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1. Introduction

For more than 100 years, the concept of a melt-dominated and long-lived magma chamber
has been a commonly accepted paradigm in volcanology. However, our understanding of volcanic
plumbing systems and processes has improved in the last few decades due to new geophysical,
petrological and geological evidence (e.g., Ryan, 2018; Sinton and Detrick, 1992; West et al., 2001).
Magma plumbing systems beneath active volcanoes are now envisaged to be characterized by sets
of crustal reservoirs that are dominated by relatively liquid-poor crystal mushes (Edmonds et al.,
2019; Marsh, 2006). Crystal mushes are dynamic horizons made of a semi-rigid framework of
crystals within which the melt is distributed (Cashman et al.,, 2017; Maclennan, 2019). These
bodies cannot be erupted in their entirety due to their rheological properties, but mush fragments
can be disaggregated from the system by an ascending melt, and carried to the surface as
glomerocrysts, nodules or macrocrysts (Cashman et al., 2017). Evidence from mush fragments is
essential to constrain pressure (P), temperature (T), composition (X) and processes operating
within a plumbing system.

Magmas in Iceland commonly carry disaggregated fragments of crystal mushes (Cooper et
al., 2016; Halldérsson et al., 2018; Hansen and Gronvold, 2000; Neave et al., 2013, 2014, 2017;
Oskarsson et al., 2017; Passmore et al., 2012; Svavarsdéttir et al., 2017). Petrological investigations
of the geochemical relationship between macrocrysts and their carrier liquids have revealed that
some mush fragments are related to their carrier liquid (Neave et al., 2013), while others cannot

be cogenetic (Halldérsson et al., 2008). Identifying the location of a magma storage reservoir(s)
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within a plumbing system and tracking its evolution with time is important for clarifying the
functioning of a volcanic system and for future eruption mitigation.

The Bardarbunga-Veidivotn volcanic system, located in the Eastern Volcanic Zone (EVZ), is
ideal for investigating the temporal and compositional evolution of a basaltic magma storage
reservoir(s) on the scale of a single volcanic system. This is because (1) it is one of the most active
volcanic systems in Iceland during the Holocene; (2) extrusives consist of phyric and ultra-phyric
rocks containing disaggregated crystal mush fragments (e.g., Halldorsson et al., 2018, 2008;
Hansen and Gronvold, 2000; Holness et al., 2019); and (3) Holocene tephras from the Bardarbunga
system (Oladéttir et al., 2011) exhibit distinctive compositional variations as a function of time
(Fig. 1). Furthermore, a fundamental observation from the Icelandic rift system is the apparent
effect of deglaciation on magma plumbing dynamics. This is well documented in the Reykjanes
Peninsula (Gee et al., 1998; Jakobsson et al., 1978), in the Western Volcanic Zone (Eason et al.,
2015; Sinton et al., 2005) and in the Northern Volcanic Zone (Maclennan et al., 2002; Slater et al.,
1998), although it remains unclear if and how magmatic plumbing systems were affected in the
EVZ.

In this work, we present mineral, groundmass glass and melt inclusion major and minor
elemental compositions from a temporally diverse (fully subglacial to historical) sample set from
the Bardarbunga-Veidivotn volcanic system in central Iceland. Each sample provides a snapshot of
the physical and chemical state of the volcanic system at the time of eruption. By linking
geochemical and petrological data with geothermobarometry calculations, we explore the
temporal evolution of magma storage conditions in the Bardarbunga-Veidivotn system. We first
chemically characterize a sample suite comprising fresh nodules, macrocrysts and glass. Secondly,
we employ a range of mineral-melt and melt-based thermobarometers (Hartley et al., 2018;

Neave et al., 2017; Putirka, 2008; Yang et al., 1996) to evaluate magma storage conditions for each
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eruptive unit. On the basis of these observations, we make an attempt to reconstruct the
architecture of the Bardarbunga-Veidivotn magmatic system and the changes occurring within it

from the last glacial period to recent times.

2. GEOLOGICAL SETTING AND SAMPLING

2.1 The Bardarbunga-Veidivotn volcanic system

The Bardarbunga volcanic system (Fig. 2) is the most extensive volcanic system in Iceland
with a total length of 190 km and an area of about 2500 km? (Thordarson and Héskuldsson, 2008).
With one eruption every 50 years in the last 1100 years, the Bardarbunga volcanic system is one of
the most active system in Iceland (Larsen and Gudmundsson, 2014). The central edifice is split into
two subglacial volcanoes: Bardarbunga, a ~2009 m-high caldera-bearing volcano situated under
the Vatnajokull ice cap, and Hamarinn, a smaller second central volcano located 20 km SW of
Bardarbunga. The associated fissure swarm is commonly subdivided into two segments: the
Dyngjuhdls fissure swarm extends 55 km north-northeast from Bardarbunga into the Northern
Volcanic Zone, while the Veidivotn fissure swarm extends 115 km southwest from Bardarbunga
into the Eastern Volcanic Zone.

The southwest part of the Bardarbunga volcanic system is commonly referred to as the
Bardarbunga-Veidivotn volcanic system. The Veidivotn part consists of numerous well-developed
volcanic fissures orientated N45° (Larsen, 1984; Larsen and Gudmundsson, 2014; Thordarson and
Larsen, 2007). In the extreme southwest, the Veidivotn fissure swarm propagates into the
Torfajokull volcanic system with production of both silicic and mixed products (Larsen, 1984,
Mgrk, 1984; Zellmer et al., 2008). The latest eruption took place on the northern fissure swarm,

producing the 2014-15 Holuhraun lava (Pedersen et al., 2017).
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2.2 Sample description

We have selected a suite of geologically well-characterised eruptive units from volcanic formations

situated in the Bardarbunga-Veidivotn volcanic system (Fig. 2 and Table 1).

Liosufjoéll (Lj)

Ljésufjoll, a subglacial volcanic ridge located within the Veidivotn fissure system (Lj, Fig. 2). Studied
samples are from a glassy pillow lava, corresponding to Ljosufjoll formations b and c (lja and ljb)
described by Vilmundardottir et al. (2000). Ljésufjoll is thought to have erupted early during the
last glacial period (Weichselian) and is therefore likely to be younger than 100 ka (J6hannesson et

al., 1982). No prior petrochemical studies have been carried out on Ljdsufjoll.

Brandur (B), Fontur (F) and Saxi (S)

Brandur, Fontur and Saxi are three early-Holocene tephra cones located to the east of
Périsvatn lake (B, F, S, Fig. 2). Saxi and Fontur are aligned along a ~2.5 km-long linear fissure, while
Brandur is located 3 km west of the fissure on the edge of bérisvatn lake. The craters consist of
unconsolidated, crystal-rich, fine-grained glassy material with plagioclase macrocrysts up to 4 cm
long, and abundant nodules of plagioclase, olivine and clinopyroxene (Halldérsson et al., 2008;
Hansen and Grénvold, 2000; Holness et al., 2007, 2019; Vilmundardadttir, 1977). These craters have
been suggested to be the source of the bjérsarhraun lava (8.6 ka, e.g. Halldérsson et al., 2008;
Hansen and Gronvold, 2000; Hjartarson, 1988; Jakobsson, 1979). In addition to samples collected
for this study, we also collected data from samples previously studied by Hansen and Groénvold

(2000).
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pjorsdrdalshraun (Th) and Drekahraun (Dr) (Tungnad lava)

Lava flows produced in the Veidivotn fissure over the last 9 ka, but before the settlement of
Iceland in 874 AD, are collectively referred to as the Tungnaa lava sequence. At 45 km>, this is one
of the most voluminous lava sequences in Iceland (Vilmundardottir, 1977). The source vents of the
Tungnaa lavas are now mostly buried by younger formations but were probably located in the
southern part of the Veidivétn fissure swarm (Pinton et al., 2018). bjérsardalshraun and
Drekahraun (Th and Dr, Fig. 2) are mid-Holocene lavas belonging to the Tungnaa sequence. They
are dated to between 3-4 ka BP by tephrochronology (Pinton et al. 2018). Drekahraun samples
consist of fresh and vesicular scoria collected west of Drekavatn, near the lava source vents (Dr,
Fig. 2). The bjérsardalshraun lava was largely emplaced to the north of Hekla volcano, flowing
westward following the bjérsa river and ultimately forming a field of rootless cones in Pjérsardalur

valley (Th, Fig. 2).

Veidivétn 1477 (V)

The 1477 AD Veidivotn eruption is the most recent eruption covered by our sample suite.
The eruption is considered to be the largest basaltic explosive eruption that has occurred in
Iceland in the last 1200 years (Thordarson and Larsen, 2007). It took place on a 65 km long fissure
and produced 5-10 km? of highly fragmented basaltic tephra and small lava flows. This volume
includes both tephras and lavas ranging from basalt to rhyolite which erupted simultaneously as
the Veidivotn magmas entered the Torfajokull silicic center to southwest (McGarvie, 1984; Mgrk,
1984; Zellmer et al., 2008). Tephra from this eruption covered an area of 53 km? on land and has
been found as far afield as Ireland and Sweden (Larsen, 1984; Larsen and Gudmundsson, 2014).
Here we study fresh and glassy basaltic scoria from the central and southern part of the main

fissure specifically avoiding the mixed magmas near Torfajokull (V1477, Fig. 2).
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3. METHODS

3.1 Sample preparation, analytical and thermobarometry methods

Thin sections of well-preserved and representative whole rock samples were made from each unit.
Plagioclase, olivine and clinopyroxene crystals (0.5-2.4 mm) were hand-picked from crushed
samples, mounted in epoxy resin and polished to expose glassy melt inclusions (Mls). Crystals
containing devitrified Mls were heated in a high-temperature furnace at 1210 £ 5 °C, which was
expected to exceed the crystallization temperature. The re-homogenized Mls were later exposed
at the surface. Major element compositions of macrocrysts (n = 1530), their host glass (n = 328)
and olivine- and plagioclase-hosted Mls (n=436) were determined by electron microprobe (EPMA)
using a JEOL JXA-8230 SuperProbe at the University of Iceland. 1o errors reported in this work are
based on multiple standard analyses collected during different analytical sessions. All melt
inclusion compositions have been corrected for the effect of post-entrapment crystallization (PEC)
on the inclusion walls.

We calculated magma storage temperatures based on glass compositions (Yang et al., 1996)
and mineral-glass pairs (Putirka, 2008). Crystallization pressures were calculated based on
clinopyroxene-melt pairs, following the method described by Neave and Putirka (2017), which has
a standard error of estimate (SEE) of +1.4 kbar, whereas the olivine-plagioclase-augite-melt
(OPAM) barometer (Hartley et al., 2018; Yang et al., 1996) was applied to estimate groundmass
glass and MI equilibration pressures (SEE=+1.3 kbar). Full details of analytical methods,
homogenization experiments, PEC corrections and thermobarometry calculations are provided as

supplementary material (S1).
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4. Results

4.1 Petrography

All our samples contain three main macrocryst (>500 um) phases: olivine, clinopyroxene
and plagioclase. Minerals are present either as single grains scattered in the groundmass or in
polymineralic glomerocrysts (Fig. 3). Plagioclase is the most common mineral phase in all samples
(Fig. 3a). Plagioclase macrocrysts are generally euhedral and range from 500-6000 um in size,
although crystals up to 3-4 cm are found in Brandur, Fontur and Saxi samples. Clinopyroxene
macrocrysts range between 500-1600 um and often occur in glomerocrysts (Fig. 3b), although
large euhedral clinopyroxene is occasionally found (Fig. 3c). Olivine macrocrysts are typically 500-
2000 um in size and are either euhedral or show rounded and resorbed habits (Fig. 3d-e). Cr-rich
spinel is sporadically found in the groundmass glass and is also widespread as inclusions in olivine
and plagioclase macrocrysts.

Naturally quenched melt inclusions are abundant in olivines and plagioclases from
Ljésufjoll, Brandur, Fontur, Saxi, and Veidivotn 1477. The melt inclusions range in size from 10-150
um (Fig. 3d-e). Plagioclase and olivine crystals from pPjorsardalshraun and Drekahraun contain Mls
that are partially crystallized. Crystals in the tephra cones Brandur, Fontur and Saxi are surrounded
by a glassy to fine-grained matrix. Ljosufjoll samples display a coarse-grained groundmass (Fig. 3g)
composed of plagioclase, clinopyroxene, olivine and oxides, changing to a cryptocrystalline and
glassy matrix towards the pillow margins (Fig. 3h). Drekahraun and Veidivotn 1477 samples
contain a fine-grained matrix with glassy portions at the tephra clast rims. bjorsardalshraun

samples have a holocrystalline groundmass.
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Samples from all localities have plagioclase macrocrysts with cores exhibiting complex
internal textures. The inner part is either oscillatory or patchy zoned and always wrapped by
euhedral to subhedral rims. The thickness of Ljésufjoll plagioclase rims appears to be correlated
with the matrix texture (Fig. 3g-h). Plagioclase rims in contact with coarse-grained groundmass are
thicker (~¥30-70 um) (Fig. 3g), while plagioclase rims scattered in cryptocrystalline to glassy matrix
are thinner (~10-40 um) (Fig. 3h). bjérsardalshraun plagioclase macrocrysts are normally zoned.

In backscattered electron (BSE) images, clinopyroxenes display bright and dark sectors (Fig.
3b). The clinopyroxenes are found either as glomerophyric clots or as fine to coarse intergrowths
of clinopyroxene and plagioclase forming next to plagioclase macrocrysts. In Veidivotn 1477,
Ljosufjoll and the tephra cone samples, clinopyroxene also occurs as scattered single grains (Fig.
3c). Olivine crystals are often resorbed, especially in Brandur, Fontur and Saxi samples, although
euhedral crystals are found in all localities.

Abundant cm-size (up to 10 cm) olivine gabbro xenoliths are found in the Brandur, Fontur
and Saxi cones (Fig. 3e). The five studied nodules all contain 70-80 vol.% plagioclase in a subophitic
texture with some resorbed interstitial olivine and clinopyroxene. The framework is sustained by
transparent, light brown interstitial glass, which is locally crystallized to a fine intergrowth of
plagioclase, clinopyroxene * olivine (see also Hansen and Gronvold, 2000 and Holness et al., 2007).
Two xenoliths, 0.5-0.9 cm in size, were also found in the bjérsardalshraun lava samples (Fig. 3f).
They consist of olivine-free gabbro, with plagioclase and clinopyroxene forming an ophitic texture,

and contain localized pockets of coarse- to fine-grained interstitial material (Fig. 3f).

4.2 Mineral and glass chemistry
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Macrocryst compositions are summarized in Fig. 4a-c. For each mineral phase, variation diagrams
are also shown in Fig. 4d-f and in the supplementary material (Fig. S1.2-S1.4). Groundmass glass
and melt inclusion compositions are reported in Fig. 1 and Fig. 5. The full EPMA dataset is provided

as supplementary material (S2).

4.1 Plagioclase

Plagioclase macrocrysts commonly have bytownitic to anorthitic compositions. Ljosufjoll
plagioclase macrocryst cores display a narrow compositional range of Angggeos, Whereas the
composition of the rims depends on the groundmass glass texture (Fig. 3g-h). Plagioclase rims in
contact with coarse-grained groundmass have more evolved compositions within the range Angs.
71, while plagioclase rims adjacent to cryptocrystalline to glassy groundmass record compositions
within the range Anyq.gs (Fig. 4a and 3d). Plagioclase macrocryst cores from Brandur, Fontur and
Saxi samples are in the range Angs.o1s, with Fontur plagioclase cores having slightly less
compositional variation of Angg.qo s (Fig. 4a). All plagioclase macrocrysts are surrounded by An;;.g;
rims. Pjorsardalshraun and Drekahraun plagioclase macrocryst core and rim compositions are
between Angso; and An;igs, respectively (Fig. 4a and 4d), while plagioclases found in
bjérsardalshraun nodules are more homogeneous (Angsggs). Macrocryst cores and rims from
Veidivotn 1477 display the largest compositional variation of all studied localities. Plagioclase core

compositions are Anyg o1, While rims are Angg_77.

4.2 Clinopyroxene

Clinopyroxenes have augititic compositions. Ljdsufjoll clinopyroxene cores and dark sectors
in BSE images have compositions of Mgt 84-87 (Mg#=[(MgOmo1)/(MgOme+Fe0™ 01)]¥100), while

rims and bright sectors have Mg# 76-86 (Fig. 4b and 3e). Brandur, Fontur and Saxi cones contain
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clinopyroxene with cores and dark sectors in the range Mg# 78-87 and rims and bright sectors in
the range Mg# 75-84 (Fig. 4b). bjérsardalshraun clinopyroxenes have Mg# 76.6-84.7, while
clinopyroxenes found in the nodules are more homogeneous, being in the range Mg# 83-85.
Drekahraun clinopyroxene cores and dark sectors range between Mg# 81.7-85, while rims and
bright sectors are in the range Mg# 79-84. Here, many reversely zoned clinopyroxenes occur with
Fe-rich cores (Mg# 70-72) surrounded by Fe-poor sectors (Mg# 82-84) (Fig. 4b and 3e).
Clinopyroxene dark sectors found in Veidivotn 1477 samples vary in the range Mg# 79-85 and
bright sectors in the range Mg# 75.7-82. A few clinopyroxene crystals, occurring as large single
grains, are normally zoned with large Mg-rich cores of Mg# 84-85 overgrown by rims with Mg# 81-
82. Reversely zoned clinopyroxenes contain Fe-rich cores (Mg# 67-75.4) followed by oscillatory
zoning.

Clinopyroxene crystals can be strongly sector zoned, which is mostly reflected in their Ca,
Al and Ti contents (e.g.: Nakamura, 1973; Ubide et al., 2019). In order to minimise this
compositional effect, we plotted the Al,03/TiO, vs Mgt for all clinopyroxene analyses (Fig. 4e). In
general, the Al,03/TiO, increases with increasing Mg# and the Al,03/TiO, variation is greater for
clinopyroxene with Mg# >83. Crystals with Mg# >83 show an Al,03/TiO, span of 1.73 (10), in
contrast to clinopyroxenes with Mg# <83 where this span is only 0.97 (10). Ljésufjoll and tephra
cone clinopyroxenes record the largest dispersion, while recent samples have a narrower range. In
fact, middle-Holocene units and historical units do sample primitive clinopyroxene in terms of Mg#
and they register relatively low Al,03/TiO, ratios and Cr,03 contents. Indeed, Cr-rich (Cr,0s; >0.8

wt%) clinopyroxenes are exclusively sampled by the old units (Fig. S1.3c).

4.3 Olivine
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In Ljoésufjoll samples, unzoned olivine macrocrysts vary in composition from Fogs to Fog;.
Zoned olivines, on the other hand, have core and rim compositions of Fog,s5g7 and Fo71.775,
respectively (Fig. 4c and 3f). Olivine macrocrysts from Brandur, Fontur and Saxi have
homogeneous core compositions of Fog,.g75 and rims between Fose.g; (Fig. 4c). Olivine cores from
bjorsardalshraun and Drekahraun vary in the range Fos953 and Fogyss6 respectively.
bjorsardalshraun olivine rims have compositions within the range Fo736.79, While Drekahraun
olivine rims have compositions of Fosg g3. Reversely zoned olivines, mostly occurring in Drekahraun
samples, have cores of Fogss.sy encased by more primitive Foggg, rims (Fig. 4c and 3f). Sparse
olivines in Veidivotn 1477 samples show a wide compositional range of cores and rims, between
Fo77.87 and Fo7s 4855, respectively.

Olivine variation diagrams for all locations are shown in Fig. 4f and Fig. S1.4. Olivine cores
have NiO contents between 0.1 and 0.25 wt.% that decrease to 0.05 wt.% in the rims (Fig. 4f).
Fe/Mn ratio, diagnostic of parental magma compositional differences (e.g., Sobolev et al., 2007),
varies between 51 and 86 (Fig. S1.4a), with more variation observed in the most primitive crystals

(Fo >85, 10=5.2) compared to olivines with Fo <85 (10=4.3).

4.4 Groundmass glass

Groundmass glass composition varies as a function of time (Fig. 1). From early-Holocene till
present, carrier melts become more evolved. Indeed, Ljésufjoll groundmass glass is the most
primitive (Fig. 1 and 5) with Mg# 57-60, MgO 7.5-9.3 wt% and TiO, 0.95-1.1 wt%, being one of the
most primitive tholeiite glass compositions known from the EVZ (see Hansen and Grénvold, 2000;
Neave et al., 2014, 2017; Oladéttir et al., 2011; Passmore et al., 2012). Drekahraun and Veidivotn
1477 groundmass glasses show a tight compositional range (Fig. 1 and 5). Drekahraun glass (Mg#

50.5-55) has MgO 7-7.5 wt% and TiO, 1.6-1.8 wt%, whereas Veidivotn 1477 groundmass glass
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(Mg# 45.7-49.8) contains MgO 6-6.9 wt% and TiO; 1.7-2 wt%. The groundmass of samples from
bjorsardalshraun, assumed to represent melt compositions, refer to fine-grained pockets found in
the nodules. bjérsardalshraun nodule glass (Fig. 2f) displays a large chemical variability (Fig. 5)
(MgO 5.7-7.5 wt% and TiO, 1.9-2.3 wt%), perhaps due to microcrystals. The compositional
variation of groundmass glass from the tephra cones (B-F-S) is relatively large in comparison to
other localities (Fig. 1 and 5) and our data are in good agreement with previously published data
(Hansen and Gronvold, 2000). We note that Brandur generally has more primitive glass (Mg# 46-
53, Mg0 6.1-7.5 wt.%) than Fontur and Saxi (Mg# 40-49 and 41.5-50.5, MgO 5.5-7.5 wt% and 5.5-7

wt%, respectively).

4.5 Melt inclusions

The majority of Mls from all localities, corrected for post-entrapment processes (S1), form
a group with Mg# 58-68 (Fig. 5a-d). The only locality where Ml and interstitial glass compositions
overlap is Ljosufjoll. Ljosufjoll Mls have MgO between 8.0-9.7 wt%, while other localities record a
wider range (MgO 6.2-10.0 wt%). Among the most primitive melt inclusions (Mg# >65, MgO 8.5-
10.0 wt%, n=24), two are hosted in plagioclases (Ange.g9) from Drekahraun and bjorsardalshraun
(MgO of Mls 8.5-8.7 wt%), one is a plagioclase-hosted (Angg) MI from Brandur (MgO 10.0 wt%),
and the other 21 Mls are hosted in olivines (Fogg.5.33) from the tephra cones (MgO 9.3-10.0 wt%).

Evolved Mls (Mg# <55, n=56,) are widespread in all eruptive units except Ljosufjoll. They
are hosted in both plagioclase (Angsgg) and olivine (Fos6.30). The groundmass glass and Ml
variations of our dataset are found to be in excellent agreement with published whole rock and
glass compositions (Halldérsson et al., 2008, 2018; Hartley et al., 2018; Jakobsson, 1979; Oladéttir

et al., 2011; Svavarsdottir et al., 2017) from Bardarbunga volcanic system (pale blue fields in Fig.
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5), although our samples do not include primitive Mls with Mg# as high as 71 as found in

Holuhraun samples (Bali et al., 2018; Hartley et al., 2018).

4.6 Macrocryst compositions and mineral-melt equilibrium

Figure 4a-c shows macrocryst compositional ranges, along with mineral compositions
calculated to be in equilibrium with the observed groundmass glass compositions, shown with
coloured bands. Equilibrium olivine compositions were calculated using a fixed Kd;el:ll\fl?g of 0.3,
following Roeder and Emslie (1970), and equilibrium clinopyroxene compositions following the
model of Wood and Blundy (1997). Equilibrium plagioclase compositions were calculated using
equation 33 from the model of Namur et al. (2011).

Plagioclase, olivine and clinopyroxene macrocryst rims are generally found to be close to
the compositions predicted to be in equilibrium with the groundmass glass, with the exception of
Ljésufjoll macrocryst rims. Macrocryst cores are always too primitive to be in equilibrium with
groundmass glass compositions. This feature is fairly common in mush-bearing magmas and has

been observed in other eruptive units from the EVZ (Halldorsson et al., 2008, 2018; Neave et al.,

2013, 2014, 2015).

5. Geothermobarometry results

5.1 Clinopyroxene storage pressures and groundmass equilibration pressures

The relative probability of clinopyroxene crystallization pressures are shown as kernel
density estimates (KDE) in Fig. 6 a-d. Clinopyroxenes from all eruptive units give comparable
crystallization pressure ranges of 0.5-4.5 kbar (Table 2 and Fig. 6). Each locality returns a well-

defined peak in the KDE (Fig. 6a-d), located at ~2 kbar. The mean calculated pressure across all
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units is 2.2 £ 0.7 (10) kbar. Only a few clinopyroxenes (n=14, Mg#78-85) — the majority of which
are from Drekahraun and the tephra cone localities — return pressures higher than 3.5 kbar.
Assuming an average Icelandic crustal density of 2.86 g/cm? (Carlson and Herrick, 1990), our data
indicate a mid-crustal magma storage zone located at 7.8 + 2.5 (10) km (Fig. 6 a-d).

In Fig. 6a-d, we plot KDEs of equilibration pressures calculated for both groundmass glasses
and melt inclusions. Groundmass glasses return a mean of 1.9 + 0.8 (10) kbar, which is statistically
indistinguishable from our calculated clinopyroxene-liquid pressures (Table 2). The majority of
groundmass glasses are within the range 0.4-3.0 kbar. Similar equilibrium pressures are obtained
for the Bardarbunga Holocene tephras (Oladéttir et al., 2011a), with a mean pressure of 2.6 + 0.4
(10) kbar (Fig. 6). Therefore, although the studied carrier melts have distinct and variable chemical
compositions, they all last equilibrated with olivine, plagioclase and augite at essentially the same
depth (Fig. 6a-d), in a mid-crustal reservoir located at 6.8 + 2.8 (10) km. Barometry calculations
carried out on 2014-15 Holuhraun samples reveal a magma storage zone located at about 7-8 km

depths, consistent with geophysical observations (Hallddrsson et al., 2018; Hartley et al., 2018).

5.2 OPAM melt inclusion equilibration pressures

Out of 436 olivine and plagioclase-hosted Mls, 299 inclusions return probability fits >0.8
(table 2 and Fig. 6a-d). The oldest, subglacial unit Ljosufjoll, records a fairly large range of Ml
trapping pressures, with broad peak at 3.3 kbar and a tail up to 6 kbar. Inclusions from the tephra
cones display a bimodal distribution with one peak at 3.0 kbar and another at 4.9 kbar. The high-
pressure peak is well defined for Brandur, Fontur and Saxi samples, with 108 Mis recording
pressures higher than 4.0 kbar, but not statistically significant for Ljosufjoll inclusions due to the
low number of samples (11 Mls show pressures between 4.0-6.0 kbar). Pjorsardalshraun and

Drekahraun return Ml equilibration pressures in the range 0.6-4.5 kbar, with a main peak at 2.7
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kbar and a minor peak at 1.9 kbar. Ml in Veidivotn 1477 samples show a bimodal distribution but
the probability distribution is not well defined due to the small number of inclusions (n=28). The
calculated pressures range between 1.2-4.2 kbar with a most common equilibration pressure at
3.6 kbar and a second peak at 1.8 kbar.

We have explored the relationship between Ml pressures and the composition of the host
crystals in all units (Fig. 7). In the subglacial unit (Fig. 7a), Mls hosted in Fo-gg olivine crystals record
a most probable peak at around 2.6 kbar (9.3 km), while plagioclase-hosted Mls show a main peak
at 3.9 kbar (13.9 km) and multiple secondary peaks, with the equilibration pressures up to a
maximum of 6.0 kbar (21.4 km). Brandur, Fontur and Saxi cones record an even larger range of Ml
equilibration pressures (0.4-7.6 kbar) (Fig. 7b). Plagioclase-hosted MIs were entrapped within the
pressure range 3.5-7.6 kbar (12.5-27 km) at a most probable pressure of 4.9 kbar (17.5 km).
Olivine-hosted MlIs were trapped at pressures within the range 0.4-7.0 kbar (1.5-25 km). Ml
equilibration pressures increase with the forsterite content of the host olivine, which is mainly
noticeable in Fig. 7b, where we distinguish two different Ml populations: (1) Mls trapped in Fo7s.g6
crystals, with a most probable pressure of 2.8 kbar (10 km) and (2) Mls hosted in Foge gg crystals,
which produce the high-pressure tail of the distribution, with secondary peaks at 4.3 kbar (15.3
km) and 6 kbar (21.4 km). Macrocrysts from Brandur, Fontur and Saxi were previously studied by
Hansen and Gronvold (2000). They concluded that macrophenocrysts crystallized between 7 and
40 km depth (2-11 kbar). Finally, middle-Holocene and historical units have a narrow range of Ml
trapping pressures (Fig. 7c), of 0.7-4.3 kbar (2.5-15 km). Olivine-hosted Mls crystallized at a most
probable pressure range of 1.9-2.6 kbar (6.8-9.2 km), while plagioclase-hosted MI equilibration
pressures are more variable, with a main peak at 3.3 kbar (11.7 km).

One might argue that the highest pressures calculated for the primitive melt inclusions are

potentially not valid as, despite the numerical filtering, these melts might not be saturated in
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clinopyroxene. Using Eqg. 35 of Putirka (2008), we have calculated equilibrium melt compositions
for the most primitive clinopyroxene macrocrysts observed in our crystal cargo (i.e. Mg#gs.g;). We
find that silicate melts with Mg#ox = 61-65 are in equilibrium with Mg# 85-87 clinopyroxenes,
suggesting that only inclusions with Mg#>65 should be treated with caution (n=17, circles with
black thick outline in fig. 7b and 7c). Furthermore, model calculations with Petrolog (discussed in
detail later) suggest that clinopyroxene with Mg# ~88 will be on the liquidus of Mg# ~65 melts at

pressures of 2-6 kbar.

5.3 Geothermometry

KDEs for calculated temperatures are illustrated in Fig. 6e-h and mean temperature values
are reported in Table 3. There is little variation in melt temperature between the samples,
although there is some indication that the Ljésufjoll carrier melt was hotter than the carrier liquids
in the other eruptions. Calculated temperatures for Ljésufjoll groundmass glass range between
1185 and 1210 °C (mean at 1193 * 4 (10) °C), while samples from tephra cones, Tungnad lava and
Veidivotn 1477 give similarly lower temperatures, with a mean at 1165 + 7 (10) °C, 1170 + 8 (10) °C
and 1167 * 3 (10) °C, respectively. Furthermore, Ljosufjoll groundmass glass temperatures are
statistically indistinguishable from those derived from its melt inclusions. Across all samples, the
recovered carrier melt temperatures are within the + 26°C SEE of the thermometer (Eq. 16,
Putirka, 2008), but are sufficiently different to suggest that during the last glacial period, melts
erupted in the Bardarbunga system were hotter than recent carrier magmas.

The clinopyroxene-melt thermometer returns wider temperature variations within
individual samples (Fig. 6e-h), but the sample average crystallization temperatures are remarkably
consistent with an overall mean crystallization temperature of 1188 + 17 °C. We find no significant

temporal variation in crystallization temperature. Finally, the plagioclase-melt and olivine-melt
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thermometers applied to Mls return temperatures with a narrowly focused peak at 1214 + 10 (10)

°C, regardless of age.

6. Discussion

6.1 Modelling fractional crystallization

The glass compositional trends in Fig. 5a-b could, to a first order, be largely controlled by
fractional crystallization, although the complete variation in groundmass glass and M| major
element compositions is difficult to explain solely with fractional crystallization along a single
liguid line of descent. Results from our thermobarometric calculations suggest polybaric
crystallisation (Fig. 6). Therefore, we calculated liquid lines of descent (LLDs) from the average
composition of the most primitive melt inclusions for the whole dataset (n=24, Mg# >65) at
different pressures of 0.001, 2, 4 and 6 kbar. The starting composition has Mg# of ~66, TiO, 0.97
wt%, MgO 9.5 wt% and CaO 13.4 wt% (white stars, Fig. 5a, b). Models were run using the
Petrolog3 software (Danyushevsky and Plechov, 2011), applying the pressure-sensitive mineral-
melt model of Ariskin et al. (1993). Oxygen fugacity was set at the QFM buffer, assuming similar
oxidation conditions to those measured in the most recent eruption of the Bardarbunga volcano
(Bali et al., 2018; Halldérsson et al., 2018).

A similar approach was used for LLDs in Fig. 5 c-d, which show Al,03/TiO, and TiO,/K,0 as a
function of Mg#. Both diagrams show that the variability in these oxide ratios decreases with
decreasing Mg#. Al,03/TiO; in melt inclusions varies between 6 and 37 (1o0= 4.3) (Fig. 5¢), while in
groundmass glasses, it is between 5 and 15 (1o= 2.1), with the Ljosufjoll carrier liquid having the
highest Al,03/TiO, (~15). A similar diversity is also observed in TiO,/K,0 (Fig. 5d), with primitive
melts recording the largest spread. Therefore, we modelled fractional crystallization at 2 kbar

considering different starting compositions to encompass the observed diversity in primitive melt
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compositions (red stars in Fig. 5c, d). Out of the most primitive Mls (Mg# >60), we averaged Mls
with high and low Al,03/TiO,, ending up with (1) a melt composition with high Al,03/TiO, (28.1 +
3.3 (10)) and (2) a melt with low Al,03/TiO, (9.5 + 0.4 (10)).

Although the trend of CaO vs. Mg# (Fig. 5a) in the glasses is roughly covered by polybaric
fractional crystallisation, variation in TiO, (Fig. 5b) and oxide ratios such as TiO,/K,0 (Fig. 5 c, d)
cannot be explained by simple fractional crystallization of a single parental melt composition.
Thus, regardless of the model and the starting composition adopted, a single LLD cannot
reproduce the observed chemical variability. Therefore, we suggest that neither isobaric nor
polybaric fractional crystallization alone is sufficient to describe the observed glass composition

variability.

6.2 Evidence for concurrent mixing and crystallization

Element ratio variability in olivine and clinopyroxene macrocrysts and MiIs provides
evidence for the occurrence of diverse primary melts in the Bardarbunga-Veidivétn plumbing
system. Clinopyroxene records a notable decrease in the variability of Al,03/TiO, (Fig. 4e) and
Cr,03 (Fig. S1.3c) as clinopyroxene Mg# decreases. A similar behaviour is observed for olivine,
where there is a much greater spread in Fe/Mn among Fo-rich crystals than Fo-poor crystals (Fig.
S1.4a). Furthermore, we observe comparable trends in the oxide ratios of groundmass glasses and
melt inclusions (e.g., Al,O3/TiO, and TiO,/K,0 in Fig. 5¢c and Fig. 5d, respectively), with melt
compositions at an early stage of magmatic evolution showing the greatest variability. This
behaviour has been observed in samples from several Icelandic eruptions with regards to trace
elements (e.g., Hartley et al., 2018; Maclennan et al., 2003; Maclennan, 2008; Neave et al., 2013).

In order to explain such variability at an early stage of magma history, we must invoke

heterogeneities in the mantle source or in the melting process. As primary melts form, they start
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their history of magmatic evolution and progress through storage, crystallization and mixing
(Maclennan, 2008). The compositional variation of primitive crystals (Fig. 4e and Fig. S1.3c) and
their melt inclusions (Fig. 5¢c) has not been preserved with melt evolution, testifying that mixing
and compositional homogenization has occurred between MI entrapment and eruption. In our
samples, the most primitive Mls, hosted in olivine crystals of Fo~88, have Mg# ~67 and we do not
observe olivine crystals of Fo >88. We propose that our samples do not preserve near-primary
mantle-derived melts and most likely we are missing the earliest stages of the crystallization story.
The most primitive melts are therefore likely to have had even more variable compositions than
those preserved in our samples.

We compared our data with melt inclusion compositions from elsewhere in Iceland's EVZ.
Figure 8 shows melt inclusion compositions from the 1783 AD Laki eruption (Neave et al., 2013),
Skuggafjoll subglacial eruption (Neave et al., 2014), the 10 ka Grimsvotn tephra series (Neave et
al., 2015) and the recent 2014-15 Holuhraun eruption (Bali et al., 2018). Naturally quenched Mls
from Laki are fairly evolved with Mg# extending to much lower values (Mg# 32-60) and a very
narrow range of SiO,/TiO, (Fig. 8), and seem to follow a slightly different trend from our data.
Conversely, melt inclusions from the 10 ka Grimsvotn (MgO up to 10.5 wt%) and Skuggafjoll (MgO
up to 10.3 wt%) samples show large variations in SiO,/TiO,, closely matching the most primitive
compositions reported in this work. Finally, melt inclusions from Holuhraun span the
compositional variation recorded by our data (Fig. 8), although more primitive melts (Mg#~71),
relative to our dataset, are captured by the Holuhraun melt inclusion record.

In summary, major and minor elements of macrocrysts, as well as melt inclusions, preserve
evidence for compositionally diverse parental melts that might reflect heterogeneities in the
mantle source or different degrees of partial melting (Maclennan, 2008). This needs to be further

investigated by trace elements and stable and radiogenic isotopes. However, the compositional
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variability decreases as mixing and fractional crystallization progresses, producing the magma

composition documented by the carrier melt.

6.3 Characteristics of the crystal cargo

In the case of Ljosufjoll macrocrysts, equilibrium with the carrier liquid is exclusively
registered by plagioclase with intermediate compositions (An;q.g¢), although olivine cores are close
to equilibrium (Fig. 4). We suggest that macrocrysts incorporated within the glassy groundmass
are representative of the original cargo and that the macrocrysts scattered within the coarse-
grained groundmass would have experienced post-emplacement crystallization of the outermost
rims (Angs.71). The fact that Ljésufjoll samples come from a pillow lava, whose interior had longer
time to cool and evolve, supports the chemical evidence for the two macrocrysts types.

In all units, macrocryst cores could not have crystallized from the respective carrier melts
(Fig. 4a-c). In Fig. 9a-b, we show KDEs (coloured areas) for plagioclase and olivine macrocryst core
compositions against time. We also report the most primitive mineral compositions (vertical bars),
which are calculated to crystallize from the most primitive melt inclusions from each magmatic
unit. Finally, we show a comparison of olivine and plagioclase macrocryst core compositions
(dotted curves) in samples of subglacial (Skuggafj6ll; Neave et al. 2014), early Holocene (10 ka
Grimsvotn; Neave et al. 2015) and historical (1783 Laki and 2014-2015 Holuhraun eruptions;
Neave et al. 2013, Hallddérsson et al., 2018) eruptions that all took place in central Iceland.

Macrocryst cores are close to the predicted equilibrium compositions with melt inclusions
(Fig. 9a-b), and Mils appear to be in equilibrium with plagioclase, clinopyroxene and olivine with
maximum values of An ~86-87, Mg# ~85-86 (not shown) and Fo ~86-87, respectively. As a result,
high-MgO melts represented by the most primitive melt inclusions could have crystallized the

majority of clinopyroxene and olivine core compositions acquired in this work, although this does
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not apply to plagioclases with the highest An. Plagioclase macrocrysts with An>87 are widespread
at all localities, and must have crystallized from melts that are not preserved in our petrological
record.

Ljosufjoll has a very restricted range of plagioclase macrocryst compositions (Ang7.91). The
range of plagioclase compositions expands with time: for younger eruptive units the plagioclases
are skewed towards more evolved compositions (Fig. 9a), and high-An cores are rare in the
middle-Holocene and historical units. Similar relationships are observed for olivine, with the range
of core compositions extending to lower Fo with time (Fig. 9b). Comparing our results with crystal
compositions from the 2014-2015 Holuhraun eruption (Hallddrsson et al., 2018), we find that the
Holuhraun cargo records a wider distribution of plagioclase macrocryst compositions (Angg.o2)
compared to Veidivotn 1477, but a similar distribution of olivine macrocryst compositions (Fo7e.gg).

A similar variation of macrocryst compositions is observed when we compare available
samples within the EVZ of similar age (Fig. 9a-b). We find that the subglacial Skuggafjoll (Neave et
al., 2014) and 10 ka Grimsvotn (Neave et al., 2015) samples record a narrow range in plagioclase
core compositions (Angs.g2), while historical eruptions such as Laki have much more variable
plagioclase compositions (Angs.g0) (Neave et al., 2013). Interestingly, this partially also applies to
olivine macrocrysts. The subglacial Skuggafjoll eruption products have a restricted olivine
compositional range (Fogs.g7), but olivines from the 10 ka Grimsvotn show a broader and bimodal
(Foeg.77 and Fogs.g;) compositional distribution. The 1783 Laki eruption has several olivine
populations in the range Fog7.57. However, the compositional range in Laki crystal cargo might be
affected by availability of a much larger dataset compared to the other eruptions. Taken together,
these data suggest that more evolved crystals have been erupted with time, both within the scale

of a single volcanic system and, potentially, on the scale of the EVZ and central Iceland.
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6.4 Assessing the temporal variability of the Bardarbunga-Veidivotn volcanic

system

In the case of Iceland in the postglacial period (<12 ka), the crust has been affected by isostatic
adjustments (Sigmundsson, 1991) due to ice removal and glacial rebound effects (Le Breton et al.,
2016), with magma eruption rates 20-30 times higher than at present day (Maclennan et al., 2002;
Sigvaldason et al., 1992). Modelling studies (Eksinchol et al., 2019; Jull and McKenzie, 1996) and
chemical constraints (Eason et al., 2015; Gee et al., 1998; Hardarson and Fitton, 1991; Maclennan
et al., 2002; Sinton et al., 2005; Slater et al., 1998) have provided evidence to link this eruption
pulse

either to the release of pooled magma enhanced by a change of the stress field in the crust
(Gudmundsson, 1986; Sigvaldason et al., 1992) or to an increase in the decompression melting
rate of the mantle (Jull and McKenzie, 1996; Maclennan et al., 2002) caused by the unloading of
the ice cap above Iceland.

The evolution of the Bardarbunga-Veidivotn volcanic system in the late Pleistocene and Holocene
can likely be explained within this framework and we propose three different stages (Fig. 10):

(1) A steady-state glacial stage when a 2000 m-thick ice cap (Sigmundsson, 1991) pressed
down the crust, sampled by the subglacial unit (Fig. 10a). In this period the magmatic system was
characterized by magma storage regions distributed over a large crustal interval of ~5-21 km (Fig.
10a). The accuracy of the OPAM barometer does not allow us to resolve the vertical arrangement
of the deeper storage zones (i.e., multiple stacked sills) in the mid- to lower crust (Kelemen et al.,
1997). In this period, the crystal-mush system was characterized by highly primitive macrocrysts

that were picked up by a primitive and homogeneous carrier liquid.
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(2) A changing state of the magmatic system, when decompression and glacial rebound
effects associated with ice unloading occurred (Jull and McKenzie, 1996; Le Breton et al., 2016;
Maclennan et al., 2002; Slater et al., 1998), represented by the early-Holocene tephra cones (Fig.
10b). Our results (Fig. 7) on Brandur, Fontur and Saxi samples can be interpreted as a result of an
increase in magma production rates (Jull and McKenzie, 1996; Maclennan et al.,, 2002) that
promoted the input of primitive melts from the mantle and crystallization of primitive macrocrysts
in a deep-seated storage zone(s). We find that crystallization of primitive olivine (Fo>gs.gs) and
plagioclase (An>gs) macrocryst cores took place at a mid- to lower-crustal depths of 15-22 km (Fig.
10b). Some of these macrocrysts were transported upwards into mid-crustal reservoir(s) (7-11
km), where more evolved phases also crystallized. Furthermore, although it is still unresolved how
deglaciation might have affected the chemistry of erupted melts, it is clear that early postglacial
products record a greater variability in MgO contents, and are depleted in incompatible elements
compared with lavas erupted when the ice load was thought to be relatively stable or absent
(Eason et al., 2015; Gee et al., 1998; Jull and McKenzie, 1996; Maclennan et al., 2002; Sinton et al.,
2005; Slater et al., 1998). This is consistent with our observation of a larger spread in the MgO
contents of carrier liquids erupted in the early Holocene (Fig. 1).

(3) A steady-state stage, which we observe at the present, with the magmatic system being
unaffected by short-term ice unloading effects, sampled by middle-Holocene and historical units
(Fig. 10c). Ml pressures likely indicate comparable crystallization depths of olivine and plagioclase
macrocrysts in a storage zone(s) in the mid-crust. Ml equilibration pressures estimated for the
2014-2015 Holuhraun eruption (Hartley et al., 2018) are all below 5 kbar (dotted KDE in fig. 7c),
with the most probable pressure at 3.2 kbar (11.4 km), which is consistent with our data. We infer

that since the middle-Holocene, magmas erupted in the Bardarbunga-Veidivotn system have
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mainly carried evolved olivine and plagioclase macrocrysts (Fig. 9) that were stored at mid-crustal
depths around 7-13 km (Fig. 10c).

All these clues rule out the involvement of a deep reservoir during historical eruptions, at
least as a direct source for extrusives. The absence of a deep signature can be interpreted as a
result of the re-establishment of a new pressure equilibrium. Shallow storage region(s) may then
dominate the plumbing architecture. As seen at Etna volcano, passageways of melts in a magmatic
system can change with time (Kahl et al., 2013). From this perspective, the deep reservoir(s) might
be bypassed by melts coming from the mantle in historical time, most likely because new and
stable magma pathway has been established. Deep earthquake swarms (~22 km) beneath the
Bardarbunga system, which have been associated with deep melt injections and melt movement
(Hudson et al., 2017) are also of importance here. However, the 2014-15 Holuhraun eruption
products preserve no petrologic record of crystals or melt inclusions from this depth. Our
combined data suggest that since the middle-Holocene, crystals and melts from the deep storage
zone have not been directly transferred to the surface. This is perhaps due to a more effective
homogenisation within the mid-crustal storage zone(s). In contrast, the deep reservoir(s) was
clearly sampled in the early Holocene and during subglacial eruptions, indicating that during this
period the magmatic system had a different architecture that permitted direct ascent of magma

from deeper storage regions to the surface.

7. Conclusions

1. Studied samples contain evidence of interaction with a crystal mush reservoir(s)

and entrainment of crystal mush fragments.
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2. Olivine and plagioclase macrocryst compositions vary with time. The older
formations are dominated by primitive crystals, whereas in the mid-Holocene to historic

formations their chemistry is skewed towards more evolved compositions.

3. Macrocryst cores and primitive melt inclusions exhibit a great chemical variability,
which is likely linked to compositionally heterogeneous primary melts. The decrease of this
variability, highlighted by the carrier liquid and macrocryst compositions, provides
evidence for concurrent mixing and crystallization of compositionally diverse melts within

the system.

4, Clinopyroxene-melt and OPAM barometries return a temporally consistent
crystallization pressure of 2.2 + 0.7 (10) kbar and 1.9 + 0.8 (10) kbar, corresponding to a
depth of 7.3 + 2.7 (10) km, which are consistent with a relatively shallow reservoir located
in the middle crust. These estimates are in perfect agreement with petrological and

geophysical results obtained for 2014-15 Holuhraun eruption.

5. The subglacial and early-Holocene formations preserve a crystal cargo that
originated from a deep reservoir with An- and Fo-rich macrocrysts crystallized at about
17.5 km (4.9 kbar) depth. In contrast, mid-Holocene to historical samples record only
shallower crystallization pressures of 2-4 kbar (7-13 km). It appears that since the middle-
Holocene no crystals from the deep storage zone are transferred directly to the surface,
which could indicate the establishment of new magma pathways and more complete

homogenization of melts in the shallow storage zone during this period.
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6. At the end of the last glacial maximum, the isostatic rebound caused a significant
change in the stress field of the crust and an increase in the melting rate in the upper
mantle, triggering a large pulse in magmatic activity (Le Breton et al., 2016; Maclennan et
al., 2002; Slater et al., 1998). Following this, during the early-Holocene, the lower crust was
continuously supplied with fresh batches of melt that allowed magma from deep regions to
erupt at the surface. Once crustal pressure equilibrium has been re-established following
the early-Holocene, shallower storage levels dominated the system architecture with more

efficient mixing and homogenisation of melts prior to eruption.
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Fig. 1. Temporal variation of MgO content in glasses from the Bardarbunga-Veidivotn volcanic
system. Subglacial (Ljosufjoll), early-Holocene (Brandur, Fontur and Saxi tephra cones), middle-
Holocene (Drekahraun) and Veidivotn 1477 data are presented in this study. ‘Holocene
Bardarbunga’ glass compilation from Oladéttir et al. (2011). 2014-2015 Holuhraun eruption glass
composition from Hallddrsson et al. (2018). Temporal evolution trends are also observed in CaO,

FeO and TiO; contents (not shown).

Fig. 2. Geological map of the southernmost part of the Bardarbunga-Veidivotn system. The general
geology of the area is indicated with greyscale colours. Eruptive units studied in this work are
marked in colours. Historic lavas are younger than 1100 BP; prehistoric lavas are older than 1100
BP. Triangles show the exact sampling location within each unit. The insert map in the upper left
corner shows the outline of the active neovolcanic zones (in grey) and the Bardarbunga-Veidivotn
system (BV) in red. RR: Reykjanes Ridge; RVB: Reykjanes Volcanic Belt; SVB: Snafellsnes Volcanic
Belt; WVZ: Western Volcanic Zone; MIB: Mid-Iceland Belt; BV: Bardarbunga-Veidivotn system; EVZ:
Eastern Volcanic Zone; OVB: Oraefajokull Volcanic Belt; NVZ: Northern Volcanic Zone. Geological
map compiled by Haukur Johannesson and Kristjdn Seemundsson published by the Icelandic

Museum of Natural History and Iceland Geodetic Survey.

Fig. 3. Backscattered electron (BSE) images showing the main petrographic and chemical features
of the studied samples. a) Plagioclase macrocryst from the Veidivotn 1477 eruption with an
oscillatory zoned interior surrounded by a darker rim. b) Glomerophyric clot from Drekahraun.
Sector zoned clinopyroxene crystals that have grown with plagioclases. c) Clinopyroxene
macrocryst from Veidivotn 1477 showing resorbed dark cores enclosed by less primitive rims. d)
Normally zoned olivine with a large melt inclusion from Brandur. e) Saxi tephra cone nodule with
olivine and plagioclase macrocrysts and clinopyroxene in glomerophyric clots. f) Nodule from
bjorsardalshraun: plagioclase crystals surrounded by homogeneous clinopyroxene; interstitial glass
pockets are also observed. g) Plagioclase crystal from Ljosufjoll with crystalline melt inclusions,
surrounded by a coarse-grained groundmass. h) Plagioclase crystal from Ljésufjoll within a glassy
groundmass. plg= plagioclase; ol= olivine; cpx= clinopyroxene; mi= melt inclusion; gl= interstitial

glass; Fo=olivine fosterite content; An=plagioclase anorthite content; Mg#= clinopyroxene Mg#.
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Fig. 4. The range in (a) An content of plagioclase, (b) Mg# of clinopyroxene, and (c) Fo content of
olivine for each locality. Core and rim compositions are depicted as circles and diamonds,
respectively. Clinopyroxene dark and bright sectors refer to sector zones in BSE images. Coloured
bands represent the mineral compositions calculated to be in equilibrium with the carrier liquid
for each sample, where the glass composition is taken as representative of the carrier melt.
Numbers in each corner state the number of point analyses in minerals for that specific locality
and mineral phase. In general, macrocryst cores are more primitive than the equilibrium
compositions whilst rims are more evolved and tend to overlie the equilibrium bands. Lj: Ljdsufjoll;
B: Brandur; F: Fontur; S: Saxi; Th: bjdérsardalshraun; Dr: Drekahraun; V: Veidivotn 1477. (d)-(f)
Variation diagrams showing the TiO, content vs An content of plagioclase (d), Al,03/TiO, vs Mgt
clinopyroxene (e), and NiO content vs Fo content of olivine (f) macrocrysts. 1o error is smaller than

the symbol sizes unless otherwise shown.

Fig. 5. Variation diagrams showing (a) CaO content, (b) TiO, content, (c) Al,03/TiO,, and (d)
TiO,/K,0 vs Mgt of groundmass glasses (circles) and melt inclusions (triangles) from the studied
samples. Liquid lines of descent (LLD) in (a) and (b) are calculated starting from the same melt
composition (white stars) at different pressures. LLDs in (c) and (d) are calculated at 2 kbar, using
two different starting compositions (red stars). See main text for details. All LLDs were calculated
using Petrolog3 (Danyushevsky and Plechov, 2011). Blue fields denote published data from
Bardarbunga-Veidivotn system (Hallddrsson et al., 2008, 2018; Hartley et al., 2018; Jakobsson,
1979; Oladéttir et al., 2011; Svavarsdéttir et al., 2017). Low K,O data within the ellipse were
acquired from glassy to cryptocrystalline areas which could be affected by quench modifications.

1o error is smaller than the symbols.

Fig. 6. Kernel density estimate plots, with bandwidth 0.3, of calculated pressures (a)-(d) and
temperatures (e)-(h) for all studied units. Clinopyroxene-melt pressures are calculated using the
Neave and Putirka (2017) barometer; OPAM barometry (Hartley et al., 2018; Yang et al., 1996) was
applied both to glasses and PEC-corrected melt inclusions. Reported MI pressures represent
compositions with a returned probability of fit higher than 80%. Temperatures are calculated using
a glass-only thermometer and cpx, ol and plag-melt thermometers from Putirka (2008). See the
main text for more details. The dotted curve in each plot shows the pressure and temperature

distribution for Holocene Bardarbunga glasses from Oladéttir et al. (2011). Errors (+ next to the
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legend) indicate the standard error of estimate of the thermometers and barometers used. Table

2 lists the numbers of processed cpx, glass and Mls for each locality.

Fig. 7. Relationship between host mineral composition and melt inclusion equilibration pressure,
for (a) subglacial unit (Ljésufjoll) (b) early-Holocene units (Brandur, Fontur and Saxi cones) and (c)
middle-Holocene/historical units (Tungnaa lavas and Veidivotn 1477). Kernel density estimates to
the right of the plots show the relative probability of equilibration pressures for olivine- and
plagioclase-hosted melt inclusions. Ml pressure distributions for Holohraun eruption is reported as
dotted curve. Error bars refer to the OPAM standard error of estimate (SEE=1.3 kbar). Mis

outlined with dotted lines have Mg#>65 and are the least likely to be three-phase saturated.

Fig. 8. Si0,/TiO, vs Mg# of melt inclusions from this work along with published data from the
subglacial Skuggafjoll eruption (Neave et al., 2014), the 10 ka early-Holocene Grimsvotn eruption
(Neave et al., 2015), the historical 1783 Laki eruption (Neave et al.,, 2013) and the 2014-15
Holuhraun eruption (Bali et al., 2018). Our melt inclusions span the compositional variability
recorded by other eruptions form the EVZ. Also indicated are depleted and enriched end-member
melt compositions for the Northern Volcanic Zone (NVZ, red stars) and the Western Volcanic Zone

(WVZ, white stars) (Shorttle and Maclennan, 2011). 1o error is within the symbol sizes.

Fig. 9. Kernel density estimate (KDE) curves showing the relative probability of plagioclase and
olivine compositions and how the probability has changed with time (a) An content of plagioclase
macrocryst cores (b) Fo content of olivine macrocryst cores. Coloured bars indicate the mineral
composition in equilibrium with the most primitive Mls within each magmatic unit. Dotted and
dashed lines show KDE for published subglacial and Holocene eruption data for the EVZ.
Skuggafjoll (Neave et al., 2014); 10ka Grimsvotn (Neave et al., 2015); 1783 Laki (Neave et al.,
2013); 2014-2015 Holuhraun (Halldorsson et al., 2018).

Fig. 10. Schematic cartoon summarizing the proposed evolution of the Bardarbunga-
Veidivotn magmatic system over time, based on barometry, thermometry and chemical data. a)
Subglacial time. The magmatic system is distributed over a wide range of depths, with a main
storage zone in the middle crust. At that time, crystal mush bodies were mostly composed of

primitive macrocrysts. b) Early-Holocene time when the magmatic system underwent glacial
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rebound effects. The magmatic system is characterized by (1) a storage zone in the mid-crust at
around 10 km depth, mostly made up of evolved macrocrysts and (2) a deep-crustal zone(s) at 17
km depth, where more primitive macrocrysts crystallize. The increase in magma productivity
facilitated movement of magma from deep regions to the surface. ¢) The magmatic system
configuration since the middle-Holocene. The magmatic system is most likely dominated by a mid-
crustal reservoir, with crystal mush horizon(s) made up of evolved macrocrysts. Once crustal
pressure equilibrium has been established, mid-crustal storage zone(s) dominate the magmatic
system configuration, with new magma passageways being established and melts being
homogenized in the middle crust. Primitive plagioclase and olivine crystals are coloured in grey
and dark green respectively; evolved plagioclase and olivine crystals are coloured in white and
light green respectively. Bar: Bardarbunga edifice; Veid: Veidivotn area; plg: plagioclase; ol: olivine;

cpx: clinopyroxene; dsl: deactivated/disconnected storage levels; xx=crystal.
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Table 1

Click here to download Table: Table 1.docx

Table 1. Sample list, description and location.

Sample name Age Coordinates Description Previous work
Latitude (N) Longitude (W)
Ljosufjoll Subglacial 64°16'51.2" 18°23'40.8" pillow lava -
Brandur Early Holocene 64°13'55.6" 18°48'8.6" lava, tephra, nodules I(-;)rz)s%n and Grénvold (2000), Holness et al.
Fontur Early Holocene 64°15'17.9" 18°38'0.2" lava, tephra, nodules Hansen and Gronvold (2000), Halldorsson et
y ' ' s repnra, al. (2008), Holness et al. (2007)

. o 4o " o s " Hansen and Gronvold (2000), Halldorsson et
Saxi Early Holocene 64° 13'49.2 18°42'15.7 lava, tephra, nodules al. (2008), Holness et al. (2007)
bjérsardalshraun Middle-Holocene 64°08'43.2" 19°49'26.8" lava with nodules -

Drekahraun Middle-Holocene 64°14'0.4" 18°39'57.2" fresh scoria -
Veidivotn 1477 Historical (1477 AD) 64°14'29.2" 18°31'50.7" fresh scoria -



http://ees.elsevier.com/lithos/download.aspx?id=763853&guid=b853e958-86db-4c52-b60c-babb2e72c930&scheme=1

Table 2
Click here to download Table: Table 2.docx

Table 2. Number of clinopyroxenes, groundmass glasses and Mils processed for geobarometry estimates along with pressure results. Pressures are in kbar.

cpx-melt barometry OPAM barometry

Clinopyroxenes Groundmass glasses Melt inclusions
n. analysis n. cpx-melt P n. analysis P>80% P n. analysis P>80% P
Mean o Mean o] ol-hosted plg-hosted ol-hosted plg-hosted Mean o

Ljosufjoll 43 40 21 0.6 29 26 2.0 0.4 18 30 17 24 33 0.9
Brandur 59 45 22 0.7 69 42 1.6 0.6 86 37 73 22 3.6 1.5
Fontur 34 24 22 06 33 6 3.5 0.9 24 54 20 31 4.4 1.1
Saxi 47 35 23 07 63 5 3.2 1.5 39 37 17 33 4.4 1.3
pjérsardalshraun 41 35 19 0.7 13 11 1.5 0.8 5 33 5 23 2.7 0.9
Drekahraun 63 45 26 0.8 30 6 1.5 0.2 0 17 0 6 2.9 1.0
Veidivotn 1477 144 90 19 0.6 91 15 1.5 0.5 4 52 3 25 2.9 0.9
Total 431 314 328 111 176 260 135 164

P: = probability of fit ; o= standard deviation


http://ees.elsevier.com/lithos/download.aspx?id=757186&guid=ad1c9d61-68f8-415e-8e17-9ff5e40e68d3&scheme=1

Table 3
Click here to download Table: Table 3.docx

Table 3. Mean temperature (°C) values along with the standard deviation (o) for all studied localities.

Groundmass glasses Melt inclusions Cpx - melt

n Mean o n Mean o] n Mean o]
Ljosufjoll 29 1193 4 48 1216 6 40 1197 15
Brandur 69 1170 4 123 1213 9 45 1194 22
Fontur 33 1161 7 78 1213 8 24 1186 12
Saxi 63 1163 5 76 1209 16 35 1186 20
bjorsardalshraun 13 1160 9 42 1214 7 35 1187 10
Drekahraun 30 1174 2 17 1216 5 45 1188 15
Veidivotn 1477 91 1167 3 56 1217 5 90 1182 14
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