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Abstract

This thesis provides insights into the petrogen-
esis of Iceland basalts via three subprojects. The
first uses olivine macrocrysts as a proxy for man-
tle melting conditions below Iceland, the second
utilizes petrological thermobarometry to resolve
the crustal storage conditions of the most primi-
tive basaltic rocks (ankaramites) of the Eyjafjal-
lajokull volcano, and the third investigates basalt
fractionation processes within the Hafnarhraun
pahoehoe lava lobe.

The sub-Icelandic mantle is evidently hetero-
geneous in composition. Yet olivine major and
minor element compositions in Iceland basalts
typically concur with common mantle herzolite
as the source of magmas, with the only potential
exceptions being the basalts of Eyjafjallajokull
and Vestmannaeyjar volcanic systems in South
Iceland. These South Iceland basalts have forst-
erite-rich olivine with relatively high Ni and low
Mn contents, together with low Sc and V and
high Cr, Ti, Zn, Cu and Li contents. Elevated Ni
and low Mn in olivine have been attributed to
olivine-free pyroxenitic mantle source; however,
the South Iceland olivine compositions are best
explained by the effect of comparatively high-
pressure (P, >1.4 GPa) and high-temperature
melting of somewhat enriched olivine-bearing
mantle. I conclude this because (i) elevated Ni
and low Mn in olivine can also indicate deep,
high-temperature, mantle melting, (ii) the abun-
dances of Sc, V, Ti and Zn in the South Iceland
olivine are compatible with low-degree partial
melts of olivine-rich mantle, and (iii) melts of
olivine-free pyroxenite are, according to recent

models, easily consumed in reactions with sub-
solidus mantle peridotite and thus unlikely to
migrate to the crust and crystallize olivine. The
identified high-Ni/low-Mn olivine macrocrysts
suggest final mantle equilibration depths greater
than 45 km for South Iceland magmas, and im-
ply effective mantle-to-surface magma transport.

Two Eyjafjallajokull ankaramite outcrops
(Hvammsmuli and Brattaskjol), rich in olivine
(Foy, ,) and clinopyroxene (Mg#** 78-90) mac-
rocrysts (~30 vol%) in near equal amounts, have
aspecifically prominent “deep mantle source sig-
nature” (high-Ni/low-Mn) in olivine. To investi-
gate the crustal storage conditions of these and
other Eyjafjallajokull basaltic magmas, I ana-
lyzed olivine, clinopyroxene, spinel and melt in-
clusion compositions from these volcanic units.
These analyzes revealed that the olivine-hosted
spinel inclusions have exceptionally high Cr##!
(52-80) and TiO, (1-3 wt%) and low Al,O, (8-
22 wt%) compared to typical chromian spinels
in Iceland, in line with the postulated deep and
enriched mantle source of the parental magmas.
According to olivine-spinel oxybarometry, these
spinels crystallized under a moderate oxygen fu-
gacity (AlogFMQ 0-0.5). Furthermore, jadeite-
in-clinopyroxene barometry indicates clinopy-
roxene crystallization at a rather low pressure
(1.7-4.2 kbar; external precision +1.4 kbar), im-
plying amagma storage depth of 10.7+5 km. Ad-
ditionally, clinopyroxe-liquid, olivine-liquid and
liquid only thermometry gives varying crystal-
lization temperatures of 1120-1195 °C, 1136—
1213 °C and 1155-1222 °C, respectively, for
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the compositionally diverse macrocrysts. The
scarcity of macrocryst plagioclase and trends
in clinopyroxene compositions indicate that the
mid-crustal crystallizing assemblage was olivine
and clinopyroxene, and plagioclase fractionated
later. Diffusive re-equilibration in Brattaskjol ol-
ivine grains suggests that this crystal assemblage
mobilized and erupted from its storage within
a few weeks. To conclude, the Brattaskjol and
Hvammsmuli crystal cargoes are agitated weh-
rlitic or plagioclase-wehrlitic mushes from the
mid-crust that ascended to the surface relative-
ly rapidly.

Basaltic lavas are practically never primitive
mantle melts owing to fractional crystallization
in the crust, which, at low pressure, may be aid-
ed by volatile exsolution. Deciphering magma
fractionation processes from solidified crust-
al intrusions is hampered by their often com-
plex emplacement history. The emplacement of
pahoehoe lavas, however, is simpler and well
understood, and hence I investigated the mech-
anisms of basalt fractionation from a differen-
tiated pahoehoe lava lobe in Hafnarhraun lava
flow field. Here, volatile exsolution had facili-
tated separation of basaltic residual melts to form
three types of melt segregations: vesicle cylin-
ders (VC) in the core of the lobe and two types
of horizontal vesicle sheets (HVS1 and HVS2)
in the upper part of the lobe. Interestingly, the
VC do not match chemically with the modelled
residual melts of the lobe, and their formation
seems to have included two stages: volatile-aid-
ed melt separation from crystallizing base of the
lobe and later contamination by primitive macro-
and microphenocrysts in the lava core. HVSI,
which resemble VC, were formed as the ascend-
ing VC diapirs accumulated to the upper solidifi-
cation front of the lava lobe. HVS2, in turn, are
distinctly evolved in compositions compared to
other units in the lobe and were formed as highly
fractionated residual melts seeped to voids in the

upper crust of the lobe. Processes analogous to
segregation formation at Hafnarhraun may con-
tribute to genesis of evolved basalts and silicic
rocks in shallow magmatic systems.

Overall, my work highlights the exceptional
nature of South Iceland among other volcanical-
ly active regions in Iceland. Furthermore, anal-
yses of the Hafnarhraun pahochoe lava reveal
the processes of melt segregation formation in
pahochoe lava lobes. I hope future research will
expand on these findings, further resolving the
nature of mantle melting below South Iceland
and the significance of volatile-aided processes
in crustal magma differentiation.



Tiivistelma

Tamd vaitoskirja késittelee Islannin
basalttisten laavojen syntyd ja kehitysta.
Viitoskirjan ensimmaéisessd osassa kéytin
laavoissa esiintyvien oliviinihajarakeiden
koostumuksia Islannin alaisen maapallon
vaipan sulamisolosuhteiden indikaattorina,
toisessa selvitdn Eyjafjallajokull-tulivuoren
ankaramiitti-laavojen  purkautumista
edeltdvid sdilytysolosuhteita maankuoressa,
ja kolmannessa tutkin pahoehoe-laavan
fraktioitumisprosesseja Hafnarhraun-
laavakentlla.

Maapallon vaippa Islannin alla on
todennékoisesti koostumukseltaan vaihteleva.
Téstd huolimatta oliviinihajarakeiden koostumus
Islannin basalteissa on tyypillisesti yhtenevé vain
lherzoliittisen magmojen vaippaldhteen kanssa.
Téhén ainoa poikkeus ovat eteldisen Islannin
Eyjafjallajokull- ja Vestmannaeyjar-tulivuorten
laavoissa esiintyvit oliviinihajarakeet, joissa on
korkea nikkeli- ja matala mangaanipitoisuus,
mutta my6s alhainen skandium ja vanadium,
sekd korkea kromi, titaani, sinkki, kupari ja
littum. Vaikka oliviinin korkea nikkeli- ja
matala mangaanipitoisuus voidaan ndhda
oliviinista kdyhén pyrokseniittiseen vaipan
indikaattorina, eteldisen Islannin poikkeavat
oliviinikoostumukset selittyvét parhaiten vaipan
syvilla sulamisella korkeassa lampdtilassa.
Esitéin nédin silld (i) korkea nikkeli ja matala
mangaani oliviinissa voi olla myds seurausta
vaipan korkeasta sulamislampétilasta, (ii) Sc-
, V-, Ti- ja Zn-pitoisuudet eteldisen Islannin
oliviinihajarakeissa viittaavat oliviinirikkaaseen
vaipan ldhteeseen, ja (iii) uusimpien vaipan
sulamisen mallien mukaan pyrokseniittivaipan
sulat reagoivat helposti ympédroivdn
lherzoliittivaipan kanssa ja néin ne tuskin sdilyvét
muuttumattomina noustessaan kohti maapallon

kuorta. Loydetyt korkean nikkelin ja matalan
mangaanin oliviinihajarakeet viittaavat siihen,
ettd eteldisen Islannin magmat tasapainottuvat
vaipan ldhteen kanssa yli 45 km syvyydessi ja
nousevat tdmén jilkeen tehokkaasti litosfadrin
lapi.

Erityisen voimakas syvdn vaipan
sulamisen signaali (korkea nikkeli ja matala
mangaani oliviinissa) havaittiin kahdesta
ankaramiitti-laavasta (Hvammsmuli ja
Brattaskjol) Eyjafjallajokull-tulivuoren rinteilta.
Selvittadkseni ndiden laavojen purkautumista
edeltdvit sdilytysolosuhteet maankuoressa,
analysoin niistd oliviini-, klinopyrokseeni-,
spinelli- ja sulasulkeumakoostumuksia.
Havaitsin, ettd oliviinihajarakeiden
spinellisulkeumilla on poikkeuksellisen korkea
Cr#r' (52-80) ja TiO, (1-3 m—%) seké matala
ALO, (822 m-%) verrattuna Islannista
aiemmin analysoituihin Cr-spinelleihin, mikd on
yhtenevad ndiden ankaramiittien oletetun syvén
ja rikastuneen vaippaldhteen kanssa. Oliviini-
spinelli oxybarometrian mukaan spinellit
kiteytyivét hapen fugasiteetin ollessa AlogFMQ
0-0,5. Klinopyrokseenin jadeiittipitoisuuteen
perustuva barometria puolestaan indikoi
verrattain matalaa (1,7-4,2 kbar; metodin
tarkkuus +1,4 kbar) klinopyrokseenien
kiteytymispainetta, mikd vastaa 10,7£5 km
syvyyttd maapallon kuoressa. Klinopyrokseenin,
oliviinin ja sulan koostumukseen perustuvat
termometrit antavat hajarakeille vaihtelevia
kiteytymisldmpétiloja: 1120-1195 °C, 1136—
1213 °Cja 1155-1222 °C. Hajarae plagioklaasin
harvinaisuus ja klinopyrokseenihajarakeiden
koostumuksellinen vaihtelu osoittavat, ettd
keskikuoressa kiteytyva mineraaliseurue koostui
oliviinista ja klinopyrokseenista, ja plagioklaasi
kiteytyi magmoista myohemmin. Néin ollen
tutkittujen ankaramiittien hajarakeet ovat
luultavasti perdisin keskikuoren wehrliittisista
tai plagioklaasi-wehrliittisistd kidepuuroista.
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Niihin kidepuuroihin tunkeutuvat magmat
nostattivat hajarakeet muutaman viikon
siséllda maanpintaan, mikd voidaan arvioida
diffusiivisen tasapainottumisen madrédsta
Brattaskjol-ankaramiitin oliviinihajarakeiden
vyohykkeellisyydessa.

Pintaan purkautuvat basalttiset laavat eivét
kaytdnnossa koskaan endd edusta vaipan sulia,
sillé fraktioiva kiteytyminen on muuttanut niiden
koostumusta niiden noustessa maankuoren lapi.
Magman fraktioitumisprosessien tutkiminen
maankuoren plutoneista on haastavaa niiden
usein monimutkaisen muodostumishistorian
vuoksi. Pahoehoe-laavojen asettuminen on
yksinkertaisempaa ja ndin ollen tutkin basalttisen
magma fraktioitumisprosesseja pahoehoe-
laavapatjasta Hafnarhraun-laavakentalla.
Tutkitussa laavassa volatiilien erottuminen
magmasta oli edesauttanut jaédnndssulien
erottumista ja muodostanut kolmen tyyppisia
segregaatiosulia laavan sisddn: rakkulapiippuja
(VC) pahoehoe-laavan ytimeen ja kahden
tyyppisid horisontaalisia rakkulapatjoja (HVS1
jaHVS2)laavapatjan yldosiin. VC koostumukset
eivdt vastannut laavan mallinnutettuja
jaannossulia, mutta ne voitiin selittdd
kaksivaiheisella syntyhistorialla, jossa VC ensin
erottuvat volatiiliavusteisesti isdntdmagmasta
laavan pohjaosissa ja tdmén jalkeen niihin
kertyy oliviini- ja plagioklaasikiteité laavapatjan
keskiosissa. HVS1 muodostuivat, kun nousevat
VC levittiytyivit laavan kiteytyvan ylakuoren
alapintaa vasten, ja HVS2 ovat pitkille
fraktioituneita isdntdlaavan jadnndsulia, joita
tihkui laavan yldkuoreen muodostuneisiin
aukkoihin ja rakoihin. Hafnarhraun pahoehoe-
laavan segregaatiosulien erottumista muistuttavat
prosessit saattavat johtaa kehittyneiden
basalttisten magmojen muodostumiseen
maanpinnan ldheisissd magmaséilidissa.

Viitoskirjatutkimuksessani  paljastui
eteldisen Islannin ainutlaatuisuus verrattuna

Islannin muihin magmaattisesti aktiivisiin

alueisiin. Tdmédn lisdksi Hafnarhraun
pahoehoe laava osoitti volatiilien merkityksen
sulasegregaatioiden synnyssd. Toivon, ettd
16ydoksieni padlle rakennetaan uutta tutkimusta,
joka vie ymmarrystimme eteenpdin selvittien
eteldisen Islannin magmojen vaippaldhteen
luonnetta ja volatiilien merkitystd magmojen

fraktioitumisessa.



Agrip

[ pessari ritgerd er ljosi varpad a uppruna
basaltkviku 4 Islandi
rannsoknarpemum. 1 fyrsta pemanu er
snefilefhainnihald 6livindila notad til ad skyra
hvada skilyrdi rikja vid hlutbraedslu méttulsins

med premur

undir fslandi. I 66ru pemanu er studst vid
jardefnafraedilega hita- og prystimeela til pess ad
meta eiginleika kvikuholfa/-proa sem innihalda
frumsteda basaltkviku (p.e. ankaramit) i
skorpunni undir Eyjafjallajokli. Pridja pemad
vardar prounarferli basaltbradar i helluhraunssepa
i Hafharhrauni vid Porlakshofn.

Méttulinn undir fslandi er ad samsetningu
misleitur. Samt samremist adal- og
snefilefnasamsetning o6livindila 1 islensku
basalti kviku sem 4 uppruna sinn ad rekja til
hlutbreedslu a4 venjulegum lherzolitmattli.
Hugsanleg undantekning fra pessari reglu er
basaltkvikan sem kemuruppieldstodvakerfunum
Eyjafjallajokli og Vestmannaeyjum, sem
innihalda mjog forsteritrika olivindila med
tiltdlulega haan Ni-styrk og lagan Mn-styrk,
asamt lagum styrk Sc og V og haum styrk Cr,
Ti, Zn, Cu og Li. bratt fyrir ad har Ni-styrkur
og lagur Mn-styrkur i frumsteedum olivindilum
sé gjarnan rakinn til kviku sem myndast vid
hlutbradnun & dlivinlausum pyroxenitméttli, pa
er samsetning umraeddra olivindila best skyrd
med hahitabradnun a audgudum, olivinrikum
peridotitméttli vid haan prysting (P, > 1,4 GPa).
Eg dreg pessa alyktun vegna pess ad (i) har Ni-
styrkur og lagur Mn-styrkur i 6livini samreemist
einnig bradnun vid haan hita djipt i méttlinum,
(i1) tiltolulega har styrkur Sc, V, Ti og Zn i
olivindilunum er i samreaemi vid litla hlutbradnun
4 olivinrikum mottli, og (iii) samkvamt nyjustu
likdnum hvarfast pyroxenitbrad audveldlega vid
mottulperidotit og pvi oliklegt ad slik brad komist
upp 1 jardskorpuna og kristalli 6livin. Pessi hai

styrkur Ni og lagur styrkur Mn i 6livindilunum
bendir til pess ad kvikan hafi sidast verid i
jafnveegi vid mottulefnid & meira en 45 km dypi
og ad kvikan hafi flust hratt fra mottli til yfirboros.

Tvaer ankaramitmyndanir i Eyjafjollum,
Hvammsmuli og Brattaskjol, sem audugar eru
af olivindilum (Fo,, ,) og klinopyroxendilum
(Mg#r* 78-90) (~ 30%), nokkurn veginn i sama
magni, syna merki umuppruna djupt i méttlinum,
b.e. hattNi-magn/lagt Mn-magn i 6livindilunum.
Efnasamsetning 6livins, klindpyroxens, spinils og
bradarinnlyksna var greind 1 synum fra pessum
myndunum til pess ad meta dypi kvikuproa par
sem pessar kvikur safnast fyrir i skorpunni fyrir
gos. bessar greiningar syna a0 spinilkristallarnir,
sem eru til stadar sem innlyksur i olivindilum,
hafa 6venju hatt Cr#*' (52-80) og mikid af
TiO, (1-3 b.%) og litid af ALO, (8-22 b.%)
i samanburdi vid demigerda kromspinla i
islensku basalti. Petta er i takt vid alyktunina
um djupsteedan uppruna moédurkvikunnar fra
audguoum mottli. Samkvaemt olivin-spinil
surefnisprystingsmalinum kristdlludust pessir
spinlar vid hoflegan surefnisstyrk (AlogFMQ
0-0,5). Jafnframt bendir prystimeelir sem byggira
magni jadeitpattar i klindpyroxeni til ad kristllun
klinopyroxens hafi att sér stad vio frekar lagan
prysting (1,7-4,2 + 1,4 kbar), sem gefur til kynna
10,7 £ 5 km dypi fyrir kvikuprona. Ad auki gefa
hitameelar fyrir klinépyroxen-gler, 6livin-gler og
gler eingdngu mismunandi kristollunarhitastig
fyrir hinar mismundi gerdir fasa, nefnilega 1120—
1195 °C, 1136-1213 °C og 1155-1222 °C.
Litid magn plagioklasdila asamt samsetningu
klinopyroxendilanna bendir til pess ad pessar
kvikur hafi kristallad o6livin og klinopyroxen i
kvikupronni og myndun plagioklasdila hafist
sidar. Likanreikningar & efnasveimi i 6livini
fra Brattaskjoli bendir til ad pessi dilafarmur
hafi farid ad stad ur geymsluryminu og borist
til yfirbords i eldgosi innan nokkurra vikna.
Nidurstadan er ad dilafarmurinn i Brattaskjoli
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og Hvammsmula sé ad uppruna kristalrikur
massi { midskorpunni me0 steindafylki wehrlits
eda plagioklas-wehrlits sem reis tiltdlulega hratt
til yfirbords.

Basalthraun eru ner aldrei med sdomu
samsetningu og frumstaeedar mottulbradir vegna
hlutkristollunar sem a sér stad i jardskorpunni,
en hlutkristollunin getur vid lagan prysting
ordid fyrir ahrifum af adskilnadi gastegunda.
Erfitt getur verid ad greina ahrif préunarferla
i kviku med pvi ad skoda storknud innskot
vegna flokinnar sdgu peirra oft & tioum. Hins
vegar er myndun helluhrauna vel skilin og
hef ég pvi rannsakad kvikuprounarferli basalts
med pvi ad skoda proéadan helluhraunssepa i
Hafharhrauni. { pessu tilfelli atti adskilnadur gass
patt i adskilnadi afgangsbradar med samsetningu
basalts. Bradaradskilnadurinn var af prennu tagi:
bloorusivalningar (VC) i kjarna hraunsepans og
tveer gerdir laréttra bloorulaga (HVS1og HVS2) i
efti hluta sepans. Ahugavert er ad efnasamsetning
VC fellur ekki ad likanreikningum fyrir sepann
og myndun peirra virdist hafa ordid i tveimur
prepum: bradaradskilnadur med hjalp gassibotni
sepans par sem kristdllun atti sér stad og sidar
mengun af frumstedum stor- og smadilum i
kjarna hraunsins. HVS1 likjast VC og myndudust
pegar VC-sivalningar risu og sdfnudust fyrir &
storknunarmérkum hraunsepans. Hins vegar
eru HVS2 greinilega préadir i samanburdi vid
hinar gerdirnar i sepanum og myndudust vid ad
mjog proadar afgangsbradir seytludu i holrymi i
efri skorpu sepans. Ferli lik peim sem myndudu
afgangsbradimar i Hafnarhrauni geetu komid vio
sO6gu vid myndun proads basalt og strs bergs i
grunnsteedum kvikukerfum.

Heiltyfirlitid pa synarannsoknirminar hversu
einstakt Sudurgosbeltid er medal virkra gosbelta a
fslandi. P4 hafa rannsoknirnar 4 Hafharhrauni leitt
11j6s ferli bradaradskilnadar i helluhraunssepum.
Eg vona ad framtidarrannsoknir muni byggja a
pessum uppgotvunum og leida til betri skilnings

a edli mottulbradnunar undir Sudurlandi og pvi
hversu mikilvaegt gas er fyrir kvikuprounarferli
i skorpunni.
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1 Introduction

11 Aims, motivation and outcome
The overarching aim of my thesis is to improve
the understanding of basaltic magma genesis in
Iceland. This is a broad goal, as the origin of
basalts is one of the core topics of igneous pe-
trology and Iceland is a classical locus of basalt
research. Nonetheless, I have tackled this aim
with three separate projects that each have in-
dependent goals as follows:

(1) To evaluate the variability in olivine mi-
nor and trace element contents in various geo-
tectonic localities in Iceland and use this to infer
compositional heterogeneity in the mantle source
of Icelandic basalts (PAPER I).

(i1) To estimate conditions and timescales of
the crustal storage of macrocrysts in Eyjafjalla-
jOkull ankaramites for a model of crustal magma
transport in South Iceland (PAPER II).

(iii) To study a differentiated pahoehoe lava
lobe to decipher and describe mechanisms of
crystal-melt separation in a typical olivine tho-
leiite basalt (PAPER III).

Investigating these topics of basaltic mag-
ma genesis is important, because they are es-
sential for our understanding of the workings of
the Earth’s upper mantle and crust. Furthermore,
estimating the conditions of crustal magma stor-
age below active volcanoes is required for iden-
tifying the mechanisms leading to possibly haz-
ardous volcanic eruptions. In the inners of our
planet, intricacies of silicate partial melting and
crystallization determine how material circulates
and behaves, and Iceland is a good location to
study these processes.

The most significant outcome of my thesis is
the identification of an anomalous, in the context
of previous Iceland data, deep mantle melting
signature in olivine from South Iceland volca-
nic rocks (PAPER I). PAPER II shows that the
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clinopyroxene macrocrysts of Eyjafjallajokull
ankaramites crystallized at surprisingly low mid-
and upper-crustal pressures (3.041.4 kbar). This
suggests that early clinopyroxene fractionation
from primitive South Iceland magmas can occur
shallower in the crust than previously thought.
Furthermore, the Hafnarhraun pahoehoe lava
lobe (PAPER III) revealed the mechanisms of
crystal-melt separation in this differentiated ba-
salt, potentially analogous to mechanisms occur-
ring in shallow crustal intrusions, thus provid-
ing valuable insights into basalt magma genesis.

1.2 Anatomy of the thesis

In PAPER [, I investigate mantle melting below
Iceland by analyzing major, minor and trace el-
ement compositions of primitive olivine crys-
tals from various tectonic settings in Iceland
(eight sampling locations and 482 analyzed ol-
ivine grains in total). Olivine analyses were per-
formed with high-precision EPMA and LA-ICP-
MS, and the results were compared to numerical
models of mantle melting and olivine crystalli-
zation. Olivine crystals are a valuable proxy of
the mantle mode (i.e., rock type) and melting
conditions, as they are the first phase to crystal-
lize from a primitive basaltic magma, and thus
record a nearly unmodified, initial composition
of the mantle-derived partial melt. Knowledge
on the composition of these near-primary mantle
melts can be further used to infer the nature of
their mantle source.

In addition to mantle processes, my thesis
explores how basaltic magmas reside and dif-
ferentiate in the Earth’s crust. This—crustal stor-
age of magmas—is the topic of PAPER II, for
which I analyzed clinopyroxene, olivine, spinel
and melt inclusions in the most primitive rocks
of Eyjafjallajokull to determine at what pressure
and temperature these crystals crystallized. Com-
positional analyses were performed with EPMA,
and pressure and temperature estimates were de-



rived using the most recent thermobarometric
models. In addition, I analyzed compositional
zonation patterns in olivine crystals, formed by
magma mixing-induced growth and subsequent
solid-state diffusion, to estimate how long these
crystals spent in the magmatic system after the
magma-mixing event. The necessary crystallo-
graphic orientation data for these diffusion mod-
els were acquired with EBSD.

PAPER III is a thorough description of a
differentiated pahoehoe lava lobe. It focuses on
the question of how residual melts of the partly
crystalline lava separated to form evolved units
(melts segregations) within the lava lobe. Com-
position of whole-rock samples and main miner-
als in the pertinent units within the lava lobe were
analyzed using WD-XRF and EPMA. Pahoehoe
lavas are useful for this type of a study, as they are
modest in size, crystallize at atmospheric pres-
sure, and have a relatively simple emplacement
mechanism in comparison to exposed crustal ba-
saltic intrusions.

2 Basaltic magmatism in Iceland

2.1 The volcanic setting
Basaltic magmas are partial melts of the Earth’s
upper mantle. These melts have a low density
in comparison to common mantle rocks; there-
fore, they ascend through Earth’s upper layers
and sometimes erupt as lava flows. At mid-ocean
ridges, basalt differentiation and solidification
generate the oceanic crust (Wilson, 1963). Ulti-
mately, basaltic magmatism also contributes to
the formation of continental crust, atmosphere
and oceans, making Earth as we know it (Al-
legre et al., 1987; Hofmann, 1988).

Globally, Iceland is one of the most profi-
cient producers of basaltic magma (Thordarson
and Larsen, 2007). It is a volcanic island situ-

ated in the North Atlantic between the Eurasian
and North-American lithospheric plates that di-
verge by a rate of 18—-19 mm/year (Sigmunds-
son et al., 2018). This spreading is concentrated
at rift zones, 50-100 km in width, which cross
Iceland from southwest to northeast (Fig. 1). In
the southern half of Iceland, there are two paral-
lel rift zones, Eastern Volcanic Zone (EVZ) and
Western Volcanic Zone (WVZ). Between these
resides a crustal block, called the Hreppar Forma-
tion, which is bordered by the Mid-Iceland Belt
(MIB) in the north and the South Iceland Seis-
mic Zone (SISZ) in the south. SISZ, as the name
suggests, is an earthquake-prone transform, and
here lithospheric spreading is accommodated as
a left-lateral shear in “bookshelf” type faulting
(Einarsson, 2010). At its western extremity, the
SISZ fuses with the WVZ, and this part of the
plate boundary is the Reykjanes Volcanic Belt
(RVB). Here, the plate boundary trends charac-
teristically oblique (~30°) to the plate spreading
direction (Clifton and Kattenhorn, 2006). The
tectonic setting in the northern half of Iceland
is generally simpler than in the south, featur-
ing a single rift zone that accommodates all de-
formation: Northern Volcanic Zone (NVZ). In
the northernmost Iceland, this simplicity is lost
again, as NVZ converts to a complex transform
zone—the Tjornes Fracture Zone (TFZ)—that
accommodates both right-lateral shear and ex-
tension (Stefansson et al., 2008).

Owing to magmatism focused at the spread-
ing rifts, the age of the Iceland crust increases
away from them (Fig. 1), such that the oldest
rocks are at the eastern and western extremi-
ties of the island, being 12—13 Ma old at the
eastern coast and 15-16 Ma in the northwest
(Moorbath et al., 1968). This pattern is broken
by volcanic flank zones (also called off-rift vol-
canic zones), where magmas erupt off-rift and
accumulate unconformably on older strata (Fig.
1). The three major flank zones are Snafellsness
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Volcanic Zone (SVZ), Southern tip of the Eastern
Volcanic Zone (SEVZ) and Oraefajokull volcanic
zone (OVZ). The reasons behind the magma-
tism in off-rift volcanic zones are not completely
clear. However, SVZ has been interpreted as a
remnant of the now extinct Snaefellsnes-Skagi
rift segment, and as such a zone of weakness in
the crust (Hardarson et al., 1997), while SEVZ
has been suggested to be the off-rift tip of the
southward propagating EVZ (Oskarsson et al.,
1982). Furthermore, OVZ has been suggested to
be arecently-developed locus of rifting (Hards et
al., 2000) parallel to EVZ. Of the volcanic flank
zones, SEVZ has been the most active during
historical times (Thordarson and Larsen, 2007).

92 volume% of the Iceland magmas erupted
in the Holocene have been basalts (Thordarson
and Larsen, 2007), and silicic rocks are a minor-
ity in the rock record (Fig. 1). Basalts of the rift
zones are olivine tholeiite or tholeiite, whereas
basalts erupted from off-rift volcanoes tend to
be alkali basalts or so-called transitional alkali
basalts, meaning that they plot close to the al-
kalic-tholeiitic transition on a TAS diagram (see
Jakobsson, 1972; Jakobsson et al., 2008). This
compositional variation is likely due to varying
mantle melting conditions during the genesis of
these basalts.

2.2 Mantle origin of Iceland basalts
Abyssal peridotites, ophiolites and mantle xe-
noliths indicate that the Earth’s upper mantle is
dominantly composed of lherzolite with olivine,
pyroxenes, and spinel or garnet as the dominant
phases (e.g., Green and Ringwood, 1963, 1967;
McDonough and Sun, 1995). Basaltic lavas, al-
though nearly never primary partial mantle melts
(O’Hara, 1968), typically conform as fractionat-
ed partial melts of mantle lherzolite, as shown by
the plethora of melting experiments and numer-
ical models (e.g., Green and Ringwood, 1967,
Langmuir et al., 1977; Jaques and Green, 1980;
Baker and Stolper, 1994).

The sub-Icelandic mantle melts in response
to plate spreading induced upwelling and de-
compression. Additionally, it has been suggested
that Iceland is underlain by a hot mantle plume
(Schilling, 1973), which increases the melting
rate at least in central Iceland (Maclennan et
al., 2001a). Icelandic basalts commonly have an
“enriched” isotopic signature with high ¥’Sr/*Sr,
206pp204ph, 3He/*He and low '*Nd/'"**Nd com-
pared to MORB (Hart et al., 1973; Sun and Jahn,
1975), although some basalts also reveal a de-
pleted signature—with low *’Sr/*Sr and high
Nd/"*Nd—distinct from MORB (e.g., Fitton
et al., 1997; Thirlwall et al., 2004b). This com-
positional deviance from MORB is typically
seen indicative of the presence of trace element
enriched and undegassed mantle below Iceland
brought up by the mantle plume (Chauvel and
Hémond, 2000; Kokfelt et al., 2006; Hardardot-
tir et al., 2018), although alternative views do
also exist (e.g., Hole and Natland, 2019). Fur-
ther evidence for the Iceland plume comes from
seismic tomography that indicates a low-velocity
zone below Iceland, interpreted to represent the
tail of the ascending plume (e.g., Wolfe et al.,
1997; French and Romanowicz, 2015). More-
over, petrological thermometry suggests a hot
mantle beneath Iceland, with estimated mantle
potential temperatures of 1430-1630 °C com-
pared to 1250—-1400 °C for typical Mid-Oceanic
Ridges (White and McKenzie, 1989; Mckenzie
and O’Nions, 1991; Maclennan et al., 2001a;
Putirka, 2008a, 2016; Brown and Lesher, 2014;
Shorttle et al., 2014; Herzberg and Asimow,
2015; Jenkins et al., 2016).

When ascending mantle melts in response
to plate spreading, it melts over a pressure (P)
range, such that the degree of partial melting (F)
progressively increases with lowering pressure
(see Langmuir and Forsyth, 2007; and referenc-
es therein). This induces variation in generated
partial melt compositions, such that alkali basalts
are produced at higher P and lower F, and tholei-
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itic to picritic melts form at higher F and lower
P. Some variation in basalt compositions is also
derived from mantle heterogeneity. In Iceland,
this is indicated by correlation in incompatible
trace elements and long-lived radiogenic isotopes
in basalts (Zindler et al., 1979; Hemond et al.,
1993; Chauvel and Hémond, 2000; Kokfelt et
al., 2006), which suggests that the enriched and
fusible mantle components are distinct units from
the depleted mantle and have been separated for
hundreds of millions of years to attain their dif-
ferent isotopic signature. Because the fusibility of
a mantle rock is governed by its major element
composition (including water content), it can be
assumed that these isotopically distinct and fus-
ible mantle components are also their own rock
types in the melting regime. Furthermore, the
newest models indicate that the Icelandic mantle
indeed needs to be modally heterogenous (Short-
tle and Maclennan, 2011; Shorttle et al., 2014),
as a minor (4-15%) contribution from olivine-
poor mantle in the form of pyroxenite or pyrox-
enite-peridotite hybrid is required to generate the
major and trace element compositional variation
in erupted Iceland basalts.

The isotopically distinct and incompatible
trace element-rich basalt compositions of the vol-
canic flank zones have been explained by con-
tamination with lower crustal melts (Oskarsson
et al., 1985; Steinthorsson et al., 1985), or by
a lower degree of melting and greater average
melting depth of compositionally heterogenous
mantle (e.g., Furman et al., 1991a; Hemond et
al., 1993; Kokfelt et al., 2006a). Although both
processes are likely to have an effect on the gen-
esis of flank zone basalts, the latter of these ideas,
sketched in Fig. 2, has attained popularity, as it
best explains the correlation between incompat-
ible trace elements and isotopic enrichment in
Iceland basalts (Sigmarsson and Steinthorsson,
2007; and references therein). Due to the thin
lithosphere at the locus of rifting, mantle melt-
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ing extends shallower and occurs over a greater
pressure interval below rift zones compared to
volcanic flank zones (green columns). Conse-
quently, the degree of mantle melting is higher in
rift zones, and the low-degree melts from fusible
enriched mantle sources (yellow ellipses) are di-
luted by abundant shallow partial melts of deplet-
ed mantle. However, at volcanic flank zones, this
dilution does not occur to the same extent, and
thus the erupted magmas are (i) deep low-degree
partial melts of the mantle, and (ii) more typi-
cally composed of partial melts of fusible, ma-
jor and trace element-enriched mantle sources.

2.3 Basalt differentiation

After their formation in the sub-Icelandic mantle,
the mantle melts need to transect 20 to 50 km of
lithosphere (Darbyshire et al., 2000) before they
erupt on surface. During this ascent, magmas
accumulate at various depths and extended vol-
umes of melts are stored and partially or com-
pletely crystallized. This crystallization is com-
monly fractional, meaning that the crystallizing
mineral phases separate from the host melt soon
after their formation, and thus the host melt com-
position alters due to the removal of elements by
the fractionating crystal phases. This fractional
crystallization is the key compositional modifi-
er of magmas and so ubiquitous that complete-
ly non-fractionated magmas, so-called primary
magmas, are rare on the surface of the Earth
(O’Hara, 1968). Indeed, most erupted basaltic
magmas in Iceland have already crystallized to
reach the olivine + plagioclase cotectic (Hartley
and Maclennan, 2018) or the phase assemblage
olivine-plagioclase-clinopyroxene (Presnall and
Gudfinnsson, 2011). The common order of frac-
tionating mineral phases from reduced Icelandic
tholeiitic magmas is olivine (£spinel), olivine +
plagioclase and olivine + plagioclase + clino-
pyroxene (Herzberg, 2004). In addition, if the
fractionating magma is sufficiently oxidized and
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Figure 2. Conceptual model of mid-ocean ridge mantle melting and lithospheric structure. Yellow colored ovoids are
modally and chemically enriched material in the mantle and triangles are volcanic edifices that tap the mantle melts.
The strength of the red tone displays the degree of melting, fully red portions being dominantly molten. Red arrows
are melt trajectories, and blue arrows illustrate the lithospheric spreading. The green bar shows the depth range of
melting beneath rift and off-rift zones. Moho = Mohorovici¢ discontinuity, LAB = lithosphere-asthenosphere boundary.

poor in Ca and Al, and the crystallization pres-
sure is sufficient, plagioclase crystallization may
be suppressed to allow preferential crystalliza-
tion of clinopyroxene after olivine (Presnall et
al., 1978; Stolper, 1980; Presnall et al., 2002;
Neave et al., 2019b).

Variably differentiated magmas from vari-
able mantle sources are also prone to mix with
each other during crustal storage. Primitive phe-
nocryst phases commonly have melt inclusions
that record high variability in trace element and
isotopic contents. This variability, however, di-
minishes in more evolved phenocrysts. This
has been interpreted as the result of ‘concurrent
mixing and crystallization’ of magmas derived
from various depths and sources from the man-
tle, which homogenizes magmas in crustal intru-
sions (Maclennan, 2008a, b; Neave et al., 2013).
During this process, a large degree of the chem-
ical variability inherited from polybaric mantle
melting is lost.

Besides crystallization and mixing, intrusive
magmas tend to interact with crustal rocks sur-
rounding them. The stored magma can disag-

gregate rock fragments (xenoliths) or crystals
(xenocrysts) and partially melt or resorb, i.e.,
assimilate, the surrounding crustal material. In
Iceland, the limited compositional variability and
the high melting point of the gabbroic crust lim-
its this process and its effects on magma com-
positions, but isotopic and trace element studies
nonetheless suggest that at least some Icelandic
magmas have assimilated hydrothermally altered
crust(Hemond etal., 1993; Brounceetal.,2012).
In addition, Icelandic magmas commonly carry
mineral cargoes that are not in chemical equi-
librium with the carrier melt (Halldorsson et al.,
2008; Thomson and Maclennan, 2013; Neave et
al., 2014). These ‘accumulated’ non-equlibrium
crystals can be xenocrysts: crystals not related
to the host magma (Sollas, 1894), potentially de-
rived by assimilation of fragments of crustal gab-
bro (e.g., Bédard, 1993). In addition, they can be
antecrysts, co-genetic with the host magma but
crystallized at an earlier evolutionary stage or in
partial separation from the magma (Davidson et
al., 2007). All these accumulated crystals affect
the erupted magma compositions.
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2.4 Storage of magmas

in the Iceland crust

The storage of magmas in oceanic crust is evi-
dently transcrustal, meaning that magmas reside
in pockets in the Earth’s crust at a range of depths
(Maclennan et al., 2001b; Kelley and Barton,
2008; Maclennan, 2019; White etal., 2019). This
view of multi-level magma storage conforms to
detected seismicity during volcanic eruptions
and sill emplacements (e.g., Tarasewicz et al.,
2012; Greenfield and White, 2015), and to pet-
rological barometry relying on final equilibra-
tion of a suite of magmatic liquids (Herzberg,
2004) and mineral-melt equilibrium in magmas
(e.g., Neave and Putirka, 2017; Hartley and Ma-
clennan, 2018; Neave et al., 2019a). Despite the
consensus on variable magma storage depths,
conceptual models of the nature and size of the
crustal intrusions vary. Some envision an oceanic
crust with melt lenses in a pervasive crystal-lig-
uid mush—a mixture of interconnected crystals
and magma (Cashman et al., 2017)—whereas
others visualize an oceanic crust layered with
sills surrounded by solid rock with only trivial
crystal-liquid mush on intrusion margins (Ma-
clennan, 2019). In addition, the ‘temporal rigidi-
ty’ of deep magmatic storage is largely unknown.
Are the deep roots of volcanoes spatially and
temporally fixed, or do the deep portions of the
magma transport system reorganize themselves
on eruption-to-eruption basis? At least the mag-
matic systems seem to be flexible in changing
their architecture in response to altering surficial
loading caused by recurring glaciations (Carac-
ciolo et al., 2019). Shallow silicic magmatic in-
trusions, typical of evolved central volcanoes,
may be long-lived and rigid features in the crust
(Flude et al., 2010), whereas magma emplace-
ment in the ductile middle and lower crust may
be more indefinite and random.
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3 Sampling and laboratory
analysis of rocks and minerals

3.1 Samples

For PAPER I, samples containing olivine macro-
crysts were gathered from eight locations repre-
senting different volcano-tectonic environments
in Iceland. From the rift zones (WVZ and NVZ,
Fig. 1), I sampled Haleyjabunga lava shield,
Mosfellsheidi lava flow field and Kistufell table
mountain. From the off-rift volcanic flank zones,
I analyzed olivine macrocrysts from Berserkjah-
raun, Hvammsmuli, Brattaskjol and Storhofoi
lavas and Eyjafjallajokull 2010 tephra (Fig. 1).
I separated olivine crystals by handpicking from
crushed and sieved (@ = 0.1-4.0 mm) rock sam-
ples, after which they were mounted into epoxy
molds or on glass slides. A total of 482 olivine
macrocrysts were analyzed for their minor ele-
ments (Ni, Mn and Ca specifically) with EPMA,
64 were analyzed for their trace elements with
LA-ICP-MS, and analysis of the zoning patterns
in olivine was conducted for 34 macrocrysts.

In PAPER I1, I further studied the Brattaskjol
and Hvammsmuli ankaramite crystal cargo for
which the composition of olivine macrocryst
cores (n=192) had been determined in PAPER
I. Compositions of 51 macrocryst clinopyroxene,
38 spinel and 21 melt inclusions in olivine, and
47 concentration profiles across olivine zonation
were measured from thin sections and crystal
separates in epoxy molds. As the melt inclusions
were partly crystalline in all olivine crystals, they
were homogenized by heating to 1200-1220 °C
in graphite crucibles prior mounting to epoxy
(see Methods in PAPER II).

For the study of the Hafharhraun lava flow
(PAPER III), I initially gathered 54 hand sam-
ples, of which 23 were analyzed for whole-rock
composition and six thin sections were made for



microchemical examinations and composition-
al analysis of main minerals (olivine, clinopy-
roxene and plagioclase). Samples were collect-
ed with a steam-hammer developed for taking
paleo-magnetic drillcore samples or by rock and
chisel, and often by hanging from a rope on the
eight-meter-tall quarry wall.

3.2 XRF

X-ray fluorescence (XRF) is the emission of sec-
ondary X-rays with characteristic energies and
wavelengths, dependent on the atomic structure,
when a material is excited with high-energy ra-
diation (X-rays or gamma rays). The composi-
tions of whole-rock samples from the Hafnar-
hraun pahoehoe lava lobe (PAPER III) were
measured utilizing the XRF phenomenon with
a PANalytical Axios mAX 151 4kW WD-XRF
spectrometer at the Department of Geoscienc-
es and Geography, University of Helsinki. The
samples were first crushed using an iron-jawed
crusher, wet-sieved with deionized water, and
fine-powdered with an agate mill. The rock pow-
ders were then mixed in a ratio of 1-part sample
powder with 10-parts Li-Borate ultrapure flux
(49.5 wt% LiB,0O,, 49.5 wt% LiBO,, and 1.0
wt% LiBr) and fused to glass beads using Clais-
se M4 fluxer. These glass beads were then bom-
barded with X-rays and the intensity of the X-
ray peaks in the secondary X-ray spectra were
measured to quantify their major oxide and trace
element composition. A total analysis time of 2.5
hours per sample was used to attain an uncertain-
ty of less than <0.05 wt% for all major oxides.

3.3 EPMA

Electron probe microanalyzer (EPMA) is an ap-
paratus for precise non-destructive microanaly-
ses of solid samples. In EPMA, a beam of elec-
trons is produced by an electron source (tungsten
filament, Lanthanum Hexaborate crystal cath-
ode, or field emission electron source), accel-

erated with an anode plate, and directed with
electromagnetic condenser lenses to a solid sam-
ple. The electron beam interacts with the studied
material in various ways, including the produc-
tion of heat, light (cathodoluminescence), back-
scattered electrons, secondary electrons, auger
electrons, and X-rays. Whereas the electrons and
light are useful for imaging purposes, the char-
acteristic X-rays emitted are indicative of the
sample composition. To quantify the composi-
tion, one can measure the intensity of X-rays of
varying energies by energy-dispersive (ED) or
wavelength-dispersive (WD) detectors, the dif-
ference being that an ED detector counts the in-
tensity of the whole X-ray spectrum at once,
while WD detectors can isolate and quantify
specific X-ray wavelengths/energies separately.

All EPMA analyses pertinent to this thesis
were conducted using a JEOL JXA-8230 elec-
tron microprobe at the University of Iceland,
equipped with five WD and one silicon drift ED
detectors, and a lanthanum hexaborate electron
source. For the procedures of major element anal-
yses in olivine, clinopyroxene, plagioclase, spi-
nel and melt inclusions, the reader is referred to
the attached papers. Anyhow, the advanced high-
precision measurements of minor and trace ele-
ments in olivine deserve to be described in some
detail here. For these analyses, I used a modified
version of a setup of Batanova et al. (2015) and
bombarded olivine macrocrysts with unusually
high probe-current of 500 nA (compared to 20
nA in standard analyses) and 20 keV accelera-
tion voltage. Analyses were performed with a
focused electron beam, and they took 13.25 min
per sample spot. Minor and trace elements (Ni,
Mn, Ca, Al, Cr, Co, Ti, Zn, P, Na) were measured
with WD detectors with peak count times vary-
ing from 90 to 150 s, and the EDS was utilized
for Si, Mg and Fe measurements with a count-
ing time of 300 s. Grains of San Carlos olivine
were measured between every 2050 analyses
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to check for instrumental stability. The setup de-
livered minor and trace element detection limits
of 3—10 ppm, and, crucially, high mean instru-
mental precisions for Ni (0.52%), Mn (0.48%)
and Ca (0.34%). I compared the resulting oliv-
ine compositions to earlier analyses of Sobo-
lev et al. (2007), and these were found to be an
outstanding match (Electronic Appendix in PA-
PER I). The success of these olivine minor and
trace element analyses was a significant build-
ing block for this thesis.

3.4 LA-ICP-MS

For precise trace element analyses of olivine
macrocrysts, | utilized laser ablation inductive-
ly coupled plasma mass spectrometry (LA-ICP-
MS) at the Department of Geosciences and Ge-
ography, University of Helsinki. In LA-ICP-MS,
a high-intensity laser is used to ablate a small
portion (a typical analysis spot diameter of 1-100
um) of a solid sample, and the produced fine par-
ticles are brought to a plasma torch to be ion-
ized and fed to a mass spectrometer. Mass spec-
trometer is an analytical tool that separates ions
based on their mass-to-charge ratio, typically by
subjecting them to electromagnetic fields. The
amount of deflection in ion paths is mass-to-
charge dependent and thus distinct for a specific
ion. There are numerous instruments (mass ana-
lyzers) to deflect the ions, e.g., the quadrupole
mass analyzer utilized in the LA-ICP-MS facil-
ity of the University of Helsinki. At the end of
the mass spectrometer, the intensity of arriving
ions is measured, commonly with an electron
multiplier.

I conducted the LA-ICP-MS olivine analy-
ses of PAPER I with the Coherent GeoLas Pro
MYV 193 nm laser ablation system coupled to
an Agilent 7900 s quadrupole ICP-MS at the
University of Helsinki. Olivine grains were ab-
lated with a laser spot size of 44 um and en-
ergy density of 7 J/em?, and the measurement
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program included the isotopes: 'Li, **Na, Mg,
Mg, Y7Al, 2Si, ©Ca, *'P, “*Ca, “Ca, *Sc, “Ti,
51V, 2Cr, Mn, Fe, S'Fe, %Co, “Ni, Ni, ©Cu,
%7n, 8°Rb, ¥Sr and '*"Ba. The external standard-
ization was done using GSE 1G synthetic ba-
salt glass, and the Si concentrations determined
with high-probe current EPMA analyses were
used as internal standards. The data reduction
was performed with the SILLS software pack-
age (Guillong et al., 2008), and Si-normalized
fractionation factors (Fryer et al., 1995) were
used to monitor for significant down-hole frac-
tionation or down-hole compositional zonation.
The trace element composition of olivine from
one location, Haleyjabunga, had been previously
analyzed by LA-ICP-MS by Neave et al. (2018).
My analyses were found to be slightly higher in
Co, but for other elements, the results concurred.

3.5 EBSD

The rate of diffusion in a crystal lattice in oliv-
ine is dependent on the crystallographic direc-
tions, being nearly three times faster along the
olivine c-axis than the a- or b-axes (Dohmen and
Chakraborty,2007; Dohmenetal.,2007). Hence,
to use the amount of diffusion in crystal zoning
in olivine grains as an indicator of diffusion tim-
escales (PAPER 1), the crystallographic orienta-
tion of these crystals had to be determined. This
was done using electron backscatter diffraction
(EBSD, Prior et al., 1999) with FEI Quanta 650
SEM and HKL CHANNEL 5 EBSD software
at the University of Leeds. EBSD is a technique
of automated analysis of diffraction patterns pro-
duced when electrons scatter in a crystal lattice,
which can be used to resolve the mineral crys-
tallographic orientation (see Humphreys, 2001).



4 Numerical modelling

4.1 Major, minor and trace elements
in olivine as a mantle proxy
Forsterite-rich olivine is typically the first miner-
al (along with minor spinel) to crystallize from a
mantle-derived melt. Therefore, the first-to-crys-
tallize high-Fo olivine is expected to record the
composition of its near-primary parental melt be-
fore it is masked by crustal magma differentia-
tion. Consequently, high-Fo olivine should store
information about the mantle source from which
its parental magma was derived (e.g., Sobolev
et al., 2007; Herzberg et al., 2016; Matzen et
al., 2017b).

Sobolev et al. (2005) were the first to sug-
gest that minor element concentrations in olivine
(specifically Ni, Mn and Ca contents) can be used
to derive the relative amount of olivine-free py-
roxenite in the mantle source of magmas. Since
this work, olivine compositions have been used
to infer mantle lithology for a wide variety of
volcanic settings (e.g., Sobolev et al., 2007; Gu-
renko et al., 2010; Trela et al., 2015; Herzberg
et al., 2016). However, this view of olivine as a
proxy of mantle mineralogy has been recently
challenged, as new evidence suggests that shifts
in partitioning coefficients during mantle melt-
ing and subsequent olivine crystallization may
in fact be accountable for most, if not all, global
variability in olivine compositions (Matzen etal.,
2013, 2017a, b; Putirka et al., 2018).

Various mantle rocks produce composition-
ally diverse mantle melts. For example, partial
melts of olivine-free pyroxenites are expected to
be richer in Ni than melts of mantle lherzolite,
as the abundant olivine in lherzolite effectively
sequesters Ni during melting (e.g., Sobolevetal.,
2005; Herzberg, 2011). Additionally, the nature
of mantle melts varies as a function of the degree
and depth of melting. Continuing with Ni as an

example, olivine sequesters Ni less effectively at
higher T at greater mantle depths (i.e., D3 is
lower at higher T, Matzen et al. (2013, 2017a)),
and consequently, deep and hot partial melts of
lherzolite are higher in Ni compared to lherzo-
lite melts generated at shallower mantle levels.
Mildly incompatible elements, for example Sc
and Ti that are relevant for olivine studies, are
in turn highly susceptible to the degree of man-
tle melting due to their high incompatibility to
mantle minerals (Putirka et al., 2018).

Because influenced by numerous parameters
of melting and crystallization, it is challenging to
derive a unique explanation for an olivine with
a certain minor and trace element composition.
High Ni and low Mn in a certain olivine popu-
lation, for example, may either signal melting of
an olivine-poor sources or a deep mantle source
region for the magma (see PAPER I). Anyhow,
as the knowledge of the partitioning of various
elements during mantle melting increases, joint
analysis of multiple minor and trace elements
(e.g., Ni, Mn, Ca, Sc, Ti, Zn) in olivine may be
used to better constrain mantle source character-
istics. Furthermore, parameterizations of the tem-
perature- and pressure-dependence of elemental
partitioning between olivine and melt can be used
to constrain the depth of mantle melting (Matzen
et al., 2017b), as attempted in PAPER 1.

4.2 Thermodynamic modelling
of melting and crystallization
A large part of my thesis revolves around com-
paring compositional data of rocks and minerals
to thermodynamic models of magmatic process-
es. These models are quantifications of the sta-
bility of solid and liquid phases over a range of
P and T conditions relevant to igneous systems,
rooted to experimentally determined phase sta-
bilities of igneous minerals.

Three thermodynamic modelling programs
were used in this thesis: Petrolog3 (Danyush-
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evsky and Plechov, 2011), COMAGMAT-5.2.2
(Ariskin et al., 2018), and MELTS (Ghiorso et
al., 2002) with ALPHAMELTS 1.8. front end
(Smith and Asimow, 2005). Petrolog3 was used
to a lesser extent and only to calculate olivine
compositions crystallizing from evolving ba-
saltic magmas using the model of Beattie et al.
(1993) (e.g., Fig. 8 in PAPER 1) and to correct
melt inclusion compositions for post-entrapment
olivine crystallization and diffusion (see Danyu-
shevsky et al., 2000). The strength of Petrolog3
is that it allows comparison of published miner-
al-melt equilibrium models (for example, it in-
cludes 14 models for olivine-melt equilibrium)
and simple calculations can be performed with
clearly defined setup. In contrast, the model pro-
cedure is fixed in MELTS and COMAGMAT,
relying on finding the minimum Gibb’s Free En-
ergy (G) of the system under given conditions.
MELTS does this directly by testing the stability
of phases (whether changes lead to lower G) ata
given T using nonlinear mathematical program-
ming (Ghiorso, 1994), whereas COMAGMAT
does this indirectly by finding equilibrium for a
pre-defined crystallization degree using exper-
imentally determined liquidus temperatures of
minerals (Ariskin, 1999; Ariskin et al., 2018).
The practical difference between these thermo-
dynamic programs is that MELTS is extremely
flexible; it can perform numerous different mod-
elling schemes (to name a few: adiabatic melting,
reverse crystallization, near-fractional crystalli-
zation) in a large P, T and compositional range.
COMAGMAT, in contrast, is calibrated only for
basaltic compositions at 1 atm (although usable
up to 3 kbar, Ariskin et al. 2018) and tuned for
crystallization modelling. Maybe due to this high
level of specification, fractional crystallization
modelling with COMAGMAT reproduced the
compositional trends in the Hafnarhraun lava
lobe better than MELTS, and therefore all frac-
tional crystallization modelling was done with
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the former in PAPER III. MELTS, however, was
the only program capable of performing the so-
phisticated near-fractional adiabatic decompres-
sion melting calculations in PAPER L.

4.3 Thermobarometry — probing the
crystallization conditions of minerals
The composition of magmatic mineral phases
is dependent on the composition of the liquid
phase and conditions of crystallization including
P, T and fO,. A prime example of a P-dependent
mineral component is jadeite (NaAlSi,O,; Jd)
in clinopyroxene. The stability of Jd increases
with increasing pressure, which stems from the
significant volume decrease as Jd is produced in
the reaction NaO}4 + AlO + 2SiOl¢ = NaAl-
Si,0¢", where NaAlSi O is Jd, and the su-
perscripts denote liquid (liq) and clinopyroxene
(cpx). Experimental quantification of this P-sen-
sitive incorporation of Jd in clinopyroxene makes
it possible to use measured clinopyroxene-liquid
equilibria in volcanic rocks as a barometer, i.¢., as
a tool to estimate the pressure of crystallization.
The most recent formulation of the so-called Jd-
in-clinopyroxene barometer (Neave and Putirka,
2017) is as follows (Equation 1):

P(kbar) =

Cpx
T(K X
2627 43916001y 1 .
104 liq liq liq
NaOg 5 AlOl_s( SiOz)

—4.22In(X557,) + 78.43X, 0,

li li 2
+393.81(Xy20, . Xko,..)

Here X" are cation fractions (normalized to
1) and X* are clinopyroxene components calcu-
lated on the 6 oxygen basis (cation sum close to
4).Jd and DiHd components are calculated using
a normative procedure of Putirka et al. (2003).
From this formulation, one can see that, in ad-



dition to the compositions of clinopyroxene and
host liquid, the barometer is dependent on T. For-
tunately, clinopyroxene-liquid equilibrium can
also be used as a thermometer, as the partition-
ing of Diopside-Hedenbergite (Ca(Mg,Fe)Si,O,;
DiHd) and Jd component between clinopyroxene
and silicate melt is temperature sensitive (Putirka
etal., 1996, 2003). As given in Eq. 33 in Putirka
(2008b), the expression of this so-called Jd-DiHd
exchange thermometer is (Equation 2):
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Here X1 is the Mg+Fe in liquid (cation
fractions), H,0™ is in wt%, and Mg#™ is Mg/
(Mg+Fe?") in liquid. Remaining terms are as in
Equation 1. Solving Equations 1 and 2 iteratively,
using the output of a one model as the input to
the other, allows simultaneous estimation of P
and T. This, however, requires that the parental
melt composition of the studied clinopyroxene
crystals is known.

Lava-hosted clinopyroxene macrocrysts are
most applicable to thermobarometric studies, as
their composition reflects the magmatic storage
conditions and subsurface architecture of volca-
noes. In these cases, however, the macrocrystic
clinopyroxene grains are typically no longer in
equilibrium with their carrier lavas, as these lavas
tend to have evolved by fractional crystallization
and magma mixing after the macrocryst crys-
tallization (Hansen and Gronvold, 2000; Hall-
dorsson et al., 2008; Thomson and Maclennan,
2013). In addition, the macrocryst cargo may

have never been in equilibrium with their car-
rier lavas if the macrocrysts are xenocrysts, i.¢.,
picked by the ascending magmas from unrelated,
compositionally distinct magmas or wall rocks.
A further problem arises from the presumption
of equilibrium crystallization. Numerous experi-
ments have shown that in undercooled magmas,
the rapid crystallization of minerals (e.g., clino-
pyroxene) results in disequilibrium partitioning
of elements (e.g., Hammer, 2008; Mollo et al.,
2010; Welsch et al., 2016). Furthermore, textural
and microchemical evidence indicates that high
undercooling and disequilibrium crystallization
are common in volcanic magma systems (e.g.,
Welsch et al., 2016; Ubide et al., 2019).

The challenges related to selecting suitable
melts for Jd-in-clinopyroxene thermobarometry
require that clinopyroxene-melt equilibrium has
to be evaluated using experimentally defined pa-
rameters, such as Fe-Mg equilibrium (Wood and
Blundy, 1997), minor element contents Ti (e.g.,
Ti; Hilletal.,2011), and deviation from predicted
and measured clinopyroxene componentry (Pu-
tirka, 1999; Mollo et al., 2013). In addition, tex-
tural inspections of minerals are required to avoid
analyzing rapidly crystallized domains that may
have disequilibrium compositions (Welsch etal.,
2016; Ubide et al., 2019).

In PAPER II, I utilized Jd-in-clinopyroxene
thermobarometry to estimate the crystallization
pressure and temperature of primitive clino-
pyroxene crystals in two Eyjafjallajokull an-
karamites. As these ankaramites have accumu-
lated macrocrysts (~30% macrocrysts in total),
their whole-rock composition does not represent
amelt composition, being thus not representative
as an equilibrium liquid to be used in thermo-
barometry. I thus advanced by fitting clinopyrox-
ene compositions to Eyjafjallajokull whole-rock
and melt inclusion compositions from Loughin
(1995), Moune et al. (2012) and my study, on
the basis of chemical equilibrium. First, putative
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clinopyroxene-melt pairs were selected with a
threshold of+10 % Fe-Mg equilibrium assuming
Kd“eFe(cpx-liq) = 0.27+0.6, for which “pseudo”
Pand T were calculated. Then, these results were
filtered to only include the clinopyroxene-melt
pairs that have a measured clinopyroxene com-
position that concurs with the composition pre-
dicted to crystallize from the melt at the given P
and T. Specifically, the measured and predicted
clinopyroxene compositions had to be in Fe—
Mg equilibrium according to Eq. 35 in Putirka
(2008b) and agree with respect to CaTs, EnFs
and DiHd components within £0.03 for CaTs
(Putirka, 1999), and £0.05 for EnFs and +0.06
for DiHd (Mollo et al., 2013). Additionally, the
clinopyroxene-liquid pairs had to be within +40
% of Ti equilibrium (Hill et al., 2011).
Complementary to the Jd-in-clinopyroxene
thermobarometry, I used liquid-only (Eq. 15,
Putirka, 2008) and olivine-liquid thermometry
(Eq. 4, Putirka et al., 2007) for calculating the
temperature of olivine crystallization in these
ankaramites. I also determined oxygen fugac-
ity during crystallization by comparing compo-
sitions of co-crystallized olivine and spinel and
using the most recent calibration (Nikolaev et
al., 2016) of the Ballhaus-Berry-Green olivine-
orthopyroxene-spinel oxybarometer equation
(Ballhaus et al., 1991; Beattie, 1993).

4.4 Kinetic modelling of

diffusion time scales

Diffusion chronometry (Costa etal.,2008; Zhang
and Cherniak, 2010; Dohmen et al., 2017) is a
tool for solving magmatic timescales from the
amount of diffusion over compositional bound-
aries in crystals. When being crystallized, a
magmatic mineral commonly develops zones
of varying composition in response to changes
in magma composition and crystallization con-
ditions. While the mineral resides at magmatic
temperatures, the initially sharp chemical bound-
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aries diffuse and diminish (Fig. 3a) with a rate
typically dependent on T, P, O, and crystallo-
graphic orientation. When these are known, the
degree of the subsolidus diffusion can be relat-
ed to the time elapsed between mineral crys-
tallization (e.g., formation of a compositionally
distinct rim) and cooling of the crystal. Conse-
quently, the amount of diffusion in minerals can
be used to constrain internal dynamics of magma
plumbing systems (Kahl etal.,2011,2015,2017;
Pankhurst et al., 2018), and magma ascent (Rae
et al., 2016; Mutch et al., 2019b) and residence
times (Mutch et al., 2019a).

In PAPER I, T utilized diffusion chronometry
to solve the Fe-Mg diffusion time over compo-
sitional boundaries in olivine macrocrysts from
Eyjafjallajokull ankaramites. To conduct the iter-
ative calculations of diffusion, I used the Mathe-
matica finite difference diffusion code developed
by Maren Kahl (Kahl et al., 2015), and used Fe—
Mg inter-diffusion coefficients of Dohmen et al.
(2007) and Dohmen and Chakrabortny (2007).
Fig. 3b gives an example of the model-fitting
for olivine crystal BR02 OI82 with a so called
‘complex reverse zonation’, which refers to a
core-to-rim zonation pattern where the forsterite
content first increases and then sharply decreases
in the outer-edge of the crystal. The initial model
compositions were set at Fo,, , for the rim and
Fo,, , for the core (stippled line). Then, the dif-
fusion model defined the time (9.2 days) of dif-
fusive re-equilibration that is required to produce
a zonation pattern (red line) fitting the measured
compositional zonation (filled black circles with
error bars). The outermost rims in the studied
olivine grains have formed, at least partly, by
crystallization from cooling and evolving host
magma, and not by diffusive re-equilibration on-
ly. Therefore, I opted to model the time of dif-
fusive re-equilibration between the olivine core
and the high-Fo zone near the crystal edge (Fig.
3b) rather than the re-equilibration between the
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Figure 3. a) Diffusion profile of an element along a traverse a—b in zoned olivine with higher concentration rims (dark
blue) and a lower concentration core (light blue). t=0 is the initial state of the system without any diffusive equilibration,
t=3 is the last state with the most abundant diffusion. b) An example of diffusion model fitted for an olivine crystal
BR02_0I82. Black dots are the measured forsterite (Fo = 100 x atomic Mg/(Mg + Fe?*)) contents in olivine along
traverse a-b that is illustrated with a red bar in the BSE image on the right. Error bars correspond to the propagated
20 error in Fo. The blue stippled line is the model initial state, and the red curve represents the modelled Fo distribution
after 9.2 days of diffusive equilibration. The yellow bar is a 100-um scale bar.

high-Fo zone and the outer crystal rim.

5 Review of original papers

51 PAPERI

The compositional variability in basalts erupted
in the different volcanic zones of Iceland sug-
gests that the underlying mantle is heterogeneous
in composition (Shorttle and Maclennan, 2011;
Shorttle et al., 2014). Furthermore, it has been
suggested that pyroxenitic mantle domains of re-

cycled oceanic crust contribute to the genesis of
Icelandic magmas (Chauvel and Hémond, 2000;
Kokfelt et al., 2006). I investigated the mantle
source of Iceland basalts by determining the mi-
nor and trace element compositions of primitive
olivine grains from eight locations around Ice-
land. As primitive forsteritic olivine is the first
mineral to crystallize from most basaltic mag-
mas, it records the composition of its near-pri-
mary mantle-derived parental magma and is use-
ful as a mantle proxy. Minor and trace element
abundances in olivine, however, do not reflect
the mantle source composition only, as they are
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dependent on varying olivine-melt distribution
coefficients affected by the P-T conditions of
melting and subsequent olivine crystallization
(Putirka et al., 2018).

Mainly, the new olivine data obtained in this
work concur with earlier data, suggesting shal-
low melting of typical lherzolite mantle as the
dominant source of Iceland basalts. However, I
also discovered that olivine macrocrysts from the
Eyjafjallajokull and Vestmanneyjar volcanic sys-
tems in SEVZ are distinctly Mn-poor and Ni-rich
compared to olivine from elsewhere in Iceland.
Compared to olivine from depleted Iceland rift
tholeiite, these SEVZ olivines are also relative-
ly low in Ca, Sc and V and high in Cr, Ti, Zn,
Cu and Li. This compositional signature is not
easily explained by crustal processes and must
be mantle-derived, either indicating the presence
of olivine-free mantle domains or high-temper-
ature melting relatively deep in the mantle be-
low the SEVZ.

To examine the cause of the SEVZ olivine
signature, I modelled Sc, V, Ti, and Zn partition-
ing in melting of mantle lherzolite (KLB-1) and
pyroxenite-peridotite hybrid (KG2). These nu-
merical models suggest that SEVZ olivine mac-
rocrysts could have been formed by crystalliza-
tion from low degree lherzolite melts, and only
the Zn enrichment may require input from mod-
ally enriched mantle domains (e.g., KG2). In the
light of these and other results from recent mantle
melting models (Lambart, 2017), the SEVZ ol-
ivine compositions likely signal high-tempera-
ture and high-pressure melting of somewhat en-
riched olivine-bearing mantle, not an olivine-free
mantle source.

The Ni enrichment in the SEVZ olivine
macrocrysts suggests melt equilibration depths
greater than 45 km, possibly as deep as 6681
km. Crucial for the survival of this mantle sig-
nature in olivine, these deep-derived magmas
must have also ascended to the surface relative-
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ly fast to avoid re-equilibration and mixing with
other mantle derived melts. Seemingly, the off-
rift setting at SEVZ favors low-degree melting
of deep mantle and swift ascent of these melts,
and this is reflected in the olivine compositions
in SEVZ basalts.

5.2 PAPERIII

To elucidate the conditions of magma storage
and differentiation below SEVZ, I analyzed com-
positions of minerals, mineral zoning patterns,
and melt inclusions from the most primitive vol-
canic rocks identified from Eyjafjallajokull vol-
canic system: Brattaskjol and Hvammsmuli an-
karamites. These ankaramites have ~30 vol%
magnesian olivine (up to Fo,, .) and clinopyrox-
ene (up to Mg#* 89.8) in near equal propor-
tions and olivine-hosted spinel inclusions that
have high Cr#"' (52-80) and TiO, (1-3 wt%)
and low ALO, (8-22 wt%), in comparison with
typical Icelandic chromian spinel.

The mineral cargo in these ankaramites
is suggestive of mid-crustal crystallization at
10.445 km depth over a large temperature in-
terval. Spinel-olivine oxybarometry suggests that
olivine-spinel co-crystallization occurred under
amoderate oxygen fugacity of AlogFMQ 0-0.5.
The clinopyroxene-compositions imply crystal-
lization pressures of 1.7-4.2 kbar, averaging at
3.0£1.4 kbar, and crystallization temperatures
in the interval 1120-1195 °C. Liquid-only ther-
mometry and olivine-liquid thermometry give
somewhat higher crystallization temperatures of
1155-1222 °C and 1136-1213 °C, respective-
ly. Diffusion modelling of the compositional re-
equilibration in Brattaskjol olivine macrocrysts
suggests that the macrocrysts were mobilized
and transported from their crustal storage to the
surface within few weeks (within 9-37 days).

Thermobarometric estimations and compo-
sitional trends in clinopyroxene suggest that the
crystal cargo in Brattaskjol and Hvammsmu-



li ankaramites represents agitated wehrlitic or
plagioclase wehrlitic mid-crustal crystal mushes.
Evidently, the mid-crustal cotectic assemblage
was olivine and clinopyroxene and plagioclase
joined the fractionating mineral assemblage lat-
er. Compositional trends suggestive of clinopy-
roxene-dominated crystallization are a known
phenomenon in SEVZ lavas, typically regarded
as indicative of high (>8 kbar) crystallization
pressures (Furman et al., 1991b; Mattsson and
Oskarsson, 2005). Our mid-crustal crystalliza-
tion pressures for Brattaskjol and Hvammsmuli
clinopyroxene crystals raise a question wheth-
er these high pressures are required to produce
clinopyroxene-dominated fractionating assem-
blages in SEVZ.

5.3 PAPER Il

Numerous mechanisms have been suggested
that separate crystals and melts from each oth-
er in magmatic systems, including gravitational
crystal settling (Darwin, 1844), liquid convection
(Sparks et al., 1984), filter-pressing (Philpotts et
al., 1996), and gas filter-pressing (also called va-
por differentiation; Anderson et al., 1984; Sisson
and Bacon, 1999; Pistone et al., 2015; Parmigiani
et al., 2016). There are two main approaches to
the study of these mechanisms: analog experi-
ments and research conducted on solidified dif-
ferentiated magmatic systems. I took the latter
approach and determined the whole-rock and
main mineral compositions of a partly differen-
tiated pahoehoe lava lobe in Hafnarhraun lava
flow field, SW Iceland.

The studied 8-m-thick lava lobe (Fig. 4a)
includes abundant segregation features: vesicle
cylinders (VC) and horizontal vesicle sheets
(HVS), commonly interpreted as separated re-
sidual melts of the lobe (e.g., Goff, 1996; Caroff
et al., 2000; Hartley and Thordarson, 2009). VC
are pipe-like, continuous structures up to ~5 cm
in diameter that ascend from the base of the lobe

and transect the whole lava core (Fig. 4b and d),
whereas HVS are vesicular sheets in the upper
part of the lava lobe (Fig. 4c), generally a few
centimeters thick.

It was found that the whole-rock composi-
tions of VC do not correspond to residual melts
generated by fractional crystallization, but rath-
er suggest selective fractionation of plagioclase
from the host lava. In addition, the presence of
olivine phenocrysts (Fo_, .) and micropheno-
crysts of Ca-plagioclase (An,,) in VC indicates
that the VC had accumulated primitive crystals in
some stage of their evolution. HVS, in turn, were
found to occur as two compositional variants in
the lava lobe: HVS1 and HVS2. HVSI are only
mildly differentiated in relation to the host lava,
commonly include olivine phenocrysts, and are
holocrystalline. HVS2, in contrast, correspond to
residual melts of the host lava after over 50 %
crystallization, and are mineralogically distinct,
displaying a texture of flow-aligned plagioclase
and having no olivine nor phenocrysts.

Based on the compositional and field evi-
dence, it seems that the VC in the Hafharhraun
lava lobe formed via a two-stage process. First, a
combination of residual melt and vapor detached
as buoyant diapirs near the lobe base from amush
of olivine, plagioclase, melt and vapor, and later
these diapirs accumulated primitive olivine and
plagioclase in the lava core. HVS1 represent VC
that accumulated at the top of the lava core and
spread out as sheets, whereas HVS2 formed in-
dependently of VC when residual melts seeped
into voids within the upper crust of the lobe.
At shallow crustal levels, volatile-aided differ-
entiation processes, such as described from the
Hafnarhraun lava lobe, might contribute to the
generation of the diversity of basaltic magmas.
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Figure 4. Internal structures of the Hafnarhraun pahoehoe lobe: a) the studied elongated lava lobe dissected along
its crest by a quarry wall, b) vesicle cylinders (VC) in the lava core, c) horizontal vesicle sheet (HVS) in the upper
crust d) pipe-vesicles (pV) at the base of the lobe. Photographs by Paavo Nikkola.

6 Discussion

6.1 Dynamics of mantle

melting (PAPER I)

The analyses of major, minor and trace elements
in olivine macrocrysts from seven Icelandic la-
vas and one tephra revealed that although most
olivine compositions are consistent with a lher-
zolite mantle as the source of the Iceland basalts,
volcanic rocks erupted from Eyjafjallajokull and
Vestmannaeyjar in SEVZ carry olivine macro-
crysts potentially suggestive of olivine-free, py-
roxenitic, mantle source at depth. This is depicted
as a kernel density estimation (KDE) in Fig. 5,
where I show the compositional parameter of ol-
ivine indicating the ‘degree of melt derived from
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olivine-free pyroxenite mantle source’ (pr), as
parametrized by Gurenko et al. (2010), for Ice-
land basalts. X, represents the Ni-enrichment
and Mn-depletion in olivine at given Fo com-
pared to model-olivines crystallizing from ‘ca-
nonical’ mantle peridotite-derived melts. The Ey-
jafjallajokull and Vestmannaeyjar olivines show
X values of 0.2-0.7, which are high relative
to the X values of 0-0.4 calculated for olivine
grains from the other studied volcanic systems
in Iceland.

The X\ works well to quantify the difference
from olivine expected to crystallize from melts
of mantle peridotite, and some have argued for
its usefulness as an indicator of the amount of
pyroxenite in the mantle source (e.g., Sobolev
et al. 2007). However, it is highly doubtful that
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Figure 5. Contribution of melts from pyroxenite mantle to
parental magmas (Xx) as calculated using the formulation
of Gurenko et al. (2010). The curves are kermnel density
estimates (KDE) fitted with the corresponding histograms
of the olivine compositional data. SEVZ olivine data in
red and all other Iceland olivine data in violet. Higher
Xox values can be regarded as representing greater
contribution of pyroxenite mantle to aggregated mantle
melts (e.g., Sobolev et al., 2007) or higher mantle melting
temperatures and greater depth (Matzen et al., 2017b,
2013).

X, has this simple significance, as recent studies
demonstrate that higher X, can also reflect an
increasing temperature difference between man-
tle melting and olivine crystallization (Matzen et
al., 2017a, b). In addition, mixing between pri-
mary and derivate lherzolite magmas can elevate
X (Herzberg et al., 2016). Essentially, in the
SEVZ, elevated X in olivines may simply be
attributed to high temperature melting at a great
mantle depth caused by the thickened lithosphere
in off-rift setting.

Despite the exceptional Ni and Mn contents
in SEVZ olivine macrocrysts, other elements in
them mainly concur with deep melting of typi-
cal olivine-rich lherzolite mantle (KLLB-1, Hirose
and Kushiro, 1993). I derived this conclusion
by modelling the partitioning of Sc, Ti, V and
Zn in near-fractional partial melting of a lher-
zolitic mantle (KLB-1) and then calculating the
equilibrium olivine compositions crystallizing
from these partial melts, which separate from the

mantle at different extents of melting at differ-
ent depths. In addition, I modelled the composi-
tion of olivine crystallizing from partial melts of
an olivine-depleted peridotite-pyroxenite hybrid
(KG2, Kogiso et al., 1998). The element concen-
trations of model olivine crystallized from deep-
derived, low-degree melts of lherzolite concur
with those of the analyzed SEVZ olivine crys-
tals, with the possible exception of Zn, whereas
model olivine crystallizing from shallow, high-
degree mantle melts are similar to olivine from
depleted rift-zone basalt (Haleyjabunga). Even
the high Zn in SEVZ olivine grains is not di-
rectly indicative of the presence of olivine-free
pyroxenite in the mantle source, as an input from
KG2 peridotite-pyroxenite hybrid source seems
to explain this Zn enrichment.

As nothing in the composition of SEVZ ol-
ivine macrocrysts conclusively necessitate oliv-
ine-barren pyroxenitic mantle at depth, the deep
melting of an olivine-bearing mantle is a more
likely candidate in explaining the SEVZ oliv-
ine signature. This conclusion is also supported
by recent mantle melting models, indicating that
relatively silicic melts of olivine-free pyroxenites
are prone to react with the surrounding perido-
tite and hence unlikely to preserve their coher-
ence and compositional signature (Lambart et
al., 2012; Lambart, 2017). The high Ni content
of the most forsteritic olivine grains suggests a
temperature difference between mantle melting
and olivine crystallization of 75 + 3 °C, which,
assuming a 55 °C/GPa slope of olivine-saturat-
ed liquidus (Sugawara, 2000), translates to a 1.4
GPa pressure difference. Thus, the final mantle
equilibration depth of the olivine parental melts
must be 45 km or more, if olivine crystalliza-
tion occurred near the surface, or at depths of
66-81 km, if olivine crystallization occurred in
the lower crust (0.6-1.0 GPa pressure). Essen-
tially, I view the SEVZ high-Ni/low-Mn olivine
macrocrysts as an indication of the survival of
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mantle melts from the deep parts of the man-
tle melting column, where relatively enriched
mantle components like KG2 may reside, to the
shallow T—P conditions of olivine crystallization.

Besides SEVZ magmas, deep melting of rel-
atively enriched mantle has been indicated for
some rift-zone (Shorttle and Maclennan, 2011)
and especially SVZ off-rift magmas (Kokfelt et
al., 2006), but there olivine still have MORB-
like low-Ni and high-Mn compositions (Herz-
berg et al., 2016). This is a conundrum: Why
the apparent signature of deep mantle melting
in olivine from South Iceland magmas in par-
ticular? Although I fail to deliver a definitive
answer, | suggest that the existence and surviv-
al of this signature is due to a favorable crustal
and mantle structure below SEVZ. SEVZ is the
youngest (activated >3 Ma, Martin et al., 2011)
volcanically active zone in Iceland, and hence
the underlying mantle may have not yet been de-
pleted in the most fusible domains (e.g., KG2),
biasing the melt production to increased depth.
In addition, the juvenility of volcanism and low
crustal geothermal gradient at SEVZ (Flovenz
and Saemundsson, 1993) is likely reflected in
embryonic, small and ephemeral (Sigmarsson,
1996; Mattsson and Oskarsson, 2005) magma
storage systems in the crust and upper mantle.
These poorly developed magma storage zones
favor relatively fast ascent of magmas and allow
deep mantle melts to transect the lithosphere with
little mixing with mantle melts of shallower ori-
gin. This should promote preservation of the deep
mantle melting signature in olivine. In contrast,
at rift zones and SVZ, magmas derived from
different mantle depths and their olivine macro-
cryst cargo may thoroughly mix and equilibrate
in extensive and long-lived crustal magma stor-
age zones, suppressing the potential deep mantle
signature in olivine.

This study joins the growing number of other
studies expressing skepticism about olivine as a
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proxy for mantle mineralogy and instead prefer
to explain the olivine compositional record as
related to the conditions of mantle melting (F,
T and P) and subsequent basalt crystallization
(Li and Ripley, 2010; Niu et al., 2011; Putirka
et al., 2011, 2018; Matzen et al., 2013, 2017b;
Heinonen and Fusswinkel, 2017). Nevertheless,
major and trace element, as well as isotopic evi-
dence from Iceland lavas suggest the presence of
enriched component(s) in the sub-Icelandic man-
tle (Thirlwall et al., 2004; Shorttle et al., 2014).
Moreover, the high-Zn and low-Ca in the ana-
lyzed SEVZ olivine grains can be seen sugges-
tive of modally enriched (olivine-poor) mantle
source. Therefore, some compositional heteroge-
neity likely exists in the mantle beneath Iceland.

Recently, Rasmussen et al. (2020) have con-
firmed the existence of SEVZ olivine signature
published in PAPER I, while also presenting a
somewhat divergent interpretation regarding the
high-Ni and low-Mn in SEVZ olivine macro-
crysts. They argue that the SEVZ olivine compo-
sitions are, at least partly, indicating pyroxenitic
or pyroxenite-peridotite hybrid mantle source, as
the lithospheric thickness below SEVZ (~45 km;
Arnadottir et al., 2009; Barnhoorn et al., 2011) is
less than the mantle melting depths (up to ~90
km) indicated by NiO/MnO ratios in some of the
SEVZ olivine macrocrysts. This argument is rea-
sonable considering the aforementioned notion
of the likely existence of enriched mantle com-
ponents below Iceland; however, it ignores that
Icelandic magmas can originate from deeper than
the lithosphere-asthenosphere boundary (LAB)
and mantle melts do not necessarily equilibrate
at LAB before ascending to the lithosphere. Be-
low Iceland, partial melts are sampled from vari-
ous mantle depths and these melts can keep their
compositional coherence at least until mixing
and crystallization in crustal intrusions. This is
indicated in the trace element and isotopic het-
erogeneity in melt inclusions (e.g., Maclennan,



2008b, a; Neave et al. 2018) and in geochemical
variations in basalts erupted in Iceland rift zones
(e.g., Zindler et al., 1979; Shorttle and Maclen-
nan, 2011; Shorttle etal., 2014). SEVZ melts that
crystallized the highest Ni and lowest Mn oliv-
ine macrocrysts may have been derived deeper
than LAB, depths of up to 90 km being still re-
alistic (e.g., Lambart, 2017), and hence elevated
NiO/MnO in some olivine macrocrysts at SEVZ
does not, by itself, necessitate pyroxenitic man-
tle source (or any other enriched mantle source)
for the region. In addition, the reliability of NiO/
MnO in olivine as a mantle indicator, as used in
Rasmussen et al. (2020), is hampered in evolved
olivine macrocrysts (Fo_), because NiO con-
tents—and thus also NiO/MnO ratios—in ol-
ivine crystals are prone to increase in mixing
of variably differentiated magmas of a similar
mantle source (see Herzberg et al., 2016). Over-
all, caution is warranted when utilizing NiO and
MnO in olivine as an indicator of compositional
heterogeneity in the mantle.

For all geochemical mantle proxies (i.e., ma-
jor and trace element and isotopic composition
of magmas), separating the signal of large-scale
mantle heterogeneity from that of locally variable
conditions of mantle melting is difficult, as the
mode of the mantle source and degree and depth
of partial melting are expected to be intertwined
properties in the production of mantle melts. This
dependence is derived from the greater fusibility
of modally enriched mantle. Modally enriched
mantle domains are only expected to reside in the
deep mantle, as partial melting depletes them at
a lower pressure. In addition, partial melts of the
enriched mantle domains are tapped effectively
only at low degrees of partial melting, when they
are not diluted by melts of the prevalent depleted
mantle. Therefore, if an area—such as SEVZ—
erupts magmas suggestive of modally (and iso-
topically) enriched mantle component at depth,
it is not clear whether this component really is

(more than usual) abundant below, or if its melts
are just tapped effectively by favorable mantle
melting (e.g., low melting degree) and transport
(e.g. channelized melt flow) conditions. A signal
of modally enriched mantle in erupted basalts at
a certain area does not necessarily indicate ex-
ceptional chemistry in the underlying mantle, as
this signal may be due to favorable melting and
transport processes, dependent on the physical
state of the mantle.

6.2 Magma storage and
crystallization in the South
Iceland crust (PAPER II)

Analysis of crystals from Eyjafjallajokull an-
karamites indicates that at least most of the
clinopyroxene and olivine macrocrysts in these
rocks have crystallized in mid-crustal pressures
(3.0+1.4 kbar), in a large temperature interval
(1120-1220 °C), and mostly in absence of pla-
gioclase. In PAPER 1, the olivine with high Ni
and low Mn contents in these ankaramites did set
a minimum mantle equilibration depth of 45 km
for the South Iceland magmas. However, if we
take 3.0+1.4 kbar as the crystallization pressure
of the high-Ni olivine, the final mantle equilibra-
tion depth of the olivine host melt is refined to
56+7 km below surface. Furthermore, the high
Cr#*' and TiO,, and low Al O, in olivine hosted
spinel inclusions identified in PAPER II conform
to a deep and enriched mantle source for the ol-
ivine host melt suggested by PAPER L.

Fig. 6 depicts the preferred model of crustal
ascent and differentiation for Eyjafjallajokull an-
karamites. Assuming that the magmatic plumb-
ing system during the formation of Hvammsmuli
and Brattaskjol ankaramites resembles the mod-
ern volcanic roots of Eyjafjallajokull, multiple
lenses of magma reside in the lower crust (A).
The degree of solidification of the country rocks
at these mid-crustal depths is not certain; howev-
er, considering the relatively cold crust at SEVZ

33



DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A81

N
Eyjaﬁa'mJ/\\r'a'ék“" (J km
— \ 1

e T e I

D=5

4

C = +

Agitated wehrlite

mush \B

| —

I

I —
5

| Brittle-ductile
transition

Moho
in ~25 km

Figure 6. Conceptual model of magma storage below the
Eyjafjallajokull volcano. The mantle-derived host magma
of the ankaramites ascended and differentiated in mid-
crustal magma storage zones (A), agitated a wehrlite
crystal-melt mush at 10.7+5 km depth (B), potentially
ascended through a shallower intrusion (C), and erupted
on the surface. The depth of brittle-ductile transition under
Eyjafjallajokull according to Hjaltadattir et al. (2009). The
Eyjafjallajokull 2010 eruption revealed the existence of a
benmoreitic magma chamber (D) below the volcano at
5 km depth. It is uncertain whether this evolved magma
chamber existed when Hvammsmuli and Brattaskjol
ankaramites erupted.

(Flévenz and Saemundsson, 1993), I envision
most of the crust to be below the solidus, and that
melt mushes exist only at boundaries of intru-
sions and near channels of recurring melt trans-
port (see Maclennan, 2019). Somewhere here, a
wehrlite mush was agitated and disaggregated to
an ascending magma (B). Although all crystalli-
zation pressures fall within the 1SEE uncertainty
of the Jd-in-clinopyroxene thermometry (+1.4),
clinopyroxene with Mg#<83 has the tendency
to record lower crystallization pressures. It is thus
possible that some clinopyroxene crystallized
shallower, maybe in a short-term storage of the
magma during magma ascent (C). Ifthe Eyjafjal-
lajokull volcano had a shallow magma chamber
(D) during the formation of the Hvammsmuili and
Brattaskjol ankaramites, alike it has today, these
ankaramite magmas, full of cumulus clinopyrox-
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ene and olivine, bypassed it with no interaction.

Identification of mid-crustal formation of
a clinopyroxene and olivine-rich mineral as-
semblage below Eyjafjallajokull is important,
in part because clinopyroxene and olivine co-
crystallization from SEVZ magmas have been
earlier interpreted as indicative of elevated (>8
kbar) magma differentiation pressures (Furman
et al., 1991a; Thy, 1991; Mattsson and Oskars-
son, 2005). Now, in the light of the new clino-
pyroxene crystallization pressures, it appears that
these lower crustal or upper mantle crystalliza-
tion conditions are not necessary. This discovery
is also timely, as a recent experimental work sug-
gests the co-crystallization of olivine and clino-
pyroxene from an “enriched end-member” Ice-
land magma before arrival of plagioclase at the
liquidus at only 3 kbar (Neave et al., 2019b).
Here, the enriched end-member magma refers
to a basaltic magma with high FeO, TiO,, K.O
and Na O contents, and low SiO, and CaO con-
tents, compared to depleted end-member basalt
in the two-end-member major element classifi-
cation of Shorttle and Maclennan (2011). SEVZ,
where Eyjafjallajokull is located, produce basalts
similar to the enriched end-member series (Short-
tle and Maclennan, 2011; Shorttle et al., 2014).

If considered in terms of fractional crystal-
lization, the key to stabilizing clinopyroxene be-
fore plagioclase in the fractionation assemblage
atrelatively low pressures is the Ca, Al and H,O
contents in the host magma (Neave etal., 2019b).
Addition of water decreases the liquidus tem-
perature of all minerals, but especially plagio-
clase, suppressing plagioclase crystallization in
favor of clinopyroxene and olivine (Gaetani et
al., 1993; Feig et al., 2006). Magnesian clino-
pyroxene could also become stable in intrusive
basaltic magma as it evolves while mixing with
residual liquids of crystal mushes crystallizing
in situ near cooling edges of the intrusion (Lang-
muir, 1989; Hammer et al., 2016). However, yet



there is no need to invoke such a complex model
for SEVZ magma genesis, as crystallization ex-
periments with enriched basalts show co-crystal-
lizing olivine and clinopyroxene (Neave et al.,
2019b) at 3 kbar. Future research on mush nod-
ules and crustal xenoliths, hosted in many Ice-
land lavas, should provide deeper insight into
how magmatic differentiation really takes place
in the Iceland crust.

6.3 Insights to basalt differentiation
from the Hafnarhraun
lava lobe (PAPER lll)

Magmatic differentiation aided by the exsolution
of a vapor phase has been invoked to explain dif-
ferentiated magma lenses and sheets in intrusions
(e.g., Carman and Alle, 1994; White, 2007; Za-
vala et al., 2011), and the formation of crystal-
poor Fe-Ti basalts (Sigmarsson et al., 2009) and
rhyolites (Parmigiani et al., 2016). In addition,
in crustal intrusions, it has been suggested that
water vapor can produce density differences in
a crystallizing magma body and hence accom-
modate “bubble-driven convection” (Cardoso
and Woods, 1999). The observations from the
Hafnarhraun pahoehoe lobe indicate that vapor
exsolution can indeed induce partial convection
and compositional variation in solidifying basal-
tic magma. The effect of vapor on melt circula-
tion was relatively limited, seen as ta sluggish
upward movement of segregated material from
the solidifying lava base to the upper solidifica-
tion front, whereas vapor exsolution was effi-
cient in separating residual melts from the bulk
crystallizing magma.

In the Hafnarhraun pahoehoe lobe, vapor-
induced differentiation produced two morpho-
logical types of vesicular segregation: vesicu-
lar cylinders (VC) in the lava core and hori-
zontal vesicle sheets (HVS) in the upper half
of the lava lobe. Field evidence and the chemi-
cal composition of the segregations suggest that

the VC formed as diapirs of residual melt and
vapor detached from the lower solidification
front of the lava lobe and buoyantly ascended
through the lava core. Interestingly, the compo-
sitions of VC do not match residual liquids ex-
pected to be formed via fractional crystallization
of the lobe, as they had accumulated relatively
primitive phenocrysts of olivine and microphe-
nocrysts of plagioclase during their ascent in the
lava core. HVS, in contrast, developed by two
mechanisms, which explains some of the diverg-
ing interpretations on the HV'S genesis in earlier
studies (for example, compare Hartley and Thor-
darson, 2009; Kuritani et al., 2010). Specifically,
HVS can form by accumulation of VC to the up-
per solidification front of the lobe (mechanism to
form HVS1) or when evolved interstitial melts
seep into voids in the lava crust (mechanism to
form HVS2).

Although volatile exsolution is evidently
the culprit in generating chemical heterogene-
ity within basaltic pahoehoe lavas, it is uncertain
how significant it is for magma differentiation in
crustal magmatic systems. Primitive Iceland ba-
salts are expected to be CO,-saturated but H,O-
undersaturated at mid-crustal (~2—4 kbar) pres-
sures (Lowenstern, 2001), which is their typi-
cal pre-ascent storage (Neave and Putirka, 2017;
White etal., 2019). Mainly CO, (as CO,-rich flu-
id) exsolves in response to basalt crystallization
at these pressures, and the amount of generated
volatiles remains relatively minor. Hence, shal-
low upper crustal magma storage zones, where
H,O vapor may exist, are more likely environ-
ments for volatile-aided differentiation to occur.
For example, geophysical anomalies below the
Katla volcano are suggestive of a magma cham-
ber at a depth as shallow as 2—-3 km (Gudmunds-
son et al., 1994; Sturkell et al., 2008), and Katla
typically produces eruptions of crystal-poor Fe-
Ti basalts (Oladéttir et al., 2008). At these low-
pressure conditions, and considering the H,0-en-
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riched nature of South Iceland magmas (Moune
et al., 2012), differentiation could be aided by
exsolution of vapor (Sigmarsson et al., 2009).
Furthermore, in more silicic magmas, such as
crystal-poor rhyolites, volatile-aided processes
of magmatic differentiation are likely important
(see Parmigiani et al., 2016) in part due to their
higher H,O content and expansion during vola-
tile saturation (Sisson and Bacon, 1999).

7 Conclusions and
future directions

The mantle underneath Iceland must be compo-
sitionally heterogeneous. This study, however,
did not find evidence of olivine-free domains in
the sub-Icelandic mantle. Although an anoma-
lous mantle-source signature in olivine macro-
crysts from South Iceland was identified, a clos-
er inspection revealed that these olivines likely
crystallized from deep low-degree melts of—po-
tentially somewhat enriched—garnet-peridotite
mantle, and an olivine-free mantle source is not
necessitated. Future research utilizing isotopic
and trace element compositions of South Iceland
lavas can build on these findings and better con-
strain the character of the enriched end-member
mantle source below Iceland.

Crystallization of the macrocryst cargo in
the Eyjafjallajokull ankaramites Brattaskjol and
Hvammsmuli occurred dominantly, if not fully,
in the mid-crust (3.0£1.4 kbar; 10.7+5 km). The
parental magma (or magmas) had a moderate
oxygen fugacity (AlogFMQ 0-0.5) and the crys-
tallization occurred over a temperature interval
of 1120-1230 °C. The mid-crustal crystalliza-
tion assemblage was clinopyroxene and olivine,
followed by plagioclase, which suggests that el-
evated lower-crustal pressures (>8 kbar) are not
required to produce wehrlitic cumulus assem-
blages from South Iceland magmas.
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At shallow crustal levels, exsolution of vol-
atiles produces density variation in solidifying
crystal mushes, which can aid separation of crys-
tals and residual melt. When vapor exsolution
occurred within the crystallizing Hafnarhraun
pahoehoe lava lobe, it did not only facilitate sep-
aration of residual melt from the bulk crystalliz-
ing lava but led to mixing of primitive crystals
with these residual melts. As an outcome, mag-
ma compositions not predicted by simple mod-
els of fractional crystallization were produced.
The importance of volatile-aided differentiation
in basalt genesis could be elucidated by research
on shallow-intrusive bodies aimed to constrain
the extent at which vapor exsolution accommo-
dates separation of melts from crystal mushes at
various crustal settings.
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Abstract

We present new high-precision major and trace element data on olivine macrocrysts from various volcano-tectonic settings
in Iceland and use these data as a proxy for mantle mode and melting conditions. Within individual sampling sites examined
(seven lavas and one tephra) olivine-dominated fractional crystallization, magma mixing and diffusive re-equilibration control
observed variability in olivine composition. High-pressure fractional crystallization of clinopyroxene may have lowered Ca
and increased Fe/Mn in one olivine population and subsolidus diffusion of Ni and Fe-Mg affected the mantle-derived Ni/Fo
ratio in some compositionally zoned olivine macrocrysts. Interestingly, magmas erupted at the southern tip of the Eastern
Volcanic Zone (SEVZ), South Iceland, have olivines with elevated Ni and low Mn and Ca contents compared to olivines
from elsewhere in Iceland, and some of the SEVZ olivines have relatively low Sc and V and high Cr, Ti, Zn, Cu and Li in
comparison to depleted Iceland rift tholeiite. In these olivines, the high Ni and low Mn indicate relatively deep melting
(Pgipa> 1.4 GPa,~45 km), Sc, Ti and V are compatible with low-degree melts of lherzolite mantle, and elevated Zn may
suggest modal (low-olivine) or geochemical (high Zn) enrichment in the source. The SEVZ olivine macrocrysts probably
crystallized from magmas derived from olivine-bearing but relatively deep, enriched and fertile parts of the sub-Icelandic
mantle, and indicate swift ascent of magma through the SEVZ lithosphere.

Keywords Olivine - Trace elements - Mantle heterogeneity - Mantle melting - Iceland

Introduction
Icelandic mantle

Although many of the details remain obscure, Earth’s man-
tle is evidently heterogeneous in mineralogy and chemical
composition (Allegre and Turcotte 1986). A major source of
this heterogeneity is subducted oceanic crust that contributes
to the mantle source of oceanic island basalts (Hofmann
and White 1982; Hauri 1996; Chauvel et al. 2008). In Ice-
land, there is abundant isotopic evidence for recycled oce-
anic crustal material in the upper mantle (Fitton et al. 1997;
Chauvel and Hémond 2000; Kokfelt et al. 2006; Peate et al.
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2010). Anyhow, isotope systematics do not yield straight-
forward information about mantle lithology, and it is yet
unclear whether the recycled oceanic crust resides in the
mantle as a discrete rock type, i.e. pyroxenite or eclogite, or
if it has been completely mixed with the dominant mantle
peridotite (Green and Ringwood 1963).

Insights into the modal composition of the mantle
can be acquired by studying the major and trace element

@ Springer
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composition of magmas that represent partial melts of
the mantle. This is, however, prone to uncertainty, as the
nature of mantle melts is dependent on not only the modal
composition of the mantle but also melting temperature
(T), pressure (P) and the degree of melting (F). In addi-
tion, mantle-derived magmas are usually modified in the
crust by low-P fractional crystallization, magma mixing
and crustal contamination, which may obscure the traits
they inherited from the source. Nevertheless, with care-
ful treatment of the data, the quantity of possible end-
member mantle source rock-types can be estimated, and
the inferred mantle components can be further assessed
by comparing their assumed melt productivity to crus-
tal thickness (Shorttle and Maclennan 2011; Brown and
Lesher 2014; Shorttle et al. 2014; Lambart 2017). Using
this approach, it has been established that melting of
depleted lherzolite alone is unlikely to produce the com-
positional variability (especially the high Fe and low Ca)
in Icelandic lavas (Shorttle and Maclennan 2011). A minor
(4-15%) olivine-free pyroxenite or mixed pyroxenite—peri-
dotite hybrid seem to be required in the mantle source
(Shorttle et al. 2014).

Besides utilizing the major and trace element composi-
tion of magmas, the nature of the mantle source can be
probed by analyzing forsteritic olivine macrocrysts. The
composition of forsteritic olivine reflects the composition
of its near-primary parental magma, and hence the mode
(Sobolev et al. 2005) and/or melting conditions (Li and
Ripley 2010; Matzen et al. 2013, 2017a, b) in the mantle
source. In Iceland, olivine compositions have been found
to be rather consistent with shallow melting of lherzolite
(Herzberg et al. 2016), although some lavas have olivines
with higher Ni than expected by models of fractional crys-
tallization of peridotite-derived melts (Shorttle and Maclen-
nan 2011; Herzberg et al. 2016; Neave et al. 2018). These
Ni-rich olivines have been suggested to indicate melting of
enriched, olivine-free or olivine-poor, mantle below Iceland
(Sobolev et al. 2007, 2008; Shorttle and Maclennan 2011),
or explained by mixing of variably differentiated lherzolite-
derived melts in the crust (Herzberg et al. 2016).

We present new olivine trace element data from various
volcano-tectonic settings in Iceland, gathered using high
probe current microprobe and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) meth-
ods. The primary finding are the relatively Ni-enriched and
Mn- and Ca-poor olivine macrocrysts from Eyjafjallajokull
and Vestmannaeyjar volcanic systems, exceptional in the
context of pre-existing data (Sobolev et al. 2007; Shorttle
and Maclennan 2011; Neave et al. 2018). Some of these
olivine crystals are also enriched in Ti, Zn, Cu, Li, Cr and
depleted in Sc and V compared to olivines from rift zone
tholeiite (Haleyjabunga). We propose that the parental
magma of these olivine macrocrysts equilibrated at high

@ Springer

temperatures and pressures with a fertile olivine-bearing
mantle source.

Olivine as indicator of mantle mode and melting
conditions

In mantle lherzolite, abundant residual olivine limits the Ni
content of partial melts by effectively sequestering Ni. In
contrast, low-degree partial melts of olivine-free pyroxen-
ite are, in most cases, rich in Ni, and poor in Mn and Ca
as garnet and clinopyroxene in the residuum preferentially
sequester Mn and Ca, but not Ni. Ni, Mn and Ca are stored
in early-formed Fo-rich olivine in proportion to their con-
tent in primitive melts, even if the melt is later modified
by fractional crystallization and magma mixing. Because
of this, trace elements in olivine should record the lithology
of the mantle source. Sobolev et al. (2005) were the first to
use high-Ni, low-Mn and low-Ca in olivine as an indicator
of olivine-free pyroxenite in the mantle. Since this work,
olivine composition has been used to estimate the man-
tle lithology for a wide range of volcanic provinces (e.g.
Sobolev et al. 2007, 2008; Herzberg 2011; Herzberg et al.
2014; Trela et al. 2015).

Using olivine as a mantle proxy is complicated by vari-
ation in 7, P, and oxygen fugacity (fO,) that affects ele-
ment partitioning in mantle melting and subsequent oli-
vine crystallization. Recent experimental work suggests
that Ni and Mn distribution coefficients between olivine
and melt (D;li/ tia. DK,II{l ) are, directly or indirectly, depend-
ent on temperature of mantle melting (Li and Ripley 2010;
Putirka et al. 2011; Matzen et al. 2013, 2017a, b). D;]i/"q
is relatively low for high-temperature peridotite melting
at high pressures, which results in partial melts relatively
enriched in Ni. Consequently, when a deep mantle-derived
magma rises to a lower temperature and pressure envi-
ronment, D()Nli/llq is higher, resulting in crystallization of
Ni-rich olivine (Matzen et al. 2013, 2017a). D%hq cor-
relates positively with MgO in the melt, and MgO-rich
melts of peridotite are generated at higher temperature;
therefore, high-temperature mantle melts have lower MnO
and they crystallize low-Mn olivine macrocrysts (Matzen
et al. 2017b). This, and the global correlation between lith-
ospheric thickness and olivine compositions, has sparked
a debate on whether the variation in Ni and Mn in olivines
reflect the depth of mantle melting or variation in mantle
mode (Niu et al. 2011; Heinonen and Fusswinkel 2017;
Putirka et al. 2018). Mn partitioning between partial melts
and mantle residue may also be susceptible to water con-
tent in the mantle (Balta et al. 2011), and the extent of
parental melt polymerization (NBO/T) has been proposed
to affect Ni partitioning during olivine crystallization
(Wang and Gaetani 2008). Also, the slower diffusion of
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Ni compared to Mg and Fe in olivine lattice during crustal
storage can affect element ratios in zoned olivine (Lynn
et al. 2017).

Because complexly influenced by parameters of melting
and crystallization, olivine compositions need not to be
directly related to the volume of a certain rock type in the
mantle, e.g. olivine-free pyroxenite. Nevertheless, olivine
macrocrysts are useful, as their composition echoes the
evolutionary history of an individual melt, i.e. they record
fractional crystallization and magma mixing, and the most
primitive olivines in a system mirror the composition of
the original mantle-derived melt in a way glass or whole-
rock composition of magmas nearly never do. Olivine
composition is a high-detail mantle proxy, valuable when
treated in view of other mantle source indicators, such as
major, trace element and isotopic composition of magmas.

Sampling and geological background
Sample locations

We analyzed olivines from eight locations, which repre-
sent varying volcano-tectonic environments in Iceland.
These include Haleyjabunga and Mosfellsheidi lavas in
southwestern Iceland; Kistufell hyaloclastite in the central
highlands; Berserkjahraun lava of the Snafellsnes Volcanic
Zone (SVZ); and Stérhofdi, Hvammsmuili, Brattaskjol lavas
and Eyjafjallajokull 2010 summit tephra from the southern

tip of the Eastern Volcanic Zone (SEVZ, Table 1, Fig. 1).
The majority of olivine trace element data gathered earlier
from Iceland are from the neovolcanic lavas of SVZ and the
Northern Rift Zone (Sobolev et al. 2007, 2008). To gain new
insights, we focused our sampling efforts on SEVZ (Fig. 1),
where high-precision olivine analyzes had not been done
earlier. Olivine major and trace element compositions from
Haleyjabunga and Kistufell have been presented by Sobolev
et al. (2007), and Haleyjabunga has also been revisited by
Shorttle and Maclennan (2011) and Neave et al. (2018).
Haleyjabunga and Kistufell are the end-members in terms of
Ni and Mn content in the earlier Sobolev et al. (2007) high-
precision data set from Iceland, and we re-analyzed them
for assessment of data quality (cf. Supplementary Material).

Olivines from rift-zone tholeiites

The sampling locations Héleyjabunga, Mosfellsheidi and
Kistufell represent the central parts of the mid-oceanic
rift that lies across Iceland (Fig. 1); here the amount of
decompression melting is generally the largest (Semunds-
son 1979). Haleyjabunga is a 13 ka (Semundsson 1995)
lava shield situated near the tip of the Reykjanes Peninsula,
known for its depleted isotopic and trace element character
(Thirlwall et al. 2004). Our Haleyjabunga sample has the
most magnesian olivines in our sample suite with forsterite
(Fo) content up to 91 (Fo= 100 x atomic Mg/(Mg + Fe?*).
Mosfellsheidi is a younger than 700 ka (S@mundsson et al.
2010) olivine-tholeiite lava flow field from the outskirts of

Table 1 The sample locations in this study with a collection of available geochemical data (Jakobsson 1979; Wiese 1992; J6hannesson 1994;
Breddam et al. 2000; Thirlwall et al. 2004, 2006; Peate et al. 2009, 2010; Semundsson et al. 2010; Sigmarsson et al. 2011)

Rift-zones SvVzZ SEVZ
Haleyjabunga Mosfellsheidi Kistufell Berserkjahraun Hvammsmili Brattaskjol Eyjafjallajokull 2010  Stérhofoi
Rock type® Olivine tholeiite  Olivine tholeiite  Olivine tholeiite  Alkali basalt Transitional basalt ~ Transitional basalt Benmoreite/basalt” Alkali basalt
Volcanic zone ~ WVZ wWvZ NVZ SVZ EVZ EVZ EVZ EVZ
Volcanic system  Reykjanes Hengill Bardarbunga Ljosufjoll Eyjafjallajokull Eyjafjallajokull Eyjafjallajokull Vestmannaeyjar
Fo 89.3-91.0 71.8-86.0 85.7-88.7 83.2-90.1 83.0-89.8 80.7-89.2 78.7-86.9 85.07-89.03
3He/*He 10.29-11.49 - 15.33-16.79 8.54 17.13 - - 13.11-14.51
206pp,204pp, 18.297 - 18.343-18.361  19.1335 19.2155 - - 19.0467
207pp/204pp 15.48 - 15.420-15.427 155388 15.5566 - - 15.5419
208pp,204pp 38.061 - 37.935-37.964  38.7567 38.8690 - - 38.6541
87Sr/88Sr 0.703039 - 0.703036— 0.703400 0.703335 - 0.703241-0.703259  0.703138—
0.703079 0.703196
13Nd/*Nd 0.51313 - 0.513058— 0.512934 0.512987 - 0.512985-0.513004  0.513015—
0.513099 0.513019
580 1yine 4.68-5.03 - 4.43-4.74 5.00 474 - 5.43-5.96 5.01
ToHE/ TTHE - - - 0.283113 0.283093 - - 0.283103—
0.283152
Age 10-13 ka <730 ka <730 ka 4000 a 587+31 ka <730 ka 2010 AD ~5000-6000 ka

See Supplementary Material for data sources affiliated to respective cells

“Rock types according to Jakobsson et al. (2008). All samples are in fact subalkaline in composition

YEyjafjallajkull 2010 summit eruption tephra is a mixture of benmoreite and basalt
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Fig. 1 Map of Iceland with sample locations: Be Berserkjahraun, Ha
Haleyjabunga, Mo Mosfellsheidi, Ki Kistufell, Hv Hvammsmiili, Ey
Eyjafjallajokull 2010, Br Brattaskjol, and St Stérh6fdi. Approximate
location of the plate boundary and the locus of the Iceland mantle
plume (Wolfe et al. 1997) are marked with grey and black stippled
lines, respectively. The major off-rift volcanic zones, Snzfellsnes
Volcanic Zone (SVZ) and the southern tip of Eastern Volcanic Zone
(SEVZ), are marked in yellow

Reykjavik with Fo; g_g4 ¢ Olivines. Kistufell is a monoge-
netic table mountain located at the NW margin of the Vat-
najokull ice cap (Breddam 2002), close to the inferred center
of the Iceland plume at the rift axis (Wolfe et al. 1997).
The Kistufell magma has been interpreted as plume-derived
near-primary melt, and it has up to Fogg ; olivines (Breddam
2002). The exact age of Kistufell is unknown, but is probably
close to the end of the last glacial period (Breddam 2002).

Olivines from off-rift volcanic zones

The sampled lavas and tephra from SVZ and SEVZ (Ber-
serkjahraun, Hvammsmuili, Brattaskjol and St6rhofoi lavas,
and Eyjafjallajokull 2010 tephra) were erupted from off-rift
volcanic systems situated in areas of minimal crustal exten-
sion (Fig. 1). Off-rift volcanoes are peripheral to the main
rift zone and they produce alkaline or mildly alkaline lavas
enriched in incompatible elements compared to rift tholeiites
(Jakobsson 1972; Hemond et al. 1993). This indicates rela-
tively small degree of mantle melting (Seemundsson 1979),
while isotopic composition (especially high 2°°Pb/2**Pb)
suggests a more enriched mantle source (Kokfelt et al. 2006;
Peate et al. 2010). This covariation of small degree mantle
melting and enriched isotopic composition is commonly
explained by a model where smaller degree melting allows
preferential tapping of enriched and fusible veins set in a
more refractory mantle (Chauvel and Hémond 2000; Fitton
et al. 2003; Kokfelt et al. 2006).
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The tectonic setting of the two major off-rift volcanic
zones, SVZ and SEVZ (Fig. 1), is different. SVZ has been
interpreted as a zone of weakness that is the remnant of the
Sneefellsnes-Skagi paleo-rift (Hardarson et al. 1997), active
from 15-20 to 10-12 Ma (Martin et al. 2011). In contrast,
magmatism in South Iceland is related to the southward
propagation of the Eastern Volcanic Zone (EVZ), which is
the youngest (activated >3 Ma, Martin et al. 2011) volcani-
cally active zone in Iceland, and the most profuse magma
producer in historical times (Thordarson and Larsen 2007).
In this area, including the Eyjafjallajokull and Vestmannaey-
jar volcanic systems, active extension is minimal. Of SEVZ
and SVZ lavas, the latter have higher La/Yby (2-12 vs 2-7),
indicating smaller degrees of melting, as well as lower ey,
and lower *He/*He (Peate et al. 2010).

Three locations from SVZ were analyzed for olivine trace
elements compositions by Sobolev et al. (2007): Enni, Sydri-
Raudamelur and Ydri-Raudamelur. Due to these SVZ oli-
vine data already existing, we sampled only one SVZ lava,
Berserkjahraun (Fig. 1, Table 1). Berserkjahraun is one of
the most primitive of SVZ lavas (Peate et al. 2010), erupted
within the Lj6sufjoll volcanic system, and inferred to be
younger than 4000 a in age (J6hannesson 1994). Our sample
of Berserkjahraun lava has Fogs , g4 Olivines.

Our SEVZ sample set includes olivine macrocrysts from
three samples from Eyjafjallajokull volcanic system and
one sample from Vestmannaeyjar volcanic system (Fig. 1,
Table 1). Brattaskjol and Hvammsmuli samples are from
macrocryst-rich transitional basalts (often referred to
as ankaramites) from the southern slope of the volcano.
Hvammsmiili is 600 ka in age (Wiese 1992), a 45 m thick
outcrop that has been interpreted as a remnant of a lava
lake (Loughlin 1995), whereas Brattaskjél is a less stud-
ied macrocryst-rich basalt 4 km east of Hvammsmili. Our
Hvammsmuili and Brattaskjol samples have up to Fogg ¢ and
Fogy , olivines, respectively.

Our “Eyjafjallajokull 2010” sample comprises forsteritic
olivines from tephra of the Eyjafjallajokull 2010 eruption.
This eruption was a mixed eruption of benmoreite and
basalt, which carried olivine with diverse compositions
(Fo74_g7). The 2010 summit eruption followed an effusive
flank eruption on the Fimmvorduhéls pass, and it was the
intrusion of Fimmvorduhals parental magma into a silicic
magma chamber that ignited the summit eruption (Sigmars-
son et al. 2011). The olivine crystals of Fimmvorduhals have
been extensively studied (Sigmarsson et al. 2011; Viccaro
et al. 2016; Pankhurst et al. 2018), and due to the co-genetic
nature of Fimmvorduhdls basalt and Eyjafjallajokull 2010
tephra, they likely carry similar olivine macrocrysts.

Our olivine samples from Vestmannaeyjar were col-
lected from the Storhofdi lava flow field at the southern tip
of Heimaey Island. According to Jakobsson (1968, 1979),
Storhofoi lava erupted during the Holocene and is slightly
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older than 5470 + 160 years in age (Mattsson and Hoskulds-
son 2003). It is the most primitive lava flow field on Hei-
maey, compositionally similar to the Surtsey 1963—-1967
eruption (Mattsson and Oskarsson 2005), and it has up to
Fogg olivines. The St6rhéfdi sample examined in this study
is from a tube-fed lava flow related to a late phase of the
eruption (Mattsson and Oskarsson 2005).

Methods
Electron probe microanalysis

The microprobe analyses of major and trace element com-
positions of olivine crystals were conducted at the Institute
of Earth Sciences, University of Iceland using the JEOL
JXA-8230 electron microprobe. Olivine macrocrysts were
hand-picked from crushed and sieved (@ =0.1-4.0 mm) rock
samples and mounted in 1-inch epoxy molds or glass slides,
except for the Mosfellsheidi sample, for which olivines were
analyzed directly from 1-inch glass slides made of polished
rock. Polished sample surfaces were cleaned with ethanol
and carbon coated before the electron probe and laser abla-
tion analyses. For the high-precision trace element analyses
of olivine cores, we utilized a modified version of the high-
probe current protocol by Batanova et al. (2015) with an
acceleration voltage of 20 kV and 500 nA beam current.
These analyses were focused on forsteritic olivines using low
brightness of BSE images as an indicator of high Mg con-
tent, and the analyses targeted the geometric, composition-
ally homogenous, center of the olivine crystals. The resulting
instrumental precisions for Ni and Mn are 0.52% and 0.48%
relative standard deviations, respectively. When measuring
traverses across olivine zonation, we used shorter analysis
time, 15 kV accelerating voltage and 20 nA probe current.
This setup delivers precise Fo measurements (~0.5% stand-
ard error) but relatively low precision on trace elements, e.g.
an average 6.5% standard error for Ni. Detailed information
of analytical conditions and standards are given in Supple-
mentary Material.

LA-ICP-MS analysis

LA-ICP-MS analyses were carried out at the Department of
Geosciences and Geography, University of Helsinki using a
Coherent GeoLas Pro MV 193 nm laser ablation system con-
nected to an Agilent 7900 s quadrupole ICP-MS equipped
with high-sensitivity ion lens configuration and Pt interface
cones. The following isotopes were included in the measure-
ment program: Li, *Na, 24Mg, 25Mg, 2TAl 29Si, 3Ca, 3'P,
$3Ca, #Ca, ¥5Sc, “Ti, 5'V, 22Cr. 3Mn, Fe, S'Fe, ¥Co, ®Ni,
62N, 3Cu, %°Zn, 3Rb, #3Sr, '3"Ba. The olivine macrocrysts
were ablated up to three times at the center of the crystals

with a spot size of 44 pm and laser energy densities of 7 J/
cm?. Sample measurements were bracketed by analyses of
reference materials NIST SRM 610 (Spandler et al. 2011)
and GSE 1G (Jochum et al. 2005) at fluences of 10 J/cm?.
External standardization using GSE 1G synthetic basalt
glass yielded better reproduction of EPMA compositional
data than NIST SRM 610, and therefore, all data reported
here were externally standardized against GSE 1G. Data
reduction was carried out using the SILLS software pack-
age (Guillong et al. 2008). To avoid problems arising from
Fe—Mg zoning in some olivine grains and the different sam-
pling spot sizes of LA-ICP-MS and EPMA, internal stand-
ardization was done using Si concentrations as determined
by EPMA. Further information on the analytical procedure
and complete summary of instrumental parameters is given
in the Supplementary Material.

Results
Compositional zonation in olivine

Olivine crystals in the analyzed samples vary in size
(0.3-3.4 mm in diameter) and compositional zoning
(Fig. 2). The largest crystals analyzed are from Hvammsmuli
(0.5-3.4 mm), followed by Mosfellsheidi (0.5-2.5 mm),
Brattaskjol (0.5-2.4 mm), Kistufell (0.3-2.3 mm), Haley-
jabunga (0.5-2.2 mm), Berserkjahraun (0.6-2.2 mm),
Eyjafjallajokull 2010 (0.5-2.0 mm), and St6rhofdi
(0.4-1.3 mm). Mg-Fe compositional zoning rims are very
thin (<20 pm), or absent, in olivines from Héleyjabunga
(Fig. 2a) and Kistufell. Fo, 4 olivine crystals from Brat-
taskjoél have thin (up to 120 pm) normally zoned rims (i.e.
Fe increases towards the edge; Fig. 2b), whereas reverse
zoning (i.e. Mg increases towards the edge) is present in
Fo_g¢ olivines. Mg—Fe zoned rims in analyzed olivines
from the Eyjafjallajokull 2010 sample are dominantly less
than 100 um in thickness and normally zoned. Moderately
thick, 100-200 pm normally zoned rims characterizes the
Stérhofdi and Berserkjahraun olivines. Mosfellsheidi and
Hvammsmuili olivine macrocrysts have the broadest Mg—Fe
zoned rims, up to 220 pm and 700 pm (Fig. 2¢) in thickness,
respectively.

We analyzed the zoning patterns along rim-to-core
traverses in olivines from Hvammsmauli, Brattaskjél and
Mosfellsheidi. Nearly all of the analyses of Hvammsmiili
(19/19), Brattaskjol (10/12) and Mosfellsheidi (3/3) revealed
decoupling of Fo and Ni in the Mg-Fe zoned parts of the
crystals (Fig. 3), a phenomenon earlier reported by Lynn
et al. (2017) from Hawaiian olivines. In Hvammsmuli
olivine ‘Pos—la_0l11’, the Ni content becomes constant
190 pm from the crystal edge, whereas Mg—Fe zonation
extends 520 pm from the crystal edge to core (Fig. 3).
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HBMK1-3A_Ol14
F090.2

2461 ppm Ni
1207 ppm Mn

Fig.2 Three olivine macrocrysts mounted in epoxy resin and selected
to display difference in breadth of Mg-Fe compositional zoning
between sampling locations a Haleyjabunga olivine (no.14) with thin-
ner than 20 pm Mg-Fe zoning. b Brattaskj6l olivine (no. 3) with a

The broadest Mg—Fe zoning analyzed from Hvammsmdli
olivines is 700 pm thick from rim to core (olivine Pos-
1b_Ol15, Fig. 2c), while Ni zoning only extends ~500 pm
from the rim (Fig. 2¢). Zoning patterns in normally zoned
Mosfellsheidi and Brattaskjol olivines are variable and thin-
ner. Ni zonation extends 30-180 pm and 20-100 pm from
the crystal edge towards the crystal cores for Mosfellsheidi
and Brattaskjol olivines, respectively, while the width of
the Mg—Fe zoned rims varies in the range 120-220 pm in
Mosfellsheidi and 50-100 pm in Brattaskjol.

Major and trace elements in olivine

Major and trace element composition in the olivine macro-
crysts examined is illustrated in Figs. 4 and 5, and the full
dataset is included in the Supplementary Material. Olivine
data from Kistufell and Haleyjabunga are found consistent
with earlier analyses acquired by Sobolev et al. (2007) and
Neave et al. (2018) (see Supplementary Material). The low-
est Ni and highest Mn relative to Fo content were measured
in olivines from Haleyjabunga and Berserkjahraun. Olivines
from these two sampling locations define continuous linear
trends on Mn vs. Fo and Ni vs. Fo plots (Fig. 4) and, at Foy,
both have ~2500 ppm Ni and ~ 1200 ppm Mn. Kistufell
and Mosfellsheidi olivine macrocrysts have higher Ni and
lower Mn, and define a single trend in the Mn-Fo space
(Fig. 4a). Kistufell has primitive Fogg ;5 olivines, whereas
Mosfellsheidi olivines are relatively evolved (Fo_gg).
Compared to olivines from the rift-zones and SVZ, the
SEVZ olivine macrocrysts have higher Ni and lower Mn
contents at a given Fo content (Fig. 4). Values of Fo, Ni,
Mn and Ca are similar in olivines from Hvammsmiili and
Brattaskjol, although Hvammsmuli olivine are somewhat
more forsteritic and have the highest Ni and lowest Mn
(3536 ppm Ni and 1086 ppm Mn as compared to 3105 ppm
Ni and 1189 ppm Mn in Brattaskjoél). These two localities
are combined for clarity as “Eyjafjallajokull lavas” in Fig. 4
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BR02a_0I3
Fo 88.6

2463 ppm Ni
1295 ppm Mn

Pos-1b_OI15
Fo0 89.7

3064 ppm Ni
1121 ppm Mn

0.5 mm
Le——

90 pm thick Mg—Fe zoned rim. The three dots at the center are laser
ablation pits. ¢ Hvammsmuili olivine (no. 15) with a thick, 700 pm
broad, Mg-Fe zoned rim
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Fig.3 Traverse across the zoning of Hvammsmiili olivine macrocryst
(Pos-1a_Ol1). Location of the traverse shown on the upper false color
olivine image, where yellow—green shades represent Fo. g, olivine,
and red—purple shades more ferrous (Fo_g,) compositions. In the
lower graph, Fo and Ni variation at the edge segment (a through b)
is shown. Near crystal edges, depressed Fo content (“Mg-Fe diffu-
sion zone”) extends farther towards the crystal core than lowered Ni
(“Ni diffusion zone”). Average 2¢ analytical error for Ni analyses is
shown, while the propagated standard error in Fo content is approxi-
mately the size of the symbol
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Fig.4 a Mn and b Ni contents as a function of Fo content in olivine. Analytical error is equal or smaller than the symbol size

(compare to Fig. 8). In these lavas, there is a large trace
element variability in the high-Fo primitive olivines com-
pared to the more evolved. Fogg 5 ¢4 5 0livines have 1o vari-
ations of +242 ppm for Ni, + 50 ppm for Mn and +272 ppm
for Ca in comparison to, e.g., Fogs (g, Olivines with 1o
of +89 ppm for Ni, +33 ppm for Mn and + 93 ppm for Ca.
Olivines with the lowest Ni and highest Mn in the Fogg 5 g 5
population resemble Kistufell olivines (2350 ppm Ni and
1340 ppm Mn in Kistufell; Fig. 4), whereas the high-Ni
olivines have 3360 ppm Ni and 1130 ppm Mn in average.
Similarly, primitive olivines from Stérh6fdi exhibit rela-
tively large variability in trace element contents, and Eyjaf-
jallajokull lavas and Stérhofdi form a unified linear array in
the Mn vs. Fo diagram (Fig. 4). Olivine macrocrysts from
the Eyjafjallajokull 2010 summit eruption have distinctively
low Mn (Fig. 4a) and high Ni (Fig. 4b) in relation to the Fo
content. The highest Ni is 3455 ppm in Fogs olivine, whereas
the more primitive olivines nearing Fog; have more modest
2800-2920 ppm Ni. In addition, Ca contents in the Eyjafjal-
lajokull 2010 olivines are low (1523 ppm on average).
Selected olivine macrocrysts from Hvammsmadli, Brat-
taskjol, Kistufell and Haleyjabunga were also analyzed with
LA-ICP-MS for concentrations of Li, Na, Al, P, Ca, Sc,
Ti, V, Cr, Mn, Co, Ni, Cu and Zn. At a given Fo, SEVZ
olivines (Hvammsmuili and Brattaskj6l) have lower Sc, and
higher Li, Ti, Cr, Cu, and Zn, than Héleyjabunga (Fig. 5).
The separate trends of SEVZ and Héleyjabunga olivines are
outside of the analytical uncertainty; however, the composi-
tions of Kistufell olivine macrocrysts overlaps the complete
compositional variability detected in many trace elements
(Sc, Ti, V and Al; Fig. 5). There is no significant difference
in Co content, at a given Fo, between the locations. Brat-
taskjol olivine macrocrysts stand out with elevated Cr and

Na in relation to the other samples. Our analyses of Haley-
jabunga olivines are in agreement with earlier measurements
by Neave et al. (2018), although our analyses have margin-
ally higher Co contents. In turn, our SEVZ olivines resemble
Neave et al. (2018) Stapafell olivines, with the exception that
SEVZ olivines have higher Ti, Zn and Cu contents (Fig. 5).

Discussion
Ni, Mn and Ca in Iceland olivine macrocryst record

The major and trace element composition of Héleyjabunga
and Berserkjahraun olivine macrocrysts resembles MORB
olivines with low Ni and high Mn contents, and are compat-
ible with the Herzberg (2011) model of olivine crystalliz-
ing from peridotite-derived melts and their derivate melts
along Liquid Line of Descent (LLD, Fig. 6) at low pressure.
Kistufell and Mosfellsheidi olivines, although richer in Ni
and lower in Mn, are also consistent with peridotite melt-
ing, as long as melt mixing is allowed (red mixing lines
in Fig. 6b). Mixing of primary and fractionated magmas
can slightly elevate Ni in olivine relative to its Fo content
(Herzberg et al. 2016). Ni contents in Mosfellsheidi olivines
do not change over a range of Fo content (Fig. 6a), which
may indicate cotectic crystallization of Ol+Plg+ Cpx. Ca
content in Haleyjabunga, Berserkjahraun, Kistufell and Mos-
fellsheidi olivine is compatible to Herzberg (2011) model
of olivine crystallization from a peridotite source, except
for a few Berserkjahraun olivines (Fig. 6¢). In essence, the
SVZ and rift-zone olivines in our dataset conform with lher-
zolite-sourced partial melts and the previous olivine data
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«Fig.5 a-j Sc, Ti V, Zn, Li, Na, Al, Cr, Co and Cu contents of Haley-
jabunga, Stapafell, Kistufell, Hvammsmuli and Brattaskjol olivines.
Compositions of model olivines crystallizing from accumulated near-
fractional melts of KLB-1 mantle lherzolite (Hirose and Kushiro
1993) are indicated by the black line (cf. Sect. 5.5 for model details).
Stippled field outlines the model olivine compositions in equilibrium
with F5-40% melts of modally enriched KG2 peridotite (Kogiso et al.
1998). Labels in black and blue correspond to the degree of partial
melting in percent (F%) and melt derivation pressures in GPa, respec-
tively. Grey arrow marks the compositional vector produced by frac-
tional crystallization of olivine; however, assumption of olivine-only
crystallization has been shown true only for Haleyjabunga (Neave
et al. 2018). Average instrumental 2¢ errors are indicated by grey
bars for the trace elements, whereas errors in Fo are smaller than
the symbols used. Olivine Fo content is taken from EPMA analyses,
whereas all trace element data is from LA-ICP-MS analyses. Haley-
jabunga and Stapafell olivine compositions from Neave et al. (2018)
are included for comparison

(Shorttle and Maclennan 2011; Herzberg et al. 2016; Neave
et al. 2018).

Some olivines from Eyjafjallajokull and Vestmannaey-
jar volcanic systems at SEVZ, however, have higher Ni
contents and Fe/Mn ratios than previously published from
Iceland (Fig. 6a, b). High Fe/Mn and Ni correlate in the
high-Fo SEVZ olivine macrocrysts, and some of the high-
Ni and high-Fe/Mn olivines, especially from the Eyjafjal-
lajokull 2010 tephra, have low Ca (Fig. 6¢). Many of the
SEVZ olivines are outside the compositional range expected
to crystallize from peridotite-derived melts as defined by
Herzberg (2011) and may imply melting of an olivine-free
mantle source (Sobolev et al. 2005) or relatively deep man-
tle melting combined with shallow olivine crystallization
(Matzen et al. 2013, 2017a, b).

Trace elements concentrations in olivine couple strongly
with Fo content. Thus, meaningful comparison of olivine
compositions from different localities is achieved by nor-
malizing the trace element contents by FeO or MgO, and
by limiting the comparison to high-Fo olivines. In Fig. 7,
we compare high-precision Fo, g¢ olivine compositional data
from SEVZ and other localities in Iceland (Sobolev et al.
2007, and this study) by utilizing Kernel density estimation
(Green et al. 1988) of the probability density distribution of
olivine compositions. Although SEVZ olivine compositions
overlap with olivine from elsewhere in Iceland (Rift-zones
and SVZ), Fig. 7 exhibits clearly how SEVZ has higher Ni
and lower Mn in relation to olivine Fo. The Iceland rift-zone
and SVZ olivine Ni data is somewhat bimodal, with two
Ni(Mg/Fe)/100 probability density peaks at ~0.6 and ~0.7.
This is not an artefact of combining our and Sobolev et al.
(2007) datasets, but the result of elevated Ni in some Ice-
landic olivine. Herzberg et al. (2016) explained the elevated
Ni in some Iceland olivine by mixing of near-primary and
evolved melts derived from the same initially low-Ni, high-
Mn peridotite sourced partial melt (see fig. 7 in Herzberg
et al. 2016). The bimodality in SEVZ data (Fig. 7b) is solely

produced by the Eyjafjallajokull 2010 olivines that have high
Fe/Mn.

Indications of melt mixing

The SEVZ high-Fo olivines exhibit large variability in Ni,
Mn and Ca contents, which decreases with decreasing Fo
(Fig. 6). This is most evident in Brattaskjol and Hvamms-
muli olivines, with Fo_gg , grains conforming to a crystal
line of descent at low pressure and Fogg 5 ¢4 5 olivines exhib-
iting high variability in trace element contents (Fig. 8). In
this high-Fo olivine population, there is an inverse correla-
tion in Ni and Mn (R*>=0.498), and Ni and Ca (R>=0.486).
We interpret this compositional characteristic by mixing of
near-primary mantle melts with initially varying Ni, Mn,
and Ca.

The Hvammsmiili and Brattaskjél Fo, g , olivines may
initially have had variable Fo contents, which may have been
later suppressed by diffusive re-equilibration with a carrier
melt during crustal storage (Costa and Morgan 2010). Dur-
ing this process, variation in some trace elements (e.g. Ca)
could have been retained due to their slower diffusion com-
pared to Mg—Fe (e.g. Dohmen et al. 2007). Therefore, in
theory, the high variability in trace element compositions in
similar Fo olivines in Hvammsmuli and Brattaskjol could be
a consequence of this incomplete re-equilibration process.
This model is, however, hampered by the similar diffusion
rates of Mn and Mg—Fe (Dohmen et al. 2007). Mn concen-
trations should have been similarly suppressed during dif-
fusive re-equilibration as Fo contents, and we do not see this
in the data (Fig. 8). In addition, the detected variation in Ca
in olivines is so large (~ 1100 ppm, Figs. 6 and 8b), that pro-
ducing it by olivine fractionation is improbable. Due to this
reasoning, we favor mixing of two melts with significantly
different Ca, Mn and Ni contents as the explanation for the
high variability in the SEVZ olivine trace element contents.
For Brattaskjol and Hvammsmuli, the higher Fo mixing end
member has high Ni and relatively low Mn and Ca, whereas
the more evolved member has lower Ni and higher Mn and
Ca (Fig. 8).

High compositional variability is typical for high-
Fo olivine-hosted melt inclusions of Icelandic magmas
(Maclennan 2008a, b; Neave et al. 2013). This variabil-
ity in the melt inclusion record (e.g. highly varying La/
Yb) decreases as olivines become more evolved (ferrous),
and the average composition of the olivine-hosted melt
inclusions approaches the composition of the host magma.
Maclennan (2008a) concluded that this phenomenon is
consequential to mixing and homogenization of diverse
mantle melts in the mid—lower crust. The major and trace
element trends in Brattaskjol and Hvammsmauli olivine
populations may indicate the same phenomenon: mixing
of mantle melts derived from different depths and different
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Fig.6 Fe/Mn, Ni and Ca variation against Fo content of olivine crystals.
Model olivine compositions adopted from Herzberg (2011) and Herzberg
et al. (2016). “Eyjafjallajokull lavas” refer to the adjacent Hvammsmili and
Brattaskj6l sampling locations. Higher Fe/Mn, Ni, and larger compositional
variability at a given Fo content are evident for SEVZ magmas. a Olivine
compositions in equilibrium with partial melts of peridotite source with 0.13%
MnO marked with a gray field. Lined area defines the range of previous Ice-
land olivine data from Sobolev et al. (2007) and Neave et al. (2018). Olivine
dominated fractional crystallization or mixing of basaltic magmas does not
substantially change Fe/Mn in olivines. b The dark grey curve defines model
olivine crystallizing from partial melts of peridotite (1964 ppm Ni) and the
light grey curve describes olivine crystallizing along Liquid Line of Descent
(LLD, primitive melt with 17.6% MgO). The LLD is calculated for 1 atm pres-
sure; increase in pressure would hasten the onset of Cpx crystallization (arrow
labelled ‘P’). Red curves are olivine compositions that would crystallize from
magmas that are mixtures of primary magma and derivate magmas along the
LLD. ¢ Dark grey field is model olivine of a peridotite source primary magma
with 3.45 wt% CaO and 8-38 wt% MgO. The light grey area resembles model
olivine crystallizing from derivate magmas with 8-20 wt% MgO. Analytical
error is smaller than the symbol size
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Fig.7 Fo,g olivine trace element compositions from Sobolev et al.
(2007) and this paper plotted as probability density against a olivine
Ni/(Fe/Mg)/1000, b Olivine Fe/Mn. Dark lines are the Kernel Den-
sity Estimates of the data, and paler shades show the underlying
histograms. SEVZ olivine data illustrated with red solid line and all
other Iceland olivine compositions in violet stippled line. Higher val-
ues can be seen to represent higher contribution of pyroxenite mantle
(e.g. Sobolev et al. 2007) or higher temperature difference between
mantle melting and olivine crystallization (Matzen et al. 2013, 2017a,
b)

rock-types from the mantle melting column. Furthermore,
the variability in Brattaskjol and Hvammsmuili olivine
trace element compositions indicates that the Fogg 5 596
olivine population has had sufficiently short residence time
in the magmatic environment not to be completely homog-
enized by diffusive re-equilibration.

High-P fractionation of clinopyroxene
Early fractionation of clinopyroxene has been proposed to

explain elevated Ni and Fe/Mn and low Ca in olivines in
some of the lavas of the North Atlantic Igneous Province
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Fig.8 a The observed steep Fo vs Ni trend of the Eyjafjallajokull
transitional basalts (Hvammsmili and Brattaskjol), interpreted as a
mixing trend of two different mantle melts, one with high Ni (denoted
with ‘E’ for enriched in Ni) and other with low Ni (‘D’ for depleted
in Ni). The orange stippled line defines model olivine compositions
that crystallize along Liquid Line of Descent (LLD) from a melt with
equilibrium olivine composition 2500 ppm Ni at Fogg (orange cir-
cle). These model olivine compositions have been calculated using
the Beattie et al. (1991) model of olivine-liquid Ni partitioning and
Peistareykir initial melt composition (the same as used for the model
olivines crystallizing along LLD in Fig. 6) with added 200 ppm
Ni. The Peistareykir initial melt composition was calculated with
PRIMELT3 MEGA xlsm (Herzberg and Asimow 2015). The yellow
field marks the Fo range of the mixing trend and the olivine shown
in the subplots b and ¢. In subplot b Ni vs Ca and ¢ Ni vs Mn in
Fogg 3 g9.5 Olivine

(Hole 2018). Also, particular geochemical trends in Vest-
mannaeyjar lavas in SEVZ, specifically decreasing CaO/
Al,O5 and Sc/Y with lowering MgO, have been explained
by high-P (0.6-1.0 GPa) clinopyroxene crystallization
(Furman et al. 1991; Mattsson and Oskarsson 2005).
Against this backdrop, and considering that we assume
olivine-dominated fractional crystallization for the Iceland
magmas (Fig. 6), it is important to evaluate whether high-
P clinopyroxene crystallization may have influenced the
SEVZ olivine record.

The stability field of clinopyroxene expands at the
expense of olivine at high P and clinopyroxene becomes
a liquidus phase in progressively more primitive melts

(O’Hara 1968); clinopyroxene crystallization can thus
commence in near-primary mantle melts at high pressures.
Crystallization of Ca-rich clinopyroxene lowers Ca and
elevates Fe/Mn in the melt, and olivine crystallizing along
with clinopyroxene may, therefore, be imprinted by higher
Fe/Mn (Herzberg et al. 2013) and lower Ca (Hole 2018)
than olivine crystallizing in the absence of clinopyroxene.
Furthermore, Ni is not as compatible in clinopyroxene as
in olivine, and therefore, the Ni content of mafic magmas
can stay relatively elevated if clinopyroxene crystalliza-
tion is initiated early in the crystallization sequence (Hole
2018).

It is unlikely that high-P fractionation of clinopyroxene
could have produced the high Ni and low Mn contents in
Fo_ 4 olivines in Brattaskjol, Hvammsmuli and Storhofdi,
as clinopyroxene fractionation does not enrich melts in
Ni, and thus cannot elevate Ni in olivines above the initial
mantle-derived values. In addition, the trends of Ni and
Ca against Fo content in olivines are not suggestive of
clinopyroxene fractionation (i.e. steep depletion in Ni and
enrichment in Ca in lower-Fo olivine, Fig. 6) for these
localities. Olivine macrocrysts from the Eyjafjallajokull
2010 eruption tephra, however, may have been affected, as
they are relatively evolved (Fo_g¢ ), very poor in Ca and
Mn, and show an increase in Fe/Mn (Fig. 6a) at Fog, gs.
Moreover, the relatively flat Ni versus Fo trend is sug-
gestive of cotectic crystallization of olivine + clinopyrox-
ene + plagioclase (Fig. 6b). These trace element charac-
teristics comply with fractionation of clinopyroxene and
olivine at high pressures, and thus the highest Fe/Mn val-
ues acquired from Eyjafjallajokull 2010 olivines (Figs. 6a
and 7b) may have been affected by the early initiation of
clinopyroxene crystallization.

Ni/Fo-decoupling in zoned olivine macrocrysts

Decoupled Fe—-Mg and Ni in olivine rims likely reflects
faster diffusion of Fe—Mg than Ni during re-equilibration of
olivine and carrier melt (Lynn et al. 2017; Neave et al. 2018).
We observed this decoupling in nearly all Hvammsmauli,
Mosfellsheidi and Brattaskjdl olivines. Considering the
maximum thickness of olivine zonation in these localities,
this phenomenon may have affected Ni/Fo ratio (by lowering
Fo in relation to constant Ni) in crystal cores of Hvamms-
muli olivines smaller than 1.4 mm, and Mosfellsheidi and
Brattaskjol olivines smaller than 0.5 mm and 0.25 mm in
diameter, respectively. Luckily, these locations host large
olivine macrocrysts; therefore, only a few (potentially 13
out of 79) olivine core analyses of Hvammsmaiili and none
of the olivine core analyses of Mosfellsheidi or Brattaskjol
may have been affected. In general, the Iceland olivine mac-
rocryst record is dominated by large homogenous cores with
thin zones of diffusive re-equilibration at crystal rims (e.g.
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Thomson and Maclennan 2013). Hence, accidental analyses
of Fe-Mg zoned olivine rims (with non-equilibrium Ni/Fo
ratio) are improbable and unlikely to affect the current Ice-
land olivine trace element record (Shorttle and Maclennan
2011; Sobolev et al. 2007; Neave et al. 2018; and this study)
to any significant degree.

S¢, Ti, V and Zn and their partitioning in mantle
melting

In addition to the apparent enrichment in Ni coupled with
lower Mn and Ca contents, SEVZ olivines have different
Li, Sc, Ti, V, Zn and Cu contents in comparison to Haley-
jabunga olivines (Fig. 5). This could be solely consequential
to the greater depth and lower degree of mantle melting (F)
at SEVZ, and it is uncertain, whether variation in the mantle
source can be discerned based on these trace elements. To
inspect this, we modelled partitioning of Sc, Ti, V and Zn
during adiabatic near-fractional melting of KLB-1 lherzolite
(Hirose and Kushiro 1993) at 1480 °C potential temperature
(Matthews et al. 2016) and 0.5-4.0 GPa. In addition, we
ran a similar melting model for the KG2 olivine-bearing
pyroxenite—peridotite hybrid (Kogiso et al. 1998). Sc, Ti,
V and Zn were chosen, because their partitioning has been
determined at high-P conditions and sufficient partitioning
coefficients were available (Davis et al. 2013; Laubier et al.
2014). Cu and Li were not modelled as their partitioning is
yet poorly constrained, and since they are moderately incom-
patible to incompatible elements in mantle melting, their
enrichment in SEVZ olivines (Fig. 5) likely reflects lower F,
not variation in mantle mode (Ryan and Langmuir 1987; Lee
et al. 2012). Al-depletion in SEVZ olivines in comparison
to Héleyjabunga olivines, in turn, is likely consequential to
higher Fo of Héleyjabunga olivines and the Mg-dependent
partitioning of Al (Herzberg and O’Hara 2002).

The modelling of mantle melting was done with
the pMELTS software (Ghiorso et al. 2002) with the
ALPHAMELTS 1.8. front end (Smith and Asimow 2005).
We used the correct version of pMELTS garnet model (Ber-
man and Koziol 1991), and did not include Na,O, K, O, Cr,05
and MnO into the initial mantle compositions. pMELTS has
not been calibrated for MnO (Ghiorso et al. 2002), Cr,0,
was not included to avoid over-stabilization of spinel (Asi-
mow et al. 1995), and Na,O and K,O were omitted to facili-
tate reliable estimation of the solidus (Lambart et al. 2012,
2016; Jennings et al. 2017). All models were done without
imposed constrains on fO,, although fO,=FQM -1 was used
to set Fe?*/Fe** for the initial state. A 0.5 wt% threshold of
melt extraction was used in all models, and a simple 1D melt
aggregation column was assumed when assessing the compo-
sition of accumulated near-fractional partial melts at various
pressures. After modelling mantle melting, we calculated the

@ Springer

Fo and trace element content of olivine in equilibrium with
the model mantle melts at 1 atm utilizing the parameteriza-
tion of Herzberg and O’Hara (2002) and appropriate parti-
tioning coefficients. The Supplementary Material provides
the complete model conditions, initial mantle source com-
positions and partitioning coefficients.

Modally enriched mantle components, such as KG2,
are thought to reside in the sub-Icelandic mantle as slivers
in a more refractory matrix (Shorttle et al. 2014). Hence,
our model melts of a one-component near-fractional man-
tle melting of KG2 do not fully suffice as an analogy for
potential enriched Iceland melts. We opted for this simple
setup, as developing a complex multi-component melting
model for the sub-Icelandic mantle was not the aim of this
study (cf. Shorttle and Maclennan 2011; Rudge et al. 2013;
Shorttle et al. 2014; Lambart 2017 for existing parameteri-
zations). The model olivine compositions of the KLB-1,
and especially the KG2, partial melts are mainly illustra-
tive and restricted by the limitations of pMELTS (cf. Rudge
et al. 2013 and the Supplementary Material). Fo content in
the KG2 model olivines should be treated with caution, as
PMELTS performs poorly when calculating major element
compositions in partial melts of modally enriched mantle
lithologies (e.g. Lambart et al. 2016). The model olivine
compositions are, however, useful for a qualitative estima-
tion of whether typical KLB-1 lherzolite can explain the
detected trace element variability in olivines, or whether
lithological variation in the source is suggested.

The model olivine compositions crystallizing from
KLB-1 and KG2 partial melts are shown in Fig. 5 and
given in the Supplementary Material. The KLB-1 soli-
dus is crossed at 3.2 GPa in the garnet stability field and
garnet is in the residue until the spinel-garnet transition at
1.77 GPa. Spinel disappears from the residue at 1.63 GPa.
The large stability range of garnet in comparison to spi-
nel reflects limitations in the pMELTS garnet model and
is partly due to omitting Cr,O5 from the calculations. Melt
aggregation occurs over a large P-interval with a melt-frac-
tion of 2% at 2.61 GPa, 5% at 2.22 GPa, 10% at 1.86 GPa,
15% at 1.60 GPa, 20% at 1.27 GPa and 25% at 0.68 GPa
(Fig. 5a). According to the pMELTS model, the KG2 mantle
is already 5% molten at 4 GPa, and this melt portion was
handled as an isobaric batch melting at 4.00 GPa. Its melt
fraction increases to 10% at 2.11 GPa, 15% at 1.78 GPa,
20% at 1.47 GPa, 25% at 1.30 GPa, 30% at 1.15 GPa, 40%
at 0.99 GPa and 45% at 0.85 GPa. The accumulated partial
melts are ferric, which manifests as low Fo content of the
model olivines (Fig. 5).

The Sc, Ti, and V concentrations in the analyzed olivine
crystals conform with model olivines crystallizing from
partial melts of lherzolite mantle (KLB-1). Haleyjabunga
olivines show compatibility with a high-degree melt of a
spinel lherzolite, whereas Brattaskj6l and Hvammsmuli
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olivines seem to have crystallized from accumulated low-
degree melts of mixed spinel and garnet lherzolite source
(Fig. 5). Lower Sc in SEVZ olivines can be explained by
greater depth of melting (Fig. 5a, higher Dy, in garnet lher-
zolite compared to spinel lherzolite), whereas high Ti in
SEVZ olivines is compatible with the lower F expected in
off-rift setting (Fig. 5b). Differences in V can be also attrib-
uted to greater melting depth beneath SEVZ (Fig. 5¢), but
due to the strong dependency of V partitioning on fO, (Canil
1997; Laubier et al. 2014), the lower V in olivines may also
reflect more oxidized nature of the SEVZ magmas. KG2-
sourced model olivines have comparable Sc, Ti and V con-
tents to those of KLB-1, although similar Sc and Ti values
are reached at higher melt fractions (Fig. 5a—c).

Our KLB-1 lherzolite melting model does not explain the
elevated Zn in SEVZ olivines, as Zn content is rather insus-
ceptible to melting degree and melt derivation depth. In turn,
KG2 model olivines have high Zn in comparison to KLB-1
melts (Fig. 5d), and thus the high Zn in SEVZ olivines may
indicate the contribution of a modally (more pyroxene, less
olivine) or compositionally (elevated Zn) enriched source
in the mantle melting. Elevated Zn/Fe is a known property
of many OIB magmas and has been proposed to indicate
olivine-free pyroxenite in the mantle source (Le Roux et al.
2010, 2011). Alternatively, the lower Fo content in SEVZ
olivines compared to Haleyjabunga, potentially implying a
more differentiated host melt, may also contribute to the
apparent Zn-enrichment in the SEVZ olivines. The olivine-
liquid partitioning of Zn during fractional crystallization of
basalts is yet inadequately constrained.

In essence, although Sc, Ti and V contents of the SEVZ
olivines conform to olivine crystallizing from partial melts
of KLB-1 lherzolite, the Zn enrichment may indicate that
some enriched lithologies partake in melting in the man-
tle below. KG2-like peridotite—pyroxenite hybrid could be
a good candidate for a potential enriched mantle lithology
below Iceland, as it produces magmas with high-Fe/low-Ca
(Shorttle et al. 2014) and, according to our analysis, does
not significantly modify Sc, V, and Ti in olivines compared
to ‘normal lherzolite’ values.

Origin of the SEVZ olivine signature

High Fe/Mn and Ni, and low Ca in olivine are attributes
of olivine crystallized from a partial melt of olivine-free
pyroxenite mantle (Sobolev et al. 2007). Following this
rationale, the strongest affinity to ‘pyroxenite source’ is
shown by the Eyjafjallajokull 2010 olivine macrocrysts, but
also the other SEVZ samples show partial contribution of
olivine-free source (Fig. 7). The highest-Ni Hvammsmuli,
Brattaskjol and Storhofdi olivines in SEVZ are comparable
to, e.g., the ~70 Ma Quepos Terrane olivine from magmas

of the Galapagos plume, for which olivine-free pyroxen-
ite mantle source has been inferred (Trela et al. 2015). The
parametrization of Gurenko et al. (2010):

FeO
MgO
Mn(ppm)

X,, = 6.705 x 107* x Ni(ppm) x

M

—1.332x 1072 x +1.524,

implies 44-52 wt% and 64-77 wt% contribution of olivine-
free pyroxenite-derived melt (X,) to the parental melt of
Hvammsmauli high-Ni (>3000 ppm) and Eyjafjallajokull
2010 olivine macrocrysts, respectively.

Recent thermodynamic modelling suggests that the silicic
melts of olivine-free pyroxenite are prone to react with the
surrounding peridotite, and thus less likely to preserve their
coherence and compositional signature and eventually crys-
tallize olivine in the crust (Lambart 2017). In addition, as
the concentrations of the transitional elements in the SEVZ
olivines are compatible with a garnet lherzolite mantle
source, large input from olivine-free source seems unlikely.
Although some of the SEVZ olivines were found to be Zn-
enriched, this does not necessarily argue for olivine-free
source, as Zn-enrichment is also expected in partial melts of
enriched olivine-bearing mantle types (e.g. KG2). Further-
more, the lower Ca in olivines does not indicate the absence
of olivine in the mantle source either but may imply lower
degree of mantle melting and source enrichment in clino-
pyroxene or garnet.

As large-scale contribution of magmas directly derived
from olivine-free mantle (Px-1 or similar, Sobolev et al.
2007) seems unlikely for SEVZ magmatism, we proceed
on deciphering the SEVZ olivines by means of relatively
deep melting of olivine-bearing mantle. Also, even if the
mantle signature in the SEVZ olivines was due to contribu-
tion of melts from olivine-free pyroxenite source, the mantle
melting would occur deep anyhow, due to the lower solidus
temperature and greater fusibility of olivine-free pyroxenite
in comparison to common mantle peridotite (Lambart et al.

2016).
D;li/hq and Dmlq are, directly (the former) and indirectly

(the latter), temperature dependent (Matzen et al. 2013,
2017a, b), and elevated Ni and Mn in olivine can thus be
related to the temperature difference between mantle melt-
ing and olivine crystallization (—AT,, ). The ratio between
NiO in crystallizing equilibrium olivine (NiO°'@T,) and
NiO content in olivine in the mantle (NiO°'@Tm) relates to
the temperature of olivine crystallization (7)) and mantle
melting (7)) as follows (Matzen et al. 2017a):

Nio® @T, Aol e (10
0707, _ 1_ 1y @
Nio%@T,, R T Ty
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where —A,.“)H;mﬁ r., /R is the temperature dependency of
D(;Ili/hq (K), T, and T,,, are in Kelvin and NiO® in weight units.
This can be rearranged for the temperature difference
between mantle equilibration and olivine crystallization
(AT,

—In Nio® @7, .
NioY er, -
AT, = NOTen, 17 )

m-—c o T
(-8t . /B) T

This equation allows estimation of the temperature at
which the parental melt of the Ni-rich SEVZ olivine grains
last equilibrated with the mantle. For the calculation, we
used 0.43 wt% NiO for NiO"l@TC, the same amount as in the
five most Ni-rich SEVZ Fo, g 5 olivines, 2975 ppm Ni in
mantle olivine (NiO®@T,), as in Herzberg et al. (2016),
4505+ 196 K for the temperature dependency of Ni-parti-
tioning (_A’“)H;mpl’m /R; Matzen et al. 2017a), and 1316 °C

for near surface olivine crystallization temperature (T;,). The
last is an average of published Fo,gg 5 olivine crystallization
temperatures from Holocene Icelandic lavas determined
using olivine-spinel aluminum exchange thermometry (Mat-
thews et al. 2016; Spice et al. 2016). It is to be noted that the
selection of T, has only minor effect on the calculated AT, _
within reasonable values (e.g. 1266-1447 °C), but the for-
malization is susceptible to uncertainty regarding Ni in man-
tle olivine (Matzen et al. 2017a).

With these parameters, Eq. 3 gives 75+3 °C for the
—AT, ., i.e. it indicates mantle-melt equilibration at
7543 °C higher T than the T of olivine crystallization.
Using the slope of the olivine-saturated liquidus (55 °C/GPa,
Sugawara 2000), AT, . corresponds to 1.36+0.06 GPa AP.
If we assume olivine crystallization at surface (at 1 atm) and
3100 kg/m? average density for crust and refractory upper-
most mantle, this pressure corresponds to ~45 km final man-
tle melting depth. This must be considered as the absolute
minimum value for the inferred depth of melt equilibration
in the mantle (final melting depth), as primitive olivine mac-
rocrysts of Hvammsmuli and Stérhofoi likely crystallized
at considerable pressure and depth, not at the surface. Crys-
tallization pressures up to 0.6—1.0 GPa for Vestmannaeyjar
and Eyjafjallajokull magmas have been proposed (Jakobsson
et al. 1973; Furman et al. 1991; Sigmarsson 1996; Keiding
and Sigmarsson 2012). If these pressures of olivine crystal-
lization are considered and correspondingly elevated 7,’s are
used (1349-1371 °C), final melting pressures of 2.0-2.5 GPa
(i.e. depths of 66—81 km) are indicated. These pressures are
close to the inferred pressure of spinel-garnet phase transi-
tion for KLB-1 lherzolite mantle (2.14-2.17 GPa, Jennings
and Holland 2015).

Our estimation of final mantle-melt equilibration at
>45 km depth is considerably deeper than the crustal
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thickness at SEVZ (Darbyshire et al. 2000; Fedorova et al.
2005; Jenkins et al. 2018), but in line with the depth of the
lithosphere—asthenosphere boundary (LAB) according to
glacial isostatic adjustment studies (Arnadéttir et al. 2009;
Barnhoorn et al. 2011). However, there is considerable
uncertainty regarding the LAB in Iceland, with resent esti-
mates of ridge centered lithospheric thicknesses varying in
10-60 km range (Pagli et al. 2007; Bjarnason and Schmeling
2009; Barnhoorn et al. 2011; Rychert et al. 2018). We do
not view the olivine compositions as a direct proxy for LAB
depth (as done in, e.g. Matzen et al. 2017a), but consider
the SEVZ high-Ni olivines as the crystallization products of
deep accumulated melts that avoided mixing and equilibra-
tion at the top of the melting column in the mantle (which
may or may not correspond to LAB). This view is supported
by (1) the previously discussed mantle melt mixing trend in
Brattaskjol and Hvammsmuili olivine populations, where the
high-Ni olivines represent a deep endmember in the pres-
ence of apparent shallower mantle melt; and (2) the like-
lihood of mantle-melt equilibration pressures greater than
2 GPa supported by the evidence for deep olivine crystal-
lization and “garnet signature” (low Sc) in olivine crystals.
Essentially, the SEVZ high-Ni/low-Mn olivines are an indi-
cation of the survival of mantle melts from the deep parts of
the mantle-melting column to the 7-P-conditions of olivine
crystallization.

What makes SEVZ special?

High-Ni, low-Mn olivines seem to be characteristic for
SEVZ but absent in SVZ and the rift-zone magmas. This is
noteworthy, especially regarding the trace element enriched
SVZ lavas (e.g. Berserkjahraun), which, alike SEVZ lavas,
have compositional and isotopic characteristics arguing in
favor of melt extraction from relatively deep in the mantle
(e.g. Kokfelt et al. 2006). Why the apparent signature of
deep mantle melting in olivines at SEVZ in particular?

It is likely that deep mantle melts are in fact ubiquitous in
all rift-zones and off-rift zones in Iceland, but they are usu-
ally diluted by melt mixing in the mantle or mid—lower-crust
(Maclennan 2008a; Neave et al. 2013). Although magmas
originating from deep portions of the mantle can erupt at the
rift zones (as indicated by trace element enriched lavas like
Stapafell and Gaesafjoll, Shorttle and Maclennan 2011), sur-
vival of deep melts is most likely to occur at off-rift settings,
like at SEVZ, where the degree of mantle melting is low
(Kokfelt et al. 2006). Furthermore, as magmatism at SEVZ
is a relatively recent phenomenon (younger than 3 Ma, Mar-
tin et al. 2011), the underlying mantle may have not yet been
depleted of the most fusible lithologies (e.g. KG2), which
further biases the melt production to increased depth. Suf-
ficiently refractory shallow mantle (e.g. harzburgite, Shorttle
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et al. 2014) and effective vertical melt transport could also
inhibit melt mixing in the mantle and promote magma deri-
vation from depth. Channelized melt transport (Spiegelman
and Kelemen 2003; Weatherley and Katz 2012; Rudge et al.
2013), in contrast to melt extraction by diffuse (equilibrium)
porous flow (Lundstrom et al. 1995; Niu 1997; Dijkstra et al.
2003), may be the required melt transfer mechanism for sur-
vival of deep mantle melts and potentially important in the
mantle below SEVZ.

The nature of the crustal magma plumbing systems beneath
Eyjafjallajokull and Vestmannaeyjar is also likely to contrib-
ute to the crystallization, and survival, of high-Ni/low-Mn
olivine macrocrysts. Even if a parcel of deep mantle melt were
to keep its coherency during transit through the mantle and
manage to crystallize equilibrium olivine in the crust (with
high-Ni, low-Mn), this olivine would need to be erupted rela-
tively fast to avoid re-equilibration with accumulated mag-
mas with diverse composition during storage in the crust or
uppermost mantle. Olivine macrocrysts in Iceland are rarely
in equilibrium with their carrier melts, and are prone to be
modified by diffusive re-equilibration (Thomson and Maclen-
nan 2013). For example, if the Hvammsmuli and Brattaskjol
olivine population (Fig. 8) had resided in a magma reservoir
for extended time, the compositional signature of deep origin
would have been erased. The originally heterogeneous olivine
cargo (high variability in Ni, Mn and Ca in high-Fo olivines;
Fig. 8) would have re-equilibrated diffusively with itself and
the carrier magma, suppressing extremes in Ni, Mn and Ca.
In the end, homogenized olivine population would have only
modest enrichment in Fe/Mn and “Kistufell-like”” Ni and Ca
(Fig. 6) and the original subpopulation of high-Ni olivines
might only be identifiable from olivine-hosted melt inclusions
or slowly diffusing trace elements.

There are indications of short-lived and poorly devel-
oped deep magma storage systems below Eyjafjallajokull
and Vestmannaeyjar. U-series disequilibria (Sigmarsson
1996) and absence of equilibrium phenocryst assemblages
(Mattsson and Oskarsson 2005) in Vestmannaeyjar lavas
suggest rapid differentiation within a deep and cold crust
and short magmatic residence times. Furthermore, deep seis-
micity prior to and during the Eyjafjallajokull 2010 erup-
tion suggests near-direct magma derivation from the mantle
(Tarasewicz et al. 2012). Relatively fast transport of mantle
melts limits crystal-melt equilibration and magma mixing,
promoting survival of compositional extremes in the mineral
cargo. Rather little is known about the lower-crustal magma
storage zones in SVZ, but the maturity of SVZ volcanism
could hint at well-established magma reservoirs. SVZ low-
degree primitive magmas may reside in the deep crust (or
shallow mantle) long enough that magmas aggregated from
different depths in the mantle melting column are better
mixed and equilibrated. This limits compositional vari-
ability in populations of primitive olivine, and suppresses

a potential “deep melting signature” (high-Ni/low-Mn in
olivines).

Conclusion

In each of the sampling locations, major and trace element
trends in olivine populations reflect events of fractional crys-
tallization, magma mixing and diffusive re-equilibration. Two
Eyjafjallajokull transitional basalts also show large variability
in the Ni, Mn and Ca contents of primitive Fogg , gq ¢ 0livines,
which we consider as a mixing trend of melts equilibrated at
different levels in the mantle. Eyjafjallajokull and Vestman-
naeyjar volcanic systems in SEVZ have anomalous (high-Ni
and Fe/Mn-enriched) olivines compared to previously pub-
lished olivine data from Iceland. These olivine macrocrysts
likely crystallized from magmas that equilibrated with the
mantle at relatively high temperatures and pressures, at depths
of >45 km and possibly as deep as 6681 km near the spinel-
garnet peridotite transition. The evidence for deep mantle
melts that avoided mixing and kept their coherency while
migrating up through the upper mantle and the crust is an
indication of effective vertical magma transport below SEVZ.
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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 Hvammsmuili. These two units are rich in composi-
tionally diverse macrocrysts, including the most magnesian olivine (Fogg_go) and clinopyroxene (Mg#cp, 89.8)
known from Eyjafjallajokull. Olivine-hosted spinel inclusions have high Cr#gpy (52-80) and TiO (1-3 wt%)
and low Aly O3 (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, 3.0+1.4 kbar on average) at 1120-
1195°C. Liquid-only thermometry for melt inclusions with Mg#,ciz 56.1-68.5 and olivine-liquid thermometry
for olivine macrocrysts with Fogy 7—ss.9 vield 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 Hvammsmuili
ankaramites are composed of agitated wehrlitic or plagioclase wehrlitic crystal mushes that crystallized over a
large temperature interval at mid-crustal depths.

INTRODUCTION 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;

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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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 Hvammsmiili 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 (Kristjdnsson et al.,
1988). Typical of off-rift volcanic systems in Ice-
land, Eyjafjallajokull magmas are enriched in K2O
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°°Pb/20Pb 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 (<1012 km depth,
Hjaltadéttir er al. 2009) underlain by poorly con-
strained magma storage zones in ductile crust and up-
per mantle (Sigmundsson ef 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 ~22km; 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-
skj6l 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
Hvammsmuili has also been suggested (Steinthors-
son, 1964). We follow the established practise (e.g.,
Steinthérsson, 1964; Loughlin, 1995) and refer to
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Figure 1. a) Map of the Eyjafjallajokull volcano with sampled locations and the 2010 Fimmvorduhals 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 Brattaskj6l 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 Hvammsmiili ankaramite sample. — a) Kort
af Eyjafjallajokulseldstodinni sem synir synastadi og stadsetningu hraunsins sem myndadist i gosi d Fimmvorouhdlsi drio
2010. Innfellda myndin synir stadsetningu kortsins (raudur ferhyrningur) og sudurenda eystra gosbeltisins (SEVZ) med
gulum lit. Virku flekamdtin eru merkt med graum strikalinum og iitlinur mottulstroksins (Wolfe o.fl., 1997) med svortum
strikalinum. b) Smdsjdrljésmynd (tviskautad ljos) sem synir textiir { ankaramitsyni frd Brattaskjoli. Stori kristallinn til
vinstri er olivin (bldr bylgjuvixllitur af pridju réd) og stori kristallinn hegra megin er dgit (gulur litur af fyrstu rod). c)
Endurkastsrafeindamynd af dgitkristal { ankaramitsyni frd Hvammsmiila.

these outcrops as ankaramites. These ankaramites
are highly porphyritic with abundant (~30vol%,
see Steinthorsson, 1964) olivine and clinopyroxene
macrocrysts in near equal amounts. Hvammsmuili
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
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groundmass minerals. Hvammsmuili has been dated to
587431 ka (Wiese, 1992), but the exact age of Bratta-
skjol 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.

79



Nikkola et al.

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 Brattaskjol 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 Hvammsmuili sam-
ples, and some Hvammsmiili olivines have small (usu-
ally <1 um) oxide exsolutions. The textural appear-
ance of melt inclusions is similar to those observed in
olivine grains from Brattaskjol. 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 Hvamsmmuili 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
Hvammsmiili 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 yum
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 et 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
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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 et al. (2017), we acquired orientation
maps consisting of hundreds of EBSD point determi-
nations for a total of 46 olivine grains from Brattaskjél
and Hvammsmdili. 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 Brattaskjél and Hvammsmiili olivine macrocryst
cores show substantial, yet similar, compositional
variability in terms of Fo (Fog;_g9) and minor ele-
ments (e.g., Ni, Figure 2a). Both have a population of
Fogs_gq olivine cores showing a large minor element
variability (Ni, Mn, Ca). Minor element variation in
Fogg 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 pm) Fe-Mg zonation around homogenous
cores. Interestingly, olivine grains with Fos g5 7 cores
(n=15) are normally zoned (Fo decreases towards
crystal edges), whereas olivine grains with Fo.gy 4
cores have complex reverse zoned rims (n=7, high-Fo
bands near crystal edges, Figure 2d).

The Fo zonation in normally zoned Brattaskjél
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

JOKULL No. 69, 2019

Eyjafjallajokull ankaramites, South Iceland

et al., 2008). The outermost parts of the olivine crys-
tals have the steepest decrease in Fo (Bl and C1 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 Fogy g_g4.4 cores
have ~10-30 pm 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 Fo7s 5 to Foge 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 um of the crystal has
a concave slope (E1), which is indicative of growth-
dominated zoning, followed by up to 500 m convex
slope (E2), more typical to diffusive re-equilibration.

Spinel inclusions in olivine

Spinel inclusions in the Brattaskj6l (n = 16)
and Hvammsmili olivine macrocrysts (n =
22) have Mg#,, (Mgh,, = cation fraction
100Mg/(Mg+Fe?*)) of 38-66, Cr# (Cr# = cation frac-
tion 100Cr/(Cr+Al)) of 52-80, Fe®*/Fe,y; of 0.15-
0.35, 1-3wt% TiOo, and 8-22wt% AlyO3 (Figure
3). The spinel inclusions in Brattaskjél olivine grains
have somewhat higher mean Cr# and Fe3*/Fe,,; than
in the Hvammsmili olivine grains, although their
compositions do overlap. In addition, variation in
AlyOg3 is less in the Brattaskjol spinels (10-16 wt%
Aly03). In the Hvammsmili samples, spinel is also
found in olivine-hosted melt inclusions; these have a
distinct composition with relatively high (>55 wt%)
AlyO3 (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 Fo~ g5 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 BR0O2_O184 (b), BR02_OI113 (c) and Pos-1b_OI5 (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_OI182 (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
Sforsteritinnihaldi (Fo = katjonahlutfallio 100Mg/(Mg+Fe)) i kjiornum dlivins frd Brattaskjoli og Hvammsmiila; gognin eru
frd Nikkola o fl. (2019). Olivin { Brattaskjéli med kjarnasamsetningu allt up i Foga 4 er med flokna dfuga beltun en dlivin
med Fosgs 7 kjarnasamsetningu er alltaf med reglulega beltun (e. normal zoning). Allt élivin fra Hvammsmiila er med
reglulega beltun. b-e) Deemi um orgreiningalinur Yfir beltada dlivindila med mismunandi gerdir beltunar (p.e. reglulega og
flékna dfuga beltun). Stadsetning linanna er gefin til kynna med raudum linum d rafeindasmdsjdrmyndunum. Olivindilarnir
BR02_0I84 (b), BR0O2_0L13 (c) og Pos-1b_OI5 (e) eru med reglulega beltun par sem kjarninn hefur hdtt Fo-gildi sem sidan
lewkkar i dtt ad kristalrimanum. I greininni er reett wm pd hluta beltunar sem merktir eru B1, B2, B3, C1, C2, El og E2.
Olivin frd Brattaskjéli merkt BRO2_OIS2 (d) er med flékna ifuga beltun, par sem belti neest kristalrimanum er med hdtt
Fo-gildi { samanburdi vid kjarna kristalsins. Olivindilar sem pessi voru notadir vid likanreikinga d efnasveimi. Brotna
rauda linan gefur til kynna efnasamsetningu dilsins vio upphaf likanreikningsins en heila rauda lina synir titreiknada 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#s,; = cation fraction
100Mg/(Mg+Fe*")) in spinel. 2¢ analytical error is smaller or equal to the symbol size. b) The ratio of ferric iron to
total iron (Fe3T/Fe;,t) vs. Mg# in spinel. The amount of Fe>* is calculated based on stoichiometry. c) Spinel TiO5 vs.
Al,03 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#sp = katjonahlutfallio
100Cr/(Cr+Al)) sem fall af Mg-tolu (Mg# .1 = katjonahlutfallio 100Mg/(Mg+Fe** 2)) spinils. 20 dvissa { efnagreiningum
er minni eda jafnstor og synatdknin. b) Hlutfall ferrijonar af heildarmagni jarns (Fe** /Feior) d moti Mg# spinils. Magn
Fe** er reiknad it frd efnaformiilu spinils. c) Styrkur TiO2 d moti styrk Al2 O3 1 spinli; adgreiningarsvedi fyrir spinil eru
frd Kamenetsky (2001). Efnasamsetningar spinils frd Nordurgosbelti (Matthews ofl., 2016) eru syndar til samanburdar
(svartir krossar).

Table 1. Representative melt inclusion (MI) compositions* (inwt%) from Brattaskjél and Hvammsmili olivine
macrocrysts.  All melt inclusions from Brattaskjol reported here were homogenized at 1200°C. — Demigerdar
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 per vid 1200°C.

SiOz TiOz Al;03 FeOror MnO MgO CaO NazO K0 Py0s5 SOs Cl Total PEC%® Mg#® Fo¢  Typed

Brattaskjol

Oll4_mil_2 4639 254 15.11 11.21 0.16 8.82 1227 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 0.53 034 0.27 0.03 1000 - 61.9 82.4 alk. bas.
O110_mil 45.60 2.69 1571 1027 0.17 891 13.31 223 043 036 0.30 0.02 1000 - 63.2 82.9 alk. bas.
Ol7_mil 4633 232 1555 972 0.16 9.09 1291 225 0.53 0.45 0.29 0.04 99.6 - 65.0 83.0 alk. bas.
O125_mil_2 48.02 2.07 1525 827 0.12 887 14.19 229 044 028 0.250.021000 - 68.0 86.0 alk. bas.
OI133_mil 47.81 227 1606 7.84 0.12 8.60 1421 246 040 021 0.200.031002 - 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.
019_mil 4727 244 1629 956 0.17 625 1328 268 053 032 - - 988 6.7 564 81.6 alk. bas.
0O19_mi2_2 46.86 2.54 1656 957 0.11 6.17 1344 273 049 027 - - 987 95 56.1 81.6 alk. bas.
0123_mi2_2 5111 265 1510 627 0.13 698 1462 2.14 028 0.14 - - 994 39 688 879 tho.
0129_mil 5391 231 1469 586 0.15 746 12.88 176 038 006 - - 994 -0.6 71.6 88.7bas. and.
Hvammsmuli

OI3_mil_1160_3 49.48 240 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 4794 335 1371 6.18 0.09 838 13.86 326 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¢ot) “Fo = forsterite content (100Mg/(Mg+Fe2+)) in host olivine
4MI type according to normative mineralogy
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Melt inclusions in olivine

Representative compositions of melt inclusions in
the Brattaskjol and Hvammsmuili olivine macrocrysts
are shown in Table1. At Brattaskjol, the melt in-
clusions in Fo.gpg_g7.0 olivine macrocrysts corre-
spond to mildly alkaline basalt (1-3wt% norma-
tive nepheline) with Mg#,,c;r (Mg#er = molar
100Mg/(Mg+0.9Fe;;)) of 56.1-68.5, whereas the
four melt inclusions in more primitive Fog79_ss¢
olivines are silica saturated with low FeOy,; and
Mg#,,e1r of 68.8-73.0. Most of the homogenized
Brattaskjél melt inclusions are in equilibrium with
their host olivine (K dlglg:Lf; = 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 ef 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 Hvammsmiili 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 Hvammsmiili melt inclusion data, see Bjorns-
son (2019).

Clinopyroxene

Clinopyroxene macrocrysts in the Brattaskjol (n=31)
and Hvammsmuli (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 AlyO3 contents gradually increase
until Mg#.,, 84.5, followed by a decrease in these
oxides in more evolved clinopyroxene crystals (Fig-
ure 4¢c and d). The enrichment in CaO and AlyOs,
together with simultaneous decrease in SiO and no
variation in NagO, points to an increase in the Ca-
Tschermak (CaTs) component (Figure 4b). The vari-
ation in NapO is low, hence jadeite (Jd) component
is unchanged against Mg#,,, in clinopyroxene cores
(Figure 4e). In contrast, TiO2 shows negative (Fig-
ure 4f) and CryO3 positive correlation with Mg#,,,;..
Compared to clinopyroxene cores, the rims are typi-
cally richer in the ferrosilite (Fs) component and TiO2
and have lower Mg#, Jd, CaTs (Figure 4) and Cr20Os.

Figure 4. — Efnasamsetningar klinopyroxendila { 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. Klindpyroxendilarnir hafa 60ul med breytilega samsetningu og pessi breytileiki i samsetningu einstakra
klindpyroxenkristalla er gefinn til kynna med fylltu grdu ferningunum (obirt gogn). Svortu érvarnar gefa til kynna deetlud
dhrif af kristaldiffrun livins (ol), Ca-dgits (cpx) og plagicklass (plg), par sem gert er rdd fyrir ad Kdpy' ¢ = 0.30,
Kdgdt =027, DG iy = 0, D&, iy = 1.7, D5i_ 15 = 0 0g Db, 1 = 0.15-0.25 (0,005 aukning pegar hvert
mol% er fjarleegt iir brddinni til ad likja eftir hitahddum dhrifum d dreifingu Al milli brddar og klindpyroxens). Kristald-
iffrun plagicklass minnkar styrk CaO og AloOs 1 brddinni en hefur ekki dhrif d Mg-tolu ((Mg#cp. = katjonahlutfallid
100Fe/(Fe+Mg)). Brotna orin er vektor sem synir dhrif diffrunar olivins og klindpyroxens i jofnu hlutfalli. a) Klindpyroxen-
fjorhlioungur; Di = diopsid, Hd = hedenbergit, En = enstatit, Wo = wollastonit, Fs = ferrdsilit; b) Ca-tschermak’s (CaTs)
kristalpdttur d moti Mg#.pz; c) CaO d moti Mg#cpe; d) Al2O3 d moti Mg# ey, ) Jadeit (Jd) kristalpdttur & moti Mg# cpe;
d) TiO2 d moti Mg#cpe.
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Figure 4. Clinopyroxene macrocryst compositions from the Brattaskjol and Hvammsmuli 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 d}y* ’que =030, K dg;?T:FLeiq =0.27, DG 1y =0, DES, iy =17,
DAL Liqg =0and Déiw, 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#.,.
= 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#.,.; ¢) CaO vs. Mg#.pe; d) Al2O3 vs. Mg#p.; €) Jadeite (Jd) component vs
Meg#cpe; d) TiO2 vs. Mg#eps.
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DISCUSSION

Oxygen fugacity, pressure and temperature esti-
mates

We used olivine-spinel pairs to determine oxygen
fugacity (fO2) during olivine crystallization using
the most recent calibration (Nikolaev et al., 2016)
of the Ballhaus-Berry-Green olivine-orthopyroxene-
spinel oxybarometer (Ballhaus ez 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 pum from the spinel and along the same growth
zone of the olivine grain. Assuming spinel-olivine
co-crystallization at 3.0kbar and 1230°C, these cal-
culations yielded AlogfO,(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
Kdg9 ", =0.2720.6, 1 wt% Hy0, and Fe?* /3 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 1SEE 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 er 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#.,, 89.7-89.8) clinopyroxene macrocrysts
indentified from Brattaskjol.

Clinopyroxene thermobarometry reveals similar
crystallization temperatures and pressures for the
Brattaskjél and Hvammsmiili 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#,,.;; (Ol14_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
for Hvammsmili and Brattaskjél samples. b) Jd-in-
clinopyroxene crystallization pressures vs. clinopyrox-
ene Mg number (Mg#,,,). 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 (£1.4 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 Brattaskjol. Error bars (+28°C)
correspond to the 1SEE calibration error of the ther-
mometer (Neave and Putirka, 2017). - a) Studlarit
sem synir hlutprysting stirefnis sem var dkvardadur iit
frd dlivin-spiniljafnveegi [ synum frd Hvammsmiila og
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Brattaskjoli.  b) Kristollunarprystingur reiknadur it
[frd magni jadeitkristalpdtts [ klindpyroxeni d moti Mg-
tolu klindpyroxens (Mg#cps ). Fylltu tdknin eru medal-
gildi fyrir einstok klindpyroxenkorn og dfylltu tdknin
eru gildi fyrir 0ll jafnveegispor af klindpyroxen og brdd
(7 sumum tilfellum fleiri en ein dkvordun prystings og
hitastigs fyrir einstakan klindpyroxenkristal, sjd texta).
Ovissustikurnar (+1,4 kbar) eru 1SEE kvérdunardvissa
prystingsmeelisins.  ¢) Kristollunarhiti deetladur med
klindpyroxen-brddarhitameeli & moti Mg# klindpyrox-
ens. Fylltu og dfylitu tiknin eins og d (b), og gula
rondin gefur til kynna hitastig pegar brddarinnlyksur
(MI) i élivini frd Brattaskjoli voru gerdar einsleitar.

Ovissustikurnar (£28°C) eru ISEE kvordunardvissa
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Clinopyroxene Mg#

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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' hitamelisins (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 et al. (2007) gives olivine-crystallization
temperatures of 1136-1213°C for Fogg.7_gs.g olivine
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from Brattaskjol and Hvammsmuli. For these calcu-
lations, we paired the alkali basaltic Brattaskjél melt
inclusions (Table 1) with high-precision Brattaskjol
and Hvammsmiili olivine core compositions (n=160,
Figure 2a) given that they were in Fe-Mg equilib-
rium (K dg,?%=0.30£0.3; 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#, 11 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 6
Brattaskjol and all Hvammsmuili olivine grains were
not utilized for thermobarometric purposes, as their
low FeO,, 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 341.4 kbar and over
a >100°C temperature window. Assuming oceanic
crustal density of 2860kg/m® (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 Brattaskjol and Hvammsmili
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-
mili olivine macrocrysts have higher Cr# and TiOq
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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 TiO5 and AloOj3 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;O3 and high TiO,. Spinels with high Cr# and
TiO9 and low Al,Oj5 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 TiO2 content in these spinels also discriminates
them from mantle-derived spinels that typically have
<0.2 wt% TiO (Kamenetsky, 2001). The AlyO3-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
zZonation

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 Hvammsmdli 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
Hvammsmuili 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 Hvammsmuli macrocrysts took place when they
resided in the postulated lava lake.
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Regarding the Brattaskjél olivine zonation, the
most plausible explanation for the detected steps and
changes in the slope of the Fe-Mg zoning patterns in
the Fosgs5.4 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 Fogy_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¢c and e). This, along with the fact that
all Fo.gy 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#;,e;: 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; Halldérsson et al.,
2018). In particular, the consistent change from com-
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plex reverse to normally zoned olivine at Fogg 4—g5.4
(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
Brattaskj6l 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 fOo 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 Brattaskjol 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 Brattaskjol and Hvammsmuili ankaramites have
abundant olivine and clinopyroxene macrocrysts and
only minor plagioclase macrocrysts, Mg#c,, 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# .y 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 ef 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#p,; 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 et al., 1978, 2002; Stolper,
1980). The calculated 3.04+1.4kbar crystallization
pressures for the primitive Brattaskjol 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 et al.,
2019b). Elevated H5O 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 Hvammsmili 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 Brattaskjol 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

92

skammt er sidan eftirlit med eldfjollum héfst. Til
ad greina hvada skilyrdi rikja { kvikugeymum und-
ir eldfjollum 4 Sudurlandi hofum vid greint efna-
samsetningu steinda, beltun { steindum og efnasam-
setningu bradarinnlyksna { tveimur ankaramitmynd-
unum { Eyjafjollum, sem kenndar eru vid Brattaskjol
og Hvammsmiila. Pessar tver myndanir eru rikar af
dilum med fjolbreytilega samsetningu. Par 4 medal
er magnesinrikasta 6livin (Fogg_gg) og klinépyroxen
(Mg#.,589,8) sem bekkt er frd Eyjafjallajokli. Auk
pess hafa spinilinnlyksur { 6livini hdtt Cr#,,; (52-80),
hatt magn TiO (1-3%) og 14gt magn Al,O3 (8-22%)
{ samanburdi vid demigerda islenska krémspinla.
Spiil-6livin sdrefnisprystingsmelirinn gefur midl-
ungs hdan hlutprysting strefnis vid kristollun, eda
AlogFMQ 0-0,5, og hitastigs-prysingsmelir byggd-
ur 4 efnajafnveegi klinépyroxens og bradar gefur til
kynna kristollun vid prysting sem rikir { midri jard-
skorpunni (1,7-4,2kbar, ad medaltali 3,0+1,4 kbar)
og 1120-1195°C hita. Fyrir bradarinnlyksur med
Mg#,e1r 56,1-68,5 gefur hitamelir sem byggir 4
samsetningu bradar 1155-1222°C kristollunarhita, en
6livin-bradarhitamelir fyrir 6livin med samsetning-
una Fogg 7—gs,9 gefur 1136-1213°C. Likanreikning-
ar 4 efnasveimi { beltudu Slivini benda til ad dilar fra
Brattaskjoli hafi farid af stad og flust til yfirbords fra
geymslurymi { midri skorpunni innan férra vikna (inn-
an 9-37 daga). Leitni { samsetningu klinépyroxendila
og pad hversu sjaldgefir plagidklasdilar eru gefur
til kynna ad kétektiskt fasafylki { midskorpunni hafi
verid Olivin dsamt klindpyroxeni og ad plagidklas
hafi komid seinna til sogunnar. Nidurstadan er ad
dilafarmur ankaramitsins { Brattaskjoli og Hvamms-
mula hafi verid ad uppruna kristalrikur massi { mid-
skorpunni med steindafylki wehrlits og plagidklas-
wehrlits sem kristalladist 4 vidu hitastigsbili og vard
sidan fyrir roskun.
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Abstract

To gain insights into crystal-melt separation processes during basalt differentiation, we have studied an 8-m-thick
pahochoe lava lobe from the Hafnarhraun lava flow field in SW Iceland. The lobe has abundant melt segregations,
porous cylindrical and sheet-like structures, generally interpreted as separated residual melts of a lava lobe. We
divide these melt segregations into three types based on morphology and composition: vesicle cylinders (VC), type 1
horizontal vesicle sheets (HVS1), and type 2 horizontal vesicle sheets (HVS2). Remarkably, the studied VC are not
simple residual melts generated by fractional crystallization, but their composition points to removal of plagioclase
from the parental lava. HVS1 resemble VC, but have fractionated more olivine (ol) + plagioclase (plg) + augite and
have lost most, if not all, of their olivine phenocrysts. HVS2 are Fe-rich and evolved, corresponding to residual
melts after 50-60% fractional crystallization of the lobe. We suggest that the Hafnarhraun VC formed in a two-stage
process. Firstly, VC forming residual melt and vapor detached as rising diapirs from ol+plg+melt+vapor mush near
the lava base, and later, these VC diapirs accumulated ol phenocrysts and minor plg microphenocrysts in the lava
core. HVS1 represent accumulations of VC to the viscous base of the solidifying upper crust of the lobe, and HVS2
formed as evolved vapor-saturated residual melts seeped into voids within the upper crust. Such vapor-aided differ-
entiation, here documented for the Hafnarhraun lava, may also apply to shallow crustal magma storage zones,
contributing to the formation of evolved basalts.

Keywords Lava flow - Basalt - Fractional crystallization - Melt segregations - Magmatic differentiation

Introduction

Magmatic differentiation by fractional crystallization is one of
the key processes of igneous petrology. However, it is not
adequately known how crystals separate from their coexisting
melts in various magmatic systems. Various mechanisms of
crystal-melt separation have been identified. These include
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pahoehoe lavas, however, is well-documented (Self et al.
1998) owing to detailed field observations of effusive erup-
tions (Hon et al. 1994; Hamilton et al. 2013) and abundant
research conducted on solidified pahoehoe lavas exposed
along eroded cliffs, road cuts, and quarry walls (e.g., Walker
1991; Self et al. 1996; Thordarson and Self 1998; Hartley and
Thordarson 2009). A well-understood emplacement mecha-
nism, robust control on P-T conditions of crystallization,
and limited size make pahoehoe ideal for the study of
crystal-melt separation in basalts.

Emplacement of a pahoehoe sheet lobe can be viewed
through a series of steps, outlined herewith (see Hon et al.
1994; Thordarson and Self 1998; Self et al. 1998, for
details). When a lobe of hot molten lava breaks out, either
directly from the transport system (i.e., lava tube) or from
the margins of an existing lobe, its outer surface quenches
against the cold surrounding and envelopes the lobe with a
viscous and stretchable skin. Given that the newly formed stiff
outer layer of the lobe can withstand the pressure of the in-
coming magma, the lobe starts to grow by continued flow of
magma into it. This growth, called lava inflation (Walker
1991), often multiplies the original lobe thickness, so that a
lobe initially some decimeters thick can become several me-
ters high (Hon et al. 1994). During inflation, the upper part of
the lobe gradually solidifies towards the lobe interior. Due to
the internal replenishment in hot magma and efficient insula-
tion provided by the solid upper part of the lobe (cf. Harris and
Rowland 2009), the lobe interiors may stay nearly liquid for
months to years, thus providing a setting for magmatic differ-
entiation to occur.

Solidified pahoehoe sheet lobes typically consist of three
structural units: basal crust, lava core, and upper crust (e.g.,
Self et al. 1996; Thordarson and Self 1998; Self et al. 1998).
The borders of these units are marked by changes in vesicu-
lation, jointing style, and crystallinity. The basal crust, next to
the quenched base of the lobe, usually contains vesicular
hypohyaline to hypocrystalline lava, often characterized by
elongated, pipe-like vesicles (pipe-vesicle, cf. Walker 1987).
The crystallinity of the basal crust gradually increases up-
wards until the lava transitions to massive, sparsely jointed,
macrovesicle poor and holocrystalline lava core (Self et al.
1998). Above the lava core is the upper crust that is generally
composed of jointed and highly vesicular (e.g., 20-35 vol%
macrovesicles, Thordarson and Self 1998) lava characterized
by repetitive horizontal banding of varying vesicle sizes (Self
et al. 1998). The uppermost surface of the upper crust, usually
few millimeters in thickness, is the quenched glassy top sel-
vage of pahoehoe that can exhibit “ropy” surface folding. The
critical realization made from these structural units is that the
lava core represents the dominantly liquid part, while the up-
per and basal crusts are the solidifying component of the lobe
that grew in thickness during lobe emplacement (e.g., Self
et al. 1996; Thordarson and Self 1998; Hartley and

@ Springer

Thordarson 2009). The accretion of upper crust occurs
through conductive cooling of the lobe and is continuous
throughout the lobe emplacement (Hon et al. 1994), and
hence, the upper crust can attain the thickness of several me-
ters. In turn, the basal crust is typically thin (10-35 cm) irre-
spective of the height of the upper crust, which has been ex-
plained by magma flux-induced thermal-mechanical erosion
next to lava base (Thordarson and Self 1998; Hartley and
Thordarson 2009).

Besides the primary structural units, many pahoehoe sheet
lobes host melt segregations, which are vesicular (20-40%)
and chemically distinct structures, typically interpreted as sep-
arated residual melts of the lava lobe (Anderson et al. 1984;
Goff 1996; Rogan et al. 1996; Caroff et al. 2000; Stephenson
et al. 2000; Martin and Sigmarsson 2007; Hartley and
Thordarson 2009; Sigmarsson et al. 2009; Kuritani et al.
2010). Within the lava core, melt segregations occur as verti-
cal vesicular cylinders, i.e., vesicle cylinders (VC) that often
transect the whole lava core from the basal crust to the upper
crust (Hartley and Thordarson 2009; Kuritani et al. 2010). In
turn, near the top of the lava core and in the upper crust,
segregations usually occur as horizontal vesicular sheets,
i.e., horizontal vesicle sheets (HVS), and as fillings in large
vesicles, i.e., in megavesicles (Thordarson and Self 1998).
Melt segregations are typically enriched in incompatible ele-
ments relative to the lava surrounding them and thus crystal-
lized from more evolved liquids (Goff 1996; Martin and
Sigmarsson 2007; Hartley and Thordarson 2009;
Sigmarsson et al. 2009), although VC with more primitive
(magnesian) compositions than the host lava have also been
reported (Kuritani et al. 2010).

At least three physical models have been suggested to ex-
plain the separation of residual melts and formation of VC in
pahoehoe lavas: vapor differentiation (Goff 1996), Rayleigh—
Taylor instability near the base of the lava (Costa et al. 2006),
and mushy convection (Fowler et al. 2014). In vapor differen-
tiation, coalescence of bubbles near the partly crystalline base
of the lobe results in the formation of proto-cylinders (Manga
and Stone 1994). When these proto-cylinders begin to rise, the
intercrystalline melt within the partly crystalline basal crust
migrates, via gas filter-pressing (Anderson et al. 1984), to-
wards the ascending proto-cylinders (that are regions of low
pressure) and VC are formed. In the Rayleigh—Taylor instabil-
ity model, VC are consequential to accumulation of vapor-
enriched interstitial melt above the crystallizing base of the
lava flow from which VC ascend, if sufficiently stiff and
buoyant, as diapirs to the liquid lava core due to Rayleigh—
Taylor instability (Costa et al. 2006). In the mushy-convection
model, VC are consequential to a positive feedback between
velocity and permeability in crystallizing lava (Fowler et al.
2014). Gas bubble-growth in partly crystalline lava increases
local permeability (increased volume of gas and silicate melt
in relation to crystals), which enhances local buoyant upward
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flow (velocity). This, in turn, concentrates evolved intercrys-
talline melt to the loci of the flow lowering the local liquidus
temperature, and as the lower liquidus temperature decreases
the rate of crystallization, it enhances permeability and up-
ward flow even further (Fowler et al. 2014). This positive
feedback loop may result in VC formation.

Varying models of formation have also been proposed for
HVS. Firstly, they have been interpreted as accumulations of
VC at the base of the downward moving cooling front of the
lava, which is equal to the base of the upper crust (Goft 1996;
Thordarson and Self 1998; Stephenson et al. 2000; Hartley
and Thordarson 2009; Sigmarsson et al. 2009). Secondly, they
have been understood as interstitial melts that fill sub-
horizontal fractures in the upper lava flow (Greenough et al.
1999; Kuritani et al. 2010), comparable to the proposed for-
mation mechanism of segregation sheets in intrusions (Marsh
2002). Thirdly, HVS formation in response to the compaction
of the lava core (Philpotts et al. 1996) has been suggested.

These varying models of segregation formation imply that
(i) the origin and emplacement of melt segregations in

pahoehoe are not adequately understood and (ii) segregation
structures are possibly formed via several mechanisms. A
quarry in the Hafnarhraun lava flow field, SW Iceland (Fig.
1), offers an outstanding site for investigation of segregations,
as here a thick (7-8.5 m) pahoehoe lava lobe that hosts abun-
dant VC and HVS is dissected approximately parallel to its
crest by the working face of the quarry. We thus use this site to
describe the segregation structures in detail and compile a
model of differentiation for this lava lobe. We also discuss
the significance of these findings to the improved understand-
ing of related processes of basalt differentiation in crustal
magma chambers.

Geological setting

The neovolcanic rift zones of Iceland are characterized by
abundant tholeiitic to olivine tholeiitic basalts erupted from
fissure segments, lava shields, shield volcanoes, and stratovol-
canoes (Thordarson and Larsen 2007). Pahoehoe sheet flows
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Fig. 1. Geological map of the post-glacial lava units around the
Hafnarhraun lava field in SW Iceland with the location of the studied lava
lobe marked. Hlidahraun, Burfell, and Asar are picritic; the other lava
units are olivine tholeiitic basalts. Topographic contours are at 100 m
intervals. Glaciers and currently active volcanic zones of Iceland are

217200
shown in inset, SVZ = Snefellsnes Volcanic Zone, WVZ = Western
Volcanic Zone, MVC = Middle Volcanic Zone, and EVZ = Eastern
Volcanic Zone. Modified after Sinton et al. (2005), Eason et al. (2015),
and Saemundsson et al. (2010)
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are by far the dominant lava morphology but aa lavas are
found as well (e.g., Rossi 1997; Thordarson and
Hoskuldsson 2008; Pedersen et al. 2017). We investigated
the internal structure of pahoehoe from a quarried lava-rise
plateau, topographically elevated by 3—5 m in comparison
with its surroundings, at the Hafnarhraun lava flow field,
Western Volcanic Zone of Iceland (Fig. 1). The outcrop seg-
ment examined is a 7-8.5-m-high quarry wall that dissects an
elongated pahoehoe lobe approximately along its crest.

The Hafnarhraun lava flow field is composed of pahoechoe
flow lobes with abundant lava tubes and tumuli. Sinton et al.
(2005) defined Hafnarhraun as a separate unit from the neigh-
boring Heidin h4 and Leitahraun lava flow fields. The exact
age of the Hafnarhraun is unknown, although it is clearly post-
glacial (younger than ~ 13 ka) and older than the neighboring
Heidin ha lava flow field (Jonsson 1978), for which '*C ages
indicate a maximum age around 10.3 ka (Sinton et al. 2005)
and *He exposure age a minimum of ~ 9.3 ka (Eason et al.
2015).

Materials and methods

Twenty-three rock samples were analyzed from the exposed
section of the Hafharhraun lava lobe. The sample set includes
pieces of the upper crust (5 samples), basal crust (1 sample),
VC (2 samples), HVS (9 samples), and lava core (6 samples).
The lava core and the quenched top selvage of the lava flow
were sampled in abundance to quantify chemical variation in
the host lava outside the segregations. Two samples of the
extensive lowermost HVS were taken 5 m apart to evaluate
homogeneity of the unit.

The major and trace element composition of the samples
was analyzed with PANalytical Axios mAX 4kW WD-XRF
from glass beads at the Department of Geosciences and
Geography, University of Helsinki. The rock samples were
crushed to chips (2-5 mm in diameter) using an iron-jawed
crusher, wet-sieved with deionized water to reach the 1-5 mm
fraction, and fine-powdered with agate-mill. Glass beads were
fused using a sample-flux ratio of 1:10 (0.600 g + 1 mg sample
and 6.000 g £ 1 mg Li-borate ultrapure flux: 49.5 wt%
Li,B407, 49.5 wt% LiBO,, and 1.0 wt% LiBr). The measure-
ment application in SuperQ 5 software was set up for mini-
mized line-overlap issues (maximum accuracy) and calibrated
with 20 basalt to granite natural rock certified reference mate-
rial (CRM) standards that were prepared identically to the
unknown samples. The application contained corrections for
background, selected line-overlaps, and a fixed-alpha matrix
correction table that was calculated for andesitic composition.
A total analysis time of 2.5 h per sample was used for high
precision results. Sample 33TH15 was repetitively analyzed
for 20 times, which revealed standard deviations of <
0.05 wt% for major oxides (cf. Online Resource 1).
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To evaluate the amount of mineral phases and vesi-
cles in various structures within the lava lobe, 1.5 x
2.5 cm areas in six thin section samples were point
counted (600 points in total) with a standard electrome-
chanical point counter (cf. Table 1). In addition, the
composition of rock-forming minerals was determined
by using a JEOL JXA-8230 electron microprobe at the
University of Iceland. In total, 192 spots were measured
from thin sections of four samples (11TH15-G, 11THIS-
D, 33THI15, and 35THI15), 75 from plagioclase, 52 from
olivine, and 65 from clinopyroxene (cf. Online Resource
1). Beam current and acceleration voltage were set at 15
nA and 15 kV, respectively. An electron beam diameter
of 5 um was used for plagioclase analyses, and a fo-
cused beam when measuring clinopyroxene and olivine
compositions. To check for instrumental drift, crystals of
known composition were analysed in regular intervals.

To understand the formation of the segregation structures,
we modelled the fractional crystallization of the host lava
using COMAGMAT-5.2.2. (Ariskin 1999; Ariskin et al.
2018) software that utilizes phase equilibria to calculate phase
compositions in mafic silicate melts. All calculations were
performed at FMQ (the fayalite—-magnetite—quartz buffer),
at | atm crystallization conditions, and the model of Kress
and Carmichael (1991) was used to calculate the activities
of Fe** and Fe?* species in the melt phase. We also uti-
lized Rayleigh fractionation (Rayleigh 1896) of incompat-
ible elements to evaluate the amount of fractional crystal-
lization required in the host lava to generate segregations.
According to Rayleigh fractionation, if an element is in-
compatible to crystallizing phases, its content in residual
liquid (CL) is the element content in initial host lava (CH)
divided by liquid fraction. Hence, the crystal fraction (FC)
at the time of melt separation can be calculated as FC =1
— (CH/CL).

Hafnarhraun pahoehoe lobe
Internal structure

The exposed internal structure of the lava lobe resembles that
of a pahoehoe sheet lobe, i.e., the basal crust, the lava core,
and the upper crust (Fig. 2a) can all be identified, although
here the lava crust is unusually thick, approximately ~ 60% of
the 7-8.5 m lobe thickness. In addition, the exposed lobe hosts
abundant VC and HVS melt segregations.

The base of the pahoehoe lobe, the basal surface, is
quenched basaltic glass (tachylite) resting directly on an ear-
lier pahoehoe lobe (Fig. 2b). The basal crust is 10-20-cm-
thick and contains an abundance of pipe vesicles (cf. Walker
1987). The pipe vesicles are present in clusters, and they seem
to transform to VC that extend into the lava core above (Figs.
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Table 1 Point counting results,

vesicularity and modal Lava core Basal crust vC HVS1 HVS1 HVS2

mineralogy (vol%), of units

within Hafnarhraun pahochoe Sample ID 11TH15-G 49TH16 11TH15-D 31TH15 33TH15 35TH15

lobe Height (m)* 1.7 0 1.7 3 4.55 4.1
Porosity (%) 12 15 33 30 37 23
Ol-ph 11 6 13 5 0 0
Ol 8 4 7 5 6 0
Plg 43 21 42 46 42 33
Cpx 28 0 31 30 34 33
Oxides 5 0 3 8 9 13
Glass 5 69 3 6 9 20

#Sample height from the bottom of the lava flow (max 8 m)

VC vesicle cylinder, HVS] type 1 horizontal vesicle sheet, HVS2 type 2 horizontal vesicle sheet, Ol-ph olivine
phenocryst, Ol groundmass olivine, Plg plagioclase, Cpx clinopyroxene

2b and S-2 in Online Resource 2). The lava core is approxi-
mately 3-m-thick and comprised of massive lava with numer-
ous VC commonly transcending the core (Figs. 2a, b and S-3
in Online Resource 2). At a height of 3 m, the VC connect to a
4-7-cm-thick HVS with a lateral extent of ~ 15 m (Fig. 2a).
Above this horizon, we define the boundary between lava core
and upper crust (height = ~3.15 m), i.e., below this level, the
lava was mostly liquid when the input of fresh magma into the
lobe came to halt. This is supported by the change in jointing
and vesiculation in the lava and by the fact that continuous VC
are nonexistent above this level. The lower 3 m of the lava
crust is poorly vesicular, but contains multiple MV and HVS
(Figs. 2a and S-4 in Online Resource 2). The top 2 m of the
upper crust, in turn, is highly vesicular, and variations in ves-
icle sizes define horizontal banding, as common in pahoehoe
(Self et al. 1998). The very top of the lobe is defined by up to
1-cm-thick glassy selvage and often features well-preserved
ropy domains. Jointing in the examined lava section is dom-
inantly uneven and blocky, especially in the lava core (Fig.
2a). Systematic vertical jointing becomes less evident with
depth in the lobe, being the strongest at the top 2 m of the
flow, and sparse and often curved in the lava core. Maximum
horizontal jointing is present in the lower parts of the upper
crust (Fig. 2a).

Melt segregations in the lava core and upper crust
differ from the host lava by their high vesicularity (23—
33 vol%) and darker color (Fig. 2). The boundaries be-
tween the host lava and the segregations are sharp (Fig.
2¢, d), whereas the vesicularity in the upper crust has a
gradational boundary to the underlying lava. VC are con-
tinuous cylindrical structures that extend from the basal
crust to the lowermost extensive HVS that is 3 m above
the lava base. In the lowermost 0.7 m of the lava core,
the VC are inclined in the direction of flow (Fig. 2b).
Above this level, they are vertical and their diameter
varies relative to their height in the lobe: 1 cm close to

the base of the crust (Fig. 2b) and ~ 3—4 cm at 2 m
height (Fig. 2¢). VC can locally occupy 10-22% of the
surface of the quarry wall in the lava core, but they are
scarce above the lowermost HVS (i.e., above ~ 3 m),
with only one discontinuous VC-like bubble trail, which
was not sampled, found from the upper crust. In the
upper crust, the abundant HVS are at most 3 m in lateral
extent and 35 cm in height, and they often have a pod-
like character with thick center and tapered edges (Figs.
S-4 and S-5 in Online Resource 2). Unlike the laterally
extensive lower-most HVS that is linked to the VC in the
lava core, there is no visible connection between HVS in
the upper crust and the underlying segregation system at
least on the plane of the quarry face.

HVS within the Hafhahraun lava lobe can be divided into
two types based on their petrography and whole-rock chem-
istry: less-evolved type 1 HVS (HVSI1) and more-evolved
type 2 HVS (HVS2). In outcrop, we could not distinguish
these two sheet types from each other, although hand samples
of HVS2 are slightly darker due to their finer, often microcrys-
talline, groundmass (Fig. 3f). The lowermost extensive HVS
is of type 1, but otherwise, HVS1 and HVS2 are located ran-
domly in the upper crust. Both can contain overlying
megavesicles. In one instance, HVS2 (sample 34TH15-B)
was found overlying HVS1 (sample 34TH15-A). We identi-
fied these two HVS from each other only during sample prep-
aration due to the darker tone of the overlying HVS2 (Fig. S-6
in Online Resource 2).

Petrography and mineralogy

Point counting results of mineral phases in the different litho-
logical units are shown in Table 1, and photomicrographs of
the respective units are given in Fig. 3. Olivine, plagioclase,
and clinopyroxene compositions in the lava lobe are illustrated
in Fig. 4 and given in Online Resource 1.

@ Springer
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Fig. 2 a Simplified log of the Hafnarhraun pahoehoe lobe. On the left
side of the log, location of samples (1), estimated time (¢, in days) of
solidification after lobe emplacement following the Hon et al. (1994)
model (see the “Discussion” section), and approximate height (%, in me-
ters) from the bottom of the lava lobe are shown. Squares depict lava core
and crust samples, diamonds segregation samples. Left panel gives the

The quenched basal selvage of the Hafnarhraun lava lobe is
hypohyaline with 4 vol% olivine phenocrysts and varying
amounts of 50-300-um-long plagioclase microphenocrysts
and small (sub 100 um in diameter) vesicles in a glassy
tachylite groundmass (Fig. 3a). Occasionally, olivine pheno-
crysts and plagioclase microphenocrysts form glomerocrysts
(Fig. 3a). The average size of plagioclase microphenocrysts
increases, and the groundmass becomes increasingly crystal-
line away from the basal contact. Plagioclase

@ Springer

10 cm

position of photographs b, ¢, and d and depicts vesiculation features with
vesicle cylinders (VC) and horizontal vesicle sheets (HVS) marked in
gray. MV and PV refer to megavesicles and pipe vesicles, respectively.
Right panel shows jointing features formed during cooling and emplace-
ment of the lava. b Basal crust with pipe vesicles, basal surface, and small
VC. ¢ Vesicle cylinders (VC). d Horizontal vesicle sheet (HVS)

microphenocrysts do exist even at the very bottom contact
of the lava, implying plagioclase crystallization before the
lava flow came to halt. The vesicle size in the basal crust is
also larger higher up near the lava core so that up to 1 cm
vesicles are found 2 cm from the quenched basal contact.
The holocrystalline lava core contains 11 vol% olivine phe-
nocrysts in a groundmass featuring a well-developed
subophitic texture of Ca-plagioclase and augite along with
groundmass olivine, ilmenite, and magnetite (Fig. 3b).
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Basal selvage

a

Fig. 3. Photomicrographs in plane-polarized light showing textures of
units in the Hafnarhraun lava lobe. a Basal selvage of the basal crust
(sample 49TH16). b Lava core (sample 11TH15-G). ¢ Vesicle cylinder
(VC, sample 11TH15-D). d Type 1| horizontal vesicle sheet (HVSI, 3 m
above the base of the lava, sample 31TH15). e HVSI (4.5 m above the

Irregular-shaped vesicles occupy 12 vol% of the lava core and
are typically 0.2-1.0 mm in diameter (Fig. 3b), although rare
vesicles up to 5 mm in diameter also exist. Vesicles are com-
monly mantled by microcrystalline groundmass. There are
also some rare (< 0.5 vol%) < 200 um angular voids and
interstitial glass pockets with small anhedral apatite and skel-
etal magnetite. In the lava core, phenocryst and groundmass
olivine crystal cores are Fos7 79 and Fosg 9, respectively, in
composition (Fig. 4a), the plagioclase crystal cores are Angs

77 (Fig. 4b), and augite compositions vary between

P A0S —

Type 1 horizontal vesicle sheet (HVS1)
s 0S¥ A

fo -~ ¢ ol g %

lava base, sample 33TH15). f Type 2 horizontal vesicle sheet (HVS2, 4.1

m above the lava base, sample 35TH15). For clarity, olivine phenocrysts
and microphenocrysts are outlined in green and vesicles in yellow (except
for image “a” with abundant small vesicles). Scale for all panels is in
panel a

En;gFs,sWos4 and Eng;Fs;sWosg (Fig. 4c¢). Olivine pheno-
crysts commonly have variably thick Fo,g 7, rims occasion-
ally grow to the surrounding groundmass partly enclosing tips
of plagioclase laths. In all examined samples, segregations
included, magnetite shows subsolidus exsolution to ilmenite
forming trellis-type lamellae.

The segregations are distinguished from the lava core and
crust by abundant rounded vesicles (23-33 vol%), by slightly
darker color, and by larger grain size, especially evident when
comparing the size of plagioclase laths (Fig. 3¢, d, and e). The

) Springer
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Fig. 4. a Variation in forsterite a
(Fo) content in olivine cores

within the Hafnarhraun lava lobe.
Phenocryst and groundmass
olivine marked with circles and
crosses, respectively. Propagated
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VvC
HVS1

20 instrumental error is smaller
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mineral assemblages in VC and HVS1 are, however, almost
identical to those in the lava core with subophitic Ca-
plagioclase and augite, and olivine phenocrysts (Table 1,
Fig. 3). The amount of olivine phenocrysts decreases from
VC (13 vol%) to HVSI1 (0-5 vol%). The composition of ol-
ivine, plagioclase and augite in the lava core, VC, and HVS1
overlap, although HVS1 seem to lack the most primitive cal-
cic variety of plagioclase (An;s 7;) present in the lava core
and VC (Fig. 4b), and augite in HVS1 tends to be more ferrous
(Fig. 4c) compared to VC and lava core.

@ Springer

The HVS2 are, on thin section scale, petrographically dis-
tinct in comparison with all other units in the lava lobe
(Table 1, Fig. 3f). They are nearly devoid of olivine (only a
few grains) and display a texture of flow-aligned plagioclase
in a groundmass of augite, euhedral magnetite and ilmenite,
and microcrystalline glass with skeletal magnetite (Fig. 3f).
Plagioclase in HVS?2 is relatively sodic (An.g3, Fig. 4b), and
augite crystals in the HVS2 are distinctively Fe-rich (Fs.ps,
Fig. 4c¢). At the contacts of HVS2 and the host lava, plagio-
clase laths are aligned parallel to the contact in



Bull Volcanol (2019) 81:70 Page 90of 17 70
21 13. - T T T T T T T
201 a 07\ N W upper/basal crust | 7 12.5 b T
19F . O AL D java core ] ]
181&.' & . A VC
—~ RS HVS1 ] 1
§17— vy + HVS2 . ]
=16} “a | o
OE 2
@ 151 s B 1
[ A N
14} .s“‘ - |
13l T ] ]
v +3wee, 9 w
12f Fore ] Foe ]
11 L L L L L L L L 80 L L L L L L L L
3 4 5 7 8 0 11 12 3 4 5 7 8 0 11 12
MgO (wt%) MgO (wt%)
5. T T T T T ; ; ; ; 0.4 r T T ——
. ~
45 C e osd d SR
e Fa
4.0} S 1 0sd e
. PRI
3.5 .“," E e
Letoe® 0.30 Lene + ]
<anl e 1 = .
g3 Lene” < o.28f 7
= SOt e =
— 2.5 . .—‘,—' 41 =
o o Q,0.201 E
i 2.0F &j'g 1 x
0.15) |
1.5 |
1ok ] o.10} E
0.5} i 0.05} i
OC L L L L L L L L L OOC L L L L L L L L L
20 10 1 12 13 14 15 16 17 18 19 20
FeO,, (Wt%)
1.0
f FeO
0.95 E
R 0.99 .
2
Q,0.85 i
<
?
S o080 i
o
0.75 -
070 L L L L L L L L
3 4 5 6 10 11 12 K20+Na20 MgO

7 8
MgO (wt%)

Fig. 5. Major element composition of the Hafrarhraun samples shown in
MgO vs. FeOyy (a), MgO vs. CaO (b), FeO,y vs. TiO; (¢), FeOyy vs. KoO
(d), MgO vs. CaO/ALLO; (e), and FeO-K,0+Na,0O-MgO (f) diagrams.
Instrumental errors (20) for the compositions and elemental ratios are
smaller than or equal to the symbol size. Calculated residual liquid com-
positions are marked by gray dashed and black dotted lines for 1 atm
fractional crystallization of “host lava™ and “VC” initial compositions,
respectively. The “host lava” composition corresponds to the average

microcrystalline matrix. The rare olivine crystals found from
HVS2 in the studied thin sections were anhedral and mantled
by oxide.

composition of quenched basal surface and upper crust selvage samples,
whereas the “VC” composition is the average of VC analyses. Model
residual liquids were calculated at 1 atm and at the fayalite-magnetite-
quartz oxygen buffer. The effect of 9 wt% plagioclase (An;s) fraction-
ation from host lava composition is shown by orange arrow, and the effect
of 3 wt% Fo¢ olivine addition (ol-accumulation vector) is shown by
black arrow

Whole-rock geochemistry
The whole-rock geochemical variation in the Hafnarhraun lobe

is illustrated in Fig. 5 and Fig. 6, and the analytical data can be
found in Table 2 and Online Resource 1. The lava core is

& Springer
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Fig. 6. Height above lava base vs. Mg# (Mg# = molar 100 x Mg/(Mg +
Fe®®), Fe?* = 0.9Fe,y,) for the Hafnarhraun samples

olivine tholeiite with a magnesium number (Mg# = molar 100
x Mg/(Mg + Fe**), Fe** = 0.9Fe,,) of 60-61, with one sample
(42TH15) from underneath the extensive lowermost HVS with
a more MgO-rich composition (Mg# = 64). The basal and
upper crust samples from the top and bottom of the flow have
consistently lower Mg# (57-58) than the lava core (Fig. 6).

VC show only slight compositional difference from the
lava core or crust samples (Fig. 5, Table 2). Although they
are somewhat richer in FeOy, TiO,, K,0, Na,0, P,Os, and V,
and poorer in Al,O5, CaO, and Cr compared to the lava core,
their MgO content and many of the trace elements are nearly
the same as in the lava core samples. From the two samples
taken from VC, the stratigraphically higher of the two is
slightly more ferrous and incompatible element enriched.

HVSI have Mg# 46-54, whereas HVS2 have Mg# equal
or below 35. The compositional gap between these two seg-
regation sheet types is notable in all major elements (Fig. 5).
The FeO,y of the HVSI1 peak at 14.3 wt%, whereas HVS2
reach 19.1 wt% FeOy,. The HVS2 also have the highest con-
centrations of incompatible elements, notably Zr, Y, and V,
and strikingly low Cr in comparison with other sample types
(Table 2). Both HVS1 and HVS2 tend to have more FeO,
and incompatible element upward in the lobe. This is the
clearest in the variation in Mg# (Fig. 6), but can also be illus-
trated by plotting other elements.

Discussion

Time constraints of lava lobe formation

It is crucial to understand the temporal relationships of the units
in the lava lobe. According to Hon et al. (1994), the downward
solidification of pahoehoe upper crust is progressive during

lava emplacement, and hence, the final thickness of the upper
crust (H., in meters) can be related to the emplacement time of

@ Springer

the lobe (¢, in hours) by # = 164.8 x H.2 Based on this, the
downward solidification of the Hafnarhraun upper crust took
around 160 days (Fig. 2a), after which the lava core would have
taken about a further month to solidify completely.
Consequently, if we interpret that at least the HVS1 represent
accumulations of VC to the base of the gradually solidifying
upper crust (as usually done, cf. Self 1998), HVSI higher in the
crust must have formed before HVS1 lower in the crust (Fig.
2a). In addition, as the lava core is the last part of the lobe to
solidify, segregations within it are the youngest.

Temporal evolution of the host lava

In the studied Hafnharhraun lava lobe, the lava core is more mag-
nesian than the crust (Fig. 6). This compositional variation sug-
gests more olivine in the lava core than in the crust. Addition of ~
3 wt% of Fos olivine (the average composition of olivine phe-
nocrysts in the lobe) to the crust delivers the composition of the
lava core (olivine-accumulation vector in Fig. 5). Sample
42TH1S5, taken from the lava core just below the lowest extensive
HVS, is particularly rich in MgO (11.7 wt%, Fig. 5), and its
composition suggests ~ 10 wt% relative enrichment in olivine.
Gravitational settling may have enriched the lava core in olivine
phenocrysts during the lifespan of the lobe. Additionally, the lava
in the lava core may have been hotter and thus richer in olivine-
forming elements than the lava that formed the crust. The lava
that formed the crustal selvages had probably cooled and frac-
tionated olivine on transit from the vent. The lava core, however,
represents a later phase in the effusive sequence, when lava likely
moved within a well-insulated lava tube network. Because of this
enhanced insulation (cf. Harris and Rowland 2009), melt in the
lava core may have stayed hotter, fractionated less olivine, and
remained rich in MgO.

Differentiation of segregations by fractional
crystallization

To evaluate whether the melt segregations in the Hafnarhraun
pahoehoe lobe are differentiated melts produced by fractional
crystallization of the lava lobe, we modeled the fractional
crystallization of the lobe and composition of derivate melts
along the liquid line of descent (LLD, Fig. 5) with
COMAGMAT-5.2.2. (Ariskin 1999; Ariskin et al. 2018) soft-
ware. As the non-fractionated initial lava composition, we
used the average composition of the quenched top and bottom
lava selvages (solid line in Fig. 5), referred as “host lava”
herein. As discussed earlier, the chemical variability within
lava core and crustal units is controlled by the amount of
liquidus olivine (either as phenocrysts or in the melt), which
is the first crystallizing phase. Hence, the LLD trajectory is
rather indifferent to the selection of initial composition from
the available crust and lava core samples. We also calculated
the composition of residual melts generated in fractional



Page 11 0of 17 70

70

(2019) 81

Bull Volcanol

€l €C L1 LE LLT 681 e 691 1€¢ 98¢ L9T D
874 8LI [4y4 681 6L1 8yl 0S1 091 LLT 911 LTl ny
6 €9 801 9L 19 19 9 6L 0$ 9 Is ed
€8¢ Sle 6'1¢ [8Y3 9y 98y 6CS 49 (429 €8¢ L'8S #IN
(U] €0 6£0 €0 wo 1T0 0T0 0T0 610 LT°0 81°0 ‘0
Se0 0€0 6£0 Se0 170 wo 170 170 170 81°0 610 o
S8l L8] 34 S¥'C 00T 61°C 0TC 8T'C LI'T 01°C e 0%N
€6'8 0re LS6 186 €811 LTl Sl 811 LTI 9L 01 w601 (0170]
08¢ wy LEY 96t 809 869 09°L LEL 8L 856 96 03N
6C0 8C0 0£0 8T0 4] €00 wo €00 170 wo wo OUN
LO61 0981 6181 PI°81 SeEvl LLET wel wel 60°€l LSEL wel 024
9901 9801 w0l Or'TT 141t 10°€1 €8¢l wel €0'vl 0Tel [4x4qt 0V
0e'y S6'¢ wv €0y SL'T I 0€C 0€C 91'C 81T 66’1 o
00'8% ey WLy €0'LYy ooy L8y $0°8% L9838y 108% 6v'Ly S6'LY o018
09§ 594 or'y oL'e or's 994 0Le 00°¢ 00°¢ 00T 0L'T (WY
STHLET STHLOE STHLSE d-STHLYE STHLST STHLEE V-SIHLYE SIHLIY SIHLIE STHLZE A-STHLIT p djdureg
SAH T 0dAL SAH 1 0dAL JA
80001 62001 ST66 7566 1766 6966 0L'66 ¥L'66 £6'66 LS'66 66 0¥°001 [eI0L
¥9¢ LSE 86¢ 9¢ 9LE 993 (443 (023 £€5¢ 143 9re ¥9¢ A
LT LT 6¢ 8¢ Iy 8¢ LE 143 0¢ 6¢ [43 9 A
14! 8 I cl 11 I I I Cl )1 11 6 aN
€ € S L L 8 14 L € 8 S € A
18 08 08 $01 6 €6 YL €8 S8 89 1L SL 1z
01 €01 86 001 001 LOT S0t 101 86 16 86 Y01 uz
vLI LLT 091 191 191 LST a4t €51 Y91 851 391 €LT IS
IS1 091 6¢1 Sel ! S91 ¥ST €81 [4]! SL1 6L1 91 N
1433 ove 01¢ ¥6C 6C¢ 9LE 0S¥ S8¢ L3¢ 01y LSE LvE D
S91 191 611 L11 Lyl LTl [11! Izl 6Cl LI1 LET LST o
69 1L 0L 89 0s €9 €9 9 9¢ 139 143 €9 ed
LS 8'LS ¥'8S 9LS VLS 6'6S €19 I'19 909 €09 09 €8¢ #SN
LTO LTO 910 910 910 910 S1Io S1°0 SIo Sro 910 LTO ‘0
0T0 610 S1°o 910 910 LT0 LT0 910 LTO 910 LTO 610 o
LT'T 91'C €61 ¥8°1 €6l 10 06'1 T wT 00 00T SI'e 0%N
811 6¢°11 SyIT o1l (4R L AN 1701 €Tl SYIT SEll 80°11 6¢°11 oD
S 8L'8 198 v 0¢'8 [140) €911 8L'6 056 44 £5°6 068 03N
0T0 0T0 020 0T0 0T0 120 170 0T0 0T0 0T0 1T0 0T0 OUN
€9°C1 89°CI SIel 6Tl [kt 6v'Cl 18°CI (434 wel €eTl 6v'Cl v9°Cl 0°d
8L (U4t S8l 981 LYl Iyl 8¢°¢l SEvl Pyl 8vvl 1434t 691 0V
88’1 L8] 6L'1 S8l S8l 081 89'1 0L'1 €Ll L1 8L'1 S8l ‘OlL
88'LY 66'LY €'y [4%'i4 LO'8Y vL'LY w'Ly LY'Ly 06'Ly Y9'Ly 'Ly 90'8% 18
008 008 0€9 or’s Sy SIe SL'T oLl 0Ll 0L'1 SS°0 000 W) g
9THLTS 9THLIS SIHLLY STHLSY STHLYY STHLEY SIHLTY [-STHLIT [-STHLIT H-STHLIT STHLOY 9IHL6Y ap djdureg
higTale) sno soddpy Q100 BART 1090

QO] BA®| UNEIYJIEUJEH UIYIA SIUN JO SUONISodiuod JUsWo[e a0k} pue apIxo Iofejy g ajqe)

pringer

A's



70  Page 12 of 17

Bull Volcanol (2019) 81:70

Nl
=
—

21

30
167
173
218

24
165
176
187

37
163

61 47
158 172
125

107
162

96
159

120
160

179
154

172
148

Table 2 (continued)
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167

108

116

98

106

109
95

116

[a)
I5e}
(o]

180

130

110

100

102

10

10

~
™

98.88 97.81

98.68

98.65

99.32 99.51 99.25 99.61

99.30

99.60

99.57

Total

Measured Ce, La, and U are close to lowest limit of detection and thus not reported

OBCr quenched basal crust, QUCr quenched upper crust, VC vesicle cylinder, HVS horizontal vesicle sheet

* Sample height from the bottom of the lava flow (max 8 m)

crystallization of a VC-like initial melt, as these were the best
fits for HVS1 compositions (stippled line in Fig. 5). The order
of fractionating phases is olivine, olivine + plagioclase, oliv-
ine + plagioclase + augite, and olivine + plagioclase + augite +
magnetite. The first modeled mineral on liquidus is Fogg oliv-
ine that develops to Fo;g before An,g plagioclase is stabilized.
The first modeled augite to fractionate has the composition of
EnygFs13Woyo. This modeled crystallization assemblage cor-
responds well to the observed phenocryst and groundmass
mineralogy in the Hafnarhraun lava lobe (compare to Fig. 4).

The VC in Hafnarhraun are compositionally nearly similar
to the lava core and crust (Fig. 5), and thus differ from the VC
reported elsewhere that correspond to residual melts after 36—
60% crystallization of the host lava (Rogan et al. 1996;
Stephenson et al. 2000; Hartley and Thordarson 2009;
Sigmarsson et al. 2009). In fact, the Hafnarhraun VC do not
correspond to any likely residual melt produced by fractional
crystallization of the host lava, as the expected fractionate
from olivine tholeiitic magma always depletes the residual
liquid in MgO (Fig. 5). However, crystallizing and removing
~ 9 wt% Anys plagioclase from the host lava results in a VC-
like composition with relatively high MgO (9.6 wt%) and FeO
(13.5 wt%), low CaO (10.8 wt%), and Al,O5; (13.01 wt%)
along with minor enrichment in incompatible elements (Fig.
5).

The major oxide composition of HVS1 resembles that of
VC that were fractionated further and lost most or all of their
olivine phenocryst cargo in the process (Fig. 5, stippled line).
This is consistent with the fewer olivine phenocrysts in those
HVSI that are positioned higher in the lava lobe. Depending
on the initial composition (host lava or VC, solid or stippled
line in Fig. 5), our fractional crystallization models produce
HVSI-like residual liquids after either 17-38 wt% (host lava)
or 11-23 wt% (VC) fractional crystallization. Rayleigh frac-
tionation of TiO, and Zr, in turn, suggests host lava crystal-
linity of 13-39 wt% before segregation of the HVS1 forming
residual melt.

HVS2 represent the most fractionated liquids of the ana-
lyzed section, and their composition fits that of simple residual
melts of the host lava generated by fractional crystallization.
The model residual melts attain HVS2-like compositions after
~ 50-60 wt% fractional crystallization from the host lava,
corresponding to removal of 12—13 wt% olivine, 24-28 wt%
plagioclase, and 12—17 wt% augite (Fig. 5). Correspondingly,
relative enrichment in TiO,, K5O, and Zr in HVS2 suggests
53-57 wt%, 3650 wt%, and 5667 wt% crystallinity in the
host lava, respectively, before residual melt segregation.

Co-genetic formation of VC and HVS1
We have shown that VC compositions in Hafnarhraun do not

correspond to any expected residual melt produced by frac-
tional crystallization of the host lava. Comparable VC that do
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not represent simple differentiated liquids of the host lava
have been reported earlier by Caroff et al. (2000) and
Kuritani et al. (2010). Caroff et al. (2000) published segrega-
tion compositions that included a VC (TB10B) with a com-
position similar to its host lava. They noted that this VC is
cumulative in olivine phenocrysts, but did not discuss its gen-
esis further. Kuritani et al. (2010) reported VC enriched in
both incompatible elements and MgO compared to the sur-
rounding lava, and envisioned that these VC were formed by
selective fractionation of plagioclase and pyroxene from the
lava when olivine-bearing interstitial melt was extracted from
partly crystalline lava core. The Hafharhraun VC are reminis-
cent of those reported by Kuritani et al. (2010), as selective
crystal fractionation applies as a first-order explanation for the
composition of Hafharhraun VC as well.

As we envision it, the simplest, yet probably unrealistic
model to explain the composition of Hafnarhraun VC, is illus-
trated in Fig. 7a. In this model, olivine crystals and residual
liquid are separated from a crystal mush near the lower crys-
tallization front of the lava base, while plagioclase (9 wt%)
remains in the lava base. This model of genesis, although able
to reproduce the detected depletion in plagioclase bearing el-
ements in VC, is problematic because of the indicated low
crystallinity of the crystal mush during VC segregation (~ 16
wt%), and we struggle to understand how dense olivine phe-
nocrysts were drawn to the upwelling VC while plagioclase
was not. Hence, we propose an alternative model, illustrated
in Fig. 7b, in which VC forming residual melt (liquid + vapor)
first segregates from olivine + plagioclase + liquid + vapor
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addition in the lava core
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Fig. 7. Tllustration of two petrogenetic models for the formation of VC.
Pale blue circles are vapor bubbles, green hexagons olivine (ol), and dark
blue rectangles plagioclase (plg). Bottom of the images corresponds to the
lava base and top to the center parts of the lava core. a A model of
selective derivation of olivine and vapor saturated interstitial melt from
ol+plg+melt+vapor mixture near the base of the lava, i.e., plagioclase is
fractionated from the host lava to form VC. b Our preferred model of
intercrystalline melt sequestering from ol+plg+liquid+vapor mush near
the lava base followed by olivine and minor plagioclase addition in the
lava core
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mush near the lava base and later accumulates olivine pheno-
crysts and plagioclase microphenocrysts in ascent in the lava
core. The segregation of VC melt must have occurred after a
minimum of ~ 13—16 wt% fractional crystallization of ~ 67
wt% olivine + ~ 7-9 wt% plagioclase near the lava base, and
in this scenario, only ~ 5-6 wt% olivine phenocrysts needs to
be added to the VC in the lava core to reproduce the observed
VC composition. Anyhow, it is likely that the crystallinity
near the lava base must have been higher (up to 25%) to allow
effectively melt+vapor separation from the crystal phases
(Philpotts et al. 1998). In this scenario, more olivine and var-
iable amounts of plagioclase must have accumulated in VC
while it was forming in the liquid lava core (Fig. 7b). The
detected 13 vol% olivine phenocrysts in VC indicate high
amount of olivine accumulation to VC in the lava core, but
can also be, at least partly, attributed to the in situ growth of
the olivine phenocrysts within VC.

In the two-stage model of VC formation outlined in Fig.
7b, the depletion in plagioclase bearing elements in VC re-
flects different levels of crystallization between the base of the
lava (origin of VC) and lava core (source of entrained crystal
assemblage). This model of formation is easier to conceive
than selective removal of plagioclase, or selective segregation
of olivine and melt from a crystal mush (e.g., Fig. 7a). In
addition, the model is consistent with field evidence suggest-
ing VC derivation from near the lava base and strongly sup-
ported by the detected high-Fo olivine phenocrysts (Table 1
and Fig. 4a) and Ca-rich plagioclase in VC (Fig. 4b), which
are clear indications of crystal accumulation to VC.

Although only the lowermost HVS1 is visibly fed by the
underlying VC, the petrographic and compositional similarity
of VC and HVS1 suggest that all HVS1 are accumulations of
VC material to the bottom of the solidifying upper crust at
different stages of lava lobe development. In particular, the
similar CaO depletion in HVS1 and VC in comparison with
the modeled residual liquids of the host lava (Fig. 5b), and the
fact that HVS1-like melts are produced by fractional crystal-
lization of a VC-like initial composition, point to co-genetic
relationship between VC and HVSI. The increasing level of
differentiation in HVS1 composition higher up in the lava lobe
(Fig. 6) may be consequential to lesser contamination with
primitive olivine and plagioclase higher in the lobe, and pref-
erential uprising of the residual liquid in comparison with in
situ fractional crystallization assemblage in ascending VC.

Our model of two-stage formation of Hafharhraun VC and
their co-genetic relation with HVS1 requires the lava core to
have been mostly liquid during VC ascent and HVS1 forma-
tion. Whatever the physical process that segregated VC at the
base of the lava flow—gas-filter pressing (Anderson et al.
1984), Rayleigh—Taylor instability (Costa et al. 2006), or
mushy convection (Fowler et al. 2014)—VC must have later
ascended within the lava core in a manner that allowed con-
tamination with primitive mineral phases. In addition, the lava
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core must have been fairly liquid to facilitate horizontal
spreading of HVSI1 below the lower crystallization front of
the upper crust.

Formation of HVS2

HVS2 are chemically and mineralogical distinct from VC and
HVSI, and their composition suggests that they are segregated
residual melts of the lava lobe. The sample 34TH15 with a
HVSI1-type lower and HVS2-type upper part could be seen
suggestive of HVS2-like residual melt derivation from HVSI.
However, expulsion of sufficient residual melt from the un-
derlying HVS1 (34TH15-A) to make the HVS2-like upper
part (34TH15-B), which is 10-30% of the total sheet volume,
should have effectively depleted the underlying HVSI of in-
compatible elements and we do not see this. In all, we did not
locate incompatible-element-depleted layers of “solid resi-
due” from the upper crust or lava core from which the
HVS?2 residual melt was removed. Hence, it is likely that the
segregation of HVS2 mobilized residual melt over a relatively
large area in the lava lobe and the chemical depletion related to

removal of HVS2 melt was widely distributed. HVS2 likely
formed at a late stage of lava flow cooling, when residual
melts of the lava lobe seeped into megavesicles and other
voids within the upper crust by gas-filter pressing (Anderson
et al. 1984) or other mechanism. Megavesicles are very com-
mon in the top part of HVSI1, and this could explain why
HVS2 formed directly on the top of HVSI in sample 34TH15.

Differentiation of Hafnarhraun pahoehoe lobe

A model of the evolution of the Hafnarhraun lava lobe is
shown in Fig. 8. During periods when lava effusion within
the lobe shortly stalls or weakens, VC form in response to
the separation of vapor-saturated liquids from the solidifying
lava base and act as sites of material transport from the bottom
to the top of the lava core. During these magmatic lulls, po-
tentially extensive HVS1 are generated as VC-fed material
accumulates beneath the lower solidification front of the upper
crust (Fig. 8c). However, only a small portion of the HVS1 are
preserved in the Hafnarhraun lava flow, as pulses of new mag-
ma entering the lava tube system occasionally flush the

b inflation, day 1

a flow emplacement, day 0

C fully inflated lobe and formation of
the first HVS1, day ~30

->

d Puise of magma flushes the lava core,
and formation of the first HVS2, day ~40.

€ Input of magma ceases, formation of the
lowermost HVS1, day ~160.

f final cooling of the lava lobe

B I {

Fig. 8. Cartoon depicting the evolution of the Hafnarhraun pahoehoe
lobe from emplacement to solidification. Vesicular portion of the upper
crust is marked in cross-hatching, basal zone in black, and segregation
features in beige (VC and HVS1) and brown (HVS2). Megavesicles
illustrated as hollow shapes in the upper crust. The blue arrow depicts
the magma flow intensity and direction within the lava, and the blue
stippled line marks the level of solidification front(s). Stages of
development: a Emplacement of a lobe. b Lobe inflation. ¢ As the input
of new magma to the lobe is limited, crystallization commences near the
base of the lobe and VC form. Some VC ascent to the base of the upper
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solidification front forming HVS1. d Pulse of new fresh magma to the
lava lobe disturbs the formation of segregations and flushes the lava core;
relicts of HVS1 segregations are preserved. Unrelated to this event, the
first HVS2 is formed high in the upper crust, as highly evolved interstitial
melts seep to a deflating gas pocket above HVSI. e After months of
variable effusion rate in the lava lobe, fresh magma is no longer
delivered to the system, and the lowermost extensive HVS1 is formed. f
Final cooling and crystallization preserves VC in the lava core, and
further HVS2 are formed in the upper crust
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crystallizing core of the segregation features (Fig. 8d). The
lowermost HVS1 remains extensive, as it forms during the
final stage of lava cooling as the lava lobe becomes inactive
(Fig. 8¢). HVS2 form independently of VC, as vesicular re-
sidual melts seep to void spaces in the upper crust (Fig. 8d—f)
in later stages of the lobe cooling. The two different mecha-
nisms of HVS formation, now identified within a single lava
flow, may explain some of the diverging observations of HVS
development in earlier studies, compare, for example, Hartley
and Thordarson (2009) and Kuritani et al. (2010).

Magma differentiation in crustal magma storage
zones

Volatile-driven magma differentiation, at least partly analogous
to segregation formation in Hafharhraun, may take place in
shallow crustal magma storage zones (e.g., chambers and sills)
and has been evoked to explain silicic segregation lenses and
sheets in intrusions (Carman 1994; White 2007; Zavala et al.
2011) and formation of crystal-poor FeTi-basalts (Sigmarsson
et al. 2009). Andesitic to rhyolitic magmas are most likely to
experience crystal-melt separation aided by volatiles due to
their high volatile content and expansion during vapor exsolu-
tion (Sisson and Bacon 1999; Parmigiani et al. 2016), but also
basaltic magma may be affected, at least during slow ascent in
conduits and in intrusions at shallow crustal levels.
Additionally, upper crustal magmas may feature vapor-aided
convection (or “bubble-driven convection”, cf. Cardoso and
Woods 1999) that could occur in a similar manner to that ob-
served within the Hafnarhraun lava lobe, i.e., driven by VC
accommodated mass transfer from the bottom to the top of
system. This vapor-aided mass movement could explain, in
some cases, signs of convection in small and shallow intrusions
that are not expected to undergo significant thermal convection.

We have demonstrated that the Hafnarhraun VC are not
simple residual liquids of the host lava, generated by fraction-
ation of equilibrium mineral phases, but residual liquids that
have accumulated primitive olivine and plagioclase. Volcanic
rocks with crystal cargoes of more primitive character than in
equilibrium with the carrier melt are common (e.g., Davidson
et al. 2007; Thomson and Maclennan 2013; Neave et al.
2015). Usually, these primitive crystals are thought to accu-
mulate to evolved melts from disaggregated crystal mushes;
however, in the Hafnarhraun lava lobe, VC accumulated prim-
itive crystals from the nearly liquid portion of the lobe when
VC-melts ascended through it. Although the accumulation of
primitive phenocrysts to magmas often occurs in mid- to
lower-crustal settings, and significant vapor is unlikely to be
present at these pressures in most basaltic magmas, the
Hafnarhraun VC are a novel example of crystal accumulation
and basalt differentiation, applicable to at least shallow crustal
settings.

Conclusions

Our work gives additional support to the concept of lava
degassing as a significant differentiation mechanism in
pahochoe lavas. We found that the Hatharhraun VC are not
simple segregated residual melts of the host lava, but rather
formed in a two-stage process involving separation of vapor-
saturated residual melt in the crystallizing base of the lava
followed by accumulation of primitive crystals in the nearly
liquid lava core. Furthermore, we suggest that the
Hafharhraun HVS formed by two different processes: (i) ac-
cumulation of VC-transported segregated material to the low-
er solidification front of the upper crust at the top of the lava
core and (ii) later seepage of evolved and vapor-saturated
melts into void spaces in the upper crust of the lava lobe.
Overall, exsolution of volatiles promotes transfer of residual
liquid from the bottom to the top of a crystallizing pahoehoe
lava core in thick, slow-cooling lobes. In shallow crustal
levels, similar processes may drive mass transfer and
crystal-melt separation in magmatic intrusions, potentially
promoting crystal accumulation in segregated residual melts
and leading to differentiated magma compositions not expect-
ed by fractionation of equilibrium mineral phases.
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Basaltic magmas originate from melting of
the Earth’s mantle, evolve in transit through
the Earth’s crust and sometimes surface
as orange-glowing lavas. Consequently,
these lavas carry the imprint of their mantle
source and the subsurface anatomy of
their host volcanoes. In this thesis, | follow
the evolutionary history of basaltic lavas
in Iceland from mantle melting to lava
emplacement by utilizihg microanalyses
of mineral phases, analyses of whole-
rock samples and numerical modelling.
| give special attention to compositions
of primitive olivine macrocrysts, used as
indicators of mantle melting conditions,
and the Eyjafjallajokull volcanic system, for
which | studied crystallization conditions
of mineral phases in two primitive lavas.
These investigations exposed a signature
of deep melting of Earth’s mantle below
South Iceland and mid-crustal storage and
crystallization conditions for the studied
Eyjafjallajokull lavas.
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