
The Origin of Rhyolitic Magmas at Krafla Central

Volcano (Iceland)

Shane M. Rooyakkers 1*, John Stix1, Kim Berlo1, Maurizio Petrelli2,

Rachel L. Hampton3, Simon J. Barker4 and Daniele Morgavi2

1Department of Earth & Planetary Sciences, Mcgill University, Montreal, Québec H3A 0E8, Canada; 2Dipartimento
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ABSTRACT

We present a detailed petrologic study of rhyolites from seven eruptions spanning the full

(�190 ky) history of rhyolitic volcanism at Krafla volcano, northeast Iceland. The eruptions vary

widely in size and style, but all rhyolites are crystal-poor (<6 modal%: plagiocla-
seþ augite 6 pigeonite 6 orthopyroxene 6 titanomagnetite 6 fayalite) and have similar evolved

compositions (73.7–75.8 wt% normalized whole-rock SiO2) and trace element patterns. Macrocryst

rim compositions from each eruption cluster within a narrow range and are appropriate for equilib-

rium with their carrier melt. Crystal cores and interiors display complex growth patterns and com-

monly host resorption surfaces, but compositional variations are slight (e.g. typically <10 mol% An

for plagioclase, Mg# <10 for pyroxene), and consistent with an overall trend of cooling and differ-

entiation by crystal fractionation. Although most crystal core and interior compositions are broadly
appropriate for equilibrium with melts similar to their host whole-rock, variable growth histories,

juxtaposition of grains with distinct trace element compositions, and scatter in melt inclusion com-

positions indicate mixing of antecrysts from compositionally similar evolved melts and/or assimi-

lated felsic mush or intrusions before final rim growth. Evidence for mafic recharge (e.g. coupled

increases in An and Fe in plagioclase) is absent in most crystals; rhyolite storage and fractionation

thus occurred largely in isolation from the underlying mafic system. Comparison of observed ma-
trix glass compositions with published experimental work on melting of altered (meta)basalts casts

doubt on previous models favouring rhyolite generation by partial melting of hydrothermally

altered basalts, instead supporting recent isotopic and modelling arguments for a crystallization-

driven process [Hampton, R. L. et al. (2021). Journal of Volcanology and Geothermal Research 414,

107229]. MELTS fractional crystallization and assimilation-fractional crystallization (AFC) models at

1 kbar predict liquid major and trace element compositions similar to Krafla rhyolites after �60–

70 vol% crystallization of a quartz tholeiite melt representative of the evolved crystal-poor basalts
commonly erupted within Krafla caldera. We thus suggest that stalling and crystallization of these

evolved basalts at shallow depth forms crystal mushes from which evolved (broadly dacitic to

rhyolitic) melts are extracted. These melts ascend and mix with other compositionally similar melt

bodies and/or assimilate felsic intrusive material in the uppermost crust. The Daly gap between

�57 and 71 wt% SiO2 at Krafla is consistent with preferential extraction of evolved melts from

quartz tholeiite mushes in the �50–70% crystallinity window. Residual solid (cumulate) composi-
tions predicted by MELTS are exclusively mafic, hence efficient silicic melt extraction from quartz
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tholeiite mushes may also explain the apparent compositional bimodality in some Icelandic pluton-

ic suites.

Key words: Krafla; Icelandic volcanism; rhyolite; microanalysis; crystal mush

INTRODUCTION

Silicic rocks, predominantly rhyolites, form approximate-
ly 10% of the volcanic pile in Iceland (e.g. Walker, 1966;

Jónasson, 2007) and �5% of its historically-erupted mag-

mas by volume (Thordarson & Larsen, 2007). This signifi-

cant proportion of rhyolite in oceanic crust, where silicic

rocks are usually rare, has intrigued petrologists since

the 19th century (Bunsen, 1851), and much debate has
focused on the origin of these rhyolites and their pos-

sible similarities with Earth’s early continental crust (e.g.

Martin et al., 2008; Bindeman et al., 2012; Carley et al.,

2014). Traditionally, most workers have favoured one of

two endmember models for the petrogenesis of rhyolitic

magmas in Iceland: (1) extensive fractional crystallization
of basaltic melts (e.g. Carmichael, 1964; Macdonald

et al., 1990; Furman et al., 1992), possibly with minor as-

similation of altered wallrock and/or mixing with mafic

magmas (Sigurdsson & Sparks, 1981; Macdonald et al.,

1987; McGarvie et al., 1990; Nicholson et al., 1991), or (2)

partial melting of hydrated and hydrothermally altered

basaltic crust (e.g. Óskarsson et al., 1982, 1985;
Condomines et al., 1983; Thy et al., 1990; Sigmarsson

et al., 1991, 1992; Jónasson, 1994) and/or silicic differenti-

ates (Sigurdsson, 1977; Marsh et al., 1991; Gunnarsson

et al., 1998). Several recent studies (Martin &

Sigmarsson, 2007, 2010; Selbekk & Trønnes, 2007;

Schattel et al., 2014; Banik et al., 2018; Carley et al., 2020)
have attempted to reconcile these differences using the

concept that the local tectonic setting determines the

dominant petrogenetic process. In this conceptual

model, low d18O tholeiitic rhyolites are suggested to

form in mature rift zones with high heat flow via near-

solidus melting of altered crust (and possible subse-

quent crystal fractionation). In contrast, transitional-
alkaline to alkaline rhyolites with normal to only slight-

ly low d18O occur in immature rifts or off-rift settings,

and predominantly form by fractional crystallization in

thicker, cooler and stronger crust with less input of

crustal melt. While these ideas have gone some way

towards resolving the controversial origin of Icelandic
rhyolites, debate persists even for individual volcanic

systems (e.g. Hekla: Sverrisdottir, 2007; Portnyagin

et al., 2012; Lucic et al., 2016; Bergpórsdóttir, 2018;

Geist et al., 2021).

One likely reason for the controversy around the ori-

gin of Icelandic rhyolites is that petrologic studies have

generally focused on whole-rock compositions, which
reflect an average of the rock-forming components (i.e.

minerals 6 glass). Petrogenetic models have mainly

compared the major and trace element and/or isotopic

(typically Sr-Nd-O-Th) compositions of rhyolites and co-

existing basaltic to intermediate suites from a single
system or small group of systems, often using mass

balance calculations for fractional crystallization and/or

assimilation to model liquid lines of descent (e.g.

O’Nions and Grönvold, 1973; Macdonald et al., 1987;

Nicholson et al., 1991; Furman et al., 1992; Hemond

et al., 1993; Hards et al., 2000). Such models have pro-
vided important insights on the over-arching processes

of rhyolite generation in Iceland. However, they over-

look the fine-scale heterogeneities that may be pre-

served in crystal zoning patterns, melt inclusions, and/

or matrix glasses, each of which may have distinct ori-

gins and/or record different processes, timescales, and

physicochemical conditions during the assembly of the
erupted magma (e.g. Ginibre et al., 2007; Cooper, 2017).

A deeper understanding of magmatic processes can

be provided by linking approaches based on whole-rock

chemistries with detailed microanalytical studies of

mineral populations, matrix glasses, and/or melt inclu-

sions in erupted products (e.g. Jerram et al., 2018).
Although phenocryst compositions are commonly

reported in petrologic studies of Icelandic rhyolites, few

researchers have examined these crystal cargoes and

their zoning patterns in detail (e.g. Gunnarsson et al.,

1998; Weber & Castro, 2017). Recent studies have

revealed a marked diversity in age, trace element, and

isotopic compositions of the zircon cargoes in Icelandic
rhyolites or felsic xenoliths from a single eruption, sug-

gesting that these magmas comprise a mixture of melts

and crystals derived from chemically and isotopically

distinct sources (Carley et al., 2011; Bindeman et al.,

2012; Gurenko et al., 2015; Banik et al., 2018). However,

these data are limited to a handful of eruptions from a
small number of volcanic systems. Similarly, relatively

few studies have investigated the primary volatile con-

tents of Icelandic rhyolites, but available data indicate

widely variable magmatic H2O contents (Elders et al.,

2011; Portnyagin et al., 2012; Owen et al., 2013a, 2013b;

Zierenberg et al., 2013; Schattel et al., 2014; Lucic et al.,

2016). Further detailed microanalytical studies of
Icelandic rhyolites are needed to reconcile the contro-

versies surrounding their origin, and provide a more

complete understanding of how these magmas are

assembled, stored, and primed for eruption.

The Krafla volcanic system in northeast Iceland

presents an excellent opportunity to study the origin
and dynamics of rhyolitic magmatism in a mature rift

zone setting. Recent accidental encounters with shallow

rhyolitic magma (�2–2.5 km) at two sites beneath the
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caldera during geothermal drilling projects (Mortensen

et al., 2010; Elders et al., 2011; Zierenberg et al., 2013)

confirm that the rhyolitic system remains active today,

and offer a unique opportunity to study rhyolitic magma

in situ (a goal of the Krafla Magma Testbed project;
Eichelberger, 2019). Studies of previously erupted

Krafla rhyolites offer a useful context with which to

understand the present-day system and its active rhyo-

litic magma body (or bodies), as well as the long-term

evolution of the volcano and the origin of silicic magmas

in primitive crust. Towards these objectives, we con-

ducted detailed petrologic studies on the products of
seven eruptions spanning the full ca. 190-ky history of

rhyolitic volcanism at Krafla. We present a large petro-

logic dataset, including new whole-rock analyses and

detailed microanalysis of minerals, matrix glasses, and

melt inclusions. In this paper, we consider: (1) microana-

lytical perspectives on the generation and assembly of
Krafla’s rhyolitic magmas, and (2) insights on the petro-

genesis of Krafla rhyolites from major and trace element

modelling and comparison with published experimental

studies on melting of altered basalts and metabasalts.

Comparisons between the different rhyolite units, their

storage conditions, and the dynamics and evolution of
Krafla’s silicic system through time will be considered in

a subsequent paper (Rooyakkers et al., in prep.).

GEOLOGICAL BACKGROUND AND PREVIOUS
WORK

Krafla volcanic system
Krafla is one of five en-echelon volcanic systems located

in the Northern Volcanic Zone of Iceland, a segment of the

axial rift zone associated with the divergent Eurasian-

North American plate boundary (Sæmundsson, 1979).

The system comprises the Krafla central volcano, a broad

shield of �25 km diameter with an �8�10 km caldera at
its centre, and a 100 km-long, 5–8 km-wide fissure swarm

that transects the central volcano from northeast to south-

west (Fig. 1; Sæmundsson, 1991; Hjartardóttir et al., 2012).

Volcanism and geothermal activity are mainly concen-

trated in and around the caldera (e.g. Árnason, 2020),

which is thought to have largely formed during a major ig-
nimbrite eruption at ca. 110 ka (Calderone et al., 1990;

Rooyakkers et al., 2020; eruption age from Sæmundsson

& Pringle, 2000).

The Krafla system has been active since at least 300 ka

(Sæmundsson, 1991). Post-glacial activity has been domi-

nated by basaltic fissure eruptions within and near the cal-

dera, and along the fissure swarm to the south near
Námafjall (Thorarinsson, 1979; Sæmundsson, 1991).

Interplay between regional tectonics and volcanism has

characterized recent activity, with long (ca. 300–1000 year)

periods of tectonic and volcanic quiescence interrupted by

short (<10 year) rifting events and accompanying erup-

tions (Hjartardóttir et al., 2016), most recently in the 1975–
1984 Krafla Fires episode (e.g. Hollingsworth et al., 2012).

A zone of shear-wave attenuation at �3–7-km depth in the

central caldera region is inferred to reflect a shallow bas-

altic magma chamber (Einarsson, 1978) or network of

dikes and sills (Kennedy et al., 2018). Extensive drilling

associated with geothermal exploration has provided a

reasonably clear outline of the subsurface geology in the
central caldera region. Basaltic lavas and hyaloclastites

dominate the upper �1–2 km and are underlain by an in-

trusive complex of basaltic dikes and gabbroic rocks, with

sporadic intermediate and felsic intrusions (Ármannsson

et al., 1987; Weisenberger et al., 2015).

Erupted products at Krafla are compositionally bi-

modal; basaltic lavas and subglacial hyaloclastites are
dominant (>90% by volume), while subordinate rhyolite

has erupted in and around the caldera (Nicholson et al.,

1991; Sæmundsson, 1991; Jónasson, 1994). Like most

rhyolites in Iceland’s axial rift zone, all Krafla rhyolites

have low d18O compositions; whole-rock and ground-

mass values are þ1.0 to þ3.3& and þ2.2 to þ3.6&, re-
spectively, compared with typical mid-ocean ridge

basalt (MORB) values of þ5.5 to þ5.9 (Nicholson et al.,

1991; Eiler, 2001; Pope et al., 2013; Hampton et al.,

2021). Intermediate products are rare, and those

erupted within the caldera show evidence for a hybrid

origin by mixing of basalt and rhyolite in the form of
mafic enclaves or streaky mingling textures (Jónasson,

1994; Rooyakkers et al., 2020). Excluding these hybrid

rocks, the central volcano displays a clear Daly gap be-

tween �57 and 71 wt% SiO2 (Jónasson, 1994).

Rhyolitic magmatism and volcanism at Krafla
Eight eruptions involving rhyolitic magma (hereafter

‘units’) are known from the Krafla system (summarized in

Table 1; locations marked on Fig. 1). For convenience,

Jónasson (1994) grouped these events into three phases

of activity: (1) extrusion of a small unnamed dome (here-

after ‘oldest rhyolite’) at the southern edge of the Hágöng

plateau, followed by the mixed basalt-rhyolite Halarauður
eruption associated with major caldera collapse; (2) sub-

glacial emplacement of the ridges Jörundur, Hlı́ðarfjall,

and Gæsafjallarani (hereafter the ‘extra-caldera ridges’)

around the margins of the caldera during the last glacial,

possibly associated with intrusion of a ring-dike; and (3)

small-volume intra-caldera eruptions, including emplace-
ment of the Hrafntinnuhryggur ridge late in the last glacial

period, and two post-glacial eruptions: the ca. 9000 BP

Hveragil tephra and the 1724 CE Vı́ti pumice. The latter

occurred during the opening phase of the M�yvatn Fires

volcanotectonic episode and formed the small maar crater

Vı́ti (Grönvold, 1984; Sæmundsson, 1991). Products of the

Vı́ti eruption consist mainly of altered country rock, but
small volumes of juvenile rhyolitic pumice and basaltic

scoria were also ejected along with partially melted silicic

intrusive xenoliths (Sigurdsson, 1968; Grönvold, 1984).

Molten rhyolite has been encountered twice at Krafla

in recent drilling projects. In 2008, quenched glass rang-

ing in composition from dacite to high-silica rhyolite
was identified in cuttings from the bottom of well KJ-39

(�2.6 km total vertical depth) in the central region of the
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caldera, indicating that a silicic magma body or zone of

partial melt had been pierced during drilling (Fig. 1)

(Mortensen et al., 2010). The following year, a high-

silica rhyolite magma body was unexpectedly inter-

cepted at �2.1-km deep in the IDDP-1 well (Elders et al.,

2011; Zierenberg et al., 2013; Schiffman et al., 2014).
Published bulk, mineral, and glass compositions of the

IDDP-1 magma closely resemble those from the 1724

Vı́ti rhyolite, indicating a common source (Rooyakkers

et al., 2021).

METHODS

Rhyolite samples were collected from seven of the eight
erupted units (all except the 9 ka Hveragil tephra) during

field campaigns in 2015–2017 (locations on Fig. 1; GPS

coordinates are in the Supplementary Data files;

Supplementary Data are available for downloading at

http://www.petrology.oupjournals.org). We sampled

fresh obsidian and/or microcrystalline rhyolite from sub-
glacially erupted lava lobes across each of the extra-

caldera ridges (Jörundur, Hlı́ðarfjall and Gæsafjallarani)

and the intra-caldera ridge Hrafntinnuhryggur, as well as

occasional large pumice clasts from Jörundur and

Hlı́ðarfjall. Widely spaced outcrops (Fig. 1) were sampled

to assess any chemical variability across each ridge and

to ensure representative sampling. Exposures of the old-

est rhyolite are scarce and altered, so only a single,

slightly altered microcrystalline sample was collected

from this unit. Vı́ti samples comprise fresh pumice col-
lected inside Vı́ti crater. The Halarauður ignimbrite spans

a continuous compositional range from basalt to rhyolite

and shows textural evidence for magma mixing

(Calderone et al., 1990; Rooyakkers et al., 2020). A

detailed petrologic study of all Halarauður products will

be presented elsewhere (Rooyakkers et al., in prep.). For

comparison with the other rhyolites, we here report the
bulk composition of a pumice sample collected from the

basal ignimbrite unit (H1 of Rooyakkers et al., 2020),

which is the most evolved Halarauður sample that we

analysed and is considered to represent the rhyolitic mix-

ing endmember.

Powdered whole-rock samples were analysed for
major element contents by X-ray fluorescence spectros-

copy (XRF) in New Zealand at the University of Auckland

or the University of Waikato. A subset of 22 samples,

selected to cover the full range of major element composi-

tions, were analysed for trace element contents by

Fig. 1. Simplified geological map of the Krafla caldera and surroundings, adapted from Sæmundsson et al. (2012). Sampling locations
for whole-rock XRF analyses are marked, as well as the IDDP-1 and KJ-39 boreholes where rhyolitic magma or melt bodies were re-
cently intercepted. The tail extending from the KJ-39 wellhead shows the path of the slanted well. IDDP-1 was drilled vertically.
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inductively-coupled plasma–mass spectrometry (ICP–MS)

by Actlabs (Ancaster, Canada). Mineral and glass major-

and minor-element compositions were determined by

electron probe microanalysis (EPMA) at McGill University

(Montreal, Canada), and trace element contents were
determined by laser-ablation ICP–MS at the University of

Perugia (Italy). Analytical methods and data quality are

outlined in the Supplementary Data Methods file.

Analyses of standard reference materials used to assess

analytical precision and accuracy are included with all

data in Supplementary Data Excel spreadsheets.

RESULTS

Petrography
For the purposes of this paper, crystals larger than the

groundmass are defined as ‘macrocrysts’ (>0.05 mm for

titanomagnetite, and >0.1 mm for other phases). All Krafla

rhyolites studied here are crystal-poor, with <6 modal%
macrocrysts hosted in a glassy to devitrified spherulitic

groundmass. Hrafntinnuhryggur samples are aphyric.

Sparse plagioclase and augite crystals in Halarauður rhyo-

lite pumice were mainly inherited during mixing with bas-

altic magmas, so will be considered elsewhere.

Plagioclase is the dominant macrocryst in all phyric
samples, comprising up to 5 modal% (Table 2). In all

samples it occurs as euhedral, tabular to prismatic

crystals reaching up to �4 mm in the extra-caldera rhyo-

lites and �2 mm in Vı́ti pumices, as well as occasional

glomerocrysts (6pyroxene, fayalite, and/or titanomag-

netite). Complex optical zoning and inclusions of melt,

zircon (extra-caldera ridges only), and apatite are com-
mon. Green, euhedral to subhedral (rarely skeletal) aug-

ite up to �1 mm is a ubiquitous minor phase,

comprising up to 0.6 modal% (Table 2). Fine exsolution

lamellae of pigeonite are common in Vı́ti augite macro-

crysts, but rare in those from the extra-caldera ridges.

Around 50% of augites occur as glomerocrysts with
plagioclase and/or titanomagnetite, in some cases with

minor interstitial glass. Small (<50lm) inclusions of

glass, apatite and/or Fe-Ti oxides are common.

Pigeonite and orthopyroxene are minor phases (to-

gether <0.1 modal%) in all but the oldest rhyolite. For

Vı́ti, both phases occur as rare, discrete euhedral to sub-

hedral grains up to �0.5 mm, often with augite exsolu-
tion lamellae, but are more common in composite

grains where they overgrow or are overgrown by aug-

ite. In the three extra-caldera ridges, pigeonite and

orthopyroxene occur only as rare cores mantled by

augite. Euhedral to subhedral titanomagnetite up to

�0.3 mm (typically <0.1 mm) occurs in all units (up to
0.3 modal%), both as inclusions in plagioclase and

mafic minerals and as a discrete phase. Fayalite was

identified in Jörundur and Gæsafjallarani samples only,

Table 1: Overview of Krafla rhyolite units

Unit Age Volume (km3) Description

Oldest rhyolite
(unnamed)

ca. 190 kaa <0.05d Small dome NE of the present caldera margin,
poorly exposed beneath Halarauður

ignimbrite
Halarauður ignimbrite 110–115 kaa Total 7 6 6e (�50% rhyolite,

�50% basalt)f
Ignimbrite sheet related to caldera collapse
event. Mixed basalt-rhyolite eruption. Rhyolite

pumice common in basal deposits, later-
erupted material mostly hybrid

compositionse,f

Jörundur 88.7 6 9.9 kab �0.15 Subglacially erupted ridge, rising �250–300 m
above surroundsd,h

Gæsafjallarani 85.5 6 9.4 kab �0.15 Subglacially erupted ridge, rising �250–300 m
above surroundsd,h

Hlı́ðarfjall 83.3 6 9.2 kab 0.14g Subglacially erupted ridge, rising �250–300 m
above surroundsd,h

Hrafntinnuhryggur ca. 24 kaa 0.02g Dike erupted beneath thin ice, lobes of micro-
crystalline rhyolite and obsidiani

Hveragil tephra ca. 9000 BPc n.q. Small explosive mixed basalt-rhyolite eruption
from the Vı́ti area, dispersed pumice across
the central and southern caldera regionc,d

Vı́ti 1724 CEc n.q. Rhyolitic pumice co-erupted with small volumes
of basaltic scoria and partially melted grano-
phyric xenoliths in a phreatomagmatic event

during the opening phase of the M�yvatn Fires,
forming the maar crater Vı́tic,d,j

aSæmundsson & Pringle (2000).
bHampton et al. (2021).
cSæmundsson (1991).
dJónasson (1994).
eRooyakkers et al. (2020).
fRooyakkers (2020).
gAgustsdottir et al. (2010).
hMcGarvie (2009).
iTuffen & Castro (2009).
jRooyakkers et al. (2021).
n.q. ¼not quantified, but estimated as�0.01 km3 based on published accounts of dispersal.
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Table 2: Representative modes for Krafla rhyolites

Sample
number

Unit Plagioclase Augite Pigeonite þ
Orthopyroxene

Titanomagnetite Fayalite Granophyric
clots

Zircon Apatite

KR-6-a Vı́ti 4.5 – <0.1 0.2 – 0.5 – Trace
KR-6-l Vı́ti 1.9 – <0.1 0.1 – 0.5 – Trace
KR-153-e Vı́ti 2.7 0.3 <0.1 0.0 – – – Trace
KR-40 Hlı́ðarfjall 1.8 0.2 <0.1 <0.1 – – Trace Trace
KR-123 Jörundur 4.3 0.4 0.1 0.2 – – Trace Trace
KR-128 Jörundur 2.7 0.2 0.0 0.2 0.1 – Trace Trace
KR-129 Jörundur 4.1 0.3 0.1 0.2 0.4 – Trace Trace
KR-147 Gæsafjallarani 4.2 0.6 <0.1 0.3 0.2 – Trace Trace
KR-106 Oldest rhyolite 1.1 0.1 – 0.1 – – – Trace

Modal compositions (in %, normalized void-free) determined from image analysis of high-resolution scans or BSE maps of pol-
ished thin sections using ImageJ (https://imagej.nih.gov).

Table 3: Representative whole-rock compositions for Krafla rhyolites

Sample KR-24 KR-179 KR-112 KR-169 KR- 128 KR- 106 KR- 14-n

Unit Gæsafjallarani Halarauður Hlı́ðarfjall Hrafntinnuhryggur Jörundur Oldest Rhyolite Vı́ti
Type Lava Pumice Lava Obsidian Lava Lava Pumice
Major oxides (wt%)
SiO2 74.12 74.57 75.63 74.83 74.50 73.97 73.94
Al2O3 12.12 12.37 12.14 12.21 12.10 12.53 12.49
TiO2 0.34 0.29 0.24 0.24 0.31 0.41 0.38
MnO 0.10 0.09 0.07 0.10 0.09 0.08 0.08
Fe2OT

3 4.36 3.86 3.30 3.73 4.22 4.40 4.06
MgO 0.18 0.22 0.06 0.12 0.15 0.33 0.30
CaO 1.94 1.86 1.65 1.68 1.79 1.57 1.90
Na2O 4.16 4.05 4.15 4.37 4.16 4.06 3.96
K2O 2.62 2.64 2.75 2.70 2.63 2.58 2.82
P2O5 0.05 0.04 0.02 0.04 0.04 0.07 0.07
Total 100 100 100 100 100 100 100
LOI 1.71 0.90 1.69 0.18 0.64 2.10 0.73
Raw analytical total 99.46 97.87 99.38 100.12 99.41 99.46 98.42
Mg# 9 13 4 7 8 15 16
An# 11 11 10 10 10 10 11
Trace elements (ppm)
V BDL BDL BDL BDL BDL 5 5
Co BDL BDL BDL 1 1 2 2
Cu 10 10 20 10 10 BDL 20
Zn 110 100 110 120 100 120 60
Ga 21 20 20 23 20 22 18
Rb 68 59 69 62 67 69 68
Sr 95 85 91 97 90 118 76
Y 96 81.4 97.2 95 94.1 68.4 70.5
Zr 523 433 480 523 572 607 455
Nb 46.1 38.9 46.6 52.7 48 57.3 33.7
Cs 0.8 0.6 0.8 0.7 0.8 0.5 0.8
Ba 527 483 556 566 531 546 515
La 50.9 45.5 52.7 57.6 50.7 50.9 42.7
Ce 110 100 113 124 108 101 90.3
Pr 13.5 12.3 13.8 15.1 13.4 13.9 10.7
Nd 55.7 50.9 55.8 62.1 56.5 57 41.9
Sm 13.5 12.5 13.6 14.5 13.6 13.2 10.3
Eu 2.78 2.48 2.67 2.81 2.64 3.03 2.02
Gd 14.5 12.8 14.9 15.5 14.4 12.8 10.8
Tb 2.47 2.17 2.54 2.58 2.42 2.04 1.82
Dy 15.6 13.8 16.1 16.3 15.5 12.8 11.9
Ho 3.28 2.88 3.39 3.43 3.30 2.51 2.49
Er 9.76 8.77 10.10 10.10 9.87 7.44 7.32
Tm 1.48 1.27 1.54 1.56 1.48 1.11 1.15
Yb 10.00 8.90 10.30 9.92 10.10 7.62 7.66
Lu 1.53 1.34 1.57 1.54 1.54 1.17 1.20
Hf 12.2 11.1 11.7 12.5 13.2 13.6 11.3
Ta BDL 2.79 3.32 3.75 3.33 4.03 2.67
Tl 0.14 0.12 0.23 0.11 0.13 0.12 0.69
Pb BDL BDL 7 BDL BDL BDL 6
Th 6.96 6.51 7.23 7.34 7.06 6.42 7.42
U 2.15 1.97 2.22 2.29 2.15 1.86 2.22

BDL¼below detection limit. Mg# Calculated assuming Fe3þ/RFe¼0.2. An# calculated after Waters & Lange (2015).
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as anhedral crystals up to �1 mm. Apatite is a common

accessory phase, occurring both as discrete grains and

as inclusions in other minerals. Accessory zircon was

also identified, both as discrete grains and inclusions in

macrocrysts in the extra-caldera ridge rhyolites. Zircon
was not observed in any of the other units studied, either

as inclusions or discrete grains, and traditional extraction

methods applied by Hampton et al. (2021) also failed to

yield zircons for these units. Occasional irregular clots of

granophyric material (intergrown quartz and K-feldspar)

up to �0.5 mm occur in Vı́ti pumices; quartz is otherwise

absent.

Whole-rock chemistry
Representative whole-rock analyses are shown in Table

3. Krafla rhyolites are metaluminous, with 2.5–2.9 wt%

K2O and 73.7–75.8 wt% SiO2 (normalized anhydrous).
Major element compositions from each unit define dis-

crete compositional fields with minor scatter (Fig. 2), as

noted by Jónasson (1994). Hlı́ðarfjall samples are the

Fig. 2. Selected whole-rock major element plots (analysed by XRF). All data are normalized volatile-free with total iron as Fe2O3.
Estimated 2r analytical uncertainties are smaller than the symbols.
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most evolved of the suite, with the lowest Fe2OT
3, MnO

and MgO, and highest SiO2 contents (excluding KR-148

from Gæsafjallarani, which has anomalously high SiO2

and low Na2O and Al2O3; Fig. 2). Vı́ti pumices and the

oldest rhyolite have the least evolved compositions
(e.g. lower SiO2 and higher TiO2, Al2O3, MgO, and

Fe2OT
3 than the rest of the suite). Minor compositional

scatter within each unit is readily accounted for by small

differences in crystal content and phase proportions.

For example, least-squares mass balance calculations

using representative phase compositions (see below)

indicate that the most evolved Jörundur composition
(KR-142) can be derived from the least evolved

Jörundur composition (KR-96) by removal of 2.7 wt%

crystals (80% plagioclase, 4% titanomagnetite, and 16%

fayalite; calculations in Supplementary Data Table S1).

Minor variations in phase abundance and proportions

are supported by the modal data in Table 2.
All units show similar trace element patterns, with

large negative Sr, P, and Ti anomalies, and small nega-

tive Nb and positive Zr anomalies (Fig. 3a). Chondrite-

normalized rare earth element (REE) patterns for all

units show LREE enrichment ([La/Yb]N¼3.28–4.54),

steep LREE-MREE trends ([La/Sm]N¼ 2.27–2.74), nega-
tive Eu anomalies (Eu/Eu*¼ 0.56–0.71), and relatively

flat MREE-HREE trends ([Dy/Lu]N¼ 0.95–1.09) (Fig. 3b).

The overall shapes of the REE patterns are essentially

indistinguishable for all but the oldest rhyolite, which

has notably higher LREE/HREE, a steeper MREE trend

from Gd to Ho, and a shallower Eu anomaly.

Mineral chemistry
Plagioclase
Plagioclase core compositions in Krafla rhyolites range

from An27 to An62, mainly clustering between �An35–50,
while rims range from An28 to An50 (Fig. 4a). Cores from

individual units span ranges of �20–25 mol% An, while

rims vary by �15 mol% An (5 mol% for the oldest rhyo-

lite) (Fig. 4a).

Net (i.e. core to rim) zoning is subtle, rarely exceed-

ing 10 mol% An and 0.2 wt% FeO* (Fig. 4). All erupted

units contain both normal- and reverse-zoned

plagioclase, although normal zoning is more common.

Many crystals show no net major or trace element
zoning within 2r analytical uncertainty; notable excep-

tions are minor rim enrichments in Sr relative to

cores (up to 110 ppm, usually <50 ppm) for some

Hlı́ðarfjall and Vı́ti crystals (70 and 57%, respectively),

as well as relative rim enrichments in Eu and deple-

tions in Mg for Vı́ti crystals with the most calcic cores

(not shown).
Despite only minor core-rim zoning, the internal zoning

patterns of individual crystals are often complex. We rec-

ognize eight texturally distinct zoning types, summarized

in Table 4. All rhyolites host at least seven of these types

(Fig. 5). A minimum of 25% of crystals from each unit con-

tain at least one internal resorption surface (dark resorbed
core, multiple resorption, patchy, and some bright core

types; Fig. 5). Internal resorption textures are particularly

prominent in Vı́ti crystals (�75%). However, intra-crystal

chemical variations in all units are usually minor. Most re-

sorption surfaces are overgrown by more calcic composi-

tions (brighter in back-scattered electron [BSE] images),
but compositional differences across them are rarely

>10 mol% An (often <5 mol%), and only 12% show a

coupled increase in An and FeO*. Total intra-crystal An

zoning is rarely >10 mol% and never >20 mol%. Intra-

crystal FeO* variations reach a maximum of 0.36 wt% but

exceed the 2r analytical uncertainty (0.12 wt%) in only

15% of crystals. Minor intra-crystal Sr variations (�30–
60 ppm) are common (40% of crystals), but only 6% of

crystals show variations comparable to the 100–150 ppm

range of rim compositions present in each unit. Similarly,

Ba zonation is <50 ppm in half of the crystals analysed,

while variations of 100–200 ppm, comparable to the total

range of rim Ba contents in each unit, occur in only 14% of
crystals. Hence, within each unit, inter-crystal differences

in plagioclase trace element compositions outweigh those

within individual crystals.

Fig. 3. Whole-rock trace element plots (analysed by ICP–MS) normalized to (a) the primitive mantle values of Sun & McDonough
(1989) and (b) the chondrite values of McDonough & Sun (1995), respectively.
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Pyroxene
Augite is the dominant pyroxene in both the extra-

caldera ridges and Vı́ti, occurring as a discrete phase

and as overgrowths on pigeonite and orthopyroxene,
as well as intergrowths with pigeonite in Vı́ti samples.

Core, interior, and rim compositions for the extra-caldera

ridges mainly cluster on the Fe-rich side of the ternary,

with occasional magnesian cores and interiors from

Jörundur and Gæsafjallarani extending up to Mg# 72

(Fig. 6a–c). Vı́ti core compositions are more magnesian
and less clustered than the other rhyolites, with cores and

interiors also reaching up to Mg# 72. Cr contents are usu-

ally below detection limit (<2–3 ppm) for the extra-caldera

ridges and <10 ppm for Vı́ti; rare high-Mg# cores and

interiors from Gæsafjallarani and Vı́ti reach up to 150 and

450 ppm, respectively, and are similarly enriched in other

compatible transition metals (Co, Ni, and V; Fig. 6e).

Pigeonite is a minor phase in the Vı́ti rhyolite. Cores

and interiors range from En28–43Fs47–64Wo8–10 (Mg# 31–

48; Fig. 6a and b). Most Vı́ti pigeonites are overgrown
by augite, but a minority have rims of more Fe-rich

pigeonite, and pigeonite rims of En27–33Fs59–63Wo8–10

(Mg# 31–37) also occasionally mantle Vı́ti augite cores

(Fig. 6c). In the extra-caldera ridges, pigeonite occurs as

rare cores, and/or interiors of En18–39Fs52–72Wo8–10 (Mg#

20–44), mantled by augite.

Orthopyroxene is rare in Krafla rhyolites, but cores
and/or interiors overgrown by either augite or

pigeonite were observed in occasional grains from

Hlı́ðarfjall (En25–44Fs53–73Wo3–4; Mg# 26–46),

Jörundur (En49–65Fs31–48Wo3–4; Mg# 51–68), and Vı́ti

(En36–64Fs32–61Wo3–4; Mg# 38–67) (Fig. 6a and b).

Additionally, a single discrete subhedral grain of
orthopyroxene (En36–47Fs50–61Wo3–4; Mg# 38–49) was

identified in hand-picked mineral separates from a

crushed Vı́ti pumice.

Like plagioclase, compositional zoning in augites

from Krafla rhyolites is usually subtle. Normal core-rim

zoning is common (57% of crystals), but rarely exceeds
Mg# 10, while reverse zoning is scarce (13% of crystals)

and limited to Mg# <5 (Fig. 6d). Intra-crystal zoning

exceeds Mg# 10 in only one-third of crystals.

Nonetheless, like plagioclase, internal zoning patterns in

individual crystals can be complex. We recognize nine

distinct zoning types, summarized in Table 5 and Fig. 7.

Each unit hosts 5–7 of these types. Large-magnitude
intra-crystal zoning (Mg# variations >20; 12% of crystals)

occurs almost exclusively in crystals with prominent re-

sorption surfaces (dark resorbed core and patchy types;

Table 5, Fig. 7), and occasionally in Vı́ti augites inter-

grown with or overgrown by pigeonite. Intra-crystal trace

element variations largely mirror the major elements;
decreases in Mg# usually correspond with lower V, Ni,

and Co and higher Sc, Y, and REE contents, but compos-

itional shifts are often slight (e.g. 85% of intra-crystal Co

zoning is<10 ppm, 90% of V zoning is<30 ppm).

Fayalite
Fayalite (Fo11–17) occurs sparsely in the Jörundur and

Gæsafjallarani rhyolites (Table 2). All crystals are anhe-

dral and unzoned, with 35–43 ppm Co and 5–9 ppm Ni.

Fe-Ti oxides
Homogeneous grains of titanomagnetite are ubiquitous

in the crystal-bearing rhyolites. Occasional trellis-type
grains with ilmenite lamellae also occur in some

Jörundur, Gæsafjallarani, and oldest rhyolite samples.

These exsolved grains are inferred to reflect oxidation-

exsolution during post-eruptive cooling (Haggerty,

1991) and are not considered further. Ilmenite was

otherwise not identified in thin section or grain mounts
except for a single euhedral grain (Ilm95) from

Hlı́ðarfjall.

Fig. 4. Rim vs core (a) An content and (b) FeO* for plagioclase
macrocrysts (analysed by EPMA). Estimated 2r analytical
uncertainties were determined from repeat analyses of NMNH
115900 plagioclase.
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Titanomagnetite compositions from Jörundur,

Gæsafjallarani, and Hlı́ðarfjall are tightly clustered, with

ranges comparable to the 2r analytical uncertainty for

most elements [Fig. 8; Fe and totals recalculated after

Carmichael (1967); mol% Usp calculated after Stormer
(1983)]. Excluding one outlier (Usp30), Jörundur and

Gæsafjallarani compositions are indistinguishable with-

in error (Usp51–61). Hlı́ðarfjall extends to more Ti-rich

compositions (Usp58–68). Compositions for the oldest

rhyolite (Usp45–60) mostly fall within or near the range

for Jörundur and Gæsafjallarani, but low recalculated

totals (95.9–98.8 wt%) are consistent with textural evi-
dence for minor alteration. Vı́ti titanomagnetites range

between Usp52–66, excluding two outliers with �Usp35.

Glass chemistry
Matrix glass
Matrix glasses from Jörundur, Hlı́ðarfjall,

Hrafntinnuhryggur, and Vı́ti are rhyolitic (>74.5 wt%

SiO2, normalized anhydrous). Analyses from each unit
cluster within distinct compositional fields. Although

the spacing between fields is less than the analytical un-

certainty, mean compositions are distinct within 62rM

(where rM is the standard error of the mean) (Fig. 9).

Chondrite-normalized REE patterns for each unit are es-

sentially parallel and mirror the whole-rock patterns,
with steep LREE-MREE and flat MREE-HREE trends, and

negative Eu anomalies (Eu/Eu*¼ 0.47–0.61; Fig. 10a).

Due to extensive groundmass devitrification, we were

unable to obtain reliable matrix glass analyses for

Gæsafjallarani and the oldest rhyolite.

Melt inclusions
Melt inclusion compositions are exclusively rhyolitic
(Fig. 9). For each unit, melt inclusion analyses show

greater compositional spread than matrix glasses, al-

though their average compositions are similar and

most melt inclusions analyses fall within 2r analytical

error of the average matrix glass. Exceptions are two

slightly more primitive augite-hosted inclusions from
Vı́ti and three plagioclase-hosted inclusions from

Hlı́ðarfjall that extend to lower SiO2 and higher Al2O3,

FeO*, CaO, P2O5, MgO, and/or TiO2. The three primitive

Hlı́ðarfjall inclusions are also enriched in Zr (Fig. 10c),

Hf, Sc, and Eu relative to matrix glasses and all or most

other Hlı́ðarfjall inclusions. Trace element compositions

of most other inclusions overlap almost completely
with their corresponding matrix glasses for most ele-

ments; notable exceptions are a subset of inclusions

from Hlı́ðarfjall and Jörundur and a single inclusion

from Vı́ti with shallower Eu anomalies (Eu/Eu*¼ 0.65–

0.95; Fig. 10b), three Vı́ti inclusions near the middle of

the SiO2 range with low REE and Y contents (Fig. 10b
and c), and an additional two Vı́ti inclusions with high

Mg and/or Ti (Fig. 10d).T
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Fig. 5. Labelled back-scattered electron (BSE) images of selected plagioclase crystals, highlighting zoning types and associated var-
iations in An, Sr, and Ba content. Pie charts show the relative proportion of each zoning type within each unit. Melt inclusions are
labelled ‘MI’. Scale bars are 100 lm.

Fig. 6. Selected compositional plots for pyroxenes. Major and trace elements were determined by EPMA and LA–ICP–MS, respect-
ively. Analytical uncertainties (2r) were determined from replicate analyses of Taylor Diopside (EPMA) and BCR-2G glass (LA–ICP–
MS) standards.
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DISCUSSION

Our new dataset and microanalytical focus offer differ-
ent perspectives with which previous models for the

origin of Krafla rhyolites can be evaluated. Here, we first

provide a brief overview of these previous models. We

then consider the origin of the macrocrysts and their
zoning patterns, before integrating our whole-rock and

microanalytical datasets with insights from published

Table 5: Augite zoning types

Schematic Zoning type Description

Unzoned No discernible zoning

Smooth normal Gradational normal zoning from BSE darker core to brighter rim. No reversals or sharp compos-
itional boundaries. Inta-grain Mg# variations are usually <5–10, rarely reaching up to 25

Smooth reverse Gradational reverse zoning from BSE brigher core to darker rim. No reversals or sharp compos-
itional boundaries. Intra-grain Mg# variations are <5

Concentric Concentric zones. Internal boundaries may show evidence for minor resorption, but growth
zones do not cross-cut. Intra-grain Mg# zoning is usually <5–10 and occasionally up to 15

Dark resorbed core BSE dark, rounded and resorbed core mantled by a smooth normal or oscillatory overgrowth
(sharp or narrow diffuse contact <50 lm). Large intra-grain Mg# variations, usually 20–30

Patchy Heavily resorbed core/interior with complex, patchy zoning. Intra-grain Mg# variability is usually
<5–10, but can be large (maximum of 35)

Pigeonite or
orthopyroxene core

Partially resorbed core of orthopyroxene (BSE dark) or pigeonite (BSE bright), overgrown with
augite. Occasionally, orthopyroxene cores are mantled by pigeonite with an augite rim. Augite

overgrowths may show normal or patchy zoning, with variations in Mg# up to 20
Pigeonite overgrowth High-Mg# (50–70) augite core overgrown with less magnesian, normally zoned pigeonite

(Mg#30–45). Cores range from faceted to resorbed and may show complex internal zoning
Augite-pigeonite
intergrowths

Intergrowths of pigeonite and augite, often with complex boundaries. Both pigeonite and augite
may host thin (<1 lm) exsolution lamellae of the other phase. High-Mg# orthopyroxene occa-
sionally occurs as cores within pigeonite. Intra-grain Mg# variations in augite range from <10

up to 25; pigeonite Mg# varies by <10

Fig. 7. Labelled BSE images of selected augite crystals (6pigeonite and/or orthopyroxene), highlighting different zoning types. Pie
charts show the relative proportion of each zoning type within each unit. All analyses are augite unless specified: Pgt¼pigeonite;
Opx¼orthopyroxene; Pl¼plagioclase. Scale bars are 100 lm.
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experimental work on partial melting of altered basalts

and new major and trace element modelling. These

constraints are linked into a conceptual model for the

origin of Krafla rhyolites that is consistent with both the

chemical and isotopic compositions of the rhyolites and

the chemistries of their crystal cargoes.

Previous petrogenetic models
The origin of Krafla rhyolites has long been controver-

sial. Whole-rock d18O and (230Th/232Th) values are dis-

tinctly lower in the rhyolites than in the most primitive

Krafla basalts, precluding their generation by simple

closed-system fractional crystallization of the mantle-
derived basalts that feed the system (Nicholson et al.,

1991; Sigmarsson et al., 1991; Jónasson, 1994; Pope

et al., 2013; Hampton et al., 2021). Instead, because the

d18O of crustal rocks can be lowered by oxygen ex-

change between rocks and meteoric water in hydrother-

mal systems, petrogenetic models for the rhyolites
have traditionally called on two endmember processes

involving low-d18O, hydrothermally altered crust: (1) a

near-liquidus (crystallization-driven) process of assimi-

lation-fractional-crystallization (AFC), whereby crystal-

lizing basalts assimilate partial melts of altered basaltic

crust as they crystallize (Nicholson et al., 1991;

Charreteur et al., 2013), and (2) a near-solidus (melting-
driven) process involving low-degree partial melting of

hydrothermally altered basalts around the margins of

basaltic magma chambers or intrusions, followed by

extraction of these melts (Jónasson, 1994; Pope et al.,

2013; Zierenberg et al., 2013).

More recently, Hampton et al. (2021) argued that the
�þ2 to þ3:5&d18O values of Krafla rhyolite melts, al-

though too low to reflect closed-system differentiation

of mantle-derived basalts (�þ5.5&), are too high to re-

flect pure partial melting of altered Krafla crust given

the extremely low whole-rock values previously meas-

ured from altered borehole samples (�3.4 to �10.5&;

Hattori & Muehlenbachs, 1982). Based on coupled ther-
mal and thermodynamic modelling, and trace element

fractional crystallization trends in zircons from the

extra-caldera ridges, they instead proposed a two-step

model for the generation of Krafla rhyolites. In this

model, basaltic intrusions in high-temperature regions

of the shallow crust assimilate altered material in an

AFC process to produce low-d18O mafic to intermediate
magmas. These magmas then segregate to shallower

levels where they undergo further fractional crystalliza-

tion with little to no further assimilation of low-d18O

material.

Crystal perspectives on rhyolite petrogenesis
Origin of the crystal populations
The macrocryst populations of the rhyolites provide

detailed records of processes occurring in their parental

magmatic system, which can be used to evaluate previ-

ous models for rhyolite petrogenesis. A first step in

decoding this crystal record is to test for equilibrium be-
tween the crystals and their carrier melt (for rims), or a

hypothetical melt equivalent in composition to their

host whole-rock (for earlier-formed cores).

Although commonly used as an equilibrium test for

plagioclase, KD(An-Ab)plag-liq values are highly sensitive

to temperature and dissolved melt water content
(Waters & Lange, 2015). We thus test for equilibrium by

comparing observed compositions with plagioclase-

liquid equilibrium pairs from experiments used to cali-

brate the Waters & Lange (2015) thermometer-

hygrometer (Fig. 11a). Matrix glass compositions are

not available for the oldest rhyolite or Gæsafjallarani

due to pervasive devitrification; rims from the oldest
rhyolite were therefore paired with the whole-rock com-

position, which closely approximates the carrier liquid

due to the very low crystal content of this unit, whereas

Gæsafjallarani rims, which are indistinguishable from

Jörundur rims within analytical uncertainty, were

paired with the average Jörundur glass composition.
Most cores have compositions appropriate for equilib-

rium with a melt equivalent in composition to their re-

spective whole-rock, although about 20% of cores from

Vı́ti and occasional cores from the other units are too

calcic for equilibrium (Fig. 11a). All rim compositions

are appropriate for equilibrium with their carrier melt,

consistent with the euhedral forms of all grains and the
relatively narrow, unimodal distributions of rim compo-

sitions for each unit, which both suggest an approach

to equilibrium.

The KD for Fe-Mg exchange between pyroxene and li-

quid is commonly used as an equilibrium test. Putirka

(2008) proposes an equilibrium value of KD(Fe-Mg)cpx-

liq¼ 0.2860.08. However, the experimental data from

which this value was derived are mainly from more mafic

Fig. 8. MgO vs Usp for titanomagnetites. EPMA analyses recal-
culated after Carmichael (1967), mol% Usp calculated after
Stormer (1983).
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compositions, and KD values are known to decrease with

decreasing melt Mg# (e.g. Toplis & Carroll, 1995). To de-
termine whether this value is applicable to low-Mg# rhyo-

litic melts, we calculated KD(Fe2þ-Mg)cpx-liq values for

augite-liquid pairs from phase equilibria experiments with

rhyolitic starting compositions and Mg#liq <20 [where

Mg#liq¼XMg/(XMgþXFe2þ), with XFe2þ calculated after

Kress & Carmichael (1991); details of equilibrium KD as-

sessment are in Supplementary Data Spreadsheet S1].

The KD values (n¼ 68, from seven experimental studies;

Scaillet & Macdonald, 2003; Bolte et al., 2015; Almeev

et al., 2012; Castro et al., 2013; Gardner et al., 2014;

Brugman & Till, 2019; Huang et al., 2019) range from 0.03

to 0.41 with a strong mode around 0.14, a mean of 0.17,

and standard deviation of 0.09. Hence, we test against the

value of 0.1760.09. Most augite cores are in or near equi-

librium with melts equal in composition to their respective

average whole-rock, and almost all rims are in equilibrium

with the average groundmass glass (as before, pairing

Gæsafjallarani rims with Jörundur glass) (Fig. 11b). For

orthopyroxene, KD(Fe2þ-Mg)opx-liq values from 19 experi-

ments (Klimm et al., 2003, 2008; Castro et al., 2013; Huang

et al., 2019) range from 0.07 to 0.37 with a prominent

mode around 0.15, a mean of 0.21, and standard deviation

of 0.09, hence we test for equilibrium against 0.2160.09.

The KD formulation of Putrika (2008), which estimates the

equilibrium KD as a function of XSi of the melt, suggests

values of 0.1660.06 for melts equivalent to the average

Krafla whole-rock composition for each unit, largely over-

lapping with our suggested equilibrium range. Almost all

Vı́ti orthopyroxene core and interior compositions are ap-

propriate for equilibrium with a melt equivalent in com-

position to the average Vı́ti whole-rock (Fig. 11c).

Compositions from Jörundur and Hlı́ðarfjall fall outside of

the equilibrium range, but many are close and have com-

positions appropriate for equilibrium with silicic melts

similar to the Vı́ti rhyolite (i.e. Mg#<15).

These equilibrium tests indicate that most macro-

crysts derive from evolved melts similar to, or only

slightly more primitive than, their carrier liquid. The

scarce augite and orthopyroxene cores and interiors

from Jörundur and Vı́ti with Mg# >60 probably derive

from mafic or intermediate melts; elevated concentra-
tions of highly compatible trace elements in some of

the most primitive augites and orthopyroxenes (e.g.

134 and 151 ppm Cr in two augite analyses from

Gæsafjallarani with Mg# 58 and 54; 453 ppm Cr in one

augite from Vı́ti with Mg# 63), indicate growth from

mafic (probably basaltic) melts not yet depleted in

strongly compatible elements.
Apparent equilibrium between most crystal cores

and liquids equivalent to their host whole-rock could

suggest that most grains are true phenocrysts native to

their carrier magma. However, several features point to

a more complex scenario:

1. Trace element variability within crystal populations

of individual units far outweigh the variability within

individual grains and commonly show only modest

correlation with major element compositions (e.g. Sr

in plagioclase; Fig. 5), suggesting mixing of crystals

from multiple sources or sub-regions of a poorly

mixed reservoir.

Fig. 9. Selected major element compositional plots for matrix
glasses (left column) and melt inclusions (right column). All
data are normalized anhydrous. Large symbols show the mean
compositions for each unit; 2rM errors are smaller than the
symbols. Black vectors show representative post-entrapment
crystallization trends, assuming crystallization of augite
(Mg#16; labelled Aug) or plagioclase (An40; labelled Plag) from
a representative melt inclusion (black circle); tick marks are 1%
crystallization increments. Error bars show 1r analytical error
estimates based on replicate analyses of VG-568 rhyolite glass.
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2. The crystal populations of each unit show complex
and diverse growth histories. Crystals with both nor-

mal and reverse net core-rim zoning are juxtaposed,

and many host interior resorption surfaces. High-

and low-Ca pyroxenes commonly have inherited

cores of the alternate phase (Figs 5 and 7).

3. Melt inclusion populations from each unit show
greater scatter than matrix glasses (Fig. 9) and in-

clude values that fall off the main trends for trace

elements (Fig. 10c and d), suggesting entrapment of

compositionally diverse evolved melts. Although

most major element analyses are within 2r analytic-

al uncertainty of the corresponding matrix glass

field, the tighter clustering of matrix glasses ana-
lysed in the same sessions suggests that the appar-

ent compositional diversity of the melt inclusions is

at least partly a real feature. Occasional melt inclu-

sions are more primitive than matrix glasses and

enriched in elements compatible in the observed

mineral assemblages (e.g. Sc, Zr, Hf, Ti, Mg, and Eu;
Fig. 10), indicating entrapment of less-evolved rhyo-

litic melts during an earlier stage of magmatic

differentiation. In contrast, some inclusions are

more evolved than matrix glasses and largely cluster

off the expected trends for post-entrapment crystal-

lization (Fig. 9), suggesting that some crystals

entrapped liquids more evolved than their current

carrier melt.

From these lines of evidence, we infer that while

some macrocrysts in the Krafla rhyolites may represent

true phenocrysts that nucleated and grew entirely in

their current host melt, most grains have experienced

more complex and diverse histories. We thus interpret

the cores 6 interiors of many grains as antecrystic ma-

terial derived from diverse silicic (broadly dacitic to

rhyolitic) sources and mixed or assimilated into a final

common melt in which they experienced further rim

growth before eruption. This mixing of macrocrysts

with diverse histories is consistent with variable and

non-correlated d18O and trace element contents in zir-

cons from the extra-caldera ridge rhyolites, interpreted

by Hampton et al. (2021) to reflect mixing of zircons

from multiple poorly connected regions of an

Fig. 10. Selected trace element compositional plots (determined by LA–ICP–MS) for matrix glasses and melt inclusions. Data in (a)
and (b) are normalized to the chondrite value of McDonough & Sun (1995). Analytical uncertainties (2r) were estimated based on
relative errors for replicate analyses of BCR-2G.
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isotopically heterogeneous silicic reservoir. Hence, both

the macrocryst and zircon populations of the Krafla

rhyolites appear to support mixing of chemically (and

isotopically) diverse silicic components. Similar or even

more pronounced diversities in trace element and iso-

topic compositions are common in zircon populations

of other Icelandic rhyolites (Carley et al., 2011;

Bindeman et al., 2012; Banik et al., 2018), suggesting

that the mixing and/or recycling of silicic components

captured by crystal populations in the Krafla rhyolites

may be typical of many Icelandic rhyolites.

Crystal zoning as a record of late-stage magma as-
sembly and evolution
The compositions of growing magmatic crystals are sensi-

tive to both intensive variables (e.g. pressure, tempera-

ture) and melt compositions. Hence, crystal zoning
patterns can provide a detailed record of pre-eruptive

processes and changing magmatic environments during

magma storage, assembly and differentiation. Here we

further probe this record to shed light on the origin of the

Krafla rhyolites and their diverse crystal populations.

The dominance of normal core-rim zoning among

plagioclase and augite populations (Figs 4 and 6) and
rim-ward decreases in compatible element concentra-

tions (e.g. Co and V in pyroxenes; Fig. 7) are consistent

with a general trend of crystal growth from progressive-

ly evolving melts. The minority of grains that are

reverse-zoned overall host internal resorption surfaces,

with outer mantles that are normally zoned out to the
rim (e.g. many dark resorbed core types; Fig. 5).

Together with the occasional presence of melt inclu-

sions that are more primitive than matrix glasses, we in-

terpret these first-order observations as evidence for

crystallization-driven differentiation (i.e. fractional crys-

tallization) of the silicic melts from which the rhyolites

were ultimately assembled.
Despite the general trend towards normal zoning, es-

pecially in the outer regions of crystals approaching

their rims, the internal zoning patterns in many plagio-

clase and pyroxene crystals reflect variable and com-

plex magmatic histories involving changing physical

and/or chemical conditions and periods of disequilib-
rium between crystals and melt. For plagioclase, the

fine-scale oscillatory zoning with small chemical oscilla-

tions (<2–3 mol%) shown by the ‘subtle oscillatory’ type

(Table 4) can be attributed to kinetic effects in a local

boundary layer between the growing crystal and melt,

but larger abrupt compositional shifts and internal re-

sorption surfaces require a different process or proc-
esses (e.g. Ginibre et al., 2002a).

For melt of a given composition, the An content of

crystallizing plagioclase is positively correlated with

both temperature and PH2O (e.g. Waters & Lange, 2015).

Hence, in a magma body closed to recharge, fluctua-

tions in plagioclase An content can relate to (1) tem-
perature variations related to thermal convection

(Couch et al., 2001), or (2) multiple stages of ascent and

Fig. 11. Equilibrium tests for macrocrysts in Krafla rhyolites.
Cores (plus interiors for orthopyroxene) were paired with the
average whole-rock (WR) composition and rims paired with
the average matrix glass (GM) composition for their respective
unit (rims paired with whole-rock composition for the fully
devitrified oldest rhyolite). Equilibrium crystal-liquid pairs from
phase equilibria experiments on rhyolitic compositions are
shown as grey dots. (a) Tests for plagioclase. Liquid An# is cal-
culated after Waters & Lange (2015). The grey shaded field enc-
loses all experimental plagioclase-liquid equilibrium pairs
(grey dots) used to calibrate the Waters & Lange (2015) plagio-
clase-melt thermometer-hygrometer across the range of liquid
An# shown. (b) Rhodes diagram for augite. Grey shaded enve-
lope shows equilibrium pyroxene compositions for a given
melt Mg# assuming KD(Fe2þ-Mg)cpx-liq¼0.17 6 0.09 and melt
Fe3þ/RFe¼0.2 (see text). (c) Rhodes diagram for orthopyrox-
ene. Grey shaded envelope shows equilibrium pyroxene com-
positions, assuming KD(Fe2þ-Mg)opx-liq¼0.21 6 0.09 and melt
Fe3þ/RFe¼0.2 (see text).
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decompression, possibly with resultant degassing of
H2O (e.g. Humphreys et al., 2006). Alternatively, open

system processes involving magma mixing and/or ther-

mal rejuvenation of near- or sub-solidus intrusions by

hot recharge magma can cause abrupt changes in An

content, possibly accompanied by crystal resorption. In

the typical case where recharge magmas are compos-
itionally distinct (usually more mafic than the resident

magma), Fe concentrations provide a useful means to

identify open system processes because Fe incorpor-

ation into plagioclase primarily depends on melt com-

position (e.g. Ginibre et al., 2002b; Lundgaard & Tegner,

2004). Small differences in Fe partitioning can result

from slight changes in fO2 during closed-system differ-
entiation and degassing, but large and correlated Fe-An

shifts imply mixing between compositionally distinct

magmas (e.g. Ruprecht & Wörner, 2007).

Compositional contrasts in An content and FeO*

across major plagioclase resorption surfaces are plot-

ted in Fig. 12. Most resorption events, corresponding
mainly with ‘dark resorbed core’ or ‘multiple resorption’

type zoning patterns (Table 4), show An increases of

<10 mol% and no resolvable change in Fe within 2r un-

certainty. Only 12% of resorption surfaces show a

coupled increase in Fe and An (>2r analytical uncer-

tainty) consistent with incorporation into a more mafic

melt. Augite macrocrysts similarly lack resorption surfa-
ces or sharp compositional boundaries corresponding

with large and coupled increases in Mg# (>10) and

compatible element concentrations (e.g. Sc, V, Cr, Co),

indicative of mixing with mafic recharge magma (e.g.

Astbury et al., 2018; Ubide & Kamber, 2018). Those

crystals that do show textural evidence for large and

abrupt compositional shifts (Mg# >10) or major resorp-

tion events (‘dark resorbed core’, ‘patchy’, and some

‘concentric’ types) are normally zoned across these
boundaries. We thus infer that the late-stage evolution

of the Krafla rhyolites occurred largely in isolation from

the underlying mafic system, and most crystals did not

experience compositional mixing with mafic recharge

magmas. The small number of resorbed pyroxene

cores with Mg# >60 and high Cr contents could con-

ceivably derive from intruding basaltic magmas, but the
lack of evidence for such recharge events in the other

crystals indicates that they more probably reflect minor

assimilation of basaltic restite or wallrock. A small num-

ber of plagioclase crystals (9%), including ‘patchy’,

‘bright core’, and ‘multiple resorption’ types, show

decreases in An content, which are usually decoupled
from any detectable change in Fe. These events may re-

flect plagioclase resorption during ascent of a water-

undersaturated melt (e.g. Holtz et al., 2001), followed by

water exsolution and overgrowth of more sodic compo-

sitions once saturation is achieved at shallower depths

(Humphreys et al., 2006).
As an alternative to closed-system processes, some

plagioclase resorption events may reflect assimilation

and partial resorption of antecrysts derived from silicic

mush or intrusives; Fe contents in plagioclase are in-

sensitive to such changes because of the similar Fe con-

tents of the assimilant and melt. Direct evidence for

partial remelting and assimilation of hypabyssal silicic
intrusive rocks (termed ‘felsite’ in recent publications)

near the roof of the IDDP-1 rhyolite body at Krafla has

been documented in materials sampled during drilling

(Zierenberg et al., 2013; Masotta et al., 2018; Saubin

et al., 2021). We infer that much of the diversity in com-

positions and zoning patterns of the erupted Krafla
rhyolites reflects a similar reprocessing of silicic intru-

sives or mush in the shallow crust.

Experimental and modelling perspectives on
rhyolite petrogenesis
The recycling of near- or sub-solidus silicic intrusions

and/or mixing of discrete silicic magma batches appear

to play important roles in assembly of the final erupted

magmas, but must be secondary processes in the gen-

eration of Krafla rhyolites because they involve existing

differentiated components. Ultimately, the central dif-
ferentiation processes that drive the production of these

silicic components at Krafla must be dominated either

by crystallization (i.e. AFC, sensu Nicholson et al., 1991;

Hampton et al., 2021) or melting (sensu Jónasson, 1994;

Pope et al., 2013). The recent isotopic arguments of

Hampton et al. (2021) appear to render the latter unlike-
ly; because oxygen isotope fractionation is very limited

during crustal melting, producing the Krafla rhyolites by

partial melting requires a source with a similar d18O to

the rhyolites themselves (�þ2 to þ3.5&) and much

Fig. 12. Compositional changes across plagioclase internal re-
sorption surfaces. DAn¼ change in plagioclase An (mol%;
outer zone—inner zone). DFeO*¼ change in total Fe expressed
as FeO (wt%; outer zone—inner zone). Compositional mixing
and thermal convection or ascent vectors after Ruprecht &
Wörner (2007). Compositional changes plotting within the grey
fields are less than the 2r analytical uncertainty.
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higher than published values for altered Krafla basalts.

Instead, Hampton et al. (2021) successfully produced
isotopic compositions similar to the Krafla rhyolites in

energy-constrained AFC models involving assimilation

of partial melts from altered low-d18O basaltic wallrocks,

although further additional fractional crystallization in

the absence of assimilation was required to produce

evolved rhyolitic melts. Trace elements were not con-

sidered in these models.
The isotopic arguments and modelling of Hampton

et al. (2021) are underpinned by the assumption that the

extremely low d18O values reported from altered Krafla

borehole samples (�3.4 to �10.5&; Hattori &

Muehlenbachs, 1982) are representative of the average

altered Krafla crust at the depths of silicic magma gener-

ation. This appears to be a reasonable assumption, but is
difficult to prove with available data. Here we consider

two alternative perspectives to shed further light on the

viability of crystallization-driven versus melting-driven

processes for generating Krafla rhyolites: (1) published ex-

perimental work on partial melting of altered basalts and

metabasalts, and (2) trace element models for crystalliza-
tion-driven processes (FC and AFC).

Experimental melting of altered basalts
Central to partial melting models for the origin of Krafla
rhyolites are their Fe-rich and Al- and Ca-poor composi-

tions, which resemble low-degree partial melts of

hydrated basalts or metabasalts produced experimen-

tally at PH2O<1 kbar and Ptotal¼1–3 kbar (Spulber &

Rutherford, 1983; Thy et al., 1990; Beard & Lofgren,

1989, 1991). Jónasson (1994) also argued for melting at
fO2 values below the fayalite-magnetite-quartz (FMQ)

buffer, but we note that only the Spulber & Rutherford

(1983) experiments were run at these reducing condi-

tions. More recent low-pressure melting experiments

on altered basaltic or gabbroic rocks have produced

melts similar to Icelandic rhyolites at relatively oxidizing

conditions more appropriate for hydrothermally altered
materials [fO2 on or above the nickel–nickel oxide

(NNO) buffer; Koepke et al., 2004; France et al., 2010;

Erdmann et al., 2015], and we suggest that the fO2 con-

straint can be relaxed. Nonetheless, because of its

strong effect on plagioclase stability, low PH2O is espe-

cially important in the partial melting model. Because of
the greater stability of plagioclase relative to mafic

phases in the source, melting at low PH2O forms silicic

melts that are rich in Fe and poor in Al and Ca, similar

to Icelandic rhyolites (Spulber & Rutherford, 1983;

Beard & Lofgren, 1989, 1991; Thy et al., 1990).

Despite the compositional similarities between the

Krafla rhyolites and some experimental melts, certain
features of the experimental results hint at difficulties

in producing the observed rhyolite compositions

and volumes purely by melting. First, because of the

breakdown of hydrous alteration minerals and the rela-

tively low solubility of H2O in silicic melts at low pres-

sure, experimental melts of hydrothermally altered
basaltic rocks at low pressure (1–2 kbar) may in some

cases reach water saturation regardless of whether ex-

cess water is added to the experimental charge or not

(e.g. France et al., 2010). Thus, at low pressure, even

Fig. 13. Selected MELTS major and trace element models for
rhyolite petrogenesis by pure FC or AFC from initial compos-
ition of KR-257 (evolved quartz tholeiite basalt from the
Halarauður eruption; Rooyakkers, 2020), assuming an initial
H2O content of 1 wt%. All models are run from above liquidus
at 1 kbar total pressure. AFC models are isenthalpic, with
hydrated KR-257 (3 wt% H2O) as the assimilant. Major element
compositions of experimental partial melts produced from
hydrated or altered basalts and metabasalts are shown for
water-undersaturated (dark blue) and water-saturated (light
blue) conditions and 1 kbar total pressure. Data for Krafla mafic
rocks are from Grönvold & Mäkipää (1978), Nicholson (1990),
Hemond et al. (1993), Jónasson (1994) and Cooper et al. (2016).
SR 1983¼Spulber & Rutherford (1983); BL 1991¼Beard &
Lofgren (1991); F 2010¼France et al. (2010); E 2015¼Erdmann
et al. (2015).
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pure dehydration melting of altered basaltic rocks,

where only structural water in hydrous minerals is

available for melting reactions, can destabilize plagio-

clase and produce melts in equilibrium with a water-

rich fluid (i.e. PH2O � Ptotal, aH2O close to 1), which have
higher Al contents than Icelandic rhyolites. Second, the

experimental results reveal difficulties in producing sig-

nificant volumes of evolved rhyolitic compositions with

>75 wt% SiO2; the required melt fractions are low (gen-

erally <10%) and restricted to a narrow temperature

window (<�50�C) near the solidus, and some experi-

ments failed to produce such evolved compositions at
all (Fig. 13). Hence, even though the bulk melt compos-

ition produced by low-degree partial melting of altered

basalts is undoubtedly silicic, we infer that significant

volumes of evolved rhyolite with �75 wt% SiO2 are un-

likely to be generated by this melting process alone.

Explaining the origin of the largest rhyolitic magma
batches produced at Krafla, such as the >0.5 km3 (pos-

sibly >5 km3) involved in the Halarauður eruption, by

such a process is particularly difficult, requiring low

degrees of melting within this optimal temperature win-

dow across an approximately tenfold greater volume of

crust.
Most melts produced in these experiments are dacites

to low-silica rhyolites, which form across a window of

approximately 10–40% melting (Fig. 13). This raises the

possibility that rhyolites at Krafla derive from less-

evolved silicic partial melts, which subsequently differen-

tiate to more evolved compositions by fractional crystal-

lization 6 assimilation (see Sigmarsson et al., 1991, 1992;
Martin & Sigmarsson, 2010). Such a model would be

consistent with the dominance of crystals entirely

derived from evolved (broadly silicic) magmas and the

general trends of progressive differentiation shown by

crystal zoning patterns in the rhyolites, but suffers from

the same isotopic limitations as the pure partial melting
model unless the d18O of the altered crust is similar to

the final magma (see Hampton et al., 2021).

Modelling of rhyolite petrogenesis
To explore the viability of protracted AFC from a basalt-
ic parent in generating the Krafla rhyolites, we use

alphaMELTS v.1.9 (Smith & Asimow, 2005), implement-

ing the MELTS algorithm of Ghiorso and Sack (1995), to

calculate a liquid line of descent. All alphaMELTS input

and output files are included in the Supplementary Data

Material. Our ability to forward model a partial melting

scenario is limited by a lack of quantitative petrologic
data from altered Krafla (or similar Icelandic) basalts

(e.g. bulk trace element compositions, compositions

and modal proportions of igneous and alteration miner-

als), and the inability of MELTS to model hydrous

hydrothermal or metamorphic phases and kinetic

effects (see Troch et al., 2018, for a broader discussion).
Given these caveats, we do not attempt to model partial

melting with alphaMELTS, but stress the need for newT
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experimental work to shed light on the melting behav-
iour of altered Icelandic basalts.

Isenthalpic AFC models are generated using a

whole-rock analysis of sample KR-257, an evolved

quartz tholeiite basalt from the Halarauður eruption, as

the starting composition. This composition approxi-

mates a magmatic liquid due to the sample’s low crystal
content (<2 modal%), and is representative of the

evolved, crystal-poor quartz tholeiites with �5–6 wt%

MgO typical of the central volcano (Nicholson, 1990),

including those erupted in the historic M�yvatn and

Krafla Fires episodes (Grönvold, 1984; Cooper et al.,

2016). We assume 1 wt% H2O, a typical value for the

most evolved Icelandic basalts (Nichols et al., 2002;
Guilbaud et al., 2007). Hydrated KR-257 with 3 wt% H2O

is used as the assimilant, with an assumed initial tem-

perature of 500�C. Magnetite-ilmenite oxygen barom-

etry by Nicholson (1990) yielded fO2 estimates for

Krafla basalts close to the FMQ buffer, but recent stud-

ies have proposed more oxidizing conditions for
Icelandic basalts, reaching up to FMQþ0.6 for basaltic

glasses from the Reykjanes Ridge (Shorttle et al., 2015),

and FMQ þ 0.760.1 for evolved basalts from Laki and

Holuhraun (Hartley et al., 2017; Halldórsson et al., 2018).

We thus buffered fO2 at either FMQ or FMQþ1. All

models use composition- and temperature-dependent

partition coefficients for plagioclase and clinopyroxene
calculated after Blundy & Wood (1994) and Wood &

Blundy (1997), respectively. Partition coefficients for

REE in apatite are from Fujimaki (1986). For comparison

with AFC, pure FC models (i.e. without assimilation) are

also run with the same starting conditions.

Our alphaMELTS FC and AFC forward models match
the compositions and phase assemblages of the natural

rhyolites reasonably well (Figs 13–15; Table 6). All mod-

els over-predict melt CaO contents for the rhyolitic com-

positions (probably due to under-stabilization of

clinopyroxene, a known limitation of MELTS; Fowler &

Spera, 2010; Gleeson et al., 2017), and under-predict
K2O contents by up to �1 wt%. Despite these shortcom-

ings, we consider the overall fit to be good for the major

elements, particularly for the AFC models. Reasonably

good fits to the observed trace element compositions

are also produced by the three FC models and the most

oxidizing AFC model, which predict large negative Sr
and Ti anomalies and REEþY concentrations similar to

the natural samples (Fig. 14). Predicted mineral

assemblages at 75 wt% SiO2 for the FC models are in

reasonable agreement with observed assemblages

(Table 6, Fig. 15; cf. Table 2). None of the models predict

quartz or alkali feldspar until near the solidus, consist-

ent with their absence in the Krafla rhyolites.

A new petrogenetic model for rhyolites and
origin of the Daly gap at Krafla
In detail, the process that ultimately produces Krafla

rhyolites is undoubtedly more complex than the end-
member processes that we have modelled; our micro-

analytical data indicate additional complexities

involving mixing of distinct silicic magma batches and/

or remobilization of felsic intrusions. For these reasons,

as well as the inherent limitations and assumptions

involved in geochemical modelling, it is unsurprising

that none of our models capture all compositional fea-
tures of the Krafla rhyolites. Nonetheless, many such

features are reproduced well, and provide important

insights on the likely processes that drive rhyolite pro-

duction at Krafla.

The good fit for most of our MELTS models to the

observed major and trace element compositions points
towards a dominant role for crystal fractionation in the

generation of Krafla rhyolites. The assumption of isen-

thalpic (heat-balanced) conditions results in a relatively

large assimilated component in the final magmas; pre-

dicted R values (mass of magma crystallized/mass of

Fig. 14. Trace element spider diagram for MELTS FC and AFC models at 75 wt% SiO2, compared to Krafla rhyolite matrix glass com-
positions. All data are normalized to primitive mantle values of Sun & McDonough (1989).
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assimilated crust) once the melt reaches 75 wt% SiO2

are �1.27–1.37 (Table 6). This assumption, however, is

likely to be a poor approximation for conditions in the

shallow crust at Krafla, where a large fraction of mag-

matic heat is transferred to its vigorous hydrothermal
system (Eichelberger, 2020). Interestingly, however, the

pure FC models provide equally good or better fits to

the observed trace element contents that the AFC mod-

els, implying that relatively modest assimilation of

altered mafic crust is also consistent with the observed

trace element compositions. The change in melt d18O
during AFC can be modelled by:

d18Om ¼ d18O0 þ ½ðd18Oa � d18O0Þ � D18Ocrystals�melt � R�
� ½1� f̂ 1=ðR� 1Þ�

where d18Om, d18O0, and d18Oa are the d18O values of
the final magma, parent magma, and assimilant, re-

spectively, D18Ocrystals-melt¼ d18Ocrystals� d18Omelt, and f

is the mass fraction of remaining liquid (White, 2013).

Our MELTS models predict f values between 0.28 and

0.33. Taking f¼ 0.3 and assuming d18O0¼þ5&

(Hampton et al., 2021), d18Oa¼�5& (Hattori &
Muehlenbachs, 1982), and D18Ocrystals-melt¼�0.5&, a

final melt d18O of þ2& requires an R value of �3.7. For

d18Oa¼ 0& this reduces to �1.9. Hence, we suggest that

major, trace element, and isotopic compositions of

Krafla rhyolites are all consistent with generation from

evolved quartz tholeiite melts by a fractional-crystalliza-

tion-dominated process involving either modest assimi-

lation of highly altered crust (d18Oa ��5&) or high-
degree assimilation of moderately altered crust (d18Oa

��0&).

It is now broadly accepted that the generation of

crystal-poor rhyolites by crystal fractionation involves

extraction of interstitial melt from crystal mushes

(Bachmann & Bergantz, 2004; Hildreth, 2004). This
occurs after the mush reaches rheological lockup at

�40–50% crystallinity (Bachmann & Bergantz, 2004),

and is most efficient once crystallinities of �50–70% are

reached (Dufek & Bachmann, 2010). For most elements,

the process of mush formation and melt extraction can

be modelled as fractional crystallization because diffu-
sion in crystalline phases is too slow to maintain equi-

librium even in slowly crystallizing mushes (see

Gelman et al., 2014, for discussion). At temperatures ap-

propriate for silicic magmas, diffusion coefficients in

crystalline phases are commonly <10–20 m2 s�1

(Gelman et al., 2014, and references therein), such that

characteristic diffusion times for 1 mm-diameter crys-
tals are of the order of 106 years or more, much longer

than the lifespan of the Krafla system. Assuming

Fig. 15. Plots showing mass proportions of cumulus phases and residual melt (6exsolved fluid) predicted by MELTS as a function
of temperature in FC and AFC models. The arrivals of minor phases (e.g. apatite) are marked with arrows for clarity. The total frac-
tion of crystals (in vol%) is shown with grey dashed curves, and SiO2 contents of melts and bulk solids (in wt%) are shown as red
and blue solid curves, respectively. Melt SiO2 contents of 75 wt%, similar to Krafla rhyolites, are marked with a yellow star.
Hexagons on the melt SiO2 and crystal volume fraction curves mark the boundaries of the 50–70% crystallinity range, identified by
Dufek & Bachmann (2010) as the optimal window for melt extraction from crystal mushes.
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complete and instantaneous removal of crystals from

melt as we have done here is akin to assuming instant-

aneous extraction and separation of the interstitial melt
after an extended period of closed-system fractional

crystallization, during which the crystal interiors are

removed from contact with the melt by continual rim

growth and do not re-equilibrate with the melt due to

sluggish intracrystalline diffusion.

For all MELTS models, silicic melts reaching at least
�75 wt% SiO2, similar to the natural compositions, occur

after �55–65 vol% crystallization, overlapping with the

�50–70% crystallinity window in which melt extraction

from crystal mushes is most efficient (Dufek & Bachmann,

2010) (Fig. 15). We thus propose that rhyolitic melts at

Krafla form when evolved, crystal-poor quartz tholeiites

typical of the central caldera region are emplaced and
undergo extensive crystallization at shallow levels

(�1 kbar), eventually forming mush bodies with interstitial

silicic melt (Fig. 16). Assimilation of variably altered, low-

d18O basaltic crust occurs around the margins of the

developing mushes, lowering the melt d18O. The resulting

evolved melts are extracted once �55–65% crystallinity is
reached. The extracted silicic melts ascend and then

undergo minor additional cooling and crystallization at

shallower levels, where they may mix with other silicic

segregations and/or partially remobilize and assimilate

older silicic intrusions before either erupting or solidifying.

The crystal cargoes of the erupted rhyolites

predominantly reflect these later processes occurring after

melt extraction, and we infer that most crystals derived

from more mafic melts are left behind in the mush and ul-
timately form cumulates at depth.

Our multi-stage model for the origin of Krafla rhyo-

lites bears similarities to the two-step model recently

proposed by Hampton et al. (2021). In their model,

assimilation and fractional crystallization produces a

low-d18O mafic to intermediate melt, which then
ascends and undergoes further differentiation by frac-

tional crystallization, accompanied by little to no further

assimilation of low-d18O altered crust, to reach rhyolitic

compositions. We suggest that the early stage of AFC

envisaged by Hampton et al. (2021) is equivalent to the

stage of mush formation envisaged here, and that their

second stage reflects the shallow differentiation and
mixing of extracted silicic melts (plus probable recy-

cling of felsic intrusives) recorded by most macrocrysts.

An outstanding issue in understanding the origin of

Krafla rhyolites is the clear compositional gap (‘Daly

gap’) in erupted compositions between �57 and 71 wt%

SiO2, excluding hybrid magmas formed by basalt-
rhyolite mixing (Jónasson, 1994). This dearth of inter-

mediate compositions has previously been used as evi-

dence against generation of Icelandic rhyolites by AFC

from basaltic parents (Jónasson, 1994, 2007), based on

the assumption that continuous, near-liquidus differen-

tiation along a liquid line of descent should produce

Fig. 16. Conceptual model for rhyolite petrogenesis at Krafla. Evolved, crystal-poor quartz tholeiite bodies stall and crystallize in the
shallow crust (�3–4 km deep), assimilating low-d18O crust in an AFC process. Crystal mushes formed by this process host evolved
interstitial melt with compositions similar to the Krafla rhyolites after �55–65% crystallization by volume. These evolved melts are
extracted from their source mush bodies, leaving mafic cumulates at depth. The extracted melts ascend to �2–3 km deep where
they may mix with other extracted silicic magma batches and/or remobilize and assimilate compositionally similar silicic mush or
intrusives. The diverse macrocryst populations of the rhyolites reflect this mixing and reprocessing of compositionally similar sili-
cic material. The resulting crystal-poor rhyolite magmas either erupt, or stall and solidify at depth to form silicic intrusions that may
later be remelted and recycled in similar fashion.
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intermediate magmas that also erupt. However, it is

now recognized in many settings worldwide that such

compositional gaps do not necessarily reflect a paucity

of intermediate compositions at depth (e.g. Natali et al.,

2011; Barker et al., 2013; Szymanowski et al., 2015).
Indeed, Dufek & Bachmann (2010) argue that such gaps

may be an inherent feature of crystal fractionation and

crystal mush formation, with the preferential extraction of

melts in the �50–70% crystallinity window favouring the

eruption of highly fractionated silicic interstitial melts over

intermediate ones formed earlier on the liquid line of des-

cent. Interestingly, the lower bound on this optimal crys-
tallinity window corresponds with liquid compositions of

�65–72 wt% SiO2 in our MELTS models (Fig. 15), coincid-

ing well with the upper (�71 wt% SiO2) compositional

limit of the Daly gap at Krafla (Jónasson, 1994). We thus

suggest that this Daly gap does not reflect a paucity of

intermediate melts at depth, but rather the preferential ex-
traction and eruption of more evolved melts at later stages

of magmatic differentiation.

The bulk fractionated solid composition predicted by

our MELTS models after 50–70% crystallization is invari-

ably mafic. Extensive crystallization of evolved quartz

tholeiite basalts, followed by efficient extraction of the
resultant silicic interstitial melt, would thus leave be-

hind a mafic cumulate residue dominated by plagio-

clase, pyroxene, and Fe-Ti oxides (Fig. 15). The process

of mush formation from evolved basaltic melts followed

by melt extraction may thus explain the compositional

bimodality of intrusive rocks in the exhumed cores of

some Tertiary central volcanoes, as well as in erupted
products at on-rift central volcanoes such as Krafla.

SUMMARY AND CONCLUSIONS

1. Crystals in the Krafla rhyolites comprise a mix of

true phenocrysts native to their host magma and
grains with antecrystic interiors derived from com-

positionally similar silicic magmas or felsic intru-

sives. Scarce cores derived from mafic wallrock or

restite also occur. Crystal zoning patterns reflect di-

verse and complex magmatic histories superim-

posed on a dominant trend of progressive cooling
and differentiation.

2. Late-stage storage and differentiation of Krafla rhyo-

lites occurs largely in isolation from the underlying

mafic system. Most crystals did not experience

mafic recharge events during crystal growth.

3. Melting experiments on altered basalts and metaba-

salts support recent isotopic and modelling argu-
ments against a partial melting origin for Krafla

rhyolites (Hampton et al., 2021). Low degrees of

melting (�10% by mass) across a narrow tempera-

ture interval (<�50�C) are required to produce

melts resembling the Krafla rhyolites purely by par-

tial melting of altered basalts. Extracting volumes of
partial melt sufficient to match the largest

rhyolitic eruptions at Krafla requires this narrow

temperature window to be maintained across an un-

reasonably large volume of crust and is therefore

untenable.

4. Shallow AFC of the evolved quartz tholeiite basalts

typical of the central volcano can produce silicic melts

with similar major and trace element chemistries to

the Krafla rhyolites. MELTS fractional crystallization
or AFC models predict liquid compositions resem-

bling the observed rhyolitic compositions within the

�50–70 vol% crystallinity window at which extraction

of interstitial melts from crystal mushes is most effi-

cient. We thus propose that low-d18O silicic melts at

Krafla are extracted from mush bodies formed by
AFC in the shallow crust. These melts are extracted

and undergo subsequent secondary processing at

shallower depths, where they mix with other silicic

magma batches and/or remobilize and assimilate

shallow silicic mush or intrusions.

5. The Daly gap at Krafla does not reflect a paucity of

intermediate melts at depth, but rather the preferential
extraction and eruption of more evolved melts at

later stages of magmatic differentiation. Efficient

extraction of silicic melts from quartz tholeiite mushes

in the �50–70% crystallinity window leaves a

mafic residue, which may explain the paucity of inter-

mediate intrusive rocks in the exposed plutonic
cores of some Tertiary Icelandic central volcanoes as

well as the compositional gaps observed in erupted

products of Krafla and other on-rift central volcanoes

in Iceland.
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Halldórsson, S. A., Bali, E., Hartley, M. E., Neave, D. A., Peate, D.
W., Guðfinnsson, G. H., Bindeman, I., Whitehouse, M. J.,
Riishuus, M. S., Pedersen, G. B. M., Jakobsson, S., Askew,
R., Gallagher, C. R., Guðmundsdóttir, E. R., Gudnason, J.,
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Íslenska Náttúrufræðifélag. 24–95.
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