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ABSTRACT

Olivine (Foys.91) with spinel inclusions (Cr# 10-61) in basaltic lavas/tephras from the off-rift
Snaefellsnes Volcanic Zone in Iceland record the chemistry, temperature and oxygen fugacity of
fractionating magmas. After a detailed assessment of equilibrium conditions, crystallization tem-
peratures and oxygen fugacity can be calculated from the composition of homogeneous Cr-spinel
and Al-chromite inclusions in olivine phenocrysts. Geologically meaningful results can occasional-
ly be obtained when homogenous spinel is enclosed in mildly zoned olivine and KpM9F¢ [(Mg/
Fe)o.ivine/(Mg/Fe“)spined is within the range for homogenous spinel in homogeneous olivine (3.5-
4.3 for our samples). Spinel in normal zoned Fog,7_g0.9 Olivine records the primitive stages of
magma fractionation and has crystallized from clinopyroxene-free primitive melts, probably at
Moho depth and/or below. Discrepancies between T.jiq (Mg-Fe?* diffusion sensitive) and Ta, (dif-
fusion insensitive) suggest that some primitive olivines experienced magma mixing, completely
overprinting their Fo content. Consequentially, Toiiq in primitive olivines occasionally records resi-
dence rather than crystallization conditions. Temperature (1187-1317°C) gradually decreases
across normal zoned Fogs7_90.9 Olivine and controls fO, (Alog fO, (QFM) —0.6 + 0.2). Recharge-
related primitive Fogs g gs.s mantles of reverse zoned olivine contain the most primitive Cr-spinel
linked to crustal magma storage zones. These spinels are mostly antecrysts with high Cr# (41.1-
47.9) similar to spinel in normal zoned olivines that were captured by olivine and equilibrated in
terms of Mg-Fe?*. A rare olivine macrocryst crystallized alongside clinopyroxene (wehrlite) and
includes abundant homogeneous Al-rich Cr-spinels. These are unique because they appear to re-
cord closed-system fractional crystallization rather than magma mixing and because they show
that Cr-poor, Al-rich spinel crystallized alongside clinopyroxene. The macrocryst olivine-spinel
pairs record lower crustal crystal mush conditions with fO, around the QFM buffer and T,.jiq of
~1200°C, similar to recharge-related mantles of reverse zoned olivine. More evolved compositions
occur in the cores of reverse zoned olivine (Foss.g5) that contain Cr-spinel, Fe-spinel and Al-
magnetite. Contrary to spinel in more primitive olivine, these compositions are diverse and follow
increasing 100Fe3*/(Cr+Al+Fe®") of 12.3 to 54.8 and TiO, (3.3 to 14.7 wt %) at decreasing Mg# (57.4
to 24.1) and Cr# (30.4 to 9.9) and rapidly increasing oxygen fugacities (Alog fO, (QFM) +0.2 to +2.0)
over only a limited temperature decrease (Toiq: 1190 to 1145°C). These compositions span the
‘spinel gap’ and are extremely rare globally. Their preservation is probably related to high-
temperature crystallization followed by rapid cooling. These compositions occur at two of the four
investigated volcanic centres (Budahraun and Berserkjahraun) and indicate a strong influence of
crustal magmatic processes on crystal composition and fO,, which is absent in the other two
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locations (Olafsvikurenni and Nykurhraun). Spinel and olivine compositions support the tectonical-
ly controlled decompression melting of a fertile peridotitic source at elevated mantle temperatures
relative to MORB and more reducing conditions than other off-rift magmatism in Iceland.
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INTRODUCTION

Basalts are the product of mantle (peridotite + pyroxen-
ite) melting and occupy a spectrum of chemical and iso-
topic compositions reflecting their sources and the
magmatic processes that affected them on their way to
the surface. A way of examining basaltic magma sour-
ces and processing is through olivine and spinel chem-
istry. Olivine [(Mg, Fe?*),Si0,] tends to be the first
phases to crystallize from a mantle-derived melt and
has forsterite contents (Fo=Mg/(Mg + Fe?") in mol %)
that gradually decrease in evolving basaltic melt sys-
tems due to the more compatible nature of Mg com-
pared to Fe?". Additionally, specific trace and minor
elements in olivine can be distinctive for the mineral as-
semblage in the melt source (peridotite versus pyroxen-
ite  components) as well as changing chemical
conditions over a wide range of magma fractionation
(e.g. Sobolev et al, 2007; Howarth & Harris 2017;
Nikkola et al., 2019a; 2019b; Rasmussen et al., 2020).
Spinel [(Mg, Fe?*)(Al, Cr, Fe3"),0,] is an early forming
oxide in basaltic magmas (e.g. Irvine 1965; 1967;
Roeder 1994; Kamenetsky et al., 2001; Barnes & Roeder
2001) that is often included in co-precipitating olivine.
The combination of olivine and spinel chemistry reflects
the physiochemical properties of the magma at the time
of their crystallization and can be used as a recorder of
temperature (e.g. Ballhaus et al., 1991; Wang et al,
2008; Coogan et al., 2014; Spice et al., 2016; Matthews
et al., 2016; 2020), major element chemistry of the
changing host magma (e.g. Thy, 1983; Kamenetsky
et al., 2001) and, importantly, oxygen fugacity (e.g.
Ballhaus et al., 1991; Nikolaev et al., 2016).

Oxygen fugacity (fO,) can be distinctive for magma
source lithology (e.g. Kress & Carmichael, 1991;
Novella et al.,, 2020), magma chamber processes and
influences the eruptive potential and style of volcanism
(Kolzenburg et al., 2018). Furthermore, the valency of
redox-sensitive elements such as Fe, Cr, V, Eu and Ce
(e.g. Roeder & Reynolds, 1991; Mallmann & O’Neill
2009; Burnham et al., 2020) can be affected by fO, near
the quartz-fayalite-magnetite (QFM) buffer (Kress and
Carmichael 1991), which is common for terrestrial mag-
mas. Therefore, fluctuations in oxygen fugacity influ-
ence the stability and composition of silicate (e.g. Toplis
& Caroll, 1995) and oxide species in mafic magmas (e.g.
Hill & Roeder 1974; Roeder & Reynolds 1991, Feig et al.,
2010). fO, near QFM also controls Fe partitioning during
melt evolution because Fe?" is less incompatible than
Fe3* in mafic systems (Canil et al., 1994; Blundy et al.,
2020) and alters the compatibility of redox-sensitive

elements in accessory minerals (e.g. Burnham & Berry
2012; van der Meer et al., 2019; Burnham et al., 2020).
Additionally, temperature, fO, and fluctuations in oxida-
tion state influence the diffusivity of redox-sensitive ele-
ments in minerals and are required as input for
geospeedometry (e.g. Petry et al, 2004; Dohmen &
Chakraborty, 2007; Jollands et al., 2016) and geother-
mobarometry calculations (e.g. Putirka 2008).

Oxygen fugacity can be constrained through differ-
ent independent methods. The Fe®* content of primitive
basaltic glasses from Iceland has previously been deter-
mined via Mdssbauer spectroscopy, revealing fO, con-
ditions around QFM (Oskarsson et al, 1994) for
primitive rift zone lavas, but more reduced conditions of
Alog fO, (QFM) —2.5 to —3.1 (at 1240°C) for eruption
products from Kistufell, a monogenetic table mountain
located in the neovolcanic rift zone close to the inferred
centre of the Icelandic plume (Breddam 2002). More re-
cent studies applied micro-XANES spectroscopy to
glasses and melt inclusions from Iceland and the
Reykjanes Ridge. For instance, Novella et al. (2020)
combined groundmass glass XANES data from Shorttle
et al. (2015) with V isotopes and V/Sc to evaluate the fO,
of Reykjanes ridge magmas and qualitatively state that
Fe*/Fe,x remains stable while the mantle potential
temperature, pyroxenite component contribution and
source fO, increase from the Reykjanes ridge towards
Iceland. Hartley et al. (2017) examined the Fe*" content
in melt inclusions from Laki in South Iceland and con-
cluded that they are slightly oxidized (Alog fO, (QFM)
+0.4). Schipper & Moussallam (2017) found varied oxy-
gen fugacities for glassy tephra from Surtsey (Alog fO,
(QFM) —0.4 to +0.4) and related the more oxidized con-
ditions to more fertile melt components. Likewise,
Nikkola et al. (2019a), applied olivine-spinel equilibrium
oxybarometry to lavas from Eyjafjallajokull (South
Iceland Volcanic Zone) and found Alog fO, (QFM)
—0.4 £ 1.0. These results suggest that off-rift volcanism
in South Iceland is slightly more oxidized than typical
mid-ocean ridge basalt, which has an estimated aver-
age Alog fO, (QFM) of —0.2 or +0.1 (Zhang et al., 2018;
Berry et al., 2018).

Olivine-spinel equilibrium as an oxybarometer

The use of olivine-spinel equilibrium has some advan-
tages over spectroscopic techniques on volcanic glass
and melt inclusions: (1) olivine and spinel are the ear-
liest forming phenocryst phases in basaltic magmas
and their chemistry provides information on the com-
position, temperature and fO, of primitive magmas
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throughout extensive fractionation in the magma
plumbing system; (2) the analysis of minerals allows for
the identification of alteration and avoids secondary
oxidation in melts during magma degassing (Helgason
et al., 1992; Roeder et al, 2003) or through post-
entrapment valence changes of sulphur in glasses
(Brounce et al., 2017; Nash et al., 2019); (3) it circum-
vents dependence on spectrum interpretation and
standardization (e.g. the re-interpretation of the data of
Shorttle et al. (2015) by Novella et al. (2020) or ongoing
debate on the fO, of MORB glasses, e.g. by Berry et al.
(2018) and Zhang et al. (2018)); (4) electron microprobe
methods are robust, can be applied to glass and miner-
als alike, are quick, inexpensive and easily replicated;
(5) in situ analysis supplemented with back-scatter elec-
tron images allows results to be integrated with the in-
terpretation of chemical structure (zoning) of the
crystals and (6) it allows the direct application of several
independent geothermometers.

There are also some limitations to the method: (1)
the calculated temperatures and oxygen fugacities re-
main dependent on empirical laboratory models; (2) the
available temperature and fO, equations are only cali-
brated for a certain range of mineral chemistries; (3) cal-
culated fO, is only accurate if the minerals are in
equilibrium and the temperature is well constrained
and (4) the calculation of fO, is not very precise (0.5
log units), owing to the reproducibility of the calibration
data set (Nikolaev et al., 2016). However, the unique
strength lies in linking mineral texture with compos-
ition, 1O, and temperature.

We use a selection of olivine-spinel pairs from three
transitional to alkaline lavas (Holocene Nykurhraun and
Budahraun and Eemian Olafsvikurenni; Kokfelt et al.,
2006; Debaille et al., 2009; Rasmussen et al., 2020, Kahl
et al., submitted) and a Holocene tephra sample
(Kothraunskula crater, Berserkjahraun; Kahl et al., sub-
mitted) from the Sneefellsnes peninsula in western
Iceland. Information on the bulk rock compositions of
glasses, melt inclusions and groundmass glasses from
these and other extrusives from Sneefellsnes is pre-
sented in the Supplementary Text; supplementary data
are available for downloading at http://www.petrology.
oxfordjournals.org and in Kahl et al. (submitted). The
aim of our study is twofold; (1) to assess the viability of
compositionally diverse crystals to record fO, during
magma fractionation and the effects of potential dis-
equilibrium between spinel and olivine and (2) charac-
terize the temperature, fO, and magma fractionation of
off-rift magmatism on the Sneefellsnes peninsula,
Iceland.

GEOLOGICAL SETTING

The Sneefellsnes Volcanic Zone (SNVZ) is a flank zone
represented by Pleistocene-Holocene transitional to al-
kaline reactivated volcanism superimposed on a zone
of weakness formed by the Snaefellsnes-Skagi palaeo-
rift that was active between 15 and 7-5.5Ma

(Sigurdsson 1970; Jakobsson 1972; Seemundsson,
1979; Johannesson, 1980; Hardarson 1993; Hardarson
et al., 1997; Martin et al., 2011). Volcanism differs from
that of the rift zones in Iceland, which invariably pro-
duce tholeiite. The oldest volcanic units on the
Snaefellsnes peninsula are Tertiary tholeiites erupted
along the palaeo-rift, which are overlain by 3.3-0.8 Ma
Plio-Pleistocene and <0.8Ma Late Pleistocene-
Holocene formations (Hardarson 1993; Thordarson &
Larsen, 2007). The Quaternary off-rift volcanic systems
of the SNVZ are subdivided from west to east into the
Sneaefellsjokull, Lysuskard and Ljésufjoll volcanic sys-
tems (Fig. 1). The crust underlying Snaefellsnes is rela-
tively thin, similar to most of that surrounding active rift
zones (Kumar et al., 2007; Rychert et al., 2018). The
lithospheric mantle thickens away from the active rift
zones (Bjarnason & Schmeling 2009), which conse-
quentially limits and isolates magmatic productivity in
the off-rift SNVZ (Kokfelt et al.,, 2006; Thordarson &
Hoskuldsson 2008; Peate et al, 2010; Burney et al.,
2020; Kahl et al., submitted). Volcanism on Snaefellsnes
is not related to the separation of two plates, but
Snaefellsnes is situated along the western extension of
the dextral transform fault along the MIB (Fig. 1), which
traverses central Iceland linking the western and east-
ern volcanic zones. If the Northern Volcanic Zone exten-
sion rate is different from the sum of the extension rate
in the western and eastern volcanic zones (inset Fig. 1)
then the fracture network in Snaefellsnes probably
accommodates this by deformation (Sigurdsson 1970).
Quaternary volcanism on Sneefellsnes may therefore be
best explained as the result of destabilization of the
lithosphere controlled by tectonism (Sigurdsson 1970).
Linear chains of volcanic centres along fractures con-
tinue offshore in seamounts indicating the slow but
continued development of Sneefellsnes as a tectonic
and volcanic region (Sigurdsson 1970).

METHODS

Samples were selected from existing thin sections (R04,
K1 and K2) and polished one-inch epoxy mounts of oliv-
ine separates from crushed basalt from Nykurhraun
(M16/SNS 206) and Olafsvikurenni (M17/SNS214). The
polished and carbon coated samples were analysed
using a JEOL JXA-8230 SuperProbe electron micro-
probe (EMP) housed at the Institute of Earth Sciences,
University of Iceland. Olivine grains with spinel inclu-
sions were imaged twice with back-scatter electron
mapping (Fig. 2), the first image with brightness and
contrast settings set to reveal chemical structure in oliv-
ine (spinel appears as saturated white) and a second
image with settings optimized for chemical structure in
the spinel inclusions (olivines appear black). These
images were used to target spot analyses at expected
equilibrium and disequilibrium relationships and incor-
porating olivine zonation where relevant. A total of 177
spinels (420 analyses) included in or associated with
31 olivines (658 analyses) were measured. Spinel
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Fig. 1. Geological map of Snafellsnes after J6hannesson (1994). Dashed lines indicate the approximate outlines of the three named
Holocene volcanic systems. K is the Kothraunskula crater in the Berserkjahraun lava field. The location of Vatnafell 'V’ (Burney
et al., 2020) is also indicated. Inset: simplified geological map of Iceland. The main rift segments: Western Volcanic zone (WVZ),
Eastern Volcanic Zone (EVZ), Northern Volcanic Zone (NVZ), Mid Iceland Belt (MIB), South Iceland Seismic Zone (SISZ) and the off-
rift Oraefi Volcanic Belt (OVB), South Iceland Volcanic Zone (SIVZ) and Snaefellsnes Volcanic Zone (SNVZ) are indicated. Red dashed
lines indicate Palaeo-rift locations after J6hannesson (1980) and Hardarson et al. (1997), with (1) Northwest Iceland Rift Zone and

(2) Sneefellsnes-Skagi Rift Zone.

analyses were combined with multiple nearby olivine
analyses to assess chemical equilibrium, yielding 822
unigue pairs.

Instrument setup and standards

For the spinel analyses and most of the olivine analyses
for M16 and M17, an acceleration voltage of 15keV and
a beam current of 20 nA were used with measurements
in spot mode. The routine olivine analyses have an un-
certainty that introduces scatter in the trace oxide
Al;Os. Therefore, high-precision olivine measurements
on three spots near each spinel for M16 and M17 and all
analyses for the remaining samples were analysed with
an acceleration voltage of 15keV, beam current of
50nA, a 5um spot size and longer counting times (90 s
on peak and background) for Al, Ti, Cr and Ni. Olivine
spot locations were chosen close to analysed spinel
spots. In addition, several profiles through olivines
were measured. In olivine, oxides of Si (relative stand-
ard error 0.15%), Ti (inaccurate), Al (7%), Fe (0.3%), Mn
(4%), Mg (0.15%), Ca (2.5%), Cr (inaccurate) and Ni (2%)
were analysed and Smithsonian standards Springwater
Meteorite olivine (USNM 2566) and San Carlos olivine
(NMNH 111312-44; Jarosewich, 2002) were used as
secondary standards (see Supplementary Table). Total
oxides for olivine range between 99.1 and 101.2wt %.
For spinel, a collection of certified natural and synthetic
standards were used for calibration. Si (inaccurate),
Ti (0.5-3.8%), Al (0.35%), Mn (8%), Mg (0.5%), Fe (0.4%),
V (10%), Cr (0.37) and Ni (10%) were measured.
Spinel Fe** and Fe?* contents were calculated by

stoichiometry and total oxides were calculated accord-
ingly. Analyses with recalculated totals outside 98-
101% were discarded. Spinel analyses were further
screened to exclude any with SiO, above 0.5 wt %, indi-
cating substantial incorporation of silicate in the probed
volume (analysed spinel average ~0.1wt % SiO,).

Oxybarometry and thermometry

Oxygen fugacities were calculated based on olivine-spi-
nel equilibrium using the formulations of Ballhaus et al.
(1991) and Nikolaev et al. (2016), which have experi-
mental reproducibilities of Alog fO, = 0.4 and *+0.5, re-
spectively. Crystallization temperatures were assigned
on the basis of Al equilibrium between olivine and spi-
nel, Ta. (reproducible to *20°C; Wang et al., 2008;
Coogan et al., 2014), except where the amount of Fe3*
cations per four oxygen anions in spinel greatly
exceeds that of their calibration sample set (calibrated
to 0.11 Fe®*" per four oxygen, we allow up to 0.22).
Olivine-spinel pairs outside this range receive their
temperatures from olivine-liquid thermometry (Toy.jiq.),
calculated according to equation 22 in Putirka (2008) (re-
producible to *+44°C) assuming Mg-Fe?* equilibrium
(Kp®"mg-re =0.30 Roeder and Emslie, 1970), 1% H,0
content of the melt, and Fe*'/Fe,; appropriate for our
fO, results. Olivine compositions were paired with pub-
lished bulk rock compositions (Hardardéttir, 2020) and
glass compositions from Snaefellsnes (Kahl et al., sub-
mitted). See Supplementary Text for details.
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Fig. 2. Back-scatter electron images of representative olivine-spinel pairs. Spot sizes are exaggerated. Spots with high-current
olivine analyses and locations for spinel analyses are indicated for M16 olivine 4 in (a). Olivine analyses are colour coded for
Fo content in (a), (b) and (c). Spinel compositions are summarized in (b), (e) and (f) with green lettering indicating spinel with
Mg# >67, white lettering spinel with Mg# 67-63, orange lettering for spinel with Mg# <63 and red lettering for heterogeneous
recrystallized spinel. Spinels 3 and 8 in M17 olivine 1 seem to be in equilibrium with lower Fo olivine, while spinels 13 and 14
in similar Fo olivine have altered compositions and were probably in contact with the surrounding melt through cracks. See
"Examples of olivine-spinel disequilibrium" for equilibrium conditions in M16 olivine 4. Representative Fo contents for partial
traverses through RO4 olivines 1 and 2 are shown in (g). The spinels and some of their compositional characteristics are given
in (h). The spinels in the core of RO4 olivine 1 are Fe-spinel and the spinel in the mantles and rim of RO4 olivine 1 Cr-spinel.
The Mg# of the Fe-spinel are very constant but the Cr# increase towards the core with the highest for spinel 11.

(continued)
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Fig. 2. Continued

Normal zoned K1 olivine 1 (i) contains a cracked heterogeneous spinel grain. The segment to the right in (j) is homogeneous. See
"Examples of olivine-spinel disequilibrium" for a detailed description. Normal zoned K1 olivine 7 in (k) and (l) contains spinel grains
in contact with cracks or matrix glass. As a result, the spinels are all visibly chemically diverse in (l). The large heterogeneous spinel
5 has relatively uniform Mg# but differences in Cr# increasing from the core towards the rim of the spinel (values in figure). The
compositions of the olivine and the spinel are homogeneous except one spinel in a slightly reverse zoned part of the olivine in con-
tact with clinopyroxene. K1 olivine 2 (m) is an olivine macrocryst intergrown with clinopyroxene and contains abundant homoge-
neous spinel inclusions (n). Complex zoned K2 olivine 5 in (0) contains two large and two smaller spinels. The larger spinels are
visibly heterogeneous in p with one spinel recrystallizing within the matrix (also see Fig. 9). The small spinel in the matrix is poorer
in Cr than the larger spinel, similar textures were interpreted by Roeder et al. (2001) to be associated with rapid cooling. See
"Examples of olivine-spinel disequilibrium" for a detailed description.
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RESULTS AND DATA ASSESSMENT

Olafsvikurenni (M17) and Nykurhraun (M16)

The spinel inclusions from Olafsvikurenni (M17) and
Nykurhraun (M16) are 50 um and smaller and occur in
several spatial settings in ~1 mm normal zoned olivine
(Fig. 2): touching glass, associated with cracks, near
melt inclusions, in strongly zoned olivine, in slightly
zoned/unzoned olivine. We divide them into homogen-
ous spinel that appears to be in equilibrium and spinel
that is heterogeneous in composition and unlikely to be
in equilibrium (Fig. 2). Severe spinel disequilibrium is
visible in back-scatter electron images through strong
density contrast within individual spinel grains (Fig. 2b,
j, 1 and p). More subtle disturbance of spinel is most
readily recorded by a shift in Mg and Fe (Fig. 2b; j; also
see Scowen et al., 1991). We find that the disequilibrium
spinels have heterogeneity exceeding 2% in Mg#
(100 Mg/(Mg + Fe?") in atomic proportions) and/or Cri#
(100Cr/(Cr + Al) in atomic proportions) and generally
have higher Fe®* at the expense of Al and lower Mg#
(Fig. 4). The disequilibrium spinels are featured
throughout the figures as red crosses. Spinel complete-
ly enclosed by unzoned or slightly zoned olivine is usu-
ally homogenous and appears to be in equilibrium.
Normal zonation in olivine is uneven around the edges
of the crystals suggesting that original grains were bro-
ken up (potentially during preparation of the mineral
mount).

All equilibrium spinels in M16 are Al-chromites (the
atomic proportion of Cr exceeds that of Al, both exceed
Fe3*), while M17 contains a continuous range between
Al-chromite and Cr-spinel (Al exceeds Cr, both exceed
Fe**; Fig. 4). Spinel in M16 has constant and low TiO,
(0.48-0.58 wt %) compared to the range of concentra-
tions in spinels from M17 (0.58-1.46 wt %). Similarly,
the %Fe®" (100*Fe*"/(Fe*" + Al 4-Cr)) is lower in M16
(4-8%) than in M17 spinel (5-13%), in accordance with
the overall Fe®*/Fe, in spinel that is limited to 0.20-
0.31 for M16 and between 0.23 and 0.37 for M17 (Fig. 5e
and f). The Mg# range for equilibrium spinel in M16 is
narrow and on the high end (67.4-69.4) compared to
that of spinels in M17 (59.7-69.7). Cr# in M16 (48.6-51.7)
is likewise high and has a narrower distribution than in
M17 (Cr # 33.2-51.5).

The olivine Ni content is lower in M16 than in M17 at
comparable Fo (Fig. 3). Olivines in equilibrium with spi-
nel in M16 range to higher Foggg gg.9 compared to the
maximum Fog,.7_g9.4 for M17 and have higher Ca con-
tent with 2142-2431ppm for M16 and 1795-2224 ppm
for M17. Olivine analyses in equilibrium with spinel
have Ni* [Ni/(Mg/Fe)/1000] of 0.56-0.61 for M16 and
0.66-0.80 for M17. The samples overlap in 100 Mn/Fe
(with M17 1.25-1.74 and M16 1.53-1.61), Ca/Al (with
M17 5.2-8.4 and M16 6.5-7.6) and Mn (with M17 1016-
1625 ppm and M16 1192-1282 ppm).

The properties of olivine-spinel pairs for these two
samples can be grouped based on spinel Mg# (Fig. 6b);
primitive spinels have Mg# >67 and are enclosed by

unzoned homogeneous olivine with a narrow range of
Fogg.s_ge. Equilibrium olivine-spinel pairs in M16 exclu-
sively have spinel with Mg# >67. The more evolved
spinels in M16 are heterogeneous (see Fig. 2a and b).
Intermediate equilibrium spinel in M17 has Mg# 63-67
and occurs in olivine with variable Fogg g_gg 3. This popu-
lation of spinel shows a general positive correlation of
Mg# with olivine Fo content but is uncorrelated with Cr#
in spinel. Lastly, M17 has a substantial population of
more evolved spinels with Mg# <63. These occur exclu-
sively in olivine edges with diffuse zoning. Spinels 3
and 8 in olivine 1 (Fig. 2e) are the only low Mg# spinel
that appear to be in equilibrium with their surrounding
olivine.

Budahraun and Berserkjahraun

Olivines and spinels from Budahraun and
Berserkjahraun have varied and often complex chem-
ical structure and normal zoned olivines are smaller
than those in M16 and M17 (Fig. 2). Kahl et al. (submit-
ted) identified several different olivine zoning patterns
that can be summarized as different normal zoned oli-
vines with varying core Fo content and complex zoned
types with reverse zoned mantles that are again normal
zoned with different core, mantle and rim Fo composi-
tions. Spinel occurs in evolved cores, primitive cores,
primitive mantles and some normal zoned rims. We
observed no spinels in equilibrium with the outermost
normal zoned olivine rims between reverse zoned man-
tles and the carrier melt. In addition, we analysed one
olivine macrocryst with abundant spinel inclusions that
occurs intergrown with clinopyroxene (Fig. 2m).

R04 (Budahraun)
The four analysed olivines (1, 2, 4 and 5) in thin section
R04 from Budahraun are each reverse zoned and olivine
2 has complex normal, then reverse zonation sur-
rounded by a normal zoned outer rim (Fig. 2g). The oli-
vines are 0.5-1mm in the largest dimension and range
to more evolved compositions than the normal zoned
olivines of M16 and M17. Olivines have Foy57_g¢s and
spinel inclusions occur over the entire range of olivine
compositions. Compared to M17, Ni content and Ni* for
these mantles is somewhat lower, Ca and Ca/Al are
higher at their respective Fo while Mn and 100 Mn/Fe
overlap (Fig. 3). Evolved cores with Foy96_757 have
lower Ni and Ca and higher Mn contents but similar
Ni*, 100 Mn/Fe and Ca/Al compared to the olivine form-
ing the more primitive Fogg g g3 mantles (Fig. 3).
Reversezoned olivine mantles (Fig. 2g and h) of oliv-
ine 1 (Fogz g) and olivines 2 and 4 (Fogs 7_g6.g) contain Cr-
spinels with uncorrelated Cr# 45.9-41.1 and Mg# 63.3-
57.2 (Fig. 5d). TiO, (1.2-1.1wt %), %Fe3* (10.8-9.1) and
Fe3*/Few (0.34-0.32) show limited variability, overlap
with the highest values for M17 (Fig. 5) and neither cor-
relate with Mg# nor with Cr#. The reverse zoned Fosgg_
79.6 cores of olivine 1 contains nine analysed Fe-spinels
(Fig. 4) with Mg# 43.2-45.9 and Cr# 17.3-30.5. The
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Fig. 3. Chemistry of selected olivines in equilibrium with spinel compared to a compilation of olivine core compositions representa-
tive for Iceland (Rasmussen et al., 2020). Data from Rasmussen et al. is separated into (1) the Icelandic rift (ERZ-NRZ-WRZ), (2) off-
rift including OVZ, SIVZ, Hreppar formation and Tertiary basalts and (3) previously published data for SNVZ. Representative fields
for MORB and Hawaii (Koolau) from Sobolev et al. (2007). Ni, Ni* [Ni/(Mg/Fe)/1000] and 100*Mn/Fe indicate most olivines are
MORB-like, suggesting a peridotite dominated source as opposed to a pyroxenitic one. The same can be observed for Ca for the
most part, with the exception that Berserkjahraun macrocrystic olivine has low Ca, probably due to the observed co-crystallisation
of clinopyroxene. The ‘cpx-in’ field broadly indicates the Fo content of olivine in equilibrium with the most primitive clinopyroxene

from Berserkjahraun and Budahraun (Mg# 88) using a KpM9Fe

of 1.2 based on >1150°C experiments with olivine in equilibrium

with the melt in Loucks (1996). Symbol size exceeds the analytical error for major elements except where indicated.

chemical heterogeneity in spinel is between grains and
they individually appear homogeneous. The low Foys7_
75.9 core of olivine 5 hosts five analysed Al-magnetite
grains with Mg# 30.2-32.0 and Cr# 11.2-13.0. Spinel
TiO, contents are high (Fe-spinel: 3.3-6.6 wt % and Al-
magnetite: 8.7-11.1wt %) along with the %Fe3" (26.3-
33.1 and 50.1-54.8wt %, respectively) and Fe3/Fei
(0.34-0.32), which overlaps for Fe-spinel and Al-
chromite.

K1 and K2 (Berserkjahraun)

Normal zoned olivines. Olivine with spinel inclusions
from Berserkjahraun is subdivided into three types
based on their morphology and zonation type. First, we
examined ten normal zoned olivines. Compared to nor-
mal zoned olivines in M16 and M17, the olivines are
markedly smaller, between 100 and 500 um in the larg-
est dimension, but with similar spinel size of 50 um and
below. Compositionally, they include the most

forsteritic olivines analysed; K1 olivine 6 with up to
Fogo.9 and K1 olivine 11 with up to Fogg s. The remainder
of the normal zoned olivines have distinctly lower
Fogo 9895, much like the olivines in Olafsvikurenni
(M17). Spinel is heterogeneous (visible density contrast
in BSE imaging) when in contact with the matrix or
glass inclusions (Fig. 2k, I). Contact between spinel and
melt was probably emphasized by the generally limited
size of the olivines that occur in clusters (Fig. 2). Only
four olivines with Fogg»_g0.9 coOntain homogeneous spi-
nel. Their Ni* (0.58-0.77) and Ca (2052-2325 ppm) are
similar to Nykurhraun (M16) and are different from
those for Olafsvikurenni (M17), while Ca/Al (6.5-11.8)
extends to higher values.

Spinel in or near the Fog7.3 999 cores of the normal
zoned olivines is always Al-chromite, two Cr-spinel in
the normal zoned Fogg »_g7.3 rims of olivine 8 and 9 do
not touch glass and appear to have equilibrated with
the surrounding olivines. Spinel TiO, (0.63-1.23 wt %) is
comparable to the range observed for spinel in M17 but
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Fig. 4. Classification of spinel based on the atomic proportions of the trivalent ions Fe*", Cr and Al. Spinel in reverse zoned olivines
from RO4 are Fe-spinel or Al-magnetite in cores and Cr-spinel in higher Fo mantles. For K1 and K2 reverse cores have either mag-
netite (K1 ol3, k1 ol10 and K2 ol6) or Cr-spinel (K2 o012 and K2 ol4) in the core and Cr-spinel in the mantles (K1 ol4 and 0l10). Spinel
in the mantles of reverse zoned olivines plots with spinel in normal zoned olivine. The compositions of spinel occurring in evolved
cores is encircled by the pink dashed line. Cr-Al and Ti-Fe trends after Barnes & Roeder (2001), the latter traverses the ‘spinel gap’
and consists of rare Fe-Al-rich spinels (Roeder 1994; Barnes & Roeder, 2001). Shaded field shows the range of spinel compositions
used for calibration by Nikolaev et al. (2016). The lower panel shows a close-up of the Al-chromite and Cr-spinel samples with a
grey arrow indicating the trend of the samples which slightly deviates from the Cr-Al trend that represents the long-term isothermal
equilibration between spinel and olivine in cumulates according to Irvine (1967). Symbol size exceeds analytical error.

the Berserkjahraun Al-chromites have a significantly
higher Cr# (54.5-60.9) than spinel in M16 and M17. The
%Fe3" (5.3-9.6wt %), Fe*"/Few: (0.25-0.32) and Mg#
(60.2-70.0) fall within the range of compositions
observed in M17.

Olivine macrocryst. K1 olivine 2 (Fig. 2m, n) is a
>1mm large anhedral olivine that appears to be an ag-
gregate of three large, rounded grains intergrown with
clinopyroxene, suggesting it might be part of a small
wehrlitic xenolith. The olivine aggregate contains >50
spinel inclusions of up to 40 um, of which 46 were ana-
lysed. The interior of the olivine has a limited compos-
itional range with Fogs6_g5.1 (Fig. 3), but a thin reverse
rim of Fogg 3 (Fig. 2m) containing sparse spinel. Olivine

compositions of the reverse zoned rim are similar to the
low-Fo contents of normal zoned olivines from
Berserkjahraun. The interior of the olivine has similar
Ni* (0.60-0.67), 100 Mn/Fe (1.33-1.58), but lower Ca/Al
(5.0-8.0) than normal zoned olivine from
Berserkjahraun and drastically lower Ca (1107-
1323 ppm) than any other Icelandic olivine composition
reported by Rasmussen et al. (2020) (Fig. 3d) and
Nikkola et al. (2019a).

Spinels in the core (Fogs e g5.1) have restricted Mg#
60.4-62.6, Cr# 31.0-32.5, TiO, 1.49-1.72wt %, 9.3-11.56
%Fe®" and Fe**/Fe,o; 0.31-0.37. The only notable differ-
ence between a spinel in the reverse zoned rim (Fogg 3)
compared to spinels in the core is the elevated Mg#
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Fig. 5. Chemistry of spinel from Sneefellsnes (this study) compared to spinel from the transitional alkaline basalts of the South
Iceland Volcanic Zone (SIVZ) as a grey field (Brattaskjol and Hvammsmuli from Nikkola et al., 2019a) and tholeiites from the
Northern Volcanic Zone (NVZ) outlined in green (Matthews et al., 2016). Fields for MORB, OIB and LIP for spinel within >Fog, olivine
in (a) are from Kamenetsky et al. (2001). The effect of heterogeneous parental melts (Kamenetsky et al., 2001) and trajectories corre-
sponding to olivine fractionation and Ti-Fe trends are also included (Roeder et al., 1994; Barnes & Roeder 2001), cpx: clinopyroxene
and plag: plagioclase. Compositions of all spinels from Snzefellsnes in olivines with >Fog, fall in or close to the MORB field in (a).
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63.8 and Fe®"/Fe,o 0.37 in the former. The spinel com-
positions are unique in the sample set, having lower
Mg# and Cr# but higher TiO,, Al,O3 and Fe®*/Fe,,; com-
pared to spinel in normal zoned olivine (Figs 5, 6).
Reverse zoned olivines. Five reverse zoned olivines
from K1 and K2 were analysed. Olivines are 300-
600 um, except K2 ol6, which is >1mm. All grains have
outer rims of Fogq.g» surrounding Fogs.gs mantles that

gradually transition inward to evolved cores, reaching
minima of Fo;s.g,. The mantles of K1 ol4 and K1 ol10
(Fogs7-g5.1, Ni* 0.64-0.69) are mostly identical to the
macrocryst (K1 0l2) but with higher Ca (2019-2147 ppm)
and Ca/Al (9.9-11.7). Evolved olivine core compositions
are highly variable due to the diffuse boundaries be-
tween mantles and cores. Compositions are Fo750_g4.7
with varying Ni* (0.58-0.87), 100Mn/Fe (1.39-1.69) and
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Fig. 6. Combined olivine and spinel data. (a) The relationship between the Mg# in spinel and the Fo content of olivine (or olivine
Mg#). Curves are the calculated reference equilibrium lines for different values of the exchange coefficient K9 = (Mg/Fe)olivine/

(MKgII/Fe

Fspinelr 3.5, 4.3 and 6. (b) Detail of high Mg# spinel. (c) Spinel Cr# as a function of the Fo content of the enclosing olivine. (d)

9Fe and Cr# in spinel for the olivine—spinel pairs correlate positively, except for spinel with Cr# <30, occurring in evolved cores
of reverse zoned olivines and coinciding with elevated Fe>* (>12%). (e) The Fe®/Fe,o for spinel compared to the surrounding equi-
librium olivine. (f) TiO, content of spinel compared to Forsterite content of the surrounding olivine. Inset shows the relationship for

Ti-poor spinel.

Ca/Al (6.9-11.6) but Ca low
2181 ppm).

The mantles of K1 ol4 and K1 ol10 contain Cr-spinels
(Cr# 47.4-47.9, TiO, 1.1wt %, 9.3-9.9 %Fe®" and Fe*'/
Feio: of 0.30-0.31) that are identical to some spinels con-
tained in normal zoned olivines from Berserkjahraun,
with the exception of having somewhat lower Mg#
(57.6 and 58.0). Cr-spinel also occurs in the core regions

of K2 012 and K2 ol4 Fog; 5_g4.7. These have a wide range

is generally (1247-

in Mg# (50.1-57.5), 12.3-19.3 %Fe3" and Fe®'/Fey
(0.31-0.39) at a narrow range of Cr# (28.3-30.4) and rela-
tively limited but high TiO, (3.8-5.8wt %). K1 ol3
(~Fo7s), K1 0110 (~Fogq) and K2 o0l6 (~Foy7) cores con-
tain Al-magnetite (similar to RO4 ol5, Foy57_759), with
Cr# 9.9-31, Mg# 24.1-40.4, 12.2-14.7 wt % TiO,, 42.0-
67.2% Fe®* and Fe®'/Fe,; of 0.43-0.45. Al-magnetite
contained in K1 0l10 is considered unlikely to be in equi-
librium because of the strong Fo gradient within the
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core of the grain (‘ol-spinel disequilibrium’ symbols
marked as ‘magnetite’ in figures).

Examples of olivine-spinel disequilibrium

The chemical profile of olivine and spinel combined
with differing diffusion and equilibration speeds for dif-
ferent elements and between the different minerals can
make the selection of equilibrium pairs difficult.
Therefore, several samples with zoned olivine and spi-
nel were specifically targeted to test the effects disequi-
librium can have on calculated fO, and temperatures.
The pressure was kept at 0.5GPa and for choice of
thermometer and oxybarometer see the discussion in a
later section.

M16 olivine 4 (Fig. 2a, b)

M16 olivine 4 is a fractured normal zoned olivine with
Fo74.6-89.8 cONtaining two large (>50 um) spinels. Spinel
1 is situated in the unzoned part of the olivine (Fogg7_
89.9), is homogeneous with Mg# 67.3-68.5, Cr# of 52.6—
54.5 resulting in KpM9F® of 4.0-4.2 and yields Alog fO,
(QFM) between —0.37 and —0.08. Spinel 2 is situated in
the sharp normal zoned part of the olivine and has het-
erogeneous Mg# 61.4-67.8 but retains homogeneous
Cr# 52.1-52.8. The varied spinel and olivine composi-
tions are matched to derive extreme KMo ranging
between 1.8 and 5.0. Spinel 2 matched with a zoned
part of the olivine to arrive at a similar Kp™M9® of 4.0-4.2
returns a lower Alog fO, (QFM) between —0.53 and
—0.39. Severe disturbance of fO, is observed when the
spinel is paired with directly adjacent normal zoned
olivine, reaching values as low as Alog fO, (QFM) of
—1.5 for Fogy 3 or even —2.3 for Foy46 (not shown in
figure).

K1 olivine 1 (Fig. 2i, j)

K1 olivine 1 is a normal zoned olivine with Fogs g gg.»
containing several spinel grains. Multiple spots on the
central large ~40 um irregular spinel (fractured into two
chemically distinct fragments) were analysed and com-
pared to olivine of differing Fog, g g9.2. One of the seg-
ments is heterogeneous (mainly in Mg-Fe) trending
towards more evolved compositions (Mg# 56.6-63.2,
Cr# 59.2-61.2 and TiO, 0.69-0.92 wt %; n=6) compared
to the second more homogeneous part (Mg# 63.9-64.7,
Cr# 59.4-60.6 and TiO, 0.63-0.70 wt %; n=4). From the
texture and chemistry, it is clear that the heterogeneous
part (bright in BSE) of the spinel was altered diffusively,
probably due to the contact with the melt through
cracks traversing the spinel as well as the olivine. When
representative portions of both sides of the spinel are
paired with olivine of different Fo content, two parallel
arrays are formed on a diagram of Fo content against
fO, (Fig. 7a). The heterogenous spinel yields higher oxy-
gen fugacities than the pristine spinel portion when
paired with the same olivine composition. Pairing both
parts of the spinel against the entire observed range of
olivine compositions results in an array of Fogs g gg.2

and KpM9Fe between 2.6 and 6.2 (Fig. 7b). An important
observation is that pairing the homogeneous high Mg#
spinel with the nearby olivine core with composition
>Fogg 5 yields KpM9F® >4.4. Considering the other nor-
mal zoned olivines (see later section), these are not in
equilibrium. The effect is a projection of overly oxidized
compositions of up to Alog fO, (QFM) of 0 compared to
—0.37 to —0.23 for the spinel paired with olivine with
equilibrium KpM9Fe. Therefore, pairing the most primi-
tive spinel with the most primitive olivine is no guaran-
tee for obtaining the right compositional pair.
Additionally, while olivine can be paired to the recrystal-
lized spinel at an apparent equilibrium KpM9Fe, it is
doubtful if this will yield reasonable temperatures and
oxygen fugacities because the Cr# is still identical to the
homogeneous higher Mg# spinel, indicating a decou-
pling of ions of different charge. The temperatures on
the other hand, are not affected by changes in Mg# in
spinel and are hardly affected by a change in Cr# in spi-
nel due to recrystallization (Figs 7c and 8d) but are con-
trolled by olivine Al content (Fig. 8c).

K2 olivine 5 (Fig. 20, p)

K2 ol5 has complex compositional zoning with a normal
zoned core ranging from Fog;, down to Foss¢ with a
narrow mantle of Fogz ¢ and an outer rim with a com-
position of Fogq . The core contains three spinels and a
fourth large spinel occurs in contact with the matrix
where it recrystallized within the melt (Fig 2p). The net-
work of small spinel grains within the melt indicate
crystallization up to a point of rapid cooling (Roeder
et al., 2001). The spinel in contact with the matrix
(Spinel 4 in Fig. 7) has widely varying compositions
with Mg# 37.0-50.2, Cr# 48.3-64.2 and TiO, between 0.7
and 3.0wt % (Fig. 9). Combined with surrounding oliv-
ine compositions (Foy7.1_g1.0) the spinel compositions
have KpV9F® 4,1-6.9, Alog fO, (QFM) between —1.3 and
0.4 and T, between 1178 and 1264°C. By contrast, the
large spinel in the centre has higher Mg# 53.4-57.0, and
somewhat less scattered and overlapping Cr# 57.2-61.3
and TiO, between 0.77-0.91. Spinel combined with the
surrounding olivine core (Fogsg g7.4) has KpM9Fe 4.8-
5.6, Alog fO, (QFM) between —0.54 and —0.10 and T,
between 1210 and 1295°C. Two small spinels appear to
be relatively homogeneous (Mg# 58.0 and 52.2 and Cr#
59.0 and 61.3) and are located in the core and on the
edge of the core of the olivine. Due to their presence in
strongly zoned olivine, it is doubtful if equilibrium with
olivine is obtained for any spinels in this olivine.

DISCUSSION

Choice of oxybarometer, thermometer and
pressure

The fO, of olivine-spinel pairs are calculated based on
the oxybarometers published in Ballhaus et al. (1991)
developed for peridotites (with orthopyroxene present)
and Nikolaev et al. (2016) calibrated to a wider range of
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Fig. 7. Effects of disequilibrium pairs and spinel alteration on
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(M16), Olafsvikurenni (M17), Berserkjahraun (K1 and K2) and
heterogeneous spinel are included for reference. M16 ol4 is
not featured in (c) because high-precision olivine analyses are
unavailable for each analytical pair in this sample.

lithologies. Nikolaev et al. (2016) reported a systemic
offset of the Ballhaus et al. (1991) fO, calculations of
+0.6 to +1.3 log units (at mildly reducing conditions). A
similar offset between the two methods is also visible in
our data set: the Ballhaus et al. (1991) oxybarometer
gives fO, that are +0.4 to +1.5 log units relative to the

Nikolaev et al. (2016) method, the discrepancy increases
with more evolved spinel and olivine compositions
(Fig. 8a). We use the calibration by Nikolaev et al. (2016)
because of the wider calibration data set, which
includes basalts.

Three thermometers: olivine-spinel Al equilibrium
(Ta, Coogan et al., 2014), olivine-melt thermometry
(Torigq: Putirka, 2008) and olivine-spinel Mg-Fe ex-
change thermometry (Tga91; Ballhaus et al., 1991, cali-
brated for peridotites) are considered. Ta. and Toyiiq
return generally similar results (Fig 10a), and we use
TaL where possible (see the Methods section) because
it is resistant to overprinting and ideal for capturing the
crystallization temperature. Tqiq is used for samples
where the Fe3* content in spinel exceeds the calibration
dataset for the Ta. method. For Al-magnetite, Tgajg1
greatly over-estimates the temperature and only Fe-
spinels give consistent Topiiq and Tgang1. Tgangr Yyields
temperatures of 850-1026°C for Al-chromite and Cr-
spinel. These temperatures are consistently lower than
either To.iiq or TaL by at least 150°C and up to 400°C
(Fig. 8b). Olivine-spinel pairs from the tephra sample
from Berserkjahraun have somewhat higher Tgaj 91 than
those for other locations. This is consistent with the
diffusion-sensitive Tga91 following the rate of post-
emplacement cooling (e.g. Kamenetsky et al., 2001) but
does not result in reliable absolute temperature
estimates.

Previous clinopyroxene-melt barometry for magmat-
ic systems on Snaefellsnes revealed the predominance
of two crystallization levels at different crustal depths.
Berserkjahraun and Budahraun record pressures at
~0.3 and ~0.5 GPa Kahl et al. (submitted) and Vatnafell
at <0.4 and ~0.6 GPa Burney et al. (2020), both in the
mid-upper crust and in the lower crust, approaching
Moho depth. The olivine macrocryst and reverse zoned
olivines have composition up to ~Fogggy (Fig. 3), in
equilibrium with Mg# up to 88 for clinopyroxene
(assuming KD°"°pXMg_Fe: 1.2 at ~1180°C; Loucks, 1996).
Therefore, the pressure for these olivine-spinel pairs is
set to 0.5GPa. The presence of Cr-spinel and Al-
chromite in high-forsterite (>Fogg) olivine indicate crys-
tallization before the most primitive clinopyroxenes
(see Figs 3, 6 and 9). This is further strengthened by the
observation that the presence of clinopyroxene would
suppress the formation of Cr-rich spinel species
through the depletion of the magma Cr budget (e.g. Hill
& Roeder 1974; Roeder, 1994; Barnes & Roeder 2001).
Therefore, the Cr-spinel, Al-chromite and their primitive
olivine hosts formed below the deepest clinopyroxene-
bearing parts of the magmatic system. Olivine with
>Fog forms in melts in equilibrium with mantle perido-
tite (e.g. Albarede, 1992; Putirka et al., 2007), further
suggesting a sub-crustal origin. Without a reliable bar-
ometer for olivine-spinel pairs, we assume a conserva-
tive pressure for these olivines at 0.7GPa,
corresponding to the estimated local Moho depth
(~25km).
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Assessment of equilibrium assemblages

Natural olivine and spinel experience changing ambient
magmatic conditions that can alter their chemical com-
position after crystallization. To acquire accurate tem-
perature and fO, estimates, a careful assessment of the
chemical equilibrium between olivine and spinel is es-
sential. Establishing equilibrium pairs starts with map-
ping both olivine and spinel chemical structures using
back-scatter electron images (Fig. 2). From the images,
a primary division can be made between (1) spinel that
is completely enclosed by homogeneous olivine, (2)
spinel that is enclosed by zoned olivine and (3) spinel
that has been in contact with the melt on the edge of an
olivine or near a crack through the encasing olivine.
These three situations correspond to deteriorating con-
ditions for the olivine-spinel equilibrium. Spinel com-
pletely enclosed by homogeneous olivine is
homogeneous as well. Mg and Fe?" are the only major
elements shared by both phases and their relative equi-
librium distributions can be easily calculated. The distri-
bution (KpM9F®) ranges between 2 and 12 for terrestrial
mafic and ultramafic rocks (Kamenetsky et al, 2001)
and is greatly influenced by Cr# in spinel (Fig. 6d; Sack

& Ghiorso, 1991a), Fe*" content of spinel (Sack &
Ghiorso, 1991a), temperature and cooling rate (e.g.
Irvine , 1967; Scowen et al., 1991). Homogeneous oliv-
ine (>Fog;) paired with homogeneous Al-chromite and
Cr-spinel (with moderate %Fe3* between 4.1-12.5%) in
the basaltic lavas and tephra has a KpM9™ between 3.5
and 4.3. This range in KpM9F provides a crude but use-
ful indicator for equilibrium conditions applicable to
olivine-spinel pairs from the SNVZ. Differences in cool-
ing rate may in part explain why spinel and normal
zoned olivine from the Berserkjahraun tephra samples
have KpM9F® on the high end of this range (Fig. 6a, b,
d). Due to the additional influence of Fe3", spinel in
evolved cores is assessed based on the homogeneity of
the spinel and the surrounding olivine rather than the
value of KpM9-Fe,

Spinel in normal zoned olivine

Aluminium, Cr and sometimes Ti are major elements in
spinel but incompatible in olivine. Due to the slow diffu-
sion of Cr and Ti and apparent lack of any diffusion of Al
in olivine (Roeder & Campbell, 1985; Spandler &
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O’Neill, 2010; Cherniak & Liang, 2014; Coogan et al.,
2014; Mutch et al., 2021) these elements are effectively
shielded by the surrounding olivine. This is further
emphasized in cases where spinel is surrounded by dif-
fusely zoned olivine. Herein, spinel can either be homo-
geneous in terms of Mg# and adjusted to enclosing
zoning in olivine, attesting to the faster Mg-Fe?" diffu-
sion in spinel than in olivine, or be visibly heteroge-
neous in Mg# (corresponding to >2% difference within
a grain). In both cases, the Cr# of spinel can remain un-
affected. This implies that the diffusion speed of Mg-
Fe?* in spinel is higher than in olivine and both exceed
the rate at which Cr# and TiO, in enclosed spinel can
change (also see: Allan 1994; Roeder et al., 2001; Vogt

et al., 2015). Sometimes, the Cr# of entire spinel grains
can decrease with Fo content in normal zoned olivine.
This is probably related to spinel being captured by
growing olivine in evolving melts rather than diffusive
lowering of the Fo content of encapsulating olivine. In
cases where olivine is zoned but spinel is homoge-
neous, the fO, may be derived after the olivine and spi-
nel compositions have been screened for their
appropriate KpM9Fe (established by spinel of similar
composition in unzoned olivine) by analysing olivine
with different Fo contents surrounding the spinel.
Accurate matching is important because Mg-Fe?* dis-
equilibrium strongly affects the calculated fO, (Fig. 7)
and can be difficult to identify in BSE imaging. For K1
olivine 1 (Fig. 2k, j), for example, the primitive homoge-
neous part of the spinel is not in equilibrium with the
most primitive nearby olivine and matching these
would lead to a systematic fO, overestimation of ~0.25
log units. Underestimating the Fo content in olivine can
have effects spanning several log units (Figs 7a and
10a, e). The resulting near-linear positive correlations
between fO, and Fo are extremely suspect (see Fig. 7a,
M16 ol4) and show up when olivine and spinel are in
various states of Mg-Fe?* disequilibrium. This is an ob-
vious challenge when pairing of equilibrium spinel and
olivine in reverse zoned rims with a Fo gradient. The
pairs that are included as equilibrium assemblages all
have homogenous spinel and fall within the KpMoFe
window (3.5-4.3) when matched with immediately adja-
cent olivine compositions. For these spinel-olivine
pairs, fO, correlates negatively with Mg# in spinel and
Fo content in olivine, fortifying the assumption that the
spinels are in equilibrium with their surrounding olivine
mantles. One olivine containing spinel (K1 o0l6) probably
suffers from a slight overestimation of the KpM9F® even
though the spinel is located within a homogeneous
core of a normal zoned olivine. Apart from having a fO,
that falls off a trend with Fo content in olivine (highest
Fo data points in Fig. 11a), the spinel has low %Fe®*"
and Fe®*/Fe,: compared to other samples with the
same fO, (Supplementary Fig. 1). This sample is never-
theless included because the slight discrepancy does
not affect To. and the composition of the olivine and
spinel are useful as an end-member because of its
uniquely primitive composition with Foggg_g0.9 and Cr#
56.4-57.6.

Heterogeneous spinel

Spinel in contact with late-stage melt is often spectacu-
larly zoned in Cr# as well as Mg#, which is visible in
BSE images (e.g. Fig. 2j, |, p) where transient chemical
gradients are captured upon cooling. Heterogeneity is
more common for spinel with high Cr#, probably be-
cause of the large chemical contrast between the primi-
tive melts from which they crystallized and the more
evolved lavas that erupted them. Some of the tenden-
cies for heterogeneous spinel are exemplified by the
spinel compositions in K2 ol5, where a heterogeneous
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Ca in the magmatic system (also see Rasmussen et al., 2020). (c) Detail of Fig. 6¢c, d. Same parameters as (c) but with the samples
colour-coded for the difference between T,,.iq and Ta,. (e) Temperatures compared to Cr# spinel. (f) Temperatures against Fo con-
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spinel that is mostly surrounded by olivine and a het-
erogeneous spinel enclosed by melt are visible (Figs 2p
and 9a). Al-chromite that is mostly enclosed by olivine
(Fig. 9b) has slightly varying compositions, mainly be-
tween a more Cr-rich core and a more Al-rich mantle
and rim, Mg# increases from the core towards the rim.
A second Al-chromite (Fig. 9c¢) has widely varying

compositions and a recrystallized finer grained Cr-
spinel aggregate in the surrounding glass. Increasing

Fe3* is counterbalanced by decreasing Cr and Al except

in the centre of the spinel grain (where two former
grains appear to be joined) and the recrystallized spinel
where both Al and Fe®" increase at the expense of Cr,
probably indicating crystallization from late-stage melt.
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The outermost rim of the Al-chromite has a sharp eleva-
tion in Mg#, mimicking the elevated Fo content of the
outermost rim of the associated olivine (Fig. 20). More
subtle heterogeneity results in a high between olivine
and spinel caused by low spinel Mg# due to equilibra-
tion with melt rather than surrounding olivine, amount-
ing to an overestimation of fO,. Further, heterogeneous
spinel shows a rise in %Fe3" compared to Fe3/Fei

(Supplementary Fig. 1). This is probably due to late-
stage oxidation by the melt during and after eruption,
as also seen in some spinel from peridotites in contact
with the carrier melt (Roeder, 1994). In addition, Fe?* in
spinel can potentially oxidize to Fe3", breaking spinel
stoichiometry (Bosi et al., 2004), this would result in in-
accurate Fe?"/Fe®* calculation. Either of these interpre-
tations disqualify heterogeneous spinel for accurate
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estimation of the formation temperature and fO,
conditions.

The olivine-spinel T-fO, record

A complete spectrum of olivine types with spinel inclu-
sions is only available from Berserkjahraun, but the
data from other locations follow similar thermal, com-
positional and fO, trends providing a general frame-
work. Olafsvikurenni and Nykurhraun contain larger
normal zoned olivine that is less affected by diffusion
and provide a valuable supplement to the primitive por-
tion of the Berserkjahraun dataset. The most important
compositional parameters, temperatures and fO, for
different groups of olivine-spinel pairs are summarized
in Table 1 and briefly discussed here. Ta_ for normal
zoned olivine (averaged for the high-current olivine
analyses around each spinel for M16 and M17) broadly
overlap for Olafsvikurenni and Berserkjahraun and has
a limited range for Nykurhraun. Reverse zoned rims in
Berserkjahraun and Budahraun have temperatures and
oxygen fugacities overlapping with normal zoned oliv-
ine with similar Fo content. The olivine macrocryst
(Berserkjahraun) and spinel inclusions have lower
KpM9F€ than those in normal zoned olivine, but consist-
ent with their low Cr# (Fig. 6d). With the exception of
three spinels, the T, tightly cluster (Fig. 10) and are dis-
tinctly cooler than the temperatures recorded by normal
zoned olivines and also significantly cooler than the cor-
responding Topiiq- The evolved composition of olivine
and spinel may be problematic for Ta. and, even
though Fe®*' is not particularly high, Toy.iq may be more
robust estimate in this case. Both are shown in figures
where relevant. The overall fO, for spinel in the olivine
types with Fogs5_90.9 COrrelates negatively with Fo con-
tent, spinel Cr#, spinel Mg# and temperature but posi-
tively with Fe** (Fig. 11, Supplementary Fig. 1). These
trends are interpreted to trace the evolving and cooling
parental basaltic melt system.

The cores of reversel zoned olivine contain Cr-spinel
(Berserkjahraun; K1/K2), Fe-spinel (Budahraun; ROA4)
and Al-magnetite (Berserkjahraun and Budahraun). Cr-
spinel is observed in the diffuse boundary between
evolved core and higher Fo mantle, while Fe-spinel and
Al-magnetite are found in homogenous olivine cores.
KpM9Fe equilibrium ranges based on Cr-spinel are not
appropriate for these spinel types (Kp™'9F¢ of 4.2-4.6 for
Fe-spinel and 6.1-8.5 for Al-magnetite) and equilibrium
is assumed based on the observation that homoge-
neous spinels are surrounded by homogeneous olivine.
The lack of T,iiq change in the cores of reverse zoned
olivines over a large range of olivine and spinel chemis-
try and fO, is a major difference to spinel in more primi-
tive olivine. The compositions of spinel in reverse
zoned mantles and in the olivine macrocryst mark a
turning point in evolution of the magmatic system
where the prevailing effects of gradual cooling are
replaced with chemical and fO, change over a limited
range in temperature (Fig. 11).

Snafellsnes magmatic systems

Context

Previous studies have unravelled complex multi-tiered
crustal magma storage zones at Berserkjahraun,
Budahraun (Kahl et al., submitted), Vatnafell (Burney
et al., 2020) and Snaefellsjokull (Kokfelt et al., 2009). The
first two studies focus on several geothermometers and
clinopyroxene geobarometry to establish the tempera-
ture and pressure conditions for olivine-spinel-clinopyr-
oxene-plagioclase fractionating magmas. Although the
three eruptions occurred in different parts of the penin-
sula at different times, the phenocryst populations are
similar. These authors identified at least two tiers of
crustal magma storage and modification for each local-
ity; one in the mid-upper crust and one in the lowermost
crust. The temperature and fO, of clinopyroxene-
fractionating crustal magma systems is recorded by spi-
nel in reverse zoned olivines and the macrocryst.
However, the maximum pressures and temperatures
recorded by clinopyroxene-melt equilibrium in the
lowermost crust correspond to ~Fogg olivine (see dis-
cussion). Therefore, the normal zoned olivine-spinel
pairs chart a third tier of magma storage and melt evo-
lution preceding clinopyroxene crystallization, probably
at and/or below Moho depth.

Normal zoned olivine in primitive melts

The compositions of normal zoned olivine-spinel pairs
from Berserkjahraun, Olafsvikurenni and Nykurhraun
provide a mostly continuous data set (Fig. 11). An ex-
ception is olivine above Fogy, which does occur in all
three locations (Rasmussen et al., 2020; Kahl et al., sub-
mitted; this study), but we found only two olivines from
Berserkjahraun with spinel inclusions to be that primi-
tive. The normal zoned olivines with Fogs7-g0.9 Crystal-
lized over a wide range of melt compositions (Figs 4, 6,
10, 11) and temperatures (Ta. 1187-1317°C). They ap-
pear to have a relatively straightforward chemistry
(Fig. 3) and reflect steadily rising fO, with melt evolution
(Fig. 11) controlled by decreasing temperatures
(Fig. 11f). However, the relationship with spinel compo-
sitions is more complex. Spinel Mg#, %Fe®*" and Fe3*/
Feio: correlate well with Fo (Fig. 6b, e) and follow the
major element composition of olivine equilibrated with
a melt with increasing Fe3* and Fe?". Like Fo content,
the Cr# in spinel should trace melt evolution with Cr
being a more compatible element than Al. However,
spinel Cr# and TiO, are only very loosely correlated
with Fo (Figs 6¢c, f and 10c). This may in part be
explained by the possibility that spinel formed in more
primitive melt before being incorporated in olivine (as
an antecryst). In this scenario, olivine Fo content and
spinel Cr# reflect different parental melt compositions
(Mg# in spinel rapidly adjusts to the surrounding olivine
Fo content) and Ta_ and Toy.iq would both record the
formation temperature of olivine trapping the spinel. A
good example is spinel in reverse zoned mantles. These
spinels generally have high Cr# for their respective
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surrounding olivine Fo content and mostly similar Ta,_
and Toiq (Fig. 10c, d). The contrary is true for the low-
Fo regions in normal zoned olivine, which also contain
spinel with high Cr# (Fig. 10c, d) but have TaL > Topiq
(Fig. 10a, d). This phenomenon is probably an effect of
diffusive lowering of the olivine Fo content (effectively
lowering the T, that relies on Mg-Fe®" equilibrated
melt) around the spinel, leaving Al in olivine and Cr# in
spinel intact (no alteration of Ta ). Comparing To.iiq
(sensitive to diffusive change of Fo content of olivine)
and T, (insensitive to diffusion) differences (Fig. 10a)
with spinel and olivine chemistry (Fig 10d) reveals that
thermally equilibrated pairs concentrate around a posi-
tively correlating trend between Fo in olivine and Cr# in
spinel, which probably reflects the chemistry of an
evolving and cooling melt system. Spinels with a rela-
tively high Cr# compared to their surrounding olivine
Fo content are usually either in thermal equilibrium (spi-
nel antecryst captured by growing olivine) and/or or
affected by lowering of olivine Fo content through diffu-
sion, resulting in Tgpiq < TaL. Primitive olivine cores
containing spinel with relatively low Cr# from
Nykurhraun and Olafsvikurenni have Toriiq that consist-
ently exceed Tp by >25°C (Fig. 10d). Provided the tem-
perature calculations are accurate, this implies that the
olivine and spinel pairs formed at their respective Ta_
followed by the complete diffusive Mg-Fe?* overprint-
ing of the olivine by more primitive and hotter melts.
The large range in Ta. that are inconsistent with Tqjiq
for Al-chromites from Berserkjahraun presents a
complex case that may be explained if primitive spinel
(Cr# 60) was captured by olivine over a range of
temperatures (Fig. 10e) before olivine being reset to
higher To.iiq. Therefore, melt mixing and magma proc-
essing have already occurred while the primitive melts
were traversing the mantle or were ponded below the
crust. Initial olivine zoning profiles may have been com-
pletely annealed and later replaced by normal zoning
patterns; the latter being related to short-term crustal
residence and ascent. Low spinel Cr# compared to the
primitive host olivine Fo content signals that olivine-
liquid thermometry can record ambient rather than for-
mation conditions.

Cr-spinel in reverse zoned olivine mantles

The occurrence of spinel in equilibrium with normal
zoned olivine effectively ceases when compositions in
equilibrium with the most primitive clinopyroxene are
reached (~Fogg). The more evolved olivines with <Fogg
are reverse zoned and include the (slightly reverse
zoned) olivine macrocryst. Cr-spinel similar to that in
normal zoned olivine can be found in the more primitive
olivine mantles (Fogzs_gss) Of reverse zoned olivine
(Fig. 4). In terms of temperature and fO,, the spinels and
olivine mantles also follow the general trend of the nor-
mal zoned olivines (Figs 10 and 11). Reverse zoned
mantles in olivine and Cr-rich Mg#88 clinopyroxene
rims record recharge events by primitive melts in the

crust (Kahl et al., submitted; this study). The Ca/Al in
such olivine mantles suggests that the recharging melts
have not been affected by previous clinopyroxene frac-
tionation (Fig. 10b). The reverse zoned olivines there-
fore probably formed in the lower crustal tier of magma
storage (Kahl et al., submitted; Burney et al., 2020) that
is replenished by more primitive melts associated with
clinopyroxene-free fractionation of primitive olivine and
spinel.

Cr-spinel in reverse zoned low-Fo olivine cores
Cr-spinel also occurs in the cores of two reverse zoned
Fogi5.g5.1 olivines from Berserkjahraun. Even though
the Fo contents of one of these cores overlaps with
some of the reversezoned mantles in other olivines, the
Cr-spinels are different from the types discussed previ-
ously. Compared to Cr-spinel in normal zoned olivine
and mantles of reverse zoned olivine, they are relatively
rich in Al, Ti and Fe®*" (Figs 4, 5) and surrounded by oliv-
ine with varied to low Ca/Al at a given temperature, sug-
gesting precipitation of clinopyroxene alongside olivine
(Fig. 10b). The Cr# (28.3-30.4) of Cr-spinel in cores of re-
verse zoned olivines has a very narrow range while spi-
nel Ti, Mg# and the olivine Fo content span wide
ranges. Diffusive equilibration of spinel with more
evolved melt can readily alter Mg, Fe and Ti but Cr and
Al less so (see for example the heterogenous spinel in
Fig. 11). Therefore, the spinels probably originate as
antecrysts that initially crystallized from a more primi-
tive melt but were overprinted by more evolved (Fe and
Ti-rich) melt compositions and then incorporated by
olivine, implying a dynamic magma mixing environ-
ment, probably associated with a crystal mush pile
(Thomson & Maclennan 2013; Mutch et al., 2019). The
Cr-spinel in reverse zoned olivine cores have composi-
tions at the onset of the spinel Fe-Ti fractionation trend
(Roeder, 1994) that follows melt compositions from
which olivine, clinopyroxene and plagioclase are
extracted. Contrary to the fO, of olivine with >Fogg that
closely follows temperature effects, the fO, calculated
from <Fogg olivine-Cr-spinel pairs rises more rapidly
over a narrow temperature interval (1175-1190°C,
Fig. 11a, d, Supplementary Fig. 1b,c) and appears to be
controlled by oxidation related to magmatic processes.

Cr-spinel in an olivine macrocryst/wehrlite

The 40 individual spinels that were analysed in the low
Ca/Al olivine macrocryst from Berserkjahraun are ex-
tremely homogeneous (Figs 4, 5), and appear to have
crystallized from a single melt in spite of competition
over Cr with clinopyroxene (Roeder, 1994). This con-
trasts with the more varied (in terms of Mg# and Ti) Cr-
spinel in the cores of reverse zoned olivines.
Competition with clinopyroxene but the absence of
plagioclase may explain the uniquely Al-rich nature of
the Cr-spinel (Fig. 5). In terms of temperature (Topiig),
fO, and composition, the macrocrystic olivine and spi-
nel form a hinging point between the gradual
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compositional trends seen in normal zoned olivines and
mantles of reverse zoned olivines and the Ti-Fe trend
formed by spinel in cores of reverse zoned olivines.
Macrocrystic olivine and spinel compositions probably
represent crystallization of crystal mushes in the mid-
lower crustal magma storage zones (Kahl et al., submit-
ted) at ~QFM and ~1200°C in a relatively quiet magmat-
ic environment.

Al-Fe-Ti spinel and the spinel gap

Fe-spinel and, to a lesser extent, Cr-Ti-bearing Al-mag-
netite observed in reverse zoned cores of olivines from
Budahraun and Berserkjahraun have rare compositions
that fall within the ‘spinel gap’ (Fig. 4; Roeder, 1994;
Barnes & Roeder 2001). The global scarcity of such spi-
nel compositions has previously been explained by the
stability of clinopyroxene in more evolved basaltic
melts (Roeder, 1994), combined with the limited misci-
bility between Fe-rich and Al-rich spinel species
(Lehmann and Roux 1986; Sack and Ghiorso 1991a;
Fig. 12). The presence of Al-rich spinel in the olivine
macrocryst, however, indicates that crystallization of
Cr-poor spinel alongside clinopyroxene is possible.
Furthermore, the relatively high olivine-liquid tempera-
tures of the Fe-Al-rich spinels reveal that they formed
because the temperatures exceeded those of the immis-
cibility region (Fig. 12). The Berserkjahraun samples
studied here are glassy scoria with spinel-melt textures
indicative of very fast cooling (Fig. 2p; Roeder et al.,
2001). Rapid cooling of initially hot melts seems to have
preserved spinel near the apex of the ‘spinel gap'.
Oxybarometry for olivine and spinel of these exotic
compositions has fair amount of uncertainty because
the spinel compositions are outside the calibration
range (Nikolaev et al., 2016). Nevertheless, the forma-
tion of magnetite requires oxygen fugacities that are
several log units higher than the QFM buffer (e.g. Hill &
Roeder 1974) and our results appear to be consistent
with several compositional trends (Fig. 11a,
Supplementary Fig. 1b), suggesting oxygen fugacities
Alog fO, (QFM) of around +1 (Fe-spinel) and +1.5+2
(Al-magnetite) are not far off. These results imply a fur-
ther chemical fractionation and oxygenation of the
magmatic systems over a limited temperature array
(1125-1148°C). These most evolved spinel and olivine
compositions probably correspond to storage within
the upper-crustal magma storage zones identified by
Kahl et al. (submitted) and Burney et al. (2020).

The Snaefellsnes mantle source

On Snaefellsnes, magma is sourced from a greater aver-
age depth than at the actively spreading rift zones due
to a thicker lithosphere (Elliott et al., 1991). A substanti-
ated estimate of lithospheric thickness under
Snaefellsnes is currently lacking but we assume it to be
around 55km based on the lithosphere under the
Westfjords, north of Snaefellsnes (Bjarnason &
Schmeling, 2009). The transitional to alkaline magmas
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Fig. 12. Fe3*-rich Cr-spinel, Fe-spinel and Al-magnetite with
compositions traversing the ‘spinel gap’ compared to the tem-
perature contours for immiscibility (Sack & Ghiorso 1991b).
The grey and pink italic numbers are olivine-liquid tempera-
tures at the textural positions of the spinels, which are consist-
ently above the upper limit for miscibility.

formed in the SNVZ are compositionally distinct from
Icelandic rift basalts. They are rich in incompatible trace
elements and have isotopic compositions trending to-
wards FOZO or PREMA (Kokfelt et al., 2006; Peate et al.,
2010). These properties are best explained by low-
degree melting of a chemically heterogeneous mantle,
causing fertile and isotopically enriched components to
control the resulting bulk magmas (Kokfelt et al., 2006;
Koornneef et al., 2012). Petrologically, however, the
primitive melts from Snaefellsnes are dominated by an
olivine-bearing (peridotitic) source rather than pyroxen-
ite (Nikkola et al., 2019a; Rasmussen et al., 2020; Fig. 3).
This is reflected by the most primitive olivines (>Fogg)
that have low Ni and high 100 Mn/Fe (Fig. 3) and their
spinel inclusions have low TiO, and high Al,O3 (Fig. 5a),
overlapping with the most fertile extent of MORB.
Primitive olivines and spinels with Alog fO, (QFM) —0.6
to —0.1 are reduced relative to MORB, which has fO,
around the QFM buffer (Zhang et al., 2018; Berry et al.,
2018). However, the envelope of oxygen fugacities with
evolving melts containing olivine up to ~Fogs (Fig. 11a)
can be completely explained by changing temperature
conditions (dotted line in Fig. 11f). Therefore, the more
primitive Sneefellsnes olivine-spinel pairs are in part
more reduced due to elevated crystallization pressures
and temperatures (cf. MORB field in Fig. 10f). Normal
zoned olivine-spinel pairs with T5_ between 1200 and
1250°C, a more representative temperature range for
MORB (Coogan et al.,, 2014: Fig. 10f), have Alog fO,
(QFM) between —0.3 and 0.0 (Fig. 11f). Under the same
melting conditions, the source would in effect be only
slightly reducing relative to the MORB source but over-
lap entirely if the error on the method, or uncertainty
surrounding the oxidation state of the MORB source are
included. Mildly reducing conditions support the notion
of melts that are buffered by peridotite rather than a fer-
tile pyroxenite component beneath Sneefellsnes
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(Nikkola et al., 2019a; Rasmussen et al., 2020; Figs 3, 4).
Olivine-spinel data from Snaefellsnes contrasts with
that from South Iceland (Nikkola et al., 2019a), which is
more enriched and overlaps with the OIB field
(Kamenetsky et al., 2001; Fig. 5a). South Iceland also
appears to be somewhat more oxidized, with the most
primitive olivine and spinel recording fO, conditions be-
tween Alog fO, (QFM) —0.4 = 1.0. These properties may
be related to a more dominant pyroxenite component
in the mantle source and emphasizes the subtle but fun-
damental differences between distinct off-rift magmatic
regions in Iceland.

Causes for volcanism

The occurrence of SNVZ volcanism remains somewhat
enigmatic but could be enabled by strike-slip faulting
(Sigurdsson, 1970). This alone may not be sufficient; a
trans-crustal transform fault in South Iceland (SISZ;
Fig. 1) is tectonically more active but essentially non-
magmatic (e.g. Pedersen et al, 2003; Sinton et al.,
2005). The range in temperatures for primitive olivine-
spinel pairs support a warm mantle source under
Sneefellsnes with crystallization temperatures (Ta.) up
to ~1315°C. These temperatures overlap with, and ex-
ceed, the highest olivine crystallization temperatures
for MORB (Coogan et al., 2014) and are overlapping but
low compared to Icelandic rift volcanism (Spice et al.,
2016; Matthews et al., 2016). It is possible that the hori-
zontal flow of warm asthenosphere away from the
plume centre is guided along the main fracture network
expressed at the surface, i.e. the rift zones and MIB
(Fig. 1) and that elevated mantle temperatures may en-
able the volcanic activity here. The reliance of volcan-
ism enabled by tectonism explains the isolated and
limited magmatic productivity on Snaefellsnes (Kokfelt
et al., 2006; 2009; Thordarson and Hoskuldsson 2008;
Sigmarsson et al., 2008; Peate et al., 2010; Burney et al.,
2020). Furthermore, the control of temperature on the
oxygen fugacity (Fig. 11f) is an expected feature of de-
compression, rather than heating controlled mantle
melting (Gaetani, 2016), supporting a tectonic control
on melt generation in the SNVZ. The limited melt fluxes
of Sneaefellsnes volcanic systems (Kahl et al., submit-
ted), combined with tectonically controlled pathways in
relatively cool crust, probably result in locally distinct
magmatic systems. This may explain the variety in crys-
tal populations observed in the different examined
magmatic systems as Berserkjahraun, Budahraun and
Vatnafell are all sourced from multiple tiers of crustal
magma chambers (Burney et al., 2020; Kahl et al., sub-
mitted; this study). In the case of Vatnafell, crustal
magma processing accounts for the entire observed
range of crystal compositions (clinopyroxene Mg# 72—
87 and Fos,.84 olivine; Burney et al, 2020), while
Berserkjahraun and Budahraun also include more
primitive olivine with up to Fogq (Kahl et al., submitted;
Rasmussen et al., 2020; this study), suggesting crystal-
lization directly from primary mantle-melt aggregates

(Albarede, 1992; Putirka et al., 2007; Herzberg, 2011). By
contrast, all olivines from Olafsvikurenni and
Nykurhraun are primitive (also up to Fogq; Rasmussen
et al.,, 2020) and normal zoned, lacking evidence for
clinopyroxene co-crystallization and suggesting min-
imal crustal processing of these lavas. We also find that
aggregated lavas at Budahraun and Berserkjahraun are
more oxidized than those from Nykurhaun and
Olafsvikurenni due to extensive magma plumbing proc-
essing. These observations support widely varying tem-
porally and locally controlled magma plumbing
systems sourcing volcanism on Snaefellsnes.

CONCLUSIONS

1. The crystallization temperatures and oxygen fuga-
city of basaltic olivine phenocrysts with included Cr-
spinel and Al-chromite can be calculated when
homogeneous spinel is completely enclosed by
homogeneous olivine. Geologically meaningful
results can sometimes be obtained when homogen-
ous spinel is enclosed in mildly zoned olivine and
the mineral pair has KpM9F® within the range for
homogenous spinel in homogeneous olivine.
Equilibrium KpM9Fe for the examined Snaefellsnes
olivine-spinel pairs falls between 3.5 and 4.3, which
may serve as a rough initial guide for spinel-olivine
pairs of similar composition (Cr# 38-61, Fe3*/Fe,
0.20-0.37 in Fogs.gq olivine). In a similar fashion
KpM9F® may be assessed based on unzoned spinel
in unzoned olivine from other volcanic regions.
Olivine paired with heterogeneous spinel or spinel
in touch with the melt (glass) is unreliable because
spinel partially equilibrates with late-stage melt.

2. Al-chromite and Cr-spinel in normal zoned olivine re-
cord the primitive stages of magma fractionation
and crystallized from clinopyroxene-free melts.
Discrepancies between Tjiq (Mg-Fe?™ diffusion sen-
sitive) and T, (diffusion insensitive) suggest that
some primitive olivines experienced magma mixing
to a degree, overprinting their Fo content. This prob-
ably occurred around the base of the crust or in the
upper mantle. Temperature (1187-1317°C) gradually
cool with decreasing olivine Fogs7.90.9 and controls
an increase in fO, (Alog fO, (QFM) -0.6 = 0.2).

3. The most primitive Cr-spinel representing lower
crustal magma storage conditions, occurs in the
primitive Fogsg.gsg mMantles of reverse zoned oli-
vines. These spinels are mostly antecrysts with high
Cr# (41.1-47.9) that were captured by olivine and
equilibrated in terms of Mg-Fe?*. Their compositions
and fO, continue trends from normal zoned olivines
and represent primitive magma compositions that
recharged more fractionated crustal magma storage
zones.

4. Rare Cr-spinel antecrysts introduced to more
evolved melts are found in the evolved cores of re-
verse zoned olivines. These are overprinted by
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fractionating melt with increasing Ti and Fe before
being trapped in Fogq5.847 Olivine. These spinels re-
cord chemical and fO, change in crustal magma
chambers over a limited temperature range.

5. A rare olivine macrocryst crystallized alongside
clinopyroxene (wehrlite) and has abundant Al-rich
homogenous spinel inclusions. This olivine and its
spinel inclusions are special because they appear to
record closed magma chamber fractional crystalliza-
tion rather than magma mixing. The homogeneous
spinel incorporated in the olivine indicates that Cr-
poor spinel can crystallize alongside clinopyroxene.
The olivine-spinel pairs record lower crustal crystal
mush conditions with fO, around the QFM buffer
and Toiq of ~1200°C, similar to recharge-related
mantles of reverse zoned olivine.

6. The most evolved cores of reverse zoned olivine from
Budahraun and Berserkjahran contain Fe-spinel and
Al-magnetite signalling a further increase in Fe, Ti and
fO, in the melt over a limited temperature interval
(1125-1148°C). These compositions are rare for spinel
and span the ‘spinel gap’. Their preservation is prob-
ably related to crystallization in high-temperature mag-
mas and rapid cooling after eruption.

7. Spinel and olivine compositions support tectonically
controlled decompression melting of a slightly
reduced fertile peridotitic source at elevated mantle
temperatures beneath Snaefellsnes. This contrasts
with the more oxidized and pyroxenite sourced off-
rift magmatism in South Iceland.
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