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Abstract — Tephrostratigraphy in marine cores is an important tool for dating sedimentary sequences along
the North Atlantic and in Western Europe. Most previously analyzed marine tephra were produced by
Icelandic volcanoes, albeit rarely from the Krafla volcano, and require land-based records for validation.
Two series of rhyolitic tephra emitted to the east of the Krafla volcano were recorded in the Eemian Ranga
Formation in Northern Iceland, the two series being separated by the Grimsvétn 1 tephra known as “Se low
bas IV” in marine core (~127 ka). These rhyolitic deposits were seemingly ejected from the Hagangnahali
paleocrater row (North of the Hagdng) and overlay the older Halaraudur Ignimbrite. This rhyolitic activity
persisted for ~20 ka to the end of the Eemian last thermal optimum. probably initiated by deglaciation (MIS
6a/5e). It postdated the Halaraudur ignimbrite. The ignimbrite and caldera formation were correlated with an
ODP907 tephra, yielding a possible 207 ka age, but possibly older. These results constrain the main rhyolitic
activity of Krafla to after the mid-Pleistocene transition, as observed for other “two-magma” volcanoes.
Rhyolitic activity is non-systematically triggered by deglaciation, at least as analysed during the period 80—
400 ka, but this genetic link is possibly valid for the late Pliocene of Iceland.

Keywords: Deglaciation speed / isostatic unloading / rhyolitic and two magma events / correlation with
tephrostratigraphy / marine and Greenland cores / MIS 5 to MIS 8

Résumé - Une longue activité rhyolitique postglaciaire du volcan Islandais Krafla depuis le début de
I'Eémien (mis 5e): impact limité de la glacio-isostasie. L 'utilisation de la téphrostratigraphie des carottes
marines est un outil important pour la datation des séquences sédimentaires dans 1’ Atlantique Nord et en
Europe de I’Ouest. La majorité des téphras marins analysés sont issus des volcans islandais, mais rarement a
partir du volcan Krafla, et nécessitent des enregistrements terrestres pour étre validés. Deux séries de téphras
rhyolitiques émis a I’est du volcan Krafla ont été observés dans la formation éémienne Ranga, dans le nord
de I’'Islande, les deux séries étant séparées par le téphra Grimsvotn 1 connu sous le nom de “Se low-bas [V”
dans les carottes marines (~127 ka). Ces dépots rhyolitiques semblent avoir été éjectés de la rangée de
paléocratéres de Hagangnahali lors de la Terminaison II (MIS 6a/5e), et se poursuivent jusqu’a
’achévement du dernier optimum thermique de I’Eémien, largement aprés la mise en place de I’ignimbrite
de Halaraudur. Un age de ~207 ka, voire plus ancien, a donc €té associé a cette ignimbrite et a la formation
de la caldeira par corrélation avec un téphra de ODP 907. Ces résultats limitent 1’activité rhyolitique
principale du Krafla a une période postérieure a la transition du Pléistocéne moyen, comme cela a été
observé pour d’autres volcans "a deux magmas". L’activité rhyolitique n’est pas systématiquement
déclenchée par une déglaciation, du moins telle qu’elle a été analysée pendant la période 80-400 ka, mais
elle pourrait étre valable a partir de la fin du Pliocéne islandais.

Mots-Clés : Vitesse de déglaciation / décharge isostatique / activités rhyolitiques et & deux magmas / corrélations avec
la téphrostratigraphie / Atlantique dans les carottes marines et groenlandaises / MS 5 a MIS 8
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1. Introduction

Iceland is an atypical volcanic island formed by the
superposition of the mid-Atlantic oceanic rift crossing a major
hot spot (c¢f. synthesis in Van Vliet-Lanoé€ et al., 2021).

Moreover, Iceland has been covered by ice caps since at
least 3 million years, which appears to affect volcanic activity,
both in terms of volume, geochemical signatures and types of
volcanism (cf. synthesis in Van Vliet-Lanoé et al., 2021),
especially for rhyolitic lava’s. Volcanic activity is admitted
being low when the ice caps are at their maximum extent and
mainly develops during interglacial periods, from deglaciation
which is interpreted to reflect the role of the ice overload
(glacio-isostasy, Jull and McKenzie 1996; Maclennan et al.,
2002). Partial to total ongoing deglaciation of the island is
identified in Pleistocene stratigraphy as the “Termination”.

Icelandic magma reservoirs are formed by the coalescence
of fault bundles (Gudmundsson, 1996, 2000; Gudmundsson,
et al., 1996), either superficial (about 2-3km deep, e.g.,
superficial Grimsvotn and Krafla), or deeper in a basi-crustal or
even sub-crustal position at the brittle-ductile boundary of the
lithosphere (about 12-20km). Commonly evolved lava
compositions (andesite to rhyolite) and compositional hetero-
geneity are considered as typical of early-erupted units,
reflecting tapping of the upper, more silicic zones of a
compositionally heterogeneous superficial reservoir undergo-
ing chaotic mixing. Later-erupted deposits are often more
homogeneous in composition and grade smoothly upward from
andesite to basalt, reflecting tapping of denser hybrid magma
and uncontaminated basalt from lower in the chamber
(Rooyakkers et al, 2022). Consequently, the setting of
rhyolitic tephra is generally considered as the result of
unloading related to some glacial termination (Sigvaldason
2002; Cooper et al., 2010; Harning et al., 2014).

Several volcanoes (Fig. 1) were reactivated during the last
Termination Ib, such as Katla (silicic ash from Vedde 11,3 to
11,2 ka cal BP; Harning et al., 2024) and Grimsvotn (basaltic
ash from Saksunarvatn ~10,2 ka cal BP, Oladottir ez al., 2020).
Hekla, Katla, Askja, and Krafla, among other volcanoes,
usually reset their activity in form of an initial "two magma"
major event, followed in time by episodic series of rhyolite
emission ending with basaltic lava’s (Jonasson, 2007,
Jakobsson et al., 2008). The silicic Vedde ash resulted from
multiple eruptions in 300 yr (Harning ef al., 2024), as did the
Askja volcano during the Preboreal stage of the Holocene
(> 4 events; ~ 1300 yr; Sigvaldason 2002; Oladéttir et al., 2020;
Van Vliet-Lano€ et al., 2020) but continued recently with a
powerful one in 1875. Other volcanoes, such as the Tindfjall,
exhibit seemingly similar behavior. During Pleistocene, the
stratigraphic attribution (MIS 8, 7 or MIS 5e) or the dating of the
emitted lava is of prime importance to analyse the triggers for
eruptive event, as termination or not. Most of them are extracted
from age model in marine corings but only very few isotopic
dating in the field.

Beside punctual dating, Quaternary stratigraphy in Iceland
mostly ignores the presence of the last Interglacial in the
recorded inland sections despite our published stratigraphical
papers with isotopic dating (e.g., Guillou et al., 2010, 2019,
Fig. 1). Data for the Eemian tephra from Iceland and from
marine or lacustrine cores are limited and only dated by age

models with less frequent records from terrestrial records
(Abbott et al., 2018). An outstanding sedimentary complex
covering late Marine Isotopic Stage 6 (MIS 6) to MIS 5c was
mapped and dated from inland to the coast of Iceland between
1997 to 2018 (Van Vliet-Lanoé et al., 2001 to 2020; Fig. 1), the
Rangéd Formation. This stratigraphic series is sandwiched
between MIS 6b or older glacial units, lava or hyaloclastites,
and Preboreal deglaciation tillites/end moraines . The Ranga
Fm also includes several tephra deposits that fit the Eemian
record compiled by Abbott et al (2018). Askja volcanic
complex in the NVZ is suspected (Sigvaldason 2002) to have
produce a first serie of rhyolite around 10 ka relative to
Termination I (dated by tephrostratigraphy).

In this paper, we document the stratigraphic position of
volcanic activity during the Last Interglacial and older deposits
in northern Iceland and the various tephra records around the
island (marine core), and especially in complex tidal, lacustrine
and fluvioglacial deposits in an Eemian formation. This Ranga
formation has been first defined in southern Iceland (Van Vliet-
Lanoé et al., 2018), and is well preserved in active rift zones,
particularly in the South and the North Rift Zones under the last
glacial deposits, even close to the Vatnajokull ice cap
(500-1500m asl; Van Vliet-Lanoé et al., 2010 (Figs. 1 and
2C). This Rangd Fm recorded several tephra, including a
basaltic key one from the Grimsvétn volcano, the Se low-1V
Bas tephra, generally assigned to 127 ka BP (Abbott et al.,
2018), but also from the Krafla volcano. The Krafla volcano is
predominantly basaltic but with acidic phases (dacites and
rhyolites) in early eruptions. Its Holocene activity is episodic,
occurring every 250-1000 yr, each episode lasting 10-20 yr
(Armannsson et al., 1987). The time interval between its "two
magma” eruptions ranges from only 30 to 200 yr during the
Holocene (Larsen et al., 2019). Distal tephra recorded and
dated from marine core are compared with our finding in the
North volcanic zone (NVZ), and especially those issued from
this Krafla volcano.

This work also allows to attribute to the MIS 7 the major
complex Halaraudur ignimbrite, located to the east of the
present Krafla caldera. This dating contrasts with the
previously proposed eruption of this magma during the late
MIS 5, which was not clearly identified in marine core.
Accordingly, the major ignimbrite event most probably
occurred close to 207 ka BP, which is also consistent with
regional outcrops indicating in this paper that a younger
interglacial rhyolitic activity of the Krafla volcano persisted for
at least 20 ka after Termination II.

2 Methods

Fieldwork in 2003 and 2017-2018 in the North of Iceland is
the main basis for this work. A large image collection from
fieldwork 1995-2018 has been reused for this specific
approach. These data were completed by image analysis of
satellite and aerial pictures to find the potential source zones for
the volcanic emissions. Aerial image issues from the Icelandic
Cartographic Institute (Loftmyndir ehf., Iceland) and its web
site https///map.is (recently based on Maxar pictures). The
other series of satellite images is available in Google Earth Pro,
at about the same precision and updated each year (various
sources). The locations of the described sites are available

Page 2 of 23


http://https///map.is

B. Van Vliet-Lanoé et al.: BSGF 2026, 197, 3

118+17 /
s P DURELL

- 127ka AM -7/ d
16n é/ -
GRIMSVOTN A/ATNAJ KULL

Fig. 1. Map of extent of the Ranga Formation in Iceland, with the key sites related with U-Th and Ar-Ar dating, active volcanoes and

hyaloclastite ridges (from Guillou ez al., 2010, 2020, 2023).

on https://www.map.is/ and Google Earth Pro, and their
geographic coordinates are provided in Annexe 1. The
published tephrostratigraphic records in the literature provided
a base to establish correlations with the oceanic records
(Van Vliet-Lanoé et al., 2018).

Geochemical and microscopic analysis of the tephra were
performed in the Brest University Geochemical Laboratory
(France), with the help of Professor René Maury ' and
compared to the available data from the literature, especially
the papers from Christian Lacasse and Shane Rooyakkers.
Dating was obtained by U-Th, K-Ar and “*°Ar/°Ar on
intraformational basalts and rhyolites performed by Hervé
Guillou and his collaborators (Guillou et al., 2010, 2019, 2020,
2023) in the LSCE/IPSL Geochronology Laboratory at Gif/
Yvette (France). Dating attempts often failed related to a very
low K content of the rocks, probably issued from long-lasting
interglacial weathering.

3 Genesis of rhyolites

Rhyolites represent in Iceland around 10% of the rocks
(Seemundsson, 1979) and this proportion reaches or exceeds 20%
in many central volcanoes with “two magma eruptions”
(Jonasson, 2007; Jakobsson et al., 2008), volcanoes on the
periphery of the Icelandic hotspot. The petrogenetic relation-

ships between Icelandic rhyolites and associated basalts are
currently considered to derive from the partial melting, at the
base of'the Icelandic crust, of partly altered ancient oceanic crust
and abundant hyaloclastites, generating dacite-type magmas
which evolved to rhyolitic residual liquids by fractional
crystallisation coupled with assimilation of the basaltic casing
ofthe magma reservoirs (Martin and Sigmarsson, 2010), leading
to silica-rich lavas (dacites, thyodacites and tholeiitic rhyolites).
However, most magmatic series resulting from fractional
crystallisation processes with melting facilitated by the high
geothermal gradients of the rifts as for NVZ. In this case, basaltic
magmas began their evolution by assimilation coupled with
fractional crystallisation within a deep magmatic reservoir
located at around 18-20 km depth in the crust. Then the transition
from intermediate liquids (ferrobasaltic) to tholeiitic rhyolitic
magmas took place in a much more superficial relay reservoir
(i.e. around 3 km; Kuritani et al., 2011).

4 The Krafla volcano and the north volcanic
zone

Faulted zones in Northern Iceland (NVZ) form a ~100 km
long, sub-parallel fissure swarm, including the Krafla and
Askja volcanoes, subparallel to the Bardarbunga swarm to the
south (Figs. 1 and 3; Hjartardottir, 2013). The Krafla volcano is
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Fig. 2. Global and simplified stratigraphy (A) of the Ranga Fm adapted from Van Vliet-Lanoé et al., 2018. In red: main rhyolite deposits or
bodies; B) Glacio-eustatic curve (black) for the Rangd Fm for Northern Iceland adapted and completed from Van Vliet-Lanoé et al., 2018
(South); H11: Heinrich 11 event. GIR: Global Isostatic Rebound). Global Eemian sea level curve (green, from Medina-Elizalde, 2013).
C) Kérahnjukar — Halslon dam section (Van Vliet-Lanoe ef al. 2010). Ranga Fm section : upper MIS 5: D and E units, with paleosols, river

deposits with bioturbations.

indirectly connected to the Kolbeinsey oceanic ridge (North
Atlantic), offset to the west by the Tjornes Fracture Zone (TFZ)
with a limited but direct influence on the Krafla volcano
magmatism (Hooft ez al., 2006). From the aerial views and the
radar pictures (Map.is), one inland prolongation of the TFZ
(Fig. 3), the Husavik-Flatey fault zone (HFFZ) and the Dalvik
lineament (DAFZ) cross the Krafla faults swarm, visible as
fractures North of the Eilifsvotn lake and as relief constraining
to the South of the Hagdng plateau and the central part of
Krafla central volcano, explaining its location. This is also
visible along the Jokulsa & Fjollum River (Fig. 3). Some

constraints from the Kolbeinsey Ridge could perhaps influence
the magmatism, like on the Reykjanes peninsula in South
Iceland.

Geyer and Bindeman (2011) suggested that the Krafla
caldera could not develop under an ice cap but resulted from
hydrothermal weathering that favoured hyaloclastite and
secondary rhyolite accumulation in shallow magma reservoirs.
Such hydrothermal activity is common during deglaciation
events: to trigger the emptying of the reservoir and caldera
collapse, the unloading by ice sheet thinning will open the
drainage faults in conjunction with rifting events, erupting thus
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Fig. 3. Tectonic control: faults (plain) and lineaments (dotted) of the Tjornes Fracture Zone (TFZ), composed inland by the so-called Dalvik
(DAFZ) and Husavik-Flatey (HFFZ) fault zones, in pink. Conjugate faults in green. Main NVZ rifts swarms in black (major faults). The TFZ
connects the NVZ to the Kolbeinsey North Atlantic Ridge 30 km westward. Extracted from Map.Is.

from early deglaciation but continuing further after deglacia-
tion (Gudmundsson, 2007).

The dominant mechanism for producing silicic magma for
the Krafla volcano is a partial melt of the hydrothermally
altered crust by gentle hydration. It mostly concerns crust of
basaltic composition or old hyaloclastites ridges (Sigmarsson
et al., 2022). Fresh basaltic intrusions into former hydrother-
mally altered basalt should melt the hydrated parts at relatively
low temperature (850-950°C) and "extract" a “light” silicic
magma, which then migrates upwards, forming sills at
shallow depths (Sigmarsson et al., 2022). Bimodal eruptive

(“two magmas”) activity could be explained by buoyant silicic
magma accumulated above the shallow basaltic reservoir,
enhanced by heat flow from the mantle that behaves as heating
source for the geothermal system and explosive Plinian
eruptions. Major basalt intrusion(s) may “ignite” them, causing
a silicic eruption, and the cycle starts again (Sigmarsson ef al.,
2022). In this case, basaltic magma intrusion should be
potentially related to the hotspot or to the Kolbeinsey ridge
activities (Armannsson 1987; Hartley and Pordarson 2013).
Most of the reginal rhyolitic tephra in the Ranga Fm were
spread to the east, in argument with the oblique slope near the
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Fig. 4. A) Record of the Marine Isotopic Stages (MIS, in bold letters) during Quaternary based on Railsback et al., 2015. https://railsback.org/
Fundamentals/SFMGSubstages01.pdf; Lisiecki and Raymo, 2005). The chronological emplacement of the Krafla rhyolitic activity (Kr)
recognized or interpreted from the marine core and field data records are compared to the two potential periods for the Halaraudur ignimbrite
setting (yellow). Grimsvotn Saksunar tephra= Grim Sak (see text), Kviar indicates the main setting periods for MIS 5 rhyolite (located on both
banks of the Jkulsa 4 Fjollum river. VPDB: 13C/12C isotope ratio for Vienna Peedee belemnite. B) The 8'%0 record of the Greenland ice core
NGRIP between 60 and 125 ka (NGRIP Members 2004) on the GICCO05 model time scale (Andersen et al., 2004; Svensson et al., 2008).
GI=Greenland interstadial; GS = Greenland stadial. The temperature shift between stadial and interstadial is accorded to Landais et al. (2005)
and Capron et al. (2010). Original data was downloaded from https://www.iceandclimate.dk/data. Onset of the Southern Hemispher (SH)
warming reveal a potential arrival of the mild Irminger current in the Greenland Strait.

lateral edge of fissure swarms and perhaps the ring fault
induced by the caldera collapse induced by the emptying of the
subsurface magma reservoir (Weber and Castro 2017).

5 Pleistocene stratigraphy : the regional MIS
5e interglacial records in Iceland (land and
sea)

5.1 Generalities

Widely observed in the South beneath the terminal moraines
of the last glaciation, Holocene loesses and lavas, the Ranga Fm
often rests here on dated basalts at ~155 ka (Fig. 1; Guillouetal.,
2010) and often older ablation or basal tillites. The Ranga Fm
consists of brown-orange consolidated sands of fluvio-glacial to
coastal origin which has been isotopically dated at ~116 ka by U
disequilibrium, instead of U/Ar, due to an intense paleo-
weathering (Andosol), MIS 5c in age (Van Vliet-Lanog et al.,
2018; Figs. 1 and4). The Ranga Fm sediments were derived from

the reworking of subglacial hyaloclastite ridges, or Tuya, formed
around 150 ka (U-Th dating on Fig. 1) that were active from MIS
6b onwards, during a long but cool interstadial within an
extensive glaciation (Fig. 4).

Consolidation is mainly linked to the diagenesis of
Andosol neoformed allophane into nontronite (ferruginous
smectite) or sometimes into montmorillonite (well-crystallised
smectite; see Annexe 2), due to the aridity prevailing during the
early Last Glacial period. The geochemistry (Annexe 3) of
lower and upper consolidated tephra, sampled in Kviar B site
brough confirmation of the Krafla tephra source; it resulted
from a semi-lacustrine deposition, evident from the field
observations, completed by weathering (ignition loss).

The Ranga Fm recorded a continuous Termination II linked
to a rapid deglaciation and most of the Eemian sensu lato, from
MIS 5Se to MIS Sa (Fig. 4) present a MI Se with evidence of two
marine “high stands” or maximum flooding surfaces (MFS)
separated by a marked “regression phase”, often associated with
loesses and tillites, the sedimentary response to a complex intra-
Eemian glacial re-advance (Van Vliet-Lanoé et al., 2018).
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Fig. 5. A) Major Hekla rhyolitic tephra at the base of the Ranga Fm, 1 km east of Galtaleekur (right bank of the Ytri Ranga river, South Iceland).
B) upper Kviar rhyolite including about 2-5 mm pumice fragments (arrow), at Kviar A site. C) “Poérsmork Ignimbrite” from Tindafjell “two-
magma” eruption, 358 £ 15 ka. D) multiple eruption of the Askja volcano, near East of the Ljosavatn (Preboral). E) multiple eruption of the
Krafla volcano (upper Kviar series, ~127-123 ka) quarry of Dadastadir (NE coast of Oxarfjordur). The age of this raised beach postdated the
upper marine limit, evaluated in South Iceland to 127 ka (Van Vliet-Lanoé et al., 2018).

This cooling was correlated to the Greenland glacial stage GS 26 Paleolakes, tillites, paleo-permafrost, paleosols and tephra
(120-116 ka BP; Irvali et al., 2016; Fig. 4). In the NVZ, this  were recorded with lavas flows from the Vatnajokull to the
formation crops from the Vatnajokull to the coast (Jokulsa &  South and North coasts (Van Vliet-Lanoé et al., 2010, 2018).
Fjollum) to Oxafjérdur (Fig. 1), in connexion with the active NVZ.  The thick Grim 1 (Grimsvétn) basaltic tephra is recorded close to
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Fig. 6. Various records of the Grim 1 (127 ka) tephra (Grimsvétn volcano) in the Ranga formation. A) Ranga formation in southern Iceland,
topped by the lower tidal sedimentation and seismites (100 m asl); B) Kviar A site: the Grim 1 tephra at the base of the section, overlapped by
glacio fluvial sedimentation deformed by seismic load casts. C) Kviar A lacustrine basal sedimentation on lodgement tills with a welll
individualised dark layer of Grim 1 tephra. D) Preservation at Vesturdalur East of Grim 1 tephra in between the condensed Kviar rhyolithics

series.

the base in most investigated Ranga Fm sections. It is commonly
deformed to the top by large loadcasts (earthquakes), and very
often reworked by subglacial floods, the jokulhlaups

5.2 MIS 6- to MIS 5 tracing tephra

The Grimsvotn volcano emitted a major tephra during MIS
Se (Grim 1) equating the earliest basaltic tephra from the North
Atlantic cores (“5e low bas-IV”; Abbott et al., 2018) and dated
at ~127 ka based on age model, the first climate optimum of the
MIS Se interglacial (Figs. 2, 5, and 6). Grim 1 tephra is
commonly recorded in the Ranga Fm both in the North and the
South, systematically reworked by huge jokulhlaups, immedi-
ately below the MFS levels.

In the South, the Hekla volcano was mainly responsible for
huge lava splays and basaltic tephra, also known as well on
land as in marine core in both glacial Terminations (I and II). It
was also responsible for rhyolite domes and tephra recognized
inland (Oladéttir ez al., 2020).

In the North, a similar situation for the Krafla volcano
seemed to exist upstream of the MFS. The lower Ranga Fm,
seismicity remained relatively low during Termination II, the

ongoing unloading, recorded in the Normellur depression
(Syora in older papers) and western Kviar outcrops (Kviar A),
close to Dettifoss (Figs. 7 and 8). Here, the Grim 1 tephra was
recorded in fluvio-glacial sediments shifting to a pure basaltic
layer before evolving back to fluvio-glacial before truncation,
as in southern Iceland. It was very rapidly deformed by low-
magnitude seismic activity in most of the sites, independent
from the Grim 1 event. This means that after the setting of
Griml1 tephra, the first MFS recorded a nearly full deglaciation,
reaching an MFS at 244 m asl, the local water table remaining
high, in relation to the progress inland of the glacio-isostatic
rebound (GIR, Fig. 2B). During the Eemian Interglacial (MIS 5e),
the Hekla volcano was responsible for several rhyolitic tephra,
especially a very early one metric in size (Fig. SA), preserved in the
basal units (transition MIS 6 / MIS 5e), below the Grim1 tephra.
Thin layers only were deposited during the second deglaciation
(GI 25, 116-113 ka; Van Vliet-Lanog et al., 2018). Last Holocene
deglaciations (Fig. 2), were often phreatic but purely basaltic in-
between.

~ Similarly, in the NVZ, volcanoes like the Krafla and Askja
(Arnason, 2020) had occasional silicic eruptions during the
Termination 1. During the very early Holocene, the Askja
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resedimented Grim1 tephra (see also Fig. 7C). Rhyolitic tephra are whitish at the base off the Ranga Fm and yellow orange, for younger splays. It
may shift to orange with weathering (andaosols with limited basaltic content).

volcano recorded a similar trend with a series of successive
eruptions (Van Vliet-Lanoé et al., 2020), although the present
caldera formed only recently in 1875 AD (end of the Little Ice
Age), with a large Plinian eruption (Pérdarson and Larsen,
2007). Here, a wide splay of faulted interglacial basalts,
mapped as Eemian on the geological map (Seemundsson et al.,
2012), was issued at least from the Krafla and Peistareykir
volcanic complexes. These old basalts are covered or
infiltrated by the dated Rangd Fm as at Vikingavatn
(Fig. 1, North coastline) and in a fault swarm, near the
Mofell tuya (Fig. 7). The Ranga Fm also exists in the infilling

of the Husavik fault at the coast (Van Vliet-Lanoé et al., 2018;
Fig. 3).

The regional preservation in the vicinity of the active
Krafla volcanic system of old rhyolitic tephra that include
pumice fragments, with a homologue geochemistry is a key
for the understanding of our observations, as this volcano
regularly produces rhyolites nearby the Kviar site
(17 km only). The interglacial paleolakes) evidenced within
incomplete Ranga stratigraphy (resulting from intra-forma-
tional erosion) the record of two rhyolitic tephra series,
probably deposited in a freshly deglaciated plain. A more
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rapid glacio-isostatic unloading of the first 40 km (perhaps
calving glacier front) from the coast could explain the
persistence of a high-water table. Present valley slope is today
at 4 %o, but somewhat steeper from the coast to the N1 road
(Figs. 1 and 7) than the whole valley slope from the
Vatnajokull. These paleolakes probably extended in indirect
connection with the high Eemian marine limit in front of
Vesturdalur (187 m; Fig. 7).

6 Termination Il unloading (139 to 132 ka)
and the local Eemian marine inondations

6.1 Generalities

Termination II is thought to have begun around 139 ka BP
in Antarctica, with a major warming resulting from global
isolation forcing on the Southern Hemisphere only (Schulz
and Zeebe, 2006; Turney et al., 2020), similar but more abrupt
and stronger than these of Termination 1 (Fig. 4) . Mostly
based on tephrostratigraphy, two marine inundations (Fig. 2B)
were recorded briefly inland during the MIS 5e, first driven by
glacioisostasy, reaching respectively for the first MFS;
~127 ka Griml tephra, at its base), 215m asl in the Ytri
Ranga Valley (Rangavellir) in the South and 244 m asl along
the Bardardalur River in the North (parallel to the Jokulsa a
Fjollum River, about 50 km to the West; Fig. 1). A basal and
local rhyolitic tephra of the Hekla volcano (Fig. 5A; South)
and a basaltic one, issued from Grimsvotn volcano (Griml;
Fig. 5) largely splayed, followed by a major load cast level,
recording specific seismic events series during the very early
interglacial as well in the North and the South of the island.
The second very brief high stand (MFS) reached 168 m in the
South, and 189 m asl in the North (Figs. 2B and 7 at
Vestudalur).

Along the Jokulsa 4 Fjollum, in the North, the consolidated
Ranga Fm crops mainly from the seaboard (Fig. 1: Oxarf-
jordur) to the vicinity of the Vatnajokull ice cap, splaying along
the Krafla and Askja central volcanoes. Marine facies crop near
the coast, at Vikingavatn, resting on an old lava paleocliff. Our
mapping in the North revealed the presence of the Ranga Fm,
nearby the Krafla central volcano with rhyolitic tephra series,
limited to the East, along the Jokulsa & Fjollum river (Fig. 7).
These are also preserved to the coastline, close to Dadastadir
(Figs. 1 and 5E), in a buried and consolidated marine raised
beach, with series including dispersed millimetric pumice and
several layers of partly remoulded rhyolitic tephra, onlapped
by consolidated fluvioglacial series under a discordant Late
Glacial lodgement till as also locally, above the Asbergy
touristic site (146 m asl, Malar on Fig. 1), in a sandy subtidal
facies that includes at his base a reworked thick basaltic tephra
(Grim 1) resting on a rhyolitic-rich tidal one. Upstream, in front
of the Vesturdalur site (Fig. 5) on the right bank of the Jokulsa &
Fjollum River, the paleo-jokulhlaup activity was still very
dynamic. The youngest flooding surface cropped there at
189 m asl. It consists of sandy tidalites with large bioturbations
locally separated by a periglacial loess from the relicts of the
lower tidal unit. The base basaltic tephra (Grim 1) is commonly
sandwiched between two rhyolitic tephra along the Jokulsa a
Fjollum River.

6.2 Main sections

In front of the Vesturdalur site (on the right bank of the
Jokulsa & Fjollum River), the paleo-jokulhlaup activity was
very dynamic. The youngest flooding surface cropped there at
189 m asl. It consists in sandy tidalites with large bioturbations
locally separated by a periglacial loess from the relicts of the
lower tidal unit. The base basaltic tephra (Grim 1) is
sandwiched between two rhyolitic tephra.

Further south and west of Kviar (on the left bank), above
the MFS, the same sequence is observed with first up to 4 m of
lacustrine sandy silts, a rhyolite rich facies resting directly on
an ablation tillite, from 334 to 338 m asl. Commonly, two
rhyolitic tephra in this lacustrine unit were separated from a
latter thick basaltic tephra: the Grim 1 one, reworked by
jokulhlaups all along the Jokulsa a Fjollum river (right bank).
In Kviar A site, the Grim1 tephra is commonly topped by co-
seismic involutions and framed by at least two series of
rhyolithic tephra. This tephra was observed Southeast of Kviar,
in the paleolake Normellur or “Sydra Normelsfjell” (in Van
Vliet-Lanoé et al., 2001).

7 Rhyolitic tephra in the key Kviar and
Normellur sections

The present morphology of the outcrops is related to
erosion by Holocene jokulhlaups and similarly during the MIS
Se. Most of the mapped outcrops with these Kviar and
Normellur paleolakes seem exactly in the continuation of the
youngest rhyolitic eemian emissions (Fig. 7; in red), spread to
the east of the Krafla volcano with some limited and residual
outcrops in a range of 50 km. The valley of the Eilifsvotn lake
(Fig. 7) probably partly channelled the pyroclastic flows. The
stratigraphy of Kviar A and Normellur sites revealed at the
base an undulating ablation tillite on a lodgement till with an
irregular topography helping to preserve the loamy sand
lacustrine series, locally topped by a brown-orange Andosol.

The basaltic Grim 1 tephra preserved in temporary lakes
revealed in most of the sections an initial progressive invasion
of the topography by jokulhlaup deposits, further concentrated
in basaltic tephra (Grim 1) but progressively diluted at the end
of the event (most of the sections). This single deposit was brief
and prograding in the Normellur (Fig. 9; Van Vliet-Lanoé
et al., 2005).

This Grim 1 event is clearly separating at Kviar A site the
two series of rhyolitic tephra (Fig. 8), including pumice
fragments (2-5mm in size; Fig. 4B). The basaltic Grim 1
tephra is followed by a sand silt level with loads cast
underlined by thin layers of rhyolitic tephra (Fig. 8).

This seismic crisis was observed both in the north and south
of Iceland, perhaps related to the onset of this upper series. The
lower Kviar series consists most often of two main layers of
rhyolitic tephra (5-20 cm thick), the lower being whitish and
preserved at the base of most sections near the road N1 (Fig. 7).

The upper Kviar series is composed of at least 7 layers
(Fig. 8) probably a dozen from Google Earth images 2023,
including a thick rhyolitic doublet (5—10 cm). Another relict
Andosol weathered the late sequence in Normellur site and was
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Fig. 9. Normellur paleolake sections. A) condensed rhyolitic deposits to the North, topped by the orange, brown paleo-andosol (MIS 5c)l.
B) view of the depression with the eroded formation, paleosols and rhyolites. C-D-E) main section with, at the base, the Grim tephra remolded by
a jokulhlaup: (C). D and E: fluvioglacial deposits largely enriched in rhyolitic pumices of the Kviar lower Series.

attributed to the MIS 5c interstadial (early Glacial: Fig. 4; Van
Vliet-Lanoé et al., 2001).

7.1 The rhyolitic Krafla paleo-tephra source

An analysis of the available satellite images from the
websites, Map.Is and Google Earth Pro on the Krafla
surrounding revealed that the rhyolite series are constrained
within a limited aera, east of the Krafla volcano (Fig. 7). Also,
two potential emission zones were defined on the Hagongur
relief (Fig. 10):

1) an old one, strongly glacially smoothed from which the
dacite / ignimbrite emissions seem to relate to the faults of the
Krafla swarm system and was partly collapsed with the caldera
ring faults.

2) South of the youngest, three patches of more recent
stratified rhyolitic tephra or of welded tuff onlapped the
Halaraudur ignimbrite emission zone, and two on the
ignimbrite outcrop (Figs. 9C and 9D) with similar facies
(color) as these observed for the Kviar and Normellur sites,
excepted a pronounced fracturation (Fig. 9C) suggesting a
proximal welded tuff setting.
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Fig. 10. A) Hagong surface analysis based on Google Earth picture (Airbus image). B) detail of the Haganhanali crater row emission zone.
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ignimbrite (south of Fig. A). Beta letter for a late basaltic lava flow from the Kviar series.

3) In the north, the traces of 3 emissive rhyolitic craters
(Haganhanali) are visible, splayed by late basaltic ejecta
(Figs. 9A and 9B), and partly smoothed by erosion.

4) Immediately to the north, the east fault of the Krafla fault
swarm is used for late, limited emission of basaltic pyroclasts
that ended the latest activity with lava’s (Fig. 10B).

7.2 The Krafla caldera and the Halaraudur ignimbrite
(Figs. 7 and 9)

The 50 km? caldera (10 to 8 km wide) was induced by an
explosive Plinian eruption producing dacitic welded tuff
immediately followed by an eruptive complex known as the
Halaraudur ignimbrite (Calderone ef al., 1990; Rooyakkers
et al., 2020, 2022). This 50-meter-thick ignimbrite complex
(+7 km® magma) splayed multiphase with late-erupted
basaltic lava, together with a major collapse event of the
caldera. This was related to the emptying of a main and
shallow differentiated magma reservoir. The Halaraudur
ignimbrite age was estimated “officially” at ~110-115 ka
(*°Ar/*°Ar; Semundsson and Pringle, 2000). The acidic
phases of the volcanism were further responsible for
rhyolitic domes (Fig. 7) formed after the caldera around

the Krafla. These yielded ages of 88.7+9.9 ka for Jorundur,
83.3+9.2 ka for Hlidarfjall, and 85.5+£9.4 ka for Gesaf-
jallarani (Hampton et al., 2021).

The base of the Hidarfjall dome (West of the Viti crater,
northern caldeira of the Eskja) has been dated 94.4 +2.6 ka (Ar-
Ar, Guillou et al., 2023), thus in early MIS 5b. As the Halaraudur
ignimbrite is also overlapped by this ~94 ka dacite (Fig. 7), its
age is thus possibly older than 110 ka or as early as the inception
of MIS 5e (Fig. 4). The geochemistry of the late domes is like the
ignimbrite complex (Lacasse and Garbe-Schonberg, 2001;
Rooyakkers et al., 2022), an argument for a single and shallow
magmatic reservoir. Moreover, comendite lava’s have been
observed by a coring in the present caldera (Fridleifsson ef al.,
2014). The main explosive eruption of Halaraudur ignimbrite
produced volcanic plumes estimated at >7 km high (Calderone
et al., 1990; Rooyakkers et al., 2020, 2022), thus able to be
recorded in marine core at least NNE of Iceland. The isotopic
date of the ignimbrite (Semundsson and Pringle, 2000) probably
corresponds from the age estimation from tephrostratigraphy to
the “welded” crust of Kviar tephra series pasted on the ignimbrite
(Figs. 10C and 10D), penecontemporaneous of the dated dacite
domes that reused the caldera ring faults, as the Kviar-emiting
Haganhanali crater row (Fig. 9A).
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Fig. 11. Synthetic compilation of rhyolitic tephra issued from the Krafla volcano (red star), found in deep sea core (from Wallrabe-Adams and
Lackschewitz, 2003; Lacasse and Garbe-Schonberg, 2001; Wastegard and Rasmussen, 2001). Direct aeolian sedimentation mostly yielded the
NNE, along the Kolbeinsey Ridge, as also recorded in the field in northern Iceland. Other outcrops are related with marine currents and sea-ice

transportation.

8 Discussion

8.1 The Kviar tephra serie

Commonly, two but up to a dozen rhyolitic layers are
recorded in the lower Ranga deposits along the Jokulsa 4
Fjollum. Most of them are preserved below and immediately
above the Grim1 basaltic tephra in association with synchronic

jokulhlaup sedimentation, related with a large subglacial
eruption. The nearby Askja as recorded in published data,
apparently did not produce rhyolite at that time in marine core

For orbital forcing constraints, the warming of Termina-
tion II occurred from ~139 ka in Antarctica, transmitted to
the Northern Atlantic as today by the thermohaline
circulation. A date of 132 ka is generally accepted for the
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early Eemian rise in the Northern Atlantic temperature
(Andersen et al., 2004). South of Greenland, in MD03 32664
core, a sudden and maximal ice melting occurred from
130 ka, along the Eirik rift (Irvali et al., 2016), also marked
by IRD (ice rafted debris) sudden rise in sediments and a
warming in summer SST (sea surface temperature) in
ODP980 core, NW of Ireland.

Deglaciation first started in Iceland, in conformity with
the first SST limited warming at 135 ka observed in MDO03
32664 core (Figs. 4 and 11) and interrupted by the HI11
Heinrich cooling (Irvali et al., 2016), explaining the 136+
5 ka dating of the Gerduberg interglacial lava, signing the
deglaciation of the Snefellsnes peninsula (Fig. 1; Guillou
et al., 2010).

8.2 Grim 1 tephra

The ongoing deglacial unloading also explained thus the
main Grim 1 tephra at 127 ka in marine core (Abbott et al.,
2018) as also in the Ranga Fm, corresponding to a major
emptying of the volcanic reservoir of Grimsvdtn volcano
related to the first thermal optimum of MIS 5e interglacial
(Van Vliet-Lanoé et al., 2018). We would thus suggest for
the lower Kviar rhyolitic tephra an approximate age of
136-127 ka, as Grim 1 was splayed in early interglacial
position and correlated to the Eemian 5e Low Bas tephra IV
(~127 ka Abbott et al., 2018) in marine core and in
terrestrial one (LINK 16; Wastegérd and Rasmussen, 2001).
This tephra is found in the South and the North of the the
Rangéd Fm, with huge jokulhlaups activity on a freshly
deglaciated paleotopography (Van Vliet-Lanoé et al., 2010;
2018).

8.3 Lower Kviar series

The origin of the Lower Kviar A series in the Ranga Fm is,
based on field data, directly related to a deglaciation
(Termination IT). The stratigraphic position of a Krafla rhyolite
in marine core MD985 (Lacasse and Garbe-Schonberg, 2001)
is estimated from ~133 to ~126 ka ( ODP907) by correlation
with LINK 16 (Wastegard and Rasmussen 2001). It probably
corresponds to the second-thickest splay at the base of Kviar A,
which seems associated with a major glacial unloading for the
Krafla system, emptying of part of the Krafla shallow magma
reservoir (Figs. 3 and 7), already differentiated at the end of
MIS 6. We can therefore assign an age of ~133-127 ka to the
Lower Kviar tephra.

8.4 Upper Kviar series

The upper rhyolitic tephra from the Kviar A series resting
directly on the Griml tephra. These multiple emissions
probably occurred from ~127 ka to possibly ~124 ka and
therefore correspond to the Mid Rhy tephra” in the MD 985
marine core (Abbott et al., 2018). In the South, a similar
timing, 126 ka, has been obtained near the present summit for
the Tindfall Volcano (Moles, 2019). As the Grim 1 event is
brief, relative to the sedimentary conditions, this second Kviar
series could extend to the end of the Thermal Optimum (GI 26)

near ~120 or 119 ka (Fronval et al., 1998, Fig. 4). During the
second Eemian Optimum (GI 25, 116-113 ka; Fronval ef al.,
1998), evident rhyolitic activity was also recorded (Abbott
et al., 2018).

Lacasse and Garbe-Schonberg (2001) reported in North
Atlantic ODP Site 985 and Site 907 an inventory of Icelandic
silicic volcanism for the last six million years. In this
compilation, in ODP Site 907, two older silicic tephra were
observed at ~201 ka, and ~ 207 ka, attributed to a Krafla
source. The volume of the Halaraudur ignimbrite is very
important in the field compared to those of the Kviar rhyolites
series. Two series of craters exist to the NW of the Hagong
(Fig. 10).The potential source for the Halaraudur ignimbrite is
apparently observed south of the Haganhanali crater row on the
new geological map (Semundsson ef al., 2012) and the Google
Earth pictures. This very smoothed old crater row is discretely
pasted by the late consolidated and stratified Haganhanali
rhyolite tephra (Kviar A series) as well as also on the Halaraudur
ignimbrite. The glacially smoothed Grjothals old Tuya (Figs. 7
and 10) presents also a thin rhyolitic cover splayed to the NNE,
issued from the Haganhanali crater row and preserved to the
north-east, as the eastward Kviar-Normellur rhyolitic ejecta.
This also fit in marine core the eastward-directed blast for the
“133 ka” of Abbot et al., 1998 reaching the ODP 985 and
907 positions (Fig. 11), but much younger than the stratigraphic
potential position for the Hagdng complex ignimbrite

8.5 Chronology and deglaciation

Even though the last glacial stage (MIS 5c) in Iceland is
normally considered to have started at about 110 ka BP (synthesis
in Arnason, 2020), it should be suggested here that an inner caldera
was formed 80 ka ago in sub-aerial eruption(s) forming the
rhyolitic domes Hlidarfjall, Jorundur, and Rani outside the
“110 ka” caldera (following dating by Seemundsson and Pringle,
2000). At 80 ka, an ice advance Guillou et al., 2010) occurred at
Skardesengi.

8.5.1 The Kviar series

From the age evaluation in the marine core containing MIS
Se rhyolitic ash layers, it can be first estimated that the
deposition of the corresponding tephra layer occurred between
130 ka and 125 ka BP (Wallrabe-Adams and Lackschewitz,
2003). As the Lower Kviar rhyolitic series issued before the
127 ka (Grim 1 tephra) and after the 136 ka coastal Gerduberg
lava (Guillou et al., 2010), the suggested age of 133 ka
(Wastegard and Rasmussen 2001) seems correct with the Se
Low Rhy, in Abbott et al. (2018).

The upper part, the Kviar A series, splayed above on
Griml, could therefore correspond to the mid-stage 5e ash zone
(~125 ka) following Wastegard and Rasmussen (2001), which
consisted in marine cores of a mixture of rhyolitic and basaltic-
intermediate tephra particles, the Mid Rhy. This ash zone
occurred necessarily before a major cooling event responsible for
glacial readvance in altitude (beginning of GS 26,~ 120-116 kain
Fronval et al, 1998). This should suggest a rhyolitic tephra
emission for the Krafla volcano that persisting from ca. 133 to
123-110 ka, the end of the two MIS Se thermal optima,
the GI27 and GI26 116-113 ka, very similar to the
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Fig. 12. Location of the Hagongur and Dyngjufjoll Ytri rhyolitic plateau related with the fault swarms in the NVZ.

“~110-115 ka ignimbrite” (Semundsson and Pringle, 2000)
issued from the Hagangnahali crater row (Figs. 10A and 10C), the
most probable source of welded rhyolite tuff crust locally
preserved on the Hagong basement, and the Kviar series along the
western side of the Jokulsa a Fjolum River. No younger evidence
was preserved :

The first evidence of Weischeslian glacial advance (MIS 4)
has been observed at Skardsengi (, 65°N27 15°W 50) just North
of the Askja system, dated on basalt at ~80 ka, like in most
Northern Atlantic.

8.5.2 The Harlaraudur ignimbrite

Two older rhyolitic horizons were identified in ODP 907
(Birgisdottir 1991; Lacasse and Garbe-Schonberg 2001; Wall-
rabe-Adams and Lackschewitz, 2003; Fig. 11). The youngest
explosive eruption of Krafla volcano in marine core yielded
~201 kaand ~ 207 ka (with comendite) but may yield downto 210
ka. Comendite, a kind of thyolite, rich in phenocryst, develops in a
temperature range of 880-960°C, by magma crystallization

and differentiation with participation of fluoride melts
(Andreeva et al., 2021). It has a strong chemical affinity with
the rhyolitic complex event deposited at the margin of the Krafla
caldera (the “Halaraudur ignimbrite” at Hagong) and been
observed in the Krafla coring (Calderone ef al., 1990; Macdonald
etal.,2021). Additionally, the marine tephra layers are 5 cm thick
(201 ka) and 16 cm thick (207 ka; Lacasse and Garbe-Schonberg
2001) at approximately 1000 km from the Krafla volcano. The
thickness layer splay in the Northern Atlantic should suggest a
caldera collapse from ~210 to 201 ka. This means that the
ignimbrite, probably multiphased, should correspond to late MIS 7
(7a/7b) which explain the glacially smoothed surface of the Hagong,
only pasted by some crust of the "recent" stratified Kviar rhyolite
series (Fig. 9) lately covered by late discrete glacial erratics cover.

This ~210-201 ka event should correspond to the onset of
MIS 7a interstadial (Fig. 4). The ~210 ka age (MIS 7b stadial:
213, 3 —204,3 ka) is a brief cooling event with a sea level drop
estimated to —25 m within a large interstadial (Choudhury et al.,
2020; Wendt et al., 2021) which should imply a very limited
worldwide glacier production within a major interstadial of
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interglacial size (MIS 7: 18 ka). The volume of glacier was
probably more limited in relation to the impact of sea-ice and
permafrost ice storage, amplifying the 8'®0 signal (Van Vliet-
Lanog et al., 2024). This MIS 7b deglaciation correlated with a
major warming in Antarctica (Bazin et al.,2016) and thus led to a
drift back to the North of the thermohaline circulation, as for the
MIS 5e (Fronval etal., 1998; Railsback et al., 2015; Kessleret al.,
2020). These conditions implied thus a rapid warming as the
recent “global” one with an uplift of ~4 mm yr~ ' as today (Pagli
etal.,2007), enough to unload the Krafla magmatic reservoir and
trigger a brutal Plinian eruption, probably under the control of the
plate’s tectonism with a mega explosive eruption (several fiery
clouds blasted in the style of Vedde Ash, the 11,3, to 11,2 ka cal
BP Katla eruption).

Twined very old rhyolitic tephra were attributed in marine
core to MIS 8 glacial, with a geochemistry with Krafla affinities
(Birgisdottir  1991; Henrich, 1998; Wallrabe-Adams and
Lackschewitz, 2003). This glaciation was characterized by a
limited in extent, but very cold and presumed initiated with a
major interstadial at 280 ka, a 10 ka long marine high stand
associated with volcanic and seismic activities in western Europe
(Van Vliet-Lanoé et al., 2024) followed with the formation of a
lot of Icelandic Tuya around 250 ka (Guillou ef al., 2010)

To connect the Kralfa to the hotspot, the Djungjufjoll Ytri
elongated plateau ( N20°), forming a faulted rhyolitic ridge
west of the Askja caldera (Fig. 1, black star, Fig. 12), is still
undated but pre-date the Preboral “rhyolite” (Sigvaldason
2002) and is deformed by Holocene pemafrost and thermokarst
features (at least two generations; altitude above 800 m). Age is
supposed to be “Eeminan” . A dozen of rhyolitic vents
occupied irregularly the plateau with evidence of two main
generations, one of few “recent” welded tuff and another, more
common, of erosion smoothed but lithified outcrops (dacite;
Fig. 12), very similar to the Hagéngur-Haganhanali record.
This plateau could be an older welded tuff complex in a similar
position as the North-South Haganhanali crater row (Eemian) or/
and the Halaraudur ignimbrite (MIS 7b) for the Krafla but linked
to NO5 and N20 fault directions related to the Herdubreid —
Askja FZ linked to the Bardarbunga one. Both directions also
cross on the Hagongur plateau, perhaps the trave of a former
rifting direction (stipple lines, clearly preserved to the West, in
the Bardardalur). It seems thus that this polygenetic system for
rhyolite outcrops is more extensive and also could be related to
the tectonic setting that some deglaciation progress, at least since
MIS 12 (Guillou et al., 2010, 2023 and Van Vliet-Lanoé et al.,
2021). The position of the Askja — Djungjufjoll Ytri seems to be
a key site (Fig. 12) for the early connection of the NVZ with the
Hot Spot / Grimsvdtn system, referring to the observations of
Hartley and Pérdarson (2013) for the 1874-1876 AD volcano-
tectonic episode at Askja).

8.5.3 Krafla age and its long-term rhyolitic activity

Rhyolitic volcanism also exists in non-glaciated regions.
The last rift jump in Northern Iceland was about 8-8.5 Ma and
ended at ~ 2-3 Ma (Garcia et al., 2003). The Husavik fault zone
(Fig. 3), probably extended to the east at that time, in parallel
with the opening of the central part of the NVZ, enlarged with
glaciation (Bourgeois et al., 1998). It is thus possible that the
Krafla initiated around ~ 2-3 Ma, synchronic with the initiation
in the Arctic of icesheets on the Icelandic Plateau, ~2.9 Ma

ago. Nevertheless, the real icesheets developed after the
Middle Pleistocene Transition and reached a maximum during
MIS 12, the Elsterian Glacial, 478-424 ka ago and thus major
isostatic accommodation. The Hekla volcano in the eastern
volcanic zone emitted rhyolitic pumices dated at 413 +34 ka
(ISLN 112/ Guillou, in Chazot et al., 2013), the early transition
to MIS 12.

9 Conclusion

Glacial loading basically locks eruptions during glacia-
tion. Dating or stratigraphic position on rhyolitic emission on
volcanoes analysed in this paper demonstrates that there is no
systematic synchronisation between deglaciation and rhyolit-
ic activity at least during the period 80-260 ka, as already
stressed by Guillou et al. (2023). These results constrain the
activity of the Krafla after the Mid Brunhes Event as these of
other known” two magma” volcanoes, especially during MIS
5 and MIS7 an perhaps to MIS12 Termination. The early
Holocene rhyolitic activity of the Askja yielded a duration of
~3 ka from field stratigraphy and published tephrostratig-
raphy records, much longer than the glacio-isostatic rebound .
These of the Krafla developed from Termination II and
persisted all along the two thermal optimum of the Eemian
Interglacial, yielding a duration of ~20 ka.

A pre-existing magmatic reservoir topped by a rhyolitic
buoyant mass will erupt when faults of various kinds open.
Deglaciation is thus a fair trigger for acidic eruptions but not
the only one. These appear to be activated by an injection of hot
basaltic lava (> 1000°C) in the shallow and differentiated
upper reservoir (Hartley and Pordarson 2013). The intensity is
linked to the available volume of magma liquified at low
temperature (~800°C). For the Krafla, Askja, and Hekla
stratovolcanoes, which are located on fault swarms, the
initiation of rhyolitic activity developed primarily by
hydromorphic and volcanic-hydrothermal processes with fault
swarm reactivation induced by magmatic events only. It
interfered and was enhanced with the resource in precipitation
or in glacial meltwaters, transmitted 1) to the local magma
reservoir by fault opening, better connecting rifting swarms
with magmatism, or 2) to some fault opening-related to
deglacial unloading and drainage associated with magmatic
injection on the pre-existing fault swarms. Thus, these events
varied for each volcano following their position within the
advance in deglaciation. It was eased 1° by active rift swarms,
or/and 2° by glacioisostatic unloading that may continue much
later with meteoritic erosion as for the Holocene Hekla
volcano, in relation to climatic (glacier restoration in late
interglacial) or other geological reasons.
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Annexe 1. Geographical coordinate of the locations (google earth professional)

Regions Latitude N Longitude W Alt. (m)

Rangavellir, West Iceland

Ranga Fm key site 63°54°47” 20°13°07”

Ranga Fm basal Y tephra (Fig. 2) 63°59°19” 19°58°02”

Gorge of Kirkjuber (SE of Hella) 63°49°21” 20°14°50” 49 Ranga Fm, B fan

West Iceland

Reyjavik, Fossvogur 64°07°09” 21°54°07” 3 Ranga Fm in tillite
Hvalfjordur, Skorholt, W quarry 64°24°19” 21°56°19” 30 Ranga Fm, coastal
Hvalfjordur, Skipanes 64°23°45” 21°54°15” 2 Ranga Fm in tillite
Bardardalur

Ljosa lake E — Bardardalur 65°42°10” 17°38°00” Ranga Fm

Skalfandi Bardardalur 64°02°13” 20°06°44” Ranga Fm

Jokulsa a Fjolum,

West, dumping quarry 66°05°38” 16°50°31” 12 Ranga Fm

Vikingavatn 66°05°38” 16°50°33” 17 Ranga, paleocliff
Vesturdalur (Melar) 65°59°11” 16°29°42” 154 Ranga, tidal, Y tephra
Vesturdalur (right bank) 65°55°54” 16°30°45” 187 Ranga, tidal, Y tephra
Kviar, E. bank, inner, (Y tephra) 65°46°55” 16°26°03” 357 Ranga, lacust.

Kviar, E. bank, riverside (Y tephra) 65°47°06” 16°24°15” 337 Ranga, lacustrine

Sydra paleolake (Y tephra) 65°44°53” 16°19°40” 364 Ranga, lacustrine
Péturkirkja N 65°39°07” 16°20°56” Ranga, lacustrine

Krafla

Paleoeruptive zone for the last Y tephra with late 65°47°21” 16°41°31” 510 Multi eruptive crater zone
3 (Haganhanali Fig. 10)

Crust of Y tephra consolidated cover on an older 65°46°36” 16°41°19” 1 km south from the summit
crater zone (Hagong, Fig. 10)

East and Vatnajokull

Skardsengi, dating basalt on lava capping the Ranga Fm 65°27°21” 15°53°25” 481 Ranga Fm

Saenautasel 65°15°43” 15°31°04” 538 Ranga Fm, Grimsvotnl tephra
Halslon key section (flooded) 64°55°28” 15°50°11” ~530 Ranga Fm glaci-lac. & —fluvial
Vopnafjordur 65°39°55” 15°06°06” 140 Ranga, tidal
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Annexe 2. Tephra diagenesis, consolidation and geochemistry

The Holocene sedimentation at Kviar is restricted in early loesses, basalts and poorly consolidated and mostly late acolian sedimentation.
The geochemistry (Annexe 3) of lower and upper consolidated tephra, sampled in Kviar B site brough confirmation of the Krafla tephra source; it
resulted from a semi-lacustrine deposition, evident from the field observations, completed by weathering (ignition loss). It showed a bleaching
(iron complexation and mobilisation) and a leaching of Vanadium as analysed by Bestland ez al. (2008) in lacustrine rhyolitic tephra.
These results are more marked for the lower, whitish Kviar series (pre-Grim 1 tephra), more often flooded, but could also be the result of
magmatic processes (Rooyakkers et al., 2022). The lowered concentration in SiO2 (~65% instead of ~75%, Annexe 2) seems related as well to
surface long interglacial weathering (Andosols) during the dry phases of the paleolakes by comparison with the original chemistry of the various
rhyolitic materials from the Krafla volcano analysed by Rooyakkers et al. (2022). This appeared issued from a diagenesis with the formation of
“cementing” clays (Stoops and Gerard, 2007), halloysite, evolving in nontronite or montmorillonite during the dry and cold unglaciated periods
in the Rangd Fm (Van Vliet-Lano€ ef al., 2018). This cementation is responsible for the consolidation. This seems to be a limit for tephra
speciation in slow and discontinuous moist continental sedimentation compared to loesses or marine sedimentation. Top pictures: Sample from
early Holocene Skégar sandy tephra, slightly consolidated in plain light microscopy. The SEM image shows the binding amorphous allophane
(amorphous clay). Lower pictures: Normellur consolidated sands samples from Eemian, Normellur section Here, the montmorillonite or
nontronite really cemented the sediment (SEM), resulting in amorphous clay recrystallisation to smectites under more aridic conditions from
MIS 5d cooling.
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Annexe 3. Krafla rhyolites geochemistry
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