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Abstract — Our understanding of the long-term intrusive and eruptive behaviour of volcanic systems is ham-
pered by a relatively short period of direct observation. To probe the conditions of crustal magma storage below
South Iceland, we have analysed compositions of minerals, mineral zoning patterns, and melt inclusions from
two Eyjafjallajokull ankaramites located at Brattaskjol and Hvammsmiili. These two units are rich in composi-
tionally diverse macrocrysts, including the most magnesian olivine (Fogs_qo) and clinopyroxene (Mg# ., 89.8)
known from Eyjafjallajokull. Olivine-hosted spinel inclusions have high Cr# g, (52-80) and TiOo (1-3 wt%)
and low AlyO3 (8-22wt%) compared to typical Icelandic chromian spinel. The spinel-olivine oxybarometer
implies a moderate oxygen fugacity of AlogFMQ 0-0.5 at the time of crystallization, and clinopyroxene-liquid
thermobarometry crystallization at mid-crustal pressures (1.7-4.2 kbar, 3.0x+1.4 kbar on average) at 1120—
1195°C. Liquid-only thermometry for melt inclusions with Mg# .1+ 56.1-68.5 and olivine-liquid thermometry
for olivine macrocrysts with Fogo.7_ss.9 yield crystallization temperatures of 1155—-1222°C and 1136—-1213°C,
respectively. Diffusion modelling of compositional zonations in the Brattaskjol olivine grains imply that the
Brattaskjol macrocrysts were mobilized and transported to the surface from their mid-crustal storage within a
few weeks (at most in 9-37 days). Trends in clinopyroxene macrocryst compositions and the scarcity of plagio-
clase indicate that the mid-crustal cotectic assemblage was olivine and clinopyroxene, with plagioclase joining
the fractionating mineral assemblage later. In all, the crystal cargoes in the Brattaskjol and Hvammsmuiili
ankaramites are composed of agitated wehrlitic or plagioclase wehrlitic crystal mushes that crystallized over a
large temperature interval at mid-crustal depths.

INTRODUCTION

In South Iceland, at the southern tip of the Eastern
Volcanic Zone (SEVZ), magmatism occurs outside
the main zone of plate spreading in three volcanic
systems: Eyjafjallajokull, Katla, and Vestmannaeyjar.
The SEVZ is the most recently activated volcanic
zone in Iceland (younger than 3 Ma; Martin et al.,
2011), where mantle-derived magmas intrude rela-
tively cold oceanic crust (Flévenz and Saemunds-
son, 1993). Magma batches fractionate comparatively
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fast under these conditions, as indicated by U-series
disequilibria (Sigmarsson, 1996) and the absence of
equilibrium phenocryst assemblages (Mattsson and
Oskarsson, 2005) in erupted lavas. In Vestmanna-
eyjar, the mantle-derived melts have been envisioned
to evolve in the crust in isolated, small magma reser-
voirs over a large depth range (Furman et al., 1991;
Mattsson and Oskarsson, 2005). Seismic, geodetic
and petrogenetic studies of the Eyjafjallajokull 2010
eruption have highlighted a multi-tier volcanic plumb-
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ing system beneath the volcano, and near-direct verti-
cal magma transport from mantle depths (Sigmunds-
son et al., 2010; Sigmarsson et al., 2011; Keiding and
Sigmarsson, 2012; Tarasewicz et al., 2012a,b; Laeger
etal.,2017).

Regardless of the advances above, our understand-
ing of crustal storage and evolution of magmas in
SEVZ is inadequate, with our best inferences relying
on the 2010 Eyjafjallajokull eruption alone. Analysis
of minerals with pressure- and temperature-sensitive
compositions offers a way forward, as it allows us
to make inferences on the conditions of magma dif-
ferentiation in the SEVZ crust. In this paper, we
present major element data on olivine, clinopyrox-
ene, spinel, and melt inclusions from the most prim-
itive Eyjafjallajokull volcanic units: the Brattaskjol
and Hvammsmuli ankaramites. We show that these
two ankaramites host primitive olivine and clinopy-
roxene macrocrysts as well as chromian spinel that is
the most Cr- and Ti-rich reported from Iceland. On the
basis of thermobarometric calculations and diffusion
modelling, we suggest that these crystals were derived
from agitated and disaggregated mid-crustal (10.7+5
km) wehrlitic or plagioclase wehrlitic crystal mushes
and that they ascended from these depths in a carrier
magma within a few weeks only.

EYJAFJALLAJOKULL VOLCANIC
SYSTEM

Eyjafjallajokull (Figure 1) is a glacier-covered, mod-
erately active volcano that has acted as a locus of
magmatism for over 0.78 Ma (Kristjansson et al.,
1988). Typical of off-rift volcanic systems in Ice-
land, Eyjafjallajokull magmas are enriched in K;O
and NayO compared to axial rift magmas (Jakobsson,
1972; Hémond et al., 1993) and show trace element
and isotopic signatures of "enriched" mantle source
(e.g., elevated 2°6Pb/2%4Pb in comparison to MORB)
(Peate et al., 2010). These characteristics are most of-
ten attributed to low-degree melting of incompatible
trace element rich and mineralogically distinct mantle
source compared to the depleted source of common
MORB (Chauvel and Hémond, 2000; Kokfelt et al.,
2006).
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Observations of the Eyjafjallajokull 2010 eruption
build a strong case for a trans-crustal magma plumb-
ing system beneath the volcano, with defined magma
intrusions in the brittle upper crust (<10-12 km depth,
Hjaltadéttir et al. 2009) underlain by poorly con-
strained magma storage zones in ductile crust and up-
per mantle (Sigmundsson et al., 2010; Sigmarsson et
al., 2011; Keiding and Sigmarsson, 2012; Tarasewicz
et al.,2012a, b). Although Eyjafjallajokull has a shal-
low silicic magma intrusion at 5 km depth (Sigmars-
son et al., 2011), and intrusions of magma into the
shallow crust (e.g., 5 km beneath the eastern flank
of the volcano; Sigmundsson et al., 2010) predated
the eruption, the Eyjafjallajokull 2010 eruption was
fed by magma from considerable depths. During the
first weeks of the eruption, seismicity was focused on
the brittle crust (<10 km), suggesting a mid-crustal
magma source. However, later a downward propaga-
tion of earthquakes down to ~30 km below the sur-
face was detected, with distinct seismic clusters at
depths of ~19 km and ~25 km, potentially reflecting
depressurization of two or more 1-10km? intrusions
at these depths (Tarasewicz et al., 2012b, a). This sug-
gests that the eruption tapped magma from the mantle
(from depths greater than ~22 km; Brandsdéttir and
Menke, 2008). Exhaustion of the mid-crustal reser-
voirs and deep tapping of magmas supports views of
SEVZ as an embryonic rift segment (e.g., Mattsson
and Oskarsson, 2005), where crustal magma storage
zones are still small and maybe ephemeral (Sigmars-
son, 1996) in comparison to active rift zones with hot-
ter crust (Flévenz and Saemundsson, 1993) and pre-
sumably larger crustal magma reservoirs.

SAMPLES

The volcanic units sampled for this study, Bratta-
skjoél and Hvammsmuli (Figure 1), are the most prim-
itive volcanic units of the Eyjafjallajokull volcano
described so far (Loughlin, 1995). Both are partly
eroded outcrops on the southern slope of Eyjafjalla-
jokull and seemingly subaerial in character (Lough-
lin, 1995), although a shallow intrusive origin for
Hvammsmuli has also been suggested (Steinthors-
son, 1964). We follow the established practise (e.g.,
Steinthorsson, 1964; Loughlin, 1995) and refer to
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Figure 1. a) Map of the Eyjafjallajokull volcano with sampled locations and the 2010 Fimmvorduhdls lava flow field. In-

set shows map location (red rectangle) and the southern tip of the Eastern Volcanic Zone (SEVZ) in yellow. The active
plate boundary and the locus of the Iceland mantle plume (Wolfe et al., 1997) are marked with grey and black stippled
lines, respectively. b) Photomicrograph (in cross-polarized light) showing the texture of the Brattaskjol ankaramite sam-
ple. The large crystal on the left is olivine (3rd order blue interference colour) and the large crystal on the right (1st order
orange) is augite. c) Backscattered electron image of an augite crystal in a Hvammsmuiili ankaramite sample. — a) Kort
af Eyjafjallajokulseldstodinni sem synir synastadi og stadsetningu hraunsins sem myndadist i gosi d Fimmvorduhdlsi drio
2010. Innfellda myndin synir stadsetningu kortsins (raudur ferhyrningur) og sudurenda eystra gosbeltisins (SEVZ) med
gulum lit. Virku flekamdtin eru merkt med grdaum strikalinum og utlinur mottulstroksins (Wolfe o.fl., 1997) med svortum
strikalinum. b) Smdsjdrljosmynd (tviskautad ljos) sem synir textir { ankaramitsyni frd Brattaskjoli. Stori kristallinn til
vinstri er olivin (bldr bylgjuvixllitur af pridju rod) og stori kristallinn heegra megin er dgit (gulur litur af fyrstu rod). c)
Endurkastsrafeindamynd af dgitkristal i ankaramitsyni fra Hvammsmiila.

these outcrops as ankaramites. These ankaramites
are highly porphyritic with abundant (~30vol%,
see Steinthérsson, 1964) olivine and clinopyroxene
macrocrysts in near equal amounts. Hvammsmuli
also has minor amounts of plagioclase macrocrysts,
not observed in Brattaskjol. As macrocrysts, we con-
sider crystals that are >0.3 mm in length and precede

JOKULL No. 69, 2019

groundmass minerals. Hvammsmuili has been dated to
587+31 ka (Wiese, 1992), but the exact age of Bratta-
skjél is unknown. An age of 500-720 ka for Bratta-
skjol is probable, however, judging from its strati-
graphic position (Loughlin, 1995) and normal mag-
netic polarity.
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The Brattaskjol olivine and clinopyroxene macro-
crysts are often embayed and have thin composition-
ally zoned rims in contact with fine-grained ground-
mass mineralogy (Figure 1b). In Hvammsmuli sam-
ples, conversely, the groundmass is coarse and olivine
and clinopyroxene macrocrysts have broad composi-
tionally zoned rims that commonly enclose ground-
mass plagioclase near the macrocryst edges (Figure
Ic). In addition to the zonation near crystal edges,
clinopyroxene macrocrysts in both localities exhibit
complex oscillatory and convolute zoning, while sec-
tor zoning was not identified.

The Brattaskjél olivine macrocrysts are com-
monly devoid of spinel and melt inclusions. When
present, the Brattaskjol melt inclusions are found in
the cores of the crystals as primary or pseudosec-
ondary inclusions (following the nomenclature of
Roedder, 1984). Their size varies between 20 and
250 pm and they are partially crystallized, containing
dominantly clinopyroxene daughter minerals, silicate
glass and a large bubble phase. These inclusions may
also contain opaque phases, which are generally acci-
dentally trapped spinel crystals. Spinel and melt in-
clusions are more common in the Hvammsmuli sam-
ples, and some Hvammsmuili olivines have small (usu-
ally <1 pm) oxide exsolutions. The textural appear-
ance of melt inclusions is similar to those observed in
olivine grains from Brattaskjo6l. These inclusions con-
tain abundant clinopyroxene, minor orthopyroxene, il-
menite and spinel daughter minerals, a vapour phase
and interstitial silicate glass (see Bjornsson, 2019). In
backscattered electron images, we commonly observe
a bright Fe-rich diffusion halo in olivine around the
melt inclusions in Hvamsmmaili samples. This halo is
missing around Brattaskjol melt inclusions.

ANALYTICAL AND EXPERIMENTAL
METHODS

Melt inclusion homogenization experiments

As melt inclusions from both localities were partially
crystalline, we tried to homogenize them. Handpicked
olivine crystals were placed in a graphite crucible and
mixed with graphite powder in order to avoid oxi-
dation during the heating experiments. We carried
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out three sets of experiments at temperatures of 1200,
1220 and 1240°C. The precision of the temperature
reading, calibrated to the melting points of Au, Ag and
NaCl, was +5°C. Crucibles were placed in the high-
temperature oven at the target temperature and kept
there for 5 minutes. After 5 minutes, the samples were
quenched in room temperature water. Olivine was re-
covered after quenching and mounted in epoxy. Melt
inclusions were exposed by manual polishing and in-
spected under the polarizing microscope. More than
90% of the melt inclusions from Brattaskjél were ho-
mogenized at 1200+£5°C, and all of them at 1220°C.
By contrast, a few crystals were observed in Hvamms-
muli melt inclusions even after heating to 1240°C.

Electron microprobe analysis

We separated olivine and clinopyroxene macrocrysts
from crushed and sieved (@ = 0.1-4.0 mm) rock sam-
ples and determined their major and minor element
compositions using a JEOL JXA-8230 electron mi-
croprobe at the University of Iceland. Clinopyrox-
ene was analysed in a thin section made from the
Hvammsmuli sample. In total, we analysed 192
olivine and 51 clinopyroxene crystals for their core
compositions, 38 spinel and 21 melt inclusions in
olivine, and 47 concentration profiles (with 4-10 ym
spacing between analysis spots) across olivine zona-
tion. Acceleration voltage and a beam current of 15
keV and 20 nA, respectively, were used for analysis of
clinopyroxene, spinel and olivine zonation, whereas
10 nA beam current was used for analyses of melt in-
clusions. For the high-precision trace element analy-
ses of olivine cores, we used a modified version of the
analysis protocol by Batanova et al. (2015) with ac-
celeration voltage of 20 keV and a high beam current
of 500 nA (see Nikkola ez al., 2019; for details). Crys-
tals of known composition were analysed to check for
instrumental drift. The mineral and melt compositions
are available from the authors on request.

EBSD analysis

Crystallographic orientations of olivine macrocrysts
were resolved with electron backscatter diffraction
(EBSD, Prior et al., 1999) using FEI Quanta SEM
at the University of Leeds (UK). The EBSD analy-
ses were performed to constrain the crystallographic

JOKULL No. 69, 2019



directions with respect to the micro-analytical tra-
verses. This is essential for diffusion modelling of
olivine, as the diffusivity of elements (e.g., Fe-Mg
or Ni) in olivine is anisotropic, with diffusion along
the crystallographic c-axis being six times faster than
along the a- or b-axes (e.g. Dohmen and Chakraborty,
2007; Dohmen et al., 2007). Following the proce-
dure of Kahl er al. (2017), we acquired orientation
maps consisting of hundreds of EBSD point determi-
nations for a total of 46 olivine grains from Brattaskjél
and Hvammsmuli. We used the HKL. CHANNEL 5
EBSD post-processing software to extract hundreds
of orientation measurements from individual crystals.
The EBSD Euler angles were converted into plunges
and trends of the a-, b- and c-axes of the analysed
olivines using an Excel sheet provided by Dr. D. Mor-
gan (University of Leeds). Finally, the angular rela-
tions between the crystals a-, b- and c-directions and
the micro-analytical traverses were acquired using the
Stereo32 software developed at the Ruhr-Universitit
Bochum.

MINERAL AND MELT COMPOSITIONS
Olivine

The Brattaskj6l and Hvammsmuili olivine macrocryst
cores show substantial, yet similar, compositional
variability in terms of Fo (Fogj_gg) and minor ele-
ments (e.g., Ni, Figure 2a). Both have a population of
Fogg_gp olivine cores showing a large minor element
variability (Ni, Mn, Ca). Minor element variation in
Fo_gg olivine cores, at a given Fo content, is less pro-
nounced (see Nikkola et al., 2019).

All Brattaskjol olivine macrocrysts (n=22) anal-
ysed for their compositional zonation have thin
(<100 um) Fe-Mg zonation around homogenous
cores. Interestingly, olivine grains with Fo- g5 7 cores
(n=15) are normally zoned (Fo decreases towards
crystal edges), whereas olivine grains with Fo.g4 4
cores have complex reverse zoned rims (n=7, high-Fo
bands near crystal edges, Figure 2d).

The Fo zonation in normally zoned Brattaskjol
olivines exhibits changes in slope (Figure 2b) and
steps (Figure 2c), and as such does not follow the
steady decrease in Fo towards crystal boundaries typ-
ical of diffusion under steady-state conditions (Costa
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et al., 2008). The outermost parts of the olivine crys-
tals have the steepest decrease in Fo (B1 and CI in
Figure 2b and 2c), followed by an inner rim section
with a shallower gradient in the change of Fo (B2 and
C2 in Figure 2b and 2c). These olivine grains also
commonly exhibit high-Fo "shoulders", with an ap-
proximate composition of Fogg o, near the outer edges
of the otherwise homogenous crystal cores (B3 in Fig-
ure 2b). The complexly reverse zoned Brattaskjol
olivine crystals with homogenous Fogg g_g4.4 cores
have ~10-30 um thick Fogs 1_g5.4 bands near crys-
tal edges (Figure 2d). The outermost edges of the
crystals have the lowest and very variable Fo contents
ranging from Foys 5 to Foga g. Typically, the high-
Fo bands near the crystal edges have relatively broad
diffuse boundaries towards the crystal interior in com-
parison to the steep decrease in Fo towards the outer
edge of the crystals (Figure 2d).

Unlike the Brattaskjol olivine macrocrysts, all
Hvammsmuli olivine macrocrysts show broad (up to
700 pm) normal zoning, irrespective of the Fo con-
tent in olivine cores (Figure 2e). Some olivine grains
also exhibit a two-fold division in the Fo zoning pat-
tern (Figure 2e). In these olivine crystals, the Fo zona-
tion pattern in the outermost 200 pm of the crystal has
a concave slope (E1), which is indicative of growth-
dominated zoning, followed by up to 500 um convex
slope (E2), more typical to diffusive re-equilibration.

Spinel inclusions in olivine

Spinel inclusions in the Brattaskjol (n = 16)
and Hvammsmuli olivine macrocrysts (n =
22) have Mg#,, (Mg#,,; = -cation fraction

100Mg/(Mg+Fe?1)) of 38—66, Cr# (Cr# = cation frac-
tion 100Cr/(Cr+Al)) of 52-80, Fe3*/Fe;o; of 0.15-
0.35, 1-3wt% TiO2, and 8-22 wt% Al,O3 (Figure
3). The spinel inclusions in Brattaskjol olivine grains
have somewhat higher mean Cr# and Fe3t/Fe,,; than
in the Hvammsmuli olivine grains, although their
compositions do overlap. In addition, variation in
AlyO3 is less in the Brattaskjol spinels (10-16 wt%
Al;03). In the Hvammsmili samples, spinel is also
found in olivine-hosted melt inclusions; these have a
distinct composition with relatively high (>55 wt%)
Al;,O3 (Bjornsson, 2019).
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Figure 2. a) Ni (ppm) vs. forsterite (Fo = cation fraction 100Mg/(Mg+Fe)) plot of Brattaskjél and Hvammsmuili olivine core
compositions; data from Nikkola et al. (2019). Brattaskjél olivines with core compositions up to Fogs.4 have complex re-
verse zonation, whereas olivines with Fogs.7 core compositions are always normally zoned. All Hvammsmuili olivines are
normally zoned. b-e) Compilation of micro-analytical traverses across compositionally zoned olivine macrocrysts display-
ing different zoning patterns (e.g., normal vs. complex reverse). Locations of the traverses are shown with red lines in the
backscatter electron images. Olivine macrocrysts BR02_0O184 (b), BR02_0O113 (c) and Pos-1b_Ol5 (e) are normally zoned
with decreasing Fo towards outermost rims. Zonation sections B1, B2, B3, C1, C2, El and E2 are discussed in the text.
Brattaskjol olivine BR02_OI82 (d) is complex reverse zoned, with a band of high Fo near the crystal rim in comparison to
Fo in the olivine core. Complex reverse zoned olivine grains like these were used for diffusion modelling. The red stippled
line is the initial diffusion model and the red curve is the model zonation after 9.2 days of diffusion. — a) Ni (ppm) sem fall af
forsteritinnihaldi (Fo = katjonahlutfallio 100Mg/(Mg+Fe)) i kjornum dlivins frd Brattaskjoli og Hvammsmiila; gognin eru
frd Nikkola o.fl. (2019). Olivin i Brattaskjoli med kjarnasamsetningu allt up i Fosa,s er med flokna dfuga beltun en livin
med Fosgs 7 kjarnasamsetningu er alltaf med reglulega beltun (e. normal zoning). Allt élivin fra Hvammsmiila er med
reglulega beltun. b-e) Deemi um drgreiningalinur yfir beltada olivindila med mismunandi gerdir beltunar (p.e. reglulega og
flékna dfuga beltun). Stadsetning linanna er gefin til kynna med raudum linum @ rafeindasmdsjdrmyndunum. Olivindilarnir
BR02_0I84 (b), BRO2_Ol13 (c) og Pos-1b_Ol5 (e) eru med reglulega beltun par sem kjarninn hefur hdtt Fo-gildi sem sidan
lewkkar © dtt ad kristalrimanum. [ greininni er rett um pd hluta beltunar sem merktir eru Bl, B2, B3, C1, C2, EI og E2.
Olivin frd Brattaskjoli merkt BRO2_OIS82 (d) er med flokna ifuga beltun, par sem belti neest kristalrimanum er med hdtt
Fo-gildi i samanburdi vid kjarna kristalsins. Olivindilar sem pessi voru notadir vid likanreikinga d efnasveimi. Brotna
rauda linan gefur til kynna efnasamsetningu dilsins vid upphaf likanreikningsins en heila rauda lina synir iitreiknada beltun
eftir 9,2 daga af efnasveimi.
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Figure 3. a) Cr number (Cr#,, = cation fraction 100Cr/(Cr+Al)) against Mg number (Mg#,, = cation fraction
100Mg/(Mg+Fe®1)) in spinel. 20 analytical error is smaller or equal to the symbol size. b) The ratio of ferric iron to
total iron (Fe3+/Femt) vs. Mg# in spinel. The amount of Fe3t is calculated based on stoichiometry. c¢) Spinel TiO2 vs.
Al2O3 diagram; spinel discrimination fields are after Kamenetsky (2001). Spinel compositions from the Northern Rift
Zone of Iceland (Matthews et al., 2016) are shown for comparison (black crosses). — a) Cr-tala (Cr#,p; = katjonahlutfallio
100Cr/(Cr+Al)) sem fall af Mg-tolu (Mg#sp = katjonahlutfallio 100Mg/(Mg+Fe**2)) spinils. 20 dvissa i efnagreiningum
er minni eda jafnstor og synatdknin. b) Hlutfall ferrijonar af heildarmagni jarns (Fe>t/Feyor) d méti Mg# spinils. Magn
Fe3T er reiknad iit frd efnaformiilu spinils. c) Styrkur TiOz d méti styrk AloO3 { spinli; adgreiningarsveedi fyrir spinil eru
frd Kamenetsky (2001). Efnasamsetningar spinils frda Nordurgosbelti (Matthews o.fl., 2016) eru syndar til samanburdar

(svartir krossar).

Table 1. Representative melt inclusion (MI) compositions* (inwt%) from Brattaskjol and Hvammsmili olivine
macrocrysts.  All melt inclusions from Brattaskj6l reported here were homogenized at 1200°C. — Dewemigerdar
efnasamsetningar (% af massa) brddarinnlyksna (MI) i olivindilum frd Brattaskjoli og Hvammsmiila. Allar brdo-
arinnlyksur frd Brattaskjoli sem reett er um i greininni voru gerdar einsleitar med pvi ad breda peer vio 1200°C.

SiOy TiOz Al;03 FeOyor MnO MgO CaO NagO Ky0 P205 SOz Cl Total PEC%S Mg#® Fo¢  Typed

Brattaskjol

Ol14_mil_2 46.39 2.54 15.11 11.21 0.16 8.82 12.27 236 0.44 0.30 0.32 0.03 99.9 - 60.9 80.9 alk. bas.
Ol17_mil 46.99 231 16.11 9.75 0.16 7.99 13.28 2.24 0.53 0.34 0.27 0.03 100.0 - 61.9 82.4 alk. bas.
O110_mil 45.60 2.69 15.71 10.27 0.17 891 13.31 2.23 0.43 0.36 0.30 0.02 100.0 - 63.2 82.9 alk. bas.
Ol7_mil 46.33 2.32 15,55 972 0.16 9.09 1291 225 0.53 045 0.29 0.04 99.6 - 65.0 83.0 alk. bas.
O125_mil_2 48.02 2.07 1525 827 0.12 8.87 14.19 2.29 0.44 0.28 0.25 0.02 100.0 - 68.0 86.0 alk. bas.
O133_mil 47.81 227 16.06 7.84 0.12 8.60 14.21 2.46 0.40 0.21 0.20 0.03 100.2 - 68.5 87.0 alk. bas.
Ol11_mil 4931 2.87 1346 7.60 0.11 9.06 13.60 2.34 0.64 0.58 0.21 0.03 99.8 - 70.2 87.9 ol. tho.
Oll_mil_2 48.58 3.56 1297 729 0.15 9.96 1579 0.89 0.18 0.24 0.03 0.00 99.6 - 73.0 88.6 tho.
O19_mil 47.27 244 1629 956 0.17 6.25 13.28 268 053 032 - - 988 6.7 56.4 81.6 alk. bas.
O19_mi2_2 46.86 2.54 16.56 9.57 0.11 6.17 1344 273 049 027 - - 987 95 56.1 81.6 alk. bas.
OI123_mi2_2 51.11 2.65 15.10 6.27 0.13 698 14.62 2.14 028 0.14 - - 994 39 68.8 87.9 tho.
0OI129_mil 5391 231 1469 586 0.15 7.46 1288 1.76 038 006 - - 994 -0.6 71.6 88.7bas. and.
Hvammsmuli

OI3_mil_1160_3 49.48 2.40 1437 625 0.11 7.63 11.87 3.62 0.96 1.64 0.10 0.06 98.5 notcalc. 70.7 79.6 alk. bas.
Oll_mil_1200_1 47.94 335 1371 6.18 0.09 8.38 13.86 3.26 0.76 0.52 0.07 0.04 98.2 notcalc. 72.9 85.6 alk. bas.

Compositions in wt%. *PEC% = percentage of post-entrapment olivine crystallization in MI
ng# = 100Mg/(Mg+0.9Fe¢,t) “Fo = forsterite content (IOOMg/(Mg+Fe2+)) in host olivine
4MI type according to normative mineralogy

JOKULL No. 69, 2019 83



Nikkola et al.

Melt inclusions in olivine

Representative compositions of melt inclusions in
the Brattaskjol and Hvammsmuili olivine macrocrysts
are shown in Table 1. At Brattaskjol, the melt in-
clusions in Fo.gg.9_g7.0 olivine macrocrysts corre-
spond to mildly alkaline basalt (1-3 wt% norma-
tive nepheline) with Mg#,,c;r (Mg#,eir = molar
100Mg/(Mg+0.9Fe;,;)) of 56.1-68.5, whereas the
four melt inclusions in more primitive Fog7.g_gs 6
olivines are silica saturated with low FeO;,; and
Mg#,,ci¢ of 68.8-73.0. Most of the homogenized
Brattaskjol melt inclusions are in equilibrium with
their host olivine (Kdp?5¢ = 0.30£0.3, Toplis
2005) and do not require post-entrapment crystal-
lization (PEC) correction. For those melt inclusions
that require it, a PEC correction of 1-6 wt% was
made using the Petrolog software of Danyushevsky
and Pletchov (2011). For these calculations, FeO*
(FeO content before post-entrapment crystallisation
and diffusion) of the melt inclusions was derived from
the relationship of Fo in olivine and FeO in melt
in suitable Eyjafjallajokull magmas (this study and
Moune et al., 2012). The melt inclusions in olivines
from Hvammsmuli often exhibit crystals, even after
heating to 1240°C, and it was thus not possible to per-
form proper PEC and diffusion correction for them.
In addition, all Hvammsmuili melt inclusions have so
low FeOy,; in relation to their high Mg#,,,;; that they
are unlikely to represent any reasonable near-primary

parental melt. Most likely, these melt inclusions have
been modified by post-entrapment olivine crystalliza-
tion and solid-state diffusion of elements from their
host olivine (see Danyushevsky et al., 2000). For ad-
ditional Hvammsmuli melt inclusion data, see Bjorns-
son (2019).

Clinopyroxene

Clinopyroxene macrocrysts in the Brattaskjol (n=31)
and Hvammsmili (n=20) ankaramites have simi-
lar core compositions of Ca-rich augite, although
only in the case of Brattaskjol, a subpopulation
of magnesium-rich (Mg#.,, 89.7-89.8; Mg#.,, =
cation fraction Mg/(Mg+Fe;,;) clinopyroxene was
identified (Figure 4). Interestingly, as the clinopyrox-
ene macrocrysts become more ferrous (Mg#.,, de-
creases), CaO and Al,O3 contents gradually increase
until Mg#.,,,, 84.5, followed by a decrease in these
oxides in more evolved clinopyroxene crystals (Fig-
ure 4c and d). The enrichment in CaO and Al,Os,
together with simultaneous decrease in SiO2 and no
variation in NayO, points to an increase in the Ca-
Tschermak (CaTs) component (Figure 4b). The vari-
ation in NasO is low, hence jadeite (Jd) component
is unchanged against Mg#_,, in clinopyroxene cores
(Figure 4e). In contrast, TiO2 shows negative (Fig-
ure 4f) and Cr,O3 positive correlation with Mg#.,,.
Compared to clinopyroxene cores, the rims are typi-
cally richer in the ferrosilite (Fs) component and TiOo
and have lower Mg#, Jd, CaTs (Figure 4) and Cr203.

Figure 4. — Efnasamsetningar klinopyroxendila i ankaramiti frd Brattaskjoli og Hvammsmiila. Samsetningar kjarna eru
medaltal priggja efnagreininga d hverjum kjarna, en samsetningar kristalrima medaltal tveggja til priggja greininga gerdar
neerri rimanum. Klinépyroxendilarnir hafa 60ul med breytilega samsetningu og pessi breytileiki { samsetningu einstakra
klinopyroxenkristalla er gefinn til kynna med fylltu grdu ferningunum (6birt gogn). Svortu orvarnar gefa til kynna deetlud
dhrif af kristaldiffrun olivins (ol), Ca-dgits (cpx) og plagicklass (plg), par sem gert er rdd fyrir ad Kdgllg:;;; = 0.30,
Kdg ot =027, DG 11y =0, D&%, _1iq = 1.7, D5} piq = 008 D&y 1iq = 0.15-0.25 (0,005 aukning pegar hvert
mol% er fjarlegt tir brddinni til ad likja eftir hitahddum dhrifum d dreifingu Al milli brddar og klinopyroxens). Kristald-
iffrun plagioklass minnkar styrk CaO og Al>O3 i brddinni en hefur ekki dhrif d Mg-tolu (Mg#.p. = katjonahlutfallio
100Fe/(Fe+Mg)). Brotna drin er vektor sem synir dghrif diffrunar olivins og klinopyroxens i jofnu hlutfalli. a) Klinopyroxen-
fiorhlidungur; Di = diopsid, Hd = hedenbergit, En = enstatit, Wo = wollastonit, Fs = ferrdsilit; b) Ca-tschermak’s (CaTs)
kristalpdttur d moti Mg#cp.; c) CaO d moti Mg# pz; d) AlaO3 d moti Mg# .pe; e) Jadeit (Jd) kristalpdttur d moti Mg# cpe;
d) TiO2 d moti Mg#cpa.
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Figure 4. Clinopyroxene macrocryst compositions from the Brattaskjél and Hvammsmiili ankaramites. The core com-
positions are average compositions determined by three analyses from each clinopyroxene core, whereas the crystal rim
compositions are averages of two to three analyses from near the crystal rims. The clinopyroxene macrocrysts include
compositionally variable domains and this intra-clinopyroxene variability in all the studied crystals is illustrated with grey
squares (unpublished data). Black arrows are approximated compositional vectors of olivine (ol), Ca-augite (cpx) and pla-
gioclase (plg) fractionation, calculated assuming K dgy,?" _L]j; =0.30, K dgﬁf;ii . =027, DS 1ig=0, DES, 1ig =17,
DAL Liqg = 0and Déﬁ,x_ Lig = 0.15-0.25 (.005 increase with every mol% removed from melt to simulate the T-dependent
partitioning of Al in clinopyroxene). Plg fractionation lowers CaO and Al;O3 but does not affect Mg number (Mg#:p
= cation ratio Fe/(Fe+Mg)). Stippled arrow is the compositional vector of ol + cpx fractionation in equal proportions. a)
Clinopyroxene quadrilateral; Di = Diopside, Hd = Hedenbergite, En = Enstatite, Wo = Wollastonite, Fs = Ferrosilite; b)
Ca-Tschermak’s (CaTs) component vs. Mg#.p.; ¢) CaO vs. Mg#c; d) Al2O3 vs. Mg#.,.; e) Jadeite (Jd) component vs
Mg#.pe; d) TiO2 vs. Mg#epa.
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DISCUSSION

Oxygen fugacity, pressure and temperature esti-
mates

We used olivine-spinel pairs to determine oxygen
fugacity (fOs) during olivine crystallization using
the most recent calibration (Nikolaev et al., 2016)
of the Ballhaus-Berry-Green olivine-orthopyroxene-
spinel oxybarometer (Ballhaus er al., 1991; Beattie,
1993). Depending on the size of the spinel grains,
up to three EPMA analyses were performed, with
two to three analyses from the host olivine at least
~75 pm from the spinel and along the same growth
zone of the olivine grain. Assuming spinel-olivine
co-crystallization at 3.0 kbar and 1230°C, these cal-
culations yielded AlogfO2(FMQ) values of 0.1+£0.5
and 0.5+0.5 for Hvammsmuli and Brattaskjol, re-
spectively (Figure 5a). This is in line with earlier es-
timates of the magma oxidation state at Vestmanna-
eyjar (Steinthorsson 1972; Gerlach, 1980; Schipper
and Moussallam, 2017) and in the Eastern Volcanic
Zone of Iceland (Hartley et al., 2017).

We utilized clinopyroxene-liquid thermobarom-
etry to estimate the temperature and pressure of
clinopyroxene crystallization. This was done us-
ing the thermometer of Putirka (2008), coupled with
the newly calibrated barometer of Neave and Putirka
(2017). The thermobarometric calculations were car-
ried out with an Excel workbook of Neave et al.
(2019a) and by pairing the average clinopyroxene
macrocryst core compositions with basaltic Eyja-
fjallajokull melt compositions from this study (Ta-
ble 1) and the datasets of Loughlin (1995) and
Moune et al. (2012). First, putative melt composi-
tions for individual clinopyroxene crystals were se-
lected on the basis of Fe-Mg equilibrium, assuming
Kdg 9% =0.27£0.6, 1 wt% H>0, and Fe?*/y Fe
= 0.82 in accordance with fO, = FMQ+0.3 (Kress
and Carmichael, 1991). Crystallization pressures and
temperatures for these putative clinopyroxene-melt
pairs were solved using the Eq. 1 barometer of Neave
and Putirka (2017), coupled with Eq. 33 thermome-
ter of Putirka (2008) and by iteratively using an out-
put of one model as an input to another. Then, we
filtered these "pseudo" P-T results by only accept-
ing the clinopyroxene-melts pairs that are in multi-
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component equilibrium following a method resem-
bling that of Neave et al. (2019a). Firstly, suitable
clinopyroxene-melt pairs had to be within +10% Fe-
Mg equilibrium in accordance to Eq.35 in Putirka
(2008). Secondly, the measured and predicted CaTs-,
EnFs- and DiHd-components in clinopyroxene had to
agree within the ISEE precision, +0.03 for CaTs,
+0.05 for EnFs and +0.06 for DiHd (mol fractions),
of modelling equilibrium clinopyroxene components
from the paired melts (Putirka, 1999; Mollo et al.,
2013). Thirdly, we only accepted P-T estimates from
the clinopyroxene-melt pairs that deviated less than
+40% from Ti equilibrium according to the model
of Hill et al. (2011). If multiple melt compositions
were in equilibrium with a single clinopyroxene after
this extensive equilibrium filtering, the P-T estimates
were most often within the methods 1SEE precision
(1.4 kbar and £28°C; Neave and Putirka, 2017; see
Figure 5), and a mean of the calculated P and T was
assigned for the clinopyroxene crystal. Suitable equi-
librium liquids were found for nearly all clinopyrox-
ene grains with the exception of the most magne-
sian (Mg#.p, 89.7-89.8) clinopyroxene macrocrysts
indentified from Brattaskjol.

Clinopyroxene thermobarometry reveals similar
crystallization temperatures and pressures for the
Brattaskjol and Hvammsmuiili ankaramites (Figure 5b
and c). Model temperatures correlate with Mg#,
such that the most primitive clinopyroxene macrocryst
with Mg#.,,>86 record 1190°C and the most evolved
Mg#.,-<81 clinopyroxene crystal records 1120°C
(Figure 5b). All P estimates (1.7-4.2 kbar) are within
the methods precision (£1.4 kbar, Neave and Putirka,
2017) and average at 3.0 kbar, although there is a trend
of increasing P as a function of Mg#.,,. (Figure 5b).
This P and Mg#,, correlation is partly related to,
but not fully explained by, the T dependency of the
barometer. The Brattaskjol olivine-hosted melt in-
clusion with the lowest Mg#,,,.;; (O114_mil_2, see
Table 1) was found to be a suitable equilibrium lig-
uid for thirteen Mg#.,, 84.9-86.9 clinopyroxenes,
implying crystallization conditions of 1178°C and
3.7kbar for these crystals. These are similar to the
mean crystallization T and P of 1182°C and 3.5 kbar
derived for similar Mg#.,, 84.9-86.9 clinopyroxene
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Figure 5. a) Olivine-spinel oxygen fugacity histograms
b) Jd-in-
clinopyroxene crystallization pressures vs. clinopyrox-

for Hvammsmuli and Brattaskjél samples.

ene Mg number (Mg#.p.). The solid symbols are mean
values for individual clinopyroxene grains and the hol-
low symbols represent values from all clinopyroxene-
melt equilibrium pairs (potentially multiple P and T de-
terminations for individual clinopyroxene crystals, see
discussion). Error bars (41.4 kbar) correspond to the
1SEE calibration error of the barometer. c) Crystalliza-
tion temperatures estimated using clinopyroxe-liquid
thermometry vs. clinopyroxene Mg#. The solid and
hollow symbols as in (b), and the orange bar shows
homogenization temperatures of olivine-hosted melt in-
clusions (MI) from Brattaskjél. Error bars (+28°C)
correspond to the 1SEE calibration error of the ther-
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when pairing them with the complete Eyjafjallajokull
melt dataset. This strengthens the case for using the
method of pairing clinopyroxene to temporally unre-
lated magmas from the same volcanic system (such as
Eyjafjallajokull in our case) using sufficiently robust
filtering criteria of chemical equilibrium (see Neave et
al., 2019a).
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' hitameelisins (Neave og Putirka, 2017).

Complementary to the clinopyroxene-liquid P-
T estimates, we used olivine-liquid (Putirka et al.,
2007) and liquid-only (Putirka, 2008) thermome-
try to establish the olivine crystallization tempera-
ture. Olivine-liquid thermometry according to Eq. 4
in Putirka er al. (2007) gives olivine-crystallization
temperatures of 1136-1213°C for Fogg.7_gs.9 olivine
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from Brattaskjél and Hvammsmuili. For these calcu-
lations, we paired the alkali basaltic Brattaskjol melt
inclusions (Table 1) with high-precision Brattaskjol
and Hvammsmuili olivine core compositions (n=160,
Figure 2a) given that they were in Fe-Mg equilib-
rium (Kdgy? ;5 =0.3040.3; Toplis, 2005) with the
melt inclusions, and assumed 1 wt% H>O in the melt
(Moune et al., 2012). The liquid-only model tempera-
tures for Brattaskjol alkali basalt melt inclusions (with
Mg#,eir 56-69, Table 1), in accordance with Eq. 15
in Putirka (2008) and assuming 1 wt% H5O in melt,
are 1155-1222°C. The melt inclusions in Fog7.9_gs ¢
Brattaskjol and all Hvammsmuli olivine grains were
not utilized for thermobarometric purposes, as their
low FeOy,; contents suggest modification by post-
entrapment solid-state diffusion.

The thermobarometric calculations indicate that
the macrocrysts in the Brattaskjél and Hvamms-
muli ankaramites crystallized at 3+1.4 kbar and over
a >100°C temperature window. Assuming oceanic
crustal density of 2860 kg/m?3 (Carlson and Herrick,
1990), the 3+1.4 kbar crystallization pressure of the
studied clinopyroxene crystals corresponds to a depth
of 10.7£5 km. This depth overlaps with the proposed
depth of the brittle-ductile transition below Eyjafjalla-
jokull (Hjaltadéttir et al., 2009) and is a typical pre-
eruption residence depth of basaltic magmas in Ice-
land (Neave and Putirka, 2017). However, considering
the high Mg#.,,,. (up to Mg#g7) values of the clinopy-
roxene crystals, the obtained mid-crustal crystalliza-
tion depth is noteworthy. Due to their primitive char-
acter (magnesian whole-rock and macrocryst compo-
sitions), the Eyjafjallajokull ankaramites have been
envisioned to represent magmas from the deep crust
or shallow mantle (e.g., Loughlin, 1995). This, how-
ever, is not the case for the majority of the clinopy-
roxene grains in the Brattaskjél and Hvammsmauli
ankaramites, the only potential exception being the
primitive clinopyroxene crystals with Mg#.,,, 89.7—
89.8 for which crystallization pressures were not de-
termined because of the lack of suitable equilibrium
liquids.

Significance of olivine-hosted spinel inclusions

The spinel inclusions in the Brattaskjél and Hvamms-
muli olivine macrocrysts have higher Cr# and TiO,
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than hitherto published for chromian spinels from Ice-
land (Thy, 1983; Sigurdsson et al., 2000; Matthews et
al., 2016; Spice et al., 2016) and their Al,O3 con-
tent is low (Figure 3). According to Kamenetsky
(2001), spinel TiO2 and Al O3 correlate well with the
host-magma composition; therefore, spinel composi-
tions likely reflect the nature of the parental magma.
We have a poor control on the magma at depth from
which these spinels crystallized, yet Eyjafjallajokull
magmas are generally mildly alkaline with relatively
low Al;Og3 and high TiO2. Spinels with high Cr# and
TiO; and low Al,Og are typical for oceanic (OIB) and
Large Igneous Province (LIP) basalts, in contrast to
mid-ocean ridge basalts (MORB). In the classification
of Kamenetsky (2001), the Brattaskjél and Hvamms-
muli spinels plot in the OIB field (Figure 3c). The
high TiO4 content in these spinels also discriminates
them from mantle-derived spinels that typically have
<0.2 wt% TiO, (Kamenetsky, 2001). The AloOs-poor
and TiOq-enriched nature of the spinels suggests that
the parental melts of the ankaramites were produced
by low-degree melting of deep and enriched mantle
sources, in accordance with the olivine minor and
trace element chemistry (see Nikkola et al., 2019).

Insights into magmatic time scales from olivine
zonation

The wide compositional zonation in the Hvammsmuili
olivine macrocrysts, coarse groundmass, and the fact
that both clinopyroxene and olivine macrocrysts en-
close groundmass minerals around them (Figure 1c)
indicate an extended cooling and crystallization his-
tory for the Hvammsmuli ankaramite. In addition,
the low FeO and MgO contents in the Hvammsmuili
melt inclusions suggest transfer of these elements to
olivine by post-entrapment solid-state diffusion dur-
ing an extended stay of the olivine crystals at mag-
matic conditions. According to Loughlin (1995), the
Hvammsmuli ankaramite outcrop is likely an eroded
lava lake, which is consistent with the diffusive re-
equilibration of melt inclusions and the wide com-
positional zonation in olivine macrocryst. It is pos-
sible that the bulk of the diffusive re-equilibration
in Hvammsmili macrocrysts took place when they
resided in the postulated lava lake.
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Regarding the Brattaskjoél olivine zonation, the
most plausible explanation for the detected steps and
changes in the slope of the Fe-Mg zoning patterns in
the Fo- g5 4 olivine grains (Figure 2b) is a combina-
tion of solid-state diffusion and episodes of olivine
growth from an evolving host liquid. The rim-growth
events in the normally zoned olivine macrocrysts may
have been caused by step-like ascent of the olivine-
carrying host liquid, episodic changes in the host-
liquid composition, infiltration of liquid into the sys-
tem (i.e., magma mixing), or related to movement of
olivine macrocrysts within a magmatic system with
temperature gradients (see Pankhurst ez al., 2018).

The high-Fo bands in the rims of the complex re-
verse zoned Brattaskjol olivine macrocrysts indicate
mixing between an olivine rim forming primitive melt
and the more evolved olivine cores with Fogp_g4 4.
Below, we refer to these high-Fo bands in the olivine
macrocryst rims as 'mixing plateaus’. Although the
Fo content in the mixing plateaus varies, three olivine
crystals show mixing plateaus with Fogs 4 composi-
tion (Figure 6a, b and d), and the lowest Fo mixing
plateaus are in-fact not compositional plateaus but ap-
pear as sharp high-Fo tips in the analytical traverses
(Figure 6¢ and e). This, along with the fact that
all Fo.g4. 4 olivine macrocrysts have complex reverse
zoned rims, implies that all the mixing plateaus near
olivine rims may have had an original composition
of Fogs 4 and the Fo content in some of the mixing
plateaus has later degreased in response to partial dif-
fusive equilibration with the carrier melt.

We suggest that these Fogs 4 mixing plateaus
formed during a magmatic recharge event in which a
melt (with Mg#,,,.;+ of ~63 in equilibrium with Fogs 4
olivine; Toplis, 2005) intruded an olivine-bearing
crystal mush. We propose this "magma-recharge
model" as (i) it offers a simple explanation why the
Fo_g4.4 olivine grains are consistently reverse zoned,
(ii) the large amount (~30 vol%) of compositionally
variable macrocrysts in the Brattaskjol ankaramite
suggests a cumulative origin for the macrocrysts, and
(iii) mixing of magmas and crystal mushes is com-
mon in Icelandic magmatic systems (Halldorsson et
al., 2008; Neave et al., 2013; Halldorsson et al.,
2018). In particular, the consistent change from com-
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plex reverse to normally zoned olivine at Fogy 4854
(Figure 2a), and the varying offset in Fo content (1-
3 mol%) between mixing plateaus and crystal cores,
support a magma-recharge origin for the complex re-
verse zonation in olivine macrocrysts. Alternatively,
the complex reverse zoned olivine macrocrysts could
have been formed during their movement in a crustal
intrusion with temperature gradients (cf. Pankhurst et
al., 2018). Considering the low number of analysed
crystals, our data cannot disprove, but neither particu-
larly support, this mode of formation.

Assuming that our hypothesis of the magma
recharge origin for the complex reverse zoned crys-
tals is valid, we can utilize diffusion modelling (Costa
et al., 2008; Zhang and Cherniak, 2010) of the chem-
ical re-equilibration in the Fe-Mg profiles (e.g., Fig-
ure 2d) to constrain the time frame within which the
Brattaskjol complex reverse zoned olivines cooled af-
ter the recharge event. We did this by using the fi-
nite difference diffusion code of Kahl et al. (2015)
that follows the procedures outlined in Costa and
Chakraborty (2004) and Costa et al. (2008), with
Fe-Mg inter-diffusion coefficients of Dohmen et al.
(2007) and Dohmen and Chakrabortny (2007). As the
pre-diffusion initial state in our model crystals, we as-
sumed the measured Fo contents in olivine cores, and
a variably thick (9-26 um) Fogs 4 mixing plateau for
the olivine crystals (stippled lines in Figure 6). We
only modelled the time of diffusive re-equilibration
between the mixing plateau and olivine-core, not be-
tween the mixing plateau and the outer crystal rim,
because the outermost rims have likely been formed,
at least partly, by crystallization from cooling and
evolving host-magma after the magma recharge, not
by solid-state diffusive re-equilibriation. Some late-
stage crystallization in the outermost macrocryst rims
is to be expected considering the crystalline ground-
mass (Figure 1b) and as the macrocrysts are hosted by
a comparatively slowly cooled lava.

In diffusion modelling, we used a fO; of
FMQ+0.5, temperature of 1170°C and pressure
of 3.0kbar, corresponding to the mean conditions
of clinopyroxene crystallization in the Brattaskjol
ankaramite (Figure 5). Varying the fO, and pres-
sure has only a minor effect on the model results (e.g.,
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Kahl et al., 2015); however, the timescales are sen-
sitive to the selected model temperature. Consider-
ing the primitive nature of the Brattaskjdl ankaramite,
we surmise that 1170°C is fair, although conservative
(potentially low) estimate of the diffusion T (see Fig-
ure 5). We prefer a lower model temperature to avoid
underestimating the diffusion time scales, because, ir-
respective of the model conditions, the resulting diffu-
sion timescales are the maximum time scales of sub-
surface storage and ascent (after magmatic recharge)
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as the crystals are hosted by a lava flow. Lava flow
fields insulate themselves effectively (e.g., Hon et al.,
1994; Self et al., 1998; Harris and Rowland, 2009)
and hence lava-hosted olivine crystals may remain at
high but gradually decreasing temperature for weeks
to months after eruption. We cannot separate diffu-
sion in a lava flow/lava lake and diffusion occurring
at depth during subsurface ascent; this is the caveat
of working with crystalline lava samples instead of
tephra.
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The diffusion modelling gives diffusion time
scales in the range 9-37 days (Figure 6). This time
frame does not reflect the speed of the ankaramite
magma ascent directly, because of the unknown
olivine residence time in the lava and the fact that the
timing of the magmatic recharge (forming the reverse
zoned high-Fo rims) does not necessarily coincide
with the beginning of the magma ascent. The mag-
matic recharge to the crystal mush did not necessar-
ily act as the eruption trigger and may have occurred
considerably earlier than agitation and upheaval of the
olivine (and clinopyroxene) crystals (see Rae et al.,
2016). Nevertheless, as the unknown time of diffusion
at the surface and the potential time-delay between
magmatic recharge and crystal lift both lengthen the
diffusion time, our 9-37-day estimate for diffusive re-
equilibration can be viewed as a likely maximum time
that elapsed from crystal mush disaggregation to erup-
tion. The 9-37-day range may reflect varying olivine
residence times in a magma ascent conduit or surfi-
cial lava-feeding system after the magmatic recharge
event, or be due to olivine sectioning and anisotropy
effects (Shea et al., 2015).

Moderate-pressure co-crystallization of primitive
clinopyroxene and olivine

The Brattaskjél and Hvammsmili ankaramites have
abundant olivine and clinopyroxene macrocrysts and
only minor plagioclase macrocrysts, Mg#.,; of
clinopyroxene being as high as 90. This and the
compositional variation in clinopyroxene cores sug-
gest olivine- and clinopyroxene-dominated fractiona-
tion and a late arrival of plagioclase on the liquidus.
Specifically, Ca and Al enrichment with decreas-
ing magnesium number in clinopyroxene grains with
Mg#,,,,. 84.5-90.0 suggests fractionation of olivine
and clinopyroxene in approximately equal amounts,
and the decrease in Ca and Al, which indicates si-
multaneous plagioclase fractionation from the host
melt, is only seen in clinopyroxene grains with
Mg#.,,,<84.5 (Figure 4c and d). Variation in crystal-
lization conditions (T and P) or disequilibrium crys-
tallization processes are unlikely to explain this com-
positional variation because of the unchanged Jd con-
tent in clinopyroxene cores (Figure 4e), which should
be dependent on pressure, temperature and crystal-
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lization rate (e.g., Mollo et al., 2010; Hammer et al.,
2016; Welsch et al., 2016; Ubide et al., 2019). More-
over, rapid disequilibrium crystallization is expected
to produce anti-correlation between Ca and Al (Mollo
et al. 2010), contrary to what is seen in our clinopy-
roxene data (Figures 4c and d).

MORB melts typically crystallize in the sequence
of olivine (%spinel) —> olivine + plagioclase —>
olivine + plagioclase + clinopyroxene, leaving be-
hind troctolitic or gabbroic cumulates, not wehrlite
cumulates, such as in the case of the Brattaskjél and
Hvammsmuli ankaramites. In addition, due to the
late arrival of clinopyroxene as a crystallizing phase,
the most primitive clinopyroxene produced in MORB
crystallization experiments typically has Mg#.,, of
~83 (Grove and Bryan, 1983; Tormey et al., 1987,
Yang et al., 1996), not Mg#.,, 90 like in Bratta-
skjol ankaramite. Geochemical trends indicative of
clinopyroxene fractionation before plagioclase have
been noted from lavas in SEVZ and other parts of
Iceland (Furman et al., 1991; Thy, 1991a; Maclen-
nan et al., 2001; Mattsson and Oskarsson, 2005), and
some Iceland lavas do host high-Mg# clinopyroxene
(up to Mg#.,; 92 in Borgarhraun lava, Winpenny and
Maclennan 2011). In this regard, our findings are in
line with earlier studies. Anyhow, clinopyroxene frac-
tionation from primitive SEVZ lavas has usually been
regarded as indicative of high (>8 kbar) crystallization
pressures near Moho or at upper mantle depths (Fur-
man et al., 1991; Thy, 1991a, b; Mattsson and Oskars-
son, 2005), as the stability of clinopyroxene increases
with pressure (Presnall er al., 1978, 2002; Stolper,
1980). The calculated 3.0£1.4 kbar crystallization
pressures for the primitive Brattaskjél and Hvamms-
miili clinopyroxene macrocrysts (up to Mg#.,, 87)
contradicts this contention and suggest that the mildly
alkaline SEVZ magmas crystallized clinopyroxene
and olivine before plagioclase at depths as shallow as
in the mid-crust. This inference is supported by, and
is in line with, recent experimental work that shows
that "enriched end-member" (Shorttle and Maclen-
nan, 2011) Iceland tholeiite melt crystallized clinopy-
roxene before plagioclase at 3kbar (Neave er al.,
2019b). Elevated H2O in primitive SEVZ magmas
(Thy, 1991a; Moune et al., 2012) and low amounts of
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plagioclase-forming elements (Ca and Al; see Neave
et al. 2019b) are the likely factors stabilizing olivine
+clinopyroxene co-crystallization in magmatic stor-
age zones below SEVZ.

PRE-ERUPTIVE CRYSTAL STORAGE
AND DIFFERENTIATION

High-Mg macrocrysts are often assumed to have crys-
tallized deep in the Earth’s crust or in the upper
mantle as they represent the first crystallizing phases
from mantle melts. Our data indicate mid-crustal
crystallization conditions (3.0+1.4 kbar, 10.7£5 km)
at a moderate oxygen fugacity for most clinopy-
roxene macrocrysts in the Hvammsmiili and Bratta-
skjol ankaramites. The degree of diffusive relaxation
in Brattaskjol olivine macrocrysts indicates diffusion
times in the range of 9-37 days, which we interpret
as the maximum time elapsed from crystal mush dis-
aggregation to eruption. Clinopyroxene composition
trends suggest fractionation of olivine and clinopyrox-
ene until late in the crystallization sequence, and as
such, the Hvammsmiili and Brattaskjél ankaramites
likely represent magmas that incorporated wehrlite or
plagioclase-wehrlite crystal mushes in the mid-crust
on their way to the surface. Formation of a wehrlitic
cumulus assemblage by fractional crystallization at
mid-crustal pressure is possible, given that the prim-
itive parental melt is sufficiently rich in HoO and
poor in Ca and Al. Our findings are in line with
the earlier propositions of olivine and clinopyroxene
co-crystallization from primitive SEVZ magmas, al-
though we propose that this occurs as shallow as in
the mid-crust.
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Skilningur 4 hegdun eldfjallakerfa hvad vardar
innskota- og eldgosavirkni takmarkast af pvi hve
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skammt er sidan eftirlit med eldfjollum hoéfst.  Til
ad greina hvada skilyrdi rikja { kvikugeymum und-
ir eldfjollum 4 Sudurlandi héfum vid greint efna-
samsetningu steinda, beltun { steindum og efnasam-
setningu bradarinnlyksna { tveimur ankaramitmynd-
unum { Eyjafjollum, sem kenndar eru vid Brattaskjol
og Hvammsmaula. Pessar tveer myndanir eru rikar af
dilum med fjolbreytilega samsetningu. Par 4 medal
er magnesinrikasta 6livin (Fogg_gg) og klinépyroxen
(Mg#pzg9,8) sem bekkt er frd Eyjafjallajokli. Auk
pess hafa spinilinnlyksur { 6livini hatt Cr#,,,; (52-80),
hatt magn TiOs (1-3%) og lagt magn Al,O3 (8-22%)
i samanburdi vid demigerda islenska krémspinla.
Spinil-6livin sdrefnisprystingsmelirinn gefur midl-
ungs hdan hlutprysting sdrefnis vid kristollun, eda
AlogFMQ 0-0,5, og hitastigs-prysingsmelir byggd-
ur 4 efnajafnvaegi klinépyroxens og bradar gefur til
kynna kristollun vid prysting sem rikir { midri jard-
skorpunni (1,7-4,2 kbar, ad medaltali 3,0+1,4 kbar)
og 1120-1195°C hita. Fyrir bradarinnlyksur med
Mg# e 56,1-68,5 gefur hitamelir sem byggir 4
samsetningu bradar 1155-1222°C kristollunarhita, en
olivin-bradarhitamelir fyrir 6livin med samsetning-
una Fogp 7_gg 9 gefur 1136-1213°C. Likanreikning-
ar 4 efnasveimi { beltudu dlivini benda til ad dilar fra
Brattaskjoli hafi farid af stad og flust til yfirbords fra
geymslurymi { midri skorpunni innan farra vikna (inn-
an 9-37 daga). Leitni { samsetningu klin6pyroxendila
og bad hversu sjaldgeefir plagidklasdilar eru gefur
til kynna ad kotektiskt fasafylki { midskorpunni hafi
verid Olivin 4samt klindpyroxeni og ad plagioklas
hafi komid seinna til sogunnar. Nidurstadan er ad
dilafarmur ankaramitsins { Brattaskjoli og Hvamms-
mula hafi veri® ad uppruna kristalrikur massi { mio-
skorpunni med steindafylki wehrlits og plagidklas-
wehrlits sem kristalladist 4 vidu hitastigsbili og vard
sidan fyrir roskun.
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