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Abstract

The volcanic gas composition emitted during
but the emissions from cooling | ava field
environment al i mpacts. The stcudyytidhalveast imgpa t
we |l | as the internal structure of | ava and
collected from the eruptive crater, cooling
gas emissions were f ounfdorrmgc helienmesnulsp hautr ta
crater, -ewhuiplte vpogtas i s richer imriyastadgeéens,
|l ava and fluorine at the cootysagdlaeiasismd svt
significant release of metals that form ch
fractional crystallisation, along with segt
was examined. The first mi ngral § ut geydf co ms
frameworO0&f aéys8@ti on. I n the residual me |
form a-rvelhumes phase. The gas presses the
forming segregation veins. Chemi cal anal yse
escaped atmoecphéee or solidified with the
segregation veins and gas from solidifying
| ava evolution and | ava degassing. Overall,
di stinct from emissions at the vent but cot
mel t both in terM™mse odnwirri gn me nmtnadl nianbpuarcet.s
emi ssions from basalt | ava are a worthy sub






PDtdr 8ttur

Samsetning eldfjallagas samfara myndun basalthrauna er tiltélulega vel pekkt, en eiming fr&
kélnandi hraunbreidum hefur litid verid kénnud sem og umhverfisahrif. Afgésun & malmum
og1 malmleysingum fra hrauni vid storknwar kénnud, sem og innri uppbygging hrauna

og adskilnadareeda sem myndast vid afgdsunina. Gasi frd gosopi, kélnandi gigum og
storknandi hrauni var safnad austan Fagradalsfjalls. Efnasamsetning gassyna sannreynir ad
i gosopi rikja brennisteinn og malmar Glfdsambéndum, & medan hraun gefa fra sér
hal6genrikt gas og malma i halidsambdndum en fldorrikt gas kemur ar kélnandi gig. Mat &
losun pungmalma fra kélnandi hrauni synir umtalsverda losun malma sem mynda klorid.

Tengsl afgdsunar vid hlutkristéllun og myndun afleiddrar kviku i basalthraunum vid
storknun var kannadur. Fyrstu steindir sem kristallast eru vatnssnaudar (0livin, plagioklas
og klinbpyroxen) og mynda heilsteypta kristalgrind eftir u.p.b. 50% kristéllumalmilli
kristallana er afgangsbradin par sem rokgjornu efnin sem haldast ekki i lausn mynda
rammalsfrekan gasfasa. Gasid prystir bradinni gegnum kristalgrindina til holryma ofar i
hrauni (svokalladigasfilter pressing ferli) og myndar adskilnadaraedada holufyllingar
(segregation veins/vesicles). Efnagreiningar eedanna leida i ljos hvort gasfasinn hafi sloppid
til andrimslofts eda pést og storknad med sidust brad hraunkvikunnar. Likindi
efnasamsetninga adskilnadaraeda og gass fra storknandi hraunitibbed@a tengsla a

milli innri kvikupréunnar hrauna og losunar afgangsgass fra basaltkvikunni. | heild syna
nidurstéour ad gaslosun fra hrauni er mjog frabrugdin losun vid gosop en fellur vel ad
hlutafgésun basaltkviku, baedi hvad vardar uppruna og Bdathverfisahrif af gaslosun
pbungmalma fra basalthraunum er verdugt rannsoknarefni i framtidinni.
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this thesis, I wi || Il ntroduce you the
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c Bwaipltlerdet ail the results and discussion
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heterogeneityl fespatrabty no Fava degassi nt
anal ysed products asimephrababodehavampebbt
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1State of t he ar-t

1.1 Volcanic degassing and volatile metal

emissions
Vol canic gas emissions are essenti al t o t he
di oxi de (awid |Iwaatmesr et al . .19BRe ®Bagdoni reg farl
eruptions also significantly affects the &
sul ghourmi ng aerosol s, potent( RArmyi noe adti ngl .t

Robock 2000; Oppenhbeuitmearl seot garle.e nhAdB&)er gas e

CH(CoeDai 2010; Burvobonamrtcawintéd8)can have
the Earth climate and biosphere (including
(Laki ;17848 &AD, Tambor a, 1815ba&AD) 7ankHa)rekan
(Rampino and Self 1992; Thordarbepemadidndgeodn
eruption scale, volcanic winters | ast from
effect on the environment . I n cont rtaesrtm v O |
I mpact (Kkat ¢ matfiMaee)adtyt he over al I( Kdrirmactkel BoOf0 1t)
addition to its greenhouse effect, carbon
consequences, the | ake Nyos disaster in 109

massive r1 eflremmet lbd ICOke t akKlnign g eatr IFgFin200%8
the recent-Hhogga RDguapti on highlighted t he
water released from | a(rSceh pehlreecralt oema gara.t i 20 2

t hi swistelctttiiomme k dy backgroun.d It owimyl tfhiersgts
istory of wvolcanic gas sasampleidnd han & htDh
di scussitohne roergiagridnisnegft hiihne tvhod aE & roteh i s
it hghel ements of i nter esetmiwshsetnb d ansvcetsithieg a
rocesses that | ead to formatofont lbd dihfef ev
ememdats wi | | be Acandiese i dhsethavtisee woddogla.h @i ag t
hveol cani c gas features and itasvarfirmdome wadryk
nderstanding the context of volcanic degas
nowl edagses oacnidat ed research regardehgt,ee@cpnd

emphagiheingqterest of the work conducted durt
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1. 1HLstory of volcanic gas sampling and stu
Knowl eedgarndehfiect of vol sehnati delgpes.magnon
Though volcanic gases have been a subject o
vicinity of volcanoes early identifying suc
was hindered untiltenrteurlyatbeystt hpearlta cokfi aofh ea p2
sample and analyse it. The fir swe nperbolpieshed]|
byay and Shempdwvagal et WADILSr (daryi naanndc eS hi enp ht ehrec
I n the following decades, mul tiple gas san

HpP



ot her specigs SrQgH edCd 9d a(n@O fir st i ndi cati on
heterogeneofysSymomupasesietti an . 1994 and referenc

The modern days study of volcanic gas compo

German scientist Werner Giggenbach revolutio

t hec slol ed AA Simple Method for the Csblectio

paper in 1975, Il n thi i ggéenbheh ab@i7ghgeinibéadbthh

devel oped the technique to sampl eevsa cnuuatteadn e o
|1

bottles partly fi ed with NaOH solution, i
call ed Giggenbach bataedpetsyr etdh eb yir ldehhed-inboans g a w
condensabl e species are trapped in the vacuu

Fumarolic gas

Vacuum collecting the non-
condensable species

Giggenbach Base collecting the acidic species

Fumarole ||

Sampling tube

Figure 1.1. Schematic of imarole sampling using a Giggenbach bottlEhe fumarolic gas

is pumped through a tube to the Giggenbach bottle, partially filled with a base and
completed by vacuurithe norcondensable species in the gas accumulate in the vacuum
whereas thacidic species dissolve in the base. Figure modified fremet al(2005)

This new sampl i mgreeértalusd | adeh daangp 1 forfg atth eo n
maj or volatiles that r emgd,n Lg0aCs0Og,0 uSKDIAf t er b

HCI , HF3; ®©WBrc,, )H which together (MmMAakpe nulpe i>medr9
et al HoOwledv)er , a second category of el ement s
vol ati |l e tHeacee aerlee ngeunatisi.f i ed as volatil es el e
the gagaphmeéet (partition whherfddsxitmdadc &Kde |>e nde
el ements with concemsdnr altloneemoosft tchaes eosr,d etrh eosfe
not released as free el ement s, i nstead for mi
as sulphldes, hali des, z30xCGudCds, ptletbn hy e ok hdewm
volatlles, ch compl ex specioexs ddmtn aatt nroesmahic
condi tion bu r attgheelri d oaoam waeerr Lison .Pys wdaisy af
convewssuaosnsociated with dedheeenatipomcessads
solpiad t(i®Yymends et al . 1992; Witham.etThael . 20
emi ssions of trace el ements, twhmied h bien slaungpd et
by Giggenbach bottle and required another <co

To fulfill andiatt hdbj @icggemrbach KNaawghten wetr eal
(19mapde the first attempt on sampling aeros
(maindy $0is technique was | mprowméldPagmn t he
Crowe (9B 7adFndhnegam9&?)gaving birth to the fi



met hod (Fi g. 1.2) . I n this method, the volc
Polytetrafluoltami  hgt edef ( PTEE)coll ecting th
four-impsegnatedcdlil eered aci dic species (su
Though the voladnllye rnemrcesentemenmi nor part
vol canoes, their emissions a(fNriaagu uk9d &9 ; aA
et al. 2003; .ASuahdeei sai on2016})race el emer
classify as heCay HBbheWaiclsd ( Aes aslatCld ,a)yD.eyrabnm e

Nripgunted out in 1989 that volfdhanitotdegd =
and anthropogenic) emissions of numerous mé
Sb. The release of these pollutants is a s
not only the atmospheranbdbduwul ali snat ehAgl Iherdr o
et al 2000; Aiuppa et al . 2000;. Tsaunt he tl oacla
pollution can be impactful in the fertile a
as i n |Imdceeneeqii(dSihgppiineasnnd Takahashi 2002; Fi

Fumarolic gas
Pump FilterApack

r

Base impregnated  |aminated filter
filters

Air flow

Fumarole

Figure 1.2. Schematic of fumarole sampling using a filter packhe fumarolic gas is
pumped directly in the filter pack, first through a PTFE laminated filter and then a series
(typically two to four) of base impregnated filters. The particulate matter/aer@sels

trapped in the laminated filter whereas acidic speaiexollected by the base impregnated
filters.

1.1val atile concentratiBarsth n the solid

To track the origin of the volcanic degassi
where the magmé&ai shformed, aMidd crehaentil ce . r iUdkg en
(MORBme | t I n8d alsi en scaall .cu( 2@ @2i¢g otnflcee nt o lada ti iolne
mantl e source of these basalts, assumed to
The authors thus estimated that Ohandpper 70
ppm>CO16 ppm F and one ppm cCll.c bHYniadgehde Ir g la o\
Strackeg w200B4¢stimations of 120 phn pvmmeRk a
0.5 ppm CI The crust i's much more heterog
enriched in volatiles. The awvar agldya &t i ne
Wedepoh!l Wi®9®d5)separate estimation of the |

HT



rentiated soxriTbkenvenagel abl hejl e
i's ar owd pHPMO GBG,pPEMOCGpm CI and F
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The magma formation (whether at subduction,
of the mantle and/ or cugthiappi eaWhy|l eflDlsg)
mantle (or crust) is melting, the volatiles
in the silicate melt. Such a process results
than its source Depemdi alg mel t hegeamadtt e gir
of a crustal component, the resulting magma
including in terms of wvolatiles. Diverse pr
vol atil es (ansdu eolst rhiegt ell eanemttami,nat isotni/ @ars si mi
and thus differentiation of the magma.

The subsequent range of magma@p yven ladii mer cetnt
(20,149ho summed up the average erupted magma
settings,stforamyyM@®@RB®)T h-er ppei ve volatile cont
igenefalll yo 0. 20,weltd500000 PpPopHIB®D® ppMAMOPB, pHPOn
CQand520dm Ocebashhtvaendimndahaf0gen concen
but hpOyhaenrd HMagma in subduction context is r
poorerzaind .GSG@MRhyolitic magmas are the riche:
di fferenti atendd.cSontt endow SQch variable vol at
turn affect the composition of the gas phase

Table 1.1 Typical major volatile concentrations irthe different types of magmas
compiled byOppenheimer et al. (2014)

H20 CO: S Cl F

MORBs <05% 50-400 ppm  800-1500 ppm 20-50 ppm 100-600 ppm

OIBs 0.21 % 0.2-0.65 % < 3000 ppm 20-50 ppm 100600 ppm

Rhyolite 37% very low < 200 ppm 600-2700 ppm  200-1500 ppm

1.1F8rmation of the gas phase and volatile p
| nsial i catehemetdégassing behaviour of any vol a
di fferent processes: exsolution when saturat
gas Ppgpsear.hei merdescnrilbed 201 )si tuatizOn as il
and&&x0sol ution are effectively controlled by
partition coefficientso. Carbon dioxide is t
wei ght percentl advoartd@ i Bmodepahmd .t R&O&rl&f)ore r e.
saturation. As t he magms=ao lruilsielcirttegmsledwec a rpbroens
di oxide saturates and begins to exsolve, for
rolesat €Oati on by increasing iIits concentrat
i's much higxghnert htehasnfi F@@,atwi el vtal ues above 5
(Di xon et Tahi.s 1s9R®I5ubi | ity however also drops
bel ow 1 % at depth inferior to a kil ometre.
starts t o exsol ve, i ncreasing t he gas phas

HY



concentration in the magma, the amount of g
the one produced by CO

4 4 1000

Basalt (1200°C) — CaSO, saturated

3+ Basalt (1200°C) 3l Rhyolite (850°C) 950 |/ -~ FeSsaturated |
Bl H 2 /
g g © 900 |/
g 2 Rhyolite (850°C) g2 2 g {
g 3 8 850 |
& & 5 ‘

1 1 = i

800 H
Q t T T T 0 + t t 750
0 2 4 6 8 10 00 02 0.4 06 08 0 1000 2000 3000 4000
Hz0 (wt%%) CO, (wt%)

S (ppm) dissolved in melt

Figure 1.3. Water, carbon dioxide and sulphur solubilities in the silicate melt at variable
pressure, temperature angelt composition Figure modified fronWallace et al(2015)

From that moment, other volatiles such as s
start to enter the already existing gas pha
to angexeened by their vapour/ mel tsSparCti ti
and F could thus degas either by exsolutio

contraBtand Gul phur, chl orine and fluorine
poorly <constrained, with strong variation
(Scaillet et al. 2004 ; Shi 8ohphar 280ur Ai

highly dependent ( bear mexry ge@vwa sd luogcacRadRig®m avleldy
resulting in -rcrylstrmilhnesadAlepbanddnBus Hhe 1 es
associ at e(dE dgnaosn dpsh aeste al . 20 1.8 ;SiSmiglnearrisys,o ni ne
wi th hpQyhr aGli/oH chl orine could exgWebstand
2004)Given the high solubility andaltawadomoman
prer uptiisveloynsi dered unli kel y. I n most cases
behaviour i's approximated by considering s
(Scaill et et al . 1998; Edmonds and SAMadH ac
rtitioning i s tahles op arrattihteiro nc lmamipel f&afsi @inalreth e
d for typical ma g ma, sul phur is the firs
on as water exsolve, followed by chlorine
e gas phase befdCartrive | magma Webdbseeup2€d8)

—~ 0 T
oSOoOS W

The major reactive volatiles are not t he o
numerous trace el ements following them. Th
silicate mdbdepemndemtn cexttmeir own partitio
coefficients spans a wilder galhnygeparft iviail arisng
(Te, Se, Po, dHg)nwthesieqavmgdheme! el enc¥k, Et¢
al .20T2hle) erupted gas is thus the results of
taking place at depth and its composition
magma composition, i1its origin, depth and dy

1. 1Féatures and variability of wvolcanic gas

nce i n magmati c pr oce
e volcanic gas rel ea
fractionadtmmEao gisttiadn | a
om it. Since most vol

H

Because of the di
tectonic setting
prior to eruptio
gas phase escapi

5 5 0 T



stage of cmpé&iegblaipsaatiitoen (egtecn.e)r,a sdiigftfse rme rl tair a i
enrichment in the different volatiles and th
Sul phur is however not al watlischnnmomeral Il is a
at depth resdepipgeidndagfndae raenmdt igeatse d Ardal i t i on a
regarding gas <composition arises from the
hydr ot her mal fluid, forming a bimodal vol ca
original magmati c gas.

Agener al htorwetveerobserved with on one hand t h
vol caas c and on the other hand, gas emitted
Overall, the gas emissions associated with
wat er an(ddethdadirls®nienn.n COatndaaSt®® mor et e&¢ed nicrent r
vol cardiromgas ft or (IBotgymadtdasvsmoinc amale £l 2 sson 1
1994; Gerlach 2004; Oppenheimer et al. 2014;

Table 1.2 Typical major volatile concentrations irsubduction andrift/ hotspot volcanic
gases.

Volcanism H-20 CO:2 SO, HCI

Subduction >95 % <5% <1% >1%

Rift/Hotspot <90 % >20% >5% <1l%
I n the | ast decades, It was wuncovered that
el ements are emitted at di fferdmMti uppae200886rp
Gauthier et al. 2016; Edmonds AandoWghds udB@1 &
more arc volcanoes are studied for their ga:
KFf auea extensive monitoring has all owed to
setting. I'n their sKauldyHiedkd ety medtr ad e a bf eELsDsOt9b) B
di fference of emissions between this volcanc
vol canoes (Etna, Merapi, kKdlcglhesa Emesasaubhser so
rel amovel £€d and Bi but | ess Pb, Cu and Zn th

Since the beYydemtiwmrgy,ofsetvheer a21 st udi es report
were published, expeanmiohganhhe gauaaebablSectdad:
studineaddi ti onal intraplate{Mounhevel amdaes20O0r

Hol uh(rGauunt hi eri ptl aéel a2@18hd Erta (AKled eins kti he
et al . .Edmohdds(2@1i18Bganip.i | ed the available |iter
di stinction between hotspot/rift and arc vo
fingerprint in arc volcanic emissionso. I n
enrichment iinn hGQd sgpmd Taend r i ft gases whereas
enriched in arc gases.
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Figure 1.4. Element concentration range in the volcanic gas and silicate m8oth
element concentratiain the gas and me#tlong withthe partition coefficienfKd) depends
on the tectonic setting. Figure frofelenski et al(2021)

Such difference in volatile trace element g
magma from which the gas phase formed and
i ndi vi dual el ements (Fig. 1.4). Re gwirtdh ng r
di versity within volcanoes of each tectonic
and rift/hotspot. As subduction magmas ar e
counterparts, they are enirncclhuedi ngn tahed vionlca
emitted at atrendmottamhoes! ¥y haisri ched in inco
Zel enski ebhvasti ga0ed )t he effect of tectoni
in the different tectonic setting by <calc
reveal ed strong variability of volatneéity f
volatile in rift/hotspot mag mas, whereas T
mag mas .

Though the volatility of trace el ement is ¢
parameter identified is the amount of each
to form wvolatile spec, eox,ywehl os uhphuar, f
Thermodynamic modelling brought i nsight i n
el emeg8ymonds et al . 1992, Wahrenberger 1997
2024; Mas on. eTthoailg.h 2nmbal4e)l results depend o
oxygen fugacity, maj or gas concentrations,



and Sb favourably f
in its el ement al fo
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Figure 1.5. Example of volatile trace element speciation modethe gas phase frona)
one HCkrich subduction volcano(Villarrica) and (b) one Srich hotspot volcano
(Ko | 3.l dew traceelementdegas in their elemental formhereas the majority fon
complexspecies witlsulphur, chlorine, oxygen, water and fluoris&veral elements display
distinctspeciationin the two volcanic gases, indicative of the effeatanfable proportion
of major volatilesFigure fromMason et al(2024)

The variable enrichment in volatile in the s
is thus readily explained by the wvariation i
and F. However, not onl y t hee ptreocptoorntiico nc oonft e
vol at iflaegsst ieng variations of gas compositi
l ndeed, I f yehechmddbg eamiotusa pri mary gas phasce
eruption, degassing al §bownhhagsllaipdliansioynEe aonda
with exatect. Such secondary degassing wil/l
maj or volatiles and thus trace el ement s.

l1.1SBcondary degassing

y, secondary degassing refers t
already partially degassed, i n opposition t
magma considered undegassed. Secondafiyudegas
sources, such as flowing | ava, crystallising
fractional degassing takes place in which ¢ttt
pri mary degassing, | eavi ng ea omdlatr yd elplgeatsesd ni

I n volcanol og
i



e depleted melt will thus release proport
the |l ess volatile ones.

o ~
i

fferences in gas composition du&kgtl @auferaac
er |l achan(dl 9f8ulr)t her Gireead taing altheed @dyaut hor s
abl e amouht r eOp &tadi SOt e g aksQ leamiGat cchd a
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Syn-eruptive degassing Post-eruptive degassing

Primary degassing

Secondary degassing

Extinct crater

- Secondary degassing
_ Secondary degassing
Flowing lava ™
Crystallising lava field

Undegassed magma
from depth

Cooling conduit

Figure 1.6. Multistage degassingnodelassociated witreffusive eruptiors. The primary
degassingriginatesfrom an assumed non degassed silicate melt, in this case the erupting
magma coming from depth. The primary gas is thus made up of the most volatile species and
released sweruptively at the crater. In contrast, the secondary gas is emitted from a
partially degassed silicate melt, having previously gone through the primary degassing. The
secondary degassing can originate from different sourcesesyptively @ the flowing lava

and posteruptively at the extinct crater and at the crystallg lava field.
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-> Atmospheric lofting, long-range transport in troposphere (10s km)

High SO,/HCI
Decreasing SO,/HCl =

o 20% SO, emissions Decreasing Lava Temperature >
(At-vent point source) Higher HF/HC' EN

3. Cl-complexing
2. Oxide and Hydroxides (La, Ce, Mg, Fe, Ti, Al) elements (Cu, Rb,

+ Cl-complexing elements (Cu, Rb, Mn, Cs) r Mn, Cs) f

4. F-complexing
elements (Rb,
Cs, Al, Mg, La,

Ce)

2.10%:S0.-emissions (Diffuse ground-based outgassing)
Localised deposition and environmental pollution

Figure 1.7. Schematic diagranfrom Wainman et al(2024)of thefiobserved andhodelled
transitions in the gas and trace element composition of lava flow outgassing
emission®. The first stage of secondary degassing is represented by the emissions from the
flowing lava, with observed increase in Cl andddomplexing elements. The later staje
secondary degassing is represented by the distance lava and during crystallisation, which is
hypothesised to have increased F proportion, due to its lower volatility.
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1.2 Segregation veins in basaltic lava

Lava bodies (flows, nohembogé¢onbdbess, |akesineern
the | ava often being ranhéeées.cdmel ¢éavai i b obug
as upper <crust, | ava odSred fared l|adveerd 9(Pdry elv &5
char sedt ébryi di stinct vesicularity, crystallini
crystallisation history. I n terms of thickne
whereas the | ower/ basal crust 1 si ntgy ptihcealrl est

(Thordarson 1995; Thordar so.n Whidt iSreltfh e 99@r; e
| ower most part of t he -ruipcphers tcrruucsttu,r edsa rckaelrl eadn
segregation veins, are often present.
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hypot hWeosrinsaeted on spirmomag ys e t he main investigat
composition of thdisegsepme a8 gmitoevdan doragghee ifror

i nterpreting tthheebraess dIlygsmstii ewdirmsiando re&kx itshtaitn gh av
suggeastrel ationship between the ardgrepmgasemmine ¢
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degassing, which wil!/ be done during Chapter
1. 2What is a segregation (vein)?
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gmas in lava flowo (title of the 1965 parg
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composition and oxygen fugacity.

Foll owing Kunoos paper s, increased attenti c
i nformati onAndeegomaetat.abmpt(eld8dDd constrain
mechanism | eading to the formation of the s
filter pressing. Il n this model, the residual
melt can then end haerbiaggarmuJiadiec lag ocaund f or m
18) or be propell ed upwards by the pressure
mechani sm. The propelled (and thus segregate

segregation veins.



Figure 1.8. Original model of gadilter pressing and segregation formation proposed by
Anderson et al. (1984)In this model, crystallisation produces an evolved vesicle
residual melt. The schematic represents the case of a segregation vesicle formation in which
the residual melt (in black) accumulating around a-preésting vesicle. Occasionallthe
exsolved gas would create such a pressure gradient that the melt would be propelled
upwards and form the segregation veins.
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| ake revealed melt presence in 1979 whi
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Figure 1.9. Segregation development and resulting structures within the solidified lava.
The lava cross sectiorshow the temporal evolution (fronftléo right) of a lava lobe and
internal differentiation Figure modified fronThordarson and Self (1998)

On the field, segregations are easily identi
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that a differentiation process analogue
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Figure 1.10. Host lava (crosses), segregation (triangles) and residual glass (stars)
composition from theK § | alki & lake.All analysed oxidereveal the liquid line of

decent with decrease in compatible oxide (MnO and CaO) and increase incompatible oxides

(P20s, K20 and NaO), TiG being initially incompatible until crystaliation of oxides at 5
% MgO (segregation concentratiormjigure modified fromHelz (1987)
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reveal ed distinct composition of thealdi ffere
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Recently, segregation heterogeneous composi
vari abtbé &Lt edmo explain the presence of ves
host Kiavtaani stgaéstd@20ttlOat during segregal
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Figure 1.11. Models proposedby Nikkola et al. (2019)to explain the presence of poorly
differentiated vesicle cylindefTwo models are proposed to explain such composition, (a)
selective segregation of olivine crystals with the rising melt. This model in considered
unlikely given the higher density of olivine with respect to other crystallising minerals. (b)
Integration ofhost lava minerals (mainly olivine) in the rising segregation melt.
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1. 2S8gregation process, volatiles and | ava d

The segregation process issamdtileedubyedquiuner

phase pressure on the residual mel t . Such pr

transport i n the | ava, potentially | eading

papers studying segmwegsttiigat,i owi.t hPwftf efru ra rmde

Caroff et al. (1997) associated the volatile

of cracks segments or sxcalpemnar pjreeicretdse.d Tohye nv
[

circul ati oGr eaesn osutgaht eedtii flagls.i c(11e9 9p91)u mes pr ovi de
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ansli gmar sswint tf 200& )absence of water in both t
from segfiegmai 9naen celteaall.y (rz2d®%)ed the | ava
circulation associated with the segregation
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driving mechani smifnad Ilyavandedqas $Shathnet <all.
(206@F%erved VC that reach the upper surface
degassing at the | ava surfadc2l. during the seg
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Figure 1.12. Rising cylindes as a degassing mechanism for lava flowsgures modified
from Sheth et al(2017)
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Sul phur wasPmelapaoatrtsd idty tale. HoO1l YD&k)e Basal't
USA) andf sietfsewgati ons (called pegmatitic se
reveal ed very heterogeneous in S concentrat
el ements did not siowms0OclB varilal®dibl wty %( &inG
The four fAsegregation sheetsod showed
di spl ayed n-&gédgtblé2e2d vphotnd a beislpietcyt 1 (vie.l
phur concentration i n ibsoath hoadneo gleanveao uan d
ious trend appear between the host | ava
o r e@ofrft e(dh Dy &dl hmghma t hol eiitic basalts
ples (whether host | ava or segregation)
f however presented results in terms of
egredotarangsul arly HVS), as the incompati bl
oncentration of 155 ppm wiOeweesasO.tth7e a&amd tO .l
uggesting ClI enrichment somewhat superior
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ce volatile el ef@meardt sme) iadcdddaucdaantgr avtoilc
ons were scarcely studied. A few
Rbf faemd &md Horter 1993; Goff 1996;
phenson et al. 2000; Martin and Si
t Naol . pazrOtlioc)ul ar behaviour was o0bs
t in segregation (relative to host
etc.). Stephands dan pldar talley (& OTOMWarndar s on
I tani pertesadnt g 0rleds)ul t s regarding the mooc
appears to be generally enriched as the
splay slightly higher Pb enrichment the n
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our knowl edge, the only detailed inves
mposition and | ink wGnédenegagls se twhaolw,a £(pljodr &
ncentrations in S, cl, As, Pb, Zn and RD
owed high heterogeneity i-woltetei lheosS3r ,| ak ag
l i ke most ot her G, eREmh,t sHPPXE,dee t(dMg)O, whHi c h
i g3 . 1Cobmparing the three segregations to
ri chment in segregdtifomMs Efporl-2rmd |atn d\VCd |, a tPibl,

T o9 D/~ C OO O H
-3 >3 T1I3> 3000

d Rb), uncorrel atleedmd mt .achh e taetrh amgd toh th
vol atile transport in the |l ava | eading
rends regarding segregations. The | i mited

prevented irrdfienrgenchees prreogceess related to deg
mo st ot her studies did not S e e ssuugcghe shta sntg |
peculiarity of the Taiwanese basalt fl ow.
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Figure 1.13. Taiwanese bst lava (filled) and segregation (empty) volatile (S and Cl) and
refractory elements (KO, P-Os, Sr and La) concentrations Figure modified from
Greenough et al1999)

Thus, the scarce available data on volatile
volatile elements during the segregation pr
vol atile concentration on an extnenosfi vteh ed altiars

bet ween segregation formation and secondary



1.3 Icelandic volcanic activity and products

Vol cani sm around the world is assddiuxtte dnwi
nftingt amat . Subduction volcanism is the r
tectonumrcdagmloather one, ei tiherWictohntiinncernetaasl e dorp
temperatur e, water escapes the sumdatteng
wedgel owering its melting point and thus f a
pl ace at the boundary between two pl ates,

forming continental rift (e.g., Eeacs tb YAftrh e& ¢
upwards motion of the mantle, to | ower pres
magmatic and volcanic activity. Hot spot vol
and does not follow the tdcetsonoifc vpollactaen ineo vi
oceanic hotspots (e.g., Hawai i, Canary | sl
continent al hot spots (Eifel, Yel |l owstone) .
pl umes, where the manfThapwehVeaotgi crarirs eapWn
dept h, resulting in partial mel ting of the

l celand rephlkiseat sax ammwite amnfi ca rmiddye cr ossi ng

This seoutbhewrbhhge of volcaniocaodiwigty har
gaishce| apdovntdd utdh ec 0 e s e a rpecrhe saentdih BriveDsiud htdss 1 s

will thus fdirfsfteygeenstc oif b g ot Jo @amiighm ii gohtlicred aintd
of actcPowmictiyse oeepeitewlofyytlhAnd geochemistry
gi yvemi ch i s essential f dtree o hlotrso u@hha g ene tee 4p raen

5 Fol I oowienrgV itelaw,Isli np rfeusretnhter detail the volc
i n wbid&mphiarsd st hei randieperesiefnitledeilvaintdyi c bas
vol cani sm. Togifvienia hgquilc kwiildt roducti,on to

cont eixmogbasleirsr ati on condandtedebsetd H ang rCiviegpl tasdfdj |«
this section shoutotd umeerseloardit becomt extesw
degassipngvadds the necessary background fo
3

present €Edhapters , 4 and 5.

1.3Valcanism in lceland

The |l celandic volcanism is set up i n a uni
rifting-Aafl amhhe cmird dge and the | cel akhadsitc h o
of the i1is4dandhEeFipeculiBbr geol ogical settin
vol canol ogical features. Due to its dual or
and volcanic systems are compl ex. The mid
Reylkhnes Volcanic Belt (NPOVWB)h iVOl Wl celZaomdk -
Nort h. Bet ween these regions the plate bou

ZoneVZAi g4 land the West Volcanic Zone (WVZ)
Seishorce (SI SZ) and the Mid Iceland Belt (M
ot her vol canically active region; the ¥r bf
Vol canic Belt (SVB). The mantl e plume i s ap
MIBand NVZ.

Vari abl e degreesmartlieavpl vaénfean d otfvhdelthadahrfif ce r
sysdiemt he( Godmamgssohh&& 0ddntri bution of t he

np



I n the norft htehren EpVazr,t wher eas systems | ocat ec
virtually only the product of rifting.

I Onshore flood basalt sequences =)
B Offshore flood basalt sequences

| Continental land masses

N v E’Spilsbergev
Mantle plume position through time
—~ Mid Ocean Rift axis
500 km
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No““ [[] Tertiary Basalt Formation ’ Plate boundary - axial rifts/volcanic zones
(16-3.3 My)
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(3.3-0.8 My) > g
[l Upper Pleistocene Formation . ® Plate boundary - fracture zones
1Great’ (<0.8 My)
5 Britain .~ | Holocene sandur deposits and lava flows :
A i (<10000 years) r-/ Intraplate volcanic belts

Figure 1.14. Maps of plate boundary and tectonic structures around Icelandeft:
Icelandic tectoniaegional context Right: Plate boundaryand volcanic zones in Iceland.
Pictures fromThordarson and Larsef2007)

Anot her major feature affecting |l celandic vo
on the volcanically active part o f t he i sl a
centr al part of the country armed sMiurtchal.s | ukec
predominance of gl acier, along with | akes a
i nteraction. Subsequentl vy, many eruptions i
proportion of explosive er uptafontshaat rogvlleareil a n d
and thickness, in response to climate chang

underlying vel eatpeeswldfThiis a ch
2

ge of magma
andubseqgruemtti(dvra crl @thenan et al 2

an
002, Pagl i an

The hilsec®lramcdilc vobcanoecsat8t7/iA®meapgt descecabed
det aifThsrhbhyinsson & Sae@mumodesTreacleddTgdrby& Lar
(2007HMhese authors established that the major
80 %) , which is typical of both rifting ( MC
amount of andesitic and rhyoliticcpenidaeds

historical eruptive events (33 Thtordrar swent&s
Larsen, (2B8P7pnre associated with only four

Bar Aabunga, Hekl a ane&30Katollac,anti loce sysmaimsi rsd :
Thirteen of the historical event s Fiarreesonot S
correspondi ng btacs ad tdamcufpatssssauoge iof t he same sy
years (eF ges-1B8dabl aine eruptions). The two |

Fires taking place in the EVZ: namgbyeml dgj 8
and Lak1784)783associated with the Gr2msve©otr
respectively <ca. 20 and 15 Tahwbidarilsiolno metdr e |



Thordarson et al. 200dnd Sagartdlae dbatgesttr
effusive eruptions worl dwi de.

Though basaltic activity dominates in | cel
wher eas mi xed and purely effusive eruption
eaclhho(rdar son & LTahres ernar i2tOy0 7090f ef fusi ve actd.i
proportion of phreat omag-matice eeuppiioos 6l
196367 a-gdaccsival eruption of Eyjafjallaj?®k:
t hemsel ves YYyefbfeu snigvenaiégld %), often taking
(*tf 8% enturgngaiord) .

1. 31 2el anvdoilccanocks composition

Because of i1its wunique tectonic context, | ¢
petrologist and geochemists, the fPeatoekt e
1925; Tyrrell .amMmdokRgdahsfgemlonl P24 peri od had
moderary s anal yti cal i nstrument s, they alre
|l celandic petrology, not only because of th
but al so i dentiesyiwigt t wbi fdfiesrteinntc ta Iskearlii con
l celandic petrology rosefrmohrbhr&mewepgmmeer t e
wi dely accepted, highlighting the peculiar:i
se€lal ed Surtseyan eruption giving birth to !
by the El dfell eruption (1973) on the neigh
|l mipaper AChemistry and distribution patte
Jakobsson (1972) expl ored t he existing [
hi ghlighted the diver siwiyt hantdh odliesitirtiibcu tb aosna
in the rift Dasalwlseragas raltkhealri | ocated on
and ¥VB) . I ntermedi ate compositions were a
part of the EVZ

The diversity of I celand rocks composition
mantl e sources, with i nvloel&oegtehitl |oifa dt chaet tlecm
rel atvarilaél emdad BrmMeedy kijranes | avas to differ
|l cel(aBrcchi | 1.i nDhadwg'l3)such La/ Sm variations w
degree of mantle parti al @9fBirt’NMdfd3Hele, use
2Olf’t??F’*bZOF*“I:??P’b), unaffected by partial melting
two mantellic($avutces mh.l d8867&8ndSun et al
et al.. SLio9nBuSl)t aneously, oxygen i sotope compo
reveal ed t hat crust al mel ting was al so [

(Muehl enbachSi gmaradsonl 9armMd Stoempnitl he-dr stshoen d(a
modern view regarding 89 c¢elaandiicbup e tnhrgo |tohgey
|l celandic basalts to the nature of mant |l e
proportion of pyroxenite and | herzolite mel
and contribution dofcrhuysdtr.ot hermally altere
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Figure 1.15. Isotopic composition of Icelandic products from diverse volcanic system
compiled bySigmarsson and Steinthorsson (2007Jhe spread of botf’SrfeSr and
3NdA*Nd which do not form a straight line demonstrate that at least three compositional
sourced are involved in the formation of Icelandic volcanic products.

Such complexity and number of parameters af
geol ogi cal hi story of l celand and its <curre
variation, making e ac(h)avkoolbcsasnoinc 1s9y7s9t)em di st i

1. 3H8kl a, El dgj 8 and Reykjanes

Three volcanic systems/ zones are investigate
El dgj 8, <+t hehf bsatdwudiirekd Hekl a system and t he R¢
a cycle of eruptive activityEltdhgat8 caonud dR elyaksjt
have names directly referring to volcanic ac
and fAismoking peninsulao while Hekla can be
t hought to be the gateway to hell

Thewel canic systems wer & woe Imad tnte lit eeadsiowdsu sl iyt y
basaltic volcaovemtahce | pi ¢ yencheeysfamgeeabbped
segregat i ORe yXtnaansdsug eetsed obobahi togas at Fagr a
segregationsalalitoowRatudti indie e fitFii g,etoeha cthi vist ycur r
taking pl ace .onFutrhtehepenr s ultahe product s e
composwhiicom,i s the dominant comp&Bhdgi 8oWwasif
sel ecitted eapsr esent s bekenibabvlpies t e iapi@nic ol ncwil tayn,d .
Segregatwena thus collected from tHRienéellldy, 8
segregat itbonlso cfernorem |aa vaaierd v e gnit iddgeaktitehds énta n o r
erupbfonsansibutonal sb amahbttiscoéariy F
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Myrdalsjokull

Figure 1.16. Map of Iceland with highlighted the volcanic systems investigated in this
thesis: Hekla, Eldgja and Reykjanes peninsuldekla is a central volcano in South Iceland.
Eldgja is a 75km long S\ANE fissure spreading between the Myrdalsjokull and Vatnajokull

ice caps. The Reykjanes peninsula is made of five volcanic systems, from West to East:
Reykjanes, Svartsengi, Krysuvik,eBnisteinsfjoll and Hengill, all of which displayed
activity in the last eruptive cycles. Since the reawakening of the peninsul@206ntBe
Fagradalsfjall complex erupted in 2021, 2022 and 2023 after several millennia of
quiescencgollowed by Svartsengi from December 2023 onwards.

Hekl a:

Mouhekla dtsr atlowaltceadno n South I celand at t|
and the E¥&Znd6lglHeklBh is one of the four n
l celand and, unli ke the three others, I's n
1717 rises almost 1500 meters above sea | eve
60 km | ong. The first eruption attributed
Hol ocene and since settlement 23 ,epgpthens
emigtowne¥of2 tkephra dense r ock3oefq ulidviaal rednatr s(oDnf
and LarseHeRDAB7)s characterised byfissuwiede
eruptiPbmeibaa) and productlak@forsemnbd®9al9t, s Lta
1999)Among these 23 recorded eruptions, 18 t
starting by and explosive phgsiehofralrli mweesd nb yl
The remaining five eruptions occurred from
from the central vol cano, the |l ast one taki

n o



I n terms of composition, al |l products from
(JakobssonThke97mMa)i n component of the central
compositi®ocnonwietnit Sir® u(n™h dr5a rwien sgshan %4 967 ; Si
1992)Fi ssure eruptions in the vicizapi 69 6&omi t
and MgO > 5 %. Regarding volatiles, Hekl a
particulfalrdgr irime hr ement basaltic andesite ha
over 100Q Spmpmadfdalkon and Cskar sson Sl 7pbhurl9:
me as urModunbey et ianl .me(l200G7)cl usi ons indicate 90

magma sourcet®uUO ppmyi 220he residual gl ass
eruption, transl at. i nt S degs%j ng. W
Moune et al. 20074t r 0 I n the
ro¢Bi gmarssonndtcat e a out gas

Figure 1.17. Pictures of Mount HeklaLeft: Sketch of the 1845 Hekla eruption drawn by
Selsund and reported in the collection of Maurice and Katia Krafft. Right Picture of the
modernday Hekla from Hugi Olafsson published by NattGruminjasafn Islands.

EIl dgj §:

The El dgj 8 flood basalt eruption took pl ace
| argest historical eruption ifThoeldamdopr ed Lt
2001; Sigurdardottir eanal 1020k @mpl{fMar BREN et
2000)The El dgj 8 vermMtEs-Kkeax tl emdy dlicsgra HNE of tF
ice caps and is part of theand®QgelThkkatlhrapyt ol
occurred a few decades after the settl ement
description of the eruptions, | eaving numero
on t he I sl and.L aNedwnesrritdiliedke s o f sbkéetl ement ),
myt hol o¥susphaorock t he observati onlLiflreormuMiurmeonk r
of fer indirect accounts of events from the e
the El dgj 8 eruption and its dr amatblacr seefnf ect
(1979), Thordarson (2010), Gl auseTheti mpact(s
were however not | imited to I celand, the er
(Oppenhei mer et al., 2018; Stother s, 1998) ,
As the other systems of the southern porti ol
over 99 % of transitional al kal i compositio
transitional component (whether | aovsai toiront epl
with: S4® wei ght24%B TM@OE:. 4 .9%80a n dD.. KB4 Kok f el t

et al . 2006 ; Thordarson and Larsen 2007; c |

pn



Morison et Thle. t2®@24) i ti ¢ c oad(HbON )t adids pMgady ¢
to > 7 %) but | essO i<snch.nmpaw) bl EhexhdkeegdiK
products is relatively |l ow withSilgesal dason 1
cskarsson 1976, 198@ul dhhwume comt @aint s2werprp i
El dgj 8 products, ranging from atooddi 2006&p p
and 100 ppm in the Adegassed | avao, trans
magma erupti onmaemtd/ d(a@ohla rrelgap Isaame et al . 2001)

Figure 1.18. Photo of a portion of the Eldgja gorge and crater rofvom llya Grigorik.
The Eldgja fissure eruption left @ns of kilometrdong line of such canyons and small
craters extending from Myrdalsjokull to Vatnajokull ice caps.

Reykjanes volcani sm:

Vol canism on the Reykjanes peninsula has al
of its geographical |l ocation and its tectol
|l ive on the peninsula or itsitalmeiReahjeawhe:i
i nternat |Kenfallh et atpeodd tr especti vely on the Ea
Geol ogically speaking, the RBeykjeanneasniédrewsptai
mi d oceanic ridge volN alncieWna njda;t o a,g \wail rt thiRaBlIflZ
unaffected by t(hGudmueldarmrsdisu @@I0Ow@nvee nt t hus
opportunity to study a type of wvolcanism th

The Reykjanes volcanic belt, efechaeI®dV i n SV

volcanic systems, from West to East: Reykj a
Hengi l I6)(FiFpor T hk | ast mill baesxipabas ec e | Rey k |
i n its volcanic act(F wistpy nwiitnlg soevreire sa d fe we rce

by around 800 years of quiescencetnidet hast

p M



enturi es. Over this period, the activity
kjanes systems where {Bbmubadssenu@tfitehh. o2
ears without erupti ongwokhee 2a0c2t0i vwittyh oan o d
smi c sgwaoriunmsd lagdnt®li gmeandsson TEhe aér u@Rt0i2\2e s e
r
w

e
y
)
ted a year | ater, I n March 2021, with a
t

[
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een Krl suvz?k
emoéht hs | ong
;

nd Svartsengi that had not
1 ertuwpa i @nharn eGed pdtiinogmasd ad ¢
cani c sydt98aman dHe itYa dubrli iirn i
activity then shifted to
osnssi{arkedonn December 202

2
gradal sfjal/l v
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Figure 1.19. First hours of the Meradalir eruption on August 3rd, 202Ruring this initial
period, lava and gas were emitted through a fissure spreading over 2t srnefore
concentrating on a single vent.

Vol cani sm on Reykjanes is characterised by
l i mi ted amduwmtk obfs spinc reitt eal . 1978, Peate et
Though all bpsadtdgsni dn e€ant compositional di
di fferent systems. Svartsengt? ®miteamot beew
systems (MgO >07ThbhdiwvheresaatK|l east two di st
East systems containing more of the enriched
depl et(eChrarceci ol.o Tehte arle.c e2n0t2 3e)r upti ons at Fag
emi tted products with variable contributions
translating heterogeneous magma (rHeasleé rdv-orisrsso ns
et al . 2022, Matt hews et al. 2024)

Because of the primitive magma composition,
|l i mited volatile content. I n Fagradal sfjal/l

% whereas | ess than OHdl 1% -wreg 0.1 dann dadiy.rk j2adnze2s
sul phur concentrations range ff-2®0M0 1@B@®Omtion 4t5HK
magmati c (Caclacsi oh.o Hal oagens20wedr)e al so found
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with ClI concentrations ranging from 50 to
being slightl($i moaedabandantd . sTkraarcses ovno | 1adt 7i ¢
al so found in | ow dReantes eitn aRey Rj0O®HMgs | av a

1.3l el andic volcanic gas

This tmesit® @aharacterise the change of gas

degasagi nfgagr adal sfjall, Bef ohe Rpy&gangat ipn
emi ssi ons, It i s crucial to have a good un
gas emBegsiausspeacful i s t,ecvVvohcanisaptest criog voigtyy,

l celandic @a®e emvElsesegas composrievelayedria
Il nvesti dagmaessngnassociate with the recent

Due to I celand geographical features and d
place in remote areas and/or at high altitu
| celJvamidch | imited the number of studi es ¢
vol canoes. Bagilmgitand yomrclowenrocerd of the four n
Hekl a offered the first opportunities to s
Kfiartansson investigated sucH 9gi8s Herkil as ieo rnu g
characterised by( Kjmprotrdraand Fthdy etads®g CsQu b mar i
then subaeri al Swaas)eyalelrouwpead otnh g 1f9i6r3s t pr
coll eSigdabgyason andUfilrg sant (O 6Bgdnnected
and sampling vessel, the authors collected
Though a few samples <clearly displayed air
could be assedxad sfamprmitnige mewyead d nmgo lwad)er
vari abl-le0 Co @b SKH and sighiZ i%antTheClp r(dp.
CQin the gas progressively decreased over t

depl etiomurode tihre t he | east soluble volatil
nei ghbouring islanidoaf aHei madoy eaol mpdveerd ) t h
aerosol sampling from an erupting volcano i
trace metal s. FiDuerd nsge rtihees AGR ,aefritapei bempOFRY.
of fumarolic gas composition due to magma c
how to i nvestigat e gas compdq<istkiaossom 1
Crmannsson. et al. 1989)



Figure 1.20. Photo from Michael Ryan (USGS) of the Krafla fissure eruption in 1984
showingextensive degassing through gas plumes over the whole fissure

Ni &€lsskarsson investigated the 1970 Hekl a gas

et ween volcanic gases and tephra: Fluorine

skarssonilgh80d)ght+nghthat dd @opbnfnedekl a deg:

i denced that a | arge quantity of f-luorine

ained hr Ssubsequemttliyn gc asuhseienpg (fSliugourra

B7 gh rate of fluorine emission

e S om the basaltiMouardesi ta¢ . md @1

he trace el ement composition of sno

atory | eaching experiments. The atmosph

rupti onMavarse eett iumsld thnegd 2MIQ 7f)r om t he pr o

n and more primitive lava from the 109

domi nance over hal ogens but confirmn
$3.d8 (Mtz, 600 . 1S/O Mt ©Of. 1H AMta nodf OH QI 5) .
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Mar c h 2010, t he Eyjafjallaj°kull erupti
ruhsgl s, of fering another opportunit

k 2y0al el | att ed sever al ti mes the ga

i ni ng, revearliicnhg cao mspoarseiwthiaa n hvail tohg emi g h
| -1=0)0.. 1The authors also investigated th
col d environment favour s chl owi dg blaer
jallaj°kull eruption, increas@ldaaitdlent i
I dms vdft nGwas the opportunity to compar
| ogi cal meytdhi osdcsh ar g@ar(dSinggma$®son et al
i ned much higher values wusing the petrol
rements (0.31 Tg), attributed to format
phra amdt de slsaokeu.t i on i
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y, the basaltic f i290slbr e fdreupetdi an umfi gHice
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control wvolcanic on gas composition. Envir
|l cel and since Laki erupfBieh8hastbhi88) whs ab
et al. (2017) gndeRfeafl iy etoualt.r y( 2v0 D& i mp a
The tot al sul phur discharge was al d@asedst i me
measurements and petrol ogi cal met hod, al |l (
of 6Gaut hier et al. 2016; .Pfleddlg rrofdatiCaa Ip.r i 2nta
gas collected there | eaned the authors to
eruption, potentially ardGrardtthherBatHabung@a
2018; Sigmarsson et al. 2020)

Figure 1.21. Photosof the Bardabunga eruption and associated degassishgring which
extensive monitoring and studgf the gas emissions wemnducted Left: photo from
llyinskaya et al.(2017) showing the intense gas emissions around the eruptive crater in
January 2015Photo fromPfeffer et al(2018)illustrating the monitoring conditions at the
eruption site

Over atfheaver a d s $ gni f ihcahsnamapmiremiga reas mtglveoil < ani ¢

degassi ng. Honwe v e eelraumpd € g & shsoiwiegr e mamueh |l ess

const.Whinedeupti ve vegendeaglgbggnl ewiitnh | ce
magmat i ¢ hperaiiméagenedd ignags hydr ot her mad a se/ sd fe mtsh) «
po-set upltadveegag dihmg dar son eSi mde t1M0O 6g@@BOOSLI)t i
can differ mar kedly from (tShagsmear sebaasdad ad
addressing thisrhkhmrdoad etddierbsgsap e stishigat subj ec
examitnhemgcurrent g hRee yweknjipessdisoad solnegrd evg & shs i n g

struct wermpd dfarecdm f i el ds (segregations).

Overtantee secandhbhcted during my PhD amddgreessent

t hpeendi ngsrqgaugeasrtdiomg | Talvea idegacisamgd researc
highlighted by ttdesgriplsed apakestowilosld gd he gac
emitted by the crystallising | ava dWHdter fr
expltahesmamposi ti onal d infef ecrreynscteg blka stvergn | a
pri maoptpbas secondar svstaaagnan?t How dcoeod iang | &
What is the r oduwerionfg tthhee gsaesgemahgaasten ont r es ul
degasiHowmgdgdhbeal ogeasaf fGdhcete | i berati on of vol at

How heterisgelnaevoausi n terms of F anfdr aClt i ooratl
crystaldkeigaasiog, and/ or magma source heteroc

The aim of adhdsdedespgpsessompsehadsgveeoveryv
| ava degassing process, fromn ttsh aotr i aghjne ctoi

pp



di stinct axecsorweersep ofnadlhlaogwCehda,pt e wo rkh.e 4f iamslt 5
one iimvtlse i gat tecrupdfi vehelegassi ng, focusing
emi ssi oncso mprad i son with theatdedas eir.lidpet alei g
second odet aisl etdhecharacterisation of t he se
structures in several basaltic |l avas, with ¢
The | ast one i s Clheancdh aF acbhoeneceer netgneahteindtp f or i g i
wiit Rey k jveon ecsani ¢a npdr opdoutcetnst i Bd k @ mptl o geatt h@em,s .t he
Sshobédp us understanding howiifm@otritantontt hs
segregation for muadli eagiegtrhgadssnopsequent



2 F1 el dwork and met hods

Studyi ng ptrhoec esrsic gpennda ctthéer il atviac slegtbkei nger ef
di fferent types ofcampgrae h,dlros isvsailéyg sehei alyst e
vol canic gas and solidified | aVheftompoal oi
these sBampleempornfand trace el ememust BB USVE
measurhead chapter provides a detailed descri
used for sample collection, processing, and

2.1 Sampling sites

2. 1Fagradal sfjall eruptions

The volcanic gas sampling campaign was Co0nNoi(
where the first eruptive activitylda£Et he Re
Unli ke the other volcanic systems of the pc¢
millennia, with no idenf$Pmurds 0 pelinoal Qi2nl2,(
aftegeabB ground infl atd(dSn gamudhdsesiogimed b sada l 2]
eruption st ar2toe2dt am Marec Geldi ngadal ir vall

Th202 uption and its chronoPedgr svemepgtdeslicr
Barsotti aentddld P us@d2@2ampdewenne .rédRr®0R2tdéd | i ve
the I nstitute of Earth Sciences of the Uni
t wo weeks of the.2erlwmpt iwer e( Rjlua see Ic;o nBitgan't

5 %ns of |l ava f(®PmdarskorePhassulRB®2@€f) the er
over April and consisted of a series of fi
extruded alternatively from one vent to the
to phase | . Atathevenhyg b6bcAped| pnt weat woul
thus initiat2.nhb)p.hakfetdrlla (fFew days of sust
started, with few minutes of quiescent foll
200 m)chaSmugeh in eruption dynamics was assoc
rat-23¢8s) . I n | ate June, the eruption actiyv
2.1c), which was characterised by much 1| ong
hours to over a day) with similar extrusion
stopped for nine days before I8 awdlanitrhge fl
|l ava emi ssion was reported. The total vol un
measur ed ar’oucnodv r.ilrbg k&dwmi talr eaa tohfi o4k M@e ksm abov
the ¢CO0wteuovnsd-ttir et al. 2024)



LangihryggurN 03.05.2021 at 10:30

LangihryggurN 03.07.2021 at 7:20

Figure 2.1. First stage of the Geldingadair eruption and its crater ow. The different
panels show thdevelopment between (a) April 5th, (b) May 3rd and (c) July 30@1
Picture modified from Barsotti et al. (2023)

| ate December 2021 a new dyke intrusion o
|l 1 ow dept h( Rvartkhso uet Bdnle.psy&M2g)m t hen remai n
next summer, whenoa @BdWhdy K 2i2nrt rtuhsri eoen ds
nse seismicity, otnheAwyyuded trheca cdvieerda dtal @ rs wre
Bedfdi mgadalsul ting (hi . IThe ufrier £tr ugppdy omf
S quite intense wit exturpusidorf rroant ea ®sfe veev &
ng {Paslkseet Tahle. a2 )ity then exponenti al
e eruption on 21 August. El even mont hs wit
upti on, unt i | a new dyke propagated in eal
rming a 800 m |l ong fissure abouttld2 kKmYNR rof
J
a
n
u
t
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O~ 09Q9 335353735

(1A%l 2usd-t.tiAs ewhaatl .ha&2pReaned in 2022, this
wi tShsowkrebDumi on rate before graduall
vent. By the beginning of 3Asgasd,théae
on stopped a c otulp |lAsu g@iRsOtREDY, s nloa tdeert excnt eA
i on occurred in thtel iFayrr¥atduarl sefrjuapltli osny.s
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As the erupti@nlsamwge eamcdglocngl |y very thick |
| ava thickness was 2neZakludierdg 8da Imiefl 6e meph ®ir b h



for the 2022 dRNdul 2033 -¢etupbeahay, t20i2dRer
reaclhivreg 100 et dr spgadmt (eRread d resye n, eats aslh owr)

on figuiSeech. 2ava accumul aci pat, alilnwste sad o0 mlgs
eruptive degwstdfhtyiasighags emi ssi ons | asts fo
depends on t hedolna wa ,tabvMhc kdnBeS9sdspn go on f or ¢
thickness is of several tens of meters.

Figure 2.2. Geldingadalir former valley filled with a thickand degassindava field and
the 2021 main eruptive venRhoto from March 2022.

2. 1Fagradalsfjall gas sampling

The samprmp agg-syuwmpti verampd pestvol canic gas f
spanfnre@®21 to 2023, wiwd tvyapd sab€fee sstuicecteislse § .

were the target of this sampling campaign:
i n significant amount in the gas (generally
of el ements generally presenTo imoltireacte talme u
speci es, paper (cellulose) filters i mpregne
were either WhatmanE 47 mm or MilliporeE 3
thesewérétpus for a minute izar aNa@BE sohuali
10 % glycerol. Thedhbhased tded2wa2d HadCQO022
replaced for practical reasons by NaOH in 2
were collected on PTFE membs e@c eSuvdairél ti eresc.h E

(laminated, 1 Om pore sizandnMi Lhl poir e &Et €dn
1 Om pokrfmmsdizeamet er filters.

Different samprplhgyedcttulpes svampHiigng CoaBbp ai gmy
M3 L/min DustbusterE pump and a SKCE 11 L
ter packs were used with a series of twc
by a PTFE filter conAealtgsded ooft hehdup:

o B

|
t

p P



r evesil midl ar S Cl and F concentrations i n t}
[

reacheldat(i vely | ow conwemnd rradli atnesd . hiSgip bt & rets
pumpingndaP&®kBE and paper fitlt dirdd eweemna speupnegor
Consequentl vy, di fferent concent rdaetciroenass i mer ef
first Whol easterosols were stildl sampl ed at ¢
collected simultaneously but separately, con
the MilliporeE 37 mm filters. Typical sampl.i
oR. B0oim gas/ air *mhenutbe(Q138B/ min pump was us

Figure 2.3. Photos of poseruptive lava gas sampling showing the two set ups ugay.

One filter pack made of both PTFE laminated filters for aerosol collection and base
impregnated filtersconnected to the 83 L/min Dustbuster® pump. The photo corresponds
to the sample GE2, collected on a lava channel, 1 km SSW of the main 2021 eruptive vent.
(b) Two separated filter packs touching each other and connected by tape to collect very
similar ges. The laminated filter is connected to the 83 L/min Dustbuster® pumpashere
the base impregnated filters are connected to the SKC® 11 L/min pump. The photo
corresponds to the sample ME) collected on the Meradalir lava field, 200Nrof the main

2022 eruptive vent.



The sampling campaign starGebddsepgerdpivee ks b
Novembe(rFi2d.2Ta.h4 eOn3 .Nlovember 11, we col |l ect e
from the f owenwefr tlhaev ad;Haatkegr 2. M5da f r om a | ava c

of the sanke, cHimg.e@acGWas sampled from the

|l ater3)( GOvhi ch then included particul ate m:
additional gas samples were co#l erkitde.dgd doond t
at I ts-5fomwmtn|l YGD eacFige dhkatnielxeas year, on |

sampled again fromb)t hand atvlae cdhipatnein fJadty, (
sampling of thessesxbin8rti{&bdatbkbe pasaedegassi
8) were conducted.

MD-8/6 ——— >

GD-5/7/8M1 ———

GD-2/3/6 —>

Figure 2.4. Gas sampling locations on a satellite photo of the Fagradalsfjall lava fiéid.
blue are indicated the pastuptive lava sample locations, in green the gosiptive crater
one, in yellow the syaruptive crater one, pink syaruptive lava and beige burning moss.
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The Meradalir eruption in August 2022 offer
eruptive gas from the crater. The crater bei
bl own on the surrogpundiand$ gricsht i o n. a2l ¥ywi MPmpl e
6, Fi . werBethus collected there while the er
|l ater, on September and Octcolyesrnt &dalvdaz,i ngypausg hw ay
100 m from the Merandd MBi )clrnazMa&af cchM2 023, t hr
eruptive gas samples were collected:asone fr«
MD8 (-MpPp, one at the coolid0y G&eddongdddl it scf

Figure 2.5. Photos of the Geldingadalir (2021) and Meradalir (2022) sampling sites where
syn and posteruptive gas was collecteth) correspond to where GD was collected, (b)
GD-2 and 3, (c) GEb, GD-7, GD-8 and GD11, (d) GB4, GD9 and GD10, (e) MB2 to
MD-6, (f) MD-7 to MD-9.

I n summer 2023, the Litli Hr Yat ur eruption r
because of the flatness of the area (apart f
wind direction. -©Omneptfilwevi ngvd)avgae sgampleed e

(L-H) along with the smoke -2f)r.onfntahl ey seexst efnrsoinv el
Hr %t ur sampl es were howev-erupbtvédsdadsephhbKbOs
concentrations close to klsanlprfeorent hegvadtark
of the gas Qommos$hti onhhekHhand displayed sig
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hamme éflh&endhost | ava was coll ected ir
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ember 2021, a sampl i ngijc-arnsp8&li ogonk wfacs!
tji -ornsa8 f A v gregations and associ ate
k -micv8e he(6 55" 5RB)N. 2NA 30X dl1diWw abl e
anal ys , as the segregations we
segreg il ons were sampled arounq
flow,ow2@ 6BASISE 546 Nt H& Adirda tleér W) .
from Laki was found anal ysabl e bu
tion and were not further considered
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Figure 2.6. Lava and segregation sampling sites (green stars) and associated volcanic
system/eruptior{red line/triangle)
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(https:// www. visitreykjanes.is; https://ferl
extracted in September 2021 and June 2022 nu
with the host | ava. Most segraeawgtadn opi)s,( ieg .e 2
whereas a few came from boul deompbemeheteedr b\
t wo ot her sMacrotlilne catnedd Siygrmeexrasnd amre d (hd G0 5)hesi s.
The neighbouring Sk% at%nshraun | ava field w
June 2022. Located a few km East of Rau#fi mel
2.5 ka old and originated frqBighegB8ressost
T or ber2g0s2slomwo segregations and their host |
path, from a three meters high outcrop.

Figure 2.7. Main outcrop hosting the segregations sampled astddiesin this thesis (a)
outcropin the Raudimelurquarry (b) outcrop of the Eldgja lavanext to theHélmsa river
(c) outcrop ofan early Holocen#ieklabasaltlava.



I n addition-dtoomi nla¢ edh®Rlegkijaines peninsul a,

volcanic systems of the Eastern Volcanic

compogiJtaik@mmssohnl®h®y volcanic region, hos:
was conduct ed?hfirsotno rtihcea |8 454l dkgnf §i § 98B0 aADdPt t A
2015)The |l ava field is made of two main bran
the more recedA78BakD)l ava Awgeas8t 2022, Segr
coll ected from two | ocations fromst hei tse,utt
Kri ki formation a few km NE of K°tluj°okull,
| ava were collected from a boulder (63A38"'4
and associated host | ava wehriec ke xa urtaccrtoepd cflrc
H- 1 ms§& river, 20 km East of MIrdalsjokull (

|l yHobobemeal ¥ | ava of Hekl a volcanic s
segregations and hostbulgavy dwé&r & mc &IWM e
| volcano (63A57'27"N, 20A0'57"W), w
nélPakak dblss)ond 0les79no0ot originates fro

t t her from,al sanabndgodorede @l He k|l ar ay et em.
numer ous boulders with abundant and cl ear s
from Hekl a except th#VIS)r weort &axXtveacitelde f g h

na
22
nt
| o

oTONT

i
0 ,
e r a
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2.2 Analytical method s for gas samples
2. 2Major reactive volatiles
After volcanic gas <collection, filter pack:
the | aboratory. The proximityl nosft itthud es toddi
Sci enEc$esUni ver si,t yRegyflajlldecoewkeddn dpr ocessing of
hours following sampling. The paper filter

pack20omL cl ean Siasvinlgl ek | bemakeveezers and e
Mi IQl iwat er was added. Thel pagpt r avfidbdryad oisn gav e ra

to allow complete | eaching ofClt haen dc oHFIl)e citne c
A couple of hour2 befdhpwdeodbe penbdbysds, wéar e
any sulphide into sulphate and all ow si mpl ¢
a | arge quantity of gas was cerl dppetcitvead amp It
a 1:10 or 1: 20 cHatetiforomoft hehdi ten filte
measurements to avoid havingdg)ebhemeatqguoantih
l'imit. Additionally, before each run of an
filters were also prepared.

Before completing lon Chromatographwer &@. 7 n
aliquotedal . Al ong with the siampusetesa nwarra sp
ranging from @n@®2D.t50 todng@eph maCli br ati on,
ppm/F0 ppandc€tf8§@ndard being measured repeat
instrument al-Qdwatf ér WYualks Mvédt e al so anal yse
hi gh concentrati oamnd atmp | mea sanerae utr lkebhmedndc k mtr e
of all wiialserwasl timethe Thermo D(EhngxE2286a0J(
As a result of the different retention ti

cp



di stincwihdé®B®aks (i n brhoinsi noer dpeera)k. cNoou | d be s¢
| owcBmcentration.

Figure 2.8. Instruments used for analyses of the volcanic gas and rock (lava and
segregation) samples'he volcanic gas was analysed by (a) Thermo Dionex® 2000 lon
Chromatography(IES for the S, Cl and F concentrations and (b) Agilent® 7500-M®
(LMV) for trace element concentrations. The lava and segregationeralogical
composition was analysed-situ by (c) Electron probe microanalyz@ESand LMV)for

the major elements and (d) UEP-MS for the trace elementéMV). The wholeock
composition of lava and segregation was measured using (e) aiOESIES for the
major elements and (b) an Agilent® 75Q01V) for trace element concentrations

As expected, the | eachate from the first fil:
values than the subsequent filters. I n the |
filters displayed concent rhattieonsDusi miol asri gtna
diluti oner mptsitve ogds samples displayed | ower
eruptive gas Thus, a few sampleg€hdadralSIO th
undi stinguishable from blank, translating ve
particularly true in the case of -seuuphuve of
gas Additionally, because orfengelnytcsertodd i mitg



qguantification | imit. Thus, a few gas sampl
|l ow to be quantified.

When filter | eachate concentration was sSi g
the concentration of sul phur, chl orine an
concentration measured in the bleaantk aftiilotne rwe
retrieved by adding together the concentr at
was converted i obnptaenhds ptlhuet eailre accohnacteent r at i o
using the sampled vol ume.

2.2TkRace el ements

After sampling, the PTFE filters were set u
were then aranesabhéam attoory MagmddMYVYawher ¥ol c a
they would be prepared and anal ysed. Once
ten grams of dil ut ezhhnaciOd Orbe npuuHFe n(wa .h4e N i H T
closed beaker was then | eft for se®96r AC) wee
to extract the trace el ements from the fildt@t
An aliquot of each solution was then analys
Mass Spect tMBmet reyi t(hleCGP t he Agi(lFing. 750R0)pr
one el ements were anal ysed: Li, Be, B, Sc,

As, Se, Rb, Sr, Y, Zr Nb, Mo , Ru, Rh, Pd,
Sm Eu, Thb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf ,

reaction cell in Helium mode was used to r¢
masses ranging from Sc to As. I ndtcr smamtd ac a
containing 1 and 10 ppb of all analysed tr a
Ayabout four times | ess concentrated.

Reproducibility and signal r atFHoors ebeeerhee ndal c
the meapueemenbn was inferred fr ombtthhd nreadl a

from rempestedmesntsamelr epr oddoirbitlhiet Wo.vember

anal gesesi 6n dtua ilnsge gvheatc hat e s )we rteh ea nrad pyrsoeddu
on the 1 ppm standard is found better 10 %
the blank solution higher vari abiGa t(y36ar%) f
and Mo (62 %) . Signal rati o between the !
measurement quabhow. rMosbsecémertto 10 (N C
Pd, Pt, Au has ratios between 7 and 9.5 or
had signal rati o frRanslram A® pPpe&so7” Quart L3I ¢
The quality of the measurement and calibr at
measured i n rock ESbanaddRB) BRtso (eBl[H&VfMent <concent
artificial standards. -2€Compasi hgobhhwi bbbt ahpae
reveal good gquantification for most el ement
i n Bid¥ OR, Ge,,RReg, PTte and TI ( meddDurtadneso n ch
|l iterature valuasn)d &And (ReasBdedRbond¢entr at
| i t er at ulrhee waalsutesmaj ority of these el2ement s
similar to bl ank, explaining their poor acc



2.3 Analytical method for rock samples

2.3Sampl e preparation

The segregations and host | avas directly ext
bags Boul ders containing ségS( Eg2gt9i)WMne nwer e
needed, a saw was used to expose the segrega
2.9¢) The segregation material was carefull
sure to exclude host |l ava aedticont sasmsnatoenc,
samples were cleaned three times for ten min
clean samples were then powdered using agate
than 10 grams were avaiildabtlrea)c.e Angeattael wcaosn tuasm
powders. The mort acdmgtra midn aatge ani wil't hwetr ee ps &amp |
to minimise potentainadl tchreo snmsatcean tad miwaast icoanr e f
e
s

ach sample. I n addition to powder, thin sec
ampl es.

oS o R_Vcl B
12 8. e PN TR

sERMANY

Empty VC
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Figure 2.9. Photos of loulders from Raudimelur (a and b) and Eldgja (c) presenting
several vesicle cylinders (sometimes empty) surrounded by hostTéeadiameters of the

VC are typically a couple of cm. The segregation material from these VC was collected using
a smallchiselbeforehandpicking the grains.
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2. 3MRneralogical anal yses

The petrology of five-Hk 2 pWpCRe-¢ CRE yVdRa nRla uRFHi me

MV1) and one E{HNCYy)] Wesamphel yBEed in detail . T
t he s ahpPResCRRWRBwher eas gRVadlin;MiVRamamE wer e

set up on epoxy mount s. The thin sections/
mi croscopy and then secondRiry. eNe@&éer ons mprc
were taken, all owing to characterise the p
mi nerals, phase proportion and vesicularity

The phase t

composition o he epoxy mount seé
el ectroncpoabBPWMARrat t LMV whereas the t
i n June 2022. I n both cases, an
d i dt fi

h varied between
C

at the | ES

nA were used. Beam wi
us edmeasuhe mi crographi texture coepositi
heterogensesoalse sfmadtlur es. Acqui sitialn anmadne
program used but was al ways of the order o
standards were wused, either natural mi ner a
tals (at LMV). Each miner a( deviaisniamap!l wisi
es concentrations are measdata)wamned cal
he ZAF procedure (accounting for t he
escenAremetxrcon@tli d®hl)
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S
d

t
0
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_< X =
c

r

segr e/Calt,-MyYRLs aRRdCWEr e al so examined for
centntdtei adnd fiement phases. ThliGMSvabi done
dat the LMV during which the concentrati
Cr, Fe, Ni |, Cu, Zn, As, Se, Rb, Sr,
d above detection | imit oant 4l0e &t 6dn d
h, ' imiting the anal ysmentt oc drhee dtara
rnal standard was wused: Ca for the
and Fe for olivines and oxides. The
el ements measursdsi nBeaabse htalse im
presented the most heterogeneous ¢
cant wuncertainty on the conversion f

o =
0 S D

.

- -

T T (N0 o
o®

O —TCc g 5 7oL

> M S5 ®® S 53T O
x
WS "+~ =50

O © X
~ O wnd®qp D

U)—h-ﬁm-w,_..o_ﬁ

N

. 3WBol-eock analyses

Rock
el eme

samples (segregations and host | avas)
nt cofbentmedtehsondnis b e d bel ow corrlespond
conduct esde gfroergattheons and loafv amsaj ofrh ea nsda nter aacn
conceniweati coskdagn ®&dladesmd | a hk s d me blyatbootrhaetro r
membett ledEhe segregations and host |l avas m:
measured by I nductively Coupled -BE83s mat Ophe
| ES. Il n a carbon crucibl e, 100 mg of the s
with 250himgatoéof)Li B e mi xture was then set
a coupledofsshhodwres tthe Adamplt eapbmeéBbgreheé o c
it was transferred into 50 mL l1lof33a % iHQIt eadn

c o



% £0) . The solution wasOBES eh earnfao €AsBehdé 40y0 t h
DuboFig. 2.8e)

Measur ement f elpredauicntbearssattyn 81V -Bl BRnd

W-2)o,Bi mcbampositi onswea eowrs esddampl eesti mate anal
calibrate the instrument accuradWHO, THNO ee | ce
andAILBK. Lithium concentrations were used as
analysed oxi deis@&:iveFeOSi @n O, -Mg0K a @#.0Pl rNan

was analysed as a whol e y0kt hlfdhwet sadgasgyismegnui s hi
inferior to 97 % were assumed wrong and the

The trace el ement concentrations of the rocl
| GAMS Agilent 7500. In a clean rosim) wWOMe mg ¢
wei ghted and put in a SavillexsE beaker, tog
powders. The mixtures were put i n a tfhuernace

powder. Afterur2wimcseouasl,ed hecown to 20 AC all o
down befdmk afidcoagcentr agledd Nie tibre atkhemrc,i dw H iHNIO
t hendanadsleeft for a day on a hot plate (80 A

and the plate set at 70 AC to allow total eyv
then repeated three times to el igni hadfemlt he f
HN®@l14 M in the beaker, which was put on the p
the beaker and |l eaving it to evaporate at 10
Once the cycles completed, t-fhiel |beeda kv@iMish weN @
and rinsed at 60 AC before transferring the
performed three times. The l{®Oavknaeres ,weili eastlder
couple of hours and dried on the hot pl ate.
(for samples) or 7 g (for standards) of rock
the previously dried dtalkerhsotanpd adtece oagadill
evaporation. A | ast eiWNwsel at i @0hdd HWINGHF oOf . 0d5 M)
rinsing at 90 AC and transfer a new vi al (cC
Diluted acid was then added to the diluted s
Al i quot of these diluted sol eMSi.o nfsh ewd rnes ttrhuem
cali bration was done2 uwhienrgelatsheRIISSBENdwe de B ¥ ¢
anal ytical gual ity checkme@maeasumeameanfgr exdc su
cal cul ated based(tome trhel atecipyveodutcB RE®Dri d ydevi a
During the Nowdmmernt h20Z2 srsumn( wi th )t hER, most

Ru and Te -ZhadonBcHeVWWGQ r ati on bel ow detection |
concentration below quantiRf iacamd i BBEN, imarny dIr
concentrations were below detection or quant
Il r, Au add Bl Ro, BifTe and Re in BEN) while BE
for Se, Ru, Rh, Pd,. ABlL ement Rebel ow BuanAuwufar
wi t hefneor ence values for both standards thus
Te, Re, Akdtahnedr Aeul)ement s 3@ voef wvwahlaute si swirtehci onmr

excepRd,f,o0A8Db, WL ramndhiPg .t hesi s however, we a
comparing the samples to each other, making
accunlacyBRAM@QHBENag! | eladbme/ret squant ihfaiveeatrieolna tliivre



standar d( RISl aot¥%, olndh e r e-dfss ihna sSBIRS P, oW 17 % &
U 18 %.
2. 3WAol-eockolvatil e el ement measur ement s

Water and sul phur measur ement

The major volati lcefs toheher ovekh asnammll egsgeds by
mul tielemant thdereallhM¥Veri nstrument permits sin
carbon, hydrogen, nitrogen and sulphur in t
of dried powders were mixed wixksh darvwei ngp at
catal yst The mixture was then combusted a
purity oxygen. Through combusti on, al |l vV ol
hydr ogen skl pdaarud B0t r ogen di verse oxides. T
products) was then transported by helium f|
absorbents were present to trap the undesi
fluoride).g Tghaes rtehneani nwennt t hr cwdhima ¢as selpr
the different species, before flowing to t
concentration is quantified.

The instrument was calibrated-Bwistt i 5&bubylga
benzo2ylz)olt hi ophenekbfN20:80mphbsei meas uCement

eventual drift was assessed using repeated
standard, 72.5 % C, 7.4 % S and GQGHsgOe6.. 5 %
I ncoherent results were observed for carbon
val ues, mo s t l i kely related to abr acentdami
di scussed in this thesis.

Figure 2.10. Instruments used for volatile concentration analyses in the rock samss.
CHNS/S multielement analyser at the LMV to measure hydrogen and sulphur concentrations
and. (b) lon selective electrodes at theSIEb measure the fluorine and chlorine
concentrations.

The precision of element concentration in t
each sample several ti mes. Depending on th
anal ysed between two and si x ti nmecsentor aotbitoan
The ®WR&8D variable from one sample Vvol aniok ée
el emeommtcentration. Thus, the samplelwpth th
to 67 % but | ower than 5% f orwhtihceh moss tp rceosne
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I rger concentration than sulphur had RSD r a
constantly di sspl0(agyeneenay |l yhi gh 58 %) , transil :
measurement and potenti al contamination.

ogen extraction from rock powders

fluoride and chloride whol e rParkmemeRs ur e
SeHH ectrwvdes (I SE). This technique was ap
a but also on numerous volcanic products
mpl BKlat f hewms .etThad .e xaDR2t4 )pr ocedur e was howe
asets, the segregation/ host | ava anal yses
reas the method was affined to obtain sat
kj aness. @hmgpuet 5 of this thesis is dedica
arding the | SE measurements conducted dur
reliability and precision of such measur
respond to the one wused i Ghiatpiteelrl y5,. bef or e
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Ece s the standard el ectrode pd®Riasnttihel gac
st anK/ Mm8Tlthled tle/mpeni &t urhe ((CHK)a,rge ,Bd st he i
Faond@a@a80 (&Lrhains!l t he i on activity.

c lsledreicte vemeasd ece ments, ~& snhhagl lof altihcgeu ost
chate was taken. A series of standard (a
ppm were madeParnmeprag adll eedt.r oTchee waosl ef i |
ution of 10 % KOH andrtdbenagmmatgddbin a
chates were then analysed by the el ect
ween each measur ement to avoivd t mendr yt he
trode, efforts were made to keep the s:
ement , vol ume, tod. )ssolTuhtd omammlad ysedc hat
rode potentisalmi |raamgion g hfarnadn® r vda luype st o
t han pure DI water. ThCGChsaapmeatrt é&r oifs tdii:
results of diverse tests are presente

using the fluorine electrode, it was
(TI SAB) to decomplex fluorine and

d solutions. The TI SAB usedsowasumad e
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S m hydroxide (NaOH). TI SAB was

0 andards with compositiioontoamagiat
I t of 9 mktabhdar di sampgl el waeha

u
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0
t wo hours was necessary for toh

uring the solutions.

urements were coamdlact ell 0si 1 &dRdOsMaenmmel twha
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od was obtaial éogt rcoodnevepdti emrgt itahle t o F
bration curve built by?23 hCe S%)andoawnd st.o T
ranslating very good sémnmgiatiedi ty for th
use of the presence of fluorine compl ex
cali bration method underesti mates the
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mV (equivalent to trsiogluitngont hweaskF tchoemc € |
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whe€e s the concentration Y% fitshe Ghimmetylsee d
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3.1 Abstract

Eruptions of basalt are kno@n XoS5ei tHG@Gl gas
and HF but also trace el ement s, Il ncluding t
released during an eruptieomphasebgans wel ks bt
poorly characterised, and it sDuernivn g otnhmee n2t0a2l 1
2022 Fagradal sfjall eruptions, gasrwpd iovel |l e
gas from actively degassimtg ybtdlalewbas ifmgetl dcr &
compositional shi ft i's adbsemyetdi fea ogna sa pBhud e
ratios S/ €30) t20 ,-doShidh atgeac g a sc rpyhsatsdelaliasoi nm gt |
(S/Cl1, ~SOFO~ 0.1), the extinct cratechgas |
comp05|t|on (s/7¢ct ~ 0.8, S/I'F ~ 0.7). The shi
el ement volatility, resulting in atheipd eti o
el emental form such as Te and Cd. -f Dheni gl i di
species (Sb,e#®d tame a9 fwhem t he extinct cra
fluoride species such as Mo and Ru. Esti ma
significant | iberation of a few toxic metals
over the duration .ofSygmide-eplodgtai weol melt &li cami o
mar kedly diffiesnemgt | avd dreygsatsbsh nagr dna yo v ers ud Xt
ti me.

3.2 Introduction

Vol canoes release gas before, during and af
mar kedly distinct composition. Thg,m&ZOn cons
SQ 2+ HCI and HF. Their proportions in the g
relative solubility that not only depends o
magma composition(aeang. téceemliandeeé¢t i malgs 1985
et al . 1991; Symonds &tasal edrel@Btéidv dlyympapta 210&
often referred to as primary gas, highly er
di oxi de. I n -eouwmp tr javd ¢t ,hg &dl $ae graostpr OCPlome z oats alf .
1986; Sigmar sisoni £duead .f r20M@0gd source already
referred to as secondary. Secondary gas, how
i ncluding extinctsocer atrggrsg,aldatsiivng Il awa ffli ®@Wwc
composition

Vol canic gas is not only composed of major

el ement s. I n a magma, these trace el ements i
phase totgamerexeéenby their volatility, desc
coef f(ixpipecenthei mer et al .. 20hé; eZemenskvokatal
i nvestigated and characteMasbdrfet atveRQll2y
al . , 2 0Holl uGaruatuhni;er Etrt alzel € 0386 | et i rad Il u d2 Onlg3
Fagr ad@Wasifpmdnd egthiaghl RORBE)Nng partition coef f
of magni tude. Once the gas is released into
gaseous form (either free gases or compl exes
or adsor pdy opmr eosneratl rpaar t i ¢ Blyamtoem dmatet el sud®B 94
et al. 2005; ScholAmoesn g tama tCraandd VdIl2alt)i | e e
( As, cd, Pb, Zn, etc. ; Worl d Heal th Organi
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ociated with iIincvelacgtnodgraltit het sabes2add
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gas composition has been studied eithet
m passively outgassing volcanoes, reveal
m hot sipeltataendl vaolfdani sm ¢ o mpzaorneed! ct aon otehsa t
monds et al . 1994; Aiuppa 2009 ; TGaeu tgha se
sed from hotspotriaah, rwiier «add caomloeanii s
dpsopharmesaaWwaireirctanglal Moreover, ma
il e met al and metall oid vodfatrcil ihtoitesg o
|crga$1 &@md sCGli ons (&di nglllegueti ah. zan89;
8 ; Zel ens.kiTheet valr.i a2023h) met al vol atili
ciation behaviour, forming preferentiall
n their release (Byrmomgl smag maal au tlglads2s;i nMe
ggl i and Klemme 2020; Mason .etCoals.eq2i@a1l,
Il abl e metal emissions depend on, in addi
hal ogens proportions in the gas phase.
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effusive basal't fred anedersepgttiinmgs , a
of the gas emitted can be of sec
i ng | ava aprkdnomway vfodrcminplar tham £ h av
nsequences, gUblbrasi desong 19686 ; |
skarsson 19®4e Thorndchaer damstetncal .
ed pri(maruiplpya aentd asle.c 02n0dCazr ;itl B/e g ma
0

S

o< O

t f metals and metall oids may va
e sions at Piton de |l a Fournaise
s of el ement(sTduwtrarim.ge th ada |li ndiel 8c®O0nmpprl oe
d at Fagr-20aBWajbgmhnR @2vld ndo [(12dd2tle
primary gas from the eruptive crater

rr-i\ erdt admi ssions of @wogpst exi aly kbodobemenh, ¢
mitted by the fl owiomprinpxebewastsi cihae
|l owing |l ava represents the very first
omposition may continue to evolve as t
ons from ext ibrnec td ecprl aetteerds ianr es ukl-npohwunr
I ve( @Qlrmd zretg asl . 1986,; bSuitg mairtstsloen iest ka
trace el ement released.
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we present-anbdegomoepul ve @ds asamml|l i ng cCz¢
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d
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—Qa =

rogen ratio from t-@aeupti wehegt Qe mM¢ s aim

secondareyr ugpatsi v(ed aympalte dt hpeacsetx s ti alclt i <ir
, | argely exceeding Msemaa2 Edh)BSLawner
esCliFnraheoS of the emitted gas are the
tals and metall oide®rfupomvteherlaasal ried e
and fluoride formempwi ekemanmtasr ( M) i an(
ng chlorides (Pb, Sb, Zn). The similar
i nman andat ha20®2484) crystall.i [ g highl:i
Il ng mechani sm. Notabl e di re

d-eiruptthe epdlsdity a Cggds W@Qu |l e ot her el en
, readily explained by their t
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| ower temperature. Finally, we estimate the
during-etrhugptposet | ava degassing. Metal rel ease
cools and age, which may thus lawe rdingnteintict i

3.3 Geological setting

At the ReykjaneAt Ipaemtiinc urliad g él ervidslals Tahbeo vaes st ohc

volcanic activity is characterised by emiss
amount of)J akiodrsistoem et al . 1978, Peat eT heet al

magmatic activity on the peninsula reawakene
of quiescence, with a series (%I graursdnd <0 15 watr
2022)fol l owed by andeern wpmptdi omagaonfa mdmratrite ng [
(Hall d-rsson et al.iB02hpep KetdhalBhAjat TwbyvaPbll
eruptions followed: Meradalir in 2022 and Li
to the NE of the 2021 vent.

The erupted | ava has | ow watHat |l donsenn €t al
hal ogens (50 toS3@g@appmsoin @Gnhndadd kit asohe M8
(Peate et Sall.pha00X)oncentrations range from

gl ass but20r0ela cphp M 0iON0 (Mm@d rt a d mmicd lucs iIGvtresadt.h e2 022042
2023 eruptive sequence, t he emitted ol i vi
compositional wvariations in the first weeks

KO/ Toi(®al | d-rsson Aét eal th20o22a) ti al shift, re
was established for th{eMaresdhtal of ethealer 2@t2i4y €
2024)Analyses ofrupeipei gashoawiipens st oom ibiyf r e
spectr@Bsp@pryly in the 2021 FagrA®&alvafrjialtli oat
characteri sdeci ofkdt me |(tHhacl O hdp- or ssistoindiee wadr i 21012
Cisotope ratios du(rMonugs staHd a2n@ 2] p erl t p t20@&n49 o L
compositional heterogeneistyys.t emn degassast, (¢
distillation) fullytW&€xpfathse fbarl mpgéehdeot d
the 20RB3%tLturn leruption -seruptco@mpaseaetegasital sy
The 5 ssions from the 20P1edrf €pQ 2c40)s aver @a gme
average rat ewhifrcesuhNa34okalsemi ssion of 970

erupti onf.l ulxhehoS®ever showed i mportant tempor
di fferent eruptiPeadepbanestdadcri(lROBSx)ntand Ba
et al ch@2@28pr isscead et htee nsproarlall variation of t|
during the periodic | ava fount aiBmirmsgptati Fdagrs
2023 The authors obser yaerdd r3ed ladoOterd@loramao n s
HF during the fountaining activity, i nterpr ¢
from a fresh wundegasasnedd,. Ba qrmmaa,n reitrc éaa 0.r ti(eW0QRA@
maj or and trace el ement content of the gas
eruptions, revealing |Iimited compositional %
the gas <collected at the beginnoihgdio$t itrhcet
composition was emi tted. Al l three eruptior
Fagradal sfjall hyal ocl-agt ihtyedl r od mhelrema,l faar ifvrn
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Figure 3.1. Sampling site geological contexa) Map of Iceland with Pleistocene/Holocene
volcanic rocks in light grey and the active volcanic systems in dark grey. (b) The Reykjanes
peninsula and four of its volcanic systewith the recent lava fields from Fagradalsfjall
(2021:2023). (c) A satellite image showing the lava field east of the Fagradalsfjall
hyaloclastite mountain range, with the different gas sampling sites indicated. Maps were
made using data from the National LandSurvey of Iceland
(https:/Iwww.Imi.is/is/landupplysingar/gagnagrunnar/nidurhal, 20/10/2024)

Post-eruptive lava

Over the threeufFhigoamsrad sifmadfd! ma@dmd Swksn er |
creating a | ava fi3(eReadecrosveenr ientg alv.er 2072 2k m E
JYl 2usd-tt.i rTheet aavle.r aye24)ava thickness was
eruption and approximately 10 meters for t

|l ava can be much thicker, over( PLeOde rns eanr oeutn
2022)The | ava cooling and crystallising rat
thus Il ocally(Hastef onlréde@80¢é$g -drnupstusvteai gnae

emi ssi ons.

3.4 Methods

Over the gas sampling campaign, a total of
field from the 2021 and 2022 erupti3dbns, t C
Onl i ne Resouerceptlive TEaempgwWdDWEM® col |l ect ed
overl|l ookl atbe at a distance . X2a47J0 mheér am
Fagradal sfjall eruption provs ampl iexceguw e o
topography of the area and the prevailing w
the hyaloclastite hill s seurorpoeunnedd nagl |tohwee dv atl

LY



pl ume to be accessible from the sampling rid
was mhydnihmogv in the valley or was bl own | ower
(Suppl emendt)alr y-€drapgt i ve samples were coll ecte
areas where a blueish plume and preci-pitates
temperature degasssmggmdgman. tWe avwogisded | ar eas
pl umes | ackimgi miryegi patiahgs froemeevaporwattiean
contact with the hot rocks. Several sampl es
ti me 3Fi gGD-&EDand 1GDrom the | ava field 50 m
crater in GaRttingdda¥GDandBGlQn the rim of tha
after the erupt 32m) .haThresutpogpsted g@Bi gs.ampl es w
several weeks up to two yea3ls) .after the erup

Table3.1. Gas sample description

Eruption Sample name Sampling date Sample type
Blank-1 01/03/2022 Background air
- Blank-2 27/03/2023 Background air
Blank-3 10/06/2023 Background air
GD-3 17/11/2021 Posteruptive lava
GD-14 24/11/2021 Posteruptive crater
Geldingadalir GD-6 06/03/2022 Posteruptive lava
eruption GD-7 06/03/2022 Posteruptive lava
(19/03/2021 GD-8 20/07/2022 Posteruptive lava
18/09/2021) GD-9 20/07/2022 Posteruptive crater
GD-10 16/03/2023 Posteruptive crater
GD-11 16/03/2023 Posteruptive lava
MD-2 10/08/2022 Syneruptive crater
MD-3 10/08/2022 Syn-eruptive crater
Meradalir MD-4 10/08/2022 Syneruptive crater
eruption MD-5 12/08/2022 Syn-eruptive crater
(03/08/2022 MD-6 16/08/2022 Syn-eruptive crater
21/08/2022) MD-7 23/09/2022 Posteruptive lava
MD-8 18/10/2022 Posteruptive lava
MD-9 16/03/2023 Posteruptive lava
We coll ected t he parti cuimant ed i mantett err (Sa ermrads

Polytetrafluoroethylene (PTFEXmmembrarmsd zfil
unl ami n®mepof@. 2i ze). Reactive major gases
fi lters |l oaded in a series of stages (Whatn
i mpregnated with a solution of 10 % hase and
during the 2021 and 2022 sampling, repl aced
téh results. Two distinct setups were used du
i mpregnated filters32vae)r,e asleltowipn ¢ etplaag au sed yo f(
flow rates for aerosol (83 L/min) collection
sampl es, gas was pumped through filter packs
series) at ainmgRtbe aéed) 83 L/ min (F

y n



Filter pack sampling
with 83 L/min pump

Acidic gases
sampling with
11 L/min pump

o~ : : < Filter pack sampling
- N ZLAgs 3 z ; with 83 L/min pump
Y Aerosol sampling A £ 3 s l
/ with 83 L/min 2r %

—

pump

Figure 3.2. Syn- and posteruptive @ssampling conditionsat: (a) the 2022 (Meradalir)
eruptive cratey (b) the poseruptive lava collected at the foot of the 2021 main crater
(Geldingadalir) and (c) on the rim of the pastuptive 2021 crater. In (a) is shown sgt

for simultaneous but separated aerosol aedctiveAcidic gas sampling with different
pumps whereas panel (b) and (c) show gas collection with PTFE and impregnated filters
packed together using a single pump (83 L/min) was used. Véaetive gaseswere
collected separately, the 11 L/min pump was used

er sampling, the impregnat@H watlererfsorweor
e days at ambi ent 0ivweempee raadtduerde .b eTiwoor ed raonpasl

sul phur #Zsplei ¢éradmat el wer e consequer
omatography at the I nstituthe usfe Baratnhd aS«
ferent concentrations were used for the
ter tlhdms&8r tbud % for the | ess concent
es the concentration measured from the b

The PTFE filters were | eachegdandn Oa 0d5 |M tHF)
several weeks -Ion0 aA®.otTlpd alteca mhat8edd was anal
or Agil entNES 8t00t heCPLabor atoire Magmas et

Ferrand, France. Concentrat ilUonnseroef ntela seulreene
reaction cell (in He mode) was used to red
As . Synthetic standards (with concermnalati o
calibratGoeaprolduecidil ity o these standard
Suppl enmamd. er y Measur ement q l' ity was al so

obtained for the 10 ppb an 1 ppb standar d:
trace el ements except for t (8.6) and Au (
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Three PAIFiEnkt er s were analysed to investigate
from filter types and analytBoppl eMalhlt @ mgnt
3)3 Additiondalhlry,e mobktnmoprhee)nt al bl anks (1 ab
solution with no filter were analysed duri
concentrations were cor rfeicltteedmd ofri Itther camaleys:
same instrument) and all concentrations that
di scar ded.

3.5 Results

3.5Major volatiles

The concentrations of maj3gandomatel detarkspan
I suppl emBmtleer yIhe highest valuesuptrievebtmaanerc
wher eas, due tdoi | 81 gon f i-esaenyid i aler mast sampl o
concentrations close t@eruphatvefgddhe Dulamkur
abundant Wotancémtr atiitwisi lue €lo dm®d mg/ meach
mg/mespectively. Despite variable air dilut
composition (similar SeélClptiSVvd lamvda Cddd,) .Cll 1
reaching concentr athieareasf F2.andmdgs mever exce¢
respectively. Significant variability is obs
val ues. Fi-eaupyjiveher pobet gas displays si mil
(for examplie hsapsmp o ei GDt éfl yr 1t e mghhmee vol at i
| owest CIl / F.

Table 3.2. Major volatile concentrations (in mg/f) in the syneruptive crater, post
eruptive lava and posgruptive crater Fagradalsfjall gas

S Cl F S/CI Cl/F S/F
MD-2 3.2 0.18 0.067 18 2.7 48
MD-3 19 1.3 0.37 14 3.6 51
Syn-eruptive MD-4 14 0.60 0.20 24 3.0 71
crater MD-5 10.0 0.60 0.20 17 3.1 51
MD-6 1.37 0.089 0.048 15 1.9 28
Average 9.6 0.56 0.18 18 2.8 50
GD-8 0.027 2.2 0.52 0.012 4.3 0.051
Post MD-8 0.018 1.6 0.65 0.011 2.4 0.027
eruptive
lava MD-9 0.036 1.9 0.14 0.019 14 0.26
Average 0.027 19 0.44 0.014 6.8 0.11
GD-4 1.7 1.7 1.7 0.99 1.0 1.0
Post
eruptive GD-9 15 2.9 3.7 0.54 0.79 0.42
crater
Average 1.6 2.3 2.7 0.77 0.92 0.73




3.5TRrace el ements concentrations in the gas

Al l anal ysed tr ace suep pelmeenmearistl aerry8v.h®r €t ¢ dh ei ma
trace el ement in each gasThaen dt rba caen ke | seanmepnl tes
di scuss the differsam@ugagZnph&ee Ao mpBsejt Rbr
Il n, Sn, Sb, Te, Cs, W, Re, lr, Pt , Au, T
concentrations &8Be [ herswmgthiede | onr altaebrl egas di
concentration of mo s t el ementds . annd5t MiDarv et h a
similar trace el emett da @il dugerssc ehsa,| fwhaenr eoa sd el
| ower , confirming 1ts mer eaptdiiMast edatnert ug a
concentrated el ements atfien @uDanSE)MOCdl amwde de
Pb, Sn, Ge, As, FRp, MTtiandmBiP{Oan® Ag/ ar e
the selected elements, 3with concentration b

Table 3.3. Trace element concentrations (in ngAnof the different Fagradalsfjall gas
phasesConcentrations lower than 1.5 times the blank are not considered

Sy-aruptive Poe®trtruptive |l ava gas|Postruptive

MD4 MD5 M D6 GD3 G D6 G D7 G D8 GD11 MD7 MD-8 MD9 GD4 G D9 GD1O0
Cu 121. 253: 322 1.3 6. 3 8.3 2.2 1.6 3.5 4 3. 17. 205 11. 4.5
Zn - - 253 26. 403 - - 46 . - - - - 170 21. 12. 48 .
Ge 21. 21. 5.3 0.0 0.1 - 0.0 0.0 0.1 0.0 0.0
As 20. 23. 7.7 0. 2 2. 4 - 0.1 1.2 2.0 12. 3.3 0.2
Se 3914 728 115 1.9 1.5 1.0 7.5 1 4. 3 133 152 144 104 51.
Rb 19. 40. 8. 2 0.5 0.5 - 0 0.5 4 0.5 9.6 1.0 0.2
Mo 1.4 4. 3 1.1 1.2 0.8 0. 0.1 9.9 0.6 7 4. 164 5.8
Ru - - - - - - - - - - - - - - - - - - - - - - 0.0C0.0: 0.0C
Ag 4.1 8.7 2.8 0.0 0. 4 0. 4 0.5 9.0 204 1.1
Cd 101 123 39. 0.0 0.0 0.0 0.1 0.0 0. 4 0. 4 0.6 0.3 0.0
I n 4. 4 5.1 1.1 0.1 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0
Sn 35. 33. 15. 1.0 0.8 2.6 0. 4 1.6 1.6 12. 0.1 23. 1.1
Sb 2.5 1.3 0.7 0.2 0.1 0.1 0. 4 2.0 0.0 0.3
Te 107 121 35. 0. 0.0 0.0 0.0 0.0 0.8 0.0 15. 6.5 0.0
Cs 0.6 1.3 0.2 0. 0.0 0.0 0.0 0.1 0.2 0.0
W 0.7 3.1 7.0 0. 0.2 1.1 0.2 0.8 0.0 2.9 3.8 1.3
Re 4.0 6. 3 1.0/]0.00.0C0.0C0.0C0.0C0.0°" 0.9 0.0 1.2 0.2 .0
lr 0.0 0.0 0.0 0.000.00 - - 0.000.00 0.0C0.0CO0.O0C
Pt 0.1 0.0 0.0l 0. 0« - - - - - - - - 0.0C0.0CO0.0 0.1 0.0
Au 0.7 0.6 0.2 0.0 .1 1.7 0.9 0.0
TI 15. 31. 5.6 0. 2 1 0.0 1. 0 8.7 0.0 22. 27. 0.1
Pb 58. 8 3. 22. - - 5.8 1.9 0.1 0. 2 . 0.9 11. 5.7 0.7 0.2
Bi 13. 16. 4.0/l 0.0 0.220.0: 0.0:0.17 0.3 0.4(0.0: 0.0:
The secomwdapy/ipestgas generally has | ower t

pri mary g-asupiTheepbava gas shows significan
abundant 3 h7®MP,ndloml owed by S8, @, a%rd, Shb
ngf m Overall, the same relative concentrat:i
postupltawvae gas sampl es, -&pamtd8 fvidio snp Isaaympn ge
concentrations below blank but r eleatuiptaelvye F

crater gas displays higher wvariability bott
of triedea abundances of individual el ements.
the same for the three extinct crater gas

y O
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di splays concentrations significantly above
ngPdm in marked contrast to the other gas ph
3.5C8mpositional characteramd i psegtopt isvyen
degassing
The potenti al contribution of solid particl
assessed usi ngvoScataisl ea eluamdnyt ntoon cal cul at e
Aiuppa et HBhe WARP3iI)s | ow for the volatile
%, detappdlsemiemite)r3arbd t hus can be considered
trace elements concentrations normalised to
er upt i on su(pdpel team®hnist! @r rya.r e difsipgldiadeeTdhei npatt er n
el ement enrichment over | aevrau pitsi vceo ncsriastteerntg aa
The most enriched major volatileyir€lthhedgd&s
i n agreement with thei(fe.spl,ubCdnrtogl Li n& nd eWesb
terms of trace el ements, Te, Se and Re are
whereas Zn, Pt and Mo are the | east enriched
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s 'CI' F Te{Se‘Re‘Bi'TI Cd' Ir'Pb'Sb'As‘In‘Sn'Au’Cs‘W‘Cu,Ge‘Rb'Mo'Pt,Zn

Figure 3.3. Fagradalsfjall gas composition from the syeruptive crater, poseruptive lava

and posteruptive crater normalisedto that of the Geldingadalir basalt lava.The
Geldingadalir lavacorresponds to qerched lavacollected bymembers of theEISthe day

after theeruption startedTrace elements concentration measurements were conducted at
LMV following the same procedues described in section®3. The results are affected
both by the gas composition and the proportion of gas collected, explaining the general
higher values for the more concentrated-syaptive crater gas. Regardless of the absolute
values, the element enrichment pattern is simil&hiw each group. Between groups,
variable element enrichments are observed, and the moshedr&dements are different in
each gas phase



The -pospti ve | ava gas displays a wider ran
from variable propoPtsbowioffy ghse bobhestedo

el ements whearmrrdddGE®BDe the most deplhdsd . T
however has common features with CI being t
F and S. Agai n, Re and a&8e memd st hd omd Dtwe e n 1b
wher eas, i n contrast to the primary gas, Te

GD8 ane8B MDave features di-ertupmtcitv ef rloarw a hgea so tw
Mo, W buodowlelr Ge, Zn and Pb.

The composi t-eowmptoifvd hed gaaest @GR s alGDke (excej
wher ealsO GD splays similar pattern but | owe
characterised by higher enrichment onft sk and
are Tl, Te and Se (to a similar extent), foc
are the | east enriched el ements. Overall,b6 s
and-8GanedB MDmposition, whichkrtuipyve glrat ebre tam
eruptive |l ava g38g .endmembers (Fig.
Therefore, a few trace el ements such as Re
behaviour) are highly enriched in all/l gas |
composition. Conversely, the threengmser plhsa
el ements such as ITre,t HTdi,r Srbe c eCdt asntdudvyo .o f t
2021023 eruptions at Fagradalsfjall, Wainmar
behaviour with decreasing iSMmilatti hbant odan hbee
dilution during sampling.

3.6 Discussion

The main characteristics of volcanic gas f
known to be the high concentraf{iSgmends sul j
1994; Aiuppa 2009; Gaut hi er Beats aalt. f2 0sls6u;r eE c
|l celand demonstrate the dominance of sulph
(Gaut hier et al . 2016 ; Stef 8nsson et al . y
Wai nman et TaHe r2el2at)i ve proportion of major
from the primary to thA spgpan2@0y; odit,gaAarss g
affecting the trace elememhsbehawidoCran(il . &
and Cani l 2020; RengglTheasgphiKie mme at2dér2 0 jj a

Fagradal sfj adclorb e&saloth desr upt itdvre pri mary out
emi ssion t®mb&AABuUNemanf et Oalher 2 Q2dé) phtaiswe
| avaerppdst ve ceraudetri wendl pwas)t are emitted fr
degassed and are therefore classified here
secondary gasesnoitn btehinse asstuurdeyd caosulidt was ne

bottom of the fractures nor that of the cr a
500AC were measured at one meter depth wit.l
higlemper ag suir@n eaofi these secondary gases. i
pri mary and secondary outgassing is fracti
|l eading to higher proportion of |l ess volat
st alkisuppa 2009; Si.g mlao sismowme setti gaat.e 2t0h2e0 )e n't
(including release of heavy metals) to the

yp



accounted for. This i s pa-rftoircuilnagr | e/r ui pntpioorntsa,
release a significant @ETlheroddn oon odt tdale. gh%9
al 2024)

3.6Major volatiles gas concentration shift

The swliphupri mary g&s uphavelgmiatt €dgsyamdal sf |
of S/ ClI and S/F > 10 34a4nd €o6ncEurcd owiet t op BBb |

measur é®ents et al . 2023 Thwaimomdan setgnalf.i c2ai
observed between the gas emitted i mmediat el
erupti on, richer 1in 8§ h(r®/eClwe>x k6,0)l eadtreltte rgp ancdbwarg ia
the 2021, 2022 or 2023 eruptions (S/ CI < 25)
stability, reflects the early contribution
el eme@uesnal | |, t he -dragptaidae ethyidltkerds gd g er t he
composi thasn aslhmddt identical maj or volatile
Et hi(opdlaenskiamrd si mi [2®rl 3t)(oE dtnhoonsdes oaf n dK §G earul eaac
Edmonds et al. 2088d MNall wamuadhm eal et 2@12) 201¢
et al. 2017; Il l'yinskaya .etThal .do2nl In7a;n cRi gonma rssi
hal ogens in the primary gas is readily expl
(Carroll and Webster 1994; Fischer 2008; Wal
Sampling of thesyywawu peawdMakpw mhnp2 @ brédavie.al ed

decreasing sulphur over halogen B84).i oSuamwh th
observation was interpreted by the authors a
decreasing the relative proportion of t he
i mportant to note thatWat mena &2 @2cAoamrde sJ/oFn dpsr ets
FTI R meagsuwrienahliimogei magctd mdyiact ed during the ver)
2021 eamwrgetliaotni vely cl ose to the eruptive vent
most | ikely represent the very early seconda
richer in sulphur. l on chromatogWaphmaonfebas
al202#4Yyggest | o weyar 21/pl& & waen gha. $2ed dl. 4dect ed at d
rangi ng-1f4r0Odm mlas au i pnrgo gfroers si ve .fracti onal deg

The gas <collected in thipestupdy véamdadmabae) e
crystal (psegtugp tliawvwea fl iavmg this trend, with mor
sulpreUratm vweal ogens: S/ Cl and S/ F of 0.8 and
cl ose to (tShiagmeorfs sHood ruehtrkaduldb mé @2 e po-at . 198
ptive( Eirqa.t eBhwsa,s the shift in gas composi
i nct crater of Hol uhraun, Kol auea and Fag
ratio of 1.5 to 2 or34er.s of magnitude re

As hofwar the Ho2 @h5(afyiamg 2a0rlsdso,n telhe agas 2@l0t) p.
coefficients for the halogens at Fagradal sf ]
| aw:

noo—
—~x =0
M~ c

6 0 Q (31)

whe€Cetands for the measured coicestrattoal oi
concenttrheet ifam,cti on of gasDtbeaconogninat henn
di vided by that of the gas. YTHei sapompl me lt



reci prDéalwhofchV/ Ybifel ds &@&nd 3.5 for CI and
respedtni vaegiryeement with the bovesrpaoge rpdrtt ivtoi
cal cul Z2éeledn Dlyi efthealcal (20 &mt)eld ®&#nd F are 1.
respectivel vy, i n the postsiemiutpdo syeeo cce tad remi 1p
Hol uh(2 aznand 1.9 for.Cl and F respectively)

The -pospti ve | ava gas isrdluatoihweul @ehuir¢chee@dr i
chlorine with S/CI < 0.05 and CI/F > 2. Suc
t han obser vseeda W@t sgizllelymd aavta KQl auelblas awvaet SalC
2021Fi)y. 3.4
1000
X  Kilauea ‘ ,,0} 0{( >
QO  Holuhraun ¢!
| A ErtaAle .
§ Syn-eruptive crater gas
& Fagradalsfjall - Wainman et al. (2024) PP S S~ N
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] e <> Mo
r I
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.&i P e v o Fagradalsfjall flowing lava gas using
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- !
r . | a’!
14 S me
I‘. /’,
vt
Post-eruptive crater gas
0.1 4 ]
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Figure 3.4. Mass ratio of S/Cl as a function of S/F for the Fagradalsfjall s\eruptive

crater (orange), poseruptive crater (green) and postruptive lava (blue) gas compared

to published values f or KBdnendsead Gerldah POOH r a u n
Edmonds et al. 2009; Mather et al. 2012; Zelenski et al. 2013; Gauthier et al. 2016;
Stefansson et al. 2017; llyinskaya et al. 2017; Sigmarsson et al..ZO0&FTIR results

from Wainman et al(2024) (syneruptive crater gas in orange and sgruptive lava in

yellow) are also plotted, together with the yellow horizontal band representing the range of
S/CI obtained by the filter pack method. The Fagradalsfjall primary gas plots in the cluster
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formed by the hotspot/rift gas -euptivedcoateru hr aun,
gas from Fagradalsfjall is enriched in halogen concentrati@tativeto that of sulphur and

plots close to the secondary gas of Holuhrésigmarsson et al. 202@)n d K @Qineezn e a

et al. 1986) Finally, the Fagradalsfjall posteruptive lava gas plston the Spoor end of the

graph, with the lowest S/F and S/ClI values

As precipitates are ubiquitous in secondary
volatiles to minerals cannot be entirely dis
fumarolic gases, indicate that mauloprhmat a&ts , S
temperatunes g> WMaOAEGnberger .H®WeWaMkfdroinc &erno e
al . S2h®2ve)d the i mportance of kinetics in pr
rapid cooling and expansion of fumarolic gas:c
sublimates. The yellow sulphur32depassi it i &edbuyn
reflects the admi xture of atmosphere ,causing
resulting in the precipitation of sul phur C
mi nerals cannot be ruled out, it is unli kel
ratios observed is solely related to such pr
The composition of the different gas phases
Rayl eigh distillation of the magmatic vol at:i
degassing at the crater releasdéfesskepbudanan
degassing then staretrapwitvie t ke ar elleeapal seav h afne s
(Fi34) 1 ndiasatgensi ftihcaatht s almplwt r emains in the
di spl acement . Continuous dtgassgnd atfaomrobge
depl etes sulphur in the silicate melt-. A depl
poor gas from the emplaced -eauptifvel davasga
observed progressove headdsntenskee suéphulrow c
in |l avas cemwmwmBdyylkdamnoese of (@al accincl.osTehe al
intermelephteei Sreriunp ttihvee pcorsatt er gas suggests
the crystallising | ava, of a | ess degassed
residual magma at dept h.

3.6Fagradal sfjall primary gas trace el ement
Analyses of Fagradal sfjall gas Warn oomatnhet2 &2 1
(202rddveal ed minor compositional variati on. T
observed for the gas collected during the fi
al . 2024), whereas the other gas s8)mplTehse had
trace el ement composition ofs tlhhes2®22 apr icmay
Di screpancies such as higher Cu and Sb but | c
can however b85)Gbsenvedha(Fiegpghi dtat aoset anmrl
di fference, this | atter is more |ikely assoc
gas composi Riegmar shkkeesna ftioogne.t her , the Fagradal
el ement composition ali ke those of both dive
and hotspot volcanism r(dfartehseanteadad ady RPI1R2y e a
201 3,; Mason et al. 2021)
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o Fagradalsfjall (2022) - This study
—&— Fagradalsfjall (2021, 2022, 2023) - Wainman et al. (2024)
Kilauea (2008) - Mather et al. (2012)
Kilauea (2008) - Mather et al. (2021)
A Erta Ale (2011) - Zelenski et al. (2013)
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Figure 3.5. SO-normalised primary gas composition from Fagradalsfjall (this study and
Wainmanetal. 202ic ompar ed to gas from KQqbrdereély and |
decreasing X/S©in the Fagradalsfjall syreruptive crater gas (of this study). Values for
Fagradakfjall from Wainman et al(2024) correspondto the average of five samples
collected during the 2021, 2022 and 2023 eruptions (SFP4, SFP12, LW1, LW2 and FP8),
with the error bar showing the variability. The X/S(X representing different trace
elements) is the average composition from the ZMagher et al. 2012and 2018 Mason
etal. 2021 K9l auea eruptions wher e steken floreZeldnski a Al e
etal. (2013) The Fagradalsfjall gas composition i
emphasising similar gas composition emitted from hotspot/rift volcanism

3.6Sgnto pesstupti ve gas evolution

The changes of tr aceeredptmeved utypa lipedesi tigiatsy eimi &
be evaluated by <calculating the relative ¢

Copper is an el ement of choice sf owelrdoramhalvies

analytical detection | imit and blank conce

contributisompl(aemd mti drsy iTiaeb leenr3i.cchment f act or
00 w Tw FToo6 706 32)

wheXies the el ement of interest. The 3®verage

il lTustrating the | evel of enrichment/ depl et

of Cu.
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Figure 3.6. Average enrichment factors (EF) relative to Cu for the three gas phases
sampled at Fagradalsfjal{gas from the syeruptive crater, poseruptive lava and post
eruptive crater). Elements are ordered by decreasing EF wesyptive gas, with the major
volatiles (S, Cl an F) separated for clarity. The range of EF for each gas group is indicated
by thebars through the average values. Larger ranges are observed for the -@rppstve

lava gas (with the outliers GB and MD8, showing poséruptive cratelgas compositional
features, excluded) compared to the-syimd posteruptive crater gas. Larger enrichment
factors in the poseruptive halogesrich gas are visible, with the exception of Te, Bi and Cd.

I n t heer uptn ve <crater gas, t he~2nMbGa; 36Rirg.c hed
foll owed by Se, Re, Bi, TI and Cd (1000 > E
pri mary gas are Zn, Mo , Pt and Rb, being | es
are comparbBdrmendo evbadlcul @2@d8) or Kol auea an
dat a GAuomi er athMatther( 20t163dhe 6€R20BRYIY | ower

mo st el ements in Fagradalsfjall I's readily

observed in 35his Ovyteucdy | (Fitdne cal cul ated EF

coefficientWacalmawm2eteddallbtyhough Sb is found s
enriched in the primary gas presented here a
I n t her upotsitve | ava gas, al | sel ected el ement
enriched b&0D®d)SeREEM EFand 0D ) ( EARenr utphtei vpeo st
crater gas, Se, Tl and Te are the most vol at

(EF > 1000). There are thus | mpoartumtti wenh aanrgdce
postuptive gas emissi &fRrsi nChaaegesecbndal gmgas
el ement exhaustiomolatthesgpocihatageswiatlth di st

gas proportions and tempWaianma & a4 )plr.evi ous|

With respect t o tehreupptriivnearlya vgaa sg,a st hies ppoasrtt i

cd. Such depletion iIis consistent with their-r
spe¢Was nman et al . 2024; Masqgn letadaln.g 2 ®2 4 ;e
volatility-piomrt cea ysdalldri,si®g | ava gas. Not e

dn



iIts depletion could be accentuated by red:!
pri mary degassing of Te. Il n contrast, Zn, \
posetuptive | ava gas. Thi s concur souwiitnhg hi
volatilisati-bor mifnd i{e&\ae mdraths e¢ al . 2024; M
Mandon et &ah.the@e2®&xtinct crater gas, Mo i s
the primary gas (EF increase of over 1000 't
100 ti mes). Such enrichment may be expl ain
t haft f | usp e oieeotdigpdrnedi Mo ft dhamn fl uori de and TI
gaseous( Zepleecn seksi et al . 2021, Mason et al

3.6Cdmparison betweeprertulpg iveestgas and t hat
syreruptl aea

The gas sampl ed (osrgemu g thicwydd loawnm aniy Od2iasjaat a k e n
here to represent the initial stage -of the
eruptive | ava gas ocfepeefant i ¢ hfeidgiRgraeiad | st ia
presented the average X/ Cu ratios for our t
the-esymti ve csryatrairmpltawa it é\eoirn nradn(2 e 7 had .

di f f eoreenveee n-ett et iswe sgtausdnioosfs |byotohr i gi nate frc
concentration(Fiing..tMBes b)) ved egn&@siée s have -higher
eruptive |l ava gas compared to the primary g
| ow Cu concenterrautpitanv ei 1 atvhme gmost

Figure 3.7. The average X/Cun primary and secondary gas at Fagradalsfjatirdered by
decreasing X/Cu in the syeruptive crater ga®f this study. The syeruptive crater data
fromWainman et al(2024)correspond to the average of the vent samples colletaP1,

2022 and 2023 with the error bars indicating the variability. The-exyptive lava data
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