
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 413 
 
 
 
 
 
 
 
 
 
 

Relationship Between Hekla’s 
Magmatic System and Its 

 Eruptive Behavior 
Relationen mellan Heklas magmasystem och 

 dess utbrottsrelaterande beteende 
 
 
 
 
 
 
 
 
 
 
 
 
 

Eric Andin 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INSTITUTIONEN FÖR 
GEOVETENSKAPER 

 
D E P A R T M E N T  O F  E A R T H  S C I E N C E S  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 413 
 
 
 
 
 
 
 
 
 
 

Relationship Between Hekla’s 
 Magmatic System and Its 

 Eruptive Behavior 
Relationen mellan Heklas magmasystem och 

 dess utbrottsrelaterande beteende 
 
 
 
 
 
 
 
 
 
 
 
 
 

Eric Andin 



ISSN 1650-6553 

Copyright © Eric Andin 
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2017 



Abstract 
Relationship Between Hekla’s Magmatic System and Its Eruptive Behavior 
Eric Andin 

The southern part of Iceland incorporates two parallel volcanic zones, the Eastern Volcanic 
Zone and the Western Volcanic Zone. These two branches are connected by an E-W 
transform. Hekla is located close to intersection between the two plate boundaries. Hekla is 
one of Iceland's most active and explosive volcanoes. Unique to Hekla is that it is one of the 
few volcanoes on Iceland that produces explosive silica rich magma. Hekla gives no clear 
warning of its eruptions and sends out seismic signals with very short notice. It is therefore of 
interest to try to understand Hekla's magma system and magmatic processes in order to gain 
an increased knowledge of its volcanic processes. 

The study is based on calculating crystallization conditions for the minerals plagioclase, 
clinopyroxene and orthoproxene. Calculations is based on the assumption that minerals, 
which are in equilibrium with the associated melt are directly associated with the 
thermodynamics of crystallization. The result of the study shows that Hekla's magma chamber 
is located at a depth of 8-12 km. The samples from Hekla are poor in minerals, which can be 
explained by separation due to fractional crystallization that forms a crystal mush. Fast 
ascending primitive magma along with degassing will eventually lead to an eruption.  

The absence of crystal zoning indicates a limited chance of magma mixing or crustal 
contamination. Oxides related to the eruption tend to comprise a low titanium content, which 
is related with an increased pressure condition. Geospeedometry suggested that recharge 
occurred up to 10 days before eruption. Erupted oxides shows up to 30 years residence which 
suggest long-term crystal mush.  
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Populärvetenskaplig sammanfattning 
Relationen mellan Heklas magmasystem och dess utbrottsrelaterande beteende 
Eric Andin 

Hekla är en av Islands mest aktiva och explosiva vulkan. Dess vulkaniska beteende grundar sig i det 
underliggande magma systemet samt kompositionen av magman. Unikt för Hekla är att det är en av få 
vulkaner på Island som producerar explosiv kiselrik magma. Hekla sänder dessutom inte ut tydliga 
varnings signaler innan utbrott. Det är därför av intresse att försöka förstå Heklas magma system och 
magmatiska processer för att kunna få en ökad uppfattning om dess vulkaniska processer.  

Undersökningen grundar sig i att beräkna kristalliseringsförhållanden för mineralerna plagioklas, 
klinopyroxen samt ortopyroxen. Resultatet av studien påvisar att Heklas magmaförvar är belägget på 
ett djup av 8-12 km. Proverna från Hekla har varit fattiga i mineraler vilket kan förklaras genom att 
mineraler har separerats från magman genom kristallisering. Magmas komposition kommer därför att 
ändras i och med att mineraler som kristalliserats tar bort element från den. Mineralkristallerna bildar 
sedan en egen zon som innefattar en liten del magma. Utbrotten triggas sedan när varm mafisk magma 
från ett större djup infiltrerar den grunda magma kammaren samt frisläppandet av gaser som sker vid 
kristallisering av mineraler.  

Beräkningar av tiden det tar för oxider att svalna tyder på att ny magma har infiltrerat magma 
kammaren upp till 10 dagar innan utbrottet. Den nya magman hinner inte blanda sig med den mer 
utvecklade magman. Detta event skulle leda till att kluster av mineral skulle följa med i 
utbrottssekvensen. Ett antal oxider visar även på att det börjat svalna upp till 30 år sedan, vilket kan 
förklaras av en zon bestående av kristaller. 

Nyckelord: Hekla, kristallansamling, termobarometri, magmalagringsdjup 
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1. Introduction 
Iceland is located on top of the mid-Atlantic ridge and therefore has a high volcanic activity. Volcanic 

activity is also governed by the islands location over a hotspot (Larsen and Thordarson, 2016). The 

southern part of Iceland incorporates two parallel volcanic zones, the Eastern Volcanic Zone (EVZ) 

and the Western Volcanic Zone (WVZ). These two branches are connected by an E-W transform, 

South Icelands Seismic Zone (SISZ). Hekla is located close to the intersection between the two plate 

boundaries (figure 1). It is an active fissure stratovolcano and is one of Iceland's most active volcanoes 

and produces magma belonging to the calc-alkaline series (Imsland, 1978).  

 

 
Figure 1 Overview map of the area after Einarsson, 2008.    

No detailed information of volcanic activity at Hekla before the Holocene is known. During the 

Holocene the eruption activity of Hekla increased in frequency and the beginning of Hekla’s eruption 

history involved basaltic eruptions (Larsen and Thordarson, 2016). Since the first documented 

eruption in 1104, the activity has been characterized by short eruptions with long periods of 

quiescence without clear warning signs of activity, up to 101 years (Kjartansson et al., 1983). Hekla 

has a series of historically large eruptions and six of them have involved plinian explosive activity 

(Larsen and Thordarson, 2016). Characteristic for these eruptions are that more than 1 km3 of tephra 

has been emitted (table 1). The 1104-eruption was a highly explosive eruption and had a rhylitic-

dacitic composition (Janebo et al., 2016). A chemically zoned magma chamber has been suggested to 

explain Hekla’s magma composition (Larsen and Thordarson, 2016; Sigmarsson et al., 1992). 

  

Heklugja 
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Table 1 The most explosive eruptions that have involved Plinian explosive activity (after Larsen and 
Thordarson, 2016). 

Eruption Approximately age (years) Volume (km3) Max thickness (m) VEI 
Hekla-5 7100 3 1.6 5 
Hekla-Ö 6100 >1 1.1 5 
Hekla-4 4300 10 2.3*10-3 6 
Hekla-S 3900 >2 1.6 5 
Hekla-3 3000 10 6.2 6 
Hekla-1104 900 2 1.5 5 

 
Hekla gives no clear warning of its eruptions and sends out seismic signals with very short notice 

(Sturkell et al., 2005). Eruptions usually begin with a short-lived subplinian phase. The eruptions can 

produce a plume reaching up to 10 km up into the atmosphere and can include major tephra falls up to 

370 km away from the eruption center (Gudnason et al., 2017). The following transitional phase 

involves earthquakes generated by the opening of eruptive fissures (Gudnason et al., 2017). Tephra fall 

deposits from the eruption of 1991 show that magma discharge dropped significantly, by 94%, within 

the first two days (Gudmundsson et al., 1992). The last eruption phase involves single gas-rich 

fountains while contemporaneously erupting lava (Gudnason et al., 2017). 

Seismic activity related to the eruption usually occurs minutes before an eruption (Soosalu and 

Einarsson, 2003). Several investigations of Hekla’s eruptive behavior have been performed, without 

clarifying how the magma system operates. On August 17th 1980 Hekla started an eruption. The event 

had not generated any earthquakes or any warning before the eruption (Kjartansson et al., 1983). It 

started with a plinian phase and lava started to erupt from the main Heklugja fissure at the same time. 

An estimated total of 0.12 km3 lava and approximately 0.06 km3 of airborne tephra was emitted before 

the eruption stopped on August 20th (Kjartansson et al., 1983).  

On February 26th 2000 Hekla started to erupt again. It started with the opening of a 7 km long 

eruptive fissure (Höskuldsson et al., 2007). The eruption produced a basaltic andesite and had a short 

plinian phase (Höskuldsson et al., 2007). Lava was emitted contemporaneously with the ash and scoria 

at the start of the explosive activity. The major explosive phase erupted a small amount of tephra 

(Höskuldsson et al., 2007). The distribution of volcanically active segments was widespread in the 

beginning, but became more localized later during the eruptive sequence. The amount of lava emitted 

decreased throughout the eruption (Höskuldsson et al., 2007). 

The aim of this study is to investigate the crystallization conditions for minerals from the Hekla 

volcano. To better understand Hekla’s short eruption set, we need to examine how the magma system 

works. The system is controlled by the magma processes operating beneath the volcano. Focusing on 

different mineral crystallization condition will help constrain the depth, composition and timescales 

associated with Hekla’s magma system. The information can be used to understand what occurs when 

Hekla is quiet and how to assess the potential for volcanic activity. 
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2. Background 
 The active plumbing system at Hekla is most likely formed during the Holocene era with its magma 

chamber located at <8km depth (Larsen and Thordarson, 2016). Magma erupted from the major 

Heklugja fissure is dominantly basaltic-andesite to andesite in composition (figure 1). For the most 

explosive eruptions a more silica rich composition has developed and dacite and rhyolite have erupted 

(Sverrisdottir, 2007). Characteristic for Hekla is the lack of geothermal activity between eruptions 

(Kjartansson et al., 1983). Next to the central volcano is a fissure swarm (figure 1). Unlike the main 

Heklugja fissure, the fissure swarm only erupts transitional alkali basalts (Larsen and Thordarson, 

2016).    

Seismic activity related to eruptions usually occurs 30 to 80 min before the eruption (Soosalu and 

Einarsson, 2003). The signals usually involve a set of small magnitude (<3) earthquakes related to 

magma intrusion. The signals it sends out are partly ruled by the tectonics at the SISZ and mainly by 

the volcanoes internal processes (Soosalu and Einarsson, 2003). The strongest and most long lived 

signals are retrieved when the magma reaches the surface and continues to the end of the eruption. At 

the late stage of the eruption the seismic signals tend to regain the SISZ behavior (Soosalu and 

Einarsson, 2003).  

The chemical composition of lava and early tephra for the eruptions in 1980 and 1981 are similar to 

great extent (Kjartansson et al., 1983). Comparison between these eruptions and other eruptions 

suggests that this sequence should be classified as one eruptive episode. For about a 10 month period, 

about 55*106 m3 of magma was intruded into Hekla’s underlying magma reservoir (Kjartansson et al., 

1983). The volume is twice the size of the eruption that occurred in 1981, but less than half of the 

volume that erupted in 1980 (Kjartansson et al., 1983). The chemical similarity in composition 

between the lava and the greater volume erupted than the influx of the intrusion contributed to that it 

should be classified as a single event (Kjartansson et al., 1983). The lack of geothermal activity 

indicates that the intrusion has not reached the groundwater level.  

The initial stage of eruptions involves lava that goes from an evolved liquid to a more primitive one 

(Carley et al., 2011). The SiO2 content of the first erupted material shows great correlation with the 

amount of time since the last eruption (Gronvold et al., 1983; Sverrisdottir, 2007). High SiO2 content 

of the material implies a longer period of inactivity. The most evolved magma is suggested to form by 

fractional crystallization and partial melting of the host rock (Oswald et al., 2007). Previous research 

of the 1991eruption proposes a compositionally stratified magma chamber with felsic magma at the 

top of the reservoir (Gudmundsson et al., 1992).  
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3. Methods 

3.1 Electron microprobe 
The mineral chemistry data was obtained by Wavelength Dispersive Spectroscopy (WDS) from six 

carbon coated thin sections by utilizing a field emission source JEOL JXA-8530F Hyper-Probe at 

CEMPEG (Centre for Experimental Mineralogy, Petrology and Geochemistry), Uppsala University, 

Sweden. It was set to use a 2µm beam diameter with a 15kV accelerating voltage and a 20nA probe 

current for the iron oxides. The setting of the beam current was adjusted for the silicates to 10nA. A 

beam diameter of 1µm was used for olivine and pyroxene and a beam diameter of 5µm for 

plagioclase.  

Information gained by the WDS is presented in wt%. The precision of the analytical method was 

measured on mineral standards from the Smithsonian Institute. The uncertainty for oxides with 

concentration >10 wt% was ≤1.5% s.d. and oxides with a concentration between 5-10wt% had an 

uncertainty of ≤2.2% s.d. (Barker et al., 2015). Oxides with a lower concentration had an analytical 

uncertainty of ≤10% s.d. (Barker et al., 2015). WDS mapping was used to illustrate the concentration 

of the elements Al, Ca, Fe, Mg, Na and Ti for the selected minerals. The WDS mapping used an 

accelerating voltage of 15 kV and a probe current of 5 nA. The beam diameter used for the WDS 

mapping was 3 µm. 

Whole rock geochemistry was determined at ACME Analytical Laboratories Ltd in Vancouver, 

Canada. The samples were crushed and milled and then fused with a LiBO2/Li2B4O7 flux for major 

element analysis by inductively coupled plasma emission spectrometry (Barker et al., 2015). Major 

elements that contained a concentration of >2wt% have a reproducibility of up to ± 0.5wt% and for 

major elements <2 wt% the reproducibility was up to ± 1.2wt% 

3.2 Thermobarometry 
In addition to the information gained from the microprobe analyses, external data from previous 

studies were used. Calculations made by mineral-melt equilibrium models are based on the 

assumptions that minerals are in equilibrium with the associated melt are directly associated with the 

thermodynamics during crystallization of the minerals. This leads to the possibility to determine the 

crystallization temperature and pressure of the mineral. External whole rock data were used in order to 

reach equilibrium between minerals and whole rock for themobarometry. Geochemical data for 

clinopyroxene along with whole rock data from Hekla volcano were utilized in a thermobarometric 

model calibrated to include undersaturated and SiO2 rich liquids. The model is designed for low 

pressure clinopyroxene-melts and has a standard error of estimate (SEE) of ±140 MPa for pressure and 

±28°C for temperature (Neave et al., 2017). Thermobarometry for clinopyroxene is based on the 

deviation between observed and calculated value of jadeite, diopside + hedenbergite (DiHd) and 

enstatite + ferrosilite (EnFs) (Neave et al., 2017). A second thermobarometric model was used to 
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compare the results between the model calibrated for low pressure clinopyroxene-melts (Neave et al., 

2017) with one not calibrated for exclusively low pressure clinopyroxene-melts (Putirka et al. 2003).  

The orthopyroxene-liquid thermobarometer model uses the KD(Fe-Mg) to determine whether the 

orthopyroxene-liquid is in equilibrium with the whole rock data. The model predicts crystallization 

conditions with a SEE of ±260 MPa for the pressure and ±39°C for the temperature (Putirka, 2008). 

The plagioclase-liquid thermobarometer used is calibrated for a hydrous system, thus requiring a 

water content input. Water content for magma from Hekla ranges between 0.2 to 6 wt% and the initial 

parental magma includes approximately 0.6 wt% H2O (Lucic et al., 2016). The model predicts 

crystallization condition with a SEE of ±247 MPa for the pressure and ±36°C for the temperature 

(Putirka, 2008). An equilibrium test is of importance for the result and is based on that the KD(An-Ab) 

value of the plagioclase that is in equilibrium with its associated whole rock data. The KD(An-Ab) 

value is a good indicator to see if the plagioclase-melt is in equilibrium due to the fact that the value is 

independent from pressure, temperature and water variations (Putirka, 2008). 

3.3 Geospeedometry 
Geospeedometry calculations depend on the ratio of TiO2/(Al2O3+MgO) within titanomagnetite 

(Mollo et al. 2013). The geospeedometer is based on reactions or processes that block further kinetic 

processes and prevent further progress for a specific temperature during cooling. The equation used for 

this calculation is based on experimental research (Mollo et al., 2013). Results showed that 

titanomagnetite became enriched in Al and Mg with a higher cooling rate and depleted in Ti, where 

oxides with high Al and Mg content show an immature texture (Mollo et al. 2013). The research 

showed an exponential trend of the cooling rate that incorporated the Ti and Al+Mg composition (eq 

1) 

 

𝐶𝐶𝐶𝐶(°𝐶𝐶/𝑚𝑚𝑚𝑚𝑚𝑚) = 17,1333(±0.2221) ∗ 𝑒𝑒𝑒𝑒𝑝𝑝−1.5211(±0.0452)∗ 𝑇𝑇𝑇𝑇𝑂𝑂2𝑤𝑤𝑤𝑤%
𝐴𝐴𝐴𝐴2𝑂𝑂3𝑤𝑤𝑤𝑤%+𝑀𝑀𝑀𝑀𝑂𝑂𝑤𝑤𝑤𝑤%   Eq (1) 
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4. Result 

4.1 Petrographic description 
Three thin sections from the 1980 and three thin sections from the 2000 eruption were analyzed using 

transmitted light microscopy. Thin sections of the 1980 and the 2000 eruption incorporated an 

aphanitic texture with vesicles within the groundmass.  The samples from both eruptions are extremely 

crystal poor and minerals tend to form glomerocrysts (figure 2). The thin sections from the 1980 

eruption are made up of 85% groundmass, 5% iron-titanium oxides, 5% plagioclase, 3% pyroxene and 

2% olivine. The thin sections for the 2000 eruption are made up of 80% groundmass, 7% plagioclase, 

5% iron-titanium oxides, 5% pyroxene and 3% olivine. 

 

Plagioclase varied from being well grown phenocrysts to microcrysts within the groundmass for 

both of the different eruptions. Plagioclase showed polysynthetic twinning and was the most common 

mineral found within the sample. No visible zoning of any mineral could be discovered. Olivine along 

with plagioclase contributed with the most well grown micro phenocrysts within the samples, but also 

varied from being micro phenocryst to microcrysts. The micro sized olivine crystals tend to be 

anhedral while the larger micro phenocrysts varied between being subhedral to euhedral.  Embayment 

could be seen on a few of the larger olivine crystals. The groundmass consisted of a variation of 

microcrystalline plagioclase, pyroxene and metallic oxides. Metallic oxides observed within the 

samples varied from >1 µm to above 100 µm. The oxides varied between being well developed 

euhedral to subhedral crystals. In comparison to the 1980 samples, the 2000 samples contained more 

microcrysts. The thin sections showed distinct flow banding of elongated euhedral plagioclase (figure 

3). 

Figure 2 The thin section is from the 1980 
eruption. The composition for this eruption 
was more SiO2 rich and includes more 
minerals than the thin sections from the 2000 
eruption. All samples are crystal-poor and the 
larger crystal tend to form glomerocrysts. The 
photo is from the Hekla1980.3 thin section 
under cross polarized light. It shows how 
larger crystals of plagioclase and 
clinopyroxene have clustered. Plagioclase 
showed polysynthetic twinning and was the 
most common mineral found within the 
sample. Metal oxides along with plagioclase 
and pyroxene made up the groundmass. The 
thin section also displayed vesicles within the 
groundmass.  
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Geochemical mapping showed a few clusters of larger formed crystal (figure 4).  Figure 4 

illustrates the intensity of geochemical data. The sample was crystal poor and the larger micro 

phenocrysts tend to form glomerocrysts. The map does not reveal any signs of mineral zoning.  

Figure 3 A backscattered electron 
(BSE) image from the Hekla2000.3 
hand specimen. Micro sized euhedral 
plagioclases have aligned in a flow 
banding pattern (dark grey). The BSE 
image also shows the micro sized 
well-formed euhedral oxides (white).  

Figure 4 Geochemical map of 
intensity of elements that illustrates 
the absent of zonation. The 
minerals have formed a 
glomerocryst in a crystal-poor 
sample. a) Shows the intensity of 
Al for the selected minerals. The 
plagioclase possesses the highest 
intensity. b) Illustrates the intensity 
of Ca for the glomercryst and 
clinopyroxene shows the highest 
intensity. c) Fe is incorporated in 
the ground mass and the titanium-
iron oxides are most intense. d) 
Mg is widely distributed but the 
plagioclase shows a low intensity. 
e) Shows low intensity of Na in the 
titanium-iron oxides and 
clinopyroxene. A higher intensity 
can be seen in the plagioclase and 
groundmass. f) Highest intensity of 
Ti can be spotted in the titanium-
iron oxides. 
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4.2 Whole rock geochemistry 
Whole rock analysis from the two eruption events suggest a more primitive magma for the 2000 

eruption compared to the 1980 andesitic eruption. Compiled whole rock data illustrates that the 

magmas reach from rhyolitic to basalt (figure 5). It is unusual for Hekla to erupt basalt and the places 

where basalt has been discovered have not been erupted from the Heklugja fissure (Gudmundsson et. 

al, 1992).   

 

 
 

 
Whole rock analyses show a SiO2 variation between 45-75 wt% and depletion of Mg, Fe, Al and Ca 

when becoming more felsic (figure 6). The results show that as the magma gets more silica rich 

sodium and potassium become enriched. Elements that are included in the formation of early 

crystallizing minerals such as olivine become depleted with an increased SiO2 content (figure 6). Ti 
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Figure 5a) Whole rock 
chemistry that is based on 
information gathered from 
the GeoRoc database 
combinded with whole rock 
information for the 1980 
eruption. b) Whole rock 
chemistry that is based on 
information gathered from 
the GeoRoc database 
combinded with whole rock 
information for the 2000 
eruption. 

a) 
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and P for the whole rock data becomes enriched in the beginning of the magma evolution and then 

becomes depleted, that corresponds to the formation metallic of oxides and apatite. 

 

 
Figure 6 Whole rock data (green) gathered from the GeoRoc database plotted with the whole rock data from 
both of the individual eruption events. The charts illustrate the geochemical changes of the magma series. 
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4.3 Mineral chemistry 
Figure 7 illustrates the mole fraction of ulvöspinel (XUsp) from the observed oxides. Results shows that 

XUsp is within the range of 59-65 (average = 60±11; 2σ, n = 120), therefore the analyzed points are 

titanomagnetite. Iron-titanium oxides were more frequently found for the basaltic andesite from the 

eruption in 2000 samples (average = 60±14; 2σ, n = 63) than the more andesitic 1980 samples 

(average = 59±7; 2σ, n = 57).  

 

 
Figure 7 Mole fraction of ulvöspinel ranges from of 59-65 and the analyzed points are titanomagnetite.  

 

The plagioclase from the 1980 eruption is clustered in the intersection between the Andesine and 

Labradorite field (figure 8). The plagioclase from the 2000 eruption follows a similar pattern but has 

more samples reaching over to the andesine field (figure 8). Plagioclase from the 1980 eruption ranges 
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Figure 8 Plagioclase from the 2000 eruption 
is clustered in the intersection between 
andesine and labradorite. The plagioclase 
from the 1980 eruption is mainly clustered in 
the labradorite field, with some exceptions 
reaching over to the andesine field. 
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between An22-60 (average = 50±15; 2σ, n = 61) and An42-60 (average = 54±10; 2σ, n = 66) for the 

2000 eruption (figure 9). An values below 40 are exclusively found within plagioclase from the 1980 

eruption. An from the 2000 show a bimodal distribution, with groups at An 55-60 and An 45-50.  

Figure 9 Histogram for plagioclase composition. 1980 eruption ranges between An22-60. The 2000 eruption 
ranges between An42-60. 

The clinopyroxene population can be classified as augite for the 1980 eruption, with a few samples 

reaching into the diopside field (figure 10a). Similar chemistry is valid for the clinopyroxene from the 

2000 eruption where less of the clinopyroxene deviate into the diopside field (figure 10b). The 

variation for the 1980 eruption can be described as Wo21-42En36-43Fs15-32 and the variation for the 2000 

eruption as Wo21-39En40-45Fs19-38.  

All of the orthopyroxene from the 1980 eruption falls within the field of pigeonite. Orthopyroxene 

from the 2000 eruption are also mainly found in the pigeonite field, with a few deviating into the 

ferrosilite field. Orthopyroxene from the 2000 eruption incorporated more iron than for orthopyroxene 

from the 1980 eruption. Orthopyroxene from 1980 can be described as Wo4-10En33-59Fs36-59 while 

orthopyroxene for the 2000 eruption can be described as Wo3-16En23-59Fs32-74.  
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Figure 10a) Clinopyroxene mainly falls within the augite field for the 1980 eruption with a few samples 
deviating into the diopside field. Orthopyroxe b) Most of the clinopyroxene from the 2000 eruption is within the 
field of augite.  

The magnesium number (Mg#), was calculated by taking the ratio between the atom per formula 

unit (apfu) of magnesium and the sum of the apfu of magnesium and iron.  The Mg# of clinopyroxene 

from the 1980 eruption ranges between 45 and 75 (average = 61±7; 2σ, n = 22) and contributes with a 

clear peak value of 60 (figure 11a). A more minor deviation of the Mg# number can be seen from the 

2000 eruption, 55 and 70 (average = 64±6; 2σ, n = 8) (figure 11b). The procedure can also be utilized 

for orthopyroxene were we see a shift to lower Mg# number in comparison to the clinopyroxene. The 

Mg# number for orthopyroxene ranges from 40 and 65 (average = 51±10; 2σ, n = 9) for the samples 

from the 1980 eruption. A higher variation of the Mg# number can be seen for the orthopyroxene from 

the 2000 eruption which falls into a range between 25 and 65 (average = 52±11; 2σ, n = 15). Although 

the amount of data is limited, 20% of the Mg# numbers from the 2000 orthopyroxene are 

approximately around 35 and 25% of the Mg# numbers from the 1980 eruption are around 40. 

 

  
Figure 11a) Mg# of clinopyroxene from the 1980 eruption ranges between 45-75. The Mg# number from the 
2000 eruption have a more minor deviation of 55-70. b) The Mg# number of orthopyroxene ranges from 40-65 
for the samples from the 1980 eruption and 25-65 for the 2000 eruption. 

4.4 Thermobarometry 
To implement the usage of a thermobarometry models, the samples need to be in equilibrium with its 

associated melt. The An-Ab (KD(An-Ab)) exchange is used to distinguish the equilibrium between the 

observed mineral phases and the whole rock.  

Water content for magma origin from Hekla ranges between 0.2 to 6 wt% (Lucic et al., 2016). 

Results that falls within the range of a KD(An-Ab) value of 0.10±0.05 with a temperature <1050°C and 

KD(An-Ab) value of 0.27±0.11 with a temperature ≥1050°C are classified as being in equilibrium with 

the whole rock (figure 12).  

Values of H2O content were set between 0.3 and 0.8 wt% to yield equilibrium between the 

plagioclase data points and the whole rock data. The An value for the whole rock dataset was ranging 

between 18 to 44 for data fulfilling the plagioclase-melt equilibrium test. Whole rock data also had a 

SiO2 content ranging from 55 to 68 wt% for the both eruption datasets. 
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Thermobarometric methods reveal two groups with different crystallization condition for both 

eruptions (figure 14 and 15). Plagioclase from the 1980 eruption have one group that forms at 

1000±36°C SEE with a wide variety of pressure and one group indicates crystallization conditions of 

1100°C with a pressure ranging between 200 to 400±247 MPa SEE (figure 13). The 2000 eruption 

have one group of plagioclase crystallizing at a temperature of 1000±36°C SEE with a pressure 

ranging from 100 to 500±247 MPa SEE. The second group for the 2000 eruption tends to cluster 

around 1100±36°C SEE with a pressure ranging between 200 to 400±247 MPa SEE (figure 14). 

Plagioclase with a higher KD(An-Ab) value tends to form at greater pressure and temperature than 

samples with a lower KD(An-Ab). 

Figure 12 Equillibrium test for 
plagioclase that is based on if the 
plagioclase is in equilibrium with 
the whole rock. The plagioclase 
is in equilibrium with the whole 
rock if it plots within a range of a 
KD(An-Ab) value of 0.10±0.05 
with a temperature <1050°C and 
KD(An-Ab) value of 0.27±0.11 
with a temperature ≥1050°C, 
after Geiger et al., 2016.  
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Figure 13 Calculated temperature and pressure for plagioclase from the 1980 eruption, based on the 
thermobarometric results  
 

 
Figure 14 Calculated temperature and pressure for plagioclase from the 2000 eruption, based on the 
thermobarometric results. 

For the clinopyroxene-melt model to yield an acceptable result the observed and calculated values 

of DiHd and EnFs need be in equilibrium with the whole rock. The model also checks if the Mg# 

clinopyroxene and the Mg# whole rock are in equilibrium (figure 15). External whole rock data were 

used in order to achieve equilibrium between the minerals and the whole rock. Whole rock data 

fulfilling the clinopyroxene-melt equilibrium test for the 1980 eruption had a Mg# range of 13 to 38 

and 55 to 68 SiO2 wt%. The 2000 eruption used a lower SiO2 range of 49 to52 wt%. The Mg# of 

whole rock data fulfilling the clinopyroxene-melt equilibrium test for the 2000 eruption had a range of 

26 to 32. When the equilibrium test is fulfilled, the pressure and temperature is presented from two 

different calculations.  
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Figure 15 The equilibrium test distinguish whether or not the clinpyroxene data is in equilibrium with the whole 
rock. 
 

The 2017 clinopyroxene-melt thermobarometry model reveals an average pressure of formation of 

110±140 MPa SEE for 1980 eruption and 145±140 MPa SEE for the 2000 eruption. The average 

temperature of crystallization is 1081±28°C for the 1980 eruption and 1120±28°C for the 2000 

eruption (figure 16).  

The difference between pressure and temperature for the different models is high. Calculation 

performed by the 2003 version show a significant amount of clinopyroxene crystallizing at a negative 

pressure, resulting of a great negative depth of crystallization. The newer 2017 model has been 

calibrated to be suited for shallow crystallized clinopyroxene from H2O-poor tholeiitic magma and 

yields a narrower range of depth. The 2017 model estimates a range of -9km to 34km depth of 

formation for the 1980 and -3km to 12km for the 2000 eruption (figure 16). A comparison between the 

2017 and the Putirka 2008 model were also performed and equation 30 from the 2008 model yield 

negative pressure up to 410 MPa. The 2008 model yield a pressure ranging between -60 to 560 MPa 

with an average of 240 MPa for the 2000 eruption and a pressure ranging between -410 to 650 MPa 
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with an average of 130 MPa for the 1980 eruption. The calculated temperatures from the 2008 model 

were similar to the calculations performed by the 2017 model.  

 

 

 

 
Figure 16 The chart illustrates the different results between the model designed for low pressure clinopyroxene-
melts and the model not calibrated to include low pressure clinopyroxene-melts. 

The thermobarometry model for orthopyroxene works in a similar way as for clinopyroxene. To be 

able to use the calculated temperature and pressure values, both the Mg# and KD(Fe-Mg) for the 

orthopyroxene need to be in equilibrium with the whole rock data. Whole rock data fulfilling the 

orthopyroxene-melt equilibrium test for the 1980 eruption had a Mg# range of 18 to 26 and 59 to 65 

SiO2 wt%. The 2000 eruption used a wider Mg# range of 9 to 32. The SiO2 value used for whole rock 

data fulfilling the clinopyroxene-melt equilibrium test for the 2000 eruption had a range of 53 to 67.  

For equilibrium to be reached, the calculated KD(Fe-Mg) is requires to be 0.29±0.06. The KD(Fe-

Mg) also reflects the observed and calculated Mg# number (figure 17).  
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Figure 17 Equillibrium test for orthopyroxene 

 
Orthopyroxene data from the 1980 eruption tends to cluster around a temperature of 1050±39°C 

SEE (figure 18a). One outlier implies a higher temperature of 1200°C and holds a lower Fe content of 

19 wt% compared to the other crystals which contains around 24 wt% Fe. Unlike the orthopyroxene 

from the 2000 eruption, the orthopyroxene from 1980 eruption has a large variety of pressure with a 

main group at 0 to 500±260 MPa SEE (figure 18b). Crystallization pressure ranges between 0 and 

1600±260 MPa SEE while for the 2000 orthopyroxene have a more consistent pressure that ranges 

between 500 and 1000±260 MPa SEE. Orthopyroxene from the 2000 varies instead in crystallization 

temperature and ranges between 900 and 1200±39°C SEE.  

 
Figure 18a) Calculated cruitallization depth and temperature for orthopyroxene eruputed 1980. Variation is 
greater for pressure compared to temperature with an average temperature of 1068±39°C SEE and average 
pressure of 650±260Mpa SEE b) Orthopyroxene from the 2000 eruption deviated in crystallization temperature 
rather than pressure. The average temperature is 1087±39°C SEE and average pressure of 770±260 MPa SEE. 
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An estimated density of the crust was determined to 2.7g/cm3 in order to calculate an estimated 

depth of crystallization for the different minerals.   

 

𝐷𝐷𝑒𝑒𝑝𝑝𝐷𝐷ℎ = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑔𝑔∗𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤

     Eq 2 

 

Figure 19 visualizes the different calculated depth of crystallization for clinopyroxene, 

orthopyroxene and plagioclase. Plagioclase has the widest range of crystallization depth for all of the 

minerals. It is also the mineral with most data and peaks at a calculated depth of 8±7km SEE for both 

the 1980 and the 2000 eruption. Clinopyroxene start to crystallize at a shallower depth, <12 km. 

Crystallization of orthopyroxene starts at a depth of 8 km. Overall, the data provides little evidence of 

minerals crystalizing below Moho. 

 
 

Figure 19 Illustration of the varieties of crystallization depth for plagioclase, orthopyroxe and clinopyroxene. 
Left side of the chart is data calculated by thermobarometry from the 1980 eruption and the right side  of the 
chart is from the 2000 eruption. Moho is represented as a blackline. 

4.5 Cooling rates 
Cooling rates for oxides are highly based on the titanium content in the oxides. The equation used for 

these calculations is based on experimental research which showed that the titanomagnetite became 

enriched in Al and Mg with a higher cooling rate and depleted in titanium (Mollo et al. 2013).  
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Figure 20a) The amount of samples at a certain cooling rate. b) Cooling rate versus size for the 2000 eruption. 
  

No variety of the cooling rate could be identified based on the size of the oxides (figure 20b). The 

cooling rates give us the opportunity to calculate the time for the minerals to crystallize based on 

titanomagnetites closure temperature of around 500 °C (Jackson and Bowles, 2014). The 1980 

eruption had a slighter lower cooling rate with an average of 0.0014 °C/min compared to the 2000 

eruption, 0.002 °C/min. An estimated average temperature of the magma chamber is necessary to 

calculate the amount of days taken for the oxides to cool. An estimated average temperature of the 

chamber was set to 1100°C based on thermobarometry of plagioclase. Cooling time can be then be 

calculated by equation 3 

. 

𝑇𝑇𝑚𝑚𝑚𝑚𝑒𝑒 = 𝑇𝑇𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐−𝑇𝑇𝐶𝐶𝐴𝐴𝐶𝐶𝑐𝑐𝑇𝑇𝐶𝐶𝑀𝑀
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑔𝑔 𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃

      Eq 3 

 

Figure 22 shows the wide variety of the cooling history for the oxides. Oxides with a short cooling 

time can be classified as eruptive related. The time taken for the oxides to cool can vary from hours up 

to decades. Eruptive related iron-titanium oxides were found more frequently in samples from the 

2000 eruption than the 1980. A limited amount of the oxides indicates less than 10 days of cooling 

(n=17), which are thought to reflect eruption cooling timescale. The oxides with lower cooling times 

show declining titanium content. Oxides with over a year of cooling were more common for the 1980 

eruption in contrast to the 2000 eruption. 
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Figure 21 Eruptive related oxides shows a declining titanium content closer to the eruption. Decreasing titanium 
content of oxides is related to an increased pressure condition (Mollo et al., 2013). 

 

Figure 22 Calculated cooling histoy for iron-titatnium oxides by equation 1 and 2 for both the 1980 eruption and 
the 3000 eruption.  
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5. Discussion 

5.1 Magma reservoir 
When compiling the results from the clinopyroxene-melt, orthopyroxene-melt and plagioclase-melt 

thermobarometry it can be concluded that Hekla possesses a complex magma system with a broad 

region or pockets of magma storage. Data from thermobarometry of the different minerals implies a 

magma storage at a depth of 8-12 km (figure 19). The estimated depth of the magma storage coincides 

with predicted depth from earlier studies based on saturation pressure of H2O in melt inclusion 

(Moune et al., 2007) and measurements of crustal deformation  by a variety of geodetic techniques 

(Sturkell et al., 2005).  

Previous research regarding seismic signals received from the eruptions of Hekla indicates magma 

storage at a depth below 14 km (Soosalu and Einarsson, 2003). Studies regarding volcanic 

deformation and InSAR imply an alternative depth of the chamber below 20 km (Geirsson et al., 2012; 

Ofeigsson et al., 2011). A likely scenario is that the Hekla volcano has feeders of primitive magma at 

greater depths and several regions or pockets of magma storage at a shallower depth.  

Seismic signals do not observe the magma storage at 8-12 km depth (Soosalu and Einarsson, 2003). 

For S-wave attenuation to appear on the received data, the magma storage is bound to have a bigger 

dimension than 0.8 km (Soosalu and Einarsson, 2003). The lack of seismic signals from shallow depth 

may be explained by some plausible scenarios like a crystal mush with small melt fraction or simply 

magma pockets that are too small to be detected. If the shallower chamber consists of a crystal mush, 

the seismic signals would not show any S-wave attenuation (Caricchi et al., 2008).  

Figure 19 illustrates the variation of crystallizations depth of plagioclase 4-18 km, clinopyroxene 3-

14 km and orthopyroxene 10-30 km which shows a wider range of crystallization depth for plagioclase 

then the rest.  

5.2 Magmatic processes 
Observations from both the 1980 and the 2000 eruptions show a decrease of the SiO2 content during 

the course of the eruption (Sverrisdottir, 2007). Decrease of SiO2 also coincides with the whole rock 

data that proposes an eruptive sequence going from andesite to basaltic andesite (figure 5). 

The An content from the 1980 eruption ranges between An22-60 and An42-60 for the 2000 eruption 

(figure 9). The difference between the two eruptions is that An from the 2000 eruption shows two 

populations. The thermobarometry of plagioclase from the 2000 eruption illustrates two temperature 

regimes within the chamber and could explain the two An populations for the 2000 eruption. The An 

values from 1980 eruption possesses a wide range of the An contents, with no signs of a second 

population and indicates ongoing fractional crystallization.  

The varieties of Mg# of orthopyroxene and clinopyroxene also suggest a change of the magma 

composition. Mg# of orthopyroxene from the 2000 eruption shows two populations and can’t be 
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explained by fractional crystallization. It is more likely that the samples containing a lower Mg# for 

orthopyroxene have formed at a lower temperature and imply different conditions in the magma 

chamber (figure 18b).  

The shallower magma chambers are possibly stratified as the magma sequence goes from andesite 

to basaltic andesite. To be able to generate the more felsic magma the most likely scenario is that 

between episodes of recharge we have stages were the system is relatively closed. Fractional 

crystallization along with crystal settling plus melt separation forms more evolved magma at the top of 

the chamber, forming a crystal mush (Bachmann and Bergantz, 2004). Separation between the liquid 

and the crystal residues is believed to include several mechanisms. It would include crystal settling, a 

crystal saturated downward magma flow and ascending liquid with lower density (Bachmann and 

Bergantz, 2008).  

 
 

Fractional crystallization results in release of gases that were previously dissolved in the liquid. 

The magma will evolve into becoming more viscous and yield a stratified magma chamber. During 

recharge events more primitive liquid is transported into the shallower chamber and reheats and 

partially melts crystal network, which leads to the rejuvenation. Recharge can bring new heat and 

dissolved gases to the magma chamber which leads to dissolution of the crystal network to some 

extent. Degassing along with the recharge can cause overpressurization in the chamber and eventually 

result in an eruption.  

The crystal mush may possibly consist of minerals formed from different generations of magma. A 

scenario like this could be the key of understanding the variation of geochemical data of minerals 

within the system. The system can be considered to be near to closed between eruptions (figure 24).  

Lack of any magmatic activity can be up to 100 years, allowing fractional crystallization along with 

Figure 23 Model that 
illustrates the different 
factors influencing the 
eruptive behavior of 
Hekla. 1) The deeper 
magma storage feds the 
shallower chamber and 
the fissure swarm. 2) 
Ascending primary 
magma is separated 
from the more SiO2 rich 
liquid by the crystal 
mush. 3) Crystal mush 
with permeability for 
mobilizing the recharge 
liquid. 4) SiO2 rich 
crystal poor liquid that 
becomes influenced by 
the recharge event. The 
fast recharge event may 
carry some of the crystal 
mush along with it. 
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crystal settling to operate undisturbed. Separation of the liquid and crystals would involve a small 

influence of crustal contamination and partial melting. Different Mg# number of orthopyroxene along 

with indications of a several populations of plagioclase based of An value may therefore been included 

in the crystal mush.  

The crystals have previously been too viscous and immobile to be able to take part in an 

eruption. When the crystal network breaks, it generates a strong convection in the chamber that 

incorporates parts of the crystal network (figure 25). It can possibly explain the crystal poor samples 

and clusters of crystals such as glomerocrysts (Bachmann and Bergantz, 2008). Fast recharge would 

not allow mixing with the initially evolved magma and the eruptive sequence would progressively 

change from an andesitic to a basaltic-andesite in composition. 

Zonation is a consequence of the changes of the magma composition (Dowry, 1976). Due to the 

absence of zonation the chance of magma mixing or crustal contamination for these two eruptions may 

be seen as an unlikely alternative. However, the different populations of minerals suggest that the 

eruption may have been influenced by more primitive magma. 

5.3 Timescale 
Whole rock data (figure 6) illustrates a decline of titanium content with increased silica content. This 

feature can be explained by formation of the iron-titanium oxides that induces depletion of titanium in 

the magma. Figure 21 and 22 illustrate the amount of time taken for iron-titanium oxides to cool and 

ranges from hours to decades. A wide range of variation can be spotted from the results initially 

leading to differentiation of the eruptive related and pre-erupted formed oxides.   

Eruptive related oxides start to cool within a few days and might start to cool after eruption (figure 

21). In contrast, the pre-eruption related oxides can take decades to cool and as a consequence have 

cooled in a stable long-term magma consistent with a crystal mush. Pre-eruption related oxides may 

depict a crystal mush and may have been transported during the eruption to become included in the 

erupted lavas.  

Less eruption related oxides were found for the 1980 sample compared to the 2000 samples. The 

specimen from the 1980 eruption contained more oxides that had taken over a year to cool. The 1980 

eruption might therefore be considered to have carried a larger portion of the crystal mush then the 

2000.  

Figure 24 Degassing along 
with ascending of new magma 
will lead to overpressurization 
of the magma chamber. The 
pressure will eventually 
exceed the chambers capacity 
and result in an eruption. The 
eruption will cause the crystal 
mush to break and become 
incorporated in the erupted 
material.  
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Eruption related iron-titanium oxides could in part reflect the conditions for the specific eruptions 

and the time spent in the magma chamber. Oxides related to the eruption event tend to comprise a low 

titanium content (figure 21). Decreasing titanium content of oxides is related to an increased pressure 

condition (Mollo et al., 2013). Overpressurization has been suggested to be a consequence of 

degassing and rejuvenation of the crystal mush. The recharge event is likely to occur days before the 

main eruption.  

5.4 Summary 
Hekla possesses shallow magma storage with its estimated center at a depth of 6-10 km with feeders of 

primitive magma at greater depth. A plausible scenario of crystal mush with small melt fraction may 

cause the absence of any seismic indication of the shallow magma chamber. Between episodes of 

recharge we have stages were the system is relatively closed with ongoing fractional crystallization. 

Crystal settling along with fractional crystallization plus melt separation forms a more evolved magma 

at the top of the chamber and forms the proposed crystal mush (Bachmann and Bergantz, 2004). It is 

necessary for a hot magma recharge to generate the convection needed for the separation between 

liquid and crystal.  

Recharge along with fractional crystallization will yield new gases and eventually leads to 

overpressurization. The fast ascending primitive magma will eventually lead to an eruption. The 

crystal network breaks and generates a strong convection in the chamber that incorporates parts of the 

crystal network. The chance of magma mixing or crustal contamination for these two eruptions may be 

seen as an unlikely alternative due to the absence of zonation. Geospeedometry suggested that 

recharge occurred up to 10 days before eruption and oxides can reside up to 30 years which suggest 

long-term crystal mush conditions.  
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