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Abstract The 2014-2015 Holuhraun eruption on Iceland was located within the Askja fissure swarm but
was accompanied by caldera subsidence in the Bardarbunga central volcano 45 km to the southwest. Geo-
physical monitoring of the eruption identified a seismic swarm that migrated from Bardarbunga to the
Holuhraun eruption site over the course of two weeks. In order to better understand this lateral connection
between Bardarbunga and Holuhraun, we present mineral textures and compositions, mineral-melt-
equilibrium calculations, whole rock and trace element data, and oxygen isotope ratios for selected Holuh-
raun samples. The Holuhraun lavas are compositionally similar to recorded historical eruptions from the
Bardarbunga volcanic system but are distinct from the historical eruption products of the nearby Askja sys-
tem. Thermobarometry calculations indicate a polybaric magma plumbing system for the Holuhraun erup-
tion, wherein clinopyroxene and plagioclase crystallized at average depths of ~17 km and ~5 km,
respectively. Crystal resorption textures and oxygen isotope variations imply that this multilevel plumbing
system facilitated magma mixing and assimilation of low-3'20 Icelandic crust prior to eruption. In conjunc-
tion with the existing geophysical evidence for lateral migration, our results support a model of initial verti-
cal magma ascent within the Bardarbunga plumbing system followed by lateral transport of aggregated
magma batches within the upper crust to the Holuhraun eruption site.

1. Introduction

The recent Holuhraun eruption on Iceland, sometimes also referred to as Fleedahraun or Nornahraun, was a
vivid reminder of the dynamic nature of magmatism in active rift settings. For Icelandic rift zones, two con-
trasting models of magma plumbing are usually considered. One model involves vertical magma supply
from deep-seated magma reservoirs, whereas the other involves additional shallow-level lateral magma
transport within the upper crust to the eventual eruption site [e.g., Sigurdsson and Sparks, 1978; Paquet
et al.,, 2007; Burchardt and Gudmundsson, 2009; Hartley and Thordarson, 2013]. Lavas erupted on Iceland dur-
ing rifting episodes frequently display petrological evidence for lateral transport from a central volcano
[Sigurdsson and Sparks, 1978; Eriksson et al., 2015]. However, fissure eruptions also occur in areas lacking cen-
tral volcanoes (e.g., on the Reykjanes Peninsula) and are therefore generally considered to derive through
vertical magma ascent from a deep-seated mantle source [e.g., Sigmarsson et al., 1991].

In the case of the 2014-2015 Holuhraun eruption, seismicity and ground deformation indicated a connec-
tion between the Holuhraun eruption site and the neighboring Bardarbunga central volcano (Figure 1) [Riel
et al., 2015; Sigmundsson et al., 2015], which would imply that the fissure eruption was laterally fed from a
reservoir beneath Bardarbunga. In this paper, we aim to further assess the nature of this lateral connection
through a first-order mineralogical and geochemical investigation. We integrate our results with the existing
geological and geophysical data and examine the relative roles of vertical versus lateral magma transport
prior to and during the 2014-2015 Holuhraun eruption.

1.1. Eruption Timeline

The Icelandic Meteorological Office (IMO) had documented increased volcanic unrest at Bardarbunga in
recent years [Bjarnason, 2015], and on the 16 August 2014, a further increase in seismic activity beneath the
Bardarbunga caldera was reported. This unrest was interpreted as reflecting ongoing magma movement
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Figure 1. (a) Map of southeast Iceland showing central volcanoes and associated fissure
swarms [modified after Gudmundsson and Hognadéttir, 2007]. The Holuhraun eruption

site lies within the Askja fissure swarm, but seismicity prior to the eruption traced a
propagating dyke from Bardarbunga volcano. The seismic trace was first radial from the
Bardarbunga caldera margin, but soon changed direction to align with the regional fissure
trends. Dyke propagation was accompanied by caldera subsidence in the Bardarbunga cal-
dera. (b) Map of eruption vents (dark triangles), sampling locations (yellow stars) and the
extent of the Holuhraun lava field on the sampling date (12 September 2014; cream col-
ored area), as well as the final extent of the Holuhraun lava field after the eruption ceased
on the 27 February 2015 (~85 km?, red area) [after Gislason et al., 2015].

beneath Bardarbunga. On that
same day, lateral propagation of
seismicity commenced, which
suggested that a dyke was
injected radially away from
beneath the southeast edge of
Bardarbunga [Riel et al, 2015;
Sigmundsson et al, 2015;
Hjartardottir et al., 2016]. After
~8 km, the seismic activity
underwent a significant change,
indicating dyke propagation
toward the northeast. Approxi-
mately two weeks after this
change in propagation direc-
tion, on the 29 August 2014, sei-
smicity reached the Holuhraun
site (~45 km to the northeast of
Béardarbunga) and lava outpour-
ing commenced (Figure 1) [Sig-
mundsson et al, 2015]. The
Holuhraun  eruption  began
along a fissure that opened
within the Askja fissure swarm
in Iceland’s North Volcanic
Zone, and continued until the
27 February 2015 (Figure 1)
[Gislason et al., 2015; Sigmunds-
son et al., 2015]. The volume of
erupted lava (~1.6*=0.3 km3
marks the Holuhraun event as
the most voluminous fissure
eruption since the Laki fires of
1783-1784 [Gislason et al.,
2015]. Intriguingly, one week
before the onset of the Holuh-
raun eruption, the icecap on the
Bardarbunga caldera began to
subside at a rate of ~1 m/d
[Sigmundsson et al, 2015].
According to the Icelandic Mete-
orological Office (IMO), subsid-
ence in the Bardarbunga caldera
was ongoing throughout the
Holuhraun eruption and contin-

ued until two weeks before the eruption ended. This observation supports the existence of a lateral connection
between the Bardarbunga central volcano and the Holuhraun eruption site during the 2014-2015 eruptive

events [cf. Riel et al., 2015].

2. Methods
2.1. Sampling

Lava samples were collected on 20 September 2014 from the flow front at three sites. Sample set 1 was col-
lected at 16.8574°W, 64.8772°N and sample set 2 at 16.8333°W, 64.8833°N (Figure 1b). These two sets of
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lava samples were erupted between the 2 and 3 September 2014. Sample set 3 was erupted on the 11 Sep-
tember 2014 and collected ~15 km to the NW from sample set 1 (at 16.5171°W, 64.9323°N; Figure 1b). Sam-
ple set 3 was collected at the furthest extent of the lava flow at that time.

2.2. Whole Rock Analyses

Whole rock sample powders were processed at Activation Laboratories Ltd., Ancaster, Canada, for major
and trace element analysis. After fusion with lithium metaborate/teraborate and digestion in nitric acid,
major elements were measured by inductively coupled plasma optical emission spectrometry (ICP-OES),
while trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS). Detection
limits are 0.01 wt % for all major oxides as well as for loss-on-ignition (LOI), except for MnO and TiO, which
have detection limits of 0.001 wt %. See supporting information Table S1 for the full whole rock data set
including detection limits. Data quality was verified by repeated analysis of internal reference materials.

2.3. Mineral Chemistry Obtained by EPMA

Mineral and groundmass compositions from 17 individual rock samples were analyzed using a Jeol
JXA8530F Hyperprobe Field Emission Gun Electron Probe Microanalyser (FEG-EPMA) equipped with five
spectrometers at Uppsala University. Prior to insertion into the microprobe, the sample mounts were carbon
coated under vacuum. Analyses were carried out employing standard operating conditions of 15 kV acceler-
ating voltage and 10 nA beam current. Beam diameters of 1-5 pm for mineral phases and 10 um for
groundmass were applied using counting times of 10 s on peaks and 5 s on *=background. Groundmass
analyses were carried out in grids of 5 X 5 um or 10 X 10 pum, resulting in 25 or 100 data points per grid
that were then averaged to produce a reliable groundmass characterization. Spectrometers 1 and 2 are
equipped with TAP crystals used for the analysis of Na, Al, Si, and Mg. Spectrometer 3 is equipped with a
PETJ crystal for Mn and Ti analysis. Spectrometer 4 is fitted with a PETH crystal and was used to analyze K,
Ca, and Ba, while spectrometer 5 analyzed Fe, Ni, and Cr with a LIFH crystal. The instrument was calibrated
with the following standards: pyrophanite for Mn and Ti, magnesium oxide for Mg, albite for Na, orthoclase
for K, baryte for Ba and aluminum oxide for Al, fayalite for Fe, nickel oxide for Ni, chromium oxide for Cr,
and wollastonite for Ca and Si. Analytical precision was monitored by employing the following Smithsonian
Institute mineral standards: olivine (USNM 111312, n = 490), augite (USNM 122142, n = 220), Cr-augite
(USNM 164905, n = 365), anorthite (USNM 137041, n = 429), Ca-plagioclase (USNM 115900, n = 240), and
anorthoclase (USNM 133868, n = 550). Uncertainties are as follows: SiO,, Al,Os, MgO and CaO < 1.5% s.d.,
FeO <2.2% s.d., Na,O in plagioclase and clinopyroxene <4.5% s.d., and minor elements <10% s.d. [see
Barker et al., 2015, for full details]. The resulting mineral data comprise 605 point analyses from 387 individu-
al clinopyroxene crystals, 176 point analyses from 91 plagioclase crystals, and five averaged grid analyses of
groundmass (see supporting information Table S2 for full mineral and groundmass compositional data set).

2.4. Mineral (-Melt) Thermobarometry

Clinopyroxene crystallization pressures and temperatures were determined using Putirka [2008, equations
30 and 33]. These formulations are based on the jadeite-diopside/hedenbergite exchange between clino-
pyroxene and an associated melt and have been shown to produce the most accurate results of all clinopyr-
oxene thermobarometers available [Mollo et al., 2010]. Both formulations require a H,O input (see below)
and the standard error of estimate (SEE) is =160 MPa for pressure and *=45°C for temperature.

A prerequisite for the use of mineral-melt thermobarometers is equilibrium between mineral and coexisting
melt. Using the Kpre-mg) €Xchange coefficient, equilibrium conditions can be assumed if a clinopyroxene-
melt couple falls into the Kpge-mg) = 0.28 = 0.08 envelope [Putirka, 2008]. Predicted versus observed clino-
pyroxene components, which exploit accepted mineral exchange equilibria reactions (e.g., DiHd) [Putirka,
2008], are then compared. A match of the two values within +0.10 would validate equilibrium conditions
attained from the Kpe-mg) test. We tested lava groundmass and whole rock compositions as nominal melts
(see below) and used a value of 0.4 wt % H,0 in the model, based on Fourier-Transform Infrared Spectros-
copy (FTIR) measurements of water contents in basaltic glasses from subglacial eruptions on Iceland [e.g.,
Nichols et al., 2002]. This value is in line with recent measurements of water in melt inclusions in Holuhraun
lavas (0.1-0.5 wt % H,O) [Bali et al., 2015] and is also indicated by the plagioclase-based hygrometer of
Putirka [2008, equation 25b], which yields a range of H,O contents from 0.02 to 0.38 wt % for the calculated
equilibrium melts of the investigated Holuhraun plagioclase crystals.
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Plagioclase-melt thermobarometry was employed on crystals and on larger microlites (>200 pm), using
Putirka [2008, equations 24a and 25a] for temperature and pressure, respectively. This model is an improved
version of Putirka [2005], which also accounts for hydrous systems. A H,O content of 0.4 wt % was assumed,
as for the clinopyroxene thermobarometers. The SEE for this model is =247 MPa for pressure and +36°C
for temperature. Similar to clinopyroxene-melt thermobarometry, accurate assessment of possible equilibri-
um melts is of crucial importance. In order to choose suitable plagioclase-melt pairs, the Kpan-apb) equilibri-
um test was applied to plagioclase crystals and potential melt compositions based on whole rock and
groundmass data [Putirka, 2008] (see below). All data points that plotted within the defined envelope of
Kpan-ap) = 0.10 = 0.05 for T < 1050°C or 0.27 £0.11 for T > 1050°C were considered to be in equilibrium
and hence appropriate for thermobarometric calculations. Mineral-melt-equilibrium thermobarometric cal-
culations were performed using the spreadsheet provided in Putirka [2008].

In order to provide an independent test for the pressures obtained from equation 30, we also used a
clinopyroxene-composition barometer [Putirka, 2008, equation 32b], which is a recalibration of the Nimis
[1995] approach, but optimized by accounting for melt H,O and temperature. The latter is calculated using
Putirka [2008, equation 33] and the SEE of this model is =260 MPa. Additionally, we calculated pressures
and temperatures of magma storage using the determined groundmass and whole rock compositions by
applying the model of Kelley and Barton [2008], which is based on Yang et al. [1996] and employs the phase
relations for the olivine-plagioclase-clinopyroxene cotectic boundary (OPAM). This model is independent of
mineral compositions and determines P and T conditions from melt compositions alone (whole rock,
groundmass) with an accuracy of =110 MPa (10) [e.g., Kelley and Barton, 2008]. All single mineral and
whole rock thermobarometric calculations were performed using the spreadsheets provided in Putirka
[2008] and in Kelley and Barton [2008].

2.5. Oxygen Isotope Geochemistry

Oxygen isotope ratios were acquired from separated gabbroic fragments and antecryst-free whole rock lava
powders using a Thermo DeltaXP mass spectrometer at the University of Cape Town, South Africa. Oxygen
was extracted from approximately 10 mg of powdered sample that was dried at 50°C and subsequently
degassed under vacuum at 200°C on a conventional silicate extraction line utilizing externally heated Ni
vessels [Vennemann and Smith, 1990; Fagereng et al., 2008]. Samples were then reacted with CIF;, and the
liberated O, was converted to CO, using a hot platinized carbon rod. Unknowns were run with duplicates
of the internal quartz standard (MQ) which was used to calibrate the raw data to the SMOW (Standard
Mean Ocean Water) scale, using a 8'80 value of 10.1 for MQ (calibrated against NBS-28). All 880 results are
reported in standard 3-notation, where 8 = (Rgampie/Rstandarda — 1) X 1000 and R = '0/'°0. The analytical
error is estimated as *£0.2%, (20), based on long-term repeated analysis of MQ.

3. Results

3.1. Geochemical Classification of Minerals and Lava

All lava samples in this study are basaltic, porphyritic, and vesicular. The groundmass contains microlite pla-
gioclase, anhedral clinopyroxene, subhedral olivine, and skeletal titanomagnetite (Figure 2). The larger crys-
tals in the samples comprise acicular plagioclase (~6 vol %, <5 mm), subhedral clinopyroxene (~5 vol %,
<2 mm), and subhedral olivine (~3 vol %, <0.5 mm), which occur frequently as aggregates (glomerocrysts)
(Figure 3). Plagioclase is also present in centimeter-sized, troctolite-gabbro fragments that contain minor
olivine and which we hereafter refer to as gabbro fragments (Figure 4).

Olivine is either present as euhedral to subhedral microcrystals in the groundmass or as euhedral to subhe-
dral larger crystals. Olivine also occurs as inclusions in clinopyroxene and is a constituent of the gabbro
fragments (Figures 2 and 4). Olivine is zoned, occasionally resorbed, and displays a compositional range of
Fo,3.7g in cores and Fogg_7, in rims. Groundmass olivine is compositionally similar to the rims on the larger
olivine crystals (FOge.72).

Clinopyroxene crystals are euhedral to subhedral, exhibit hourglass and complex zoning, and are commonly
overgrown by thin outer rims that have a high density of olivine, titanomagnetite, and plagioclase microlite
inclusions from the surrounding groundmass (Figure 2), indicating that the rims grew from the enclosing
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Figure 2. (a) Scanning electron microscopy (SEM) image of a clinopyroxene crystal in Holuhraun lava showing multiple internal zones. (b) SEM image of an hourglass zoned clinopyrox-
ene, surrounded by a late grown rim that incorporated plagioclase (plag) inclusions from the surrounding groundmass. (c, d) False-color SEM images of representative clinopyroxene
crystals with complex zonation. The outer rims contain frequent inclusions of groundmass crystals, confirming that the rims grew from the groundmass the crystals resided in just prior
to eruption.

matrix. The compositional range of clinopyroxene extends from Wo,gEn,gFsg to Wog4Ens;Fs,; with Mg-
numbers of 43-85 (average Mg# = 77, n = 605) (Figure 5a).

Plagioclase crystals are euhedral to subhedral and display a compositional range of Ans4 75 with an average
of Angg (n = 136). They commonly show oscillatory zonation, resorbed inner cores and embayed outer crys-
tal rims (Figures 3a and 3b). Plagioclase in the gabbro fragments, in turn, is euhedral and has anorthite-rich
cores (Ang;.g, average Angs, N = 33) compared to its rims (Angg_73, average Any,, n = 7) (Figure 5b). Plagio-
clase also shows thin outer rims and both plagioclase and clinopyroxene show rim overgrowth superim-
posed on previous resorption textures (Figures 2b and 3b).

All whole rock samples fall into the basalt field of the total alkali versus silica (TAS) diagram (Figure 5c),
show an average Mg-number of ~50, and overlap with the field for Icelandic basalts including Askja and
Bardarbunga-Veidivotn tephras and lavas. Groundmass analyses of the Holuhraun lavas are slightly more sil-
ica rich than the corresponding whole rock compositions and fall into the basalt and basaltic andesite fields
of the TAS diagram (Figure 5c). With respect to major and trace element variations, the Holuhraun lava sam-
ples generally plot close to available compositional data from the Bardarbunga-Veidivotn system, but are
notably different from the documented Askja sample suite (Figure 6).

3.2. Thermobarometric Modeling

Potential nominal melt compositions from this study were evaluated through the Kpe.mg) equilibrium test
for clinopyroxene-melt thermobarometry. Applying this test to clinopyroxene (n = 605) coupled with our
new whole rock and groundmass compositions resulted in 88% of all whole rock-clinopyroxene couples
and 57% of groundmass-clinopyroxene couples to fall within the Kpemg) = 0.28 + 0.08 equilibrium enve-
lope (Figure 7). Averaged whole rock composition was therefore selected as the most suitable melt on the
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Figure 3. Microphotographs (cross-polarized light, CPL) and sketches of plagioclase in Holuhraun lava. (a) Intensely resorbed plagioclase in Holuhraun lava. (b) Well-developed (euhedral)
plagioclase crystal with resorbed and sieve-textured core, but clear and continuous overgrowth rims. (c) Gabbro-type glomerocryst of olivine, clinopyroxene, and plagioclase that is

overgrown by younger plagioclase rims.

basis of highest number of mineral-melt couples in equilibrium. Melt inclusions were not considered as
nominal melts due to their potentially ambiguous representation of melt composition [Baker, 2008], as for
example slow-diffusing elements have been shown in experimental studies to be inadequately overrepre-
sented in melt inclusions [Baker, 2008; Neave et al., 2015]. Furthermore, although a particular crystal may be
in equilibrium with its own melt inclusions, the crystal may still not be directly related to the lava it erupted
in or even the volcano it erupted from (i.e., it could be an ante- or a xeno-cryst).

Further refinement of the chosen equilibrium couples was performed by comparing the predicted versus
observed clinopyroxene components (CaTs, EnFs, and DiHd). This exercise yielded 497 data points that fall
close to the one to one line (=10%, Figure 7; DiHd). Data points passing these two equilibrium tests were
then employed in the thermobarometric modeling.

Applying clinopyroxene-melt equilibrium thermobarometry to mineral-whole rock couples after Putirka
[2008] resulted in an average crystallization pressure of 471 MPa (SEE = =160 MPa; model results range
from 26 to 882 MPa). Assuming crustal density of 2700 kg m 3, this pressure result corresponds to a crystal-
lization depth of ~17 km (Figure 7) and to a calculated average temperature of 1193°C (=45°C; model
results range from 1152 to 1238°C). Using the same input data, clinopyroxene-composition barometry after
Nimis [1995] and Putirka [2008] produced a mean crystallization pressure of ~477 MPa (SEE = =260 MPa;
model results range from 111 to 794 MPa), equivalent to ~18 km depth. Crystallization pressures therefore
show a broad overlap between the two methods (Figure 7).
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Figure 4. (a) Photograph of a typical gabbro fragment in Holuhraun lava. (b) Microphotograph of a small gabbro fragment (CPL). (c) Microphotograph of an elongated gabbro fragment
in Holuhraun lava (CPL). All gabbro clasts show interlocking plagioclase and olivine crystals, and often record disintegration during transport and eruption (e.g., at the distal ends of the

fragment in Figure 4c).

In contrast to clinopyroxene, very few plagioclase crystals were found to be in equilibrium with the whole
rock composition, whereas groundmass compositions from the 2014-2015 Holuhraun lavas resulted in 122
out of 153 data points that satisfy equilibrium conditions for the Kpan-ap) equilibrium test. Plagioclase-melt
thermobarometry applied to mineral-groundmass couples resulted in an average crystallization pressure of
~141 MPa (SEE = =247 MPa; model results range from 103 to 165 MPa), which translates to ~5.2 km depth.
The average crystallization depth of plagioclase is thus considerably shallower than the average pyroxene
crystallization depth at ~17-18 km (Figure 7). Our mineral-melt and mineral composition based thermobar-
ometry results are further supported by groundmass and whole rock OPAM calculations, which indicate
pressures of ~266 MPa (9.9 km depth) for groundmass compositions and ~124 MPa (4.6 km depth) for
whole rock (1o uncertainty of =110 MPa). The thermobarometry results presented here thus indicate
bimodal magma storage recorded in the Holuhraun mineral assemblage.

3.3. Oxygen Isotopes

Oxygen isotope ratios are reported in standard delta notation for five whole rock lava samples (hand-picked
to exclude gabbro fragments) and five gabbro fragments (hand-picked to exclude encasing lava) (Table 1
and Figure 8). Lavas from the Holuhraun eruption show 8'80 values between 4.4 and 5.4%, (avg. = 5.0%,).
The gabbro fragments yield a 8'80 range of 4.0-5.0%, (avg. = 4.5%,), and thus record a slightly lower range
of values than the lava whole rock samples.
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Inset shows full-scale TAS plot and the red box indicates the zoomed in area.
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Figure 6. (a-f) Major and trace element variation diagrams of historical basaltic eruptions from the Askja and Bardarbunga-Veidivotn volcanic systems [Hartley and Thordarson, 2013; this
study]. The Holuhraun 2014-2015 lavas consistently plot close to older eruptive products from the Bardarbunga-Veidivotn system, and are distinct from historical Askja products.

4, Discussion

4.1. Linking Holuhraun to Bardarbunga
To test if the Holuhraun lavas can be linked to the Bardarbunga volcanic system, as opposed to e.g., the
nearby Askja volcano and its fissure swarm, we plotted selected major and trace element ratios in Figures
6a—6f [cf. Hartley and Thordarson, 2013]. The recent Holuhraun lavas plot close to the previous Bardarbunga-
Veidivotn eruptive products and show higher MgO contents (~7.1 wt %) than historical Askja lavas (~4.9 wt
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Figure 7. (a) Plot of the Kpre-mg) equilibrium test after Putirka [2008] applied to clinopyroxene from the 2014-2015 Holuhraun eruption coupled with whole rock and groundmass com-
positions as possible associated melts. (b) Plot of the predicted versus observed clinopyroxene component (diopside-hedenbergite; DiHd) equilibrium test for whole rock, showing good
fit as associated melt. (c) Plot of the Kp(ap-an) €quilibrium test after Putirka [2008] applied to plagioclase from the 2014-2015 Holuhraun eruption coupled with whole rock and ground-
mass compositions as possible associated melts. (d) Results from clinopyroxene-melt barometry for sample sites 1-3 show an average crystallization depth of 17 km and plagioclase-
melt barometry shows ~5.2 km as average depth, implying that magma from several magma storage reservoirs likely contributed to the assembly of the Holuhraun lavas.

%). Based on TiO,/K,0 ratios, two distinct compositional groups emerge (Figure 6b), with samples from
Askja plotting at TiO,/K,O ratios of around 5.0, while Bardarbunga-Veidivotn and the recent Holuhraun lavas
cluster at ratios of ~8.6. In addition, CaO/K,O ratios in Bardarbunga-Veidivotn and recent Holuhraun
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Table 1. Oxygen Isotope Data for 2014-2015 Holuhraun Lavas and Gabbro Fragments

Sample Reference Sample Description Location 3'%0 (%) *+%, (20)

BB-1-L2 Basalt lava 16.8574°W 44 0.2
64.8772°N

BB-2-L1 Basalt lava 16.8333°W 5.1 0.2
64.8833°N

BB-2b-L5 Basalt lava 16.8333°W 54 0.2
64.8833°N

BB-3-L3 Basalt lava 16.5171°W 5.1 0.2
64.9323°N

BB-3-L4 Basalt lava 16.5171°W 48 0.2
64.9323°N

BB-2-X2 Troctolite® gabbro 16.8333°W 49 0.2
64.8833°N

BB-2-X5 Troctolite® gabbro 16.8333°W 5.0 0.2
64.8833°N

BB-3-X1 Troctolite® gabbro 16.5171°W 40 0.2
64.9323°N

BB-3-X3 Troctolite® gabbro 16.5171°W 44 0.2
64.9323°N

BB-3-X4 Troctolite® gabbro 16.5171°W 44 0.2
64.9323°N

“Referred to as gabbro fragments in main text.

samples exceed the respective ratios in the Askja lavas by a factor of three. Ratios of the compatible trace
elements Cr/Ni range between 1.0 and 1.6 for Bardarbunga-Veidivotn and recent Holuhraun lavas, while the
range for Askja lavas is lower at ~0.4-1.2. Similarly, Ba/Sr ratios in Askja lavas are distinct from Bardarbunga-
Veidivotn/Holuhraun lavas (~0.66 versus ~0.33, respectively) as are the concentrations of incompatible ele-
ments Zr and Nb (~100 ppm versus ~10 ppm and ~190 ppm versus ~20 ppm, respectively). On the basis
of major and trace element geochemistry, a compositional affinity between the 2014-2015 Holuhraun lavas
and the Bardarbunga-Veidivotn system is therefore apparent. This result corroborates the geophysical data
that point to a lateral connection between Bardarbunga volcano and the 2014-2015 Holuhraun fissure
eruption [Riel et al., 2015; Sigmundsson et al., 2015].

4.2, Origin of the Gabbro Fragments

Gabbro fragments in the 2014-2015 Holuhraun lavas have textures characteristic of crystal mushes that
accumulate at magma reservoir walls and margins (Figure 4) [cf. Marsh, 2013]. Gabbroic bodies are typical
at shallow to midcrustal levels beneath central volcanoes in the North Atlantic Igneous Province [e.g.,
Emeleus and Bell, 2005; Gurenko and Sobolev, 2006; Paquet et al., 2007; O'Driscoll et al., 2008; Burchardt and
Gudmundsson, 2009]. Plagioclase in the Holuhraun gabbro fragments have crystal cores that are more calcic
than the plagioclase in the lavas, but their crystallization depth could not be estimated because they did
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Figure 8. Plot showing 520 values for the Holuhraun lavas and the gabbroic fragments compared to Mid-Ocean Ridge Basalt (MORB) [Binde-
man et al., 2008], Icelandic mafic eruptive products [Sigmarsson et al., 1991; Gunnarsson et al., 1998; Hards et al., 2000; Prestvik et al., 2001;
Bindeman et al., 2008], and altered crustal rocks [Prestvik et al., 2001; Bindeman et al., 2006, 2008]. Note that the 320 values of the gabbro
fragments are displaced to below MORB values, while the lava samples extend from the MORB range toward values characteristic of the gab-
bro fragments, implying that assimilation of gabbro fragments likely caused the shift toward sub-MORB values in the lava samples.
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not equilibrate with whole rock or groundmass compositions of the 2014-2015 Holuhraun lavas (Figure 7).
On the other hand, the rims of gabbro-derived plagioclase are in equilibrium with the groundmass compo-
sitions and record relatively shallow crystallization pressures (Figure 7).

Furthermore, the gabbro fragments show a slightly lower 8'80 range than the lavas (Table 1 and Figure 8),
implying that they might be of a different origin [cf. Bindeman et al., 2006; Neave et al., 2013]. Oxygen iso-
tope ratios lower than Mid-Ocean Ridge Basalt (MORB) can result from the incorporation of '80-depleted
crust by the gabbroic crystal mushes during solidification [Bindeman et al., 2006, 2008], from hydrothermal
overprinting [e.g., Forester and Taylor, 1976; Norton and Taylor, 1979; Fridleifsson, 1983], or from a primary
mantle-derived low-3'%0 magma [e.g., Macpherson et al., 2005; Winpenny and Maclennan, 2014]. In this
respect, widespread resorption textures in the gabbro fragments (see Figures 3a and 3b) indicate a lower
melting point relative to the intruding magma, which could be caused by higher water content in the gab-
bro [cf. Yoder and Tilley, 1962]. The gabbro fragments would potentially gain water if they were hydrated
after their initial solidification by hydrothermal overprinting or, alternatively, by assimilation of relatively
hydrated hydrothermally altered crustal rock during solidification [cf. Humphris and Thompson, 1978]. The
presence of entrained gabbro fragments in the Holuhraun lavas (Figure 4) [cf. Gurenko and Sobolev, 2006;
Paquet et al., 2007], their shallow crystallized plagioclase rims that overgrew resorption textures, and their
relatively low-3'80 values imply that at least part of the Holuhraun magma was sourced from a complex
plumbing system beneath a central volcano. Assimilation of high-level and low-8'80 crystal mushes and/or
partially crystallized chamber walls or intrusions by ascending basalt magma could then also explain the
observed spread in the 8'20 values of gabbro-free Holuhraun lava, which range from MORB values to those
typical of the gabbro fragments [cf. Bindeman et al., 2006, 2008].

4.3. Magmatic Processes Prior to the Holuhraun Eruption

With respect to preeruptive magmatic processes, we note that approximately 60% of the crystals investigat-
ed show textural evidence for resorption and multistage growth, which is most probably a function of crys-
tal entrainment in melt(s) of differing composition and thermal properties and was likely aided by pressure
release during multistage transport to the surface (Figures 3a and 3b) [cf. Browne et al., 2006; Mollo et al.,
2010; Gurenko and Sobolev, 2006]. In addition, mixed crystal populations were identified, comprising differ-
ent size and compositional groups, which emphasizes that the Holuhraun lavas represent an assembly of
magma batches that originally crystallized at different depths (Figures 2-4). Breakdown textures in the gab-
bro fragments and overgrown resorption textures in plagioclase and clinopyroxene further support multi-
stage magma ascent (Figures 2 and 3). Moreover, these observations are consistent with our
thermobarometric calculations that identified polybaric magma storage (see section 3.2 and below). There-
fore, the lavas erupted at Holuhraun were evidently supplied by a multitiered plumbing system as opposed
to having been directly derived from greater depth prior to eruption.

In detail, clinopyroxene barometry reveals an average storage level at ~17-18 km depth beneath the sur-
face. There is large spread in the distribution of estimated clinopyroxene crystallization pressures (SEE = 160
MPa) [Putirka, 2008] and the distribution is slightly skewed to lower pressures (Figure 7d). The distribution
of estimated plagioclase crystallization, in turn, is narrowly focused at between 5 and 6 km (SEE = 247 MPa)
[Putirka, 2008]. The thermobarometry calculations thus provide evidence for dominant pyroxene crystalliza-
tion at midcrustal levels, while the plagioclase crystals appear to have grown dominantly at shallow crustal
levels. These results are consistent with magma mixing during ascent beneath Bardarbunga and would also
explain the oxygen isotope data in terms of magma-crust interaction involving Icelandic upper crust (Figure
7) [cf. Sigmarsson et al., 2011]. We note here, however, that the clinopyroxene mineral-melt thermobarome-
try after Putirka [2008] has recently been suspected of potentially overpredicting crystallization pressures
for Icelandic magmas [Neave et al., 2015]. Yet as there is no specific calibration for Icelandic magmas avail-
able and as mineral-melt thermobarometry results are in general agreement with the bimodality obtained
from OPAM pressure calculations on groundmass and whole rock compositions (see section 3.2 above), we
argue that the approach employed here produces the currently most viable depth estimates of crystalliza-
tion for the Holuhraun system. This suggestion is further strengthened by the overlap observed between
our thermobarometry results and the crystallization pressures obtained from previous eruptions connected
to BarBarbunga. For example, Kelley and Barton [2008] identified crystallization depths between 10 and
31 km below Bar8arbunga using the olivine-plagioclase-clinopyroxene cotectic after Yang et al. [1996],
whereas Hartley and Thordarson [2013] reported depths between 9 and 28 km using clinopyroxene-melt
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Figure 9. Conceptual model of the magma plumbing system for the 2014-2015 Holuhraun eruption. Considering our results in the context of the current geological framework [e.g., Riel
et al., 2015; Sigmundsson et al., 2015], we envisage that (i) magma ascended from ~17 km depth to shallow crustal levels beneath Bardarbunga in mid-August 2014 where it intersected
an existing magma reservoir. (ii) Magma from distinct reservoirs was then aggregated and transported laterally for some distance to produce the final erupted Holuhraun lava (iii). The
erupted lava records multiple crystal populations, entrained gabbro fragments, and '®0-depleted (i.e., crustal) oxygen isotope ratios relative to MORB. The inset shows the propagation
of the dyke in schematic cross section and in map view.

thermobarometry after Putirka [2008] on older Bardarbunga-Veidivotn eruptives. Moreover, calculations on
volatile solubility in melt inclusions point to a storage depth between 3 and 12 km, and deep earthquakes
at 12-25 km depths were reported in the vicinity of Bardarbunga volcano in the years preceding the recent
eruption [Hartley et al., 2016]. In combination with our results, these studies therefore lend increasing sup-
port to the concept of long-term multitiered magma plumbing beneath the Bardarbunga central volcano.

Our thermobarometry results can be further tested against results from geophysical methods [cf. Dahrén
et al, 2012; Marti et al., 2013; Longpré et al., 2014]. For instance, our clinopyroxene-melt thermobarometric
results are consistent with GPS displacement modeling, which constrained the depth of a deflation source
beneath Bardarbunga to 16.8 km [Green et al. 2015]. The shallower crystallisation depths recorded by our
plagioclase-melt thermobarometry results, in turn, are supported by earthquake hypocenters at <5 km
depth in the decades prior to the Holuhraun eruption that indicated magma movement beneath
Bardarbunga volcano [Bjarnason, 2015]. Moreover, seismic evidence of radial dyke initiation also points to
the existence of an overpressurized shallow magma reservoir [Grosfils, 2007; Galland et al., 2014]. Lastly, we
note that geodetic modeling of the deformation associated with the propagating dyke in August 2014
favors an even shallower magma source (~1-3 km) [Riel et al., 2015; Sigmundsson et al., 2015], which is still
within the uncertainties of our plagioclase-melt thermobarometry results. Hence, and despite the model
inherited errors (see section 3.2 above), our thermobarometric results are in good agreement with estimates
from both geochemical and geophysical approaches.

In summary, we envisage the following sequence of events to have led to the 2014-2015 Holuhraun erup-
tion (Figure 9): (i) Magma initially ascended vertically from ~17 km depth within the Bardarbunga plumbing
system to relatively shallow levels where it interacted with high-level magma and crystal mushes of the
Bardarbunga plumbing system. (ii) From there, a radial dyke was injected and propagated within the local,
volcano-controlled stress field [cf. Sigmundsson et al., 2015]. (iii) When the dyke reached beyond the influ-
ence of the local volcanic stress field, it changed direction and propagated parallel to the regional stress
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field toward the Holuhraun eruption site, where it eventually broke through to the surface. In combination
with available seismic and ground deformation data [Riel et al., 2015; Sigmundsson et al., 2015], it becomes
apparent that after initial emplacement of a radial dyke, lateral, long-distance magma transport from
Bardarbunga occurred prior to eruption at Holuhraun (Figure 9), since geophysical and geochemical data
identify Bardarbunga volcano as the source of the Holuhraun lavas. Lateral magma drainage is thus the
most plausible reason for the simultaneous fissure eruption at Holuhraun and caldera subsidence at
Bardarbunga.

5. Conclusions

The petrological evidence for recent Holuhraun lavas presented here implies that the lavas were derived
from a complex and interconnected magma plumbing system spanning between 28 and 5 km depth
beneath the Bardarbunga central volcano wherein discrete magma batches interacted and mixed. Magma
initially pooled around 17-18 km depth on average, whereafter it ascended and was temporarily stored at
high crustal levels within Bardarbunga. There, the magma interacted with, and entrained, gabbro fragments
and crystal mushes that are characterized by resorption and disintegration textures and 8'80 values lower
than MORB. The magma was then laterally transported away from the shallow parts of the Bar8arbunga
plumbing system first via a radial dyke and then via a regional dyke until the magma eventually broke
through to the surface at the Holuhraun eruption site. The latest Holuhraun rifting episode therefore
involved lateral magma drainage and mobilization of preexisting magma batches and mushes from relative-
ly shallow reservoirs beneath a central volcano, and appears to represent a viable trigger for caldera subsi-
dence at Bardarbunga. This combination of phenomena reflects a potentially underappreciated
geodynamic possibility that may need to be incorporated into hazard assessment in active volcanic rift-
zone settings.
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