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Abstract Magmatic processes at the crust-mantle boundary (i.e., Moho) are commonly studied post facto at
fossil ophiolites, oceanic core complexes, or inferred from the compositions of crystals or melt inclusions. The
2021 eruption at Fagradalsfjall on the Reykjanes Peninsula, Iceland, was supplied from magma bodies near the
Moho and offers a unique opportunity to study the timescales, structure, and syn-eruptive processes of near-
Moho magmatic systems at ~15 km depth. Here, we present a comprehensive petrological and geochemical
investigation of the full 183 day eruption that is based on frequent sampling of the eruption. Lavas erupted in the
first 45 days displayed significant and sudden changes in geochemistry, followed by lower amplitude
fluctuations until the end of the eruption. This variability can be explained by contribution from multiple magma
bodies, as best distinguished using Sr-Nd-Hf-Pb isotope systematics. The lavas display unusual trace element
and radiogenic isotope compositions compared to other Icelandic basalts, but are similar to other rare, highly
incompatible element enriched lavas on the Reykjanes Peninsula, and thus these lavas may represent a distinct
suite of Reykjanes Peninsula basalts. Our geochemical and petrological observations show that numerous,
compositionally variable bodies of magma must exist in the lowermost crust or at the crust-mantle boundary.
These near-Moho magma bodies transfer magma between one another on timescales as short as days-to-months,
but partially crystallize over longer time periods, and periodically inject into the overlying crust.

Plain Language Summary The 2021 Fagradalsfjall eruption is the first on Iceland's Reykjanes
Peninsula in ~800 years and likely is the harbinger of a renewed period of volcanism on the peninsula, as
evidenced by subsequent eruptions at Fagradalsfjall and Svartsengi. For evaluating the potential hazard of the
new eruptive period, we must understand how these new volcanic systems work. Here, we investigate the
chemical and mineralogical properties of the 2021 Fagradalsfjall lava in order to identify the structure, igneous
processes, and origins of the magmas feeding the new eruptions. We find that the 2021 eruption lavas have
highly unusual compositions compared to most Icelandic basaltic eruptions and are sourced deeper, from
magma bodies at the bottom of the crust. In contrast to the rather homogeneous chemical compositions of most
basaltic eruptions, the compositions of the 2021 Fagradalsfjall lavas are extremely variable. This is explained by
the lava being fed from multiple independent magma bodies close to the crust-mantle boundary. The 2021
Fagradalsfjall eruption is the first that allows direct investigation of a “living” magma system hosted near the
crust-mantle boundary. The Fagradalsfjall deep magma system is characterized by many, compositionally
diverse, magma bodies that exchange magma with one another on days-to-weeks timescales and occasionally
intrude into the overlying crust.

1. Introduction

The 2021 eruption within the Fagradalsfjall volcanic system marked the first eruption on the Reykjanes Peninsula
in ~800 years, and the first eruption at Fagradalsfjall in >2,400 years (Semundsson et al., 2016). Detailed studies
of the eruptive history of the Reykjanes Peninsula suggest that volcanism occurs in cycles, with periods of
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volcanic activity across the peninsula lasting a few hundred years, and an entire cycle lasting approximately
1,200 years (Semundsson et al., 2020). The 2021 Fagradalsfjall eruption may therefore represent the first
eruption in a renewed cycle of Reykjanes Peninsula volcanism that may last centuries. Subsequent eruptions have
followed the 2021 eruption within both the Fagradalsfjall and Svartsengi volcanic systems, illustrating the
continuation of volcanic activity on the peninsula. Given that the majority of Iceland's population lives on the
Reykjanes Peninsula, a clear understanding of these early eruptions is essential for hazard management and
eruption forecasting along the peninsula.

The 2021 eruption at Fagradalsfjall differs markedly from most Icelandic basaltic eruptions (Halldérsson
et al., 2022), which are typically sourced from mid-crustal reservoirs (Baxter et al., 2023; Caracciolo et al., 2020,
2023; Halldoérsson et al., 2018; Neave & Putirka, 2017). The 2021 Fagradalsfjall eruption was sourced deeper-
from depths close to the crust-mantle boundary (or “Moho”’; Halldérsson et al., 2022). Furthermore, basaltic
eruptions in Iceland are usually homogenous in terms of geochemical mantle source tracers (e.g., 1783-1784
Laki, 2014-2015 Holuhraun; Halldérsson et al., 2018; Sigmarsson et al., 1991), but the 2021 eruption was
highly variable. It displayed several times more mantle-derived variability than the combined variability of all
lavas from the ~800-1240 CE cycle of volcanism on the Reykjanes Peninsula (hereafter referred to as the “800—
1240 CE Fires”), and more than any well-characterized individual lava unit known globally (Halldérsson
et al., 2022). Finally, basaltic eruptions typically decline exponentially in lava effusion rate over time, but the
effusion rate of the 2021 eruption stayed remarkably constant and even increased over the course of the eruption
(Pedersen et al., 2022). These remarkable features show that the magmatic system of Fagradalsfjall represents an
unusual case of basaltic volcanism.

The deep sourcing of the eruption presents an additional opportunity to study basalts from the deepest levels of a
crustal basaltic magmatic system. Deep basaltic magmatic systems have been studied extensively post facto at
ophiolites and oceanic core complexes, or via xenoliths, lava crystal cargoes, or melt inclusions (e.g., Kelemen
et al., 1997; Koga et al., 2001; Lambart et al., 2019; Maclennan et al., 2003; Mutch, Maclennan, Holland, &
Buisman, 2019). Hence, the 2021 Fagradalsfjall eruption presents a new opportunity to study active near-Moho
basaltic magmatic systems through high frequency sampling of its lavas. As these deep magma plumbing systems
play a key role in the accretion and construction of the lower crust, as well as feeding shallower magma chambers,
better understanding of these deep systems is fundamental. The image of deep basaltic magmatic systems, as
drawn from past studies, is that chemically heterogeneous, near-primary basaltic magmas accumulate at or near
the crust-mantle boundary, where they mix, reside, and partially crystallize, before intermittent injection into the
overlying crust (Kelemen & Aharonov, 1998; Kelemen et al., 1997; Korenaga & Kelemen, 1997;
Maclennan, 2019). High-frequency sampling of the 2021 Fagradalsfjall eruption allows evaluation of this hy-
pothesis, along with added details from an active near-Moho magma system.

The significant lava compositional variation and the unusual change in effusion rate over time in the 2021
Fagradalsfjall eruption are atypical features for an eruption fed from a single well-mixed magma reservoir
(Halldérsson et al., 2022; Pedersen et al., 2022). Previously investigated eruptions along the East Pacific Rise
showed variable lava compositions within single basalt lava units and such variations were attributed to active
mixing within a heterogeneous axial magma chamber during eruption (Bergmanis et al., 2007). However, it is also
possible that the 2021 eruption is fed from multiple magma chambers. Multiple connected magma bodies in the
deep crust have been suggested from ground deformation studies of Afar, East Africa (La Rosa et al., 2024).
Similarly, anomalously long deflation at the summit of Kilauea, and prolonged lava effusion during the 2018
eruption is consistent with sourcing from multiple magma reservoirs (Townsend & Huang, 2022). The 1975-1984
Krafla eruption in Iceland showed diverse lava compositional variations that may reflect sourcing from multiple
magma reservoirs in the upper and lower crust (Rooyakkers et al., 2024). Finally, compositional variations along
eruptive fissures in the 2024 Svartsengi eruptions reveal that the source of the erupted lavas is a complex of
multiple mid-crustal reservoirs (Matthews et al., 2024). Therefore, multiple magma reservoirs may also feed the
2021 Fagradalsfjall eruption.

Here, we investigate the petrology and geochemistry of the entire 2021 Fagradalsfjall eruption to better under-
stand the structure, processes, and mantle sources of its deep volcanic system. This study builds, and expands,
upon the prior work by Halldérsson et al. (2022), which focused on the first 50 days of the 183 day eruption. In
comparison to Halld6rsson et al. (2022), this study contains 26 additional samples, spanning the whole duration of
the eruption, and includes new major element analyses of glass and mineral phases as well as new trace element
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Figure 1. Regional and sample locality map of the 2021 Fagradalsfjall eruption. Top left: outline of Iceland with Reykjanes Peninsula shown with a red box. Left: Map of
Reykjanes Peninsula. Areas of pre-2021 lavas are mapped in gray, see legend (Seemundsson et al., 2016). The extents of lavas from the 2021-2024 eruptions are shown
in color (Gunnarson et al., 2023; Umbrotasji, Landmaelingar). The 2021 lava field is shown in blue. Dashed ovals highlight the locations of the Reykjanes, Svartsengi,
Fagradalsfjall, and Krysuvik volcanic systems (Semundsson et al., 2020). Right: Sample locality map of the 2021 Fagradalsfjall lava field. Samples are shown as
circles, whose color corresponds to eruption date as given in the color bar. The changing shape of the lava field throughout the eruption is shown by the three fields
labeled days 17, 52, and 195, which correspond to the days at which the lava outline was obtained, note that the eruption is 183 days long (Pedersen et al., 2022). The
outlines of the lava fields produced by the 2022 (yellow) and 2023 (white) Fagradalsfjall eruptions are shown in dashed outline. The yellow star represents the location

of the central vent after eruption day 39.

and Sr-Nd-Hf-Pb radiogenic isotope analyses of both the samples featured in Halldérsson et al. (2022) and the 26
new samples (see Table S1 in Supporting Information S2). We find that the significant and sudden changes in
trace element and radiogenic isotope ratios of erupted lavas are related to a complex magmatic reservoir structure,
wherein magma is stored in multiple bodies at near-Moho depths and the compositional variability of the erupted
lavas reflects compositional differences between magma bodies. A complex, multi-bodied reservoir structure, and
erosion of crystal mush around the eruptive conduit, likely explains the prolonged, low, and relatively constant
effusion rate of the eruption. Our study depicts a near-Moho region containing multiple, coexisting basaltic
magma bodies with distinct and unusual geochemical compositions. We show that magmas from different magma
bodies mix at depth and subsequently erupt on day-to-weeks timescales. Although a seemingly rare phenomenon,
our results show that dikes emanating from near-Moho magma bodies can traverse the entire crust, erupting
directly onto the surface.

2. Geological Background

The 2021 Fagradalsfjall eruption occurred in southwest Iceland on the Reykjanes Peninsula (Figure 1). As a part
of the Icelandic rift, the Reykjanes Peninsula represents an on-land extension of the mid-Atlantic Ridge that is fed
by the upwelling Icelandic plume (Peate et al., 2009). The Reykjanes Peninsula has highly oblique spreading,
inclined by about 55° from perpendicular spreading (Einarsson et al., 2023). The Reykjanes Peninsula can be
divided into several volcanic systems that form a series of linear, en enchelon volcanic systems (see
Semundsson & Sigurgeirsson, 2013). From west to east, these volcanic systems are: Reykjanes, Svartsengi,
Fagradalsfjall, Krysuvik, Brennisteinsfjoll, and Hengill. Except for Hengill, none of these volcanic systems
contain a central volcano and have only produced basaltic and picritic lavas (Semundsson & Sigurgeirs-
son, 2013). Unlike the other Reykjanes Peninsula volcanic systems, the Fagradalsfjall volcanic system does not
have a fissure swarm and has experienced little postglacial volcanism (Semundsson & Sigurgeirsson, 2013). The
Fagradalsfjall volcanic system comprises a small (~6 km wide) complex of tuyas, hyaloclastite mounds and
ridges, and postglacial lavas (Figure 1). To clarify, although in this publication we use “Fagradalsfjall” to refer to
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the volcanic system as a whole, “Fagradalsfjall” is also the name of the largest tuya within the eponymous
Fagradalsfjall volcanic system.

Volcanism on the Reykjanes Peninsula occurs in cyclic episodes of fissure eruptions with a period of every
~1,200 years with each volcanic episode lasting ~500 years and a ~700 year period of quiescence between
episodes (Semundsson et al., 2020). The previous episode of eruptions on the Reykjanes Peninsula occurred
between ~800 CE and 1240 CE, overlapping with the settlement of Iceland (i.e., the 800—1240 CE Fires), but two
older cycles at 2,500-2,000 years ago, and 3,500-3,000 years ago are also known (Seemundsson & Sigurgeirs-
son, 2013). In each of the three previous eruption episodes there were eruptions at the Reykjanes, Svartsengi,
Krysuvik, and Brennistensfjoll volcanic systems. No eruptions at Fagradalsfjall have occurred in >2,400 years
(Seemundsson et al., 2016).

Recent magmatic unrest on the Reykjanes Peninsula began with a seismic swarm just south of Fagradalsfjall in
mid-December 2019 (Greenfield et al., 2022; Sigmundsson et al., 2022). Another swarm east of Svartsengi on 20
February 2020, preceded repeated cycles of inflation and deflation at that location until July 2020 (Cubuk-
Sabuncu et al., 2021; Flévenz et al., 2022). On 24 February 2021, a M, 5.64 earthquake initiated an unprecedently
intense seismic swarm at Fagradalsfjall (Sigmundsson et al., 2022). The seismicity coincided with ground
deformation that indicated the injection of a NE-SW striking dike at Fagradalsfjall. Seismicity and ground
deformation continued until about 16 March, when there was a decline in the observed ground deformation rate
and seismicity (Sigmundsson et al., 2022). The eruption began in the evening of 19 March 2021 with a 180 m-long
fissure in the Geldingadalir area of Fagradalsfjall effusing basaltic lavas (Pedersen et al., 2022).

Although the effusion rate of most basaltic eruptions in Iceland declines over time (Gudmundsson et al., 2016;
Pedersen et al., 2022), that of the 2021 Fagradalsfjall eruption did not, and rather displayed a complex relationship
between effusion rate, eruptive style, and time (a brief summary is given here, see Pedersen et al., 2022). The
eruption began on 19 March 2021 at low time-averaged effusion rates (1-8 m>/s) with continuous effusion from
one vent. On 5 April, additional vents opened with no change in effusion rate. These additional vents would
steadily become inactive over the following weeks. On April 27th, with effusion occurring at only one vent,
continuous lava fountaining suddenly began, with periodic fountains beginning on May 2nd (Eibl et al., 2023;
Scott et al., 2023), coinciding with an increase in time-averaged effusion rate to ~13 m*/s. Until the end of the
eruption, time averaged effusion rate stayed over 8 m*/s and was focused on a single eruptive vent (Figure 1).

3. Sampling

Freshly erupted materials were frequently (approximately weekly, longest gap is 16 days) sampled as part of the
petrological monitoring of the eruption. Three types of samples were obtained: quenched lava (i.e., by scooping
molten lava into a water-filled bucket), naturally cooled lava, and air-quenched tephra. Sampling was conducted
so that each sample had clear field context. Naturally cooled and water-quenched lava samples were collected
only from flows where the field context was unambiguously clear (i.e., known time of flow emplacement and
known duration of residency on the lava on the lava field), as observed in the field or recorded on the webcam
network of the Icelandic Meteorological Office. Tephra samples were collected from the ground (or, in one case
caught mid-air) when they could be connected to a particular tephra fall event or period. The collection of glassy
materials was prioritized: glassy tephra or vent splatter, glassy pahoehoe flowtops, and quenched lavas. A total of
51 samples are presented in this work, 25 of which were originally described in Halldérsson et al. (2022), see
Table S1 in Supporting Information S2 for sample information.

The “eruption date,” or the inferred date of eruption from the vent, was estimated for each sample. The eruption
date could be estimated very precisely when a particular lava flow was directly seen emerging from the vent
before emplacement and sampling. However, the eruption dates for other samples could not be so precisely
determined. In these cases, a range of dates that encompasses the possible eruption dates was assigned to the
sample, never higher than nine possible days. Lava units whose eruption dates were difficult to constrain were
avoided entirely. For many samples, the eruption date and the sampling date are not the same, because sometimes
the lavas were sampled more than a week following emplacement. These efforts resulted in a data set where the
timing of each sample is well defined, permitting the construction of a high-quality time series.
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4. Methods
4.1. Analytical Methods

Most analytical methods followed procedures identical to those used by Halldérsson et al. (2022), who analyzed
samples from the first 40 days of the 2021 Fagradalsfjall eruption, and the differences in methods are detailed
below. All data, including standard data, are reported in Tables S2-S10 in Supporting Information S2. The
methods for determining trace element concentrations were changed slightly from those used in Halldérsson
et al. (2022) and some samples were remeasured using updated methods in order to maintain consistent analytical
procedures across the eruption and to add additional elements. This study focuses on four different types of
samples: glass, minerals, whole rock, and macrocryst-free matrix. Glass and minerals were hand-picked from
fragments of tephra or lava and analyzed via in situ electron microprobe analysis. Whole rock samples represent
hand-picked, clean coarse lava pieces. Macrocryst-free matrix samples were prepared by hand picking
macrocryst-free fragments of lava matrix from crushed coarse (<1 mm) lava pieces under a stereo microscope.

Major element concentrations of picked glasses and minerals were determined on an JEOL JXA-8320 SuperProbe
electron microprobe at the University of Iceland. For details on the electron microprobe settings and methods for
all analyzed phases, see Halld6rsson et al. (2022). Precision for glass analyses, as measured by replicate analyses
of basalt glass reference material A99, are less than 2% (2 SD) for elements with abundances greater than 10 wt%,
less than 3% for TiO,, MgO, and CaO, less than 7.5% for Na,O and K,O, and less than 30% for MnO, SO3, and Cl,
see Tables S6-S10 in Supporting Information S2.

Major element concentrations of whole rock lava and macrocryst-free matrix were determined via Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) on a Thermo iCap 7400 Duo at the University of
Iceland. Procedures for whole rock powder digestion and ICP-OES analysis are identical to those of Halldérsson
et al. (2022). Whole rock samples were ground in a tungsten carbide disc mill. For major element analysis of
macrocryst-free matrix, 1 g of macrocryst-free matrix was hand-picked and ground in an agate mortar and pestle
with a small amount of 18 MQ water added. The water-powder slurry was dried in a clean plastic vial to produce a
dry powder. The macrocryst-free matrix powder was then analyzed in the same manner as whole rock powders.
Based on replicates of basaltic reference materials BHVO-1, W-2, and BIR-1, precisions for all elements were
less than 5% (2 SD; and often less than 2%), see Table S2 in Supporting Information S2.

Trace element concentrations of lavas were determined via solution Inductively Coupled Plasma Quadrupole
Mass Spectrometry (ICP-Q-MS) using a Thermo iCap RQ ICP-MS at the University of Iceland. Sample disso-
lution procedures were performed in a metal-free clean laboratory. Hand-picked pieces of macrocryst-free matrix
were rinsed in 18.2 MQ water, boiled in 18.2 MQ water, and rinsed again to remove dust and soluble surficial
contaminants. About 30-50 mg of the cleaned glass fragments were then weighed and loaded into 7 ml Savillex
Teflon vials. They were then digested in a HF-HNOj; solution. Insoluble fluorides were removed by repeated
dissolution and dry down steps using solutions of concentrated HNO; and HNO5-HCI. Once complete dissolution
was ensured, the samples were dissolved in a mixture of HNO; and HCI and the mixture was decanted into an
acid-cleaned HDPE bottle containing 18.2 MQ water, to make a 2% HNO; + 0.5% HCI analysis solution with a
dilution factor of ~5,000. The larger digestion volume, combined with the addition of HCI, improved the
reproducibility of HFSE concentration analysis. Samples analyzed by Halldérsson et al. (2022) were remeasured
using the method here in order to have consistent methodology and permit the analysis of Nb and Ta. The new
procedure had no effect on non-HFSE lithophile elements (e.g., Ba, U, Th, REEs), and therefore the new set of
analyses represent a duplicate set for those elements and samples. Based on the reproducibility of reference
material W-2 and the duplicates, analytical uncertainties were less than 5% for most elements, See Table S4 in
Supporting Information S2.

Measurements of Sr and Nd radiogenic isotope ratios were performed at Laboratoire Magmas et Volcans at
Université Clermont Auvergne using a Thermo Triton thermal ionization mass spectrometer. Analytical methods
followed those described in Halldérsson et al. (2022). Sr and Nd isotope analysis of reference material AGV-1
corresponds, within uncertainty, to the average values presented in Weis et al. (2006), see Table S5 in Sup-
porting Information S2.

Measurements of Pb isotope ratios were performed at both University of Iceland and at University of Miinster on a
Nu Plasma 1 and Thermo Neptune Plus, respectively. Measurements of Hf isotope ratios were performed entirely
at University of Miinster on a Thermo Neptune Plus. All chemical separations of lava samples for Pb and Hf
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isotope analysis were performed at the University of Iceland metal-free clean laboratory using the methods of
Kamber and Gladu (2009) and Miinker et al. (2001), respectively. For analyses performed at University of
Iceland, analytical procedures were identical to those in Hallddrsson et al. (2022), which used T1-doping to correct
for mass-fractionation during MC-ICP-MS analyses. Leaching, digestion, separation, and analysis of reference
materials AGV-2 (n = 4) and BCR-2 (n = 4) in Iceland obtained average Pb isotope ratios within uncertainty of
those of Todd et al. (2015), see Table S5 in Supporting Information S2. In Miinster, chemical separation and
isotope analysis procedures of Hf and Pb isotope measurements followed those of Sani et al. (2024) and Todd
et al. (2015), respectively. All Hf isotope data are normalized to JMC475 and reported relative to
HE/'THf = 0.282160 (Blichert-Toft et al., 1997). All Pb isotope measurements were reduced using the
NBS981 composition of Baker et al. (2004). Unleached aliquots of BCR-2 were measured at Miinster for Hf
(n =4) and Pb (n = 1) isotope compositions and are within uncertainty of those determined by Weis et al. (2007)
and Todd et al. (2015), respectively. Sample G20210321-2 was measured for Pb isotope ratios in both the Miinster
and Iceland laboratories, and the results agree within analytical uncertainty, see Table S5 in Supporting Infor-
mation S2. Uncertainties given in plots represent either the standard error of analysis or the standard error of the
average of multiple duplicates, whichever is greater.

4.2. Thermobarometry Methods

Pressures of magma storage were estimated using both clinopyroxene-melt (cpx-melt) and Olivine-Plagioclase-
Augite-Melt (OPAM) barometric methods. The clinopyroxene—melt barometer of Neave and Putirka (2017)
(SEE = *1.4 kbar, i.e. £4.9 km) implemented in Thermobar (Wieser et al., 2022) was used. In the cpx-melt
barometry calculation, 628 clinopyroxene measurements from the 2021 Fagradalsfjall lavas were tested for
equilibrium with liquid compositions derived from macrocryst-free matrix (n = 14), matrix glasses (n = 374), and
melt inclusions compositions (MI; n = 199). The macrocryst-free matrix and matrix glass compositions are
presented in this study, and the MI compositions are from Halldérsson et al. (2022). Equilibrium criteria include:
(a) Observed DiHd, EnFs and CaTs component values within +0.06, +£0.05 and +0.03 of predicted values,

respectively (Neave, Bali, et al., 2019), (b) Kd qux__l\ﬁ“.gq values within £0.03 of equilibrium values calculated using
Eq. 35 from Putirka (2008), (c) Melt Fe”/FeT = 0.15, and (d) exclusion of clinopyroxene compositions with Al
(60) < 0.11, to account for sector zoning (Neave & Putirka, 2017). In total, 451 clinopyroxene compositions were
successfully matched with equilibrium liquids. OPAM barometry (SEE = 1.1 kbar, i.e. £3.9 km) used the new

calibration of Higgins and Stock (2024).

In the OPAM pressure calculations, 374 matrix glass compositions (including both tephra and quenched lava) and
36 macrocryst-free matrix compositions from 16 different samples were used. As a test, OPAM saturation was
tested by using two different statistical approaches to screen out melt compositions that do not lie on the OPAM
boundary: the probability of fit test by Baxter et al. (2023) and the OPAMg 1 test by Higgins and Stock (2024).
The two approaches filtered out different samples, but both sets of filtered samples record the same observations,
and therefore the filtering methods do not affect the conclusions (See Figure S5 in Supporting Information S1).

5. Results
5.1. Petrography

Lava samples from the 2021 Fagradalsfjall eruption are variably vesicular and phyric in hand specimen (Figure 2).
The vesicularity of a given sample varied depending on the type of flow, the height within the flow, and the
proximity to the vent. For example, the tops of vent-proximal pahoehoe flows were strongly vesicular and foam-
like, whereas the cores of a’a flows or distal pahoehoe flows might be nearly devoid of vesicles. The 2021 lavas
contain macrocrysts (>1 mm), microcrysts (0.1-1 mm) and microlites (<0.1 mm) of plagioclase, olivine, cli-
nopyroxene and Cr-spinels. The macrocryst modal abundances of the samples have not been determined quan-
titatively, but are approximately 10 vol%. The lavas typically contain macrocrysts of plagioclase and olivine along
with rarer macrocrysts of clinopyroxene (Figure 2a).

Plagioclase macrocrysts are up to 2 cm in diameter (typically ~5 mm) and are typically euhedral (Figure 2b).
Olivine is up to 5 mm in diameter (typically ~2 mm), and is likewise typically euhedral (Figure 2c). Clino-
pyroxene ranges up to 5 mm and is mostly round and anhedral with significant evidence of resorption (Figure 2d).
Clinopyroxene crystals decreased in abundance throughout the eruption. Cr-spinel ranges up to 0.2 cm in
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G20210519-2 (day 50)

Figure 2. Petrographic features of the 2021 Fagradalsfjall eruption products. The upper left of panels (a—d) is the sample ID
for the sample and the sample eruption day. (a) A photograph of a representative hand specimen of unquenched 2021 lava.
Macrocrysts can be seen at this scale. (b) A back-scattered electron (BSE) image of a plagioclase (plg) macrocryst and melt
inclusions (MI). Note thin low-An (dark-colored) rim. (¢) A BSE image of olivine (ol) and spinel (sp) crystals in a tephra
sample. Note the low-Fo (light-colored) rim. (d) A BSE image of clinopyroxene (cpx) crystals and a melt inclusion (MI).
Note resorbed shape and lack of rim.

diameter and it is found both as a microcryst phase and as inclusions in olivine crystals (Figure 2c). All macrocryst
phases contain glassy melt inclusions, mainly located in the cores of the macrocrysts. The lava also contains rare
gabbroic and anorthositic xenoliths.

5.1.1. Plagioclase, Olivine, and Clinopyroxene Mineral Chemistry

Plagioclase macrocrysts are characterized by patchy or complexly zoned high-An cores surrounded by thin low-
An rims. The contact between core and rim zones is sharp. The anorthite content of plagioclase cores varies
between An,¢ g, with most compositions being in the range Ang, g9. Plagioclase rims are in the range Anyg g7,
with most of them being between An,g g4, Overlapping with the composition of microlites and microcrysts
(Figure 3a). The distribution of plagioclase compositions does not appear to shift over the course of the eruption
(Figure 3a).

Olivine macrocrysts are typically normally zoned with high-Fo cores surrounded by lower Fo rims (Figure 3b). A
gradational contact is observed between core and rim. Reversely zoned olivine macrocrysts do occur but are rare.
In the eruption products, olivine core compositions range between Fog, o4, with the majority having Fog;_go.
Olivine compositions are relatively consistent through the eruption, although they may decline slightly at the end.
Relatively evolved olivine cores, with Fog, g6, Occur sporadically throughout the eruption. Most olivine rim
compositions from the 2021 products range between Fog, ¢, (for more details on olivine macrocrysts, see Kahl
et al., 2023).

Clinopyroxene macrocrysts are either unzoned or sector zoned, commonly displaying a sharp contact between
sectors. The composition of clinopyroxene macrocrysts ranges between Mg#g, o;, with the majority of com-
positions being in the range Mg#g, g5 and Cr,O5 between 0.5 and 1.5 wt%. There is no significant variability in
clinopyroxene Mg# throughout the eruption, except for clinopyroxene erupted around day 100 which, on average,
are in the range Mg#g¢ o, (Figure 3c).
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Figure 3. (a) Plagioclase anorthite content, (b) olivine forsterite content, (c) and clinopyroxene Mg# versus eruption date. The
measured compositions of macrocryst cores (large yellow circles), macrocryst rims (lighter gray diamonds), and microlites
and microcrysts (small darker gray circles) are plotted. On the right of each figure are three kernel density estimations
(KDEs) of macrocryst cores (solid black line), macrocryst rims (dashed line), and microlites and microcrysts (fine dotted
line). The horizontal dashed black lines represent the An, Fo, and Mg# of cpx compositions that are in equilibrium with
compositions of the average lava glass, macrocryst-free matrix (groundmass), and melt inclusions. The plagioclase
equilibrium line for melt inclusions is not shown because of the complexities of high-An plagioclase-melt phase equilibria
(see Ustunisik et al., 2021). Plagioclase equilibrium was calculated using the model of Neave and Namur (2022). Olivine
equilibrium was achieved by using a Fe-Mg Kd in the range 0.27-0.33 (Roeder & Emslie, 1970), whereas for clinopyroxene
in the range 0.24-0.30 (Putirka, 2008).

5.2. Lava Geochemistry
5.2.1. Major Elements in Whole Rock, Macrocryst-Free Matrix, and Glass

The glasses have MgO concentrations that range from 6.8 wt% (quenched a'a glass) to 8.7 wt% (fountaining
tephra) (Figure 4). Glasses have lower MgO than the whole rock and macrocryst-free matrix from the same
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Figure4. (left) MgO versus SiO, (a), AL,O; (b), CaO (c), and K,O/TiO, (d). (right) Eruption day versus SiO, (e), MgO (f), CaO (g), K,0/TiO, (h). Symbol shapes define
different analysis types: squares are whole rock, circles are macrocryst-free matrix, and diamonds are average glass composition. Symbol colors change with time where
darker is later in the eruption, see symbol colors in panels (e, f, g, h). Analytical uncertainty is given by the error bar in each plot. The arrows in (a—d) indicate vectors of
macrocryst addition, with the length of the vector corresponding to 2.5% addition of an average macrocryst. Blue solid and dashed curves represent Petrolog3
(Danyushevsky & Plechov, 2011) fractional crystallization models at 1 bar, 2 kbar, and 4 kbar, using the average macrocryst-free matrix as a starting composition with
0.2 wt% H,O. Mineral/melt models for olivine, plagioclase and clinopyroxene are from Danyushevsky (2001). In panels (e, f, g, and h), the gray line is a local regression
fit of the whole rock compositions through time. Macrocryst-free matrix is not plotted in (a and e) because of SiO, contamination from hand grinding. As glass
compositions are controlled by surface crystallization, they do not display coherent temporal variation for SiO,, Al,O;, or CaO and are not included in (e, f, or g). The
data for the 800-1240 CE Fires in (d) is from Peate et al. (2009).

samples. Glass SiO,, Al,O5, and CaO falls along a 1 bar fractional crystallization curve (Figure 4) that uses the
average macrocryst-free matrix as a starting composition.

The whole rocks have MgO concentrations that range from 8.8 wt% to 10.4 wt% (Figure 4), higher MgO content
than either glasses or macrocryst-free matrix. The compositions display coherent changes over time (Figures 4e—
4h). For example, SiO, content decreases from ~49.8 to 49.0 wt% in the first 50 days of the eruption, and then has
lower amplitude oscillatory change from day 50 until the end of the eruption, matching trends observed in K,O/
TiO, space (see Figure 4h). Although whole rock MgO also increases in the first days of the eruption, it decreases
substantially toward the end of the eruption at day ~140 (Figure 4f). This decrease in whole rock MgO is matched
by a sudden increase in whole rock CaO. Whole rock compositions show a strong correlation between CaO and
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MgO that falls along the olivine and plagioclase macrocryst addition/subtraction vector but is nearly perpen-
dicular to the clinopyroxene macrocryst addition vector (Figure 4c).

Macrocryst-free matrix analyses have MgO concentrations that range from 8.5 to 9.1 wt%, which is intermediate
between the glass and whole rock MgO contents (Figure 4). Macrocryst-free matrix shows less major element
compositional variability than either glass or whole rocks, but distinct change in composition over time is clear in
MgO and CaO. MgO displays the greatest change in the first 50 days of the eruption, and then remains about
constant for the rest of the eruption. The first lavas have macrocryst-free matrix compositions with lower MgO
than lavas erupted after day 50.

In general, the major element compositions of the Fagradalsfjall lavas are dissimilar to the lavas erupted in the
800-1240 CE Fires, and all Reykjanes Peninsula lavas more generally. The lavas have higher whole rock MgO
contents (8.8—10.4 wt%) than lavas from the 800—1240 CE Fires (6.5-9.2 wt%; Peate et al., 2009). They also have
higher K,0O/TiO, (0.14-0.26) than the 800-1240 CE Fires lavas (0.11-0.13; Peate et al., 2009), and nearly all
other Reykjanes Peninsula basalts (Figure 4d, Figure S6 in Supporting Information S1).

5.2.2. Trace Element Composition of the Macrocryst-Free Matrix

The variability in the concentration of a given trace element in the macrocryst-free matrix increases with its
degree of incompatibility (Figure S1 in Supporting Information S1). Highly incompatible elements like U are
highly variable (U ranges from 0.11 to 0.25 ppm, a relative difference of 127%), while somewhat less incom-
patible elements like Zr show less variability (Zr ranges from 49.9 to 71.1 ppm, a relative difference of 42%).
Moderately incompatible elements such as Yb have even smaller variabilities (Yb ranges from 1.94 to 2.14 ppm, a
relative difference of 10%). The compatible element Ni is an exception to this trend, displaying variability
(excluding analyses affected by Ol addition/subtraction, Ni has a range of 43%) similar to Sr. We find that the
observed variability in moderately incompatible elements (Li, Sc, Y, Tb, HREESs) is small enough that it is not
discernible from analytical noise, and therefore the variability of these elements is not discussed further (see
Supplementary Information for statistical procedure). The moderately incompatible elements aside, all elements
form strong positive linear correlations with one another (Figure S2 in Supporting Information S1).

Incompatible trace element (ITE) ratios also show wide variabilities in the 2021 Fagradalsfjall eruption. Ratios
such as La/Sm, La/Yb, or Nb/Zr range from 1.93 to 3.06, 2.13 to 4.45, and 0.12 to 0.18, respectively (relative
differences from 50% to 110%). The variability in La/Sm or Nb/Zr is larger than that observed in all historic lavas
from the Reykjanes Peninsula (see Figure S6b in Supporting Information S1). However, ratios of highly
incompatible elements such as Ba/Th, Nb/La, or Th/Nb show less variability (relative difference around 13%).

Bivariate plots of ITE concentrations, ITE ratios, and Ni show very strong, positive correlations (Figure 5).
Correlations between two highly ITE elements generally have a squared correlation coefficient, R?, higher than
0.98 (Figure 5a). As shown in Figures 5a—5d, sample compositions fall close to apparent binary mixing trends.
ITE concentrations also form a negative correlation with whole rock SiO, and a positive correlation with
macrocryst-free matrix MgO (Figure S7 in Supporting Information S1).

Concentrations of ITEs and Ni, as well as incompatible minor elements like K,O and TiO,, and their ratios,
fluctuate coherently over time in the eruptive products (Figure 6). As also observed by Halldérsson et al. (2022),
both lava ITE concentrations and their ratios increase during the first 50 days of the eruption. Beyond this period,
ITE concentrations exhibited smaller and shorter amplitude oscillatory variations until the eruption's end. The
temporal variations between different ITEs and ratios are well-correlated, as is expected from the strong corre-
lations present on bivariate plots.

The 2021 Fagradalsfjall lavas frequently display trace element compositions that are highly unusual for Icelandic
lavas. For example, their Nb/Zr — Sm/Yb compositions plot outside the field of all measured erupted Icelandic
basalts (Figure 7a). Similarly, the range of some ratios of highly incompatible elements (e.g., Th/La) do not
overlap with that of Reykjanes Peninsula basalts (Figure Sé6c in Supporting Information S1). The early-erupted,
ITE depleted Fagradalsfjall lavas have some trace element similarities to ITE depleted Reykjanes Peninsula
basalts- for example, their Sm/Yb — La/Sm compositions are similar. In contrast, ratios of highly to moderately
incompatible elements in Fagradalsfjall basalts (e.g., Nb/Zr, Rb/Sr, La/Sm, and K,0O/TiO,) reach values higher
than nearly any other Icelandic rift basalt, and have values more similar to off-rift basalts (e.g., Figures 4d and 7a,
Figure S6b in Supporting Information S1).
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Figure 5. Bivariate plots of trace elements in macrocryst-free matrix. Symbol color changes with eruption day, see color bar.
The blue line represents a binary mixing line that use the five most and least enriched samples (see Supporting
Information S1). Four samples, grayed out in panel (b) have likely experienced olivine addition/subtraction. The crosses in
panels (a—d) represent 2 SD analytical uncertainties. (a) The black arrow shows the effect of 20% fractional crystallization or
(b) 5% fractional crystallization. The effect of 20% fractional crystallization in panels (c) and (d) is similar to the symbol size
and not plotted. The plots show that the trace element variation present in the macrocryst-free matrix is dominantly explained
by mixing.

5.2.3. Radiogenic Isotope Ratios

The 2021 Fagradalsfjall eruption lavas have variable Sr, Nd, Hf, and Pb isotope ratios (Figures 8 and 9). The ratios
87Sr/30Sr, 1*Nd/"**Nd, '"°Hf/'7"Hf, and *°°Pb/***Pb range from 0.703107 to 0.703209, 0.512949 to 0.513017,
0.283172 to 0.283234, and 18.7184 to 18.8501, respectively (Figures 8—10). Relative to lavas erupted during the
800-1240 CE Fires, the 2021 Fagradalsfjall eruption exhibits a range in isotope composition that is 224%, 400%,
and 20% greater in terms of ¥’Sr/*°Sr, "*Nd/"**Nd, and 2°°Pb/***Pb, respectively (Peate et al., 2009). All
investigated radiogenic systems form statistically significant linear correlations with ITE concentrations, but
878r/80Sr and 2°°Pb/>**Pb correlate with ITE concentrations especially well (i.e., for La, R> > 0.95).

Radiogenic isotope ratios change coherently over time (Figures 8 and 9, Figure S8 in Supporting Information S1).
All investigated radiogenic isotope systems change significantly during the first 40 days of the eruption but
thereafter show smaller oscillatory changes, like the behavior of ITEs (Figure 8). The temporal variability divides
the sample set into three different groups. Samples erupted during days 0-7 have higher "**Nd/"**Nd and
7SHf/'7HF than the other samples (Figures 9a, 9¢c, and 9d), and also fall off the trend made by the other samples
in 27Pb/***Pb — 2°%Pb/2**Pb space (Figure 9b). Samples erupted during days 8—44 span a wider range of isotope
compositions than the other groups and form a nearly perfect linear trend on any plot of radiogenic isotope
compositions (Figures 9a-9d). Samples erupted during days 45-183 have higher ®’Sr/**Sr and **°Pb/***Pb but
lower "*Nd/'**Nd and '"®Hf/!""7Hf than the lavas from days 0—7, and in ¥’Sr/%0Sr — 1*3*Nd/'**Nd space, form a
linear trend that is separate and parallel from the one made by the samples from days 8—44 (Figure 9a).
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Figure 6. (a, ¢, and d) Eruption day versus different incompatible trace element ratios, (b and f) trace element concentrations, and (e) time-averaged discharge rate of lava
during the eruption (Pedersen et al., 2022). Square symbols indicate whole rock analyses, circles indicate macrocryst-free matrix, and diamonds indicate individual glass
analyses. Symbol colors correspond to the eruption day and darken with time, as in Figure 5. All plots include a red curve which represents a binary mixing model
calculated from a local regression fit of the La concentration (panel (f); see Supporting Information S1). The red curve therefore represents the composition for that
chemical parameter as predicted by La. The good correspondence between the red curve and the different systems in panels (a—d) shows that different trace element
systems are highly correlated in the 2021 lava and their behavior can therefore be predicted from La concentration. In panel (e), the gray boxes represent the estimated
range of effusion rate at a given time period and the curved gray line represents a fit of the effusion rate estimates over time. The red line in panel (e) is the fit of the La
data from panel (f), and is included for reference.

The Sr, Nd, Hf, and Pb isotope ratios of the 2021 Fagradalsfjall lavas reveal a distinct compositional signature
unlike any previously observed Icelandic lava. For example, "**Nd/'**Nd in the 2021 lavas with the highest ITE
concentrations are the lowest published for any Icelandic rift lava (Figure 10a; Hardardéttir et al., 2022).
Similarly, all 2021 lavas have the highest '7®Hf/'7"Hf at a given '**Nd/'**Nd of any measured Icelandic basalt
except for highly depleted Reykjanes Peninsula picrites (Figure 10b). For comparison, two Reykjanes Peninsula
lavas that also have extremely low '**Nd/!**Nd are bolded in Figures 10a, 10c, and 10d. In contrast, the Sr and Pb
isotope ratios of the 2021 Fagradalsfjall lava are similar to those erupted in the 800-1240 CE Fires (Figures 10c
and 10d, Figures S6d and S6e in Supporting Information S1; Peate et al., 2009; Thirlwall et al., 2004).

5.2.4. Thermobarometry Results

Calculated cpx-melt pressures for clinopyroxene macrocrysts in the 2021 Fagradalsfjall eruption range from 0 to
5 kbar (0—18 km; pressures are converted into depths assuming an average crustal density of 2.86 g/cm?, Carl-
son & Herrick, 1990). Most fall within a 2.5-3.5 kbar (9—13 km) range and there is no significant temporal change
in pressure since the eruption's onset in 2021 (Figure 11a). Overall, the average crystallization pressure of cli-
nopyroxene crystals across all samples is 3.0 + 0.6 kbar (10.4 = 2.1 km). Note that the uncertainty of the cpx-melt
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Figure 7. Nb/Zr versus Sm/YDb (a) and Sm/Yb versus 13Nd/**Nd (b) for compiled Icelandic basalts, melt inclusions, and the
2021 Fagradalsfjall lavas. The 2021 Fagradalsfjall symbol colors correspond to eruption date, see color bar. Literature data
are basaltic samples with high quality isotope analyses from the compilation of Hardardéttir et al. (2022). Reykjanes
Peninsula melt inclusions are from the studies of Halldérsson et al. (2022) and Maclennan (2008a). WRZ, NRZ, SIVZ, and
SNVZ are rift and off-rift zones in Iceland: Western Rift Zone, Northern Rift Zone, South Iceland Volcanic Zone, and
Snaefellsnes Volcanic Zone, respectively (see Hardardéttir et al., 2022). These plots show how the 2021 Fagradalsfjall lavas
are compositionally unlike almost all Icelandic basalts, as they plot outside the compositional extent of erupted Icelandic
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Figure 9. (a) 37Sr/%°Sr versus '**Nd/'*Nd, (b) 2°°Pb/***Pb versus 2°"Pb/***Pb, (c) 2°*Pb/***Pb versus '**Nd/'**Nd, and
(d) 2*®Pb/2°*Pb versus '7°Hf/'7"Hf. Symbol color darkens with time as given in the color bar, and symbol type is divided into
three temporal groups as given in the legend. This plot illustrates the changes in radiogenic isotope composition that occur
over the course of the eruption. Note that samples from days 0-7 have quite different compositions from one another and
from the other samples, highlighting the rapid geochemical changes occurring in the first days of the eruption. Samples from
day 8—44 form a nearly linear array in all isotope plots (a)—(d). Samples from day 45-183 are offset from the day 8—44
samples in (a), showing the sudden change in radiogenic isotope composition occurring at day ~45.

barometer is +1.4 kbar (i.e., £4.9 km, 1 SD) and therefore that the uncertainty of the barometer is larger than the
range of the data (Neave & Putirka, 2017).

OPAM estimates for glass throughout the eruption suggest mean equilibration pressures of 0—2.7 kbar, with most
of the pressures being 1-2 kbar (Figure 11b). Considering the uncertainty on the barometer (+1.1 kbar, i.e.
+3.9 km, 1 SD; Higgins & Stock, 2024), this is consistent with the observation that glass compositions from the
eruption lie along 1 bar FC trend (Figure 4). The sole exceptions to this are tephra glasses erupted during the
fountaining phase on days 37, 44 and 48, which record mean pressures between 3.5 and 4.5 kbar.

OPAM applied to macrocryst-free matrix compositions returns pressures in the range 3.1-5.6 kbar (10-20 km),
which corresponds to a region spanning the lower crust to the mantle (Figure 11b). This range of pressures varies
through the eruption, although within the uncertainty of the barometer. Macrocryst-free matrix samples erupted in
the first weeks of the eruption record lower pressures, between 3.1 and 4 kbar (10-14 km; lower crust), whereas
macrocryst-free matrix-based pressures from day 40 onwards record higher pressures in the range 4-5.6 kbar (14—
20 km, spanning the lowermost crust and mantle). Macrocryst-free matrix pressures are higher than the cpx-melt
pressures, except for the first weeks of the eruption, but broadly overlap in terms of barometer uncertainty
throughout the eruption.
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Figure 10. (a) %’Sr/%Sr versus "Nd/"**Nd, (b) "**Nd/"**Nd versus "°Hf/'""Hf, (c) 2*°Pb/***Pb versus 2°"Pb/***Pb, and
(d) 2°°Pb/***Pb versus '**Nd/"**Nd. Symbol color of 2021 Fagradalsfjall samples changes with eruption date, see color bar.
Literature data are basaltic samples with high quality isotope analyses from the compilation of Hardardéttir et al. (2022).
Bolded Reykjanes Peninsula samples to the right of the enriched Fagradalsfjall samples in (a), (c), and (d) are the highly
enriched Reykjanes Peninsula samples discussed in the text with compositional similarities to the 2021 Fagradalsfjall lava.
The Reykjanes Peninsula samples in gray circle in (b) are picritic lavas from Nicklas et al. (2021), as discussed in the text.

6. Discussion
6.1. Evidence for Syn-Eruptive Erosion of Crystal Mushes in the Lower Crust

Plagioclase and olivine macrocryst cores in 2021 Fagradalsfjall lavas are not in major-element equilibrium with
their carrier melts, raising the possibility that they have been added to the magma during transport. Halldérsson
et al. (2022) report that plagioclase, olivine, and clinopyroxene macrocryst-hosted melt inclusions in the 2021
lavas show compositions different from that of their carrier melt, and display wide incompatible element ratio
variability. Additionally, Figure 3 shows that the average macrocryst-free matrix (which represents the melt
composition prior to surface crystallization should be in equilibrium with olivine and plagioclase compositions of
Fogs ¢ and An,q g, respectively). However, the cores of the olivine and plagioclase macrocrysts are more primitive
than the carrier melt, approximately Fogg and Ang,, respectively (see also Figures S9-S11 in Supporting In-
formation S1). Although a primitive core and more evolved rim would be an expected consequence of fractional
crystallization, the compositionally diverse melt inclusions in the macrocryst cores show that there is no such
simple relationship between macrocrysts and their carrier melts. In contrast, the microlites and microcrysts likely
crystallized out of the carrier liquid, as they are close to equilibrium with it (Figure 3, Figures S9-S11 in
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Figure 11. Plots of pressure estimates throughout the eruption. (a) Variation of clinopyroxene — melt pressures throughout the 2021 eruption. For each eruption day, the
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90% percentile. The small gray squares represent samples lying outside the whiskers. The 1 SD cpx-melt barometer uncertainty is given by the error bars on the on the
right side of the plot. The pressures are converted into depths assuming an average crustal density of 2.86 g/cm® (Carlson & Herrick, 1990), and the depth to the crust-
mantle boundary is based on the seismic estimates Weir et al. (2001). (b) Olivine-Plagioclase-Augite-Melt (OPAM) pressures calculated for in situ groundmass glass
analyses (diamonds) and macrocryst-free matrix (circles). If multiple analyses are available for a given sample, the large symbol represents the average calculated
OPAM pressure for each sample. The error bars represent 16 analytical uncertainty (black whisker). The 1 SD barometer uncertainty is given by the error bars on the
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(solid line) OPAM estimates, and of clinopyroxene-melt pressures (dashed line). The gray arrows in (b) indicate the decrease in calculated OPAM pressure as lavas cool

and crystallize on the surface.

Supporting Information S1). Together, this shows that the cores of the olivine, plagioclase, and clinopyroxene
macrocrysts are not in equilibrium with their host melts and could not have directly crystallized from them.

If they didn't crystallize from their carrier liquids, the 2021 Fagradalsfjall macrocrysts must therefore represent
materials added to the melt from another source. Given that settling velocities for mm-scale olivines in primitive
basalts is rapid (~8.5 m/day; given a melt viscosity of 10 PaS, and 2 mm olivine diameter; Stokes, 1856), the
macrocrysts were most likely entrained during transport, and therefore the presence of macrocrysts in the 2021
Fagradalsfjall lava represents a syn-eruptive erosion process at depth. Cpx-melt barometry shows lower pressures
than OPAM macrocryst-free matrix pressures, potentially suggesting a somewhat lower pressure source depth for
clinopyroxene crystals (and likely all macrocrysts) than the carrier melts. Two possible sources of macrocrysts
include either crystal mushes or wallrocks disaggregating into the melt. Although xenoliths, which are more
convincingly derived from subsolidus or very near solidus lower crust, do appear in the 2021 lavas, they are rare.
A fraction of xenoliths are deformed, have recrystallized metamorphic textures, or have mineral core composi-
tions more evolved than any macrocryst core, although most have compositions and igneous textures similar to
the macrocrysts (Wenrich et al., 2022). However, there is no macrocryst population of deformed or evolved
macrocrysts to compliment this population of xenoliths. Therefore, despite overlap in textures and compositions,
the crustal sources of xenoliths and macrocrysts do not seem to be the exactly the same, which supports the idea
that macrocrysts reflect entrained crystal mush. Most macrocrysts contain features showing derivation from high-
porosity crystal mush bodies: (a) euhedral crystal shapes, (b) a lack of intracrystalline deformation, and (c) a
diffusion timescale history that starts months or even years prior to eruption rather than during transport (see Kahl
et al., 2023). The erosion of crystal mush from conduit walls causes widening of eruptive conduits and keeps
eruptive conduits from closing, thereby prolonging eruptions (Sigmundsson et al., 2020). Therefore, the unusually
long duration of the 2021 Fagradalsfjall eruption could therefore be in part due to this mush erosion process
(Pedersen et al., 2022).

Recent work by Day et al. (2024) identified high bulk-rock '#’0s/'®0s and Pt/Ir ratios (the highest of any >50
ppb Os basalt in Iceland) in the earliest erupted lavas. Although Day et al. (2024) interpreted these geochemical
features to be related to assimilation (i.e., melting of wall rock), we instead interpret them to be a feature of the
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mush entrainment process, as assimilation of high fractions of refractory gabbroic wallrock is difficult to
reconcile thermally with the primitive character of the Fagradalsfjall lava (Heinonen et al., 2022; see Supporting
Information S1). Entrainment of macrocrysts at the crystal abundances we observe in the 2021 lavas (~10%
macrocrysts) can explain why the earliest 2021 lavas have the highest '®70s/'®80s, as they have the lowest [Os]
(Figure S4 in Supporting Information S1). Macrocryst entrainment also explains why the 2022 lavas do not have
high "70s/"#80s ratios, as the 2022 lavas are crystal-poor and have experienced far less macrocryst entrainment
(Caracciolo et al., 2024; Day et al., 2024). Furthermore, several of the investigated macrocrysts contain sulfides,
and therefore can host non-negligible abundances of highly siderophile elements (Figure S3 in Supporting In-
formation S1). We therefore attribute the high '370s/!%0s and Pt/Ir ratios of the 2021 lavas to reflect the
accumulation of solid mush-derived macrocrysts within the lavas. Because the crystals are added to the melt in a
solid state, they do not affect the composition of the glass or macrocryst-free matrix.

6.2. Constraints on the Depth of the 2021 Fagradalsfjall Magma Reservoir

Halldérsson et al. (2022) used thermobarometry on lavas, crystal cargoes, and volcanic gas emissions from the
first 50 days of the 2021 Fagradalsfjall eruption to suggest a near-Moho reservoir as its source. In this section, we
extend this analysis by applying thermobarometry to crystals and melts from the complete span of the 2021
Fagradalsfjall eruption, aiming for a more comprehensive understanding and more definitive location of its
magma reservoir.

Pressures derived from in situ analysis of microlite-rich glass in the 2021 Fagradalsfjall eruption are unlikely to
record pressures that represent magma reservoir storage pressures. Glasses crystallize as they cool on the surface
following eruption and, following Caracciolo et al. (2023), this crystallization pushes OPAM pressures toward
lower pressure estimates. This explains why glass compositions fall along a 1 bar fractional crystallization model
curve (Figure 4). This also explains why only tephra erupted during high lava fountaining has glass compositions
with higher OPAM pressures; because only tephra glasses were rapidly quenched in air before significant
microlite crystallization could take place (Figure 11b).

As discussed in the previous section, the macrocryst crystal cargo likely represents crystal mush eroded from the
conduit walls during magma transport. This places a constraint on the source of their ascending carrier melt
because the carrier melt source cannot be shallower than the eroded material. This may explain why the cpx-melt
and macrocryst melt inclusion H,0-CO, saturation pressures (from Halldérsson et al., 2022) record pressures
shallower than the Moho. However, the cpx-melt pressures are within uncertainty of the OPAM pressures, and the
H,0-CO, saturation pressures (the highest are ~3 kbar, ~12 km depth) represent minimum pressures of melt
inclusion entrapment, and therefore these shallower calculated pressures do not exclude the crystal cargo from
being derived close to Moho depths. Therefore, pressures from the macrocryst cargo could be consistent with the
macrocryst-free matrix and tephra OPAM pressures (i.e., ~15 km), but a somewhat shallower source for the
macrocrysts, even as shallow as 12 km, cannot be ruled out (Figure 11). The source of the magma, that is, the
carrier melt, must be deeper than this 12 km limit.

Pressures derived from OPAM barometry of macrocryst-free matrix and rapidly quenched tephra glasses indicate
that melts equilibrated at near-Moho pressures (~4 kbar or ~15 km depth) prior to eruption (Figure 11b).
Although the beginning of the eruption records somewhat lower pressures than the rest of the eruption, these
changes are well within the uncertainty of the barometer and their significance is not clear. If the change in
calculated OPAM pressure corresponds to real changes in melt equilibration pressure, this difference could be the
result of shallow equilibration of magmas in the pre-eruptive dike in the 3 weeks before the eruption began and/or
that the early erupted lavas are derived from a separate magma body located at somewhat shallower depth (e.g.,
12 km). Regardless, macrocryst-free matrix and tephra glass OPAM pressures are consistent with lower crustal to
upper mantle pressures, and all are within uncertainty of Moho-like pressures.

Combined petrological and barometry-based constraints allow for evaluation of the location of the magma
reservoir that sourced the 2021 Fagradalsfjall eruption. Though the OPAM barometer provides the best con-
straints we have on the pre-eruptive magma storage pressure, the range in pressure estimates (Figure 11b) is
consistent with storage in a variety of locations: the lowermost lower crust, the Moho, or the mantle. The mantle
itself is highly unlikely to be a significant source of magma directly to the eruption, as erupted macrocryst-free
matrix compositions (representing the carrier melt prior to near-surface crystallization) are saturated in olivine,
clinopyroxene, and plagioclase at near-Moho pressures. Near-primary magmas ascending from the mantle would
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only be saturated in olivine and the erupted lava compositions require cooling and crystal fractionation in order to
be saturated in all three mineral phases. Excluding the mantle, the lowermost crust and Moho remain as possi-
bilities. Here, the composition of the crystal cargo of the 2021 lava can help constrain the pre-eruptive storage
location of the magma. The Fagradalsfjall lava contains abundant olivine macrocrysts, which themselves have
highly primitive compositions. As described in Section 6.1, these macrocrysts likely represent entrained material
from crystal mushes. To identify the proportions of crystals in the eroded lithologies, tephra clasts from sample
G20210428-1 were carefully crushed and all macrocrysts picked out and weighed. The clasts contained 83%
olivine, 13% plagioclase, and 4% clinopyroxene macrocrysts by mass. This illustrates that the crystal cargo of
Fagradalsfjall is nearly ultramafic, resembling an olivine-rich troctolite in terms of phase proportions. Note that
crystal settling processes in magma would result in an overabundance of plagioclase, not olivine (see settling
velocity calculation in Section 6.1). Therefore, the crystal mush supplying the Fagradalsfjall crystal cargo is
equivalent to a highly mafic or ultramafic lithology: an olivine-rich troctolite or plagioclase-bearing dunite. Such
primitive near-ultramafic lithologies are very rare in the shallow portions of ophiolites, but are common in the
lowermost part of the lower crust or within the Moho transition zone (e.g., Oman ophiolite; Pallister & Hop-
son, 1981). As these crystals were likely entrained during transport, the magma reservoir may be deeper than the
depth of crystal entrainment. We therefore infer that the magma bodies supplying the 2021 Fagradalsfjall eruption
was located at the base of the lower crust or within the Moho transition zone.

6.3. Mantle Origins of the Geochemical Composition of the 2021 Fagradalsfjall Lavas

As originally remarked by Halldérsson et al. (2022), the 2021 Fagradalsfjall lavas contain an unusual degree of
geochemical variability with respect to mantle tracers, greater than the geochemical variabilities of all other well
studied individual MORB or OIB basalt flows globally. However, the trace element and radiogenic isotope
compositions of the 2021 Fagradalsfjall lavas themselves are unusual, and reflect the distinctive nature of the
Fagradalsfjall mantle source. In this section, we use the mantle geochemical terms “enriched” and “depleted,”
which require explanation for non-mantle geochemist readers. The terms “enriched” and “depleted” simply
describe the high or low abundance of incompatible elements in a system, respectively. For example, a lava whose
trace element and radiogenic isotope composition is “enriched” has high incompatible element contents compared
to a group of reference lavas (in this study, typical Reykjanes Peninsula basalts), and has a radiogenic isotope
composition consistent with long-term radiogenic ingrowth of an ITE enriched material in the mantle source (i.e.,
a high Rb/Sr mantle domain will gain high 8’Sr/*°Sr over time). These terms are useful because they describe the
mantle-derived characteristics of lava, which reflect the mantle source and melting process. For example,
enriched Icelandic basalts are formed at lower degrees of partial melting and at greater depth than depleted basalts
(Hardardéttir et al., 2022).

Lavas erupted after day ~45 have highly enriched trace element and radiogenic isotope compositions. These lavas
have the most enriched (i.e., the lowest) “**Nd/'**Nd ever measured in an Icelandic rift basalt (Figure 10a).
Additionally, the 2021 Fagradalsfjall lavas have very high '"Hf/'7"Hf at a given '**Nd/'**Nd, only similar to
highly depleted Reykjanes Peninsula picrites (Figure 10b) and Nb/Zr — Sm/Yb compositions that do not plot
within the field of compiled Icelandic basalts (Figures 7a and 7b). Combined, these features render all 2021
Fagradalsfjall lavas compositionally distinct from all well-characterized Reykjanes Peninsula basalts and Ice-
landic rift basalts in general.

Although the enriched compositions of the 2021 Fagradalsfjall lavas are certainly compositionally distinct, two
lavas that previously represented the lowest '**Nd/'**Nd of Icelandic rift basalts, have compositional similarities
to the more enriched 2021 Fagradalsfjall lavas (Thirlwall et al., 2004). These two lava samples are only char-
acterized for Sr, Nd, and Pb isotopes, and Nb and Zr concentrations, but the available data are quite similar to the
enriched 2021 Fagradalsfjall lavas (see bolded Reykjanes Peninsula samples in Figures 10a, 10c, and 10d). These
two lavas are subglacial units from Fagradalsfjall (the tuya adjacent to the eruption site) and Lambafell (a
hyaloclastite hill in the eastern Reykjanes Peninsula). The similar highly enriched geochemical signatures of the
2021 Fagradalsfjall lavas and certain older lavas on the Reykjanes Peninsula suggests 2021 Fagradalsfjall lavas
are not entirely compositionally unique.

Although the 2021 Fagradalsfjall lavas have highly enriched compositions, their Hf-Nd budget is substantially
derived from depleted mantle domains. Their signature of high '"®Hf/'7"Hf at a given '**Nd/***Nd occurs when a
depleted melt with high-Hf/Nd, ""SHf/'7"Hf, and '**Nd/'**Nd is mixed with more enriched lower-Hf/Nd melt.
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The geochemical effect of mixing the depleted melt into the enriched melt is to increase '’®Hf/'”"Hf without
substantially changing '**Nd/"**Nd (see Béguelin et al., 2019; Ferrando et al., 2024; Salters et al., 2011; San-
filippo et al., 2021; Sani et al., 2023; Stracke et al., 2011). We further note that the geochemical changes are not
consistent with the significant addition of pyroxenite melt (Stow et al., 2023). Therefore, a significant quantity of
the parental melt of the 2021 Fagradalsfjall lava, as measured by its Hf-Nd budget, is sourced from depleted
mantle domains.

The origin of the unusual geochemical composition of the 2021 Fagradalsfjall lava is therefore explained by a
superimposition of enriched and depleted geochemical signatures within a single lava chemistry. However, this is
not because of simple mixing between melts derived from homogenous depleted and enriched mantle domains.
All erupted basalt lavas are formed through a process of melt aggregation- the stochastic mixing of near-primary
polybaric melts sourced from the heterogeneous mantle domains within the underlying melting region
(Maclennan, 2008a, 2008b; Stracke, 2021; Stracke & Bourdon, 2009). The immense compositional diversity of
near-primary mantle melts contributing to the erupted lavas of the Reykjanes Peninsula is also reflected in the
compositions of melt inclusions. Halldérsson et al. (2022) and Maclennan (2008b) both measured Reykjanes
Peninsula melt inclusions and identified a wide range of melt inclusion compositions that encompass the com-
positions of the 2021 Fagradalsfjall lavas. These include very high Nb/Zr and La/Sm at a given Sm/Yb, similar to
the 2021 Fagradalsfjall geochemical signature (Figure 7a). Caracciolo et al. (2023) measured melt inclusions in
lavas from the 800-1240 CE Fires and identified a wide range of K,O/TiO, compositions (from ~0 to 0.5) all
along the Reykjanes Peninsula, encompassing the composition of the 2021 Fagradalsfjall lavas. Therefore, in
terms of melts supplied from the mantle source as sampled by melt inclusions, the 2021 Fagradalsfjall lava is not
compositionally unusual. However, because of its low "**Nd/'**Nd composition (Figures 7b and 10a), Nb/Zr-
Sm/Yb relationships (Figure 7a), and Hf-Nd isotope systematics (Figure 10b) it is distinct from almost all other
Icelandic rift basalts except possibly for a few, rare, highly enriched (Figures 10a, 10c, and 10d) and highly
depleted (Figure 10b) Reykjanes Peninsula basalts. Erupted basalts differ from melt inclusions in that they have
undergone a much greater degree of melt aggregation and homogenization, and their compositions therefore tend
to be much less variable than those of melt inclusions. Therefore, the unusual compositions of the 2021 Fagra-
dalsfjall lavas are not the product of typical melt aggregation processes on the Reykjanes Peninsula. We propose
that the unusual composition of these basalts is due to a bias in their melt aggregation process that resulted in a
larger proportion of compositionally extreme melts, that is, highly depleted and enriched melts, and a lesser
proportion of moderately depleted and enriched melts. One example mechanism to create this bias is that some of
the mantle melts are “captured” by an adjacent volcanic system. Future work involving quantitative modeling of
the melt aggregation process (e.g., Rudge et al., 2013) will reveal the feasibility of this model that, for now, forms
a working hypothesis to explain these unusual melt compositions.

6.4. Evidence for the Contribution of Multiple Magma Bodies to the 2021 Fagradalsfjall Eruption

A key feature of the 2021 Fagradalsfjall eruption is that the trace element and radiogenic isotope composition of
the lava changes over time. Primitive and deep magma systems contain geochemically heterogeneous magmas,
because mixing processes have not yet homogenized them (e.g., Genske et al., 2019; Lambart et al., 2019;
Maclennan et al., 2003; Neave, Namur, et al., 2019). One possibility is that the 2021 eruption originates from a
single, large, compositionally-zoned magma chamber. However, Maclennan (2019) calculated that a sill con-
taining low-viscosity primitive basalt will homogenize due to convection on a days-to-weeks timescale. This
timescale is substantially shorter than the multi-year period of volcanic unrest prior to the 2021 eruption (Kahl
et al., 2023), and therefore, given that direct mantle inputs are likely small (see Section 6.2), a more likely
explanation of the geochemical variability in the 2021 eruption is that it rather originates from multiple
compositionally distinct magma bodies.

Mixing of magma from multiple chemically distinct magma bodies would cause magma compositions to fall
along mixing trends. Figure 5 presents several plots that allow for evaluation of the binary mixing process.
Macrocryst-free matrix ITE concentrations, ITE ratios, Ni, and MgO concentrations (Figure 5, Figure S7 in
Supporting Information S1) fall along binary mixing trends, with scatter along the trends of similar magnitude to
analytical uncertainty. These results suggest that the macrocryst-free matrix composition is controlled by mixing
of two or more contributing magma bodies, and not by fractional crystallization. Application of melt-based
thermometry shows that all erupted compositions have similar calculated temperatures (~1210°C; Figure S12
in Supporting Information S1; Equations 14—16; Putirka, 2008). Additionally, the apparent adherence to a binary
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mixing trend for all measured ITEs, ITE ratios, Ni, and MgO means that processes like fractional crystallization or
assimilation must play a limited role (e.g., assimilation fractions less than 0.05) in shaping the geochemical
variations of the 2021 Fagradalsfjall carrier melt. For example, significant assimilation would cause lava com-
positions to fall along an assimilation-fractional crystallization trajectory that would most likely depart from
binary mixing trends (DePaolo, 1981). This conclusion is consistent with arguments against significant shallow-
level assimilation based on the oxygen isotope compositions of the 2021 Fagradalsfjall lava by Bindeman
et al. (2022). Although Day et al. attributed high bulk '#’0s/'®0s and Pt/Ir ratios in the 2021 lava to deep crustal
assimilation, we show in Section 6.1 that these features are more likely caused the accumulation of macrocrysts
into the carrier melt (See Supporting Information S1).

Radiogenic isotope ratios show that samples do not lie along a single binary mixing trend (Figure 9), despite that
radiogenic isotope compositions broadly correlate with ITE concentrations and ratios (Figure S12 in Supporting
Information S1). Therefore, the radiogenic isotope compositions of the lavas indicate that more than two magma
bodies contributed to the eruption. It is not possible to identify the exact number of magma bodies that supply an
eruption through geochemical inference, as different magma bodies may not have distinguishable geochemical
compositions. However, it is possible to use geochemical inference to place rough constraints on the minimum
number of magma bodies that mix to produce geochemical variability. Given that the concentration ratios of these
radiogenic systems (e.g., Hf/Nd, Sr/Nd, Pb/Nd, etc.) have relatively little variation (highest/lowest <1.5) in the
2021 eruption lavas, isotope mixing should generate nearly linear rather than curving trends in isotope space (e.g.,
Vollmer, 1976). If we assume that each magma body source contains magma of a well-mixed, time-invariant
composition, then all geochemical variability in the erupted lavas is related to mixing between magma bodies
of different compositions. Given that mixing between magma bodies in the 2021 eruption is not strongly hy-
perbolic in isotope space, the dimensionality of mixing allows us to place constraints on the number of magma
bodies. For example, if sample compositions fell along a line (indicating binary mixing), then it would require, at
minimum, two magma bodies to generate that variability, whereas if sample compositions fell along a 2-
dimensional plane, then it would take at minimum three magma bodies to explain the variability, and so on.

Principal component analysis (PCA) is a useful tool for identifying the most important vectors of compositional
variability within a high-dimensionality data set. Applying PCA to the 2021 Fagradalsfjall lava Sr-Nd-Hf-Pb
isotope data results in 98.7% of the variability falling into three principal components, implying that nearly all
the observed Sr-Nd-Hf-Pb isotope variability lies within a three-dimensional isotope space (Figure S13 in
Supporting Information S1). Therefore, based on the reasoning outlined in the previous paragraph, mixing be-
tween a minimum of four magma bodies would be required to explain the isotopic variation in the 2021
Fagradalsfjall lavas. However, this is a minimum estimate, and more contributing magma bodies are likely.
Additional magma bodies that contribute significant melt to the eruption may be missed if they have the same
magma composition as another body or have a composition that falls along the mixing arrays of the other bodies.
For example, the trace element compositions of the 2021 lavas fall along a linear array. In order to reproduce this
array, only two endmember magma bodies are required. However, constraints from radiogenic isotopes demand
that there are four magma bodies, which shows that all four of the magma bodies contributing to the eruption lie
along the linear array defined by trace elements. The observation that the compositions of the different magma
bodies all lie along a single mixing array is not a coincidence, and is a direct result of the stochastic melt ag-
gregation processes that accumulate small-volume mantle melts into much larger eruptible volumes (Rudge
et al., 2013). Therefore, based on radiogenic isotope compositions, there at least four magma bodies contributing
to the eruption, but there are likely more.

What is still not clear is whether these magma bodies interact through recharge of a single, large central magma
chamber that supplies the eruption, or whether each small magma body independently supplies the eruptive
conduit. If a single large magma chamber supplied the 2021 eruption, the magma composition within a chamber
would not experience sudden changes in geochemistry but would instead evolve or wander steadily in compo-
sition over time. Although the 2021 Fagradalsfjall lavas do exhibit some steady geochemical change over time,
they also exhibit rapid oscillatory changes. For example, sample compositions change from depleted (La/
Sm = 1.95) to more enriched (La/Sm = 2.6) and back to more depleted compositions (La/Sm = 2.35) within the
first 11 days (the magnitude of the change in these few days is greater than all geochemical variability in the 800—
1240 CE fires). Another major oscillation later in the eruption can be seen from days ~131 to ~150, where the
lava composition has a La/Sm of 3.0 on day ~131, changing to 2.6 by day ~140, again to 3.0 on day ~147, and is
then lower to 2.8 on day ~150. These rapid and oscillatory swings in composition are difficult to reconcile with
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recharge events to a large magma chamber and are more consistent with competing rates of magma supply from
different magma bodies over time. The rapid compositional changes further show that the eruptive conduit played
a limited role in the mixing process, either because of its limited volume, or because the geometry of the conduit
prevented efficient mixing.

Together, radiogenic isotope compositions show that multiple (at least four) magma bodies supply magma to the
eruption at different times. Over time, the erupted lavas tended to undergo smaller geochemical changes, sug-
gesting that the magmatic system became more stable and less dynamic as the eruption progressed. One inter-
pretation of this is that the eruption was originally fed by many magma bodies, but over time became dominated
by fewer bodies with larger volumes as the smaller magma bodies ran out of melt. If so, then the larger magma
bodies tended to be enriched, as shown by the progressive changes toward more enriched lava compositions over
the course of the eruption. This interpretation that the eruption is fed by many magma bodies is consistent with the
notion that deep basalt magmatic systems contain a population of geochemically diverse magmas (e.g., Burton
et al., 2024; Genske et al., 2019; Gurenko & Chaussidon, 1995; Lambart et al., 2019; Maclennan, 2008a, 2008b,
2019; Nielsen et al., 1995), however the notion that such a diversity of magmas exist simultaneously in a complex
of magma bodies has not been previously shown.

6.5. Influence of Deep Magmatic Processes on Surficial Eruptive Phenomena

Beginning on day 39 of the eruption, there was more than a two-fold increase in the effusion rate of the eruption
and the onset of a lava fountaining phase (Figure 6e; Eibl et al., 2023; Pedersen et al., 2022; Scott et al., 2023).
This rapid rise in effusion rate after weeks of eruption contrasts sharply with most other Icelandic eruptions,
which tend to decline in effusion rate over time due to decreasing magma chamber pressure (Aravena et al., 2020;
Pedersen et al., 2022; Wadge, 1981). Critically, this change in eruption style and effusion rate also coincides with
a sudden change in the radiogenic isotope composition of the lava (Figure 9). As discussed in Section 6.4, magma
compositions in the days prior to eruption day 45 lie along a well-defined trend in terms of radiogenic isotope
composition. However, on day ~45 (i.e., occurring sometime between samples measured for radiogenic isotope
compositions on day 41 and 48) there was a sudden shift in the radiogenic isotope composition of the lava
(Figures 9a, 9c, and 9d), while the trace element composition stayed relatively constant. We highlight that the
compositions of lavas erupted in the period day 39-52 (the interval over which effusion rate changed) only
displayed significant change in their isotope ratios, and did not display significant changes in major or trace
element composition, temperature, or OPAM equilibration pressure. Consequently, we do not detect any change
over this period in the geochemical properties of the lava itself that could influence eruption behavior (e.g.,
increasing volatile content, viscosity).

Instead, the change in eruptive style, effusion rate, and lava radiogenic isotope composition starting on day 39
could be explained by an increase in magma supply due to recharge. According to Sigmundsson et al. (2020), the
driving pressure for upward flow within an eruptive channel is equal to the sum of (a) the buoyancy of the magma
at depth, (b) the buoyancy of ascending magma in the eruptive dike, and (c) pressure changes within the magma
chamber due to magma recharge. Of these three factors, the first and the second are unlikely to change signifi-
cantly without a substantial change to the lava composition. However, the third factor, pressure from magma
recharge, could explain both the isotopic changes to the erupted lava composition and the change in effusion rate
and eruptive style. Given that recharge is occurring, a model for the events surrounding day ~45 can be
conceived: on day 39 (the day of the start of fountaining) an enriched magma body supplying the eruption ex-
periences a significant amount of recharge, shifting its radiogenic isotope composition and increasing the driving
pressure in the eruptive conduit. The increase in magma reservoir pressure from this recharge event results in
more rapid magma ascent and greater effusion rate. Previous investigation of the connection between magma
ascent rate and eruptive style suggests that higher magma ascent rates can push eruption behavior into a Hawaiian-
style lava fountaining regime (Parfitt & Wilson, 1995), like that observed in the 2021 eruption. Therefore, deep
magma recharge of the magma reservoir can explain the change in isotope composition of the lava, as well as the
sudden onset of fountaining and an increase in effusion rate. However, it is possible that the isotopic changes and
the change in eruptive behavior are a coincidence, and in this case the onset of fountaining may be instead related
to a passing of a behavioral tipping point as the lava becomes steadily more enriched (and therefore more volatile-
rich) in the first weeks of the eruption (Figure 6; e.g., Sides et al., 2014).
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Figure 12. Conceptual diagram of the structure of the 2021 Fagradalsfjall magma plumbing system over the course of the
eruption (not to scale). (a) A cross section of the Reykjanes Peninsula crust revealing a complex of melt lenses at the base of
the lower crust and within the Moho transition zone. Depths to upper-lower crust transition and crust-mantle transition based
on Weir et al. (2001). (b) A dike emanating from an enriched melt lens at the base of the complex propagates upwards,
intersecting with multiple small, depleted melt lenses. The contribution of magma from many sills results in a diverse
mixture of radiogenic isotope compositions in the early erupted lavas and an overall geochemically depleted composition.
(c) From day 8-44, the small depleted sills are exhausted, and the eruption is dominantly supplied by larger enriched sills,
with erupted melt compositions becoming increasingly enriched over time. (d) On day 39, the enriched melt lens is recharged
by other melt lenses resulting in compositional shifts and an increase in driving pressure of melt into the dike. From this point
until the end, the eruption is primarily sourced by large enriched sills; however, sudden changes in the supply network of sills
may cause sudden compositional excursions in the erupted lava.

This recharge model can be used to roughly constrain the magma ascent rate of the 2021 Fagradalsfjall eruption.
Because the distance from the magma reservoir to the surface is known (~15 km; Weir et al., 2001), we simply
need to estimate how long it takes for magma to be transported from the magma reservoir to the surface to be able
to calculate an ascent rate. Because pressure travels through a magma-filled dike much more rapidly than magma
itself is transported, we predict a delay between the first changes in eruptive style and the first changes in lava
chemistry. Assuming that pressure is transmitted through the dike instantaneously, such a delay corresponds to
the period of magma transport. The change in isotope composition occurs between days 41 (G20210501-1) and 48
(G20210511-2), corresponding to a delay of 2 (day 39—41) or 9 (day 39-48) days. These delays yield calculated
magma ascent rates between 0.02 m/s and 0.09 m/s, which is similar to that determined for Borgarhraun in the
Northern Rift Zone (0.02-0.1 m/s; Mutch, Maclennan, Shorttle, et al., 2019).

6.6. A Tentative Model of Events in the Magma Plumbing System of the 2021 Fagradalsfjall Eruption

Geochemical data combined with data from other studies on the 2021 Fagradalsfjall eruption can be used to create
a tentative model to serve as a working hypothesis for events occurring beneath Fagradalsfjall leading up to, and
during the eruption.

In the years leading up to the 2021 Fagradalsfjall eruption, magma had been accumulating beneath the Reykjanes
Peninsula. Between December 2019 and January 2020, seismic swarms and crustal inflation episodes were
observed at the Svartsengi and Krysuvik geothermal fields. These phenomena were attributed to shallow (i.e.,
4 km depth) magma injection into the crust and possible magma devolatilization (Cubuk-Sabuncu et al., 2021;
Flévenz et al., 2022). A seismic station network deployed near Fagradalsfjall in June 2020 almost immediately
began to detect deep long period seismicity that is associated with magma movement at 10-12 km depth
(Greenfield et al., 2022). Diffusion chronometry of olivine and plagioclase macrocrysts in the 2021 Fagradalsfjall
lavas find that many olivine diffusion timescales date back to the 2019-2020 period of seismic unrest (Kahl
et al., 2023). A few olivine diffusion timescales predate this, suggesting a “priming” phase starting years prior to
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the seismic unrest phase. These olivine diffusion timescales show migrating magmas had infiltrated the lower-
most crust in the months and years prior to eruption. Geochemical observations presented in this study further
suggest that magma accumulation at the near-Moho did not occur in a single large magma chamber, but rather as
numerous smaller bodies. Collectively, geophysical, geochemical, and petrological observations point to active
magma transport and accumulation both close to the crust-mantle boundary and in the lower crust in the years
preceding the eruption.

On 24 February 2021, a dike formed that propagated from the near-Moho up to the upper crust (Figure 12). From
thermobarometry constraints (see Section 6.2), the dike likely originated from the lowermost crust or Moho
transition zone at the base of a complex of melt lenses in the overlying lowermost lower crust (Section 6.4,
Figures 12a and 12b). As the dike propagated upwards, it breached the margins of other melt lenses within the
lowermost lower crust, permitting the tapping of compositionally different melt lenses, each having different
volumes and compositions. Given that the lava changed very rapidly (on a near-daily basis) in radiogenic isotope
composition in the first days of the eruption (days 0-7) and given that these lavas represent the most depleted
compositions of the eruption, we posit that the lenses containing the depleted magmas are small and isolated, but
numerous. Later in the eruption the lavas became more enriched and the compositional evolution of the eruption
stabilized, showing that later the eruption was dominantly supplied by fewer, larger enriched lenses. Furthermore,
if the lower OPAM pressures of the early depleted melts is a resolvable feature (see Section 6.2), then the reason
that the depleted lavas erupted prior to the enriched lavas is because depleted magmas were more common higher
up in the complex of lenses.

The dike propagated to within 1 km of the surface and inflated for 3 weeks prior to the eruption onset (Sig-
mundsson et al., 2022). During this 3-week period, the dike cooled and began to fractionate. Because stagnant
dikes rapidly cool and solidify (a stagnant 1-m-wide dike would crystallize in 3 days; White et al., 2011), all but
the thickest portions of the dike would have solidified during this time to form a more pipe-like conduit. The
fractionation of the magma at shallower depth in the dike resulted in partial resetting of the dike magma's OPAM
barometer to lower pressures. As the dike drew magma from the near-Moho reservoir system to inflate and
propagate, it drew magma from the many melt lenses that it cut across (Figure 12b). When the eruption began on
19 March (Day 0) the radiogenic isotope composition of the erupted lava changed rapidly over a week (at rates
faster than can be captured by even near-daily sampling) reflecting the compositions of the many small melt
lenses sampled by the dike (Day 0-7 compositional group, Section 6.4). As time passed, the smaller lenses
became exhausted of magma, leaving a few, larger, enriched, magma lenses remaining to feed the eruption. By
day 8, the contribution from small, depleted lenses began to wane, and the eruption began to be increasingly
sourced from larger, enriched magma lenses (Section 6.4; Figure 12c).

Until eruption day 39, the K,0/TiO, of the eruption steadily increased, indicating a steadily increasing contribution
from the enriched lenses over time, and reached a peak at about day 39 (Figure 6). However, at day 39, one of the
enriched lenses feeding the eruption experienced very significant recharge, which caused a shift in the composition
of the erupted lava and increased the supply of magma to the eruption (Section 6.5, Figure 12d). On the surface, the
increase in magma ascent rate caused the eruption style to change to a new fountaining regime (April 27th, day 39),
and increased in effusion rate from ~5.5 m*/s to ~12 m*/s (within days ~40—~52; see Section 6.5). Alongside these
sudden changes, the lava chemistry underwent a shift in radiogenic isotope composition reflecting the change in
composition due to the recharge event (these lavas do not arrive at the surface until days 41-48; See Section 6.5).
From day 39 until the end of the eruption, contribution from enriched melt lenses dominated the geochemical
composition of the lava (Figure 6). Throughout the eruption, short-duration geochemical excursions to more
depleted or enriched compositions were common (Figure 6). Within this model, we explain these excursions to
represent the sudden recharge of a magma body, the sudden connection of new magma bodies to the conduit, or
perturbations in magma supply caused by erosion of the conduit, or structural collapse of part of the supply network.
The final lava flows effused from the vent on 18 September 2021 (day 183).

7. Conclusions

¢ The major and trace element concentrations, and radiogenic isotope ratios, of 2021 Fagradalsfjall lavas display
both gradual and sudden changes over time

e Chemical disequilibrium between macrocrysts and their carrier melt, along with macrocryst textural features,
indicate that macrocrysts are disaggregated crystal mushes
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¢ Combined clinopyroxene-melt and OPAM barometry indicate that the magma reservoir system supplying the
eruption is located close to the crust-mantle boundary (12—15 km)

o The lava trace element and radiogenic isotope compositional characteristics render the 2021 lavas compo-
sitionally distinct from all Icelandic basalts except a few, rare, highly enriched, and highly depleted, Reykjanes
Peninsula basalts

o The lavas have unusual Hf-Nd isotopic systematics that indicate magma aggregation from a suite of melts that
have a high proportion, relative to most Icelandic basalts, of highly enriched and depleted melts with fewer
melts of more moderate composition

« Based on radiogenic isotope systematics, the eruption is sourced from a magma reservoir system containing at
least four magma bodies, and likely more

» The changes in effusion rate and eruptive style beginning on day 39 (April 27th) of the eruption is likely the
result of the onset of a deep recharge event

The largest geochemical changes in the 2021 Fagradalsfjall eruption were observed in the first 50 days and, as
the eruption continued, these lavas were buried. Today, the earliest lavas in the eruption that are still accessible
on the surface are from day 22 of the eruption, which, in consultation with Figure 6, shows that all of the most
depleted lavas are now buried. Given that the early lavas reflect a substantial proportion of the geochemical
variability in the eruption, their absence from this study might result in different conclusions. For example,
without those early samples, the study would have likely concluded that fewer magma bodies fed the eruption.
However, many of the key findings of this study can be deduced even without those early samples: the mush
entrainment process, the unusual enriched composition of the lava, and the eruption source depth. Therefore,
comprehensive studies of older basalt units still likely identify many of the same basic observations. However,
our study shows very clearly that a single lava unit may not necessarily be homogenous, and can retain high
degrees of geochemical variability. Comprehensive sampling of a lava field, particularly lavas that appear to
have erupted earlier or later, is essential to sampling as much of an eruption's petrological and geochemical
variability as possible.

The 2021 Fagradalsfjall eruption was one of the most well-monitored eruptions ever, where the seismicity,
infrasound, ground deformation, gas chemistry, eruptive phenomena, vent effusion rate, lava petrology, and
melt geochemistry of the eruption were all continuously monitored. However, these data were controlled by
different parts of the volcanic system, and only their sum was able to produce a holistic picture of the
Fagradalsfjall system. The seismicity, infrasound, and eruptive phenomena seemed to be controlled by pro-
cesses in the shallower crust or volcanic edifice (Eibl et al., 2023; Greenfield et al., 2022; Lamb et al., 2022;
Scott et al., 2023), whereas the vent effusion rate, deformation, lava petrology and geochemistry were features
controlled by processes in the deepest parts of the volcanic system (deformation and effusion rate are closely
linked; Lanzi et al., 2024; Pedersen et al., 2022). The volcanic gas geochemistry appeared to be controlled by a
combination of shallow and deep processes (Halldérsson et al., 2022; Scott et al., 2023). Clearly, monitoring
campaigns that gather a diverse data set do create a substantially fuller picture of a volcanic system. We show
that petrological and geochemical monitoring offers a valuable perspective and helps to identify syn-eruptive
processes in the deeper parts of the eruptive system.

Volcanic eruptions on the Reykjanes Peninsula have followed the 2021 Fagradalsfjall eruption both within the
Fagradalsfjall volcanic system itself and more recently in the adjacent Svartsengi volcanic system, about 6 km
away. Given that eruptions occur in ~1,200-year cycles on the Reykjanes Peninsula, more eruptions should be
expected across the peninsula. These first observations of the Reykjanes Peninsula deep magma reservoir system
within this new eruptive cycle reveal not a mature and stable magmatic system, but one in a rapidly changing and
dynamic state.
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