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A B S T R A C T

In this work we revisit Þingmúli volcano (Þ = Th), a classic locality known as an example of a complete tholeiitic 
differentiation. Þingmúli is a ~ 9.5 Ma extinct central volcano located in the East Fjords of Iceland, in which the 
whole compositional spectrum from basalt to rhyolites have erupted. These volcanic products have been pre
viously considered as petrogenetically related by an ideal fractionation trend, regardless any temporal rela
tionship or volumetric considerations.

Here we report new whole-rock geochemistry, mineral chemistry, isotope analyses, estimation of residence 
times of the different eruptive deposits, and an update of the original petrogenetic model. Our results highlight 
that an enriched source, likely spinel lherzolites, generated transitional-alkaline basaltic melts after 15–20% of 
partial melting at depths of 40–45 km. Many of these basaltic melts erupted at various stages of the volcano's 
history, while others remained longer in the volcanic plumbing system. These evolved by fractional crystal
lisation into basaltic andesite magmas with a residence time of ~5 years based on the crystal size distribution of 
the plagioclase population. Isotopic differences between the basalts/basaltic andesites (87Sr/86Sr ~ 0.7034; 
143Nd/144Nd ~ 0.51315) and the erupted rhyolites (87Sr/86Sr ~ 0.7037; 143Nd/144Nd ~ 0.51304) indicate that 
the latter are not petrogenetically related to the former. Therefore, instead of a fractional crystallisation 
mechanism to generate the rhyolites, we propose the partial melting of ignimbrite layers located beneath the 
volcano. The broad range of trace element concentrations in andesites and dacites and their different isotopic 
values compared to the basalts strongly suggest that these magmas have been generated by magma mixing 
between basaltic and rhyolitic melts, similar to modern day Icelandic volcanoes such as Hekla. These results 
highlight the need to revisit previously studied Icelandic classic localities and reassess their traditionally pro
posed petrogenetic models.

1. Introduction

Magmatism in Iceland is the consequence of the decompression of 
the depleted mantle at the Mid Atlantic Ridge (MAR), in conjunction 
with a thermal anomaly linked to the Icelandic mantle plume (Lawver 
and Müller, 1994; and references therein). The interplay of both sources 
produces three distinct magma compositions defined as three distinctive 
magma series upon differentiation (e.g., Jakobsson et al., 2008): 
tholeiitic (magmas with a lower concentration of alkalis and titanium 
and a high proportion of iron and magnesium per amount of SiO2), 
alkaline (magmas with a higher concentration of alkalis and lower 

proportion of iron and magnesium per amount of SiO2 compared to 
tholeiites), and transitional alkaline, i.e., an intermediate series between 
the other two.

Although volcanic products in Iceland are predominantly basalts, 
which dominate both intrusive suites and extrusive sequences at central 
volcanoes (Icelandic volcanoes which host a long-lived crustal magma 
reservoir, e.g., Thordarson and Larsen, 2007), it has long been estab
lished that most central volcanoes are bimodal basalt-rhyolite systems 
(e.g., Bunsen, 1851; Walker, 1966), with scarce basaltic andesite, 
andesitic and dacitic compositions. However, there are several central 
volcanoes containing significant volumes of intermediate (i.e., basaltic 
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andesite to dacite) compositions in addition to rhyolites and basalts, and 
these provide an opportunity to shed light on the petrogenetic processes 
generating rhyolitic magmas in Iceland, which have traditionally been 
modelled by fractional crystallisation (e.g., Lacasse et al., 2007; Thor
darson and Larsen, 2007). One of these central volcanoes with a sig
nificant volume of basaltic andesites, andesites and dacite lavas is 
Þingmúli, which is considered a classic example of a tholeiitic differ
entiation trend by fractional crystallisation (Carmichael, 1962; Charre
teur et al., 2013).

Þingmúli is an extinct central volcano in Eastern Iceland, located 
~11 km west of Reyðarfjörður central volcano (Fig. 1). Its eroded 
remnants rise ~1200 m asl and are heavily dissected by glacial valleys 
and fluvial channels. The central volcano's age has been estimated at 
~9.5 Ma based on the correlated ages of nearby flood basalt sequence 
thickness (Charreteur et al., 2013), but a radiogenic isotope age for 
Þingmúli itself does not exist. Þingmúli is underlain by volcanic se
quences from Reyðarfjörður (Helgason and Zentilli, 1982), and Tertiary 
flood basalts deposited during Iceland's formation (e.g., Walker, 1957). 
Eruptions at Þingmúli range from effusive to fountaining basaltic 

eruptions, fissure eruptions, to explosive rhyolitic eruptions, generating 
coulées and pyroclastic flows (Hughes, 2025).

The volcanic sequence at Þingmúli contains a full compositional 
tholeiitic trend from basalt to rhyolite, and the volumetric proportions of 
each composition are estimated at 66 vol% basalts, 9 vol% combined 
basaltic andesites, andesites and dacites, and 25 vol% rhyolites. Previ
ously published studies from Carmichael (1962, 1964) and Charreteur 
et al. (2013) interpreted these compositions as the result of a fractional 
crystallisation-driven evolution, using picrites as the parental magma 
that evolved up to high-silica rhyolites (HSR; SiO2 over 75 wt% on a dry 
basis). The compositional trend also displays a relative iron enrichment, 
accounting for the occurrence of iron-rich basalts (ferro-basalts) and 
iron-rich andesites (also known as icelandites; Carmichael, 1967). The 
compositional trend at Þingmúli has since become a textbook example of 
the tholeiitic differentiation (e.g., Carmichael et al., 1974; Hughes, 
1982; Wilson, 1989) and has been used as a reference to characterise 
other tholeiitic trends elsewhere (e.g., Franceschelli et al., 2005; Frost 
and Frost, 2022).

The aim of this study is to re-evaluate the fractionation-driven 

Fig. 1. a) Geology of Þingmúli Central Volcano with five key summit names labelled. Units given in the legend have been classified by field mapping, using textural 
and mineralogical differences. Samples from this study are indicated as AT-XX. For the purposes of this study, picrite, olivine basalt, porphyritic basalts and 
agglomerate shown in the map are grouped with basaltic lavas in the text. Intermediate refers to basaltic andesite, andesite and dacite lavas. Black hashed areas mark 
regions of landslides/slope failures. The extent of the nearby Reyðarfjörður central volcano is given by red dotted line (Askew, 2020) as an important source for some 
of the pyroclastic layers under Þingmúli. Inset shows Þingmúli in relation to Iceland, with volcanic zones, location of rift and flank zones marked on. Blue regions 
mark current flank zones, while the red line marks the location of the Mid Atlantic Ridge. Dotted lines mark regions of rift jumps, where the rift zones have moved to 
align with the mantle plume. Current centre of the mantle plume is given by red star. Inset after Einarsson and Sæmundsson (1987). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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tholeiitic differentiation model proposed at Þingmúli, and to investigate 
alternative petrogenetic processes (i.e., partial melting and magma 
mixing) that may account for the occurrence of its full compositional 
trend (i.e., basalt to rhyolite). We also compare Þingmúli and its prod
ucts with other currently active central volcanoes that display full 
compositional trends such as Hekla.

2. Methods

2.1. Field Work and Sample Strategy

Fieldwork at Þingmúli took place between the 1st and 19th July 2022, 
for the collection of stratigraphically constrained samples, geological 
mapping, and the stratigraphic logging of the different volcanic products 
to establish their erupted volumes and Þingmúli's temporal evolution. 
Fieldwork was concentrated in the Areyjardalur valley, where a nearly 
complete exposed sequence outcrops, but also included the study of the 
basic stratigraphic of all the main summits in the area.

Sampling and logging areas were determined prior to fieldwork, 
based on the locations of previously collected samples (Charreteur et al., 
2013), aerial imagery and pre-existing geological maps (Walker, 1957; 
Carmichael, 1962; Charreteur et al., 2013) to target the areas where 
most units outcrop and occur in a stratigraphic order, which can be 
logged. The field season was split according to area importance, with 
most time allocated for sample collection, mapping, and logging in the 
Areyjardalur valley. The valley was logged and mapped for a total of 4 
days, with 6 logs completed along the valley.

Geological mapping took place throughout the field season, using 
lithological contacts derived from logging, and field observations of 
sample sites. In areas of limited accessibility, aerial imagery was used to 
aid in mapping and identifying probable outcrops and contacts. Key 
areas for detailed mapping were chosen at Sandfell, Skúmhöttur and 
Þingmúli hill (Fig. 1), to complement previous mapping (e.g., Carmi
chael, 1962). Similarly, samples were collected in areas of stratigraphic 
importance and areas in which there was limited previous sampling to 
best complete geochemistry of all units in the complex.

2.2. Whole-rock chemistry

Twenty-four samples were selected for whole-rock chemical analyses 
(Table S1: Supplementary data). Major and trace elements were ana
lysed using the Panalytical PW2404 X-ray fluorescence (XRF) instru
ment hosted at the School of Geosciences, The University of Edinburgh. 
The rock samples were ground to a fine powder of around 120 μm using 
a tungsten carbide mill.

Major element concentrations were 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 following the procedure summar
ised in the supplementary information. Thereafter, the samples were 
fused and heated in Pt-5% Au crucibles at 1100 ◦C.

Rare earth element concentrations (Table S1) were measured in the 
same 24 samples by inductively coupled plasma mass spectrometry 
(ICP-MS). The analytical procedure is detailed in Olive et al. (2001), 
whereby dissolution of 0.1 g of sample powder was achieved by three- 
acid digestion (HF, HNO3, HCl), followed by HClO4 digestion to avoid 
the formation of insoluble fluorite and to ensure dissolution of spinel 
phases. Analyses were performed on the Agilent 7500ce ICP-MS in
strument at the Scottish Universities Environmental Research Centre 
(SUERC) using the USGS BCR2 standard (Wilson, 1997) as calibration. 
Samples from this study were then merged in a database alongside an
alyses from Carmichael (1962, 1964) and Charreteur et al. (2013).

2.3. Petrography and mineral chemistry

A total of 34 samples were collected for conventional optical 
petrography. Further petrography was carried out on back scattered 

electron (BSE) images taken in a JEOL IT700HR scanning electron mi
croscope equipped with a JEOL energy dispersive spectroscopy (EDS) 
detector, housed at Edge Hill University. Semiquantitative mineral 
chemistry (Table S2: Supplementary material) of the main mineral 
phases was also measured in these samples using the EDS detector. The 
collected BSE images were taken with an overlap of 10% between them 
and studied using FIJI (Schindelin et al., 2012) in which ellipses were 
drawn manually around plagioclase feldspar phenocrysts to obtain, 
using FIJI's built-in functions, the maximum and minimum axes of each 
individual crystal to determine the crystal size distribution (CSD) of the 
crystal population. Over 300 measurements were collected in each thin 
section (extra care was taken to avoid double-measuring a crystal in the 
overlap between the images), to have a representative sample of the 
plagioclase CSD from each outcrop layer (Morgan and Jerram, 2006). 
CSDslice (Morgan and Jerram, 2006) was used to estimate the 3D crystal 
aspect ratios based on the 2D axes measured on thin sections. Data were 
then exported into CSDCorrections 1.61 (Higgins, 2000). Additional 
parameters needed to calculate the CSD of a crystal population such as 
the phase volume and vesicularity were estimated directly by visual 
inspection from conventional petrography, while the total thin section 
area was measured by the addition of the individual field of view areas 
of the used thin section microphotographs using FIJI's measuring tools. 
The CSD of the mineral phase was also used to estimate the residence 
time of its crystal population based on the following relationship 
(Marsh, 1988): 

tr =
− 1

mGR
, (1) 

in which tr is the residence time of the crystal population, GR is the 
growth rate of the mineral phase and m is the slope of its CSD.

In addition to samples collected in this study (denoted by AT-XX in 
the Supplemental Tables), 18 petrographic samples from Carmichael 
(1962) have been re-described. The description of these samples is 
included with the general petrographic overview.

Mineral chemistry data reported in this study include new data ob
tained using the method above (denoted by AT-XX), and from Charre
teur (2012). Data from Charreteur (2012) follow the format 0X0X-XX, or 
TX-0X.

2.4. Isotopic Chemistry

Seven samples, representative of the different rock compositions, 
and of the generic stratigraphic sequence found at Þingmúli, were 
selected for radiogenic isotopic analyses (87Sr/86Sr, 143Nd/144Nd, 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb). Whole-rock, single-disso
lution, isotope geochemistry, followed by thermal ionization mass 
spectrometry (TIMS) were conducted at the United States Geological 
Survey (USGS) in Denver. Samples were analysed using an Isotopx 
Phoenix™ 9-collector TIMS for Nd, operating with an 8 kV acceleration 
voltage and 1011 Ω resistors for the Faraday cups. Neodymium was also 
run in dynamic mode if enough material allowed. Strontium and Pb 
were analysed in static mode with a ThermoFinnigan Triton™ multi-cup 
TIMS fitted with a single electron multiplier for ion counting. The 
detailed procedure is given in the Supplementary Information.

3. Results

3.1. Whole rock geochemistry

Re-examination of the whole-rock geochemistry of the Þingmúli 
lavas reveals that the sequence is closer to the transitional alkaline series 
in a Total Alkali vs Silica (TAS) diagram (Fig. 2a) than the tholeiitic 
series, with most basaltic samples containing higher total alkali con
centrations than the average tholeiite at the same SiO2 concentration (e. 
g., Zimmer et al., 2010). Although the majority of the sequence is in the 
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transitional alkaline field, few basalts contain lower alkali concentra
tions and plot in the tholeiitic field, with one outlier sample plotting in 
the trachyandesite field.

Figs. 2a to 2i also display for comparison an ideal fractional crys
tallisation trend (in light blue; see Table S7b) calculated using rhyolite- 

MELTS (Gualda et al., 2012; Asimow and Ghiorso, 1998; Ghiorso and 
Sack, 1995), starting from the composition of basalt AT-50 (our most 
primitive sample with 46.27 wt% of SiO2 and 8.42 wt% of MgO), at 
pressures of 100 MPa, consistent with the average location of shallow 
magma reservoirs in many current active central volcanoes (Ofeigsson 

Fig. 2. Major element characteristics of the Þingmúli volcanic sequence. a) TAS diagram (Le Maitre et al., 1989) displaying compositions at Þingmúli, which plot 
within the transitional alkaline (Tr Alk; pale yellow) field in the sense of Jakobsson et al. (2008); dashed line marks Irvine and Baragar (1971) boundary between the 
alkaline and sub-alkaline fields. Published data (grey triangles) from Carmichael (1962, 1964) and Charreteur et al. (2013), this study data magenta circles. b) TiO2 
vs SiO2, c) Al2O3 vs SiO2, d) FeO* vs SiO2, e) MgO vs SiO2, f) CaO vs SiO2, g) Na2O vs SiO2, h) K2O vs SiO2, i) P2O5 vs SiO2 variation diagrams for the lithologies at 
Þingmúli; symbols as in Fig. 2a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2011; composition and full set of conditions in supplementary 
Table S5). The trend fairly reproduces the compositions from basalt to 
basaltic andesites, but it becomes less precise with intermediate and 
rhyolitic compositions. The calculated fractional crystallisation trends 
are curved for several elements (e.g., TiO2, Al2O3, CaO), which does not 

match the near-linear compositional distribution displayed by the 
samples.

On the major elements vs SiO2 wt% variation diagrams (Figs. 2b-i), 
basalts increase from 2 to 4 wt% in the TiO2 wt% vs SiO2 wt% diagram 
(Fig. 2b) and from ~9 to 15 wt% in the FeO* vs SiO2 wt% diagram 

Fig. 3. Trace element characteristics of the Þingmúli volcanic sequence. a-f) Variation in selected trace elements vs SiO2 diagram for the lithologies at Þingmúli. g) 
spider diagrams for Þingmúli's basalts, normalised to N-MORB from Sun and McDonough (1989). Colours and symbols as in Fig. 2a.
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(Fig. 2d), with SiO2 increasing from 46 to 50 wt%, which is consistent 
with a reduced conditions fractionation trend (e.g., Cottrell et al., 2021). 
At more evolved compositions, the trend show a decrease in TiO2, FeO*, 
MgO and CaO and increase Na2O and K2O with increase SiO2, however a 
trend following a theoretical liquid line of decent is no longer clear. The 
most evolved magma compositions reach 82 wt% SiO2 i.e., High Silica 
Rhyolites (HSR; Gualda and Ghiorso, 2013).

Trace elements vs SiO2 wt% variation diagrams (Fig. 3a-f) show the 
basaltic lavas contain higher concentrations of incompatible elements 
such as Zr and Y compared with an average tholeiitic basalt (e.g. Sun and 
McDonough, 1989), with concentrations of 200 and 50 ppm respec
tively. A small group of basalts and basaltic andesites show even higher 

concentrations (approx. 700 ppm Zr and 150 ppm Y, Fig. 3a and b 
respectively), similar to concentrations of oceanic island basalts (OIB) 
produced by mantle plumes (Sun and McDonough, 1989). Interestingly, 
all trace elements show little or no correlation with SiO2; for example, Zr 
concentrations vary between 200 and 400 ppm (Fig. 3a) and Y con
centrations vary between 0 and 100 pm (Fig. 3b) regardless of the silica 
content. Using fractional crystallisation proxies such as Sr (for plagio
clase fractionation) again reveals uniform concentrations between 100 
and 300 ppm (Fig. 3c) regardless of silica content. In a spider diagram 
normalised to N-MORB (Fig. 3g; Sun and McDonough, 1989), minor 
enrichment of large ion lithophile elements is observed with depletions 
in P2O5 and TiO2.

Fig. 4. Photomicrographs images of the Þingmúli lavas. a) The trachytic texture of an aphanitic basalt lava (AT-12) with plagioclase (Plag) laths as the main mineral 
mode. b) A sample of porphyritic basalt (in a sample from Carmichael, 1962), with a 0.8 mm plagioclase phenocryst exhibiting sieve textures within a plagioclase and 
clinopyroxene (Cpx) groundmass. c) An olivine (Olv) phenocryst within a picrite lava from Carmichael (1962). d) and e) Show plagioclase and clinopyroxene 
glomerocrysts within andesite lava flows in sample AT-43, (d) With trachytic texture in a sample from Carmichael (1962), and (e) With hyaline groundmass in sample 
AT-45. f) Shows textures in rhyolitic lavas, with the replacement of plagioclase phenocrysts by calcite in a sample from Carmichael (1962). g) Quartz microlites in 
flow bands in sample AT-47. Graphical scale in white is indicated on each photomicrograph.
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3.2. Petrography

In the following petrographic descriptions, we consider phenocrysts 
as those crystals in which the longest axis is greater than 0.5 mm, while 
microcrysts are crystals up to 0.2 mm.

3.2.1. Basalts (aphanitic and porphyritic)

3.2.1.1. Aphanitic basalts. A total of 11 samples were described, 
including 9 from this study and 2 redescribed from Carmichael (1962). 
Basalts are holocrystalline with a fine grained (avg. 0.5 mm) ground
mass. In some cases, they exhibit alignment of crystals in a trachytic 
texture (Fig. 4a). Plagioclase is the main mineral phase in the basaltic 
lavas (50–60 vol%), with 0.3–1 mm laths commonly appearing in the 
groundmass, and rare phenocrysts up to 2 mm in size. Crystals are 
typically labradorite to andesine in composition (~An50 to An69). Cli
nopyroxene (30 vol%) is found in the groundmass of many samples, 
~0.3 mm in length. Clinopyroxene is also found as a component of few 
1–4 mm glomerocrysts alongside fragmented plagioclase and rare 
olivine. Oxides, primarily titanomagnetite (2 vol%) and rutile (5 vol%), 
are found as well-formed euhedral crystals within the groundmass and 
in some samples are found forming micro-veins, 1 mm in width, which 
extend across the samples. Olivine is rarely found in aphanitic basalts, 
with only one sample containing 0.1 mm euhedral crystals. In this 
particular sample, olivine comprises 15 vol%.

3.2.1.2. Porphyritic basalts. A total of 10 samples were described, 8 
from this study and 2 redescribed from Carmichael (1962), one of which 
is a picrite. The porphyritic basalts are almost 100% holocrystalline with 
0.3 mm (average) plagioclase laths within a plagioclase and clinopyr
oxene groundmass hosting larger (0.5–1.5 mm) crystals of plagioclase, 
clinopyroxene, and rare olivine. Similar to the aphanitic basalt, 
plagioclase is the main mineral phase (50 vol%) occurring in both the 
groundmass as laths, and as euhedral ~0.8 mm phenocrysts with a 
composition of mainly labradorite (~An60 to An65). Plagioclase phe
nocrysts in all studied samples display sieve textures, which are often 
aligned within the crystal (Fig. 4b).

Clinopyroxene comprises around 30–40 vol% of the samples found as 
small 0.2 mm crystals in the groundmass, or as larger 0.6–0.8 mm 
euhedral phenocrysts, often showing simple twinning. Both clinopyr
oxene and plagioclase also occur in glomerocrysts in many samples, with 
1.5–2 mm fragmented crystals. Olivine (up to 10 vol%) occurs mostly in 
the groundmass as 0.2 mm euhedral crystals. Oxides, specifically tita
nomagnetite, rutile, and rare haematite (jointly comprising ~5 vol% of 
samples) are found as 0.2 mm well-formed euhedral crystals, almost 
always as groundmass phases.

Picritic lavas (Fig. 4c) have a porphyritic texture with large (up to 1 
cm) phenocrysts of olivine and plagioclase held in a fine-grained ~0.1 
mm groundmass. Olivine is the most abundant mineral, comprising up 
to 50 vol% of the samples. The olivine crystals are ~0.8 mm, subhedral, 
phenocrysts, and are mostly well preserved with only small rim alter
ations to iddingsite (<1 vol%). Plagioclase is found as both phenocryst 
and microcrysts in the groundmass (up to 25 vol%), occurring as 0.1 mm 
laths with no apparent orientation. As phenocrysts plagioclase is well- 
formed with few crystals displaying sieve textures. Clinopyroxene 
comprises up to 15 vol% of the samples. It is present in the groundmass, 
where it forms 0.1 mm euhedral crystals. Oxides in the samples are rare, 
only making up <5 vol% of the groundmass. These are primarily tita
nomagnetite and rutile and occur as euhedral crystals.

3.2.2. Basaltic Andesite, Andesite and Dacite Lavas
A total of 8 samples were redescribed, 5 from this study and 3 from 

Carmichael (1962). Of the 8 samples, 3 are basaltic andesites, 4 andes
ites and 1 dacite. Samples are mostly holocrystalline with an aphyric to 
fine- grained groundmass. Where a groundmass occurs, it is made up of 

fine 0.1–0.2 mm plagioclase laths with euhedral 0.1 mm clinopyroxene 
microlites. Plagioclase is the main mineral component (up to 60 vol% in 
samples with a fine groundmass, and up to 10 vol% where samples are 
hyaline) with plagioclase laths (~An70 to An75), often orientated in a 
trachytic texture (Fig. 4d). Clinopyroxene occurs as small groundmass 
microlites (5–20 vol%).

Phenocrysts are rare, but when these occur, they are always 
plagioclase, or glomerocrysts of plagioclase and clinopyroxene (Fig. 4e), 
and typically display disequilibrium textures such as dissolution rims 
and sieve textures. Titanomagnetite and haematite are found as 0.1 mm 
crystals within the groundmass or glass or as alteration. Where samples 
are hypocrystalline, the main crystals are plagioclase (50 vol%) or 
glomerocrysts of plagioclase and clinopyroxene.

3.2.3. Rhyolites
A total of 6 samples were described, 4 from this study and 2 from 

Carmichael (1962). Rhyolite samples range from hyaline to hypo
crystalline. Groundmasses are commonly glassy (~60 vol%) but can 
contain, up to 30 vol% of 0.2 mm plagioclase laths (~An21 to An35) 
interspersed with quartz (up to 10 vol%). Alteration of rhyolite lavas is 
common (Fig. 4f), with samples containing calcite (6 vol%), chlorite 
(2%), kaolin (1 vol%) and prehnite (1 vol%). Flow banding occurs in 
many samples. The bands are typically 1 mm in thickness, and plagio
clase and quartz microlites are typically aligned following these bands 
(Fig. 4g). In previous studies, enclaves of basaltic composition have been 
found in rhyolites (Charreteur, 2012) suggesting these compositions of 
magmas interacted with the rhyolitic magmas prior to eruption.

3.3. Mineral chemistry

The most abundant minerals occurring in each lithology (in both 
groundmass and phenocryst phase) are plagioclase and pyroxene each in 
an approximate respective abundance of 30–40 vol% in basaltic lavas, 
20–30 vol% in andesite and dacite lavas and less than 10 vol% in 
rhyolitic lavas. Mineral chemistry data are given in supplemental 
Table S2.

3.3.1. Basaltic lavas
Plagioclase compositions are broadly uniform in the basaltic lavas 

(Fig. 5a), spanning mostly bytownite to andesine (~An50 to An70), with 
averages close to labradorite (~An55). Sample AT-12 contains the 
largest spread of plagioclase compositions, with few phenocrysts 
reaching the andesine-oligoclase boundary Fig. 5a). Plagioclase rims 
and cores show limited variation, with cores clustering around the 
labradorite-bytownite boundary, and rim measurements around 
labradorite-bytownite/andesine. This normal zoning is suggestive of 
growth in a continually evolving magma. Sample AT-32, a porphyritic 
basalt, shows a single plagioclase population with albitic composition, 
which we interpret as the result of hydrothermal alteration (e.g., Car
michael, 1962). This is supported by kaolinization on plagioclase crys
tals identified in thin sections.

Pyroxenes in the basaltic lavas are mainly augite, with compositions 
spreading from low-Ca monoclinic pyroxenes (pigeonite) up to diopside 
(Fig. 5a). Samples AT-12, AT-32, AT-35 and AT-64 contain mainly cli
nopyroxene with minor occurrences of orthopyroxene. The Mg# for all 
analyses range from 50 to 88, with an average of 70.

3.3.2. Basaltic Andesite, Andesite and Dacite lavas
Plagioclase mineral chemistry (Fig. 5b) in these lavas is biased as 

only one sample from this study could be measured (AT-49) with 
another published in the literature (0309–04; Charreteur, 2012). 
Regardless, the compositional extent is broadly similar to those found in 
the basaltic lavas, with bytownite (~An72) found in sample AT-49 and 
andesine-labradorite (~An48) found in sample 0309–04 (Charreteur, 
2012). Pyroxenes in both samples are similar to those found in basaltic 
samples, spanning diopside-augite compositions, with Mg# ranging 
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Fig. 5. Mineral chemistry of plagioclase and pyroxenes in (a) basaltic lavas, (b) basaltic andesite, andesite and dacite lavas and (c) rhyolitic lavas. For each clas
sification plot a key is given. AT-XX samples are those generated in this study. 0X09-0X/TX-0X data are taken from Charreteur (2012).
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from 65 to 72 in phenocrysts in sample AT-49, common to 0309–04 
(Charreteur, 2012), with Mg# = 67–70. Olivine phenocrysts found in 
sample AT-49 have Fo% average values close to 60%.

3.3.3. Rhyolite lavas
Fresh (i.e., unaltered) crystals are relatively scarce in the rhyolites 

due to their high level of hydrothermal alteration over Þingmúli's life
span (Carmichael, 1962). The sample T8–06; Charreteur, 2012), con
tains plagioclases with variable core-rim compositions (Fig. 5c). Cores 
have on average oligoclase compositions (~An19), while rims have on 
average andesine compositions (~An45). Rims of pyroxenes found in 
T8–06 have Mg# ~60 and plot toward diopside-augite boundary, with 
the equilibrium between cores and matrix being augite. Mg# ~ 46. Mg# 
in cores varies between 20 and 30 with few crystals of clinopyroxene 
found in sample 0409–09 with a composition close to hedenbergite, with 
Mg# of 16–20 (Fig. 5c).

3.4. Plagioclase crystal size distribution

At Þingmúli, nucleation rates of plagioclase are unknown. Growth 
rates were chosen based on Brugger and Hammer (2010) work, which 
include growth rates for plagioclase based on situational occurrence, i. 
e., slow intrusive cooling (between 10− 10 and 10− 8 mm s− 1) vs syn- 
eruptive microlites (between 10− 6 and 10− 8 mm s− 1) crystallisation. 
Since basaltic andesites, based on geochemistry, are thought to be the 
product of fractional crystallisation, the largest growth rate was chosen 
(10− 10 mm s− 1), and basaltic samples were assigned a growth rate of 
10− 8 / 10− 7 mm s− 1 dependent on crystal size, which gave an indication 
of syn-eruptive crystallisation. Brugger and Hammer (2010) also in
cludes a growth rate for ascending andesites, (10− 7 mm s− 1), which was 
used to calculate residence time of the smaller crystal population in the 
andesite lava. As all of these growth rates are estimations, residence 
times should be taken with extreme caution and as estimated averages, 

specifically used for the relative comparisons of residence times between 
the compositions.

3.4.1. Basalts
To estimate the residence time of the basaltic lavas prior to eruption, 

a constant growth rate was chosen dependent on the nature of the 
plagioclase crystals (groundmass, microlites, etc.). CSD Slope, resident 
times, and growth rates (following Brugger and Hammer, 2010) used are 
shown in Fig. 6a and b and results are given in Table S3 (Supplementary 
material). For basaltic lavas, the majority of the crystals are microlites. 
Assuming that they formed syn-eruptively, a growth rate of x10− 8 mm 
s− 1 was selected (Brugger and Hammer, 2010). Based on Eq. 1, the 
plagioclase population residence time constrains the lavas residence 
time of up to 100 days prior to eruption. These are similar timescales to 
those reported in the Borgarhraun lava field (Þeistareykir Volcanic 
System, N. Iceland), in which the timescale of final magma ascent and 
crystallisation was in the order of 20–50 days, indicating that magmas 
can ascend from the base of the crust to surface in less than 2 months 
(Mutch et al., 2017). These timescales are consistent with the overall 
crystal sizes of the population, as a population of smaller crystal sizes are 
associated with shorter residence times.

3.4.2. Basaltic andesites
To constrain the time window for fractional crystallisation occurring 

in the parental basalt, the residence time of the plagioclase crystal 
population in a basaltic andesite (51% SiO2) was used. Assuming one 
crystal population based on the straight CSD (Fig. 6c) and a plagioclase 
growth rate of ~10− 10 mm s− 1 for plagioclase phenocryst in basaltic 
melts (Cashman, 1993), a residence time of 5.4 years for the population 
and for extension, for the basaltic andesite magma can be estimated (Eq. 
1).

Fig. 6. Crystal size distribution (CSD) slopes for basaltic lavas (a and b), a basaltic andesite (c), and an andesite lava (d). Slope and R2 values are given. Red lines 
show regression fit for population 1 crystals (a, b, c, d) and blue line shows regression fit for population 2 crystals (d only). Growth rate values in mm s− 1, and 
residence time (Rt) are shown for each CSD slope. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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3.4.3. Andesites
For further crystallisation timescales, plagioclase in an andesite 

sample (C26) was chosen. The CSD shows two crystal populations 
(shown by the blue and pink lines in Fig. 6d)., Using a growth rate of 
x10− 7 mm s− 1 (Brugger and Hammer, 2010) in eq. 1, a residence time of 
186 days is estimated for one population, and 6 days for the other.

3.5. Isotopic data

In a diagram of 87Sr/86Sr vs 143Nd/144Nd, isotope data (Table S4; 
Moscati and Hughes, 2024), Þingmúli lavas plot in the overlap between 
the MORB and OIB fields (Fig. 7a), and based on a 206Pb/204Pb vs 
207Pb/204Pb diagram, Þingmúli lavas seem to have an affinity with the 
PREvalent MAntle (PREMA) reservoir (Fig. 7b). Although still within the 
PREMA field, the analyses show a strong affinity with an OIB mantle 
source (Fig. 7a). The HSR sample 0309–11, also appears to have 

Fig. 7. Isotopic systematics of the Þingmúli lavas. a) 87Sr/86Sr versus 143Nd/144Nd with the mantle array (after Zindler and Hart, 1986). b) 206Pb/204Pb versus 
207Pb/204Pb with mantle reservoirs (taken from Rollinson, 1993) to further determine magma sources. c) Changes in (87Sr/86Sr)/(143Nd/144Nd) and (206Pb/204Pb)/ 
(208Pb/204Pb) against SiO2. d) Changes in (87Sr/86Sr)/(143Nd/144Nd) and (206Pb/204Pb)/(208Pb/204Pb) over the stratigraphic order of analysed samples. Colours as 
in Fig. 1.
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experienced an additional process since it has a higher 87Sr/86Sr than 
any other rhyolite lava (0.7039, compared to an average of 0.7036) at a 
similar 143Nd/144Nd ratio (Supplemental Fig. S1).

As the expected trends in an 87Sr/86Sr vs 143Nd/144Nd diagram and in 
the 206Pb/204Pb vs 207Pb/204Pb diagrams follow straight patterns (e.g., 
Hart, 1983) we have plotted their ratios (i.e., the slopes) vs SiO2 in 
Fig. 7c. In an ideal fractional crystallisation model, the isotopic signa
tures should remain constant. However, Fig. 7c illustrates an increase in 
(87Sr/86Sr)/(143Nd/144Nd) moving from basalt to rhyolite.

Basaltic andesites are more closely related to the basalts with similar 
(87Sr/86Sr)/(143Nd/144Nd) and (206Pb/204Pb)/(208Pb/204Pb) values. 
Andesite and dacite samples have more variable isotopic ratios (Fig. 4c), 
with higher (87Sr/86Sr)/(143Nd/144Nd) ratios than the basalts, and with 
much lower (206Pb/204Pb)/(208Pb/204Pb) ratios. Additional isotopic di
agrams are given as Supplemental Figs. S1 and S2.

Examining the change in isotopic ratios over the volcanic stratig
raphy (Fig. 7d) shows a marked difference between basalts and rhyo
lites, with the rhyolites toward the upper section of the stratigraphy (a 
HSR eruption) showing the highest enrichment in 87Sr/86Sr (highest 
(87Sr/86Sr)/(143Nd/144Nd) ratio). The basaltic and basaltic andesite 
samples in the middle of the stratigraphy (stratigraphic positions 6–9) 
show the highest levels of depletion with higher 143Nd/144Nd (lowest 
(87Sr/86Sr)/(143Nd/144Nd) ratio) indicating a more depleted, or less 
contaminated source than the rhyolites. The similar ratio suggests these 
samples are related. This is mirrored by similar (206Pb/204Pb)/ 
(208Pb/204Pb) ratios, with only a basalt (stratigraphic position 8 in 
Fig. 7d; 0309–08) showing a higher 208Pb/204Pb (lower (206Pb/204Pb)/ 
(208Pb/204Pb) ratio). Similarly, basalts and rhyolites (and the dacite 
sample, stratigraphic position 10; 0509–01) show notable differences in 
(206Pb/204Pb)/(208Pb/204Pb) ratios, i.e., 0.4825, compared to 0.4845.

4. Discussion

4.1. Basaltic magmas

As shown in Figs. 2a-i and 3a-g, the basaltic lavas from Þingmúli can 
be described as transitional alkaline, with some more tholeiitic, and with 
trace element concentrations and isotopic ratios consistent with an OIB 
or PREMA source (Figs. 7a and 8a). In Iceland, transitional alkaline 
basalts have regularly been modelled as the results of partial melting 
within the Iceland plume (e.g., van der Meer et al., 2021; Viccaro et al., 
2015; Jakobsson et al., 2008), specifically from the region outside of the 
centre (Jordan et al., 2022).

Assuming a lifespan for Þingmúli of between 1 and 2 Myr (based on 
lifespans of other East Fjords volcanoes, e.g., Breiðuvík and Kækjuskörð 
(Carley et al., 2017)) and a constant spreading rate of up to 2 cm year− 1 

(van Andel and Bowin, 1968), Þingmúli moved up to 40 km from the 
centre of the plume during its lifespan. Since the exact distance to the 
plume centre is variable, the degree of partial melting, and thus the 
composition of the basaltic magma produced, will vary. Partial melting 
in areas closer to the centre of the plume (where temperatures are 
higher) will result in a higher degree of partial melting, producing more 
tholeiitic magmas (i.e., depleted in incompatible elements; Harðardóttir 
et al., 2022). Partial melting further from the centre of the plume (where 
temperatures are lower) will produce more alkaline magmas. This dis
tance factor may explain the occurrence of two types of basalts at 
Þingmúli, where some basalts are more tholeiitic than the most (Fig. 2a).

Initial estimations of mantle source compositions using rare earth 
elements (REE) show that the most likely source for the basalt lavas at 
Þingmúli is a spinel-bearing lherzolite (Fig. 8b). Partial melting is likely 
to be no more than 15–20% of the mantle source. Geochemical model
ling of major elements (Fig. 9; Table S5: Supplementary material) was 
conducted using pMELTS (Ghiorso et al., 2002) to estimate the degree of 
partial melting of various mantle compositions to generate Þingmúli 
basalts.

The first step was determining the composition of the primary melts 

generated beneath Þingmúli. Assuming the basaltic lavas underwent 
some degree of fractional crystallisation prior to eruption, we first 
estimated the expected removed mineralogy using pMELTS, in a frac
tional crystallisaiton isobaric model, starting from sample AT-50 at 1.5 
GPa. The aim of this step was to determine the removed mineralogy that 
would decrease the MgO content from primary melt values (e.g., ~8–10 
wt%) to the average value in Þingmúli's erupted basalts (i.e., ~5–6 wt 
%). Under those conditions, the expected removed mineralogy is 
composed of 20 g of clinopyroxene and 3 g of olivine out of 100 g of 
basalt.

Then, using the Olive code (Cortés, 2016), we added the composition 
of the removed mineralogy to the composition of the basalts, in incre
ment of 1 wt% until reaching a 10 wt% target MgO content. We also 
corrected the trace elements, based on a reverse Rayleigh fractionation 
model assuming the same given mineral extract, to calculate the bulk- 
rock partition coefficients of the relevant trace element (individual 
partition coefficients used in the calculation are from Rollinson, 1993). 
Corrected analyses are given in Table S6.

After this, seven lherzolites, with full geochemical data (Table 1), 
were selected from the GEOROC database (Lehnert et al., 2000 and 
references therein). Assuming a density of ~2.8 g/cm3 of the rock col
umn, and an estimation of the base of the Icelandic crust (approx. 40 km) 
in the East Fjords (Volk et al., 2021), the lithostatic pressure was con
strained to 1–1.5 GPa. Assuming a reversible process, partial melting of 
these lherzolites was modelled as the reverse of an equilibrium crys
tallisation pMELTS calculation. In reality, reverse crystallisation over
estimates melt fractions near the solidus, i.e., is a poor approximation at 
very low fractions but good at moderate-high melt fractions, therefore 
results need to be considered with caution (e.g., Ghiorso and Stolper, 
1999). Major element modelling was complemented with batch melting 
trace element calculations using partition coefficients data from Roll
inson (1993).

Assuming that the mantle at this depth is a spinel lherzolite, 15 to 
20% of partial melting can most accurately reproduce the composition 
of Þingmúli basalts (Fig. 9), particularly, their Al2O3 and MgO concen
trations (Fig. 9). However, the model cannot accurately reproduce the 
Na2O and K2O contents, suggesting an additional process such as 
contamination or post-eruption hydrothermal alteration. Furthermore, 
the partial melting models produce lower TiO2 concentrations than 
those found in Þingmúli basalts. Processes such as contamination/ 
assimilation of a high TiO2 concentration crust (i.e., basaltic deposits 
from the Reyðarfjörður volcano, which have up to 4 wt% TiO2) may 
explain this discrepancy.

To account for a wide variety of mantle heterogeneities, partial 
melting modelling of additional lherzolite samples L151 and L169 from 
the GEOROC database (Lehnert et al., 2000) was carried out to give a 
broad spectrum of potential trace element concentrations (Fig. 9). A 
harzburgite partial melting model (H112; Chen et al., 2017), was added 
for comparison. The batch melting of these lherzolite compositions can 
reproduce the lower concentrations of Sr and Ba found in the Þingmúli 
basalts.

Basaltic lavas with up to 350 ppm of Sr, will require a source more 
enriched in Sr or a smaller degree of partial melting. For example, 
sample JAG690–11 garnet lherzolite (Grégoire et al., 2002) containing 
~49 ppm of Sr would produce a melt with ~410 ppm of Sr after 10% of 
partial batch melting. On average, the garnet lherzolites published in 
GEOROC contain ~43 ppm of Sr, but analyses with 100 ppm or more are 
also possible.

Other trace elements such as Th and Nb can all be reproduced by the 
lherzolite melting models, with some higher concentrations (i.e., Ta, 
which may be explained by the presence of magnetite and ilmenite in 
many of the basalt samples) requiring a more enriched source. Zr con
centrations in all models are slightly lower than the target compositions 
(up to 400 ppm) in the basalts, and may reflect contamination with a 
high Zr source, e.g., an OIB type crust, or volcanic deposits from vol
canoes fed by the mantle plume.
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4.2. Rhyolitic magmas

Based again on the rhyolite-MELTS fractional crystallisation model 
starting from sample AT-50 (Supplemental Material Table S7b), the 
proportions of more evolved compositions produced from a basaltic 
magma should be of the order of 37–28 vol% of basaltic andesite, 27–21 
vol% of andesite, 20–15 vol% of dacites and 14–13 vol% of rhyolites. 
Although not all of the potentially generated magmas would have 
erupted, is very likely that the decrease in volume between the basalts to 
intermediates and between the intermediates to the rhyolites is reflected 
in the eruptive deposits, along with geochemical characteristics which 

reflect a fractional crystallisation process (e.g., low concentrations of 
incompatible elements, and isotopic systematics similar to the parent 
basalt).

At Þingmúli, the volume of rhyolite (approx. 25 vol% of the total 
eruptive volume) vastly exceeds this estimation and more crucially, it 
exceeds the volume of erupted intermediates (Table S8), and their 
geochemical characteristics are not consistent with a fractional crys
tallisation model. For example, the concentrations of incompatible ele
ments (which should increase during fractional crystallisation) are 
broadly similar to basaltic lavas (e.g., between 200 and 400 ppm of Zr; 
Fig. 3). Additionally, their isotopic systematics show differences 

Fig. 8. a) Þingmúli basalts normalised against N-MORB (Sun and McDonough, 1989). b) An estimation of source compositions using non-modal batch partial melting 
models based on Dy/Yb vs. La/Yb. Partial melting curves from Qi et al. (2017); grt: Garnet, sp.: Spinel. Filled symbols illustrate degree of partial melting from start 
composition. Dy/Yb and La/Yb are normalised to chondrite values from Sun and McDonough (1989).
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compared to the basaltic lavas (i.e., 0.703681 87Sr/86Sr in rhyolite 
compared to 0.70337187Sr/86Sr in basaltic lavas), which strongly sug
gests these are not derived from the basaltic lavas via fractional 
crystallisation.

Thus, we favour a partial melting mechanism, using potential start
ing compositions from the sequence of lava (basaltic-andesitic) and 

dacite-rhyolite pyroclastic layers beneath Þingmúli (Table 2) logged in 
detail by the Icelandic Research Drilling Project (e.g., Flower et al., 
1982).

Plotting the normative mineralogy of the rhyolites onto the haplo
granite system, including granitic melt minima at different pressures 
(Tuttle and Bowen, 1958), suggests that the depths at which partial 

Fig. 9. a-f) Variation diagrams of major elements vs SiO2, g-l) Variation diagrams of selected trace elements vs SiO2, showing the geochemical modelling of lherzolite 
and harzburgite samples to produce corrected basaltic lavas by reversing fractional crystallisation at Þingmúli (see text for the detail). LXX denotes Lherzolite sample, 
HXX denotes Harzburgite sample. Each sample melting line is denoted by a colour, and Þingmúli basalts from this study are shown as filled purple circles and 
previous data from Charreteur et al., 2013; and Carmichael, 1962, 1964 are shown as grey triangles.Starting compositions, references and modelling parameters are 
given in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 
Starting compositions and input parameters for partial melting of lithologies beneath Þingmúli. Run reference corresponds to those given in Fig. 11. Lithology 
compositions from Flower et al. (1982). Starting pressure estimated using depths constrained in Fig. 10. Water content estimated from loss of ignition (LOI) values 
given in Flower et al. (1982).

Run Reference 804 m 656 m 1165 m

Starting Intrinsic conditions (T,P, intrinsic fO2) 2000–650 ◦C, 100 MPa, QFM − 1 2000–650 ◦C, 100 MPa, QFM − 1 2000–650 ◦C, 100 MPa, QFM − 1

Starting MELTS conditions Isobaric, Equilibrium Crystallisation Isobaric, Equilibrium Crystallisation Isobaric, Equilibrium Crystallisation

Starting composition
SiO2 (wt%) 51.3145 52.8734 66.2346
TiO2 (wt%) 3.1615 2.1968 1.6727
Al2O3 (wt%) 12.7994 15.1262 11.7329
Fe2O3 (wt%) 1.5037 1.3245 1.0582
FeO (wt%) 11.9484 9.8641 9.0307
MnO (wt%) 0.2006 0.1699 0.1083
MgO (wt%) 4.5183 3.609 1.6638
CaO (wt%) 9.3389 8.5713 2.4578
Na2O (wt%) 2.7671 2.9266 4.4223
K2O (wt%) 0.9429 1.8389 0.1382
H2O (wt%) 1.5047 1.4992 1.4806
Zr (ppm) 263 334 288
Y (ppm) 55 51 45
Rb (ppm) 6 28 0
Nb (ppm) 35 39 27
Sr (ppm) 364 306 233

Table 1 
Starting compositions and input parameters for all mantle partial melt modelling used in this study. Run reference corresponds to those given in Fig. 9. LXX denotes 
Lherzolite sample, HXX denotes Harzburgite sample. All mantle composition samples taken from GEOROC, 2023 (Lehnert et al., 2000; L69; Vaselli et al., 1995, L132: 
Hsu et al., 2000, L174; Martin et al., 2015, L151; Hsu et al., 2000, L169; Brooker et al., 2004, L78; Rhodes and Dawson, 1975, H112; Chen et al., 2017). Starting 
compositions chosen based on the position of basalts in Fig. 8b, with harzburgite added for comparison.

Run Reference L 39 L123 L174 H112 L151 L196 L78

GEOROC id 8226 12,085 19,201 20,886 12,085 13,123 17,870

Lithology Lherzolite Lherzolite Lherzolite Harzburgite Lherzolite Lherzolite Lherzolite

Starting Intrinsic 
conditions (T,P, 
intrinsic fO2)

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

2000–1000 ◦C, 1.5 
GPa, QFM − 1

Starting MELTS 
conditions

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Isobaric, 
Equilibrium 
Crystallisation

Starting 
composition 42.3777 42.5313 44.6074 46.35 46.05 45.23 57.87

SiO2 (wt%) 0.1161 0.1375 0.1192 0.11 0.25 0.26 0.75
TiO2 (wt%) 2.9123 2.5931 3.2784 1.5 1.73 3.24 20.37
Al2O3 (wt%) 0.6548 0.7511 0.606 0.999 1.292 1.417 0.518
Fe2O3 (wt%) 7.6817 9.5698 7.358 5.092 6.588 7.225 2.644
FeO (wt%) 3.0768 0.1277 0.1292 0.2 1.72 2.71 7.79
MnO (wt%) 37.898 39.8399 38.5571 42.67 42.23 38.23 3.37
MgO (wt%) 3.0768 2.1708 3.0599 0.08 0.13 0.15 0.07
CaO (wt%) 0.2032 0.2259 0.2583 0.02 0.12 0.114 1.96
Na2O (wt%) 0.0561 0.0491 0.0298 0.01 0.33 0.31 4.13
K2O (wt%) 0.0116 0.0393 0.0099 0 0.06 0.03 0.5
P2O5 (wt%) 1.935 1.9645 1.9869 2.18 0 0.15 0
H2O (wt%) 1.123 3 0.129 1.01 4 1.16 44.47
Rb (ppm) 20.6 5 8.2 23.41 34.5 71.27 541.3
Sr (ppm) 11.51 4 0.45 36.27 27 21.24 635.2
Ba (ppm) 2.61 201 1.676 2.85 2.75 7.17 12.33
Y (ppm) 7 11 2.864 27.21 14.5 58.8 134.3
Zr (ppm) 0.143 0.36 0.077 0.7 0.25 0.481 2.65
Hf (ppm) 0.921 1.2 0.128 4.12 2.3 8.83 51.7
Nb (ppm) 0.065 0.07 0.127 0.202 0.2 0.36 3.03
Ta (ppm) 0.122 0.07 0.019 0.089 0.6 0.17 4.39
Th (ppm) 0.099 0.02 0.009 0.102 0.06 0.06 1.32
U (ppm) 2023 2095 1865.3 2520.9 2003 1923 297.9
Ni (ppm) 95 108.8 121.3 98.13 98.1 65 25.3
Co (ppm) 64 55 68.6 72.74 42.5 70 110.8
V (ppm) 3293 3218 3176.9 2602.5 3484 2623 251.4
Cr (ppm) 15 9 13.5 11.36 8 13 19.6
Sc (ppm)
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melting took place were shallow, in the upper 2 km of the crust (100–50 
MPa; Fig. 10a), with the HSR melts likely generated in the upper 0.5 to 1 
km of the crust (less than 50 MPa; Fig. 10b). This is consistent with a 
more radiogenic 87Sr/86Sr signature as during ascent these melts would 
have interacted more with the surrounding crust. These depths are also 
consistent with other reported occurrences of shallow rhyolite genera
tion in Iceland, e.g., HSR magma was intersected at depths of up to 2.1 
km during drilling at Krafla (Zierenberg et al., 2013). As the rhyolitic 
compositions have been plotted using normative mineralogy calculated 
based on whole rock geochemistry and corrected following Blundy and 
Cashman (2001), depth estimation should be considered a minimum 
estimation.

Partial melting modelling was conducted using rhyolite-MELTS 
(Gualda et al., 2012; Asimow and Ghiorso, 1998; Ghiorso and Sack, 
1995), again considering such process as a reversed equilibrium crys
tallisation thermodynamic process. Starting compositions were taken 
from known stratigraphy beneath Þingmúli (detailed during the Iceland 
Research Drilling Project; IRDP), thought to originate from the nearby 
Reyðarfjörður central volcano (Flower et al., 1982). Three layers were 

chosen as representative of the common lithologies found in the Reyð
arfjörður Volcanic Sequence (RVS). Runs 1 and 3 are basaltic andesite 
lavas found at 804 m depth and 656 m depth respectively and Run 2 is a 
dacitic ignimbrite found at 1165 m depth.

Partial melting starting from basaltic andesites accurately re
produces Þingmúli rhyolites with SiO2 ranging from 70 to 76 wt% and 
all major elements within 1 wt% from Þingmúli rhyolites analyses 
(Fig. 11 a and b). The modelling overestimates K2O concentration (i.e., 
~6 wt% compared with the ~3 wt% found in most Þingmúli rhyolites), 
which may be explained by a high K2O starting concentration, likely due 
to hydrothermal alteration of these layers (Flower et al., 1982). Partial 
melting from the dacitic ignimbrite also fairly reproduces the Þingmúli 
rhyolites, with only K2O underestimated, and is the only run to accu
rately reproduce the higher silica rhyolites. This different source for the 
HSR is consistent with the isotopic signatures, where HSR is distinct 
from other rhyolites with a higher concentration of 87Sr/86Sr.

Partial melting processes can also be modelled using the trace 
element data (Fig. 11a-l), from Flower et al. (1982) for the RVS. Starting 
with known concentrations of Nb, Zr, Rb, Sr and Y in the underlying 
basalts and rhyolitic ignimbrites, a batch partial melting model repro
duce the concentration of these elements in Þingmúli rhyolites (grey 
triangles and purple circles). In elements such as Rb, Y and Nb (Figs. 11j, 
j, and l) the upper, lower, and middle concentrations can be reproduced, 
with partial melting proportion up to 15%. There is some variation with 
the model failing to reproduce concentrations ~100 ppm Nb. This 
discrepancy may be explained by the occurrence of refractory titanite in 
the rhyolitic lavas (Carmichael, 1964), which typically concentrate this 
element.

Both batch and Raleigh partial melting models starting from basaltic- 
basaltic andesite Þingmúli compositions produce rhyolites with higher 
Sr concentrations (300–400 ppm) than Þingmúli rhyolites (<200 ppm; 
Fig. 11i). This may be explained by the crystallisation and removal of the 
assemblage albitic plagioclase + K-Feldspar and Quartz from the rhyo
lites as their compositions are close to a cotectic with either minimum or 
a eutectic point (Fig. 10), or from variations in the starting mineralogy of 
the source rock. It can be easily shown with a mass balance calculation 
that the removal of such assemblage will not change the major elements 
proportion while it will have a major influence in the trace element 
concentrations.

Modelled Zr concentrations by batch partial melting starting from 
the same initial compositions produce concentrations that are 600 ppm 
higher than in Þingmúli rhyolites (Fig. 11h). Models starting with the 
ignimbrite layers Zr concentration are able to reproduce the upper Zr 
content (i.e., 400 ppm and above), albeit with high degrees of partial 
melting (over 20%; Fig. 11h). This is due to a high Zr concentration in 
the Reyðarfjörður layers, which is noted to be high due to the ‘high 
concentration of zircon crystals, presumably the result of sorting during 
fallout’ (Schmincke et al., 1982). Thus, a batch partial melting model 
predicts concentrations up to 1000 ppm of Zr in Þingmúli rhyolite melts 
as this element is highly incompatible. However, as zircon is a well- 
known refractory mineral (e.g., Suzuki et al., 2005), the crystals are 
not easily melted during the host rock partial melting. Zirconium is in 
practical terms “locked” in the mineral phase, and it is not released into 
the resulting melt. This idea is supported by the ZrO2 – SiO2 phase di
agram in which the zircon melting point at atmospheric pressure is at 
1687 ◦C (Butterman and Foster, 1967; Timms et al., 2017). In a basaltic 
magma (the source of heat to promote partial melting in this case), the 
average temperature is between 1200 and 1400 ◦C with the higher 
temperatures in hotspot settings (e.g., Lee et al., 2009), which is not high 
enough to melt the zircon crystals occurring in the ignimbrite layer. It is 
also noted in Charreteur et al. (2013) that zircon crystals occur as in
clusions within plagioclase phenocrysts, suggesting that zircons are 
carried as xenocrysts in the newly formed rhyolite magma.

Fig. 10. a) Þingmúli rhyolites from this study and literature, plotted on the 
haplogranite minimum after Tuttle and Bowen (1958) based on their normative 
Quartz (Q), Orthoclase (Or) and Albite (Ab), corrected for Anorthite content 
(Blundy and Cashman, 2001). Lines denote cotectics at various pressures in 
MPa. b) Shows only the high silica rhyolites (HSR) found at Þingmúli, i.e., 
rhyolites with more than 75% of SiO2 on a dry basis.
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4.3. Basaltic andesite, andesite and dacite magmas

Basaltic andesites, andesites and dacites at Þingmúli are compara
tively scarce, forming only 9 vol% of all lavas erupted. Their scarcity 
suggests that the magma processes that produced them did not operate 
continuously during Þingmúli's lifespan. If produced by fractional 

crystallisation, these magmas should contain relatively higher concen
trations of incompatible elements, a similar isotopic signature to the 
parent basalt, and on average, mineral chemistries suggesting an 
evolving magma. In addition, residence times should be longer than in a 
basaltic magma, reflecting the time spent evolving in the plumbing 
system prior to eruption.

Fig. 11. Partial melting modelling producing the rhyolitic lavas. Grey triangles show Þingmúli rhyolites (Charreteur et al., 2013; Carmichael,1962) and purple circles 
show rhyolites from this study. Each partial melting model (green, pink, and purple lines) corresponds to the depth of a given layer identified by Helgason and Zentilli 
(1982) and Flower et al. (1982). Runs 1 and 3 (green and pink) are basaltic-andesite lavas at 804 and 656 m and run 2 (purple) is a dacitic ignimbrite at 1165 m from 
the Reyðarfjörður Volcanic Sequence below Þingmúli. a-g) show major elements vs SiO2. h-l) show trace element variation with SiO2. Colours and symbols same in all 
diagrams. Starting compositions and modelling parameters given in supplementary material. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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However, it is only the basaltic andesites that appear consistent with 
a fractional crystallisation trend. Andesites and dacites as shown in 
Fig. 3a-f have broadly similar incompatible element concentrations as 
the basaltic lavas i.e., between 0 and 50 ppm Rb (Fig. 3e) and no sig
nificant decrease in Sr (between 200 and 300 ppm) as would be expected 
if plagioclase was fractionating from the magma (Fig. 3c). It is worth 
noting here the noisy spread of the literature data, adding some uncer
tainty to our conclusions. Regardless, the petrography highlights 
disequilibrium between the crystal cargos (i.e., sieve textures found in 
plagioclases) and their melt compositions (Fig. 4e), while mineral 
chemistry, reflects crystal growth in a more primitive magma (Fig. 5b), 
with disequilibrium reported between plagioclase core and rims (Sec
tion 3.3.2). Calculated residence times estimated from the CSD of their 
main mineral phases also suggest these magmas spend a relatively 
shorter time in the plumbing system, cooling and evolving than basaltic 
magmas, the opposite of what is expected if they were produced by 
fractional crystallisation.

An alternative mechanism to generate the andesite and dacite melts 
is by mixing basaltic and rhyolitic melts. To test this mechanism, we 
have plotted major and trace elements on an abacus diagram (McGarvie 

et al., 1990; Fig. 12), using representative basaltic and rhyolitic lava 
analyses (T1–04 and 0409–09, respectively) as mixing endmembers 
(further mixing models can be found in Supplemental Fig. S3). The 
andesite lavas (AT-25, 0509–04, T6–03) all plot as roughly vertical lines, 
with only AT-25 and 0509–04 having variation in Sr, suggesting addi
tional plagioclase fractionation after mixing. Based on Fig. 12, andesite 
and dacite magmas can be generated from 80:20 to 60:40 (basalt: 
rhyolite) depending on the SiO2 content desired. The dacitic lava 
(sample 0309–02) plots as a roughly vertical line, with only variation in 
Zr, which can be improved using a lower Zr concentration rhyolite as the 
mixing endmember, requiring a larger contribution of rhyolite, between 
20:80 to 10:90 (basalt:rhyolite).

4.4. Basaltic andesite magmas

However, this mixing model does not easily reproduce basaltic an
desites, (sample T1–13; Fig. 12), in which TiO2 and MgO are in lower 
concentration than would be expected, while Rb, Ba, Zr, Y and Nb are 
higher. Petrography of the samples also corroborates an absence of clear 
mixing textures (i.e., lack of sieve textures or reverse zoning). Addi
tionally, the basaltic andesite samples seem to have only one plagioclase 
crystal population with relatively longer residence times than the 
andesitic samples based on their CSDs. Based on all this evidence, we 
propose a fractional crystallisation mechanism from a parental basalt 
magma.

A fractional crystallisation model such as the MELTS model starting 
from sample AT-50 (Figs. 2a - i) generating the basaltic andesites would 
also explain the curved trend in the high FeO, TiO2 basalts, where 
enrichment in these elements is observed up to 54 wt% SiO2 (Fig. 2b and 
d). The mechanism would also explain the concentrations of incom
patible elements such as Zr in the basaltic andesites (Fig. 3a) compared 
to other evolved compositions.

5. Comparisons with other active central volcanoes

Whole-rock chemistry of Þingmúli's eruptive products is consistent 
with an enriched source, with basaltic samples being broadly transi
tional alkaline, implying that Þingmúli was likely a flank zone volcano, 
which formed, and erupted adjacent to the tertiary rift zone. Based on 
the assumption that the Icelandic plume has moved marginally over the 
last 10 Ma (Thordarson and Höskuldsson, 2022), Þingmúli would have 
been situated approx. 90 km from the centre of the plume when it was 
active. The tectonic environment of the East Fjords at this time would 
have been similar to the current Öræfi volcanic belt (ÖVB), a flank zone 
volcanic region located approx. 50 km adjacent of the central rift zone 
(Thordarson and Larsen, 2007).

In a geochemical comparison with Öræfajökull, the basalts at 
Þingmúli display a similar compositional range in alkalis, plotting in the 
transitional alkali zone (Supplemental Fig. S4a). Charreteur et al. (2013)
made a similar comparison, identifying similarities in FeO* trends be
tween both central volcanoes, and postulated that trends between a low- 
and a high‑iron trends can be generated via mixing of these two end
members. Both volcanoes exhibit a broadly similar concentrations of Zr 
in their basalts (clustering around 200–400 ppm) representing their 
enriched mantle source origin, however a wider range is observed at 
Þingmúli, with some basalts containing up to 500 ppm Zr, and a small 
cluster at ~700 ppm. This may illustrate either a wider range of partial 
melting amounts at Þingmúli, compared to Öræfajökull, or a difference 
in source composition (mantle heterogeneities). The generation of in
termediate magmas (andesite and dacite) at Öræfajökull is thought to be 
the result of magma mixing between basalt and rhyolite, with the 
rhyolite itself generated via partial melting of older crust (Prestvik et al., 
2001; Selbekk and Trønnes, 2007).

In comparison to other modern day central volcanoes (both rift and 
flank zone), Þingmúli also bears geochemical resemblance to Hekla, 
which currently sits approx. 120 km from the centre of the plume. Both 

Fig. 12. Abacus diagram illustrating mixing between a rhyolite and basalt. The 
x-axis shows the proportion of the basaltic endmember. The y axis gives major 
elements (wt%) and trace element (ppm) concentrations. Black circles represent 
the composition of that element or oxide in the endmember magmas. Samples 
AT-25, 0509–04 and T6–03 are andesitic lavas, 0309–02 is a dacite lava and 
T1–13 is a basaltic andesite lava. All samples, apart from AT-25, are taken from 
Charreteur (2012).
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Þingmúli and Hekla show a broadly similar transitional alkaline trend 
(Supplementary Fig. S4a), and similarities between Zr concentrations, of 
around 400 ppm (Supplementary Fig. S4b). Hekla is well known to 
produce high volumes of intermediate lavas by magma mixing (e.g., 
Sverrisdottir, 2007), similar to what is proposed here for Þingmúli. 
Basaltic andesites are also a common occurrence at Hekla and, again 
similarly to Þingmúli, are thought to be the product of fractional crys
tallisation (e.g., Chekol et al., 2011).

6. Petrogenetic model

In summary (Fig. 13), basalts at Þingmúli are likely to be generated 
in the mantle as the result of partial melting in the outer region of the 
Icelandic plume. Toward the centre of the plume, higher temperatures 
would promote higher degrees of partial melting, thus generating more 
tholeiitic-trending basalts (Jakobsson et al., 2008; Jordan et al., 2022). 
Magmas generated at the outskirts of the Icelandic plume, will be 
generated by lower degrees of partial melting, producing transitional 
alkali basalts melts, slightly more enriched in incompatible elements 
and alkalis than the tholeiites. The ideal starting compositions to pro
duce these basalts are spinel lherzolites undergoing 15–20% partial 
melting, at depths approx. 40–45 km (Fig. 13a), equivalent to the base of 
the Moho.

After their generation, the basaltic melt ascended, spending around a 
year in Þingmúli's plumbing system based on our residence time calcu
lations. During this time, minor crustal contamination (likely basaltic 
crust) occurred and, in cases of melts with longer residence times, 
magmas likely underwent minor amounts of fractional crystallisation, 
producing basaltic-andesitic and/or ferro basalt magmas in approxi
mately 5 years (Fig. 13b-c).

Rhyolites at Þingmúli are likely to have been generated by partial 
melting of the Reyðarfjörður Volcanic Sequence (RVS) beneath the 
volcano. Those with 70–75 wt% SiO2 were the product of partial melting 
of basalt to basaltic andesitic lavas from the RVS as both rhyolite lava 
and pyroclastic eruptions (Fig. 13b). High silica rhyolites, with SiO2 75 
wt% and above, were generated by partial melting of dacitic ignimbrites 
and tuff layers from the RVS. They then erupted as a coulée on the 
eastern flanks of the volcano (Fig. 13d; Hughes, 2025).

Partial melting primarily occurred in the upper 1 km of the crust, 
with HSR requiring shallower depths (Gualda and Ghiorso, 2013). 
Andesite and dacite magmas at Þingmúli were produced by the shallow 
level mixing of basalt and rhyolite endmembers (Fig. 13e) with an 
average ratio of 60:30 basalt:rhyolite (up to 70:30 in cases of andesite 
production or mixing with high silica rhyolite to produce dacites). This 
mixing happened periodically across the whole of Þingmúli's lifespan, 
producing small, intermittent, lava flows fed by similar composition 
dykes, likely stemming from shallow level magma storage zone beneath 
the complex.

7. Conclusions

In this work, we have shown that the volcanic sequence at Þingmúli, 
originally interpreted as a tholeiitic sequence formed by fractional 
crystallisation, is really the consequence of combined fractional crys
tallisation, partial melting and magma mixing mechanisms starting from 
basalts generated in an enriched rather than a depleted mantle source.

Although a relative increase in FeO* does occur from basalts to 
basaltic andesites as expected in the tholeiitic differentiation, the ma
jority of the eruptive products are in fact transitional alkaline. Of these, 
the evolved compositions are better modelled by partial melting of 
dacite-rhyolite pyroclastic layers beneath Þingmúli, while andesite and 
dacite compositions are the products of magma mixing between basalts 
and rhyolites (e.g., Reubi and Blundy, 2009).

This study highlights the importance of re-evaluating classic local
ities to refine our knowledge of magmatic processes and their implica
tions on wider areas. In this case, Þingmúli, previously used as a case 
study for fractional crystallisation in Iceland, can now be used as a case 
study for magma mixing and partial melting for other Icelandic vol
canoes with large volumes of rhyolite eruptions and comparatively 
smaller volumes of andesite and dacite magmas.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jvolgeores.2026.108561.
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