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Abstract
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The origin of silicic magma in basalt-dominated oceanic settings is fundamental to our
understanding of magmatic processes and formation of the earliest continental crust. Particularly
significant is magma-crust interaction that can modify the composition of magma and the
dynamics of volcanism. This thesis investigates silicic magma genesis on different scales
in two ocean island settings. First, volcanic products from a series of voluminous Neogene
silicic centres in northeast Iceland are investigated using rock and mineral geochemistry, U-
Pb geochronology, and oxygen isotope analysis. Second, interfacial processes of magma-crust
interaction are investigated using geochemistry and 3D X-ray computed microtomography on
crustal xenoliths from the 2011-12 El Hierro eruption, Canary Islands.

The results from northeast Iceland constrain a rapid outburst of silicic magmatism driven
by a flare of the Iceland plume and/or by formation of a new rift zone, causing large volume
injection of basaltic magma into hydrated basaltic crust. This promoted crustal recycling by
partial melting of the hydrothermally altered Icelandic crust, thereby producing mixed-origin
silicic melt pockets that reflect the heterogeneous nature of the crustal protolith with respect
to oxygen isotopes. In particular, a previously unrecognised high-3"*0 end-member on Iceland
was documented, which implies potentially complex multi-component assimilation histories for
magmas ascending through the Icelandic crust. Common geochemical traits between Icelandic
and Hadean zircon populations strengthen the concept of Iceland as an analogue for early
Earth, implying that crustal recycling in emergent rifts was pivotal in generating Earth’s earliest
continental silicic crust.

Crustal xenoliths from the El Hierro 2011-2012 eruption underline the role of partial melting
and assimilation of pre-island sedimentary layers in the early shield-building phase of ocean
islands. This phenomenon may contribute to the formation of evolved magmas, and importantly,
the release of volatiles from the xenoliths may be sufficient to increase the volatile load of the
magma and temporarily alter the character and intensity of an eruption.

This thesis sheds new light on the generation of silicic magma in basalt-dominated oceanic
settings and emphasises the relevance of magma-crust interaction for magma evolution, silicic
crust formation, and eruption style from early Earth to present.
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1. Introduction

1.1 Scope and structure of the thesis

The core of this PhD thesis, set up in collaboration with the Nordic Volcano-
logical Center (NordVulk) in Reykjavik, focuses on the controversy of silicic
magma generation in basalt-dominated oceanic settings. To address this
problem, I targeted on the one hand the Neogene silicic volcanic systems in
the remote valleys around Borgarfjordur Eystri in northeast Iceland, where 1
employed an integrated petrological, textural and micron-scale isotope ap-
proach to produce a quantitative analysis of rhyolite petrogenesis. On the
other hand, during the course of my PhD study the submarine 2011-2012
eruption at El Hierro, Canary Islands, occurred. This eruption produced
high-silica fragments during a predominantly basaltic eruption and offered
the opportunity to broaden my studies to include another tectonic setting and
a recent example of processes that lead to formation of high silica composi-
tions. The El Hierro effort was funded by a scholarship I received from the
European Science Foundation (ESF) through the MeMoVolc research net-
work (Measuring and Modelling of Volcano Eruption Dynamics;
www.memovolc.fr).

For this reason, this thesis is concerned with two geological regions, in-
cluding three scientific articles related to northeast Iceland and two scientific
articles that relate to the El Hierro 2011-2012 eruption. The first part of the
thesis investigates a cluster of volcanic complexes in northeast Iceland (pre-
sented in paper I) and addresses the controversy of silicic magma genesis
and related tectonic, igneous and hydrothermal processes within Iceland’s
upper crust (paper II and IV) that plausibly are analogous to continental crust
formation on early Earth (paper III). Ultimately, this effort contributes to the
long-standing petrological dilemma of how silicic continental crust was ini-
tially created on early Earth. The second part of this thesis focusses on pro-
cesses of magma-crust interaction in the basaltic ocean island of El Hierro,
particularly on the process of melting and degassing of crustal materials as
these are entrained into magma (papers V and VI).



1.2 Background

The composition of primary mafic magma that ascends from the mantle fre-
quently becomes modified during ascent in response to changing physico-
chemical conditions while traversing crustal rocks. These processes include
fractional crystallisation, crustal assimilation, magma mixing, volatile mobi-
lisation and degassing, and are usually combined in some form (Figure 1).
The processes that drive large-scale silicic magmatism in basalt-dominated
oceanic provinces are enormous challenges to our understanding of magmat-
ic processes and remain the subject of lively debate ever since bimodality of
volcanic products was first recognised some 160 years ago (e.g. Bunsen,
1851; Carmichael, 1964; MacDonald et al., 1987; Gunnarsson et al., 1998;
Charreteur et al., 2013). The over-abundance and -representation of mafic
and silicic volcanic suites compared to rocks of intermediate compositions
(bimodality), is known as the “Bunsen-Daly gap” (Bunsen, 1851; Daly,
1925). Indeed, the occurrences of bimodal (mafic-silicic) volcanic terrains
extend back to early Archean continental shields that are characterised by
associations of silicic TTG (Tonalite-Trondhjemite-Granodiorite) and basal-
tic greenstone (Kamber et al., 2005; Harrison, 2009; Cawood et al., 2013).
Therefore, understanding the origin of bimodal volcanism and thus silicic
magmas has fundamental significance for the origin of the first continental
crust (Hutton, 1974). The Bunsen-Daly gap is a problem because it is diffi-
cult to reconcile with Bowen’s fractional crystallisation series that is widely
thought to be the principal driver of magma differentiation (Bunsen, 1851;
Daly, 1925; Bowen, 1928; Wilson, 1993; Troll et al.,, 2005; Meade et al.,
2014). Closed-system fractional crystallisation is unlikely to produce large
volumes of silicic rocks, because the successive removal of magmatic min-
erals can only produce some 5 parts of residual silicic (rhyolitic) magma at
the end of a full fractional crystallisation series (i.e. staring from 100 parts of
basalt). Furthermore, this fractionation series should produce a successive
sequence of intermediate magma compositions along the way, which is ab-
sent in bimodal volcanic suites (e.g. Tuttle and Bowen, 1958; Marsh 1989;
Wilson, 1993). Crustal recycling during partial melting and assimilation of
crustal melts into magma systems have therefore been considered significant
processes to contribute to the generation of evolved silicic magmas (e.g.
Tuttle and Bowen, 1958; Sparks and Sigurdsson, 1977; Patchett, 1980; Hup-
pert and Sparks, 1988; Marsh et al.,, 1991; Bindeman and Valley, 2001;
Meyer et al., 2009; Annen, 2011; Meade et al., 2014).
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1.2.1 Silicic volcanism on Iceland

Iceland is central to the discussion of bimodal volcanism because it hosts
disproportionally large volumes of silicic rocks in a basaltic oceanic setting
that is influenced by mid-ocean ridge processes and the underlying Iceland
mantel plume (e.g. Bunsen, 1851; Carmichael, 1964; Bjarnason 2008;
Bindeman ef al., 2012; Charreteur et al., 2013). Silicic rocks constitute 10-
12 % of the total rock volume exposed on Iceland and are particularly asso-
ciated with central volcanoes, where rhyolites occasionally represent up to
25 % of the eruptive products (Bunsen, 1851; Walker, 1966; Gustafsson,
1992; Gunnarsson et al., 1998; Jonasson, 2007). In addition, Iceland is con-
sidered the closest geodynamic analogue for the type of processes that were
active during the formation of the first continents on early Earth, and there-
fore offers a unique opportunity to assess how silica-rich crust (continental
crust) emerged from sustained basaltic volcanism on a subduction-free early
Earth prior to 4 Ga (e.g. Taylor and McLennan, 1985; Maas et al., 1992;
Valley et al., 2002; Kamber et al., 2005; Martin et al., 2008; Harrison, 2009;
Cawood et al., 2013; Reimink et al., 2014).

It has been hypothesised that Icelandic rhyolites are generated in a num-
ber of ways, including (1) closed system fractional crystallisation that pro-
gressively drives magma towards evolved compositions, (2) partial melting
of hydrated basaltic crust at shallow levels, or (3) a combination of assimila-
tion and fractional crystallisation (AFC) (e.g. Carmichael, 1964; MacDon-
ald, et al., 1987; Martin et al., 2011; Bindeman et al., 2012; Charreteur et al.,
2013). Silicic rocks formed outside the active rift zones in Iceland have fre-
quently been attributed to fractional crystallisation from a mafic parent (e.g.
Hards, 2000; Prestvik et al., 2001; Selbekk and Trennes, 2007; Schattel et
al., 2014). One of the best-known examples is Thingmuli volcano in north-
east Iceland that in the seminal descriptions by Carmichael (1964) shows a
rock suite from basaltic to intermediate and silicic compositions. Carmichael
interpreted this rock suite to represent a full differentiation series produced
by fractional crystallisation, and this Thingmli trend is thereafter known as
the tholeiitic compositional series in Iceland (e.g. Jakobsson, 2008).

The origin of silicic rocks within the zones of active rifting has, on the
other hand, commonly been proposed to involve processes of crustal assimi-
lation (e.g. Sigurdsson and Sparks, 1981; Martin and Sigmarsson, 2010;
Schattel et al., 2014). Here the unique tectonic setting combined with con-
centrated magmatic activity on Iceland may allow for partial melting and
recycling of the hydrothermally altered Icelandic crust, which can thus lead
to the formation of silicic rocks (Figure 1, e.g. MacDonald et al., 1987; Sig-
urdsson and Sparks, 1981; Marsh et al., 1991; Gunnarson et al. 1998;
Bindeman et al., 2012). Conditions for voluminous partial melting of the
Icelandic crust are thought to become optimised by the rapid burial of rift
zone basalts during crustal accretion, subjecting basalts to extensive hydro-
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thermal alteration and subsequent prograde burial metamorphism (Palmason,
1986). Recycling of Icelandic crust by localised partial melting is driven by
the continuous propagation and relocation of the rift zone(s) into older crust
that is both hot and weakened (Helgason 1985; Marsh et al., 1991; Martin
and Sigmarsson, 2010; Bindeman et al, 2012). This crustal recycling in
Iceland is supported by observations of oxygen isotopic diversity and dise-
quilibrium textures in olivine and zircon crystals, which reflect anatexis of
an isotopically heterogeneous crust (Gurenko and Chaussidon, 2002;
Bindeman et al., 2008; 2012). The diversity of inherited crystals has moreo-
ver been linked to contrasting oxidation conditions between different tecton-
ic settings (rift and off-rift volcanism) that control the amount of magma-
crust interaction (Schatell et al., 2014; Gurenko et al., 2015).

In addition to these widely recognised hypotheses, there may be an addi-
tional way of generating silicic rocks in Iceland. The abnormal crustal thick-
nesses, the unique geochemical rock signatures and the recovery of ancient
zircon grains in some regions on Iceland, have led to the hypothesis of an
old, submerged continental or oceanic sliver beneath Iceland (Schaltegger et
al., 2002; Foulger, 2006; Torsvik et al., 2015). Partial melting and recycling
of such an underlying crustal fragment could in part explain voluminous
silicic magma generation in Iceland.

12
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Figure 1. Schematic sketch of an Icelandic magma system that summarises the vari-
ous processes that are examined in detail in this thesis (not to scale). /) Paper I in-
troduces the focus of our research in Iceland and provides a geological description
of our study area in northeast Iceland. 2) Paper II focuses on crustal assimilation in
Icelandic magmas as a way to produce voluminous silicic rocks. 3) Paper III uses
zircon crystals to reinforce the analogue between crustal processes occurring on
early Earth and those in northeast Iceland. 4) Paper IV investigates oxygen isotope
signatures caused by infiltrating meteoric waters in hydrothermal circulation cells in
Iceland (blue arrows).

1.2.2 Magma-crust interaction at El Hierro

The attribution of crustal contamination to magma diversity in volcanic sys-
tems is well documented globally. In general, crustal contamination is more
frequently recognised in continental volcanic systems than on ocean islands
and mid-ocean ridges, which is mainly because of the thinner and more re-
fractory ocean crust compared to continental settings (e.g. Davies et al.,
1998; Hildreth and Moorbath, 1998; Davidson et al., 2005). However, it has
become increasingly apparent that ocean island magmas are generated with
contributions from crustal components during internal island recycling (e.g.
Bohrson and Reid, 1997; Gee et al., 1998; Wolff et al., 2000; Troll and
Schminke, 2002; Hansteen and Troll, 2003; Troll et al., 2012). The extent to
which magma interacts with surrounding crustal rocks is controversial and
typically recognised from chemical or isotopic signatures of erupted rocks or
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minerals. Direct evidence of crustal assimilation comes from xenoliths that
are frequently hosted in igneous rocks (Clarke et al., 1998; Shaw, 2009).
These xenoliths are the remnants of foreign crustal fragments torn off the
walls of the crustal magma reservoir and conduits, incorporated into the
magma and heated above their solidus temperature. Concomitant to partial
melting of the crustal fragments, the contained volatile components may
exsolve into a gas phase and cause usually intense vesiculation in the upper
crust (Figure 2). Continued vesicle growth and concentration during devolat-
ilisation of the crustal fragments drives xenolith expansion and frothy (pu-
miceous) textures. The vesicularity itself is a direct evidence of the volume
fraction of gas exsolved from the partially melting rock (Thomas et al.,
1994; Mangan and Cashman, 1996). Vesicle textures are fingerprints of the
degassing history, and therefore offer insight into the evolutionary processes
during xenolith vesiculation that help to shed light on its original source
protolith (cf. Song et al., 2001; Polacci et al., 2008; 2009).

The 2011-2012 eruption at El Hierro ejected vesiculated crustal xenoliths
that escaped complete assimilation into the magma and were found floating
on the sea (Carracedo ef al., 2012a; Meletlidis et al., 2012; Perez-Torrado et
al., 2012; Troll et al., 2012). These xenoliths represent frozen snapshots of
magma—crust interaction and offer a unique first-time chance to observe and
investigate these processes in real time during active ocean island volcanism
(Troll et al., 2012). Frothy xenoliths such as those ejected during the El Hi-
erro eruption have been observed elsewhere, specifically on the Canary Is-
lands, but have been scarcely recognised until this event brought them to the
attention of the scientific community. Moreover, the occurrence of silica-rich
frothy El Hierro xenoliths enclosed within a basaltic carapace disclosed one
way to create silica-rich partial melts in a basaltic eruption, which, on a
much wider scale, may help to understand the processes that lead to the oc-
currence of silicic rocks in Iceland.

14



El Hierro

Xenolith melting
and vesiculation
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Figure 2. A diagram of the interactive processes that occur at the magma-crustal
interface, with application to El Hierro. Fracturing of country rock causes crustal
xenoliths to become entrained into the magma, which partially melt and degas as
they become heated (i.e. forming xeno-pumice). Xeno-pumice may then erupt
with the magma or disintegrate to become fully assimilated in the magma. 5)
Paper V describes the floating xeno-pumice that occurred during the early days of
the El Hierro submarine eruption in 2011 and examines xeno-pumice using geo-
chemical and microscopic methods (for melting and degassing phenomena) to
determine their derivation. 6) Paper VI presents a dedicated study of three dimen-
sional vesiculation textures of the xeno-pumice using synchrotron 3D micro-CT to
further investigate degassing behaviour and source material.
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2. Geological setting

2.1 Iceland

Iceland is located slightly south of the Arctic Circle and is the subaerial ex-
pression of a mantle anomaly (Iceland plume) that is interacting with the
spreading Mid-Atlantic Ridge. Iceland forms the most recent addition to the
North Atlantic Igneous Province (NAIP) that emerged in response to the
opening of the North Atlantic about 62-54 Myr ago, and which has been
attributed to mantle anomaly impact under central Greenland (i.e. proto-
Icelandic plume; Saunders et al, 1997). The tectono-magmatic setting in
Iceland is complex and characterised by two parallel rifts that are connected
by transform faults, together forming the mature rift (Seemundsson, 1979;
Hardarson et al., 1997; Thordarson and Larsen, 2007). The relative west-
ward drift of the lithospheric plate boundary over the Iceland plume has
forced recurring rift relocations that caused volcanic systems to shut down as
magma supply dwindled and new systems became established more central
to the rift (e.g. Helgason, 1985; Martin et al., 2011).

The Icelandic rift system consists of several volcanic zones that in turn
are composed of multiple volcanic systems, which are usually characterised
by a fissure swarm and a central volcano (Semundsson, 1979). Present-day
magmatic activity centers along three principal rift zones, the Northern Vol-
canic Zone (NVZ), Eastern Volcanic Zone (EVZ) and Western Volcanic
Zone (WVZ), as well as the off-rift Snafellsnes Volcanic Zone (SVZ) and
rift-flank Oraefajokull Volcanic Zone (OVZ, Figure 3; Sigmundsson, 2006).
Together these form the < (0.8 Ma Neovolcanic zone. Adjacent to both sides
of the neovolcanic zone are successively older rocks, with the oldest dated
rock occurring in the extreme northwest Iceland (17-16 Ma; e.g. Moorbath et
al., 1968; Riishuus et al., 2013).
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Figure 3. Geological map of Iceland showing the volcanic zones with their respec-
tive volcanic systems that together compose the rift system of Iceland. The northern,
western and eastern volcanic zones (NVZ, WVZ and EVZ) form the mature rift,
while the Snaefellsnes and Orzfajokull volcanic zones (SNVZ and OVZ) are flank
zones that differentiate on their geochemical composition. The Icelandic crust is
youngest in the rift zones and maturates towards East and West, with the oldest
rocks (17-16 Ma) found in the far northwestern fjords. The study area around Bor-
garfjorour Eystri in northeast Iceland (13-12 Ma) is boxed.

The region of glacially eroded fjords between Borgarfjorour Eystri and
Lodmundarfjérdur in northeast Iceland is the research area for the bulk of
this thesis and comprises a spectacular cluster of fossil Neogene central vol-
canoes (13-12 Ma), including Dyrfjoll, Breidavik, Keekjuskord, and Herfell,
that lie embedded within a tick lava pile of regional flood basalts (e.g. Walk-
er, 1963; Gustafsson, 1992; Oskarsson and Riishuus, 2013). The contempo-
raneously active central volcanoes produced rhyolite lava flows, subvolcanic
intrusions and pyroclastic density currents (ignimbrite deposits) to an
amount unusual for Iceland (Gustafsson et al., 1989; Burchardt et al., 2011;
Martin et al., 2011; Oskarsson and Riishuus, 2013). The large volumes and
geographically extensive ignimbrite sheets, as well as several collapse calde-
ras in the region, bear witness to the explosive past of the Neogene volcan-
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ism in this region, with the famed Hvitserkur ignimbrite being one of the
largest ignimbrite sheets in the country and a photogenic landmark of north-
east Iceland (see Figure 4). The volcanism around Borgarfjérdur Eystri, pro-
duced Neogene silicic rocks in excess of 20 vol. %, exceeding the usual < 12
vol. % on Iceland, and is characterised by a strongly bimodal (mafic—felsic)
distribution (cf. Gustafsson et al., 1989; Gustafsson, 1992). This area repre-
sents a complete cycle of silicic volcanism that is constrained from begin-
ning to end by the enveloping groups of fissure-fed flood basalts. The ex-
posed silicic central volcanoes therefore provide an extraordinary opportuni-
ty to constrain the processes and timescales of large-volume silicic mag-
matism in an otherwise basaltic province.

Figure 4. a) The mountain Hvitserkur in the Breidavik volcano consists of one large
caldera-filling ignimbrite sheet that is crosscut by a system of basaltic dykes. b)
Close-up of the summit region. The beige to pink ignimbrite is overlain by basaltic
hyaloclastites and pillow breccias.

2.2 El Hierro, Canary Islands

The island of El Hierro in the Canary archipelago is the westernmost, small-
est and also the youngest part of the East-West aligned chain of seven vol-
canic islands (Figure 5; Guillou ef al., 1996). The Canary Islands get young-
er towards the west, from ca. 22 Ma on Fuerteventura to ca. 1.2 Ma on El
Hierro (Carracedo ef al., 1998), which is widely attributed to an underlying
mantle plume (e.g. Carracedo et al., 2001; Geldmacher et al., 2005; Zaczek
et al., 2015). El Hierro is characterised by a trihedral shape of three conver-
gent ridges of volcanic cones that are separated by wide embayments, which
are the scars of several massive gravitational landslides that truncate the
flanks of the island (Carracedo, 1996; Carracedo et al., 2001; Carracedo et
al., 2015; Carracedo and Troll, 2016). The most recent giant landslide in the
Canary archipelago is thought to be the collapse of El Hierro’s northern
flank, leaving behind the spectacular El Golfo embayment with a 1400 m-
high and nearly vertical escarpment (e.g. Carracedo et al., 2001; Manconi et
al., 2009; Longpré et al., 2011; Carracedo and Troll, 2016). The volcanic

18



history of the island largely comprises three main episodes of growth that are
parted by gravitational collapse events (Guillou et al., 1996; Carracedo et al.,
2001). These main volcano-stratigraphic units are i) the Tinor volcano that
formed the first subaerial rocks, ii) the El Golfo volcano which contains
volumetrically subordinate trachybasalt to trachyte flows and block-and-ash
deposits at the terminal stages of the volcano, and iii) recent rift volcanic
activity with basaltic, picritic and ankaramitic products. The geology of El
Hierro is characteristic of an ocean island that is still in its early stage of
shield construction, which has taken place during the past one million years
approximately. El Hierro is the subaerial edifice of the volcanic shield that
continues below sea level as a submarine ridge down to about 3700 m depth.
The seafloor below is composed of < 1 kilometer of sedimentary rocks over-
lying Jurassic oceanic crust (Ranero et al., 1995; Gee et al., 2001; Montesin-
os et al., 2006; Zaczek et al., 2015; Carracedo and Troll, 2016).

No prior historic volcanic activity on El Hierro was known when a sub-
marine eruption commenced on October 10, 2011 off the island’s southern
coast. The eruption was preceded by several months of seismic unrest that
was associated with vertical and lateral magma movement, and the eruption
continued for several months, but remained submarine for the whole period
until activity finally ceased in March 2012 (e.g. Carracedo et al., 2012ab).
Surface expressions of this eruption included a floating plume of stained
water, together with strong bubbling and degassing, and floating lava bombs.
Two distinct types of lava bombs were encountered at separate stages of the
eruption. 1) During the first week of the eruption, abundant decimetre sized,
light-coloured pumiceous, high-silica bombs, enclosed by a basanite cara-
pace were found floating on the sea (‘“xeno-pumice”), whereas 2) entirely
basanitic “lava balloons”, usually with hollow interiors and exceeding 1
metre in size, occurred throughout the eruption and have been observed dur-
ing submarine eruptions elsewhere (Figure 5; cf. Siebe et al., 1995; Gaspar
et al., 2003; Kueppers et al., 2012). The remarkable pumiceous silicic xeno-
liths are known from other eruptions in the Canaries (e.g. Schmincke and
Graf, 2000; Hansteen and Troll, 2003; Aparicio et al. 2010), however, the
origin of the El Hierro xeno-pumice was the source of considerable debate at
the time, with implications for the hazard assessment of the ongoing eruption
(see Meletlidis et al., 2012; Perez-Torrado et al., 2012; Troll et al., 2012;
2015; Carracedo et al., 2015; Del Moro et al., 2015; Rodriguez-Losada et
al., 2015).
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The 2011-2012 El Hierro eruption was the first time a submarine eruption in
the Canary Islands was monitored from its early precursors to termination
(e.g. Lopez et al., 2012; Pérez-Torrado et al., 2012; Gonzales et al., 2013;
Longpré et al., 2014). The eruption provided not only a valuable opportunity
to advance our understanding of the accretion processes that form the Canary
Islands and of the structure of the underlying crust, but from a societal per-
spective it also brought about enormous advances for improving volcanic
crisis management (Carracedo et al., 2015).

W Lanzarote. | b,
La ATLANTIC OCEAN
~~Palma  Tenerif

- /El Hierro Gran Fuerteventura

Canaria R

La Restinga

Subm_arine//t'

eruption

Figure 5. a) Topographic map of the Canary Islands off the coast of northwestern
Africa. El Hierro is the youngest and westernmost island in the archipelago. b)
True colour RapidEye satellite image of El Hierro island, captured by the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite on
December 21, 2011. The stain on the ocean caused by the submarine eruption can
be seen SSE of El Hierro. Image credit: Jeff Schmaltz MODIS Land Rapid Re-
sponse Team, NASA GSFC. ¢) - ¢) A selection of xeno-pumice hand specimen
that erupted during the early days of the eruptive event. The xeno-pumice bombs
exhibit intense mingling and mixing between the enclosing basanite carapace and
the light coloured pumiceous cores, see ¢) and d). The xeno-pumice samples ap-
pear fritted and are highly porous with particularly vesiculated core regions (see
e), which allowed them to float on the sea surface.
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3. Methodology

This thesis utilises a variety of techniques, including major and trace element
analyses of whole-rock samples, oxygen isotope determination of whole-
rocks and minerals, zircon cathodoluminescence, U-Pb geochronology, trace
and rare earth element (REE) analyses in zircons, as well as rock volume
calculations from geological maps, and three-dimensional (3D) imaging
using synchrotron tomography techniques. A summary of the analytical
techniques is provided below.

3.1 Sample preparation

Rock samples were first of all washed and cut to remove weathered surfaces,
whereupon they were crushed to coarse rock fragments in a jaw crusher and
milled to whole-rock powders in an agate ball mill at NordVulk. Feldspar
and pyroxene minerals were handpicked from selected rock samples at Upp-
sala University (UU). Between 2 to 5 kg of crushed rock from 15 samples, as
well as collected samples of fluvial river sands were used to extract zircon
crystals. The zircon fractions were separated by Geotrack International Pty
Ltd, Australia. Following a conventional separation procedure of crushing,
milling and sieving, the < 250 um grain fractions was passed over a Wilfley
table. Concentrated zircon separates were produced using magnetic separa-
tion and heavy liquids. Final purification was performed by hand under a
stereomicroscope at Uppsala University.

3.2 Whole-rock major, trace and rare earth elements

Major and trace elements of samples presented in papers II, III and IV were
analysed from powdered pristine rock chips at ACME Labs Ltd, Vancouver,
Canada. Major oxides were determined from rock powders by X-Ray Fluo-
rescence (XRF), while trace and rare earth elements were measured by in-
ductively coupled plasma-mass spectrometry (ICP-MS) after preparation by
multi-acid digestion. Loss on ignition (LOI, i.e. volatile content) was meas-
ured by the weight difference after ignition of sample splits at 1000 °C.
Measurements of internal standards and duplicates monitored analytical re-
producibility.
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3.3 Oxygen isotopes in whole-rocks and minerals

Oxygen isotope in whole-rocks and mineral separates are presented in papers
IT and IV and were measured at the University of Cape Town (UCT), South
Africa, using both conventional and laser fluorination methods and follow-
ing the extraction procedure outlined in Vennemann and Smith (1990) and
Fagereng et al. (2008). All values are reported in the standard d-notation,
where 8 = (Rqample/Rstandard — 1) X 1000, and R = "*0/'°O.

Isotope ratios were measured off-line using a Thermo DeltaXP mass
spectrometer in dual inlet mode, and a conventional silicate extraction line
with externally heated Ni vessels, which are described in detail in Harris and
Ashwal (2002) and Curtis et al. (2013). For the conventional oxygen isotope
analyses ~10 mg powdered sample was oven-dried at 50 °C and degassed
under vacuum on a conventional silicate line at 200 °C. Silicates were react-
ed with CIF; (Borthwick and Harmon, 1982) and the liberated O, was con-
verted to CO, using a hot platinised carbon rod (Vennemann and Smith
1990; Harris and Ashwal 2002; Fagereng et al., 2008). Samples were run on
the vacuum line along with duplicate samples of the internal quartz standard
MQ (5'%0 = 10.1 %o) that was used to calibrate the raw data to the SMOW
scale (Standard Mean Ocean Water; e.g. Sharp, 2007). During the course of
this study, the analytical error was 0.16 %o (2c) for all samples.

The O-isotope ratios of mineral separates (n = 8) in paper IV were ana-
lysed using the laser fluorination vacuum line at UTC and measured on puri-
fied O, gas. Full analytical details are described in Harris and Vogeli (2010).
The internal standard MON GT (8'"0 = 5.38 %o, Harris and Vogeli, 2010)
was used to calibrate the raw data and correct for drift in the reference gas.
The long-term average difference in 3'°O values of duplicates of MON GT
analysed during this study was 0.13 %o, and corresponds to a 2¢ error value
0of 0.16 %o. MON GT was recalibrated against the UWG-2 garnet standard of
Valley et al., (1995), using the revised 3'°0 value of 5.38 %o and assuming a
8"°0 values of 5.80 %o for UWG-2.

3.4 Zircon cathodoluminescence

The suite of zircons presented in paper Il was morphologically and texturally
characterised by cathodoluminescence (CL) imaging using a Hitachi scan-
ning electron microscope (SEM) at the NordSIM ion microprobe facility,
Swedish Museum of Natural History in Stockholm. The detrital zircon sam-
ple suite used in paper III was CL-imaged using the field emission source
JEOL JXA-8530F Hyperprobe at CEMPEG (Centre for Experimental Min-
eralogy, Petrology and Geochemistry), Uppsala University, Sweden.
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3.5 Zircon U-Pb geochronology

The single-grain, high precision U-Pb radiometric analyses of zircons pre-
sented in paper Il were obtained using the Cameca IMS1280 ion microprobe
(secondary ion mass spectrometer, SIMS) at NordSIM (Figure 6). Detailed
analytical methods are described in Whitehouse et al (1999) and
Whitehouse and Kamber (2005). Fracture and inclusion free cores and inter-
nal zones of individual crystals were targeted for spot analyses using a 15
pm diameter ion beam. The analyses used 12 cycles and the data were cali-
brated by employing repeated analyses of the zircon 91500 standard
(Wiedenbeck er al., 1995). For each unknown, **’Pb-corrected ages were
calculated from common-Pb uncorrected ratios using /ISOPLOT 4.15 (Lud-
wig, 2003), with decay constants following the recommendations of Steiger
and Jager (1977). The **’Pb-corrected ages were used in all data interpreta-
tions, assuming a common Pb composition that projects through the uncor-
rected data point onto Tera-Wasserburg concordia. Uncertainties are pre-
sented at the 20 confidence level (disregarding decay constant errors). All
analyses were carefully screened and those that were not deemed robust,
either because of high standard deviation errors or unsuccessful spot loca-
tions (e.g. straddling grain boundaries, cracks or inclusions), were not con-
sidered further during data processing. Around 90 % of the analyses plot
within a 5 % confidence limit of the concordia, and ca. 10 % outliers were
excluded from further age calculations. Rock unit ages were derived from
the weighted average of the individual *“’Pb-corrected zircon ages. The
MSWD (mean square weighted deviation) value of each average is an indi-
cation of how likely it is that the assigned analytical errors explain the scat-
ter. For MSWD < ~1.5 the age is robust, however, the overall error allows
for larger MSWD values and so can be considered realistic as well, although
producing larger errors as a result.

Figure 6. The Cameca IMS1280 ion probe at the NordSIM facility within the De-
partment of Geosciences, Swedish Museum of Natural History, Stockholm.
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3.6 Zircon oxygen isotope analyses

The zircons subjected to U-Pb geochronology dating in paper Il were also
analysed for oxygen isotope composition. Each oxygen spot location was set
within the dated growth zones and as close as possible to the U-Pb SIMS
pits. In the case of large zircon crystals that showed prominent core-rim zon-
ing, 'O crystal transects were also carried out. SIMS oxygen isotope anal-
yses follow the procedure outlined in Nemchin et al. (2006) and Whitehouse
and Nemchin (2009). A 20 keV Cs' primary beam of ca. 2.5 nA was used in
critically-focused mode together with a 5 um raster to sputter a ~10 pm wide
sample area. A normal incidence low energy electron gun provided charge
compensation. The runs comprised a pre-sputter period of 90 seconds with a
raster of 20 um, and field aperture centering using '°O signal, which was
followed by 64 seconds of data acquisition using two Faraday detectors in
the multi-collector system that operates at a common mass resolution of ca.
2500. The secondary magnet field was regulated at high precision using a
Metrolab NMR teslameter. Instrumental mass fractionation was determined
using the zircon 91500 standard (Wiedenbeck, 2004), and the ratios of the
unknowns were corrected accordingly. Two analyses of the reference mate-
rial were run between every six unknown analyses. Temora 2 zircon was
used as secondary reference standard (Black et al., 2004) and one analysis
was run between every 12 analyses (i.e. after every second set of zircon
91500 analyses). Internal precision (16 mean) on 8O for both the 91500
reference material and the unknowns had an average value of + 0.24 %o over
the 4 analytical sessions. The external error on zircon 91500 ranged from =+
0.15 %o to 0.25 %o (RSD; n = 125), and external errors were propagated into
the overall analytical error for each analysis.

3.7 Zircon trace and rare earth elements (LA-ICP-MS)

Paper III focuses on trace element concentrations in zircons that were deter-
mined by laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) using a 193 nm Resonetics ArF excimer laser coupled to a Thermo
Element XR ICPMS at the Institute of Geochemistry and Petrology, ETH
Zurich, Switzerland. The laser spot size was 30 um and its output energy
was maintained at around 3.5 J/cm®. To monitor instrumental drift the inter-
nal standard NIST 612 was used, and GSD-1G was employed as a secondary
standard. Raw data were reduced using the MATLAB-based program SILLS
(Guillong et al., 2008). Only stable signals were used during integration of
the data. Aberrations in signal count are caused by analyses hitting inclu-
sions with different elemental concentrations e.g. apatite (see Figure 7), and
these were consequently omitted. Analytical precision was quantified from
long term (> 3 year) assessment of homogeneous materials, which shows
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that analytical uncertainty is << 5 % relative to the stated abundance for
elemental concentrations significantly above the limits of detection (i.e. 2x
LOD).
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Figure 7. Snapshots of the zircon trace element data produced by LA-ICP MS that
are reduced using the SILLS program. a) A good analysis is characterised by a
broad and stable signal, whereas b) analyses hitting inclusions generates unstable
signals with suddenly increasing elemental signals, yielding a restricted integration
range and the analysis usually becomes excluded from the dataset.

3.8 3D structural modelling reconstructing pre-erosional
rock volumes

Silicic rock volumes in the greater Borgarfjordur Eystri area that are present-
ed in paper II were calculated with the ArcGIS software, using a digital ele-
vation model (cell size 20x20 meters) and a geological map of the area
(Gustafsson et al., 1989; Gustafsson, 1992), which was revised based on our
fieldwork and mapping in the region. This approach provided post-erosional
volume estimates. Pre-erosional volume estimates were assessed using two
different approaches in the software Move " by Midland Valley Ltd. The
first method reconstructed the top and bottom surfaces of a prominent ig-
nimbrite unit in the area, by approximating the palaeco-land surface with a
horizontal surface at 900 m above sea level (m.a.s.l.; Gustafsson, 1992).
However, this calculation disregarded Neogene topography and the irregular
distribution of silicic rocks, which are often located at higher elevations than
the assumed 900 m.a.s.l.

A more accurate estimate of the pre-erosional volume of silicic rocks was
derived from present-day exposure of the Hvitserkur ignimbrite that has
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well-constrained bottom and top limits. Its original volume was constrained
by extrapolation to fill the whole caldera where it originally was deposited.
Neglecting the amount of erupted material deposited outside the caldera, the
minimal reconstructed volume is 7.5 times greater that today’s exposure.
Assuming that the Hvitserkur ignimbrite is representative of the whole study
area, these volume estimates were extrapolated to derive pre-erosional rock
volumes in the region. Further details of these volume calculations are avail-
able in paper II.

3.9 Synchrotron X-ray microtomography

Paper VI in this thesis utilises internal three-dimensional imaging of xeno-
pumice samples that were performed by X-ray computed microtomography
(u-CT) at the SYRMEP beamline (Tromba et al., 2010) and at the TomoLab
station (Zandomeneghi et al., 2010) of the Elettra synchrotron light laborato-
ry in Trieste (Italy, Figure 8a). Small xeno-pumice cubes (1 x 1 x 1 cm) were
scanned using a monochromatic, nearly-parallel X-ray beam in phase-
contrast mode at a distance of about 23 m from the source (Figure 8b). The
p-CT experiments collected about 1440 radiographs per sample over a scan
angle of 180°, using a sample-to-detector distance of 200 mm and beam
energy of 25 to 38 KeV. The detector was a 12 bit water-cooled CCD cam-
era (Charge Coupled Device), with a pixel size of 9 x 9 um and 12 x 18 mm
field of view. The custom-developed software Syrmep tomo project 4.0
(Montanari, 2003) was used to reconstruct the collected radiographs into 2D
axial slices, which is based on the filtered back-projection algorithm of Kak
and Slaney (1987).

A subset of samples was analysed in the TomoLab station of Elettra using
a microfocus phase-contrast X-ray pu-CT, which provides a polychromatic
beam of cone shaped geometry. Using a Voltage of 80 - 100 kV, 2400 radio-
graphs were collected over a scan angle of 360°. A water-cooled, 12 bit CCD
camera was used as detector, with an effective pixel size of 25 x 25 um and a
50 mm x 33 mm maximum field of view. The pixel size (resolution) of the
CT scans ranges from 5 to 7.1 pm, depending on the set source-to-sample (9
- 10 cm) and source-to-detector distance (35 - 45 cm). Further methodologi-
cal details are provided in Ketcham and Carlson (2001) and Polacci et al.
(2010). The slice reconstruction was performed by the commercial software
COBRA (Exxim, USA).

Digital volumes of all samples were rendered and processed in the free-
ware ImageJ (Abramoff et al., 2004) and the commercial software VGStudio
MAX 2.0®. Segmentation algorithms, as well as the morphological and tex-
tural analyses of the samples were mainly performed with custom-developed
Pore3D library at Elettra (Brun et al., 2010), but also using the freeware
plugin BoneJ (Doube et al., 2010).
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Figure 8. a) Elettra synchrotron light laboratory in Trieste,
Italy (image courtesy of Elettra-Sincrotrone Trieste S.C.p.A.).
b) The pu-CT experimental setup at the SYRMEP beamline of
Elettra.

3.10 Other methodologies

X-ray Diffraction (XRD)

The xeno-pumice mineral assemblage presented in paper V was determined
from powdered material of pristine xeno-pumice chips using a Sie-
mens/Bruker D5000 diffractometer at the Geological Survey of Sweden
(SGU) in Uppsala. More details are available in paper V.
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4. Summary of the papers

4.1 Paper I

Iceland’s best kept secret

The greater Borgarfjordur Eystri area in northeast Iceland hosts mountains of
voluminous silicic rocks concentrated within a remarkably small area, in-
cluding unusually large volumes of ignimbrite sheets that document ex-
tremely violent eruptions during the Neogene. This remote region is charac-
terised by a pronounced compositional bimodality, and represents one of the
most voluminous occurrences of silicic rocks in the whole of Iceland, but is
nonetheless sparingly investigated. This area may provide an answer to the
long-standing petrological dilemma of how silicic continental crust is initial-
ly created in basalt dominated settings. In this popular science article (paper
I) we set the scene for an in-depth investigation that focuses on the contro-
versy of rhyolite petrogenesis on Iceland. We present a background study of
current theories of silicic magma genesis, and document our adventurous
geological journey and field strategy in the remote valleys of northeast Ice-
land.
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4.2 Paper 11

Rapid generation of high-silica magmas in basalt-dominated rift settings

The processes that drive large-scale silicic magmatism in basalt-dominated
provinces have been widely debated for well over a century, with Iceland
taking a central place in this discussion (e.g. Bunsen, 1851; Carmichael,
1964; MacDonald et al., 1987; Gunnarson et al., 1998; Martin et al., 2011;
Charreteur et al., 2013). Several hypotheses have been put forward to ex-
plain the generation of Iceland’s silicic rocks, but as yet no consensus exists
(e.g. Carmichael, 1964; MacDonald et al., 1987; Bindeman et al., 2012;
Charreteur et al., 2013). Understanding the causes for bimodal volcanism is
not only relevant for modern rift settings, but also for advancing our general
concepts of how silicic continental crust formed from the basalt-dominated
magmatic environment on early Earth (e.g. Reimink ef al., 2014). In order to
understand the processes and timescales of silicic crust generation in basaltic
provinces, we investigated the silicic volcanic complexes around Borgarfjor-
our Eystri in northeast Iceland. This region represents the largest (> 450
km®) complete pulse of Neogene rift-related silicic magmatism preserved on
Iceland. In paper 11, we use zircon geochronology and oxygen isotope geo-
chemistry to show that the silicic magmas were generated in < 2 Myr during
heightened activity of the Iceland plume (Figure 9). Moreover, zircon 3'°0
values fall dominantly below mantle values, recording up to 30 % input of
low-3'"*0 hydrothermally-altered crust at 12.5 Ma, the height of explosive
activity. This event was followed by a rapid termination of silicic magma
production within only 0.6 Ma, as crustal fertility declined (cf. Meade ef al.,
2014). Since Iceland is widely considered a modern-day analogue for conti-
nental crust formation on early Earth (e.g. Reimink et al., 2014), the results
presented in paper II may now offer a mechanism and time-scale to help
understand rapid, voluminous silicic magma generation in basalt-dominated
rift settings.
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Figure 9. Silicic volcanism in Borgarfjordur Eystri region. a) Map of Iceland show-
ing the northern (NVZ), western (WVZ), and eastern (EVZ), as well as Snafellsnes
(SNVZ) and Orzfajokull (OVZ) volcanic zones. Study area in northeast Iceland is
boxed. b) Geological map of the Borgarfjordur Eystri region showing the amount of
silicic rocks, and with dated rock samples marked. Ages for key units from the
volcanic centres constrain the silicic cycle to <2 Myr duration, which includes an

episode of explosive volcanism that lasted ~0.5 Myr. Literature samples are pre-
sented in light grey.
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4.3 Paper 111

Zircons from northeast Iceland analogous to those from early Earth

Paper III addresses the proposed analogue between northeast Iceland and
processes occurring on early Earth, which was brought to attention in paper
1L

Earth’s earliest silicic continental crust is alleged to have formed in a
dominantly basaltic, plume-dominated, subduction—free tectonic setting,
while the exact processes involved remain unclear (Kamber et al., 2005;
Hawkesworth and Kemp, 2006; Harrison, 2009; Bédard et al., 2013; Ca-
wood et al., 2013). This knowledge gap is primarily due to the near absence
of a preserved rock record older than 4.0 Ga, whilst direct evidence of Hade-
an Earth comes principally from xenocrystic zircons that are found in only a
few localities worldwide (e.g. Condie, 2007; Harrison, 2009). Defining pre-
sent-day analogues therefore becomes fundamental to advance our under-
standing of these ancient processes. Iceland shows strikingly similar geody-
namic characteristics to early Earth and has long been considered as a prime
candidate for a setting that may reflect the type of processes that caused nu-
cleation of the earliest continental crust on early Earth (e.g. Taylor and
McLennan, 1985; Maas et al., 1992; Valley et al., 2002; Martin et al., 2008;
Reimink et al., 2014). However, this concept of Iceland as an analogue for
early Earth is disputed and was recently negated because of the significant
differences between zircon trace element concentrations, Ti-thermometry
and oxygen isotope values in a wide range of Icelandic samples relative to
those recorded in known Hadean zircons (Carley et al., 2014). The composi-
tional diversity among Icelandic zircons that is potentially related to con-
trasting types of silicic magma generation in rift and off-rift settings in Ice-
land (cf. Bindeman et al., 2012; Schattel et al. 2014; Gurenko et al., 2015)
however, suggests that analogues to early Earth are better looked for on a
local scale. In paper III, we present compositional data for zircon from a
region in northeast Iceland (Borgarfjorour Eystri) that hosts abnormally high
proportions of silicic crust compared to the Icelandic average and formed
within a backdrop of sustained basaltic volcanism. The aim of our study is to
test if this region in northeast Iceland could serve as a potential analogue for
early Earth processes, although there is no apparent connection between
Hadean and bulk Icelandic zircons (Carley et al., 2014).

We show that trace and rare earth element concentrations in zircons from
Borgarfjordur Eystri frequently overlap with Hadean zircons, particularly
with respect to Ti-thermometry temperatures of the zircon source (Figure
10). This leads us to conclude that, while Iceland as a whole may not be an
ideal analogue for the Hadean (cf. Carley et al., 2014), the silicic province
around Borgarfjorour Eystri may provide a better parallel. The complex
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plume-related rift-flank setting that gave rise to the Neogene rocks in north-
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4.4 Paper IV

Origin of high whole-rock 3'0 values in rhyolites from northeast Ice-
land

The Icelandic crust is characterised by low 8'*0 values that originate from
pervasive high-temperature hydrothermal alteration by circulating '*O-
depleted meteoric waters (Muehlenbachs et al., 1974; Hattori and Muehlen-
bachs, 1982; Eiler, 2001; Bindeman, 2008; Bindeman et al., 2012). These
deep-seated meteoric-hydrothermal systems are largely a result of Iceland’s
subaerial exposure at high latitudes, proximity to seawater, high rates of
precipitation, in combination with high rates of volcanism and crustal exten-
sion (Eiler, 2001). In general, igneous rocks with 8'®0 values higher than
normally can be produced by closed-system fractionation from a mantle-
derived magma (i.e. +5.7 to ~7 %o; Valley et al., 2005; Bindeman, 2008)
have typically assimilated material altered at low temperature or undergone
isotope exchange at low temperatures themselves (e.g. Bindeman, 2008;
Donoghue ef al., 2008; 2010). Igneous rocks on Iceland that have §'*0 val-
ues significantly higher than unaltered oceanic crust (~5.7 %o) are scarce
(e.g. Muehlenbachs et al, 1974; Hattori and Muehlenbachs, 1982; Con-
domines et al., 1983; Macdonald et al., 1987; Hemond et al., 1993; Gun-
narsson et al., 1998; Prestvik et al., 2001; Macpherson et al., 2005). This
paucity is mainly a result of low temperature alteration processes on Iceland
that are less likely to produce high 8'*0 values form the '"*O-depleted mete-
oric waters available, ranging from -7.7 to -15 %o (e.g. Arnason, 1976; Hat-
tori and Muehlenbachs, 1982; Rozanski et al., 1993). Moreover, the rate of
chemical weathering on Iceland is in any case likely to be low because of the
generally low ambient temperatures.

In paper IV, we report whole-rock and mineral oxygen isotope data in
Neogene ignimbrites of the central volcano cluster of Borgarfjorour Eystri,
northeast Iceland, that display 3'°O values that exceed the mantle range
(Figure 11). In particular, we record 5'°O values that range from +15.5 to
+18.5 %o and thus represent the highest 3'°O values so far recorded for Ice-
landic rocks. Co-existing pyroxenes in the ignimbrite samples have '°O
values of +4.0 to +4.2 %o, which are consistent with 'O values recorded in
zircon from the same rock units, and confirm O-isotope equilibrium with the
parent magmas at the temperature of crystallisation, while being out of equi-
librium with the bulk rock 3'*0 value. The high whole-rock §'*O values of
these ignimbrite samples most likely result from pervasive exchange during
subsolidus hydrothermal alteration by '®O-enriched water. Such alteration
may have conceivably occurred /) in a near surface hot-spring environment
at a distal end of a hydrothermal system, fed by waters that already ex-
changed significantly with the country rock, or 2) between ignimbrites and
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"®0-enriched alteration fluids produced during boiling and evaporation of
standing water in former caldera lakes. Irrespective of the exact process of
alteration, we confirm that a previously unrecognised, and probably highly

localised, high-5"%0 crustal end-member exists on Iceland.
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Figure 11. Oxygen isotope values vs. SiO, content of the parent whole-rock. Miner-
als and whole-rocks are plotted with their measured isotopic compositions, and
colour coded for each sample. Selected magma estimates from reliable pyroxene
(px) and zircon (zrc) minerals are presented with black solid symbols. Zircon data
and magma estimates are presented in Paper II. The data show both positive and
negative variation around the well-established Raleigh fractionation trend (e.g.
Bindeman, 2008), revealing 8'*O contributions from fresh as well as altered constit-
uents in the sampled rock suite with feldspars and some whole-rocks being more
susceptible to alteration than pyroxenes (see sample IC-HE-IG-22 and IC-URD-IG-
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4.5 Paper V

Floating stones off El Hierro, Canary Islands: xenoliths of pre-island
sedimentary origin in the early products of the October 2011 eruption

The submarine eruption that commenced off the south coast of El Hierro,
Canary Islands, in October 2011 emitted peculiar eruption products during
the first days of activity, which were found floating on the sea surface and
drifted for long distances from the eruption site. These decimetre-sized spec-
imens initially resemble lava bombs, but they are characterised by white to
cream coloured cores with a porous, pumice-like texture. The nature and
origin of the “floating stones” was vigorously debated among researchers,
with immediate consequences for hazard assessment of the ongoing erup-
tion.

Paper V, notably the first scientific publication on the “floating stones”
and published already during the eruption, presents a detailed textural, min-
eralogical, elemental and isotopic analysis of several representative samples
and compares the result to previous studies on similar rocks found elsewhere
in the Canary Islands. The floating stones show prominent vesiculation and
degassing textures, high silica content, elevated oxygen isotope values, and a
general absence of igneous minerals, while remnant quartz crystals, jasper
fragments, carbonate and wollastonite are ubiquitous. These observations
lead us to conclude that the early floating stones of El Hierro are vesiculated
crustal xenoliths from pre-island sedimentary layers that were entrained and
heated by the ascending magma, causing them to partially melt, dehydrate
and vesiculate. The textural resemblances of the floating rocks to pumice,
together with their xenolithic origin, gave rise to the term “xeno-pumice” for
this type of volcanic product. Xeno-pumice provides a window into magma-
crust interaction processes and attests that crustal recycling is a relevant pro-
cess during the early shield-building stage of young edifices. Finally, the
occurrence of silica rich xeno-pumice is not, in itself, indicative of explosive
high-silica magma beneath El Hierro, but rather demonstrates that partial
melting of crustal material generates silica-rich melts.
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4.6 Paper VI

Heterogeneous vesiculation of 2011 El Hierro xeno-pumice revealed by
synchrotron p-CT

Paper VI builds on paper V to address the origin and the exact mode of for-
mation of xeno-pumice in further detail, which is relevant because it has
bearing on the volcano’s eruptive behaviour and therefore also for hazard
mitigation. In paper VI, we investigate representative El Hierro xeno-pumice
samples through three-dimensional (3D) X-ray computed microtomography
(u-CT) for internal vesicle volumes and vesicle size distributions (VSD) to
shed light on their origin. We find a wide range of vesicle sizes and shapes,
which are especially variable around small fragments of rock contained in
the xeno-pumice samples. Notably, these fragments are almost exclusively
of sedimentary derivation, and we interpret these as relicts of the original
protolith(s). We consider the heterogeneous vesiculation textures and the
irregular VSDs observed to result from pulsed release of volatiles from mul-
tiple sources during xeno-pumice formation, which is perhaps best explained
by successive vesiculation pulses of pore- and mineral-water from heated
sedimentary protoliths (Figure 12). A sedimentary, rather than a magmatic,
origin of El Hierro xeno-pumice, by inference reveals that they are products
of magma-sediment interaction beneath El Hierro during the course of mag-
ma migration through the oceanic crust prior to eruption.
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Figure 12. a) Phase diagram reflecting predicted melting behaviour of light coloured
El Hierro xeno-pumice calculated by Perple X (modified after Zaczek et al., 2015).
The yellow stars denote the pulsed degassing events of pore water during initial H,O
saturated melting (1). Later, liberated mineral water from dehydration melting of
mineral phases will also contribute (2). Eventually, the xeno-pumice specimen expe-
rienced decompression during ascent in the conduit and associated vesicle-growth, -
interaction and -networking (3). b) The pulsed degassing of xeno-pumice is sche-
matically summarised in a vesicularity and permeability hysteresis (cf. Cashman and
Sparks, 2013). Steps i) - v) represent key processes during progressive xeno-pumice
evolution during degassing and are based on c) snapshots of a degassing sequence as
recorded in the associated SEM images and 3D-tomographs.
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5. Conclusions and outlook

The outcome of the research presented in this thesis is drawn from the inte-
grated results of textural, petrological, geochemical and in-situ isotope stud-
ies, with the purpose to advance our understanding of how silica-rich magma
in basalt-dominated oceanic settings can be generated. The first part of the
thesis focusses on the disproportionally large volumes of silicic rocks in
northeast Iceland and comes to the following conclusions:
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The Borgarfjordur Eystri silicic magmatic cycle in northeast Iceland
occurred within a time interval of <2 Myr and was largely driven by ei-
ther a flare in plume activity or the formation of a new rift zone, which
led to large volume recycling and partial melting of hydrated basaltic
crust due to high influx of mantle-derived magma. The geotectonic set-
ting thus appears to have a fundamental control on the generation of si-
licic magma in plume-related rift environments, where rift relocations
into fusible (fertile) crust may trigger rapid production of voluminous
mixed origin silicic melt parcels.

One of the ideal pre-conditions for effective crustal partial melting via
basalt injection is an extensively hydrothermally altered crust, which is
characteristic for Iceland and has previously been traced via the wide-
spread abundance of low-8'°0 magmatic rocks. However, crustal heter-
ogeneity in 5'*0 composition exist among igneous rocks on a local scale,
with discrete high-3'0 compositions recorded e.g. in caldera lake set-
tings, which may become buried under flood basalt lavas within older
central volcanoes. The identification of a previously unrecognised high-
8'%0 end-member on Iceland opens up the possibility for a wider variety
of geochemical end-members to be applied during future assimilation-
fractional crystallisation (AFC)-type modelling of Icelandic igneous
rocks.

Oxygen isotope values in zircon from the Borgarfjérdur Eystri region
fall between 1.2 and 4.5 %o, and are thus consistently below mantle val-
ues, implying that crustal assimilation of '*O-depleted crust was signifi-
cant in the zircon source. However, the defined crustal heterogeneity
with 8'*0 compositions up to +18.5 %o advocates for a potentially more
complex assimilation history involving both 'O-depleted and '*O-
enriched crustal rocks.

Zircons from Borgarfjorour Eystri are dissimilar from average Icelandic
zircons with respect to trace elements, REE, and especially Ti-



thermometry temperatures. The northeast Iceland zircons furthermore
reveal crystallisation under near water-saturated eutectic melting condi-
tions rather than being products of classical fractional crystallisation.
This is consistent with the documented diversity of Icelandic zircons that
can be related to the contrasting types of silicic magma generation in rift
and off-rift settings in Iceland, which regulates magma temperature, de-
gree of hydration and oxidation state.

Remarkably, Ti-thermometry temperatures in zircons from Borgarfjor-
Our Eystri are frequently more similar to the values documented for Ha-
dean zircon populations than to some other Icelandic zircon suites. This
suggests that these two specific groups of zircon record distinct for-
mation processes, ultimately hinting at crustal recycling as a key process
in addition to closed system magma evolution.

The complex plume-related rift-flank setting that produced the silicic
outburst in Neogene northeast Iceland may be analogous to initial conti-
nental crust formation, and may thus represent a natural laboratory to
better constrain the timescales and magmatic processes required to gen-
erate voluminous silicic magma in basalt-dominated settings as recorded
for e.g. early Earth.

In the second part of the thesis I address processes active at the magma-

crust interface on a much more ‘intimate’ scale and investigate how crustal
materials react upon heating and decompression as they become integrated
into basalt-type magma. The textures of crustal xenoliths can provide signif-
icant evidence of both xenolith provenance and processes in the magma res-
ervoir and conduit. I target the 2011/12 submarine eruption at El Hierro, an
otherwise basalt-dominated ocean island, which brought about pumiceous
high-silica inclusions in the basaltic eruption products that were found float-
ing on the sea surface.

Geochemical investigations and fossil evidence reveal that the high-
silica floating pumiceous eruptive products of the El Hierro submarine
eruption are most likely xenoliths from pre-island sedimentary layers
that became incorporated and heated by the ascending magma. Partial
melting and vesiculation of the xenoliths generated pumiceous, high-
silica rocks that were coined “xeno-pumice”, to characterise their pum-
ice-like texture but foreign provenance to the El Hierro magmatic sys-
tem.

The vesiculation history of El Hierro xeno-pumice has been documented
via synchrotron based 3D micro-CT and is interpreted to reflect pulsed
degassing from a heterogeneous sedimentary protolith. Pore water likely
constituted the first and strongest vesiculation pulse, followed by less in-
tense pulses from progressive mineral devolatilisation.

The xeno-pumice phenomenon is therefore explained as the result of
magma-sediment interaction beneath El Hierro prior to eruption. The
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vesicle patterns observed reflect intense vesiculation and expansion, and
the volatiles released may have increased the volatile load of the magma
to temporarily alter the character and intensity of the eruption.

The combined results from both fossil and active volcanic systems in
these broadly basalt-dominated oceanic settings provide insights into some
key processes of silicic magma generation, and in particular, highlight the
interplay between magma and crustal rocks. Importantly, the results under-
line the timeless relevance of magma-crust interactions from early Earth
until today, yet so much is still to be uncovered.
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6. Summary in Swedish

Den geokemiska sammansittningen av en primért basaltisk magma som
stiger frdn manteln upp genom jordskorpan modifieras vanligen av en mingd
olika fysiokemiska processer, sdsom fraktionerad kristallisation, assimilering
av omgivande skorpematerial, blandning av olika magmakroppar, gasut-
veckling och gasfrigivning. Bildningen av stora méngder kiselrik magma i
huvudsakligen basaltiska (kiselfattiga) vulkaniska miljder dr sedan ldnge ett
omdiskuterat problem, och &r samtidigt fundamental for var forstaelse av
magmatiska processer. Sarskilt viktigt ar detta for att forstd hur den forsta
kiselrika kontinentala jordskorpan bildades pd vér planet fér omkring 4 mil-
jarder ar sedan. Dessa priméra bitar av kontinental jordskorpa pé den tidiga
jorden, som dominerades av kraftig basaltisk vulkanism, utgjorde de kdrnor
varifran dagens kontinenter véxte fram och ér séledes en forutsittning livets
utveckling. Interaktion mellan magma och skorpematerial ar en viktig pro-
cess i det hir sammanhanget eftersom det kan modifiera en magmas geoke-
miska sammansittning savil som dess fysikaliska egenskaper.

Den hir avhandlingen undersdker hur kiselrik magma bildas pé tva olika
oceaniska vulkandar. Forst undersoks utbrottsprodukter fran ett utslocknat
vulkanomrade omkring samhéllet Borgarfjorour Eystri pa nordostra Island.
Det hdr omrédet producerade ovanligt stora volymer kiselrika bergarter,
vilket avviker fran den isléndska normen. For att utvidga vér forstéelse for
dessa vulkaner anvinder jag flertalet olika analyser av den geokemiska
sammanséttningen och isotopsignaturer i vulkaniska bergarter samt enskilda
zirkonmineral fran omradet. Kombinationen av uran-, bly- och syreisotoper
anvands hir for att dels spidra de magmatiska processer som varit verk-
samma, och dels datera nér dessa processer skedde. I avhandlingens andra
del studerar jag xenoliter frdn vulkanutbrottet utanfor El Hierro 2011-2012,
Kanariedarna. Xenoliter dr frimmande bergartsfragment som slitits loss fran
den omgivande jordskorpan och inneslutits i en framtringande magma pa
dess vig mot jordytan. Hér anvénder jag mig av geokemiska analyser av
xenoliternas sammanséttning, samt rontgentomografi av deras 3D-struktur
for att forstd interaktionen mellan magma och den omgivande jordskorpan
innan vulkanutbrotten.

De studier som genomforts i Borgarfjordur Eystri pavisar att vulkankom-
plexet, som var aktivt under neogen for omkring 14-12 miljoner ar sedan,
producerade stora mangder kiselrik magma och efterfoljande explosiva vul-
kanutbrott under en i sammanhanget relativt kort period av mindre 4n 2 mil-
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joner ar. Detta var till foljd av en tillfélligt 6kad intensitet hos mantelplymen
under Island i kombination med att riftzonen forskots, vilket orsakade att
stora mingder het magma tringde in i den hydrotermalt omvandlade ba-
saltiska jordskorpan. P4 grund av den ldga smaltpunkten hos hydrotermalt
omvandlad basalt orsakade magmaintrusionerna partiell uppsméltning av
jordskorpan och bildade sméa fickor av kiselrik magma. Dessa kiselrika
magmor drvde syreisotopsammanséttningen av den heterogena moderbergar-
ten. Den isldndska jordskorpan &r i hog grad sekundirt omvandlad av hydro-
termala fluider och kdnnetecknas generellt av syreisotopvirden som é&r lagre
dn vad som &dr normalt forekommande i manteln, medan syreisotopsamman-
sdttningen hos enskilda bergarter lokalt kan variera kraftigt. Detta till trots
har bergarter med hogre syreisotopvirden &dn vad som tidigare dokumente-
rats pé Island patrdffats under mina undersokningar i Borgarfjordur Eystri,
vilket innebér att den geokemiska variationen bland bergarter som kan assi-
mileras i magmareservoarer ir storre d4n vad som tidigare antagits.

Island har ofta ansetts vara nutidens motsvarighet till hur den forsta kisel-
rika kontinentala jordskorpan bildades pa vér Jord under den hadeiska tids-
aldern. De zirkonmineral som studerats pd norddstra Island har dérfor jam-
forts med de som finns bevarade fran hadeikum, och resultaten pévisar fler-
talet geokemiska likheter mellan de tvéa tektoniska miljoerna. Det innebér
saledes att uppsmaéltning av jordskorpan i anslutning till nybildade riftzoner
troligen var betydelsefull dven for bildningen av den forsta kontinentala
jordskorpan.

Den andra delen av den hir avhandlingen fokuserar pad de besynnerliga
och omdiskuterade utbrottsprodukterna som flot upp till havsytan i borjan av
det flera manaders langa undervattensutbrottet utanfér El Hierro som star-
tade i oktober 2011. Geokemiska analyser och jimforelse med olika re-
ferensmaterial pavisar att dessa pordsa och kiselrika fragment som &r om-
slutna av basaltisk magma i sjdlva verket ar krustala xenoliter (dvs. frim-
mande fragment av skorpematerial) som integrerats under magmans passage
genom den oceaniska jordskorpan. Dessa xenoliter dr kvarvarande rester av
de sedimentdra lager som finns under den vulkaniska 6n och som undkom-
mit total assimilering i magman, medan magmans hoga temperatur medfort
partiell uppsmiltning. De krustala xenoliterna har lag densitet och &r extremt
bubbelrika, vilket &r ett resultat av den betydande méngd volatiler i de sedi-
mentéra fragmenten som remobiliserades och frigjordes under partiell smaélt-
ning och dekompression i det magmatiska systemet. Férutom att assimile-
ring av skorpematerial kan modifiera en magmas geokemiska sammansétt-
ning, kan tillforsel av krustala gaser frén xenoliterna medfora omfattande
konsekvenser for magmans fysikaliska egenskaper. Fordndring av en mag-
mas gasinnehdll kan temporirt dndra det foljande vulkanutbrottets karaktér
och intensitet, med ofta 6kad explosivitet till foljd.

De resultat som presenteras i den hir avhandlingen forbéttrar véar forsté-
else bade for processer och tidsramar for hur kiselrik magma bildas i ocea-
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niska miljder som domineras av basaltisk vulkanism. Den geodynamiska
miljon har en signifikant inverkan pé de processer som sker och kan vara en
kontrollerande faktor som ger unika forutsittningar i varje enskild tektonisk
miljo. I synnerhet podngteras att interaktion mellan magma och omgivande
skorpmaterial har en betydelsefull inverkan p& en magmas geokemiska ut-
veckling, vilket har implikationer for vulkanens utbrottskaraktir och bildan-
det av kontinental jordskorpa fran den tidiga Jorden till idag.

43



7. Acknowledgements

My PhD has certainly been a memorable journey through science, the
worldwide places I have experienced and the many people I have met. I
moved to Reykjavik in the start of my studies and spent almost two years on
this island of volcanoes, where I became acquainted with the volcanic sys-
tems on Iceland as well as the Icelandic style of life. However, when I
moved back to Uppsala for the remaining half of my PhD studies I came to
admire anew the beauty of the trees and the unwavering weather, while the
scent of the North Atlantic Ocean and the midnight sun in Reykjavik remain
missed. During the last four and a half years I have had the beautiful oppor-
tunity to travel to many other countries and places for fieldwork, excursions,
courses, conferences, and laboratory work, giving me the chance to network
and work with distinguished scientists in their field, and to explore new
places.

The many people I have met, or that have followed me throughout this
journey have contributed to my work in one or the other way. First and
foremost, I wish to express my uttermost gratitude to my advisors: Valentin
Troll, Morten Riishuus, Steffi Burchardt and Frances Deegan for their guid-
ance, endless encouragement, inspiration and valuable support. This work
would not have been without you. In particular, [ am ever grateful to Valen-
tin for having given me this opportunity and for continuously nourishing my
expanding interest in geology, since the very first time we met. Thanks for
leading the way into science, while also being a fundamental pillar of enthu-
siasm and support throughout. To all my supervisors, thanks for supporting
me through my PhD and always being there.

I would like to acknowledge all my co-authors, both in Uppsala and fur-
ther afield, for your insightful discussions and support, as well as for teach-
ing me different analytical techniques that made this research possible. Spe-
cial thanks to Martin Whitehouse, Kerstin Lindén and Lev Ilyinsky at
NordSIM, to Ben Ellis and Marcel Guillong at ETH, to Chris Harris at UCT,
and to the whole group at the SYRMEP beamline for enthusiastically wel-
coming me back to Elettra. For giving me the extraordinary opportunity and
indescribable support to realise the MeMoVolc research exchange at INGV
in Pisa and Elettra in Trieste (Italy), extended gratitude goes to Margherita
Polacci and Lucia Mancini. Thanks for making this a remarkable trip full of
new insights, and for showing parts of Italy to me. Funding from Nordvulk,
Uppsala University joined with various VR proposals, Kungliga Veten-

44



skapsradet (KVA), and MeMoVolc have supported my research and are
gratefully acknowledged.

My gratitude expands to all my friends and colleagues at Uppsala Univer-
sity, for technical assistance, continuous support of my ongoing work, in-
sightful conversations, and especially for sharing memorable fieldtrips and
excursions with me. My warmest thanks go to Peter Lazor, Hans Annersten,
Ester Muifioz Jolis, Abi Barker, Karin Hdégdahl, Hemin Koyi, Hékan
Sjostrom, Orjan Amcoff, Lilli Freda, Fiona Meade, Michael Krumbholz,
Peter Dahlin, Duncan Muir, Jarek Majka, Lara Blythe, Lukas Fuchs, Asa
Frisk, Magnus Hellqvist, Magnus Andersson, Peter Schmidt, Tobais Matts-
son, Harri Geiger, Iwona Klonowska, Zacharias Enholm and Sara EkI6f.
Thanks also to all the inspiring teachers I have had since the very first day |
sat foot on Geocentrum, this is where it all started.

Moreover, I would like to thank all the new acquaintances and friends at
Nordvulk, Rikke Pedersen, Gro Pedersen, Christina Andersen, Birgir
Oskarsson and Morgan Jones, thank you. Extended thanks to Ladvik
Gustafsson for your enthusiasm in my work, and for sharing your geological
knowledge of northeast Iceland.

David, Borje and Kirsten, I am so glad for having shared this journey with
you, our friendship has enlightened the road ahead, and it would not have
been the same without you. Special thanks to Emelie, Jenny and Carolin for
always being my friends, it means a whole lot.

To my joy, the end of my working days have been spent exercising and I
like to thank all those who have shared these moments with me at the gym,
on the running trails, on the racerbike and at the stable. This is where I re-
load.

In the end, I am ever the most grateful to my family for endlessly and
unweariedly supporting me in every aspect of life. Thanks Mum, I would
never have been here without you. My thoughts and deepest wishes also go
to Per-Ake and Grandpa that should have been here with us. And last, heart-
felt thanks go to Johnny for all and everything, thanks for always being
there.

45



8. References

Abramoff, M. D., Magelhaes, P.J., Ram, S. J. (2004). Image processing with Im-
agel. Biophotonics Int. 11, 36-42.

Annen, C. (2011). Implications of incremental emplacement of magma bodies for
magma differentiation, thermal aureole dimensions and plutonism—volcanism
relationships. Tectonophysics 500, 3-10.

Aparicio, A., Tassinari, C. C. G., Garcia, R., Arafia, V. (2010). Sr and Nd isotope
composition of the metamorphic, sedimentary and ultramafic xenoliths of
Lanzarote (Canary Islands): Implications for magma sources. J. Volcanol. Geo-

 therm. Res. 189, 143-150.

Arnason, B. (1976). Groundwater systems in Iceland traced by deuterium. Societas
Scientarium Islandica, 236 pp.

Bédard, J. H., Harris, L. B., Thurston, P. C. (2013). The hunting of the snArc. Pre-
cambrian Res. 229, 20-48.

Bindeman, I. N., Valley, J. W. (2001). Low-5'%0 rhyolites from Yellowstone: Mag-
matic evolution based on analyses of zircons and individual phenocrysts. J. Pet-
rol. 42, 1491-1517.

Bindeman, I. (2008). Oxygen isotopes in mantle and crustal magmas as revealed by
single crystal analysis. Rev. Mineral. Geochem. 69, 445-478.

Bindeman, I N., Gurenko, A., Carley, T., Miller, C., Martin, E., Sigmarsson, O.
(2012). Silicic magma petrogenesis in Iceland by remelting of hydrothermally
altered crust based on oxygen isotope diversity and disequilibria between zircon
and magma with implications for MORB. Terra Nova 24, 227-232.

Bjarnason, I. T. (2008). An Iceland hotspot saga. Jokull 58, 3-16.

Black, L. P., Kamo, S. L., Allen, C. M., Davis, D. W., Aleinikoff, J. N., Valley, J.
W.Mundil, R., Champbell, I. H., Russel, L. K., Williams, 1. S., Foudoulis, C.
(2004). Improved ***Pb/**U microprobe geochronology by the monitoring of a
trace-element-related matrix effect; SHRIMP, ID-TIMS, ELA-ICP-MS and ox-
ygen isotope documentation for a series of zircon standards. Chem. Geol. 205,
115-140.

Borthwick, J., Harmon, R. S. (1982). A note regarding CIF; as an alternative to BrFs
for oxygen isotope analysis. Geochim. Cosmochim. Ac. 46, 1665-1668.

Bohrson, W. A., Reid, M. R. (1997). Genesis of silicic peralkaline volcanic rocks in
an ocean island setting by crustal melting and open-system processes: Socorro
Island, Mexico. J. Petrol. 38, 1137-1166.

Bowen, N. L. (1928). The evolution of the igneous rocks. Princeton, New Jersey,
Princeton University Press, 334 pp.

Brun, F., Mancini, L., Kasae, P., Favretto, S., Dreossi, D., Tromba, G. (2010).
Pore3D: A software library for quantitative analysis of porous media. Nuclear
Instruments and Methods in: Physics Research, Section A: Accelerators, Spec-
trometers, Detectors, and Associated Equipment 615, 326-332.

Bunsen, R. (1851). Uber die Processe der vulkanischen Gesteinsbildungen Islands.
Ann. Phys. Chem. 159, 197-272.

46



Burchardt, S., Tanner, D. C., Troll, V. R., Krumbholz, M., Gustafsson, L. E. (2011).
Three-dimensional geometry of concentric intrusive sheet swarms in the Geita-
fell and the Dyrfjoll Volcanoes, Eastern Iceland. Geochem. Geophys. Geosys.
12, doi: 10.1029/2011GC003527.

Carley, T. L., Miller, C. F., Wooden, J. L., Padilla, A. J., Schmitt, A. K., Economos,
R. C., Bindeman, I. N., Jordan, B. T. (2014). Iceland is not a magmatic analog
for the Hadean: Evidence from the zircon record. Earth Planet. Sci. Lett. 405,
85-97.

Carmichael, I. S. E. (1964). The petrology of Thingmuli, a Tertiary volcano in east-
ern Iceland. J. Petrol. 5, 435-460.

Carracedo, J. C. (1996). A simple model for the genesis of large gravitational land-
slide hazards in the Canary Islands. In: W. McGuire, J. Neuberg and A. Jones
(eds.) Volcano Instability on the Earth and other Planets. J. Geol. Soc. 110, 125-
135.

Carracedo, J. C., Day, S., Guillou, H., Rodriguez Badiola, E., Caias, J.A., Pérez-
Torrado, F.J. (1998). Hotspot volcanism close to a passive continental margin:
the Canary Islands. Geol. Mag. 135, 591-604.

Carracedo, J. C., Rodriguez-Badiola, E., Guillou, H., Nuez, J. D. L., Pérez Torrado,
F.J. (2001). Geology and volcanology of the western Canaries: La Palma and El
Hierro. Estud. Geol. 57, 171-295.

Carracedo, J. C., Torrado, F. P., Gonzalez, A. R., Soler, V., Turiel, J. L. F., Troll, V.
R., Wiesmaier, S. (2012a). The 2011 submarine volcanic eruption in El Hierro
(Canary Islands). Geology Today 28, 53-58.

Carracedo J.C., Pérez-Torrado F., Rodriguez-Gonzalez A., Kliigel A., Troll V.R.,
Wiesmaier S. (2012b). The ongoing volcanic eruption of El Hierro, Canary Is-
lands. Eos - Trans. Am. Geophys. Union 93, 89-90.

Carracedo, J. C., Troll, V., Zaczek, K., Rodriguez-Gonzales, A., Vicente, S., Dee-
gan, F. M. (2015). The 2011-2012 submarine eruption off El Hierro, Canary Is-
lands: New lessons in oceanic island growth and volcanic crisis management.
Earth. Sci. Rev. 150, 168-200.

Carracedo, J. C, Troll, V. R. (2016). Geology of the Canary Islands. Elsevier, Am-
sterdam, The Netherlands.

Cashman, K. V., Sparks, R. S. J. (2013). How volcanoes work: A 25 year perspec-
tive. Geol. Soc. Am. Bull. 125, 664-690.

Cawood, P. A., Hawkesworth, C. J., Dhuime, B. (2013). The continental record and
the generation of continental crust. Geol. Soc. Am. Bull. 125, 14-32.

Charreteur, G., Tegner, C., Haase, K. (2013). Multiple ways of producing intermedi-
ate and silicic rocks within Thingmuli and other Icelandic volcanoes. Contrib.
Mineral. Petrol. 166, 471- 490.

Clarke, D. B., Henry, A. S., White, M. A. (1998). Exploding xenoliths and the ab-
sence of “clephants’ graveyards” in granite batholiths. J. Struct. Geol. 20, 1325-
1343.

Condie, K. in: Earth's Oldest Rocks (eds. Van Kranendonk, R., Smithies, H., Ben-
nett, V. C.) (2007). Developments in Precambrian Geology 15, Elsevier.

Condomines, M., Gronvold, K., Hooker, P. J., Muehlenbachs, K., O'Nions, R. K.,
Oskarsson, N., Oxburgh, E. R. (1983). Helium, oxygen, strontium and neodym-
ium isotopic relationships in Icelandic volcanics. Earth Planet. Sci. Lett. 66,
125-136.

Curtis, C. G., Harris, C., Trumbull, R. B., De Beer, C., Mudzanani, L. (2013). Oxy-
gen isotope diversity in the anorogenic Koegel Fontein complex of South Afri-
ca: a case for basement control and selective melting for the production of low-
3'*0 magmas. J. Petrol. egtO11.

47



Daly, R. A. (1925). The geology of Ascension Island. Proceedings of the American
Academy of Arts and Sciences 60, 3-80.

Davidson, J. P., Hora, J. M., Garrison, J. M., Dungan, M. A. (2005). Crustal foren-
sics in arc magmas. J. Volcanol. Geotherm. Res. 140, 157-170.

Davis, A. S., Clague, D. A., White, W. M. (1998). Geochemistry of basalt from
Escanaba Trough: Evidence for sediment contamination. J. Petrol. 39, 841-858.

Del Moro, S., Di Roberto, A., Meletlidis, S., Pompilio, M., Bertagnini, A., Agostini,
S., Ridolfi, F., Renzulli, A. (2015). Xenopumice erupted on 15 October 2011
offshore of El Hierro (Canary Islands): a subvolcanic snapshot of magmatic,
hydrothermal and pyrometamorphic processes. Bull. Volcanol. 77, 1-19.

Donoghue, E., Troll, V. R., Harris, C., O'Halloran, A., Walter, T. R., Pérez Torrado,
F. J. (2008). Low-temperature hydrothermal alteration of intra-caldera tuffs,
Miocene Tejeda caldera, Gran Canaria, Canary Islands. J. Volcanol. Geotherm.
Res. 176, 551-564.

Donoghue, E., Troll, V. R., Harris, C. (2010). Fluid—rock interaction in the Miocene,
Post-Caldera, Tejeda intrusive complex, Gran Canaria (Canary Islands): insights
from mineralogy, and O-and H-isotope geochemistry. J. Petrol. 51,2149-2176.

Doube, M., Ktosowski, M. M., Arganda-Carreras, 1., Cordeli¢res, F. P., Dougherty,
R. P., Jackson, J. S., Schmid, B., Hutchinson, J. R., Shefelbine, S. J. (2010).
Bonel: Free and extensible bone image analysis in Imagel. Bone 47, 1076-1079.

Eiler, J. M. (2001). Oxygen isotope variations of basaltic lavas and upper mantle
rocks. Rev. Mineral. Geochem. 43, 319-364.

Fagereng, A., Harris, C., La Grange, M., Stevens, G. (2008). Stable isotope study of
the Archaean rocks of the Vredefort impact structure, central Kaapvaal Craton,
South Africa. Contrib. Mineral. Petrol. 155, 63-78.

Foulger, G. R. (2006). Older crust underlies Iceland. Geophys. J. Int. 165, 672-676.

Gaspar, J. L., Queiroz, G., Pacheco, J. M., Ferreira, T., Wallenstein, N. (2003). Ba-
saltic lava balloons produced during the 1998-2001 Serreta Submarine Ridge
eruption (Azores). In: White J, Clague D, Smellie J (eds) Subaqueous explosive
volcanism. AGU Monograph 140, 205-212.

Gee, M. J., Watts, A. B., Masson, D. G., Mitchell, N. C. (2001). Landslides and the
evolution of El Hierro in the Canary Islands. Mar. Geol. 177, 271-293.

Gee, M. J. R.,Masson, D. G., Watts, A. B., Mitchell, N. C. (2001). Offshore contin-
uation of volcanic rift zones, El Hierro, Canary Islands. J. Volcanol. Geotherm.
Res. 105, 107-119.

Geldmacher, J., Hoernle, K., Van den Bogaard, P., Duggen, S., Werner, R. (2005).
New *“’Ar/*Ar age and geochemical data from seamounts in the Canary and
Madeira volcanic provinces: support for the mantle plume hypothesis. Earth
Planet. Sci. Lett. 237, 85-101.

Gonzalez, P.J. Samsonov, S.V., Pepe, S., Tiampo, K.F., Tizzani, P. Casu, F., Fer-
nandez, J., Camacho, A.G., Sansosti, E. (2013). Magma storage and migration
associated with the 2011-2012 El Hierro eruption: Implications for crustal
magmatic systems at oceanic island volcanoes. J. Geophys. Res. -Sol. Ea. 118,
4361-4377.

Guillong, M., Meier, D. L., Allan, M. M., Heinrich, C. A., Yardley, B. W. D.
(2008). SILLS: a MATLAB-based program for the reduction of laser ablation
ICP-MS data of homogeneous materials and inclusions. Mineralogical Associa-
tion of Canada Short Courses 40, 328-333.

Guillou, H., Carracedo, J.C., Pérez-Torrado, F., Rodriguez Badiola, E. (1996). K-Ar
ages and magnetic stratigraphy of a hotspot-induced, fast-grown oceanic island:
El Hierro, Canary Islands. J. Volcanol. Geotherm. Res. 73, 141-155

48



Gunnarsson, B., Marsh, B. D., Taylor, H. P. J. (1988). Generation of Icelandic rhyo-
lites: silicic lavas from the Torfajokull central volcano. J. Volcanol. Geotherm.
Res. 83, 1-45.

Gurenko, A. A., Chaussidon, M. (2002). Oxygen isotope variations in primitive
tholeiites of Iceland: evidence from a SIMS study of glass inclusions, olivine
phenocrysts and pillow rim glasses. Earth Planet. Sci. Lett. 205, 63-79.

Gurenko, A. A., Bindeman, I. N., Sigurdsson, I. A. (2015). To the origin of Icelandic
rhyolites: insights from partially melted leucocratic xenoliths. Contrib. Mineral.
Petrol. 169, 1-21.

Gtstafsson, L. E., Lapp, B., Thomas, L., Lapp, M. (1989). Tertiary silicic rocks in
the area of the Kaekjuskord rhyolitic volcano, eastern Iceland. Jokull 39, 75-89.

Gustafsson, L. E. (1992). Geology and petrology of the Dyrfjoll central volcano,
eastern Iceland. PhD dissertation, Freie Universitat Berlin.

Hansteen, T. H., Toll, V. R. (2003). Oxygen isotope composition of xenoliths from
the oceanic crust and volcanic edifice beneath Gran Canaria (Canary Islands):
consequences for crustal contamination of ascending magmas. Chem. Geol. 193,
181-193.

Hardarson, B. S., Fitton, J. G., Ellam, R. M., Pringle, M. S. (1997). Rift relocation- a
geochemical and geochronological investigation of a palaeo-rift in northwest
Iceland. Earth Planet. Sci. Lett. 153, 181-196.

Hards, V. L., Kempton, P. D., Thompson, R. N., Greenwood, P. B. (2000). The
magmatic evolution of the Snaefell volcanic centre; an example of volcanism
during incipient rifting in Iceland. J. Volcanol. Geotherm. Res. 99, 97-121.

Harris, C., Ashwal, L. D. (2002). The origin of low 8'*O granites and related rocks
from the Seychelles. Contrib. Mineral. Petrol. 143, 366-376.

Harris, C., Vogeli, J. (2010). Oxygen isotope composition of garnet in the Peninsula
Granite, Cape Granite Suite, South Africa: constraints on melting and emplace-
ment mechanisms. S. Afr. J. Geol. 113, 401-412.

Harrison, T. M. (2009). The Hadean crust: evidence from > 4 Ga zircons. Annu. Rev.
Earth Planet. Sci. 37, 479-505.

Hattori, K., Muehlenbachs, K. (1982). Oxygen isotope ratios of the Icelandic crust.
J. Geophys. Res. 87, 6559-6565.

Hawkesworth, C. J., Kemp A. L. S. (2006). Evolution of the continental crust. Nature
443, 811-817.

Helgason, J. (1985). Shifts of the plate boundary in Iceland: Some aspects of Ter-
tiary volcanism. J. Geophys. Res. 90, 10,084—10,092.

Hemond, C., Arndt, N. T., Lichtenstein, U., Hofmann, A. W., Oskarsson, N.,
Steinthorsson, S. (1993). The heterogeneous Iceland plume: Nd-Sr-O isotopes
and trace element constraints. J. Geophys. Res. -Sol. Ea. 98, 15833-15850.

Hildreth, W., Moorbath, S. (1988). Crustal contributions to arc magmatism in the
Andes of Central Chile. Contrib. Mineral. Petrol. 98, 455-489.

Huppert, H. E., Sparks, R. S. J. (1988).The generation of granitic magmas by intru-
sion of basalt into continental crust. J. Petrol. 29, 599-624.

Hutton, J. (1974). Observations on granite. Royal Society of Edinburgh Transactions
3, 77-85.

Jakobsson, S. P., Jonasson, K., Sigurdsson, I. A. (2008). The three igneous rock
series of Iceland. Jokull 58, 117-138.

Jonasson, K. (2007). Silicic volcanism in Iceland: composition and distribution
within the active volcanic zones. J. Geodyn. 43, 101-117.

Kak, A. C., Slaney, M. (1987). Algorithms for Reconstruction with Non-diffracting
Sources, ch. 3, 49-112. IEEE PRESS.

49



Kamber, B. S., Whitehouse, M. J., Bolhar, R., Moorbath, S. (2005). Volcanic resur-
facing and the early terrestrial crust: Zircon U-Pb and REE constraints from the
Isua Greenstone Belt, southern West Greenland. Earth Planet. Sci. Lett. 240,
276-290.

Ketcham, R. A., Carlson, W. D. (2001). Acquisition, optimization and interpretation
of X-ray computed tomographic imagery: applications to the geosciences. Com-
put. Geosci. 27, 381-400.

Kueppers, U., Nichols, A.R.L., Zanon, V., Potuzak, M., Pacheco, J. M. R. (2012).
Lava balloons-peculiar products of basaltic submarine eruptions. Bull. Volcanol.
74, 1379-1393.

Longpré, M.-A., Chadwick, J. P., Wijbrans, J., Iping, R. (2011). Age of the El Golfo
debris avalanche, El Hierro (Canary Islands): New constraints from laser and
furnace “’Ar/*’Ar dating. J. Volcanol. Geotherm. Res. 203, 76-80.

Longpré, M.-A., Kliigel, A., Diehl, A., Stix, J. (2014). Mixing in mantle magma
reservoirs prior to and during the 2011-2012 eruption at El Hierro, Canary Is-
lands. Geology 42, 315-318.

Lopez, C., Blanco, M. J., Abella, R., Brenes, B., Cabrera Rodriguez, V. M., Casas,
B. Dominguez Cerdefa, 1., Felpeto, A., Fernandez de Villalta, M., del Fresno,
C., Garcia, O., Garcia-Arias, M. J., Garcia-Canada, L., Gomis Moreno, A.,
Gonzalez-Alonso, E., Guzman Pérez, J., Iribarren, 1., Lopez-Diaz, R., Luengo-
Oroz, N., Meletlidis, S., Moreno, M., Moure, D., Pereda de Pablo, J., Rodero,
E., Romero, E., Sainz-Maza, S., Sentre Domingo, M. A., Torres, P. A., Trigo,
P., Villasante-Marcos, V. (2012). Monitoring the volcanic unrest of El Hierro
(Canary Islands) before the onset of the 2011-2012 submarine eruption. Ge-
ophy. Res. Lett. 39, 1L13303.

Ludwig, K. R. (2003). Isoplot/Ex 3. A geochronological toolkit for Microsoft Excel.
Berkeley Geochronology Center, special publication 4.

Maas, R., Kinny, P. D., Williams, 1. S., Froude, D. O., Compston, W. (1992). The
Earth's oldest known crust: a geochronological and geochemical study of 3900—
4200 Ma old detrital zircons from Mt. Narryer and Jack Hills, Western Austral-
ia. Geochim. Cosmochim. Ac. 56, 1281-1300.

MacDonald, R., Sparks, R. S. J., Sigurdsson, H., Mattey, D. P., McGarvie, D. W.,
Smith, R. L. (1987). The 1875 eruption of Askja volcano, Iceland: combined
fractional crystallisation and selective contamination in the generation of rhyo-
litic magma. Mineral. Mag. 51, 183-202.

Macpherson, C., Hilton, D., Day, J., Lowry, D. Gronvold, K. (2005). High *He/*He,
depleted mantle and low- 3'°0, recycled oceanic lithosphere in the source of
central Iceland magmatism. Earth Planet. Sci. Lett. 233, 411-427.

Manconi, A., Longpré, M.-A., Walter, T. R., Troll, V. R., Hansteen, T. H. (2009).
The effects of flank collapses on volcano plumbing systems. Geology 37, 1099-
1102.

Mangan, M. T., Cashman, K. V. (1996). The structure of basaltic scoria and reticu-
lite and inferences for vesiculation, foam formation, and fragmentation in lava
fountains. J. Volcanol. Geotherm. Res. 73, 1-18

Marsh, B. D. (1989). Magma chambers. Annu. Rev. Earth Pl Sc. 17, 439-474.

Marsh, B. D., Gunnarsson, B., Congdon, R., Carmody, R. (1991). Hawaiian basalt
and Icelandic rhyolite: indicators of differentiation and partial melting. Geolo-
gische Rundschau 80, 481-510.

Martin, E., Martin, H., Sigmarsson, O. (2008). Could Iceland be a modern analogue
for the Earth's early continental crust? Terra Nova 20, 463-468.

50



Martin, E., Sigmarsson, O. (2010). Thirteen million years of silicic magma produc-
tion in Iceland: links between petrogenesis and tectonic settings. Lithos 116,
129-144.

Martin, E., Paquette, J. L., Bosse, V., Ruffet, G., Tiepolo, M., Sigmarsson, O.
(2011). Geodynamics of rift-plume interaction in Iceland as constrained by new
“Ar/*Ar and in situ U-Pb zircon ages. Earth Planet. Sci. Lett. 311, 28-38.

Meade, F. C., Troll, V. R, Ellam, R. M., Freda, C., Font, L., Donaldson, C. H., Klo-
nowska, 1. (2014). Bimodal magmatism produced by progressively inhibited
crustal assimilation (PICA). Nature comm. 5, doi:10.1038/ncomms5199.

Meletlidis, S., Di Roberto, A., Pompilio, M., Bertagnini, A., Iribarren, L., Felpeto A.,
Torres, P. A., D’Oriano, C. (2012). Xenopumices from the 2011-2012 subma-
rine eruption of El Hierro (Canary Islands, Spain): Constraints on the plumbing
system and magma ascent. Geophys. Res. Lett. 39, 1L17302.

Meyer, R., Nicoll, G. R., Hertogen, J., Troll, V. R., Ellam, R. M., Emeleus, C. H.
(2009). Trace element and isotope constraints on crustal anatexis by upwelling
mantle melts in the North Atlantic Igneous Province: an example from the Isle
of Rum, NW Scotland. Geol. Mag. 146, 382-399.

Montanari, F. (2003). SYRMEP TOMO PROJECT tutorial. Internet report, Trieste.

Montesinos, F. G., Arnoso, J., Benavent, M., Vieira, R. (2006). The crustal structure
of El Hierro (Canary Islands) from 3-D gravity inversion. J. Volcanol. Geo-
therm. Res. 150, 283-299.

Moorbath, S., Sigurdson, H., Goodwin, R., (1968). K-Ar ages of oldest exposed
rocks in Iceland. Earth Planet. Sci. Lett. 4, 197-205.

Muehlenbachs, K., Anderson, A. T., Sigvaldason, G. E. (1974). Low-'%0 basalts
from Iceland. Geochim. Cosmochim. Ac. 38, 577-588.

Nemchin, A. A., Pidgeon, R., Whitehouse, M. J. (2006). Re-evaluation of the origin
and evolution of > 4.2 Ga zircons from the Jack Hills metasedimentary rocks.
Earth Planet. Sci. Lett. 244, 218-233.

Oskarsson, B. V., Riishuus, M. S. (2013). The mode of emplacement of Neogene
flood basalts in Eastern Iceland: Facies architecture and structure of the Holmar
and Grjota olivine basalt groups. J. Volcanol. Geotherm. Res. 267, 92-118..

Palmason, G. (1986). Model of crustal formation on Iceland and application to sub-
marine mid-ocean ridges. In: Vogt P. R. and Tucholke B. E. (eds.) The Western
North Atlantic Region. Geol. Soc. Am., New York, 87-97.

Patchett, P. J. (1980). Thermal effects of basalt on continental crust and crustal con-
tamination of magmas. Nature 283, 559-561.

Perez-Torrado, F. J., Carracedo, J. C., Rodriguez-Gonzalez, A., Soler, V., Troll, V.
R., Wiesmaier S. (2012). The submarine erupton of La Restinga (El Hierro, Ca-
nary Islands): October 2011 - March 2012. Estud. Geol. 68, 5-27.

Polacci, M., Baker, D. R., Bai, L., Mancini, L. (2008). Large vesicles record path-
ways of degassing at basaltic volcanoes. Bull. Volcanol. 70, 1023—-1029.

Polacci, M., Baker, D. R., Mancini, L., Favretto, S., Hill, R. J. (2009). Vesiculation
in magmas from Stromboli and implications for normal Strombolian activity
and paroxysmal explosions in basaltic systems. J. Geophys. Res. -Sol. Ea. 114,
BI.

Polacci, M., Mancini L., Baker, D. R. (2010). The contribution of synchrotron X-ray
computed microtomography to understanding volcanic processes. J.
Synchrotron Radiat. 17,215-221.

Prestvik, T., Goldberg, S., Karlsson, H., Gronvold, K. (2001). Anomalous strontium
and lead isotope signatures in the off-rift Orafajokull central volcano in south-
east Iceland: evidence for enriched endmember(s) of the Iceland mantle plume?
Earth Planet. Sci. Lett. 190, 211-220.

51



Ranero, C. R., Torne, M., Banda, E. (1995). Gravity and multichannel seismic re-
flection contraints on the lithospheric structure of the Canary swell. Mar. Ge-
ophys. Res. 17, 519-534.

Reimink, J. R., Chacko, T., Stern, R. A., Heaman, L. M. (2014). Earth‘s earliest
evolved crust generated in an Iceland-like setting. Nature Geosci. 7, 529-533,
doi: 10.1038/nge02170.

Riishuus, M. S., Duncan, R. A., Kristjansson, L. (2013). Revised geochronology and
magnetostratigraphy of northwest Iceland. AGU Fall Meeting Abstracts 1, 1196.

Rodriguez-Losada, J. A., Eff-Darwich, A., Hernandez, L. E., Vifias, R., Pérez, N,
Hernandez, P., Melian, G., Martinez-Frias, J., Romero-Ruiz, C.M., Coello-
Bravo, J. J. (2015). Petrological and geochemical highlights in the floating
fragments of the October 2011 submarine eruption offshore El Hierro (Canary
Islands): Relevance of submarine hydrothermal processes. J. Afr. Earth Sci. 102,
41-49.

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R. (1993). Isotopic patterns in
modern global precipitation. In: Climate change in continental isotopic records,
Swart, P. K., Lohmann, K. C., McKenzie, J., Savin, S. (Eds), Geoph. Monog.
Series 78, American Geophysical Union, USA, 1-37.

Saeemundsson, K. (1979). Outline of the geology of Iceland. Jokull 29, 7-28.

Saunders, A. D., Fitton, J. G., Kerr, A. C., Norry, M. J., Kent, R. W. (1997). The
north Atlantic igneous province. Geophys. Monog.-American Geophysical Un-
ion 100, 45-94.

Schaltegger U, Amundsen, H., Jamtveit, B., Frank, M., Griffin, W. L., Grénvold, K.,
Trennes, R., Torsvik, T. (2002) Contamination of OIB by underlying ancient
continental lithosphere: U-Pb and Hf isotopes in zircons question EM1 and EM2
mantle components. Geochim. Cosmochim. Ac. 66, A673.

Schattel, N., Portnyagin, M., Golowin, R., Hoernle, K., Bindeman, 1. (2014). Con-
trasting conditions of rift and off-rift silicic magma origin on Iceland. Geophys.
Res. Lett. 41, 5813-5820.

Schmincke, H.-U., Graf, G. (2000). DECOS / OMEX II, Cruise No. 43. METEOR-
Berichte 20001, Univ. Hamburg, Alemania, 1-99.

Selbekk, R. S., Tronnes, R. G. (2007). The 1362 AD Orafajokull eruption, Iceland:
Petrology and geochemistry of large-volume homogeneous rhyolite. J. Vol-
canol. Geotherm. Res. 160, 42-58.

Sharp, Z. (2007). Principles of Stable Isotope Geochemistry. Upper Saddle River,
NIJ: Pearson education, 344 pp.

Shaw, C. (2009). Caught in the act -The first few hours of xenolith assimilation
preserved in lavas of the Rockeskyllerkopf volcano, West Eifel, Germany. Li-
thos 112, 511-523.

Siebe, C., Komorowski, J. C., Navarro, C., McHone, J., Delgado, H., Cortes, A.
(1995). Submarine eruption near Socorro Island, Mexico: geochemistry and
scanning electron microscopy studies of floating scoria and reticulite. J. Vol-
canol. Geotherm. Res. 68, 239-271.

Sigmundsson, F. (2006). Iceland Geodynamics, crustal deformation and divergent
plate tectonics. Praxis Publishing/Springer-Verlag, Chichester, 209 pp.

Sigurdsson, H., Sparks, R. S. J. (1981). Petrology of rhyolitic and mixed magma
ejecta from the 1875 eruption of Askja, Iceland. J. Petrol. 22, 41-84.

Sparks, S. R., Sigurdsson, H. (1977). Magma mixing: a mechanism for triggering
acid explosive eruptions. Nature 267, 315-318.

Song, S. R., Jones, K. W., Lindquist, W. B., Dowd, B. A., Sahagian, D. L. (2001).
Synchrotron X-ray computed microtomography: Studies on vesiculated basaltic
rock. Bull. Volcanol. 63,252-263.

52



Steiger, R. H., Jager, E. (1977). Subcommission on geochronology: convention on
the use of decay constants in geo- and cosmochronology. Earth Planet. Sci. Lett.
36, 359-362.

Taylor, S. R., McLennan, S. M. (1985). The continental crust: its composition and
evolution. Blackwell Scientific, 312 pp., Boston, Massachusetts.

Thomas, N., Jaupart, C., Vergniolle, S. (1994). On the vesicularity of pumice. J.
Geophys. Res. Lett. 99, 15633-15644.

Thordarson, T., Larsen, G. (2007). Volcanism in Iceland in historical time: Volcano
types, eruption styles and eruptive history. J. Geodyn. 43, 118-152.

Troll, V. R., Schmincke, H. U. (2002). Magma mixing and crustal recycling record-
ed in ternary feldspar from compositionally zoned peralkaline ignimbrite ‘A’,
Gran Canaria, Canary Islands. J. Petrol. 43, 243-270.

Toll, V. R., Chadwick, J. P., Ellam, R. M., Mc Donnell, S., Emeleus, C. H.,
Meighan, 1. G. (2005). Sr and Nd isotope evidence for successive crustal con-
tamination of Slieve Gullion ring-dyke magmas, Co. Armagh, Ireland. Geol.
Mag. 142, 659-668.

Troll, V. R., Kliigel, A., Longpré, M.-A., Burchardt, S., Deegan, F. M., Carrace-
do, J. C., Wiesmaier, S., Kueppers, U., Dahren, B., Blythe, L. S., Hansteen, T.,
Freda, C., Budd, D. A., Jolis, E. M., Jonsson, E., Meade, F., Berg, S., Manci-
ni, L., Polacci, M. (2012). Floating stones off El Hierro, Canary Islands: xeno-
liths of pre-island sedimentary origin in the early products of the October 2011
eruption. Solid Earth 3, 97-11.

Troll, V. R., Deegan, F. M., Burchardt, S., Zaczek, K., Carracedo, J. C., Meade, F.
C., Soler, V., Cachao, M., Ferreira, J., Barker, A. K. (2015). Nannofossils: the
smoking gun for the Canarian hotspot. Geology Today 31, 137-145.

Torsvik, T. H., Amundsen, H. E., Trennes, R. G., Doubrovine, P. V., Gaina, C.,
Kusznir, N. J., Steinberger, B., Corfu, F. Ashwal, L. D., Griffin, W. L., Werner,
S. C., Jamtveit, B. (2015). Continental crust beneath southeast Iceland. Proc.
Natl. Acad. Sci. 112, E1818-E1827.

Tuttle, O. F., Bowen, N. L. (1958). Origin of granite in the light of experimental
studies in the system NaAlSi;03—KAISi;05—Si0,—H,0. Geol. Soc. Am. Mem.
74, 1-146.

Tromba, G., Longo, R., Abrami, A., Arfelli, F., Astolfo, A., Bregant, P., Brun, F,,
Casarin, K., Chenda, V., Dreossi, D., Hola, M., Kaiser, J., Mancini, L., Menk,
R. H., Quai, E., Quaia, E., Rigon, L., Rokvic, T., Sodini, N., Sanabor, D.,
Schultke, E., Tonutti, M., Vascotto, A., Zanconati, F., Cova, M., Castelli, E.
(2010). The SYRMEP Beamline of Elettra: Clinical Mammography and Bio-
medical Applications. AIP Conference Proceedings 1266, 18-23.

Walker, G. P. L. (1963). The Breiddalur central volcano, eastern Iceland. Quarterly
J. Geol. Soc. 119, 29-63.

Walker, G. P. (1966). Acid volcanic rocks in Iceland. Bull. Volcanol. 29, 375-402.

Valley, J. W., Kitchen, N., Kohn, M. J., Niendorf, C. R., Spicuzza, M. J. (1995).
UWG-2, a garnet standard for oxygen isotope ratios: strategies for high preci-
sion and accuracy with laser heating. Geochim. Cosmochim. Ac. 59, 5223-5231.

Valley, J. W., Peck, W. H., King, E. M., Wilde, S. A. (2002). A cool early Earth.
Geology, 30, 351-354.

Valley, J. W., Lackey, J. S., Cavosie, A. J., Clechenko, C. C., Spicuzza, M. J., Basei,
M. A. S., Bindeman, I. N., Ferreira, V. P., Sial, A. N., King, E. M., Peck, W. H.,
Sinha, A. K, Wei, C. S. (2005). 4.4 billion years of crustal maturation: oxygen
isotope ratios of magmatic zircon. Contrib. Mineral. Petrol. 150, 561-580.

53



Vennemann, T. W., Smith, H. S. (1990). The rate and temperature of reaction of
CIF; with silicate minerals, and their relevance to oxygen isotope analysis.
Chem. Geol. -Isotope Geoscience section 86, 83-88.

Whitehouse, M. J., Kamber, B. S., Moorbath, S. (1999). Age significance of U-Th—
Pb zircon data from early Archaean rocks of west Greenland—a reassessment
based on combined ion-microprobe and imaging studies. Chem. Geol. 160, 201—
224,

Whitehouse, M. J., Kamber, B. S. (2005). Assigning dates on thin gneissic veins in
highgrade metamorphic terranes; a cautionary tale from Akilia, southwest
Greenland. J. Petrol. 46,291-318.

Whitehouse, M. J., Nemchin, A. A. (2009). High precision, high accuracy measure-
ment of oxygen isotopes in a large lunar zircon by SIMS. Chem. Geol. 261, 32—
42.

Wiedenbeck, M. A. P. C., Alle, P., Corfu, F., Griffin, W. L., Meier, M., Oberli, F.,
Von Quadt, A., Roddick, J. C., Spiegel, W. (1995). Three natural zircon stand-
ards for U-Th-Pb, Lu-Hf, trace element and REE analyses. Geostandards news-
letter 19, 1-23.

Wiedenbeck, M., Hanchar, J. M., Peck, W. H., Sylvester, P., Valley, J., Whitehouse,
M., Andreas K., Yuichi M., Lutz N., Fiebig, J., Franchi, 1., Girard, J.-P. Green-
wood, R.C., Hinton, R., Kita, N., Mason, P. R. D., Norman, M., Ogasawara, M.,
Piccoli, P.M., Rhede, D., Satoh, H., Schulz-Dobrick, B., Skar, O., Spicuzza, M.
J., Terada, K., Tindle, A., Togashi, S., Vennemann, T., Xie, Q., Zheng, Y.-F.
(2004). Further characterization of the 91500 zircon crystal. Geostand. Geoana-
Wytical Res. 28, 9-39.

Wilson, M. (1993). Magmatic differentiation. J. Geol. Soc. 150, 611-624.

Wolff, J. A., Grandy, J. S., Larson, P. B. (2000). Interaction of mantle-derived
magma with island crust? Trace element and oxygen isotope data from the Die-
go Hernandez Formation, Las Canadas, Tenerife. J. Volcanol. Geotherm. Res.
103, 343-366.

Zaczek, K., Troll, V. R., Cachao, M., Ferreira, J., Deegan, F. M., Carracedo, J. C.,
Soler, V., Meade, F C., Burchardt, S. (2015). Nannofossils in 2011 El Hierro
eruptive products reinstate plume model for Canary Islands. Sci. Rep. 5, 7954,
doi:10.1038/srep07945.

Zandomeneghi, D., Voltolini, M., Mancini, L., Brun, F., Dreossi, D., Polacci, M.
(2010). Quantitative analysis of X-ray microtomography images of geomateri-
als: Application to volcanic rocks. Geosphere 6, 793-804.

54






Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1338

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through

the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-272318

Gu

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2016




	Abstract
	List of Papers
	Personal Contributions
	Contents
	Abbreviations
	1. Introduction
	1.1 Scope and structure of the thesis
	1.2 Background
	1.2.1 Silicic volcanism on Iceland
	1.2.2 Magma-crust interaction at El Hierro


	2. Geological setting
	2.1 Iceland
	2.2 El Hierro, Canary Islands

	3. Methodology
	3.1 Sample preparation
	3.2 Whole-rock major, trace and rare earth elements
	3.3 Oxygen isotopes in whole-rocks and minerals
	3.4 Zircon cathodoluminescence
	3.5 Zircon U-Pb geochronology
	3.6 Zircon oxygen isotope analyses
	3.7 Zircon trace and rare earth elements (LA-ICP-MS)
	3.8 3D structural modelling reconstructing pre-erosional rock volumes
	3.9 Synchrotron X-ray microtomography
	3.10 Other methodologies

	4. Summary of the papers
	4.1 Paper I
	4.2 Paper II
	4.3 Paper III
	4.4 Paper IV
	4.5 Paper V
	4.6 Paper VI

	5. Conclusions and outlook
	6. Summary in Swedish
	7. Acknowledgements
	8. References



