section discusses how these 

discrepancies in concentrations may be explained by other processes, describing the effects on the 

melt inclusion volatile concentrations of the presence of a vapour bubble, the heating process and the 

effects of post-entrapment diffusive exchange with the surrounding olivine or melt. 
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4.7.1 The effect of a vapour bubble on melt inclusion volatile concentrations 
 

Several studies have investigated the possibility that volatile elements, especially H and C, partition 

into a gas bubble during decompression associated with eruption. For example, Nikogosian et al. 

(2002) performed Raman analyses on vapour bubbles in olivine-hosted melt inclusions from La Palma 

that had not been re-homogenised by heating, and showed that they contain CO2. Anderson and Brown 

(1993) suggested that CO2 partitioning into vapour bubbles in Kilauean melt inclusions was 

responsible for calculated melt saturation pressures that were up to three times lower than expected. 

 The re-homogenisation process failed to cause the disappearance of the vapour bubble in 

many of the melt inclusions analysed in this study, and this is probably a consequence of the re-

homogenisation process being carried out at atmospheric pressure. Consequently, one third of all of 

the melt inclusions analysed contained a vapour bubble (see table B.11), and those that are apparently 

bubble-free may have contained a bubble prior to being polished for analysis. Figure 4.8 shows all the 

melt inclusion volatile data measured in this study versus the volume percent of the melt inclusion that 

is taken up by a vapour bubble. The volumes of melt inclusions and vapour bubbles were estimated 

from SEM images of the polished and mounted olivine-hosted melt inclusions. As melt inclusions 

were deliberately polished to expose the maximum surface area for analysis it was assumed that the 

image represented a section through the widest part of the melt inclusion. Inclusions were assumed to 

be ellipsoids where depth was equal to width in accordance with observations made of melt inclusions 

in 3D using a binocular light microscope (e.g. figure 3.1b). Volume was calculated using (4/3pabc) 

where a, b and c are the half width, length and depth of the inclusion in microns. All bubbles were 

assumed to be spherical and volume was calculated using (4/3pr3). The volume of the bubble was 

subtracted from the volume of the melt inclusion to give the final volume. This method gives only a 

rough indication of true melt inclusion and bubble volume as it makes several assumptions: 1) that the 

melt inclusion is sectioned through its widest part; 2) that the bubble is sectioned through its widest 

part; 3) that the bubble is located near the centre of the melt inclusion. Most bubbles take up <5 % of 

the total melt inclusion volume and could lie beneath the polished melt inclusion surface, and 

consequently not be exposed at all. Hence, estimates of melt inclusion and bubble volume made here 

are likely to be underestimates. The full melt-inclusion volume dataset is given in table B.11.  

 The size of the vapour bubble is not affected by the re-homogenisation process as naturally-

quenched and re-homogenised inclusions contain vapour bubbles with similar volumes. CO2, S, Cl 

and F seem to show the same range in volatile concentrations in melt inclusions with bubbles, 

regardless of the size of the bubble, as in those without bubbles. H2O concentrations initially appear to 

be uniformly lower in melt inclusions that have bubbles than in those that do not. Of the 17 melt 

inclusions analysed that had H2O concentrations >0.25 wt %, only 2 of these contained vapour 

bubbles. Hence it is possible that H2O is partitioning into the vapour bubble. However, one of these 

high H2O inclusions contains a large vapour bubble (6 vol% of the inclusion) yet maintains a high 

dissolved H2O concentration. The frequency distributions for bubble-bearing and bubble-free melt 
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inclusions also look similar (figure 4.8b), hence it is unlikely that volatile partitioning into bubbles 

exerts a large effect on melt inclusion volatile concentrations. 

 

 
 

Figure 4.8. a) volatile/La ratios in melt inclusions versus the percentage of the melt inclusion that is 
taken up by a vapour bubble. Grey-filled diamonds are NQ-type melt inclusions, black-filled squares 
are CH-type inclusions and open circles are CC-type inclusions b) Histograms to show the frequency 
of vol/La ratios in melt inclusions that contain vapour bubbles (black columns) and those with no 
vapour bubbles (white columns), where the no bubble data have been frequency normalised against 
the bubble data. 
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4.7.2 The effect of the heating process on melt inclusion volatile concentrations 
 

It was shown in the previous chapter that the REE concentrations of the melt inclusions were not 

affected by the 1 atm re-homogenisation process, as both naturally quenched and heated inclusions 

showed the same compositional range. However, volatile elements diffuse through olivine at a faster 

rate than REE and are therefore more affected by the heating process (e.g. Hauri 2002; Massare et al. 

2002) hence it is worth re-visiting this problem for this chapter.  

 H diffuses through olivine at a rate that is 3-4 orders of magnitude faster than major elements 

or REE (Jurewicz and Watson 1988; Spandler et al. 2007; Portnyagin et al. 2008). Carbon by 

comparison is very insoluble and has a slow diffusion rate in olivine (Tingle et al. 1988). There is a 

paucity of experimental data on the diffusion rates of S, Cl and F through olivine, but Aletti et al. 

(2007) compared the diffusion rates of Cl and F in basaltic melts with those of H, C and S and showed 

that at comparable temperatures H2O diffusion was an order of magnitude faster than Cl and F 

diffusion, which in turn diffuse faster than CO2 or S. It may be assumed that these findings of relative 

diffusion rates in basaltic melts are roughly analogous to the relative diffusion rates through olivine. 

The olivine crystals that host melt inclusions analysed in this study range in length from ~200-1175 

µm. Typical distances from the margins of a melt inclusion to the edge of the host crystal are ~100 µm 

(±70 µm 1s ), and a maximum distance of 320 µm. Using an H2O diffusivity constant of 5×10-12 m2/s 

appropriate for H diffusion through olivine at 1140 °C (Portnyagin et al. 2008), the melt inclusions 

measured in this study would lose H2O by diffusion through olivine in 33 minutes to over 5 hours. 

The H2O concentrations of the majority of the melt inclusions should therefore not be affected by the 

heating process, which held the melt inclusions at temperatures up to 1220°C for only 20 minutes. 

Consequently, if H2O concentrations are not affected in this time period, then the concentrations of the 

other (more slowly diffusing) volatile elements should not be affected either.  

 Figures 4.10, 4.11 and 4.12 show melt inclusion data colour-coded by type; naturally-

quenched (NQ) or re-homogenised (CH and CC). If volatiles were being mobilised by the heating 

process and lost from the melt inclusions then naturally quenched (NQ) melt inclusions may be 

expected to have uniformly higher volatile concentrations than re-homogenised inclusions. Figure 

4.10a shows, however, that the high (>0.25 wt %) H2O melt inclusions are a mixture of NQ, CH and 

CC-type inclusions. The low (<0.2 wt %) H2O melt inclusions also include all types of inclusion. The 

process controlling the low H2O concentrations is therefore not linked to the re-homogenisation 

process. Similarly, figure 4.10c shows that NQ and CH-type inclusions show the same CO2 

concentration range, though this range is restricted in CC-type inclusions, which may reflect a paucity 

of data for these types of inclusions. Figure 4.11a shows that NQ-type melt inclusions record slightly 

lower S concentrations than CH-type inclusions, though this trend is not seen in the melt inclusion F 

concentrations, which are broadly similar regardless of inclusion type (figure 4.11c). There are too 

few Cl measurements to conclude whether or not Cl concentrations are affected by the heating 

process. Sulphur solubility is heavily dependent on Fe concentration, and the melt inclusion 

compositions become more magnesian during re-heating due to olivine dissolution. Hence it is 
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possible that the corrections made to the S concentrations to compensate for over-heating the crystals 

during re-homogenisation are wrong, because the changing melt inclusion Fe-content and its effect on 

S solubility is not properly accounted for. Despite potential small errors with the procedure used to 

correct the melt inclusion compositions due to over-heating, the fact that H2O concentrations appear 

unaffected by type of heating indicates that the other volatile elements are also likely to be unaffected. 

 Several CH and CC-type melt inclusions measured have <600 ppm S and <100 ppm Cl 

(figure 4.11a and e). These concentrations are even lower than those recorded in Laki degassed lava 

selvages. Low sulphur concentrations are possible if the melt inclusion was sulphide-saturated at the 

time of entrapment and precipitated a sulphide globule, however, no bright sulphides were seen on the 

back-scattered-electron SEM images of each inclusion taken prior to analysis. One plausible 

explanation for these low Cl and S measurements is that they represent melt inclusions that were 

physically breached during re-homogenisation. Melt inclusions that cracked at high temperatures may 

have rapidly lost S and Cl on the very short timescale of the heating process. Care was taken to avoid 

analysing inclusions that may have been breached by imaging each inclusion on an SEM before 

analysis. Figure 4.9 shows a potentially breached melt inclusion that was not analysed. It is possible 

however that some melt inclusions were breached from the opposite side to which the image was 

taken, and hence were unknowingly analysed. Unfortunately, none of the low S and only two of the 

low Cl melt inclusions (86 and 66 ppm) have any other accompanying volatile data, which are S 

concentrations that lie within the normal range (~1323 and 1238 ppm S, respectively) hence a 

comparison of the effect of this potential breaching on other volatile concentrations cannot be made.  

 

 

 
 

Figure 4.9. Back-scattered electron SEM image of LAK01CC5_1. The circular lighter grey area in the 
centre of the crystal is the melt inclusion. Two cracks run from the margins of the melt inclusion to 
the edge of the host olivine crystal. Such cracks may have formed during the re-homogenisation 
process, and may provide channels for rapid volatile-loss from the melt inclusion. 
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4.7.3 The effect of diffusive exchange with host olivine or surrounding melt on melt-
inclusion volatile concentrations 

 

Melt inclusion studies rely on the premise that olivine acts as an inert container for melt inclusions, 

particularly with respect to trace element and volatile concentrations (e.g. Danyushevsky et al. 2002). 

Two significant post-entrapment processes can affect the compositions of melt inclusions: firstly the 

effect of post-entrapment crystallisation (PEC) of olivine on the walls of the melt inclusion; and 

secondly the effect of diffusive exchange of material between the melt inclusion and the host olivine. 

The implications of post-entrapment olivine wall-crystallisation on melt inclusion compositions have 

been well documented, and can be roughly corrected for if the composition of the host olivine is 

known (Danyushevsky et al. 2000a); volatile data presented in this chapter have been corrected for the 

effects of PEC. Diffusive exchange is, however, potentially a much more serious problem that is 

difficult to quantify and therefore almost impossible to correct for. Theoretically, the olivine crystal 

should behave as an infinite environment on the timescales between melt inclusion entrapment and 

eruption from the magma chamber. However, the uniformly low H2O concentrations in the majority of 

the melt inclusions suggest that H2O has been lost from the melt inclusions. One explanation is that 

these inclusions have been reset by H2O diffusion out of the melt inclusion at low pressures. This 

signal is over-printing the high (>0.25 wt %) H2O concentrations, which possibly represent the 

dissolved H2O of the undegassed magma trapped at high pressures. Melt inclusions hosted in crystals 

erupted in tephra were rapidly quenched in comparison to those in lava-hosted crystals. Portnyagin et 

al. (2008) suggest that H2O loss from melt inclusions in slowly-cooling lavas is rapid and dramatic, 

and that preservation of the original H2O content of the melt inclusion at the time of entrapment is 

only possible if the inclusion is very rapidly quenched, on a timescale of hours. Guilbaud et al. (2007) 

show that the characteristic rubbly lava formed during the Laki eruption were as thermally efficient as 

current tube-fed flows at Kilauea, losing only 10 °C between emplacement close to the fissures and 

the ends of flow lobes 70 km distant. Lava flow temperatures may have remained elevated on 

timescales of weeks to months, facilitating diffusive H2O loss from melt inclusions.  

 

4.8 Magmatic process modelling 
 

The following section discusses how melt inclusion volatile concentrations vary with other 

incompatible elements and with varying forsterite contents of the host olivine. Melt inclusions hosted 

in the most forsteritic olivines will have compositions most similar to those of the undegassed magma 

batches that contributed to the magma reservoir before eruption. Progressive degassing of the magma 

can be investigated by measuring the compositions of melt inclusions hosted in a range of olivine 

crystals, where forsterite content of the host olivine can be tied to the extent of cooling and 

crystallisation of the host magma. These data have been used to explore the evolution of the dissolved 

volatile concentration of the Laki magma as a function of crystallisation. Note that these data do not 



4. Timing and extent of volcanic degassing - Laki  156 

indicate whether or not the magma was degassing, only that volatiles were coming out of solution, and 

may still have existed as a separate gas phase in the magma.  

 

4.8.1 Relative timing of degassing 
 

As discussed in section 4.2.1 the solubility of volatile species in a basaltic magma is variable, and 

depends on various chemical and physical properties of the melt. The relative solubilities of H2O, 

CO2, S, Cl and F in the Laki magma can be determined by comparing their concentrations in melt 

inclusions to those of other incompatible trace elements. For example, La is incompatible in olivine 

and therefore becomes concentrated in the residual melt as olivine crystallisation progresses. If a melt 

inclusion volatile concentration shows a good correlation with La then the volatile is also acting like 

an incompatible element, which means that the volatile is becoming concentrated in the residual 

magma as crystallisation continues and is therefore remaining dissolved in the magma. If the volatile 

shows a poor correlation with La then it is likely that the volatile is exsolving from the magma. The 

least soluble volatiles will exsolve first, hence the volatile to La correlation can be used as a rough 

indicator of relative volatile solubilities. 

 Previous studies have shown that water behaves incompatibly during crystallisation (Michael 

1995; Danyushevsky et al. 2000b), behaving similarly to La in normal-MORB. Figure 4.10a shows 

however that there is no apparent correlation between H2O concentrations and La concentrations in 

Laki melt inclusions. However, as discussed previously it is likely that inclusions with <0.2 wt % H2O 

have been reset by low pressure diffusion. If only the high (>0.25 wt %) inclusions are considered 

than the H2O contents of inclusions hosted in the most forsteritic olivines are higher than those hosted 

in less forsteritic olivines, and show a negative correlation with La. Similarly, there is little correlation 

between CO2 and La melt inclusion concentrations, and the melt inclusion data do not define a line of 

constant volatile/La concentrations. These results indicate that CO2 and H2O are not behaving like 

incompatible trace elements, and are not becoming concentrated in the residual melt as crystallisation 

progresses.  

 Melt inclusion sulphur, fluorine and chlorine concentrations correlate positively with La 

(figure 4.11). The positive correlation between S and La is slightly depressed by a number of low S 

(<600 ppm) inclusions, which are mostly CH type, re-heated melt inclusions that may have been 

physically breached during re-homogenisation. If these low S outliers are disregarded then the S data 

show a strong positive correlation with La, and trend close to the line of S/La = 100. F concentrations 

are similarly well correlated with La concentrations. The average F/La value remains almost constant 

irrespective of the forsterite content of the host olivine crystal, and the F concentration increases with 

decreasing forsterite content of the host olivine. The correlation between Cl and La is also positive, 

but less well-defined than F, though this is possibly due to a paucity of data for Cl. Similarly to the 

F/La, the Cl/La remains almost constant regardless of the forsterite content of the host olivine.  
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Figure 4.10. Volatile concentrations versus La concentrations in olivine-hosted melt inclusions. In a) 
and c) the grey-filled triangles are naturally-quenched inclusions (NQ), black-filled squares are 
inclusions re-homogenised in a CO2:H2 gas-mix (CH) and open circles are inclusions re-homogenised 
in a CO:CO2 gas-mix (CC). b) and d) are the same as a) and c) respectively, but the data have been 
colour-coded according to the forsterite content of the host olivine crystal. Green fill indicates 
forsterite <75 mol %, blue fill indicates Fo75 - 83 mo l% and yellow fill indicates Fo>83 mol %, and the 
shape of the symbols has the same meaning as in a) and c). Error bars are shown at the top left of each 
figure, and show typical 1s  precision. The thick black line on each figure is a line of best fit with the 
R2 value given in the bottom right corner. The dashed grey lines show constant volatile/La ratios, with 
the ratio listed at the far right of each line. The green and grey triangles on the x-axis show the 
average La concentrations of melt inclusions hosted in Fo>85 olivines and the average of the whole-
rock compositions, respectively.  
 

 Positive correlations between S, F, Cl and La indicate that these elements are behaving like 

incompatible trace elements, remaining dissolved and becoming enriched in the residual magma as 

crystallisation proceeds and were therefore not degassing before or during olivine growth. CO2 

appears to have been coming out of solution during olivine crystallisation, as does H2O, although the 

majority of the H2O concentrations have been reset by low pressure diffusion. In terms of relative 

solubilities, CO2 and H2O are the least soluble, followed by S and Cl. F is the most soluble volatile in 

the Laki magma. These trends match what is known from experimental petrology about volatile 

solubilities in basaltic melts (section 4.2.1). 
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Fig. 4.11. Volatile concentrations versus La concentrations in olivine-hosted melt inclusions. Symbols 
are the same as for figure 4.10, with the following addition. The inclusions with red crosses on them 
(a and b) are those that are likely to have been physically breached during re-homogenisation, and are 
recording anomalously low S concentrations. The red dashed trendline is the line of best fit for the 
remaining data points if these outliers are disregarded. 



4. Timing and extent of volcanic degassing - Laki  159 

4.8.2 Relative timing of crystallisation and degassing 
 

The forsterite content of olivine is controlled by the temperature and extent of crystallisation of melt. 

As the temperature drops, and crystallisation proceeds, the composition of the crystallising olivine 

becomes less forsteritic. Modelling volatile/La ratios against the concentration of forsterite in the host 

olivine shows how volatiles behave during olivine crystallisation.  

 

 
 
Fig. 4.12. Volatile/La melt inclusion compositions versus the Fo mol % of the host olivine. The error 
bars shows 1s  absolute precision based on repeats on standards. Symbols are the same as in figure 
4.10, with the following addition. Blue arrows show concurrent crystallisation and degassing trends, 
red arrows indicate resetting of volatile concentrations not concurrent with crystallisation and the 
green arrow represents inclusions reset by low pressure diffusion. 
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 H2O/La and CO2/La values show the greatest range in the most forsteritic olivines, which 

steadily decreases as the forsterite content of the host olivine decreases, defining a triangular 

envelope. Broadly, the average CO2/La and H2O/La values decrease as forsterite in olivine decreases, 

which may indicate a decrease of dissolved CO2 and H2O concentrations in the magma as olivine 

crystallisation progresses. This trend is, however, poorly defined for H2O due to the paucity of high-

H2O (>0.25 wt %) measurements. CO2 exsolution may have been concurrent with olivine 

crystallisation, and may even have started before the first olivine crystallised. The maximum H2O and 

CO2 concentrations measured in melt inclusions hosted in Fo>83 mol % olivines may therefore be an 

underestimate of the true pre-eruptive H2O and CO2 magma concentrations. S/La and F/La values 

show the inverse relationship to H2O/La and CO2/La values, increasing as the forsterite content of the 

host olivine decreases. There is no well-defined trend in the Cl/La values with varying forsterite, 

possibly due to a paucity of data. The key trend defined here is the changing average volatile/La ratio 

with changing forsterite content of the host olivine. This trend implies that there is progressive loss or 

gain of volatiles from the magma as olivine crystallisation progresses. The least soluble volatiles, H2O 

and CO2, are coming out of solution, whilst the more soluble volatiles, S, Cl and F, remain in solution 

and become concentrated as the magma crystallises.  

 

4.9 Melt inclusion saturation pressures at time of entrapment 
 

The ‘calculate saturation pressures’ macro in VolatileCalc 1.1 (Newman and Lowenstern 2002) was 

used to calculate the pressure at which a silicate melt would become saturated with a vapour phase, 

based on CO2 and H2O concentrations measured from melt inclusions. Input parameters were set at 48 

wt % SiO2, which is the average corrected composition of the Laki melt inclusions as measured by 

electron probe, and, as varying the temperature had a negligible effect on the calculation of the 

saturation pressures, temperature was kept constant at 1200°C. The ‘calculate isobars’ macro in 

VolatileCalc 1.1 was used to calculate melt compositions at a fixed temperature of 1200 °C, with a 

fixed melt composition of 48 wt % SiO2, at variable pressures that cover the range of Laki melt 

inclusion saturation pressures, and are shown as grey lines in figure 4.13. Calculated saturation 

pressures vary from ~100 bars to ~1400 bars, and can be converted to depths assuming a crustal 

density of 2.88g cm-3, where 100 bars = 0.29 km depth and 1400 bars = 4.03 km depth. These depths 

are lower than those calculated in chapter 3 for Laki whole-rock and tephra olivine-plagioclase-augite-

melt saturation of 2-4 kb, using the method of Yang et al. (1996). At given SiO2 contents CO2 

solubility varies according to the proportions of metal cations in the magma (Spera and Bergman 

1980; Dixon et al. 1995). Using the melt inclusion SiO2 average may therefore be affecting the 

outcome of the saturation pressure modelling. Dixon (1997) describes a method for calculating a 

correction factor known as ? , which is based upon the whole-rock metal cation proportions and can 

be used to estimate the SiO2 concentration that is most appropriate for CO2 solubility modelling. Table 

4.2 shows how ?  was calculated from the average Laki whole-rock composition. ?  varies linearly 
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with SiO2 content of Hawai’ian alkali basalts, and this relationship was used to estimate a new SiO2 

concentration of 49 wt % to use in the VolatileCalc solubility mode, based on figure 2c of Dixon 

(1997). Minimum melt inclusion saturation pressures based on H2O and CO2 contents of melt 

inclusions at 1200 °C and 49 wt % SiO2 are shown in figure 4.13c. Under these conditions, saturation 

pressures range from 200-2000 bars, which is more consistent with estimates of tephra crystallisation 

pressures made using other methods. The saturation pressure calculation is strongly controlled by CO2 

concentrations and only weakly controlled by H2O. Figure 4.13c shows that melt inclusion CO2 

concentrations upwards of 1000 ppm are necessary for saturation pressures in the range 2-3 kb at 49 

wt % SiO2. The maximum SiO2 input range in VolatileCalc is 49 wt %, hence the model could not be 

run at 50 wt % SiO2 (the Laki whole-rock average) for comparison. 

 

 
 
Figure 4.13. H2O versus CO2 concentrations in Laki melt inclusions. a) Grey lines are isobars showing 
melt inclusion compositions at constant pressures, with pressure indicated in bars, and were calculated 
using VolatileCalc 1.1 (Newman and Lowenstern 2002), for the melt conditions indicated in the 
lower-right of the figure. Grey-filled triangles are NQ inclusions, black-filled squares are CH 
inclusions, and open circles are CC inclusions, all from this study. The green-filled diamond is Laki 
matrix glass from Óskarsson et al. (1984). Red-filled squares are Laki melt inclusions from Métrich et 
al. (1991). b) CO2 versus H2O correlation coefficients for different types of melt inclusions. c) The 
error bar at the top of all figures shows 1s  absolute precision based on repeats on standards.  
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Table 4.2. Calculating ?  from the average Laki whole-rock (WR) composition using the method of 
Dixon (1997), where ?  = -6.50(Si+4 + Al+3) +20.17(Ca+2 + 0.8K+1 + 0.7Na+1 + 0.4Mg+2 + 0.4Fe+2). 
 

 Laki WR 
(wt %) cation proportions normalised cation 

proportions 

SiO2 50.28 Si+4 0.837 Si+4 0.487 

Al2O3 13.75 Al+3 0.270 Al+3 0.157 

FeO 13.41 Fe+2 0.187 Fe+2 0.109 

MgO 5.77 Mg+2 0.143 Mg+2 0.083 

CaO 10.41 Ca+2 0.186 Ca+2 0.108 

Na2O 2.70 Na+1 0.087 Na+1 0.051 

K2O 0.42 K+1 0.009 K+1 0.005 

TiO2 2.75     

P2O5 0.29     

Total 99.78  1.72  1.00 

?      0.34 
 
 
 

4.10 Volatile concentrations - implications for the petrological method 
 

The petrological method is used to estimate total gas loading from both explosive and effusive 

eruptions that occurred in the recent geological past (Sigurdsson 1982; Devine et al. 1984; Óskarsson 

et al. 1984; Sigurdsson et al. 1985; Métrich et al. 1991; Thordarson et al. 1996). The method involves 

measuring the concentrations of volatiles in non-degassed melt inclusions and comparing these values 

to those of degassed groundmass glass to estimate a total volatile flux for an eruption. The accuracy of 

this method relies upon how well the following parameters are known: 1) the initial gas concentration 

of the melt prior to eruption; 2) the volatile concentrations of the degassed, quenched eruption 

products; and 3) the total volume of the eruption products. Disadvantages of the petrological method 

are that it requires measurements from unaltered samples of both glassy melt inclusions and quenched 

eruption products, both of which are susceptible to post-entrapment/post-eruption compositional 

alteration. Melt inclusions only record the dissolved magma volatile content since the onset of 

crystallisation, and may underestimate the total pre-eruptive volatile content of the magma. 
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Figure 4.14. Schematic diagram to illustrate the volatile budget for the Laki eruption. 1) The total 
volume of volatiles dissolved in the magma chamber (mr) is a function of the total mass of the magma 
in the reservoir (Mr) multiplied by the volatile concentrations measured in the melt inclusions (Vi). 2) 
Magma is fed towards the surface in dykes, and a small proportion is quenched through interaction 
with water in the crust. Volatiles become trapped in phreatomagmatic tephra (Vp) and don’t degas. 3) 
A proportion of the magma is erupted as vent tephra as it reaches the surface, and Vt is the volatile 
content of the tephra. 4) The total mass of volatiles released from the vents (Mv) is calculated by 
subtracting the volatiles in the magma fraction represented by the vent tephra from the volatile 
concentration of the magma reservoir (Vi), and multiplying this by the mass of magma in the reservoir 
(Mr). 5) The total volatile concentration of the lava is obtained by adding the concentration of volatiles 
trapped in the crystalline lava (Vc) to those trapped in the lava selvages (Vl). 6) total volatiles released 
by the lava (ml+c) are calculated by subtracting the volatiles in the crystalline lava from those in the 
vent tephra, and multiplying this by the total mass of lava. Figure and method from Thordarson et al. 
(1996) 
 

4.10.1 Revisions to previous estimates of volatile degassing during the Laki eruption 
 

Table 4.3a shows the original Laki degassing budget and the method used to calculate it as devised by 

Thordarson et al. (1996). The abbreviations in brackets are defined in figure 4.14. The averaged 

compositions of the volatile species used in the model are shown in section 1, and are used to 

calculate the amount of degassing at various stages of the eruption in section 2. Section 3 converts 

these amounts into percentages. The original mass of volatiles in the magma chamber (mr) is 

calculated according to the method of Thordarson et al. (1996) in section 4, and this figure is used to 

calculate the total atmospheric loading of the different volatile species in Mt, which is highlighted in 

blue in both tables. Table 4.3b shows the effects of substituting measurements made in this study into 

the original model. The average volatile concentrations of melt inclusions hosted in Fo<75 olivine 
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were used as these olivine compositions are in equilibrium with the average Laki whole-rock 

composition. Only H2O concentrations that were not reset by low pressure diffusion, and S 

concentrations not affected by melt inclusion breaching have been used in the model. CO2 and H2O 

concentrations measured in this study are far lower than those used in the original model, but are in 

good agreement with those made by Métrich et al. (1991). Thordarson et al. (1996) noted that the CO2 

concentrations of the melt inclusions used in the original model were poorly constrained and likely to 

be overestimates, and the values measured in this study in Fo<75 olivines are more than 20 times 

lower than the original estimate. Recent measurements of H2O in vent tephra made by Guilbaud et al. 

(2007) are less than half that used in the original model; unfortunately, there is no revised CO2 vent 

tephra measurement. A ‘best guess’ of 220 ppm CO2 was used in the revised model to fit between the 

melt inclusion concentration and the crystalline lava concentration, and is based on the knowledge that 

Laki vent tephra compositions equilibrate with olivine, plagioclase and augite at pressures of 0.5-

2.5kb (Yang et al., 1996; Chapter 3). CO2 concentrations at the lower end of this pressure range are 

~220 ppm (figure 4.13c). The average F concentration measured in this study is 240 ppm higher than 

the original estimate, yet average Cl measured in this study was 142 ppm, which, although consistent 

with measurements of Cl from Laki melt inclusions made by Métrich et al. (1991), is lower than the 

estimate of Cl concentration in the tephra from the original model. Hence, to avoid generating 

negative numbers in the model, the maximum Cl concentration from melt inclusions measured in this 

study, 248 ppm, was used. 

 The revised concentrations give atmospheric loads of SO2 and HCl comparable to the 

original model. The average melt inclusion concentration of S and maximum melt inclusion 

concentration of Cl measured in this study were within one standard deviation of the average 

concentrations recorded by Thordarson et al. (1996). By comparison, the total mass of HF released is 

revised upwards from 15 to 26 Mt, which is due to the much higher average F content measured in 

melt inclusions in this study. The revised totals of H2O and CO2 loading are the most changed from 

the original model, which used H2O and CO2 melt inclusion concentrations that are now thought to be 

over-estimates. Hence, the total mass of H2O released decreases from 235 Mt in the original model to 

107 Mt in the revised model, and CO2 from 349 Mt to just 8 Mt. The following section expands upon 

these findings for CO2 and H2O by using mass balance calculations to explore the potential pre-

eruptive dissolved CO2 and H2O content of the Laki magma.  

 Note that other authors have questioned the validity of the petrological method as the 

associated error with the estimates may be large. Stevenson et al. (2003b) claim that the 122 Mt SO2 

emission figure calculated by Thordarson and Self (1996) could carry an uncertainty of up to 20% due 

to initial uncertainties in the measurement of S from the melt inclusions coupled with uncertainty over 

the volume of lava extruded. Stevenson et al. (2003b) use a different approach - an atmospheric 

simulation model known as a Chemical Transport Model (CTM) - to run a series of atmospheric 

scenarios analogous to those produced by mass loading of the troposphere and stratosphere with 

volatile volcanic emissions during the Laki eruptions. This model estimates a more conservative total 

SO2 emission of 60 Mt, less than half that predicted by Thordarson et al. (1996) or by this study.  
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Table 4.3. Comparison of total volatile loading estimates for the Laki eruption from a) Thordarson et 
al. (1996) and b) using the same method but substituting measurements made in this study. a From 
Thordarson et al. (1996). b From Ókarsson et al. (1984); melt inclusion and tephra CO2 concentrations 
are probably overestimates. c Averages from inclusions hosted in Fo<76 olivines measured in this 
study. d Revised vent tephra water concentration from Guilbaud et al. (2007). * A ‘best guess’ of the 
vent tephra CO2 concentrations given the melt inclusion CO2 concentration measured in this study, 
and the vent tephra H2O estimate given by Guilbaud et al. (2007). See text for discussion. 
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4.10.2 Evolution of Laki magma H2O and CO2 contents 
 

The petrological method described in section 4.10 does not take pre-eruptive degassing from the 

magma reservoir into account when calculating total gas release from the magma reservoir. H2O and 

CO2 become increasingly insoluble in basaltic magmas as pressure decreases, hence nearly all erupted 

magmas are degassed and do not retain their primary volatile signatures. Here, mass balance 

calculations are used to estimate the H2O and CO2 concentrations of the parental melt that supplied the 

Laki reservoir, and to estimate the extent of pre-eruptive H2O and CO2 degassing from the magma 

reservoir based on this estimate and the measured concentrations of H2O and CO2 in olivine-hosted 

Laki melt inclusions at high and low forsterite values.  

 
Table 4.4. Calculation of the mass of pre-eruptive H2O and CO2 in the Laki magma. H2O and CO2 
calc are values calculated using the observed Ce and Nb contents of melt inclusions and the H2O/Ce 
and CO2/Nb values of primitive MORB. The mass of the erupted lava is calculated from the volume 
of the erupted lava assuming a density of 2750 kg m-3. Other magma masses are calculated according 
to the method described in the text. a Saal et al. (2002) 
 

 
 

 Both CO2 and H2O are highly incompatible in basaltic mineral phases. During crystallisation 

CO2 behaves similarly to Nb and H2O behaves similarly to Ce, and the CO2/Nb and H2O/Ce values of 

primitive MORB, unaffected by degassing, have been estimated at 238 and 168 respectively, which 

are in excellent agreement with those measured in popping rocks (Saal et al. 2002). These ratios can 

be used to calculate the predicted CO2 and H2O contents of magmas if the Nb and Ce contents are 

known. Section a) of table 4.4 shows the Nb and Ce contents of olivine-hosted melt inclusions from 

the most primitive olivine measured in the Laki flow (Fo86) and from olivine in chemical equilibrium 

with the Laki whole-rock composition (Fo75). The observed Nb and Ce contents have been used to 

calculate possible CO2 and H2O contents based on the CO2/Nb and H2O/Ce values of primitive 

MORB. If the mass of magma is known then these estimates can be used to calculate the total mass of 

CO2 and H2O in the pre-eruptive magma. Section c of table 4.4 shows magma masses estimated from 

the total volume of lava and tephra extruded during the Laki eruption (15.1 km3; Thordarson and Self, 

1993). Assuming a flow density of 2750 kg m-3 gives an erupted total of lava of 41525 Mt. The mass 
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of the pre-eruptive magma can be estimated from the knowledge that Laki whole-rock compositions 

contain on average 13.5 ppm La, whilst melt inclusions hosted in the most primitive Fo86 melt 

inclusions contain on average 9 ppm La. As La is completely incompatible in all the phases 

crystallising from the magma, this increase represents ~33% crystallisation of the original magma 

mass. The mass of the pre-eruptive Laki magma reservoir before extensive crystallisation is therefore 

~62426 Mt. The most magnesian olivines in Iceland (Fo90) have been measured in primitive lava 

flows such as Borgarhraun and Haléyjabunga (Maclennan et al. 2003a; Maclennan 2008a). An Mg-

rich Icelandic magma in equilibrium with Fo90 olivine will need to crystallise ~25% of it’s initial 

volume in order to crystallise equilibrium olivine with forsterite contents of 86 mol % (Maclennan et 

al. 2003b). The likely mass of the Laki parental magma could therefore be ~83235 Mt. Section b of 

table 4.4 shows the observed and calculated masses of CO2 and H2O converted into Mt, and the 

percentage difference between the two concentrations. From these calculations, it appears that H2O is 

not degassing during olivine crystallisation between Fo90 and Fo86, though could have degassed ~50% 

of its original mass between the crystallisation of Fo86 and Fo<75 olivine. CO2 could degas up to ~65 

% of its original mass between the crystallisation of Fo90 and Fo86 olivine, and up to 93% of its 

original mass between the crystallisation of Fo86 and Fo<75 olivine. Estimates of total CO2 and H2O 

mass released during the eruption using the petrological method could therefore underestimate the 

total CO2 and H2O degassing by 93% and 50% respectively. 
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4.11 Discussion  
 

The volatile concentrations measured from olivine-hosted melt inclusions in this study are generally in 

good agreement with measurements made by other authors (Métrich et al. 1991; Thordarson et al. 

1996). Melt inclusions in these studies came from crystals in tephra samples, which are rapidly 

quenched upon eruption, whereas melt inclusions measured in this study came mostly from lava 

samples. Slow cooling of the melt inclusions measured in this study resulted in the formation of 

microlites, and many of the inclusions were re-homogenised prior to analysis. It has been shown that 

the re-homogenisation process is unlikely to have affected the H2O concentrations of the melt 

inclusions, as naturally-quenched inclusions record a similar range of H2O concentrations to re-

homogenised ones, and the inclusions were held at high re-homogenisation temperatures for a short 

period of time relative to the average diffusion rate of H2O in olivine. However, H2O concentrations 

measured from melt inclusions in this study are lower than the estimates made by Métrich et al. 

(1991). The low H2O concentrations are not linked to the re-homogenisation process hence it is likely 

that H2O was lost from the melt inclusions by low pressure diffusion as they cooled within the lava 

flow. A number of Cl and S compositions recorded in melt inclusions in this study are lower than the 

Cl and S concentrations estimated for Laki tephra (Thordarson et al. 1996), and these measurements 

are problematic. One possible explanation is that a number of inclusions were breached by cracks 

during the re-homogenisation process, allowing rapid diffusion of volatiles out of the inclusion. 

Uniformly lower Cl compositions recorded in melt inclusions measured in this study in comparison to 

those measured by Thordarson et al. (1996) are in good agreement with measurements made by 

Métrich et al. (1991). SIMS analyses for this study have been shown to be accurate (~1% 1s  relative) 

but imprecise (~16% 1s  relative), but this fails to explain why values measured here are lower. 

Thordarson et al. (1996) measured their Cl concentrations using an electron probe, and a comparative 

study between EPMA and SIMS Cl measurements would be one way of resolving this accuracy issue. 

 Comparison of the behaviour of volatiles with that of incompatible La in the melt inclusions 

indicates that CO2 was degassing during olivine crystallisation, but S, F and Cl were not. These 

observations match what is know about the relative solubilities of volatile elements in basaltic melts 

from experimental petrology. The behaviour of H2O is not straightforward to interpret in relation to La 

concentrations as the majority of the melt inclusions have undoubtedly lost their original H2O 

entrapment concentrations. The decrease in CO2/La concentrations in the melt inclusions as the 

forsterite content of the host olivine decreases may indicate that CO2 degassing was concurrent with 

olivine crystallisation (blue arrow on figure 4.12b). However, the decrease in CO2 concentrations at 

constant host-olivine forsterite concentrations (red arrow on figure 4.12b) may indicate that some 

process that is not tied to crystallisation is affecting the CO2 concentrations, such as partitioning into a 

vapour bubble. S/La, Cl/La and F/La concentrations show the opposite relationship to CO2 

concentrations, and increase as the forsterite content of the host olivine decreases. The increase in 

S/La in melt inclusions hosted in low forsterite olivines suggests that S is becoming enriched in the 
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residual melt at a faster rate than La, which is totally incompatible, as olivine crystallisation 

progresses. One explanation for this may be small amounts of crustal assimilation, which would 

increase the S content of the melt without increasing the La content, but this is highly speculative. 

 Saturation pressure modelling based on melt inclusion H2O and CO2 concentrations indicates 

that melt inclusions may have been trapped at pressures as low as 200 bars. Such low entrapment 

pressures are inconsistent with barometry calculations based on whole-rock and tephra compositions, 

which suggest crystallisation pressures of 500-2500 bars. It is also unlikely that melt inclusions 

trapped in primitive Fo86 olivines, which must have crystallised at high temperatures, were formed at 

pressures as low as 200 bars. One possible explanation is that the magma was not fully volatile 

saturated at the moment of melt inclusion entrapment. Thordarson et al. (1996) reviewed melt 

inclusion and eruption quench product volatile data from the Laki eruption to conclude that the Laki 

magma was CO2 oversaturated, S saturated, but H2O, Cl and F undersaturated at the time of eruption. 

It is therefore possible that the melt inclusions are recording a magma composition that was not fully 

H2O saturated. However, this fails to explain the low saturation pressures calculated as these are 

strongly controlled by CO2 concentration rather than H2O concentrations, and the melt was CO2 over-

saturated at the time of inclusion entrapment (Métrich et al. 1991; Thordarson et al. 1996). Either 

saturation pressure modelling using VolatileCalc is inappropriate for basaltic melts of Laki 

composition, which seems unlikely as this model has been designed specifically for basaltic melts, or 

the measured CO2 concentrations of the melt inclusions are lower than they should be. In the latter 

case it is possible that CO2 partitioned into a vapour bubble during decompression associated with the 

eruption, thus decreasing the apparent CO2 concentration of the melt inclusions. Figure 4.8 shows that 

there is no apparent correlation between the volume of a vapour bubble hosted in a melt inclusion and 

the measured dissolved volatile concentrations of the inclusion, but, as discussed in the text, the 

method used for estimating the bubble and melt inclusions volumes is probably inadequate. 

 Figure 4.15 summarises the findings of this chapter. Mass balance calculations were used to 

estimate how much pre-eruptive degassing of H2O and CO2 may have occurred from the Laki magma 

reservoir. Stage 1 shows that CO2 is the first volatile element to degas from the Laki reservoir, and 

may have started to degas before the onset of olivine crystallisation. By stage 2, H2O is also possibly 

degassing and Fo86 olivine is crystallising and trapping melts with high dissolved CO2 and H2O 

contents, but relatively low S, Cl and F contents. Crystallisation and degassing of CO2 and H2O 

progresses and by stage 3 Fo<75 olivines are crystallising from the magma and trapping melt with 

lower CO2 and H2O concentrations than at stage 2, but higher S, Cl and F contents. Stage 4 shows 

degassing of all volatiles associated with the eruption, and new estimates of the total atmospheric 

loading of volcanic gases in Mt, as calculated using new measurements of volatile concentrations 

made in Fo<75 olivines for this study and the petrological method of Thordarson et al. (1996). 
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Figure 4.15. Schematic representative of pre-eruptive and degassing degassing from the Laki magma 
reservoir, based on measurements and calculations made in this study.  
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4.12 Conclusions 
 

The concentrations of volatiles measured from olivine-hosted melt inclusions for this study are 

generally in good agreement with measurements made by previous authors. The reliability of the melt 

inclusion data has been reviewed, and shows that the re-homogenisation process does not have a 

significant effect on melt inclusion volatile concentrations. However, H2O contents in the majority of 

the melt inclusions have almost certainly been reset by low pressure diffusion as the melt inclusions 

cooled slowly in lava flows. Melt inclusions with H2O contents >0.25 wt % are likely to represent 

rapidly quenched inclusions that have retained their original H2O concentrations. Modelling the melt 

inclusion concentrations against La concentrations shows that CO2 was not acting like an 

incompatible element during olivine crystallisation, but S, Cl and F were. This observation is 

corroborated by modelling melt inclusion volatile/La values against the forsterite contents of the host 

phenocrysts, as average CO2/La values decrease with decreasing host crystal forsterite, suggesting that 

CO2 degassing was concurrent with crystallisation. S, Cl and F had not started to degas by the end of 

olivine crystallisation, which is in good agreement with the fact that these volatiles are far more 

soluble than CO2 in basaltic melts. 

 A saturation pressure model based on CO2 and H2O solubility gave variable results 

depending on the magma SiO2 concentration used, as CO2 solubility exerts a greater influence on the 

model than H2O solubility, and is strongly affected by the SiO2 content of magma. Calculated 

saturation pressures ranged from 200-2000 bars, which are slightly lower than crystallisation pressures 

calculated for Laki whole-rock and tephra compositions using other methods. Although the H2O 

concentrations of melt inclusions are undoubtedly compromised by low pressure diffusion, H2O 

content does not exert a large effect on the saturation pressure model. Hence it is likely that the CO2 

contents recorded in melt inclusions are under-estimates of the total CO2 content of the magma 

reservoir. It is possible that this underestimation is due to CO2 partitioning into a vapour bubble as the 

crystal and melt inclusion decompress during eruption. New measurements made for this study of CO2 

in olivine-hosted melt inclusions were substituted into the petrological method of Thordarson et al. 

(1996), and revise the previous estimates of total CO2 emissions during the Laki eruption from the 

original over-estimate of ~350 Mt to a more conservative 8 Mt. CO2 is however highly insoluble in 

basaltic melts, increasingly so at low pressures, and may have been degassing prior to the eruption. 

Mass balance estimates show that up to 93% of the original mass of CO2 and up to 50% of the original 

mass of H2O present in the Laki reservoir could have degassed prior to the onset of eruption. Hence 

the total atmospheric loading from CO2 before and during the eruption could be close to 100 Mt. 
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Chapter 5 
Discussion - A petrological review and comparison of large 
Holocene eruptions in the EVZ 
 
 

5.1 Introduction 
 

This chapter takes a broader view of volcanism in the southern portion of the Eastern Volcanic Zone 

(EVZ) by investigating the petrology of two significant prehistoric lava flows - the 8,600 yBP Thjórsá 

lava flow (Hjartarson 1988), to include the tuff cones Brandur, Saxi and Fontur, and the 3,000 - 4,000 

yBP Thjórsárdalur lava flow (Vilmundardóttir 1977a). Both of these lava flows are within a series 

known as the Tungnaárhraun, which are the most voluminous series of Icelandic flows emplaced in 

the Holocene (Vilmundardóttir 1977a; Vilmundardóttir 1977b). The Thjórsá and Thjórsárdalur lava 

flows were chosen for sampling as these eruptions produced lavas that are porphyritic, containing 

abundant large plagioclase crystals and some glomerophyric clusters of gabbroic composition that 

look similar in hand specimen to those found in the Laki lava. The aim of this chapter is to relate 

findings from geochemical analysis of the Laki eruption to these other large flows, and show how they 

compare to Laki in terms of whole-rock major- and trace-element composition, modal mineralogy and 

petrology. The whole-rock geochemical variability of individual lava flows is explored and compared 

to that of the Laki lava, and for comparison, to geochemical variability in two other lava flows from 

outside the EVZ: a small volume primitive flow from Borgarhraun in the NVZ; and a large-volume 

shield volcano lava from Skjaldbreiður in the WVZ. This chapter concludes with a discussion of the 

petrology and geochemical variability of large-volume basaltic eruptions in the EVZ.  

 

5.2 Introduction to the Eastern Volcanic Zone 
 

The EVZ is the youngest (<3Ma) of the neovolcanic rift zones in Iceland, and is currently the most 

active, producing >200 km3 of basaltic magma in the past 10,000 years and 80% of all the historic 

eruptions on the island (Thordarson et al. 2003; Thordarson and Larsen 2007). Four of the most 

productive EVZ volcanic systems, Grímsvötn, Bárðarbunga, Katla and Hekla, are responsible for 

~77% of these eruptions (Thordarson et al. 2003; Thordarson and Larsen 2007). The EVZ is 

characterised by long, linear hyaloclastite ridges, and eruptive fissures that are largely parallel and 

define a NE trend (Thorarinsson et al. 1973). Unlike the NVZ and WVZ, the EVZ lacks Holocene 

shield volcanoes, and the dominant volcanic edifices are discontinuous rows of craters. This 

observation reflects the dominant style of eruption in the EVZ, fissure-style eruptions with high 
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effusion rates, as opposed to the low effusion rate shield-forming episodes that characterise Holocene 

volcanism in the WVZ (Sinton et al. 2005).  

 

 
 
Figure 5.1. The extent of Holocene lava flows in the EVZ (Vilmundardóttir et al. 1983; 
Vilmundardóttir et al. 1988; Jóhannessson et al. 1990; Vilmundardóttir et al. 1990; Vilmundardóttir et 
al. 1999a; Vilmundardóttir et al. 1999b). Permanent glaciers are indicated in white, and tuff cones, 
fissure-and-cone rows and Katla central volcano are indicated in red. The light brown region shows 
the extent of the EVZ rift zone; note that large lava flows that originated in the rift zone are well-
preserved outside of the rift zone. The pink shaded flows are various recent lava flows on the Sigalda-
Veiðivötn system, which cover older flows sourced from this region, such as the Thjórsá lava flows. 
 

 The composition of basaltic magmas erupted within the individual volcanic systems of the 

EVZ tend to be rather uniform, and this is true of Grímsvötn, Katla, Veiðivötn, Bárðarbunga and 

Hekla. The Vestmannaeyjar in southwest Iceland is the only volcanic system in the EVZ that shows 

large-scale compositional heterogeneity, producing two varieties of alkalic lava and hawaiite that are 

not the product of mixing or hybridization (Jakobsson 1979; Furman et al. 1991). Not enough is yet 

known about basalts from Torfajökull, Tindfjöll and Eyjafjallajökull to say anything conclusive. 

Whilst individual volcanic systems produce relatively homogeneous lava compositions, the range in 

lava compositions between the different volcanic systems is large, even though the spatial and 

temporal distances between eruptions are relatively small. For example, the northern Eldgjá fissures of 

the Katla volcanic system, which erupted in 934-38 AD, run in a fissure parallel to two thirds of the 

Laki fissures and offset less than 10 km to the west. The Eldgjá fissures have, however, produced 

transitional alkaline lava flows that are compositionally distinct from the tholeiitic flows of the 

Grímsvötn system, such as Laki. The crustal extension rate is faster in the north of the EVZ 
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(19.0±2.00 mm/yr) than in the south of the EVZ (11.0±0.8 mm/yr) (LaFemina et al. 2005), and the 

northern portion of the EVZ is closer to the plume centre. Differences in magma supply rate, magma 

evolution and possible source heterogeneities mean that the composition of lavas produced across the 

EVZ is variable from north to south. Volcanic systems in the northern part of the EVZ such as 

Grímsvötn and Bárðarbunga-Veiðivötn produce tholeiitic lavas, distinguishable from other axial 

tholeiites with similar MgO contents by higher incompatible trace element concentrations 

(Sigmarsson and Steinthorsson 2007). In the southern part of the EVZ volcanism becomes less 

tholeiitic. Hekla and Katla produce high Fe-Ti transitional-alkaline basalts (Larsen et al. 2001), and 

the Vestmannaeyjar volcanic system at the southern extreme of the EVZ produces mildly alkaline 

lavas (Jakobsson 1979; Mattsson and Oskarsson 2005; Sigurdsson and Jakobsson 2006).  

 Volumes of Holocene EVZ lava flows vary from <6.5 km3 for the Thjórsárdalur lava flow up 

to 25 km3 for the Thjórsá lava flow. To put these volumes in perspective, Pu’u O’o on the East Rift of 

Kilauea, Hawai’i, is a basaltic volcano located above a hotspot that has been in continuous eruption 

for the past 26 years (the eruption was ongoing at the time of writing). After 24 years of eruption, the 

total volume of lava extruded by the volcano was estimated at 3.1 km3 (T. Orr, pers comm., 2007). It 

can be assumed that magma effusion rates for the Thjórsá and Thjórsárdalur eruptions were 

comparable to those of the Laki eruption, where the majority of the lava was emplaced in the first 3 

months of the eruption during episodes I-V. Using the average eruption rate for these episodes of 2550 

m3s-1 (Thordarson and Self 1993) the Thjórsárdalur lava flow would have been emplaced in as little as 

a month (29 days), and the Thjórsá lava in less than 4 months (113 days). As eruption rates would 

wane throughout the course of the eruption these time scales are likely to be underestimates. 

 In historic times eruptive activity in the EVZ has been high, and includes the Vatnaöldur 

eruption of around 872 AD (which produced the Settlement layer, an important tephrochronological 

marker horizon), the Eldgjá eruption of 934-938 AD, the Veiðivötn eruption of around 1480 AD, and 

the Laki eruption of 1783-84 AD (Thordarson and Larsen 2007). Eleven Holocene flood lava 

eruptions are known from the EVZ, including the 8,600 ybp Thjórsá and the >3200 <4000 yBP 

Thjórsárdalur lava flows (Vilmundardóttir 1977a; Hjartarson 1988). These two flows are explored in 

detail in this chapter. 

 

5.3 Large Holocene lava flows in the EVZ 
 

The Tungnaárhraun, or Tungnaá lava flows, are a series of lava flows emplaced to the north of Hekla 

in south central Iceland between 8,600 yBP and ~1800 yBP that are together the most voluminous 

lava series emplaced in Iceland’s post-glacial history. These flows were produced by the Bárðarbunga 

volcanic system, which includes the Veiðivötn fissure swarm. The Bárðarbunga volcanic system has 

been the most productive in Iceland in the past 10,000 years, producing ~57 km3 of sub-aerially 

erupted material (Thordarson et al. 2003). The Tungnaárhraun comprises several different lava flows 

of variable volume (table 5.1). 
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Table 5.1 Holocene eruptions of the Tungnaárhraun lava series. Age is given as years before present 
(using 2000 as the reference year); the date in brackets is in calendar years. a Hjartarson (1988). b 
Halldorsson et al. (2008). Other information from Vilmundardóttir (1977a; 1977b) and Thordarson 
and Hoskuldsson (Thordarson and Hoskuldsson 2002).  
 

name age yBP Length 
(km) 

Area 
(km2) 

Volume 
(km3) 

Tjörfahraun ~1800 (150) 20 55 0.8 
Búrfellshraun- 

Thjórsárdalur lava ~ 3200 <4000 70 350 6.5 

Hnubbahraun ~6000 15 25 0.4 
Kvíslahraun 

(Sigolduhraun) ~6500 65 200 3.5 

Tungnaárhraun ~ 6600  75 260 1 
Tungnaárhraun ~6700 80 270 3.8 
Tungnaárhraun ~6800 55 120 1.4 

Thjórsá lava ~8,600 140a 950a 25b 
 

 A review of the Tungnaárhraun was published by the Icelandic Energy Authority 

(Vilmundardóttir 1977b) that notes particularly the porphyritic nature of the lavas, which contain 

abundant plagioclase, and that older lavas appear to be more plagioclase-rich than younger ones. In 

Iceland, plagioclase-phyric lavas have been produced in large volume fissure eruptions in the 

Bárðarbunga and Askja volcanic systems, and most formed during a period of rapid glacial rebound in 

the early Holocene (Hjartarson 1988, 2004). The following section introduces in more detail the two 

lava flows that are to be the subject of this chapter, the Thjórsárdalur lava flow and the Thjórsá lava 

flow (to include the tuff cones Brandur, Fontur and Saxi).  

  

5.3.1 Introduction to the Thjórsárdalur lava flow  
 

The Thjórsárdalur lava flow is a relatively small volume flow that was emplaced to the North of Hekla 

between 4,000 and 3,200 yBP. The source region of this flow is now obscured by younger lava flows 

in the Veiðivötn region.  The flow is characterised by single flow lobes between 5 and 15 m thick that 

display well-developed columnar jointing, and an extensive outcrop of rootless cones in the 

Thjórsárdalur valley, which rise to several metres above the surrounding scoria-covered plains. Lava 

samples are porphyritic and contain abundant large plagioclase crystals clearly visible in hand 

specimen within a very fine-grained matrix. Little has been published specifically on the Thjórsárdalur 

lavas since the 1977 National Energy Authority (Orkustofnun) report and map (Vilmundardóttir 

1977a; Vilmundardóttir 1977b), which estimated the combined volume of the Thjórsárdalur lava and 

the overlying Búrfellshraun to be 6.5 km2. A single lobe from the Thjórsárdalur flow is exposed in 

vertical section at Hjálparfoss (figure 5.2d and 5.5) and is estimated to be 15m high. This lobe 

probably represents a maximum thickness of the flow as other vertical sections through the flow seen 

in river sections on a tributary of the Tungnaá river near Langalda were 4-8 m thick. From figure 5.6 

the rough extent of the surface outcrop of the Thjórsárdalur lava flow has been estimated at ~40 km2. 

This figure is likely however to be a gross underestimate as the Thjórsárdalur lavas are extensively 
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overlain by younger flows (Búrfellshraun and Tjörvahraun). If the Thjórsárdalur lava underlies the 

total area covered by these two younger flows than its actual extent could be up to 7 times greater than 

the 40 km2 estimate made from figure 5.6. Assuming an average flow thickness of 8 m and a total area 

of ~270 km2, the total volume of the Thjórsárdalur lava could be 2.2 km3. Assuming the maximum 

flow thickness of 15 metres, this volume estimate rises to 4.0 km3. Either way, this flow is 

considerably smaller than either the Thjórsá lava flow (up to 25 km3) or the Laki flow (15.1 km3).  

 

 
 

Figure 5.2. a) The Tungnaárhraun lavas outcrop at the Gjáin waterfall at the northern end of the 
Thjórsárdalur valley. b) Inflated Tungnaárhraun lava flow lobe at the margins of a 5m thick flow, 
outcropping north of Hekla. c) Sampling the Thjórsárdalur lava flow, exposed in the side of a rootless 
in the Thjórsárdalur valley. Sample location THH05. d) Double waterfall at Hjálparfoss, where there 
is a 15m thick exposure of Thjórsárdalur lava. Sample locations HJA01-21 
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5.3.2 Introduction to the Thjórsá lava flow 
 

The Thjórsá lava flow is the largest Holocene lava flow on Earth. Thjórsá is recognised not only for 

its great volume but also for the plagioclase-rich nature of its lava. The exact sub-aerial location of the 

source of the Thjórsá flow is debated; some suggest that tuff cones Fontur, Saxi and Máni in the 

Heljargjá graben in Central Iceland could be the Thjórsá eruptive craters (Hansen and Grönvold 2000; 

Thordarson et al. 2003) whilst others suggest that the original craters are now buried beneath younger 

lava flows and tephra (Halldorsson et al. 2008). Proximal parts of the lava flow are buried beneath 

more recent lavas from the Bárðarbunga volcanic system, and the first sub-aerial appearance of the 

flow is some 75 km from the centre of the Veiðivötn area. From here, lava covers an extensive area 

between two large glacial rivers, Thjórsá and Hvítá/Ölfusá, which flow along the eastern and western 

margins of the lava flow respectively. The lava flow spreads extensively along the flat coastal 

lowlands in the districts of Skeid and Flói, forming a large lava tongue that extends up to 1 km off-

shore. The extensive coastal areas covered by the lava flow hint at its low viscosity and probable high 

eruption rate, as slope angles in this region of Iceland are estimated at <1° (Hjartarson 1994). The total 

length of the Thjórsá lava flow is estimated at 140 km, covering a total area ~950 km2 in extent. The 

total volume of the flow was originally estimated at 21 km3 based on average flow thicknesses of 22m 

from boreholes taken in the Southern Lowlands (Hjartarson 1988), but this figure has recently been 

revised upwards to 25 km3 (Halldorsson et al. 2008) to take into account the proximal portions of the 

lava flow that are now buried. There is no ash layer in Iceland associated with the Thjórsá eruption, 

which compounds the enigmatic nature of the source vents. Ice cores from Greenland, however, 

record an eruption of vast scale in the northern hemisphere 8675 ± 150 yBP (Hammer 1984; Hammer 

et al. 1985). Radiocarbon dating of a peat layer that underlies the lava yields an age of 7,800 ± 40 

radiocarbon years (Kjartansson et al. 1964), which, when converted to calendar years, is in good 

agreement with the date from the Greenland ice cores. The accepted age of the flow is 8,600 yBP 

(Hjartarson 1988). 

 The physical impact of the Thjórsá flow in southern Iceland was large; it altered the course of 

two of the largest rivers in Iceland and converted 500 km2 of alluvial plain into a lava field (Hjartarson 

1994). The eruption must also have had a dramatic effect on northern hemisphere climate, as the 

historic 15 km3 Laki eruption, which was ~25-40% smaller, has been shown to have had a significant 

short-term impact on climate (Wood 1992; Thordarson et al. 1996; Stevenson et al. 2003; Thordarson 

and Self 2003).  
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Figure 5.3. a) View looking roughly east across the braided Thjórsá river towards Búrfell and Hekla. 
b) The Thjórsá lava outcrops at the edges of the Thjórsá river near Buðafoss. Note the heavily moss-
covered surfaces of the flows, which are typical of this area. Sample location THJ01. 
 

5.3.3 Introduction to the tuff cones Fontur, Saxi and Brandur 
 
Saxi, Fontur and Brandur are large tuff cones located to the east of Thórisvatn, in the northern part of 

the Veiðivötn–Vatnaöldur fissure system. Saxi and Fontur are separated by a linear ~1·5 km long, 

fissure, which is oriented parallel to others in the Veiðivötn–Vatnaöldur system. Brandur is located 

some 3 km to the west of the fissure line on the edge of Austurbotnar, and may not be directly related 

to the eruption that formed Saxi and Fontur. All three cones are <700 metres above sea level and are 

of similar size, rising only a few tens of metres from the surrounding plains, and have well-developed 
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central craters. They are composed predominantly of a glassy, poorly consolidated ash (Hansen & 

Grönvold, 2000), containing a mixture of volcanic bombs between 10 and 100 mm across (glassy, 

scoriaceous matrix with olivine, plagioclase and clinopyroxene phenocrysts and glomerocrysts), 

together with basaltic scoria (sometimes fresh and glassy but often oxidised), fragments of bright 

orange hyaloclastite (the ‘country rock’), and abundant sub-rounded gabbroic nodules, between 10 – 

100 mm on their longest axes (figure 5.4c). Layered airfall deposits are found at the tops of the cones, 

and are particularly well exposed on Brandur (figure 5.4a). Such airfall deposits hint at the explosive 

nature of the eruptions that emplaced them. These tuff cones were formed by phreatomagmatic 

eruptions, where lava interacts with either meteoric water (the local water table), or surface snow or 

ice. The nodules can be viewed as ‘cognate xenoliths’ (Holness et al. 2007), crystallising in layers on 

the walls and floor of the magma reservoir and transported to the surface in the final stages of an 

eruption event to form the tuff cones during the Tungnaárhraun eruptions.  

 

 

 
 

Figure 5.4. a) Photograph of layered airfall deposits at the top of Brandur tuff cone on the edge of 
Thórisvatn. View is roughly towards the southwest b) Photograph from the top of Saxi tuff cone 
looking north east towards Fontur tuff cone along the line of the fissure. c) Selection of material that 
makes up the tuffaceous deposits on and around the tuff cones, where 1) is hyaloclastite, 2) is a lava 
bomb with large plagioclase crystals clearly visible, 3) is a gabbro nodule and 4) is oxidised scoria. 
The pen lid for scale is 35 mm long. 
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5.4 Sample collection  
 

Samples were collected across three field seasons in July 2005 June 2006 and August 2006 (figure 

5.6). Lava samples were collected where possible from the degassed, massive interior of flows, 

usually where they had formed massive columnar joints (often 0.5-1 m wide). Care was taken to avoid 

any areas of obvious alteration or segregation structures, which are known to cause local perturbations 

in whole-rock trace element composition (Goff 1996; Caroff et al. 2000). Samples containing oxidised 

olivine crystals, or mud-filled vesicles were discarded.  

5.4.1 Thjórsárdalur and Hjálparfoss  
 

A number of samples were collected from the young <4,000 yBP Tungnaárhraun flows. This study 

focuses specifically on the Thjórsárdalur lava flow, of which 13 lava samples were collected. This 

lava flow was chosen for sampling as it is plagioclase-phyric and easily accessible. Historical volcanic 

activity at Hekla has coated much of this region in a thick blanket of tephra, obscuring the surfaces of 

older lava flows. However, three hydroelectric power stations (Búrfell, Hrauneyjafoss and Sigalda) 

have been built in this region to exploit the Tungnaá and Thjórsá rivers and engineering related to 

these stations cuts channels into the lava flows, which, where accessible, made ideal sample locations. 

A geological survey of the region carried out by the Icelandic National Energy Authority 

(Orkustofnun) resulted in a detailed 1:50000 geological map of the northern and western parts of the 

Tungnaárhraun (Guðmundsson et al. 1983) and this map was used to select suitable sample locations. 

Samples were taken from flows exposed in road and river cuttings, at the margins of flows not 

obscured by more recent material from Hekla, and from rootless cones that stand higher than the 

Hekla deposits in the Thjórsárdalur valley. Samples were dug out from at least 0.3 m down within the 

rootless cone to ensure that the surface cover of tephra from recent eruptions of Hekla was not 

erroneously sampled.  

 A single flow lobe was sampled extensively from the Thjórsárdalur lava flow at Hjálparfoss, 

where a lobe ~15m high is exposed in section opposite the waterfall (figure 5.5). Samples were taken 

at 30 - 100 cm intervals through the vertical thickness of the lobe, except for an inaccessible portion of 

the upper disrupted entablature that was not sampled, representing a section ~5.5 m thick (figure 5.5). 

These additional 21 samples make a complete Thjórsárdalur sample set of 34 specimens. Grid 

references of sample locations are given in table B.12 and are shown on figure 5.6 
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Figure 5.5 Photograph of a vertical section through a single Thjórsárdalur flow lobe at Hjálparfoss 
(HJA). View is roughly towards the southeast. Red circles and numbers indicate individual HJA 
sample locations. The lower white sub-horizontal line marks the transition from the basal crust to the 
disrupted entablature in the centre of the flow, and the upper line marks the distinction between this 
disrupted entablature and the undisrupted entablature composed of regular columnar joints. 
Photograph courtesy of Thorvaldur Thordarson. 
 
 
 

5.4.2 Thjórsá  
 

The Thjórsá lavas are the oldest samples collected for this study at ~8600 years old. The lava flows 

cover much of the flat-lying coastal plain north of Eyrarbakki, and are now vegetated. Samples were 

collected from flow margins, or where the interior of the flow had been exposed in quarries or 

roadside cuttings. Samples were not taken from the proximal portions of the lava flow as these are 

now extensively buried by younger flows, but care was taken to sample from across the extent of the 

exposed lava in the Southern Lowlands. A particularly lucrative sample site was between 2 bridges on 

Road 1 that cross the Thjórsá river just upstream of Urriðafoss, east of Selfoss. Here, a thick outcrop 

of the lava had been cut through by the Thjórsá river and had been blasted during road construction, 

allowing easy access to samples. A total of 20 lava samples were collected. Grid references of sample 

locations are given in table B.13 and are shown on figure 5.6. 

  

 



 

 
 
This is an A3 pullout 
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5.4.3 Tuff cones Brandur, Fontur and Saxi 
 

Brandur, Fontur and Saxi are located in the interior of Iceland in a region that is completely devoid of 

vegetation, which makes sampling from the cones straightforward, though access is restricted to the 

summer months when the roads are open. The gabbro nodules are visually distinct from the other 

types of volcanic clasts as they are white in colour, and liberally cover the sides and tops of the tuff 

cones. The nodules are less abundant on the plains between the cones, indicating that they have 

probably not been transported far since being erupted. Samples were taken from different areas on 

each cone and each change in sample number (e.g. FON02, FON04) corresponds to a different area on 

the cone. Care was taken to sample nodules of different sizes and seemingly different grain size and/or 

mineral proportions. A total of 8 gabbro nodules were sampled, two from Brandur, two from Fontur 

and four from Saxi. Two lava flows that outcropped within and to the immediate north of the Fontur 

tuff cone were also sampled. These were porphyritic and plagioclase-rich and superficially resemble 

the Thjórsá lava in hand specimen. These two samples have been mapped as Háahraun and are 

estimated to be 8,000 years old (Vilmundardóttir et al. 1988). A further 5 samples of glassy tephra 

were collected from the sides of each tuff cone, one from Brandur, three from Fontur and one from 

Saxi. Grid references of sample locations are given in table B.14, and shown on figure 5.7. The 

locations of the tuff cones within the EVZ and their relationship to the Holocene lava flows is shown 

on figure 5.6  

 

 

 

 

5.5 Petrological descriptions 
 

Representative samples from each of the lava flows were thin-sectioned and viewed under a 

petrological microscope to gauge the approximate modal mineralogy of the sample. All samples from 

Thjórsá were also point-counted, according to the method described in Chapter 2 (section 2.5).  

 

5.5.1 Thjórsárdalur lava 
 

Lava samples from Thjórsárdalur are olivine-tholeiites with average whole-rock MgO wt % 

concentrations of 7.9 (±0.05; 1s  absolute), and average Mg# ([Mg/(Mg+Fetotal); atomic ratio) of 60.0 

(±0.22; 1s  absolute). Average whole-rock SiO2 contents are 49.6 wt % (±0.04; 1s  absolute) and 

average Na2O + K2O is 2.03 wt % (±0.04; 1s  absolute), which places them within the basalt 

compositional field. Major element analyses of Thjórsárdalur samples are given in table B.15  
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Fig. 5.7. Simplified geological map of the Sigalda-Veiðivötn region, south-central Iceland, showing 
lava and tuff cone samples from Fontur, Saxi and Brandur. Modified from Vilmundardóttir et al. 
(1988). 
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 Lava samples are porphyritic and contain large crystals (>150 µm and up to 4mm on longest 

axis) of plagioclase, clinopyroxene and olivine in a fine-grained groundmass composed of the same 

phases (where crystals are <50 µm) plus glass. Samples range in vesicularity from <5% voids to 

~30%, and this is largely a function of whereabouts in the lava flow they were sampled from (where 

the vesicle-free interior of a flow was not accessible a sample was taken from beneath the vesicular 

crust at the top of the flow). Plagioclase phenocrysts range from >150 µm up to 4mm on their longest 

axes, and have anorthitic cores that range from An93.6 - 89.6, and rims show a greater compositional 

range from An93.7 - 76.4. Major element analyses for Thjórsárdalur plagioclases are given in table B.16. 

Plagioclase phenocrysts show visible concentric zoning under crossed-polars. The phenocryst 

assemblage is dominated by plagioclase, which accounts for up to 90% of the total volume of 

phenocrysts in some samples. Olivine and clinopyroxene phenocrysts tend to be smaller than 

plagioclase and range from 200-500 µm on their longest axes. Glomerophyric clusters of plagioclase, 

clinopyroxene and olivine occur in some samples, where the cluster is typically <800 µm across, and 

crystals within it are <200 µm. Melt inclusions <50 µm were observed in both olivine and plagioclase, 

and are spherical to ellipsoid in olivine but elongated in plagioclase, running parallel to the crystal 

margins in concentric bands. The composition of olivine and clinopyroxene was not measured.   

 

5.5.2 Thjórsá lava 
 

Lava samples from Thjórsá are olivine-tholeiites with average whole-rock MgO wt % concentrations 

of 6.16 (±0.32; 1s  absolute), and average Mg# ([Mg/(Mg+Fetotal); atomic ratio) of 48.0 (±2.27; 1s  

absolute). Average whole-rock SiO2 contents are 50.27 wt % (±0.12; 1s  absolute) and average Na2O + 

K2O is 2.8 wt % (±0.12; 1s  absolute), which places them within the basalt compositional field. 

Thjórsá whole-rock data are shown in table B.17. 

 Lava samples are porphyritic but the size distinction between phenocryst and groundmass 

phases is not as clear as in the Thjórsárdalur samples as the groundmass in Thjórsá lavas is typically 

slightly coarser-grained, ranging from glass to <100 µm long groundmass crystals. In one sample, 

THJ104, the range of crystal sizes in the groundmass is from glass to <150 µm and the texture of this 

sample could more appropriately be described as seriate rather than porphyritic. Plagioclase 

phenocrysts range from >150 µm up to 1000 µm on their longest axes, and have anorthitic cores that 

range from An95.1 - 83.2, and rims that show a greater compositional range from An95 - 64. Clinopyroxene 

occurs more commonly in glomerophyric clusters with plagioclase than as lone crystals, where the 

clusters are typically <800 µm across and contain individual crystals 150-300 µm across. 

Clinopyroxene core compositions range from Mg# 87.6 - 72.3, and rims from Mg# 86.1 - 43.8. 

Olivine commonly occurs as lone phenocrysts between 200 and 800 µm across, and dominates the 

phenocryst assemblage in some samples. Olivine core compositions range from Fo84.9 - 66.1 and rims 

from Fo80.6 - 44.4. Thjórsá crystal compositions are shown in tables B.18 (plagioclase), B.19 

(clinopyroxene) and B.20 (olivine). 
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 For the purposes of point-counting plagioclase crystals >150 µm on their longest axes were 

considered to be phenocrysts, as were clinopyroxene and olivine crystals >200 µm. Again, as in 

chapter 2, the term phenocryst is used here purely in a textural sense to differentiate these large 

crystals from the surrounding groundmass phases, and does not imply anything about crystal genesis. 

The phenocryst sizes were typically larger in the Thjórsá samples in comparison to the Laki samples, 

making visual differentiation between phenocrysts and groundmass crystals easier. The averaged 

results of multiple point-counts of each sample are shown in table 5.2. Plagioclase dominates the 

phenocryst assemblage in all but two of the samples, THJ10 and THJ12, which contain abundant 

olivine. The full point-counting data-set with estimates of precision is given in table B.21. 

 

Table 5.2. Averaged phenocryst point-counting results for Thjórsá lava samples where n is the number 
of times the sample was point-counted, plg is plagioclase, olv is olivine, cpx is clinopyroxene, ves is 
vesicles and gmass is groundmass. DRE vol% is the dense-rock equivalent normalised phenocryst 
volumes for the sample, where the vesicle counts have been removed from the total counts. Crystal 
mass fractions were calculated using the following densities: plagioclase = 2.7 g/cm3; olivine = 3.3 
g/cm3; clinopyroxene = 3.2 g/cm3. 
 

 
 

5.5.3 Samples from tuff cones Brandur, Fontur and Saxi 
 

Samples of gabbro and tephra were collected from each of the three tuff cones, and two lava samples 

from a flow adjacent to Fontur tuff cone. Whole-rock data for all these samples are shown in table 

B.22. The gabbro nodules vary in size (10-100 mm in length), grain size (<0.5mm overall to >10 mm 

for single feldspar crystals), and modal mineral proportions. Samples from Brandur tend to be more 

plagioclase rich. Most nodules contain plagioclase (An93 - 82), forsterite (Fo86 - 79) and clinopyroxene 
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(composition not measured) as interlocking large (300-3000 µm) phenocrysts, with some bright, 

apple-green Cr-diopside observed in hand specimen. The phenocrysts are often surrounded by fresh 

basaltic glass, with ‘sprays’ of clinopyroxene and acicular plagioclase crystallising in the groundmass. 

The rims of many of the large plagioclase crystals show sieve-textures. BSE and cathodoluminescence 

SEM images show complex zoning in plagioclases. Where nodules have been sectioned through their 

diameter there is little or no variation in grain size towards the margins, suggesting that the rounded 

shape of the nodules is due to transportation in the eruption vent. In most nodules plagioclase accounts 

for ~70 vol% of the sample, with clinopyroxene and olivine occurring interstitially at ~5 vol% each 

and ~20 vol% glass. Glass occurring within gabbro nodules from Brandur and Saxi was analysed for 

major elements (table B.23) and contains on average 6.23 wt % MgO (±0.27; 1s  absolute) and has an 

average Mg# of 47 (±0.9; 1s  absolute). 

 Two samples of porphyritic plagioclase-rich lava were taken from a flow that outcropped 

within the central cone of Fontur, and just to the north of the margins of the tuff cone. These two lavas 

are olivine-tholeiites with average whole-rock MgO wt % concentrations of 7.6 - 8.1 and Mg# of 62.3. 

The lava samples have <15% vesicles and are composed of a fine-grained (<50 µm) groundmass 

containing crystals of plagioclase, clinopyroxene and olivine. The phenocryst assemblage is 

dominated by large (1-3 mm long) plagioclase crystals with anorthitic cores that range from An93.1 - 92.7 

and rims that range from An92.9 - 85.6. Olivine and clinopyroxene occur as lone phenocrysts 100-200 µm 

across. The composition of olivine and clinopyroxene was not measured. Major element analyses of 

gabbroic crystal phases and lava-hosted plagioclases are given in tables B.24 (Fontur plagioclases), 

B.25 (Fontur olivines), B.26 (Saxi plagioclases), B.27 (Saxi olivines), B.28 (Brandur plagioclases) 

and B.29 (Brandur olivines). 

 Tephra samples are highly vesicular, containing up to an estimated 60% voids. The 

groundmass is completely glassy, which indicates that the tephra were rapidly quenched upon 

eruption. Phenocrysts are dominated by medium-sized (300-700 µm on longest axis) to very large (8-

10 mm on longest axis) plagioclase, and lone clinopyroxene and olivine phenocrysts 300-700 µm 

across. BRA02 was the only tephra sample where the phenocrysts were analysed, and contained 

plagioclase with cores ranging from An94.5 - 93.4, and olivine with cores ranging from Fo84.4 - 82.8. Major 

element analyses of BRA02 tephra-hosted plagioclase and olivine are given in tables B.28 and B.29. 

No clinopyroxene was analysed. 
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5.6 Petrological comparison between EVZ samples 

5.6.1 Crystal compositions and line transects 
 
Figure 5.8 shows a comparison of the core compositions of different crystal phases from different 

EVZ lava flows (Thjórsárdalur, Thjórsá and Laki), and crystal phases from gabbro nodules erupted at 

the tuff cones Brandur, Saxi and Fontur. The composition of plagioclase cores from the gabbro 

nodules at Brandur, Fontur and Saxi are the most anorthitic measured (An91 - 95), least variable and are 

similar between different tuff cones. The Thjórsá and Thjórsárdalur lavas also host anorthitic 

plagioclase ( x ~An92.5), yet the range of compositions measured in the Thjórsá lava samples is much 

greater than that measured from the Thjórsárdalur lavas or the gabbro from the tuff cones (THJ = An95 

- 83; THJD = An93.5 - 89.5). By comparison, plagioclase core compositions measured at Laki are the most 

variable (An93 - 73) and much less anorthitic on average ( x ~An82.5). Similarly, average olivine core 

compositions from gabbro nodules are the most forsteritic measured ( x =Fo82.5 - 84.5) and least 

variable, whilst those measured from Thjórsá lava show nearly the same range as those from Laki 

(THJ = Fo85 - 66; LAK = Fo86 - 68), yet are much less forsteritic on average than the gabbroic olivine, 

and slightly less forsteritic than the average Laki olivines. Clinopyroxene compositions were only 

measured from Laki and Thjórsá lava samples. The average Laki clinopyroxene core has a 

significantly lower Mg# than the average measured from Thjórsá (THJ x =Mg# 83; LAK x = Mg# 

76). 

 Crystal line transects were measured on the electron probe by programming a series of 

measurements to be taken from a single crystal at regular step intervals from the crystal core to rim. 

Figure 5.9a shows three Laki plagioclase crystals, 06plg1 and 06plg2 (figure 5.9a(i)), and 28plg2 

(figure 5.9a(iii)) that have anorthitic cores (~An93 - 92), which drop off steeply to a less anorthitic 

mantle (An87 - 86) and then drop steeply again in two of the crystals to an even less anorthitic rim 

(An80). In 06plg2 the transition from An-rich core to An-poor mantle occurs across a lengthscale of 

<15 µm, although the transition is more diffuse in other crystals. This feature of Laki plagioclases has 

been described by Guilbaud et al. (2007), who noted the sharpness of the compositional transition 

from crystal core to crystal mantle, which can represent 8-13 mol % anorthite. The highly anorthitic 

cores are thought to represent xenocrysts assimilated into the Laki magma at depth (Métrich et al. 

1991; Bindeman et al. 2006). For comparison, crystal transects through plagioclases hosted in Thjórsá 

and Thjórsárdalur lavas, and from gabbroic nodules erupted at Brandur, Fontur and Saxi are shown 

(figure 5.9d and 5.10). None of these plagioclase phenocrysts display the An85 plateaux found in the 

Laki plagioclases. One large (1550 mm) plagioclase from Thjórsá (THJ06plg1; figure 5,9d) has a near 

constant core composition, that drops dramatically at the rim. Thjórsárdalur, Brandur, Fontur and Saxi 

plagioclases all have roughly constant average core compositions, with superimposed fine-scale (1-2 

mol % An) oscillatory zoning (figure 5.10). Similarly to Thjórsá and Laki most of these crystals have 

significantly less anorthitic rims, but none of them display the xenocryst core and mantle profile seen 

in the Laki samples.  
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Figure 5.8 Comparison of the range in phenocryst core compositions between different lava flows 
within the EVZ. THJ is Thjórsá, THJD is Thjórsárdalur and LAK is Laki and all the phenocrysts from 
these samples are hosted in lavas. FON is Fontur, SAX is Saxi, BRA is Brandur and all the 
phenocrysts from these samples are from gabbro nodules found on the sides of tuff cones. Filled 
circles indicate the average composition, the horizontal error bars indicate one standard deviation from 
the mean and the vertical bars indicate minimum and maximum values. Blue-filled circles indicate 
plagioclase, green are olivine and yellow are clinopyroxene. A green or yellow dashed line means that 
olivine or clinopyroxene was present in the sample but not analysed. 
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 Large (>500 µm) Laki olivine crystals show smooth decreases in forsterite content from core 

to rim, with no evidence of a compositional mantle or of an abrupt compositional transition at the 

crystal rim (figure 5.9b), though this observation could be a function of faster Fe-Mg diffusion rates in 

olivine than albite diffusion rates in plagioclase. A single groundmass crystal (28ol4GM; figure 

5.9b(iii)) is shown for comparison and has a core forsterite composition that is ~10 mol % Fo lower 

than the average core composition of the phenocrysts. By comparison, three olivine crystals measured 

from Thjórsá show more abrupt compositional transitions at the crystal rim (figure 5.9e). Similarly, 

olivines measured from gabbro at Fontur and Saxi also have constant core compositions (figure 5.10j 

and l), which then change abruptly over an interval of 150-50 µm to lower forsterite contents at the 

crystal rim. 

 Clinopyroxene crystal transects measured from Laki crystals show that compositional 

variation is common within single crystals (figure 5.9c). One crystal, 06cpx4 (figure 5.9c(ii)), shows 

~6 mol % variation in Mg# within the crystal core. Generally, clinopyroxenes have rims with lower 

Mg#s than the cores. Clinopyroxene compositions were only measured in one other lava flow, 

Thjórsá, at large step intervals of ~50 µm. Consequently it is not possible to compare how variable 

individual crystal cores are, but all crystals show a decrease in Mg# at the crystal rim. 
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Figure 5.9. Compositional transects through large plagioclase, olivine and clinopyroxene crystals from 
Laki and Thjórsá.  
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Figure 5.10. Compositional transects through large plagioclase and olivine crystals from Thjórsárdalur 
lava and from gabbro nodules collected at tuff cones Brandur, Fontur and Saxi. 
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5.6.2 Modal phenocryst proportions from Laki and Thjórsá lavas  
 

The modal crystal proportions were determined for all lava samples from Thjórsá by point-counting. 

Figure 5.11 shows that in comparison to Laki the Thjórsá lavas show a greater variation in phenocryst 

proportions, which is on average different to that expected for cotectic crystallisation of a basaltic melt 

at low pressures. The Thjórsá lava shows a greater enrichment in plagioclase than the Laki lava, and 

also contains two samples where the phenocryst assemblage is dominated by olivine, which never 

occurs in the Laki lava. 

 

 
 
Figure 5.11. Ternary plot of relative proportions of plagioclase (plg), olivine (olv) and clinopyroxene 
(cpx) phenocrysts in Thjórsá (yellow triangles) and Laki (grey diamonds) basalt samples, as measured 
by point-counting. The larger figure is an enlargement of the grey-shaded region on the inset diagram. 
The black diamond represents the average of all Laki samples, the red diamond is the average of all 
Thjórsá samples and the open diamond represents a low-pressure eutectic basaltic crystallisation 
assemblage. 
 
 

5.6.3 Whole-rock and plagioclase isotope variations in Laki and Thjórsá lavas 
 
Radiogenic isotopes are powerful tracers of genetic relationships between crystals and melt in 

magmatic systems (Davidson et al. 2007). Halldorsson et al. (2008) showed that the whole-rock 
87Sr/86Sr of Thjórsá lava groundmass separates is statistically different from that of Thjórsá 

plagioclase crystals, leading to the conclusion that these crystals are xenocrysts that have not 

crystallised directly from the Thjórsá carrier liquid, and are possibly derived from disintegration of 

gabbroic sills in the Icelandic crust. Figure 5.12 shows Thjórsá groundmass separate and plagioclase 
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Sr isotope data from Halldorsson et al. (2008) plotted alongside Laki whole-rock and plagioclase Sr 

isotope data from this study. The peaks of the normal distribution for the Thjórsá whole-rock and 

plagioclase data are broadly different, and the plagioclase crystals record Sr isotope values that are 

less radiogenic than that of the whole-rock. By comparison there is a relative paucity of data for Laki 

plagioclases, but two of those measured plot well within the peak of the normal distribution for the 

Laki whole-rock data, whilst another 2 plot at more radiogenic values outside the range of the whole-

rock, and one plots off the scale completely at 0.70402. The relationship between the Laki 

plagioclases and the Laki whole-rock composition is therefore different to that between the Thjórsá 

plagioclases and the Thjórsá whole-rock composition. 

 

 
 
Figure 5.12. Sr isotope ratios for whole-rock samples and plagioclase crystals from Thjórsá and Laki. 
Not shown is one Laki plagioclase measurement at 0.70402. 
 
 
 

5.7 Statistical significance of geochemical variations in EVZ whole-rock data 
 

The average concentration and the range in concentration of major- and trace-elements for the 

Thjórsá, Thjórsárdalur and Hjálparfoss lava flows are shown in tables 5.3, 5.4 and 5.5 respectively. 

Variations in the concentrations of selected major- and trace-element pairs of these lava flows are 

shown in figures 5.16 and 5.21 respectively. The statistical significance of variation in major- and 

trace-element concentrations and ratios in the whole-rock compositions of the Thjórsá and 

Thjórsárdalur lava flows has been determined, using the same method that was applied to the Laki 

whole-rock compositions in Chapter 2. If the standard random error associated with the analytical 

procedure, s r, is greater then the observed standard deviation across all the samples from a single 

eruption, s o, then the variation observed in the dataset could potentially be due to analytical error 
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alone. The data presented here from Thjórsá and Thjórsárdalur were measured using the same high-

precision XRF method as was used to measure the Laki whole-rock compositions, with the same 

number of repeats used to estimate the analytical noise. Consequently the standard random error, s r, 

associated with this analytical technique is the same as described previously, as is the threshold value 

for the signal-to-noise ratio (s t/s r). As described previously, if the signal-to-noise ratio is = 1.77 then 

the null hypothesis (that there is no natural compositional variation in the dataset) can be rejected with 

95% confidence.  

 The s t/s r is = 1.77 for all elements and ratios measured from the Thjórsá lava samples, except 

Sc (table 5.3). By comparison, the Thjórsárdalur lava flow is much less variable; all of the light REE, 

Nb and Y for example all have s t/s r < 1.77, implying that the observed variation in these element 

concentrations is within the analytical uncertainty (table 5.4). The variation observed within the single 

flow lobe at Hjálparfoss is even smaller, where more than half of the elements measured show less 

observed variation than the analytical uncertainty (table 5.5). The lack of compositional variability 

between samples taken at Hjálparfoss is highlighted in figure 5.13, where aside from SiO2 and Na2O 

all the calculated signal-to-noise ratios are smaller from Hjálparfoss samples than Thjórsárdalur 

samples. The relationship of Hjálparfoss to Thjórsárdalur is therefore the same as that of Eldvatnsbrú 

to Laki, and reinforces the finding that compositional variability within single flow lobes is less than 

that between different flow lobes in the same lava flow. 

 

 

 
 

Figure 5.13. Signal-to-noise ratio (s t/s r) for major- and trace-element concentrations of Thjórsárdalur 
(THJD) lava samples in comparison to Hjálparfoss (HJA) lava samples, where Hjálparfoss is a single 
flow lobe within the Thjórsárdalur lava flow. The signal-to-noise ratio is calculated as in table 5.3. 
MnO, P2O5, Rb and Ba have poor reproducibility and are excluded here. 
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Table 5.3. Geochemical variability in whole-rock major and trace elements across the Thjórsá lava 
flow. Major element oxides are in wt %, all other elements are in ppm and n is the number of 
analyses; x is the mean; so is the observed standard deviation from the mean for the whole sample 
set; s r is the repeat standard deviation based on multiple repeat analyses of the same sample; s t is the 
true standard deviation once so has been corrected for analytical noise and is calculated as sqrt[(s o)2-
(s r)2]; s t/s r is the signal-to-noise ratio; P% is the percentage precision and is calculated as (s r 

/ x )*100; and V% is the percentage variability and is calculated as (s t / x )*100. Major and trace 
elements were measured by XRF spectrometry and REE were measured by ICP-MS. Grey fill 
indicates elements analysed where s r is greater than s o. Analyses highlighted in bold have s t/s r = 1.77 
See text for discussion.  
 

 n min max x  s o s r s t s t/s r P% V% 

SiO2 20 49.97 50.39 50.27 0.12 0.033 0.11 3.46 0.07 0.22 
Al2O3 20 13.47 14.53 13.89 0.29 0.042 0.29 6.88 0.31 2.10 
FeOT 20 11.79 13.72 13.24 0.54 0.013 0.54 41.42 0.10 4.09 
MgO 20 5.85 7.12 6.16 0.32 0.019 0.32 16.77 0.31 5.17 
CaO 20 10.52 12.02 10.82 0.42 0.011 0.42 37.74 0.10 3.86 
Na2O 20 2.19 2.55 2.46 0.11 0.015 0.11 7.12 0.61 4.36 
K2O 20 0.23 0.38 0.35 0.04 0.002 0.04 17.65 0.65 11.42 
TiO2 20 1.78 2.48 2.33 0.19 0.007 0.19 26.67 0.30 8.02 
MnO 20 0.21 0.24 0.23 0.01 0.003 0.01 2.29 1.41 3.23 
P2O5 20 0.19 0.28 0.26 0.02 0.002 0.02 11.80 0.75 8.90 
La 20 8.28 12.64 11.83 1.12 0.208 1.10 5.30 1.75 9.30 
Ce 20 20.76 31.90 29.73 2.86 0.535 2.80 5.25 1.80 9.43 
Pr 20 2.93 4.51 4.20 0.41 0.066 0.40 6.09 1.58 9.63 
Nd 20 14.11 21.92 19.89 1.89 0.438 1.84 4.19 2.20 9.23 
Sm 20 3.98 5.86 5.46 0.48 0.113 0.47 4.13 2.07 8.55 
Eu 20 1.34 1.91 1.77 0.15 0.032 0.14 4.48 1.78 7.99 
Gd 20 4.72 6.79 6.36 0.54 0.095 0.53 5.56 1.49 8.31 
Tb 20 0.80 1.13 1.06 0.08 0.022 0.08 3.53 2.12 7.49 
Dy 20 5.12 7.13 6.65 0.52 0.126 0.50 3.96 1.90 7.51 
Ho 20 1.04 1.43 1.34 0.10 0.021 0.10 4.66 1.56 7.27 
Er 20 3.02 4.16 3.87 0.29 0.074 0.28 3.72 1.92 7.14 
Tm 20 0.47 0.63 0.59 0.04 0.012 0.04 3.23 2.06 6.67 
Yb 20 2.83 3.80 3.54 0.23 0.050 0.23 4.55 1.42 6.44 
Lu 20 0.42 0.57 0.53 0.04 0.006 0.04 6.01 1.13 6.81 
Nb 20 11.98 17.68 16.50 1.46 0.097 1.46 15.10 0.59 8.86 
Zr 20 117.18 178.09 165.85 16.21 0.346 16.20 46.78 0.21 9.77 
Y 20 31.83 42.39 40.14 2.86 0.175 2.85 16.27 0.44 7.11 
Sr 20 159.09 194.04 180.43 8.21 0.347 8.20 23.61 0.19 4.55 
Rb 20 4.39 7.46 6.86 0.84 0.173 0.82 4.74 2.52 11.93 
Zn 20 99.90 130.10 119.05 7.84 0.972 7.78 8.00 0.82 6.53 
Cu 20 75.52 113.34 100.80 8.39 0.644 8.36 12.98 0.64 8.30 
Ni 20 39.92 64.04 46.84 6.13 0.547 6.11 11.17 1.17 13.04 
Cr 20 88.13 189.26 114.80 27.57 0.774 27.56 35.62 0.67 24.01 
V 20 327.20 391.80 369.72 16.74 2.235 16.59 7.42 0.60 4.49 
Ba 20 53.10 83.52 75.25 7.94 3.001 7.35 2.45 3.99 9.77 
Sc 20 42.65 48.40 45.34 1.41 0.724 1.21 1.67 1.60 2.67 

Zr/Y 20 3.68 4.22 4.12 0.13 0.022 0.13 5.93 0.53 3.17 
La/Yb 20 2.93 3.43 3.33 0.12 0.033 0.12 3.60 0.99 3.58 
Nb/Y 20 0.38 0.42 0.41 0.01 0.004 0.01 2.50 0.88 2.19 
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Table 5.4. Geochemical variability in whole-rock major- and trace-elements across the Thjórsárdalur 
lava flow. Definitions are the same as for table 5.3.  
 

 n min max x  s o s r s t s t/s r P% V% 

SiO2 34 49.48 49.70 49.56 0.04 0.03 0.03 0.92 0.07 0.06 
Al2O3 34 14.62 15.22 14.77 0.12 0.04 0.11 2.66 0.29 0.76 
FeOT 34 10.59 11.03 10.92 0.09 0.01 0.09 6.88 0.12 0.82 
MgO 34 7.82 8.01 7.93 0.05 0.02 0.04 2.28 0.24 0.55 
CaO 34 12.92 13.10 13.01 0.04 0.01 0.04 3.67 0.08 0.31 
Na2O 34 1.79 2.00 1.89 0.04 0.02 0.04 2.39 0.80 1.91 
K2O 34 0.14 0.15 0.14 0.00 0.00 0.00 0.43 1.57 0.67 
TiO2 34 1.44 1.52 1.49 0.02 0.01 0.02 2.23 0.47 1.05 
MnO 34 0.18 0.20 0.19 0.00 0.00   1.69  
P2O5 34 0.09 0.10 0.10 0.00 0.00 0.00 0.46 2.05 0.94 
La 13 5.31 6.20 5.61 0.21 0.21 0.05 0.25 3.70 0.91 
Ce 13 13.78 15.93 14.43 0.54 0.53 0.04 0.07 3.70 0.25 
Pr 13 2.02 2.35 2.11 0.08 0.07 0.05 0.74 3.14 2.31 
Nd 13 9.95 11.70 10.39 0.45 0.44 0.12 0.27 4.22 1.12 
Sm 13 2.93 3.51 3.08 0.15 0.11 0.09 0.84 3.68 3.07 
Eu 13 1.02 1.24 1.07 0.06 0.03 0.05 1.53 2.95 4.50 
Gd 13 3.52 4.48 3.77 0.25 0.10 0.23 2.44 2.52 6.14 
Tb 13 0.61 0.76 0.65 0.04 0.02 0.03 1.48 3.47 5.15 
Dy 13 3.97 5.02 4.18 0.28 0.13 0.25 2.00 3.02 6.03 
Ho 13 0.81 1.03 0.85 0.06 0.02 0.06 2.66 2.45 6.52 
Er 13 2.36 3.02 2.50 0.18 0.07 0.16 2.16 2.97 6.43 
Tm 13 0.37 0.47 0.39 0.03 0.01 0.02 1.92 3.13 6.00 
Yb 13 2.22 2.94 2.36 0.19 0.05 0.18 3.67 2.13 7.83 
Lu 13 0.33 0.44 0.35 0.03 0.01 0.03 4.66 1.71 7.99 
Nb 34 7.47 8.16 7.93 0.14 0.10 0.11 1.12 1.22 1.36 
Zr 34 76.00 81.77 80.02 1.15 0.35 1.10 3.17 0.43 1.37 
Y 34 23.98 25.57 25.07 0.35 0.18 0.30 1.70 0.70 1.19 
Sr 34 157.5

5 
161.7

6 
159.6

7 
0.95 0.35 0.89 2.55 0.22 0.55 

Rb 34 2.28 2.66 2.43 0.09 0.17   7.09  
Zn 30 78.85 88.93 84.34 2.47 0.97 2.27 2.33 1.15 2.69 
Cu 30 112.4

0 
147.7

1 
136.0

5 
10.39 0.64 10.37 16.10 0.47 7.62 

Ni 30 76.47 86.23 80.51 2.45 0.55 2.39 4.37 0.68 2.97 
Cr 30 147.9

4 
166.4

5 
156.6

1 
4.25 0.77 4.18 5.40 0.49 2.67 

V 30 303.3
4 

328.3
8 

317.6
6 

6.07 2.24 5.65 2.53 0.70 1.78 
Ba 30 23.53 29.52 27.34 1.42 3.00   10.98  
Sc 30 46.09 51.22 48.35 1.06 0.72 0.78 1.08 1.50 1.61 

Zr/Y 34 3.16 3.23 3.19 0.02 0.02   0.69  
Nb/Zr 34 0.10 0.10 0.10 0.00 0.00 0.00 1.21 0.55 0.67 
La/Yb 13 2.11 2.50 2.39 0.10 0.03 0.09 2.85 1.39 3.95 
Nb/Y 34 0.31 0.33 0.32 0.00 0.00 0.00 0.23 1.14 0.26 
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Table 5.5. Geochemical variability in whole-rock major- and trace-elements in samples from a single 
lava flow lobe at Hjálparfoss, which is part of the Thjórsárdalur lava flow. Definitions are the same as 
for table 5.3.  
 

 n min max x  s o s r s t s t/s r P% V% 
SiO2 21 49.48 49.70 49.56 0.05 0.03 0.04 1.19 0.07 0.08 
Al2O3 21 14.65 14.85 14.75 0.06 0.04 0.05 1.13 0.29 0.32 
FeOT 21 10.84 11.03 10.93 0.05 0.01 0.05 3.90 0.12 0.47 
MgO 21 7.84 8.01 7.93 0.04 0.02 0.04 1.98 0.24 0.47 
CaO 21 12.92 13.08 13.01 0.04 0.01 0.04 3.47 0.08 0.29 
Na2O 21 1.79 2.00 1.90 0.04 0.02 0.04 2.76 0.79 2.19 
K2O 21 0.14 0.15 0.14 0.00 0.00     1.57   
TiO2 21 1.48 1.52 1.49 0.01 0.01 0.01 1.14 0.47 0.53 
MnO 21 0.19 0.20 0.19 0.00 0.00     1.69   
P2O5 21 0.09 0.10 0.10 0.00 0.00     2.05   
La nm nm nm nm nm nm nm nm nm nm 
Ce nm nm nm nm nm nm nm nm nm nm 
Pr nm nm nm nm nm nm nm nm nm nm 
Nd nm nm nm nm nm nm nm nm nm nm 
Sm nm nm nm nm nm nm nm nm nm nm 
Eu nm nm nm nm nm nm nm nm nm nm 
Gd nm nm nm nm nm nm nm nm nm nm 
Tb nm nm nm nm nm nm nm nm nm nm 
Dy nm nm nm nm nm nm nm nm nm nm 
Ho nm nm nm nm nm nm nm nm nm nm 
Er nm nm nm nm nm nm nm nm nm nm 
Tm nm nm nm nm nm nm nm nm nm nm 
Yb nm nm nm nm nm nm nm nm nm nm 
Lu nm nm nm nm nm nm nm nm nm nm 
Nb 21 7.75 8.13 7.95 0.10 0.10 0.03 0.34 1.22 0.42 
Zr 21 79.35 81.57 80.17 0.69 0.35 0.60 1.73 0.43 0.75 
Y 21 24.80 25.55 25.13 0.21 0.18 0.12 0.68 0.70 0.47 
Sr 21 158.46 161.76 159.80 0.93 0.35 0.86 2.49 0.22 0.54 
Rb 21 2.30 2.59 2.42 0.08 0.17     7.14   
Zn 21 80.32 87.10 84.20 1.78 0.97 1.49 1.53 1.15 1.77 
Cu 21 114.87 147.71 138.20 8.78 0.64 8.76 13.59 0.47 6.34 
Ni 21 76.47 83.60 79.91 2.01 0.55 1.94 3.54 0.68 2.42 
Cr 21 147.94 162.93 155.59 3.79 0.77 3.71 4.80 0.50 2.39 
V 21 309.13 325.40 317.37 4.42 2.24 3.81 1.71 0.70 1.20 
Ba 21 25.46 29.52 27.75 1.16 3.00     10.81   
Sc 21 46.77 50.26 48.24 0.79 0.72 0.32 0.45 1.50 0.67 

Zr/Y 21 3.16 3.21 3.19 0.01 0.02     0.69   
Nb/Zr 21 0.10 0.10 0.10 0.00 0.00 0.00 1.08 0.55 0.59 
La/Yb nm nm nm nm nm nm nm nm nm nm 
Nb/Y 21 0.31 0.32 0.32 0.00 0.00     1.14   
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5.7.1 Comparison of geochemical variations in EVZ whole-rock data with other Icelandic 
lava flows 

 

The major- and trace-element variation in the Thjórsá and Thjórsárdalur lava flows is here compared 

to that of the Laki lava flow, and to two other lava flows from other parts of Iceland: Borgarhraun, a 

small-volume primitive flow in the NVZ (Maclennan et al. 2003a), and Skjaldbreiður, a large-volume 

tholeiitic flow from a shield volcano in the WVZ (Sinton et al. 2005). Table 5.6. shows how these 

lava flows compare to one another in terms of size, composition and estimated eruption rate. Table 5.7 

shows that the signal to noise ratio in Borgarhraun samples is greater than the critical value (1.33; see 

table caption) for all elements except La, Ho, Er, Tm, Lu, Nb, Rb and Ba. Table 5.8 shows that the 

signal to noise ratio in Skjaldbreiður samples is greater than the critical value (see table caption) for 

all elements except MnO, P2O5 and Nb.  

 

Table 5.6. Comparison of Icelandic Holocene lava flows. a Thordarson and Self (1993), where the 
eruption rate is the average for episodes I-V. b Sinton et al. (2005). c Maclennan et al. (2003). 
 

flow and location Mg# volume 
(km3) eruption rate (m3/s) 

aLaki, EVZ 43.4 ± 0.4 15.1 2550 
Thjórsá, EVZ 48.0± 0.2.3 25 probably same as Laki 

Thjórsárdalur, EVZ 59.0± 0.2 <6.5 probably same as Laki 
bSkjaldbreiður 57.7 ± 3.4 13.5 5-10 

cBorgarhraun, NVZ ~71 ? (35km2) between Laki and 
Skjaldbreiður  

 

The signal to noise ratios of each element measured in each of the five lava flows are compared in 

figure 5.14. The Thjórsárdalur lava is the least variable of all the flows in terms of major elements and 

the light REE. The Laki lava is the least variable in terms of the heavy REE and the other trace 

elements. The Thjórsá lava is the most variable of all the flows measured, especially with respect to 

the REE, CaO, FeOt, TiO2 and Zr. Both Skjaldbreiður and Borgarhraun are variable with respect to 

MgO and Cr, and Borgarhraun is more variable than Laki with respect to the light REE. The following 

section develops these findings by exploring co-variation in major- and trace-element pairs and trace 

element ratios in samples from Thjórsá, Thjórsárdalur, Laki and the tuff cones. 
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Table 5.7. Geochemical variability in whole-rock major- and trace-elements in samples from 
Borgarhraun, where the critical signal to noise ratio above which the null hypothesis can be rejected is 
1.33, according to the method of Maclennan et al. (2003), as described in Chapter 2. Analyses 
highlighted in black have calculated signal to noise ratios =1.33. Definitions are the same as for table 
5.3.  
 

 x  s o s r s t s t/s r P% V% 

SiO2 48.42 0.25 0.07 0.24 3.43 0.14 0.50 
Al2O3 14.48 0.37 0.03 0.37 12.33 0.21 2.55 
FeOT 8.22 0.17 0.01 0.17 16.00 0.12 1.95 
MgO 11.78 0.61 0.02 0.61 30.48 0.17 5.18 
CaO 12.83 0.20 0.02 0.20 9.95 0.16 1.56 
Na2O 1.62 0.05 0.03 0.04 1.33 1.85 2.47 
K2O 0.05 0.00 0.00 0.00 6.25 1.27 0.00 
TiO2 0.68 0.04 0.00 0.04 8.97 0.60 5.88 
MnO 0.17 0.00 0.00   1.90  
P2O5 0.05 0.00 0.00 0.00 3.05 1.87 0.00 
La 1.68 0.11 0.08 0.08 1.03 4.70 4.76 
Ce 4.39 0.29 0.10 0.27 2.60 2.36 6.15 
Pr 0.70 0.05 0.02 0.05 2.22 2.86 5.71 
Nd 3.71 0.26 0.10 0.24 2.44 2.69 6.47 
Sm 1.41 0.11 0.03 0.10 2.96 2.48 7.09 
Eu 0.55 0.04 0.02 0.03 1.57 3.62 5.45 
Gd 1.87 0.10 0.05 0.09 1.83 2.62 4.81 
Tb 0.35 0.02 0.01 0.02 2.37 2.27 5.71 
Dy 2.39 0.14 0.08 0.11 1.38 3.51 5.02 
Ho 0.53 0.03 0.02 0.02 1.00 4.52 3.77 
Er 1.55 0.10 0.07 0.07 1.11 4.38 5.16 
Tm 0.24 0.02 0.01 0.02 1.31 4.56 4.17 
Yb 1.52 0.09 0.03 0.08 2.40 2.23 5.26 
Lu 0.24 0.02 0.01 0.02 1.03 4.56 4.17 
Nb 1.62 0.22 0.18 0.13 0.71 11.03 8.02 
Zr 30.75 1.58 0.36 1.54 4.32 1.16 5.01 
Y 16.02 0.70 0.28 0.64 2.25 1.76 4.00 
Sr 86.07 2.67 0.66 2.59 3.91 0.77 3.01 
Rb 0.54 0.32 0.26 0.19 0.73 48.88 35.19 
Zn 71.02 2.20 1.05 1.93 1.84 1.48 2.72 
Cu 111.66 8.30 0.92 8.25 8.97 0.82 7.39 
Ni 277.21 32.92 1.79 32.87 18.36 0.64 11.86 
Cr 795.20 131.95 3.29 131.91 40.09 0.42 16.59 
V 244.59 5.58 3.23 4.55 1.41 1.32 1.86 
Ba 16.26 4.16 4.04 0.99 0.25 25.85 6.09 
Sc 45.95 2.06 1.04 1.78 1.71 2.26 3.87 

Zr/Y 1.92 0.06 0.03 0.05 1.58 1.66 2.69 
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Table 5.8. Geochemical variability in whole-rock major- and trace-elements in samples from 
Skjaldbreiður, a tholeiitic large-volume shield volcano in the WVZ. The critical signal-to-noise ratio 
values above which the null hypothesis (that there is no natural variation in the samples) can be 
rejected are calculated based on repeat measurements on standards. The method used by Sinton et al. 
(2005) used 8 repeat analyses to define s r for major elements, but only 5 to define s r for trace 
elements. Consequently the signal-to-noise ratio above which the null hypothesis can be rejected is 
=1.77 for major elements and =2.69 for trace elements, and analyses where this is the case are 
highlighted in bold. Definitions are the same as for table 5.3.  
 

 n x  s o s r s t s t/s r P% V% 

SiO2 36 48.36 0.48 0.03 0.48 16.08 0.06 1.00 
Al2O3 36 16.09 0.84 0.04 0.83 20.86 0.25 5.18 
FeOt 36 10.83 0.57 0.05 0.57 11.30 0.46 5.22 
MgO 36 8.45 1.35 0.04 1.35 33.78 0.47 15.99 
CaO 36 12.76 0.49 0.08 0.48 6.05 0.63 3.79 
Na2O 36 1.71 0.16 0.01 0.16 15.76 0.59 9.23 
K2O 36 0.13 0.03 0.01 0.03 3.01 7.44 22.37 
TiO2 36 1.36 0.14 0.01 0.14 13.83 0.73 10.16 
MnO 36 0.17 0.01 0.01 0.00 0.47 5.74 2.70 
P2O5 36 0.13 0.02 0.01 0.02 1.71 7.73 13.21 
La nm nm nm nm nm nm nm nm 
Ce nm nm nm nm nm nm nm nm 
Pr nm nm nm nm nm nm nm nm 
Nd nm nm nm nm nm nm nm nm 
Sm nm nm nm nm nm nm nm nm 
Eu nm nm nm nm nm nm nm nm 
Gd nm nm nm nm nm nm nm nm 
Tb nm nm nm nm nm nm nm nm 
Dy nm nm nm nm nm nm nm nm 
Ho nm nm nm nm nm nm nm nm 
Er nm nm nm nm nm nm nm nm 
Tm nm nm nm nm nm nm nm nm 
Yb nm nm nm nm nm nm nm nm 
Lu nm nm nm nm nm nm nm nm 
Nb 36 7.93 0.98 0.50 0.85 1.69 6.31 10.67 
Zr 36 72.47 8.31 1.60 8.15 5.09 2.21 11.25 
Y 36 20.67 2.41 0.20 2.41 12.03 0.97 11.64 
Sr 36 173.64 14.84 4.00 14.29 3.57 2.30 8.23 
Rb 36 2.22 0.77 0.20 0.74 3.70 9.01 33.30 
Zn 36 79.19 5.80 1.00 5.71 5.71 1.26 7.21 
Cu 36 109.47 52.06 nm nm nm nm nm 
Ni 36 117.33 48.01 1.00 48.00 48.00 0.85 40.91 
Cr 36 309.97 117.44 3.00 117.40 39.13 0.97 37.88 
V 36 285.83 30.13 7.00 29.31 4.19 2.45 10.25 
Ba 36 26.17 12.19 8.00 9.19 1.15 30.57 35.13 
Sc 36 39.67 3.15 1.00 2.99 2.99 2.52 7.54 
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Figure 5.14. Comparison of the signal-to-noise ratio (s t/s r) for major- and trace-element 
concentrations of Thjórsárdalur (THJD) lava samples, Thjórsá (THJ) lava samples, Borgarhraun 
(BOR) lava samples, Skjaldbreiður (SKJAL) lava samples and Laki (LAK) lava samples The signal-
to-noise ratio is calculated as in table 5.3. MnO, Rb and Ba have poor reproducibility and are not 
shown for some of the flows. 
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5.8 Comparison of major element variations between different EVZ samples 
 

This section compares the whole-rock compositions of different lava flows within the EVZ to those 

from Laki. Figure 5.15a shows that all the lava and tuff cone samples plot well within the basalt 

compositional field. Closer inspection of these data reveals that the lava flows and tuff cones are 

broadly different from each other compositionally, and that some lava flows, such as Thjórsá, show 

more intraflow major element variation than others (figure 5.15b). 

 This study has shown that there is small-scale variability in the major- and trace-element 

concentrations of the Laki whole-rock samples. The Thjórsárdalur lava was shown in figure 5.14 to be 

more homogeneous than Laki with respect to major element concentrations, and is much less evolved 

than Laki with average MgO of 7.8 wt % in comparison to the 5.75 wt % average MgO content of the 

Laki lavas (figure 5.16). The Thjórsá lava shows greater major-element variability than either the Laki 

lava or Thjórsárdalur lava and has a whole-rock range of MgO wt % that overlaps with that of Laki 

and ranges up to 7.5 wt % (figure 5.16). The Laki lava is more enriched in incompatible K2O and TiO2 

than either the Thjórsá or Thjórsárdalur lava. Whole-rock analyses from the tuff cone samples include 

gabbro, lava and tephra. The gabbro samples are variable in terms of major element concentrations, 

which is a reflection of their variable modal mineralogy. Lava sampled close to Fontur tuff cone looks 

superficially like Thjórsárdalur lava in terms of its major element compositions. The relationship 

between the Fontur lava and the tuff cones tephra is explored in more detail in figure 5.19. 

 

 

 
 
Figure 5.15. Total-alkali versus silica in various volcanic samples from the EVZ. Grey filled 
diamonds are Laki lava whole-rock compositions, yellow-filled triangles are Thjórsá whole-rock 
compositions, blue-filled circles are Thjórsárdalur whole-rock compositions and open squares are 
whole-rock compositions from the tuff cones Fontur, Saxi and Brandur, which include gabbro, lava 
and tephra analyses. Error bars are based on repeat analyses on unknowns and are smaller than the 
data points.  
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Figure 5.16. Major element trends for various EVZ whole-rock compositions. Grey filled diamonds 
are Laki lava whole-rock compositions, yellow-filled triangles are Thjórsá whole-rock compositions, 
blue-filled circles are Thjórsárdalur whole-rock compositions and open squares are whole-rock 
compositions from the tuff cones Fontur, Saxi and Brandur, which include gabbro (grey squares), lava 
(red squares) and scoria (blue squares) analyses. Error bars are based on repeat analyses on unknowns 
and are smaller than the data points. 
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Figure 5.13 showed that samples from a single Thjórsárdalur flow lobe at Hjálparfoss were less 

compositionally variable than samples from different lobes of the same lava flow. This finding is 

reiterated in figure 5.17, which also shows that there are no obvious linear relationships between 

major element concentrations for these lava samples. In contrast, the variation in major element 

concentrations measured in the Thjórsá lavas show well-defined linear correlations. The blue lines on 

figure 5.18 show the effect of adding a solid composed of the average phenocryst proportions of the 

Thjórsá lava (known from point-counting) to the Thjórsá whole-rock sample with the lowest MgO 

concentration. Most of the variation in the Thjórsá whole-rock compositions is well-modelled by 

adding between 10 and 30% of the bulk solid to the evolved lava composition. The point-counting 

results for Thjórsá samples show that they contain an average phenocryst mass fraction of 9.4 ±4.2 

(1s  absolute). 

 Major element variations in gabbro sampled from the tuff cones can be broadly explained by 

variable modal mineralogy. For example, the Brandur gabbro sample on figure 5.19d contains the 

most plagioclase of all the gabbro samples. Plagioclase crystals from the tuff cones have been shown 

to be anorthitic, with corresponding high Ca contents, hence this sample is the most enriched in Ca. 

Tephra samples describe the same limited range in major element concentrations regardless of which 

tuff cone they were sampled from. 
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Figure 5.17. Major element trends for Thjórsárdalur (light blue circles) and Hjálparfoss (dark blue 
circles) whole-rock compositions. The error bars at top left are based on repeat analyses on standards 
and show 1s  absolute precision 
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Figure 5.18. Major element trends for Thjórsá whole-rock compositions. The blue line shows the 
effect of adding a solid composed of 63.9 % plagioclase, 19.2 % clinopyroxene and 16.9% olivine to 
one of the most evolved Thjórsá whole-rock compositions (THJ08) in 5% increments from 0 to a 
maximum of 30%, where the phenocryst proportions are the average of the Thjórsá lava samples and 
are known from point counting and the composition of the accumulated solid was calculated from the 
average Thjórsá phenocryst core compositions, as measured by electron probe. The error bars at top 
left are based on repeat analyses on standards and show 1s  absolute precision. 
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Figure 5.19. Major whole-rock compositions for samples from Brandur (B), Fontur (F) and Saxi (S), 
where grey squares are gabbro analyses, red squares are lava and blue squares are tephra. Error bars 
are based on repeat analyses on standards and are smaller than the data points for all elements 
measured. 
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5.9 Comparison of trace element variations between different EVZ samples 
 

The Thjórsárdalur and Laki lava samples have incompatible trace element ratios that are uniform 

within the same flow, but which are different between flows (figure 5.20). Nb/Y and Zr/Y values are 

not readily altered by crustal processes, hence variation in these values suggests a broadly different 

magma source composition. Whole-rock samples from Laki plot in a tight cluster at the enriched end 

of the normal EVZ compositions, and share similar trace element ratios to Thjórsá lavas. The Thjórsá 

lava samples show a wider range in intra-flow incompatible trace element ratios than either the Laki 

or Thjórsárdalur lava samples. The Thjórsárdalur lavas are depleted in comparison to Laki and 

Thjórsá and plot close to two lava samples taken near Fontur tuff cone. This finding is interesting as 

these two samples are estimated to be ~8,000 year old Háahraun from the Sigalda-Veiðivötn region 

(Vilmundardóttir et al. 1988). Gabbro samples have been left off this diagram as their very low 

recorded incompatible trace element abundances led to magnified errors in the incompatible trace 

element ratios, which meant that these samples plotted erroneously outside of the EVZ normal data 

array. 

 

 

 
 

Figure 5.20. Incompatible trace element ratios for selected Icelandic EVZ lavas and MORB from 
uncontaminated ridge segments. The green area defines the limit of the Iceland array (Fitton et al. 
1997). N-MORB data are from the East Pacific Rise and SW Indian Ocean (Humphris et al. 1980; 
Mahoney et al. 1993; Harpp 1995; Hall and Sinton 1996; Niu et al. 1996; Niu and Batiza 1997; Wendt 
et al. 1999; Sims et al. 2002; Coogan et al. 2004). Average N-MORB is from Sun and McDonough 
(1989). The upright cross shows the range in the primitive mantle composition, from Sun and 
McDonough (1989). The EVZ normal and EVZ enriched compositions are data from various lava 
flows across the EVZ (pers. comms. J.G. Fitton, 2006). 
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 Whole-rock variation in Nb and Zr concentrations within the Tungnaá lava samples defines a 

striking positive correlation, which is slightly offset from that shown by the Laki whole-rock 

compositions (figure 5.21a). The Nb/Y ratios of Laki and Thjórsárdalur lava samples are 

homogeneous within the flows, and Thjórsá lava samples show slight variation, which is above 

analytical noise (table 5.3). The variation in Zr concentration is broadly indicative of the amount of 

fractional crystallisation (or crystal accumulation) that the sample has experienced, and the range in Zr 

concentrations is small in the Laki and Thjórsárdalur samples, but up to three times greater in Thjórsá 

samples. This relationship indicates that these three lava flows have broadly different source 

compositions, and have experienced different average extents of fractional crystallisation.  

 Fractional crystallisation trend lines have been superimposed upon the Thjórsárdalur and 

Thjórsá whole-rock trace element concentrations (figures 5.22 and 5.23). Fractional crystallisation of 

~8% of a cotectic basaltic mineral assemblage from the least evolved Thjórsárdalur sample explains 

most of the variation seen in the whole-rock trace element concentrations. In contrast, rather larger 

degrees of fractional crystallisation, up to 35%, are needed to explain the variation in incompatible 

trace element pairs shown by Thjórsá whole-rock samples. Nb correlates positively with Sr for 

Thjórsá samples, which is the opposite of the trend shown by the Thjórsárdalur and Laki lavas. 

Fractional crystallisation also fails to model the variation in Nb and Sr concentrations in the Thjórsá 

whole-rock. Heterogeneity initially present in mantle melts may be preserved in Thjórsá lava, and has 

not been over-printed by low pressure closed system processes such as mixing and homogenisation, 

and fractional crystallisation. A similar relationship between Nb and Sr as that seen in Thjórsá 

samples is observed in the lava and tephra sampled from the tuff cones. 
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Figure 5.21. Trace element trends for various EVZ whole-rock compositions. Symbols are the same as 
figure 5.16. Error bars are based on repeat analyses on unknowns and are smaller than the data points 
for all elements. 
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Figure 5.22. Fine-scale trace-element variations in whole-rock basalt samples from Thjórsárdalur. 
Error bars show 1s  precision based on repeat measurements on standards. Light-blue filled circles are 
Thjórsárdalur whole-rock analyses and dark-blue filled circles are from Hjálparfoss. The solid black 
line is a linear regression line for all the analyses and the regression coefficients at bottom right refer 
to this line. The red-filled diamond is THH17, the sample with the lowest concentrations of 
incompatible trace elements. The small black-filled diamonds represent fractional crystallisation of 
1% of a cotectic basaltic mineral assemblage from THH17.  
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Figure 5.23. Fine-scale trace-element variations in whole-rock basalt samples from Thjórsá. Error bars 
show 1s  precision based on repeat measurements on standards. The solid black line is a linear 
regression line for all the analyses and the regression coefficients at bottom right refer to this line. The 
red-filled diamond is THJ02, the sample with the lowest concentrations of incompatible trace 
elements. The small black-filled diamonds represent fractional crystallisation of 5% of a cotectic 
basaltic mineral assemblage from THJ07. 
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Figure 5.24. Whole-rock trace element compositions of samples from Brandur (B), Fontur (F) and 
Saxi (S), where grey squares are gabbro analyses, red squares are lava and blue squares are tephra. 
Error bars are based on repeat analyses on standards and are smaller than the data points for all 
elements measured. The solid black line is a linear regression line fitted to lava and tephra data only, 
and the regression coefficients refer to this line. The small black-filled diamonds represent fractional 
crystallisation of 10% of a cotectic basaltic mineral assemblage from FON06, a lava sample. 
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5.10 Modelling crystal accumulation in Thjórsá lava 
 

All 20 Thjórsá lava samples were point-counted to determine the proportions of phenocrysts in each 

sample. These crystal counts were converted into mass fractions, and plotted against incompatible 

trace element concentrations in the samples. Laki lava samples showed well-defined negative 

correlations between mass fractions of crystals and incompatible trace element concentrations, 

meaning that compositional variation is strongly controlled by crystal accumulation. Whole-rock 

incompatible trace element concentrations in samples from Thjórsá by contrast show very little 

correlation with the total mass fraction of phenocrysts in the sample (figure 5.25). This correlation 

could be improved by removing three outliers that plot at lower incompatible trace element 

concentrations than the bulk of the samples, but even then the crystal accumulation trend line would 

be a poor fit to these data. Some process other than crystal accumulation is therefore exerting the 

dominant control on the variation in these samples. 

 

 
 

Figure 5.25. Thjórsá whole-rock incompatible trace element concentrations versus mass fraction of 
crystals in the sample. Solid black lines are linear regression trend lines and the equations in the top 
right corner of each figure refer to this line. The dashed red lines are the perfect crystal accumulation 
end member model for a perfectly incompatible trace element, and the equations in red in the bottom 
left corner of each figure refer to this line. Error bars are smaller than the data points for all 
geochemical analyses. 
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5.11 Discussion 
 
Samples taken from a single Thjórsárdalur flow lobe at Hjálparfoss show less compositional variation 

than samples taken from different lobes within the same flow. This relationship is the same as that of 

the Eldvatnsbrú flow lobe in comparison to the whole of Laki, and indicates that compositional 

variation generated within lava flows by post-emplacement processes is small in comparison to the 

lateral variation between different lobes of the same flow. Thjórsárdalur whole-rock samples are less 

variable in terms of major elements and light REE than Laki whole-rock samples. Both the Thjórsá 

and Thjórsárdalur lavas are less evolved than the Laki lava, and have higher average MgO 

concentrations, Mg#s, and contain plagioclase with more anorthitic cores than Laki. Laki lava samples 

are in turn less variable than the whole-rock compositions of Skjaldbreiður and Borgarhraun lavas. 

Both these lava flows showed great variability in MgO concentrations. The relative homogeneity and 

high effusion rate of the Laki eruption products in comparison to the Skjaldbreiður eruption products 

was investigated by Sinton et al. (2005) and is broadly indicative of the type of magma plumbing 

system supplying the two eruptions. Differentiated, homogeneous Laki magma had a longer crustal 

residence time than the Skjaldbreiður magma, which was probably being erupted at a rate that 

matched supply from the mantle. This process explains the sustained eruption period but 

heterogeneous nature of the Skjaldbreiður magma in comparison to the Laki magma. Eruptions of 

large volume with high effusion rates, such as those seen in the EVZ, require large though not 

necessarily long-lived magma chambers to feed them, and these have been absent in the WVZ in the 

Holocene.  

 In Chapter 2 of this study it was shown that trace element heterogeneity in the Laki lava can 

be explained by mixing variable amounts of crystal mush containing its own liquid with an 

homogeneous Laki carrier melt, and this chapter aimed to see if these trends can be reproduced in 

other EVZ lava flows. Samples from the Thjórsá lava flow do not show similar geochemical trends to 

Laki lava samples. Thjórsá lavas are much more variable than Laki lavas in terms of major and trace 

element compositions, and this is probably controlled by variable amounts of crystal accumulation. 

Thjórsá lavas have different average crystal compositions to Laki lavas (notably, higher Mg# 

clinopyroxene) and have different plagioclase crystal profiles. Sr isotope ratios measured in Thjórsá 

plagioclases indicate that they do not crystallise directly from a Thjórsá liquid (Halldorsson et al. 

2008). The An85 mantle measured in Laki plagioclases is absent from Thjórsá plagioclases, indicating 

the Laki plagioclase crystals record an additional crystallisation stage (Guilbaud et al. 2007). The 

range in whole-rock Nb/Y and Zr concentrations is greater in Thjórsá lava samples than in Laki lava 

samples, suggesting a variable source composition for the Thjórsá lavas that has not been over-printed 

by processes such as fractional crystallisation or crystal accumulation. Thjórsá lavas may preserve 

their mantle signature better than Laki lavas because they are more primitive (higher MgO) and larger 

volume. Whole-rock Sr and Nb concentrations are positively correlated in samples from Thjórsá, 

which indicates that the whole-rock variation is not being controlled by crystallisation involving 
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plagioclase (i.e. the crystallisation of gabbro). The mass fractions of phenocrysts in each Thjórsá 

sample do not correlate well with the incompatible trace element concentrations of the sample, 

indicating that Thjórsá whole-rock compositions are not strongly controlled by crystal accumulation. 

The magma chamber processes that have acted to modify the compositions of the Laki and Thjórsá 

lavas are similar but have difference dominance; crystal accumulation and mush-mixing explain the 

trace-element heterogeneity seen in the Laki lava flows, whilst source heterogeneity and low-pressure 

fractional crystallisation better explain the variation seen in the Thjórsá lava samples. 

 

5.12 Conclusions 
 

Several large, basaltic fissure eruptions have occurred in the Eastern Volcanic Zone in the last 9000 

years. Thjórsárdalur, Thjórsá and Laki lava flows share similarities such as large volume and high 

eruption rates yet show compositional variability that can be broadly explained by the varying 

dominance of different magmatic processes. The Thjórsá lava is more primitive (it has higher average 

MgO wt %) and is of greater volume than the Laki lava. A petrological comparison between lavas 

from Thjórsá and those from Laki shows that they are derived from parental magmas with different 

source compositions. This study has shown that small-scale compositional variation in the Laki 

whole-rock samples is dominantly controlled by the mixing of variable amounts of an homogeneous 

carrier melt with a mush composed of crystals and liquid. By contrast, the initial, variable Thjórsá 

liquid composition has not experienced extensive homogenisation by mixing, as the whole-rock 

compositions preserve variable Nb/Y ratios, which cannot be altered by processes related to 

crystallisation. Superimposed upon this heterogeneity is compositional variation due to variable 

amounts of fractional crystallisation. 

 Compositional variation in large volume lava flows is broadly a function of eruption rate and 

duration, which is linked directly to the residence time of magma in the crust. This concept explains 

the difference between the long-lived, low eruption rate Skjaldbreiður eruption in the WVZ, which 

produced variable, primitive lavas, and the shorter-lived, high eruption rate Laki eruption in the EVZ, 

which produced relatively homogeneous, evolved lavas.  
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Chapter 6 
Conclusions and future work 
 
 

6.1 The Laki eruption 
 

Many aspects of the Laki eruption have caught the imagination of scientists, and it is an event worthy 

of superlatives. The Laki eruption was not only the largest historical flood-basalt eruption on Earth, it 

was also one of the most devastating, notorious for its choking, lingering dry haze, 1.5 km high fire-

fountains and 600 km2 lava flow field (Thordarson and Self 1993; Thordarson 1995). The eruption 

was locally devastating, causing a famine that led directly to the deaths of 25% of the population of 

Iceland, and was associated with climatic perturbations in the northern hemisphere that were felt for 

months to years after the end of the eruption (e.g. Sigurdsson 1982; Óskarsson et al. 1984; Wood 

1992; Stothers 1996; Thordarson and Self 2003). Increased mortality rates were recorded across 

northern Europe in the years after the eruption, bringing the estimated death toll linked directly to the 

eruption to ~50,000 people (Grattan et al. 2003; Witham and Oppenheimer 2004; Grattan et al. 2005). 

 From the first contemporary scholars to describe the devastating effects of the eruption in 

Iceland as it happened, to those who have sought to understand its dynamics and volcanology using 

modern analytical methods since, the precise nature, timing and consequences of the Laki eruption 

have been scrutinised. Increasingly sophisticated micro-analytical techniques allow geochemists to 

probe ever deeper into the past of eruptions such as Laki. In this study, new inferences are made about 

the relative timing of crystallisation, mixing and degassing from the magma reservoir that fed the Laki 

eruption, based on detailed geochemical and petrological analysis of its eruption products. The 

findings of this study are summarised in the following section.  

6.1.1 Whole-rock variation in the Laki lava 

 

Laki lava samples show small-scale lateral variations in whole-rock major- and trace-element 

concentrations and trace element ratios between different samples taken from different parts of the 

600 km2 lava flow field. These variations have been shown to exist beyond the effects of analytical 

noise. The timing of emplacement of each of the samples used in this study has been constrained. 

Samples from different eruption fissures are compositionally variable, as are samples from the same 

fissure. The lateral compositional variation in the lava flow is therefore present over small (<500m) 

length scales. Single flow lobes show less vertical compositional variation than that seen between 

different samples from different lateral locations. The intra-flow compositional whole-rock variation 

therefore cannot be the product of post-emplacement in-situ fractionation processes within the cooling 

lava flow, nor is it an artefact of poorly constrained vertical sampling within single flow lobes. 
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 The lava samples contain phenocrysts of plagioclase, clinopyroxene and olivine, which have 

a wide range of core compositions (An74 - 93, Mg# 67-81 and Fo68 - 86, respectively). Modal crystal 

proportions vary between samples but the average proportions are as expected for low-pressure (<7 

kb) crystallisation of a basaltic liquid. The majority of the olivine phenocrysts are too magnesian to be 

in direct chemical equilibrium with the average whole-rock composition (or estimates of liquid 

composition from tephra glass or phenocryst-poor whole-rock specimens). By contrast, the 

compositions of tephra glasses and whole-rock Sr isotopes are very homogeneous, and show that the 

carrier melt was extremely well-mixed at the time of the eruption. The record of fractional mantle 

melts has been completely destroyed in the whole-rock by extensive mixing, and crustal magmatic 

processes are therefore responsible for imparting the whole-rock variation. Variation in the 

concentrations and ratios of major- and trace-element pairs cannot, however, be explained by simple 

fractional crystallisation models. The whole-rock compositional variation must be tied to crystal 

accumulation as the concentrations of incompatible trace elements measured in whole-rock samples 

show negative linear correlations with the total mass fraction of phenocrysts in each sample. However, 

simple crystal accumulation trends superimposed on these, and the major-element data fail to explain 

the compositional variation. To fit these data to the simple crystal accumulation trends would require 

point-counting estimates to be up to 80% lower than observed for all of the samples measured, which 

has been shown to be unlikely. 

 The composition of a mush containing crystals and its own, evolved melt was calculated by 

making assumptions about the composition of the mush melt and the proportions of crystals to melt 

within the mush. The mush was assumed to have crystallised from the Laki mixed melt, and hence is 

petrogenetically related to it. Mixing between 10 and 60 % of a crystal-rich (45%melt:55%crystals) 

mush with the Laki mixed melt could explain the trends seen in the Laki whole-rock incompatible 

trace element concentrations. This process would also explain the disequilibrium between the Laki 

phenocrysts and the average Laki whole-rock composition. If this mush resided at the margins of a 

large storage reservoir it may have been progressively sampled during the eruption, which may 

explain why phenocrysts hosted in lavas from fissures erupting towards the end of the Laki eruption 

are generally more primitive in composition than those erupted at the start of the eruption. The 

variable phenocryst compositions reflect the changing composition of the batches of parental melts 

that were coalescing to form the Laki reservoir. Primitive phenocrysts probably crystallised when the 

Laki mixed melt was hot and wet i.e. before it had degassed or had a chance to cool and crystallise 

extensively, which is reflected in the high Mg-content of the olivines and clinopyroxenes, and the high 

anorthite content of the plagioclases. These crystals were stripped from the magma reservoir margins 

as the eruption progressed and hence were the last to be extruded as the eruption neared its conclusion. 

These crystals cannot have formed in the large, shallow melt lens that held the Laki carrier melt just 

prior to eruption, as they are not in chemical equilibrium with the low-pressure Laki crystal 

assemblage of Fo74 olivines, low Mg# clinopyroxene and low-An plagioclase. These primitive crystals 

must have a deeper crystallisation origin. 
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6.1.2 Concurrent melt-mixing and crystallisation in the Laki lava 

 

The range in REE concentrations of olivine-hosted melt inclusions is much larger than the range 

measured in the whole-rock products. The primitive-mantle normalised trace element pattern of the 

average melt inclusion composition is similar to, but ~21% lower than the average of the whole-rock 

products. This relationship indicates that the melt inclusions formed from a melt that is 

compositionally directly related to the Laki whole-rock composition. The variable melts that were 

trapped as melt inclusions have been homogenised between inclusion entrapment and eruption of the 

magma. The range in La/Yb in melt inclusions is much larger in those hosted within the most 

forsteritic olivines than those within less forsteritic olivines. This observation implies that the mixing 

process that was acting to homogenise the magma composition is occurring concurrently with olivine 

crystallisation. Using this method it is only possible to evaluate the mixing process from the onset of 

olivine crystallisation onwards. The majority of the olivine phenocrysts hosted within the Laki basalts 

are more magnesian than would be expected if the crystals were in direct chemical equilibrium with 

the average Laki whole-rock composition. The olivine crystals were split into three populations based 

on their forsterite content and the average La/Yb in the melt inclusions is the same regardless of the 

forsterite content of the host. This constancy implies that even the most magnesian olivines are 

compositionally related to the Laki whole-rock composition, and are therefore not xenocrysts. The 

preservation of forsterite disequilibrium between the olivine crystals and their host carrier melt 

indicates short crystal residence times within the melt, on the scale of a few years to tens of years. 

Similarly, the preservation of a wide range of La/Yb within the melt inclusions in comparison to the 

whole-rock composition indicates short timescales between melt inclusion entrapment and quenching 

during eruption.  

 Olivine-liquid thermometry calculations show that olivine could have crystallised over a 

temperature interval of 1240 - 1122 °C, in equilibrium with relatively primitive melts and the Laki 

carrier melt at the time of eruption, respectively. Clinopyroxene-liquid thermobarometry calculations 

indicate that clinopyroxene in Fe-Mg chemical equilibrium with the average Laki melt composition 

crystallised at between ~2.5 and 7.65 kb, corresponding to crustal of depths of  ~10 to 20 km. Models 

of crystallisation pressures show that the whole-rock and glass compositions equilibrated with an 

olivine-plagioclase-augite-melt at pressures between 1-3 kb (at crustal depths of 3-10 km). One 

explanation for these variable crystallisation pressures is that polybaric crystallisation of Laki melts 

and crystals occurred in lenses at variable depths in the crust, with maximum crystallisation pressures 

corresponding to depths of ~24 km (figure 6.1). Phenocrysts that formed at high temperatures and 

pressures in the deep magma reservoir were transported to the surface in a carrier liquid that became 

increasingly evolved as crystallisation proceeded, accounting for the phenocryst/glass disequilibrium. 

The variable trace element compositions of olivine-hosted melt inclusions provide a record of the 

evolution of the magma composition as it cooled and olivine crystallisation progressed. 
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6.1.3 The timing and significance of degassing from the Laki magma plumbing system 

 

Volatile concentrations were measured from olivine-hosted melt inclusions from Laki basalt samples. 

The concentrations of volatiles measured for this study are generally in good agreement with 

measurements made by previous authors, however, low (<0.2 wt %) H2O contents measured in the 

majority of the melt inclusions have almost certainly been reset by low pressure diffusion as the melt 

inclusions cooled slowly in lava flows. Melt inclusions with H2O contents >0.25 wt % may represent 

rapidly quenched inclusions that have retained their original high-H2O concentrations, but even these 

concentrations may have been partially reset by low pressure diffusion. 

 Modelling the melt inclusion concentrations against La concentrations shows that CO2 was 

not acting like an incompatible element during olivine crystallisation, but S, Cl and F were. This 

observation is corroborated by modelling melt inclusion volatile/La values against the forsterite 

contents of the host phenocrysts, as average CO2/La values decrease with decreasing host crystal 

forsterite, suggesting that degassing was concurrent with crystallisation. S, Cl and F had not started to 

degas by the end of olivine crystallisation (figure 6.1), which is in good agreement with the fact that 

these volatiles are far more soluble than CO2 in basaltic melts.  

 A saturation pressure model based on CO2 and H2O solubility gave calculated saturation 

pressures that ranged from 200-2000 bars, which are slightly lower than crystallisation pressures 

calculated for Laki whole-rock and tephra compositions using other methods. These low saturation 

pressures are more strongly controlled by the dissolved CO2 concentration of the melt inclusion rather 

than the H2O concentration, which may indicate that the dissolved CO2 concentrations of the melt 

inclusions were lower than they should be. The reliability of the melt inclusion data has been 

reviewed, and shows that the re-homogenisation process does not have a significant effect on melt 

inclusion volatile concentrations. One possible explanation for underestimations of CO2 

concentrations is that CO2 partitioned into a vapour bubble formed during decompression of the 

olivine associated with the eruption.  

 New measurements made for this study of volatiles in olivine-hosted melt inclusions were 

substituted into the petrological method of Thordarson et al. (1996). New estimates of total volatile 

loading to the atmosphere during the eruption show SO2 and HCl loading comparable to previous 

estimates, but higher HF loading. Mass balance calculations show that the observed H2O and CO2 

concentrations of melt inclusions hosted in olivines in chemical equilibrium with the Laki whole-rock 

composition are ~50% and ~93% lower respectively than would be expected if no pre-eruptive 

degassing of the magma reservoir had occurred, meaning that pre-eruptive degassing of H2O and CO2 

from the magma must have been significant. The observation of pre-eruptive degassing of C is 

important not only for volatile budgets but may also provide a new tool in forecasting volcanic 

eruptions in Iceland. 
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Figure 6.1. Concluding schematic figure to show the interplay between crystallisation, melt mixing and degassing in the Laki magma chamber, as interpreted from
crystal and melt inclusion compositions. 
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6.2 An overview of large-scale volcanism in the EVZ in the Holocene 
 
The EVZ has been the most active volcanic system in the Holocene, producing several large, basaltic 

fissure eruptions in the last 8,600 years. Compositionally, the EVZ is characterised by broadly 

different volcanism at its northern and southern extremes, which is largely a function of crustal 

thickness variations and magma supply rates associated with the Iceland plume. As distance from the 

mantle plume increases there is a decrease in the mantle potential temperatures, which results in 

smaller degrees of melting. Also, as distance from the plume increases there is a corresponding 

decrease in spreading rate, which falls to zero at the propagating rift tip. The drop in spreading rate 

means that the lithosphere is thicker further south in the EVZ, and consequently the depth to the top of 

the melting region is increased, limiting the extent of decompression melting (Sigmarsson et al. 2008). 

The mantle beneath Iceland has been shown to be heterogeneous on small scales (e.g. O’Nions et al. 

1976; Hémond et al. 1993; Thirlwall 1995; Fitton et al. 2003; Maclennan 2008a). If these 

heterogeneous regions have different fusibility, then lowering the extent of melting may cause 

preferential sampling of enriched heterogeneities (Sigmarsson et al. 2008). Holocene volcanism in the 

EVZ has been dominated by large volume, high eruption rate fissure-and-cone eruptions, and 

Holocene shield volcanoes are absent in the EVZ. High volatile contents have been measured in the 

products of EVZ eruptions (Miller et al. 1996; Thordarson et al. 1996; Thordarson et al. 2003), which 

may be the driving force behind the high magma effusion rates. The Iceland plume is enriched in 

halogens and H2O (e.g. Unni and Schilling 1978; Schilling et al. 1983), and the water contents of 

Icelandic basalts generally increase towards the plume centre (Nichols et al. 2002). The proximity of 

the EVZ to the plume centre may therefore explain the broadly high volatile contents of EVZ 

magmas. 

 Several large, basaltic fissure eruptions have occurred in the Eastern Volcanic Zone in the 

last 9000 years. This study has focussed specifically on the Thjórsárdalur, Thjórsá and Laki lava flows 

of southern Iceland. These lava flows share similarities such as large volume (>~5km3) and high 

eruption rates (2550 m3/s) yet show compositional variability that can be broadly explained by the 

varying dominance of different magmatic processes. For example, the Thjórsá lava is more primitive 

(it has higher average MgO wt %) and is of greater volume (average 6.1 wt % MgO; 25 km3, 

Halldorsson et al. 2008) than the Laki lava (average 5.7 wt % MgO; 15.1 km3, Thordarson and Self, 

1993). A petrological comparison between lavas from Thjórsá and those from Laki shows that they 

are derived from parental magmas with slightly different source compositions. There is no record of 

the variable mantle melt compositions that coalesced to form the Laki lava in the Laki whole-rock 

compositions, as this has been destroyed by extensive mixing in a crustal magma reservoir. By 

contrast, the initial, variable Thjórsá liquid composition has not experienced extensive 

homogenisation by mixing, as the whole-rock compositions preserve variable Nb/Y ratios, which 

cannot be altered by processes related to crystallisation. Superimposed upon this heterogeneity is 

compositional variation due to variable amounts of fractional crystallisation. This study has shown 



6. Conclusions and future work  224 

that small-scale compositional variation in the Laki whole-rock samples is dominantly controlled by 

the mixing of variable amounts of an homogeneous carrier melt with a mush composed of crystals and 

liquid. By comparison, the Thjórsá lava is more compositionally variable than the Laki lava, and this 

can be explained by variable amounts of fractional crystallisation and olivine accumulation (which 

may also control the higher MgO whole-rock concentrations in the Thjórsá lava in comparison to the 

Laki lava). 

 Compositional variation in large volume lava flows is broadly a function of eruption rate and 

duration, which is linked directly to the residence time of magma in the crust. This concept explains 

the difference between the long-lived, low eruption rate Skjaldbreiður eruption in the WVZ, which 

produced variable, primitive lavas, and the shorter-lived, high eruption rate Laki eruption in the EVZ, 

which produced relatively homogeneous, evolved lavas.  

 

 

6.3 Suggestions for further work 

6.3.1 More melt inclusion H2O and CO2 measurements from Laki 

 

Of the 121 Laki melt inclusions analysed for H2O, 18 had water concentrations >0.2 wt %, ranging 

from 0.21-0.63 wt %. It is thought that these melt inclusions represent the dissolved volatile content of 

the undegassed magma prior to eruption, which have not been reset by diffusion after entrapment. Due 

to analytical difficulties there is, unfortunately, only one corresponding measurement of CO2 

concentration from these 18 high H2O melt inclusions. This measurement of 560 ppm CO2 (from a 

melt inclusion containing 0.22 wt % H2O) is considerably above the average melt inclusion CO2 

concentration of ~395 ppm. It seems likely that melt inclusions with high H2O contents would have 

similarly high CO2 contents. VolatileCalc modelling of CO2-H2O saturation pressures for melt 

inclusion entrapment returns unrealistically low pressures using melt inclusions with H2O 

concentrations <0.2 wt %. It is likely that these calculated low pressures are due in part to resetting of 

the H2O contents of the melt inclusions by H diffusion. To confirm this idea, it would be necessary to 

re-analyse melt inclusions that have high H2O contents and obtain CO2 concentrations. The bulk of the 

volume of the analysed melt inclusions was unfortunately destroyed by SIMS analysis, hence 

realistically these analyses would require preparation of new melt-inclusion-bearing olivine mounts. 

To increase the likelihood that the melt inclusion volatile concentrations had not been reset by H 

diffusion it would be prudent to only use naturally-glassy melt inclusions hosted in olivines from 

samples that were rapidly quenched upon eruption, such as tephra. Attempts to pick olivine from a 

tephra crush for this study were unsuccessful: the tephra was imaged under a binocular microscope, 

but it was difficult to distinguish olivine crystals surrounded by dark brown glass from the tephra 

background. A physical segregation technique could be used to separate olivine from the surrounding 

tephra crush and increase the yield of olivine per crushed sample. At least 100 melt inclusions would 
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have to be measured to increase the statistical likelihood of measuring some high-H2O, high-CO2 

examples, but these new data may improve estimates of melt inclusion entrapment pressures.  

 

6.3.2 Isotopic micro-sampling Laki melt inclusions and crystals 
 
Crystals in magmatic systems are often compositionally layered (zoned). The edges of individual 

zones can be thought of as stratigraphic unconformities in the course of crystal growth. Micro-

sampling of crystal stratigraphy using microbeam techniques with high spatial resolution allows 

geochemists to extract information about the pressure, temperature and melt composition during 

crystal growth, revealing a geochemical ‘fingerprint’ for individual crystals that can be used to draw 

wider conclusions about the magmatic system (Davidson et al. 2007a; Davidson et al. 2007b). 

Isotopic ratios, such as 87Sr/86Sr, cannot be easily altered by closed system processes such as fractional 

crystallisation, and are therefore powerful tracers of genetic relationships between crystals and melt in 

magmatic systems. Plagioclase crystals from Laki have anorthitic cores, anorthite-poor mantles and 

even less anorthitic rims, which are similar in composition to groundmass plagioclase. Sr isotope 

ratios were measured from bulk plagioclase separates, giving an average value which was not the 

same as that of the Laki whole-rock composition. Such relationships have been used to infer that the 

crystals are xenocrystic in origin and are not genetically-related to the whole-rock (Halldorsson et al. 

2008). Isotopic microsampling would reveal the isotopic heterogeneity within single crystals, and give 

a better idea of how these relate to whole-rock averages. 

 A microbeam technique with high spatial resolution such as SIMS could also be used to 

explore the oxygen isotope variation in Laki melt inclusions. The d18O values of Laki olivine and 

plagioclase crystals cover a large range, which is not reflected in the d18O of the Laki glass (Bindeman 

et al. 2006). One explanation for this disequilibrium is that the Laki reservoir assimilated hyaloclastite 

from the surrounding crust prior to the Laki fissure eruptions, incorporating olivine crystals from the 

hyaloclastite that have been affected by d18O negative Icelandic meteoric water. For this process to be 

the case, magnesian (Fo>72) olivines within Laki basalt would all have to be xenocrysts. I argue that 

the strong similarity between the average La/Yb ratio of olivine-hosted melt inclusions and the La/Yb 

ratio of the Laki whole-rock precludes a xenocrystic origin for these crystals, as they are 

compositionally related to the Laki carrier melt. Measuring the d18O values of olivine-hosted melt 

inclusions, and comparing these to d18O values of the host-olivine crystal, and the carrier melt (whole-

rock) would help to clarify this hypothesis. 
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Appendix A 
Analytical Methods 
 
 

A.1 Whole-rock analyses 

A.1.1 Preparation of whole-rock powders 
 

Each fist-sized rock sample was cut into ~10 cm3-sized chunks, cleaned with distilled water and dried 

overnight in a low temperature oven. Tephra fragments were all <10 cm3 and did not require cutting 

before being cleaned and dried. An homogeneous powder of each sample was made by crushing the 

chunks in a tungsten-carbide jawcrusher and grinding the chips to a fine powder in a tungsten-carbide 

GYRO mill. Both the jawcrusher and GYROmill were thoroughly cleaned between samples to prevent 

powder contamination. 

 

A.1.2 Whole-rock major- and trace-element analysis by high-precision XRF spectrometry 
 

Major- and trace-element analyses were performed on samples using a Philips PW 2404 automatic XRF 

spectrometer at the University of Edinburgh. Analytical conditions were similar to those given in Fitton et 

al. (1998) with modifications noted by Fitton and Godard (2004). Major-element oxide concentrations 

(SiO2, Al2O3, FeO, MgO, CaO, Na2O, K2O, TiO2, MnO and P2O5) were measured for each sample on 

homogeneous glass discs, which were made according to the following method. Rock powders of each 

sample were dried overnight at 110°C and a nominal, but precisely weighed, 1g sample was ignited for 20 

mins at 1100°C in a Pt5%Au crucible, then reweighed to determine loss on ignition (LOI). The cooled 

residue was carefully mixed with Johnson Matthey Spectroflux 105 (lithium borate with a La2O3 heavy 

absorber) in a sample-to-flux ratio of 1:5, calculated from the unignited sample weight. The ignited 

powder and the flux were fused for 20 mins at 1100°C in a muffle furnace, and swirled in the crucible 

whilst still molten to ensure that the flux was completely dispersed. Cooled samples were re-weighed, and 

any weight lost was made up by adding extra flux. Samples were fused for a second time over a Meker 

burner, swirling the molten mixture throughout heating in order to homogenise it, then cast on a graphite 

mold on a 220°C hotplate, and pressed with an aluminium plunger to create a flattened disk. Trace-

element concentrations (Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni, Cr, V, Ba and Sc) were measured for all samples 

from pressed-powder pellets and are reported in ppm. The pellets were made according to the following 

method. Approximately 8g of powdered sample was used for each analytical pellet. The powder was 

mixed with 8 drops of a 2% aqueous solution of PVA glue to bind it, then placed into an aluminium cup 

and pressed into a flattened 40 mm diameter disc in an automatic press under a load of 8 tonnes. LOI was 

negative for all samples due to mass-gain from the oxidation of iron ( x = -0.66%). 
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 Long counting times were used for the trace element analyses, and analyses for both trace-and 

major-elements were repeated on each sample 4 times in order to estimate internal precision (σr). Data 

obtained during three different analytical runs over an 18 month period have been corrected internally 

using correction factors derived by re-analysing the most evolved and depleted samples from each sample 

batch. Accuracy was estimated by analysing homogeneous basalt standards of known compositions, 

including BHVO1, BCR1, and BIR1, which bracketed the range of concentrations in the unknowns. 

 Table A.1 gives an indication of the error introduced to the measurements by the sample 

preparation method, where repeats on different disks of the same sample yield 1σ relative precisions 

better than 0.75% for all elements except Mn. Repeats on one disk of the same sample give an estimate of 

the reproducibility of the results, and yield 1σ relative precisions better than 0.6% for all elements except 

Na. 

 

Table A.1. Precision estimates from XRF spectrometry major element analyses, based on repeats on 
different disks of the same unknown sample, and repeats on the same disk of the same unknown sample. 
 

  SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5 
repeats on different disks of the same sample      

LAK21-r1 49.74 13.25 15.09 5.79 10.26 2.51 0.42 2.78 0.23 0.27 
LAK21-r2 49.79 13.30 15.08 5.78 10.24 2.49 0.42 2.77 0.23 0.26 
LAK21-r3 50.02 13.33 15.15 5.80 10.28 2.48 0.43 2.79 0.23 0.26 
LAK21-r4 49.91 13.22 15.12 5.84 10.26 2.47 0.43 2.77 0.22 0.27 
LAK21-r5 49.74 13.23 15.03 5.78 10.24 2.47 0.42 2.78 0.22 0.26 
LAK21-r6 49.98 13.23 15.13 5.82 10.29 2.49 0.42 2.79 0.22 0.27 
LAK21-r7 49.97 13.35 15.12 5.81 10.28 2.49 0.42 2.79 0.22 0.27 
LAK21-r8 49.67 13.19 15.04 5.75 10.20 2.47 0.42 2.77 0.23 0.26 

average 49.85 13.26 15.10 5.80 10.26 2.48 0.42 2.78 0.23 0.26 
stdev 0.13 0.06 0.04 0.03 0.03 0.01 0.00 0.01 0.00 0.00 
%P 0.27 0.43 0.29 0.48 0.29 0.57 0.74 0.35 1.41 0.72 

repeats on one disk of the same sample       
LAK21-r8 49.71 13.21 15.03 5.81 10.21 2.43 0.42 2.78 0.23 0.27 
LAK21-r8 49.73 13.24 15.03 5.77 10.22 2.53 0.42 2.77 0.22 0.27 
LAK21-r8 49.71 13.22 15.05 5.78 10.24 2.45 0.42 2.77 0.23 0.26 
LAK21-r8 49.73 13.22 15.05 5.78 10.20 2.41 0.42 2.78 0.23 0.26 
LAK21-r8 49.71 13.23 15.05 5.78 10.20 2.46 0.42 2.77 0.23 0.27 
LAK21-r8 49.68 13.20 15.06 5.78 10.20 2.49 0.42 2.77 0.23 0.27 
LAK21-r8 49.75 13.17 15.05 5.77 10.22 2.42 0.42 2.78 0.23 0.26 
LAK21-r8 49.73 13.18 15.06 5.80 10.19 2.47 0.42 2.77 0.23 0.26 
LAK21-r8 49.75 13.19 15.04 5.78 10.21 2.46 0.42 2.77 0.22 0.26 

average 49.72 13.21 15.05 5.78 10.21 2.46 0.42 2.77 0.23 0.26 
stdev 0.02 0.02 0.01 0.01 0.02 0.04 0.00 0.00 0.00 0.00 
%P 0.04 0.18 0.07 0.23 0.15 1.51 0.38 0.16 0.59 0.57 
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Table A.2. Accuracy estimates from XRF spectrometry major element analyses, based on repeats on 
standard material of known composition. a Wilson (1997). b USGS certificate of analysis 
 

  SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5 
BHVO1a 49.94 13.80 12.23 7.23 11.40 - 0.52 2.71 0.17 0.27 

n 14 14 14 14 14 - 14 14 14 14 
average 50.33 13.68 12.36 7.17 11.46 - 0.53 2.73 0.17 0.29 
stdev 0.05 0.08 0.02 0.04 0.03 - 0.00 0.01 0.00 0.01 
%P 0.09 0.57 0.15 0.54 0.26 - 0.42 0.19 1.13 2.59 
%A 0.77 0.91 1.07 0.85 0.48 - 1.71 0.59 0.34 4.21 

BIR1b 47.96 15.50 11.30 9.70 13.30 1.82 - 0.96 0.18 - 
n 4 4 4 4 4 4 - 4 4 - 

average 47.79 15.53 11.37 9.51 13.21 1.80 - 0.94 0.17 - 
stdev 0.04 0.05 0.01 0.02 0.02 0.01 - 0.00 0.00 - 
%P 0.07 0.30 0.05 0.17 0.15 0.72 - 0.18 0.34 - 
%A 0.36 0.18 0.57 2.00 0.72 1.39 - 2.29 2.04 - 

 

 
 
Table A.3. Precision estimates from XRF spectrometry trace element analyses, based on multiple repeats 
on different unknown samples. σr is the 1 sigma standard deviation of the repeat measurements. 
 

 Nb Zr Y Sr Rb Zn Cu Ni Cr V Ba Sc 
LAK04             

n 8 8 8 8 8 8 8 8 8 8 8 8 
average 19.80 181.51 40.14 233.40 7.88 128.46 97.31 42.51 71.85 395.20 81.63 44.39 

σr 0.093 0.314 0.169 0.370 0.149 1.45 0.57 0.41 1.00 2.60 2.25 0.67 
P% 0.47 0.17 0.42 0.16 1.89 1.13 0.59 0.97 1.39 0.66 2.76 1.52 

LAK10             
n 8 8 8 8 8 8 8 8 8 8 8 8 

average 19.69 183.18 40.71 236.39 8.06 119.21 92.58 38.53 62.69 378.13 86.75 40.84 
σr 0.155 0.276 0.125 0.340 0.213 0.99 0.59 0.66 1.15 1.46 2.33 0.90 

P% 0.79 0.15 0.31 0.14 2.65 0.83 0.63 1.73 1.84 0.39 2.69 2.20 
LAK13             

n 8 8 8 8 8 8 8 8 8 8 8 8 
average 20.19 186.28 40.89 233.99 8.15 127.90 93.73 39.91 64.20 394.70 86.96 42.70 

σr 0.083 0.249 0.203 0.300 0.214 0.92 0.59 0.61 0.76 2.30 4.23 0.60 
P% 0.41 0.13 0.50 0.13 2.62 0.72 0.63 1.54 1.18 0.58 4.86 1.42 

LAK18             
n 8 8 8 8 8 8 8 8 8 8 8 8 

average 20.16 185.53 41.03 232.99 8.04 128.04 97.80 39.26 60.91 395.61 85.08 43.11 
σr 0.106 0.306 0.175 0.336 0.169 0.69 0.63 0.77 0.85 2.69 2.66 0.85 

P% 0.53 0.16 0.43 0.14 2.10 0.54 0.64 1.96 1.40 0.68 3.13 1.97 
LAK26             

n 8 8 8 8 8 8 8 8 8 8 8 8 
average 19.48 181.71 40.31 236.58 8.00 116.73 94.56 39.70 65.53 368.96 86.84 40.84 

σr 0.046 0.569 0.196 0.396 0.141 0.77 0.68 0.30 0.56 2.13 2.90 0.59 
P% 0.24 0.31 0.49 0.17 1.77 0.66 0.72 0.75 0.85 0.58 3.34 1.45 

combined             
σr 0.10 0.34 0.17 0.35 0.18 0.96 0.61 0.55 0.86 2.24 2.87 0.72 

P% 0.49 0.19 0.43 0.15 2.20 0.78 0.64 1.39 1.33 0.58 3.36 1.71 
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Table A.4. Accuracy estimates from XRF spectrometry trace element analyses, based on repeats on 
standard material of known composition, where nd is not determined. a Gladney et al. (1983). b Wilson 
(1997). c Jochum et al. (1990). d Godfrey Fitton (pers comms, 2007). e USGS certificate of analysis. 
 

BCR1 Nb Zr Y Sr Rb Zn Cu Ni Cr V Ba Sc 
BCR1a nd 191.0 nd nd nd nd nd nd 16.0 404 678.0 nd 

 6 6 6 6 6 6 6 6 6 6 6 6 
average 13.2 192.3 38.6 338.0 47.4 127.5 20.2 14.9 16.0 402.5 680.9 33.8 
stdev 0.1 0.8 0.2 0.9 0.2 0.8 0.6 0.4 0.9 1.9 3.2 0.7 
P% 0.39 0.42 0.57 0.26 0.40 0.59 2.76 2.47 5.70 0.46 0.46 2.04 
A% nd 0.68 nd nd nd nd nd nd 0.10 0.36 0.43 nd 

BHVO1b 19.8c 179.0 28.0 403.0 9.0d 105.0 136.0 121.0 nd 317 139 31.8 
 6 6 6 6 6 7 7 7 7 7 7 7 

average 20.0 174.5 27.6 396.5 9.1 104.4 135.9 119.0 287.5 311.8 134.5 33.0 
stdev 0.1 1.8 0.2 2.5 0.7 0.9 0.6 0.8 0.8 1.6 2.5 0.6 
P% 0.42 1.04 0.88 0.63 7.95 0.87 0.41 0.67 0.27 0.52 1.86 1.76 
A% 0.75 2.57 1.51 1.635 1.28 0.59 0.11 1.68 nd 1.66 3.33 3.76 

BIR1e 0.6 18.0 16.0 110.0 0.3 70.0 125.0 170.0 370.0 310.0 7.0 44.0 
 6 6 6 6 6 6 6 6 6 6 6 6 

average 0.6 17.0 16.5 108.7 0.3 66.2 125.9 155.5 375.0 320.0 8.1 43.1 
stdev 0.1 0.3 0.1 0.4 0.2 0.4 0.6 1.0 1.2 2.4 1.6 0.7 
P% 8.15 1.70 0.71 0.32 61.24 0.63 0.51 0.62 0.33 0.76 19.60 1.53 
A% 5.26 6.19 2.93 1.20 6.25 5.79 0.68 9.32 1.33 3.11 13.22 2.13 

 

A.1.3 Whole-rock REE analysis by ICP-MS 
 

Homogeneous powders of whole-rock samples were prepared for analysis by dissolving them using a tri-

acid digestion involving HCl, HNO3 and HF according to the following method. A small amount (0.1 ± 

0.02g) of dry powder of 35 lava and of 7 tephra samples from Laki was weighed into a clean Teflon 

beaker. Approximately 5-10 ml of concentrated HF and 0.5 ml of 50% HNO3 (8M) were added to each 

sample. Samples were then left on a hotplate to dissolve overnight in sealed beakers. The samples were 

dried the next day under heating lamps and 5 ml of 50% HNO3 (8M) were added to each dry sample, 

which were left on a hotplate to dissolve overnight in sealed beakers. The samples were left to dry again 

the following morning under heating lamps and 1 ml of 50% HCl (6M) was added to each dry sample. 

Samples were then returned to the hotplate overnight in sealed beakers. The samples were dried the next 

day under heating lamps and then diluted in 5% HNO3 to bring the volume of the sample to 100 ml - 

diluting the concentration of the elements being analysed into the ppb range - and then decanted into 

clean plastic flasks. Diluted samples were spiked with 0.1 ml of three solutions each containing 1 ppm of 

a heavy indicator, In, Re, and Ru, which acted as internal standards. Basaltic standards BCR1 and BIR1 

were prepared for analysis using the same method and at the same time as the unknowns, and have REE 

concentrations that bracket the range of REE concentrations in the unknowns. The samples were analysed 

for REEs on a quadrupole ICP-MS alongside the standards. Dilute HNO3 was aspirated between each 

analysis to avoid cross-contamination of the samples. Repeats on BCR-1 yield 1σ precisions better than 

2% relative for all elements analysed (Olive et al. 2001). Accuracy is better than 10% for Tb and Tm, and 

better than 5% for all other elements analysed. All sample preparation and analyses were carried out at 

the Scottish Universities Environmental Research Centre (SUERC).  
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Table A.5. Precision and accuracy estimates for REE from ICP-MS based on repeat analysis of basalt 
standard BCR1. * Valerie Olive (pers comms, 2006). 
 

 La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
Certified 
values* 24.90 53.70 6.80 28.80 6.59 1.95 1.05 6.68 6.34 1.26 3.63 0.56 3.38 0.51 
BCR1 1 24.46 51.53 6.77 28.40 6.42 1.93 0.96 6.66 6.44 1.23 3.56 0.51 3.27 0.49 
BCR1 2 24.30 51.42 6.75 28.26 6.40 1.93 0.96 6.61 6.42 1.23 3.53 0.50 3.25 0.49 
BCR1 3 24.35 51.28 6.72 28.24 6.37 1.92 0.95 6.60 6.40 1.23 3.48 0.50 3.27 0.49 
BCR1 4 24.42 51.52 6.74 28.36 6.36 1.93 0.95 6.63 6.40 1.23 3.49 0.50 3.23 0.49 
BCR1 5 24.43 51.59 6.76 28.42 6.40 1.93 0.95 6.64 6.44 1.23 3.49 0.50 3.25 0.49 
BCR1 6 24.34 51.37 6.72 28.10 6.38 1.93 0.95 6.60 6.37 1.21 3.49 0.50 3.21 0.49 
BCR1 7 24.51 51.71 6.75 28.37 6.39 1.96 0.96 6.68 6.43 1.23 3.51 0.50 3.27 0.49 
average 24.40 51.49 6.74 28.31 6.39 1.93 0.96 6.63 6.41 1.23 3.51 0.50 3.25 0.49 
stdev 0.07 0.14 0.02 0.11 0.02 0.01 0.00 0.03 0.03 0.01 0.03 0.00 0.02 0.00 
P% 0.30 0.28 0.27 0.40 0.31 0.54 0.50 0.45 0.43 0.52 0.81 0.57 0.68 0.41 
A% 2.00 4.12 0.81 1.72 3.06 0.89 8.92 0.72 -1.15 2.63 3.42 10.57 3.83 3.90 

 

A.1.4 Whole-rock 87Sr/86Sr ratios by TIMS 
 

Whole-rock powders were prepared for analysis by dissolving them using a tri-acid digestion as described 

in section A.1.3. Dried, digested samples were dissolved in 2 ml of 2.5M HCL, and Sr was separated 

from the digested samples using cation exchange chromatography, using the following method. The 

samples were loaded into columns filled with cation-exchange Bio-Rad AG1 X8 200-400 mesh resin and 

the separated Sr fraction was collected in clean Teflon beakers. The Sr fractions were dried, then each 

sample was dissolved in 1 µl 1M H3PO4 and loaded into the centre of an outgassed Ta filament, and 

analysed using a Sector54-30 thermal ionisation mass spectrometer (TIMS). Repeat analyses of standard 

NBS987 yielded 2σ relative precisions that are correct to the fifth decimal place. All sample preparation 

and analyses were carried out at SUERC.  

 

A.2 Feldspar separate analysis 

A.2.1 Preparation of feldspar separates 
 

Feldspar separate samples were collected and prepared from 6 Laki lava samples using the following 

method. Feldspar-rich lava samples were crushed to chips in a tungsten-carbide jaw-crusher. Crushed 

samples were sieved by hand through an 850 µm mesh to remove large grains, then through a 250 µm 

mesh to remove dust. The sieved crush was rinsed in distilled water to remove dust then put into glass 

bottles and left to dry thoroughly in a 90°C oven. Feldspar crystals were hand-picked from the crush, then 

picked again under a binocular microscope to remove any coloured or altered grains, or those with glass 

attached. The feldspar separate was rinsed thoroughly in distilled water and left to dry overnight in a 90°C 

oven.  
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A.2.2 Feldspar 87Sr/86Sr ratios and Sr concentrations by TIMS 
 

Samples of feldspar separates between 0.1 and 0.2g were carefully weighed into clean Teflon beakers. 

The samples were prepared for analysis by dissolving them using a tri-acid digestion according to the 

method described in section A.1.3. A 84Sr spike was added to the feldspar separates in the final stage of 

acid digestion, which acted as an internal standard for Sr concentration measurements. Dried, digested 

samples were dissolved in 2 ml of 2.5M HCL, and Sr was separated from the digested samples using 

cation exchange chromatography according to the following method. The samples were loaded into 

columns filled with cation-exchange Bio-Rad AG1 X8 200-400 mesh resin and the separated Sr fraction 

was collected in clean Teflon beakers. The Sr fractions were dried, then each sample was dissolved in 1 

µl 1M H3PO4 and loaded into the centre of an outgassed Ta filament, and analysed using a Sector54-30 

TIMS. Repeat analyses of standard NBS987 yielded 2σ relative precisions that are correct to the fifth 

decimal place. All sample preparation and analyses were carried out at SUERC.  

 

A.3 Crystal and glass analyses 

A.3.1 Crystal and matrix major- and minor element analysis by electron microprobe  
 

Major-element and selected minor element concentrations of mineral phases (olivine, plagioclase and 

clinopyroxene), melt inclusions, matrix glasses and tephra were measured using a CAMECA SX100 

electron microprobe at the University of Edinburgh. Major-element oxides were measured using 5 

wavelength dispersive spectrometers with counting times on individual elements of between 10 and 30 

seconds. Beam conditions of 15 keV accelerating voltage, 10 nA, and a spot size of 8 µm were used for 

glass analyses, and 15 keV and 10 nA for feldspar and 15 keV and 20 nA for olivine and clinopyroxene, 

both with a spot size of 5 µm. Analyses totalling >100.5 and <98% were rejected. Standard CAMECA 

PAP corrections have been applied to the data. Precisions for repeat analyses on unknowns give an 

indication of instrument drift (table A.6). Precisions for repeat analyses on unknown olivine and St John’s 

Island Olivine are shown in table A.7. The 1σ relative precision for forsterite (Fo=(Mg/(Mg+Fe2+))*100, 

where Mg and Fe are molar values) is better than 0.25%. Repeat measurements on standards such as 

wollastonite and jadeite yield relative (1σ) precisions better than 1% for SiO2, TiO2, and CaO, better than 

2% for Al2O3, FeO, MgO and K2O, ~3% for Na2O, ~5% for NiO and ~10% for P2O5 and MnO. 
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Table A.6. Precision estimates for electron microprobe analyses from closely spaced (10 µm apart) repeat 
measurements on olivine and plagioclase crystals and matrix glass, and more widely spaced (30 µm apart) 
measurements on clinopyroxene, where n = number of repeats, x = average of repeats and σr = 1σ 
standard deviation on repeats. Mean and standard deviations are given in wt%, and precision (100[σr / x ]) 
in %. Dashes indicate oxides not analysed. 
 

 plg n = 9  cpx n = 16  olv n = 5  gls n = 11 

 x  σr P%  x  σr P%  x  σr P%  x  σr P% 

SiO2 46.06 0.21 0.46  51.65 0.21 0.40  38.10 0.07 0.18  49.26 0.32 0.65 

TiO2 - - -  0.76 0.02 2.51  - - -  3.08 0.03 1.01 

Al2O3 33.23 0.13 0.40  2.16 0.04 2.03  - - -  12.74 0.09 0.72 

Cr2O3 - - -  0.21 0.01 5.10  - - -  - - - 

FeO 0.57 0.01 1.25  7.69 0.05 0.68  20.98 0.18 0.86  14.38 0.28 1.95 

MnO - - -  0.21 0.01 6.51  0.33 0.01 3.36  0.25 0.01 5.52 

MgO 0.11 0.01 5.15  16.23 0.06 0.34  40.44 0.13 0.31  5.50 0.07 1.29 

CaO 17.46 0.08 0.48  20.19 0.04 0.21  0.29 0.01 2.05  9.65 0.05 0.49 

Na2O 1.63 0.02 1.20  0.27 0.01 3.94  - - -  2.77 0.21 7.40 

K2O - - -  - - -  - - -  0.46 0.01 2.74 

P2O5 - - -  - - -  - - -  0.42 0.02 4.26 

NiO - - -  - - -  0.12 0.01 5.71  - - - 

 

 

Table A.7. Repeat measurements on unknown olivine at intervals of 10 µm and on St John’s Island 
Olivine (SJI) standard give similar 1σ relative precisions (P%) for all elements measured, where x is the 
average and σr is the 1σ standard deviation of the repeats. Accuracy (A%) is calculated by comparing 
repeat analyses of SJI olivine from this study with recorded values (Ottolini 2002). 
 

 Unknown olv; n = 6  SJI olivine; n=24 
 x  σr P%  x  σr P% Rec* A% 
SiO2 37.91 0.12 0.31  40.60 0.27 0.68 40.09 1.27 
FeO 14.24 0.08 0.56  9.81 0.07 0.70 9.49 3.37 
MnO 0.22 0.02 10.24  0.14 0.01 7.02   
MgO 45.52 0.07 0.15  49.08 0.21 0.43 49.21 -0.26 
NiO 0.21 0.01 5.96  0.34 0.02 5.43 0.33 3.03 
Fo av. 85.07 0.18 0.21  89.92 0.21 0.23   
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Table A.8. Accuracy estimates from electron probe major-element analyses on standards of known 
composition. 
 

 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 NiO 
jadeite 59.34  24.66     15.10    

n 10  10     10    
average 58.82  25.31     15.05    
stdev 0.45  0.47     0.46    
%P 0.76  1.88     3.04    
%A 0.88  2.58     0.34    

orthoclase 64.67  16.88      15.96   
n 6  6      6   

average 63.61  17.92      15.32   
stdev 0.63  0.24      0.22   
%P 0.99  1.34      1.44   
%A 1.67  5.81      4.19   

rutile  100.00          
n  3          

average  99.48          
stdev  0.84          
%P  0.85          
%A  0.53          

SJI olivine 40.09   9.49  49.21     0.33 
n 28   28 28 28     28 

average 40.55   9.79 0.14 49.08     0.34 
stdev 0.30   0.12 0.01 0.49     0.02 
%P 0.75   1.25 10.09 0.99     5.43 
%A 1.13   3.10  0.26     3.59 

spinel   71.67   28.33      
n   12   12      

average   71.62   28.29      
stdev   0.51   0.46      
%P   0.72   1.62      
%A   0.07   0.14      

wollastonite 51.73      48.28     
n 22      22   7  

average 51.01      47.77   0.51  
stdev 0.48      0.33   0.05  
%P 0.95      0.70   9.61  
%A 1.42      1.07     
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A.4 Melt inclusion analysis 

A.4.1 Melt inclusion preparation 
 

The method by which melt-inclusion-bearing olivine crystals were separated from basalt samples, re-

homogenised and mounted is described in full in chapter 3 (section 3.3). 

A.4.2 Melt inclusion S analysis by electron microprobe  
 

All crystals and their hosted melt inclusions were analysed for major elements on the CAMECA SX100 electron 

microprobe at the University of Edinburgh. A subset were then removed of their carbon coat, gold-coated and 

analysed on the CAMECA 4f ion microprobe at the University of Edinburgh – for selected trace and REEs, and 

a suite of volatile elements, including H, Cl, F and C. The ion microprobe uses a primary oxygen ion beam to 

sputter material from the surface of the mounts, producing secondary ions which are accelerated down a 

secondary column, and are then separated by charge and mass. The relative atomic mass of S is 32, exactly 

twice that of oxygen; consequently S counts are difficult to resolve from the oxygen dimer (O2
+) generated from 

the primary oxygen beam and from the silicate matrix of the sample. 

 A procedure was therefore developed for measuring S on the CAMECA SX100 electron microprobe. 

Prior to analysis on the electron probe all samples were polished to remove any remnant gold coating from the 

ion microprobe analysis, buzzed in an ultrasonic bath in petroleum ether to remove surface contamination, and 

then carbon-coated. The procedure for measuring S on the electron probe used 5 WD spectrometers and count 

times of two S peak integration measurements of 120 s each (240 s total) and beam conditions of 60 nA and 15 

kV. The total scan range was 1600 sin θ units around the S Ka peak of which the first and last 200 sin θ units 

were subtracted as background. The detection limit for S using this method was ~60ppm S (0.0060 wt%) and 

was calculated using counting statistics. Melt inclusion major element compositions were determined before 

analysing for S, as the beam currents used in this procedure are high and the count rates long, resulting in the 

local mobilisation of some elements prone to volatilisation, such as Na, Al and Si. This phenomenon and its 

effects have been previously documented in a number of studies (e.g. Morgan and London 1996; Humphreys et 

al. 2006). Also, the S measurement procedure used all 5 spectrometers to maximise element sensitivity, and 

hence could not be used simultaneously with another electron microprobe analytical procedure.  

 One of the major challenges in developing a technique to measure S at minor element concentrations 

(<0.5 wt%) is obtaining homogenous basaltic glass to act as reliable standards. Glass was measured from two 

samples, LOI4 and LOI6, from Loihi, a basaltic submarine volcano off the coast of Hawaii. Previous analyses 

of this material have been made at the University of Hawai’I at Manoa, Oahu, by Thor Thordarson, using a 

CSIRO trace analysis set-up, and these figures were used as absolutes in order to determine accuracy. Five-

point, 100µm, line transects of both glasses were analysed periodically throughout the week of analysis, and the 

results are given in table A.9. 

 

Table A.9. Precision (P%) and accuracy (A%) of S wt% analyses from basalt glass standards, University of 
Hawaii and SX100 at the University of Edinburgh. An average basalt chemistry (*) was used to matrix correct 
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each analysis, as tailoring to the known major element composition (+) has an insignificant effect on the 
measured S concentrations. (a) University of Hawaii values were measured previously and used as absolutes to 
calculate accuracy. (b) average; (c) standard deviation; and (d) number of glass analyses made at the University 
Edinburgh during the analytical week. 
 

Glass 
sample 

Calibration*    
(average basalt) 

Calibration+ 
(known major 

element comp.)

U. of 
Hawaiia 

averageb 
(apr07) 

stdevc 
(apr07) nd P% A% 

LOI4 0.1697 0.1693 
 0.0156 0.0155 
 0.1545 0.1542 

0.1563 0.1600 0.0073 88 4.6 2.3 

LOI6 0.1652 0.1650 
 0.1682 0.1680 
 0.1633 0.1630 

0.1608 0.1641 0.0055 87 3.4 2.0 

 

 A subset of samples were gold-coated and analysed on the CAMECA 4f ion microprobe prior to 

analysis on the SX100. The gold-coat was removed by gently polishing mounts on a soft lap impregnated with 

1/4 µm diamond paste. The difference in hardness between the epoxy and the olivine crystals means that 

inevitably some topography is created on the surface of the mount during polishing. Remnants of gold-coat, 

visible as very brightly-coloured specks in reflected light on the SX100, were observed infilling ion probe pits 

made in melt inclusions, and adhering to the edges of crystals where the crystals have higher relief than the 

epoxy. The x-ray spectral lines of Au are close to that of S, so it was vital to establish that analysis close to old 

Au coat was not producing spurious counts of S due to Au interferences. The table in figure A.1 shows the 

results of olivine analysis in ‘clean’ sample, versus close to old gold coat. The low and negative S wt% values 

are expected as olivine contains little to no S, and the return of low and negative values therefore acts as a ‘zero’ 

for the S calibration. The averages of 5 spot analyses show that the variation in S wt% is negligible (close to the 

precision of the instrument) regardless of where the analyses are made, and Au-coat is therefore not producing 

interference lines with S. 

 
 
Figure A.1. Back-scattered electron image of an olivine-hosted melt inclusion (light grey region, centre). Bright 
white blobs around the edge of the crystal are remnants of Aucoat. White-filled circles indicate where spot 
analyses of ‘clean’ olivine were made, and black-filled circles are spot analyses close to the gold coat. The table 
to the right of the image shows the results as wt% S.  
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A.4.3 SIMS melt inclusion REE and trace element analysis 
 
The concentrations of REEs and selected trace elements have been obtained from ~150 olivine-hosted melt 

inclusions for this study, using secondary ion mass spectrometry (SIMS) on a Cameca IMS-4f ion microprobe at 

the University of Edinburgh in two analytical sessions between October 2006 and May 2007. Prior to analysis, 

all mounted samples were cleaned in petroleum ether in an ultrasonic bath and then gold-coated. For all 

analyses, a 15 keV primary beam of O- ions was used to generate secondary ions, which were then accelerated 

to 4500 eV, with an offset of -75 eV (+/- 20 eV) to reduce transfer of molecular ions into the secondary column. 

A primary beam current of 5 nA was used throughout, with a non-rastered, tear-drop shaped beam covering an 

area <20 µm used for trace and REE analyses on single spots well within the margins of the melt inclusion. The 

following trace element and REE isotopes were analysed by counting for 3 s in each cycle of a 6 cycle run: 
26Mg, 30Si, 42Ca, 47Ti, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 138Ba, 139La, 140Ce, 141Pr, 143Nd, 149Sm, 151Eu, 157Gd, 159Tb, 
161Dy, 165Ho, 167Er, 169Tm, 171Yb and 175Lu. These counts were normalised to 30Si. Concentrations of Si in each 

melt inclusion had already been measured using the electron probe, and these Si values (mean 48 wt% SiO2; 

22.44 wt% Si) were used to calculate absolute elemental concentrations in the melt inclusions. Peak positions 

were verified before each analysis, and mass 130.5 was measured as background for 5 s in each cycle and was 

always sufficiently close to zero to be ignored. Corrections were made for oxide interferences of light REE on 

the heavy REE and BaO on Eu. The magnitude of the correction was measured on synthetic REE-bearing 

glasses under the same analytical conditions and applied to the data. The oxides were monitored by the addition 

of 154BaO/Ba and 156CeO/Ce in each analysis; these ratios showed little variation throughout the analytical 

period.  

 The ion yields were assessed at the start of each session by analysis of the NIST SRM610 synthetic 

glass. Ion yields were recorded several times in the course of each analytical session and showed no systematic 

variation. An average ion yield was calculated at the end of the week and used to calibrate all of the melt 

inclusion data. The average ion yields are given in table A.10, along with the standard deviation and an estimate 

of the precision. 

 

A.4.4 SIMS melt inclusion volatile element analysis 
 

 Volatiles were measured separately to trace elements and REE for a subset of these inclusions, using 

the same beam conditions as described above. Analyses were made in the same hole as that of the trace 

elements therefore it was considered that no pre-raster was necessary. The following were measured for 3 s in 

each cycle of a 10 cycle run: 1H, 11B, 12C (+24Mg2+), 19F, 25Mg2+, 28Si2+, 30Si and 35Cl. These counts were 

normalised to 30Si. The first 3 cycles of each analysis were disregarded and the final 7 used to process the data. 

Unrealistically high concentrations for C were obtained from the melt inclusions when C was measured with 

other light elements (H, F and Cl), indicating that the Mg content of the melt inclusions was too high to give a 

reliable correction for the overlap of 24Mg2+ on 12C using the 25Mg2+ peak. A separate procedure was therefore 

needed for measuring C. Unrealistically low Cl concentrations were also obtained using this method, and this 

was thought to be due to interferences on the 35Cl peak, so a separate procedure was used to measure C and Cl 
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together. C and Cl were measured using a 50kV offset and 25µm image field with the entrance and exit slits set 

to give a mass resolution of ~1500. Field aperture 2 was used during each analysis, giving a spatial resolution of 

8-10 µm. Where possible, measurements were made on previously unanalysed parts of the melt inclusion, 

rastering the beam over a 20µm area for 120 s prior to each analysis in order to reduce contamination from the 

sample surface. The following were measured for 10, 5, 5, 10, 2 and 5 seconds, respectively, in each cycle: 12C, 
19F, 24Mg2+, 28Si2+, 30Si+ and 35Cl. Each analysis consisted of 15 cycles with only the final 6 used. Olivine was 

analysed periodically throughout the data collection to calculate the background C. A background correction of 

1.66 to 2.53 cps was applied directly to the carbon counts of the unknowns and standards, based on average 

counts for olivine (assuming that the carbon content of olivine to be close to zero). Thirty two analyses were 

made using this method, which was deemed suitable for measuring Cl, but unsuitable for measuring C due to 

inconsistent repeat analyses. Only Cl measurements made using this method are used in this study. The Cl data 

were corrected according to the method described in section A.4.5. 

 The final, successful method for measuring carbon required that C was measured separately to the 

other volatiles at high mass resolution. C was measured using a 75 kV offset and 150 µm image field with the 

entrance and exit slits set to give a mass resolution of ~1600 (to distinguish between C and 24Mg2+). 

Measurements were made in the same hole as that of both the trace element and volatile analyses, rastering the 

beam over a 20 µm area for 120 s prior to each analysis in order to reduce contamination from the sample 

surface. The following were measured for 4, 4 and 2 seconds respectively in each cycle: 12C, 24Mg2+ and 28Si2+. 

Each analysis was 30 cycles with only the last 15 used. Concentrations were calculated based on observed count 

rates for 12C on the standard and assuming, in the unknown, a constant value of concentration versus counts per 

second (cps). Olivine was analysed periodically throughout the data collection to calculate the background C. A 

background of 4.2 cps carbon was subtracted from all raw count data, based on cps observed for olivine. (NB. 

Olivine carbon values greater than zero (a few ppm C) could be due to an Mg2+ ‘tail’, being picked up 

erroneously as C counts. If the effect in olivine, which has very high concentrations of Mg2+, is small, than the 

effect on carbon concentrations of the melt inclusions will be negligible). Only carbon measurements made 

using this method are reported in this study. Carbon data collected across two separate analytical sessions were 

corrected according to the method described in section A.4.6 

 

A.4.5 Correction procedure for Cl data 
 
Cl data were corrected against values obtained for the NBSK1053 standard. The average of the final 6 cycles of 
35Cl cps (corrected for the isotopic abundance of 35Cl; 0.757), against the average of the final 6 cycles of 30Si cps 

(corrected for the isotopic abundance of 30Si; 0.031) was used to determine the efficiency of ionisation of Cl 

relative to Si. The ratio of the count rates for Cl and Si divided by the known atomic ratio of Cl/Si for this 

standard gives the relative ion yield. Cl/Si cps for unknowns were divided by the calculated ion yield, and 

multiplied by the Si wt% of the unknowns (22.4; known from electron probe analysis), then multiplied by the 

relative mass of 35Cl/28Si to yield a Cl concentration.  
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Table A.10. Summary of ion yield measurements; NIST SRM610 
 

mean std dev P%
Mg 2.00406 0.00938 0.47
Si 1.00000 0.00000 0.00
Ca 3.21040 0.01940 0.60
Ti 2.62941 0.03136 1.19
Rb 1.02308 0.02562 2.50
Sr 2.84412 0.03273 1.15
Y 3.33127 0.03106 0.93
Zr 2.11767 0.02921 1.38
Nb 1.33349 0.02229 1.67
Ba 2.00801 0.03020 1.50
La 2.15231 0.03343 1.55
Ce 2.07568 0.02804 1.35
Pr 2.33917 0.03750 1.60
Nd 2.36145 0.02715 1.15
Sm 2.71554 0.03154 1.16
Eu 2.84785 0.03687 1.29
Gd 2.94682 0.04114 1.40
Tb 2.51360 0.04309 1.71
Dy 2.56233 0.04298 1.68
Ho 2.55323 0.03904 1.53
Er 2.49934 0.04046 1.62
Tm 2.45300 0.04244 1.73
Yb 2.49232 0.04160 1.67
Lu 2.10945 0.03852 1.83

 

A.4.6 Correction procedure for CO2 data 
 

Carbon data collected in the first analytical period in October 2006 were corrected using correction factors 

derived from the May 2007 data collection and according to the following procedure: 

1. Use RB480 standard from May 2007 data: find 28Si2+/30Si ratio average for three analyses on this 

standard. Average = 0.0152. 

2. Filter anomalous analyses from the unknowns (melt inclusions) from May 2007 data: find 

 28Si2+/30Si ratio average for all analyses. Average = 0.011429.  

3. Apply a background correction to the C cps for the October 2006 data (from C measurements in 

olivine, in this case 4.2), and use this corrected C value to find C/Si2+
corr. 

4. Multiply C/Si2+
corr for all of the standards by the correction factor as derived above (0.0152). 

5. Multiply C/Si2+
corr for all of the unknowns (melt inclusions) by the correction factor as derived above 

(0.011429). 

NB. This method assumes that the Si2+/Si+ ratio as measured for the second analytical session is the same for the 

first analytical session (30Si+ was not measured for this dataset); a 75kV offset was used for the first dataset, but 

only 50kV was used for the second dataset. However, the difference in Si2+/Si+ caused by this change in offset is 

small enough to be ignored (Hinton 1990). 
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6. Derive a constant, where: constant = C/Si2+
(RB497oct)/(C/Si2+

corr)*(Si2+/Si+
(RB480may)) 

 Constant = 1461578. 

7. Multiply all the data (corrected for background and multiplied by the correction factor) by the constant. 

This gives CO2 ppm. 

A.4.7 Precision and accuracy - REE and trace elements 
 
The precision was monitored throughout the analytical session by repeat analyses on unknown melt inclusions 

and basaltic glass standards cy82293 and BHVO1, which have element concentrations that bracket those of the 

unknowns. The 1σ relative precision based on repeats on unknowns is shown in table A.11 and was better than 

10% for Rb and Tm, better than 5% for the heavy REE and better than 2.5% for the light REE and other trace 

elements. Analyses of BHVO1 show that accuracy is poor for Rb, Y, Ba, Ti and Sr, but better than 5% for all 

other elements. 

 The reproducibility of the data between analytical sessions was estimated by analysing the same melt 

inclusions in both sessions and comparing the results. Table A.12 shows that the reproducibility of Rb, Sm, Eu, 

Er and Lu measurements is poor, but reproducibility is ~5% or better for all other elements. 

 

Table A.11. Calculation of analytical error based on repeats on cy82293 basaltic glass standard (P%STD), and the 
combined error on multiple analyses of multiple unknown melt inclusions (P%MI), where x is the average and 
σr is the 1σ standard deviation of repeats on the standard, and x total is the combined average and σr total the 
combined 1σ standard deviation of repeats on the multiple unknowns. Average values are given in ppm. 
Percentage accuracy was calculated from repeat measurements on BHVO1 (A%BHVO) as recorded values are 
better constrained for this standard than for cy82293.  
 

 cy82293;  n=3   MI;  n=17   n=3 
 x  σr P%STD  x total σr total P%MI  A%BHVO 

Mg 45547.00 407.29 0.89  49513.76 372.31 0.75  -4.34 
Ca 68721.50 637.10 0.93  71571.82 290.81 0.41  4.24 
Ti 8972.30 59.68 0.67  10865.89 74.13 0.68  7.05 
Rb 2.93 0.37 12.66  3.92 0.34 8.61  21.44 
Sr 186.35 2.07 1.11  153.07 1.47 0.96  8.81 
Y  26.56 0.11 0.40  26.03 0.33 1.28  12.84 
Zr 166.52 1.03 0.62  138.84 0.89 0.64  0.92 
Nb 9.55 0.37 3.91  11.83 0.23 1.98  4.84 
Ba 35.12 1.34 3.82  53.36 1.13 2.11  8.64 
La 8.93 0.22 2.51  9.70 0.24 2.48  0.56 
Ce 22.80 0.17 0.73  23.73 0.31 1.29  4.56 
Pr 3.41 0.20 5.87  3.37 0.06 1.90  5.85 
Nd 16.49 0.40 2.43  17.59 0.75 4.25  0.54 
Sm 4.38 0.17 3.77  4.63 0.18 3.91  3.96 
Eu 1.58 0.02 1.04  1.61 0.05 3.39  2.09 
Gd 4.77 0.49 10.36  5.49 0.27 4.93  2.47 
Tb 0.95 0.01 0.66  0.94 0.04 4.07  1.46 
Dy 6.20 0.19 3.13  5.93 0.15 2.46  -2.11 
Ho 1.22 0.02 1.41  1.15 0.04 3.38  2.88 
Er 3.68 0.02 0.63  3.32 0.11 3.21  -0.12 
Tm 0.56 0.02 3.32  0.50 0.03 5.97  0.78 
Yb 3.46 0.00 0.07  3.17 0.13 3.96  -3.81 
Lu 0.53 0.03 5.41  0.49 0.02 3.63  -4.34 
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Table A.12. Percentage difference (% diff) between two sets of trace-element measurements made on the 
same melt inclusion in different analytical sessions.  
 
 

  oct 06 may 07     
  12bCH9-1 12bCH9-1 average % diff 
Mg 62777 62883 62830 0.17 
Si 224370 224370 224370 0.00 
Ca 56345 56143 56244 -0.36 
Ti 20555 20644 20600 0.43 
Rb 2.12 4.24 3.18 49.97 
Sr 140.64 144.19 142.42 2.46 
Y  43.11 43.52 43.32 0.93 
Zr 266.56 267.71 267.14 0.43 
Nb 24.07 23.97 24.02 -0.41 
Ba 107.76 108.88 108.32 1.03 
La 18.81 19.47 19.14 3.39 
Ce 45.74 46.59 46.16 1.81 
Pr 6.57 6.51 6.54 -0.88 
Nd 34.29 33.83 34.06 -1.36 
Sm 8.31 8.92 8.62 6.89 
Eu 2.77 2.58 2.67 -7.43 
Gd 10.37 10.29 10.33 -0.74 
Tb 1.71 1.69 1.70 -0.80 
Dy 10.26 10.15 10.21 -1.10 
Ho 1.88 1.96 1.92 4.16 
Er 4.86 5.80 5.33 16.29 
Tm 0.86 0.83 0.85 -4.57 
Yb 4.88 5.14 5.01 5.11 
Lu 0.80 0.72 0.76 -11.76 

 

A.4.8 Precision and accuracy - volatile elements 
 
The precision was monitored throughout the analytical session by repeat analyses on unknown melt 

inclusions, shown in table A.13. The multiple observed measurements from multiple unknowns were used 

to calculate the combined error (%), using the following method. Two analyses from the same inclusion 

were averaged, and the sum of the error squared calculated: 

( )2,,∑ − ji
k

ji xx  [1]

where i is the element, j is the sample, k is the measurement, x is the observed concentration and x is the 

mean observed concentration. The total combined error is given by: 

( )
1

2
,,

−
−∑

n
xx ji

k
ji  [2]

where n is the total number of measurements made of element i. The combined error (P%MI) is defined as 

the total combined error/average of all measurements of element i. 

 Both precision and accuracy were calculated for volatiles from multiple repeats on 

standards of known composition including SISSON51 (H2O), SISSON61 (H2O), NIST610 (F, Cl), RB40 

(CO2) and cy82293 (CO2). Precision is better than 5% for H2O and F, between 6.4% and 13.6 for CO2 and 
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13.2% for Cl. Accuracy is better than 5% for H2O, Cl and one analysis of CO2, and 6.4% for F. Accuracy 

was poorly determined for C using standard cy8223, as a single C concentration measurement made on 

this standard for this study, which was in good agreement with two other measurements made by another 

worker using the same instrument and the same method at a similar time (S. Collins, pers comms, 2007), 

were in very poor agreement with the published value (table A.14). This discrepancy has been regularly 

observed during similar analytical work (R. Hinton, pers comms, 2007), indicating that this standard is 

probably a poor choice for carbon analyses using this method.  

 The precision calculated from the standard analyses was used with the precision calculated 

from multiple repeats on melt inclusions to estimate a total error for each of the volatiles. Total error (%) 

is defined by: 

( )2%%
MI

std P
n

P
+








 [3]

The total error for H2O is ~7.5%, 4.2% for F, 16.3% for Cl and between 10.8% and 12.8% for CO2. (table 

A.14). 

Table A.13. Precision estimates for volatile data based on multiple repeats on multiple unknowns. H2O is 
given in wt% and all other volatiles are in ppm. The terms Σ error2, total combined error, total average 
and combined error (%) are defined in the text. 

 
  H2O F  Cl    CO2  
bra01NQ2_1     BRA 01NQ1_1  
obs 0.39 166.37 27.25  obs 692.91 
obs 0.38 181.64 22.88  obs 626.45 
average 0.39 174.01 25.06  average 659.68 
stdev 0.01 10.80 3.09  stdev 46.99 
P% 1.99 6.21 12.33  P% 7.12 
Σ error2 0.00 116.59 9.56  Σ error2 2208.34 
bra01NQ3_2     BRA01NQ5_1  
obs 0.47 165.72 19.23  obs 699.77 
obs 0.45 182.15 21.38  obs 723.70 
average 0.46 173.94 20.31  average 711.74 
stdev 0.02 11.62 1.52  stdev 16.92 
P% 3.67 6.68 7.50  P% 2.38 
Σ error2 0.00 134.97 2.32  Σ error2 286.22 
bra01NQ5_1     SAX01aNQol5_1  
obs 0.43 174.35 27.69  obs 740.93 
obs 0.46 172.41 19.99  obs 994.83 
average 0.44 173.38 23.84  average 867.88 
stdev 0.02 1.37 5.44  stdev 179.53 
P% 4.93 0.79 22.82  P% 20.69 
Σ error2 0.00 1.88 29.60  Σ error2 32232.52 
sax01aNQ7_1     SAX01aNQol7_1  
obs 0.56 185.31 31.43  obs 675.48 
obs 0.45 192.20 22.21  obs 767.82 
average 0.51 188.76 26.82  average 721.65 
stdev 0.08 4.87 6.52  stdev 65.29 
P% 15.92 2.58 24.30  P% 9.05 
Σ error2 0.01 23.74 42.46  Σ error2 4263.05 
total combined error 0.03 6.29 3.46  total combined error 74.63 
total average 0.45 177.52 24.01  total average 740.24 
combined error (%) 7.22 3.54 14.42  combined error (P%MI) 10.08 
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Table A.14. Precision and accuracy estimates for volatile data based on repeats on standards. Data for 
H2O are given in wt%, all other volatiles are in ppm and rec value is the recorded value for the standard. a 
Mangan and Sisson (2000). b Hinton (1990). c R. Brooker (pers comm). d Chaussidon et al. (1991). * 
observed values from S. Collins (pers comm, 2007). The total error (%) is calculated according to 
equation 3. 
 

 SISSON51 SISSON61 NIST 610 NIST 610 rb480 cy82293 

volatile H2O H2O F Cl CO2 CO2 
rec value 4.01a 2.19a 500.00b 500.00b 10380.00c 1500.00d 

obs 3.99 2.09 512.94 563.28 9995.75 775.76 
obs 4.01 2.00 536.42 497.88 11372.79 626.38* 
obs 3.66 2.18 553.89 428.95 10738.83 611.02* 
obs 4.02   542.55   
n 4.00 3.00 3.00 3.00 3.00 3.00 

average 3.92 2.09 534.41 508.16 10702.46 671.05 
stdev 0.17 0.09 20.55 67.17 689.24 91.01 
P%std 4.35 4.39 3.85 13.22 6.44 13.56 
A% 2.33 4.67 -6.44 -1.61 -3.01 123.53 

total error (%) 7.54 7.65 4.18 16.32 10.75 12.77 
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Table B.4. Point-counting results for Laki samples, where type refers to the sample textural type as 
defined in chapter 2, n is the total number of times the whole sample was point-counted, plg is 
plagioclase, ol is olivine, cpx is clinopyroxene, ves is vesicles and gmass is groundmass. Raw counts 
indicate the number of times each phase was counted.  DRE is dense rock equivalent, where the total 
phenocryst counts have been recalculated as a vesicle-free percentage. Mass fractions were calculated 
using the raw crystal counts and densities appropriate for each crystal (2.7 g/cm3 for plagioclase, 3.3 
g/cm3 for olivine and 3.2 g/cm3 for clinopyroxene). Total indicates the total DRE mass fraction of 

phenocrysts in each sample. SEE is the standard error in the estimate, calculated as 
n

stdev
. P is the 

percentage precision, calculated as stdev/average*100. The upper and lower confidence intervals are 
reported in %, and were calculated according to the method described in chapter 2.  
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Tables B.5-8. Laki (LAK), glass and crystal major element analyses from the electron probe in wt %. 
The phase types are glass (gls), plagioclase (plg), clinopyroxene (cpx) and olivine (olv). The mount 
types are thin section (TS) or resin-filled probe mount (PM). The suffix r at the end of the sample 
number (no.) indicates that the analysis is from the crystal rim, c indicates that it is from the crystal 
core and GM indicates it is from a groundmass crystal. Anorthite (An), Mg# and forsterite (Fo) are 
given in mol% and are calculated according to the method outlined in the glossary. µm from core 
indicates how far the analysis is from the centre of the crystal.  Type refers to the type of phenocryst 
where l indicates a lone crystal, and c indicates that the crystal is part of a glomerophyric cluster. 
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Table B.9. Laki olivine-hosted melt inclusion major element concentrations measured by electron 
probe. The concentrations have been corrected for either: the effects of post-entrapment crystallisation 
of olivine within the inclusion by adding olivine back into the melt composition until it is in 
equilibrium with the host olivine (the calculated equilibrium olivine composition is shown as ‘eq 
Fo%’ for comparison to ‘Fo core’); or, the effects of over-heating during re-homogenisation by 
subtracting olivine from the melt composition until it is in equilibrium with the host olivine (wt% 
olivine added is negative).  This process is explained in detail in chapter 3.  In the table, Fo core 
indicates the forsterite ([Mg]/[Mg+Fe2+]*100) content of the core of the host olivine, which was 
measured as close as possible to the melt inclusion. Heating refers to the homogenisation process used 
to treat the melt inclusions before analysis, where CC indicates that the inclusions were homogenised 
in a CO:CO2 gas-mix, CH indicates a H2:CO2 gas-mix and NQ indicates naturally quenched melt 
inclusions that were not heated.  The melt inclusion types are olivine-tholeiite (olv-tho) and quartz-
tholeiite (qtz-tho). The samples are named according to the convention aabbc-d, where aa indicates 
which Laki lava sample it is from, bb refers to the homogenisation process, c refers to the olivine and 
d refers to the melt inclusion within that olivine e.g. 22CC1-2 indicates sample LAK22, re-
homogenised in a CO:CO2 gas-mix,  olivine one, second melt inclusion.  All measurements are given 
in wt% and nm indicates an element not measured or a ratio not determined.  Samples are arranged by 
the heating process used to treat them, then by the forsterite content of the host olivine. 
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Table B.10. Laki melt inclusion trace- and volatile-element concentrations measured by ion 
microprobe, expect S, which was measured by electron probe. The concentrations of volatile elements 
at the bottom of the table have been corrected according to the correction factors listed; the origin of 
the correction factors is explained in chapter 3. All measurements are given in ppm except H2O, which 
is in wt %, and nm indicates an element not measured. All melt inclusions are hosted in olivine. 
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Table B.11.  Melt-inclusion (MI) and vapour-bubble (B) dimension and volume estimates, and host 
olivine (olv) dimensions. The melt inclusion volume estimate assumes that the inclusion has an 
elongate shape with width and depth the same, and that it is cut through at its widest part. Melt 
inclusion volume is calculated by (4/3)π x length x width x depth. Bubbles were assumed to be 
spherical and volume was calculated by (4/3)π x radius3.  Two inclusions with ellipsoid shaped 
bubbles are highlighted in bold italics, and in these cases the bubble volume was estimated using 
(4/3)π x length x width x depth. 
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Appendix C 
Abbreviations and Glossary 
 
 

C.1 List of Abbreviations 
 
BOR Borgarhraun 
BRA Brandur 
BSE back-scattered electron 
CC melt inclusion re-homogenised in a CO:CO2 gas-mix  
CH melt inclusion re-homogenised in a CO2:H2O gas-mix  
CPS counts per second 
DRE dense rock equivalent 
ELD Eldgjá 
EPMA electron probe microanalysis 
EVB Eldvatnsbrú 
EVZ Eastern Volcanic Zone 
FON Fontur 
HJA Hjálparfoss 
HRG Hverfisfljót River Gorge 
ICP-MS inductively-coupled plasma mass-spectrometry 
KR Kolbeinsey Ridge 
LAK Laki 
NQ naturally-quenched melt inclusion 
NVZ Northern Volcanic Zone 
RR Reykjanes Ridge 
RVZ Reykjanes Volcanic Zone 
SAX Saxi 
SEM scanning electron microscope 
SIMS secondary ion mass spectrometry 
SISZ South Iceland Seismic Zone 
SKJAL Skjaldbreiður 
SRG Skaftá  River Gorge 
SUERC Scottish Universities Environmental Research Centre 
THJ Thjórsá 
THJD Thjórsárdalur 
TIMS thermal ionisation mass spectrometry 
WVZ Western Volcanic Zone 
XRF  X-ray fluorescence (spectrometry) 
yBP years before present 
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C.2 Glossary 
 

Partition coefficient 

The partition coefficient (D) of an element describes the equilibrium distribution of the element 

between a liquid and a solid phase. D is defined as: 

lq
i

s
ilqs

i C
CD =−  

where Cs is the concentration of element i in the solid, Clq is the concentration of element i in the 

original liquid..  Compatible elements are those that readily partition into solid phases and are defined 

by Ds-lq ≥1.  Incompatible trace elements do not readily partition into solid phases and are defined by 

Ds-lq <<1. 

 

Equilibrium crystallisation 

Equilibrium crystallisation occurs when a melt continually re-equilibrates with the crystallising solid 

residue at the site of crystallisation, without separation of the solid phase from the melt.  Equilibrium 

crystallisation is common in felsic melts that are viscous, making crystal-liquid separation 

mechanically difficult.  Equilibrium crystallisation is described by: 

( )XDXC
C

o
i

lq
i

−+
=

1
1

 

where X is the fraction of material crystallised, Clq is the concentration of element i in the remaining 

melt, Co is the concentration of element i in the original liquid, and D is the bulk partition coefficient 

of element i in the crystallising solid.  Equilibrium crystallisation assumes constant equilibrium 

between the crystal and the melt phase, and is thus only relevant in a limited range of geological 

situations. 

 

Fractional crystallisation 

Fractional crystallisation occurs when the crystallising solid is in instantaneous equilibrium with the 

melt only at the moment of formation, and is then immediately physically separated from the melt.  

Fractional crystallisation is common in low viscosity basaltic melts, where very small melt fractions 

may become isolated from the source region (McKenzie 1985; O'Nions and McKenzie 1988).  

Fractional crystallisation is described by: 

( ) 11 −−= D
o
i

lq
i X

C
C

 

with symbols as described above. 

 

 
 



Appendix C. Glossary  363 

 

End member calculations 

The percentage of the Mg-rich end-member of olivine, forsterite (Mg2SiO4), is calculated by: 

 

FeMg
Mg

+
×100

 

 

where Mg and Fe are molar fractions, and Fe = Fetotal. Mg# is calculated using the same method. 

 

The percentage of the Ca-rich end-member of plagioclase, anorthite (CaAl2Si2O8), is calculated by: 

 

NaCa
Ca

+
×100

 

 

where Ca and Na are molar fractions.  




