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Abstract 23 
The April-May 2010 eruption of Eyjafjallajökull (Iceland) volcano was characterized by 24 
a large compositional variability of erupted products. In order to contribute to the 25 
understanding of the plumbing system dynamics of this volcano, we present new EMPA 26 
and LA-ICP-MS data on groundmass glasses of ash particles and minerals erupted 27 
between April 15th and 22nd. The occurrence of disequilibrium textures in minerals, such 28 
as resorption and inverse zoning, indicate that open system processes were involved in 29 
determining the observed compositional variability. The variation of major and trace 30 
element data of glasses corroborates this hypothesis indicating that mixing between 31 
magma batches with different compositions interacted throughout the whole duration of 32 
the eruption. In particular, the arrival of new basaltic magma into the plumbing system of 33 
the volcano destabilized and remobilized magma batches of trachyandesite and rhyolite 34 
compositions that, according to geophysical data, might have intruded as sills over the 35 
past twenty years beneath the Eyjafjallajökull edifice. Two mixing processes are 36 
envisaged to explain the time variation of the compositions recorded by the erupted 37 
tephra. The first occurred between basaltic and trachyandesitic end-members. The second 38 
occurred between trachyandesite and rhyolites. Least squares modeling of major elements 39 
supports this hypothesis. Furthermore, investigation of compositional histograms of trace 40 
elements allows us to estimate the initial proportions of melts that interacted to generate 41 
the compositional variability triggered by mixing of trachyandesites and rhyolites.  42 
 43 
Keywords: Eyjafjallajökull, volcanic ash, magma mixing, plumbing system dynamics. 44 
 45 
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Introduction 46 
On March 20th 2010, a mainly effusive fissure eruption at the flank of 47 

Eyjafjallajökull (EFJ) volcano began, changing to an explosive phase from the summit on 48 
April 14th, lasting until the end of May (Sigmundsson et al. 2010). During this time frame, 49 
a large amount of ash was injected into the atmosphere and transported towards Europe 50 
and the North Atlantic area. This caused a disruption of the European air traffic, forcing 51 
millions of passengers to stay grounded, and producing a huge economic loss of several 52 
hundred million US dollars per day, as industrial production had to stop in the affected 53 
parts of Europe (Miller 2011; O’Regan 2011; Guðmundsson et al. 2012). 54 

Several works suggest that the eruption was initiated by arrival of new basaltic 55 
magma into the shallow plumbing system of the volcano initiating mingling and mixing 56 
by transporting mass, heat and volatiles (e.g. Sigmundsson et al. 2010; Sigmarsson et al. 57 
2011, 2015; Borisova et al. 2012; Viccaro et al. 2016). Initially, a Fe-Ti-basalt erupted 58 
effusively. The successive explosive activity mainly emitted trachyandesite tephra, 59 
intermingled with more evolved basalts and trachyandesite to trachydacite compositions. 60 
Borisova et al. (2012) pointed out that those more evolved basalts occurring together with 61 
the trachyandesite tephra were produced by mixing of the Fe-Ti-basalt with a 62 
trachydacite magma. Trachyandesite melts were considered by Borisova et al. (2012) as 63 
the product of further mixing between the more evolved basalt and trachydacites. Support 64 
to this hypothesis was provided by the occurrence of olivine, clinopyroxene and 65 
plagioclase phenocrysts displaying bimodal compositions (Sigmarsson et al. 2011; 66 
Borisova et al. 2012; Keiding and Sigmarsson 2012). However, Sigmarsson et al. (2011) 67 
indicated that trachyandesites possibly represented the hybrid composition resulting from 68 
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mixing between an older silicic component and Fe-Ti-basalts. Despite the variation of 69 
end-members envisaged by the different authors, it is noteworthy that both studies focus 70 
the origin of trachydacite melts in the reheating and remobilization of a rhyolitic magma 71 
body that possibly remained in the plumbing system of the volcano since AD 1821-23 72 
eruption. However, although magma mixing is undoubtedly involved in generating the 73 
large compositional variability shown by EFJ 2010 eruptive products, some issues related 74 
to the precise identification of potential end-members that took part to the magma mixing 75 
processes still remains unclear. This is essential to define the most complete picture for 76 
EFJ 2010 plumbing system dynamics and eruption. 77 

In this work, we report a large number of new major and trace element data on 78 
minerals and glasses from ash particles and lava clasts erupted during the explosive 79 
phases of EFJ 2010 eruption, with the aim to shed new light on the complex processes 80 
that characterized this eruption. Geochemical modeling is coupled with petrographic 81 
observations and mineral chemistry data to refine existing petrological models for EFJ 82 
2010 eruption and better constrain plumbing system dynamics. We finally propose an 83 
attempt to refine the model for the pre- and syn-eruptive plumbing system of EFJ 2010 84 
combining geophysical evidence, petrological data, and geochemical modeling.  85 
 86 
Geologic setting of Eyjafjallajökull volcano and the 2010 eruption 87 

Eyjafjallajökull rises 1666 m a.s.l. on the south coast of Iceland. It is located around 88 
30 km to the southeast of the town Hvolsvöllur and 15 km to the west of the 89 
Mýrdalsjökull glacier and Katla volcano (Fig. 1). EFJ volcano belongs to the Eastern 90 
Volcanic Zone (EVZ), together with Katla, the Vestmanneyar archipelago and Surtsey 91 
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(Hjaltadóttir et al. 2009; Sturkell et al. 2010). Known eruptive events have occurred over 92 
the last 1500 years, these include radial fissure eruptions such as AD 920, and small 93 
summit eruptions in AD 1612/13 and in AD 1821–23 (Loughlin 1995; Larsen et al. 1999; 94 
Sigmundsson et al. 2010). The eruption between 1821 and 1823 produced a tephra 95 
volume of 0.004 km3 of rhyolitic composition (Larsen et al. 1999). In general, lava flows 96 
from fissure eruptions were mainly basaltic and basaltic-andesitic in composition. 97 
However, summit eruptions have emitted both effusive and explosive products (lavas and 98 
tephra) with SiO2 contents ≥55 wt% (Sigmundsson et al. 2010). 99 

Ground deformation and seismic activity occurred during the 1990s at 100 
Eyjafjallajökull indicating sill intrusion between 3.5-6.5 km and 19-25 km depth from the 101 
top crater (Dahm and Brandsdóttir 1997; Sturkell et al. 2003, 2006, 2010; Pedersen and 102 
Sigmundsson 2004, 2006; Hooper 2008; Hooper et al. 2009; Hjaltadóttir et al. 2009, 103 
2015; Guðmundsson et al. 2010). EFJ 2010 eruption can be divided into different phases 104 
based on timing, eruptive style and composition of erupted materials. Phase I started on 105 
March 20th as a fissure flank eruption that lasted until April 12th. Two scoria cones and a 106 
lava flow consisting of ca. 0.02 km3 of high Fe-Ti-basalt were generated through lava 107 
fountains and minor tephra falls (Sigmarsson et al. 2011; Edwards et al. 2012; Cioni et al. 108 
2014). After a two-day hiatus and a seismic swarm from ca. 5 km depth (Karlsdóttir 109 
2012), a powerful explosive summit eruption occurred in the morning of April 14th and 110 
lasted with irregular activity until May 22nd. This explosive activity, named as Phase II, 111 
can be divided into two main phases. At its beginning (from April 14th-18th) Phase IIa 112 
was mainly phreatomagmatic, and was accompanied by a widespread dispersal of fine 113 
ash into the atmosphere, up to 9 km a.s.l. On April 19th the plume height decreased to 3-4 114 
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km and the eruption became magmatic with both explosive and effusive activity. On May 115 
3rd, seismicity was detected at 18-23 km depth, followed by shallower events between 4 116 
and 20 km until May 4th; this was interpreted as the injection of new basaltic magma 117 
(Guðmundsson et al. 2012; Tarasewicz et al. 2012b, Hjaltadóttir et al. 2015). Phase IIb 118 
started around May 5th, with explosive activity (plume height ca. 9 km a.s.l.); at this stage 119 
lava flows stopped completely (Guðmundsson et al. 2010; Sigmarsson et al. 2011; 120 
Sigmundsson et al. 2012). On May 10th-11th and May 15th, further deep seismic swarms 121 
at 20-24 km depth were recorded, whilst shallow micro-earthquakes proceeded 122 
throughout May (Tarasewicz et al. 2012a, b). From May 18th to 22nd, the plume declined 123 
and the activity ended. The total erupted mass (lava plus tephra) was estimated at 124 
4.7±1.2x1011 kg, corresponding to a Dense Rock Equivalent (DRE) of ca. 0.18±0.05 km3 125 
(Guðmundsson et al. 2012).  126 
 127 

Analytical methods 128 
Sampling and sample preparation  129 

The majority of the samples were erupted between May 18th and 22nd, 2010. 130 
Sample collection was carried out by the Istituto Nazionale di Geofisica e Vulcanologia 131 
Rome (INGV, Italy; E1-E41). Further ash samples of the explosive activity have been 132 
provided by C. Horwell (Horwell et al. 2013; samples EYJ_10_01-13, 15.04.-133 
07.05.2010), A. Vogel (Norwegian Institute of Air Research, Norway; V-EJ 01-03, 16.-134 
18.04.2010) and H.  Tuffen (Lancaster University, UK; T-EJ 01, 22.04.2010). All sample 135 
locations are shown in Figure 1. Coordinates of sample locations and complete 136 
geochemical characterization of samples are provided in the Supplementary Material 137 
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Table i.  138 
 139 

Electron microprobe analysis (EMPA) 140 
Major element concentrations of glasses were determined analysing one spot per 141 

ash particle with a JEOL JXA 8200 at the INGV facilities in Rome. The EMPA is 142 
equipped with five wavelength-dispersive spectrometers and 12 crystals. The electron 143 
beam had a current of 10 nA, an accelerating voltage of 15 keV and a defocused beam 144 
diameter of 10 µm. The acquisition times for the glasses were 10 s for the peak and 5 s 145 
for the background. Synthetic and natural standards were used for calibration. In detail:  146 
anorthoclase NMNH 133868 (Si, standard deviation σ = 0.01; Al, σ = 0.01; Jarosewich et 147 
al. 1980), anorthite NMNH 137041 (Ca, σ = 0.03; Jarosewich et al. 1980), augite NMNH 148 
122142 (Mg, σ = 0.04; Fe, σ = 0.02 Jarosewich et al. 1980), rutile MAC T-1154 (Ti, σ = 149 
0.07; Micro-Analysis Consultants Ltd.), MAC orthoclase (K, σ = 0.01; Micro-Analysis 150 
Consultants Ltd.), MAC apatite (P, σ = 0.10; Micro-Analysis Consultants Ltd.) and MAC 151 
rhodonite (Mn, σ = 0.30; Micro-Analysis Consultants Ltd.). Sodium and potassium were 152 
analysed first to reduce possible volatilization effects. ZAF correction routines 153 
(Armstrong and Buseck 1975) were used to obtain element concentrations.  154 
 155 
Laser ablation inductively coupled plasma quadrupole mass spectrometry (LA-ICP-156 
QMS) 157 

Trace element concentrations of matrix glasses were determined by analyzing the 158 
exact spots measured with the EMPA at the Department of Physics and Geology 159 
(University of Perugia, Italy) using a Teledyne/Photon Machine G2 laser ablation system 160 
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equipped with a Two-Volume ANU (Australian National University) ELEX 2 cell and 161 
coupled with a Thermo Fisher Scientific ICP-QMS. Ablation was performed under a He 162 
atmosphere, using a laser beam with a diameter fixed at 8 µm and a repetition rate of 8 163 
Hz. The background acquisition, ablation, and washout time was 20 s each for a total 164 
duration of 60 s per analytical determination. The NIST-SRM-610 glass reference 165 
material (Pearce et al. 1997) was utilized as external calibrator and 29Si was employed as 166 
an internal standard. The USGS BCR2G (Wilson 1997) was used as quality control. The 167 
data reduction was completed using the Iolite 3 software (Paton et al. 2011), following 168 
the protocol reported in Longerich et al. (1996). Further details on the technique are given 169 
in Petrelli et al. (2016a, 2016b). 170 
 171 

Results 172 
Petrography and mineral chemistry  173 

The studied tephra fragments mainly consist of ash particles (0.2-2.0 mm) and 174 
pumice clasts (20-50 mm). Pumices are highly vesiculated, whereas ash fragments can be 175 
both, highly or sparsely porous (Fig. 2a). A glassy and sparsely-crystalline groundmass 176 
alternates with fully crystalline parts. The latter also occur as single ash particles. The 177 
main mineral phases occurring in the ash fragments are represented by plagioclase (Pl, 20 178 
vol%, ≤4 mm), clinopyroxene (Cpx, 5-10 vol%, ≤0.5 mm) and olivine (Ol, 5 vol%, ≤2 179 
mm). Fe-Ti-oxides (Mgt, ≤0.1 mm) and apatite (Ap, ≤0.2 mm) occur as accessory phases. 180 
Mineral compositions were determined by EMPA; the complete mineral chemistry 181 
dataset is reported in the Supplementary Material (Tables iii-vii). Pl mostly occurs as 182 
elongated euhedral and subhedral crystals; this mineral is also present as fragmented 183 
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grains and glomerocrysts together with Cpx, Ol and Mgt. Most of Pl displays 184 
compositional zoning with inner zones having anorthite contents from An81 to An53; outer 185 
zones generally display lower anorthite contents in the range An46-13 (Fig. 2c). Lower 186 
anorthite content Pl (An36-10) also occurs mainly with disequilibrium sieve textures in 187 
which incipient melting of the plagioclase is also observed (Fig. 2d). Cpx is euhedral to 188 
subhedral and characterized by normal (Mg# from 44 to 67) and reverse zoning 189 
(Mg#Core=51-60, Mg#Rim=56-71). Reverse zoning in Cpx is commonly accompanied by 190 
strongly corroded cores followed by euhedral overgrowth (Fig. 2f). Ol occurs as 191 
homogeneous euhedral and subhedral normal zoned crystals, commonly containing 192 
chromium spinel inclusions (Fig. 2c, e). Ol Mg# contents vary in the range of Fo83-74 for 193 
cores and Fo67-48 for rims. Fe-Ti-oxides are euhedral to anhedral and comprise mainly Ti-194 
magnetite (48-93 mol% Usp), with few chromium spinel and scarce ilmenite (87 mol%). 195 

In general, from mineral chemistry data it appears that a large compositional 196 
complexity is associated with mineral phases occurring in the ash samples with normal, 197 
reverse and resorptions textures of the same mineral phases occurring side by side at 198 
short length scale, even in the same ash sample. 199 
 200 
Chemical variability of Eyjafjallajökull 2010 products 201 

A total of 801 and 186 acquisitions were performed on glasses for major and trace 202 
elements, respectively. The complete geochemical dataset is given in Table ii in the 203 
Supplementary Material.  204 

Figure 3 reports total alkali versus silica diagrams (TAS; Le Bas et al. 1986) for the 205 
erupted samples divided into phases of the eruptive activity. The plots have been 206 
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constructed using both available literature data (Sigmundsson et al. 2010; Sigmarsson et 207 
al. 2011; Keiding and Sigmarsson 2012; Borisova et al. 2012; Cioni et al. 2014) and new 208 
data of groundmass glasses (GL) collected during the present work. Glass compositions 209 
of the EFJ 1821-1823 eruption (named RH1821; Larsen et al. 1999; Sigmarsson et al. 210 
2011) are also reported in Figure 3a.  211 

Phase I (20.03-12.04.2010) is characterized by an almost homogeneous basaltic 212 
composition with SiO2 content in the range of 46-48 wt%. Hereafter, we define this 213 
composition as WR BAS I and GL BAS I by referring to the whole rock (WR) and 214 
groundmass glass (GL) composition, respectively (Fig. 3a). Phase II (14.04-22.05.2010) 215 
is characterized by a larger compositional variability of the samples. In particular, a more 216 
evolved basalt (named BAS II; 50-52 wt% SiO2) appears during Phase IIa and IIb; its 217 
abundance decreases towards the end of eruption, as shown by the decreasing number of 218 
samples having this composition towards Phase IIb. In Phase IIa glasses with silica 219 
contents from 57.6 to 70.1 wt% SiO2 also appear (Fig. 3a). These samples show 220 
compositional gaps between approximately 61 and 68 wt% SiO2. In Phase IIb the same 221 
compositional span observed in Phase IIa is continuous and the gaps disappear (Fig. 3b). 222 
We name this compositional range ‘TA-RH’ (trachyandesite-rhyolite). BAS II and TA-223 
RH are separated by a compositional gap of ca. 4 wt% SiO2 (Fig. 3). Some representative 224 
variation diagrams of major and trace elements versus SiO2 for Phase II are reported in 225 
Figure 4 and 5. In general, TiO2, FeO, MgO, CaO and P2O5 correlate negatively with 226 
SiO2; Al2O3 remains almost constant, with some scattering, whereas Na2O and K2O 227 
correlate positively with SiO2 (Fig. 4). Figures 5a-c show a positive correlation between 228 
highly incompatible elements, such as Th, Zr and U, and SiO2. Ba is also increasing as 229 
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SiO2 increases. Conversely Sr and V abundances decrease as the silica content increases 230 
(Fig. 5d-f). A spider diagram normalized to ocean island basalts (Sun and McDonough 231 
1989) is displayed in Figure 6 and summarizes the general features of trace elements of 232 
studied samples. It shows a slight enrichment of trace elements in TA-RH glasses, with 233 
the exception of Sr, P and Ti, which display negative anomalies. BAS I and BAS II have 234 
a very similar signature and show lower abundances of trace elements compared to TA-235 
RH. 236 
 237 

Discussion 238 
Geochemical processes leading to the compositional variability of Eyjafjallajökull 239 
2010 products 240 
 As introduced above, the refilling of a shallow plumbing system by more mafic 241 
magma coming from deeper levels is considered to be the process that likely triggered the 242 
EFJ 2010 eruption (Sigmundsson et al. 2010; Sigmarsson et al. 2011, Borisova et al. 243 
2012). This idea is also generally supported by our data and, in particular: i) phenocryst 244 
populations display a great compositional variability and disequilibrium textures (e.g. 245 
normal, reverse, and oscillatory zoning, resorptions patterns, etc.; Fig. 2) that point 246 
towards the hypothesis that open system processes, such as magma mixing (e.g. Hibbard, 247 
1981) must have played a role in their formation; ii) ash compositions show a huge 248 
compositional variability ranging from basaltic to rhyolitic (Fig. 2a, b and Fig. 3) at very 249 
short length scales (of the order of the same ash sample), indicating that different melts 250 
coexisted immediately before and/or during the eruption. 251 
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These features clearly suggest that magma interaction might have been crucial in 252 
determining the geochemical variability and the petrographic characteristics observed in 253 
the erupted rocks. However, other features, such as the decreasing trend of V (Fig. 5f) 254 
and the Sr, P, and Ti depletions observed in the spider diagram (Fig. 6) may indicate that 255 
additional differentiation processes, such as fractional crystallization, may have 256 
contributed to determine the geochemical variability observed in the erupted products. In 257 
the attempt to decipher which petrogenetic process played a major role, we performed a 258 
complete set of geochemical models considering both fractional crystallization and 259 
magma mixing as possible end-member processes that might have been involved in the 260 
generation of the compositional variability of EFJ 2010 eruption.  261 
 With regards to fractional crystallization, we modeled liquid lines of descent 262 
(LLD) starting from different parental compositions. The modeling was performed using 263 
the software MELTS at different pressures (0.5-8.0 kbars), water contents (0.0-2.5 wt%) 264 
and oxygen buffers (i.e. NNO and QMF). Some representative plots illustrating the LLD 265 
arising from the modeling for MgO and CaO are reported in Figure 7. Complete 266 
information, including models for all major elements at the different conditions, are given 267 
in the Supplementary Material. Models were generated using as potential parental melts 268 
average compositions of WR BAS I, GL BAS I and GL BAS II (Fig. 7). Further 269 
modeling was also performed considering TA as a potential parental magma from which 270 
the whole TA-RH geochemical variability might have been generated. The plots shown 271 
in Figure 7 (as well as the complete set of models and plots reported in the 272 
Supplementary Material ‘xi’) clearly indicate that fractional crystallization cannot be 273 
considered as a petrogenetic process that played a major role in determining the observed 274 
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geochemical variability. In fact, while for some elements a given fractional crystallization 275 
model appears to work, it is unsuccessful for other elements. On the basis of these results, 276 
it is therefore very likely that fractional crystallization played a very minor role, if any, in 277 
determining the geochemical variability of ash samples during the Eyjafjallajökull 278 
eruption. 279 
 As shown above, both petrographic and geochemical features of studied rocks 280 
indicate that magma mixing is likely to have been involved in determining the observed 281 
compositional variability. Investigation of inter-elemental variation diagrams (Fig. 4 and 282 
5) provides some constraints upon the possible end-members that may have been 283 
involved into the mixing process. These diagrams indicate that it is improbable that WR 284 
BAS I and RH were the end-members that mixed to generate the observed compositional 285 
variability. In fact, as a first approximation, mixing processes should generate linear 286 
variations in binary inter-elemental plots. Conversely, our inter-elemental diagrams (Fig. 287 
4 and 5) clearly show non-linear patterns for some elements such as MgO, P2O5 or V, 288 
arguing against the hypothesis that BAS I and RH were the two initial end-members. The 289 
same reasoning is valid if we consider GL BAS I as basic end-member. In fact, this 290 
mixing process would not explain elements such as P2O5 and V variations. A further 291 
possibility is that multiple mixing processes occurred between different end-member 292 
couples throughout the instability of the magmatic systems that culminated in the 293 
eruption. In particular, it could be envisaged that WR BAS I or GL BAS I interacted with 294 
TA to generate BAS II. However, WR BAS I is not likely to represent a consistent end-295 
member because, for the same reasoning made above, it would not explain the non-linear 296 
patterns shown by elements such as TiO2, MgO and P2O5 (Fig. 4). On the contrary, GL 297 
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BAS I appears to have all the requirement to make a good candidate for the basic end-298 
member. In fact, its interaction with TA would be able to produce intermediate 299 
compositions such as BAS II lying on a mixing line between GL BAS I and TA. 300 
Noteworthy is the fact that a compositional gap of ca. 4 wt% SiO2 exists between ~52-56 301 
wt% SiO2. This evidence can be explained by an incomplete mixing process, possibly 302 
due to short mixing times, between the two end-members. Support for this hypothesis 303 
derives from experimental data on magma mixing (e.g. Morgavi et al. 2013a, b; Perugini 304 
et al. 2013), where compositional gaps are commonly observed for short-time mixing 305 
experiment.  306 

The other magma mixing process that can be envisaged is between TA and RH. 307 
From the observation of both major and trace elements variation diagrams (Fig. 4 and 5) 308 
it appears, however, that while for some major elements a binary mixing process (i.e. a 309 
linear trend between TA and RH) appears plausible, for other major elements more 310 
complex (generally scattered) trends appear to undermine this hypothesis. The same 311 
applies for trace elements that display variable degrees of scattering of data points on 312 
binary diagrams (Fig. 8). Recently published data on magma mixing experiments 313 
performed using natural compositions (e.g. Morgavi et al. 2013a, b; Perugini et al. 2013) 314 
highlighted a general deviation from the classic two end-member mixing process (i.e. 315 
linear trend in inter-elemental plots) towards scattered plots, due to different mobility of 316 
both major and trace elements. Deviation from linear trends towards scattered patterns 317 
becomes progressively more evident as the mixing process progresses in time. In 318 
particular, linear trends are observed only when two chemical elements have the same 319 
mobility in the magmatic mass (e.g. Perugini et al. 2008). Binary plots in Figure 4 320 
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illustrate that certain major elements (such as MgO vs. SiO2 and CaO vs. SiO2) display 321 
linear patterns. When element couples such as K2O and SiO2 are considered, the 322 
scattering appears evident. All major elements are generally regarded to have 323 
approximately the same mobility due their similar diffusivities in silicate melts (e.g. 324 
Baker 1990), with the exception of K2O and Na2O that are regarded as having larger 325 
diffusivities (Baker 1990). This general variability of chemical element mobility can 326 
explain the behavior of major elements during mixing as observed for Eyjafjallajökull 327 
data. As for trace elements, they are typically regarded as having larger diffusivities (and 328 
hence mobility) compared to major elements. The scattered behavior shown in Figure 5 329 
between the different trace elements and SiO2 supports this hypothesis. Figure 8 shows 330 
inter-elemental binary plots for some representative couples of trace elements. These 331 
plots show that, while for some couples of elements linear relationships arise (compatible 332 
with a two end-member mixing process), other couples display variable degrees of 333 
scattering. As in the case of major elements these features can be attributed to the 334 
different mobility of trace elements during mixing; elements with similar mobility tend to 335 
display linear patterns, whereas elements with different mobility show progressively 336 
larger degrees of scattering (e.g. Perugini et al. 2013). It is worth noting that the variable 337 
degree of scattering observed in inter-elemental plots is observed only for the second 338 
envisaged mixing process (between TA and RH). With respect to this, it must be noted 339 
that the emergence of scattered patterns in inter-elemental diagrams tends to be 340 
progressively mode evident as the mixing process progresses in time (e.g. Perugini et al. 341 
2008, 2013). As reported above, the mixing processes between GL BAS I and TA 342 
protracted for shorter time (as evidenced by the occurrence of the compositional gap) 343 
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relative to the mixing between TA and RH (i.e. continuous variation between the two 344 
end-members). This might explain the differences in the behavior of the different couples 345 
of chemical elements in the two mixing processes.  346 

Along with the previous discussion, further observations favoring the magma 347 
mixing hypothesis are the presence of disequilibrium textures in minerals (e.g. 348 
resorptions and reverse zoning) and the occurrence of extreme compositional variability 349 
(from basalt to rhyolite) in the same ash sample. As shown by several works (Perugini et 350 
al. 2003, Slaby et al. 2011, Morgavi et al. 2013a), this strong compositional variability at 351 
very short length scale (of the order of hundreds of microns, i.e. the size of ash grains) is 352 
a typical feature arising from the development of chaotic dynamics during magma mixing 353 
processes. In particular, the development of fractal compositional patterns down to a few 354 
microns is the natural consequence of the scale-invariance associated with chaotic mixing 355 
processes. Fragmentation of magma volumes with such an extreme compositional 356 
variability during a volcanic eruption (as in the case of Eyjafjallajökull) would allow for 357 
the observation of a strong compositional variability even in the same ash sample, as 358 
indeed recorded for the EFJ 2010 eruption. 359 
 The above observations, therefore, allow us to hypothesize that two magma 360 
mixing processes might explain the observed chemical variability. In order to test these 361 
hypotheses in quantitative terms, mass balance calculations for major elements (Chayes 362 
1968; Bryan et al. 1969; Störmer and Nicholls 1978), implemented within the software 363 
Petrograph (Petrelli et al. 2005) (Table 1) were performed. In particular, magma mixing 364 
mass balance calculations were performed considered the above-defined end-member 365 
couples, i.e. GL BAS I and TA (first mixing process) and TA and RH (second mixing 366 
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process). For the first mixing process we used the average compositions of GL BAS I 367 
(SiO2 between 47.0-47.5 wt%) as mafic end-member the average composition of least 368 
evolved TA samples (SiO2 between 57.0-57.9 wt%) for the felsic end-member. As for the 369 
second mixing process we used the same average values of TA considered above for the 370 
mafic end member and an average of most evolved RH compositions (SiO2 between 371 
67.8-70.0 wt%) for the felsic end-member. Results are presented in Table 1 and show that 372 
the sum of residuals from the least-square modeling are very low for both mixing 373 
processes, indicating the feasibility of these processes to explain the observed 374 
geochemical variability.  375 
 376 
Estimation of initial proportions of mixed magmas 377 

Perugini et al. (2004, 2008, 2013) suggested that the compositional variability 378 
generated during mixing could be utilized to estimate the initial proportions of end-379 
member melts. With regards to this hypothesis, it should be noted that the ability of 380 
chemical elements to spread in magmatic systems (and, hence, to generate compositional 381 
variability) due to mixing can depend upon the combined effects of several processes 382 
such as (Perugini et al. 2015): 1) partitioning of chemical elements into structurally 383 
different melts (Watson 1976), 2) the dependence of diffusivities on multicomponent 384 
composition (Zhang 2008), 3) the influence of advection on apparent diffusive fluxes 385 
(Perugini et al. 2006) 4) the potential development of “uphill” diffusion patterns (Watson 386 
and Jurewicz 1984). Therefore, the compositional variability in mixing systems is the 387 
expression of the cumulative effects of these processes that ultimately define the element 388 
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“mobility”. In the following we refer to chemical element mobility considering the 389 
definition provided above.  390 

The approach of Perugini et al. (2004, 2008, 2013) relies upon the fact that, at the 391 
beginning of magma mixing, all chemical elements show a bimodal distribution with two 392 
modal values corresponding to the two end-member compositions (Perugini et al. 2004, 393 
2008). As the mixing process proceeds in time, the frequency of end-member 394 
compositions gradually decreases, favoring the appearance of a progressively larger 395 
population of samples with the hybrid composition. In this case, the compositional 396 
histogram becomes a Gaussian distribution whose maximum corresponds to the hybrid 397 
concentration for a given chemical element (Perugini et al. 2004, 2008). The rate of 398 
production of hybrid magmas is proportional to the mobility of chemical elements in the 399 
mixing system. Therefore, fast diffusion species (e.g. Na) will homogenize faster than 400 
slow-diffusing elements (e.g. Si; Perugini et al. 2008). Consequently, mixing systems are 401 
generally characterized by a bimodal distribution of slow-diffusion elements and 402 
Gaussian bell-shaped distributions for fast-diffusing chemical elements (Perugini et al. 403 
2008).  404 

Although, in principle, this method can be potentially applied to any mixing 405 
process, it requires that mixing was prolonged for a sufficient length of time in order to 406 
generate a continuous range of compositions between the two end-members. The reason 407 
for this is that the larger the number of data points (samples) with intermediate 408 
compositions, the better the statistical evaluation of the hybrid composition. According to 409 
the discussion made above, the first mixing process that occurred between GL BAS I and 410 
TA shows a compositional gap indicating that the mixing process was not prolonged. In 411 
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contrast, the second mixing process generated a much larger compositional variability 412 
covering all intermediate compositions between the two end-members (TA and RH). As a 413 
consequence, the approach discussed above for the determination of end-member 414 
proportions can only be applied to the second mixing process.  415 

Frequency histograms for representative elements of the EFJ 2010 samples in the 416 
compositional range TA-RH are displayed in Figure 9. The plots show that according to 417 
the above discussion, slow-diffusing species (e.g. SiO2, TiO2, FeO, Nb) are characterized 418 
by a bi-modal distribution (Fig. 9a-c, e). In contrast, fast diffusing elements (e.g. Na2O 419 
and several trace elements) display bell-shaped Gaussian-like distributions (Fig. 9d, f-h). 420 
In order to estimate the proportion of the end-members involved in the magma mixing 421 
process, we first estimated the composition of the end-members by taking the two 422 
extreme compositional values for the slow-diffusing elements (Perugini et al. 2008). 423 
Then, we calculated the hybrid composition only for those elements showing a bell-424 
shaped Gaussian profile utilizing the modal value of the distribution. Knowing the end-425 
members and hybrid compositions, the initial proportion of felsic component (X) of the 426 
two interacting magmas can be estimated using the following relationship: 427 
X =

CH −CM
CF −CM

                     (1) 428 
where CH, CM, CF are the concentrations of the hybrid, least evolved and most evolved 429 
melt, respectively (Perugini et al. 2004, 2008). Results are reported in Table 2 and 430 
indicate that the fraction of felsic magma participating to the mixing processes was ca. 431 
0.41±0.06. This uncertainty is due to the small fluctuations in the estimate of CH using 432 
the different chemical elements. As a consequence, the fraction of the more mafic end-433 
member (i.e. TA) must have been of the order of 0.59. 434 
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 435 
Implications 436 

The above presented results and discussions can be used to refine and better 437 
constrain the EFJ 2010 pre- and syn-eruptive plumbing system. Figure 10 is an 438 
illustration from Tarasewicz et al. (2012b) modified in light of the results reported in our 439 
work. During December 2009 and February 2010 seismic activity was recorded at 440 
shallow depth (ca. 4.5-6.5 km), indicating that sill intrusions occurred beneath the 441 
southern and northeastern flank of the EFJ volcano (Fig. 10a; Sigmundsson et al. 2010, 442 
Guðmundsson et al. 2010, Tarasewicz et al. 2012a). On March 20th, the EFJ 2010 443 
eruption started effusively (Phase I) with the emission of a basaltic lava flow erupted at 444 
the Fimmvörðuháls pass (Fig. 10a); this eruptive phase lasted until April 12th. The 445 
erupted composition, BAS I (Fig. 3a), indicates a poorly evolved magma that, according 446 
to Viccaro et al. (2016), might have been involved in mixing events prior to eruption. On 447 
April 14th the eruption broke out from the summit of the volcano and became explosive 448 
(Phase IIa; Fig. 10b); its intensity decreased progressively until May 4th. During this 449 
phase, glass compositions in the SiO2 ranges 50-52 wt% and 58-70 wt% were erupted 450 
(Fig. 3a). On May 5th the explosive activity regenerated, lasting until May 22nd (Fig. 10c). 451 
This final phase of eruptive activity (Phase IIb) was characterized by the emission of ash 452 
compositions similar to Phase IIa, but the amount of samples in the SiO2 range 57-70 453 
wt% was much larger in comparison to the previous phase (Fig. 3b). Tarasewicz et al. 454 
(2012a, b) suggest that the increase of activity at the beginning of May might have been 455 
triggered by new magma inputs from deeper levels (20-25 km depth; Fig. 10c). 456 
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Geophysical evidence indicates that from 1994 to 2010 seismic activity, compatible 457 
with the intrusion of different sills, occurred at depths of 5-12 km and 19-25 km (Sturkell 458 
et al. 2003; Pedersen and Sigmundsson 2004, 2006; Hjaltadóttir et al. 2009, 2015; 459 
Tarasewicz et al. 2012b). Accordingly, it appears reasonable to hypothesize that before 460 
the beginning of the eruption in March 2010, the plumbing system of EFJ consisted of a 461 
set of sills, possibly constituted by magmas with different compositions (e.g. TA and RH; 462 
Fig. 10). As indicated above, the EFJ 2010 eruption started with the output of basaltic 463 
lava flow (BAS I). During its ascent to the surface, this basalt is likely to have intersected 464 
those compositionally varied sills that were already emplaced at different depths. In 465 
particular, according to our geochemical data and modeling, BAS I may have intersected 466 
a magma batch of TA composition. Magma mixing between BAS I and TA was not 467 
completed, producing BAS II compositions that mainly occur during Phase IIa (Fig. 3). 468 
At the same time, the arrival of BAS I into the plumbing system of the volcano might 469 
have caused a general remobilization of the plumbing systems leading TA magmas to 470 
interact with more evolved magmas, such as RH. Given the similarity of the most 471 
evolved RH compositions and the rhyolitic compositions erupted during 1821 and 1823 472 
eruptions (Fig. 2; Larsen et al. 1999), it appears reasonable to hypothesize that rhyolitic 473 
magma batches from this eruption remained at depth and were remobilized and mixed 474 
with TA compositions during the EFJ 2010 eruption. This would be in agreement with 475 
geochemical data highlighting the occurrence of glass compositions ranging from TA to 476 
RH during Phase IIa (Fig. 3). Interaction of TA and RH intensified during Phase IIb, as 477 
indicated by the occurrence of ash compositions mostly in the range TA-RH (Fig. 3).  478 
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In conclusion, by merging geophysical, petrological data and geochemical 479 
modeling, it appears that the arrival of BAS I destabilized the entire EFJ 2010 plumbing 480 
system (Fig. 10b; Tarasewicz et al. 2012b), leading to multiple mixing events between 481 
distinct magma batches that were emplaced at different times beneath the volcano. 482 
Magma mixing processes protracted with different intensities throughout the whole 483 
duration of the eruption to generate the complex and widespread compositional 484 
variability frozen in time by the eruption in the erupted ash. 485 
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 696 
List of figure captions 697 

Figure 1. Relief map (after Sigmarsson et al. 2011) with main ice-caps, roads and towns 698 
showing the location of Eyjafjallajökull, Katla, Vestmannaeyar and Surtsey volcanoes. 699 
The location of samples collected from the explosive phase of EFJ 2010 eruption 700 
deposited between April 15th to May 22nd are also shown as black stars. Numbers indicate 701 
sample number as reported in Table i in the Supplementary Material. The black arrow 702 
between Eyjafjallajökull and Katla volcanoes indicate the Fimmvörðuháls pass, i.e. the 703 
location of the effusive flank eruption during Phase I. WVZ, NVZ and EVZ in the inset 704 
on top-left of the figure indicate western, northern and eastern volcanic zone, respectively.  705 
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 706 
Figure 2. BSE images showing some representative petrographic characteristics of lava 707 
clasts and ash fragments from the summit eruption. (a) Ash particles with different 708 
groundmass compositions (indicated by arrows and SiO2 contents) within the same 709 
sample. (b) Trachyandesitic enclave (light grey color) in a trachydacitic matrix with 710 
elongated plagioclase microlites. (c) Homogeneous olivine (top-right corner) and normal 711 
zoned plagioclase phenocrysts. (d) Resorbed plagioclase with inclusion of Fe-rich 712 
clinopyroxene. (e) Normal zoned olivine phenocrysts with chromium spinel inclusions in 713 
a fully crystalline matrix. (f) Reverse zoned clinopyroxene with a rounded and resorbed 714 
core. 715 
 716 
Figure 3. Total alkali vs. silica (TAS) diagrams (Le Bas et al. 1986) for lava and tephra 717 
of the EFJ 2010 eruption. (a) Compositions of Phase I (GL Phase I - black squares: 718 
composition of groundmass glass of BAS I; WR Phase I - grey diamonds: whole rock 719 
composition of BAS I) (Sigmundsson et al. 2010; Sigmarsson et al. 2011; Keiding and 720 
Sigmarsson 2012; Borisova et al. 2012). Glass compositions of Phase IIa measured in this 721 
study (GL Phase IIa this study) in light grey squares (14.04.-04.05.2010). Glasses of 722 
Phase IIa (GL Phase IIa) from Sigmarsson et al. (2011), Keiding and Sigmarsson (2012), 723 
Borisova et al. (2012) and Cioni et al. (2014) are also reported in filled grey squares. 724 
Glass compositions of the EFJ 1821-23 eruption (GL RH1821 - black crosses) after 725 
Larsen et al. (1999) and Sigmarsson et al. (2011) are also shown. (b) Glass compositions 726 
of Phase IIb (erupted between 06.-22.05.2010) measured in this study (GL Phase IIb this 727 
study). Error bars (representing standard deviations from the mean) are also reported. 728 
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 729 
Figure 4. Selected major element vs. silica diagrams of erupted products of the EFJ 730 
eruptions. Symbols as in Figure 3. Error bars (representing standard deviations from the 731 
mean) are also reported.  732 
 733 
Figure 5. Selected trace element vs. silica diagrams of erupted products in lava and 734 
tephra of the EFJ 2010 eruption. Symbols as in Figure 3. Error bars (representing 735 
standard deviations from the mean) are also reported. 736 
 737 
Figure 6. Ocean Island Basalt (McDonough and Sun 1989) normalized diagram of 738 
glasses measured by LA-ICP-MS in the present study and literature data. Black squares 739 
represent GL BAS I from Phase I (Borisova et al. 2012); grey and light grey areas 740 
represent GL BAS II and trachyandesite to rhyolite compositions (GL TA-RH), 741 
respectively, measured in this study from Phase II. 742 
 743 
Figure 7. Representative plots showing the modeled liquid lines of descent (LLDs) for 744 
MgO and CaO versus SiO2 at 0.5 wt% H2O in the temperature range 900-1340 °C for 745 
rocks and glasses of the Eyjafjallajökull 2010 eruption calculated by MELTS (Ghiorso 746 
and Sack 1995; Asimov and Ghiorso 1998) for different starting parental melt 747 
compositions (a) and (b) WR BAS I; (c) and (d) GL BAS II; (e) and (f) GL BAS II, and 748 
(g) and (h) GL TA. LLDs are shown for different pressure and oxygen buffer. Note that 749 
LLDs of none of the models is able to explain the compositional variability based upon 750 
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fractional crystallization (see text for details). The complete set of models at different 751 
conditions is reported in the Supplementary Material ‘xi’. 752 
 753 
Figure 8. Representative binary inter-elemental plots of trace elements for glass 754 
compositions between 57 to 69 wt% SiO2 (TA to RH of Phase IIb), illustrating the 755 
extreme variability of correlation between couples of elements. The patterns range from 756 
ca. linear to completely scattered.  757 
 758 
Figure 9. Concentration frequency histograms of representative major and trace elements 759 
of groundmass glasses of the EFJ 2010 eruption (Phase IIb). The most mobile elements 760 
during mixing display a bell-shaped Gaussian distribution, indicating the production of a 761 
large amount of hybrid compositions. Gaussian fitting for most mobile elements such as 762 
Na2O (g), Cs (d), Pr (f) and Gd (h) allow for estimating the hybrid concentration of the 763 
element (CH) to be used in the estimate of initial proportions of end-member magmas (eq. 764 
1 in the text). 765 
 766 
Figure 10. Cartoon modified after Tarasewicz et al. (2012b) illustrating the possible 767 
evolution of the EFJ 2010 eruption in time. Sills with different compositions, possibly 768 
emplaced at different depth and at different times prior to EFJ 2010 eruption are also 769 
reported in different colors. (a) Phase I: fissure eruption (BAS I) at Fimmvörðuháls pass 770 
after formation of a basaltic sill and dyke since the end of 2009; arrival of new basaltic 771 
magma reactivates the plumbing system, constituted by magma batches that were already 772 
emplaced as sills. (b) Phase IIa: explosive summit eruption generates ash samples (e.g. 773 
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Sigmarsson et al. 2011) containing mainly trachyandesite (TA) glass, a more evolved 774 
basalt (BAS II) and rhyolitic melts (RH). (c) Phase IIb: explosive summit generating ash 775 
samples with continuous compositions between TA and RH glasses and minor BAS II.  776 
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Hybrid 
Component

Felsic 
Component

Mafic 
Component ∑a

Fraction of 
mafic melt

Fraction of 
felsic melt

GL BAS IIb GL TAb GL BAS Ic 0.75 0.67 0.33
GL TAb GL RHb GL BAS IIb 3.49 0.61 0.39

GL TA 59b, d GL RHb GL TAb 0.06 0.85 0.15
GL TA 61b, d GL RHb GL TAb 0.13 0.72 0.28
GL TA 63b, d GL RHb GL TAb 0.22 0.51 0.49
GL TA 65b, d GL RHb GL TAb 0.47 0.34 0.66
GL TA 67b, d GL RHb GL TAb 0.37 0.16 0.84

a calculated after Störmer and Nicholls (1978).
b this study.
c Sigmarsson et al. (2011), Keiding and Sigmarsson et al. (2012), Borisova et al. (2012).
d number indicates SiO2 in wt%.

Table 1: Results of magma mixing calculations using the least-squares mass balance 
model after Störmer and Nicholls (1978). Abbreviations: GL - glass, BAS - basalt, TA - 
trachyandesite, RH - rhyolite. 



C F C M C H C F -C M C H -C M X a

Na2O  7.14 4.5 5.67 2.64 1.17 0.44
Ga 47.0 17.6 27.05 29.40 9.45 0.32
Rb 117.7 16.6 69.87 101.10 53.27 0.53
Y 119.0 23.1 61.67 95.90 38.57 0.40
Cs 1.5 0.3 0.71 1.25 0.45 0.36
La 93.0 26.0 61.89 67.00 35.89 0.54
Ce 226.0 60.0 128.90 166.00 68.90 0.42
Pr 26.2 6.5 15.30 19.70 8.80 0.45
Nd 111.0 29.9 62.43 81.10 32.53 0.40
Sm 21.7 7.1 13.33 14.60 6.23 0.43
Gd 26.3 4.8 12.49 21.50 7.69 0.36
Tb 3.8 0.6 1.91 3.22 1.33 0.41
Dy 25.1 4.0 11.53 21.10 7.53 0.36
Ho 4.5 0.9 2.33 3.61 1.41 0.39
Er 12.9 1.6 6.21 11.32 4.63 0.41
Tm 1.6 0.2 0.91 1.41 0.75 0.53
Lu 1.75 0.35 0.85 1.40 0.50 0.36
Pb 11.90 2.90 6.07 9.00 3.17 0.35

a X = (C H -C M )/(C F -C M )

Table 2: Calculated felsic melt proportions (X ) for Phase IIb. Abbreviations: C F , C M  and C H   - 
concentrations of felsic, mafic and hybrid components, respectively. In Phase IIb C H  = maximum of 
Gaussian Curve.
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