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ABSTRACT
The deep roots of volcanic systems play a key role in the priming, initiation, and duration 

of eruptions. Causative links between initial magmatic unrest at depth and eruption trig-
gering remain poorly constrained. The 2021 CE eruption at Fagradalsfjall in southwestern 
Iceland, the first deep-sourced eruption on a spreading-ridge system monitored with modern 
instrumentation, presents an ideal opportunity for comparing geophysical and petrological 
data sets to explore processes of deep magma mobilization. We used diffusion chronometry 
to show that deep magmatic unrest in the roots of volcanic systems can precede apparent 
geophysical eruption precursors by years, suggesting that early phases of magma accumula-
tion and reorganization can occur in the absence of significant increases in shallow seismic-
ity (<7 km depth) or rapid geodetic changes. Closer correlation between geophysical and 
diffusion age records in the months and days prior to eruption signals the transition from a 
state of priming to full-scale mobilization in which magma begins to traverse the crust. Our 
findings provide new insights into the dynamics of near-Moho magma storage and mobili-
zation. Monitoring approaches optimized to detect early phases of magmatic unrest in the 
lower crust, such as identification and location of deep seismicity, could improve our response 
to future eruptive crises.

INTRODUCTION
A major challenge for volcanology is the rec-

ognition of when a volcanic system is evolving 
toward eruption. The deeper parts of magmatic 
systems play a key role in supply of magma to 
the surface and, therefore, transitions from unrest 
to eruption (Sparks and Cashman, 2017). Geo-
physical techniques do not have sufficient spatial 
resolution to image deep crustal melt distribu-
tions on a scale relevant to physical models of 
melt migration (Maclennan, 2019). Uncovering 
the behavior of the deeper part of the magmatic 
system can be achieved through temporal records 
of magmatic processes derived from crystals 
carried by the magma, which then can be inter-

preted in combination with geophysical data 
(Kahl et al., 2011, 2013; Saunders et al., 2012; 
Pankhurst et al., 2018; Rasmussen et al., 2018). 
Linking magmatic processes to geophysical 
monitoring records requires robust and internally 
consistent time-scale estimates to be determined 
from erupted products. Modeling the diffusive 
relaxation of compositional zoning in mineral 
phases at magmatic temperatures can provide 
such estimates. This method, diffusion chro-
nometry, is a key tool for recovering time scales 
of magma residence, mixing, and mobilization 
(Costa et al., 2003; Cooper and Kent, 2014; Kahl 
et al., 2015, 2017; Hartley et al., 2016; Lynn 
et al., 2017; Mutch et al., 2019a, 2019b; Carac-

ciolo et al., 2021). Insights from such studies 
have supported the concept that volcanic sys-
tems are dominated by magmatic mushes: solid 
frameworks of crystals with interconnected melt. 
Mush disaggregation plays a key role in assem-
bly of eruptible magmas that exist in a high-melt-
fraction state (Maclennan, 2019). Such disrup-
tion and upheaval provide the shifts in crystal 
composition that initiate diffusion chronometers 
within carried crystals. Few studies have con-
sidered diffusion in multiple mineral phases in 
basaltic rocks to test the robustness of mineral 
geospeedometers (Mutch et al., 2021). We report 
the results of studying olivine (Fe-Mg) and pla-
gioclase (Mg) diffusion chronometers in paral-
lel, thus examining deep magma mobilization 
and mush disaggregation prior to the 2021 CE 
Fagradalsfjall eruption in southwestern Iceland. 
The well-documented geophysical precursors 
of the eruption present an ideal opportunity for 
comparing geophysical and petrological data sets 
and exploring the links between magma mobili-
zation and eruption priming.

BACKGROUND AND ERUPTION 
CHRONOLOGY

Over the past 4000 yr, eruptive activity along 
the Reykjanes Peninsula has been episodic, with 
200–500-yr-long eruption periods separated by 
600–1200 yr of quiescence (Sӕmundsson et al., 
2020). During each eruption period, volcanic 
activity has taken place within all of the vol-
canic systems of the Reykjanes Peninsula but 
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at different times (Fig. S1 in the Supplemental 
Material1). After a repose period of 781 yr, new 
eruptive activity commenced on 19 March 2021, 
with a basaltic eruption at Geldingadalir in the 
Fagradalsfjall hyaloclastite complex (Fig. 1). 
Geothermobarometric, melt inclusion, volcanic 
gas, and geodetic data provide strong evidence 
that the Fagradalsfjall magma was sourced from 
a compositionally diverse set of primary mantle 
melts that resided and mixed close to the Moho 
(depth of ∼15–20 km; Weir et al., 2001; Hall-
dórsson et al., 2022; Sigmundsson et al., 2022). 
The latest Icelandic eruption known to have 
been directly sourced from a near-Moho stor-
age zone was the Borgarhraun eruption in the 
Þeistareykir volcanic system, which occurred 
8000–10,000 yr ago (Maclennan et al., 2003). 
The Fagradalsfjall eruption is thus not only the 
first known on the Reykjanes Peninsula since 
the 13th century but also the first deep-sourced 
(15–20 km; Halldórsson et al., 2022) eruption 
on a spreading-ridge system to be monitored 
with modern instrumentation. Crystal records 
preserve a rare history of near-Moho magmatic 
processes for comparison with contemporane-
ous geophysical observations.

TIME SCALES OF DEEP MAGMA 
MOBILIZATION AND MUSH 
DISAGGREGATION

Fresh olivine and plagioclase macrocrysts 
were hand picked from crushed lava and tephra 
samples erupted on 20–23 March, 2 April, 28 

April, and 6 May 2021, from Geldingadalir 
(Fig. 1B). See the Supplemental Material for 
details of the analytical methods and for supple-
mental data (Tables S3 and S4). The macrocryst 
cargo shows textural and chemical character-
istics expected for storage in magmatic mush, 
including nodules (Fig. S2). Olivine crystals 
are mostly euhedral to subhedral, with crystal 
lengths between 0.3 and 1.9 mm, displaying nor-
mal, reverse, and complex zonation in forsterite 
(Fo) content (Fig. S3), with extensive core pla-
teaus of variable composition (Fo85–89; Fig. S4) 
and rims (Fo85–87; Fig. S4) in contact with the 
groundmass glass (Figs. S5–S41). Plagioclase 
crystals occur both as macrocrysts and ground-
mass phase in lava and tephra samples. Crystals 
have an apparent aspect ratio of 1.2–2 in two-
dimensional sections with long axes >4 mm. 
Overgrowth rims (anorthite [An] content of 
An78–80; Fig. S4) are present in all samples and 
preferentially occur on faces perpendicular to 
(010) as expected during rapid crystallization 
(Holness et al., 2007). Rims on (010) faces can 
be very narrow (<5 μm) or absent, meaning that 
crystal cores were exposed to the carrier liquid 
with little or no overgrowth. Plagioclase macro-
cryst cores are typically anorthitic (An85-An90) 
and uniform in composition. However, half of 
the crystals measured show internal variations of 
∼2 An units in zones ∼100 μm wide. Most crys-
tals show prominent gradients in Mg as far as 
100 μm from the crystal edges (Figs. S42–S54).

We obtained a total of 231 time estimates 
from modeling the diffusive relaxation of 
Fe-Mg in olivine (n = 180) and Mg zoning in 
plagioclase (n = 51) using Autodiff (Couper-
thwaite et al., 2020), a one-dimensional finite-
difference diffusion algorithm, and DFENS 
(Mutch et al., 2021), a diffusion chronometry 
method that combines finite-element models 
with Bayesian inversion (see the Supplemen-

tal Material and Tables S5 and S6 therein for 
model details). Examples of best-fit models are 
shown in Figure 2 (and in Figs. S5–S54). Oliv-
ine diffusion time scales range between 2 and 
1800 days (∼5 yr) with an average uncertainty 
on each time scale of ±0.28 log units (1σ). The 
median time scale of the olivine population is 
115 days with 57% of the time scales being 
shorter than 6 mo (Fig. S55).

Plagioclase diffusion time scales range from 
1 to 871 days (Fig. S55), with an average uncer-
tainty on each time scale of ±0.29 log units 
(1σ). The median time scale of this plagioclase 
population is 91 days with 76% of time scales 
being shorter than 6 mo, which is slightly shorter 
than that observed in the corresponding olivine 
population but in accord within uncertainty.

GEOPHYSICAL INDICATORS OF 
VOLCANIC UNREST

Measured volcano-tectonic unrest along 
the Reykjanes Peninsula commenced in mid-
December 2019 with an intense, week-long 
earthquake swarm at the southern margin of 
Fagradalsfjall (Sigmundsson et al., 2022; i in 
Fig. 3). Surface inflation at a rate of 3–4 mm/
day associated with intense earthquake activity 
centered on the Svartsengi system (I in Fig. 3; 
locations in Fig. 1A) started in January 2020. 
Inflation continued until 6 February, marking the 
end of this first geodetic cycle (Cubuk-Sabuncu 
et al., 2021; Geirsson et al., 2021). Two more 
inflation episodes were detected at Svartsengi on 
6 March–17 April and 15 May–22 July 2020 (II 
and III in Fig. 3). Further inflation episodes were 
observed at the Reykjanes (February 2020) and 
Krýsuvík (mid-July to November 2020; IV in 
Fig. 3) volcanic systems, culminating in a mag-
nitude 5.6 earthquake on 20 October (Cubuk-
Sabuncu et al., 2021; Geirsson et al., 2021). 
These inflation events have been attributed to 
intrusion of a sill at 3.2–4.3 km depth (Cubuk-
Sabuncu et al., 2021; Geirsson et al., 2021) or 
the injection of magma-derived gas into the shal-
low crust (Flóvenz et al., 2022).

While the Svartsengi and Krýsuvík systems 
displayed uplift in 2020, the Fagradalsfjall sys-
tem, located between Krýsuvík and Svartsengi 
(Fig. 1A), showed no detectable inflation or 
deflation (Geirsson et al., 2021). Unrest in the 
form of seismicity was, however, high at Fagrad-
alsfjall during 2020, and seismic moment release 
increased notably after 19–20 July (ii in Fig. 3) 
with the rapid migration of seismic swarms to 
∼10 km northeast of the town of Grindavík 
and the occurrence of two magnitude 4.9 earth-
quakes (Cubuk-Sabuncu et al., 2021). These 
shallow earthquakes were accompanied by deep 
seismicity (10–12 km depth) at Fagradalsfjall 
(Greenfield et al., 2022). A new cycle of unrest 
initiated on 24 February 2021 with a magni-
tude 5.64 earthquake (iii in Fig. 3), followed 
by intense surface deformation related to dike 

1Supplemental Material. Geological background, 
sampling and analytical methodology, modeling 
constraints, compositional data, standard checks, 
orientation data, and diffusion time scales. Please visit 
https://doi​.org​/10​.1130​/GEOL.S.21606087 to access 
the supplemental material, and contact editing@
geosociety​.org with any questions.

Figure 1.  Study loca-
tion and lava flow map. 
(A) Overview of erup-
tion products along the 
Reykjanes Peninsula in 
southwestern Iceland. 
Bold red names indicate 
volcanic systems along 
the Reykjanes Peninsula. 
Inset: Map of neo-volca-
nic zones and belts in 
Iceland. NVZ—Northern 
Volcanic Zone; EVZ—
Eastern Volcanic Zone; 
WVZ—Western Volcanic 
Zone; MIB—Mid-Iceland 
Belt; RVB—Reykjanes 
Volcanic Belt. Red 
square is location of 
the Fagradalsfjall lava 
flow field (i.e., Fagrad-
alshraun) shown in B. (B) 
Flow map depicting the 
extent of Fagradalshraun 

as of 08 August 2021. Black circles and numbers in inset indicate eruptive vents.
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formation and magma accumulation under the 
area between Keilir and Fagradalsfjall (Flóvenz 
et al., 2022; Sigmundsson et al., 2022) (Fig. 1A).

INTEGRATED VIEW OF THE 
ERUPTION

Combining complementary crystal diffusion 
age records with real-time geophysical observa-
tions (Fig. 3) and geothermobarometric calcula-
tions (see the Supplemental Material) enables 
a more complete overview of eruption run-up 
processes.

The longest diffusion time scales associated 
with deep magmatic unrest beneath Fagradals-
fjall preceded geophysical eruption precursors 
on the Reykjanes Peninsula by at least 1 yr: a 
priming phase of deep magma accumulation and 
mush disaggregation occurred without detec-
tion through monitoring of shallow seismicity 

or geodetic inflation. In the year before eruption, 
however, the diffusion records show increased 
frequency of disequilibrium onset (increased 
gradient in Figure 3, in early 2020) synchro-
nous with the onset of shallow geophysical 
unrest at neighboring volcanic systems along 
the Reykjanes Peninsula. After the extended 
priming phase, the deep near-Moho (15–20 km; 
Halldórsson et al., 2022) magmatic system may 
have supplied magma or magma-derived CO2-
rich fluids to the shallow system (4–7 km, depth 
of inflation sources and earthquakes; Flóvenz 
et al., 2022). This supply resulted in the wide-
spread onset of geophysical unrest consisting of 
recurrent cycles of inflation and deflation and 
associated seismicity within the upper, brittle 
crust. Further localization and escalation of geo-
physical and petrological signals in the weeks 
and days prior to eruption mark the onset of the 

acute run-up phase (defined by the occurrence of 
intense seismicity and high rates of deformation 
beginning 24 February; iii in Fig. 3). Combined 
with the thermobarometric record presented by 
Halldórsson et al. (2022), this could be taken to 
represent full magma mobilization and transport 
through the crust.

During initial dike propagation, the magma 
may undergo a punctuated and protracted 
ascent as it tries to fracture the overlying crust 
or exploit preexisting weakness (Lister and 
Kerr, 1991). High rates of surface deformation 
and seismicity detected between 24 February 
and mid-March 2021 confirm the emplacement 
of a vertical, 9-km-long, two-segmented dike 
between the surface and 8 km depth in the area 
between Keilir and Fagradalsfjall (Fig. 1A). 
Three days before eruption, the seismicity was 
largely concentrated in two clusters, at depths 

Figure 2.  Data, initial 
conditions, and best-fit 
olivine and plagioclase 
diffusion models. (A) 
Backscattered electron 
(BSE) images of analyzed 
olivine and plagioclase 
macrocrysts from Fagrad-
alsfjall, Iceland. Positions 
of the analytical traverses 
are indicated as red boxes 
and arrows. (B) Stereo-
graphic lower-hemisphere 
plots of angular rela-
tions between the main 
crystallographic axes in 
olivine and the directions 
of analytical traverses 
(red “x” marked “trav.”). 
(C) Measured electron 
microprobe (EPMA; blue 
circles) and BSE cali-
brated (gray diamonds) 
forsterite [100 × Mg/
(Mg + Fe2+)] rim-to-core 
profiles. Red and blue 
lines are best-fit diffusion 
models. (D,E) Anorthite 
[100 × Ca/(Ca + Na + K)] 
and Mg compositional 
profiles, model initial 
conditions (red lines), and 
median time scales (t) for 
best-fit diffusion models 
(black lines).
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of 1–2.5 km and ∼0.5 km under the eruption 
sites, suggesting that magma had already started 
to accumulate near the surface (Sigmundsson 
et al., 2022). Petrological observations from 
early-erupted products retain a record of magma 
stalling or heat loss associated with ascent. In the 
2021 magma, we observe relatively cool (1185–
1210 °C) and shallow (0.5–2.5 kbar) rim zone 
formation in olivine from early-erupted samples 
(20 and 23 March), consistent (within uncer-
tainty) with the observed depth of dike emplace-
ment (0–8 km) and a consequent loss of heat 
during either an ascent hiatus or a decreased 
rate of magma influx into the dike (Halldórsson 
et al., 2022; Sigmundsson et al., 2022).

Petrological observations collected from 
samples erupted between 28 April and 6 May 

also reveal transitions in ascent dynamics 
throughout the eruption itself. These samples 
show evidence of early disruption at depth in 
their zoned olivine and plagioclase cargoes 
but retain higher eruption temperatures (1220–
1230 °C) and more primitive glasses (MgO 
8.4–8.6 wt%) and have little record of shallow 
(4.4–5.2 kbar) crystallization (Halldórsson et al., 
2022). This indicates that they were flushed 
directly from the deeper (15–20 km) system and 
ascended unimpeded to the surface through a 
fully established conduit.

Our data emphasize how combining com-
prehensive petrological and geophysical records 
and a near-real-time sampling approach can pro-
vide powerful insights into the pre-eruptive state 
of magmatic systems in the critical time before 

eruption run-up begins. In particular, the high 
temporal resolution of our approach has allowed 
us to identify different pre-eruptive states in the 
underlying magma reservoir and pinpoint the 
transition to full-scale magma mobilization 
associated with dike propagation and later erup-
tion. Our findings provide new insights into the 
dynamics of magmatic systems and may offer 
a template for interpreting pre-eruptive signals 
at basaltic volcanoes worldwide.
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