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a  b  s  t  r  a  c  t

The  early  phase  of  the 2010  eruption  at the Eyjafjallajökull  volcano  (Iceland)  produced  poorly  evolved
mildly  alkaline  basalts  that  have  a signature  more  enriched  with  respect  to the typically  depleted  basalts
emitted  at ocean  ridges.  The  whole  rock  geochemistry  of  these  basaltic  magmas  offers  a great oppor-
tunity  to  investigate  the mantle  source  characteristics  and  reasons  leading  to this  enriched  fingerprint
in  proximity  of  the  ocean  ridge  system.  Some  basaltic  products  of  Katla  volcano,  ∼25  km  east  of  Eyjaf-
jallajökull,  have  been  chosen  from  the literature,  as  they  display  a similar  mildly  alkaline  signature  and
can  be  therefore  useful  to  explore  the  same  target.  Major  and  trace  element  variations  of  the  whole  rock
suggest a very  limited  evolutionary  degree  for the  2010  Eyjafjallajökull  products  and  the  selected  Katla
magmas,  highlighting  the  minor  role  played  by  differentiation  processes  such  as  fractional  crystallization.
Nevertheless,  effects  of the  limited  fractionation  have  been  erased  through  re-equilibration  of  the  major
and  trace  element  abundances  at primary  conditions.  Concentrations  of  Th  after  re-equilibration  have
been  assumed  as  indexes  of the partial melting  degree,  given  the  high  incompatibility  of the  element,
and  enrichment  ratios  calculated  for  each  trace  element.  Especially  for LILE (Rb,  Ba,  K,  Sr),  the  pattern
of resulting  enrichment  ratios  well  matches  that  obtained  from  fractional  melting  of  peridotite  bearing
hydrous  phases  (amphibole/phlogopite).  This  put  forward  the idea  that  magmas  have  been  generated
through  partial  melting  of enriched  mantle  domains  where  hydrous  minerals  have  been  stabilized  as
a  consequence  of metasomatic  processes.  Refertilization  of the  mantle  has  been  attributed  to  intrusion
of  hydrous  silicate  melts  and  fractional  crystallization  of hydrous  cumulates.  These refertilizing  melts,
inherited  from  an  ancient  subducted  oceanic  crust,  intruded  into  a depleted  oceanic  lithosphere  that

remained  stored  for a long  time  (hundreds  of  Ma or Ga) before  being  re-entrained  in partial  melting.
This  means  that magmas  could  have  acquired  their  main  geochemical  differences  in response  of  the  vari-
able  depletion/enrichment  degree  of  the  heterogeneous  mantle  portion  tapped  at  rather  shallow  depth
(≤100  km).  Our  finding  is  another  tessera  in  the  open  debate  on  the plume-related  vs.  non  plume-related
origin  of  Icelandic  magmatism.

© 2015  Elsevier  Ltd. All  rights  reserved.
. Introduction
Typical magma  compositions at mid-ocean ridges are chiefly
onfined within the field of tholeiitic basalts (N-MORBs), which are
haracterized by substantial depletion of LREE, LILE, HFSE, 87Sr/86Sr

∗ Corresponding author at: Università di Catania, Dipartimento di Scienze Bio-
ogiche, Geologiche e Ambientali – Sezione di Scienze della Terra, Volcanology
esearch Group, Corso Italia 57, I-95129 Catania, Italy.

E-mail address: m.viccaro@unict.it (M.  Viccaro).
URL: http://www.volcanology-unict.it/ (M.  Viccaro).
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264-3707/© 2015 Elsevier Ltd. All rights reserved.
and 206Pb/204Pb but are enriched in 143Nd/144Nd and 176Hf/177Hf
with respect to the Bulk Earth (e.g., Salters, 1996; Salters and
Stracke, 2004; Stracke et al., 2005; Salters et al., 2011; Mallick
et al., 2014 and references therein). Some exceptions occur at global
scale, where compositions of emitted magmas display unexpected
enriched signatures (E-MORBs) perhaps due to complications of the
classic divergent geodynamic setting (e.g., Donnelly et al., 2004;
Hemond et al., 2006). Some examples of such kind are represented

by sectors of the Mid-Atlantic Ridge next to Iceland, Ascension and
the triple junction of Azores, zones of the ridge separating the Cocos
and Nazca plates next to Galapagos Islands or the Macquarie Ridge
that marks the Australian-Pacific plate boundary south of New
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ealand (e.g., Niu et al., 1996; Kamenetsky et al., 2000; Debaille
t al., 2006; Hoernle et al., 2011; Koorneef et al., 2012).

Iceland, in particular, is the largest emerged portion above sea
evel of the mid  Atlantic ridge system (Fig. 1a), a feature attributed
y several authors to the superimposition of a hotspot that makes
vailable considerable volumes of magma  (e.g., Schilling, 1973a,
973b, 1986; Sun et al., 1975). The Iceland Hotspot is supposed to
e the surface expression of a mantle plume, whose roots could
e placed at depth of about 400 km or more (Wolfe et al., 1997;
llen et al., 2002). Complexity of the Iceland geodynamic setting

s confirmed by the signature of the erupted products, which dis-
lay either depleted (tholeiites) or enriched (transitional to alkali
asalts) signatures (see the next section for further details; e.g.,
chilling, 1973a, 1973b; Sun et al., 1975; Hemond et al., 1993; Fitton
t al., 1997; Gee et al., 1998; Chauvel and Hémond, 2000; Eiler et al.,
000; Skovgaard et al., 2001; Breddam, 2002; Thirlwall et al., 2004,
006; Foulger et al., 2005; Kokfelt et al., 2006). Various models of
ixing between plume-related and upper asthenospheric-related
elts have been proposed by several authors to explain these char-

cteristics (e.g., Schilling, 1973a, 1973b; Sun et al., 1975; Chauvel
nd Hémond, 2000; Thirlwall et al., 2004, 2006; Kokfelt et al., 2006).
ll these models provide evidence of marked source heterogene-

ty beneath Iceland, with variably depleted/enriched components
apped by mantle domains undergoing partial melting. An alterna-
ive model excludes, however, the presence of the mantle plume
eneath Iceland and considers, on the basis of seismic tomogra-
hy, that upwelling and thermal anomalies are limited to the upper
antle (Foulger and Anderson, 2005; Foulger et al., 2005). This
odel explains the great rates of magma  production as due to

onsistent refertilization induced by recycled oceanic crust, prob-
bly associated with the Caledonian collision at 420–410 Ma  and
ubduction of oceanic crust (closure of the Iapetus Ocean).

Iceland is therefore a unique site at global scale that offers
he opportunity of investigating chemical processes at complex
eodynamic settings, where mantle-derived melts bring to the
urface characteristics not typical of the mid-ocean ridge system.
iven their primitive character and the rather enriched signature

Sigmarsson et al., 2010; Borisova et al., 2012; Moune et al., 2012),
he mildly alkaline basalts erupted during the early phase of the
010 eruption at the Eyjafjallajökull volcano are exceptional can-
idates to explore this target. Elaborations presented in this work,
hiefly on the basis of trace element geochemistry, improve our
omprehension of the characteristics of magma  production zones
nd offer new elements to discern the plume vs. non-plume debate
or the petrogenesis of Icelandic magmas.

. Synthesis of the geochemical features of Icelandic
agmas

Comprehension of the petrological and geochemical character-
stics of Icelandic magmas has been the target of several studies
ince about one century (e.g., Peacock, 1925, 1926). Although
ocated in correspondence of a divergent plate boundary, magmas
rupted by Icelandic volcanoes differ markedly from the typical
ormal mid-ocean ridge basalts (N-MORB) emitted in other sec-
ors of the ridge and particularly in the northern sector of the mid
tlantic ridge. Two main suites of erupted products can be found

n Iceland, which inherit from the mantle characteristics of deple-
ion (tholeiites) or of various degrees of enrichment (transitional to
lkali basalts).

The geochemical features of the depleted volcanic rocks of

celand are distinct from the N-MORB, particularly in their posi-
ive Sr, Ba and Eu anomalies relative to primitive mantle (Hemond
t al., 1993). On the whole, depletion is evident for most of the
ncompatible elements such as Rb, Th, U and K or in the lower
ynamics 91 (2015) 51–64

Zr/Y for any fixed Nb/Y value (e.g., Fitton et al., 1997; Chauvel
and Hémond, 2000; Kokfelt et al., 2006). Depleted lavas have low
La/Sm, La/Yb, Ce/Pb but high Sm/Nd and Sr/Nd, with unradiogenic
Pb (206Pb/204Pb ≤ 18.0) and Sr (87Sr/86Sr ≤ 0.70305) and radiogenic
Nd (143Nd/144Nd ≥ 0.51310) (e.g., Fitton et al., 1997; Chauvel and
Hémond, 2000; Thirlwall et al., 2004; Kokfelt et al., 2006 and ref-
erences therein). Anomalies of these depleted products have been
interpreted as follows: (a) efficient mantle melting in the plagio-
clase facies (Gurenko and Chaussidon, 1995); (b) recycling in the
mantle plume of oceanic gabbros (Chauvel and Hémond, 2000;
Skovgaard et al., 2001; Breddam, 2002) or of the more depleted
parts of a basaltic oceanic crust (Thirlwall et al., 2004); (c) con-
tamination of primary magmas in the lower crust (Hemond et al.,
1993); (d) mixing of North Atlantic upper mantle with shallow and
enriched sub-continental lithosphere (Hanan and Schilling, 1997).
As an alternative to the “classic” mantle plume model, Foulger
et al. (2005) justify the major-trace element geochemistry and the
isotope compositions of the depleted volcanic rocks as due to frac-
tional re-melting of abyssal gabbros included in a subducted slab of
oceanic crust of Caledonian age (420–410 Ma), which is now stored
in the upper mantle beneath Iceland.

The enriched volcanic rocks exhibit, relative to primitive mantle,
positive anomalies for Ba, Nb, Ta, LREE and negative anoma-
lies for K and HFSE such as U, Th, Pb (Kokfelt et al., 2006
and references therein). Enriched lavas have high La/Sm, Ce/Pb,
low Sm/Nd and Sr/Nd ratios; Sr and Pb in these products are
radiogenic (87Sr/86Sr ≥ 0.70330 and 206Pb/204Pb ≥ 19.3), whereas
Nd is unradiogenic (143Nd/144Nd ≤ 0.51280) (e.g., Fitton et al.,
1997; Chauvel and Hémond, 2000; Thirlwall et al., 2004; Kokfelt
et al., 2006 and references therein). The trace element and iso-
topic signature of these enriched products has been attributed to
hypotheses contemplating contamination of the ascending mag-
mas  by hydrothermally altered Icelandic crust (Gee et al., 1998;
Eiler et al., 2000) or recycling of a hydrothermally altered basaltic
oceanic crust (Chauvel and Hémond, 2000; Skovgaard et al., 2001;
Breddam, 2002; Thirlwall et al., 2004; Kokfelt et al., 2006). In partic-
ular, the hypotheses of recycling differ mainly in the age of the crust.
Chauvel and Hémond (2000) and Skovgaard et al. (2001) argued,
respectively, that the oceanic crust was  recycled at ∼2.7 or 3 Ga.
Thirlwall et al. (2004) and Kokfelt et al. (2006) set more recent
time constraints, chiefly on the basis of lead isotope systematics,
at ∼400 Ma  (Paleozoic) and 1.5 Ga, respectively. The alternative
hypothesis of Foulger et al. (2005) makes possible the presence
of more alkaline products assuming that an enriched component
is present in the crustal section recycled following the Caledonian
subduction, and that is now stored in the mantle as enriched mid-
ocean ridge basalts (E-MORB), alkali olivine basalts and related
differentiates.

There is large consensus on the fact that the marked compo-
sitional variability, rather scattered on the whole island, reflects
mantle domains beneath Iceland undergoing partial melting that
are heterogeneous at variable scales and that magmas can be pro-
duced through sampling of depleted and enriched portions of the
mantle even at the scale of a few kilometers.

3. Brief geological background of Eyjafjallajökull volcano

Eyjafjallajökull volcano arises up to 1666 m in the southwest-
ern termination of the East Volcanic Zone (EVZ), which at present
represents one of the most volcanically active regions of Iceland
(Fig. 1a). EVZ is a propagating SW-NE trending rift located outside

the main zone of spreading (axial rift). This area includes 30 volcanic
systems that, on the whole, account for ∼79% of the total volume of
erupted magmas in Iceland during historical time (i.e., the last 11
centuries). However, most of the magma  output is accommodated
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ig. 1. (a) Sketch map  of Iceland with the main suites of volcanic products emitted
atla  volcanoes (source www.lmi.is/en/okeypis-kort/).

nly by the four most active systems of Katla, Grimsvötn, Hekla and
ardarbunga-Veidivötn (Fig. 1a; Thordarson and Larsen, 2007). EVZ

s dominated by emission of tholeiitic magmas in the northeastern
egment, whereas mildly alkaline magmas characterize the south-
estern segment, which is currently propagating southwesterly

Thordarson and Larsen, 2007 and references therein).
Eyjafjallajökull has been constructed through sub-glacial erup-

ions and its edifice is completely covered by an ice cap (Fig. 1b).
t displays an irregular shape with gentle sloping flanks and a
ummit region characterized by a ∼4-km-wide caldera opened to
he north (Fig. 1b). The historical activity of Eyjafjallajökull has
een characterized by long-lasting periods of quiescence, com-
only broken off by initial hydromagmatic explosions evolving

o eruptive episodes with Strombolian to sub-Plinian styles. The
istorical record includes: a radial fissure eruption dated ∼920
D, small-volume summit eruptions in 1612 AD and 1821–1823
D, identified through chrono-stratigraphic studies and analysis of
istoric chronicles (Thordarson and Larsen, 2007; Dugmore et al.,
013 and references therein), and the most recent episode of
010 AD. Extensive intrusions at 4.5 and 6.5 km of depth, whose
stimated volumes are 10–17 × 106 m3 and 21–31 × 106 m3 respec-
ively, occurred beneath the Eyjafjallajökull volcano in 1994 and
999, as revealed by InSAR observations, GPS geodetic measure-
ents, and optical tilt leveling (Pedersen and Sigmundsson, 2004,

006; Sturkell et al., 2003; Sigmundsson et al., 2010).
All the historic eruptions of Eyjafjallajökull were more or less

ontemporaneous with eruptions or evidence of magma  move-
ents [i.e., glacier floods and several small earthquakes] at the

earby Katla volcano ∼25 km to east (Fig. 1b; Thordarson and
arsen, 2007), probably indicating interaction of stress fields. This
rend was confirmed also in coincidence of the 2010 eruption
t Eyjafjallajökull, as demonstrated by several seismic swarms
ccurred beneath Katla in the period 2011–2012. Sturkell et al.
2003) also argued that magma  movements took place at shallow
evels beneath Katla in 1999 at the same time of a magma  intrusion
eneath Eyjafjallajökull, both evidenced by GPS and seismic data.
onetheless, unlike the Katla volcanic system, which is much more
ctive and known for its powerful sub-glacial eruptions, Eyjafjalla-

ökull volcano was poorly known for a long time, and its notoriety
ncreased only after the 2010 eruption. This event was  character-
zed by two distinct eruptive phases: (1) an effusive flank eruption
t the Fimmvörðuháls Pass on the eastern flank of Eyjafjallajökull
e active divergent tectonics; (b) Digital Elevation Model of the Eyjafjallajökull and

volcano (Fig. 1b) in the period March 20 to April 12, 2010, which
was characterized by emission of poorly evolved mildly alkaline
basalts through lava flows and minor fountaining at the active fis-
sure; (2) an explosive summit eruption in the period April 14 to
May  22, 2010, which produced benmoreitic tephra and consider-
able ash fall-out that had a severe impact on air-traffic in large part
of Europe (e.g., Gudmundsson et al., 2010; Sigmundsson et al., 2010;
Sigmarsson et al., 2011; Borisova et al., 2012; Moune et al., 2012).

4. Sampling and analytical methods

Sixteen volcanic rock samples were collected from the lava flow
field of the March–April 2010 eruption at the Fimmvörðuháls Pass,
on the eastern flank of the Eyjafjallajökull volcano (Fig. 1b). Thin-
polished sections have been made for petrographic and in situ
microanalysis of mineral phases. Microanalytical data on olivine,
plagioclase, clinopyroxene and opaque oxides found in the col-
lected samples were obtained at the Dipartimento di Scienze
Biologiche, Geologiche e Ambientali of Catania (Italy) by using a
Tescan Vega-LMU scanning electron microscope equipped with an
EDAX Neptune XM4-60 micro-analyzer operating by energy dis-
persive system characterized by an ultra-thin Be window coupled
with an EDAX WDS  LEXS (wavelength dispersive low energy X-ray
spectrometer) calibrated for light elements. Operating conditions
for the analysis of major element abundances in mineral phases
were set at 20 kV accelerating voltage and 0.2 nA beam current;
precision of collected data is in the order of 3–5%.

Major element compositions for the whole rock were analyzed
at the Dipartimento di Scienze della Terra of Cosenza (Italy) by
means of a Philips PW2404 WD-XRF on powder pellets correct-
ing the matrix effects (Table 1). Loss on ignition was determined by
gravimetric methods. REE and the other trace element abundances
were determined at the SGS Laboratories of Toronto (Ontario,
Canada; Table 1). Powdered rock samples were fused by Na-
peroxide in graphite crucibles and dissolved using dilute HNO3.
Trace element analyses were then made by means of a Perkin
Elmer ELAN 6100 inductively coupled plasma mass spectrometer.

Four calibration runs were performed on international certified ref-
erence materials (USGS GXR-1, GXR-2, GXR-4 and GXR-6) at the
beginning and end of the analytical run; precision is better than
∼7% for all trace elements.

http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
http://www.lmi.is/en/okeypis-kort/
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Table 1
Major and trace element concentrations of volcanic rocks emitted during the March–April 2010 eruption at Eyjafjallajökull volcano.

Sample Eyja1 Eyja2 Eyja3 Eyja4 Eyja5 Eyja7 Eyja8 Eyja9 Eyja10 Eyja11 Eyja12 Eyja13 Eyja14 Eyja15 Eyja16 Eyja17 KATLA1 KATLA2

SiO2 47.6 46.8 46.6 47.0 47.0 46.9 47.0 47.1 47.7 46.8 46.7 46.7 47.2 46.7 47.0 46.9 50.0 48.8
TiO2 3.35 3.36 3.34 3.32 3.25 3.32 3.35 3.27 3.08 3.31 3.32 3.32 3.24 3.30 3.37 3.41 1.86 2.20
Al2O3 14.9 14.9 14.7 14.8 14.7 14.6 14.8 14.9 15.7 15.6 15.1 15.2 14.7 15.0 14.8 14.9 15.7 14.7
FeOtot 12.1 12.6 12.6 12.3 12.3 12.5 12.3 12.1 11.4 12.2 12.4 12.3 12.1 12.4 12.5 12.5 9.6 10.9
MgO  7.49 7.84 8.16 8.12 8.18 7.98 8.13 8.07 7.50 7.26 7.89 7.83 8.39 7.97 7.92 7.82 7.62 8.56
MnO  0.21 0.22 0.22 0.21 0.21 0.22 0.21 0.21 0.20 0.21 0.22 0.21 0.21 0.21 0.22 0.22 0.16 0.17
CaO  10.2 10.4 10.4 10.3 10.3 10.4 10.3 10.2 10.1 10.5 10.4 10.5 10.1 10.3 10.2 10.4 11.6 11.6
Na2O 3.08 3.02 2.98 3.01 3.08 3.05 2.98 3.11 3.28 3.17 3.06 3.01 3.06 3.10 3.02 2.97 2.41 2.35
K2O 0.69 0.66 0.63 0.63 0.65 0.65 0.63 0.64 0.64 0.63 0.64 0.62 0.64 0.64 0.67 0.65 0.75 0.47
P2O5 0.33 0.30 0.31 0.32 0.36 0.35 0.31 0.35 0.36 0.32 0.31 0.30 0.31 0.32 0.30 0.31 0.22 0.26

Ba  165 162 151 159 152 155 156 151 154 155 155 155 156 150 160 154 119 79
Ce  48.3 45.2 42.7 44.0 42.5 42.6 45.4 44.3 43.5 44.3 43.5 43.7 44.4 44.0 46.7 48.1 28.0 20.9
Co  53.4 52.1 56.4 54.3 54.6 54.9 55.3 57.4 55.4 53.0 52.8 54.4 55.4 52.8 52.2 53.4 n.a. n.a.
Cr  310 310 320 330 340 310 330 310 320 290 310 320 330 330 320 320 n.a. n.a.
Dy  6.12 5.98 5.43 5.86 5.29 5.42 6.03 5.84 5.54 5.75 5.70 5.74 5.75 5.43 5.79 6.10 4.21 4.48
Er  2.95 3.00 2.82 2.95 2.80 2.77 2.91 2.97 3.01 2.90 2.88 2.92 2.95 2.67 3.02 3.15 2.41 2.33
Eu  2.26 2.28 2.21 2.17 2.10 2.18 2.29 2.20 2.11 2.16 2.27 2.16 2.29 2.22 2.29 2.41 1.47 1.33
Gd  7.08 6.80 6.46 6.58 6.52 6.24 6.58 6.62 6.58 6.85 6.60 6.64 6.76 6.63 6.74 7.37 4.71 4.13
Hf  5 5 5 5 4 4 5 4 4 5 4 4 5 4 4 5 3 3
Ho  1.19 1.16 1.12 1.16 1.14 1.17 1.15 1.10 1.14 1.17 1.13 1.13 1.18 1.12 1.18 1.23 0.88 0.85
La  20.6 20.3 18.4 19.3 18.4 18.1 19.8 19.1 18.0 18.7 19.0 18.5 19.2 18.5 19.3 21.0 11.8 8.4
Lu  0.37 0.37 0.35 0.36 0.34 0.34 0.37 0.36 0.37 0.35 0.36 0.38 0.37 0.36 0.40 0.39 0.32 0.31
Nb  16.0 15.0 20.0 20.0 13.0 16.0 17.0 15.0 19.0 18.0 16.0 13.0 20.0 13.0 14.0 15.0 13.9 10.3
Nd  28.3 27.2 26.1 26.9 26.5 25.8 27.6 26.2 25.9 26.5 27.5 25.9 27.4 27.0 28.2 28.7 16.4 13.6
Ni  202 213 231 222 231 221 216 218 211 203 216 218 238 236 217 210 n.a. n.a.
Pr  6.54 6.50 6.04 6.14 5.90 5.81 6.34 6.08 5.91 6.16 6.35 6.08 6.22 6.14 6.34 6.82 3.66 2.84
Rb  12.5 12.1 11.3 11.3 10.9 11.0 11.6 11.4 11.0 11.4 11.3 11.6 11.8 11.1 11.7 12.5 9.9 6.5
Sc  24.0 24.0 24.0 24.0 24.0 23.0 24.0 23.0 24.0 24.0 24.0 24.0 24.0 23.0 23.0 25.0 n.a. n.a.
Sm  6.70 6.60 6.00 6.10 6.20 5.90 6.70 6.10 6.20 6.40 6.40 6.30 6.20 6.10 6.30 7.20 4.13 3.65
Sr  470 480 470 470 470 480 480 480 480 480 470 470 460 470 460 470 304 239
Ta  1.00 1.10 1.00 1.10 0.80 0.90 1.00 0.90 1.00 1.00 1.00 1.00 1.10 0.90 1.00 1.10 0.91 0.61
Tb  1.08 1.11 1.02 1.03 1.04 0.99 1.10 1.02 1.00 1.00 1.10 1.00 1.07 1.06 1.08 1.11 0.74 0.67
Th  1.90 1.80 1.70 1.70 1.60 1.60 1.80 1.60 1.60 1.70 1.70 1.70 1.70 1.60 1.70 1.90 0.95 0.68
Tm  0.42 0.40 0.38 0.38 0.41 0.39 0.40 0.37 0.36 0.39 0.41 0.40 0.42 0.39 0.41 0.40 0.35 0.34
U  0.62 0.59 0.52 0.55 0.52 0.54 0.55 0.54 0.53 0.56 0.55 0.54 0.58 0.55 0.61 0.61 0.33 0.24
V  261 270 266 268 264 266 272 265 270 272 265 269 276 268 270 281 n.a. n.a.
Y  28.8 28.4 26.8 27.4 26.5 26.1 28.1 27.0 26.5 26.9 27.8 27.4 27.7 26.7 28.1 29.2 n.a. n.a.
Yb  2.50 2.50 2.20 2.30 2.20 2.10 2.40 2.40 2.30 2.30 2.20 2.40 2.50 2.30 2.40 2.60 2.13 2.00
Zr  196 186 181 183 174 182 181 181 190 190 178 183 191 177 189 191 131 104

Zr/Nb  12.3 12.4 9.1 9.2 13.4 11.4 10.6 12.1 10.0 10.6 11.1 14.1 9.6 13.6 13.5 12.7 9.4 10.1
Th/La  0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.08
Ba/La  8.01 7.98 8.21 8.24 8.26 8.56 7.88 7.91 8.56 8.29 8.16 8.38 8.13 8.11 8.29 7.33 10.08 9.40
Rb/Nb  0.78 0.81 0.57 0.57 0.84 0.69 0.68 0.76 0.58 0.63 0.71 0.89 0.59 0.85 0.84 0.83 0.71 0.63
Sm/Hf  1.34 1.32 1.20 1.22 1.55 1.48 1.34 1.53 1.55 1.28 1.60 1.58 1.24 1.53 1.58 1.44 1.31 1.43
Th/Hf  0.38 0.36 0.34 0.34 0.40 0.40 0.36 0.40 0.40 0.34 0.43 0.43 0.34 0.40 0.43 0.38 0.30 0.27
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Fig. 2. Total Alkali vs. Silica (TAS; Le Maitre, 2002) diagram for the Eyjafjallajökull basalts of the 2010 eruption at the Fimmvörðuháls Pass and for two basaltic products of
the  Katla volcano (data from Debaille et al., 2009). Some selected major and trace elements have been plotted against MgO  (wt.%) and Zr (ppm) chosen as differentiation
indexes. On the same diagrams, mantle-equilibrated compositions for the same volcanic rocks have been reported (white symbols). Solid and dashed arrows indicate trends
of  crystal fractionation (C.F.) from mantle-equilibrated compositions for the Eyjafjallajökull and Katla products respectively (cf. also Table 2 and Table ESM1).
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Fig. 3. REE and incompatible trace element patterns normalized respectively to the
chondrite and primitive mantle compositions (McDonough and Sun, 1995) for the
Eyjafjallajökull basalts of the 2010 eruption at the Fimmvörðuháls Pass and for two
basaltic products of the Katla volcano (data from Debaille et al., 2009). Compositions
of  Icelandic picrites, tholeiites and alkali basalts have been also plotted for com-
parison (data from Kokfelt et al., 2006). Patterns of other suites of volcanic rocks
have been reported for comparison: Normal Mid-Ocean-Ridge Basalts (N-MORB;
data from Weaver, 1991), Enriched Mid-Ocean-Ridge Basalts (E-MORB; data from
6 M. Viccaro et al. / Journal o

. Petrography and geochemistry

Volcanic rocks erupted during the first phase of the 2010
ruption at Eyjafjallajökull volcano exhibit rather homogeneous
etrographic features. Minor differences are mainly related to
he groundmass texture and the relative modal abundance of

ineral phases. Samples are mildly porphyritic (20–25 vol.% of phe-
ocrysts) and highly vesiculated. Phenocrysts mostly consist of
lagioclase and olivine in similar proportions, together making up
0–85 vol.% of the total phenocryst content. The mineral assem-
lage also includes scarce amounts of clinopyroxene (∼10–15 vol.%)
nd opaque oxides (<5 vol.%). Plagioclase varies from medium-
ize crystals (up to 1.5 �m)  to micro-phenocrysts (∼250 �m)  with
omposition from labradorite (An53) to bytownite (An83). They
enerally occur as euhedral crystals, tabular in shape and rather
omogeneous in composition. Olivine is present as large euhedral
o anhedral phenocrysts up to ∼2.5 mm in size, with forsteritic
ontents varying at the core from Fo88 to Fo70. Clinopyroxene
ostly occurs as small euhedral phenocrysts with size ranging from

00 to 400 �m.  It has been rarely found as large single crystals
up to few millimeters in size) or in aggregates with plagioclase
nd olivine. Compositions fall at the boundary of the augitic and
igeonitic fields on the QUAD diagram (Wo42–49, En31–41, Fs17–22;
ot shown). Two types of opaque oxides have been identified with
ompositions either of titaniferous-magnetite or Cr-spinel. The
ormer is from subhedral to euhedral with size up to few tens of
m, whereas the latter commonly occurs as anhedral crystals, up to
00 �m in size that are included in large olivine crystals. Glomero-
hyric structures involving olivine, plagioclase and clinopyroxene
re also present. The groundmass has hyalopilitic to intersertal tex-
ures with plagioclase microlites predominant on other phases.

Major element compositions for bulk rock of the collected sam-
les are reported in Table 1. In the Total Alkali–Silica diagram
TAS; Fig. 2; Le Maitre, 2002) products of the March–April 2010
ruption at Eyjafjallajökull show marked compositional homo-
eneity, falling in a limited area of the basaltic field and having
ildly alkaline affinity. They are basaltic in composition, with SiO2

6.6–47.7 wt.%, MgO  7.26–8.39 wt.% and limited ranges for almost
ll the major oxides (Table 1; Fig. 2). Only Al2O3 shows a more
ide distribution (14.6–15.7 wt.%; Table 1; Fig. 2). Two  basaltic
roducts erupted at Katla volcano have been selected and reported

n the same figure (Fig. 2; data from Debaille et al., 2009). Katla
as been chosen for its proximity to Eyjafjallajökull and because
rupted products display similar mildly alkaline signature. After
ross-checking in the GEOROC database at the website http://
eoroc.mpch-mainz.gwdg.de, we have verified that only these two
amples from all data available in literature for Katla display MgO
ontents comparable to those of our Eyjafjallajökull volcanic rocks
nd a complete list of rare earth and incompatible elements with
ood precision of the analytical data, which are therefore suitable
or the petrological modeling. Although the evolutionary degree is
imilar, major element concentrations of the 2010 basalts erupted
t Eyjafjallajökull and those of Katla differ mainly for their TiO2,
eO and alkali contents (variations for some selected major ele-
ents are in Fig. 2; cf. Table 1). LILE and HFSE display positive

orrelations if Zr is taken as index of differentiation, with prod-
cts of Eyjafjallajökull that have values higher than those of Katla
Fig. 2). Little variability is observed for Rb (Fig. 2), together with
a and Sr (not shown). All the group of rare earth elements and
he HFSE exhibit fairly constant concentrations at increasing Zr
e.g., La, Nb and U in Fig. 2). Rare earth and incompatible trace
lement abundances have been considered respectively as values

ormalized to the chondrite and primitive mantle compositions
Fig. 3; McDonough and Sun, 1995). The chondrite-normalized REE
atterns for the Eyjafjallajökull and Katla volcanic products have
imilar shapes, and concentrations two order of magnitude higher
Donnelly et al., 2004), Ocean Island Basalts [OIB; data from Humphris and Thompson
(1983), Dostal et al. (1982), Palacz and Saunders (1986), Dupuy et al. (1988), Storey
et  al. (1988), Weaver (1991)].

than chondrite. Products of Eyjafjallajökull show higher LREE con-
centrations that finally result in larger HREE fractionation than
Katla basalts. Concerning the incompatible trace elements, patterns
of the two  volcanic systems relative to the primitive mantle differ
chiefly for negative anomalies of Th, U and positive anomaly of K
in the products of Katla (Fig. 3; McDonough and Sun, 1995). Dis-
tribution of the normalized incompatible trace elements is rather
flat with values about one order of magnitude higher than those
of the primitive mantle, being intermediate between E-MORB and
OIB patterns reported for comparison (Fig. 3). Compositions of
other depleted (picrites and tholeiites) and enriched (alkali basalts)
Icelandic products have been reported in Fig. 3 (data from Kokfelt
et al., 2006). On the whole, the Eyjafjallajökull and Katla basalts
considered in this paper well resemble the compositions observed
for other enriched volcanic rocks erupted in Iceland that are char-
acterized by more alkaline affinity.

6. Discussion

6.1. Signature and evidence of modal metasomatism

The primitive basalts erupted at the Fimmvörðuháls Pass during
the March–April 2010 are exceptional candidates for clarifying the
mantle source characteristics of magmas emitted at the Eyjafjal-
lajökull volcano (cf. Moune et al., 2012). Achievement of this task,
through characterization of the modal mineralogy at the source

of magmas, helps to explain reasons of the mildly alkaline sig-
nature and anomalous concentrations of some incompatible trace
elements of these Icelandic magmas, providing new elements to
evaluate the nature of the enrichment. As described above, the suite

http://georoc.mpch-mainz.gwdg.de/
http://georoc.mpch-mainz.gwdg.de/
http://georoc.mpch-mainz.gwdg.de/
http://georoc.mpch-mainz.gwdg.de/
http://georoc.mpch-mainz.gwdg.de/
http://georoc.mpch-mainz.gwdg.de/
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Fig. 4. Significant incompatible trace element ratios (values not normalized) for
Eyjafjallajökull (red diamonds) and Katla basaltic volcanic rocks with respect to
the  main mantle reservoirs [Primitive Mantle (PM) from Weaver (1991); Depleted
Mantle (DM) from Salters and Stracke (2004) and Willbold and Stracke (2006);
Normal Mid-Ocean-Ridge Basalts (N-MORB) from Weaver (1991); Enriched Mid-
Ocean-Ridge Basalts (E-MORB) from Donnelly et al. (2004); Enriched Mantle 1
(EM1) from Humphris and Thompson (1983), Storey et al. (1988), Weaver (1991);
Enriched Mantle 2 (EM2) from Palacz and Saunders (1986),  Dostal et al. (1982),
Weaver (1991); high 238U/204Pb (HIMU) from Palacz and Saunders (1986), Dupuy
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tribution coefficients between mineral phases and alkali basalts).
t  al. (1988), Weaver (1991)]. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)

f basalts erupted at the Fimmvörðuháls Pass has been considered
n combination with two basaltic compositions of the Katla volcanic
ystem (from Debaille et al., 2009) in order to dispose of other com-
ositions for the petrological elaborations. The limited variation
mong this suite of basalts for ratios between highly incompatible
race elements (Fig. 4) suggests that the source of magmas erupted
t the Eyjafjallajökull and Katla volcanic systems, although het-
rogeneous, is petrologically rather similar. This feature has been
xtensively demonstrated also by other authors (Sigmarsson et al.,

008, 2011; Moune et al., 2012).

The rare earth and incompatible trace element patterns of the
yjafjallajökull and Katla basalts normalized to the chondrite and
ynamics 91 (2015) 51–64 57

primitive mantle markedly differ from the usual, depleted N-MORB
fingerprint expected at ocean ridges (Fig. 3). They show together
similar shapes with characteristics intermediate between those of
E-MORB and OIB. The pattern of Katla basalts appears more similar
to that of E-MORB, although slightly more enriched; conversely, the
pattern of Eyjafjallajökull basalts resembles that of OIB, especially
for its HREE fractionation (Fig. 3). Even assuming the petrologi-
cal similarity of the Eyjafjallajökull and Katla sources, the distinct
HREE fractionation observed in their chondrite-normalized pat-
terns could be due to slight compositional differences in the sources
and/or to limited variations of the partial melting degree. Higher
degrees of enrichment and/or lower melting degrees for Eyjafjalla-
jökull magmas could justify their higher LREEN/HREEN ratios than
those of Katla magmas. In any case, discrepancies from N-MORB
of the two  patterns reflect variable degrees of enrichment in the
source of magmas in this region. Also ratios between incompati-
ble trace elements show deviations from the archetypal depletion
of the N-MORB magmas and more in general of the DM compo-
nent, with values indicating enrichment ascribed to involvement
of enriched reservoirs (Fig. 4). Processes responsible for these geo-
chemical characteristics can be various, such as: (a) contamination
by hydrothermally altered oceanic crust (Gee et al., 1998; Eiler et al.,
2000); (b) deep recycling in the mantle of a hydrothermally altered
basaltic oceanic crust (Chauvel and Hémond, 2000; Skovgaard et al.,
2001; Breddam, 2002; Thirlwall et al., 2004; Kokfelt et al., 2006); (c)
melting of an enriched oceanic crust stored in the mantle beneath
Iceland (Foulger et al., 2005). Except for the first instance, dismissed
however by Thirlwall et al. (2004) on the basis of Sr–Nd–Pb cor-
relations between variably evolved volcanic rocks of Iceland, all
these models imply the involvement of an altered oceanic crust
(rich in fluids) in the source of the transitional/alkaline Icelandic
magmas. Apart from the model favoring the influence of a mantle
plume component or not for this peculiar enriched signature of the
erupted magmas, we  believe not reasonable that fluids remained
stored in this altered oceanic crust during its subduction or else
during the recycling and homogenization in the deep mantle at the
scale of hundreds Ma  or Ga.

We propose here that the mantle modification could be due to
release of fluids from the altered oceanic crust with their intru-
sion in a previously depleted mantle source (MORB-like). After
long storage in the mantle of this “enriched system”, magmas
could have been (later) generated from domains heterogeneously
refertilized as a consequence of the fluid migration. This hypoth-
esis necessitates to the comprehensive characterization of the
mantle beneath the Eyjafjallajökull and Katla volcanic systems
in order to find evidence of modal metasomatism (i.e., hydrous
mineral phases) and for establishing the nature of enriching
fluids.

Although limited, effects due to fractional crystallization for
the Eyjafjallajökull basaltic magmas were constrained by adding
19% of a mafic mineral assemblage (Table 2; Table ESM1), consti-
tuted by Fo88 olivine (50–68 vol.%) and clinopyroxene with Mg#  80
(32–50 vol.%), until the crystallizing olivine within the magma was
equilibrated to the most forsteritic olivine found in the erupted
products (Fo88). This composition can be representative of equi-
librium with a primary liquid generated from a mantle peridotite
(Fo89–90). Compositions of olivine and clinopyroxene added to
the system are those observed within the basalts erupted at the
Fimmvörðuháls Pass in March–April 2010, whereas trace ele-
ment distribution coefficients between olivine–clinopyroxene and
basaltic liquids used for calculations have been taken from the
GERM database at the website http://earthref.org/KDD/ (query dis-
The same procedure of re-equilibration at primary conditions has
been done for the two  basaltic products of Katla volcano. They
have been equilibrated to the mantle by adding 11% of the mafic

http://earthref.org/KDD/
http://earthref.org/KDD/
http://earthref.org/KDD/
http://earthref.org/KDD/
http://earthref.org/KDD/
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Table 2
Compositions of the Eyjafjallajökull and Katla basaltic volcanic rocks equilibrated to mantle conditions through mass balance calculations. Mineral phase compositions and their percentages used for the mantle-equilibration
have  been also reported in the table.

Sample Eyja1 Eyja2 Eyja3 Eyja4 Eyja5 Eyja7 Eyja8 Eyja9 Eyja10 Eyja11 Eyja12 Eyja13 Eyja14 Eyja15 Eyja16 Eyja17 KATLA1 KATLA2

SiO2 46.5 45.9 45.8 46.2  46.3 46.0 46.2 46.4 46.9  45.8 45.9 45.9  46.5  45.9 46.0 45.9 49.1 48.1
TiO2 2.80 2.80 2.78 2.77 2.70 2.76 2.79 2.72 2.57 2.77 2.76 2.76 2.69 2.75 2.81 2.84 1.70 2.05
Al2O3 12.6 12.5 12.4 12.5  12.4 12.3 12.5 12.6 13.3  13.1 12.7 12.8  12.4  12.7 12.4 12.5 14.4 13.7
FeOtot 12.9 13.3 13.3 12.9 12.9 13.2 13.0 12.7 12.1  13.0 13.1 13.0  12.7  13.1 13.2 13.2 9.7 10.9
MnO  0.22 0.22 0.23 0.22 0.22 0.22 0.22 0.22 0.20 0.22 0.22 0.22  0.22 0.22 0.23  0.22 0.17 0.18
MgO  11.8 12.2 12.2 11.9  11.9 12.1 11.9 11.7 11.2  11.9 12.0 11.9  12.0 12.0 12.1 12.1 11.1 11.1
CaO  9.7 9.8 9.9 10.1 10.1 9.9 10.1 10.1 10.0 9.8 9.9 10.0  10.0 9.9 9.7 9.8 10.7 11.1
Na2O 2.60 2.55 2.52 2.55 2.60 2.58 2.53 2.63 2.78 2.68 2.58 2.54 2.59 2.63 2.55 2.51 2.20 2.17
K2O 0.58 0.56 0.53 0.53 0.55 0.55 0.53 0.54 0.54 0.53 0.54 0.52  0.54 0.54 0.57  0.55 0.68 0.43
P2O5 0.33 0.30 0.31 0.30 0.34 0.34 0.30 0.33 0.33 0.31 0.31 0.30 0.29 0.31 0.30 0.30 0.24 0.27

Ba  141 138 129 136 130 132 133 129 131 132 132 132 133 128 136 131 102 68
Ce  41.28 38.62 36.52 37.66 36.38 36.42 38.85 37.92 37.24 37.83 37.19 37.37 38.01 37.63 39.92 41.10 23.91 17.85
Co  77.7 77.0 79.6 73.2 73.0 78.6 75.1 76.2 73.5  80.7 75.1 77.3  73.5  73.9 75.4 78.3 n.a. n.a.
Cr  485 481 509 537 556 489 535 509 525 442 491 506 542 527 502 498 n.a. n.a.
Dy  5.36 5.23 4.77 5.17 4.67  4.75 5.31 5.16 4.89 5.02 5.00 5.04 5.08 4.77 5.07 5.34 3.88 3.64
Er  2.56 2.60 2.45 2.57 2.44  2.41 2.54 2.59 2.63 2.51 2.50 2.54 2.58 2.32 2.62 2.73 2.07 2.01
Eu  1.97 1.98 1.93 1.90 1.84  1.90 2.00 1.92 1.85 1.87 1.98 1.88 2.00 1.94 1.99 2.09 1.28 1.15
Gd  6.17 5.92 5.65 5.77 5.72 5.45 5.77 5.82 5.78 5.95 5.77 5.80 5.94 5.80 5.88 6.42 4.06 3.56
Hf  4.34 4.33 4.34 4.35 3.48 3.47 4.35 3.48 3.48 4.33 3.47 3.47 4.35 3.47 3.47 4.33 2.72 2.20
Ho  1.04 1.01 0.98 1.02 1.01 1.03 1.01 0.97 1.01 1.02 0.99 0.99  1.04 0.98 1.03 1.08 0.76 0.73
La  17.6 17.4 15.7 16.5  15.7 15.5 16.9 16.3 15.4  16.0 16.3 15.8  16.4  15.8 16.5 18.0 10.1 7.2
Lu  0.32 0.32 0.31 0.32 0.30 0.30 0.33 0.32 0.33 0.31 0.32 0.33  0.33 0.32 0.35  0.34 0.28 0.27
Nb  13.6 12.8 17.0 17.0 11.1 13.6 14.5 12.8 16.2  15.3 13.6 11.1  17.0 11.1 11.9 12.8 12.0 8.9
Nd  24.3 23.4 22.5 23.2  22.9 22.2 23.8 22.6 22.4  22.8 23.7 22.3  23.7  23.3 24.3 24.7 14.1 11.7
Ni  6161 7197 5741 4058 4012 6085 4156 3597 3482 8418 5650 5703 3927 5573 6288 6742 n.a. n.a.
Pr  5.61 5.57 5.18 5.28 5.07 4.98 5.45 5.23 5.08 5.27 5.45 5.22 5.35 5.27 5.44 5.85 3.13 2.43
Rb  10.8 10.4 9.7 9.7  9.4  9.5 10.0 9.8 9.5  9.8 9.7 10.0  10.2 9.6 10.1 10.8 8.5 5.6
Sc  22.6 22.5 22.8 23.0 23.1 21.7 23.0 22.1 23.1  22.4 22.7 22.7  23.1  21.9 21.7 23.5 n.a. n.a.
Sm  5.80 5.71 5.20 5.31 5.40 5.11 5.82 5.31 5.40 5.53 5.55 5.46 5.40 5.29 5.46 6.23 3.55 3.14
Sr  404 413 405 405 405 413 414 414 414 412 405 405 397 405 396 404 271 213
Ta  0.85 0.94 0.85 0.94 0.68 0.77 0.85 0.77 0.85 0.85 0.85 0.85  0.94 0.77 0.85  0.94 0.79 0.53
Tb  0.94 0.97 0.89 0.91 0.92 0.87 0.97 0.90 0.88 0.87 0.96 0.88  0.94 0.93 0.95  0.97 0.64 0.58
Th  1.62 1.54 1.45 1.45 1.36  1.37 1.54 1.36 1.36 1.45 1.45 1.45 1.45 1.36 1.45 1.62 0.81 0.58
Tm  0.37 0.35 0.33 0.33 0.36 0.34 0.35 0.33 0.32 0.34 0.36 0.35  0.37 0.34 0.36  0.35 0.30 0.29
U  0.53 0.50 0.44 0.47 0.44 0.46 0.47 0.46 0.45 0.48 0.47 0.46  0.50 0.47 0.52  0.52 0.28 0.21
V  269 275 279 290 287 277 293 290 295 272 277 281 302 283 279 288 n.a. n.a.
Y  24.5 24.1 22.8 23.3  22.5 22.2 23.9 23.0 22.5  22.9 23.6 23.3  23.5  22.7 23.9 24.8 n.a. n.a.
Yb  2.19 2.19 1.93 2.03 1.94  1.84 2.11 2.12 2.03 2.01 1.93 2.11 2.21 2.02 2.10 2.28 1.85 1.73
Zr  169 160 156 158 150 157 156 156 164 164 153 158 165 153 163 165 113 90

Total  solid added (vol.%) 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 11 11
Ol  (vol.%) 12.0 12.0 11.0 10.0 9.5  11.0 10.0 9.5 9.5  13.0 11.0 11.0  9.5  11.0 11.0 12.0 7.2 7.1
Cpx  (vol.%) 7.0 7.0 8.0 9.0 9.5  8.0 9.0 9.5 9.5  6.0 8.0 8.0  9.5  8.0 8.0  7.0 2.3 2.4
Pl  (vol.%) 0.0  0.0  0.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 0.0  0.0 1.0 1.2
Ti–Mt  (vol.%) 0.0  0.0  0.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.5 0.3

Composition of added mineral phases (wt.%)

Ol Cpx Ti–Mt Pl

SiO2 40.0 52.6 0.4 48.3
TiO2 0.16 n.a. 18.80 n.a.
Al2O3 0.1 3.2 4.5 32.7
Fe2O3 11.52 7.38 63.18 0.73
FeO  0.2 0.3 0.6 n.a.
MgO  46.7 16.2 4.9 0.2
CaO  0.31 19.93 n.a. 15.71
Na2O 0.31 0.38 n.a. 2.07
K2O 0.11 n.a. n.a. 0.21
P2O5 0.5 n.a. n.a. n.a.
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ig. 5. Selected incompatible elements vs. Th as an index of partial melting degrees
FH for the other trace elements have been respectively estimated for low and high

ssemblage, given their evolutionary degree lower than that of
yjafjallajökull products.

Supplementary material related to this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.jog.2015.08.004.

After equilibration to mantle conditions, concentrations of
ighly incompatible elements of these theoretic liquids can be
ssumed as indexes of the partial melting degree (F). Specifically,
igh and low concentrations of elements characterized by D < 0.001
eflect, respectively, low (FL) and high (FH) degrees of melting.
ased on this, an enrichment ratio (Ei) for each incompatible
lement i can be calculated; Ei depends on the distribution coef-
cient (D) of the element i and for highly incompatible elements
pproximates the value given by FH/FL (cf. Class and Goldstein,

997). The original method was applied by these authors to a
o-genetic suite of magmas (i.e., derived from a single source),
here equilibrated incompatible trace elements show linear trends

n element-element plots. The Eyjafjallajökull and Katla magmas
r mantle-equilibrated compositions of the Eyjafjallajökull and Katla basalts. CFL and
es of melting through simple bivariate linear regression. See text for discussion.

are not co-genetic, however they present geochemical similarities
that suggest their derivation from a common event of enrichment
occurred in the mantle source. Differences observed for the Eyjafjal-
lajökull and Katla magmas in the incompatible trace element ratios
or the normalized trace element patterns to the primitive man-
tle should be therefore ascribed to heterogeneity related to the
enriching episode or to slight differences in the degree of partial
melting. In this regard, many authors discussed how heterogeneity
in the upper mantle can affect the degree of partial melting and the
composition of primary magmas (e.g., Albarede, 1992; Niu et al.,
2001, and references therein). Indeed, the partial melting degree
(F) can be assumed as a function of three main parameters: (1) the
mantle source composition (X); (2) the thermal regime (T); (3) the

pressure at which partial melting occurs (P). Looking at a regional
scale, T and P for the production of Eyjafjallajökull and Katla mag-
mas  could be reasonably assumed similar, i.e., the thermal anomaly
and the depth at which mantle starts to melt can be assumed
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Fig. 6. Enrichment ratio (Ei) patterns for spinel (sp), garnet (grt) and hydrous-
phase bearing peridotites (amphibole and phlogopite). Ei for each trace element
has been obtained considering Ci,FL/Ci,FH, with Ci,FL (concentration of the i ele-
ment at low degree of fractional melting FL) and Ci,FH (concentration of the i
element at high degree of fractional melting FH) derived through simple linear
regression on bivariate diagrams. The inferred mineral modal proportions of the
used peridotite are the following: spinel peridotite ol:opx:cpx:sp = 58:30:10:2;
garnet peridotite ol:opx:cpx:grt = 60:25:9:6; hydrous phase-bearing-peridotite
ol:opx:cpx:grt:phl:amph = 73:22:3:1:1. Distribution coefficients used for fractional
melting the peridotites are the following: olivine, orthopyroxene, clinopyroxene,
spinel and garnet from Beattie (1993a, 1993b), Hart and Dunn (1993), Kelemen
et al. (1993); amphibole and phlogopite from Adam et al. (1993), Irving and Frey
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Fig. 7. Average incompatible trace element abundances of Eyjafjallajökull (black
solid  line) and Katla (orange solid line) basalts normalized to the primitive mantle
(McDonough and Sun, 1995) plotted together with the pattern deriving from melting
of  a lithosphere metasomatized through the intrusion of different amounts of veins
bearing cumulates of hydrous minerals (red lines = 0–5% and cyan lines = 25–30%
of  trapped liquid; cf. Pilet et al., 2011 for details on the starting compositions used
in  the modeling). The partial melting degree of the hydrous cumulate in the veins
has been assumed to be 50% in both cases. The red and cyan bands indicate the
corresponding ±1� variation, whereas dashed lines represent the maximum and
minimum compositions calculated (cf. Pilet et al., 2011). The green band is referred
to  depleted MORB mantle (DMM) and slightly enriched DMM  compositions (data
1984), LaTourrette et al. (1995). Ei pattern for the Eyjafjallajökull volcanic rocks
ell resembles that obtained from fractional melting of hydrous phase-bearing
eridotites.

omparable. Conversely, changes of mantle source composition X,
hich could depend on variable degrees of metasomatic enrich-
ent, affect the degree of partial melting even at similar T and

. This means that concentrations of incompatible trace elements
or equilibrated magmas produced from a heterogeneous source
epend on both X and F. Viccaro and Cristofolini (2008) demon-
trated that the enrichments ratio’s method holds true even in
he presence of a heterogeneous mantle source, assuming that the
ource has similar petrological characteristics before the metaso-
atic input and that the enriching event is the same (although with

ifferent proportions). Under these conditions, the methodological
pproach leads to the identification of trace elements more com-
atible in residual minerals in the magma  source, as they are less
nriched at low melting degrees. Given its marked incompatibility
n basaltic systems either in the presence of fluids in the source
r not, Th has been chosen as index element for the enrichment
atio calculation. On the basis of CTh,FL/CTh,FH, ETh is ∼2.5. Enrich-
ent ratios for the other trace elements were estimated through

imple linear regressions on Harker diagrams with CTh at FL and FH
s indexes (Fig. 5). Discrepancies for some elements from a perfect
egression passing through the origin is due to the fact that element
oncentrations depend not only on F but also on X. The resulting
attern of enrichment ratios for some incompatible elements is
hown in Fig. 6. Negative anomalies are evident for LILE (Rb, Ba,
, Sr) with respect to some HFSE and REE (Nb, Zr, La, Ce). These
egative anomalies characterize elements highly incompatible for
ypical mantle minerals such as olivine, orthopyroxene, clinopy-
oxene, spinel, garnet. Indeed, the resulting pattern referred to
he Eyjafjallajökull and Katla magmas are markedly different from
hose obtained by fractional melting of spinel- or garnet-peridotites
Fig. 6). This means that other phases retaining preferentially LILE
re present in the magma  source region of the Eyjafjallajökull and

atla volcanic systems. The pattern of enrichment ratios obtained

or these magmas has been also compared with that calculated
or fractional melting of a peridotite bearing hydrous phases such
s amphibole/phlogopite (Fig. 6). The resemblances observed are
from Workman and Hart, 2005). See text for discussion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web  version of
this article.)

indication for the occurrence of residual hydrous minerals such
as amphibole and phlogopite in the magma source of Eyjafjalla-
jökull and Katla volcanoes. This evidence might support the idea
that magmas have been generated through partial melting of man-
tle domains where these hydrous minerals have been previously
stabilized as a consequence of metasomatic enrichment.

Evidence of metasomatism in mantle peridotites generally man-
ifests as intruded veins with glass and cumulates that are the result
of fractional crystallization in the range 1.5–3 GPa of H2O–CO2-rich
melts within the lithosphere (Morris and Pasteris, 1987; Nielson
and Noller, 1987; Wilshire, 1987; Harte et al., 1993; Nielson and
Wilshire, 1993; Downes, 2007). Compositions of the melts pro-
ducing the metasomatic veins in the lithosphere are scarcely
constrained worldwide, although they are supposed to be low-
degree melts (degree of melting from 0.2 to 2 wt.%) deriving from
systems where large amounts of H2O and CO2 are available (i.e.,
altered oceanic crust, enriched mantle peridotites, etc.). During
the ascent and fractional crystallization, these low-degree partial
melts produce a large spectrum of mineral assemblages ranging
from anhydrous veins (chiefly pyroxenites with or without gar-
net) to hydrous veins (mostly pyroxenites with amphibole and
phlogopite) enriched in highly incompatible elements (Morris and
Pasteris, 1987; Nielson and Noller, 1987; Wilshire, 1987; Bodinier
et al., 1990; Harte et al., 1993; Nielson and Wilshire, 1993). Liq-
uids from partial melting at high degrees (>20%) of hydrous veins
in metasomatized lithosphere have been acknowledged to be sig-
nificant components in the sources of alkaline magmas emitted
at oceanic and continental settings, because they have trace ele-
ment concentrations largely comparable to those of several alkali
basalts (e.g., Pilet et al., 2008, 2011 and references therein). In Fig. 7
trace element abundances of Eyjafjallajökull and Katla basalts nor-
malized to the primitive mantle (McDonough and Sun, 1995) have
been plotted together with the pattern deriving from melting of
a metasomatized lithosphere intruded by veins bearing cumulates

of hydrous minerals (cf. Pilet et al., 2011). The starting composition
used in the model of Pilet et al. (2011) corresponds to a metasoma-
tized lithosphere, whose enrichment manifests as 0–5% and 25–30%
of entrapped liquid within the peridotite, simulating respectively
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Fig. 8. Lu/Hf–Ba/Th–Th/Hf vs. Sm/Hf diagrams for average compositions emitted
at  Eyjafjallajökull during the early phase of the 2010 eruption and average of the
chosen basaltic samples for Katla volcano (data source from Debaille et al., 2009).
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ow and high degrees of metasomatic enrichment. In the model, the
sed liquid composition underwent 47–80% of fractionation (L2 of
ilet et al., 2011), leaving glass plus a hydrous cumulate primarily
onstituted of amphibole, clinopyroxene, phlogopite, plagioclase
nd other accessory mineral phases [see Figs. 5 and 7 from Pilet
t al. (2011) for further details on the starting compositions and
ther parameters of the modeling]. Compositions of the liquids
epresented in Fig. 7 have been obtained at 50% of partial melt-
ng degree of the hydrous cumulate. The average compositions of
yjafjallajökull basalts exhibit elemental anomalies (i.e., Rb, Ba, Th,
, LREE, Zr, Hf, MREE) and slopes relative to the primitive mantle
ompositions that are markedly similar, except for Nb and HREE,
o those of the modeled metasomatized source with 25–30% of
ydrous veins. This supports the idea that an important amount
f metasomatic veins bearing hydrous mineral phases (intruded in

 depleted lithosphere) could be an essential component in the pet-
ogenesis of Eyjafjallajökull magmas (Fig. 7). Differences observed
or Nb and HREE, observed also in other OIB volcanics (cf. Pilet et al.,
011), could be influenced by the proportion of hydrous minerals
amphibole and phlogopite) participating to melting: with refer-
nce to basaltic liquids, amphibole has distribution coefficients >1
or MREE and HREE and slightly <1 for Nb, whereas REE in phl-
gopite have generally KD < 1 (with HREE less incompatible) and
hl/meltKDNb ≥ 1 (Arth, 1976; Green and Pearson, 1985). This might
eflect proportions of residual phlogopite higher than amphibole
n the source of magmas. The average compositions of Katla basalts
how a trace element pattern normalized to the primitive mantle
ery similar to that of Eyjafjallajökull magmas, although at lower
alues for all the displayed elements (Fig. 7). With respect to the
yjafjallajökull pattern, Th of Katla magmas exhibits a more pro-
ounced negative anomaly, Nb with a slightly positive anomaly
nd La with no positive anomaly. On the whole, the pattern of Katla
asalts has elemental anomalies and slopes that are more similar to
hose of a modeled metasomatized lithosphere with 0–5% of veins
earing hydrous mineral phases. This could mean that, although
resent, the metasomatic contribution to the petrogenesis of Katla
agmas is lower than that of Eyjafjallajökull magmas.

.2. Nature of enriching agents

Introduction of oceanic crust and sediments via subduction is
ne way to modify the chemistry of the mantle and to contribute to
ts chemical and isotopic heterogeneity at various timescales (e.g.,
ofmann and White, 1982; Zindler and Hart, 1986; Niu and O’Hara,
003; Tatsumi and Kogiso, 2003). The oceanic crust undergoing
ydrothermal modification and weathering is altered and becomes
ich in elements such as K, Rb, Cs, U and to a lesser extent Ba (e.g.,
art and Staudigel, 1982; Staudigel et al., 1995, 1996), whereas Th,
b and greater amounts of Ba are generally provided by sedimen-
ary components (McCulloch and Gamble, 1991). Altered oceanic
rust and sediments are therefore able to carry at depth a conspic-
ous load of fluids and elements extraneous to the classical mantle
ystem. The altered oceanic crust dehydrates during subduction
nd releases part of fluid mobile elements such as K, Ba, Rb, Cs and
o a minor extent U, Sr and Pb, whereas less mobile elements such
s Th, Nb, Zr, Hf, MREE and HREE are kept almost entirely into the
lab (e.g., Hart and Staudigel, 1982; Staudigel et al., 1995, 1996;
ecker et al., 2000). This means that not all the “crustal” elements
an be introduced in the deeper parts of the mantle.

The occurrence of modal metasomatism in the source of Eyjafjal-
ajökull and Katla magmas implies a two-stage history of the mantle
efore production of melts with enriched signature. A first stage

f fluid release from the altered oceanic crust component should
ave led to refertilization and stabilization of the metasomatic
ineral phases with enrichment in key elements; a second stage

enotes participation of hydrous minerals to partial melting and
Data source used for the average ratios relative to the depleted and enriched mantle
components reported in the diagrams are the same as in Fig. 4.

generation of enriched magmas. Understanding the nature of the
earlier enriching event is therefore one of the key issues for casting
light on the geodynamic significance of the enrichment itself.

A good method for interpreting the characteristics of enrich-

ing fluids is the use of ratios between elements having diverse
affinity depending on the type of metasomatic fluid (i.e., hydrous
silicate melts, supercritical and aqueous fluids). In this regard,
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/Hf elemental ratios are among the best indicators, where X is
 trace element selected for its particular mobility or incompatibil-
ty referred to Hf. Elements such as Sm,  Nd, Ba and Hf are similarly
ncompatible during partial melting, which means that effects of
ource depletion on Sm/Hf, Nd/Hf, Ba/Hf ratios are expected to be
ather low. Nevertheless, Sm,  Nd, Ba are generally more enriched
n all the types of metasomatic fluids than Hf; therefore high X/Hf
lemental ratios may  be attributed to selective addition of Sm,
d or Ba by fluids (e.g., Mysen, 1979; Spera et al., 2007; Elliott
t al., 2007 and references therein). The behavior of Sm–Th–Hf in
resence of low-temperature fluids (aqueous fluids) or high tem-
erature fluids (hydrous silicate melts) is different and therefore
seful to discern the fluid characteristics. Various authors demon-
trated that aqueous fluids transport Sm but not Th and Hf, whereas
ydrous silicate melts bring Sm and to various extents also Th, but
ot Hf (e.g., Mysen, 1979; McDade et al., 2003; John et al., 2004;
pera et al., 2007; Elliott et al., 2007; Viccaro et al., 2011 and ref-
rences therein). This means that aqueous fluids keep the Th/Hf
atio almost constant, whereas hydrous silicate melts produce con-
ordant increase of Sm/Hf and Th/Hf. Diagrams of Fig. 8 report
ompositions of the Eyjafjallajökull and Katla basalts for elements
aving variable affinities with hydrous silicate melts and aqueous
uids. These have been plotted within the context of depleted man-
le components (DM and N-MORB) and other mantle reservoirs
EM1-EM2-HIMU) interpreted as recycling of sediments or ancient
ceanic crust (e.g., Hofmann, 1997; Stracke et al., 2003, 2005). Vari-
us studies provided, however, substantiations that a large range of
r–Nd–Pb isotopic compositions (from enriched mantles to HIMU)
an be produced if metasomatized lithospheric mantle is isolated
or timescales in the order of 1–2 Ga (Workman et al., 2004; Pilet
t al., 2011). Specifically, Workman et al. (2004) invoked a model
or the origin of the EM2  component through metasomatic enrich-

ent of oceanic lithosphere and long-term storage (scale of Ga)
n the mantle. The Sm/Hf ratio is not altered significantly through
ediment recycling (EM1), whereas it increases with involvement
f fluids inherited from EM2  or HIMU components (Fig. 8). Sedi-
ents contribute in the extreme depletion of Lu/Hf and enrichment

f Ba/Th at rather similar Sm/Hf, whereas metasomatic fluids can
ariably increase either Sm/Hf or Ba/Th depending on their nature
nd composition (Fig. 8). In this regard, concordant variations of
m/Hf and Th/Hf provide substantiations for the involvement of
ydrous silicate melts during magma  production (Fig. 8). As shown
bove, these hydrous silicate melts could represent the metasom-
tizing agent in form of hydrous veins that intruded the depleted
ceanic lithosphere (Fig. 8).

. Implications and conclusions

Our findings imply a two-stage history that led firstly to refertil-
zation of the mantle beneath Eyjafjallajökull and Katla volcanoes
nd then to its partial melting and production of enriched mag-
as. The presence of metasomatic phases, participating to melting

ut left residual in the mantle, indicates that a previous event of
nrichment should have occurred, because stabilization of hydrous
hases and their partial melting cannot be coincident. Refertiliza-
ion has been attributed to mobilization of hydrous silicate melts
nherited from a subducted altered oceanic crust that modified
n oceanic lithosphere with depleted signature. This refertilized
ystem could have been then stored in the mantle at the scale of
a/Ga in order to develop the isotopic signature in part comparable

o that of enriched mantle components (cf. Chauvel and Hémond,

000; Thirlwall et al., 2004; Foulger et al., 2005; Kokfelt et al., 2006).
upport for a two-stage history of the mantle could derive from the
act that dehydration of the altered oceanic crust during subduc-
ion releases early a large load of fluid mobile elements in variable
ynamics 91 (2015) 51–64

proportions (K, Ba, Rb, Cs, U, Sr and Pb), which can hardly reside in
the slab for long time during and after the subduction. These fluids
are therefore responsible for the stabilization of hydrous minerals
within metasomatic veins intruded in a depleted mantle.

In addition to Eyjafjallajökull and Katla volcanic systems, also
other parts of Iceland (i.e., the Snaefellness peninsula, the Oraefa-
jökull belt, other sectors of the East Volcanic Zone and the Westman
Islands; Fig. 1a) are characterized by emission of variably differenti-
ated transitional to alkaline products with geochemical fingerprints
that can be ascribed to derivation from enriched mantle sources.
The main models proposed to explain the enrichment of Icelandic
magmas invoke the presence of a mantle plume that recycles an
ancient hydrothermally altered oceanic crust and interacts with the
Mid  Atlantic Ridge beneath Iceland (e.g., Schilling, 1973a, 1973b;
Sun et al., 1975; Chauvel and Hémond, 2000; Thirlwall et al., 2004,
2006; Kokfelt et al., 2006). Alternatively, magma overproduction
and emplacement could be due to events of refertilization triggered
by recycling of an altered oceanic crust subducted at 420–410 Ma
during the closure of the Iapetus Ocean (Foulger and Anderson,
2005; Foulger et al., 2005). Both these cases imply the presence of
a chemical (but in some way also physical) anomaly in the man-
tle beneath Iceland, where an altered oceanic crust contributes
to the enrichment. Our data support the idea that this enrich-
ing component is a metasomatized oceanic lithosphere bearing
veins of hydrous silicate melts and their related cumulates. On
the whole, the isotope systematics obtained on variably enriched
Icelandic volcanic rocks set constraints for subduction of oceanic
crust, metasomatism of the mantle and recycling processes with
timescales of hundreds of Ma or Ga. Among the possible pro-
cesses, our model includes: (a) dehydration and fluid release from
an ancient slab; (b) refertilization of depleted mantle domains by
means of fluids; (c) stabilization of metasomatic minerals precip-
itating from hydrous silicate melts; (d) storage for long time in
the mantle in order to develop the observed isotopic evolution;
(e) involvement in the partial melting of variably enriched, het-
erogeneous mantle domains and magma  production. This means
that the geochemical signature of Icelandic magmas is mostly
acquired at “shallow” depth (≤100 km), where the thermal regime
of the ocean ridge and of a more deep-seated thermal anomaly
(≤400 km)  are able to produce melting of scarcely homogenized
mantle domains. Magmas inherit compositional differences due to
the variable depletion/enrichment degree depending on the man-
tle portions tapped, which testify heterogeneity even at the scale of
few kilometers. Our model has the advantage to include either the
enriched or depleted components in the metasomatized oceanic
lithosphere. Although other elements are necessary for the verifi-
cation of our hypothesis, these results add useful hints of reflection
to the debate of broad-interest on the plume vs. non-plume origin
of Icelandic magmatism.
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