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Abstract 

Among Icelandic volcanoes, Hekla is one of the most frequently active, with multiple pre-

historic large Plinian eruptions and 18 historical subplinian–Plinian eruptions, whereas Askja 

is one of the largest volcanic systems and the 1875 eruption was one the largest historical 

eruptions. Future eruptions, especially from Hekla, are likely to pose a hazard to international 

air traffic. For example, the 2010 eruption of Eyjafjallajökull volcano in Iceland caused 

unprecedented economic impact and demonstrated a vulnerability of global air traffic to even 

small eruptions from Icelandic, and other, volcanoes. It also highlighted the need for better 

constraints of eruption source parameters, especially total grain size distribution data 

(TGSD), that are used as inputs for real-time ash dispersal forecast models. Source 

parameters (excluding TGSD) have previously been determined only for eruptions covering a 

small range of the possible eruptive behaviour of Hekla. This dissertation provides eruption 

source parameters (volume, plume height, and mass eruption rate) for five of the largest 

historical Hekla eruptions, as well as new TGSD data for four of the Hekla eruptions and two 

phases of the 1875 Askja eruption. TGSDs were determined using a consistent methodology, 

thereby significantly expanding the global data set of internally consistent TGSDs. This 

enables the relationship between eruption intensity and TGSD to be better investigated as 

well as provides a set of robust source parameters for future real-time models that forecast 

volcanic ash dispersal and transport, and influence decisions concerning closure of air space. 
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C H A P T E R  1  

Introduction 

1.1  Dissertation overview 

This dissertation focuses on two aspects of Icelandic explosive eruptions; 1) examining the 

fragmentation efficiency for six eruptions of Hekla and Askja volcanoes, by reconstructing 

the total grain size distribution and investigating the relationship between total gain size 

distribution and eruption parameters; and 2) examining the range of mass eruption rates and 

dispersal of Hekla volcano, focusing on five specific eruptions from AD 1104, 1158, 1300, 

1693, and 1766. These five eruptions cover a range of magma composition, eruptive style, 

and intensity.  

Chapter 1 gives an overview of volcanism in Iceland and the volcanoes relevant for 

this study, as well as a literature review of eruption processes and dynamics, and tephra 

dispersal and deposition. Chapter 2 is a review and detailed description of the different 

methods and techniques applied in this dissertation, ranging from field work practices to 

laboratory analyses, as well as the theoretical background to the interpretations of the 

collected data. Chapter 3 presents a revised overview of the dispersal of historical Hekla 

tephras. Chapters 4 and 5 deal with the total grain size distribution of Hekla and Askja 

eruptions, respectively. Chapter 6 contains a detailed study of the conduit and eruption 

dynamics for the Hekla 1158 eruption. Chapter 7, the final, unites all the interpretations from 

chapters 3 to 6 and discusses their broader impacts, as well as outlines focus areas for future 

research building on the results from this dissertation and dealing with questions that arose, 

but were not answered, herein.  
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1.2  Volcanological setting 

Iceland is one of the most volcano-rich regions of the world, with 30 volcanic systems, of 

which 16 have been active in historical time (i.e., since Iceland was settled around AD 870). 

The volcanic activity is concentrated in seven main zones, covering a third of Iceland’s 

surface (Jóhannesson and Sæmundsson, 1998; Thordarson and Larsen, 2007). Each volcanic 

zone contains multiple volcanic systems (Figure 1.1) ranging in size from 25 to 2,500 km2 

and in length from 7 to 200 km. Most volcanic systems consist of a fissure swarm with a 

central volcano or domain. Eruptions from the fissure swarms are generally basaltic in 

composition whereas eruptions from the central volcanoes are more evolved in composition 

(Thordarson and Larsen, 2007).  

The distribution of volcanic activity in Iceland results from the interaction of a 

spreading plate boundary (the Mid-Atlantic Ridge) and the Iceland mantle plume. The most 

prominent volcanic zones are 1) the West Volcanic Zone (WVZ) and the North Volcanic 

Zone (NVZ) which are aligned with the plate boundary across Iceland and joined via the 

Mid-Iceland Belt (MIB), 2) the East Volcanic Zone (EVZ) which is a developing axial rift 

that is projected to take over from the WVZ, and 3) Ӧræfi Volcanic Belt (ӦVB) and 

Snæfellsnes Volcanic Belt (SVB), which are both intraplate volcanic belts, located in eastern 

and western Iceland, respectively (Thordarson and Höskuldsson, 2008). The EVZ contains 

eight volcanic systems: Vestmannaeyjar, Eyjafjallajökull, Katla, Tindfjöll, Hekla-Vatnafjöll, 

Torfajökull, Bárðarbunga-Veiðivötn, and Grímsvötn (#1–8 in Figure 1.1). About 80% of the 

eruptions in Iceland in the last 1,100 years took place in the EVZ (Thordarson and Larsen, 

2007) and four of its volcanic systems (Grímsvötn, Bárðarbunga-Veiðivötn, Katla, and 

Hekla) are the most active systems in Iceland during historical time (Thorarinsson, 1967; 
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Larsen, 2000, 2002). The NVZ contains five volcanic systems: Kverkfjöll, Fremrinámur, 

Askja, Krafla, and Þeistareykir (#9–13 in Figure 1.1), of which the latter three have erupted 

in historical time. 

 

Figure 1.1 Schematic overview of Iceland showing the locations of volcanic systems. 

Volcanic systems in the EVZ are numbered 1–8 and volcanic systems in the NVZ are 

numbered 9–13. 1) Vestmannaeyjar 2) Eyjafjallajökull 3) Katla 4) Tindfjöll 5) Hekla-

Vatnafjöll 6) Torfajökull 7) Bárðarbunga-Veiðivötn 8) Grímsvötn 9) Kverkfjöll 10) 

Fremrinámur 11) Askja 12) Krafla 13) Þeistareykir. Modified from Thordarson and 

Höskuldsson (2008).  
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1.2.1  Hekla volcano  

Hekla is a ridge-shaped stratovolcano on the west margin of the EVZ. It is the central 

volcano of the Hekla-Vatnafjöll volcanic system, which is 60 km long and 19 km wide 

(Thordarson and Höskuldsson, 2008). Morphologically, Hekla is different from all other 

volcanoes in Iceland. It is often said to look like an overturned boat: appearing as a typical 

stratovolcano when seen from southwest or northeast (along the ridge axis) but as a ~8 km 

long ridge when seen from the side (Figure 1.2a-b). Hekla is also unusual in that is has a ~5.5 

km long central fissure (Heklugjá) which extends from the southwest to the northeast 

shoulder, across the summit (Thorarinsson, 1950) (Figure 1.2c-d). This fissure is activated 

during most eruptions at the central volcano. No other central volcano has a summit fissure, 

and eruptions from the fissure swarms are generally monogenetic (Thordarson and 

Höskuldsson, 2008). 

 

Figure 1.2 View of Hekla volcano. (a,b) Hekla as seen from northeast and southeast, photos 

by M. Janebo. (c) View along Hekla fissure, photo by T. Thordarson. (d) View of active 

fissure during the eruption in 2000, photo by Á. Höskuldsson. 
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1.2.1.1  Eruptive history 

Hekla is the fourth most active volcanic system in Iceland, with more than 50 Holocene 

eruptions. The oldest known silicic eruption from Hekla is the so-called Hekla 5 (H5) 

eruption with a Volcanic Explosivity Index (VEI) of 5, which took place around 7,050 years 

ago (Thorarinsson, 1971). It deposited about 3 km3 of rhyolitic tephra over more than 60% of 

Iceland (Larsen and Thorarinsson, 1977). During the following 4,000 years, Hekla had 

another seven large eruptions. Two of the largest (VEI 6) and most famous eruptions are the 

so-called Hekla 4 (H4) and Hekla 3 (H3) eruptions. They occurred around 4,200 and 3,000 

years ago; both had volumes of about 10–12 km3 and covered over 80% of Iceland with 

rhyolitic tephra (Larsen and Thorarinsson, 1977). Other notable Hekla eruptions during this 

time were Hekla DH about 6,650 years ago, Hekla Ö about 6,060 years ago, and Hekla-S 

about 3,800 years ago (Wastegård et al., 2008; Gudmundsdóttir et al., 2011). Following the 

H3 eruption, the activity changed to more frequent, smaller eruptions, such as the Hekla-A,   

-B, -C, -N, -M, -Y, and -Z eruptions, which all ranged in volume between 0.2 and 0.7 km3 

and occurred between 950 and 550 BC (Larsen and Eiríksson, 2008b and references therein). 

Approximately 20 tephra layers are thought to have originated from Hekla between the H3 

eruption and when Iceland was settled around AD 870 and written history began (Larsen and 

Vilmundardóttir, 1992; Róbertsdóttir et al., 2002a, 2002b).  

Hekla has erupted 18 times in historical time (Table 1.1). The first, and largest, of the 

historical eruptions took place in AD 1104 and is often referred to as the H1 eruption 

(Thorarinsson, 1967). With the exception of the 15th century, Hekla has erupted at least once 

every hundred years since 1104. Following a period of increasing repose times (with five 

eruptions between 1636 and 1947), the eruption frequency increased to once every decade, 
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with eruptions in 1970, 1980, 1991, and most recently in 2000 (see Thordarson and Larsen, 

2007 and references therein).  

 
Table 1.1 Overview of historical eruptions of Hekla central volcano, modified from 

Thordarson and Larsen (2007). 

Date VEI Magma compositiona Tephra 
volume (km3)b 

Lava volume 
(km3)c 

Repose time 
(yr) 

2000 3 Basaltic Andesite 0.01 0.17 9 
1991 3 Basaltic Andesite 0.02 0.15 10 
1980–1981 3/2 Basaltic Andesite 0.06 0.12 10 
1970 3 Basaltic Andesite 0.07 0.2 22 
1947–1948 4 Andesite 0.18 0.8 101 
1845 4 Andesite 0.23 0.63 77 
1766–1768 4 Andesite 0.4 1.3 73 
1693 4 Andesite 0.3 (0.9) 56 
1636 3 Andesite 0.18 (0.5) 39 
1597 4 Andesite 0.29 (0.9) 86 
1510 4 Andesite–Rhyodacite 0.32 (1.0) 120 
1389 3  0.15 (0.5) 47 
1341 3  0.18 (0.5) 40 
1300 4 Basaltic Andesite–Dacite 0.5 (1.5) 78 
1222 2  0.04 (0.1) 15 
1206 3 Basaltic Andesite–Dacite 0.4 (1.2) 46 
1158 4 Dacite 0.33 (0.1) 53 
1104 5 Rhyolite/Rhyodacite 2 NL >230 
a Compositions based on range in SiO2 contents (Thorarinsson, 1967; Thordarson, personal 
communication), following the definitions listed in section 1.2.1.3. 
b Tephra volumes are uncompacted ‘freshly fallen’ values. 
c Volumes in parenthesis are estimated values by Thordarson and Larsen (2007). NL; no lava flow. 

 

1.2.1.2  Eruptive behaviour 

Explosive eruptions at the Hekla central volcano are considered to consist of two main types. 

Type 1 are Plinian eruptions with a magma composition that gradually decreases from 70–74 

wt % SiO2 at the start of the eruption to about 57 wt % by the end of the eruption. Type 2 are 

mixed eruptions that start with a short (minutes to hours) Plinian or subplinian opening 

phase, followed by Strombolian activity and lava flows (Thorarinsson, 1967; Thordarson and 
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Höskuldsson, 2008). H1, as well as the older H3 and H4 eruptions, were of type 1, whereas 

the more recent eruptions have all been of type 2. The higher intensity opening phase 

generally originates at the summit vent, whereas later activity involves multiple vents along 

the fissure and often focuses at one or both of the two shoulder vents (Figure 1.3). The 

exception is the eruption in 1970, during which only the southwest end of the main fissure 

opened, and the eruption was confined to radial fissures on the flanks of Hekla without any 

activity at the summit vent (Thorarinsson and Sigvaldason, 1972). 

 

Figure 1.3 Location of summit and shoulder vents on Hekla, and the approximate 

location of the fissure that opens up during explosive eruptions at the central 

volcano.  
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Several aspects of Hekla’s eruptions are of special concern. Both the volume and 

magma composition scale with repose time. The silica content of the initial magma, and 

hence the intensity of the opening phase, increases with increasing time since the previous 

eruption (Thorarinsson, 1950, 1967). The opening phases of all the historical eruptions, 

independent of size, formed sustained ash plumes, which posed a hazard especially to air 

traffic between North America and Europe (Pieri et al., 2002; Gudmundsson et al., 2008). 

Furthermore, the warning time leading into eruptions from Hekla is generally very short. 

Hekla is normally aseismic, with earthquakes occurring only during eruptions (Einarsson, 

1991; Soosalu et al., 2003). For the eruption in 2000, volcanic tremor was detected about 80 

minutes before the start of the eruption (Soosalu et al., 2005) whereas for the eruptions in 

1970, 1980–81 and 1991, it was detected less than 30 minutes in advance (Thorarinsson and 

Sigvaldason, 1972; Gronvold et al., 1983; Soosalu and Einarsson, 2002; Soosalu et al., 2003). 

Hekla has also become a popular hiking destination among tourists, and the short warning 

time thereby increases the possibility of fatalities during an eruption (Gudmundsson et al., 

2008).  

Deformation of the Hekla edifice has been measured using a range of techniques, 

such as tiltmeters (Tryggvason, 1994), EDM (Kjartansson and Gronvold, 1983), GPS 

measurements (Sigmundsson et al., 1992), borehole strainmeters (Linde et al., 1993), and 

InSAR (Ofeigsson et al., 2011). Hekla has been inflating since its most recent eruption in 

2000, and is currently inflated past the levels observed prior to the eruptions in 2000 and in 

1991 (Sturkell et al., 2006, 2013). In March 2013, micro-earthquakes (magnitude 0.4 to 1) 

were detected about 4.5 km NE of Hekla’s summit, resulting in the warning level being 

raised to ‘uncertainty phase’ and the aviation colour code to yellow, although it was 
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subsequently determined that the earthquakes were due to brittle fracture and not by moving 

magma (Global Volcanism Program, 2014).  

 

1.2.1.3  Magma reservoir and magma evolution 

The Hekla magma storage zone has been postulated to be located either at shallow depths (8 

km, Kjartansson and Gronvold, 1983; 8 km, Eysteinsson and Hermance, 1985; 9 km, 

Sigmundsson et al., 1992; 4–9 km, Linde et al., 1993; 5–6 km, Tryggvason, 1994) or at 

depths greater than 14 km (Soosalu and Einarsson, 2004; Ofeigsson et al., 2011). The most 

recent estimate (Sturkell et al., 2013) places the magma chamber at around 10 km depth or 

greater. Most studies have modelled the magma chamber as a spherical reservoir with a dike 

propagating to the surface. Soosalu and Einarsson (2004) estimated that, for a magma 

chamber located >14 km deep, magma must have ascended at rates of at least 7.8 m s-1 

during the eruptions in 1991 and 2000, for both of which strain data indicate that dike 

propagation was initiated 30 minutes prior to eruption. Based on deformation data for the 

2000 eruption, the dike feeding the central fissure extends to a depth of less than 1 km and is 

connected to the deeper magma reservoir by a narrow conduit (Sturkell et al., 2013). Sturkell 

et al. (2013) proposed that the change towards shorter eruption intervals starting in 1970 

resulted from the conduit-fill remaining liquid between eruptions, thereby requiring a smaller 

excess pressure before rupturing the crustal seal. They argue that if the conduit becomes 

frozen, a larger excess pressure, and hence a longer repose time, is required before a new 

eruption can occur.  

The magma compositions erupted from Hekla proper cover a wide spectrum: basaltic 

andesite (52–57 wt % SiO2), andesite (57–63 wt % SiO2), dacite (63–69 wt % SiO2), and 
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rhyolite (>69 wt % SiO2), whereas basalt (<52 wt % SiO2) is erupted only from the fissures 

around Hekla. Sigmarsson et al. (1992) postulated that the magma chamber is chemically 

zoned (Figure 1.4a) and that the basaltic andesite is formed by crystal fractionation of 

basaltic magma rising from depth, whereas the dacite is formed by partial melting of the crust 

due to the rising basaltic magma. Further differentiation of the dacite by crystal fractionation 

forms rhyolite, and mixing of the basaltic andesite and dacite forms andesites (Sigmarsson et 

al., 1992). Chekol et al. (2011) proposed that rather than one long-lived stratified voluminous 

magma reservoir which periodically is injected with new batches of magma, magma is stored 

in numerous smaller separate magma lenses at varying depths (Figure 1.4b). 

 

Figure 1.4 Schematic overviews of alternative models for magma storage beneath Hekla. (a) 

Model by Sigmarsson et al. (1992) of a chemically zoned magma chamber. The labels R, D, 

A, BA, and B correspond to rhyolite, dacite, andesite, basaltic andesite, and basaltic magma, 

respectively whereas H denotes the Hekla crater and V, L, and M denotes three other craters 

in the vicinity of Hekla. Contours indicate magma Th content in ppm. (b) Model by Chekol et 

al. (2011) with multiple magma lenses at different depths. Black corresponds to basaltic 

magma, and from darker to lighter shades of grey corresponds to magma compositions of 

increasing SiO2 content.  
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1.2.2  Askja volcano 

Askja is the central volcano of the Askja volcanic system, located in the NVZ. With a length 

of 200 km and an areal extent of ~2,300 km2, it is the longest and the second largest volcanic 

system in Iceland (Thordarson and Larsen, 2007). Askja volcano is situated in the 

Dyngjufjöll volcanic massif and covers an area of 45 km2, with its highest point 800 m above 

its surroundings (Thorarinsson and Sigvaldason, 1962). The foundation was built by 

subglacial eruptions (Thordarson and Larsen, 2007 and references therein). The Askja 

complex consists of three overlapping and nested calderas (Figure 1.5). The youngest, 4.5 km 

in diameter, formed following the most recent explosive eruption in AD 1875 and is 

currently occupied by Lake Öskjuvatn (Hartley and Thordarson, 2012). It is located within 

the main caldera, which is 8 km in diameter and formed during the Holocene. The main 

caldera partially overlaps an older caldera which has been filled by lava flows.  

Historical activity of Askja includes four small basaltic effusive eruptions during the 

1920’s (Thorarinsson and Sigvaldason, 1962), one large Plinian/phreatoplinian eruption in 

1875 (e.g., Sparks et al. 1981; Carey, 2008), with precursory magmatic and phreatomagmatic 

basaltic activity (Hartley and Thordarson, 2013), as well as one additional occurrence of 

phreatomagmatic activity in 1926 (Thordarson and Höskuldsson, 2008 and references 

therein). The most recent eruption, which produced only lava flows, took place on 26 

October 1961 from a 0.7 km long fissure north of Lake Öskjuvatn (Thorarinsson and 

Sigvaldason, 1962). 
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Figure 1.5 Maps of Askja area. (a) Digital elevation map of Askja area, with fissure swarms 

outlined in yellow, and water in blue. Modified from de Zeeuw-van Dalfsen et al. (2012). (b) 

Simplified geologic map of Askja (Sparks et al., 1981). 

 

1.2.2.1  The AD 1875 eruption 

The most recent explosive eruption, and only large explosive eruption of Askja in historical 

time, occurred on 29 March 1875. The eruption lasted for 17 hours and consisted of six 

phases named A to E by Sparks et al. (1981). The eruption started with small scale magmatic, 

phreatomagmatic and phreatic activity (Hartley and Thordarson, 2013), of which the deposit 

(Askja A) is confined to the caldera (Sparks et al., 1981). The main eruption started with a 

subplinian phase called Askja B, followed by Askja C, which is the only known historical 

silicic phreatoplinian eruption (Self and Sparks, 1978), and the eruption then culminated in a 

Plinian phase called Askja D (Figure 1.6). Minor phreatic activity (Askja E) from a crater, 
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now called Víti, on the north side of the caldera, followed the Plinian phase. The main phases 

(B–D) originated from three different vents within what is now Lake Öskjuvatn (Carey et al., 

2009b). Both unit C and D consist of multiple subunits (Sparks et al., 1981; Carey et al., 

2008a, 2009b). The eruption deposited about 1.8 km3 (0.321 km3 Dense Rock Equivalent 

(DRE)) of rhyolitic tephra over eastern Iceland, and ash from both Askja C and D reached 

Scandinavia (Figure 1.7) (Carey et al., 2009b).  

 

Figure 1.6 Stratigraphic log showing the main phases of the 1875 Askja eruption. From 

Carey (2008). 
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Figure 1.7 Isopach maps of the 1875 Askja deposits. (a) Isopach maps for Askja B, C and D in 

Iceland. (b) Far-distal isopach maps for Askja C and D. Adapted from Carey et al. (2009b). 

 

1.3  Eruption dynamics of Plinian and subplinian eruptions  

Explosive volcanic eruptions can be divided into two main groups: ‘dry’ eruptions driven by 

exsolution of volatiles in the magma (magmatic fragmentation) and ‘wet’ eruptions resulting 

from the interaction of magma with external water (phreatomagmatic fragmentation). 
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Eruptions from the former group are typically divided into four main eruptive styles: 

Hawaiian, Strombolian, Vulcanian, and subplinian to Plinian (Figure 1.8).  

 

Figure 1.8 Comparison of eruption styles. Adapted from Cas and Wright (1987), originally 

by Walker (1973). 

 

The styles and intensity of eruptions are linked to, and differ in, the behaviour of 

volatiles during ascent. The behaviour of volatiles is closely linked to the viscosity and 

ascent rate of the magma, and there are thus significant differences related to magma 

composition (e.g., Cashman, 2004). Hawaiian and Strombolian eruptions commonly involve 

mafic, relatively low-viscosity magmas, whereas Vulcanian, subplinian, and Plinian 

eruptions dominantly, but not exclusively, involve more evolved, higher viscosity magmas. 
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1.3.1  Processes occurring during magma ascent 

1.3.1.1  Bubble nucleation, free growth and coalescence 

Magma stored under high pressure at depth contains volatiles in solution. Solubility is 

dependent on pressure and melt composition, as well as the type (or types) of volatile species 

(Wallace and Anderson, 2000). When magma ascends, the decrease in pressure causes the 

solubility to decrease and the melt becomes saturated, resulting in volatiles exsolving and 

forming a separate phase in the form of bubbles (Sparks, 1978; Jaupart, 2000). Bubble 

nucleation can be either homogeneous (within the melt) or heterogeneous (on for example 

crystals). Homogeneous nucleation requires high supersaturation, necessitating high ascent 

rates (Mangan and Sisson, 2000; Mourtada-Bonnefoi and Laporte, 2004), whereas 

heterogeneous nucleation can occur at lower supersaturations (and thus at lower ascent rates) 

due to the lower interfacial energy between vapour and solids than between vapour and melt 

(Gardner et al., 1999). Exsolution occurs under close to equilibrium conditions in 

heterogeneous nucleation (Gardner and Denis, 2004), and under disequilibrium conditions in 

homogeneous nucleation (Mangan and Sisson, 2000). The number of bubbles that nucleate 

depends on the number of nucleation sites for heterogeneous nucleation (Hurwitz and Navon, 

1994; Gardner and Denis, 2004) and the degree of supersaturation for homogeneous 

nucleation (Mourtada-Bonnefoi and Laporte, 1999, 2002).  

Bubbles grow by diffusion of volatiles into existing bubbles and by expansion during 

ascent-driven decompression (Sparks, 1978). The growth rate depends on the volatile 

content, the diffusion rate, and the viscous resistance of the melt surrounding the bubble 

(Prousevitch et al., 1993; Toramaru, 1995; Gonnermann and Manga, 2007).  
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Bubbles enlarged by expansion and diffusion can also increase in size by merging 

with other bubbles. Bubble coalescence involves the rupturing of the melt film between 

bubbles and can result from a range of processes (see Gonnermann and Manga, 2013 and 

references therein). In silicic melts, coalescence is thought to occur when melt films between 

adjacent bubbles stretch and thin, due to bubble growth, to a thickness of 1 µm (Cashman 

and Mangan, 1994; Klug and Cashman, 1996).  

 

1.3.1.2  Outgassing 

During ascent, the gas phase may separate from the magma and gradually be removed from 

the conduit (open-system degassing), thereby decreasing the potential for the eruption to 

become explosive. In low viscosity melts, bubbles can rise by buoyancy faster than the 

surrounding melt. In higher viscosity melts, on the other hand, buoyant bubble rise is 

impeded, and bubbles remain coupled to the melt phase (closed-system behaviour), resulting 

in more explosive eruptions (Cashman et al., 2000). Outgassing can, however, occur in silicic 

magmas via permeable networks of either interconnected, coalesced vesicles (Gardner, 2007) 

or fractures in the magma caused by brittle deformation (Gonnermann and Manga, 2003). 

Lateral volatile loss has also been proposed to occur through permeable conduit walls 

(Jaupart and Allègre, 1991). 

 

1.3.1.3  Fragmentation 

Fragmentation, the process by which magma is transformed from a liquid with dispersed 

bubbles to a gas carrying pyroclasts or liquid fragments, is a key aspect of explosive 

eruptions. Several mechanisms have been proposed for magmatic fragmentation (see e.g., 
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Gonnermann and Manga, 2013). One theory is that the thin melt-films between bubbles 

ruptures, due to pressure build-up inside the bubbles, at a critical volume fraction of about 

75% vesicularity (Sparks, 1978) or alternatively around 64% vesicularity if the melt is 

sheared (Gardner et al., 1996). In two other theories, the fragmentation criterion is dependent 

on either stress or strain-rate. In the former, bubbles ruptures when the tensile strength of the 

melt is exceeded (McBirney and Murase, 1970; Alidibirov, 1994; Zhang, 1999; Spieler et al., 

2004) whereas in the latter, fragmentation occurs when bubbles grow faster than the 

surrounding melt can deform, causing the melt to cross the glass transition (Webb and 

Dingwell, 1990a, 1990b; Dingwell, 1996; Papale, 1999). 

 

1.3.1.4  Crystallisation 

Decompression and exsolution of volatiles during ascent also influence the stability of 

mineral phases, leading to crystallisation of anhydrous mineral phases and/or resorption of 

hydrous mineral phases (Rutherford and Gardner, 2000; Cashman, 2004). As the water 

content of the melt decreases, the liquidus temperature increases, the magma becomes 

undercooled and the groundmass crystallises (Couch et al., 2003; Cashman, 2004). The 

nucleation rate of crystals generally increases with increasing degree of undercooling, which 

scales with decompression rate. At low degrees of undercooling, caused by slow 

decompression, growth of existing crystals is favoured over crystal nucleation (Hammer and 

Rutherford, 2002; Couch et al., 2003; Martel and Schmidt, 2003).  
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1.3.1.5  Magma rheology 

Physical and chemical changes accompanying magma ascent change the rheological 

properties of the magma. Decreasing water content due to formation of bubbles at low 

pressures increases the viscosity of the melt (Cashman, 2004). The physical addition of 

bubbles can either increase or decrease the apparent magma viscosity depending on the 

degree of bubble deformation. Increasing the bubble fraction increases the apparent viscosity 

at low strain rates where bubbles remain spherical, but decreases the apparent viscosity at 

high strain rates where bubbles deform (Manga et al., 1998; Manga and Loewenberg, 2001; 

Rust and Manga, 2002; Llewellin and Manga, 2005).  

Addition of crystals increases the apparent magma viscosity, but the magnitude of the 

shift depends on the shape, size, number density, orientation, and spatial distribution of the 

crystals (Mueller et al., 2009). Increasing crystal content can promote shear-thinning 

behaviour and lead to fragmentation occurring at lower vesicularity (Caricchi et al., 2007). 

Interconnected networks of elongate crystals can also make the magma behave like a 

Bingham fluid with a yield strength (Gonnermann and Manga, 2013).  

 

1.4  Tephra dispersal and deposition 

In explosive eruptions, following fragmentation, a mixture of gases and pyroclasts (i.e., 

fragmented magma and/or wall rock) is ejected into the atmosphere. Subplinian to Plinian 

eruptions are characterized by mass discharge rates of 106 to 108 kg s-1 (Cioni et al., 2000), 

and the pyroclasts are transported in volcanic plumes (Cas and Wright, 1987) reaching 

heights up to 35 km (Cioni et al., 2000). 
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1.4.1  Volcanic plumes  

Volcanic plumes are divided into three regions: the gas-thrust region (or jet), the convective 

region (or buoyant) plume, and the umbrella cloud (Figure 1.9) (Carey and Sparks, 1986; 

Sparks, 1986; Carey and Bursik, 2000). In the gas-thrust region, particles rise due to their 

initial momentum, powered by the conversion of the internal energy of the rising magma to 

kinetic energy of the individual pyroclasts during fragmentation (Cashman, 2004; Koyaguchi 

and Mitani, 2005; Gonnermann and Manga, 2007, 2013). The velocities of individual 

pyroclasts are initially high, but they decelerate under gravity (Carey and Sparks, 1986). 

Commonly, the height of the gas-thrust region is less than 10% of the total eruption column 

(Wilson et al., 1978).  

The convective region is driven by buoyancy. Buoyancy is first developed by 

entrainment and heating of the surrounding air in the jet, which decreases the bulk density. 

The efficiency of mixing in the jet depends on the temperature, velocity, particle 

concentration and size distribution of the eruptive mixture (Wilson et al., 1978, 1980; 

Woods, 1988; Wilson, 1999). If not enough air is entrained and the density thereby is not 

decreased fast enough, the mixture remains denser than the ambient air, resulting in gravity-

driven column collapse and formation of pyroclastic density currents (PDCs) which are 

transported at high velocity laterally away from the vent along the ground surface (Kaminski 

and Jaupart, 2001; Sparks et al., 1978).  

With increasing height of the convective eruption column, the width of the plume 

increases, but the vertical velocity and the temperature of the eruptive mixture decrease 

(Carey and Bursik, 2000). The transition from the convective region to the umbrella region 

occurs at the point at which the plume attains neutral buoyancy (height Hb in Figure 1.9) and 
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starts to spread laterally (Carey and Sparks, 1986; Sparks, 1986; Woods, 1988; Carey and 

Bursik, 2000). Due to the upward momentum, the plume will often overshoot the level of 

neutral buoyancy (to height Ht in Figure 1.9). In the absence of wind, the umbrella region 

will spread radially, but more commonly, the umbrella cloud will propagate preferentially 

downwind. The upwind stagnation point occurs where the propagation velocity equals the 

wind velocity (Carey and Bursik, 2000). The rate of propagation is dependent on the rate at 

which the umbrella cloud receives additional material from the buoyant plume (Carey and 

Sparks, 1986).  

 

Figure 1.9 Overview of three regions of high eruption columns. Modified from Carey and 

Bursik (2000). 
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Volcanic plumes are divided into strong versus weak plumes (Figure 1.10), in which 

the upward plume speed is higher and equal to or lower than the wind velocity, respectively. 

Strong plumes develop well-formed umbrella clouds, whereas the convective portion of a 

weak plume is bent downwind, thereby lacking a clear distinction between the buoyant 

plume and the umbrella cloud (Bonadonna and Phillips, 2003). Weak plumes can be further 

divided into vigorous weak plumes, formed during the initial phase of a low-intensity 

sustained eruption, and low-energy weak plumes resulting from the ending phase of an 

eruption during which the wind field dominates and the particle concentration in the plume is 

low (Bonadonna and Costa, 2013a). 

 

Figure 1.10 Comparison of strong and weak plumes. Modified from Carey and Bursik 

(2000). 
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1.4.2  Sedimentation and pyroclastic fall deposits 

As particles are transported away from vent, they fall out from the plume and are deposited 

on the ground. Transport and deposition are governed by pyroclast size and density. 

Pyroclasts are fractionated due to gravity; those of higher mass have higher terminal fall 

velocities and are deposited closer to vent than those of lower mass. Smaller, lighter clasts 

can stay suspended in the air for days and are transported farther away from vent (Carey and 

Sparks, 1986; Bursik et al., 1992; Bursik, 1998; Bonadonna and Phillips, 2003). 

Sedimentation of particles of different size is governed by different settling laws and occurs 

under different flow conditions controlled by the particle Reynolds number (the ratio of 

momentum forces to viscous forces acting on the particle). The Reynolds number increases 

with increasing particle size and density and decreases with increasing altitude in the 

atmosphere (Bonadonna et al., 1998). Tephra sedimentation from the umbrella cloud can be 

divided into three regimes: turbulent, intermediate, and laminar fallout governed by high 

(>500), intermediate (500–0.4), and low (<0.4) particle Reynolds number respectively 

(Bonadonna et al., 1998). In addition, a fourth sedimentation regime consists of turbulent 

fallout from the plume and jet margins, but this regime is not taken into account for many 

eruptions (Bonadonna et al., 1998; Bonadonna and Costa, 2013a).  

Fall deposits decrease in both thickness and maximum clast size with increasing 

distance from vent (Pyle, 1989). The deposits characteristically consist of beds with locally 

uniform thickness that mantle the ground surface, have plane-parallel bedding and non-

erosive contacts. Rapid fluctuations in eruption intensity or shifts in wind direction result in 

beds of alternating coarser and finer grain size, and individual beds are commonly normally 
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or reversely graded reflecting waning and waxing mass discharge, respectively (Cas and 

Wright, 1987; Houghton et al., 2000). 

 

1.4.3  Volcanic ash transport and dispersal models 

The goal of volcanic ash transport and dispersal models (VATDMs) is to simulate the 

diffusion, advection, and settling of particles during explosive eruptions. A range of models 

exists, of varying complexity, from 1D and 2D empirical and analytical models to 3D 

numerical models. They are commonly based on the mass conservation equation, using either 

Eulerian or Lagrangian formulations, but vary in the simplifications and assumptions made. 

One important use of 3D numerical models is by the Volcanic Ash Advisory Centers 

(VAACs) to predict the movement of volcanic ash during explosive eruptions in order to 

divert air traffic. Examples of VATDMs, including those used by the VAACs, are listed in 

Table 1.2.  

 
Table 1.2 Examples of VATDMs. 

Model Type Reference 

FALL3D Eulerian Costa et al. (2006), Folch et al. (2009) 
VAFTAD Eulerian Heffter and Stunder (1993) 
CANERM Eulerian D’Amours (1998) 
MEDIA Eulerian Sandu et al. (2003) 
ASH3D Eulerian Schwaiger et al. (2012) 
   
MLDP0 Lagrangian D’Amours and Malo (2004), D’Amours et al. (2010) 
NAME Lagrangian Ryall and Maryon (1998) 
PUFF Lagrangian Searcy et al. (1998) 
VOL-CALPUFF Eulerian-Lagrangian Barsotti and Neri (2008), Barsotti et al. (2008)  
HYSPLIT Eulerian-Lagrangian Draxler and Hess (1998) 
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The input parameters (source terms) used in models include erupted mass, plume 

height, duration, mass eruption rate, and grain size distribution (Bonadonna et al., 2011b). 

The main differences between the models are in: 1) how they define plume dynamics (e.g., 

how plume propagation is modelled, and whether particle shape and/or particle-particle 

interaction are considered); 2) how they treat the number of released particles (e.g., the 

vertical distribution of grain size and mass, and whether particles are modelled individually 

or in bulk); and 3) how the weighting of total grain size distribution is done (e.g., using a set 

input value, or is randomly or probabilistically determined). 

 

1.5  Motivation for research 

One of the main hazards from powerful explosive eruptions is to air traffic (Miller and 

Casadevall, 2000). Fine ash can stay suspended in the atmosphere for days and be transported 

long distances (Casadevall and Krohn, 1995; Schneider et al., 1995). Possible impacts 

include abrasion of aircraft exterior surfaces and damage to the engines, potentially leading 

to engine shut-down (Miller and Casadevall, 2000). Presently, nine regional VAACs are 

responsible for monitoring volcanic ash hazards and providing a link between traffic control 

centers, volcano observatories, and meteorological watch offices.  

Although significant advances have been made in terms of the sophistication of 

dispersal models, the accuracy of their forecasts is limited by the quality of the input 

parameters specifying the eruptive source. Mastin et al. (2009a, 2009b) attempted to assign 

realistic source parameters to future eruptions. They assigned source parameters to each 

volcano based on its previous activity, to be used as default values for future eruptions, and 

to be revised as new parameters become available. The default parameters were defined 



49 
 

using a compilation of well-characterized historical eruptions for which volume, mass 

eruption rate and plume height had been determined. Only 16 of the 34 eruptions included 

also had total grain size distribution (TGSD) data (Mastin et al., 2009b). Furthermore, the 

TGSDs had been reconstructed using different methods, and the results are therefore not 

readily comparable (see section 2.7.4.). Of the 16 eruptions, only three used the Voronoi 

Tessellation technique, which has been shown to be the most robust method (Bonadonna and 

Houghton, 2005) of calculating TGSDs. 

An international workshop held following the 2010 Eyjafjallajökull eruption, which 

caused unprecedented economic impact (Mazzocchi et al., 2010) out of proportion to the size 

of the eruption, concluded that improvement of the source terms, especially TGSD, is 

necessary for improving strategies for tephra forecasting (Bonadonna et al., 2011a, 2011b). 

The work for this dissertation will add new TGSD data for six eruptions determined using a 

consistent methodology, thereby more than doubling the global data set and enabling the 

relationship between eruption intensity and TGSD to be better investigated.  

The rationale for focusing on eruptions from Hekla and Askja is twofold: 1) future 

eruptions from Hekla (and other Icelandic volcanoes) are likely to pose a hazard to 

international air traffic, and source parameters (excluding TGSD) have been determined only 

for eruptions covering a small range of the possible eruptive behaviour of Hekla; 2) the Askja 

1875 eruption is one of the largest historical eruptions in Iceland, and all eruption source 

parameters, with the exception of TGSD, have been determined by a previous study (Carey et 

al., 2009b). The Plinian phase of the Askja 1875 eruption provides a ‘worst case scenario’, 

whereas the selected eruptions from Hekla make an excellent addition to the very limited 

existing data set.  
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C H A P T E R  2  

Methodology 

This chapter reviews the different methods used in this dissertation, from field and laboratory 

practices to analytical techniques and numerical methods. 

 

2.1  Field work 

Field work for Askja was carried out during four days in summer 2012. The Askja B deposit 

was sampled for grain size analysis at 96 closely spaced locations (Figure 2.1) in the 

proximal to medial field. Samples were collected with the intention of supplementing the 

existing grain size data from Carey (2008). Care was taken to minimize the amount of 

contamination by the overlying Askja C ash. At each location, the thickness of Askja B was 

also measured. 

 

Figure 2.1 Locations of new Askja B samples shown by red circles. Sample locations from 

Carey (2008) are shown in yellow. The location of the Askja B vent inside Lake Öskjuvatn is 

marked ‘B’. North is towards the top of the figure. 
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Field work for Hekla was carried out during four summers in 2011–2014, using the 

isopach maps by Thorarinsson (1967) (Appendix A) as a starting point. In total, 324 new 

locations with thickness measurements (Figure 2.2) were added in order to produce new and 

more complete isopach maps for the Hekla 1104, 1300, 1693, and 1766 eruptions, and to 

revise the Larsen (1992) isopach map for the Hekla 1158 eruption (see Chapter 3).  

 

Figure 2.2 Locations of new Hekla tephra pits in Iceland shown by red dots. The location of 

Hekla is indicated by the black star. White regions are glaciers and north is towards the top of 

the figure.  
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At each location, multiple pits were dug to ensure that the thicknesses are 

representative, and stratigraphic logs were constructed. Samples were collected at 287 of the 

locations and brought back to the laboratory for analysis. At all locations where the tephra 

was coarse grained, maximum lithic clast size (ML) was measured by taking the average of 

the three principal axes of the five largest clasts. The eruption in 1158 was not specifically 

targeted, but thickness measurements were taken wherever the 1158 deposit was present. 

The number of tephra layers within an individual stratigraphic section ranged from 

two to over 15, and sometimes positive identification of all tephra layers was difficult. Hekla 

is the only volcano in the region to have had a large silicic eruption since Iceland was settled 

(the 1104 or so-called H1 eruption), and the eruptions since then have been more mafic in 

composition. The H1 eruption and of the preceding large Hekla eruption (the so-called H3 

eruption from around 3000 years ago), however, have very similar magma composition and 

physical appearance and can therefore be hard to distinguish in the field. The smaller 

eruption from Hekla in 1158 also produced a white to beige silicic tephra. Its dispersal is 

much more limited than H1 and H3, and it is chemically different, but it can be difficult to 

distinguish from H1 in the field where only one of them is present. 

Hekla’s andesitic tephras range in colour from pale to dark grey pyroclasts and often 

have a characteristic steel blue sheen. Of the historic Hekla eruptions, the 1300 tephra is one 

of the most distinctive, due to a significantly higher abundance of red wall rock lithics. Hekla 

1300 tephra can, however, be difficult to distinguish from the Hekla 1206 tephra in the field, 

but the two have different magma composition and the dispersal of the 1300 tephra is to the 

north while the 1216 tephra is to the east. The 1693 and 1766 deposits have also very similar 

appearance and can be impossible to tell apart, especially when only one of them is present. 
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2.1.1 Marker units in the stratigraphic record 

Each volcanic system in the EVZ (as well as the other volcanic zones) has produced deposits 

that differ in properties, such as chemical composition and hence colour, and thereby can be 

distinguished in the stratigraphic record. Eruptions from the other volcanoes in the area, and 

other eruptions from Hekla than the five investigated in this study, can therefore serve as 

marker units. 

The most important maker unit is the so-called Settlement Layer (Landnám tephra), 

which can be found over most of Iceland. It consists of a lower silicic layer (0.4 km3), 

originating from Torfajökull volcano (Larsen, 1984), and an upper mafic layer (~5 km3) 

formed by a phreatoplinian eruption at the Vatnaöldur fissure in the Bárðarbunga-Veiðivötn 

volcanic system (Larsen, 2005). The Settlement Layer has been dated to AD 871 ±2 years 

(Grönvold et al., 1995) and commonly overlies one to three consecutive pre-historic Katla 

layers (Figure 2.3a).  

For the mafic Hekla deposits, Katla provides some of the most important marker 

units. The basaltic Katla tephras, resulting from phreatomagmatic eruptions within the 

Mýrdalsjökull ice cap (Larsen, 2010), have a very characteristic black colour. The high 

eruption frequency, with at least 20 historical eruptions (Larsen, 2000; Thordarson and 

Larsen, 2007), means that Katla and Hekla tephras often occur in easily recognisable pairings 

or clusters. Some examples are Hekla 1693-Katla 1721-Hekla 1766, and Katla 1500-Hekla 

1510 (Figure 2.3b). Other important marker units from Katla are Eldgjá 938—

stratigraphically located between the Settlement Layer and H1 (Figure 2.3a)—and the 1918 

eruption, which is the most recent explosive eruption.  
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In north-eastern Iceland, the most useful maker unit is a distinct greyish black basalt 

tephra (also known as the “a” layer) from the 1477 Veiðivötn phreatoplinian eruption (Figure 

2.3c). It is one of the largest known Icelandic eruptions and deposited about 10 km3 of 

basaltic tephra (Larsen and Gudmundsson, 2014) over the eastern half of Iceland. 

 

Figure 2.3 Photos of important tephra markers, separated by soil layers in brown. (a) The 

Settlement Layer overlying three prehistoric ash layers from Katla volcano, and the Eldgjá tephra 

between Hekla 1104 (H1) and the Settlement Layer. (b) The Hekla 1693-Katla 1721-Hekla 1766 

tephra sequence, and the Katla 1500-Hekla 1510 tephras. (c) The 1477 Veiðivötn “a” layer. 
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2.2  Grain size analysis 

2.2.1  Sieving 

The grain size distributions was analysed using traditional dry sieving techniques, which 

utilizes a stack of sieves with decreasing mesh size down the stack. The size fractions follow 

a logarithmic scale where ϕ = -log2(d) and an increase of one phi (ϕ) thus corresponds to a 

50% decrease in particle diameter (d).  

All the samples were dried at 110° C for a minimum of 24 hours and then cooled to 

room temperature. They were then sieved to 4 ϕ (63 μm) in ½ ϕ intervals, and the weight of 

each size fraction was recorded to ±0.01 g or ±0.0001 g depending on the original mass of 

the sample. The majority of the coarser samples from Hekla were sieved in the field down to 

-3 ϕ (8 mm). A moisture correction (calculated for each sample from the ratio of dry weight 

to wet weight for the part of the sample analysed in the lab) was applied to the field-sieved 

fractions in order to be able to combine them with the dried lab sieved fractions. The 

assumption is made that the moisture content is constant across all size fractions. Histograms 

were constructed for the weight percent of material in each size fraction. The 5, 16, 50, 84 

and 95 percentile values from the cumulative weight percent were used to calculate the 

Inman (1952) parameters median diameter (Mdϕ) and graphical standard deviation (σϕ), and 

the Folk and Ward (1957) parameters graphic mean (Mz) and inclusive graphic standard 

deviation (σI) for which: 

𝑀𝑀𝜙  =  ϕ50 

𝜎𝜙 =  
ϕ84 −ϕ16

2
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𝑀𝑀 =
ϕ16 +ϕ50 +ϕ84

3
 

𝜎𝐼 =  
ϕ84 −ϕ16

4
+  
ϕ95 −ϕ5

6.6
 

Mdϕ and Mz are both measures of the median diameter of the sample. The median 

diameter is indicative of the relative eruption intensity, i.e., increasing intensity results in 

larger particles being transported farther away from the source. Hence, at a specific location, 

assuming a vertical eruption column, the coarsest stratigraphic unit corresponds to the 

maximum intensity phase of an eruption, and the waxing and waning (i.e., increasing and 

decreasing intensity) of an eruption results in reversely or normally graded deposits, 

respectively. σϕ and ϕI are measures of the degree of sorting. For pyroclastic deposits, σϕ 

values of 0–1 are considered very well sorted, 1–2 well sorted, 2–4 poorly sorted, and >4 

very poorly sorted (Cas and Wright, 1987).  

 Grain size data are often presented on plots of σϕ against Mdϕ. On these plots, 

deposits resulting from different eruption styles and modes of transportation can be 

distinguished. Fall deposits, surge and flow deposits, for example, often plot in different 

fields (Figure 2.4). There is some overlap between the different fields, and grain size 

characteristics are therefore not necessarily a unique criterion for categorising deposit types. 

Grain size data are, however, a useful tool for characterising different units within an 

eruptive sequence, for example, from successive explosions of different intensity (Wilson 

and Houghton, 2000). Grain size characteristics can also be used to distinguish between dry 

and wet fall deposits. The former is generally coarser and better sorted than the latter.  
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Figure 2.4 Plot of sorting (σϕ) versus median grain size (Mdϕ), with fields corresponding to 

pyroclastic fall and flow deposits outlined in black solid lines and grey dashed lines 

respectively. Modified from Walker (1971). 

 

2.2.2  Fine particle analysis 

Traditional sieving techniques are normally used only to analyse particles larger than 4 ϕ (63 

μm). For many eruptions, the proportion of material smaller than 63 μm is negligible and can 

be treated as a combined (or stacked) size fraction containing everything <63 μm. Very fine 

grained deposits, however, require the use of alternative techniques to analyse the <63 μm 

fraction. The three main techniques commonly used are sedimentation, electrozone sensing, 

and laser diffraction (Rawle, 2003). The sedimentation technique is based on Stokes Law 

(larger particles settle faster than smaller particles), and the size distribution of particles is 

determined from the settling velocities of the particles through known liquid conditions 

(Rawle, 2003). With electrozone sensing, often referred to as Coulter Counting, the size 

distribution is determined by flowing a dilute suspension of particles through an opening in a 

glass vessel, while applying a voltage across it and measuring the resulting capacitance 
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change (Rawle, 2003). With laser diffraction, the size distribution is determined by 

measuring the diffraction angle resulting from interaction of light with a particle, utilizing the 

principle that diffraction angle is proportional to particle size (Rawle, 2003). Each method 

has its advantages and disadvantages, and independent of which method is used, some 

assumptions have to be made when combining the data with sieving. 

For this dissertation, fine particle analysis of Askja samples was done using the 

sedimentation technique, whereas laser diffraction was used for Hekla samples. Eight 

selected Askja B samples, split after 3 ϕ (125 µm), were analysed using a SediGraph III at 

the University of Iceland in Reykjavik, Iceland. The liquid used was a mixture of 60% 

glycerine in water, with a density of 1.1456 g cm-3 and viscosity of 6.1682 MPa s. The 

sample density used was 2.350 g cm-3. Changes in the concentration of suspended particles 

during settling were detected using an X-ray beam. The output was binned in ½ ϕ intervals 

from 3 to 10 ϕ (125 µm to 1 µm), and merged with the sieving data by applying the size 

distribution of the analysed fraction to the material finer than 125 µm in the original sample 

(i.e., the sum of the fractions <125 µm was scaled to equal the wt % <125 µm of the original 

total sample). The overlapping range from 125 to 63 µm was used to evaluate the agreement 

of the sedigraph data with the sieve data. The main limitations of the sedigraph data are that 

Stoke’s Law is only valid for spherical particles, and it assumes that all particles have the 

same density (Rawle, 2003). Irregularly shaped particles will settle slower than the 

equivalent spherical particles, which results in underestimation of their sizes.  

A total of 104 Hekla samples (29 from 1104, 28 from 1300, 16 from 1693, and 31 

from 1766), split after 0 ϕ (1 mm), were analysed using a Malvern Mastersizer 3000 at the 

Central Analytical Research Facility at the Queensland University of Technology in 
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Australia. The average result of four or five analyses was used for each sample, to maximize 

the number of particles measured and to ensure that the measurements were representative. 

The Mastersizer converts the measured volumes to the diameter of a sphere of equivalent 

volume, and the results were reported as vol. % distribution over 101 size classes from 3500 

to 0.01 µm, at a bin interval of 0.1842 ϕ. Assuming that the density is constant over the size 

range analysed, the volume distribution is equivalent to mass distribution. The distribution 

was rebinned into consistent standard ½ ϕ intervals, assuming that the percentage varies 

linearly over each bin interval. The Mastersizer data were scaled to the sub 0 ϕ fraction (<1 

mm) of the original sample.  

The agreement of sieve and Mastersizer data was evaluated by comparing the two 

cumulative wt % curves. For the majority of the samples, the overlapping size fractions 

aligned very well. For less than a third of the samples, however, the two curves had similar 

shape but were displaced along the x-axis such that the Mastersizer data were displaced 

toward smaller or larger size fractions than the sieve data. An explanation for this is that the 

two methods determine particle size differently. Sieving measures the intermediate axis of 

grains, whereas the Mastersizer reports size in terms of the diameter of an equivalent sphere 

with the same volume, as determined from the cross-sectional area with which the beam 

interacts. For grains that are not spherical, the Mastersizer therefore yields apparent sizes that 

are larger or smaller than the intermediate axis, depending on how the analysed grain is 

oriented.  

The sieve data were deemed to be more reliable than the Mastersizer data. 

Consequently, the Mastersizer data were corrected to align with the sieve data. The size 

fraction at which the sieve and Mastersizer data was merged was picked for each individual 
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sample to give a smooth overlap, both in terms of the wt % distribution and the cumulative 

wt %, thereby minimizing the residual when the two data sets were merged. For a few 

samples with small total mass (<5 g) and all grains were <1 mm, the sample was fully 

characterized by the Mastersizer data and no merging of data sets were necessary. 

 

2.2.3  Deconvolution of polymodal grain size distributions 

Tephra fall deposits should theoretically have a unimodal grain size distribution on 

histograms of wt % material against size fraction (using the phi scale). Bimodal distributions 

can, however, result from, for example, synchronous deposition of co-PDC ash (Eychenne et 

al., 2011; Engwell et al., 2014; Engwell and Eychenne, 2015;). Most of the Askja B samples, 

as well as some of the Askja D samples, have a bimodal grain size distribution due to 

contamination by the Askja C phreatoplinian ash. This contamination is caused partly 

because of the finer grains from Askja C filling the interstitial gaps between the coarser 

grains of the underlying Askja B deposit, and partly from Askja C being sampled together 

with Askja B.  

The free software program DECOLOG 5.0 (Borselli and Sarocchi, 2004) was used to 

separate the two grain size populations, herein referred to as SP1 and SP2. The program 

determines the two individual probability density functions (PDFs), for which the combined 

result for both the PDF and the cumulative distribution function (CDF) is the best fit to the 

original distribution (Borselli and Sarocchi, 2004). The program can solve for either log-

normal or Weibull distributions and allow subpopulation distributions with only positive 

skewness (right tailed) or both positive and negative skewness (left tailed).  
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The requirements to run the deconvolution are that the input distribution, given as 

mass fraction, sums to one and is bracketed by two empty bins on both sides. Because the 

program can only read discrete ϕ values, the deconvolution was run with all the <63 µm 

material as pseudo 4.5 ϕ (44 µm). Consequently, if a significant portion of the material is in 

this stacked bin, the finer mode subpopulation will be fit to this artificial peak and thereby 

solve for a more narrow and exaggerated peak than the likely true second peak. Fine particle 

analysis of the <63 µm material is necessary to properly resolve the finer mode. In this case, 

however, the finer mode has no scientific value, because the subpopulation resulting from the 

contamination by Askja C does not represent the true distribution of Askja C. Furthermore, 

the relative size of the two original peaks is only a function of how much Askja C material 

had infiltrated the Askja B deposit and was sampled together with it. 

For the purpose here, the only interest is in the Askja B subpopulation (i.e., the 

coarser peak) and the fit to the finer peak is not critical. The caveat is that the peak 

assignments do affect the mass distribution between the two peaks, but since grain size data 

are reported in terms of wt %, the actual mass assigned to each peak is irrelevant. The 

assumption is made that as long as the fit to the coarser peak is good, changing the fit to the 

finer peak does not influence the results for the coarser peak. This assumption was tested (see 

Appendix B for details) by deconvolving a set of samples, representative of the range of 

original distributions observed, several times, either with a stacked 4.5 ϕ bin or with the <63 

µm data resolved. For each sample, the deconvolution was run twice using either a Weibull 

function or a log-normal distribution. The resulting subpopulations were compared in terms 

of fit to the original mass distribution, as well as their resulting distribution in wt %. For the 

tested samples, inclusion of the fine particle data generally resulted in a narrowing of the 
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coarse peak, and the biggest effect was in defining the fine tail for the coarse peak, 

independent of distribution type used. With regard to the fit to the original distribution, the 

Weibull function appeared more sensitive to the addition of fine size fractions. The best, 

most robust results for the Askja B subpopulation was achieved using a log-normal 

distribution with the Akaike information criterion and allowing for negative skewness. 

The raw output from DECOLOG is given as the individual ’logPDF’ and ’logCDF’ 

of the subpopulations and the global ’PDFsum’ and ’CDFsum’ of the reconstructed total 

modelled sample over the phi range of the original sample. The integral of the global PDF 

curve equals one, and, in theory, the integral of the individual PDF curve corresponds to the 

fraction of the total material assigned to that population. From this, the mass distribution 

within each subpopulation can be calculated from: 

𝑀𝑖  = 𝑀𝑇(logCDF𝑖 − logCDF𝑖−1)  

where i equals the bin (or step interval) number, MT equals the total sample mass, and Mi 

equals the mass in bin i. Similarily, the mass fraction MX for bin i corresponds to:  

𝑀𝑋𝑖 = (logCDF𝑖 − logCDF𝑖−1) logCDF𝑛⁄  

where n is the total number of bins. 

With a few exceptions, SP1 corresponded to Askja B and SP2 to Askja C contaminant. 

The number of bins, and the interval size between bins, however, are not consistent from one 

sample to another. The calculated mass fractions were rebinned into consistent standard ½ ϕ 

intervals assuming that the percentage varies linearly over each bin interval. 

The deconvolution results are evaluated automatically in terms of three fitting 

statistics: the coefficient of determination (R2), the model efficiency coefficient (EF), and the 
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Kolmogorov-Smirnoff difference (Ks). EF is a measure of the quality of the results with a 

value of 1.0 corresponding to perfect fitting of the model, whereas Ks (value 0.0 to 1.0) is a 

measure of the maximum difference between the observed and computed CDF (Borselli and 

Sarocchi, 2004). These fitting statistics, however, only compare the fit of the combined 

modelled PDF and CDF. They are only measures of the overall agreement between the 

model output and the raw data (Figure 2.5) and do not take into account the fit of the 

individual subpopulations. For the use herein, the fit to the Askja B peak was deemed most 

important. The deconvolution results therefore had to be evaluated further by visual 

inspection, comparing the modelled coarse peak to the original sample, both in terms of 

shape and mass distribution (Figure 2.6). Only samples deemed to have a sufficiently good 

fit, which were unlikely to be significantly altered if the deconvolution was repeated with the 

<63 µm fraction resolved, were used in further analysis. 

 

Figure 2.5 Comparison of modelled PDF and CDF in black with original sample in grey. 
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Figure 2.6 Evaluation of deconvolution results for Askja B peak through comparison of mass 

distribution between original sample in grey line and modelled coarser subpopulation with 

log-normal (LN) distribution in black. For comparison, the modelled Weibull (W) 

distribution is shown in red dashed line. 

 

2.3  Componentry analysis 

Componentry analysis was used to characterize the Hekla deposits in detail. The relative 

abundance of components yield information about the fragmentation processes, and the mass 

ratio of juvenile to lithics clasts records changes in intensity over the course of an eruption.  

For these Hekla eruptions, the juvenile material was divided into componentry groups 

based on colour, vesicle size and abundance, and clast morphology, and the lithic component 

was divided based on colour only (red, grey, and mixed lava fragments). The Hekla 1104 and 

1158 deposits both contain white, grey, and banded microvesicular pumice. The Hekla 1693 

and 1766 deposits contain grey to brown microvesicular pumice, macrovesicular pumice, and 
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scoria. The Hekla 1300 deposit contains the same juvenile types as the eruptions in 1693 and 

1766, with the addition of a more angular and denser group. 

Componentry analyses were done for all clasts >8 mm in diameter from all the 

samples that were sieved in the field. The juvenile material and lithics were divided by hand 

and their weights recorded to ±0.01 g using a field scale.  

For the Hekla 1158 eruption, a more comprehensive componentry study was done on 

the grain size samples from location H12-108 (64° 1.466’ N, 19° 36.080’ W). Rather than 

classifying a set number of grains, or a specific mass from each size fraction, all grains larger 

than 2 mm in diameter were categorized. For the smaller size fractions, the division was done 

using forceps under a binocular microscope. The componentry groups at each discrete size 

fraction were weighed on an analytical scale to ±0.0001 g. The componentry data for the fine 

and coarse size fractions were combined using the same splitting and moisture corrections as 

for the original grain size sample. The results, and interpretation, for the 1158 eruption are 

reported in Chapter 6. 
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2.4  Density and bulk vesicularity 

Samples for density analysis were collected for all five Hekla eruptions at the location where 

each deposit was the thickest (Table 2.1). 

 
Table 2.1 Locations of density samples. 

Eruption Site number Latitude Longitude 

Hekla 1104 H14-005 64° 3.482’ N 19° 46.432’ W 
Hekla 1158 H12-108 64° 1.466’ N 19° 36.080’ W 
Hekla 1300 H11-011 64° 5.335’ N 19° 38.616’ W 
Hekla 1693 H12-133 64° 3.494’ N 19° 46.393’ W 
Hekla 1766 H12-133 64° 3.494’ N 19° 46.393’ W 

 

In order to investigate changes over time, multiple samples, each consisting of 

approximately 125 juvenile clasts with diameters of 16–32 mm, were collected over 

successive stratigraphic intervals. Density measurements were conducted on the 100 largest 

clasts from each sample, with the exception of the Hekla 1300 deposit, for which only one 

sample from unit D, consisting of 230 clasts, was collected and analysed. Each clast was 

either coated with a water repellent spray or wrapped in polyethylene film, and the dry (in 

air) and wet (immersed in water) weights (ω) recorded to ±0.01 g (Houghton and Wilson, 

1989). The density (ρ) of the clast was calculated based on water displacement using 

Archimedes’ Principle following: 

𝜌𝑐 =
𝜔𝑐air

𝜔𝑐air −  (𝜔𝑐𝑐water −  𝜔𝑐water) 

where subscript c indicates clast and s indicates wax film. A dense rock equivalent (DRE) 

value of 2350 kg m-3 was used when converting from measured density to density-derived 

vesicularity (φ) according to: 
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𝜑 =  �1 −
𝜌𝑐

DRE
� × 100 

The results for the Hekla 1158 eruption are reported in Chapter 6. 

 

2.5  Textural analysis 

Qualitative and quantitative analysis of textures of pumice clasts is an important method for 

studying conduit processes. The vesicle abundance and size distribution in pumice provide a 

snapshot of the vesiculation state at the time of quenching, yielding information regarding, 

for example, the relative rates of vesicle nucleation and free growth, and the roles of vesicle 

coalescence and outgassing (Cashman and Mangan, 1994; Mangan and Cashman, 1996). 

For the Hekla 1158 study (Chapter 6), thin sections were made of 27 white and grey 

pumice clasts, distributed over all density samples. For the white pumice, the clasts chosen 

were representative of the modal, maximum, and minimum density for each sample. One pair 

of white and grey clasts from each sample was chosen for detailed textural analysis. In 

addition, one of the maximum (~85%) vesicularity white clasts was also analysed.  

Images for each polished thin section were collected using a JEOL-5900LV scanning 

electron microscope (SEM) at the University of Hawaiʻi at Mānoa. The vesicle population 

spans several orders of magnitude in size. In order to analyse accurately a representative 

number of vesicles of all sizes, images were collected at four different magnifications (25, 

100, 250, and 500) forming a nested structure of overlapping images, with increasing 

number of images at each magnification level to account for the decreasing area captured 

within one image (see Figure 2.7). The optimal nest structure is dependent on the 

heterogeneity of the vesicle population. For the Hekla 1158 clasts, three nests, each 
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consisting of 11 images, were collected for the white pumice, whereas three nests of 15 

images each were collected for the grey pumice, according to the nest structures shown in 

Figure 2.8. All images were collected in back-scattered electron (BSE) mode and at 15 kV 

accelerating voltage and 1 nA beam current. In this mode, vesicles appear dark grey to black, 

whereas glass and crystals are different shades of grey, corresponding to differences in 

chemical composition; lighter shades are phases with higher average atomic number. All 

images have a resolution of 254 dpi, corresponding to scales of 252, 1000, 2520, and 5040 

pixels per mm for the four magnifications levels respectively. Each thin section was also 

scanned, using a flatbed scanner with 1,200 dpi resolution (equivalent to 4.5 magnification 

with a scale of 47.2 pixels per mm) in order to capture the largest (mm-sized) vesicles. 

 

Figure 2.7 Example of scanned thin section with nested BSE images captured at four magnifications. 

 



69 
 

 

Figure 2.8 Overview of nest structure used for (a) white pumice and (b) grey pumice. 

 

The scan and all images from two of the three nests were manually rectified using 

Adobe Photoshop. All images were turned binary, with vesicles drawn in black and glass in 

white. For clasts containing phenocrysts or micro-phenocrysts, a second version of the image 

was drawn with the crystals in grey. All melt films between adjacent vesicles were reinforced 

to a minimum width of three pixels, and any vesicle walls broken during thin section 

preparation where redrawn. In addition, all images were manually “decoalesced” by adding 

bubble walls to separate coalesced vesicles, in order to capture the vesicle distribution as it 

was immediately before the latest stage of bubble coalescence preceding fragmentation (Klug 

and Cashman, 1994). 

All images were analysed using the ImageJ software (Schneider et al., 2012). The 

mean grey scale value was measured to calculate the bulk image vesicularity. The number of 

bubbles and the area of individual bubbles were measured to determine the vesicle number 

density and vesicle size distribution. The total crystal content, in terms of percentage area of 

each image, was also calculated using ImageJ in order to correct the melt volume for crystal 

content. 
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The sizes of all measured vesicles were recalculated in terms of the equivalent 

diameter of a circle with the same area and distributed into geometric bins where each size 

class is 100.1 times larger than the preceding size class. There is some overlap between each 

magnification level (i.e., a specific vesicle size range is measured in more than one 

magnification). The cut-off point between magnification levels was chosen to minimize the 

change in number of vesicles per reference area across magnifications. In order to compare 

the results with other published studies, a lower limit of 4 μm (corresponding to 2020 and 

1010 pixels in the 500 and 250 magnification images respectively) was chosen for the 

vesicles included the vesicle distribution, although all clasts analysed from the Hekla 1158 

deposit contain vesicles smaller than 4 μm.  

Two forms of vesicle number density (VND) were calculated, the areal vesicle 

number density (NA) corrected for the presence of phenocrysts, and the volumetric vesicle 

number density (NV). The conversion from 2D vesicle area to 3D vesicle volume was 

performed using the stereological approach by Sahagian and Proussevitch (1998). The 

method takes into account the fact that not all vesicles are intersected at their midpoint and so 

are larger than they appear from their apparent cross-sectional area (Sahagian and 

Proussevitch, 1998). The intersection probability is accounted for via a conversion 

coefficient (α). An extended series of α-values for 32 size classes (calculated by K. Cashman) 

based on the original 12 α-values from Sahagian and Proussevitch (1998), were used to 

quantify the vesicle sizes. To account for the volume occupied by the vesicles themselves, 

and thereby avoid misleading number densities, NV was referenced to melt volume (NVm). 

The assumptions made when calculating VNDs generally lead to the image-derived 
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vesicularity being different from the measured bulk vesicularity. The image-derived 

vesicularity was therefore scaled to the measured bulk vesicularity. 

 

2.6  Glass chemistry 

Electron Probe Micro-Analysis (EPMA) on selected Hekla tephra samples were carried out 

using the JEOL 8200/8500 electron microprobe at the University of Hawaiʻi at Mānoa, with 

an acceleration voltage of 15 kV, a 5 nA beam current and a beam diameter of 3–8 μm. One 

to five point analyses were performed on five to 20 grains per tephra sample. The standards 

used are listed in Table 2.2.  

 
Table 2.2 Standards used for EPMA analysis of selected Hekla tephra samples. 

Standard Elements 

Garnet, Verma (Mn) Mn  
Sphene glass Ti 
Albite, Amelia Na 
Orthoclase (OR-1) K 
Fluor-apatite USNM 104021 P, Cl 
Glass, VG-2 USNM 111240/52 Fe, Mg 
Synthetic Glass (STG-56) with 56 wt % Si Ca ± Si a 
Synthetic Glass (STG-80) with 80 wt % Si Al ± Si a 
Troilite FeS (Staunton Meteorite) S 
a For each sample, the standard with the Si content closest to the expected result was used for Si. 

 

STG-80 was used for Si standard for the rhyolitic and dacitic samples, whereas STG-

56 was used for the andesitic samples. These two standards were also analysed after every 

five tephra grains to check for potential instrumental drift. Slight decrease and increase was 

observed in the Si measurements over each day and night, respectively. The drift, however, 
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corresponded to ±0.5 to 2%, sufficiently small for the purposes herein that no drift correction 

was necessary. All analyses with sums below 95% were discarded.  

The major element geochemistry of the tephra samples was determined for two sets 

of samples: reference samples of each of the 1104, 1158, 1300, 1693, and 1766 tephras, and 

unknown samples from multiple locations. The purpose was two-fold: 1) to increase the 

number of analyses of known Hekla eruptions for future studies, and 2) as an alternative 

method of identifying tephra layers in locations where sufficient marker units did not exist, 

and positive identification could not be obtained in any other way. The results are not 

reported in any of the chapters of this dissertation but are listed in Appendix C.  

 

2.7  Determining eruptive parameters 

Volcanic eruptions are usually characterized in terms of their dispersal (i.e., the deposit area 

and the rate of thinning and fining of the deposit), volume, plume height, and discharge rate. 

Different classification schemes utilize differences in dispersal (Walker, 1973) or plume 

height and mass eruption rate (Bonadonna and Costa, 2013b) to distinguish between, for 

example, subplinian, Plinan, and ultraplinian eruptions. These parameters, as well as the 

duration and total grain size distribution, are also used as source terms in several tephra 

dispersal models such as the ones used by the Volcanic Ash Advisory Centers for ash 

forecasting. Many eruptive parameters cannot be directly measured and are instead derived 

from field and laboratory analyses. The following sections give a detailed overview of the 

various methods commonly used to determine eruptive parameters.  
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2.7.1  Volume  

Eruptive volume is one of the main parameters used to describe eruptions. A range of 

methods have been used to estimate deposit volumes from isopach maps, such as integrating 

the best fit curve on semi-log plots of thickness against isopach distance (Thorarinsson, 1954, 

1967; Larsen and Thorarinsson, 1977) or on log-log plots of thickness versus isopach area 

(e.g., Walker, 1981b).  

Pyle (1989) suggested that the exponential decrease in deposit thickness with distance 

away from vent is best described using a semi-log plot of thickness of the deposit against 

square-root of area. On this plot, the best fit exponential plots as a straight line with the 

equation 

𝑇 =  𝑇0exp �−𝑘√𝐴� 

where T0 is the maximum deposit thickness (T intercept) and k is the slope of the line. The 

volume (V) of the deposit is obtained by integrating over the area of the deposit and, for 

circular or elliptical isopachs, can be simplified as: 

𝑉 =  13.08𝑏𝑡𝑇0 

where bt is the thickness half distance (i.e., the distance over which the thickness decreases 

by 50%) calculated from: 

𝑏𝑡 =  ln (2)
�𝑘√𝐴��  

For many deposits (e.g., Sarna-Wojcicki et al., 1981; Fierstein and Hildreth, 1992; 

Hildreth and Drake, 1992), the thinning is better described by using multiple line segments of 
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different slopes. For deposits where the thinning is described by two segments (i.e., one 

inflection point), Fierstein and Nathensen (1992) proposed the more general formula: 

𝑉 =  
2𝑇0
𝑘2

+ 2𝑇0 �
�𝑘1𝐴𝑖𝑖

1/2 + 1�
𝑘12

−
�𝑘𝐴𝑖𝑖

1/2 + 1�
𝑘2

� 𝑒𝑒𝑒�−𝑘𝐴𝑖𝑖
1/2� 

where T0 is the maximum thickness for the first segment (near-vent region), –k  and –k1 are 

the slopes of the first and second segment (distal region) respectively, and Aip is the area 

value at the inflection point between the two segments. Bonadonna and Houghton (2005) 

extended the formula further to include any number of segments: 

𝑉 =  2𝑇10
𝑘12

+ 2𝑇10 �
(𝑘2𝐵𝐵1+1)

𝑘22
− (𝑘1𝐵𝐵1+1)

𝑘12
� exp(−𝑘1𝐵𝐵1)  +

2𝑇20 �
(𝑘3𝐵𝐵2+1)

𝑘32
− (𝑘2𝐵𝐵2+1)

𝑘22
� exp(−𝑘2𝐵𝐵2)  +

2𝑇(𝑛 − 1)0 �
�𝑘𝑛𝐵𝐵(𝑛−1)+1�

𝑘𝑛2
−

�𝑘(𝑛−1)𝐵𝐵(𝑛−1)+1�
𝑘(𝑛−1)
2 � 𝑒𝑒𝑒�−𝑘(𝑛−1)𝐵𝐵(𝑛−1)�  

with Tn0, –kn and BSn being the intercept, slope and break-in-slope of line segment n. 

Bonadonna et al. (1998) proposed that the different exponential segments correspond 

to different sedimentation regimes associated with the spreading umbrella cloud. Multiple 

studies, both field-based and numerical, have shown that exponential segments may 

underestimate the volume (Bursik et al., 1992; Fierstein and Hildreth, 1992; Hildreth and 

Drake, 1992; Sparks et al., 1992; Bonadonna et al., 1998). If fewer than three segments are 

defined, exponential segments typically only yield a minimum estimate of the eruptive 

volume (Bonadonna et al., 1998; Bonadonna and Houghton, 2005). 

Some deposits are described better by a power-law than exponential segments, and 

the volume is obtained from: 
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𝑉 =  �2𝑇𝑖𝑝
√𝐴

(2−𝑘)

2 − 𝑘
�

𝐵

𝐶

=
2𝑇𝑖𝑝

2 − 𝑘
�𝐶(2−𝑘) − 𝐵(2−𝑘)� 

where Tpl is the power-law constant, k is the power-law exponent, and B and C are arbitrary 

integrations limits (Bonadonna and Houghton, 2005). These are required because the power-

law cannot be integrated from zero to infinity. If the power-law exponent is >2, the volume is 

sensitive to the inner integration limit (B), whereas if the exponent is <2, the volume is 

sensitive to the outer limit (C). Bonadonna and Houghton (2005) suggested that the inner 

limit be calculated from: 

𝐵 =  �
𝑇0
𝑇𝑖𝑝

�
�−1𝑘�

 

where T0 is the intercept for the first exponential line segment. No set practice exists for how 

to determine the outer limit. If the outer limit is not appropriately defined for deposits where 

the power-law exponent is <2, the volume may be significantly overestimated.  

Bonadonna and Costa (2012) proposed an alternative method by which the deposit 

thickness is described using the Weibull function: 

𝑇 =  𝜃(𝑒/λ)𝑛−2𝑒𝑒𝑒[−(𝑒/λ)𝑛]  

The Weibull function has three free parameters: θ is a thickness scale, λ is a thinning decay 

scale, and n is a dimensionless shape parameter. The best fit for the Weibull function is 

obtained by minimizing the sum of squared relative residuals, and the range of possible 

values for each parameter has been determined by Bonadonna and Costa (2012, 2013b). The 
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volume is obtained by integrating the Weibull function from zero to infinity, which simplifies 

to (Bonadonna and Costa, 2012): 

𝑉 = (2𝜃λ𝑛)
𝑛�   

Daggitt et al. (2014) presented an online tool called AshCalc (available via VHUB, 

https://vhub.org/resources/ashcalc), which calculates the volume from thickness and square 

root of area data using exponential segments, power-law, or the Weibull function. For the 

Weibull function, AshCalc uses only two free parameters, λ and k, which are the thinning 

decay scale and shape parameter (n) from Bonadonna and Costa (2012), whereas the third 

parameter (θ) is expressed in terms of λ and k (Daggitt et al., 2014). 

Multiple studies have discussed the issues, and associated uncertainties, with 

estimating deposit volume (e.g., Fierstein and Nathenson, 1992; Bonadonna and Houghton, 

2005; Carey et al., 2009b; Bonadonna and Costa, 2012; Le Pennec et al., 2012; Biass et al., 

2014a; Klawonn et al., 2014a, 2014b; Bonadonna et al., 2015a). The calculated volume 

depends on the function used, and how well the deposit thickness is characterized. Klawonn 

et al. (2014a, 2014b) showed that poor constraints on the proximal and distal thicknesses 

result in larger differences in the resulting volume than from the subjective choices involved 

in constructing isopach maps (i.e., the contour intervals and the hand drawing of the isopach 

lines) or the choice of function used. For the volume estimates in this dissertation (Chapter 

3), all methods discussed above were utilized, including a number of variations for each 

method. The areas enclosed within each isopach are listed in Appendix D. 
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2.7.2  Plume height 

Plume height, or eruption column height, is defined as the distance from the vent to the top of 

the convective column or umbrella cloud (HT). The plume height is a direct function of the 

eruption intensity and is proportional to the fourth root of the discharge rate (Wilson et al., 

1978).  

Multiple approaches exist for determining the plume height. It can be directly 

measured by visual observation or by analysis of satellite images (Prata and Turner, 1997; 

Glaze et al., 1999; Prata and Grant, 2001). The most commonly used approach, especially for 

past eruptions that were not directly observed, the plume height is calculated from the 

distribution of the largest clasts (i.e., from the shape of isopleths, lines of equal maximum 

clast size). Carey and Sparks (1986) developed a theoretical model consisting of envelopes 

supporting particles within a volcanic plume. A particle will leave the plume at the point 

where its settling velocity exceeds the upward vertical velocity of the plume. The distance 

that a particle travels away from the vent depends on the plume height and the wind speed. 

Carey and Sparks (1986) constructed diagrams of the cross-wind versus downwind extents of 

isopleths for different maximum clast sizes, from which plume heights and wind speeds can 

be determined. A limitation on their model is that the vertical velocity in the plume is based 

on a strong plume, and they only account for the effect of wind at the umbrella cloud 

spreading height (Carey and Sparks, 1986). The determined plume height is the maximum 

(peak) plume height, with a ±20% uncertainty.  

The relationship between plume height and volume was first investigated by Carey 

and Sigurdsson (1989). They presented a compilation of 40 Holocene silicic Plinian 

eruptions for which they found a positive empirical correlation between plume height and 
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erupted mass. Mastin et al. (2009b) presented a similar compilation to that of Carey and 

Sigurdsson (1989). Their new data set consists of 34 historical eruptions (ranging in 

composition from mafic to silicic and in volume from 0.001 to 8 km3), of which five were 

included in the compilation by Carey and Sigurdsson (1989). Mastin et al. (2009b) proposed 

that plume height (H) in km can be calculated directly from the eruption volume (V) in km3 

DRE using the equation: 

𝐻 = 25.9 + 6.64𝑙𝑙𝑙10(𝑉) 

There is, however, significant scatter in the data, and a wide range in plume heights is 

associated with a given single eruption volume. Another problem is that it does not take the 

duration of the eruption into account, since it is based on only the total volume. Similar 

volumes could result from either a higher intensity, shorter duration event or a lower 

intensity, but longer duration event. There is thus a risk of overestimating the plume height 

for eruptions of longer durations. 

Bonadonna and Costa (2013b) proposed yet another alternative method in which the 

plume height (Ht) is calculated from the rate of down-wind fining of the deposit using the 

Weibull function. It utilizes the same approach as used when calculating eruptive volume, 

but on plots of either maximum lithic (ML) or the median grain size (Mdϕ) against square-

root of isopleth or isograde area, with three free parameters: θML, λML, nML or θMd, λMd, nMd 

(Bonadonna and Costa, 2013b). Plume height is obtained from the empirical relationships: 

𝐻𝐻 = 5.01 × λ𝑀𝑀0.55 or 

𝐻𝐻 = 4.98 × λ𝑀𝑀0.51 (Bonadonna and Costa, 2013b). 
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The relationship between plume height and ML is better constrained than between 

plume height and Mdϕ because of the scarcity of published data sets for the latter. Bonadonna 

and Costa (2013b) found that the plume heights derived from λML or λMd generally are within 

15 to 25% of estimates using the method by Carey and Sparks (1986). 

For the plume height estimates in this dissertation (Chapter 3), the method of Carey 

and Sparks (1986) was the main technique used, since this is deemed the most robust. The 

approach by Mastin et al. (2009b) was also used for all eruptions. The method by Bonadonna 

and Costa (2013b), using ML but not Mdϕ, was tested on four of the eruptions. The results are 

not included in Chapter 3, but the plume heights derived using the Weibull function are 35 to 

80% larger than the ones from Carey and Sparks (1986). 

 

2.7.3  Discharge rate 

Discharge rate, either as mass discharge rate (MDR, in kg s-1) or volumetric discharge rate 

(VDR, in DRE m3 s-1) is a measure of eruption intensity. It cannot be measured directly and 

is commonly derived from the plume height using the semi-empirical relationship by Wilson 

and Walker (1987) by which: 

𝐻 = 236 ×  𝑀0.25 

where H is the plume height in km and M is the mass eruption rate in kg s-1. Several 

theoretical and empirical studies have shown that the maximum plume height is proportional 

to the fourth root of the mass eruption rate (Morton et al., 1956; Wilson, 1958; Settle, 1978; 

Wilson et al., 1978). Wilson and Walker (1987) developed a simple eruption model linking 

the maximum cross-wind and down-wind ranges of pyroclasts (and thus the plume heights) 
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from a Plinian eruption cloud to the eruption conditions at the vent (i.e., volatile abundance, 

mass eruption rate, eruption velocity, and vent radius). The formula relating mass eruption 

rate to plume height was determined from the best fit of the mean of calculated plume heights 

from a range of mass eruption rates at three different water contents (Wilson and Walker, 

1987). It also assumes a single eruption temperature of 1120 K and consequently is most 

appropriate for silicic eruptions (Wilson and Walker, 1987).  

Mastin et al. (2009b) suggested an alternative formula to calculate eruption rate from 

plume height in which: 

𝐻 = 2.00 × �̇�0.241 

where H is the plume height in km and V̇ is the volumetric flow rate in DRE m3 s-1. Their 

formula was derived from the best fit relationship of plume height and average eruption rate 

for 32 historic eruptions. A limitation on the data set used by Mastin et al. (2009b) is that the 

flow rate was calculated by multiplying the erupted tephra volume by average deposit density 

to arrive at an erupted mass. The mass was then converted to DRE volume using a magma 

density of 2500 kg m-3 (which is the calculated value for a magma saturated in water and 

with up to a few tens of percent of crystals). The flow rate was then obtained by dividing the 

DRE volume by the eruption duration. The uncertainties associated with the estimates of 

deposit volume, deposit density, and duration thereby lead to uncertainties in the flow rate.  

Another limitation of both the methods of Wilson and Walker (1987) and Mastin et 

al. (2009b) is that they ignore the effect of wind on plume height. If a plume is bent, the 

observed or calculated plume height is lower than it would have been in the absence of wind. 

Consequently, the corresponding mass eruption rate is underestimated (e.g., Bursik, 2001). 
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Since mass eruption rate scales with the fourth power of the plume height, small uncertainties 

in the latter lead to large uncertainties in the former. 

Degruyter and Bonadonna (2012) proposed an alternative method of calculating the 

mass eruption rate (Ṁ) from the plume height, using the equation: 

�̇� = 𝜋 𝜌𝑎0
𝑔′
�2

5/2𝛼2𝑁�3

𝑧14
𝐻4 + 𝛽2𝑁�2𝑣�

6
𝐻3�  

where H is the plume height above the vent in m, v is the average wind velocity (m s-1) across 

the plume height, N is the average buoyancy frequency (s-1) across the plume height, ρa0 is 

the atmospheric density (kg m-3) at the vent, and α and β are the radial entrainment 

coefficient and the wind entrainment coefficient, respectively. The reduced gravity, g’     

(m s-2), is calculated from: 

𝑙’ = 𝑙 �
𝑐0𝜃0 − 𝑐𝑎0𝜃𝑎0

𝑐𝑎𝑎𝜃𝑎0
� 

where c0 and θ0 are the eruption heat capacity and temperature, and ca0 and θa0 are the 

reference (atmospheric) heat capacity and temperature (Degruyter and Bonadonna, 2012). 

This approach takes into account how the plume interacts with the atmosphere. In addition to 

the mass eruption rate, the scaling parameter Π (Degruyter and Bonadonna, 2012) can be 

derived from: 

𝛱 =  
𝑁�𝐻
1.8�̅�

�
𝛼
𝛽
�
2
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The scaling parameter can be used to infer insights into plume dynamics by differentiating 

between weak (Π < 0.1), transitional (0.1 < Π < 10), and strong (Π > 10) plumes (Bonadonna 

et al., 2015c). 

For the mass eruption rate estimates in this dissertation (Chapter 3), both formulae by 

Wilson and Walker (1987) and Mastin et al. (2009b) were applied, using the plume heights 

determined with the method of Carey and Sparks (1986). Of the two methods, the results 

from Wilson and Walker (1987) are deemed more reliable. For comparison, the mass 

eruption rate was calculated for the volume-derived plume heights (Mastin et al., 2009b) 

using Wilson and Walker (1987). The mass eruption rate was also calculated using the 

equation by Degruyter and Bonnadonna (2012). For each eruption, the radial entrainment and 

wind entrainment coefficients were set to 0.1 and 0.5 respectively (Degruyter and 

Bonadonna, 2012; Bonadonna et al., 2015c). The plume height was varied corresponding to 

the range obtained from Carey and Sparks (1986). Temperature was varied by magma 

composition (923–1073 K for the Hekla 1104 eruption, 923–1273 K for the Hekla 1300 

eruption, and 1073–1273 K for the Hekla 1693 and 1766 eruptions). The wind speed at the 

tropopause was derived from Carey and Sparks (1986) and averaged along the plume height 

assuming a linear decrease from the tropopause to sea level and a linear increase from 

tropopause to the top of the stratosphere (Carey and Sparks, 1986; Bonadonna and Phillips, 

2003; Degruyter and Bonadonna, 2012). All of the calculations done with the Degruyter and 

Bonadonna (2012) equation were performed using a Hekla-specific MatLab script provided 

by Wim Degruyter (personal communication).  
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2.7.4  Total grain size distribution 

Total grain size distribution (TGSD) is the grain size distribution of the total mass of ejected 

tephra, reconstructed from individual grain size samples. Previous studies have used a range 

of approaches to calculate the TGSD. Walker (1980, 1981a, 1981c) determined the TGSD of 

five phases of the AD 130 Taupo eruption (the ultraplinian Taupo pumice, the phreatoplinian 

Hatepe and Rotongaio ashes, and the Plinian Hatepe and Waimihia pumice) by averaging the 

grain size samples over the total deposit area. Murrow et al. (1980) determined the TGSD of 

the Vulcanian 14 October 1974 Fuego eruption. They calculated the average grain size 

distribution for the area enclosed by each isopach line, and weighted those based on their 

proportion of the total volume. Parfitt (1998) used a similar approach to determine the TGSD 

for the 1959 Kīlauea Iki eruption, but she weighted the size fractions by the mass within each 

isopach interval, determined from the volume and clast density. Sparks et al. (1981) 

calculated the TGSD of the Plinian 1875 Askja D eruption by dividing the deposit area into 

27 arbitrary sectors, averaging (by weighted volume) the proportion of grain size classes 

within each sector, and then integrating the results for all sectors. Carey and Sigurdsson 

(1982) used a similar approach to estimate the TGSD for the 18 May 1980 Mount St. Helens 

eruption. They divided the deposit area into 13 polygons along the downwind dispersal axis 

and weighted the average grain size distribution within each sector based on the amount of 

ash in each sector. Bonadonna and Houghton (2005) calculated the TGSD for the 17 June 

1996 Ruapehu eruption using three different approaches: 1) weighted averaging by mass per 

unit area of all the grain size samples, 2) weighted averaging by mass per unit area of grain 

size samples within six arbitrary sectors along the downwind dispersal axis, followed by 

weighted averaging over the whole deposit, and 3) using the Voronoi tessellation. The latter 
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is a statistical method for spatial analysis in which the deposit is divided into polygons (so-

called Voronoi cells) centered on each sample location, so that each Voronoi cell contains all 

the grid points that are closer to that cell’s sample point than to any other point. The grain 

size distribution and mass per unit area at each sample point is assigned to that point’s 

Voronoi cell, and the TGSD is then calculated from the area-weighted average of all the 

Voronoi cells over the whole deposit. 

One of the problems with determining TGSD is that the results depend greatly on the 

method used, as well as the number and spatial distribution of grain size samples (Bonadonna 

and Houghton, 2005). Averaging grain size samples over the total deposit area gives skewed 

distributions for deposits that have irregular distributions of sample locations, whereas 

weighted averaging of grain size samples in multiple steps and over multiple segments is 

biased due to the arbitrary selection of sectors (Bonadonna and Houghton, 2005). Missing 

proximal or distal samples can skew the results toward finer or coarser modes. Bonadonna 

and Houghton (2005) found that the most proximal samples have the largest effect on the 

TGSD. Due to the issues with determining TGSD, many reconstructed TGSDs are only 

partial distributions (Bonadonna and Houghton, 2005), and comparisons of data sets are not 

possible. Bonadonna and Houghton (2005) argued that the Voronoi Tessellation technique is 

the most appropriate method for reconstructing TGSD, since it takes into account the spatial 

distribution of samples without introducing bias through the selection of arbitrary sectors. 

For this dissertation, the Voronoi tessellation technique was used to reconstruct the 

TGSDs for the Hekla 1104, 1300-D, 1693, and 1766 eruptions (Chapter 4), and Askja B and 

D (Chapter 5). The number of locations and individual grain size samples used for each 

eruption is listed in Table 2.3. 
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Table 2.3 Number of grain size samples and locations used for TGSD calculations. 

Eruption Number of sample locations Number of grain size samples 

Hekla 1104 125 200 
Hekla 1300-D 114 139 
Hekla 1693 98 100 
Hekla 1766 117 123 
Askja 1875 B 49 49 
Askja 1875 D 72* 73* 

* Including 10 far-distal samples. 
 

The limited sample number for Askja B is due to the fact that only 35 of the 96 new 

samples could be successfully separated from contamination by Askja C (see section 2.2.3). 

Of the original 42 Askja B samples from Carey (2008), seven could be successfully 

deconvolved and the original grain size data could be used for an additional seven samples. 

Remaining samples had to be excluded either because they could not be deconvolved, they 

had previously been erroneously identified as Askja B, or there were issues with the raw 

grain size data that could not be solved. Similarly, for Askja D, 29 of the samples from Carey 

(2008) had to be excluded due to issues with the original data. 

The TGSD calculations were done using the TOTGS (version 1) MatLab interface by 

Biass and Bonadonna (2014). Deposit thickness, however, was used instead of mass per unit 

area to weight the grain size data over the Voronoi cells. Only one grain size sample can be 

used per location, so for locations where the deposit thickness had warranted collection of 

multiple samples, a combined sample was calculated by weighting the individual samples 

based on the thickness over which each sample was collected. TOTGS also requires the outer 

limit (i.e., the zero contour) of the deposit to be defined. For all Hekla eruptions and for 

Askja B, the outermost isopach line (0.1 cm and 0.5 cm, respectively) was used as the outer 

limit. For Askja D, two versions of the TGSD were calculated: one only accounting for the 
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material that was deposited in Iceland, using the 0.1 cm isopach line as the outer limit, and 

one including the far-distal samples, using the detected limit of the deposit as the outer limit. 

The original TOTGS script could not be used when the Askja D far-distal samples were 

included, because the sample points span UTM zones 28 N to 33 N (about longitude 17° W 

to 13° E). The fact that the sample points do not lie on a continuous grid introduces 

projection distortions, which result in erroneous values for the cell areas. To circumvent this, 

the Voronoi cells were instead constructed in ArcGIS (using the Thiessen polygon tool) and 

the cell areas were calculated in an equal-area projection. A modified version of the TOTGS 

script (provided by S. Biass), in which the construction of the Voronoi cells are bypassed and 

the cell areas are instead included as one of the input parameters, was then used to calculate 

the TGSD. 
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source parameters 
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Dispersal of key subplinian–Plinian tephras from Hekla volcano, Iceland: Implications for 

eruption source parameters. 

 

 

Abstract—Hekla is the most active silicic volcano in Iceland, with 18 subplinian–Plinian 

eruptions since AD 1104. In the period 1970 to 2000, the frequency of such eruptions 

increased to once every decade. Hekla is currently inflated to above the levels observed prior 

to the most recent eruptions in 1991 and 2000. The next eruption could pose a hazard to air 

traffic between North America and Europe because explosive eruptions of Hekla, 

independent of size, typically start with a subplinian or Plinian phase that produces a 

sustained ash plume. We present an overview of five of the largest historical Hekla eruptions 

(taking place in 1104, 1158, 1300, 1693, and 1766). These eruptions cover a compositional 

range of rhyolite to andesite, previously estimated eruptive volumes of 0.3 to 2.0 km3 (0.18 

to 1.2 km3 compacted) and Volcanic Explosivity Index (VEI) values of 4 to 5, and with 

contrasting wind dispersal (dispersal axes NW to NE). New isopach maps show both greater 

deposit thicknesses in the proximal region and wider dispersal than previously inferred, 

resulting in different volume estimates. New isopleth maps were also compiled and resulted 
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in inferred plume heights of 13.0 to 24.7 km. This leads to a change in the estimated volume 

and mass eruption rates for these eruptions, with implications for the potential impacts of 

future Hekla eruptions.  

 

3.1  Introduction 

Hekla is a ridge-shaped stratovolcano, located in the East Volcanic Zone in Iceland. It is the 

central volcano for the Hekla-Vatnafjöll volcanic system which is 60 km long and 19 km 

wide, covering an area of 720 km2 (Thordarson and Höskuldsson, 2008). Hekla has erupted 

explosively 18 times since Iceland was settled (~870 AD), making it the country’s second 

most frequently historically active volcano (Thordarson and Larsen, 2007), as well as one of 

the most active subplinian–Plinian volcanoes in the world. Between 1970 and 2000, the 

eruption frequency increased to once per decade and Hekla is currently inflated to above the 

levels observed prior to the two most recent eruptions in 1991 and 2000 (Sturkell et al., 

2013).  

The historical activity of Hekla covers a range of eruptive styles and intensities, and 

magma compositions. Activity has included effusive, violent Strombolian, subplinian and 

Plinian episodes. The silica content of the initial magma, and the intensity of the opening 

phase, increases with increasing repose period (Thorarinsson, 1967). The eruptions start with 

either a Plinian or subplinian (intermediate) phase from the summit, which generally is 

followed by Strombolian activity as well as lava emission (Thorarinsson, 1967; Thordarson 

and Höskuldsson, 2008). During most Hekla eruptions, a southwest–northeast trending 

fissure opens up along the crest of the volcano, and occasionally radial fissures open up on 

the flanks (Thordarson and Larsen, 2007 and references therein). The high eruption 
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frequency, in combination with the fact that all the historical eruptions—independent of size 

and magma composition—started with a powerful explosive phase that formed a sustained 

ash plume up to 12–36 km (Thorarinsson, 1967), makes future eruptions of Hekla a likely 

threat to European and transatlantic air traffic, especially between North America and Europe 

(e.g., Biass et al., 2014b; Scaini et al., 2014). 

For these reasons, Hekla is an ideal candidate for constraint of the eruption source 

parameters (ESPs) used to model tephra dispersal from subplinian–Plinian eruption plumes, 

including erupted volume, plume height and mass eruption rate (MER). Although several 

aspects of the more recent, smaller eruptions have been studied in detail (e.g., Gronvold et 

al., 1983; Gudmundsson et al., 1992; Höskuldsson et al., 2007), ESPs are poorly constrained 

for the earlier, larger eruptions. More detailed studies of products of these eruptions, and 

better constraints of the eruptive parameters, are required to fully understand the range in 

behaviour Hekla exhibits, and to permit Hekla to serve as a template for other eruptions (e.g., 

Mastin et al., 2009b). 

Most Hekla eruptions prior to 1970 were first studied by Thorarinsson (1967), who 

mapped the deposits, constructed isopach maps, and estimated the eruptive volumes, as well 

as summarized the contemporary accounts of the eruptive activity. Since then these events 

have attracted few interests (e.g., Larsen et al., 1999; Dugmore et al., 2007). Thorarinsson’s 

isopach maps were based on a limited number of thickness measurements, and he did not 

differentiate between primary thicknesses and reworked material, or distinguish between the 

deposits of subplinian–Plinian phases and products of later weaker activity. The original 

volume estimates were calculated using plots of deposit thickness versus average distance of 

isopachs (Thorarinsson, 1954). The resulting ‘compressed’ volume was then scaled, using 
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estimated volume weights of compressed and uncompressed tephra and taking any reduction 

in thickness due to compression into account, to the equivalent ‘freshly fallen’ volume 

(Thorarinsson, 1967). Since Thorarinsson’s work there have been significant advances in the 

field of calculating erupted volume (e.g. Pyle, 1989; Fierstein and Nathenson, 1992; 

Bonadonna and Houghton, 2005; Bonadonna and Costa, 2012). There is thus merit in 

revisiting these deposits, in order to better constrain Hekla’s eruptive parameters. In this 

study, we focus on five eruptions between 1104 and 1766, which in terms of total tephra 

volume erupted are five of the seven largest historical events and thereby a good complement 

to published data of the more recent, smaller eruptions of Hekla. In addition, these five 

eruptions were all dispersed to the north, so most of the material was deposited on land, and 

the deposit footprints partially overlap, which makes it feasible to map them together.  

 

3.1.1  Eruption summaries 

The 1104 eruption (also known as the H1 eruption) was the first eruption of Hekla after 

Iceland was settled. It occurred in the autumn (likely October) of 1104 and although there are 

no direct written estimates for the duration, the eruption probably lasted for only a few hours 

to half a day (Thorarinsson, 1967). Silicic tephra (initial SiO2 content of 72 wt %) was 

deposited over most of Iceland (Thorarinsson, 1967; Larsen and Thorarinsson, 1977; Larsen 

et al., 1999). Thorarinsson (1967) originally estimated the tephra volume to be 2.5 km3 when 

freshly fallen but later revised it to 2.0 km3—1.2 km3 compacted, 0.5 km3 dense rock 

equivalent (DRE)—(Larsen and Thorarinsson, 1977; Larsen et al., 1999). The H1 eruption is 

thus the largest historical eruption of Hekla as well as the second largest historical silicic 

explosive eruption in Iceland, only surpassed by the Öræfajökull eruption in 1362. The 
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eruption caused destruction of several farms (due to 7 to >20 cm of tephra fall). Some of 

these farms, however, were already close to being abandoned before the eruption started 

(Thorarinsson, 1967). 

Following a 54 year repose period, Hekla erupted again on 19 January, 1158 

(Thorarinsson, 1967). As with 1104, there are no constraints on the duration of the eruption 

but it likely lasted for less than one day. Thorarinsson (1967) believed that the eruption was 

dispersed southward from Hekla but did not map the deposit. Later work by Larsen (1992) 

determined that the 1158 tephra was deposited northeastward, partially overlapping with the 

1104 tephra, and that portions of the distal deposit had erroneously been mapped as part of 

1104 by Thorarinsson. The 1158 tephra appears similar to that from 1104, but has slightly 

lower SiO2 content (67–68 wt %, Larsen, 1992; Larsen et al., 1999) as well as higher FeO 

and CaO content. Larsen (1992) estimated the tephra volume to be 0.33 km3 when freshly 

fallen (0.2 km3 compacted), covering over 18,000 km2 on land.  

The second largest and the fifth historical eruption of Hekla started on 11 or 12 July, 

1300 and lasted for 12 months (Thorarinsson, 1967). The initial explosive phase was likely 

short (most likely a few hours and definitely <1 day). A nearly contemporaneous written 

source describes the opening phase as violent, with darkness from “sand-fall” lasting a day in 

northern Iceland. On the second day, darkness was caused by wind remobilizing the ash. It 

was estimated that about 0.5 km3 of dacitic tephra (0.3 km3 compacted, 0.125 km3 DRE) was 

erupted, of which about 75% was deposited on land over at least 30,000 km2 (Thorarinsson, 

1967, Larsen et al., 1999; Thordarson and Larsen, 2007). No definite information was 

recorded about lava effusion during the eruption, but the 20 km long Suðurhraun (or 

Selsundshraun syðra) lava flow is postulated to have been part of the 1300 eruption. If so, it 
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would be the longest historical lava flow from Hekla. The tephra fall caused destruction of 

farms and damage to grasslands in northern Iceland, as well as famine in the following year 

(Thorarinsson, 1967). 

The eruptions in 1693 and 1766 were both andesitic with approximately 55–60 wt % 

SiO2 and each eruption is described by Thorarinsson (1967). The 1693 eruption started in the 

evening of 13 February and the main, initial phase lasted for about 30 minutes to one hour. 

The eruption started at the summit and then migrated down both flanks along the fissure. The 

1693 tephra volume has been estimated as 0.3 km3 freshly fallen (0.18 km3 compacted, 0.13 

km3 DRE), of which over 70% was deposited on land, covering over 22,000 km2 (e.g., 

Thorarinsson, 1967; Thordarson and Larsen, 1997). Weaker activity continued for 7 to 10.5 

months, mostly consisting of vulcanian explosions, fountains, and multiple lava flows from 

both ends of the fissure. Over 90% of the tephra, however, was emitted during the initial 

phase and deposited northwest of Hekla. A total of 55 farms were damaged or destroyed by 

less than 1 cm to about 5 cm of tephra fall, and the ash also caused death of livestock, birds, 

and fish (Thorarinsson, 1967). The 1693 eruption, albeit smaller than the earlier eruptions, 

was more destructive because its deposits fell farther westward, in a region little affected by 

previous tephra falls.  

The 1766 eruption started in the early morning on 5 April, and the subplinian phase 

lasted for 5 to 6 hours (Thorarinsson, 1967). The eruption continued for almost two years, 

including a hiatus between August 1766 and March 1768, ending in April 1768. Most of the 

later activity consisted of weaker transient explosive events, but there were several more 

violent explosive phases (most notably on 9 and 21 April, and 1 May, 1766; and 18 March, 

20 April, and 7 August, 1767) with ash plumes to 4 km. The initial eruption originated from 
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one summit crater and one crater on the south-western ridge, after which a fissure along the 

south-western flank and a third crater on the north-eastern flank opened. As many as nine 

craters are thought to have been active during the entire eruption. Explosive activity was 

accompanied by lava flows, originating mainly from the south-western flank. A total lava 

volume of about 1.3 km3 covering 65 km2 was extruded, making it one of the largest 

historical flow fields in Iceland. The tephra volume for the eruption has been estimated to be 

0.4 km3 freshly fallen, 0.24 km3 compacted, 0.18 km3 DRE (Thorarinsson, 1967; Thordarson 

and Larsen, 2007). Over 80% of the tephra was produced during the initial phase of the 

eruption, during which the wind direction was toward the north. Although the 1766 eruption 

was larger than that in 1693, covering over 34,000 km2 on land, the impacts were much less 

severe, mainly because the dispersal axis was farther eastward and thereby outside of the 

main settled area of southern Iceland. Several farms northwest of Hekla were damaged by 

about 1 cm to less than 5 cm of tephra fall, but these were already subeconomic prior to the 

eruption. There was also damage to pastures and woodlands, and death of livestock and fish 

(Thorarinsson, 1967). 

 

3.1.2  Stratigraphy 

The Hekla tephras form a layered stratigraphy with other fall deposits (Figure 3.1), derived 

mainly from Katla and Bárðarbunga-Veiðivötn in the proximal to medial region, and Katla, 

Grímsvötn, Bárðarbunga-Veiðivötn, and Askja in the distal region, although parts of the 

stratigraphy may be missing at any site due to syn- and post-eruption erosion. Of particular 

use for correlations is the c. 871 “Settlement layer” tephras overlying one to three prehistoric 

black distal falls from Katla, as well as the suite of historical Katla tephras from 934 (Eldgjá), 
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1500, 1721, and 1918. Marker units such as these are necessary because the preservation 

potential of the Hekla tephras is surprisingly poor, reflecting exceptionally harsh climatic 

conditions following, and often during, eruption. Of the 331 new sites visited, all five of the 

Hekla tephras are found at only two sites, four at 31 locations, three at 55, two at 82, and one 

at 118 sites. At single sites the thickness of any tephra, but particularly the 1104 deposit, can 

vary by a factor of two to four times reflecting highly localized syn- and post-depositional 

reworking.  

Where only one silicic tephra is present, the 1104 and 1158 deposits can be 

distinguished only by glass composition. This has led to past miscorrelations and an 

overestimation of the extent of the 1104 deposit. Of all the historical andesitic Hekla tephras, 

the 1300 tephra is generally very distinctive due to a high abundance of red lava lithic clasts 

and the presence of both pumiceous and abundant angular, blocky and scoriaceous juvenile 

clasts. In the proximal and medial region south and east of Hekla, however, the 1300 tephra 

cannot be distinguished from the Hekla 1206 tephra in the field. The two can be 

distinguished by glass composition. The 1693 and 1766 tephras also appear identical in the 

field and cannot be distinguished if only one is present. Their glass composition is not 

sufficiently different to distinguish them. In many locations, they can be identified by their 

stratigraphic position with respect to the distinctive black ash layer from the 1721 Katla 

eruption. In the distal region, the andesitic Hekla tephras become darker in colour and are in 

some locations difficult to differentiate from the Katla ash.  
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Figure 3.1 Stratigraphic log located 9 km NE of the summit vent of Hekla. Hekla 1104, 

1300, 1693, and 1766 are shown in detail with juvenile clasts in white and wall-rock lithic 

clasts in black. Other historical Hekla tephras are shown as solid grey, and ash layers from 

Katla are shown in dark grey. H and K indicate tephras from Hekla and Katla respectively. 

The symbol ┌┬┐ indicates soil layers. 
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1104 tephra deposit: The proximal tephra is up to 1 m thick at 16 km from vent but 

always partially eroded (Larsen and Thorarinsson, 1977). The deposit is generally massive 

but in places has a finer basal portion. In the eastern sector, the 1104 deposit is often 

contaminated by a distinct grey fine ash, with higher SiO2 content, concentrated at several 

different levels in the lapilli fall deposit.  

1158 tephra deposit: The deposit associated with the 1158 eruption reaches a 

maximum measured thickness of 1.7 m at 5 km from vent and consists of two parts: a lower, 

coarser and matrix-poor part, and an upper, slightly finer and matrix-bearing part. 

1300 tephra deposit: In the proximal to medial region, the 1300 deposit consists of 

multiple subunits. The lowermost unit (herein referred to as 1300-D) is the coarsest and most 

widely dispersed, and is generally the thickest, corresponding to the initial, most explosive 

phase of the eruption. Unit D reaches a maximum measured thickness of 26 cm at 10 km 

from vent. The overlying sequence, which is absent beyond 70 km from vent, consists of a 

normally graded unit, a massive unit, and a finely bedded unit. The dispersal of the upper 

sequence cannot be mapped in detail, but based on the 34 locations where individual units 

have been identified, their dispersal is not consistent and we infer that they resulted from 

multiple phases of the eruption during which the wind direction shifted.  

1693 and 1766 tephra deposits: Both deposits associated with the 1693 and 1766 

eruptions are massive or weakly normally graded. They reach a maximum measured 

thickness of 21 and 23 cm respectively at 9 km from vent.  
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3.2  Methodology 

New isopach maps were constructed combining the data from Thorarinsson (1967) with new 

thickness measurements at 288 locations across Iceland and previously unpublished data 

(from G. Larsen, unpublished data 2016). One additional proximal isopach was defined for 

the 1158 eruption. For the eruptions in 1104, 1300, 1693, and 1766, two new versions of the 

isopach maps were constructed and compared to the original maps of Thorarinsson (1967) 

(i.e., MAP-1): one with a new outermost isopach line of 0.1 cm (‘MAP-2’, see Figure 3.2) 

and one using the original outermost isopach line (0.2 cm) from Thorarinsson (1967) (‘MAP-

3’, see Figure 3.3), except for the 1104 deposit, where the 0.2 cm isopach line modified by 

Larsen et al. (2014) was used. The only difference between the two new maps is that MAP-2 

is based on what is preserved and could be mapped of the deposits whereas MAP-3 also 

includes historical accounts for distal locations where tephra fell during the eruptions.  
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Figure 3.2 New isopach maps for Hekla 1104, 1158, 1300, 1300-D, 1693, and 1766. All isopach 

labels (value in cm) are placed on the inside of the corresponding isopach line. The dashed line is the 

outermost mapped isopach line (0.1 cm). The red box in the 1104 map shows the close-up area for all 

eruptions. The 1158 isopach map is modified from Larsen (1992) with the addition of one more 

proximal isopach line. Glaciers are shown in grey. 
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Figure 3.3 Alternative versions of the revised isopach maps for Hekla 1104, 1300, 1300-D, 

1693, and 1766. All isopach labels (value in cm) are placed on the inside of the 

corresponding isopach line. The black dashed lines correspond to the 0.2 cm isopach lines 

from Thorarinsson (1967) for all eruptions except 1104, where it is the 0.2 cm line from 

Larsen et al. (2014). All other isopach lines are the same as in Figure 3.2. 

 

Eruptive volumes were calculated by integrating best fit lines on semi-log plots of 

thickness versus square root of isopach area, using three different approaches: exponential 

(Pyle, 1989; Fierstein and Nathenson, 1992), the power-law (Bonadonna and Houghton, 

2005), and the Weibull function (Bonadonna and Costa, 2012). The number of exponential 

segments used and the associated break-in-slope distances and thinning half distances are 

reported in Table 3.1. Both the exponential and the Weibull function were integrated from 

zero to infinity, but the power-law requires the identification of integration limits. For all the 

eruptions, and for both versions of the revised isopach maps (Figure 3.2 and 3.3), the power-

law exponent (k) is <2 (see Table 3.2), and, therefore, the volume strongly depends on the 

outer integration limit (i.e., the distal extrapolation), but is not sensitive to the inner 
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integration limit (Bonadonna and Costa, 2012). The inner integration limit was set to a fixed 

value determined following Bonadonna and Houghton (2005). The outer integration limit, for 

which no set protocol exists, was set as the area for which the last exponential segment 

reaches a thickness of 0.1 mm ±20% of that area (see Table 3.2). Alternative outer limits, 

such as 0.1, 0.01 and 0.001% of the maximum thickness obtained by the exponential 

segments (Klawonn et al., 2014b; personal communication), were also tested. 

 
Table 3.1 Overview of exponential segments fits for the 1104, 1158, 1300, 1300-D, 1693, 

and 1766 Hekla eruptions. BS is the break in slope distance from vent between segments, and 

BT is the thinning half distance.  

Eruption Map versiona Exp segments R2 values BS (km) BT (km) 

1104 MAP-1 2 0.990, 1 96 13, 26 
 MAP-2 3 0.946, 1, 0.994 16, 61 2, 8, 28 
 MAP-3 3 0.946, 1, 0.990 16, 65 2, 8, 39 
      
1158 MAP-1 2 0.985, 1 46 4, 23 
 MAP-2 3 1, 0.995, 1 11, 48 1, 5, 23 
      
1300 MAP-1 2 0.967, 1 44 7, 22 
 MAP-2 2 0.988, 0.982 31 5, 16 
 MAP-3 2 0.988, 0.877 39 5, 26 
      
1300-D MAP-2 2 0.988, 0.970 32 6, 20 
 MAP-3 2 0.988, 0.971 40 6, 36 
      
1693 MAP-1 2 1, 1 26 4, 20 
 MAP-2 2 0.999, 0.991 36 4, 17 
 MAP-3 2 0.969, 1 51 5, 56 
      
1766 MAP-1 2 1, 1 33 5, 26 
 MAP-2 2 1, 0.994 39 4, 24 
 MAP-3 2 0.961, 1 53 5, 78 
a MAP-1 uses the original thickness-area estimates by Thorarinsson (1967). MAP-2 is the new isopach 
map where the outermost isopach line is 0.1 cm (Figure 3.2). MAP-3 is the alternative isopach map where 
the outermost isopach line is 0.2 cm (Figure 3.3). For Hekla 1158, MAP-1 is the isopach map by Larsen 
(1992) and MAP-2 is the revised map with one additional proximal isopach line. 
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Table 3.2 Overview of power-law fits for the 1104, 1158, 1300, 1300-D, 1693, and 1766 

Hekla eruptions. 

Eruption Map versiona PL exponentb R2 value Integration limitc (km) 

1104 MAP-1 1.623 0.906 406 
 MAP-2 1.768 0.985 455 
 MAP-3 1.664 0.996 595 
     
1158 MAP-1 1.977 0.991 299 
 MAP-2 1.946 0.994 299 
     
1300 MAP-1 1.461 0.976 339 
 MAP-2 1.884 0.971 289 
 MAP-3 1.687 0.995 423 
     
1300-D MAP-2 1.428 0.940 322 
 MAP-3 1.271 0.991 518 
     
1693 MAP-1 1.464 0.999 296 
 MAP-2 1.969 0.984 250 
 MAP-3 1.482 0.955 641 
     
1766 MAP-1 1.484 0.994 387 
 MAP-2 1.966 0.985 331 
 MAP-3 1.420 0.906 855 
a MAP-1 is the original thickness-area estimates by Thorarinsson (1967). MAP-2 is the new isopach map 
where the outermost isopach line is 0.1 cm (Figure 3.2). MAP-3 is the alternative isopach map where the 
outermost isopach line is 0.2 cm (Figure 3.3). For Hekla 1158, MAP-1 is the isopach map by Larsen 
(1992) and MAP-2 is the revised map with one additional proximal isopach line. 
b k from T=To(A1/2)-k 
c Value determined from where the last exponential segment reach a thickness equal to 0.01 cm.  

 

With each method, two sets of volumes were calculated for the eruptions in 1104, 

1300, 1693, and 1766 based on the revised isopach maps, MAP-2 and MAP-3 (Figure 3.2 

and 3.3 respectively). The volumes for these eruptions were also calculated using 

Thorarinsson’s (1967) original thickness-area estimates (i.e., MAP-1), in order to distinguish 

between changes in volume caused by the difference in method applied in this study and the 

previous estimates. Two sets of volumes were also calculated for the deposit generated by the 

1158 eruption; one set using only the original isopach map (MAP-1) for which Larsen (1992) 
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estimated the volume from a plot of area versus thickness using an assumed maximum 

thickness of 2 m, and one set using the revised isopach map (MAP-2) which has one 

additional proximal isopach line. For all the eruptions, the volume contribution from the part 

of the deposit that is well constrained by the isopach lines versus the distal and proximal 

contribution (i.e., the part of the volume caused by extrapolating the best fit curve beyond the 

isopach lines) was determined following Klawonn et al. (2014b). The cut-off between the 

proximal and well-defined portion equalled the most proximal isopach line of each map. In 

order to be able to compare the effect of the outermost isopach line, the cut-off between the 

well-defined portion and distal was set to the 0.5 cm isopach line, rather than the outermost 

isopach line as by Klawonn et al. (2014b). 

Isopleth maps were constructed for 1104, 1300-D, 1693, and 1766. The maximum 

lithic clast size (ML) was determined at sample sites by taking the average of the three 

principal axes of the five largest clasts. Plume heights and wind speeds were estimated 

following Carey and Sparks (1986) using a lithic clast density of 2,500 kg m-3. Alternative 

plume heights were calculated from the volume estimates (Mastin et al., 2009b) using the 

correlation 

𝐻 = 25.9 + 6.64𝑙𝑙𝑙10(𝑉) 

where H is the plume height in km and V is the total DRE volume in km3. An average deposit 

density of 500 kg m-3 and a DRE value of 2,500 kg m-3 were used to convert from volume to 

DRE volume. Time-averaged MERs were derived from the plume heights using the 

approaches by Wilson and Walker (1987) and Mastin et al. (2009b). MERs were also 

calculated using the method of Degruyter and Bonadonna (2012). For the latter, both 

eruption temperature and plume height, and the associated wind speed, were varied, whereas 
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the radial entrainment and wind entrainment coefficients were set to 0.1 and 0.5 respectively 

(Degruyter and Bonadonna, 2012; Bonadonna et al., 2015c). Temperature was varied in the 

range 923 to 1273 K according to magma composition, whereas plume height and wind 

speed were derived from the model of Carey and Sparks (1986). In particular, wind speed 

was calculated at the tropopause and averaged along the plume rise height assuming a linear 

decrease from tropopause to sea level and a linear increase from tropopause to the top of 

stratosphere (Carey and Sparks, 1986; Bonadonna and Phillips, 2003; Degruyter and 

Bonadonna, 2012). The scaling parameter Π was also derived from the method of Degruyter 

and Bonadonna (2012) to infer insights into plume dynamics. 

 

3.3  Results 

Additional proximal isopach lines have been added to the 1104, 1158, and 1300 maps, 

increasing the most proximal isopach to 1 m for 1104 and 1158, and 40 cm for 1300 

compared to 20, 30, and 20 cm, respectively, for the original maps (Figure 3.2). The cross-

wind and down-wind extents of the majority of the other isopach lines have been modified. 

Based on the revised isopach maps, the dispersal axes for both the 1104 and 1300 tephra are 

farther east than originally described (Thorarinsson, 1967).  

Figure 3.4 and Table 3.3 show a summary of the new volume estimates for the range 

of methods and data sets used. For 1158, 1300, 1693, and 1766, the new volume estimates 

are equal to or larger (depending on map version and method used) than the original 

estimates by Thorarinsson (1967) and Larsen (1992). For 1104, MAP-2 (Figure 3.2) yields a 

smaller volume than the original estimate, whereas MAP-3 (Figure 3.3) yields a smaller 

volume when using exponential segments or a power-law function and a larger volume when 
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using the Weibull function. Thorarinsson’s (1967) original thickness estimates (MAP-1) 

yield slightly larger volumes using the current methods of integration, compared to his 

original estimates, for all eruptions except 1104. The volume increases for the new isopach 

maps compared to the original estimates cannot be attributed only to the change in volume 

calculation method. The new volumes, independent of method and isopach map version used 

(MAP-2 or MAP-3), however, do not change the VEI assignment for any of the eruptions. 

Figure 3.5 shows the volume for each eruption partitioned into the part of the deposit that is 

well constrained by the isopach maps (here defined as the area between the most proximal 

isopach line and the 0.5 cm isopach line) and the less well constrained distal and proximal 

contributions for each eruption (cf. Klawonn et al., 2014b). For each eruption, the three 

methods give similar volumes for the well constrained portion but differ significantly in their 

estimates of both the proximal and distal volumes.  
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Figure 3.4 Overview of the new volume results for Hekla 1104, 1158, 1300, 1693, and 1766. 

The original estimates are shown in black diamonds and the black bar shows the range in 

volume obtained for the original thickness-area estimates (‘MAP-1’) using the exponential 

segments, power-law, and Weibull function. Coloured circles and squares correspond to the 

result with exponential segments for the new isopach map with the new 0.1 cm outer limit 

(Figure 3.2, ‘MAP-2’) and the isopach map with the old 0.2 cm outer limit (Figure 3.3, 

‘MAP-3’), respectively. The coloured bar shows the range in volume obtained for each map 

when including the power-law and Weibull function. For Hekla 1300, the darker bar shows 

the volume range for unit 1300-D. 
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Table 3.3 Overview of new volume results in km3 for the 1104, 1158, 1300, 1300-D, 1693, and 1766 Hekla eruptions, using the three main 

integration fits (exponential segments, power-law, and Weibull function) on three sets of maps. MAP-1 is the original thickness-area estimates by 

Thorarinsson (1967), MAP-2 is the new isopach map where the outermost isopach line is 0.1 cm (Figure 3.2), and MAP-3 is the new isopach map 

where the outermost isopach line is 0.2 cm from Thorarinsson (1967), except for 1104 where it is the 0.2 cm line from Larsen et al. (2014) (Figure 

3.3). For Hekla 1158, MAP-1 is the isopach map by Larsen (1992) and MAP-2 is the revised map with one additional proximal isopach line. Full 

comparison of volume estimates using variations of each method is shown in supplementary Table S3.1, and the change in power-law volume 

when varying the outer integration limit by ±20% is shown in supplementary Table S3.3. 

Method 
Hekla 1104 Hekla 1158 Hekla 1300 Hekla 1300-D Hekla 1693 Hekla 1766 

MAP-1 MAP-2 MAP-3 MAP-1 MAP-2 MAP-1 MAP-2 MAP-3 MAP-2 MAP-3 MAP-1 MAP-2 MAP-3 MAP-1 MAP-2 MAP-3 

Exp segmentsa 0.93 0.91* 1.11* 0.21 0.24* 0.34 0.55 0.66 0.35 0.55 0.21 0.18 0.44 0.33 0.26 0.67 
Power-lawb 0.97 0.92 1.19 0.20 0.24 0.35 0.46 0.69 0.36 0.68 0.21 0.18 0.44 0.32 0.23 0.62 
Weibull functionc 0.93 1.01 1.38 0.69 0.68 0.33 0.56 0.76 0.33 0.37 0.21 0.67 0.71 0.37 0.75 0.74 
a Using the equation from Bonadonna and Houghton (2005). Two exponential segments were used for all maps, except the ones marked by *, for which three 
segments were used. 
b Average volume from proximal limit calculated following Bonadonna and Houghton (2005), distal limit calculated from distal exponential segment equal to 
0.1 mm ±20%. For all maps, the power-law exponent (k) has a value <2.  
c Using the spreadsheet by Bonadonna and Costa (2012) and free parameter limits by Bonadonna and Costa (2013). 
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Figure 3.5 Thickness-square root of area semi-log plots for the new isopach maps (Figure 3.2) for 

Hekla 1104, 1158, 1300, 1300-D, 1693, and 1766. The best fit for exponential segments is shown in 

red, power-law in green, and Weibull function in blue. For the 1158, 1693, and 1766 eruptions, the 

Weibull function converges with the power-law curve. The insets show the resulting volumes for each 

method. For each eruption, the volume portion resulting from the region well constrained by the 

isopach maps is shown in colour, the volume portion resulting from the distal extrapolation is shown 

in white, and the volume portion resulting from the proximal extrapolation is shown in black. 
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Isopleth maps for the 1104, 1300-D, 1693, and 1766 deposits are shown in Figure 3.6. 

Based on these maps (Carey and Sparks, 1986), the plume height is inferred to have been 

approximately 20–25 km for 1104, 21–25 km for 1300-D, 13–17 km for 1693 and 17–18 km 

for 1766 (see Table 3.4). The volume-derived plume height (Mastin et al., 2009b) for the 

1158 eruption is 17–20 km. The estimated plume heights correspond to MERs of 5.3107 to 

1.2108 kg s-1 for 1104, 2.8107 to 5.3107 kg s-1 for 1158, 6.9107 to 1.2108 kg s-1 for 

1300-D, 9.2106 to 3.2107 kg s-1 for 1693, and 3.0107 to 3.2107 kg s-1 for 1766, 

calculated with the method of Wilson and Walker (1987). Including the effect of wind and 

eruption temperature (Degruyter and Bonadonna, 2012), yields MERs that are about four to 

eight times larger than the time-averaged MERs (see Figure 3.7). The scaling parameter Π, 

which is a way to quantify the effect of wind on plume rise, is in the range of 0.2 to 0.4 for 

all four eruptions. For comparison, the plume heights, and corresponding MER, derived from 

volumes (Mastin et al., 2009b) are listed in supplementary Table S3.2. The volume-derived 

plume heights are generally comparable to or slightly lower than those determined using 

Carey and Sparks (1986). 
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Figure 3.6 Isopleth maps for the Hekla 1104, 1300-D, 1693, and 1766 eruptions. 

All isopleth values (in mm) are located on the inside of the isopleth line. North is 

to the top of the figure. 
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Table 3.4 New eruptive parameters for selected Hekla eruptions. 

Eruption VEI a Volume b 
(km3) 

Plume height c 
(km) 

Wind speed c 
(m s-1)  

Mass eruption rate d 
(kg s-1)  

1104 4–5 0.9–1.0 20.1–24.5 30 5.3107 – 1.2108  
1158 4 0.2–0.7 17.2–20.2  2.8107 – 5.3107 
1300 4 0.5–0.6    
1300-D 4 0.3–0.4 21.5–24.7 30 6.9107 – 1.2108 
1693 4 0.2–0.7 13.0–17.7 30–32 9.2106 – 3.2107 
1766 4 0.2–0.8 17.5–17.8 30–32 3.0107 – 3.2107 
a Following Houghton et al. (2013). 
b Range of volumes obtained from isopach maps in Figure 3.2, using two or three exponential 
segments, average of power-law integrated to 0.1 mm thickness ±20% from last exponential segment, 
and Weibull function with free parameter limits by Bonadonna and Costa (2013).   
c Following Carey and Sparks (1986) for all except the 1158 eruption, for which Mastin et al. (2009b) 
was used. The 32, 16 and 8 mm isopleths were used for the 1104 eruption, and the 16 and 8 mm 
isopleths were used for the 1300-D, 1693 and 1766 eruptions. 
d Following Wilson and Walker (1987). See Figure 3.7 for MER determined following Degruyter and 
Bonadonna (2012).  

 

Based on the dispersal, all five eruptions are Plinian according to the classification 

scheme by Walker (1973). Using the simplified classification scheme by Bonadonna and 

Costa (2013b), which is based on plume height and intensity, the 1158, 1693, and 1766 

eruptions are subplinian, whereas the 1104 and 1300-D eruptions are subplinian–Plinian, 

when using the MER estimated following Wilson and Walker (1987). Use of the MER 

following Degruyter and Bonadonna (2012) classifies the 1693 and 1766 eruptions as 

subplinian–Plinian and the 1104 and 1300-D eruptions as Plinian.  
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3.4  Discussion 

3.4.1  Variability in bulk volume estimates with method used 

The issues with estimating volumes of pyroclastic deposits, and the associated uncertainties, 

have been discussed in detail in multiple studies (e.g., Bonadonna and Houghton, 2005; 

Carey et al., 2009b; Bonadonna and Costa, 2012; Le Pennec et al., 2012; Biass et al., 2014a; 

Klawonn et al., 2014a, 2014b; Bonadonna et al., 2015a). Estimated volumes are dependent 

on the algorithm used, and more importantly, how well constrained the deposit is, especially 

in the proximal and distal fields (e.g., Klawonn et al., 2014b). The new Hekla results 

highlight both of these issues. 

The exponential technique results in either the smallest or intermediate volume 

estimate for all the studied eruptions, and for all sets of data. Where it yields an intermediate 

volume estimate, it is generally closer to the minimum estimate than to the maximum. 

Previous studies (e.g., Bonadonna et al., 1998; Bonadonna and Houghton, 2005) have shown 

that the use of exponential fitting may underestimate the volume unless at least three 

segments are identified, corresponding to the three sedimentation regimes (turbulent, 

intermediate, laminar) associated with the umbrella cloud spreading. 

The power-law relationship yields volumes that range from 15% smaller to 23% 

larger than the volumes derived from the exponential segments. In most cases, however, the 

volume difference between the two methods is less than 10%. If there is a larger difference 

between the two, this is because the power-law function generally has a poor fit to the most 

distal data point, either underestimating or overestimating the thickness at that distance, and 

thus resulting in a significantly smaller or larger volume, respectively. This deviation occurs 

irrespective of the choice of outer integration limit, but would increase in magnitude with 
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increasing outer limit. One of the main problems with applying a power-law is that when the 

power-law exponent is <2 it might result in unrealistically large volumes due to difficulties in 

assigning an appropriate outer limit (Bonadonna and Houghton, 2005). For comparative 

purposes in this study, we use data from the distal exponential segment to constrain the outer 

limit for the power-law calculation; the data yield a reasonable, although conservative, 

estimate for the outer limit. By comparison, use of 0.1% of the maximum thickness (To) 

obtained from the first exponential segment as the outer limit results in a larger difference 

between the volume derived by the two methods (range from 22% smaller to 146% larger). 

For all of the revised isopach maps, except that of the 1300-D eruption, the Weibull 

function results in the largest volume, from 102 to 372% of the volume derived from the 

exponential segments. One advantage of the Weibull function is that with three free 

parameters it can be modified to fit a range of thinning conditions. It tends to converge with 

the exponential segments if the thinning is constrained by few data points and with the 

power-law function if the thinning is constrained by many data points. Limitations of the 

Weibull function are that it cannot be used with less than four isopach lines, and the resulting 

best-fit solution is very sensitive to the most distal isopach, which also is the hardest to 

constrain (Bonadonna and Costa, 2013b). For example, for these Hekla eruptions, artificially 

excluding the most distal isopach line results in a >20% volume increase for two of the maps 

and >50% decrease for one of the maps. 

 

3.4.2  Influence of data quality and availability on volume estimates 

For many deposits, the proximal and the distal regions are the most difficult to constrain. The 

proximal outcrops are not always accessible due to burial or destruction by subsequent 
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eruptions, whereas the distal deposit might be extensively eroded or lacking if, for example, 

deposited over water. For these Hekla eruptions, the most proximal region has been buried by 

lava flows. For the distal region, the preservation potential, even during the eruptions, was 

low and part of the distal tephra fall also occurred over the ocean.  

The difference in volumes between the two sets of new maps for each eruption 

(MAP-2 and MAP-3), distinguished only by the choice of outermost isopach line, highlights 

the importance of constraining accurately the distal deposit. For the 1104 and 1300 deposits, 

MAP-3, (Figure 3.3) yields volumes that are 0.2–0.3 km3 and 0.1–0.2 km3 larger, 

respectively, (corresponding to a 22–28% and 21–50% increase) than when using MAP-2 

(Figure 3.2) for the exponential segments and the power-law methods. For the 1300-D, 1693, 

and 1766 deposits, the difference is much more drastic, with an increase of 0.2–0.4 km3 

corresponding to almost doubling or tripling the volume. In contrast, for the 1158 deposit the 

addition of one more proximal isopach line results in a volume increase of 0.03–0.05 km3, or 

15–23%. 

A more insightful approach to comparing and evaluating the volume results is in 

terms of relative volume contributions from the part of the deposit that is well constrained by 

the distribution of sample points, versus the poorly constrained proximal and distal portions 

(regions A, C, and B respectively in Klawonn et al., 2014b) shown in Figure 3.5. The 

definition of these three portions is dependent on the sample point distribution. Even for 

these Hekla eruptions, the length of the proximal and well-constrained region along the 

dispersal axis varies significantly (see Table 3.5). The well-constrained region corresponds to 

downwind distances from about 15–20 km from vent to 200–400 km from vent for the 
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eruptions in 1104, 1158 and 1300, whereas for the eruptions in 1693 and 1766, the equivalent 

region extends only 35–165 km and 35–120 km downwind from vent, respectively.  

 
Table 3.5 Length downwind along dispersal axis of proximal vs constrained region. 

Eruption Proximal (km) Well-constrained a (km) 

1104 17 358 (17–375) 
1158 13 267 (13–230) 
1300 20 210 (20–230) 
1300-D 15 215 (15–230) 
1693 35 130 (35–165) 
1766 35 85 (35–120) 
a Defined as the region from the most proximal isopach line to the 0.5 cm isopach line. 

 

The observed differences in volume, both between alternative isopach maps and 

between methods, are in the poorly constrained proximal and distal volumes. As expected for 

widely dispersed tephra falls, the difference in volume between alternative isopach maps is 

dominantly in the distal portion. For all the eruptions, the volume from the distal 

extrapolation when using exponential segments or power-law relationships is about 80–560% 

larger for MAP-3 (Figure 3.3) compared to MAP-2 (Figure 3.2). For the 1104, 1300, and 

1300-D deposits, the power-law yields a slightly larger distal volume than the exponential 

segments. The Weibull function also yields larger distal volumes for MAP-3 (Figure 3.3), 

although the difference is not as pronounced. For the eruptions where the Weibull function 

gives the largest volume, a volume increase is present in the distal portion, but there is also a 

large proximal contribution for some of the eruptions. For the 1158, 1693, and 1766 deposits, 

the Weibull proximal volume constitutes 45–55% of the total volume. The large proximal 

volume results from the Weibull function converging with the power-law function for these 

eruptions and thereby approaching infinity at the inner integration limit. For both the 1693 

and 1766 deposits, the well constrained part of the deposit amounts to <12% of the total 
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Weibull volume versus <50% when using the exponential segments and power-law fit. The 

fact that such significant volumes lie beyond the well-constrained part of the deposit means 

that large uncertainties still remain regarding the true volumes of these eruptions. As pointed 

out by Klawonn et al. (2014b), more care is required when comparing volumes, and it is 

better to report both the well constrained volume and the extrapolated total volume. 

 

3.4.3  Hekla eruption source parameters (ESPs) 

As already shown for other deposits (e.g., Bonadonna et al., 2015a), the erupted volume 

strongly depends on the selected iteration strategy (i.e., exponential, power-law, Weibull 

fitting). This is true also for the case of the studied Hekla eruptions (e.g., Figure 3.5). 

Uncertainties in the determination of critical ESPs, such as the erupted volume, have 

important implications for real-time forecasting of new eruptions and hazard assessment. As 

with the eruptions cited in Klawonn et al. (2014b), these Hekla data show good agreement 

for only the regions that are well-constrained by the distribution of sample points.  

We find that using the last exponential segment to constrain the outer integration limit 

for the power-law function is a good compromise for these five eruptions. In the case of these 

deposits, modifying this outer integration limit by ±20% results in a volume change of 4–

16% (see supplementary Table S3.3) and the average of the minimum and maximum volume 

is a good estimate of the power-law volume. We prefer this approach rather than using a 

percentage of the maximum thickness obtained from the first exponential segment (cf. 

Klawonn et al., 2014b) because, for these eruptions, the latter approach yields unrealistically 

large deposit areas with commensurately unrealistically large deposit volumes (see 

supplementary Table S3.1). 
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We consider exponential fitting to be a reliable strategy to provide a minimum 

volume estimate (Pyle, 1989, 1995; Bonadonna and Houghton, 2005). For the 1104 and 1158 

deposits, the thinning rate was best described by three segments, with thinning half distances 

(BT) of <5, 5–10, and >20 km for the three segments (see Table 3.1). Predictably, the 1104 

deposit thins more gradually than the 1158 deposit. The first break in slope (BS) occurs at 11 

and 16 km from vent for the 1104 and 1158 deposits, respectively. The other three deposits 

are not well-constrained between the source and 15–32 km, with the first apparent break in 

slope occurring >30 km from vent (Table 3.1). These BS values are likely misleading, in 

terms of eruption intensity and plume height, being an artefact of the lack of proximal 

exposures. The thinning trends for the 1300-D, 1693, and 1766 deposits are defined by only 

two segments. In theory, thinning should be best described by a minimum of three segments, 

believed to correspond to different flow regimes for clasts being deposited (Bonadonna et al., 

1998). For each of these eruptions, the equivalents of segment SEG1 of Bonadonna et al. 

(1998) are not defined as the most proximal isopach line is only 10 or 20 cm. In fact, the first 

BS for a 25 km and a 17 km plume height should be around 9 km and 5 km, respectively 

(Bonadonna and Phillips, 2003), while all observed BS are at distances >11 km. It is likely 

that more proximal isopach data would have helped define additional more steeply sloping 

segments. This proved to be the case for the new data for the 1158 deposit, where the 

addition of one more proximal isopach line in the new version of the isopach map resulted in 

an additional segment and a corresponding shift of the first break-in-slope point to 11 km 

from the original 46 km. 

The Weibull function could potentially be very useful for calculating deposit volumes 

due to its ability to combine both exponential and power-law thinning behaviour. The 
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application of the Weibull fitting to the 1158, 1693, and 1766 deposits, however, results in a 

significantly larger volume than the other two methods. In these cases, the Weibull function 

converges with the power-law in the distal region. As expected, it therefore yields a larger 

distal volume than do the exponential segment fits. Due to the difference in integration limits, 

it also results in a larger distal volume than the power-law fits. More importantly, the 

Weibull function yields a proximal volume that is five to eight times larger than those from 

the other functions. Consequently, 80–90% of the total volume comes from extrapolating 

beyond the area of the mapped deposit. Clearly the application of the Weibull fitting to the 

Hekla deposits is strongly sensitive to the lack of proximal data.  

For the Hekla eruptions, the results highlight the fact that well constrained field data 

are more important than the choice of integration method for obtaining accurate volume 

estimates. When large parts of the deposits are not accessible or missing (as for these Hekla 

deposits), typically only a minimum estimate of erupted volume can be provided. Care needs 

to be taken to minimize the proportion of the total volume arising from extrapolating beyond 

the isopach maps. 

Both the 1104 and 1300/1300-D deposits (Figure 3.2) have a bend in the dispersal 

axes. A common explanation for this is that the wind field changed with time during the 

course of the eruption (i.e., rotated toward the east during these two eruptions) or that the 

wind field changed with elevation. Although no specific constraints on the duration for these 

older Hekla eruptions exist, they were probably similar to the other Hekla eruptions, lasting 

only one to a few hours. It is thus not likely that these bends represents an easterly shift in the 

wind direction with time. 
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The dispersal bend occurs for the two largest eruptions with the two largest volumes 

and highest plumes. For the 1104 deposit, the bend occurs between the 50 and 25 cm isopach 

lines, about 25 to 30 km downwind. For the 1300-D deposit, the bend is less pronounced, 

occurring between the 20 and 10 cm isopach lines about 15 to 30 km downwind. The bend 

occurs both for the 1300 and 1300-D deposits, so it is not caused solely by the 1300 map 

being a composite of multiple eruptive phases for which the wind direction was different.  

We interpret this bend, both for the 1104 and 1300-D deposits, to result from parts of 

the plume interacting with winds of different direction and speed at different altitudes, 

similar to what was observed during the Grímsvötn eruption in 2011 (Gudmundsson et al., 

2012). During this eruption, the plume spread laterally simultaneously at two altitudes (see 

e.g., Figure 4 in Petersen et al., 2012); a more ash-rich plume in the mid-troposphere and a 

less ash-rich (more SO2 gas rich) plume in the upper troposphere-lower stratosphere (Cooke 

et al., 2014). 

 

3.4.4  Implications for source terms for forecasting  

To determine eruptive parameters accurately it is important both to thoroughly characterize 

eruptions for use as ESPs in models for real-time forecasting (e.g., by the Volcanic Ash 

Advisory Centers (VAACs)) and long-term hazard assessments (e.g., Cioni et al., 2003; 

Costa et al., 2009; Folch and Sulpizio, 2010; Jenkins et al., 2012). Mastin et al. (2009b) 

highlighted the issues associated with assigning ESPs for ongoing eruptions. Their attempt to 

revise ESP relationships, specifically the relationship of eruptive volume, plume height, and 

MER is a good first order solution by which historical eruptions are used as a template to 

assign ESPs. For Mastin et al. (2009b), volume of previous eruptions is the most important 
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parameter to constrain accurately, since they use this to derive plume height and thus MER. 

Although not discussed in this paper, the volume (as a proxy for eruption magnitude) is also 

used to assign an arbitrary mass proportion of fine material. 

The five Hekla eruptions herein highlight the problems associated with determining 

tephra volume for eruptions with poorly preserved deposits, such as those that fall over 

oceans, glaciers, or in areas where erosion rate is higher than soil accumulation, with 

extensive reworking and/or removal of the tephra. The difficulty in characterizing precisely 

both the proximal and distal portions of the deposit, and hence calculating volume, leads to 

further consequential uncertainties in other ESPs, mainly plume height and MER. For these 

Hekla eruptions, estimates of plume height using the approach of Mastin et al. (2009b) are 

fairly insensitive to changes in calculated volumes. The volume-derived plume heights (see 

supplementary Table S3.2) are generally within 3 km of those determined from isopleth 

maps. The range in volume from the different integration methods generally leads to less 

than 0.5 km variation in plume height, corresponding to a difference in MER of up to 1107 

kg s-1. The exception is those eruptions where the Weibull function resulted in a significantly 

larger volume, corresponding to an up to 4 km higher plume, and consequently up to 3107 

kg s-1 larger MER.  

The discrepancies between plume heights derived from the isopleths and the volume-

derived plume heights are expected. The correlation by Mastin et al. (2009b) show a 20% 

typical error in volume-derived plume height. An earlier compilation by Carey and 

Sigurdsson (1989) investigating the relationship between plume height and erupted mass for 

Plinian eruptions showed similar scatter. One of the limitations of deriving plume heights 

from volume is that duration is not accounted for (Mastin et al., 2009b). A larger volume is 
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assumed to result from a higher plume, but a large volume could also result from a lower 

plume of longer duration. This approach thus yields a reasonable time-averaged 

approximation to plume height for short duration events, such as the initial Plinian and 

subplinian phases of the Hekla eruptions, but could potentially overestimate plume height 

(and consequently overestimate the MER) for eruptions of longer durations. Because MER 

scales with the fourth power of the column height, even small uncertainties in the former 

result in large uncertainties in the latter. 

As seen from Figure 3.7, the simplified approach of estimating MER from only the 

plume height, without considering the effect of wind and eruption temperature for these 

eruptions, yields MERs almost an order of magnitude lower. All the eruptions have scaling 

parameter Π in the range of 0.2 to 0.4, corresponding to transitional plumes, similar to those 

associated with the 18 May 1980 Mount St Helens eruption (Π 0.2 to 0.3) and the most 

powerful phases of both the 2010 Eyjafjallajökull and 2011 Cordón Caulle eruptions (Π 0.02 

to 0.2). Π values of 0.2 to 0.4 indicate that the plume in these eruptions reached about 64–

73% of the height they would have reached in a wind-free environment (see Degruyter and 

Bonadonna, 2012; Bonadonna et al. 2015c for more details). 
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Figure 3.7 Comparison of mass eruption rate determined for selected Hekla eruptions using 

three different methods. The circles correspond to the average MER by each method. The 

coloured bars is the range in MER using Degruyter and Bonadonna (2012), dark grey is the 

range using Wilson and Walker (1987), and light grey is the range in MER using Mastin et al. 

(2009b). Plume heights used for all eruptions were determined following Carey and Sparks 

(1986) using the isopleths in Figure 3.6. For Degruyter and Bonadonna (2012), both 

temperature and plume height, and associated wind speed, were varied. 

 

3.5  Conclusions 

The dispersal patterns of five of the 18 historical eruptions of Hekla volcano have been re-

evaluated. The five eruptions are representative of the wider range of explosive eruptive 

behaviour observed at Hekla: eruptions in 1104 and 1158 had only a subplinian–Plinian 

phase and were of short duration, whereas those in 1693 and 1766 were similar to 20th 

century activity, and started with a subplinian opening phase followed by weaker explosive 
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activity and lava effusion over a prolonged time period. In contrast, the eruption in 1300 

consisted of multiple higher intensity, but probably short-lived, explosive phases. For the 

1158, 1300, 1693, and 1766 eruptions, our new data result in larger volumes than previously 

estimated and imply higher plumes and MERs for the initial subplinian–Plinian phases than 

would be derived from the older estimates. The opening phase of the eruption in 1300 was of 

comparable intensity to the 1104 eruption. All plumes were probably transitional, with 

characteristics between those of strong and weak plumes. 

The new volume estimates are comparable to, or larger than, previous estimates for 

four of the five eruptions. We find that the volume range resulting from alternative 

placements or definition of the outermost isopach line is greater than the range obtained from 

the choice of exponential segments, power-law, or the Weibull function to describe the 

thinning rate of the deposit. Consequently, the outermost isopach line also has the largest 

influence on the volume-derived plume height and MER. The main uncertainty in the new 

volumes lies in the region of poorly constrained distal deposition. The well-constrained 

medial region of the deposit, which here is defined as the area between the most proximal 

isopach line and the 0.5 cm isopach line, yields similar volumes for all methods of 

integration fit, whereas significant volume differences arise from the extrapolation beyond 

the isopach map into the poorly constrained proximal and distal fields. 

These five eruptions are borderline between subplinian and Plinian in terms of MER 

(~107 to 108 kg s-1) and plume heights, up to 25 km for the 1104 and 1300-D eruptions, up to 

20 km for the 1158 eruption, and up to 18 km for the 1693 and 1766 eruptions. These 

eruptions are five of the largest historical eruptions of Hekla. With the new estimates, the 

upper range of volumes observed for the four younger of these eruptions is increased. This 
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has implications for hazards associated with future eruptions from Hekla. We also show the 

importance of accounting for atmospheric data and plume temperature in the calculation of 

MER, even for old eruptions for which the wind speed was not observed but can be retrieved 

from the method of Carey and Sparks (1986).  

To define default ESPs to use for tephra-dispersal forecasting during future eruptions 

of Hekla, Mastin et al. (2009a, 2009b) categorized Hekla as a type S2 volcano (medium sized 

silicic) which corresponds to typical plume heights of 6–12 km or VEI 3. This category is 

representative for the more recent, 20th to 21st century eruptions of Hekla, but not for all the 

historical activity. The five studied Hekla eruptions are all type S3 (large silicic), with plume 

heights equal or larger than 12 km or VEI 4 or higher. For at least five of the last 18 

eruptions of Hekla, the pre-assigned S2 category would thus have resulted in a serious 

underestimate of erupted mass and plume height. Extending the database for Hekla further, to 

the last 5000 years, would include at least eight S3 eruptions. Mastin et al. (2009b) assigned 

category S3, which is the highest on the general silicic scale, very restrictively. In fact, only 

one volcano was assigned this category, the reasoning being that many large (VEI 5) 

eruptions are preceded by smaller eruptions. For Hekla, the opposite is true, with the most 

powerful activity occurring in the first hour of the eruption.  

The case of Hekla highlights the danger of considering a limited time range when 

assigning a pre-defined category for forecasting purposes. Volcanoes such as Hekla, which 

display a wide range in eruptive behaviour, are exceptionally hard to assign to a single 

category. In fact, before assessing a likely eruptive scenario a whole assessment of activity 

cycles should be carried out based on comprehensive datasets.  
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Supplementary Table S3.1 Overview of new volume results in km3 for the 1104, 1158, 1300, 1300-D, 1693, and 1766 Hekla eruptions, using the 

three main integration fits (exponential segments, power-law, and Weibull function) on three sets of maps. MAP-1 is the original thickness-area 

estimates by Thorarinsson (1967), MAP-2 is the new isopach map where the outermost isopach line is 0.1 cm (Figure 3.2), and MAP-3 is the new 

isopach map where the outermost isopach line is 0.2 cm from Thorarinsson (1967), except for 1104 where it is the 0.2 cm line from Larsen et al. 

(2014) (Figure 3.3). For Hekla 1158, MAP-1 is the isopach map by Larsen (1992) and MAP-2 is the revised map with one additional proximal 

isopach line. 

Method 
Hekla 1104 Hekla 1158 Hekla 1300 Hekla 1300-D Hekla 1693 Hekla 1766 

MAP-1 MAP-2 MAP-3 MAP-1 MAP-2 MAP-1 MAP-2 MAP-3 MAP-2 MAP-3 MAP-1 MAP-2 MAP-3 MAP-1 MAP-2 MAP-3 

Exponential segments                 
  One segmenta 0.95 1.23 1.34 0.18 0.23 0.41 0.66 0.92 0.41 0.56 0.25 0.17 0.36 0.38 0.22 0.53 
  Multiple segmentsb 0.93 0.91* 1.11* 0.21 0.24* 0.34 0.55 0.66 0.35 0.55 0.21 0.18 0.44 0.33 0.26 0.67 
Power-lawc                 
  Limits from isopach mapd 0.73 0.71 0.81 0.14 0.17 0.23 0.38 0.52 0.26 0.38 0.13 0.11 0.21 0.19 0.13 0.27 
  Calculated limitse 0.72 0.72 0.89 0.15 0.20 0.23 0.41 0.55 0.26 0.39 0.14 0.15 0.24 0.21 0.20 0.31 
  Calculated limits expf 0.97 0.92 1.19 0.20 0.24 0.35 0.46 0.69 0.36 0.68 0.21 0.18 0.44 0.32 0.23 0.62 
  Calculated limits 0.1% To

g 1.60 y y 0.18 y 0.59 0.47 0.69 0.64 1.36 0.33 0.18 0.45 0.43 0.20 0.53 
  Calculated limits 0.01% To

h 3.01 1.11 1.45 0.25 0.24 1.44 0.68 1.19 1.68 5.15 0.80 0.24 1.07 1.02 0.27 1.41 
  Calculated limits 0.001% To

i 5.43 1.67 2.47 0.31 0.31 3.43 0.92 1.97 4.28 19.36 1.90 0.31 2.45 2.32 0.35 3.66 
Weibull function                 
  Approach Aj 0.92 1.01 2.17 0.69 0.69 0.36 0.56 1.17 0.33 0.69 0.32 0.67 0.48 0.56 0.79 0.79 
  Modified approach Ak 0.85 2.18 2.18 0.32 0.30 0.16 0.68 0.68 0.56 0.56 0.11 0.69 0.69 0.42 0.85 0.84 
  Approach Bl 0.93 1.01 1.38 0.69 0.68 0.33 0.56 0.76 0.33 0.37 0.21 0.67 0.71 0.37 0.75 0.74 
  Modified approach Bm 0.85 1.36 1.36 0.32 0.30 0.16 0.68 0.68 0.36 0.36 x 0.68 0.68 x 0.77 0.77 
  AshCalcn 0.93 1.01 1.76 0.68 0.69 0.33 0.56 0.76 0.33 0.37 0.21 0.67 0.54 0.26 0.75 0.75 
  AshCalc Bo 0.85 1.76 1.77 0.32 0.30 0.16 0.68 0.68 0.36 0.36 x 0.68 0.69 x 0.78 0.79 
a Using equation from Pyle (1989). 
b Using the equation from Bonadonna and Houghton (2005). Two exponential segments were used for all maps, except the ones marked by *, for which three 
segments were used. 
c For all maps, the power-law exponent (k) has a value <2. 
d Integrated from most proximal to most distal isopach line. 
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e Proximal limit calculated following Bonadonna and Houghton (2005), most distal isopach line used for distal limit. 
f Proximal limit calculated following Bonadonna and Houghton (2005), distal limit calculated from distal exponential segment equal to 0.1 mm ±20% 
g Proximal limit calculated following Bonadonna and Houghton (2005), distal limit calculated as 0.1% of To from proximal segment. 
h Proximal limit calculated following Bonadonna and Houghton (2005), distal limit calculated as 0.01% of To from proximal segment. 
i Proximal limit calculated following Bonadonna and Houghton (2005), distal limit calculated as 0.001% of To from proximal segment. 
j Using the spreadsheet and free parameter limits by Bonadonna and Costa (2012). 
k Using the spreadsheet and free parameter limits by Bonadonna and Costa (2012), excluding the most distal isopach line. 
l Using the spreadsheet by Bonadonna and Costa (2012) and free parameter limits by Bonadonna and Costa (2013). 
m Using the spreadsheet by Bonadonna and Costa (2012) and free parameter limits by Bonadonna and Costa (2013), excluding the most distal isopach line. 
n Using AshCalc (Daggitt et al. 2014) and free parameter limits by Bonadonna and Costa (2013). 
o Using AshCalc (Daggitt et al. 2014) and free parameter limits by Bonadonna and Costa (2013), excluding the most distal isopach line. 
x Less than four isopach lines, Weibull function cannot be used. 
y Calculated integration limit located within the outermost mapped isopach limit. 
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Supplementary Table S3.2 Overview of range in plume heights and discharge rates, using the technique by Mastin et al. (2009b) for 

comparison with estimates in Table 3.4. Plume heights (HT) are derived from volume estimates (Mastin et al., 2009b) based on isopach 

maps in Figure 3.2, and mass eruption rates (MER) are in turn derived from the plume heights (Wilson and Walker, 1987). Result using 

volume from MAP-3 (Figure 3.3) shown in parenthesis. 

 1104 1158 1300 1300-D 1693 1766 

HT (km)       
  volume from exp segments 21 (22) 17  20 (20) 18 (20) 16 (19) 17 (20) 
  volume from power-law 21 (22) 17 19 (20) 18 (20) 16 (19) 17 (20) 
  volume from Weibull 21 (22) 20 20 (20) 18 (18) 20 (20) 20 (20) 
       
MER (kg s-1) using:       
  Ht from exp segments volume 6107 (7107) 3107 5107 (5107) 4107 (5107) 2107 (4107) 3107 (5107) 
  Ht from power-law volume 6107 (7107) 3107 4107 (5107) 4107 (5107) 2107 (4107) 3107 (5107) 
  Ht from Weibull volume 7107 (8107) 5107 5107 (6107) 3107 (4107) 5107 (5107) 6107 (6107) 
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Supplementary Table S3.3 Sensitivity of volume to choice of outermost integration limit for 

the power-law fitting. All volumes are in km3. 

Eruption Map version a Volume for  
0.1 mm limit b 

Volume for  
0.1 mm limit -20% 

Volume for  
0.1 mm limit +20% 

1104 MAP-1 1.0 0.9 1.1 
 MAP-2 0.9 0.9 1.1 
 MAP-3 1.2 1.1 1.3 
     
1158 MAP-1 0.2 0.2 0.2 
 MAP-2 0.2 0.2 0.3 
     
1300 MAP-1 0.4 0.3 0.4 
 MAP-2 0.5 0.4 0.5 
 MAP-3 0.7 0.6 0.7 
     
1300-D MAP-2 0.4 0.3 0.4 
 MAP-3 0.7 0.6 0.8 
     
1693 MAP-1 0.2 0.2 0.2 
 MAP-2 0.2 0.2 0.2 
 MAP-3 0.4 0.4 0.5 
     
1766 MAP-1 0.3 0.3 0.4 
 MAP-2 0.2 0.2 0.2 
 MAP-3 0.6 0.5 0.7 
a MAP-1 is using the original thickness-area estimates by Thorarinsson (1967). MAP-2 is the new 
isopach map where the outermost isopach line is 0.1 cm (Figure 3.2). MAP-3 is the alternative isopach 
map where the outermost isopach line is 0.2 cm (Figure 3.3). For Hekla 1158, MAP-1 is the isopach 
map by Larsen (1992) and MAP-2 is the revised map with one additional proximal isopach line. 
b Outer integration limit determined from where the last exponential segment equals a thickness of 0.1 
mm. 
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C H A P T E R  4  

Total grain size distributions for four subplinian–

Plinian tephras from Hekla volcano: Implications for 

fragmentation dynamics and inputs into tephra 

dispersal models 
 

In preparation for submission to Journal of Volcanology and Geothermal Research as: 

Janebo, M.H., Houghton, B.F., Thordarson, T., and Bonadonna, C. Total grain size 

distributions for four subplinian–Plinian tephras from Hekla volcano: Implications for 

fragmentation dynamics and inputs into tephra dispersal models. 

 

 

Abstract—The size distribution of the population of particles injected into the atmosphere 

during volcanic explosive eruptions, i.e., the total grain size distribution (TGSD), can provide 

important insights into fragmentation efficiency and represents a fundamental source 

parameter for tephra dispersal and sedimentation models. The 2010 eruption of 

Eyjafjallajökull volcano in Iceland, and the ensuing economic loss due to extended closure of 

European airspace, highlighted the need for a better constrain of eruption source parameters 

to be used as input during real-time ash dispersal forecasting (e.g., mass eruption rate, plume 

height, particle features), with a special focus on TGSD. Here we present TGSD data 

associated with Hekla volcano, which has been very active in the last few thousands of years 

and that is located on critical aviation routes. In particular, we have analysed the TGSD of 

the initial subplinian–Plinian phase of four historical eruptions, covering a range of magma 

composition (andesite to rhyolite), eruption intensity (VEI 4 to 5), and erupted volume (0.2 to 
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1 km3), thus filling gap that had previously existed between eruptions of small subplinian and 

large Plinian intensities. All four eruptions have bimodal TGSDs with mass fraction of 

extremely fine ash (<63 µm; m63) from 0.11 to 0.25. The two more silicic Plinian Hekla 

deposits have higher abundances of extremely fine ash, and hence larger m63 values than their 

andesitic subplinian equivalents, probably representing more intense and efficient primary 

fragmentation. This contrast is not clear in the grain size distribution of individual samples, 

especially in the proximal to medial field, because coarse to medium lapilli have a wider 

spatial coverage in the Plinian deposits from higher eruption plumes (20–25 km versus 14–18 

km). The distribution of pyroclasts in Plinian versus subplinian falls thus reflects competing 

influences of more efficient fragmentation, producing larger amounts of fine to extremely 

fine ash, and more efficient particle transport in higher plumes, advecting relatively coarse 

lapilli farther down the dispersal axis. 

 

4.1  Introduction 

4.1.1  Total grain size distribution (TGSD)  

TGSD is the reconstructed grain size distribution of the entire mass of tephra ejected during 

an explosive volcanic eruption. It reflects fragmentation style and eruption dynamics, and 

influences processes of pyroclast transport and sedimentation (Kaminski and Jaupart, 1998, 

Rust and Cashman, 2011). It is also one of the most important, yet least quantified, eruption 

source parameters of tephra dispersal and sedimentation models, such as those used for real-

time forecasting by the Volcanic Ash Advisory Centers (VAACs) (e.g., Bonadonna et al., 

2011b; Folch, 2012). TGSD requires integration of grain size data from numerous sites 
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across the ‘footprint’ of a deposit and so has only been determined for a few eruptions (e.g., 

Mastin et al., 2009b). As an example, only 16 of the 34 key eruptions listed in Mastin et al. 

(2009b), for which all other source terms, such as volume and mass eruption rate, have been 

constrained, also have TGSD. These, however, are often internally inconsistent, having been 

determined using different integration techniques. The lack of consistent and systematic 

TGSD data sets, and its effect on real-time ash dispersal forecasting, were highlighted during 

the March to April 2010 eruption of Eyjafjallajökull volcano (Devenish, 2010), during which 

closure of European airspace caused unprecedented economic loss (Mazzocchi et al., 2010). 

Bonadonna and Houghton (2005) and Bonadonna et al. (2015a) showed that the 

calculated TGSD is highly dependent on both the methodology used and the availability and 

distribution of raw grain size data. The approaches used to determine the TGSD in previous 

studies are diverse and include (1) averaging the combined samples over the total deposit 

(e.g., Walker, 1981a) and (2) performing weighted averaging in multiple steps and over 

multiple segments, such as the areas enclosed by individual isopachs (e.g., Murrow et al., 

1980; Parfitt, 1998) or arbitrary divided sectors (e.g., Sparks et al., 1981; Carey and 

Sigurdsson, 1982). Technique (1) has problems with deposits that have irregular sampling 

distributions, whereas technique (2) is biased due to the arbitrary selection of sectors.  

TGSD is sensitive to the number of grain size samples available and the spatial 

distribution of those samples. A bias toward missing proximal or distal samples skews the 

results toward either finer or coarser modes, respectively. The most proximal samples have 

the largest effect on the resulting TGSD (Bonadonna and Houghton, 2005; Andronico et al., 

2014). Most grain size studies are also missing much of the fine (<63 µm) size fraction, 

which sediments in the generally poorly constrained far field (e.g., Rose, 1993; Rose and 
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Durant, 2011; Durant, 2015). The lack of representative grain size data, and the effect of bias 

introduced by the calculation technique, implies that many reconstructed TGSD are only 

partial distributions (Bonadonna and Houghton, 2005). Bonadonna and Houghton (2005) 

found that the Voronoi Tessellation technique, which is a comprehensive statistical method 

that weighs the contribution of individual grain size samples based on their spatial 

distribution, is better suited for calculating TGSD of tephra deposits, because it can deal with 

non-uniform data sets without introducing arbitrary spatial sectors. 

 

4.1.2  Hekla volcano  

Hekla volcano is located at the western edge of the East Volcanic Zone in Iceland. It has 

erupted over 50 times in postglacial time, and with 18 explosive eruptions since around AD 

870, it is one of the historically most frequently active volcanoes in Iceland (Thordarson and 

Larsen, 2007). With the exception of the 15th century, Hekla has erupted once in every 

hundred years since 1104 and five times during the 20th century (1947, 1970, 1980, 1991 and 

2000). Hekla has been inflating since its most recent eruption in February 2000 (Sturkell et 

al., 2006) and is currently above the levels observed prior to both that and the preceding 

eruption (Sturkell et al., 2013). A special cause of concern is that all of the historical 

eruptions started with either a Plinian or subplinian phase, which formed a sustained ash 

plume. This, together with the fact that Hekla is located below the busiest air traffic corridor 

in the world, makes future eruptions of Hekla a likely hazard to air traffic, especially between 

North America and Europe (e.g., Biass et al., 2014b; Scaini et al., 2014).  

The Holocene explosive activity at Hekla comprises two main eruption styles: 1) 

Plinian eruptions, in which the magma composition gradually decreases from an initial SiO2 
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content of 70–74 wt % to ~57 wt % at the end of the eruption, and 2) eruptions starting with 

a short subplinian or Plinian phase followed by a longer period of Strombolian activity and 

lava effusion (Thordarson and Larsen, 2007 and references therein). During most eruptions, a 

~5 km long fissure opens up along the crest of the volcano. The purely Plinian eruptions are, 

apparently, confined to the summit vent, whereas the smaller eruptions generally start at the 

summit vent and then migrate along the fissure, often focusing at two shoulder vents. The 

SiO2 content of the initial, most explosive phase increases with increasing repose time 

between eruptions (Thorarinsson, 1967).  

Of Hekla's 18 historical eruptions, four of the largest occurred in 1104, 1300, 1693, 

and 1766 (Thordarson and Larsen, 2007). The contemporary accounts of these eruptions 

were summarized by Thorarinsson (1967), who also mapped the deposits. The volume 

estimates were re-evaluated by Janebo et al. (in prep; Chapter 3). The eruption in 1104 was 

purely Plinian and rhyolitic in composition. The eruption in 1300, for which the magma 

composition was dacite, consisted of multiple high intensity explosive phases. The opening 

phase, 1300-D, was of comparable intensity to the eruption in 1104 (Janebo et al., in prep; 

Chapter 3). The eruptions in 1693 and 1766 were both andesitic in composition and had a 

subplinian opening phase followed by Strombolian activity and lava flows (Thorarinsson, 

1967).  

 

4.2  Methodology 

Samples for grain size analysis were collected at 249 locations across Iceland. For all four 

tephras, the thickness of the deposit may vary by a factor of two to four between multiple 

sampling pits only meters apart, at single sites. The pit containing the coarsest and best 
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preserved tephra section at each location was logged and sampled. All samples were sieved 

at ½ ϕ interval from -8 to 4 ϕ (250 mm to 63 µm, with ϕ =-log2(d) where d is the clast 

diameter in mm). Fine particle analysis was performed from 0 to 12 ϕ (1 mm to 0.25 µm) on 

selected samples from each eruption, using a Malvern Mastersizer 3000 at the Central 

Analytical Research Facility at the Queensland University of Technology in Australia. The 

volume % distribution obtained by the Mastersizer was assumed to be equivalent to mass % 

distribution (i.e., the density was assumed to be constant over the size range of grains 

analysed), and the two data sets were merged by scaling the fine particle distribution to the 

fraction of the original sample analysed. The overlap between 0 and 4 ϕ (1 mm to 63 µm) 

was used to evaluate the agreement of the sieve and Mastersizer data, and the size fraction at 

which the two data sets were merged was chosen to minimize the residual.  

TGSD was calculated for each eruption using the Voronoi Tessellation technique 

(Bonadonna and Houghton, 2005). Using the TOTGS MatLab interface (Biass and 

Bonadonna, 2014), the deposit was divided into polygons (so-called Voronoi cells), each of 

which containing one sample location and divided so that each cell contained all the grid 

points closer to that cell’s sample point than any neighbouring sample point. The grain size 

distribution and deposit thickness of each sample were assigned to the corresponding 

Voronoi cell, and the TGSD was calculated from the area-weighted average of all Voronoi 

cells over the whole deposit. The 1 mm isopach (Janebo et al., in prep: Chapter 3) was used 

as the zero-line for all four eruptions. 
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4.3  Results 

4.3.1  Individual samples 

An overview of the grain size data for the four Hekla eruptions is given in Table 4.1. The 

samples range in median diameter from -4 to -3 ϕ (16 to 8 mm) in the near field to 3 to 4 ϕ 

(125 to 63 µm) in the far field. Sorting coefficients (σϕ, Inman 1952) are extremely variable, 

from very well sorted (σϕ = 0 to 1) to poorly sorted (σϕ = 2 to 4) (Table 4.1; Figure 4.1), in 

proximal, medial and distal settings. A large proportion of samples for each eruption is rich 

in fines, generating the poor sorting values, and samples from a significant number of 

locations (especially for the 1693 and 1766 deposits) have bimodal grain size distributions. 

Most of the bimodal samples have a main coarse peak and a subordinate finer peak.  

 
Table 4.1 Overview of grain size data. Sorting parameters (Mdϕ and σϕ) from Inman (1952). 

 Hekla 1104 Hekla 1300-D Hekla 1693 Hekla 1766 

Sample locations 125 114 98 117 
Sieve / fine data 101 / 24 89 / 25 82 / 16 89 / 28 
Mdϕ -3.59 – 4.26 -3.38 – 4.18 -4.44 – 3.78 -3.19 – 3.59 
σϕ 0.52 – 3.69 0.78 – 3.84 0.63 – 3.90 0.42 – 3.93 
Wt % <63 µm 0.25 – 57.13 0.25 – 62.59 1.61 – 41.19 1.53 – 39.69 
Samples without σϕ a 14 34 17 22 
Distribution b 94 u, 31 b 90 u, 24 b 48 u, 50 b 60 u, 57 b 
a σϕ could not be calculated for sieve samples with >16 wt % in the bottom pan (<63 µm). 
b u = unimodal, b = bimodal. 
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Figure 4.1 Plots of sorting (σϕ) versus median grain size (Mdϕ) (Inman, 1952). Circles indicate 

samples with only sieve data, triangles are samples with sieve data and fine particle analysis. 

Unimodal distributions are shown by coloured symbols and bimodal distributions are shown by 

black symbols. 

 

4.3.2  Variations along the dispersal axis 

1104 deposit: Isomass (mass per area) values were calculated using deposit thicknesses and 

assuming a bulk tephra density of 500 kg m-3. The variation of isomass values along the 

dispersal axis can be approximated by two exponential segments (Figure 4.2a). The first, 

extending to 50 km from source, is very steep and corresponds to a region where samples are 
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dominated by coarse to medium lapilli (Figure 4.2b). The second segment shows a more 

gradual decline in isomass extending from 50 to at least 225 km from source. The median 

diameter shows a smooth decline with increasing distance from source but a cluster of five 

distal samples plot 2 to 4 ϕ units above the general trend (Figure 4.2b). The 1104 deposit is 

unusual in containing significant quantities of fine to coarse ash (0.063 to 2 mm) in even 

proximal samples. There is considerable scatter in Inman sorting values (Figure 4.2c) with 

distance from source, with poorly sorted samples present up to 225 km down-wind.  

1300-D deposit: Isomass values for the 1300-D tephra show a similar two-segment 

trend to 1104 (Figure 4.2d), but the slope of the distal segment is slightly steeper. The 

median diameter declines steeply for the first 50 to 75 km and then declines more gradually 

(Figure 4.2e). Medium to fine lapilli dominate samples to 20 km from source and fine lapilli 

persists to 50 km down-wind. Values for sorting parameters are low and relatively uniform 

compared to the other tephras, with σϕ values between 1 and 2 (Figure 4.2f). 

1693 deposit: Isomass values are lower than for the two more silicic tephras but 

follow a similar trend (Figure 4.2g). The median diameter declines exponentially in the 

proximal to medial fields and then has a relatively steady value of about 3 ϕ beyond 100 km 

(Figure 4.2h). Sorting is consistently good in the far field, but the near-field sorting values 

cluster into two groups (Figure 4.2i), with σϕ >2 and <2 respectively.  

1766 deposit: The 1766 data (Figure 4.2j-l) are similar to those for the 1693 tephra 

but lack the concentration of poorly sorted ash-bearing samples in the near field. 
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Figure 4.2 Change in isomass (left column), median grain size (Mdϕ, middle column), and sorting 

(σϕ, right column) with distance along the dispersal axis. Trends are highlighted by dashed lines. 

Unimodal distributions are shown by coloured circles and bimodal distributions are shown by black 

circles. (a–c) Hekla 1104. (d–f) Hekla 1300-D. (g–i) Hekla 1693. (j–l) Hekla 1766.  
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4.3.3  Variation in absolute isomass for single size fractions 

The isomass data for sites along the dispersal axes are shown in Figures 4.3 and 4.4, grouped 

into size bins that are 2 or 3 ϕ wide. The bins correspond to blocks (>64 mm), coarse lapilli 

(64–16 mm), medium lapilli (16–4 mm), fine lapilli to very coarse ash (4–1 mm), coarse to 

medium ash (1–0.25 mm), fine ash (0.25–0.063 mm), and extremely fine ash (<0.063 mm) 

according to the size scale by White and Houghton (2006). Blocks are a significant 

component only in the 1104 deposit, and then only within 10 km of source. Coarse lapilli are 

subordinate to medium lapilli at all sites in all four deposits, and to fine lapilli for all but the 

proximal 1104 deposit. The lapilli size fraction dominates in a near field which extends to 50 

km for the 1104 and 1300-D deposits, to 40 km for the 1693 deposit, and to 45 km for the 

1766 deposit. Absolute isomass values for the lapilli fractions decline steeply across these 

near fields. Coarse to medium ash and fine ash reach maximum abundances progressively 

farther down the dispersal axis. Coarse to medium ash reaches a maxima at about 53 km 

downwind in the 1104 and 1300-D deposits, at 42 km in the 1766 deposit, and at 30 km in 

the 1693 deposit. The distribution of fine ash is less clear, and maxima are poorly defined for 

the 1300-D, 1693, and 1766 deposits because of a lack of medial samples down-wind from 

the vent. Fine ash is most abundant in the 1104 deposit 100 km down-wind from vent. 
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Figure 4.3 Distribution of mass of different size categories along the dispersal axis for (a) Hekla 

1104 and (b) Hekla 1300-D. Insets show close-ups of distributions, and colours correspond to the 

same size categories in all graphs. 
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Figure 4.4 Distribution of mass of different size categories along the dispersal axis for (a) Hekla 

1693 and (b) Hekla 1766. Insets show close-ups of distributions, and colours correspond to the 

same size categories in all graphs. 
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4.3.4  TGSD 

The reconstructed TGSDs, using those samples with complete (-8 to 12 ϕ; 250 mm to 0.25 

µm) grain size distributions (triangles in Figure 4.1), are shown in Figures 4.5 and 4.6 and 

summarized in Table 4.2. All four Hekla deposits have bimodal TGSDs, with the minima at 

1 ϕ (0.5 mm) and the finer mode at 4 ϕ (63 µm) (Figure 4.5). All TGSDs are asymmetrical, 

with a dominant finer mode, except for the 1766 deposit where the coarser mode is dominant. 

 

Figure 4.5 TGSDs of four Hekla eruptions reconstructed using the Voronoi Tessellation 

technique. Cumulative TGSDs are shown in Figure 4.6. The Voronoi cells used for the 

reconstruction are shown in Figure 4.7. 
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Figure 4.6 Cumulative TGSDs for four Hekla eruptions. For comparison, the results for three 

other well-characterized eruptions are also shown. Adapted from Rust and Cashman (2011). 

 

Table 4.2 TGSD grain size parameters derived for four Hekla eruptions. Sorting parameters 

(Mdϕ and σϕ) from Inman (1952). P1 and P2 are the coarse (>0.5 mm) and fine (<0.5 mm) 

peaks, respectively. 

 Hekla 1104 Hekla 1300-D Hekla 1693 Hekla 1766 

Mdϕ 2.26 2.18 0.64 0.09 
σϕ 3.76 3.32 3.56 3.32 
wt % <1 mm 64 67 53 51 
m63 0.25 0.23 0.15 0.11 
Mode of P1 -3 -1 -2 -2 
Mode of P2 4 4 4 4 
Fraction of P1 0.40 0.37 0.52 0.57 
Fraction of P2 0.60 0.63 0.48 0.43 

 

 



143 
 

The arrangement of Voronoi cells for each deposit is shown in Figure 4.7. The cells 

cover over 75% of the area within the 0.1 cm isopach, with the exception for the 1693 

deposit in which the cells cover ~50% of the area within the 0.1 cm isopach. Applying the 

Voronoi Tessellation on a more densely spaced sample set (supplementary Table S4.1) does 

not significantly change the total cell coverage. For these four Hekla deposits, the effect of 

including the fines-poor samples for which only the material <4 ϕ (>63 µm) was analysed 

(i.e., no fine particle analysis) does not change the resulting TGSD markedly if the samples 

contain <3 wt % of material <63 µm. It, however, changes the m63 values by <0.03, and shifts 

the coarser modes of the 1104, 1300-D, and 1766 deposits toward finer values 

(supplementary Table S4.2 and supplementary Figure S4.1). 
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Figure 4.7 Voronoi cells used for the Hekla 1104, 1300-D, 1693, and 1766 TGSD calculations. Black circles show locations of grain size 

samples. Red circles indicate the deposit outline (equal to the 0.1 cm isopach line). Cells contributing mass to the TGSD are shown in 

colour. The scale bars at the lower right corners correspond to 1 degree longitude and latitude. 
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4.4  Interpretation  

4.4.1  Processes of pyroclast settling and sedimentation 

We suggest that clear contrasts in the distributions of the lapilli and coarse to extremely fine 

ash fractions for the four tephras reflect contrasts in primary settling behaviour, although 

settling behaviour is often influenced by secondary processes during and immediately 

following eruption (see section 4.4.2). The lapilli fraction dominated sedimentation in 

proximal to medial regions, where the isomass values of individual size fractions decline 

rapidly and exponentially with distance from vent. The size of this lapilli-dominated 

proximal to medial region scales with the inferred mass discharge rate for the eruption. A 

broader but similar relationship holds for the modal grain size of the proximal to medial 

material, which is coarse to medium lapilli for the 1104 deposit, medium to fine lapilli with 

minor coarse lapilli for the 1300-D deposit, and medium to fine lapilli for the 1693 and 1766 

deposits. Sedimentation in this region was dominated by settling of large discrete particles at 

their respective terminal velocities under the influence of contrasting plume heights. Janebo 

et al. (in prep; Chapter 3) infer that wind speeds were similar for all four eruptions. Settling 

and deposition of the fine to coarse ash fraction in the deposits was more complicated and 

variably influenced by near-surface winds as discussed in section 4.4.2. 
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4.4.2  Nature and origin of bimodal and fines-skewed grain size samples 

The key characteristics of the bimodal and ash-rich samples are: 

1.  Most ash-rich samples have a distinct fine peak between approximately 3 and 5 ϕ 

(bimodal); others have no fine peak but relatively abundant fine to extremely fine ash 

between 1 and 6 ϕ (fines-skewed). 

2.  The bimodal and fines-skewed samples are not spatially restricted. They are neither 

confined to proximal or distal fields nor to the axis or the margin of the deposits. The 

two types of fines-rich samples are not clustered together. 

3.  The fine peak is everywhere subordinate (1–4 wt % in the modal bins, compared to 

10–20 wt % for the coarse peak). 

4.  The fine mode is always 4 or 4.5 ϕ, but the coarse mode varies, with distance from 

vent, between -3.5 ϕ and 2 ϕ. 

The origin of the ash-rich nature of the bimodal and fines-skewed samples cannot be linked 

to any single primary or secondary process. Where multiple samples were collected at a 

single site, the uppermost samples are generally richer in fines, suggesting that fines were 

deposited dominantly at or near the close of tephra sedimentation from the umbrella cloud. 

We suggest that the final abundance of fines reflects, in part, the influence of syn-eruption 

and immediately post-eruption remobilization and/or re-deposition of fine to extremely fine 

ash. In cases where the fines define a well-constrained secondary peak between 4 and 6 ϕ, we 

suggest they sedimented during the waning of the plume but were then re-distributed 

essentially in situ, i.e., winnowed down into the interstices of the underlying lapilli fall. 

Where a broader shoulder of fines exists, the processes of re-distribution of ash were more 

extensive, with remobilization occurring perhaps over length scales of meters to tens of 
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meters, corresponding to the length scale over which considerable variation in the thickness 

and grain size of the fall deposits was observed in pits dug in the field. For these reasons, the 

fine ash fraction poses a problem in terms of reconstruction of TGSD for the four tephras. 

Some fine ash is clearly syn-eruptive with, but sedimented more slowly than, the dominant 

coarse ash to coarse lapilli which forms the principal peak in proximal samples. Part of the 

fine ash fraction, however, probably sedimented slightly later and was associated with the 

waning plume, related to less efficient transport in the weakened umbrella cloud, and 

sedimented from lower plume heights. All of it is now at least partially redistributed, both 

vertically in the sections and laterally by surface winds. 

 

4.5  Discussion 

4.5.1  Comparisons between the four Hekla TGSDs 

All four eruptions have bimodal TGSDs, with the fine mode remaining relatively constant at 

4 ϕ. A possible explanation for the consistent position of the fine peak is that this reflects 

vesicle size distribution in the magma, with clast size naturally converging with the typical 

vesicle diameter (Rust and Cashman, 2011; Liu et al., 2015). The coarse mode is more 

variable, ranging from -3 ϕ for the 1104 deposit to -1 ϕ for the 1300-D deposit, and is more 

sensitive to differences in sustained plume height. 

The distributions and grain size of the lapilli fractions of the four tephras are broadly 

compatible with the higher (weak Plinian) inferred mass discharge rates and eruption plumes 

for the 1104 and 1300-D eruptions compared to the subplinian 1693 and 1766 eruptions 

(Janebo et al., in prep; Chapter 3). The more powerful eruptions, however, also have higher 
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abundances of fine ash and extremely fine ash, as seen in the TGSDs. Although the relative 

size of the coarse mode in the 1104 deposit is small, the absolute abundances of particles in 

this size range are far greater in the 1104 deposit. The distributed grain size of the fall 

deposits thus reflects a balance between greater explosivity of the most powerful eruption 

promoting finer fragmentation of the melt, and greater power and height of this eruption 

transporting larger numbers of coarse pyroclasts farther from the vent. 

 

4.5.2  Comparisons to published TGSDs 

Selected TGSDs are shown in Figure 4.8. As stated by Mastin et al. (2009b), the higher 

intensity eruptions contain a larger fraction of fine and extremely fine ash, a feature also 

shared by the Hekla fall deposits. In terms of mass fraction of extremely fine ash (m63), all 

four Hekla eruptions (m63 of 0.11 to 0.25) are intermediate between the two well documented 

subplinian eruptions of Ruapehu 1996 (Bonadonna and Houghton, 2005) and Fuego 1974 

(Rose et al., 2008), both of which have m63 values of 0.03, and the Plinian Mount St Helens 

1980 eruption (Rose and Durant, 2009), which has considerably more fines (m63 of 0.5).  
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Figure 4.8 Range in mass fraction <63 µm for different eruption styles. The 

new results for the four Hekla eruptions are shown in colours. Results from 

other studies using the Voronoi tessellation technique are shown in black, and 

results from studies using other reconstruction methods are shown in grey. 

Data from summaries in Mastin et al. (2009b) and Bonadonna et al. (2015b). 

 

The TGSDs for the Ruapehu 1996 and Fuego 1974 eruptions are both unimodal, as 

are the TGSDs for various 21st century eruptions of Etna (e.g., Scollo et al., 2007; Andronico 

et al., 2014) and the subplinian B phase of the 1875 Askja eruption (Janebo et al., in prep; 

Chapter 5). In comparison, the three well documented Plinian deposits—Cordón Caulle 2011 

(Bonadonna et al., 2015b), St. Helens 1980 (Rose and Durant, 2009), and the D phase of the 

1875 Askja eruption (Janebo et al., in prep; Chapter 5)—are bimodal. The bimodal versus 

unimodal size distributions is likely a primary feature, reflecting fragmentation processes, 

and requires further investigation beyond the scope of this study.  

 



 

150 
 

4.5.3  Source terms for tephra dispersal models 

The abundance of extremely fine ash (m63) has been proposed as a proxy for use of full 

TGSD data (Mastin et al., 2009b), largely because this ash fraction is most threatening to 

aviation. m63 is, however, very susceptible to a range of secondary processes, including 

abrasion during sample processing (Walker, 1971) and syn- and post-deposition reworking 

(e.g., Folch et al., 2014; Liu et al., 2014). The Hekla tephras contain ample evidence for these 

processes, and yet they are relatively poor in extremely fine ash (m63 values of 0.25, 0.23, 

0.15 and 0.11). In the absence of any previous published TGSDs, Mastin et al. (2009a, 

2009b) assigned Hekla to their category S2, which was subsequently assigned the default m63 

value of 0.4—twice that of the calculated values for these four Hekla eruptions. As a result, 

we suggest caution for the use of the m63 fraction as a proxy for full TGSD without a critical 

analysis of the tephra deposit. 

 

4.6  Conclusions 

The four studied Hekla eruptions fill a TGSD data gap between VEI 3 subplinian eruptions 

and VEI 5 Plinian eruptions. The two Plinian deposits at Hekla have TGSDs that reflect more 

intense fragmentation than the two subplinian tephras, e.g., higher abundance of extremely 

fine ash and hence larger m63 values. In contrast, the higher eruptive plumes (20–25 km for 

the 1104 and 1300-D eruptions versus 13–18 km for the 1693 and 1766 eruptions) are 

reflected in a more extensive spatial distribution of medium and coarse lapilli in the Plinian 

units. For this reason, the grain size distribution of single samples from the near field or even 

a partial TGSD from proximal samples give a misleading impression of the efficiency of the 

fragmentation process. Based on the results for these four Hekla deposits, we conclude that 
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m63 is a poor substitute for a full TGSD when establishing the grain size source term for 

tephra dispersal modelling.  
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Supplementary Table S4.1 Number of sample locations used for comparison of TGSD 

results using different subsets of the sample locations. Set A consists of all available grain 

size data, analysed from -8 to 4 ϕ (from 250 mm to 63 µm). Set C consists of only the 

locations for which the full size range -8 to 12 ϕ (250 mm to 0.25 µm) has been analysed. Set 

B consists of a combination of set C and A, using three different cut-off values (wt % of 

material <63 µm) for which samples from the latter to be included. Set C is the iteration 

discussed in the main text. The Voronoi cells for each set are provided in Appendix E.  

 Hekla 1104 Hekla 1300-D Hekla 1693 Hekla 1766 

Set A 125 114 98 115 
Set B     
  B-1 (5 wt %) 86 61 38 45 
  B-2 (3 wt %) 72 55 23 32 
  B-3 (1 wt %) a 44 32 x x 
Set C  24 25 16 27 
a Only done for Hekla 1104 and 1300-D.  

 

 

Supplementary Table S4.2 Mass fraction <63 µm (m63) for TGSD iterations listed in 

supplementary Table S4.1.  

 Hekla 1104 Hekla 1300-D Hekla 1693 Hekla 1766 

Set A 0.22 0.20 0.11 0.12 
Set B     
  B-1 (5 wt %) 0.26 0.20 0.12 0.11 
  B-2 (3 wt %) 0.24 0.20 0.13 0.11 
  B-3 (1 wt %) a 0.22 0.25   
Set C  0.25 0.23 0.15 0.11 
a Only done for Hekla 1104 and 1300-D.  
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Supplementary Figure S4.1 Results for the TGSD iterations listed in supplementary Table S4.1. Set C (black 

line) are the results discussed in the main text 
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C H A P T E R  5  

Total grain size distribution of units B and D of the 

1875 Askja eruption, Iceland 
 

In preparation for submission to Journal of Volcanology and Geothermal Research as: 

Janebo, M.H., Carey, R.J., Houghton, B.F., Bonadonna, C., and Thordarson, T. Total grain 

size distribution of units B and D of the 1875 Askja eruption, Iceland. 

 

 

Abstract—The 1875 eruption of Askja volcano is one of the largest and best documented 

historical silicic eruptions in Iceland. It consisted of six phases, with abrupt shifts in eruption 

style and intensity. The two main ‘dry’ (magmatic) phases were the subplinian unit B and the 

Plinian unit D. Well preserved deposits in both the proximal and medial fields, as well as far 

distal samples of unit D collected in Scandinavia during the eruption, make it an excellent 

candidate for reconstructing total grain size distribution (TGSD). The contrasting intensity of 

Askja B and D provide an opportunity to compare how TGSD scales with mass eruption rate 

for different phases of an eruption. Askja D is coarser than Askja B but also has a higher 

mass fraction of very fine ash, so the fragmentation efficiency was greater in the more 

powerful phase. Our results also show that inclusion of far-distal samples reduces the median 

grain size while increasing the proportion of fine ash in the calculated TGSD, suggesting that 

partial datasets may give a misleading impression because of size fractionation during 

transport. 
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5.1  Introduction 

TGSD, the grain size distribution of all the ejecta from a volcanic eruption, is amongst the 

most important source term parameters used in tephra dispersal models, such as the ones 

used by the Volcanic Ash Advisory Centers (VAACs) for tephra forecasts (e.g., Bonadonna 

et al., 2011b; Folch, 2012) and it can provide fundamental insights into fragmentation 

efficiency. In particular, tephra forecasting has focused on the mass fraction of extremely 

fine ash <63 µm (m63, Mastin et al., 2009) which can remain in the atmosphere for hours to 

days and represents the main source of hazard to aviation (Casadevall and Krohn, 1995; 

Schneider et al., 1995). As a result, an accurate reconstruction of TGSD associated with 

explosive eruptions at key volcanoes that can impact aviation is fundamental to mitigate 

disruption of air traffic. In addition, an accurate quantification of the fine-ash fraction can 

also help assess fragmentation efficiency. However, due to the sensitivity of TGSD to the 

exposure of the deposit, to the number and spatial distribution of grain size samples, and to 

the reconstruction method used (Bonadonna and Houghton, 2005), only a small set of 

representative TGSDs are available for global comparisons (e.g., Bonadonna and Houghton, 

2005; Scollo et al., 2007; Rose et al., 2008; Rose and Durant, 2009; Andronico et al., 2014; 

Bonadonna et al., 2015b). These span ranges of magma compositions from basaltic to 

rhyolitic, eruptive styles from Hawaiian to Plinian, and mass eruption rates (MERs) from 103 

to 107 kg s-1.  

The TGSD associated with the AD 1875 eruption of Askja, Iceland, and, in particular, 

with the individual phases Askja B and D, provides excellent additions to this limited data 

set. Askja 1875 is one of the largest, and the best documented, silicic eruptions in Iceland 

during historical times (since ~ AD 870; Thordarson and Larsen, 2007). Unit D makes a 
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plausible worst case scenario for future activity at many Icelandic volcanoes whereas unit B 

is an excellent counterfoil, with a MER an order of magnitude less than unit D. It thus 

provides an opportunity to compare how TGSD scales with mass eruption rate for different 

phases of an eruption. 

 

5.1.1  The Askja 1875 eruption  

Askja, in the North Volcanic Zone, is the second largest volcanic system in Iceland, with an 

areal extent of ~2,300 km2 (Thordarson and Larsen, 2007). The central volcano, Askja, 

covers 45 km2 with its highest point over 800 m above its surroundings. Askja has three 

overlapping calderas, the youngest of which formed following the eruption in1875 and is 

occupied by Lake Öskjuvatn. Askja has had multiple small basaltic eruptions during the 20th 

century, most recently in 1961 (Sparks et al., 1981), but only two powerful explosive silicic 

eruptions during the Holocene. Of these two, only the eruption in 1875 is volumetrically and 

temporally well constrained. 

The 1875 eruption occurred on March 28–29 and lasted 17 hours. The main eruption 

originated from multiple vents inside what is now Lake Öskjuvatn (Carey et al., 2009b) and 

consisted of three major and several minor phases, corresponding to different eruptive styles 

and regimes (Carey et al., 2009a, 2009b). Previous studies (Self and Sparks, 1978; Sparks et 

al., 1981) divided the deposit into six units denoted A to F. Of these, B–D constitute the main 

eruption, whereas A, E, and F are associated with weaker activity preceding and following 

the main eruption. The main eruption started with subplinian activity (B), followed by a two-

part phreatoplinian phase—initial phreatoplinian fall (C1) and subsequent pyroclastic density 

currents (C2). The eruption culminated in a Plinian phase (D). Carey et al. (2008a, 2009b) 
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expanded the nomenclature to better describe units C and D in proximal area (i.e., C1–2 and 

D1–5). 

Previous studies (e.g,. Carey et al., 2009b) mapped the 1875 deposit and described in 

detail individual phases of the eruption. Eruptive parameters are summarized in Table 5.1. 

The deposit covers a combined area of 628,000 km2 northeast of Askja, with the finest 

material reaching as far as Scandinavia (Sparks et al., 1981; Carey et al., 2009b).  

 
Table 5.1 Summary table of the eruptive parameters for the 1875 eruption of Askja, from 

Carey et al. (2009b). MDR and VDR are the mass discharge rate and volumetric discharge 

rate, respectively. DRE is the dense rock equivalent volume.  

Subunit Column height 
(km) 

MDR 
(kg s-1) 

VDR 
(m3 s-1) 

DRE 
(km3) 

Volume 
(km3) 

Time 
(hrs) 

Total mass 
(kg) 

B 8 2.6  106 3.9  103 0.004 0.014 1 9.4  109 

C 22.8 6.8  107 1.2  105 0.104 0.450 1 4.8  1011 
D 26 2.5  107 6.9  104 1.370 1.370 6 5  1011 

 

The Askja B deposit consists of white, fine to coarse pumice lapilli with 5–25 modal 

wt % wall rock lithic clasts (Carey et al., 2009b). The deposit is well sorted, reversely 

graded, and dispersed in a narrow downwind sector extending 50 km eastward (Carey et al., 

2009b). It is underlain by a white, very fine ash (Askja A) in the proximal and medial area 

(Carey et al., 2009b). Unit C1 consists of pale grey, very fine ash with <5 wt % lithic clasts, 

which infiltrates the underlying coarser B deposit (Carey et al., 2009b). Most (99 wt %) of 

the C1 material is finer than 1 mm (Sparks et al., 1981), but, in the proximal region, it 

contains lenses and trails of pumice lapilli (Carey et al., 2009b). C1 is dispersed in a wider 

sector than Askja B to the east-northeast, extending to Scandinavia (Sparks et al., 1981). Unit 

C2 is present only within the caldera region (Carey et al., 2009b).  
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Unit D is a white, exceptionally coarse-grained fine to coarse lapilli and bomb bed 

and was deposited to the east-northeast. In Scandinavia, units C and D are indistinguishable 

(Carey et al., 2009b). Close to source, the Askja D deposit can be further divided into five 

subunits, D1 to D5, based on componentry, grain size and dispersal (Carey et al., 2008a). 

Subunits D1, D3 and D5 originate from the main vent, whereas D2 and D4 are associated 

with concurrent fountaining from adjacent vents (Carey et al., 2008a). Subunits D1, D3, and 

D5 can only be separated inside the caldera, where they define an overall trend of reverse 

grading, but they merge together as one reversely graded unit in the medial and distal areas 

with a lower, more lithic-rich part and an upper, lithic-poor part (Carey et al., 2008a, 2009b). 

 

5.2  Methodology 

Grain size samples and thickness measurements were collected at 134 locations for 

Askja B and 73 locations for Askja D (Figure 5.1). The grain size distribution was analysed 

using traditional dry sieving techniques, in which the size fractions follow a logarithmic scale 

where ϕ = -log2(d) and d is the particle diameter in mm. All samples were sieved from -8 ϕ 

(250 mm) to 4 ϕ (63 μm) in half or whole ϕ intervals.  

The samples collected from Askja B have a bimodal distribution, with a coarser mode 

corresponding to Askja B pyroclasts and a finer mode corresponding to contamination by the 

Askja C fine ash. The Askja B subpopulation was extracted from the original distribution 

using the DECOLOG 5.0 software (Borselli and Sarocchi, 2004; Bellotti et al., 2010) 

following the approach outlined by Eychenne et al. (2015), but using a log-normal 

distribution instead of a Weibull function. The results of the deconvolution (see Figure 5.2 

for example) were evaluated by visual inspection for accuracy, in terms of both shape and 
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mass distribution, of the fit of the coarser peak. The spatial distribution of the included 

samples is shown in Figure 5.1.  

The individual TGSDs of Askja B and D were reconstructed using the Voronoi 

Tessellation technique (Bonadonna and Houghton, 2005). The deposits were divided into 

cells whose interior consists of all grid points that are closer to a given sample point than to 

any other point (Bonadonna and Houghton, 2005). Using a modified version of the TOTGS 

MatLab interface by Biass and Bonadonna (2014), the thickness and grain size distribution at 

each sample point were assigned to the enclosing Voronoi cell. The total grain size 

distribution was obtained as the area-weighted average of all the Voronoi cells over the 

whole deposit. For Askja D, the TGSD was calculated for two different regions: i) the 

material that was deposited in Iceland, and ii) the full area of the deposit.  
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Figure 5.1 (a) Locations of grain size 

samples for Askja B shown by black 

dots. Red dots are locations for 

samples not included in the TGSD. 

Inset show location in Iceland. (b) 

Locations of far-distal grain size 

samples for Askja D in Norway, 

shown by black dots. (c) Close-up of 

locations of grain size samples for 

Askja D in Iceland. In all panels, 

Lake Öskjuvatn is shown in blue, and 

grey shading outlines the 0.5 cm and 

0.1 cm isopach area for Askja B and 

D, respectively. Thickness values (in 

cm) are placed on the outside of 

corresponding isopach. Isopachs from 

Carey et al. (2009b). 
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Figure 5.2 Example of deconvolution result. Original sample distribution shown by grey 

histogram, Askja B subpopulation shown in blue dashed line, Askja C contamination shown 

in dotted red line, and combined modelled distribution shown in black solid line. 

 

5.3  Results 

5.3.1  Grain size of single samples 

Individual grain size samples for both the Askja B (following deconvolution) and D deposits 

are unimodal but positively skewed. For both eruptions, the grain size mode shifts to finer 

values with increasing distance from source along the dispersal axes. For Askja B, the 

median diameter shifts from -4 ϕ (16 mm) at 2 km distance to 1 ϕ (0.5 mm) at 24 km distance 

along the axis (Figure 5.3g–i). The most proximal B sample shown in Figure 5.3, which is 

not visibly contaminated by Askja C fine ash, contains a small and consistent abundance of 

fine to coarse ash (Figure 5.3g).  
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Figure 5.3 Change in Askja B (right) 

and D (left) grain size toward finer 

mode with increasing distance from 

vent. P; stacked bin with everything 

<63 µm. 
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Askja D is markedly coarser than B, and the median diameter shifts from -5 ϕ 

(32 mm) at 2.5 km distance to 2 ϕ (0.25 mm) at 150 km from source (Figure 5.3a–f). As with 

the Askja B proximal sample, the abundance of fine to coarse ash in the most proximal D 

samples is extremely uniform over 3 ϕ units. In contrast, at distal sites where lapilli are 

absent, the ash component is moderately to well sorted and the mode becomes finer with 

increasing distance down the dispersal axis. 

 

5.3.2  Variation in absolute isomass for single size fractions 

The differences in grain size between Askja B and Askja D can be viewed in terms of 

distribution of absolute mass at sites along the dispersal axis (Figure 5.4). For clarity, we 

have grouped the data into size bins that are 2 or 3 ϕ wide. The bins correspond to blocks 

(>64 mm), coarse lapilli (64–16 mm), medium lapilli (16–4 mm), fine lapilli to very coarse 

ash (4–1 mm), coarse to medium ash (1–0.25 mm), fine ash (0.25–0.063 mm), and extremely 

fine ash (<0.063 mm) according to the size scale by White and Houghton (2006). 

For Askja B, there is a significant distinction in the down-axis behaviour of medium 

lapilli and coarser fractions with respect to the ash fractions. Proximal sites are predictably 

dominated by medium and coarse lapilli; blocks are insignificant, present only at the most 

proximal site. Lapilli size fractions show a rapid decrease in abundance with increasing 

distance from source, defining a lapilli-dominant region that extends to approximately 11 km 

downwind of the vent. Coarse lapilli dominates from 0 to 2 km downwind and medium lapilli 

from 2 to 11 km. Coarse to extremely fine ash show broader downwind dispersal, with all of 

these size fractions reaching poorly defined maxima at 14 km downwind. Ash is the 

dominant component beyond 11 km from vent.  
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Figure 5.4 Distribution of mass of different size categories along the dispersal axis for Askja 

D (top) and B (bottom). Insets show close-up of distributions, and colours correspond to the 

same size categories in all graphs. 

 



165 
 

For Askja D, the influence of the declining lapilli fraction extends significantly 

farther downwind, with the combination of coarse and medium lapilli being the dominant 

grain size to approximately 50 km from source. Coarse lapilli are dominant to 21 km 

downwind and beyond that medium lapilli dominate. The broader peak for coarse to 

extremely fine ash is, in contrast to Askja B, distinct from the lapilli peak. Data availability is 

an issue here; the absence of any samples between 60 and 100 km downwind from the vent 

precludes exact determination of the location for the peak abundance of the ash fractions. 

 

5.3.3  TGSD 

The TGSDs for Askja B and D are shown in Figure 5.5. Askja B has a unimodal distribution 

with a mode at 0 ϕ (1 mm). The m63 fraction is 0.04, whereas the fraction of ash <1 mm is 

0.38. The TGSD for Askja D is weakly bimodal with a coarser mode at -4 ϕ (16 mm) and a 

finer mode at 1 ϕ (0.5 mm). For the material deposited in Iceland only, the m63 fraction is 

0.03 and the fraction of ash <1 mm is 0.31. When the far-distal samples are included, these 

values increase to 0.07 and 0.40, respectively.  



166 
 

 

Figure 5.5 TGSDs for Askja B and D. For D, (i) includes only the material deposited in 

Iceland, whereas (ii) includes the far-distal deposit using an estimated thickness of 0.1 mm 

for the far-distal sample locations. The Voronoi cells used for the calculations are shown in 

Figure 5.6 and 5.7. 
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5.4  Interpretation and discussion 

5.4.1  Askja B versus Askja D 

Askja B and D show distinct differences in both the distribution of individual size classes 

along the dispersal axis (Figure 5.4) and the TGSD (Figure 5.5). For Askja B, the peak of ash 

abundance coincides with the shoulder of the peak of lapilli abundance. In contrast, for Askja 

D, the separation of the ash and lapilli peaks is clear in space and size. It is possible that this 

difference contribute to the unimodal versus bimodal character of the Askja B and D TGSDs.  

For the material that was deposited in Iceland, Askja B and D contains about the same 

proportion of extremely fine ash (m63 values of 0.04 and 0.03, respectively). The addition of 

the Scandinavian Askja D data does not produce a third distinct peak in the TGSD (Figure 

5.5). Instead, the addition of far-distal data simply increases the relative abundances of the 

ash size fractions at the expense of the lapilli fractions. The influence on the reconstructed 

TGSD of material that fell in the ocean between Iceland and Scandinavia, however, cannot 

be reliably estimated.  

 

5.4.2  Spatial distribution of sample points 

Despite well preserved deposits, both Askja B and D highlight the issues with incomplete 

data coverage. For Askja B, lack of usable grain size samples in the distal region and along 

the margins of the deposit, due to the convergence in grain size of the Askja B and C 

material, results in only about half of the deposit area accounted for by the Voronoi cells 

(Figure 5.6). For Askja D, issues arise due to the large distance between samples collected in 

Iceland and Scandinavia resulting in that the material deposited over the Atlantic Ocean is 
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not accounted for (Figure 5.7). Due to the skewed sample distribution, and hence the 

incomplete coverage by the Voronoi cells, the TGSDs for both Askja B and D underestimate 

the amount of extremely fine ash. The obtained m63 fractions from these data sets can thus be 

considered only minima. 

 

Figure 5.6 Voronoi cells used for Askja B TGSD reconstruction. Black circles show 

locations of grain size samples. Red circles indicate the zero-line used (equal to the 0.5 cm 

isopach line). Cells contributing mass to the TGSD are shown in dark grey. The scale bars at 

the lower right corner correspond to 0.5 degree longitude and latitude. 
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Figure 5.7 Voronoi cells used for Askja D TGSD reconstruction of (i) material deposited in 

Iceland and (ii) including the far-distal deposit. Black circles show locations of grain size 

samples. Red circles indicate the zero-line used, equal to the 0.1 cm isopach line in (i) and the 

detected limit in (ii). Cells contributing mass to the TGSD are shown in dark grey. The scale 

bars at the lower right corner correspond to 1 degree longitude and latitude. Note that in (ii) 

the individual Voronoi cells in Iceland are not shown. 
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5.4.3  Implications of grain size data for pyroclast transport and formation 

The coarse mode or fraction of both the Askja B and D deposits changes rapidly and 

smoothly in terms of size and abundance with distance from vent (Figure 5.4), reflecting 

normal settling of discrete particles under the influences of plume height and wind field. The 

contrasts in particle size and thinning rates for the coarse size fraction between Askja B and 

Askja D can therefore be seen as a function of the enhanced plume height for Askja D. 

The fine to coarse ash fraction of the deposit requires more careful consideration. 

These particle sizes have broad accumulation maxima at 14 km (Askja B) and approximately 

80 km (Askja D) from vent. This pattern contrasts with that of the ash fractions in some other 

moderate-sized fall deposits for which size-selective processes must be invoked to explain a 

relatively stable mode for the fine size fraction (Bonadonna et al., 2015b). The samples from 

sites beyond the locus of lapilli-deposition (e.g., Figure 3e, f, i) are relatively well sorted, and 

the mode of the ash fraction becomes finer with distance from source, paralleling the trend of 

the more proximal lapilli-dominant samples. This is more consistent with a particle transport 

and sedimentation model in which aggregation did not play a major role and most particles 

sedimented as free pyroclasts. 

A major concern is that the very fine and extremely fine ash fractions for proximal 

Askja D, and in the most proximal Askja B sample, are not part of a primary fragmentation 

event but are instead the products of secondary fragmentation by abrasion. With large and 

fragile pumice clasts, secondary fragmentation processes probably begin by abrasion in the 

conduit (Kaminski and Jaupart, 1998) and then include breakage on landing and during 

sampling. In addition, further abrasion likely occurs during processing in the laboratory. 

Very flat fine tails seen in the grain size distributions for single samples are often the product 
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of abrasion of larger clasts (Walker, 1971). Combined with the lack of data from the region 

where the 1875 tephra fell into the ocean, this is a major cause for concern in choosing 

parameters such as m63 to include in the source term for models of tephra dispersal.  

 

5.5  Conclusions 

Based on this study we conclude that: 

1. Sedimentation of lapilli and ash fractions during the 1875 Askja eruption 

followed different settling laws leading to distinctly different mass accumulation 

patterns during both subplinian B and Plinian D phases of the eruption. The 

distribution of the ash fractions is not compatible with size-selective processes 

such as particle aggregation, but instead follows a similar but more gradational 

fining with distance from source, as do coarser clast subpopulations. 

2. Accumulation rates for the lapilli fractions decrease rapidly with distance from 

source, and the mean size of these pyroclasts decreases at similar rates. The 

lapilli-block subpopulation is markedly coarser for Plinian D than subplinian B, 

and lapilli dominate the size distribution to 50 km and 11 km, respectively. This is 

compatible with the inferred higher mass eruption rate and plume height for Askja 

D. 

3. Fine to coarse ash shows a broader distribution, with peak accumulation either 

beyond or on the shoulder of the mode defined by the lapilli. This potentially 

contributes to a broadly unimodal or bimodal TGSD, respectively. 

4. Processes of secondary fragmentation (abrasion), including laboratory processing, 

artificially increase the abundance of fine to extremely fine ash in these samples. 
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For this reason, the m63 parameter is an unreliable source term to utilize for 

modelling tephra dispersal at Askja. 

5. Our data suggest that, contrary to popularly expressed views, increased eruption 

intensity does not necessarily correlate with increased degree of fragmentation 

and a finer TGSD. Instead, a coarser-grained population was produced during the 

Plinian phase and transported significantly greater distances by the higher 

eruption plume. 
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C H A P T E R  6  

Shallow conduit processes during the AD 1158 

explosive eruption of Hekla volcano, Iceland  
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Janebo, M.H., Houghton, B.F., Thordarson, T., and Larsen, G. Shallow conduit processes 

during the AD 1158 explosive eruption of Hekla volcano, Iceland. 

 

 

Abstract—Hekla is one of the most frequently active silicic volcanic systems in the world, 

with several known pre-historic large Plinian eruptions and 18 historical subplinian to small 

Plinian eruptions. A common view is that Plinian Hekla eruptions are relatively short-lived 

and purely explosive events. In detail, these events exhibit subtle but significant differences 

in terms of deposit characteristics and eruption behaviour. Of the 18 historical eruptions, two 

are silicic: a Plinian eruption in 1104 and a smaller, less well characterised, but atypical 

subplinian eruption in 1158. The 1158 eruption was a relatively sustained, dry eruption with 

a more powerful opening phase followed by a lower intensity, waning phase accompanied by 

minor destabilization and collapse of the conduit walls. We examine here the dynamics of the 

1158 eruption, focusing on the role of shallow conduit processes in modulating eruption 

dynamics. Vesicularity data constrain the relative influence of bubble nucleation, growth, and 

coalescence. The juvenile pyroclasts are comprised of two types of microvesicular pumice 

(white and grey) with contrasting vesicle number density, vesicle size distribution, and 

phenocryst and microlite content. Textural analysis shows that these pumices reflect 

heterogeneity developed pre- to syn-eruptively in the conduit and that entrainment of longer 
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resident melt by faster ascending magma permitted melt of contrasting maturity to be 

fragmented simultaneously. In this regard, the mixed melt of the 1158 eruption contrasts with 

the compositionally homogeneous melt phase of the more powerful 1104 Plinian event, 

which was typified by more uniform conduit and eruption dynamics accompanying higher 

average ascent rates. 

 

6.1  Introduction 

Hekla, located at the southern end of the East Volcanic Zone (see Figure 6.1a), is one of the 

most active volcanic systems in Iceland. It has featured a series of pre-historic large Plinian 

eruptions (e.g., Larsen and Thorarinsson, 1977; Larsen and Eiríksson, 2008b; 

Gudmundsdóttir et al., 2011), notably the H3, H4, and H5 eruptions about 3000, 4200, and 

7000 years ago, respectively (Larsen and Eiríksson, 2008a; Thordarson and Höskuldsson, 

2008), and 18 historical subplinian to smaller Plinian eruptions (Thordarson and Larsen, 

2007). Due to the frequent historical activity, the explosive behaviour of Hekla is well 

characterised. In general, the eruption volume and the silica content of the erupted melt 

increases with increasing repose time (Thorarinsson, 1967; Thordarson and Larsen, 2007). 

Explosive activity at the central volcano may be of two types; 1) a short, intense purely 

Plinian eruption lasting hours or 2) a hybrid eruption starting with a Plinian or subplinian 

phase followed by prolonged Strombolian activity and lava flows (Thorarinsson, 1967; 

Thordarson and Larsen, 2007). Type 1 activity may be confined to the summit area, whereas 

type 2 activity typically starts there and then expands to the larger vent system (see Figure 

1b). All the well-constrained historical Plinian and subplinian phases were short, typically 

less than a few hours, and typified by high eruption rate in the range from ~1,000 to ~25,000 
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m3 s-1 (Gronvold et al., 1983; Höskuldsson et al., 2007; Thordarson and Larsen, 2007). A 

common view is that the largest Plinian eruptions follow the same compositional pattern with 

an initial SiO2 content of 70 to 74 wt % which gradually decreases to about 57 wt % by the 

end of the eruption (Thorarinsson, 1967; Larsen and Thorarinsson, 1977; Larsen et al., 1999). 

This is not true for the 1158 eruption, the focus of this paper. 

 

Figure 6.1 (a) Map of Iceland with the three main active volcanic regions shown in grey (NVZ = 

North Volcanic Zone, WVZ = West Volcanic Zone, EVZ = East Volcanic Zone). Location of Hekla 

indicated by the black dot. (b) Map of Hekla with location of the type section for the 1158 eruption 

(black dot). Red dashed line shows the position of the Hekla fissure, red star the summit vent, and 

orange stars the shoulder vents. Topographic contour interval 100 m. (c) Schematic overview of the 

Hekla 1158 deposit at the type section. Intervals 01 to 08 were sampled for grain size and 

componentry analysis. Intervals ρ0102 to ρ0708 were sampled for vesicularity analysis. 

 

Only two historical eruptions have had bulk magma compositions with >66 wt % 

SiO2: the Plinian eruption in 1104 (also known as the H1 event) and the smaller, to date less 
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well characterised, eruption in 1158. The initial magma compositions were rhyolitic (70 to 73 

wt % SiO2) and dacitic (65 to 68 wt % SiO2), respectively (Larsen et al., 1999).  

The eruption of January 19, 1158, (Thorarinsson, 1967) deposited an estimated 0.33 

km3 (unconsolidated, 0.2 km3 consolidated) tephra over parts of eastern Iceland (Larsen 

1992, 2002). The 1158 eruption is atypical for Hekla. It both contrasts with, and is similar to, 

the older purely Plinian eruptions and the younger subplinian opening phases. The eruption 

was subplinian in dispersal, and a 0.1 km3 lava flow with the same composition is believed to 

be associated with the 1158 eruption (Sigmarsson et al., 1992). The magma composition is 

quite evolved for the relatively short 54-year repose time since 1104, and the juvenile ejecta 

contain white, grey, and banded pumices of contrasting vesicularity and crystallinity (Figure 

6.2). 

 

Figure 6.2 Photo of pumice types from the Hekla 1158 eruption: white, grey, and banded 

clasts. Dashed yellow line marks the contact between a grey band in a white pumice clast. 
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The presence of white and grey (and banded) pumices has been observed in numerous 

eruptions at Hekla and elsewhere. The difference between the two pumice types is either 

compositional (Lirer et al., 1973) or textural, the latter due to differences in the microlite 

content and vesicularity (Klug and Cashman, 1994; Polacci et al., 2001). 

Several of the prehistoric Hekla eruptions have two distinct pumice populations of 

contrasting composition; white rhyolitic pumice and dark grey andesitic pumice. In the 

deposits, a white pumice layer is overlain by a greyish brown pumice layer. Especially in the 

zoned Hekla H-A to H-Z eruptions (Larsen and Vilmundardóttir, 1992; Róbertsdóttir et al., 

2002b), the shift from yellow-white or greyish-yellow to dark grey pumice is abrupt, without 

any significant break in grain size and sorting (thereby indicating that these are from a fairly 

continuous steady eruption). For the 1158 eruption, which was much smaller in volume and 

lower in intensity than most of these zoned eruptions, there is no significant compositional 

difference between the white and grey pumice, and both were erupted, in varying proportions 

throughout the entire eruption. We suggest below that the white and grey pumice are more 

likely derived from a single, initially chemically and texturally homogeneous melt during 

ascent and degassing/outgassing in the shallow conduit, rather than resulting from the 

tapping and orderly evacuation of a zoned magma body. 

 

6.2  Methodology 

A type section was defined about 5 km downwind from the summit vent (Figure 6.1b), where 

the 1158 deposit is a little over 1.5 m thick. To investigate changes over time, the deposit was 

divided into eight equal intervals sampled for grain size, and four larger equal intervals 

sampled for clast density/vesicularity analysis (Figure 6.1c). Grain size analysis was 
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conducted down to 4 ϕ (63 μm) using standard sieving techniques and with ϕ = -log2(d) 

where d is the particle diameter in mm. Median diameter (Mdϕ) and sorting coefficients (σϕ) 

were calculated following Inman (1952). Componentry analysis was done on all clasts >2 

mm in diameter, corresponding to a minimum of 85 wt % of each grain size sample. 

The density of 100 juvenile clasts, with diameters of 16 to 32 mm from each sample 

interval was determined following Houghton and Wilson (1989). A dense rock equivalent 

(DRE) value of 2,350 kg m-3 was used when converting from measured density to calculated 

vesicularity. Quantitative vesicularity analysis was performed on nine juvenile clasts 

representative of the range of pumice types; one pair of modal density white and grey pumice 

from each stratigraphic level, and one additional highly vesicular white pumice, following 

Shea et al. (2010). Nested image sets were constructed from 1,200 dpi scans of the thin 

sections combined with back-scattered electron (BSE) images at four magnifications (25, 

100, 250, and 500) collected using a JEOL-5900LV scanning electron microscope (SEM) 

operating at 15 kV accelerating voltage and 1 nA beam current. All images were converted to 

binary format and rectified in Adobe Photoshop, and quantitative vesicle analysis was 

performed using the ImageJ software (Schneider et al., 2012). The 2D areal vesicle number 

density (NA) was adjusted for the presence of phenocrysts and converted to 3D volumetric 

vesicle number density (NV) using the method of Sahagian and Proussevitch (1998). NV is 

referenced to melt volume (NVm) in order to account for the presence of the vesicles (Klug et 

al., 2002). In total, 23 images were analysed for each clast. The lower size limit of analysed 

vesicles included in the vesicle size distribution was set to 4 µm (equivalent to a cutoff value 

of 400 and 100 pixels in the 500 and 250 magnification images, respectively).  
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6.3  Results 

6.3.1  Deposit characteristics 

At the type section, the deposit consists of two poorly delineated parts: a lower, coarser, and 

an upper, slightly finer part (Figure 6.3). The juvenile material comprises two types of 

microvesicular pumice (white and grey in colour), which are present both as discrete clasts 

and as mingled or banded clasts (Figure 6.2). The white pumice is dominant in all samples, 

and the mingled clasts are generally white with mm to cm-thick grey bands. The lithic 

component consists of grey and red lava clasts probably derived from the conduit walls.  

All grain size samples are unimodal with a median diameter in the range of -4.4 to -

4.1 ϕ (22 to 17 mm) in the lower half of the deposit, fining to -3.7 to -2.4 ϕ (13 to 5 mm) in 

the upper part. The deposit is very well to well sorted (σϕ 0.83 to 1.4) throughout (Figure 

6.3b). 

The abundance of white pumice increases upwards slightly in the lower section and 

then decreases in the upper section, whereas the grey and banded pumices show the opposite 

trend (Figure 6.3d). White pumice ranges from 81 to 93 wt % of the juvenile fractions. Wall-

rock lithic clasts range in abundance from 3 to 8 wt %, being highest in the lowermost 

sample, decreasing slightly toward the middle of the deposit, and increasing to the top of the 

deposit (Figure 6.3c).  
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Figure 6.3 (a) Detailed stratigraphic log of the Hekla 1158 deposit. (b) Results from grain size 

analysis. Median diameter is showed in filled circles and sorting in open circles. (c) Lithic abundance. 

(d) Proportion of pumice types (normalized to 100%) with white pumice in blue, grey pumice in 

orange, and banded pumice in green. (e) Mean density of the white pumice shown by open square, 

range in density of white pumice shown by the thick bar, and range of all pumice shown by line. 
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6.3.2  Clast density 

All density samples show similar skewed unimodal distributions with a denser tail (Figure 

6.4). The main peak is dominantly white pumice, the denser tail grey pumice, and the banded 

pumice predictably spans the range of the two end-members. The mean density ranges from 

480 to 600 kg m-3 for the total samples and 450 to 540 kg m-3 for the white pumice only 

(Figure 6.3e), corresponding to a mean calculated vesicularity of 74 to 80% (total) or 77 to 

81% (white pumice only). There is no clear temporal trend in the density data, but the widest 

distribution within the white pumice (with a range of 310 to 900 kg m-3, 62 to 87% 

vesicularity) occurs in the upper middle part of the deposit. The mode of the density 

distribution also alternates between 400 to 500 kg m-3 and 500 to 600 kg m-3 with successive 

samples.  
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Figure 6.4 Pumice density histograms for the 

Hekla 1158 deposit, with clast types overlain 

for sample ρ0506. 
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6.3.3  Quantitative vesicularity and textural analysis 

The nine clasts chosen for detailed textural analysis are all internally heterogeneous, 

containing populations of large (>150 µm to mm-sized) vesicles surrounded by intermediate 

to small (150 to <25 µm) vesicles (Figure 6.5). In thin sections, vesicle shapes range from 

round or elongate to convoluted polylobate. Evidence of coalescence (Figure 6.6), such as, 

for example, wall rupture, thin planar melt films, and small vesicles enclosed inside larger 

vesicles (described as donuts or ‘donut like’ features in previous studies (Klug et al., 2002; 

Adams et al., 2006)), are present in all clasts. The crystal content was not quantified, but all 

clasts contain both phenocrysts and microlites.  

The vesicle volume distributions (VVD) are mostly unimodal with tails of vesicles up 

to about 3 mm in diameter superimposed on broad modes of approximately 125 µm to 0.2 

mm (Figure 6.7). The VVDs for the four modal white are very similar. VVDs for the grey 

clasts are less homogeneous, and the clasts from the stratigraphically lowest (ρ0708) and 

highest (ρ0102) samples are weakly bimodal. All clasts have sigmoidal cumulative vesicle 

volume distributions (CVVD) (Figure 6.8), and the median vesicle diameter is between 40 

and 100 µm (Table 6.1).  

The cumulative vesicle size distributions (CVSD) for all clasts are shown in Figure 

6.9 as log plots of melt-corrected number density of vesicles greater than diameter L. In 

every sample, the moderate to large vesicle population can be best fit by a power law with an 

exponent of -3.5 to -4. The much larger number of the smaller vesicles (<25 and <40 µm in 

the white and grey pumice, respectively), however, are better described by an exponential fit. 
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Figure 6.5 Range of textures observed in pumice clasts from the Hekla 1158 eruption. Decoalesced 

images at four different magnifications (from top to bottom 25, 100, 250 and 500). Vesicles 

are shown in black, glass in white, and phenocrysts and micro-phenocrysts in grey. Images with blue 

outline are from white pumice, and images with orange outline are from grey pumice. 
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Figure 6.6 Coalescence features observed in the Hekla 1158 white pumice: wall rupture (R), 

donuts (D), wrinkling (W), and planar walls (P). 
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Figure 6.7 Vesicle volume distribution for white (left column) and grey (right column) 

pumice clasts from the Hekla 1158 eruption. The scale for the equivalent diameter is 

geometric bin size classes calculated from the minimum vesicle size using a geometric factor 

of 100.1. 
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Figure 6.8 Cumulative vesicle volume percent plot for white (top) and grey pumice (bottom). 

Each line represents an individual clast. For each pumice type, colour scheme from dark to 

light corresponds to stratigraphic position of sample from lowest to highest respectively. For 

the white pumice, the black line is the maximum vesicularity clast. 
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Table 6.1 Vesicularity data for the Hekla 1158 eruption. 

Clast Type Density  
(kg m-3) 

Ves. a 
(%) 

NA 
b 

(cm-2) 
NV 

c 
(cm-3) 

NVm 
d 

(cm-3) 
Size range e 
(mm) 

Median 
(mm) 

No. vesicles 
included 

ρ0102-A29 white 360 84.6 1.70E+5 1.55E+8 1.00E+9 0.004-1.956 0.0719 2765 
          
ρ0102-A14 white 500 78.6 1.80E+5 1.82E+8 8.51E+8 0.004-2.601 0.0712 2422 
ρ0102-B44 grey 1000 57.6 1.47E+5 1.33E+8 3.13E+8 0.004-2.255 0.0719 4312 
          
ρ0304-A25 white 480 79.7 1.87E+5 2.10E+8 1.04E+9 0.004-1.023 0.0576 3026 
ρ0304-B02 grey 980 58.2 8.76E+4 6.72E+7 1.61E+8 0.004-1.347 0.0988 3099 
          
ρ0506-A07 white 550 76.8 2.29E+5 2.02E+8 8.72E+8 0.004-1.021 0.0487 2693 
ρ0506-B55 grey 1130 52.1 2.22E+5 2.26E+8 4.73E+8 0.004-1.260 0.0389 6486 
          
ρ0708-A06 white 500 78.8 2.37E+5 1.64E+8 7.73E+8 0.004-1.890 0.0410 2077 
ρ0708-B99 grey 1150 51.1 1.04E+5 7.36E+7 1.51E+8 0.004-1.316 0.0558 3384 

a Vesicularity calculated from density and DRE of 2,350 kg m-3.  
b Number of vesicles per unit area.  
c Number of vesicles per unit volume of clast matrix, phenocrysts subtracted. 
d Number of vesicles per unit volume, referenced to melt only. 
e Equivalent diameter, assuming a circular cross section area. 
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Figure 6.9 Cumulative vesicle size distributions for white (left) and grey (right) pumice, 

shown as number of vesicles greater than a given size versus equivalent diameter on a log-log 

plot. Larger vesicles follow a power-law trend, whereas smaller (<25 to 40 µm) follow an 

exponential trend. EXP, exponent of power-law trend. 
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The melt-corrected vesicle number densities (NVm) range from 1.51108 to 1.04109 

cm-3 (Table 6.1). Although all are within one order of magnitude, the white pumice clasts 

have higher VNDs than the grey pumices (Table 6.1). On plots of the volume ratio of 

vesicles to melt (VG/VL after Gardner et al., 1996) versus vesicle number density (Figure 

6.10), the white and grey pumice cluster as two separate groups. The white pumice is 

characterised by uniform VND despite slight variations in vesicularity, whereas the grey 

pumice displays a wider range in VND and more uniform vesicularity. There is no temporal 

trend, neither between nor within pumice types, in the VND data. The variation within any 

one sample is larger than the differences over time or between pumice types.  

 

Figure 6.10 Volume ratio of vesicles to melt (VG/VL) against vesicle number density 

referenced to melt for selected clasts from the Hekla 1158 eruption. White pumice clasts are 

shown as blue squares, grey pumice as orange circles. The blue diamond is representative of 

the higher end vesicularity among the white pumice. 
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In addition to the differences in VND and VVD, the white and grey pumice types 

display contrasting textures (Figure 6.5 and 6.11). The white pumice generally lacks fabric, 

with only small regions where the vesicles are stretched and oriented in a common direction. 

Its vesicle population is slightly more homogeneous, clustering around an equivalent vesicle 

diameter of 50 to 80 µm (Figure 6.5e–f; Figure 6.7) and separated by thinner (2 to 10 µm) 

melt films. The grey pumices, in contrast, are less vesicular and have more mature textures 

and more regions characterised by trains of vesicles, as well as higher abundances of 

stretched and oriented vesicles (Figure 6.5l, o). Vesicles in grey pumice are separated by 

thicker (5 to 15 µm) melt films than in the white pumice, and clusters of vesicles in the grey 

pumice are separated by 20 to 40 µm thick glass (Figure 6.11). These contrasting textures are 

also accompanied by differences in crystal content. The grey pumice contains greater 

abundance of macrocrysts and microlites than the white pumice.  

The grey pumices display further complexity, containing regions characterised by 

textures of contrasting maturity on length scales of millimetres (Figure 6.12). The dominant 

texture, by area, is more mature, with significantly higher microlite content and irregularly 

shaped vesicles. The subordinate texture is less mature, with fewer microlites and dominantly 

round and larger vesicles, similar to the textures in the white pumice (Figure 6.12b). The 

more mature domain has a higher VND, smaller vesicle median diameter, and image 

vesicularities <50%, whereas the less mature domain has a lower VND, larger vesicle median 

diameter, and image vesicularities >50%. The two domains are intermingled in every clast; 

the contacts and distinction between the two are most distinct in the two stratigraphically 

highest samples.  
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Figure 6.11 Comparison vesicle textures at three magnifications from a pair of white (left 

column) and grey (right column) pumice clasts from the Hekla 1158 eruption. The clasts are 

from sample ρ0708 (lowermost sample range in Figures 6.2 and 6.4). Vesicles are shown in 

black, phenocrysts in grey, and melt in white. Microlites are shown as melt. In the lowest 

magnification images (top row), the smallest vesicles below the inclusion limit are depicted 

as melt. 
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Figure 6.12 (a) Rectified images of contrasting textural domains within grey pumice clasts at two 

different magnifications. The less mature domain is shown in the middle column and the more mature 

domain in the right column. Vesicles are shown in black, phenocrysts in grey, and melt in white. 

Microlites are included as melt. For comparison, left column shows images from a white pumice clast 

at the same stratigraphic level. (b) Non-rectified BSE images of domains within one grey pumice 

clast, showing contrasting microlite content (examples highlighted with red arrows) between less 

mature domain on the left and more mature domain on the right. 
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6.4  Interpretations and discussion 

6.4.1  Implications of grain size, sorting and componentry 

The fairly constant grain size and sorting, and the decrease in median diameter, with 

stratigraphic height (i.e., over time) indicate that the 1158 eruption was dry (magmatic) and 

relatively steady and sustained. After initial rapid waxing, the intensity was steady, then 

declined slightly over the course of the eruption. The observed trend in relative abundance of 

lithic clasts is likely representative of three eruptive stages; initial wall-rock-rich conduit 

opening and clearing during a waxing opening phase, followed by the stable steady part of 

the eruption, and then late-stage vent-wall destabilization and collapse of the conduit and 

decreasing mass eruption rates. The grain size data, as well as the low overall abundance of 

the wall-rock lithic component, thus indicate fairly simple eruptive dynamics similar to that 

of many subplinian and Plinian eruptions worldwide. 

 

6.4.2  Interpretation of vesicle number and size distribution 

A more complex picture of pre- and syn-eruptive dynamics than the one presented above is 

apparent from the vesicularity data and we explore this is more depth below.  

 

6.4.2.1  Bubble nucleation 

Vesicles start to nucleate at a critical level of volatile supersaturation. Numerical studies and 

experiments on silicic melts have shown that the VND scales with the degree of volatile 

supersaturation, and thus increases with increasing rate of decompression, i.e., ascent rate 
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(Toramaru, 1995, 2006; Mangan and Sisson, 2000; Mangan et al., 2004b; Mourtada-

Bonnefoi and Laporte, 1999, 2004; Hamada et al., 2010). At high supersaturation, nucleation 

is homogeneous and continuous (Mourtada-Bonnefoi and Laporte, 1999, 2002; Mangan and 

Sisson, 2000; Mangan et al., 2004b), resulting in exponential size distributions where the 

dominant small vesicle subpopulation represents those vesicles that nucleated last. To a first 

approximation, the VND thus reflects nucleation conditions and the ascent rate immediately 

prior to fragmentation. 

The white pumice clasts have a very narrow range of VND that suggests a common 

history of late-stage bubble nucleation under very similar conditions for the sampled portion 

of the melt. Unimodal volume fraction histograms, dominated by small bubbles (Figure 6.7), 

and smooth sigmoidal cumulative vesicle volume curves (Figure 6.8) in the white pumice, 

indicate that most of the vesicle nucleation occurred in a single, relatively short stage close to 

fragmentation, probably during rapid, non-linear acceleration of magma up the conduit. The 

high VNDs (108 to 109 cm-3) are comparable to those of more powerful and sustained Plinian 

phases, e.g., the 1912 Novarupta eruption (Adams et al., 2006) for which Gonnermann and 

Houghton (2012) inferred that the smallest vesicle population formed within a few 10-1 s 

prior to fragmentation, at decompression rates of 107 Pa s-1. 

In comparison, the grey pumice shows a significantly wider range of VND values, 

suggesting that either nucleation rates varied more widely or that the signature of nucleation 

was variably overprinted by other processes. We present evidence in section 6.4.2.3 that 

support the latter interpretation. The grey pumice clasts have broader unimodal (or weakly 

bimodal) VVDs (Figure 6.7), in which the primary mode is less pronounced and shifted 

toward slightly larger vesicle sizes. The small (<25 µm) vesicle population, however, 
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amounts to 10 to 30% of the vesicle volume, indicative that nucleation was still occurring 

within the melt at the time of fragmentation.  

 

6.4.2.2  Bubble growth and coalescence 

During magma ascent, vesicles increase in size by free growth and by coalescence 

(Gonnermann and Manga, 2007 and references therein). Vesicle growth skews the population 

toward larger vesicles, and coalescence reduces VND.  

The VSD trends (Figure 6.9), with larger vesicles following a power law relationship 

and smaller (<25 µm) vesicles following an exponential trend on log-log plots, are similar to 

those observed in pumice from the 1912 Novarupta eruption (Adams et al., 2006). In general, 

a single pulse of sustained nucleation and growth results in simple exponential trends (Sarda 

and Graham, 1990; Mangan et al., 1993), whereas power-law relationships can be produced 

by a range of processes, including coalescence and protracted or multiple stages of nucleation 

(e.g., Cashman and Mangan, 1994; Gaonac’h et al., 1996; Simakin et al., 1999; Blower et al., 

2001, 2002; Mangan et al., 2004a). The combination of exponential and power-law trends in 

all white pumice clasts suggests that a subpopulation of the earliest nucleated vesicles had 

sufficient time to interact and undergo limited coalescence while new, small vesicles were 

still nucleating. The complex shapes observed in the larger vesicle population, however, 

indicate that coalescence occurred on time scales shorter than the characteristic viscous 

relaxation time scale (Larsen and Gardner, 2000), preventing vesicles from returning to their 

spherical state prior to fragmentation. For the observed bubble sizes and a dacitic melt, we 

estimate that the relaxation time is likely to be approximately 1–60 seconds (cf. Gonnermann 
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and Houghton, 2012). This estimate sets an upper bound for the period between the 

termination of coalescence and quenching. 

The grey pumice clasts display VSD trends similar to those of the white pumice 

(Figure 6.9); for two of the clasts, however, the exponential trend ends at larger vesicles (30 

and 40 µm) than in the white pumice. The shift of the VVD (Figure 6.7) toward a weaker 

mode at slightly larger vesicle sizes indicates that the grey melt experienced more prolonged 

time for vesicle growth and coalescence to occur.  

VND is not affected by free growth, but coalescence reduces the VND by creating a 

few larger vesicles at the expense of smaller vesicles. The trends in Figure 6.10 suggest that 

variability within the dominant subpopulation of small bubbles in the white pumice reflects 

differing degrees of free growth of originally very similar bubble populations. The grey 

pumice clasts, however, have more complex vesiculation histories. The range in vesicularity 

of the white pumice is not accompanied by a significant range in VND, and the diversity 

within samples is larger than the diversity between samples. The very similar numbers of 

small bubbles suggests that latest-stage ascent of the magma parental to the white pumice, 

immediately prior to fragmentation, occurred under very uniform conditions. The single 

analysed more vesicular clast has a markedly higher vesicularity (diamond in Figure 6.10), 

reflecting an extended role for free growth of bubbles, but a similar VND to the modal 

samples, consistent with a relatively simple vesiculation history for all the melt that formed 

the white pumice. The more complex history of the melt that formed the grey pumice is 

considered next. 
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6.4.2.3  Bubble collapse 

As vesicles continue to increase in size and interact, outgassing can occur via formation of 

permeable vesicle networks (Eichelberger et al., 1986; Mueller et al., 2005) or by elongate 

pathways formed by cracking and brittle deformation of the magma (Gonnermann and 

Manga, 2003; Rust et al., 2004). The textures observed in the grey pumice (Figure 6.5o–p; 

Figure 6.12) support the interpretation that the magma experienced partial outgassing and 

vesicle collapse. Evidence of vesicle collapse includes thickened interstitial melt between 

vesicles and pinched appearance of vesicles, features similar to those observed in pumice 

from the 1912 Novarupta (Adams et al., 2006) and the 181 Taupo (Houghton et al., 2010) 

eruptions.  

Derived vesicle data supports this conclusion. The volume ratio of vesicles to melt 

(VG/VL) is largely independent of VND, because the small vesicles that drive the VND make 

a negligible contribution to the gas volume. Volatile loss through outgassing, however, 

collapses large vesicles and decreases VG/VL, whereas free growth increases VG/VL. The lower 

VG/VL of the grey pumice compared to the white pumice implies greater maturity for the 

vesicle population of the grey pumice and is interpreted to result from onset of vesicle 

collapse and partial outgassing that is not observed in the white pumice.  

 

6.4.2.4  Temporal changes during the eruption 

The white pumice clasts display several trends with time (i.e., from the stratigraphically 

lowest to highest sample). VND increases slightly through the first three samples, then 

decreases up section. One interpretation of this change is that the ascent rate of the sampled 

portion of the melt increased slightly over time, followed by a minor decrease towards the 
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end of the eruption. The VVD broadens with time (left side of Figure 6.7), and there are 

corresponding shifts of the CVVD curve (Figure 6.8) towards less steep slopes, as well as an 

increase in the median diameter from 40 to 70 µm with time. We interpret these relatively 

smooth and progressive changes to reflect increasing time for growth and coalescence during 

the course of the eruption, associated with a decrease in ascent rate. The textural changes are 

consistent with the notion that the parental magma for the white pumice formed a coherent 

batch that gradually and subtly evolved with time during the eruption. 

In contrast, the grey pumice shows no clear temporal trends. Rather than the 

systematic shift in the CVVD curves observed for the white pumice, the entire curve shifts 

seemingly randomly back and forth between samples (Figure 6.8). The VND also varies 

more widely from lower and higher values (1.5 to 1.6108 versus 3.1 to 4.7108 cm-3; 

Figure 6.10, Table 6.1). Care should be taken not to infer too much regarding any temporal 

trends, or lack of trends, from the grey pumice clasts because of the relatively low number of 

clasts that were analysed. However, we think it likely that the parental magma for the grey 

pumice is not coupled in any simple way to the co-eruptive white-pumice magma but instead 

was unsystematically or accidentally incorporated on short time scales during ascent. 

 

6.4.3  Pumice diversity and conduit heterogeneity 

Textural differences between the two pumice types, and their vesicle size distributions and 

number densities stipulate that the more mature grey pumice could have evolved from a 

parent magma resembling that of the texturally less mature white pumice but not the other 

way around. 
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The two populations do not merge to form a smooth trend on any vesicularity plot 

(e.g., Figure 6.10). Instead, the textural separation between the white and grey pumice in 

terms of VG/VL versus VND (Figure 6.10), and their existence as banded clasts, suggest that 

the two experienced contrasting histories in the shallow plumbing below Hekla and came 

together at a comparatively late stage in order to mingle and then fragment. The principal 

distinction between the two populations is a marked difference in the VG/VL values (Figure 

6.10). The grey pumice clasts have markedly lower VG/VL values and slightly decreased VND 

consistent with a phase of bubble collapse and partial outgassing not experienced by the 

magma which formed the white pumice. 

The limited textural diversity of the white pumice can be explained by varying 

amounts of free growth of bubble populations formed under very consistent conditions of 

bubble nucleation throughout the eruption. The diversity in the grey pumice, on the other 

hand, can be explained by varying degrees of renewed bubble coalescence after a significant 

amount of bubbles had already been lost by outgassing. The two pumice types thus represent 

melts with different histories. The grey melt experienced an extended opportunity for 

crystallization and bubble coalescence, accompanied by variable amounts of open-system 

degassing, manifested as a decrease in VND and broadening of the VSD.  

Of the grey clasts for which quantitative textural analysis was performed, sample 

ρ0304-B02 has the highest vesicularity (58%; Table 6.1). In addition, it has the largest 

median vesicle diameter (100 µm) of all analysed clasts, including the high vesicularity clast 

of white pumice. The more mature domain has generally thicker (5–40 µm) interstitial melt 

than do the other grey clasts, but the less mature domain is significantly more vesicular than 

the other clasts. The median vesicle diameter of the more mature domain is comparable to 
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that of the other clasts (~40 µm), whereas the median vesicle diameter of the less mature 

domain is distinctly larger than in the other clasts (90 µm versus 40–60 µm). We interpret the 

range in vesicle textures observed in the grey pumice as resulting from a complex protracted 

intermingling process in which melts of contrasting vesicularity and maturity mingle in the 

conduit but then continue to mature prior to fragmentation, preserving their original integrity. 

 

6.4.4  Eruption model 

The textural diversity observed in the pumice population of the Hekla 1158 eruption cannot 

be explained by a traditional Plinian eruption model in which relatively uniform melt rapidly 

ascends and vesiculates evenly in the shallow conduit. It requires simultaneous fragmentation 

of melt of contrasting textural maturity and thus residence time in the shallow conduit. We 

propose that the end member pumice types correspond to two texturally distinct portions of 

the melt with different ascent histories that mingled and fragmented together during the 

eruption. The banded pumice captures the mingling of the two melts during ascent, 

displaying either sharp interfaces between white and grey bands or stretched pockets of grey 

melt in the white melt.  

The relatively uniform white pumice is always dominant within the stratigraphy. It 

represents the newest and more rapidly ascending melt that interacted with older melt that 

had slowed during ascent and experienced increased crystallization as well as vesicle 

coalescence and outgassing (Figure 6.13). The grey pumice formed by not only slower, but 

also more variable, ascent rates. We propose that small packages of more mature melt, along 

the conduit margins, were overtaken and entrained by the ascending fresh melt over a wide 

depth range, thus accounting for the textural diversity of the resulting grey pumice. The 
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entrainment process was likely not continuous but occurred repeatedly. As a consequence, 

some of the rising new melt, together with entrained older melt, slowed sufficiently for 

coalescence and outgassing to begin, thus evolving into more mature melt at the expense of 

fresh melt. This incremental process can account for the textural diversity of the grey pumice. 

In this model, the textural domains of contrasting maturity within many grey pumice clasts 

resulted from the early mixing of melts of contrasting maturity (Figure 6.13b). As the 

eruption continued, the difference lessened between contrasting grey domains, gradually 

homogenizing the melt filling the conduit.  

 

Figure 6.13 Cartoon of proposed model for the 1158 Hekla eruption with two stages of 

ascent prior to fragmentation. (a) Mature texture (‘grey melt’) developing progressively 

axisymmetrically along the conduit margins through bubble coalescence and degassing of 

(‘white’) melt that stalled or slowed down during ascent. (b) Injection of fresh ‘white melt’ (i) 

which ascends faster than the more mature melt. Entrainment of pockets of fresh melt into 

mature melt (ii, iii) leading to the domains of contrasting maturity within the grey pumice. 

 

 



 

203 
 

The relative abundance of white pumice scales with eruption intensity and inversely 

with lithic content. The lowest proportion of grey pumice correlates with the peak mass flux 

of the eruption (see Figure 6.3c–d). We interpret this to reflect a dominant role of the fresh 

melt during conditions of highest ascent and discharge rate in the middle stages of the 

eruption. Slower ascent accompanying conduit opening permitted slightly longer residence 

times during which the melt evolved, resulting in the grey pumice. Similar conditions 

prevailed toward the end of the eruption, when discharge and ascent rates waned. 

 

6.5  Conclusions 

Based on superficial deposit characteristics, the 1158 subplinian eruption of Hekla appears 

similar to the preceding Plinian eruptions and subplinian opening phases of succeeding 

eruptions. The variability in the juvenile material, however, indicates a more complex story 

perhaps linked to the relatively low mass discharge and hence ascent rates. Despite its 

sustained and relatively steady but short duration, the 1158 eruption shows evidence of 

complex vesiculation and partial outgassing of magma in the shallow conduit. A dominant, 

newly arrived and erupted (‘white’) melt was physically homogeneous and characterised by a 

narrow range of VNDs. A smaller portion of the melt (‘grey’) developed more evolved 

textures along the conduit margin. This melt was then entrained by, and mingled with, the 

dominant fresh melt. 

Similar bimodal assemblages of compositionally identical white and grey pumice are 

common in subplinian–Plinian deposits. White pumice is always dominant, microlite-free 

and characterised by larger populations of bubbles that preserve evidence for late-stage 

coalescence. Grey pumice clasts have thicker bubble walls, round bubble shapes and 
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generally abundant microlites. Such grey pumice is inferred to be derived by heterogeneous 

flow and degassing but under diverse conditions that include (i) slowed or stalled ascent, 

either on conduit margins or across the conduit (Hammer et al., 1999; Adams et al., 2006) 

and (ii) rapid ascent of lower viscosity melt along conduit margins due to marginal viscous 

heating (Polacci et al., 2001). During (i), protracted degassing, bubble collapse, and gas 

separation can occur during repose intervals of days (Hammer et al., 1999), whereas dynamic 

processes of bubble shearing, onset of connected permeability, foam collapse and even melt 

fracturing during (ii) occur on time scales as short as hours (Polacci et al., 2001). 

With the exception of the Pinatubo climactic deposit (Hammer et al., 1999), the 

parental magma of the grey pumice is inferred to develop under conditions of extended 

residence time in the shallow conduit, permitting the development of local domains, first of 

extended connectivity and then of bubble collapse and outgassing. This is plausibly 

postulated to occur under conditions that range from relatively static conditions during 

significant periods of repose (28 to 262 minutes before the climactic phase at Pinatubo 

(Hammer et al., 1999)) to ongoing dynamic degassing and outgassing during sustained, 

although sometimes unsteady eruption. Not surprisingly, relatively static conditions appear 

more common with low mass eruption rate, such as during many subplinian eruptions. 

We favour the latter scenario, in the case of Hekla 1158 eruption, where a sustained 

discharge rate is clearly indicated. Such eruptions therefore lie in the middle ground between 

more powerful Plinian events characterised by relatively few and very closely spaced 

eruptive phases, e.g., the first two Plinian phases of the Novarupta 1912 eruption (Adams et 

al., 2006) and the Taupo 181 eruption (Houghton et al., 2010), and weaker eruptions in which 

the explosive interval is divided into relatively short pulses separated by repose intervals of 



 

205 
 

less than one day (Hammer et al., 1999). During the more powerful phases, the extent of 

bubble nucleation, growth and coalescence remains relatively uniform in time and space, 

more mature melt is not developed, resulting in a uniform population of white pumice clasts. 

During the weaker eruptions, the wider range of ascent and storage conditions creates a more 

diverse clast assemblage that still contains white pumice but also a population of grey 

pumice. 

 



206 
 

C H A P T E R  7  

Conclusions 

7.1  Impacts of current research 

Chapter 3 (Dispersal of key subplinian–Plinian tephras from Hekla volcano, Iceland: 

Implications for eruption source parameters) provides eruption source parameters (volume, 

plume height, and mass eruption rate) for five of the largest historical Hekla eruptions. The 

range in new volume estimates obtained by different approaches highlights the uncertainty 

associated with calculated tephra volumes globally due to both spatial distribution of data 

(especially the influence of how the most distal isopach is defined) and to limitations inherent 

in the different volume integration techniques. This research also emphasises the issues with 

inferring plume height and mass eruption rate from the erupted volume alone, and the 

dangers of using a limited set of eruptions to assign default source parameter values for 

eruptions at volcanoes such as Hekla that display a wide range of behaviour. 

Chapter 4 (Total grain size distributions for four subplinian–Plinian tephras from 

Hekla volcano: Implications for fragmentation dynamics and inputs into tephra dispersal 

models) and chapter 5 (Total grain size distribution of units B and D of the 1875 Askja 

eruption, Iceland) provide TGSDs for six eruptions, significantly expanding the global data 

set of internally consistent TGSDs. This was used to show how TGSD varies with mass 

eruption rate, and to better constrain grain size distributions used as inputs for tephra 

dispersal forecasting. Five of the six eruptions have bimodal TGSDs. Only Askja B, which 

has the lowest mass discharge rate of the six eruptions, has a unimodal TGSD. It has 

previously been assumed that increased eruption intensity correlates with increased degree of 



207 
 

fragmentation and thus with a finer TGSD. This is probably an over-simplification. The 

Hekla TGSDs follow the broad pattern of increasing proportion of fine ash with increasing 

mass eruption rate. All the Hekla and Askja TGSDs, however, suggest that changing eruption 

intensity also leads to differences in the coarser grained population. Consequently, the m63 

parameter alone is not representative of fragmentation efficiency. Furthermore, especially for 

the Askja D deposit, processes of secondary fragmentation and local reworking of fine and 

extremely fine ash at the time of eruption result in an artificially increased proportion of fine 

material.  

Chapter 6 (Shallow conduit processes during the AD 1158 explosive eruption of 

Hekla volcano, Iceland) constrains conduit dynamics for an atypical Hekla eruption. The 

findings of this study expand our understanding of the range in eruptive behaviour of Hekla, 

with this eruption being intermediate between the two common types of explosive eruptions 

of Hekla.  

 

7.2  Future research  

7.2.1  Origin of bimodal TGSDs 

The main question arising from the Hekla and Askja TGSD studies is regarding the origin of 

unimodal versus bimodal TGSDs. What mechanism generates bimodal TGSDs? Are the two 

modes related to two stages of fragmentation or do they result from a single, but variable 

efficient, fragmentation process?  
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7.2.2  Hekla eruptive behaviour 

The main question arising from the study of the 1158 eruption is its relationship to the 

preceding eruption in 1104. Are they genetically linked; does the 1158 eruption involve 

magma present in the shallow plumbing system at the time of the eruption in 1104? Both 

deposits contain white and grey pumice clasts, but there is no density difference between 

these pumice types from the 1104 eruption. Are any textural differences between the juvenile 

material from 1104 and 1158 consistent with such an interpretation, and if so, what processes 

resulted in those differences? Another question concerns the temporal relationship between 

the explosive eruptions in 1104 and 1158 and the lava flow inferred to also have been erupted 

in 1158. Did this lava flow precede the 1158 explosive eruption, and did it erupt from the 

summit vent or along the fissure? 

 

7.2.3  Extension of the approaches used here to larger eruptions at Hekla 

The eruptions studied here are credible worst-case scenarios for explosive eruptions at Hekla, 

Askja, and other central volcanoes in Iceland. These volcanoes, however, are also capable of 

significantly larger explosive eruptions (VEI 6) on time scales of hundreds to thousands of 

years, as seen in the last 4000 years of activity at Hekla. Extension of the microtextural 

approaches used in Chapter 6 to both the 1104 deposit and to the products of the much larger 

H3, H4, and other similar eruptions at Hekla will help evaluate the influence of shallow 

storage and ascent of magma at Hekla on eruptive style and intensity. The H3 and H4 

eruptions are the focus of a recent unpublished tephra dispersal and TGSD study by 

Stevenson et al. (2015), making them logical targets for micro-textural study. 
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7.2.4  Integration with microtextural and TGSD data from 20th and 21st 

century eruptions 

In addition to the larger eruptions of Hekla, concurrent unpublished (e.g., Guðnason et al., 

2013) studies have focused on the subplinian products of the more recent explosive activity 

at Hekla. These include the 1991 and 2000 eruptions. When these studies and the work 

suggested in section 7.2.2 are complete, it will be possible to integrate a detailed record of 

grain size and microtextural observations across four orders of magnitude of VEI at Hekla 

and Askja. This will be a unique data set globally. 

 

7.2.5  New micro-analytical approaches at Hekla and Askja 

An important aspect missing from current studies of the Hekla and Askja eruptions is any 

constraint on the pressure and temperature history of the magmas during ascent and eruption. 

Microanalytical studies using the diffusion of volatile species in melts as rate-meters and 

chronometers for ascent and eruption processes (Humphreys et al., 2008) are powerful tools 

that could extend our current investigations. Volatile diffusion is a chronometer that acts on 

very short timescales (minutes to weeks), but its use is limited because of overprinting by 

late-stage processes, including hydration and textural maturation during quenching. New 

techniques developed using laboratory-generated and experimentally decompressed melts, 

utilizing the rates of diffusivity of molecular water and hydroxyl water, do not have this 

limitation (McIntosh et al., in review). These approaches are now being applied to the 1912 

eruption of Novarupta in Alaska and could equally well be applied to the Hekla and Askja 

eruptions. 
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A P P E N D I X  A  

Previous isopach maps 

 

The following figures show the original isopach maps for the Hekla 1104, 1158, 1300, 1693, 

and 1766 eruptions, which were used as starting points for the new isopach maps presented in 

Chapter 3. 

 

 

Figure A.1 Isopach map of the Hekla 1104 deposit by Thorarinsson (1967). 
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Figure A.2 Isopach map of the Hekla 1104 deposit by Thorarinsson (1967). Inset show the 

deposit outline on land.  
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Figure A.3 Isopach map of the Hekla 1158 deposit by Larsen (1992).  
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Figure A.4 Isopach map of the Hekla 1300 deposit by Thorarinsson (1967). Inset show the 

deposit outline on land.  
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Figure A.5 Isopach map of the Hekla 1693 deposit by Thorarinsson (1967). Inset show the 

deposit outline on land.  
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Figure A.6 Isopach map of the Hekla 1766 deposit by Thorarinsson (1967). Inset show the 

deposit outline on land.  
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A P P E N D I X  B  

Deconvolution comparison 

 

The following appendix contain the results of the tests that were done on selected samples 

from Askja B to determine if the deconvolution could be performed on samples without 

having the <63 µm size fractions analysed (i.e., deconvolving the samples with all the 

material <63 µm as a stacked pseudo 4.5 ϕ (44 µm) bin). In all plots, blue colour corresponds 

to Weibull distributions, whereas green colour corresponds to log-normal distributions. 

 

B.1  Comparison of resulting distribution in terms of mass and wt % 

Figure B.1–B.6 show the results for selected samples, spanning the range of distributions 

observed among the Askja B samples. In all the plots, solid lines use only the sieve data 

whereas dashed lines use the combined sieve and sedigraph data. Grey lines correspond to 

the distribution of the original sample. Each set of four plots corresponds to one sample, with 

the two left-hand plots comparing distribution in mass, and the two right-hand plots 

comparing distribution in wt %. 

For the tested samples, inclusion of the fine particle data generally resulted in a 

narrowing of the coarse peak. The biggest effect was in defining the fine tail for the coarse 

peak, independent of distribution type used. With regard to the fit to the original distribution, 

the Weibull function appeared more sensitive to the addition of fine size fractions. 
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Figure B.1 Comparison of deconvolved sample A12-05-B. 

 

 

Figure B.2 Comparison of deconvolved sample A12-28-B. 
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Figure B.3 Comparison of deconvolved sample A12-31-B. 

 

 

Figure B.4 Comparison of deconvolved sample A12-35-B. 
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Figure B.5 Comparison of deconvolved sample A12-91-B. 

 

 

Figure B.6 Comparison of deconvolved sample A06-108-B. 
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B.2  Comparison of total mass assigned to the Askja B subpopulation 

The following graph shows the proportion of the original sample that is assigned to the Askja 

B subpopulation when using Weibull or log-normal distribution, and the difference when 

using only the sieve data and when including the fine particle data. 

 

 

Figure B.7 Comparison of mass of original sample assigned to the Askja B peak when using 

a Weibull function (blue circles) or log-normal distribution (green squares), and the 

difference when using only the sieve data (light coloured symbols) and when including the 

fine particle data (dark symbols).  
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Two general trends are evident: 

1) Including the fine particle data results in a lower proportion of material being 

assigned to the Askja B subpopulation. 

2) The difference in amount of material assigned to the Askja B subpopulation with 

or without the fine particle data is significantly larger when using the Weibull 

function than for a log-normal distribution.  
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A P P E N D I X  C  

Results of glass chemistry analysis 

Table C.1 to C.4 contain the results for the reference samples for Hekla 1104, 1300, 1693, 

and 1766 from location H12-133 (64° 3.494’ N, 19° 46.393’ W). Table C.5 contains the 

result for the reference sample for Hekla 1158 from location H13-047 (64° 17.691’ N, 

19° 20.525’ W). 

 

Table C.6 and C.7 contain the results for samples from location H11-007 (64° 10.192’ N, 

19° 40.714’ W), collected to compare the composition of Hekla 1104 with that of a pale grey 

ash layer, often found concurrent with Hekla 1104. 

 

Table C.8 to C.10 contain the results for samples collected at the most proximal silicic site, 

location H12-108 (64° 1.466’ N, 19° 36.080’ W). 

 

Table C.11 to C.27 contain the results for samples that were unknown or uncertain id and the 

glass composition was used to assign eruption year to the stratigraphy. 
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Table C.1 EPMA results for sample H12-133B-01, reference sample for Hekla 1104.  

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

71.83 0.19 14.11 3.39 0.07 0.12 1.96 4.50 2.72 0.01 0.05 0.00 98.94 
71.79 0.18 14.14 3.22 0.09 0.12 1.89 4.37 2.80 0.05 0.07 0.00 98.72 
71.67 0.25 14.05 3.34 0.16 0.11 1.88 4.22 2.78 0.00 0.06 0.01 98.52 
71.54 0.19 14.09 3.28 0.09 0.11 2.01 4.26 2.63 0.03 0.07 0.01 98.30 
71.45 0.23 14.08 3.36 0.14 0.12 1.96 4.44 2.74 0.03 0.07 0.01 98.63 
71.40 0.16 14.15 3.27 0.12 0.10 2.01 4.50 2.71 0.07 0.07 0.02 98.57 
71.37 0.21 13.99 3.28 0.11 0.11 1.94 4.35 2.63 0.08 0.06 0.02 98.15 
71.22 0.19 14.06 3.40 0.10 0.12 1.97 4.30 2.73 0.00 0.06 0.00 98.15 
71.18 0.21 14.04 3.27 0.13 0.09 1.94 4.35 2.80 0.00 0.08 0.00 98.08 
71.06 0.21 14.18 3.32 0.07 0.11 1.96 4.46 2.78 0.05 0.08 0.01 98.30 
70.93 0.17 13.94 3.16 0.12 0.11 1.95 4.32 2.75 0.00 0.08 0.00 97.55 
70.86 0.16 14.01 3.26 0.11 0.10 1.93 4.44 2.69 0.00 0.06 0.00 97.62 
70.81 0.17 13.94 3.29 0.08 0.11 1.99 4.43 2.65 0.00 0.06 0.02 97.56 
70.80 0.16 14.02 3.20 0.14 0.10 1.99 4.30 2.68 0.07 0.07 0.01 97.55 
70.79 0.17 13.93 3.27 0.12 0.10 2.02 4.48 2.70 0.01 0.08 0.00 97.67 
70.78 0.19 13.96 3.29 0.14 0.11 1.94 4.31 2.71 0.00 0.07 0.01 97.50 
70.68 0.18 14.06 3.31 0.13 0.12 1.91 4.62 2.79 0.04 0.07 0.00 97.93 
70.06 0.15 13.95 3.20 0.09 0.09 1.98 4.37 2.66 0.03 0.18 0.00 96.77 
70.00 0.19 13.53 3.25 0.09 0.10 1.87 4.31 2.68 0.01 0.37 0.04 96.43 
69.93 0.16 13.83 3.29 0.07 0.10 1.98 4.28 2.72 0.06 0.07 0.01 96.50 
69.70 0.18 13.66 3.15 0.12 0.11 1.87 4.20 2.66 0.05 0.24 0.07 96.00 
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Table C.2 EPMA results for sample H12-133-15, reference sample for Hekla 1300. Measurements with >70 wt % SiO2 are 

from glassy pumiceous grains whereas measurements with <70 wt % SiO2 are from more crystalline grains (examples shown in 

Figure C.1). 

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

74.56 0.06 12.54 1.76 0.07 0.01 1.23 4.17 2.66 0.02 0.06 0.00 97.15 
74.29 0.00 12.50 1.81 0.08 0.02 1.29 4.00 2.81 0.00 0.06 0.00 96.87 
74.09 0.02 12.38 1.81 0.05 0.02 1.23 4.07 2.79 0.00 0.05 0.03 96.57 
72.76 0.19 14.03 3.24 0.14 0.11 1.98 4.05 3.19 0.05 0.06 0.00 99.82 
72.48 0.19 14.06 3.35 0.08 0.10 1.92 4.38 2.73 0.00 0.06 0.01 99.37 
72.09 0.20 13.84 3.17 0.12 0.12 1.89 4.35 2.74 0.02 0.22 0.00 98.77 
72.01 0.15 14.09 3.15 0.08 0.12 1.97 4.33 2.46 0.03 0.08 0.00 98.47 
71.96 0.21 13.84 3.24 0.10 0.11 1.96 4.39 2.51 0.01 0.07 0.02 98.44 
71.38 0.17 13.98 3.34 0.08 0.11 1.97 4.43 2.62 0.00 0.11 0.00 98.19 
71.18 0.16 14.01 3.34 0.09 0.10 1.94 4.31 2.61 0.03 0.05 0.00 97.83 
71.16 0.21 13.80 3.23 0.14 0.11 1.89 4.40 2.73 0.00 0.05 0.00 97.71 
71.00 0.19 14.03 3.27 0.08 0.11 1.88 4.34 2.80 0.02 0.06 0.00 97.80 
70.79 0.18 13.89 3.34 0.07 0.11 1.91 4.30 2.71 0.00 0.08 0.03 97.41 
70.49 0.23 13.76 3.27 0.08 0.11 1.91 4.44 2.65 0.04 0.18 0.00 97.16 
69.41 0.56 12.64 6.57 0.22 0.46 2.23 3.21 2.73 0.10 0.07 0.01 98.21 
66.00 0.79 13.59 7.96 0.19 0.64 3.18 4.04 2.41 0.20 0.06 0.00 99.05 
65.73 0.83 13.67 7.98 0.24 0.66 3.24 4.00 2.35 0.27 0.09 0.00 99.07 
65.53 0.75 13.44 8.15 0.23 0.66 3.26 3.93 2.27 0.24 0.07 0.04 98.55 
64.28 1.18 12.89 9.75 0.29 1.01 3.74 1.80 2.38 0.54 0.08 0.03 97.97 
64.15 1.20 13.04 9.64 0.25 0.96 3.67 3.47 2.19 0.47 0.06 0.02 99.13 
61.77 1.43 12.58 11.02 0.32 1.59 4.13 3.35 2.19 0.60 0.06 0.03 99.06 
61.68 1.40 13.06 10.49 0.22 1.40 4.37 3.51 2.00 0.70 0.06 0.00 98.90 
61.29 1.28 13.92 10.37 0.22 1.12 4.34 3.66 2.01 0.59 0.07 0.04 98.91 
61.26 1.41 13.47 10.45 0.23 1.71 4.19 3.34 2.13 0.59 0.05 0.00 98.84 
61.23 1.57 12.98 10.77 0.23 1.37 4.30 3.46 2.01 0.63 0.05 0.03 98.63 
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Table C.2 (continued) EPMA results for sample H12-133-15, reference sample for Hekla 1300. Measurements with >70 wt 

% SiO2 are from glassy pumiceous grains whereas measurements with <70 wt % SiO2 are from more crystalline grains 

(examples shown in Figure C.1). 

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

60.90 1.47 13.24 11.03 0.32 1.81 4.51 3.35 1.97 0.70 0.06 0.06 99.44 
60.83 1.45 13.35 11.09 0.31 1.39 4.52 3.55 1.97 0.54 0.05 0.04 99.09 
59.68 1.80 13.19 11.33 0.24 1.84 4.85 3.23 1.94 0.90 0.05 0.01 99.07 
59.21 1.33 14.48 10.01 0.27 1.75 5.11 3.65 1.51 0.61 0.04 0.05 98.02 
59.07 1.79 13.18 11.66 0.29 1.89 4.85 3.19 1.95 0.84 0.08 0.03 98.83 

 
 

 

Figure C.1 Example of grain types: glassy pumiceous grain (left) and more crystalline grain (right). 
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Table C.3 EPMA results for sample H12-133-11, reference sample for Hekla 1693. There is no correlation between SiO2 

content and grain class (glassy pumiceous grains versus more crystalline grains). 

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

62.93 1.48 12.91 10.24 0.29 1.39 4.29 3.15 2.09 0.74 0.03 0.04 99.59 
60.81 1.98 12.23 12.02 0.28 1.51 4.83 3.38 2.22 0.79 0.07 0.10 100.23 
60.19 1.77 12.77 11.51 0.31 1.69 4.82 3.21 2.01 0.89 0.05 0.08 99.29 
60.17 1.37 15.05 9.81 0.24 1.80 5.09 3.68 1.70 0.56 0.05 0.03 99.53 
59.91 1.93 13.25 11.46 0.29 2.02 4.72 3.37 1.84 1.02 0.04 0.02 99.84 
59.85 1.91 13.63 11.53 0.30 1.76 5.20 3.23 1.77 0.85 0.04 0.02 100.11 
59.72 1.32 15.04 10.20 0.29 1.91 5.51 3.74 1.48 0.70 0.04 0.07 100.01 
59.48 1.83 14.15 10.58 0.28 2.25 4.80 3.65 1.73 0.85 0.05 0.00 99.66 
59.39 1.25 14.99 9.54 0.26 1.70 5.00 4.16 1.56 0.52 0.06 0.04 98.46 
59.20 1.21 15.04 9.70 0.19 1.74 5.24 4.22 1.62 0.56 0.03 0.00 98.74 
59.09 1.37 14.98 9.87 0.26 1.83 5.32 4.11 1.53 0.64 0.05 0.08 99.15 
59.01 1.77 13.61 10.92 0.31 2.25 5.01 3.30 1.70 0.86 0.06 0.04 98.84 
59.01 2.04 12.95 12.20 0.24 2.09 5.00 3.19 1.84 0.95 0.04 0.00 99.57 
58.97 1.31 14.99 9.64 0.18 1.85 5.36 3.97 1.48 0.52 0.05 0.00 98.32 
58.96 1.79 13.48 11.06 0.28 2.27 5.04 3.18 1.68 0.80 0.05 0.01 98.59 
58.93 1.52 15.15 10.01 0.26 2.05 5.34 3.44 1.52 0.66 0.06 0.00 98.93 
58.75 1.48 15.14 10.36 0.23 2.06 5.63 3.48 1.43 0.61 0.04 0.01 99.22 
58.35 1.42 14.91 9.68 0.23 1.85 5.29 4.05 1.55 0.61 0.04 0.00 97.98 
58.17 1.34 14.87 9.91 0.23 1.83 5.32 4.15 1.47 0.62 0.04 0.07 98.03 
56.81 2.57 11.73 14.21 0.31 1.63 5.49 2.85 2.32 1.19 0.06 0.10 99.28 
55.07 2.24 13.39 12.58 0.25 2.81 6.33 3.32 1.48 1.16 0.03 0.07 98.73 
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Table C.4 EPMA results for sample H12-133-04, reference sample for Hekla 1766. Measurements with >56 wt % SiO2 are 

from glassy pumiceous grains whereas measurements with <56 wt % SiO2 are from more crystalline grains. 

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

62.79 1.08 15.28 8.66 0.23 1.35 4.65 4.29 1.73 0.50 0.04 0.00 100.61 
62.32 1.11 15.31 8.94 0.25 1.43 4.86 4.49 1.79 0.37 0.06 0.00 100.93 
61.94 1.24 15.09 9.76 0.23 1.59 5.04 4.12 1.61 0.47 0.05 0.06 101.18 
61.87 1.12 15.10 9.80 0.25 1.58 4.97 4.23 1.72 0.36 0.05 0.05 101.08 
61.82 1.14 15.34 9.42 0.24 1.49 4.97 4.23 1.60 0.44 0.05 0.00 100.74 
61.54 1.19 15.25 9.39 0.22 1.50 5.05 4.29 1.67 0.47 0.04 0.07 100.68 
61.23 1.14 15.29 9.66 0.27 1.55 5.10 3.77 1.67 0.49 0.04 0.04 100.26 
61.20 1.15 15.19 9.63 0.30 1.57 5.06 4.20 1.62 0.52 0.03 0.08 100.55 
60.99 1.26 15.28 9.67 0.23 1.64 5.24 3.79 1.64 0.40 0.06 0.09 100.29 
59.96 1.56 15.11 10.28 0.27 2.06 5.59 3.52 1.56 0.65 0.05 0.03 100.65 
59.95 1.36 15.35 10.07 0.24 1.98 5.48 3.96 1.49 0.57 0.05 0.05 100.54 
59.84 1.41 15.11 10.24 0.23 2.05 5.74 3.52 1.60 0.62 0.06 0.03 100.44 
59.78 1.43 15.21 10.14 0.28 2.08 5.71 4.09 1.54 0.67 0.05 0.09 101.09 
59.78 1.42 15.09 10.02 0.24 1.95 5.46 4.02 1.49 0.56 0.03 0.01 100.06 
59.71 1.24 15.03 9.84 0.26 1.85 5.43 4.31 1.61 0.54 0.03 0.01 99.85 
59.70 1.34 15.18 10.11 0.22 1.90 5.52 3.93 1.50 0.59 0.04 0.03 100.08 
59.61 1.37 15.14 9.91 0.22 1.94 5.52 4.06 1.58 0.51 0.02 0.03 99.92 
59.49 1.42 15.15 10.10 0.24 2.14 5.64 3.98 1.42 0.73 0.04 0.03 100.38 
59.46 1.50 15.36 10.05 0.21 2.03 5.49 4.10 1.55 0.65 0.02 0.05 100.46 
59.40 1.58 15.15 10.07 0.22 2.02 5.62 4.01 1.50 0.72 0.02 0.00 100.32 
59.29 1.44 15.06 9.87 0.18 2.02 5.57 3.78 1.48 0.62 0.06 0.07 99.44 
59.28 1.41 15.01 10.36 0.30 2.00 5.65 4.01 1.50 0.72 0.03 0.01 100.27 
59.08 1.48 15.08 10.32 0.25 2.14 5.73 4.08 1.42 0.68 0.05 0.07 100.40 
59.08 1.48 15.13 10.06 0.20 2.06 5.65 4.07 1.49 0.70 0.05 0.05 100.03 
59.05 1.42 15.09 10.09 0.25 2.18 5.66 3.82 1.35 0.63 0.04 0.01 99.60 
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Table C.4 (continued) EPMA results for sample H12-133-04, reference sample for Hekla 1766. Measurements with >56 wt 

% SiO2 are from glassy pumiceous grains whereas measurements with <56 wt % SiO2 are from more crystalline grains. 

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

58.90 1.46 15.05 10.16 0.25 2.13 5.60 3.82 1.51 0.76 0.04 0.11 99.80 
58.72 1.51 15.14 9.83 0.26 2.06 5.36 3.82 1.34 0.67 0.04 0.00 98.75 
55.43 2.42 12.30 13.81 0.35 2.47 5.79 3.26 1.77 1.27 0.05 0.03 98.95 
55.41 2.69 11.90 14.27 0.33 2.55 5.94 2.87 1.66 1.49 0.05 0.06 99.22 
55.40 2.45 12.30 14.02 0.36 2.62 5.95 3.02 1.59 1.26 0.05 0.12 99.13 
55.30 2.46 12.30 13.94 0.33 2.59 6.10 3.06 1.62 1.37 0.05 0.08 99.23 
55.19 2.58 11.79 14.48 0.38 2.78 6.02 3.03 1.56 1.44 0.04 0.08 99.36 
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Table C.5 EPMA results for sample H13-047-03, reference sample for Hekla 1158.  

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

68.14 0.44 14.67 5.87 0.20 0.44 3.06 3.64 2.27 0.05 0.08 0.01 98.88 
67.94 0.45 14.69 5.95 0.14 0.42 3.12 3.50 2.25 0.13 0.06 0.00 98.64 
67.81 0.49 14.66 5.81 0.17 0.41 3.02 3.37 2.32 0.07 0.05 0.03 98.21 
67.69 0.48 14.30 5.86 0.16 0.43 2.82 4.29 2.38 0.11 0.07 0.02 98.61 
67.59 0.43 14.76 5.95 0.19 0.43 3.14 4.17 2.19 0.08 0.06 0.00 98.99 
66.68 0.47 14.60 5.46 0.18 0.39 3.01 4.51 2.32 0.14 0.05 0.02 97.82 
66.59 0.42 14.53 5.71 0.18 0.43 2.99 4.29 2.18 0.08 0.06 0.02 97.48 
66.44 0.50 14.60 5.74 0.16 0.43 3.06 4.56 2.26 0.16 0.05 0.00 97.94 
66.42 0.41 15.43 4.70 0.15 0.24 3.16 5.11 2.20 0.05 0.06 0.00 97.93 
66.38 0.45 14.10 5.88 0.21 0.42 2.92 4.32 2.32 0.14 0.06 0.00 97.20 
66.27 0.46 14.56 5.66 0.22 0.43 2.96 4.32 2.22 0.09 0.05 0.02 97.26 
66.26 0.42 14.74 6.04 0.16 0.43 3.05 4.11 2.32 0.10 0.06 0.01 97.71 
65.60 0.47 14.29 5.51 0.15 0.39 2.93 4.17 2.24 0.11 0.23 0.00 96.09 
65.55 0.35 15.97 4.77 0.12 0.34 3.61 5.05 1.96 0.08 0.06 0.02 97.88 
65.34 0.36 17.17 3.61 0.11 0.18 3.85 5.48 1.81 0.10 0.04 0.00 98.04 
64.82 0.44 14.17 5.69 0.17 0.42 2.89 4.20 2.24 0.13 0.16 0.00 95.34 
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Table C.6 EPMA results for sample H11-007-05, white ash layer of Hekla 1104.  

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

71.41 0.18 13.32 3.42 0.16 0.10 1.73 4.21 2.84 0.03 0.05 0.00 97.45 
71.32 0.18 13.51 3.34 0.13 0.10 1.82 4.10 2.88 0.00 0.07 0.00 97.45 
71.16 0.15 13.84 3.32 0.11 0.10 1.94 4.43 2.69 0.01 0.07 0.02 97.84 
71.06 0.14 13.62 3.26 0.10 0.09 1.79 4.20 2.80 0.00 0.06 0.00 97.12 
70.99 0.19 13.80 3.28 0.14 0.11 1.85 4.49 2.72 0.00 0.06 0.00 97.63 
70.94 0.22 13.89 3.28 0.12 0.11 1.91 4.47 2.75 0.04 0.06 0.00 97.80 
70.90 0.15 13.84 3.36 0.09 0.10 1.92 4.36 2.74 0.01 0.05 0.00 97.53 
70.84 0.17 13.92 3.22 0.15 0.11 1.89 4.23 2.69 0.00 0.10 0.00 97.32 
70.82 0.20 13.74 3.26 0.11 0.10 1.93 4.43 2.68 0.00 0.06 0.02 97.36 
70.74 0.21 13.78 3.35 0.07 0.10 1.89 4.27 2.80 0.00 0.07 0.00 97.28 
70.73 0.20 13.84 3.39 0.10 0.11 1.95 4.26 2.66 0.00 0.08 0.00 97.31 
70.69 0.24 13.46 3.38 0.13 0.11 1.69 4.45 2.79 0.01 0.07 0.00 97.01 
70.68 0.22 13.87 3.33 0.09 0.11 2.00 4.24 2.66 0.00 0.05 0.00 97.25 
70.56 0.18 13.85 3.25 0.09 0.12 1.87 4.36 2.77 0.03 0.06 0.01 97.13 
70.55 0.19 13.75 3.31 0.13 0.11 1.99 4.41 2.77 0.03 0.06 0.00 97.29 
70.53 0.19 14.02 3.32 0.07 0.12 1.93 4.38 2.70 0.03 0.07 0.00 97.36 
70.35 0.22 13.80 3.36 0.12 0.11 1.99 4.51 2.68 0.00 0.06 0.01 97.21 
69.73 0.19 13.65 3.25 0.08 0.11 1.85 4.50 2.67 0.00 0.13 0.00 96.16 
69.47 0.17 13.59 3.33 0.07 0.11 1.88 4.34 2.77 0.00 0.09 0.01 95.84 
68.85 0.20 13.49 3.27 0.11 0.11 1.88 4.18 2.64 0.01 0.17 0.00 94.88 
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Table C.7 EPMA results for sample H11-007-06, pale grey ash layer immediately below sample H11-007-05 (Table C6). 

None of the grains are of Hekla 1104 composition. The closest match is to H4. 

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

76.64 0.25 11.54 1.83 0.05 0.02 0.72 3.05 3.64 0.03 0.06 0.00 97.81 
76.34 0.23 11.22 2.17 0.06 0.03 0.74 2.97 3.73 0.00 0.07 0.00 97.56 
75.62 0.23 11.93 2.66 0.06 0.08 0.95 3.05 3.35 0.03 0.07 0.01 98.04 
75.43 0.23 11.32 2.03 0.06 0.03 0.73 3.17 3.58 0.04 0.04 0.00 96.67 
75.24 0.16 12.60 2.36 0.07 0.03 1.14 3.47 3.37 0.00 0.06 0.00 98.50 
73.56 0.20 12.84 1.90 0.02 0.03 1.24 3.90 3.10 0.00 0.05 0.06 96.89 
72.13 0.24 12.72 4.15 0.14 0.13 1.43 3.17 3.15 0.02 0.07 0.00 97.36 
71.82 0.19 14.09 2.24 0.08 0.08 1.91 4.67 2.64 0.01 0.05 0.00 97.77 
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Table C.8 EPMA results for sample H12-108-06, Hekla proximal location. All grains are of Hekla 1158 composition. 

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

67.61 0.47 14.13 6.08 0.18 0.46 2.69 4.34 2.45 0.13 0.05 0.01 98.60 
67.51 0.50 14.46 5.97 0.21 0.43 2.76 4.41 2.43 0.15 0.08 0.02 98.92 
67.51 0.47 14.13 5.96 0.16 0.45 2.78 3.40 2.43 0.05 0.09 0.01 97.42 
67.31 0.47 14.90 5.55 0.14 0.41 2.85 4.48 2.43 0.13 0.07 0.00 98.73 
67.26 0.44 15.22 5.67 0.18 0.40 3.40 4.25 2.18 0.09 0.01 0.00 99.11 
67.22 0.46 14.70 5.63 0.15 0.43 3.07 4.41 2.34 0.11 0.07 0.01 98.60 
67.18 0.44 14.50 5.91 0.18 0.41 2.94 4.31 2.32 0.17 0.08 0.00 98.44 
66.96 0.49 14.69 5.90 0.22 0.41 3.05 4.37 2.36 0.06 0.04 0.01 98.55 
66.86 0.40 14.74 6.10 0.15 0.44 3.05 4.56 2.28 0.13 0.06 0.02 98.79 
66.76 0.42 14.53 5.88 0.17 0.42 3.04 4.59 2.43 0.02 0.06 0.00 98.31 
66.63 0.41 14.69 5.95 0.21 0.41 3.13 4.34 2.34 0.07 0.12 0.00 98.31 
66.59 0.44 14.68 5.96 0.16 0.46 3.18 4.54 2.35 0.12 0.05 0.08 98.62 
66.57 0.49 14.70 5.97 0.16 0.41 2.99 4.41 2.43 0.05 0.06 0.00 98.25 
66.36 0.51 14.58 5.95 0.15 0.42 3.11 4.53 2.37 0.08 0.07 0.00 98.12 
64.78 0.48 14.30 5.85 0.19 0.44 3.16 4.37 2.26 0.04 0.15 0.00 96.02 
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Table C.9 EPMA results for thin section of H12-108-0506-A7, white pumice clast at Hekla proximal location. All points are 

of Hekla 1158 composition. 

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

67.21 0.43 14.69 5.58 0.14 0.34 2.81 4.67 2.30 0.07 0.05 0.02 98.32 
66.81 0.44 14.66 5.81 0.19 0.44 2.93 4.20 2.29 0.03 0.08 0.01 97.89 
66.79 0.46 14.68 5.72 0.21 0.41 2.93 4.50 2.23 0.17 0.08 0.00 98.16 
66.71 0.40 14.57 5.57 0.16 0.40 2.87 4.53 2.31 0.12 0.06 0.04 97.74 
66.69 0.49 14.74 5.70 0.17 0.44 2.94 4.19 2.32 0.00 0.07 0.02 97.76 
66.66 0.47 14.72 5.46 0.17 0.42 2.75 4.56 2.28 0.09 0.07 0.00 97.64 

 
 

Table C.10 EPMA results for thin section of H12-108-0506-B55, grey pumice clast at Hekla proximal location. All points are 

of Hekla 1158 composition. 

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

69.46 0.50 13.00 5.86 0.16 0.44 2.15 3.83 2.72 0.12 0.04 0.00 98.26 
68.45 0.48 13.21 6.24 0.21 0.44 2.56 3.81 2.61 0.05 0.08 0.00 98.13 
67.45 0.41 14.81 5.34 0.14 0.41 2.92 4.62 2.32 0.08 0.05 0.00 98.56 
66.99 0.53 15.00 6.00 0.16 0.39 2.90 4.47 2.35 0.09 0.07 0.00 98.97 
66.87 0.32 15.96 5.15 0.19 0.36 3.71 4.42 1.94 0.01 0.06 0.00 98.99 
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Table C.11 EPMA results for sample H12-022-09 (64° 6.095’ N, 19° 53.001’ W). All grains are of Hekla 1104 composition, 

except two (bottom two rows) which have composition similar to 1158. 

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

72.53 0.17 14.45 3.15 0.11 0.12 1.94 4.45 2.68 0.04 0.08 0.00 99.73 
72.38 0.23 14.33 3.25 0.13 0.13 2.01 3.62 2.57 0.00 0.07 0.00 98.70 
72.32 0.19 14.33 3.13 0.09 0.13 1.88 3.56 2.49 0.00 0.08 0.00 98.19 
71.97 0.17 14.37 3.15 0.11 0.12 1.98 4.49 2.72 0.00 0.05 0.00 99.14 
71.94 0.22 14.33 3.25 0.09 0.12 2.00 4.63 2.54 0.03 0.06 0.00 99.20 
71.51 0.17 14.29 3.21 0.07 0.12 2.00 3.45 2.57 0.00 0.06 0.00 97.46 
70.95 0.16 13.93 2.97 0.12 0.12 1.89 3.56 2.56 0.01 0.13 0.00 96.37 
70.47 0.17 13.92 3.15 0.12 0.11 1.92 3.31 2.53 0.02 0.22 0.05 95.98 
69.41 0.18 13.79 3.05 0.09 0.12 1.82 4.22 2.60 0.02 0.24 0.02 95.56 
68.20 0.16 13.51 2.98 0.12 0.11 1.80 4.20 2.49 0.09 0.47 0.00 94.12 
66.96 0.35 14.93 5.28 0.18 0.33 2.91 3.62 2.17 0.04 0.14 0.01 96.92 
66.85 0.33 14.80 5.52 0.14 0.32 3.16 3.18 2.14 0.05 0.29 0.02 96.82 
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Table C.12 EPMA results for sample H12-045-01 (64° 13.573’ N, 19° 50.729’ W). Composition most resembles Hekla 1693 

or 1766. 

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

60.64 1.17 15.28 9.28 0.18 1.50 4.73 4.13 1.70 0.52 0.04 0.06 99.22 
60.16 1.13 15.45 9.32 0.24 1.61 4.83 4.50 1.70 0.51 0.05 0.05 99.54 
60.15 1.24 15.34 9.66 0.24 1.61 4.87 4.26 1.65 0.48 0.03 0.00 99.52 
60.15 1.13 15.38 9.22 0.26 1.49 4.78 4.26 1.65 0.43 0.05 0.02 98.83 
60.14 1.17 15.39 9.31 0.28 1.55 4.84 4.14 1.61 0.42 0.06 0.06 98.97 
60.06 1.20 15.41 9.25 0.23 1.53 4.85 4.19 1.72 0.42 0.04 0.05 98.94 
59.88 1.24 15.25 9.64 0.30 1.63 4.97 4.02 1.67 0.43 0.07 0.08 99.17 
59.84 1.24 15.39 9.65 0.32 1.62 5.00 4.34 1.71 0.47 0.04 0.06 99.67 
59.16 1.29 15.22 9.86 0.27 1.61 4.88 4.33 1.67 0.48 0.05 0.02 98.83 
58.71 1.50 15.24 10.53 0.20 2.07 5.48 3.91 1.55 0.60 0.03 0.03 99.84 
58.53 1.35 15.32 10.08 0.23 2.00 5.15 4.21 1.59 0.69 0.03 0.03 99.21 
58.46 1.50 15.29 10.46 0.32 2.15 5.53 4.05 1.53 0.67 0.04 0.01 100.00 
58.28 1.59 15.17 10.41 0.24 2.14 5.54 4.21 1.59 0.69 0.03 0.04 99.93 
58.00 1.46 15.32 10.43 0.27 2.18 5.52 4.07 1.51 0.78 0.04 0.00 99.58 
57.79 1.61 15.09 10.55 0.28 2.21 5.46 4.00 1.62 0.70 0.03 0.06 99.40 
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Table C.13 EPMA results for sample H12-050A-01 (64° 2.507’ N, 19° 34.828’ W). All grains are of Hekla 1158 

composition, except one grain (top row) which is similar to H4. 

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

72.91 0.15 14.70 1.76 0.06 0.02 1.72 5.33 2.82 0.01 0.03 0.01 99.51 
68.33 0.52 15.07 5.87 0.18 0.45 3.11 3.41 2.33 0.08 0.08 0.00 99.44 
68.29 0.53 14.89 5.87 0.22 0.45 3.07 4.39 2.31 0.16 0.08 0.00 100.26 
68.22 0.48 14.93 5.80 0.19 0.43 3.05 4.42 2.42 0.16 0.07 0.03 100.21 
68.15 0.48 14.95 5.76 0.16 0.44 2.92 4.45 2.32 0.13 0.06 0.02 99.84 
67.91 0.49 14.89 5.86 0.14 0.42 2.92 4.34 2.34 0.13 0.09 0.00 99.52 
67.80 0.48 14.93 5.86 0.17 0.43 2.94 3.53 2.30 0.07 0.11 0.00 98.63 
67.47 0.45 14.30 5.72 0.15 0.42 2.79 4.18 2.38 0.05 0.13 0.02 98.07 
67.16 0.44 14.86 5.68 0.19 0.42 2.98 4.46 2.32 0.09 0.09 0.00 98.68 
67.04 0.43 14.91 5.74 0.18 0.45 2.93 4.43 2.32 0.16 0.08 0.03 98.69 
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Table C.14 EPMA results for sample H12-055-08 (64° 16.456’ N, 19° 22.947’ W). Sample collected from white part of a 

chemically zoned section. Based on location, it is likely the H-Z tephra.  

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

75.49 0.11 13.25 2.07 0.07 0.01 1.24 4.24 2.86 0.02 0.04 0.01 99.40 
75.23 0.08 13.25 2.03 0.06 0.01 1.31 4.31 2.90 0.00 0.06 0.00 99.24 
75.16 0.08 13.31 2.01 0.04 0.03 1.26 4.35 2.93 0.04 0.08 0.00 99.29 
75.15 0.10 13.22 2.09 0.05 0.02 1.26 4.24 2.84 0.00 0.08 0.00 99.04 
75.00 0.10 13.29 1.99 0.08 0.02 1.28 4.21 2.83 0.00 0.09 0.00 98.91 
74.77 0.09 13.17 1.96 0.09 0.00 1.29 4.33 2.84 0.00 0.06 0.00 98.60 
74.75 0.11 13.21 1.96 0.07 0.01 1.23 4.36 2.86 0.00 0.07 0.00 98.64 
74.72 0.09 13.13 1.99 0.07 0.01 1.24 4.35 2.85 0.04 0.07 0.03 98.60 
74.54 0.09 12.87 2.05 0.08 0.01 1.15 4.20 3.00 0.00 0.05 0.04 98.08 
74.48 0.08 13.22 1.98 0.10 0.02 1.25 4.30 2.86 0.00 0.08 0.03 98.41 
74.47 0.07 13.22 2.01 0.08 0.02 1.30 4.34 2.89 0.03 0.07 0.01 98.52 
74.40 0.09 13.09 1.97 0.08 0.00 1.25 4.33 2.96 0.00 0.05 0.00 98.23 
74.40 0.08 13.13 2.02 0.07 0.02 1.28 4.34 2.88 0.01 0.08 0.01 98.32 
74.31 0.05 13.22 1.98 0.07 0.00 1.28 4.35 2.94 0.02 0.08 0.00 98.29 
74.16 0.08 13.09 2.02 0.05 0.02 1.30 4.23 2.88 0.01 0.07 0.00 97.92 
73.86 0.08 12.96 1.96 0.05 0.01 1.26 4.27 2.80 0.00 0.07 0.02 97.34 
73.85 0.10 13.09 1.96 0.06 0.00 1.24 4.37 2.81 0.04 0.09 0.00 97.61 
73.71 0.06 12.94 1.95 0.08 0.03 1.25 4.34 2.85 0.00 0.09 0.00 97.29 
73.11 0.10 13.04 2.02 0.11 0.03 1.24 4.21 2.96 0.00 0.07 0.00 96.88 
72.79 0.05 12.86 1.99 0.04 0.02 1.25 4.22 2.81 0.01 0.06 0.00 96.11 
72.18 0.03 14.79 1.73 0.10 0.01 1.82 5.16 2.29 0.00 0.07 0.00 98.17 
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Table C.15 EPMA results for sample H12-109-04 (64° 2.114’ N, 19° 32.884’ W). Two grains (top two rows) are of Hekla 

1104 composition, and three grains (rows 3–5) are of Torfajökull (Settlement Layer) composition. Remaining grains are of 

Hekla 1158 composition. 

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

70.86 0.24 14.17 3.43 0.07 0.12 1.89 4.50 2.69 0.02 0.06 0.03 98.07 
70.49 0.24 13.95 3.44 0.10 0.09 1.82 4.28 2.86 0.06 0.06 0.00 97.38 
70.32 0.25 14.83 2.39 0.07 0.23 0.89 4.94 4.71 0.03 0.21 0.08 98.96 
69.89 0.21 14.52 2.36 0.08 0.24 0.82 4.91 4.81 0.06 0.21 0.04 98.15 
69.84 0.24 14.79 2.42 0.11 0.23 0.84 4.94 4.73 0.02 0.24 0.00 98.39 
69.03 0.48 13.69 6.49 0.19 0.50 2.48 3.29 2.67 0.09 0.07 0.03 99.01 
68.44 0.43 15.33 5.54 0.20 0.41 3.03 4.64 2.23 0.03 0.06 0.02 100.36 
68.17 0.49 14.99 5.77 0.16 0.43 2.92 4.29 2.34 0.07 0.06 0.00 99.68 
67.01 0.53 14.17 6.22 0.17 0.47 2.71 4.55 2.49 0.15 0.06 0.01 98.53 
66.88 0.47 14.67 5.94 0.17 0.42 2.91 4.41 2.39 0.06 0.06 0.02 98.40 
66.44 0.49 14.63 5.94 0.13 0.41 2.93 4.41 2.26 0.14 0.07 0.00 97.86 
66.35 0.49 14.66 5.84 0.21 0.45 2.80 4.21 2.40 0.12 0.07 0.00 97.60 
66.03 0.53 14.64 5.94 0.12 0.43 2.90 4.34 2.39 0.08 0.06 0.00 97.47 
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Table C.16 EPMA results for sample H13-030-04 (65° 15.995’ N, 18° 14.740’ W). Not clearly identified based on glass 

composition, but not of Hekla 1104 composition.  

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

76.64 0.06 12.76 1.66 0.05 0.03 1.23 4.08 2.84 0.00 0.07 0.00 99.41 
76.56 0.07 12.91 1.83 0.09 0.03 1.25 4.09 2.88 0.00 0.06 0.01 99.79 
76.51 0.04 12.93 1.76 0.03 0.03 1.30 4.08 2.75 0.05 0.07 0.01 99.57 
76.48 0.11 12.96 1.87 0.10 0.04 1.28 3.98 2.78 0.04 0.05 0.02 99.70 
76.43 0.05 12.86 1.84 0.04 0.02 1.27 4.16 2.95 0.01 0.03 0.00 99.67 
76.34 0.04 12.79 1.87 0.11 0.01 1.21 4.05 2.76 0.06 0.06 0.00 99.29 
76.26 0.06 12.89 1.89 0.08 0.03 1.25 4.08 2.85 0.01 0.05 0.00 99.44 
76.24 0.06 12.85 1.77 0.08 0.02 1.24 4.07 2.75 0.00 0.06 0.02 99.16 
76.23 0.11 12.98 1.80 0.06 0.02 1.24 3.97 2.77 0.00 0.06 0.02 99.25 
76.22 0.09 12.91 1.84 0.06 0.04 1.20 4.05 2.82 0.00 0.07 0.00 99.30 
76.22 0.07 12.64 1.75 0.09 0.02 1.17 4.11 2.93 0.00 0.06 0.01 99.06 
76.20 0.06 12.94 1.78 0.07 0.03 1.26 4.08 2.80 0.00 0.06 0.00 99.28 
76.15 0.06 12.89 1.80 0.08 0.03 1.24 3.96 2.71 0.04 0.06 0.00 99.01 
76.13 0.09 12.86 1.86 0.07 0.02 1.21 4.09 2.85 0.00 0.08 0.00 99.25 
76.11 0.01 12.87 1.80 0.07 0.02 1.24 4.08 2.77 0.00 0.05 0.01 99.04 
75.98 0.04 12.87 1.82 0.07 0.02 1.23 4.01 2.83 0.00 0.05 0.00 98.93 
75.81 0.06 12.84 1.83 0.07 0.02 1.27 3.99 2.82 0.05 0.07 0.08 98.91 
75.77 0.05 12.77 1.83 0.08 0.03 1.24 4.15 2.75 0.02 0.05 0.02 98.75 
75.74 0.09 12.80 1.86 0.03 0.03 1.23 4.07 2.82 0.01 0.05 0.02 98.73 
75.73 0.08 12.75 1.80 0.09 0.03 1.21 3.92 2.79 0.00 0.07 0.00 98.45 
75.69 0.11 12.82 1.76 0.06 0.03 1.23 4.01 2.74 0.03 0.06 0.00 98.55 
75.64 0.08 12.80 1.80 0.09 0.03 1.25 4.05 2.77 0.00 0.06 0.03 98.60 
75.57 0.06 12.66 1.82 0.08 0.04 1.20 3.99 2.87 0.00 0.06 0.01 98.37 
75.52 0.06 12.79 1.82 0.12 0.04 1.30 4.10 2.77 0.01 0.07 0.02 98.62 
75.51 0.03 12.83 1.76 0.05 0.02 1.27 4.02 2.84 0.00 0.06 0.02 98.40 
75.51 0.03 12.83 1.76 0.05 0.02 1.27 4.02 2.84 0.00 0.06 0.02 98.40 
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Table C.16 (continued) EPMA results for sample H13-030-04 (65° 15.995’ N, 18° 14.740’ W). Not clearly identified based 

on glass composition, but not of Hekla 1104 composition.  

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

75.42 0.06 12.84 1.83 0.03 0.02 1.23 4.05 2.92 0.00 0.06 0.00 98.46 
75.39 0.06 12.69 1.80 0.03 0.04 1.23 4.04 2.86 0.01 0.06 0.02 98.23 
75.39 0.06 12.74 1.75 0.08 0.02 1.24 4.05 2.79 0.05 0.05 0.01 98.22 
75.24 0.06 12.71 1.78 0.04 0.04 1.20 4.13 2.76 0.00 0.06 0.03 98.04 
75.20 0.08 12.81 1.82 0.08 0.04 1.25 4.09 2.79 0.00 0.07 0.01 98.23 
75.05 0.05 12.72 1.78 0.07 0.03 1.31 3.93 2.79 0.00 0.08 0.00 97.79 
75.04 0.09 12.83 1.70 0.04 0.03 1.24 4.10 2.87 0.01 0.07 0.01 98.02 
75.00 0.04 13.69 1.63 0.07 0.02 1.59 4.41 2.43 0.00 0.05 0.04 98.97 
71.82 0.00 14.03 3.29 0.07 0.09 1.50 4.31 0.00 0.02 0.00 0.00 95.12 
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Table C.17 EPMA results for sample H13-031-03 (65° 37.220’ N, 18° 35.166’ W). Not clearly identified based on glass 

composition, but not of Hekla 1104 composition.  

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

74.84 0.08 13.19 1.91 0.09 0.02 1.27 4.29 2.80 0.07 0.09 0.00 98.66 
73.53 0.18 13.36 1.83 0.07 0.03 1.37 4.37 2.69 0.06 0.08 0.01 97.59 
72.68 0.17 14.26 3.29 0.10 0.11 2.03 4.31 2.50 0.03 0.06 0.04 99.58 
72.56 0.15 12.87 2.02 0.13 0.03 1.30 4.01 2.89 0.03 0.09 0.02 96.08 
72.54 0.20 14.19 3.13 0.08 0.12 2.04 4.27 2.47 0.00 0.09 0.04 99.17 
72.52 0.18 14.23 3.17 0.11 0.13 1.99 4.33 2.51 0.03 0.06 0.00 99.27 
72.52 0.19 14.12 2.99 0.12 0.11 1.84 4.37 2.49 0.00 0.06 0.00 98.80 
72.35 0.18 14.27 3.10 0.13 0.12 1.96 4.32 2.54 0.00 0.06 0.00 99.04 
72.13 0.23 14.28 3.14 0.10 0.12 1.92 4.42 2.46 0.00 0.07 0.05 98.91 
72.11 0.15 14.19 3.21 0.10 0.13 1.94 4.25 2.53 0.04 0.11 0.01 98.79 
72.04 0.17 14.16 3.16 0.10 0.11 1.96 4.24 2.48 0.00 0.07 0.00 98.50 
71.19 0.19 14.15 3.06 0.11 0.11 1.87 4.23 2.53 0.04 0.08 0.00 97.58 
71.16 0.16 14.02 3.08 0.12 0.11 1.97 4.16 2.48 0.09 0.12 0.00 97.45 
71.14 0.18 14.08 3.15 0.08 0.13 1.97 4.30 2.51 0.00 0.17 0.05 97.75 
70.78 0.18 13.88 3.17 0.12 0.12 1.86 4.28 2.48 0.03 0.19 0.02 97.11 
68.97 0.35 15.11 5.49 0.16 0.34 3.02 4.24 2.13 0.08 0.04 0.04 99.98 
68.61 0.14 13.58 3.12 0.09 0.13 1.86 4.29 2.48 0.00 0.07 0.00 94.38 
68.21 0.13 13.26 2.99 0.13 0.12 1.86 4.03 2.45 0.06 0.08 0.00 93.31 
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Table C.18 EPMA results for sample H13-037-02 (65° 45.940’ N, 19° 47.990’ W). Not clearly identified based on glass 

composition, but could possibly be Hekla 1104.  

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

71.99 0.23 14.02 3.18 0.12 0.11 1.88 4.36 2.76 0.00 0.07 0.00 98.71 
71.91 0.19 14.14 3.25 0.08 0.11 1.83 4.15 2.67 0.00 0.07 0.00 98.42 
71.90 0.10 14.05 3.15 0.09 0.10 1.91 4.19 2.73 0.02 0.04 0.02 98.29 
71.82 0.17 14.09 3.21 0.06 0.13 1.85 4.27 2.73 0.02 0.06 0.00 98.41 
71.79 0.21 14.05 3.28 0.12 0.12 1.82 4.16 2.74 0.00 0.08 0.00 98.37 
71.78 0.16 14.00 3.11 0.15 0.10 1.85 4.32 2.78 0.06 0.06 0.00 98.38 
71.73 0.20 14.05 3.31 0.08 0.10 1.90 4.11 2.68 0.00 0.09 0.05 98.30 
71.71 0.17 13.89 3.19 0.09 0.09 1.84 4.36 2.66 0.00 0.08 0.00 98.09 
71.67 0.19 13.94 3.22 0.15 0.11 1.83 4.19 2.67 0.02 0.05 0.03 98.06 
71.65 0.15 14.04 3.24 0.12 0.12 1.86 4.15 2.72 0.05 0.06 0.00 98.18 
71.62 0.19 14.09 3.32 0.15 0.12 1.87 4.25 2.67 0.02 0.07 0.00 98.36 
71.47 0.25 14.04 3.32 0.11 0.10 1.87 4.31 2.72 0.01 0.05 0.00 98.26 
71.36 0.17 14.00 3.29 0.11 0.12 1.91 4.24 2.84 0.06 0.07 0.03 98.20 
70.90 0.12 14.60 2.82 0.10 0.09 2.18 4.61 2.38 0.02 0.06 0.00 97.90 
70.80 0.19 13.61 3.23 0.13 0.14 1.81 4.20 2.72 0.01 0.03 0.04 96.91 
68.82 0.20 13.56 3.29 0.13 0.11 1.81 4.09 2.63 0.00 0.06 0.00 94.71 
68.44 0.17 13.27 3.06 0.11 0.12 1.82 4.21 2.71 0.01 0.08 0.05 94.05 
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Table C.19 EPMA results for sample H13-091-01 (64° 2.141’ N, 19° 21.250’ W). It is the same composition as the H-A to   

H-Z tephras. Based on location and deposit thickness, it is likely H-Z or H-Y.  

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

68.00 0.47 14.87 5.72 0.17 0.41 2.92 4.72 2.42 0.10 0.07 0.00 99.88 
65.08 0.87 15.46 6.32 0.16 1.27 4.27 4.08 1.59 0.31 0.04 0.02 99.46 
65.01 0.82 15.64 6.62 0.16 1.30 4.38 4.23 1.62 0.27 0.04 0.03 100.12 
64.62 0.86 15.54 6.58 0.14 1.33 4.50 4.22 1.62 0.28 0.03 0.00 99.73 
64.42 0.88 15.50 6.79 0.21 1.33 4.24 3.95 1.58 0.29 0.09 0.00 99.27 
64.21 0.89 15.51 6.53 0.19 1.26 4.46 4.07 1.65 0.26 0.00 0.03 99.06 
64.03 0.88 15.23 6.36 0.11 1.28 4.48 4.24 1.69 0.34 0.04 0.01 98.69 
63.92 0.94 15.37 6.51 0.16 1.22 4.46 4.19 1.74 0.19 0.04 0.03 98.77 
63.81 0.86 15.38 6.35 0.13 1.31 4.33 4.38 1.65 0.35 0.05 0.00 98.61 
63.66 0.88 15.30 6.32 0.17 1.28 4.45 4.43 1.70 0.30 0.05 0.00 98.54 
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Table C.20 EPMA results for sample H13-094-02 (64° 00.415’ N, 19° 30.775’ W). Composition is most compatible with 

Hekla 1206.  

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

62.93 0.81 14.99 8.51 0.23 0.99 4.16 4.16 1.95 0.22 0.04 0.02 99.01 
62.80 0.94 15.03 8.85 0.23 1.09 4.22 3.55 1.95 0.29 0.03 0.03 99.01 
62.55 0.86 15.05 8.18 0.25 1.02 4.04 4.36 1.97 0.30 0.05 0.00 98.63 
62.46 0.85 15.29 8.80 0.22 1.12 4.30 3.53 1.95 0.32 0.05 0.02 98.92 
62.35 0.90 15.01 8.64 0.24 1.10 4.22 4.00 1.82 0.32 0.04 0.04 98.67 
62.23 0.89 15.37 8.78 0.24 1.15 4.37 4.35 1.82 0.31 0.05 0.05 99.61 
62.21 0.89 15.14 8.25 0.24 1.07 4.17 4.30 1.89 0.23 0.04 0.00 98.43 
62.18 0.95 15.13 8.85 0.24 1.12 4.37 4.34 1.85 0.25 0.04 0.01 99.33 
62.15 0.93 15.28 8.60 0.24 1.16 4.40 4.09 1.84 0.36 0.06 0.00 99.12 
62.01 0.90 15.25 8.74 0.27 1.14 4.24 4.20 1.76 0.32 0.06 0.00 98.89 
61.86 0.87 15.15 8.94 0.24 1.13 4.37 4.29 1.91 0.35 0.05 0.00 99.16 
61.81 0.84 15.31 8.60 0.19 1.15 4.27 4.33 1.84 0.37 0.05 0.02 98.78 
61.78 0.88 14.88 8.54 0.24 1.10 4.16 3.96 1.98 0.30 0.06 0.07 97.95 
61.76 0.91 15.22 8.77 0.24 1.17 4.25 4.24 1.82 0.21 0.06 0.08 98.72 
59.50 1.55 13.53 10.78 0.29 1.78 4.77 3.46 1.89 0.72 0.06 0.02 98.36 
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Table C.21 EPMA results for sample H13-097-01 (64° 3.285’ N, 19° 34.071’ W). All grains are of Hekla 1158 composition.  

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

67.57 0.40 14.80 6.04 0.17 0.47 3.13 4.06 2.19 0.06 0.09 0.00 98.97 
67.43 0.47 14.79 5.79 0.23 0.42 3.10 4.37 2.27 0.03 0.06 0.02 98.98 
67.42 0.47 14.58 5.86 0.17 0.44 3.01 4.18 2.36 0.06 0.08 0.00 98.64 
67.40 0.44 14.73 5.86 0.17 0.42 3.17 4.26 2.29 0.10 0.08 0.03 98.93 
67.34 0.42 14.68 5.75 0.17 0.42 3.03 4.45 2.25 0.09 0.07 0.00 98.67 
67.32 0.47 14.72 6.02 0.20 0.42 2.98 4.24 2.35 0.07 0.04 0.00 98.85 
67.22 0.44 14.65 6.02 0.18 0.41 3.18 4.14 2.28 0.05 0.06 0.01 98.66 
67.09 0.47 14.76 5.72 0.25 0.42 3.00 4.20 2.30 0.10 0.06 0.00 98.38 
67.07 0.44 14.64 5.94 0.17 0.43 3.02 4.10 2.30 0.16 0.07 0.06 98.39 
67.06 0.46 14.68 5.65 0.18 0.41 2.99 4.32 2.28 0.05 0.05 0.04 98.14 
67.03 0.45 14.73 5.75 0.19 0.42 3.09 4.32 2.25 0.05 0.06 0.00 98.33 
66.99 0.44 14.70 5.75 0.16 0.40 2.94 4.28 2.25 0.08 0.07 0.00 98.06 
66.94 0.39 14.47 5.82 0.19 0.43 3.05 4.04 2.25 0.11 0.13 0.03 97.84 
66.93 0.46 14.63 6.00 0.16 0.45 3.06 4.34 2.21 0.07 0.06 0.00 98.37 
66.92 0.48 14.66 5.68 0.13 0.42 3.09 4.21 2.37 0.04 0.06 0.00 98.06 
66.88 0.49 14.56 5.85 0.14 0.42 2.92 4.40 2.40 0.07 0.05 0.00 98.19 
66.85 0.42 14.58 5.73 0.18 0.43 3.03 4.23 2.24 0.07 0.06 0.01 97.82 
66.84 0.43 14.65 5.74 0.18 0.43 2.89 4.20 2.28 0.08 0.05 0.01 97.78 
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Table C.22 EPMA results for sample H13-098-01 (64° 3.263’ N, 19° 34.037’ W). All grains are of Hekla 1158 composition, 

except one grain (top row) which is of Hekla 1104 composition and two grains (bottom two rows) which are basaltic 

icelandite.  

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

70.81 0.16 14.04 3.43 0.11 0.10 1.84 4.32 2.82 0.00 0.07 0.01 97.72 
67.13 0.46 14.76 5.78 0.17 0.44 2.99 4.49 2.42 0.03 0.06 0.01 98.74 
67.05 0.49 14.39 6.10 0.20 0.46 2.98 4.58 2.28 0.12 0.06 0.00 98.71 
66.96 0.44 14.79 5.94 0.19 0.45 3.07 4.47 2.27 0.16 0.08 0.03 98.83 
66.83 0.50 14.78 5.99 0.19 0.42 3.05 4.43 2.35 0.12 0.07 0.00 98.73 
66.81 0.54 14.61 5.89 0.18 0.44 3.11 4.49 2.37 0.13 0.06 0.04 98.67 
66.78 0.42 14.54 5.99 0.19 0.46 2.96 4.48 2.38 0.05 0.07 0.00 98.31 
66.71 0.44 14.68 5.69 0.19 0.44 3.03 4.18 2.37 0.13 0.10 0.04 98.00 
66.67 0.49 14.39 6.22 0.22 0.49 2.78 4.35 2.53 0.11 0.08 0.00 98.33 
66.66 0.45 14.56 5.94 0.18 0.42 3.00 4.30 2.27 0.08 0.07 0.01 97.94 
66.55 0.47 14.27 6.33 0.18 0.50 2.81 4.35 2.58 0.11 0.09 0.00 98.24 
66.45 0.47 14.76 5.71 0.18 0.42 3.09 4.42 2.38 0.13 0.09 0.01 98.10 
66.42 0.51 14.60 5.93 0.15 0.44 3.11 4.57 2.37 0.16 0.06 0.03 98.36 
66.16 0.49 14.57 5.91 0.16 0.42 3.02 4.46 2.32 0.10 0.06 0.06 97.73 
52.21 2.43 14.43 12.71 0.29 3.41 6.82 3.34 1.17 1.44 0.04 0.14 98.41 
50.99 3.34 12.75 14.22 0.32 3.82 7.40 3.59 1.09 0.98 0.03 0.12 98.66 
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Table C.23 EPMA results for sample H13-099-01 (64° 1.253’ N, 19° 32.036’ W). Mixture of Hekla 1104 and 1158 

compositions, except one grain (row 8 from the top) which is of Torfajökull (Settlement Layer) composition. 

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

72.57 0.19 13.73 3.22 0.10 0.10 1.73 4.67 2.84 0.01 0.07 0.00 99.24 
71.95 0.18 14.17 3.26 0.11 0.11 1.88 4.56 2.77 0.01 0.07 0.00 99.07 
71.74 0.18 14.26 3.26 0.09 0.11 1.85 4.48 2.86 0.03 0.08 0.01 98.95 
71.36 0.20 13.92 3.25 0.11 0.10 1.78 4.55 2.83 0.00 0.08 0.01 98.19 
71.35 0.18 14.07 3.29 0.08 0.10 1.85 4.47 2.76 0.06 0.08 0.00 98.29 
71.30 0.21 14.09 3.30 0.12 0.10 1.82 4.45 2.79 0.04 0.09 0.03 98.34 
71.22 0.22 14.10 3.33 0.10 0.11 1.92 4.43 2.79 0.06 0.09 0.03 98.41 
70.80 0.21 14.68 2.45 0.02 0.24 0.84 4.99 4.88 0.06 0.22 0.01 99.41 
67.57 0.51 14.19 6.12 0.20 0.45 2.67 4.27 2.41 0.15 0.07 0.00 98.62 
67.44 0.46 14.85 5.97 0.18 0.47 3.09 4.49 2.37 0.03 0.07 0.03 99.46 
67.43 0.49 14.81 5.74 0.19 0.43 2.99 4.49 2.29 0.08 0.03 0.09 99.06 
67.19 0.53 14.53 6.07 0.15 0.43 2.89 4.33 2.44 0.03 0.07 0.00 98.68 
67.11 0.51 14.77 5.88 0.18 0.43 2.98 4.45 2.34 0.14 0.08 0.03 98.91 
65.75 0.51 14.91 5.97 0.41 0.44 2.92 4.18 2.29 0.05 0.06 0.00 97.50 
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Table C.24 EPMA results for sample H13-102-03 (63° 59.726’ N, 19° 30.632’ W). Compositions span the range of the mafic 

end of Hekla 1300, but lack the silicic part. 

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

62.34 1.00 14.26 9.44 0.29 1.26 4.42 4.29 1.76 0.36 0.07 0.02 99.50 
61.83 0.99 15.31 8.79 0.25 1.21 4.38 3.78 1.82 0.43 0.07 0.04 98.90 
61.74 0.92 15.12 8.78 0.29 1.18 4.24 3.73 1.93 0.36 0.06 0.05 98.39 
61.19 1.65 12.49 11.16 0.31 1.42 4.54 3.27 2.04 0.71 0.07 0.09 98.95 
59.82 1.16 15.29 9.41 0.19 1.68 5.10 4.08 1.55 0.44 0.03 0.03 98.78 
59.55 1.90 12.99 10.80 0.30 1.67 4.83 3.19 1.95 0.72 0.05 0.05 98.00 
58.78 1.89 13.18 11.64 0.31 1.90 4.98 3.41 1.79 0.99 0.04 0.00 98.91 
58.76 1.33 15.05 10.14 0.34 1.77 5.09 4.06 1.62 0.55 0.06 0.04 98.79 
57.82 1.82 13.69 11.78 0.28 2.25 5.37 3.14 1.67 0.81 0.03 0.06 98.73 
57.67 1.66 14.04 11.55 0.25 2.19 5.44 3.40 1.59 0.85 0.05 0.04 98.72 
55.69 2.16 13.31 12.82 0.33 2.72 5.93 3.27 1.59 0.95 0.08 0.11 98.96 
54.94 2.13 14.27 11.96 0.29 2.85 6.21 3.61 1.33 1.08 0.05 0.04 98.76 
54.48 2.54 12.59 13.24 0.31 2.91 6.20 3.13 1.51 1.42 0.04 0.08 98.46 
52.64 2.63 14.43 12.27 0.24 3.54 7.10 3.64 1.08 0.97 0.02 0.05 98.60 
45.79 4.68 13.32 15.73 0.21 5.63 9.60 2.85 0.63 0.48 0.01 0.09 99.02 
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Table C.25 EPMA results for sample H13-102-07 (64° 59.726’ N, 19° 30.632’ W). Not clearly identified based on glass 

composition, but could possibly be Hekla 1104.  

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

77.01 0.06 12.63 1.93 0.09 0.05 1.15 3.95 2.85 0.01 0.05 0.00 99.78 
72.42 0.22 13.52 3.14 0.07 0.08 1.68 4.43 2.87 0.02 0.06 0.00 98.52 
72.34 0.16 13.81 3.11 0.17 0.09 1.82 4.58 2.73 0.00 0.07 0.00 98.89 
72.34 0.23 13.42 3.37 0.13 0.11 1.62 4.32 2.80 0.00 0.07 0.00 98.42 
72.03 0.20 14.39 2.70 0.10 0.07 1.92 4.90 2.72 0.03 0.06 0.00 99.13 
71.98 0.18 14.10 3.01 0.08 0.09 1.92 4.66 2.58 0.02 0.05 0.00 98.65 
71.91 0.20 13.24 3.30 0.10 0.11 1.68 4.42 2.90 0.00 0.08 0.00 97.93 
71.84 0.21 14.11 3.01 0.10 0.09 1.80 4.86 2.76 0.02 0.04 0.01 98.85 
71.78 0.17 13.68 3.27 0.07 0.09 1.79 4.16 2.84 0.00 0.08 0.00 97.94 
71.74 0.20 14.14 3.30 0.07 0.10 2.01 4.23 2.71 0.00 0.07 0.00 98.59 
71.68 0.15 14.03 2.87 0.08 0.08 1.98 4.84 2.67 0.00 0.05 0.02 98.44 
71.61 0.18 14.02 3.34 0.14 0.12 1.88 4.29 2.70 0.00 0.07 0.00 98.35 
71.48 0.21 13.75 3.35 0.14 0.10 1.83 4.35 2.79 0.08 0.05 0.00 98.12 
71.25 0.17 14.50 2.76 0.06 0.08 2.14 5.26 2.41 0.00 0.05 0.01 98.71 
71.22 0.17 14.73 2.99 0.08 0.10 2.14 5.09 2.42 0.00 0.05 0.00 99.00 
71.14 0.14 14.58 3.08 0.05 0.10 2.00 4.76 2.66 0.00 0.03 0.00 98.54 
70.79 0.14 14.67 2.82 0.09 0.10 2.16 5.21 2.49 0.05 0.06 0.00 98.58 
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Table C.26 EPMA results for sample H13-111-03 (64° 40.437’ N, 19° 32.143’ W). Not clearly identified based on glass 

composition, but could possibly be Hekla 1104.  

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

73.63 0.24 13.46 3.64 0.15 0.11 1.56 3.97 3.16 0.03 0.06 0.00 100.02 
73.43 0.25 13.62 3.55 0.12 0.11 1.65 3.99 2.98 0.00 0.07 0.00 99.76 
73.14 0.21 13.83 3.34 0.11 0.10 1.77 4.18 2.70 0.02 0.04 0.00 99.44 
73.09 0.16 13.30 3.23 0.11 0.08 1.55 4.27 3.03 0.00 0.05 0.00 98.87 
73.03 0.19 14.17 3.42 0.12 0.10 1.95 4.25 2.67 0.00 0.06 0.01 99.96 
72.77 0.16 14.21 3.31 0.10 0.11 1.86 4.34 2.80 0.02 0.06 0.00 99.75 
72.77 0.21 14.23 3.34 0.09 0.10 1.87 4.21 2.78 0.03 0.07 0.03 99.73 
72.73 0.23 14.10 3.32 0.10 0.11 1.87 4.08 2.77 0.03 0.07 0.03 99.44 
72.66 0.23 14.16 3.39 0.08 0.11 1.79 4.36 2.78 0.04 0.07 0.00 99.67 
72.59 0.16 13.97 3.39 0.11 0.10 1.82 4.35 2.78 0.00 0.04 0.01 99.32 
72.58 0.20 14.15 3.40 0.14 0.12 1.91 4.10 2.64 0.00 0.07 0.00 99.29 
72.48 0.21 14.18 3.24 0.13 0.11 1.84 4.25 2.73 0.04 0.07 0.00 99.28 
72.47 0.20 14.24 3.35 0.14 0.11 1.88 4.22 2.73 0.01 0.06 0.00 99.42 
72.44 0.16 14.14 3.32 0.10 0.11 1.88 4.45 2.71 0.04 0.05 0.00 99.40 
72.39 0.19 14.12 3.39 0.10 0.12 1.88 4.30 2.62 0.00 0.06 0.00 99.19 
72.36 0.16 14.01 3.37 0.15 0.08 1.85 4.45 2.85 0.04 0.08 0.00 99.39 
72.20 0.22 14.12 3.39 0.08 0.10 1.82 4.28 2.78 0.04 0.08 0.00 99.11 
71.79 0.18 13.64 3.32 0.09 0.11 1.75 4.20 2.73 0.00 0.07 0.00 97.88 
69.67 0.16 13.55 3.25 0.11 0.12 1.76 4.26 2.68 0.05 0.07 0.00 95.69 
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Table C.27 EPMA results for sample H13-112-02 (64° 37.084’ N, 19° 40.570’ W). Mix of possible Hekla 1104, 1158, and 

1300 compositions.  

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

73.92 0.30 10.70 4.45 0.13 0.02 0.33 4.09 4.40 0.00 0.17 0.00 98.51 
73.78 0.06 13.16 2.07 0.03 0.01 1.26 4.10 2.80 0.02 0.09 0.03 97.42 
73.57 0.08 13.00 2.07 0.10 0.00 1.28 4.29 2.92 0.02 0.06 0.02 97.40 
72.33 0.13 14.70 3.10 0.09 0.12 2.18 4.49 2.36 0.05 0.05 0.00 99.59 
71.72 0.16 14.14 3.12 0.12 0.13 1.92 4.19 2.55 0.00 0.06 0.00 98.12 
71.60 0.20 14.11 3.32 0.15 0.13 1.91 4.34 2.59 0.01 0.07 0.00 98.41 
71.14 0.17 14.22 3.26 0.09 0.12 1.95 4.13 2.53 0.01 0.06 0.00 97.66 
70.90 0.16 13.87 3.12 0.11 0.11 1.84 4.23 2.47 0.05 0.08 0.02 96.96 
70.33 0.08 12.46 2.03 0.09 0.02 1.20 4.05 2.78 0.00 0.40 0.00 93.44 
68.46 0.36 14.94 5.42 0.14 0.36 3.05 4.39 2.13 0.05 0.06 0.04 99.39 
67.62 0.36 14.84 5.76 0.13 0.36 2.98 4.02 2.02 0.08 0.12 0.07 98.37 
67.29 0.38 15.02 5.76 0.21 0.36 3.08 4.29 2.12 0.08 0.05 0.00 98.64 
63.33 0.41 14.23 5.79 0.13 0.40 3.08 4.08 1.96 0.11 0.21 0.04 93.76 
60.86 0.31 13.39 4.89 0.19 0.24 2.45 4.05 2.02 0.06 0.16 0.16 88.77 
58.97 1.67 14.00 10.65 0.33 2.02 5.14 3.43 1.52 0.86 0.03 0.04 98.65 
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A P P E N D I X  D  

New isopach areas 

 

This appendix contains the revised area estimates for the deposits from the Hekla eruptions in 

1104, 1158, 1300 (including the opening phase 1300-D), 1693, and 1766, that were used for 

the new volume calculations presented in Chapter 3. 

 

Table D.1 Area and thickness of the Hekla 1104 deposit. 

Isopach (cm) Area (km2) 

100 63 
50 107 
25 263 
15 618 
10 1058 
5 2177 
2 5079 
1 16830 
0.5 34310 
0.1 (MAP-2) 82369 
0.2 (MAP-3) 86880 

 
 

Table D.2 Area and thickness of the Hekla 1158 deposit. 

Isopach (cm) Area (km2) 

100 21 
30 78 
10 301 
5 561 
3 923 
1 1925 
0.5 4841 
0.2 15402 
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Table D.3 Area and thickness of the Hekla 1300 deposit. 

Isopach (cm) Area (km2) 

40 101 
30 164 
20 269 
10 680 
5 2070 
1 8534 
0.5 19259 
0.1 (MAP-2) 37569 
0.2 (MAP-3) 61934 

 
 

Table D.4 Area and thickness of the Hekla 1300-D deposit. 

Isopach (cm) Area (km2) 

20 42 
10 209 
5 690 
2 2383 
1 8534 
0.5 19259 
0.1 (MAP-2) 37569 
0.2 (MAP-3) 61934 
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Table D.5 Area and thickness of the Hekla 1693 deposit. 

Isopach (cm) Area (km2) 

10 264 
5 523 
2 1069 
1 2197 
0.5 7542 
0.1 (MAP-2) 22605 
0.2 (MAP-3) 50022 

 
 

Table D.6 Area and thickness of the Hekla 1766 deposit. 

Isopach (cm) Area (km2) 

10 348 
5 624 
2 1115 
1 2224 
0.5 6151 
0.1 (MAP-2) 33919 
0.2 (MAP-3) 76296 

 
 



255 
 

A P P E N D I X  E  

Voronoi cells 
 

The following figures show the output from the TOTGS (version 1) MatLab script used to 

calculate the TGSDs presented in Chapter 4. The area shown in each figure is the same as for 

the corresponding eruption in Figure 4.7. Explanations of set A, B-1, B-2, B-3, and C are 

given in supplementary Table S4.1 and the resulting TGSD for each set is shown in 

supplementary Figure S4.1.  

 



 

 
 

256 

 

Figure E.1 Voronoi cells used for the Hekla 1104 TGSD set A. 
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Figure E.2 Voronoi cells used for the Hekla 1104 TGSD set B-1. 
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Figure E.3 Voronoi cells used for the Hekla 1104 TGSD set B-2. 
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Figure E.4 Voronoi cells used for the Hekla 1104 TGSD set B-3. 
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Figure E.5 Voronoi cells used for the Hekla 1104 TGSD set C. 
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Figure E.6 Voronoi cells used for the Hekla 1300-D TGSD set A. 
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Figure E.7 Voronoi cells used for the Hekla 1300-D TGSD set B-1. 
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Figure E.8 Voronoi cells used for the Hekla 1300-D TGSD set B-2. 
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Figure E.9 Voronoi cells used for the Hekla 1300-D TGSD set B-3. 
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Figure E.10 Voronoi cells used for the Hekla 1300-D TGSD set C. 
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Figure E.11 Voronoi cells used for the Hekla 1693 TGSD set A. 
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Figure E.12 Voronoi cells used for the Hekla 1693 TGSD set B-1. 
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Figure E.13 Voronoi cells used for the Hekla 1693 TGSD set B-2. 



 

 
 

269 

 

Figure E.14 Voronoi cells used for the Hekla 1693 TGSD set C. 
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Figure E.15 Voronoi cells used for the Hekla 1766 TGSD set A. 
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Figure E.16 Voronoi cells used for the Hekla 1766 TGSD set B-1. 
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Figure E.17 Voronoi cells used for the Hekla 1766 TGSD set B-2. 
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Figure E.18 Voronoi cells used for the Hekla 1766 TGSD set C. 
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