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Abstract

High-silica rhyolites (HSRs) are rhyolites containing>75 wt% SiO, on an anhydrous basis. In this contribution we have
studied four Icelandic isolated occurrences away from central volcanoes (i.e., Icelandic volcanoes with a well-developed
volcanic plumbing system): three in active rift zones (Malifell, Ketilhyrnur and Prestahnikur) and one in a flank/off-rift
zone (Sultarfell). With no established central volcano, in which magmas can evolve by fractional crystallisation in its
plumbing system, we propose that these high-silica volcanic rocks are the product of partial melting of tonalitic Icelandic
crust (i.e., plagiogranites). We have modelled their petrogenesis using alphaMELTS (a command line frontend of rhyolite-
MELTY), first involving fractional crystallisation from a mantle-derived basaltic melt to generate the plagiogranite, and
then partial melting of plagiogranites at shallow depths (~4 km), compatible with a pressure range constrained by the
haplogranite system minima. Rayleigh and batch melting models are consistent with this method, fairly reproducing some
of the incompatible trace elements compositions found in the HSR occurrences (e.g., Y and Rb~100 ppm), but failing
to reproduce others (e.g., Zr<400 ppm and Nb<60). This inconsistency however supports the proposed partial melting
model, in which zircon and ilmenite, found in plagiogranites, remain in a refractory restite. A partial melting model also
supports unusual assemblages found in Prestahnikur samples, comprising allanite, zircon, fayalite, hedenbergite, and
ilmenite, along with an intermediate plagioclase and quartz. The discrepancy between the mineral chemistry of these
phases and the expected compositions according to the modelling suggest that some of this mineralogy is likely to be
xenocrystic, with mineral phases such as zircon being derived directly from underlying plagiogranites.
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Introduction

High-silica rhyolites (HSRs) are volcanic rocks containing
over 75 wt% of SiO, on an anhydrous basis (MacDonald
et al. 1987; Streck and Grunder 1997; Gualda and Ghiorso
2013; Wolff and Ramos 2015; Zincone et al. 2016; Zhang
et al. 2018). Although they are relatively uncommon, they
occur in all tectonic settings on Earth: i.e., in subduction
zones (e.g., Rattlesnake Tuff, back-arc of the Cascades
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and Morton 2015) or a combination of both processes (e.g.,
Gurenko and Sobolev 2006; Martin and Sigmarsson 2007).

Fractional crystallisation may be expected to generate a
compositional continuum from silica-poorer “regular” rhy-
olites (hereafter termed rhyolites) to HSRs; however, this
is not always the case. At a given constant pressure, silica
content can only increase by fractional crystallisation until
an invariant (minimum/eutectic) point is attained, stopping
silica concentration increasing in the melt after further frac-
tionation (Blundy and Cashman 2001; Gualda and Ghiorso
2013). For example, at pressures of~1 GPa that value is
around 74 wt% SiO,. Higher silica concentrations can be
achieved by melt decompression to shallower depths.

Additionally, further crystallisation and removal of any
mineral phase from evolved melts does not play a relevant
role in rhyolite petrogenesis, as these melts typically have
low nucleation rates inhibiting crystallisation (e.g., Kirk-
patrick 1983), and their high viscosity hinders fractionation
(Bowen 1921). Models involving the removal of intersti-
tial melt within a crystal mush are usually invoked instead
of standard fractional crystallisation (Bachmann and Ber-
gantz 2004; Lee and Morton 2015), again with the silica
content of the resultant melt constrained by the eutectic/
minimum (e.g., Blundy and Cashman 2001), the pres-
sure, and the melt’s volatile content (e.g., H,O, F, B). In
particular, fluorine, boron, and phosphorus in conjunction
with water, substantially decrease the viscosity of a granitic
melt, enhancing its potential removal (Bartels et al. 2013).

Thus, HSRs are the products of the extreme evolution
of magmatic systems, in some cases up to 90% fractional
crystallisation starting from a basaltic magma (Miller and
Mittlefehldt 1984) involving decompression-driven crystal-
lisation during evolution (Gualda and Ghiorso 2013) or they
are the consequence of a two-stage process (e.g., Bacon et
al. 1981; Deering et al. 2008). Alternatively, HSRs may be
derived by partial melting of the crust, constrained by the
minimum of the haplogranite cotectic at shallower depths
(>300 MPa) than rhyolites (Gualda and Ghiorso 2013). In
this work we explore the occurrence of isolated HSRs in
Iceland, and how these models can be adapted to an Icelan-
dic specific context.

High-silica rhyolites in Iceland

Volcanism in Iceland is the consequence of the rifting
of the North Atlantic and Eurasian plates and decom-
pression of the lithospheric mantle, in conjunction with
a thermal anomaly likely associated to a mantle plume,
which coupled with the spreading centre at~25 Ma
(Lawver and Miiller 1994). Although basalts dominate
both intrusive and eruptive sequences, Central Volcanoes
(hereafter CVs), which in Iceland are volcanoes having
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a well-defined crustal magma reservoir and volcanic
plumbing (e.g., Thordarson and Larsen 2007) have long
been recognised as mostly bimodal, basalt — rhyolite sys-
tems (e.g., Bunsen 1851; Walker 1966). Previous studies
(e.g., Jonasson 2007; Thordarson and Larsen 2007) have
estimated 79-83 vol% of associated basalts with 10—15%
of rhyolites, in contrast with~8 vol% of andesites and
dacites. Regardless of this strong bimodality, fractional
crystallisation has been traditionally proposed by many
authors as the main mechanism to generate evolved rocks
in Iceland (Carmichael 1964, and references therein).

It is then generally accepted that CV rhyolites are linked
to long-lived trans-crustal magma systems in which mainly
fractional crystallisation occurs in the shallow regions of the
plumbing system (e.g., Gurenko and Sobolev 2006; Martin
and Sigmarsson 2007; Thordarson and Larsen 2007). Other
processes such as partial melting, contamination/assimila-
tion of crust, magma mixing and hydrothermal alteration
could also occur and generate rhyolites, driven by the ther-
mal energy derived from basaltic melts generated by partial
melting in the mantle (Gudmundsson 1995). Irrespective of
whichever process dominates, a key CV feature is that the
occurring rhyolites are most of the time genetically related
to the basalts (e.g., Lacasse et al. 2007). Thus, in rift zones
CVs, tholeiitic basalts are typically related to sub-alkaline
rhyolites, whereas in flank zones CVs transitional alkali
basalts are associated to alkaline rhyolites (in the sense of
Irvine and Baragar 1971, and references therein).

There are few documented occurrences of HSRs at Icelan-
dic CVs, most notably are the near-aphyric HSR magmas at
Krafla, sampled at the surface (Jonasson et al. 1992; Tuffen
and Castro 2009); at bingmuli volcano (Carmichael 1964,
Hughes et al. 2026); and extracted from 2.1 km depth by the
IDDP-1 borehole in 2009 (Elders et al. 2011; Masotta et al.
2018; Saubin et al. 2021). The compositions (major and trace
elements) of the Krafla HSRs were successfully reproduced by
variable degree of partial melting experiments, starting from a
Krafla rhyolite and a felsite (Masotta el at. 2018). At bingmuli
volcano, HSRs are not genetically related to its basalts, and
they have been modelled as generated by partial melting of
underlying rhyolitic ignimbrites originated from the nearby
Reydarfjordur central volcano (Hughes et al. 2026). Hydro-
gen isotopes and water concentrations in IDDP-1 glasses fur-
ther point towards their origin from variable degrees of partial
melting of a felsite in the presence of a hydrous fluid of mixed
meteoric and magmatic origin (Saubin et al. 2021). Partial
melting seems to be a common feature in the petrogenesis of
HSRs associated to CVs, as these typically have associated
well-established plumbing systems with long-lived hydrother-
mal convective cells (e.g., Streck 2002).

In this work we study Icelandic HSRs that are not associ-
ated with CVs and their long-established plumbing system,
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as no past study has reviewed their chemical characteristics,
and likely petrogenesis.

HSRs occurrences

Here, we examine the geochemistry and petrogenesis
of four occurrences of isolated HSRs: Prestahnukur,
Melifell, Ketilhyrnur, and Sultarfell. The first three occur
in active rift zones, while Sultarfell occurs in a flank (non-
rifting) zone in southern Iceland (Fig. 1). All four occur-
rences are small in volume, and are not associated with
any CV. They are all subglacial rhyolite outcrops, varying
in volume from 0.05 to 1.6 km?® (total volume~3 km?),
with Prestahnukur the largest. Field evidence suggests
that each of the four HSR occurrences are the product of
single, effusive eruptions. McGarvie et al. (2007) anal-
ysed six samples from Prestahnukur, specifically to test
whether one or more magma batches were involved, and
concluded that the lack of compositional variation (espe-
cially trace elements), indicated the involvement of only
one magma batch. Only one of the four occurrences has
been dated (Prestahnukur), with an imprecise Ar—Ar age
of 89+24 ka (McGarvie et al. 2007).

Methods
Sampling, petrography and glass/mineral chemistry

Samples were collected by D. McGarvie during field-
work in Iceland in 1999 (Prestahnukur and Maelifell), in
2000 (Ketilhyrnur), and in 2014 by D. McGarvie and J.
Moles (Sultarfell). Sample size was generally a minimum
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Fig. 1 Locations of the four HSR studied in this work: Prestahnukur,
Sultarfell, Malifell and Ketilhyrnur (red stars). Also shown are both
rift (pink lines) and flank (solid blue areas) zones in Iceland. Red
dashed lines indicate ‘rift jumps’ and the Tjornes fracture zone (after
Einarsson and Semundsson 1987)

of 12x8x8 cm. For Icelandic rhyolites that are largely
aphyric or microcrystalline and contain a small percent-
age of microphenocrysts (i.e. less than 5% by volume),
a sample size of 3x3x3 cm is sufficient to provide rep-
resentative major and trace element geochemistry (e.g.,
MacDonald et al. 1990; McGarvie et al. 1990). For petrog-
raphy, the selected samples were cut with a diamond edge
saw and lapped on a Struers Labopol rotating horizon-
tal plate to diamond grid grades of 150 um and 63 um
to remove any surface irregularities. Similar procedure
was done on 75x25 mm glasses using a 30 um carbo-
rundum grit (silicon carbide and water). The grinded rock
slabs were then glued into the glass using the epoxy resin
Araldite in a 10:1 ratio with hardener and reduced until a
thickness of 30 pm with the carborundum grit. Samples for
standard petrography were covered with a protective glass
slab and uncovered, double polished and carbon-coated for
microprobe analyses.

Chemistry of glasses and mineral crystalline phases
were determined on double polished carbon-coated thin
sections, using the CAMECA SX100 electron micro-
probe at The Open University (UK) operating in wave-
length-dispersion mode. The system is equipped with
five wavelength-dispersive X-ray spectrometers with
LTAP, PET, TAP, LPET and LLIF crystals and a single
energy-dispersive X-ray spectrometer and both second-
ary and backscattered detectors. We used a combina-
tion of standard reference materials, including minerals
(baryte, bustamite, cobaltite, crocoite, hematite, stibnite,
willemite), pure metal (Cu, Ag, V, Ni) and synthetic stan-
dards (Cr,0;, KCI, LiF), and the following X-ray lines:
synthetic LiF (FKa), jadeite (NaKa and AlKa), forster-
ite (MgKa), feldspar (AlKa, SiKo and KKa), synthetic
KCI (ClIKa), rutile (TiKa), bustamite (MnKa and CaKa),
hematite (FeKa), and willemite (ZnKa). Additionally, to
check the accuracy and precision of the EPMA, and to
monitor any drift in the instrument (Meek et al. 2012),
repeat analyses of a secondary standard, the Corning B
glass (Brill 1999), were included at the start and finish of
each analytical run. An operating voltage of 20 kV and
probe current of 20 nA (measured on a Faraday cage)
were used. The diameter of the beam was 10 pm. Count
times varied from 20 to 80 s per element, and data were
corrected using a PAP correction procedure (Pouchou
and Pichoir 1991). The analytical set-up for quantitative
compositional analyses was as follows: 20 kV accelerat-
ing voltage, a 20 nA beam current and a 25 um defocused
beam. The counting times were between 10 and 40 s on
the peak and 15 s on the background either side of the
peak. A defocused beam was used to minimise the effect
of the migration of alkalis (e.g. Na,O) from the samples
(Henderson 1988).
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Lower limits of detection (LLDs) for electron micro-
probe analyses were estimated from counting statistics
under the same analytical conditions as the unknowns,
using background measurements acquired for each ele-
ment. LLDs were calculated as three times the standard
deviation of the background count rates and converted to
concentration using matrix-matched standards and PAP
corrections.

Bulk whole-rock geochemistry

Whole-rock major and trace element compositions
(Table 1) were determined by X-ray fluorescence spec-
trometry at The Open University (Melifell, Ketilhyrnur
and Prestahnukur) and at the University of Leicester (Sul-
tarfell), using the Thermo SCientific ARL 8420+ dual
goniometer wavelength dispersive XRF spectrometer (The
Open University), and a PANalytical Axios Advanced
XRF Spectrometer (University of Leicester).

For both instruments, samples were split and crushed
using a hydraulic splitter and a jaw mill. Fragments of
2-3 mm where grinded using a tungsten carbide rings
apparatus (The Open University) or using agate balls
(4-5 balls 20 mm diameter) apparatus (Leicester). In both
labs, sample powders were left in a desiccator at 105—
110°C for 24 h. Major-element concentrations were then
measured on 40 mm-diameter fused glass discs. About
0.9 g of sample powder was mixed with a borate flux
using a 5:1 (flux: sample) dilution and fused in Pt-5%Au
crucibles at 1100°C. Trace elements were determined on
pressed powder pellets made with 9 g of powder mixed
with few drops of a Mowiol 488 solution (Leicester) and
pressed on a hydraulic press.

Loss on ignition (LOI), was determined by heating~1 g
of sample material to 900-1050 °C for 1.5-2 h (Open Uni-
versity) or at 950°C for 1 to 1.5 h (Leicester) and is the
total effect of dehydration (loss of weight) and oxidation
of ferrous iron (gain of weight). As standards, the Rhyolite
Glass Mountain 1 (RGM-1) from the USGS (Gladney and
Roelandts 1988) was used at The Open University, while
basalt BHVO-1 (Gladney and Roelandts 1988), Gabbro
MRG-1 (Gladney and Roelandts 1990) and peridotite JP-1
(Ando 1984) were used at the University of Leicester. Lower
limits of detection (LLD) for XRF analyses were determined
for the analytical method as a whole, incorporating all stages
of sample preparation, including crushing, grinding, fusion,
and pellet preparation. The standard deviation of replicate
measurements was used to estimate LLDs as 3¢ of the mea-
sured concentrations. Rhyolite Detection limits (reported in
Table 1) are well below the average rhyolite compositions
for most measured elements.
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Results
Whole-rock chemistry

The four occurrences of HSRs studied here contain
75—177 wt% SiO, on an anhydrous basis (Table 1). They
are subalkaline with 6 —9 wt% Na,0+K,O (Table 1), and
11-13 wt% Al,O5 (Fig. 2). There is no systematic pat-
tern of major element enrichment (e.g., K,O) or deple-
tion (e.g., CaO) to accompany the increase in SiO, when
compared to CV rhyolites (Fig. 2), e.g., from Torfajokull
(McGarvie et al. 1990) or Kerlingarfjoll (Flude et al.
2010).

Trace element concentrations (Fig. 3) range between
50—100 ppm Sr, 50-100 ppm Rb, and 100—120 ppm Y,
and are comparable with rhyolites from CVs (40-80 ppm,
50-100 ppm and 100-150 ppm respectively). Contrastingly,
Nb is higher in rhyolites from CVs (140—160 ppm) than
in HSRs (50-70 ppm). Zr and Ba have a wider range of
concentrations in HSRs (200—450 ppm and 500—650 ppm
respectively) than in rhyolites associated with CVs (Zr 500—
900 ppm; Ba 200—800 ppm). This is a defining character-
istic of the isolated HSR: their incompatible trace element
concentrations are substantially lower than their CV coun-
terparts (e.g., from Torfajokull; Fig. 4).

Petrography and mineral chemistry

Samples from all four HSR occurrences are mostly glassy
(Fig. 5a-d) showing in some of the thin sections the devel-
opment of microlites of pyroxene or plagioclase, with a
trachytic/hyalopilitic texture. Ketilhyrnur sample con-
tains only four small (~0.3mm) hedenbergite phenocrysts
(Mg#~5; Table 2), and Prestahnukur samples contain up to
6% phenocrysts by volume of (in decreasing abundance)
plagioclase, quartz, olivine, clinopyroxene, ilmenite and
allanite. Plagioclase (<5 vol%) occurs as microlites and
phenocrysts. The phenocrysts are tabular and 0.3—-0.8 mm
in length, and occur as single crystals, or in glomerocrysts
together with olivine and/or clinopyroxene. Plagioclase
crystals are largely euhedral to subhedral, but with many
examples of fragmented crystals, often distributed in bands.
Plagioclase compositions vary between An,, and Ans i.e.,
oligoclase up to the boundary with andesine. Microprobe
analyses of plagioclase phenocrysts are presented in Table 3
and in the Supplementary Material. Quartz (1—3 vol%)
is typically euhedral, equant and 0.3—0.4 mm in length,
often showing embayments. Olivine is almost pure fayalite
(%Fo,_,), 0.1-0.3 mm long, and occurs as fragmented or
resorbed equant subhedral crystals either as single occur-
rences or as glomerocrystic clusters (Fig. 5a), with either
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plagioclase or clinopyroxene (1-2 vol%). Microprobe anal-
yses are presented in Table 4, and in the Supplementary
Material. Clinopyroxene (1-2 vol%) is typically heden-
bergite with a Mg# of ~2-5%, found as prismatic euhedral
and fragmented individual crystals or with plagioclase or
olivine (Fig. 5a). Analyses of clinopyroxene are reported
in Table 2.

A few examples of euhedral oxides (Fig. 5d) occur
(Table 5). Recalculated analyses as magnetite, using 32
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oxygens in the formula do not produce an adequate stoi-
chiometry, but using three oxygens in the formula yields a
stoichiometry closer to ilmenite, consistent with the clino-
pyroxene mineral chemistry (i.e., all iron recalculated as
ferrous iron).

Allanite occurs as rare euhedral but fragmented~0.3
mm long crystals in only one of the thin sections (Fig. 5b,
c), with microprobe analyses presented in Table 6.
Although the totals are close to~97 wt%, the recalculated



Petrogenesis of isolated high-silica rhyolites in Iceland

300

© Flank CV Rhyolite
250 - . i ]
* Rift CV Rhyolite
20l ¥ High-Silica Rhyolite TR
P N\,
- \
= el x X \I
& 150 ,/O‘VA'{ ¥ Kxx x x|
2 p 7 X X 7
10 Y -
L A VL
100 ) ’/X ' soRk K 7
e 1 x g
V - 1 g
z ¢ ¥ ’ -
50 %, Q-
877",
-
0 L L L ?K 1 L
0 200 400 600 800 1000 1200 1400
Zr (ppm)

Fig. 4 Zr (ppm) vs Nb (ppm) variation diagram for the HSR (blue
open triangles), compared with rhyolites and HSRs derived from flank
CVs (black open circles) and rift CVs (red stars). Data (McGarvie,
unpublished) from Krafla, Fremri Namur, Hagéngur and Kerlingarfjoll
(flank CV); Snaefellsjokull, Ljosufjoll, Hekla, Torfajokull, Katla, Orze-
fajokull, Snaefell and Tindfjallajokull (rift CV)

analyses as cation per formula unit based on 12.5 oxy-
gens produces a stoichiometry close to the ideal allanite
formula (i.e.,~ 8 cations).

Groundmass glass was analysed in samples from Melifell,
Ketilhyrnur and Prestahnukur (Table 7 & Supplementary
Material). SiO, content varies between~78 and~80 wt% in
all the samples. Variation in all the other major elements is,
in general, less than 1 wt%, with Melifell groundmass com-
paratively richer in total iron and poorer in K,O and Al,O,
than those from Ketilhyrnur and Prestahnikur. McGarvie
et al. (2007) noted that Prestahntikur has the highest SiO,
content of any unaltered Icelandic rhyolite, with an average
glass composition of 78.3 wt% Si0,.

Modelling approach and constraints

Based solely on the chemical and mineral composition of the
studied HSRs, it is not straightforward to determine whether
fractional crystallisation, partial melting, or a combination
of both are the mechanisms involved in their petrogenesis.
Regardless of the specific mechanism, the alkali feldspar-
silica cotectic in the haplogranite system (Blundy and Cash-
mann 2001) constrains the depth at which HSRs evolve in the
crust. For example, at Krafla, HSR melts are found at~2.1 km
equating a lithostatic pressure of ~70 MPa, assuming a crustal
density of 2700 kg m?, typical of Icelandic basalts. This is con-
sistent with a range of shallow depths, determined by Gualda
and Ghiorso (2013) to be between 1.8 and 3.6 km, equiva-
lent to 50 to 200 MPa lithostatic pressures, assuming the same
crustal density. Based on these constraints, we explore first
to what extent a one-step extreme fractional crystallisation
mechanism, starting from a basaltic composition at shallow

depths (i.e., pressures less than 100 MPa) or during polybaric
decompression can produce HSRs. We also explore the con-
ditions in which partial melting of Icelandic crustal litholo-
gies could take place, and if that is the case, what is the likely
source composition. As the Icelandic crust (IC) is thought to
represent a thicker version of the normal oceanic crust, reach-
ing up to 40 km in thickness (Foulger et al. 2003), potential
crustal shallow sources are thick basaltic lava layers, dykes,
and sills (Fridleifsson et al. 2014), while the lower IC would
contain gabbro layers, often inferred to also include pockets of
plagiogranite/tonalite (Sigurdsson 1977; Foulger et al. 2003).

As the partial melting of a basaltic/gabbroic crust is
highly unlikely due to their high-temperature solidus
(around 1000 °C at a pressure of 100 MPa; Lambert and
Wyllie 1972), we examine here the more likely partial
melting of plagiogranites, formed during the crystallisation
of basaltic melts, which punctuates (albeit in very small
volumes) the oceanic crust (Coleman and Peterman 1975;
Coleman and Donato 1979), and have been recently found
in the Icelandic crust (Zierenberg et al. 2017; Fridleifs-
son et al. 2020). Plagiogranites have lower melting points
(between 650 and 850 °C, at~100 MPa pressure) and are
well known to have low concentrations of incompatible
elements, as they are derived from a depleted mantle source
(e.g., Coleman and Peterman 1975; Coleman and Donato
1979; Gerlach et al. 1981; Floyd et al. 1998; Foulger and
Anderson 2005; Rollinson 2009). For example, a typical
plagiogranite contains~100 ppm Zr (e.g., Coleman and
Donato 1979), which, during partial melting, may enrich in
comparable amounts in the HSRs reported here.

Partial melting of plagiogranites was previously pro-
posed as a possible petrogenetic mechanism for the gen-
eration of all Icelandic rhyolites (Sigurdsson 1977), the
mechanism relying on large amounts of plagiogranites
occurring in the IC. In the average oceanic crust, plagio-
granites are scarce, rarely exceeding 1 vol% of its total vol-
ume (Floyd et al. 1998; Gamal El Dien et al. 2021), which
should be also the case in the IC, if it is just a thicker ver-
sion of normal oceanic crust.

alphaMELTS calculations

To account for the range of starting basaltic compositions
in Iceland, representative depleted, enriched, and a tran-
sitional basalt (Tables 8 and 9), have been selected from
the GEOROC pre-compiled Icelandic database (Lehnert
et al. 2000) using the k-medoids algorithm (Jin and Han
2011). We also consider in the models the low concentra-
tions of the incompatible elements Zr and Nb (Fig. 4), as
their concentrations in HSR are comparable with those
in the average enriched Icelandic basalt (e.g., Lehnert et
al. 2000).
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Fig.5 Photomicrographs from Prestahnikur sample PK1. a) Glomero-
cryst of fayalitic olivine and fragmented hedenbergite in a glassy
banded matrix (PPL) b) Euhedral crystal of plagioclase featuring an
elongated melt inclusion (PPL) c¢) Subhedral crystal of allanite and

To test the models, we used alphaMELTS (Smith and
Asimow 2005), a command line front-end of rhyolite-
MELTS 1.0.2 (Ghiorso and Sack 1995; Asimow and
Ghiorso 1998; Gualda et al. 2012), for the evolution of
major and trace elements and the expected mineralogy. To
better constrain intrinsic conditions, normative mineralogy
was calculated based upon the major element geochemistry
of each HSR occurrence and plotted into the haplogranite
system (Qz-Ab-Or) to estimate the pressure at which HSR
melts were crystallising and evolving (Fig. 6).

The selected basalt analyses, representative of the
three main types erupted in Iceland, were used as start-
ing compositions to generate HSRs in a single fractional

@ Springer
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d

euhedral zircon in a glassy groundmass (XPL) d) Euhedral (trigonal)
ilmenite in a glassy groundmass (PPL). Mineral abbreviations follow-
ing Whitney and Evans (2010)

crystallisation process. The same analyses were then used
in a two-step process, to first generate plagiogranites by
fractional crystallisation, and then HSR by their partial
melting. Runs were executed at 50, 100, and 300 MPa
pressures, with a fixed oxygen fugacity of QFM-1 as pre-
viously proposed for Icelandic magmas (e.g., Charreteur
et al. 2013) and runs with variable oxygen fugacities of
QFM-1, QFM and QFM+1 were executed with a fixed
pressure of 100 MPa. Initial concentrations of ~1 wt% of
water were added to the basaltic starting compositions as
a reasonable estimation for an Icelandic basalt, and the
speciation of the iron in the analyses was computed using
rhyolite-MELTS using the oxygen fugacity buffer value
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Petrogenesis of isolated high-silica rhyolites in Iceland

Table 4 Representative microprobe analyses of Olivine in samples from Prestahnikur, in wt%. Numbers of cations (apfu) based on 40. Column
LLD indicates the lower detection limits of the analyses, see text for more details

LLD PK-1/1 PK-1/1 PK-1/2 PK-1/2 PK-1/2 PK-4/2 PK-4/2 PK-4/2 PK-6/1 PK-6/1

SiO, 0.03 29.50 29.58 29.99 29.83 30.76 29.87 29.78 29.75 29.70 29.70
TiO, 0.03 0.03 0.00 0.00 0.04 0.00 0.01 0.00 0.01 0.07 0.07
Al O4 0.03 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.01 0.00 0.00
FeO 0.03 67.77 67.99 67.29 67.47 66.79 67.39 67.67 67.81 67.05 67.05
MnO 0.03 2.24 222 2.30 2.30 2.25 2.26 2.31 2.28 2.21 2.21
MgO 0.05 0.92 0.88 0.43 0.40 0.43 0.40 0.42 0.43 0.42 0.42
CaO 0.03 0.24 0.23 0.27 0.26 0.26 0.27 0.26 0.26 0.36 0.36
Na,O 0.02 0.00 0.01 0.01 0.00 0.03 0.02 0.01 0.00 0.00 0.00
Cr,0; 0.04 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00
Total 100.70 100.92 100.29 100.32 100.53 100.23 100.45 100.56 99.82 99.82
Si 0.990 0.990 1.007 1.002 1.023 1.005 1.001 0.999 1.003 1.003
Al 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Ti 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.002
Fe? 1.901 1.904 1.889 1.897 1.858 1.895 1.902 1.905 1.893 1.893
Mn 0.064 0.063 0.065 0.066 0.063 0.064 0.066 0.065 0.063 0.063
Mg 0.046 0.044 0.021 0.020 0.021 0.020 0.021 0.022 0.021 0.021
Ca 0.009 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.013
Na 0.000 0.001 0.010 0.009 0.009 0.010 0.009 0.009 0.000 0.000
Cr 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.000
cation sum 3.010 3.010 2.994 2.996 2.978 2.996 2.999 3.001 2.995 2.995
oxygens 4 4 4 4 4 4 4 4 4 4

Fa % 97.65 97.73 98.89 98.96 98.87 98.95 98.92 98.88 98.89 98.89

Table 5 Microprobe Analyses of Ilmenite in samples from Prestahnikur, in wt%. Numbers of cations (apfu) based on 30. Column LLD indicates

the lower detection limits of the analyses, see text for more details

LLD PK-1/1 PK-1/1 PK-1/1 PK-1/1 PK-6/1 PK-6/1
TiO, 0.03 50.12 50.32 50.27 50.33 49.75 50.29
Al O4 0.03 0.05 0.05 0.02 0.03 0.05 0.02
Cr,0; 0.04 0.00 0.00 0.00 0.01 0.00 0.01
FeO 0.03 47.88 48.00 48.10 48.13 47.59 48.08
MnO 0.03 1.15 1.13 1.11 1.18 1.12 1.13
MgO 0.05 0.09 0.07 0.08 0.08 0.03 0.03
Total 99.28 99.56 99.58 99.77 98.54 99.56
Ti 0.970 0.971 0.970 0.970 0.970 0.971
Al 0.002 0.002 0.001 0.001 0.002 0.001
Cr 0.000 0.000 0.000 0.000 0.000 0.000
Fe?* 1.030 1.029 1.032 1.031 1.032 1.032
Mn 0.025 0.025 0.024 0.026 0.025 0.025
Mg 0.003 0.003 0.003 0.003 0.001 0.001
cation sum 2.03 2.03 2.03 2.03 2.03 2.03
oxygens 3 3 3 3 3 3

of each run at the liquidus temperature. Tables 8 and 9
summarises the starting compositions after the speciation
of iron was calculated.

Testing a single step fractional crystallisation model
reveals that after 80-91 vol% crystallisation (Fig. 7a and
b), the three compositions follow similar liquid lines of
descent with expected variations controlled by the pres-
sure and to lesser extent, by differences in the start-
ing compositions. At 100 MPa, the compositions reach

~73 wt% SiO, and does not increase further as the sys-
tem reaches the cotectic or the system crosses the solidus
(Fig. 7a and b). As expected, at lower pressures (50 MPa)
the models reach higher SiO, values (~74-75 wt%) with
one polybaric run crossing 75 wt% (Fig. 7a and b). At
higher pressures (300 MPa), silica concentrations remain
below 66 wt% (Fig. 7a and b). Our findings also suggest
that changes in oxygen fugacity play a negligible role
in the silica content with evolution (Fig. 7c and d). The
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Table 6 Microprobe analysis of Allanite crystals in samples from Prestahnikur, in wt%. Numbers of cations (apfu) based on 12.50. Column LLD
indicates the lower detection limits of the analyses, see text for more details. An estimation for REE lower detection limits is also given in the
column based on Reed and Buckley (2018)

LLD PK-1/2 PK-1/2  PK-1/2 PK-1/2  PK-1/2 PK-1/2  PK-4/2  PK-4/2 PK-4/2  PK-4/2
SiO, 0.03 30.63 30.77 31.08 30.79 30.40 30.35 30.30 30.24 30.17 30.64
TiO, 0.03 2.58 2.64 2.63 2.52 2.87 2.77 2.65 2.70 2.65 2.61
Al O, 0.03 12.17 12.06 12.09 11.98 11.61 11.88 12.00 11.98 11.88 12.15
Cr,0; 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.03 16.95 16.94 17.03 17.14 17.20 16.93 17.10 17.17 17.10 17.04
MnO 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
MgO 0.05 0.16 0.17 0.18 0.17 0.20 0.22 0.06 0.08 0.08 0.08
CaO 0.03 9.98 10.04 10.01 9.97 9.71 9.76 9.55 9.62 9.56 9.92
La,0, 0.008-0.02 6.03 6.11 6.22 6.34 6.68 6.75 7.31 7.28 7.25 6.82
Ce,04 0.008-0.02 12.36 12.51 12.42 12.52 12.57 12.60 12.96 12.89 12.89 12.69
Pr,04 0.008-0.02 1.15 1.15 1.16 1.16 1.09 1.06 1.14 1.06 1.12 1.13
Nd,0; 0.008-0.02  4.43 437 4.39 4.26 4.09 4.14 4.10 4.13 4.19 4.13
Gd,04 0.008-0.03 0.16 0.12 0.13 0.09 0.11 0.14 0.08 0.03 0.05 0.10
Sm, 0, 0.008-0.03 0.55 0.56 0.55 0.52 0.48 0.50 0.42 0.45 0.45 0.48
Total 97.18 97.43 97.87 97.45 97.06 97.11 97.66 97.64 97.38 97.79
Si 3.059 3.065 3.078 3.071 3.054 3.047 3.040 3.034 3.038 3.052
Ti 0.194 0.198 0.196 0.189 0.217 0.209 0.200 0.204 0.201 0.196
Al 1.432 1.416 1.411 1.408 1.375 1.405 1.419 1.417 1.410 1.426
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe™? 1.416 1.411 1.410 1.429 1.445 1.421 1.435 1.441 1.440 1.420
Mn 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Mg 0.024 0.025 0.026 0.026 0.030 0.033 0.009 0.012 0.012 0.012
Ca 1.067 1.072 1.062 1.066 1.052 1.050 1.027 1.034 1.031 1.059
La 0.222 0.224 0.227 0.233 0.248 0.250 0.270 0.269 0.269 0.251
Ce 0.452 0.456 0.450 0.457 0.462 0.463 0.476 0.474 0.475 0.463
Pr 0.042 0.042 0.042 0.042 0.040 0.039 0.042 0.039 0.041 0.041
Nd 0.158 0.156 0.155 0.152 0.147 0.148 0.147 0.148 0.151 0.147
Gd 0.005 0.004 0.004 0.003 0.004 0.005 0.003 0.001 0.002 0.003
Sm 0.020 0.020 0.020 0.019 0.018 0.018 0.015 0.016 0.017 0.017
cation sum 8.09 8.09 8.08 8.10 8.09 8.09 8.08 8.09 8.09 8.09
oxygens 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5

Table 7 Microprobe analyses of groundmass glass in HSRs. Column LLD indicates the lower detection limits of the analyses, see text for more
details

Melifell Prestahntikur Ketilhyrnur
LLD MAEL-2 MAEL-2 PK-1/1 PK-1/2 PK-4/2 PK-4/2 KET0015 KET0015 KET0015 KETO0015
SiO, 0.03 78.39 78.07 78.11 79.39 78.90 79.26 77.84 78.82 79.95 79.07
TiO, 0.03 0.17 0.17 0.09 0.09 0.09 0.09 0.17 0.18 0.16 0.18
AlLO;  0.03 11.89 11.92 12.14 12.27 12.24 12.34 12.67 12.77 12.55 12.83
FeO 0.03 2.40 2.43 1.22 1.19 1.25 1.10 2.28 1.47 0.98 1.06
MnO 0.03 0.05 0.07 0.03 0.03 0.04 0.05 0.07 0.07 0.07 0.06
MgO 0.05 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
CaO 0.03 1.42 1.40 0.84 0.86 0.86 0.89 1.22 1.15 1.05 1.26
Na,O 0.02 1.14 1.23 2.06 1.29 1.19 1.10 0.67 0.63 0.61 0.59
K,0 0.03 2.41 2.58 3.44 3.47 3.27 3.37 3.18 3.21 3.13 3.14
P,04 0.05 0.02 0.02 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.02
ZnO 0.05 0.05 0.03 0.04 0.02 0.04 0.05 0.05 0.00 0.00 0.03
F 0.05 0.05 0.03 0.08 0.09 0.11 0.11 0.07 0.11 0.09 0.18
Cl 0.03 0.08 0.05 0.05 0.06 0.03 0.05 0.11 0.12 0.10 0.10
Total 98.08 98.00 98.11 98.75 98.01 98.43 98.33 98.56 98.71 98.54
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Table 8 Summary of the data used for MELTS modelling and results of fractional crystallisation at 50 MPa and oxygen fugacity of QFM-1, and
polybaric decompression (geothermal gradient dP/dT=2.65 bar/°C), starting with a pressure of 100 MPa. T°C is the liquidus temperature for the

basalt and the temperature at which rhyolites are generated

Sample Basalt 1864 (alkaline basalt) Basalt 4590 (transitional alkaline basalt) Basalt 2778 (Tholeiitic
Basalt)
Start comp 50 MPa Polybaric Start comp 50 MPa Polybaric ~ Start comp 50 MPa Poly-
(wet) (wet) (wet) (wet) (wet) baric
(wet)
80% fx 81% fx 85% fx 85% fx 91% fx 92% fx
Sio, 49.31 72.16 73.20 49.05 70.67 71.00 48.51 67.21 68.05
TiO, 227 0.36 0.27 1.38 0.48 0.39 0.68 0.65 0.58
Al O4 13.87 6.89 6.80 14.74 7.38 7.65 14.72 7.71 7.76
Fe,04 5.74 0.22 0.22 0.54 0.08 0.08 0.43 0.17 0.14
FeO 8.64 4.99 3.80 10.89 6.17 5.18 8.82 8.97 7.93
MnO 0.23 0.33 0.34 0.20 0.37 0.38 0.17 0.45 0.47
MgO 5.35 0.01 0.01 7.53 0.01 0.02 11.38 0.02 0.02
CaO 10.69 4.72 4.16 12.11 5.76 5.23 12.90 6.66 6.34
Na,O 2.76 5.73 5.79 2.05 4.94 5.01 1.62 4.92 5.01
K,0 0.30 1.26 1.35 0.15 0.85 0.91 0.05 0.47 0.52
P,05 0.31 0.62 0.64 0.14 0.64 0.64 0.05 0.56 0.63
H,O 1.31 2.70 3.42 0.78 2.64 327 0.61 223 2.54
Total 100.78 99.99 100.00 99.56 99.99 99.76 99.94 100.02 99.99
T™C 1113 876 843 1169 894 873 1265 931 918
La 22 90 94 5.34 28 29 1.63 14 15
Rb 12 57 60 2.6 16 17 1.3 14 15
Sr 250 203 199 138 115 116 87.1 89 91
Y 29 107 111 26 116 117 16 110 111
Zr 137 626 659 70.2 420 435 30.8 310 328
Nb 15 70 74 8.1 50 52 1.7 18 19
Ba 124 454 475 473 218 225 17 124 130

results confirm that a fractional crystallisation model is
almost able to generate HSR melts at lower pressures/
depths (50 MPa), consistent with those found in CVs with
a long-established magmatic system (e.g., Krafla), and it
is also adequate to generate plagiogranites at relatively
higher depths (> 100 MPa; Fig. 8).

Athigher pressures, i.e.,> 100 MPa, the expected cryst-
allising phases are clinopyroxene, spinel and plagioclase.
Calculating the normative mineralogy of these evolving
melts and plotting these in a QAP diagram (Fig. 8) show
that the residual melt reaches tonalitic (i.e., plagiogran-
ite) compositions after 80-92 wt% of fractional crystal-
lisation (Table 9). The process leaves an evolved melt
(62-72 wt% Si0,), enriched in incompatible elements,
i.e.:~300-600 ppm Zr,~100-200 ppm Sr, 120—450 ppm
Ba, 20—70 ppm Nb, 80-110 ppm Y, and ~ 10-60 ppm Rb
(Table 9).

Partial melting of the plagiogranites was calculated
using an equilibrium crystallisation model, assuming
that the weight fraction of melt produced F is equal to
1-F from the equilibrium crystallisation model. Although
reverse crystallisation overestimates melt fractions near
the solidus, it is a reasonable estimation for moderate and

high melt fractions (Ghiorso and Stolper 1999). Plagio-
granite compositions were calculated from the compo-
sitions derived from the basalt fractionation models at
evolved stages (Table 8).

In all cases, partial melting between 11 and 40 vol% of
the generated plagiogranite, with temperatures between
500-750 °C reproduces HSR most of the major element
compositions (Table 9) comparable with the studied
samples compositions (Table 1, Figs. 2 and 3), with up
to 82 wt% SiO, in a recalculated dry analysis, however
there are important discrepancies in CaO (3.5 —4.7 wt%
in the model vs 0.8-1.4 wt% in the studied samples),
Na,O (4 —12 wt% in the model vs 0.6—2 wt% in the stud-
ied samples), and K,O (0.2-1.3 wt% in the model vs
2.1-3.5 wt% in the studied samples).

Plagiogranites formed from both depleted and transitional
basalts are also able to replicate (Fig. 9) most of the trace ele-
ment geochemistry (i.e.,~50-115 ppm Y, ~340-760 ppm Ba
and~30-130 ppm Rb). However, all partial melting models
over-estimate the concentrations of Zr, Nb and Sr. Compared
with the single fractionation models (at 50 MPa constant
pressure and polybaric decompression), although all of them
can recreate well the trace elements concentrations, only the

@ Springer



A. L. Hughes et al.

e 991 L1 19L 6Tl €Ly €602 4 vTl egq

98 9¢ L1 LST 61 '8 8LE 0L Sl aN

869 00€ 8°0¢ §STT sTe ToL 8€1¢ 979 LET 1z

SII €8 91 €s €Il 9C €l LOT 6C A

€Il 43! I'L8 €6 L8 8¢l 9LE €0C 0S¢ BN

6C 4! €1 vel SI 9T 413 LS ! QA

97 1T €9°1 Is Sl ¥e's el 06 44 g |

0SL 8€6 S9TI 0€9 LE6 6911 00S 9.8 €IIl Dol

66'66 66°66 ¥6°66 00°001 00°001 95°66 8666 00001 8L°001 [e10L,

66'¢ sse 19°0 ¥0'9 4 8L°0 69 LT €1 O'H

680 S8°0 ¥9°0 S0°0 98'C 69'C 650 ¥1°0 ¥9°¢ Ly'€ 790 1€0 ‘04

€1 9Z'1 €9°0 S0°0 780 LLO 6%°0 S0 820 LTO LT1 0€°0 o™

SI'y 86'¢ 8S'¥ 91 €8 8L Y6t S0C 65°€l S6'Cl €L's 9L°C O%N

0L'€ Sse 6€9 06°CI vS'y LTY 99 el 1LY 6v'y wy 6901 (0]z0)

100 100 620 8€I1 000 000 200 €S'L 000 000 100 Se's OSIN

6£°0 LEO wo LT0 L6'E €Le 8%°0 020 ¥6°'1 S8l €€°0 €20 OUN

LY 1 506 88 650 $S°0 €6 6801 ¥0°0 ¥0°0 66y ¥9'8 0%

10°0 10°0 60°0 3 40) 100 100 LT°0 ¥$°0 000 000 70 vL'S fo%d

16°S L9S 8I'IT wl 18°1 L1 708 vLY1 ¥€0 €0 689 L8€El fouv

LT°0 91°0 L9°0 89°0 €00 €00 99°0 8¢l 000 0 9€'0 LTT ‘oiL

10°C8 €L8L $'C9 15°8% YO'LL 6€°CL 9€'99 S0'6Y SY'SL 61L 91°CL g6y ‘o1s
wd 901 XJ %08 dwoo 1181 wd 971 XJ %26 dwoo j1e)g wd 961 XJ %08 dwoo jre)g

(A1p) ISH ~ (39m) ISH ¢igi[d  girzwesed (A1) ISH  (19M) 2ISH 7i81d  oosyieseg (A1) [YSH  (39M) [YSH 118/d  pogreseg  ojdweg

SYUSH 2y1 seonpoad Sunjow [enaed yorym je arnjerodway ayy pue (131d) oyuei3orde|d pue jjeseq
ot 103 armeraduwre) snpibiy o ST DT " [-INIO JO A11oeSng uadAxo orsurnur pue eJj 00T U0 paseq ssadoxd doys-om) 2y Jo synsar pue Surjjopowt SITAIA I0F pasn elep 2y Jo Areurung ¢ d|qel

pringer

As
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Key
Qz e Prestahnukur
* Sultarfell
v Meelifell

Ketilhyrnur

Ab Ab

Fig. 6 Haplogranite ternary system with the location of the minima
(black crosses) at different pressures (Gualda and Ghiorso 2013) and
the calculated normative mineralogy from samples from Prestahnukur,
Sultarfell, Maelifell and Ketilhyrnur. After Tuttle and Bowen, (1958)
and Blundy and Cashmann (2001). Symbols as in Fig. 2. (Mineral
abbreviations following Whitney DL, Evans BW 2010)

enriched basalt polybaric decompression run reaches a HSR
silica content. The run still overestimates Zr, with a predicted
concentration up to 300 ppm higher than the concentration
measured in the studied samples (Table 1).

Mineralogy in Prestahnikur samples

To test equilibrium between the HSR melt and the occur-
ring mineralogy, a further crystallisation run in the HSR
melt was calculated using rhyolite-MELTS in an equilib-
rium crystallisation run on the whole-rock major element
composition of a Prestahnikur sample (PK1). The crystal-
lisation conditions were assumed to be the same (100 MPa
and oxygen buffer QFM-1) as those used in the partial melt-
ing models. The calculation successfully reproduces some

Q Key
Quartzolite e run 1864
% run 4590
v run2778
Qz-granite + HSRs

) o
Kfd-granite Granite \Granodigrits Tonalite
. L]
e+
+
+H
Quartz Quartz Quartz
Syenite Monzonite Monzodiorite
/ Syenite / Monzonite \ Monzodiorite \Ga
A P

Fig. 8 QAP classification diagram (Le Maitre et al. 2002) showing the
evolution of normative mineralogy from melts derived from fractional
crystallisation models ran at 100 MPa and fO,=QFM-1. Normative
HSR from the studied samples (pink crosses) are given for reference.
Same starting compositions reported in Table 9

of the mineralogy found in Prestahnukur samples. Fay-
alite, ilmenite, and hedenbergite are predicted by rhyolite-
MELTS after the crystallisation of 20-25 vol% quartz and
35-36 vol% albite.

Plagioclase crystals are the most abundant mineral
in the Prestahnukur samples, and this is consistent with
what is predicted by rhyolite-MELTS. However, the
composition of these ranges from oligoclase to andesine
(An,s_s0), substantially more calcic than the composi-
tions predicted by rhyolite-MELTS (up to~An,,).

Allanite is a calcium-cerium-lanthanum-aluminium-iron
sorosilicate that mainly occurs as accessory constituent in
metamorphic or in granitic (Tindle 2008) to intermediate
igneous rocks (e.g., in tonalites; Oziegbe et al. 2020), but
it is extremely rare in effusive evolved volcanic rocks (e.g.,

Fig. 7 a) Temperature (°C) vs SiO, (wt%) and b) § r 0
MgO (Wt%) vs SiO, (wt%) of rhyolite-MELTS 2l s b) s e
runs starting from samples reported in Table 8. All ) Polybone Lol X Pobare
these runs were calculated with oxygen fugacity 28] . . 2 ‘
of QFM-1. Pressure set at 50 MPa (blue lines), -2 % S w {
100 MPa (red lines), 300 MPa (green lines) o '&?\‘&' = T2 s
and polybaric fractionation with a gradient AT/ @] L ol iR nesen
AP=10 °C/MPa. ¢) T(.°C) vs SiO, (wt%) and d) 45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
MgO (wt%) vs SiO, (wi%) of rhyolite-MELTS Si0; [wt%] Si0; [wi%]
runs starting from the same gabbros. All these o
runs were calculated using a pressure of 100 MPa 5 Te) P 24 d) . QFv
with oxygen fugacity of QFM-1 (blue lines), QFM 1 \ * Ghvist o ’ * Griet
(magenta lines) and QFM + 1 (amber lines) T o] 4-‘\‘\ E =] \
& S s ;
= v, S0/ A
J . 2
S e
@« (<1 RO 0o e x2¢
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45 50 55 60 65 70 75 80

SO, [wi%] SO, [wi%]
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Fig.9 Trace elements vs SiO, of alpha-MELTS 2 x 2] x
runs reported in Table 8a and b; grey circles Eg] o £ 1
represent the HSR samples (Table 1). Pink T o =8
N @ | (2] —
symbols represent the HSR’s generated by the <] & @ u o1 o, =
partial melting (Pm) of plagiogranites formed ° 70 75 3 8 © 70 75 80 5
by enriched basalts (crosses), transitional basalts Si0, [Wt%] SI0, [wt¥]
(diamonds) and depleted basalts (squares). Orange
symbols show the HSR’s generated by frac- 1 M ] x
tional crystallisation (Fx) at 50 MPa of enriched =81 £ g1
basalts (crosses), transitional basalts (diamonds) §o: o = o
and depleted basalts (squares). Blue symbols 2] & o> . =84 & o -
show HSR’s generated from polybaric fractional © 7 7 % P ° 7 75 30 %
crystallisation (Fx) of enriched basalts (crosses), SiO [wt%] SIO [wt%]
transitional basalts (diamonds) and depleted
basalts (squares) - N X
& S . £°)
> g ° o g @
X © [
o 70 75 80 85 70 75 80 85
SI0, %] S0, Wt%]

X Pm Enriched Basalt plagiogranite
O HSR < Pm Transitional Basalt plagiogranite
m Pm Depleted Basalt plagiogranite

Duggan 1976). In Iceland, it has been reported in pyroclas-
tic rocks from the Reydarfjordur drill hole (Schmincke and
Viereck 1982) and in granodiorites and tonalites (Gurenko
et al. 2015) but not in effusive rhyolites.

Fayalite crystals, using the FeO/MgO distribution
coefficient with the equilibrium melt assuming the spe-
ciation of iron of the glass based on the QFM-1 oxygen
fugacity buffer (calculated using Cortés et al. 2006), are
likely to be in equilibrium with their surrounding glass,
assuming a Ky value of 0.32. Following Putirka (2008),
melt in equilibrium with the composition of the olivine
crystals occurring in the samples (Table 3) should have
MgO~0.01 wt%, a concentration consistent with the con-
centration found in the glass analyses (Table 7), and in
the whole-rock analyses (Table 1). Caution is necessary
here, as it is unknown whether the Roeder and Emslie
(1970) criterion holds true for fayalitic olivine.

Discussion

In summary, HSRs major element compositions reported
in this work can in theory be generated by extreme frac-
tional crystallisation under a polybaric decompression at
shallow crustal levels starting from an enriched basalt, or
by the partial melting of evolved compositions previously
crystalised and perched in the IC. However, the additional
constrains given by the inconsistencies in trace elements
concentrations, specifically Zr, favour a partial melt-
ing model. Although some studies have proposed zircon
fractionation to explain trace and REE elements patterns
in volcanic rocks (e.g., Evans and Hanson 1993), such

@ Springer

Enriched basalt 50 MPa Fx
Transitional basalt 50 MPa Fx
Depleted basalt 50 MPa Fx

Enriched basalt polybaric Fx
Transitional basalt polybaric Fx
Depleted basalt polybaric Fx

fractionation is problematic in evolved melts due to their
high viscosities. But critically, zircon crystallisation fixes
Zr in the solid phase. As the melting point of zircon crys-
tals at atmospheric pressure is~1676 °C in the ZrO,-SiO,
system (Butterman and Foster 1967), the partial melting
of any hosting rock will leave most of the zircon in the
restite; up to~90% of the crystals after a crustal melting
event at a temperature of 750 °C (Yakymchuk and Brown
2014).

Therefore, if this mineral phase crystallises in pla-
giogranites (a common accesory mineral in intrusive
rocks; Deer et al. 2013), their subsequent partial melting
will likely generate melts that are depleted in Zr, per-
haps ocasionally incorporating few xenocrystic zircons
in the volcanic products, as found in the Prestahnukur
samples. Depletion in Nb can be equally atributed to an
analogue effect, due to the refractory nature of the pair
Ilmenite-Magnetite (Buddington and Lindsley 1964),
which crucially crystallise in evolved compositions and
comparatively higher pressures. The difference in Sr con-
centration between the model and the studied samples
(Fig. 9) is consistent with the discrepancies in CaO and
alkalis content between models and the studied samples,
perhaps suggesting fractionation of plagioclase prior
melt ascent, not considered in the models.

Additionally, as the depleted mantle and the IC are
mainly dry, a single-step process cannot generate melts
with a reasonable volatile content consistent with the vol-
atile content in the four HSR occurrences as they are effu-
sive lavas, likely with relevant Cl and F concentrations as
found in the glass analyses from Prestahnukur (McGarvie
et al. 2007). Similarly, the deuterium and oxygen isotope
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Fig. 10 Petrogenetic model for Icelandic HSR.
Diagram displays only the top 7 km of the
Icelandic crust (IC). (a) Fractional crystallisation
starting from a basaltic melt. This produces pla-
giogranites, with the predominant crystallisation

Depth
of plagioclases and pyroxene, and likely zircon (K[r)'n)
and allanite. (b) Intruding/rising melts from either
the rift or mantle plume trigger the partial melting 0 7
of the plagiogranite generating HSR melts rising Lava
through the IC. (c) Deposits of high silica rhyolite 1 4 layers
display vitric textures with few phenocrysts, typi-
cally plagioclase, and xenocrysts of allanite and
zircon 2
2
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signatures of magmatic water within Krafla IDDP-1 indi-
cate an important contribution from hydrothermal flu-
ids in the petrogenesis of its HSR (Saubin et al. 2021),
consistent with its origin from within a long-lived, cal-
dera-hosted hydrothermal system. Under the absence
of a hydrothermal system in the isolated examples, an
obvious process to concentrate volatiles could be by first
generating evolved rocks by fractional crystallisation and
then generate HSRs by their partial melting.

Assuming that HSRs form by 10-20 vol% partial melting
of a plagiogranite source, the partial melting model requires
a minimum of 30—60 km® of plagiogranite in the Icelandic
crust, and specifically 8—16 km® of plagiogranite to gener-
ate Prestahnukur’s HSRs. As stated earlier, plagiogranite
has been hypothesised to occur as pockets in the Icelandic
crust (Sigurdsson 1977; Foulger et al. 2003) and it has been
found in the Icelandic crust in the IDDP-2 core samples
(e.g., Zierenberg et al. 2017; Fridleifsson et al. 2020). Given
the small volumes of the four non-central-volcano HSR
occurrences in Iceland, a model involving partial melting of
plagiogranite is plausible.

Based on the overall crystal textures of the minor occur-
rences found in Prestahnukur samples (e.g., fragmented
crystals of allanite or quartz with embayments), suggest that
some of the mineralogy might be xenocrystic, dragged and
transported by the forming melt from a mush zone, or remo-
bilised from silicic intrusions (e.g., plagiogranites).

Petrogenetic model

As a simplifying assumption, and summarised in Fig.
10, we postulate that most of the IC, while thicker and
more heterogeneous, is geochemically and composition-
ally similar to the typical oceanic crust for most of Ice-
land (Mutter and Mutter 1993; Darbyshire et al. 2000;
Foulger et al. 2003), containing layers of gabbro and
basalts derived by partial melting from a depleted source.
Pockets of plagiogranite are assumed to occur sparsely
in the boundary between gabbro layers and basalts (Sig-
urdsson 1977; Foulger et al. 2003), derived by fractional
crystallisation from basaltic melts, and contain relatively
low incompatible element concentrations. These pockets
are intruded by rising basaltic melt, either from partial
melting of the depleted mantle, within active rift zones
(Melifell, Ketilhyrnur and Prestahnukur) or from greater
depths, associated with a mantle plume within flank
regions (e.g., Sultarfell). The intrusions of magma pro-
mote the partial melting of these plagiogranite pockets,
due to its lower melting point compared to surrounding
lithologies Volume constraints preclude this mechanism
to generate all Icelandic rhyolites, but it is adequate for
the smaller HSR rhyolitic bodies not associated with a
CV, studied here.

Partial melting models of plagiogranites using rhyolite-
MELTS produce compositions with~76-82 wt% SiO,,
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while trace element calculations based on their content in
the plagiogranite reproduce closely the concentration of
Rb, Y and Ba found in the HSR (Table 8). Zr and Nb are
depleted in the generated melt as their host minerals (e.g.,
zircon and ilmenite) remain in the plagiogranite restite.
Variations in Sr content is likely consequence of an addi-
tional mechanism of plagioclase crystallisation and frac-
tionation likely prior magma ascent.

Once the HSR melt is generated, being less dense than
the surrounding IC, and comparatively more buoyant
than the basaltic melt, it rises relatively fast, experiencing
adiabatic decompression and low nucleation and low dif-
fusion rates, likely inhibiting crystallization. This is con-
sistent with recent evidence for rapid ascent (0.5m-s )
of near-aphyric HSR at Chaitén, Chile in 2008 (Castro
and Dingwell; 2009; Wicks et al. 2011), via a dyke path-
way from storage at~5 km depth.

As these are relatively dry magmas, their viscosity
is higher (~107 Pa s based on sample PK1 composition
calculated using rhyolite-MELTS at 100 MPa and the
liquidus temperature) than more water-rich HSR melts
generated from other intrusive bodies (e.g.,~10*3 Pa s
inferred viscosity of residual melts from granites at later
stages of crystallisation; Bachmann and Bergantz 2004).
We propose that this relatively higher viscosity hinders
crystal-melt separation during ascent, perhaps promoting
some transport, albeit minimal, of a plagiogranite-derived
mineralogy (e.g., allanite, and zircon phenocrysts, all
mineral phases found in oceanic plagiogranites; Anen-
burg et al. 2015), or crystals from a crystal mush zone.
Alternatively, some phases may represent minor crystal-
lising phases (fayalite, hedenbergite, quartz).

Conclusions

Our results demonstrate that HSRs in Iceland can be generated
either by fractional crystallisation and decompression to shal-
low conditions, or by the partial melting of likely plagiogran-
ites generated by fractional crystallisation of basaltic melts in
the IC. However, based on trace element content, crystal cargo
and the lack of a long-lived magmatic system to ensure shallow
conditions and a hydrothermal system, we favour the partial
melting model to generate the studied HSRs presented here.

These results extend our knowledge and understanding
of the compositional diversity and complexity of origin of
evolved magmas in the Icelandic crust and emphasise the
continued need to further investigate the relevant roles of
partial melting and fractional crystallisation in the genera-
tion of evolved compositions.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s00710-026-00993-x.
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