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The architectures of magma plumbing systems and timescales of magmatic processes are fundamental to understanding volcanic
eruption dynamics. This is especially crucial when investigating the rejuvenation of magma plumbing system that have been dormant
for extended periods, as their long-term evolution is poorly understood, making eruption monitoring more challenging. The 2021–
2023 Fagradalsfjall eruptions provide a unique perspective on the initial stages and temporal evolution of a basaltic magma plumbing
system, since its previous eruptions occurred ∼7000 years ago. In this study, we focus on the 2022 and 2023 Fagradalsfjall eruptions,
integrating our petrological and geochemical dataset with data from the 2021 Fagradalsfjall eruption. We show that the 2022 and
2023 Fagradalsfjall eruptions were sourced from a near-Moho magma domain at ∼14 km depth, similar to the 2021 Fagradalsfjall
eruption. However, clinopyroxene–melt barometry suggests that the 2022 and 2023 magmas experienced crystallization in an incipient
mid-crustal reservoir or during slow ascent within the magma conduit. The 2022 and 2023 Fagradalsfjall lavas show substantially
less compositional variation than the 2021 lavas and are dominated by geochemically enriched compositions that became apparent
after the first 40 days of the 2021 event. Olivine mesocrysts (100–500 μm in length) and plagioclase macrocrysts (>500 μm in length)
constitute two different populations in the crystal cargo. Olivine mesocrysts are interpreted as autocrysts that crystallized from the
host magma, whereas the plagioclase crystals, which are out of chemical equilibrium with the host magma, are derived from a crystal
mush. Olivine and plagioclase diffusion timescales represent two different processes. Plagioclase diffusion timescales reveal the erosion
of crystal mushes, a process that unfolded over the months and days prior to the 2022 and 2023 eruptions. The decreasing duration
of these timescales from 2021 to 2023 suggests an increasingly rapid response of the plumbing system to deep melt injections and
the progressive shortening of unrest timescales. In contrast, olivine diffusion timescales capture the timing and duration of dike
opening and propagation from near-Moho depths, as evidenced by the correlation between their cumulative frequency distribution
and pre-seismic activity. Combined geophysical, petrological, and barometric data suggest that the 2022–2023 propagating dikes took
significantly longer to traverse the lower crust and reach mid-crustal levels compared to the upper crust, which they breached within a
few days through a fully established magma pathway. Our results highlight the importance of deep magmatic processes and the need
to improve monitoring methods for detecting the early stages of magma accumulation and dike propagation at active volcanoes in
geological settings similar to Iceland.
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INTRODUCTION
Volcanic eruptions are the result of a complex interplay of mag-
matic processes, including the accumulation, storage, transport,

and evolution of magma. These processes take place within the
magma plumbing system—a complex network of interconnected

sills, mushes and dikes that regulate magma processing (Cash-

man et al., 2017; Magee et al., 2018; Maclennan, 2019). Notably,

the structure of magma plumbing systems and the timescales
of magmatic processes can evolve over time, with several studies

highlighting changes occurring on both long (centuries to millen-
nia) (Mutch et al., 2019a; Caracciolo et al., 2020, 2021; Lo Forte et al.,
2023) and short timescales (days to years) (Kahl et al., 2015; Mutch
et al., 2019b; Davydova et al., 2022; Halldórsson et al., 2022; Marshall
et al., 2024; Matthews et al., 2024).

The Reykjanes Peninsula (RP), in southwest Iceland, provides
a unique opportunity to study the temporal evolution of magma
plumbing systems, as it has been experiencing volcano-tectonic
unrest since December 2019 (Cubuk-Sabuncu et al., 2021; Flóvenz
et al., 2022; Sigmundsson et al., 2022, 2024; Einarsson et al., 2023;
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Jenkins et al., 2025; Parks et al., 2025), the first in the area since the
medieval period (Fig. 1; Sæmundsson et al. (2020). In particular, the
Fagradalsfjall volcanic system, dormant for the past ∼7000 years
(Einarsson et al., 2023), has erupted three times since 2021, offering
a rare opportunity to investigate the rejuvenation of a basaltic
magma plumbing system and the short-term evolution of mag-
matic processes. For example, these eruptions allow us to test
whether the plumbing system undergoes significant changes in
magma composition, P–T–X–fO2 storage conditions, and transport
processes, as observed during the 2021 eruption (Halldórsson
et al., 2022; Pedersen et al., 2022; Marshall et al., 2024), or if it
rapidly transitions into a more established and stable plumbing
system. Furthermore, observations from the geological record in
the RP indicate that once volcanic unrest begins, it may persist for
decades or even centuries (Sæmundsson et al., 2020). This high-
lights the importance of understanding temporal changes in the
magma plumbing system to support hazard mitigation strategies.
So far, significant research has focused on the initial eruption
of this series, the 2021 Fagradalsfjall eruption (Lamb et al., 2021;
Bindeman et al., 2022; Greenfield et al., 2022; Halldórsson et al.,
2022; Sigmundsson et al., 2022; Hjartardóttir et al., 2023; Kahl
et al., 2023; Scott et al., 2023; Day et al., 2024; Marshall et al., 2024;
Soubestre et al., 2025), which was subsequently followed by two
additional eruptions at Fagradalsfjall: one at Meradalir in 2022
and another at Litli-Hrútur in 2023 (Fig. 1).

Previous studies of the 6-month-long 2021 Fagradalsfjall erup-
tion highlight that it differed significantly from most basaltic
eruptions globally (Halldórsson et al., 2022). The 2021 eruption
was fed from a magma domain (hereafter defined as a single
or a set of interconnected magma reservoirs) located at near-
Moho depths (Halldórsson et al., 2022; Marshall et al., 2024; Jenkins
et al., 2025), rather than at mid-crustal depths like most Icelandic
eruptions (Neave & Putirka, 2017; Caracciolo et al., 2020, 2023;
Baxter et al., 2023). Remarkable changes in incompatible minor
and trace element ratios, as well as radiogenic isotopes, were
observed (Halldórsson et al., 2022) throughout the eruption, again,
unlike most Icelandic eruptions which typically display invariant
lava compositions throughout the eruption (Sigmarsson et al.,
1991; Halldórsson et al., 2018). The geochemical variability of the
2021 Fagradalsfjall eruption can be attributed to the contribution
of multiple sills, located in the lower crust and near the crust–
mantle boundary (Marshall et al., 2024). While each sill may host
a chemically uniform melt, the erupted composition may vary
over time as the supply from each chemically distinct sill waxes
and wanes (Marshall et al., 2024). Based on diffusion chronometry,
the deep magmatic unrest recorded in the 2021 crystal cargo
began years before the eruption, while magma started to move
and traverse the crust without noticeable petrological record of
mid-crustal re-equilibration in the months and days prior to the
eruption (Kahl et al., 2023).

In this work, we study the geochemistry and petrology of the
2022 and 2023 Fagradalsfjall eruptions in order to explore the tem-
poral variations within the magma plumbing system in the earli-
est stages of ‘reawakening’ after thousands of years of dormancy.
We present major element analyses of glass and minerals, along
with trace element data and Sr-Nd-Hf-Pb isotopes from a time-
series of samples collected during the 2022 and 2023 Fagradalsf-
jall eruptions. Additionally, we report diffusion timescale data for
olivine and plagioclase crystals erupted in 2022 and 2023, linking
these findings to monitoring signals and petrological constraints
(e.g. Kahl et al., 2023; Parks et al., 2023). Combined with previous
work from the 2021 eruption, our results provide a window into
the escalation of volcanic unrest and the timescales of dike

propagation from near-Moho depths, with potential implications
for the progression of volcanic hazards at other localities across
the Reykjanes Peninsula and rift eruptions globally.

GEOLOGICAL BACKGROUND
Geological setting and events leading to the
eruptions
Located in southwest Iceland, the RP has been an active oblique
spreading zone for approximately 6–7 million years (Einarsson,
2008). It features five distinct volcanic systems, listed west to east:
Reykjanes, Svartsengi, Fagradalsfjall, Krýsuvík, and Brennisteins-
fjöll (Fig. 1A; Einarsson et al. (2023). Studies of past eruptions on
the RP reveal that eruptive periods occur cyclically, each cycle
lasting approximately 1000 years and the eruptive period a few
hundred years, with the last occurring between 800 and 1240 AD
(Sæmundsson et al., 2020). Volcanic activity on the RP recom-
menced in 2021 with the Fagradalsfjall eruption, consistent with
the cyclic nature of eruptions observed in this region (Sæmunds-
son et al., 2020).

Since mid-December 2019, episodes of intense seismic activity
related to magmatic intrusions and triggered earthquakes have
marked the onset of tectonic unrest across the RP (Sigmundsson
et al., 2022). In 2020, three inflation episodes occurred in Reyk-
janes, Svartsengi, and Krýsuvík (Sigmundsson et al., 2022; Parks
et al., 2025), possibly related to deep magma migration (Parks et al.,
2025) or a combination of magma and supercritical magmatic
fluids (Flóvenz et al., 2022). On February 24, 2021, a magnitude
5.6 earthquake initiated increased seismic activity at Fagradals-
fjall. Subsequently, a NE–SW striking dike began propagating, as
indicated by ground deformation. About 3 weeks later, on March
19, this dike reached the surface, marking the onset of the 2021
eruption in Geldingadalir valley at Fagradalsfjall (Barsotti et al.,
2022; Greenfield et al., 2022; Sigmundsson et al., 2022; Einarsson
et al., 2023). The eruption continued for ∼6 months (183 days), until
September 18, 2021, extruding a bulk volume of ∼150 × 106 m3

(Fig. 1B; (Pedersen et al., 2022). The 2021 eruption was character-
ized by a fairly constant effusion rate from March to Septem-
ber, except for a sudden increase in May (Pedersen et al., 2022).
Following the 2021 eruption, a second dike intrusion occurred at
Fagradalsfjall in December 2021, which did not culminate in an
eruption. In April 2022, the fourth inflation episode (inflation IV)
in the RP was recorded in Svartsengi (Parks et al., 2023, 2025).
Eventually, after ∼10 months of quiescence, a third dike began
propagating in Fagradalsfjall on July 30, 2022, erupting on the sur-
face four days later along a ∼ 230 m long fissure in the Meradalir
valley, 1.5 km NE of the 2021 eruptive craters (Fig. 1C; (Gunnarson
et al., 2023; Parks et al., 2023, 2025; Pedersen et al., 2024). The
2022 eruption lasted for ∼18 days and extruded a bulk volume
of ∼11 × 106 m3 of lava (Gunnarson et al., 2023; Pedersen et al.,
2024). From the end of the 2022 eruption and before the start of the
2023 eruption, only subtle inflation was measured, with increased
inflation rates measured at Svartsengi in the month before the
2023 eruption (inflation V) (Parks et al., 2025). Eventually, a fourth
dike began propagating at Fagradalsfjall on July 3, 2023. This dike
erupted on July 10, 2023, across a ∼ 220 m long fissure at the
bottom of the Litli-Hrútur hill, ∼3 km NE of the 2022 eruptive
craters. The 2023 eruption lasted for 26 days and the bulk erupted
volume was ∼15 × 106 m3 (Fig. 1D; Belart et al., 2023; Pedersen
et al., 2024). In contrast to the 2021 eruption, the effusion rate
exponentially declined over the course of both 2022 and 2023
eruptions (Pedersen et al., 2024). Following the 2023 eruption at
Fagradalsfjall, seismicity increased dramatically in the Svartsengi

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/66/6/egaf054/8153025 by U

niversita degli Studi di Perugia Biblioteca C
entrale Fac. M

edicina e C
hir. user on 18 June 2025



Journal of Petrology, 2025, Vol. 66, No. 6 | 3

Fig. 1. (A) Simplified geological map of the Reykjanes Peninsula, showing the background geology and the location of the different volcanic systems
(Sæmundsson et al., 2016). Highlighted on the map is the aerial extent of lavas erupted during the medieval period (800–1240 AD Fires) across the
Reykjanes Peninsula, as well as the lavas erupted from 2021 to 2024 in Fagradalsfjall and Svartsengi. The extents of the lavas erupted in Svartsengi
between December 2023 and November 2024 are sourced from Landmælingar Íslands Geoserver (gis.lmi.is/geoserver). Urban areas are indicated with
dashed black outlines. (B–D) Sample locality maps and aerial extents of the (B) 2021, (C) 2022 and (D) 2023 Fagradalsfjall lava fields. Samples from the
2021 eruption are from Halldórsson et al. (2022) and Marshall et al. (2024). Sample localities are shown with diamonds and coloured according to the
eruption. This colour-coding is maintained throughout the manuscript. Red solid lines show the location of the eruptive fissure, while filled red circles
indicate the different vents that opened during the eruptions. The lava fields from the 2021, 2022, and 2023 eruptions are from Pedersen et al. (2022),
Gunnarson et al. (2023) and Belart et al. (2023), respectively.

area in October 2023, followed by several inflation episodes near
the town of Grindavík. These episodes led to the formation of ten
dikes and eight relatively short-lived eruptions (lasting hours to
weeks) between November 2023 and April 2025 (Matthews et al.,
2024; Sigmundsson et al., 2024; Parks et al., 2025). In this study, we
focus on products from the 2022 eruption at Meradalir and the
2023 eruption at Litli-Hrútur in the Fagradalsfjall volcanic system
(Fig. 1).

SAMPLING
Throughout the eruptions, we frequently sampled freshly erupted
materials. Our collection includes samples of quenched lava
obtained by scooping molten lava into water-filled buckets,
naturally cooled lava, and air-quenched tephra (Fig. 1). We
assigned specific dates of vent emergence to naturally cooled
and water-quenched lava samples by using field observations.
Challenges in assigning a specific date of vent emergence include
the short duration of the eruptions and the formation of a lava
lake around the 2022 eruptive craters, where lava ponded before
breaking out at the edge of the lava field. Therefore, when the
eruption date could not be precisely determined, a range of
dates was assigned to a sample. Tephra samples were collected

from the ground when they could be linked to a specific time
or period of vent emergence. Most tephra samples from the
2022 eruption were collected directly as they fell to the ground,
still hot and requiring water-cooling before handling. Fewer
tephra samples were obtained during the 2023 eruption due to
unfavourable wind direction and strong moss fires caused by
the lava at the beginning of the eruption, making it challenging
to collect samples near the vent. A total of 19 samples from
the 2022 eruption and 18 samples from the 2023 eruption are
presented in this work and listed in Supplementary Table S1
(SDT1).

METHODS
Geochemical analytical methods
As in Marshall et al. (2024), we analysed the chemical composition
of glass, minerals, whole-rock and macrocryst-free matrix. The
latter reflects the bulk composition of the matrix (glass, microlites
and mesocrysts) after the macrocrysts have been picked out.
The compositions of glass and minerals were analysed using an
electron microprobe (EMPA), while whole-rock and macrocryst-
free matrix samples were analysed for major elements, trace
elements, and radiogenic isotopes using inductively coupled
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plasma optical emission spectroscopy (ICP-OES), inductively
coupled plasma mass spectrometry (ICP-MS), and multi-collector
ICP-MS (MC-ICP-MS), respectively.

Electron microprobe methods
Major and minor element concentrations in glasses (n = 323),
plagioclases (n = 394), olivines (n = 334), and clinopyroxenes
(n = 321) were analysed by electron microprobe using the
JEOL JXA-8230 SuperProbe at the University of Iceland. The
microprobe settings are identical to those described in Carac-
ciolo et al. (2023), and more information are provided in the
Supplementary Material. Accuracy and precision were assessed
by repeat measurements on secondary standard materials
(see SDT6-SDT9). The 2σ accuracy and precision on olivine
Forsterite (Fo, Fo = 100 × Mgmol/(Mg + FeTot)mol, clinopyroxene Mg#
(Mg# = 100 × Mgmol/(Mg + FeTot)mol) and plagioclase Anorthite (An,
An = 100 × Camol/(Ca + Na + K)mol] as measured by secondary
reference materials are all better than 2%.

For olivine diffusion modelling, concentration profiles were
acquired perpendicular to crystal margins, with spacing 4 to
5 μm, using identical analytical settings to those described in
Caracciolo et al. (2023). Based on repeated analyses of olivine sec-
ondary standards over 10 sessions, the 2σ precision and accuracy
of olivine forsterite (Fo) measurements are approximately 0.3%
(SDT10). The olivine Fo precision derived from secondary standard
analyses is very similar to precision derived from EMPA counting
statistics (i.e. Poisson distribution) errors for each analysis. For
plagioclase diffusion, profiles were measured using the same
analytical conditions to those reported in Mutch et al. (2021).
Chemical profiles were analysed with spatial resolution that was
typically 5 to 10 μm at the rim and 10 to 15 μm in the core. 2σ

accuracy of An and Mg based on repeated analyses of secondary
standard is 2% and 10%, respectively. 2σ precision of Mg in plagio-
clase based on repeated analyses of secondary standard is 17%.
However, since the plagioclase secondary standard contains very
little Mg compared to our samples, we calculated the precision
of Mg based on EMPA counting statistics errors, which is ∼5%
(Supplementary Table S11, SDT11).

Bulk major, trace element, and radiogenic isotope methods
The major element composition of whole-rock and macrocryst-
free matrix was analysed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using the ThermoFisher iCAP
7400 Duo instrument at the University of Iceland Plasma Center.
Procedures for powder digestion and ICP-OES analysis are identi-
cal to those described in Marshall et al. (2024) and Matthews et al.
(2024). More information is provided in the Supplementary Mate-
rial. Based on replicates of basaltic reference materials BHVO-1,
W-2, and BIR-1, 2σ precision for all elements, except for P, is less
than 5% and most of the time < 3%. The 2σ precision of K2O/TiO2

for BHVO-1, which has comparable K2O and TiO2 concentration to
our samples, is 3.2% (SDT2–SDT3).

Trace element concentrations of picked matrix were deter-
mined over two sessions on the ThermoFisher iCAP RQ Quadrupole
Inductively Coupled Plasma Mass-Spectrometer (ICP-MS) at the
University of Iceland Plasma Centre. For each sample, 50 mg
of hand-picked macrocryst-free matrix was digested following
the method described in Marshall et al. (2024) and Matthews
et al. (2024). Further details on the ICP-MS method is provided
in the Supplementary Material. Precision was assessed using
BHVO-2 standard powder. Based on replicates of BHVO-2, 2σ

reproducibility is <5% for all trace elements, except for Cs and

Pb. La/Yb, La/Sm, and Dy/Yb are reproduced within 2.2%, 1.9%,
and 1.5%, respectively (SDT4).

Sr, Nd, Hf, and Pb chemical separation and isotope analyses
of picked matrix were performed at the University of Iceland
Plasma Center using the Nu Plasma 1 multicollector ICP-MS.
New MC-ICP-MS Sr and Nd isotope data (n = 7) were combined
with and supplement the TIMS Sr and Nd isotope data from the
same eruptions (n = 4), published in Matthews et al. (2024). We
analysed Hf and Pb isotopes in eight samples from the eruptions
(SDT5). Pb and Hf isotope analyses were carried out following the
procedure described in Halldórsson et al. (2018) and Marshall et al.
(2024). Further information on the methods used is provided in
the Supplementary Material.

Thermobarometry
Magma storage pressures were estimated using both clinopyrox-
ene–melt and Olivine–Plagioclase–Augite–Melt (OPAM) barome-
ters. We employed the clinopyroxene–melt barometer of Neave
& Putirka (2017) (SEE = ±1.4 kbar, i.e. ±4.9 km), implemented in
Thermobar (Wieser et al., 2022). Clinopyroxenes were paired with
melt compositions from their respective eruptions, with 459 melt
compositions from 2022 and 304 from 2023. Additionally, we also
tested a clinopyroxene–melt matching scheme using a larger
dataset of clinopyroxene and melt compositions from the 2021,
2022, and 2023 eruptions, where matching was tested regardless
of the specific eruption (see Fig. S1). In the cpx–melt barometry
calculations, clinopyroxene compositions from the 2022 (n = 188)
and 2023 (n = 133) Fagradalsfjall samples were tested for
equilibrium with melt compositions consisting of macrocryst-
free matrix, glasses and melt inclusion compositions from the
2021–2023 Fagradalsfjall eruptions published by Halldórsson
et al. (2022) and Caracciolo et al. (2024). Equilibrium filters and
calculation parameters in Thermobar include: (1) Observed DiHd,
EnFs, and CaTs component values within ±0.06, ±0.05 and ± 0.03
of predicted values, respectively (Neave et al., 2019) (2) Kd Fe−Mg

Cpx−Liq

values within ±0.03 of equilibrium values calculated using Eq. 35
from Putirka (2008) (3) Exclusion of clinopyroxene compositions
with Al (6O) < 0.11, to account for sector zoning (Neave & Putirka,
2017). (4) Melt Fe3+/FeT = 0.15 (5) Melt H2O = 0.3, in agreement
with MI data from Halldórsson et al. (2022). In total, 106 and 62
clinopyroxene compositions were successfully matched with at
least one equilibrium melt composition from the 2022 and 2023
Fagradalsfjall samples, respectively.

For OPAM barometry (SEE = 1.1 kbar, i.e. ±3.7 km), we used
the calibration of Higgins and Stock (2024). We used 242 and
87 melt compositions from the 2022 and 2023 Fagradalsfjall
samples, respectively, including tephra, quenched lava glass and
macrocryst-free matrix compositions. In addition to petrographic
observations, OPAM saturation was tested by using the statistical
approach discussed in Baxter et al. (2023). Only melt compositions
returning a probability of fit (Pf) above 0.8, in agreement with
Baxter et al. (2023), were assumed to be three-phase saturated and
used in this study. However, quenched lava glass compositions
are unlikely to reflect magma storage pressures, as they are
affected by microlite crystallization on the surface before water
quenching, which affects OPAM pressure estimates (Caracciolo
et al., 2023). Pressures were converted into depths assuming an
average crustal density of 3000 kg/m3 (Darbyshire et al., 2000;
Baxter et al., 2023).

Melt storage temperatures were estimated on macrocryst-free
matrix and tephra glass compositions by using eq. 16 (SEE = ±
19◦C) of Putirka (2008) and the OPAM thermometer (MAE = ± 10◦C)
by Baxter & Maclennan (2024).
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Diffusion modelling
The diffusive relaxation of Fe–Mg zoning in olivine and Mg
zoning in plagioclase crystals was modelled using the Diffusion
Chronometry Finite Elements and Nested Sampling (DFENS)
method outlined by Mutch et al. (2021). DFENS uses different types
of prior distributions for different parameters. In both olivine and
plagioclase modelling, a log uniform prior of 10−2 to 104 days was
used to encapsulate the possible range of timescales. Gaussian
priors with 1σ uncertainties were used for intensive parameters
such as temperature, oxygen fugacity, pressure, and activity of sil-
ica. For both olivine and plagioclase modelling, temperature was
set with a prior of 1205 ± 20◦C. Temperature was chosen by aver-
aging multiple temperature estimates using the melt-only OPAM
thermometer by Baxter & Maclennan (2024) applied to primitive
(MgO > 8 wt%) tephra glass compositions from the 2022 and 2023
products. The temperature uncertainty was set as 2σ of the mean
absolute error (MAE = 10◦C) reported Baxter & Maclennan (2024).
Other intensive parameters specific to olivine and plagioclase will
be discussed below and in the Supplementary Material.

In total, we obtained 118 diffusion timescales from olivine
(n = 53) and plagioclase (n = 57) crystals erupted during the 2022
and 2023 Fagradalsfjall eruptions (SDT12 and SDT13). The total
number of independent olivine (n = 53) and plagioclase (n = 57)
timescales is larger than the number of modelled olivine (n = 43)
and plagioclase (n = 52) crystals, as in some crystals, we mea-
sured and analysed more than one analytical traverse (Fig. S3).
Examples of best-fit models for olivine and plagioclase crystals
are shown in Fig. S2, whereas all models are shown in Figs S25
and S26. The raw diffusion profiles can be found in SDT10–11.

Olivine diffusion modelling
The olivine DFENS modelling approach numerically solves
Fick’s second law (Crank, 1979) with a spatially dependent
diffusion coefficient. For Fe–Mg interdiffusion we use the diffusion
coefficient parameterization and covariance matrix of Mutch
et al., (2019b) which is based on the diffusion coefficient data of
Chakraborty (1997), Petry et al. (2004), Dohmen & Chakraborty
(2007), Dohmen et al. (2007), Holzapfel et al. (2007) and Spandler &
O’Neill (2010). Refer to Mutch et al. (2021) for more details of how
the diffusion coefficient was set.

We obtained Fe–Mg timescales from 34 and 19 analytical tra-
verses in 25 and 18 olivine crystals from the 2022 and 2023
Fagradalsfjall eruptions, respectively. Olivine crystals were mod-
elled using a pressure prior of 1.7 ± 1.4 kbar, consistent with cpx–
melt barometry constraints (Fig. S4). A Fe3+/FeT prior of 0.15 ± 0.02
was used to calculate oxygen fugacity based on the method of
Kress & Carmichael (1991), returning Δlog fO2 (QFM) = −0.1, in
agreement with oxygen fugacity conditions calculated for the
2021 Fagradalsfjall eruption (QFM − 0.1 (± 0.5), Kahl et al., 2023).
Full details of the olivine modelling and initial conditions are
reported in the Supplementary Material. The crystallographic
orientation of olivine crystals was determined to account for dif-
fusion anisotropy by using electron backscatter diffraction (EBSD)
on the JEOL FEG-SEM JSM-IT800 at the Electron microscopy lab
for GeoMaterials at Heidelberg University (see Supplementary
Material and SDT12).

Plagioclase diffusion modelling
Diffusion of trace elements in plagioclase, such as Mg, is not
controlled simply by concentration gradients directly. Rather, the
chemical potential gradient is strongly coupled to the anorthite
content. This can be approximated using trace-element parti-
tion coefficients and their dependence on the anorthite content

(Mutch et al., 2022). The dependence of An content in the partition
coefficient for Mg into plagioclase may vary between volcanic
systems (Moore et al., 2014). Following the approach of Moore
et al. (2014) and Mutch et al. (2021), we calculated the slope (AMg)
and intercept (BMg) of the Mg partitioning relationship for the
2022–2023 Fagradalsfjall volcanic system. The plagioclase DFENS
modelling approach numerically solves the diffusion equation
of Costa et al. (2003). We use the Mg in plagioclase diffusion
coefficient parameterization and covariance matrix of Mutch et al.
(2021), which uses the diffusion coefficient data of Faak et al.
(2013). See Mutch et al. (2021) for more details.

A total of 43 and 71 profiles were analysed in 40 and 59 pla-
gioclase crystals from the 2022 and 2023 Fagradalsfjall eruption,
respectively. In total, 57 plagioclase crystals showed Mg disequi-
libria at the crystal edges (20 profiles from the 2022 eruption
and 37 profiles from the 2023 eruption), which we subsequently
modelled by DFENS. Some of the plagioclase profiles from the
2022 (n = 23) and 2023 (n = 34) eruptions were not modelled using
DFENS because they did not show prominent Mg diffusive disequi-
librium beyond analytical uncertainties or resolution (Bradshaw
& Kent, 2017). It is likely that these crystals were exposed to the
carrier melt shortly before eruption, suggesting that there was
insufficient time to produce an observable Mg disequilibrium at
the rim (Fig. S27). Full details on plagioclase modelling parameters
can be found in the Supplementary Material.

RESULTS
Petrography
The eruptive products from the 2022 and 2023 Fagradalsfjall
eruptions show comparable petrographic features. Tephra and
lava samples are slightly phyric to the naked eye, with crys-
tal abundances approximately <3–5 vol% based on visual esti-
mates. In order of abundance, samples contain crystals of pla-
gioclase, olivine, clinopyroxene, and Cr-spinel (Fig. 2A and B). For
comparison, the crystal cargo of the 2021 eruptive products is
characterized by ∼10 vol% macrocrysts of plagioclase, olivine,
clinopyroxene, and Cr-spinel (Halldórsson et al., 2022; Marshall
et al., 2024). Following the crystal size classification of Zellmer
(2021), plagioclase crystals are found as macrocrysts (>500 μm in
length) and mesocrysts (100–500 μm in length), whereas olivine,
clinopyroxene, and Cr-spinel crystals mostly occur as mesocrysts
in both 2022 and 2023 eruptive products. The only exception
to this applies to sample G20220806–3 from the 2022 eruption,
in which clinopyroxene macrocrysts were found. In the glass,
we observe microcrysts (<100 μm in length) of plagioclase and
olivine, present in variable quantities depending on the amount
of cooling following eruption. The tephra glass, rapidly quenched
in air, is microlite-free while quenched lavas have microlite-rich
glass (Fig. 2C–H). Plagioclase macrocrysts are euhedral and char-
acterized by relatively thick rims (10–30 μm), also visible in the
rapidly quenched tephra samples (Fig. 2C and D and Fig. S24).
Olivine mesocrysts are subhedral to euhedral (Fig. 2E and F).
Clinopyroxene mesocrysts, often found in glomerophyric clots
together with olivine and plagioclase, are subhedral to euhedral
(Fig. 2G and H). All mineral phases contain glassy silicate melt
inclusions, up to 100 μm in diameter (Fig. 2C).

The composition of the crystal cargo
Plagioclase macrocrysts have large high-anorthite (An) cores,
characterized by complex or patchy An zoning, surrounded by
more evolved rims (Fig. 2C and D). Plagioclase macrocryst cores
from the 2022 and 2023 products have An contents between
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Fig. 2. Petrographic characteristics of the 2022 (left column) and 2023 (right column) Fagradalsfjall products. (A, B) Photo of a hand-specimen sample
of quenched lava from the (A) 2022 and (B) 2023 eruption. Note the plagioclase (plg) macrocrysts and the glassy crust. (C, D) BSE image of a plagioclase
macrocryst in a tephra sample from the (C) 2022 and (D) 2023 eruption. Note the glassy melt inclusions (MIs) and the relatively thick plagioclase rims
in both images. (E, F) BSE image of olivine (ol) mesocryst in (E) a tephra sample from the 2022 eruption and (F) quenched lava from the 2023 eruption.
Note spinel (sp) and silicate melt inclusions in both images. (G, H) BSE image of clinopyroxene (cpx) in quenched lava samples from the (G) 2022 and
(H) 2023 eruption. Note the sector zoning in the pyroxenes and their occurrence as mesocrysts in glomerophyric clots.

An79–90 and An84–89, respectively, with most compositions (74%)
with An84–89. Plagioclase macrocryst rims are more evolved in the
2022 (An73–87) and 2023 (An74–82) products, with most compositions
(79%) between An76–82 (Fig. 3A). Plagioclase compositions during
the 2022 and 2023 Fagradalsfjall eruptions are comparable and
do not vary through time in either eruption (Fig. 3A). The major
element composition of plagioclase macrocrysts from the 2022

and 2023 Fagradalsfjall eruptions resemble those found in the
2021 products, in which most of the plagioclase cores exhibit
An84–90 throughout the eruption (Fig. 3A; Marshall et al., 2024).
Plagioclase core compositions are also comparable to those
erupted during the 2023–2024 eruptions at Sundhnúksgígar in
Svartsengi (Matthews et al., 2024) and during 800 to 1240 AD Fires
across the RP (Fig. S5A) (Caracciolo et al., 2023).
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Fig. 3. (A–C) Time series of the chemical composition of the crystal cargo erupted during the 2021, 2022 and 2023 Fagradalsfjall eruptions as a function
of days that passed since the beginning of the 2021 Fagradalsfjall eruption. (A) Plagioclase anorthite [An =100xCamol/(Ca + Na + K)mol] (B) olivine
forsterite [Fo =100 × Mgmol/(Mg + FeTot)mol] and (C) clinopyroxene Mg# [Mg# = 100 × Mgmol/(Mg + FeTot)mol]. When possible, measured compositions are
divided into crystal groups (macrocryst, mesocryst and microcrysts) and textural groups (core and rim). The error bar in each panel in the bottom
right corner indicates the 2σ precision based on repeated analyses of secondary standards (see SDT7–9). Curves on the right side of each figure
indicate kernel density estimations (KDEs) of mineral cores, built using Scott’s rule (Scott, 2010), coloured according to the eruption. Data from the
2021 Fagradalsfjall eruption are from Halldórsson et al. (2022) and Marshall et al. (2024). Coloured rectangles indicate mineral compositions in
equilibrium with tephra glass (light blue) and macrocryst-free matrix (light pink) compositions for the different eruptions. Plagioclase equilibrium was
calculated using the model of Neave & Namur (2022). Olivine and clinopyroxene equilibrium was achieved by using a Fe–Mg Kd in the range 0.27–0.33
(Roeder & Emslie, 1970) and 0.24–0.30 (Putirka, 2008), respectively. In B, we also include olivine core and rim compositions analysed for the diffusion
work. Note the two breaks in the horizontal axes and the different major and minor tick scales for the different eruptions.

Olivine macrocrysts exclusively exhibit normal zoning, with
low-Fo rims that overgrow high-Fo cores (Fig. 2E and F). Olivine
cores from the 2022 and 2023 eruptions range from Fo81–88 and
Fo84–87, respectively, while rims are in the range Fo78–87 and Fo77–85,
with most core (84%) and rim (77%) compositions clustering
between Fo84–86 and Fo80–85 (Fig. 3B). We observe six more primitive
olivine cores at the start of the 2022 eruption, with compositions
similar to those erupted in 2021. Aside from this, the composition
of olivine cores remains consistent throughout the 2022 and 2023
eruptions. These compositions differ from those found in the 2021
eruption. During 2021, most of the olivine cores were in the range

Fo87–89 (Marshall et al., 2024), more primitive than those erupted
in 2022 and 2023 (Fig. 3B). Additionally, unlike the 2021 crystal
cargo (Kahl et al., 2023), reverse and complex-zoned olivines are
absent in the 2022 and 2023 eruptions. Olivine cores from the
2021–2023 Fagradalsfjall eruptions are more primitive compared
to those from the 2023–2024 eruptions at Sundhnúksgígar (Fo75–86,
Matthews et al., 2024) and the 800 to 1240 AD fires (Fo73–86,
Caracciolo et al., 2023) (Fig. S5B).

Clinopyroxene mesocrysts show either sector zoning or
oscillatory zoning (Fig. 2G and H). Their composition in both
the 2022 and 2023 products ranges between Mg#79–86, with
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75% of clinopyroxene crystals being in the range Mg#82–85. The
composition of clinopyroxene mesocrysts does not change over
the course of the 2022 and 2023 eruptions. However, they are more
evolved than clinopyroxene from the 2021 eruption (Fig. 3C). In
2021, clinopyroxene occurred as macrocrysts and they were in the
range Mg#85–88, with some compositions reaching Mg#90 (Mar-
shall et al., 2024). Clinopyroxene macrocrysts are found in sample
G20220806-3 and are in the range Mg#83–86 (Fig. 3C), within the
range of macrocrysts from the 2021 eruption. In the eruptive
products of the 800 to 1240 AD Fires, clinopyroxene occurred
as macrocrysts and mesocrysts and they were overall more
evolved than those from the 2021–2023 Fagradalsfjall eruptions
(Caracciolo et al., 2023). In the lavas from the 2023–2024 eruptions
at Sundhnúksgígar, clinopyroxene occurs as mesocrysts and they
are in the range Mg#66–81 (Fig. S5C; Matthews et al., 2024).

Major element composition of the lavas
Lavas erupted in the 2022 and 2023 Fagradalsfjall eruptions have
comparable major element compositions (Fig. 4 and Fig. S5). The
quenched lava glass has MgO and TiO2 contents between 6.4–
8.2 wt% and 1.2–2.0wt %, respectively, with tephra glasses being
slightly more primitive (MgO 7.3–8.2 wt%) than glasses from
quenched lavas (MgO 6.4–7.8 wt%). Macrocryst-free matrix com-
positions are more primitive than the glasses, with MgO contents
between 8.3–8.9wt % and 8.6–8.7wt % in samples from the 2022
and 2023 eruptions, respectively (Fig. 4). These ranges are very
similar to the whole-rock MgO concentrations, which vary from
8.4 to 8.7 wt%. We do not observe any clear temporal variation in
major element composition over the course of the two eruptions
(Fig. S6).

The composition of the macrocryst-free matrix for the 2021,
2022, and 2023 eruptions display similar MgO contents, whereas
the 2022 and 2023 tephra glasses have lower MgO contents com-
pared to the 2021 tephra glass. Lavas erupted in 2021 are more
primitive than any 2022 and 2023 lava and displayed large varia-
tions in MgO, SiO2, and K2O/TiO2 over the course of the eruption
(Marshall et al., 2024). For comparison, the first four lavas from
the 2023 to 2024 eruptions at Sundhnúksgígar and from the 800
to 1240 AD Fires are both more evolved (MgO 6–8.5 wt%) than the
2021 to 2023 Fagradalsfjall lavas (Fig. S7).

Minor and trace element composition of the lavas
The WR and macrocryst-free matrix K2O/TiO2 ranges from 0.26–
0.28 to 0.24–0.26 in samples from the 2022 and 2023 eruptions,
respectively, with the 2022 samples exhibiting slightly higher
K2O/TiO2 values compared to the 2023 samples. The K2O/TiO2

does not change coherently over the course of either eruption
(Fig. 5A). In contrast, lavas erupted in 2021 display K2O/TiO2 rang-
ing from 0.14 to 0.26, which changed systematically throughout
the eruption (Marshall et al., 2024). The 2022 lavas have higher
K2O/TiO2 than any lava erupted after day 50 of the 2021 Fagradals-
fjall eruption, and some lavas exceed the K2O/TiO2 of any lava
erupted during 2021. The 2023 lavas exhibit lower K2O/TiO2, simi-
lar to the final lavas erupted in 2021 (Fig. 5A). For comparison, the
first four lavas from the 2023–2024 eruptions at Sundhnúksgígar
show a similar range of K2O/TiO2 to the 2021 Fagradalsfjall lavas,
0.12 to 0.26 (Matthews et al., 2024), while lavas from the 800 to
1240 AD Fires have lower K2O/TiO2 than the 2021–2023 Fagradals-
fjall lavas, ranging from 0.10 to 0.13 (Fig. S7; Peate et al., 2009).

Trace element (TE) concentrations of matrix glasses show
comparable variability in the 2022 and 2023 macrocryst-free
matrices. Nearly all incompatible elements have identical
variabilities, with a relative variability, as calculated in Fig. S8

Fig. 4. Major and minor element composition of whole-rock,
macrocryst-free matrix and matrix glass from the 2022 and 2023
Fagradalsfjall eruptions. (A) MgO versus TiO2 and (B) MgO versus CaO.
Comparative data from the 2021 Fagradalsfjall eruption are from
Halldórsson et al. (2022) and Marshall et al. (2024). Black arrows indicate
vectors of 2% mineral addition of plagioclase (plg), olivine (ol) and
clinopyroxene (cpx). Black solid and dashed lines indicate liquid lines of
descent calculated using Petrolog 3 (Danyushevsky & Plechov, 2011) at
0.001 kbar, 2 kbar and 4 kbar, starting from the mean macrocryst-free
matrix composition for the 2022 and 2023 eruptions. Precision and
accuracy based on repeated analysis of secondary standards is smaller
than the symbol size.

(see Supplementary Material), of ∼20% (Fig. S8). Ni, Cs, and Pb,
however, show 30% to 40% variability between samples. For
comparison, the relative variability of TEs in the 2021 lavas ranged
between 10% and 160%, correlating with incompatibility, where
the most incompatible elements displayed the largest variability
(Fig. S8) (Marshall et al., 2024).

Incompatible trace elements (ITE) form negative correlations
with the compatible elements Ni and MgO (Fig. 6A and correlation
matrices in Figs S9–S12). As an example, the 2022 and 2023 data
align along two sub-parallel trends in the Ni versus La space.
These trends lie along calculated fractional crystallization trajec-
tories (Fig. 6A). This contrasts with what was observed for the 2021
lavas, which form a positive correlation that is best explained by
mixing of melts with distinct mantle-derived variability (Fig. 6A
and Figs S9–S12; Marshall et al., 2024).

ITE ratios show variability close to that expected from ana-
lytical uncertainty in the 2022 and 2023 lavas, with mean La/Yb
of 4.7 ± 0.1 (1σ) and 4.4 ± 0.1 (1σ) in lavas from each eruption,
respectively (Fig. 5B). The only exception to this is one sample
from 2023 erupted on day 866, which shows higher ITE ratios
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Fig. 5. Time series of different geochemical proxies for the 2021, 2022 and 2023 Fagradalsfjall eruptions. (A) time series of K2O/TiO2 for whole rock and
matrix glass data (B) La/Yb (C) 208Pb/204Pb (D) 176Hf/177Hf. Filled curves on the right side of each figure indicate KDEs of the given geochemical proxy,
built using Scott’s rule (Scott, 2010), coloured according to the eruption. Data from the 2021 Fagradalsfjall eruption are from Halldórsson et al. (2022)
and Marshall et al. (2024). Note the two breaks in the horizontal axes and the different major and minor tick scales for the different eruptions. Error
bars are shown only when they exceed the size of the symbols and represent 2σ precision based on repeated analyses of secondary standards.

compared to the other 2023 samples and more similar to the
2022 samples. This relative homogeneity differs markedly with
the lavas erupted in 2021, where La/Yb displayed a wide range
from 2.1 to 4.5 (Marshall et al., 2024). We observe weak correlations
between time and incompatible trace element ratios (e.g. La/Sm,
Zr/Y) for both 2022 and 2023, but because the entire variability
of the trends lies very close to analytical uncertainty they cannot
be confidently interpreted as temporal trends (Fig. S13). Conse-
quently, ITE ratios display small-to-negligible changes over the
course of the 2022 and 2023 Fagradalsfjall eruptions (Fig. S13),
especially in comparison with the 2021 lavas.

The lavas from the 2022 and 2023 eruptions show differences in
some ITE ratios, with the 2022 lavas, for example, having slightly
higher La/Yb, Sm/Yb, and Zr/Y than any 2023 lava (Figs 5B and 6B
and Fig. S12). This difference is statistically significant (p > 0.05)
as confirmed by the Mann–Whitney U test (Fig. S14; Mann &
Whitney, 1947). The 2022 lavas have higher ITE ratios than any
2021 lava, whereas the 2023 lavas have similar ITE ratios of the last
erupted lavas in 2021 (Figs 5B and 6B). The ITE ratios of the 2022
and 2023 lavas lie along an extrapolation of the binary mixing
trend defined by ITE ratios of the 2021 lava (Fig. 6B; Marshall et al.,
2024).

Radiogenic isotope composition of the matrix
glass
Consistent with the ITE ratios, the 87Sr/86Sr, 143Nd/144Nd,
176Hf/177Hf, and 206207208Pb/204Pb ratios of the 2022 and 2023 lavas
extend to higher Sr and Pb isotope ratios and lower Nd and Hf
isotope ratios than the 2021 lavas (Figs 5 and 6 and Fig. S15).

On average, the 2022 lavas exhibit slightly more radiogenic Sr
and Pb isotope ratios and slightly lower Nd and Hf isotope ratios
compared to the 2023 lavas (Fig. 6C and D and Fig. S16). The 2023
lavas appear more variable in Sr, Hf, and Pb compared to the 2022
lavas, whereas 143Nd/144Nd is relatively invariant across the 2022
and 2023 lavas. Also, one sample erupted at the end of the 2023
eruption (on day 866), has 176Hf/177Hf, 87Sr/86Sr, and 206207Pb/204Pb
similar to the 2022 lavas, consistent with its elevated ITE ratios
(Fig. 5C and D and Fig. S16).

Unlike the 2021 lavas, the 2022 and 2023 Fagradalsfjall lavas
do not exhibit any significant temporal variability in Sr, Nd, Hf,
and Pb isotope compositions beyond analytical uncertainty and
do not form consistent or statistically significant trends with one
another (Fig. 5C and D and Fig. S16).

Thermobarometry
Clinopyroxene–melt pressures for mesocrysts range between 0–
4.5 kbar (0–15 km) and 0–3.0 kbar (0–10 km) in the 2022 and
2023 samples, respectively, with most of the data between 0 and
3 kbar (Fig. 7A). The average crystallization pressure of clinopy-
roxene mesocrysts is 1.7 ± 1.4 kbar (6 ± 4.7 km) and 1.4 ± 1.4 kbar
(4.7 ± 4.7 km) in 2022 and 2023, respectively. We observe a broader
pressure distribution in clinopyroxene mesocrysts from the 2022
eruption compared to those from the 2023 eruption (Fig. S17).
Crystallization pressures of clinopyroxene macrocrysts found in
sample G20220806–3 (day 505) are in the range 1.7 to 4.4 kbar
(6–15 km), with a mean of 3.1 ± 1.4 kbar (10.5 ± 4.7 km) (Fig. 7A).
We do not observe any temporal variation of clinopyroxene–melt
pressures over the course of the 2022 and 2023 eruptions. In
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Fig. 6. Bivariant plots of trace element concentrations, trace element ratios and radiogenic isotope ratios for the matrix glass of the 2021, 2022 and 2023
eruptions. (A) Nickel concentration versus lanthanum. The 2021 lavas can be reproduced by binary mixing of different end-member compositions (filled
red stars, Marshall et al., 2024) indicated by the solid black line. In contrast, a fractional crystallization model (blue and yellow solid lines) reproduces
the correlation for the 2022 and 2023 samples. Filled circles along fractional crystallization curves represent 2% crystallization (see Supplementary
Section 3 for details on the fractional crystallization model), whereas crosses along mixing curves represent 10% increments. (B) Sm/Yb vs La/Sm
(C) 206Pb/204Pb vs 176Hf/177Hf (D) 206Pb/204Pb vs 208Pb/204Pb. Trace element ratios and radiogenic isotopes of the 2022 and 2023 lavas align along the
main mixing trend defined by the 2021 lavas (Marshall et al., 2024), with the 2022 lavas representing the most radiogenic lavas erupted at Fagradalsfjall
over the course of the three eruptions. Data from the 2021 Fagradalsfjall eruption are from Halldórsson et al. (2022) and Marshall et al. (2024).
Error bars are shown only when they exceed the size of the symbols and represent 2σ precision based on repeated analyses of secondary standards.

2021, crystallization pressures of clinopyroxene macrocrysts were
uniformly between 2.5 and 3.5 kbar (9–13 km), with a mean of
2.9 ± 1.4 kbar (10 ± 4.7 km; Marshall et al., 2024). Overall, clinopy-
roxene pressures from the 2022 and 2023 eruptions are lower than
those from the 2021 eruption, with the exception of pressures of
macrocrysts found in sample G20220806–3 that are comparable
to those from the 2021 eruption (Fig. 7A). Pressure distributions
of clinopyroxene mesocrysts from the 2023 Fagradalsfjall erup-
tion, and to a lesser extent from the 2022 eruption, are com-
parable to those calculated for the 800–1240 AD Fires in the
Reykjanes, Svartsengi, and Krýsuvík volcanic systems, and to
those calculated for the first four lavas of the 2023–2024 erup-
tions at Sundhnúksgígar, with crystallization pressures ranging
between 1 and 3 kbar (3.5–10 km) (Fig. S18; Caracciolo et al., 2023;
Matthews et al., 2024).

OPAM pressures of quenched lava glasses are in the range
1–2 kbar, with average equilibration pressure of 1.4 ± 1.1 kbar
(4.8 ± 3.7 km) and 1.3 ± 1.1 kbar (4.4 ± 3.7 km) in 2022 and
2023, respectively (Fig. 7B). Tephra glasses record slightly higher
pressures, with average values of 1.9 ± 1.1 kbar (6.5 ± 3.7 km)
and 2.5 ± 1.1 kbar (8.5 ± 3.7 km) in the 2022 and 2023 products,

respectively. OPAM pressures of tephra glasses erupted in
2022 and 2023 are lower compared to those calculated in
fountaining tephra glasses from the 2021 eruption, which
equilibrated at 3.5 to 4.5 kbar (12–15 km) (Fig. 7B). OPAM applied
to macrocryst-free matrix compositions from both the 2022 and
2023 eruptions return pressures in the range of 4 to 5.3 kbar
(14–18 km), with most of the compositions returning a pressure
of 4 ± 1.1 kbar (14 ± 3.7 km). This pressure range agrees with
macrocryst-free matrix OPAM pressures for the 2021 eruption
(Fig. 7B).

Melt-based thermometry applied to macrocryst-free matrix
compositions indicate that the 2022 and 2023 Fagradalsfjall
magmas had similar temperatures, within the uncertainties of
the thermometers, with a mean OPAM temperature of 1220 ± 10◦C
(Fig. S19). The mean tephra glass temperature is 1205 ± 10◦C,
slightly lower than the one calculated for the macrocryst-free
matrix compositions but within uncertainty. The 2022 and 2023
macrocryst-free matrices yield a mean temperature similar
to that estimated for the 2021 melt (1221 ± 10◦C), which is
indistinguishable from the temperature of the 2021 tephra glass
(1217 ± 10◦C) (Fig. S19).
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Fig. 7. Barometry results throughout the 2021, 2022 and 2023 Fagradalsfjall eruptions. (A) Variation of clinopyroxene–melt pressure estimates since the
beginning of the 2021 Fagradalsfjall eruption. Data are plotted as a box plot for each eruption day, in which the boxes represent the interquartile range
of the distribution, the white circles represent the mean, and the whiskers represent the 10th and 90th percentiles. Individual clinopyroxene–melt
estimates are plotted as filled triangles pointing upwards or downwards, depending on whether the mineral phase is a macrocryst or a mesocryst,
respectively. Boxes and data points are coloured according to the eruption. The calibration error of the barometer of ±1.4 kbar (Neave & Putirka, 2017)
is indicated in the bottom left part of the figure. Curves at the edge of the figure indicate KDE distributions of cpx–melt pressures for macrocrysts and
mesocrysts throughout the three eruptions. KDEs were produced by using a bandwidth of 1.4 to reflect the SEE of the cpx–melt barometer. (B) OPAM
pressures calculated for matrix glasses (circles), tephra (stars) and macrocryst-free matrix compositions (diamonds). The individual OPAM estimates
are indicated with small and faded symbols, whereas the mean values for each day are indicated with larger symbols. The error bars on the
macrocryst-free matrix data points represent the 1σ analytical uncertainty, calculated as the standard deviation of pressure estimates obtained from
repeated measurements of a single sample from the 2021 eruption (Marshall et al., 2024). In the glass data points, error bars reflect the 1SD of the
population. The calibration error of the barometer of ±1.1 kbar (Higgins and Stock, 2024) is indicated in the bottom right part of the figure. Symbols
are coloured according to the eruption. Pressure was converted into depth assuming an average crustal density of 3000 kg/m3 (Darbyshire et al., 2000;
Baxter et al., 2023). Note the two breaks in the horizontal axis and the different major and minor tick scales for the different eruptions.

Diffusion timescale results
Fe–Mg diffusion modelling applied to olivine crystals from the
2022 eruption returns timescales in the range of 0.2 to 31 days,
while the 2023 eruption yields timescales of 0.2 to 40 days. (Fig. 8
and Fig. S20). The median timescale of the olivine population is
2.6 days for the 2022 eruption, with an average uncertainty of
±0.28 log units (1σ), and 2.5 days for the 2023 eruption, with an
average uncertainty of ±0.17 log units (1σ). In both the 2022 and
2023 eruptions, median olivine timescales show a narrow kernel
density estimate (KDE) distribution (Fig. S20), with 97% and 95%
of the median timescales being shorter than 30 days, respectively.
Most of these timescales, 82% for the 2022 eruption and 84%
for the 2023 eruption, are shorter than 1 week. In 2021, olivine
diffusion timescales ranged between 2 days and 1800 days, with
only 30% and 6% of the timescales being shorter than 30 days and
7 days, respectively (Kahl et al., 2023). With a median timescale of
115 days, the olivine timescales from the 2021 Fagradalsfjall erup-
tion are significantly longer compared to 2022 and 2023 olivine
timescales (Fig. 8 and Fig. S21; Kahl et al., 2023). However, we
note that the 2021 olivine timescales reflect a different magmatic
process compared to the 2022 and 2023 olivine timescales (see
discussion). We do not observe any correlation between olivine
timescales and olivine compositions (Fig. S22).

Diffusion modelling of Mg zoning in plagioclase crystals shows
timescales ranging from 6 days to 1294 days (∼3.6 years) for the
2022 eruption, and from 1 day to 262 days (∼9 months) for the
2023 eruption (Fig. 8). The median timescale of the plagioclase
population is 169 days for the 2022 eruption, with an average
uncertainty of ±0.33 log units (1σ), and 14 days for the 2023
eruption, with an average uncertainty of ±0.40 log units (1σ).

For the 2022 eruption, plagioclase diffusion timescales exhibit a
unimodal KDE distribution (Fig. S20), with most of the timescales
being between 100 and 400 days. In 2022, 55% of the median
timescales are shorter than 6 months and 5% shorter than 1 week.
In contrast, the 2023 samples show a bimodal KDE distribution
(Fig. S20), with 91% of the median timescales being shorter than
6 months and 44% shorter than 1 week. During the 2021 eruption,
76% of plagioclase timescales are shorter than 6 months with a
median timescale of 91 days (Fig. 8 and Fig. S20; Kahl et al., 2023).
We do not observe any correlation between plagioclase timescales
and plagioclase compositions (Fig. S23).

We find a mismatch in the histogram and KDE distributions of
diffusion timescales calculated for olivine and plagioclase crys-
tals in the 2022 and 2023 samples. In the 2022 samples, the
plagioclase timescales are shifted towards longer durations (40–
1000 days) compared to the olivine timescales (<30 days). In
the 2023 samples, plagioclase timescales exhibit a broader range
compared to olivine timescales, with similarities observed only in
the range of 1–20 days (Fig. 8 and Fig. S20).

DISCUSSION
Geobarometry evidence for stalled or slow
magma ascent
The results of the barometric calculations reveal changes in
magma storage and crystallization depths within the Fagradals-
fjall volcanic system over time. Tephra glass and macrocryst-
free matrix compositions are more likely to preserve pre-
eruptive magma storage pressures as they are unaffected by
near-surface crystallization, unlike quenched lavas (Caracciolo
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Fig. 8. Histogram distribution of olivine and plagioclase diffusion
modelling results for the (A) 2022 and (B) 2023 Fagradalsfjall eruptions
Median timescales are reported in the logarithmic space and histograms
are coloured according to the eruption and whether they reflect
plagioclase (darker colour) or olivine (lighter colour) distributions. Dark
grey and light grey histograms indicate timescale distributions
calculated for the 2021 Fagradalsfjall eruption for plagioclase and
olivine crystals, respectively (Kahl et al., 2023). KDE plots of median
timescale data are shown in Fig. S20.

et al., 2023). Macrocryst-free matrix compositions reflect the
melt composition during the early stages of magma evolution,
before the crystallization of mesocrysts and microcrysts, unless
there is significant rim growth around the macrocrysts. OPAM
pressures from macrocryst-free matrix compositions consistently
record deep equilibration pressures at 14 ± 3.7 km depth during
the 2022–2023 eruptions, consistent with OPAM barometry, melt
inclusion saturation pressures and gas measurement results from
the 2021 eruption (Halldórsson et al., 2022; Marshall et al., 2024).
Considering the crustal structure under the Reykjanes Peninsula
(Jenkins et al., 2025), this indicates that the deep magmatic source
remained at near-Moho depths throughout the 2021, 2022, and
2023 Fagradalsfjall eruptions (Fig. 7B). The existence of a near-
Moho molten region is further supported by seismic imaging of
the upper mantle beneath the Reykjanes Peninsula (Jenkins et al.,
2025). Jenkins et al. (2025) interpret seismic velocities in the sub-
Moho region as a thick partially molten mantle transition zone,
made of cumulate gabbros and high-melt fraction sills, consistent
with petrological observations indicating a near-Moho magma
reservoir during the 2021–2023 Fagradalsfjall eruptions (Jenkins
et al., 2025).

Clinopyroxene mesocrysts, which are in chemical equilibrium
with carrier melts (see following section), formed at a range of

crustal depths during 2022 and 2023 (Fig. 7A). This contrasts with
persistent lower-crustal crystallization depths of clinopyroxene
macrocrysts observed in 2021 (Marshall et al., 2024) and the
few clinopyroxene macrocrysts found in one sample from 2022.
This is further supported by OPAM pressures calculated for
tephra glass compositions, which also indicate variable melt
equilibration depths before and/or during the 2022 and 2023
eruptions (Fig. 7B). Overall, we suggest that the 2022 and 2023
magmas originated from a deep magmatic source at near-Moho
depths before the crystallization of mesocrysts and microlites,
similar to the observations from the 2021 eruption. However,
unlike the 2021 magmas, those from 2022 and 2023 underwent
cooling after leaving the near-Moho magma domain, marking
a distinct contrast to observations from the 2021 Fagradalsfjall
eruption. In 2021, magmas ascended directly from near-Moho
depths with minimal or no stalling during magma ascent
(Halldórsson et al., 2022; Marshall et al., 2024). These results could
be explained by two different end-member scenarios: magma
crystallization in an incipient mid-crustal reservoir or within the
ascending dike during slow ascent, or possibly a combination
of both.

In the first scenario, the 2022 and 2023 magmas underwent
crystallization in a mid-crustal reservoir, where the mesocryst
population formed. This scenario is supported by several
observations. First, the clinopyroxene—pressure distribution of
mesocrysts from the 2022 and 2023 Fagradalsfjall eruptions
encompass a wide range of pressure, similar to findings from the
2023–2024 eruptions at Sundhnúksgígar in Svartsengi (Fig. S18),
where a mid-crustal magma domain has been inferred by both
geophysical (Sigmundsson et al., 2024; Parks et al., 2025) and
petrological studies (Matthews et al., 2024). Second, the tephra
glass compositions from the 2022 and 2023 eruptions show
lower MgO contents (Fig. 4) and slightly lower melt temperatures
(Fig. S19) compared to most tephra glass composition from
the 2021 fountaining phase. In contrast, the macrocryst-free
matrix compositions and their calculated temperatures remain
consistent throughout the 2021–2023 eruptions (Fig. S19). This
further supports the idea that the 2022 and 2023 Fagradalsfjall
magmas experienced crustal cooling prior to eruption, unlike
the magma from 2021. (Pedersen et al., 2022, 2024) Third, the
distribution of volcanic tremor measured in the final part of the
2021 Fagradalsfjall eruption is consistent with a dike connected
to a sill at ∼5 km depth (Soubestre et al., 2025), suggesting that
a mid-crustal reservoir may have formed towards the end of the
2021 Fagradalsfjall eruption. However, if this scenario is correct,
we recognize that the 2022 and 2023 magmas likely spent little
time (hours to days) in the mid-crust before erupting. Unlike
its neighbouring volcanic systems, the upper to middle crust
under Fagradalsfjall is expected to be relatively cold, indicated
by the lack of an active geothermal system and (Jenkins et al.,
2025) ∼ 7000 years hiatus in eruptive activity (Einarsson et al.,
2023; Jenkins et al., 2025). Under such relatively cold crustal
conditions, magmas are expected to cool efficiently during
storage. Autocrystic macrocrysts are expected to form during
prolonged storage, as for example seen in the eruptions at
Sundhnúksgígar (Matthews et al., 2024). If prolonged storage had
occurred, the OPAM pressure of the 2022 and 2023 macrocryst-
free matrix compositions would have shifted from near-Moho
depths to shallower levels. However, this shift is not observed,
suggesting limited residence time in this mid-crustal magma
reservoir scenario.

The second scenario envisions mesocryst crystallization within
the dike during slower magma ascent compared to 2021. This
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interpretation is primarily supported by the wide range of
clinopyroxene–melt and tephra glass OPAM pressures (Fig. 7),
which indicate crystallization at variable depths during magma
ascent through the crust. The absence of a strong mid-crustal
crystallization signature in both clinopyroxene–melt and tephra
glass OPAM pressures, unlike for example in samples from the
medieval eruptions (Caracciolo et al., 2023), supports the idea
of crystallization across the crust during slower magma ascent.
Additionally, the 2022 and 2023 trace element concentrations
of macrocryst-free matrix compositions preserve evidence of
magma fractionation from a 2021-type lava (see discussion
below). Magma stalling in a mid-crustal reservoir would have
homogenized this variability, preventing its preservation in the
erupted products. Finally, olivine diffusion timescales suggest that
the pre-eruptive 2022 and 2023 dikes spent most of their time
ascending from near-Moho depths to mid-crustal depths, with
only a few days required for the magma to reach the surface from
mid-crustal depths after the detection of geophysical precursors
(i.e. seismicity and ground deformation) (see discussion below).
During this relatively slow ascent through the lower crust,
mesocrysts could have formed.

To summarize, we believe that both scenarios, or a combi-
nation of them, are plausible, and our dataset does not allow
us to distinguish between them definitively. Petrology studies
of the 800–1240 AD Fires (Caracciolo et al., 2023) and the 2023–
2024 eruptions at Sundhnúksgígar (Matthews et al., 2024) strongly
highlight the control of mature mid-crustal magma domains
on volcanic eruptions beneath the RP. Although the physical
mechanisms underlying the formation of a mid-crustal magma
domain remain unclear, our data suggest a temporal evolution
in how magmas were processed underneath the Fagradalsfjall
plumbing system during the 2021–2023 eruptions. This evolution
could reflect either the incipient or early-stage development of a
mid-crustal magma reservoir, or a slower magma ascent in the
lowermost parts of the crust.

The origin of the crystal cargo
The 2021 Fagradalsfjall crystal cargo is dominated by macrocrysts
of plagioclase, olivine and clinopyroxene. The cores of these crys-
tals are found to be antecrystic (Davidson et al., 2007), in major
element disequilibrium with the carrier melts, suggesting that
they were disaggregated from crystal mush horizons in the lower
crust and subsequently incorporated by the ascending dike into
the Fagradalsfjall magmas. In contrast, the macrocryst rims are
interpreted to be autocrystic—crystallizing directly from the host
magma (Marshall et al., 2024).

We evaluated the genetic relationships between the 2022 and
2023 crystal cargo and erupted melts by testing the degree of
equilibrium between mineral phases and carrier melts, repre-
sented by tephra glass and macrocryst-free matrix compositions
(Fig. 3). The 2022 and 2023 olivine (Fo84–86) and clinopyroxene
(Mg#82–86) mesocrysts display comparable compositions in the
two eruptions and are more evolved than macrocrysts found
in the 2021 products (Fo86–89, Mg#85–90, Marshall et al., 2024).
Olivine and clinopyroxene mesocrysts are in major-element equi-
librium with tephra glass and macrocryst-free matrix composi-
tions (Fig. 3B and C). Specifically, olivine cores likely crystallized
from a melt with a composition similar to the macrocryst-free
matrix, a melt composition that equilibrated at near-Moho depths,
while olivine rims crystallized from a melt represented by the
tephra glass, most likely at mid-crustal depths (cf. 6.1). These
mineral–melt relationships suggest that the olivine and clinopy-
roxene crystals are genetically related to the erupted magmas and

are true autocrysts, crystallizing directly from the carrier melts.
Conversely, plagioclase macrocryst cores from 2022 and 2023
exhibit compositions similar to those erupted in 2021 (An84–90)
and are not in major element equilibrium with the carrier melts
(Fig. 3A). Plagioclase–melt phase equilibrium is influenced by var-
ious factors, such as pressure, temperature, melt composition,
and water activity (e.g. Namur et al., 2011), but it is believed
that high-An (An>80) plagioclase crystallizes from lower K2O and
higher CaO melts with high liquidus temperature (Grove et al.,
1992; Shorttle & Maclennan, 2011), which does not apply to the
carrier melts of the 2022 and 2023 eruptions. These observations
suggest that plagioclase macrocryst cores did not crystallize from
the carrier melts and were likely disaggregated and introduced to
the magma from mush layers. In contrast, plagioclase rims are in
major element equilibrium with the carrier melts. These findings
indicate that after being disaggregated, plagioclase cores were
incorporated into the carrier melts from which the plagioclase
rims crystallized.

Olivine crystals are interpreted as autocrysts that crystallized
from a melt of a similar composition to the macrocryst-free
matrix. Further cooling and crystallization during magma
ascent and/or short mid-crustal stalling promoted the formation
of olivine rims and clinopyroxene mesocrysts. In contrast,
plagioclase macrocrysts are identified as antecrysts which
likely crystallized in a mush in the deeper parts of the magma
plumbing system (Marshall et al., 2024) and were subsequently
entrained by the carrier melts, where rim crystallization
occurred. The antecrystic nature of plagioclase macrocrysts
raises questions about the fate of olivine and clinopyroxene
antecrysts, which are largely absent in the 2022 and 2023 crystal
cargo as opposed to 2021. To investigate this, we performed
Stokes velocity calculations starting from the mean macrocryst-
free matrix composition from the 2022 and 2023 eruptions.
We based our calculations on a melt density of 2750 kg/m3

(estimated using DensityX, Iacovino & Till, 2019) and a viscosity
of 11 Pa·s, calculated with the model of Giordano et al. (2008)
at the conditions of the 2022 and 2023 Fagradalsfjall eruptions
(T = 1205◦C, P = 4 kbar). Our calculations show that olivine
and clinopyroxene antecrysts 1 mm in size with a density of
3300 kg/m3 would settle out of the melt at a rate of approximately
3 m/day. In contrast, plagioclase macrocrysts with a density of
2765 kg/m3 (Krättli & Schmidt, 2021) are essentially neutrally
buoyant in the melt. Different settling velocities could, therefore,
explain the coincident presence of plagioclase antecrysts and
absence of olivine and clinopyroxene antecrysts. Mid-crustal
stalling and/or slower magma ascent from near-Moho depths
would have enhanced this mineral segregation process, unlike in
2021, when the connection to the surface was more continuous
and less intermittent, especially towards the end of the 2021
eruption.

To summarize, our results show that olivine and clinopyrox-
ene autocrysts, and plagioclase antecrysts represent two differ-
ent crystal populations. The 2022 and 2023 plagioclase ante-
crysts are likely much older than the olivine and clinopyroxene
autocryst populations. This difference between the 2022 and 2023
olivine and plagioclase crystals is further supported by diffusion
timescale data, which show that plagioclase timescales are, on
average, significantly longer, on the order of weeks to months,
compared to olivine timescales, which are on the order of days. All
together, these observations indicate that olivine and plagioclase
crystals represent distinct crystal populations in the 2022 and
2023 eruptions, with their diffusion timescales likely reflecting
different magmatic processes.
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Geochemical evolution of the Fagradalsfjall
magma domain following the end of the 2021
Fagradalsfjall eruption
The 2021 eruption at Fagradalsfjall was marked by striking tempo-
ral geochemical changes in erupted lava composition, larger than
that currently established for the entire 800–1240 AD eruptive
period of previous eruptions on the Reykjanes Peninsula (Peate
et al., 2009; Halldórsson et al., 2022; Marshall et al., 2024). An
outstanding question is how the dynamic plumbing system of
the 2021 Fagradalsfjall eruption would continue to change and
evolve over time after the end of the eruption, whether stabi-
lizing, undergoing progressive changes, or displaying fluctuating
behaviour. Our geochemical results of the 2022 and 2023 eruptions
show three major features: (1) limited variability in radiogenic
isotope and ITE ratios, (2) radiogenic isotope and ITE ratio com-
positions similar to the final lavas erupted in 2021, and (3) lava
compositions that indicate modest (up to 10%) degrees of crystal
fractionation at depth.

The 2021 eruption was interpreted to be sourced from a col-
lection of discrete and compositionally distinct sills (Marshall
et al., 2024), but this may not be the case for the 2022 and 2023
eruptions. Given that the compositions of the 2022 and 2023
eruptions are relatively invariant (Fig. 5 and Figs S13-S16), the
magma plumbing system supplying these eruptions is likely sim-
pler than that of the compositionally variable 2021 eruption. This
is further substantiated by the exponential decline in effusion
rate of the 2022 and 2023 eruptions compared to the complex
and prolonged effusion in the 2021 eruption (Pedersen et al.,
2022, 2024). In volcanic eruptions, exponential declines in effusion
rate are usually interpreted to reflect the elastic relaxation of
a single inflated magma chamber (Wadge, 1981; Aravena et al.,
2020). Therefore, the simple exponential decline in the effusion
rates of the 2022 and 2023 eruptions, in contrast to the 2021
eruption, adds to the evidence a single magma chamber as a
source. Additionally, because single basaltic magma reservoirs
homogenize on a days-to-weeks timescale (Maclennan, 2019), the
lack of compositional variability in mantle tracers is also more
suggestive of an eruption from a single magma chamber, as also
proposed for the evolved (in-caldera) Krafla magmas during the
1975–1984 eruptions (Rooyakkers et al., 2024).

One possibility is that following the end of the 2021 eruption,
significant recharge from the mantle source or rearrangement of
the near-Moho magma domain structure led to slightly different
magma compositions erupted in 2022 and 2023. While the mean
composition of the 2022 and 2023 lavas is compositionally distinct
from those erupted in 2021 in terms of ITE ratios and radiogenic
isotope ratios, their compositions fall along mixing trends that
were defined by the 2021 eruption products. For example, in
Fig. 6B, the Sm/Yb and La/Sm of the 2022 and 2023 lavas form
a trend that is an extension of the binary mixing trend defined by
the 2021 lavas. Furthermore, the radiogenic isotope compositions
of the 2022 and 2023 lavas lie along extrapolations of the trends
established by lavas erupted late in the 2021 eruption (Fig. 6C
and D). The shift of the ITE ratios and radiogenic isotope ratios
to more enriched compositions (i.e. compositions that reflect
the enrichment of incompatible elements) than the 2021 lavas
suggests that the depleted melts that dominated the first weeks
of the 2021 eruption are not as prominent in the 2022 and 2023
eruptions. However, differences in the ITE ratios and radiogenic
isotope ratios of the 2022 and 2023 eruptions (2022 lavas being
generally more enriched than 2023 lavas) show that the source
of these eruptions was not a single homogeneous endmember
component, and that depleted melts in the Fagradalsfjall magma

domain might not be entirely exhausted. Together, the composi-
tional differences and similarities of the 2022 and 2023 eruptions
to the 2021 eruption show that the Fagradalsfjall near-Moho
magma domain has stabilized over three years and shows no
evidence of new and unobserved melt compositions.

However, a key difference between the 2022–2023 eruptions
and the 2021 eruptions is evidence for modest crystal fraction-
ation of the 2022–2023 magmas. Figure 6A shows that the com-
positional variation of the 2022–2023 macrocryst-free matrix lies
along a fractional crystallization trend. Unlike the composition of
volcanic glass, the composition of macrocryst-free matrix is not
affected by the crystallization of microlites or mesocrysts that
form during magma ascent or on the surface. Changing the com-
position of the macrocryst-free matrix requires crystal–melt sep-
aration, such as crystal settling, which is a slow process relative to
the timescale of an eruption and lava flows. For example, a 100 μm
diameter olivine microlite sinks only 2.4 cm/day (same physical
parameters and magma compositions as in Section 6.2). There-
fore, crystal fractionation likely took place at depth over a longer
interval of time than the eruption timescale. The magnitude of
fractional crystallization that occurred is modest, but detectable.
Starting from a 2021 lava-type composition, we calculated that no
more than ∼10% fractionation took place (Fig. 6A and Section 3
in the Supplementary Material for modelling calculations). Given
that ITE ratios and radiogenic isotope ratios are relatively uniform
throughout both the 2022 and 2023 eruptions, it is possible that
magmas were stored within a single magma chamber that under-
went convective homogenization and crystal fractionation prior
to and during each of the 2022 and 2023 eruptions.

The plagioclase and olivine timescale record:
Two distinct magmatic processes preserved in
the crystal cargo
The olivine and plagioclase timescales from the 2022 and 2023
samples record two distinct magmatic processes as olivine
mesocrysts and plagioclase macrocrysts represent separate
crystal populations. These different magmatic processes are
also characterized by different timescales, as olivine crystals
record short timescales, on the order of days, whereas plagioclase
exhibits long and more variable timescales, on the order of
weeks to months, up to years. This distinction can be observed
in Fig. 9A, where the 2022 and 2023 olivine and plagioclase
timescales distribute along two different cumulative curves,
beyond timescale uncertainties.

We know that plagioclase macrocrysts represent mush crys-
tals, most of which were incorporated into the 2022 and 2023
magmas upon being eroded from mush layers. We interpret the
timescales associated with plagioclase macrocrysts as represent-
ing the time interval from mush disaggregation to eruption. Mg
disequilibrium in plagioclase modelled in this study was likely
established during the disaggregation of plagioclase macrocrysts
in different part of the plumbing system and during magma
ascent towards the surface. This process occurred in the years,
months and days prior to the 2022 and 2023 Fagradalsfjall erup-
tions. Specifically, four plagioclase macrocrysts from the 2022
eruption capture processes antecedent to the 2021 dike (Dike 1)
and possibly before the initial detection of magmatic unrest in
the RP (Fig. 9A and B). Based on Kahl et al. (2023), one of these
plagioclase crystals falls within the priming phase of deep magma
accumulation and mush disaggregation whereas three crystals
record the transition phase that led to the 2021 eruption (Fig. 9A).
These four 2022 plagioclase crystals align closely with the 2021
plagioclase cumulative timescale curve, suggesting that they were
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Fig. 9. Diffusion timescales linked to geophysical and geodetic precursors. (A) Cumulative distribution of plagioclase and olivine timescales for the
2021, 2022 and 2023 Fagradalsfjall eruptions, allowing comparison between the different eruptions (B) Timescale data for the 2022 and 2023 eruptions.
The priming and the transition phase leading to the 2021 eruption are indicated with shaded red areas, as defined in Kahl et al. (2023). Panels (C) and
(D) offer enlarged views of the time periods in the ∼month before the 2022 and 2023 eruptions, respectively. Dx refers to the time of propagation of the
different dikes as detected by seismicity. Inflation episodes I to V recorded at Svartsengi are indicated with pale green fields. The onset of each
eruption is marked with a delta (Δ) symbol and their duration with coloured shaded areas. The red thick solid line indicates the cumulative seismic
moment release, calculated using the expression by Hanks & Kanamori (1979). The black thick solid line indicates the cumulative number of
earthquakes. Seismic data were extracted from https://skjalftalisa.vedur.is. Symbols and colours of data points are according to the eruption and the
mineral phase. Timescale data from the 2021 Fagradalsfjall eruption are from Kahl et al. (2023).

disaggregated and mobilized during the priming and transition
phase leading up to the 2021 eruption, but did not erupt until
2022. As discussed in Section 6.2, plagioclase macrocrysts are
neutrally buoyant in the Fagradalsfjall magmas as opposed to
olivine and clinopyroxene macrocrysts. The preferential buoyancy
of plagioclase indicates that some plagioclase disaggregated in
2021 may have remained suspended in the plumbing system after
the end of the 2021 eruption, representing recycled crystals that
were subsequently picked up during the 2022 eruption. Interest-
ingly, these plagioclase crystals recording timescales antecedent
to the 2021 dike are absent in the 2023 products, with plagio-
clase timescales from the 2023 eruption exclusively pointing to
magmatic processes occurring after the end of the 2022 eruption
(Fig. 9A and B). This evidence suggests a temporal evolution in
crystal-mush disaggregation to eruption timescales during the
2021–2023 Fagradalsfjall eruptions, transitioning from timescales

of years prior to the 2021 eruption to timescales of months
during the 2022–2023 eruptions. Plagioclase crystals recording the
priming and transition phase of the 2021 eruption are becoming
scarce and disappearing over time, possibly because they were
fully entrained and erupted by the end of the 2022 eruption. This
suggests that during the 2022 and 2023 eruptions less energy and
time were needed to erode the crystal mush compared to 2021,
possibly because it was more loosened, likely due to the 2021 event
having triggered and disrupted the bulk of the mush. This inter-
pretation is also supported by observations from Bárðarbunga
volcano, where Caracciolo et al. (2021) documented a shortening
of crystal-mush disaggregation timescales over the Holocene,
attributing this variation to the development of a more loosely
connected mush system.

Unlike most plagioclase crystals, olivine mesocrysts did
not originate from a mush. Instead, they likely crystallized
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Fig. 10. Cartoon summarizing the magma plumbing system beneath Fagradalsfjall and its temporal evolution from 2021 to 2023 (not to scale).
(A) Configuration of the plumbing system following the 2021 Fagradalsfjall eruption, with a dike propagating towards the surface from a near-Moho
magma domain. Multiple sills of different magma compositions contributed to the 2021 eruption (different shades of grey). Syn-eruptive erosion of
crystal mushes in the lower crust and deep magma assembly started in the years before the 2021 eruption. This model summarizes observations from
Halldórsson et al. (2022), Kahl et al. (2023) and Marshall et al. (2024). (B-C) Following the 2021 Fagradalsfjall eruption, magma started to accumulate and
fractionate in a near-Moho magma reservoir, possibly slightly shallower than the 2021 reservoir. A more loosely connected mush network in 2022–2023
compared to 2021 facilitated faster erosion of the mush and faster magma assembly over timescales of months. Combined diffusion modelling,
barometry, and geophysical data suggest that the 2022–2023 dikes began propagating from near-Moho depths ∼1 month prior to the eruptions,
with magma ascending slowly (weeks) through the lower crust. The magmas then breached the uppermost part of the crust within a few days.

from a melt with a composition similar to the macrocryst-free
matrix at near-Moho depths. Following this, the olivine Fe–
Mg disequilibrium was likely produced by rim growth during
magma ascent towards the surface. Therefore, we interpret the
olivine timescales as reflecting the timescales of dike opening
and propagation from near-Moho depths to the surface. Some
plagioclase timescales coincide with olivine timescales, likely
representing crystals which were eroded in different parts of the
plumbing system. This interpretation is further supported by
the agreement between pre-seismicity in the weeks preceding
the 2022–2023 eruptions (https://skjalftalisa.vedur.is/) and our
timescale record, suggesting that olivine timescales are capturing
both the duration and the timing of dike opening and propagation
from near-Moho depths (Fig. 9C and D). Specifically, the longest
olivine timescales preserved in both the 2022 and 2023 datasets
are consistently ∼1 month, indicating that the dikes must have
begun travelling through the crust from near-Moho levels at least
∼1 month prior to the 2022 and 2023 eruptions. Following this,
the 2022 and 2023 dikes were detected by geophysical precursors
(i.e. seismicity and ground deformation) only 4 and 7 days before
the 2022 and 2023 eruptions, respectively. According to Parks et al.
(2023), dike intrusion preceding the 2022 eruption was detected
on 30 July 2022, with seismicity suggesting a dike at mid-crustal

depths of ∼8 km, before quickly ascending to the upper crust at
∼3 km depth. The 2022 dike erupted 4 days after the detection
of geophysical precursors. In 2023, dike intrusion was detected
by seismicity on 3 July 2023 and most of the pre-seismicity was
located at depths between 2 and 8 km (https://skjalftalisa.vedur.
is/), at a similar depth range as in 2022. The 2023 dike erupted
7 days after the detection of geophysical precursors. Assuming
that the dike began traversing the crust from near-Moho depths,
our combined timescale, barometry, and geophysical data suggest
that the 2022 and 2023 dikes spent most of their time traversing
the lower crust (between 8 and 14 km) before being detected
at mid-crustal depths by geophysical precursors (Fig. 10). After
reaching mid-crustal depths, the 2022 and 2023 dikes rapidly
broke through the uppermost crust in a few days, as suggested
by both olivine diffusion timescales and geophysical observations
(Fig. 9C and D). This marks a sharp difference compared to 2021,
when the dike took ∼3 weeks to traverse the uppermost part of
the crust (Sigmundsson et al., 2022). Overall, this suggests the
establishment of a well-defined upper crustal magma pathway
prior to the 2022 and 2023 eruptions compared to 2021. This
pathway reflects more efficient magma transport from mid-
crustal levels to the surface, with advance warning times reduced
by 65% to 80% in 2022 and 2023 compared to 2021.
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General implications for plume and rift basaltic
plumbing systems
Observations from our study hold implications for active basaltic
volcanoes worldwide. The temporal evolution of plumbing sys-
tems is a crucial factor in understanding how successive erup-
tions affect the underlying plumbing system over time. First,
the temporal decrease of crystal-mush disaggregation timescales
from 2021 to 2023 indicates a progressive shortening of unrest
timescales. This suggests that the Fagradalsfjall plumbing system
is responding more rapidly over time to melt injections from near-
Moho depths, processes that are often undetected by geophysical
methods (Fig. 9A and B). Such a trend has significant implica-
tions for volcanic systems worldwide, as repeated eruptions in
close temporal succession could lead to much shorter periods of
unrest prior to eruption. Furthermore, our findings highlight the
challenges of detecting deep magmatic processes with existing
monitoring tools. We showed that the 2022 and 2023 dikes spent
most of their time traversing the lower crust, without being
detected by geophysical methods. Both observations underscore
the importance of deep magmatic processes and the need for
enhancing monitoring approaches to detect the deep early phases
of magma accumulation and dike propagation at active volcanoes
(e.g. Kahl et al., 2023). Whereas seismicity is often used as a pri-
mary indicator of magma movement, its effectiveness is reduced
in deeper and more ductile parts of the crust, where strain can
be accommodated aseismically (Meissner & Strehlau, 1982). This
highlights the need to integrate multiple geophysical techniques,
including geodetic measurements and electromagnetic methods,
to improve detection of deep magma transport. Secondly, there
are implications for studying past eruptions, as our data show
that timescales derived from the crystal cargo erupted during
the later stages of prolonged activity may be biased and do
not reflect the entire history of the eruptive period, potentially
not including the early priming and transition phases of deep
magma assembly. As a result, key information about the deeper
and earlier stages of magma assembly, which set the stage for
subsequent eruptions, may be underrepresented or completely
absent in the crystal record. Such bias is particularly relevant
when interpreting diffusion chronometry data, as crystals erupted
during the final stage of an eruption may sample only the latest
stages of magma storage and ascent. Overcoming such bias can
be addressed with a more concerted effort when possible, within
the scientific community to identify and analyse deposits that
capture the initiation of eruptions or, ideally, the full eruptive
sequence. Such an approach would enhance our understanding of
past eruptions and provide a more complete picture, uncovering
critical information that might otherwise remain hidden.

CONCLUSIONS
Our main findings are:

1) Olivine and clinopyroxene crystals in 2022 and 2023 are
primarily autocrysts, indicating that they crystallized from
the Fagradalsfjall carrier magmas. In contrast, plagioclase
crystals are antecrysts eroded from crystal mushes and
did not crystallize from the Fagradalsfjall magmas. This
suggests two different crystal populations in the 2022–2023
Fagradalsfjall crystal cargo.

2) The 2021–2023 Fagradalsfjall eruptions were sourced from a
persistent deep magma domain located at 14 ± 3.7 km depth.
However, during the 2022 and 2023 eruptions, magmas likely
stalled at mid-crustal levels within an incipient reservoir or

ascended more slowly, a process that was not observed in the
2021 eruptive products.

3) Unlike the 2021 eruption, the 2022 and 2023 Fagradalsfjall
lavas display limited geochemical variability and are likely
sourced from a single, reasonably well mixed magma reser-
voir.

4) The incompatible trace element ratios and radiogenic iso-
tope compositions of the 2022–2023 lavas lie along mixing
trends established by the compositional variability seen in
the 2021 eruption, suggesting little changes in melt composi-
tions within the Fagradalsfjall deep magma domain in three
years of eruptions.

5) Plagioclase diffusion timescales, ranging from years to
months and days, correspond to mush disaggregation
to eruption timescales. These timescales shorten over
the course of the 2021–2023 eruptions, suggesting a
progressively loosened mush and a faster response of the
magmatic plumbing system to deep melt injections, with
shorter warning times.

6) Olivine timescales, spanning days to a few weeks, capture
the timing and duration of dike opening and propagation
during the 2022 and 2023 events from near-Moho depths to
the surface. The dikes spent significantly more time travers-
ing the lower crust, while the upper crust was breached in
just a few days.

7) The timescales of magma ascent from mid-crustal levels
to the surface shortened from 2021 to 2023, indicating the
development of more efficient upper-crustal magma path-
ways.

SUPPLEMENTARY DATA
Supplementary data are available at Journal of Petrology online.
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