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1.  Introduction
On 19 March 2021, a 6-month subaerial, effusive, basaltic eruption started at Mt. Fagradalsfjall ending a 781-year 
dormancy on the Reykjanes Peninsula, Iceland (Figure 1). Initially, the eruption started in the valley Geldingard-
alir, with the lava infilling that valley. Following a phase of active vent migration, the lava flow field expanded 
into neighboring valleys in the Fagradalsfjall area, which is a complex of intergrown tuyas and tindars formed 
during subglacial eruptions (e.g., Jones, 1969; Pedersen & Grosse, 2014).

Reykjanes Peninsula is an onshore continuation of the Mid-Atlantic plate boundary and is, together with the 
Grímsey rift, atypical compared to other Icelandic volcanic zones by being a highly oblique spreading zone. It has 
N-S trending strike slip faults and volcanic systems consisting of 10–40 km long NE-SW-trending fissure swarms 
and geothermal areas. Fagradalsfjall volcanic system is an exception displaying none of these characteristics and 
is the least active volcanic system of the Peninsula (e.g., Clifton & Kattenhorn, 2006; Einarsson et al., 2020, 

Abstract  The basaltic effusive eruption at Mt. Fagradalsfjall lasted from 19 March to 18 September 2021, 
ending a 781-year repose period on Reykjanes Peninsula, Iceland. By late September 2021, 33 near real-time 
photogrammetric surveys were completed using satellite and airborne images, usually processed within 3–6 hr. 
The results provide unprecedented temporal data sets of lava volume, thickness, and effusion rate. This enabled 
rapid assessment of eruption evolution and hazards to populated areas, important infrastructure, and tourist 
centers. The lava flow field has a mean lava thickness exceeding 30 m, covers 4.8 km 2 and has a bulk volume 
of 150 ± 3 × 10 6 m 3. The March–September mean bulk effusion rate is 9.5 ± 0.2 m 3/s, ranging between 1 and 
8 m 3/s in March–April and increasing to 9–13 m 3/s in May–September. This is uncommon for recent Icelandic 
eruptions, where the highest discharge usually occurs in the opening phase.

Plain Language Summary  On 19 March 2021, an eruption began at Mt. Fagradalsfjall after 
781 years of dormancy on the Reykjanes Peninsula, Iceland. To monitor and evaluate hazards of the eruption, 
satellite and airborne stereoimages were processed and made publicly available on the same day as they 
were surveyed. The data were used to create 3D models of the lava and update the lava volume and growth 
rate. The resulting maps were used by disaster response teams to evaluate the risk of the lava flow to nearby 
infrastructure and to manage tourism in the vicinity of the eruption. On 18 September 2021, the new lava flow 
field covered 4.8 km 2, was up to 124 m thick and had a mean thickness of 30 m, yielding a total bulk volume 
of 150 million m 3. The mean discharge during the six months of the eruption was 9.5 m 3/s, equivalent to filling 
one Olympic swimming pool every 4 min.
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Key Points:
•	 �Near real-time photogrammetric 

monitoring of the 2021 Fagradalsfjall 
eruption

•	 �Acquisition of an unprecedented 
temporal data set including volume, 
effusion rate, orthomosaics, thickness 
maps and thickness change maps

•	 �By the end of the eruption the lava 
covered 4.8 km 2, with a bulk volume 
of ∼1.5 × 10 8 m 3 and mean output 
rate of ∼9.5 m 3/s
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2022; Gee, 1998; Klein et al., 1977; Sæmundsson et al., 2020). Eruptions on the Peninsula occur from fissures, 
that may focus into a single vent to form lava shields; volcanic activity over the last 4,000 years has been episodic, 
with multiple eruptions occurring over several hundred years followed by ∼800–1,000 years of quiescence. The 
previous eruptive period ended in 1240 CE (Sæmundsson et al., 2020).

Lava flows from eruptions on the Reykjanes Peninsula may reach inhabited areas or inundate essential infra-
structure. The Fagradalsfjall eruption therefore became a case-study for the monitoring and hazard assessment of 
future eruptions in the area.

Effusion rates and volumes of lava flows are key eruption parameters necessary for evaluation of hazards posed by 
effusive basaltic eruptions. They are the main controlling factors for lava emplacement, transport system, advance 
rate and final lava extent (e.g., Calvari, 2019; Harris et al., 2007; Walker, 1973). They also provide important 
insight into the dynamics of the magma plumbing systems, including how eruption rates may be controlled by 
the complex interaction between the magma reservoir and the conduit feeding the eruption (Aravena et al., 2020; 
Harris et al., 2000, 2011). Various methods exist to monitor and quantify near real-time effusion rate ranging 
from localized channel and tube estimates of instantaneous effusion rate to time-averaged discharge rate (TADR) 
using satellite-based thermal data, synthetic aperture radar data and photogrammetric methods (e.g., Dietterich 
et al., 2021; Harris et al., 2007; Poland, 2014 and references therein).

Here we present a significant achievement in full-scale near real-time photogrammetric monitoring, yielding 
daily to weekly 3D models of the Fagradalsfjall 2021 eruption, which provided key information necessary for 
evaluating hazards. This included volume and TADR evolution, and monitoring of the lava extent and valley 
overflows. Post-eruption, this information has also been used to interpret magma plumbing dynamics.

2.  Data and Methods
The data used for near real-time monitoring of the Fagradalsfjall 2021 eruption consists mainly of aerial photo-
graphs and Pléiades stereoimages. By 30 September 2021, 33 surveys had been carried out (Table S1 in Support-
ing Information S1). The airborne photogrammetric surveys of the eruption started on the morning of 20 March 
2021, 11 hr after the eruption began. The bulk of surveys were done with a TF-BMW Partenavia P 68 Observer II 
survey aircraft operated by Garðaflug Corp (Table S1 in Supporting Information S1) with a Hasselblad A6D 100 
MP medium-format camera with a 35 mm focal lens. Images were taken vertically at an altitude of 550–1,800 m. 
a.s.l. with 75%–90% overlap and image resolution of 7–30 cm. Up to 24 ground control points were placed around 
the lava flow field and measured with a high-precision GNSS instrument (see Text S1–S3 and Figures S1–S3 in 
Supporting Information S1).

The aerial photographs were processed in the software MicMac (Pierrot Deseilligny & Clery,  2011; Rupnik 
et al., 2017), following the semi-automated workflow of Belart et al. (2019), as well as in Agisoft Metashape 
(version 1.7.3) and Pix4D mapper (version 4.6.4). The Pléiades data was processed using the Ames StereoPipe-
line (Shean et al., 2016). These pipelines yielded the DEMs and orthomosaics for each survey. Each DEM was 
compared with a pre-eruption DEM (2 × 2 m) and with the previous survey done, obtaining a thickness map and 
a thickness change map (Figure S4 in Supporting Information S1).

Lava outlines were manually digitized from the orthomosaics. Volumes were calculated using the mean thickness 
of the erupted deposit multiplied by its area. The uncertainties of the volume were obtained using the Normal-
ized Mean Absolute Deviation (Höhle & Höhle, 2009) of the stable areas surrounding the lavas, as proxy for 
the uncertainties of the thickness maps. The uncertainties of the TADR are described in Text S2 of Supporting 
Information S1.

3.  Results
After each survey the data products: DEMs (2 × 2 m), orthomosaics (0.3 × 0.3 m), thickness maps (2 × 2 m), 
and lava outlines were completed and made available, usually 3–6 hr after acquisition (Figure S4 in Supporting 
Information S1). Thanks to the short latency of data delivery, the data products became important for the civil 
protection authorities. Table S2 in Supporting Information S1 provides the results from each survey.
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Here, we describe the evolution of the eruption, the erupted volume and bulk TADR, as well as the lava flow field 
development. Short-term fluctuations (minutes to hours) are not resolved by these measurements.

3.1.  Fagradalsfjall Eruption: Volume, Discharge and Lava Field Evolution

The eruption from 19 March 2021 to 18 September 2021 can be divided into five phases.

Figure 1.  (a) Thickness map of the erupted products in the Fagradalsfjall eruption by 30 September 2021. Vents are marked 
with dots and numbered chronologically after opening time. Location of topographic profile (A-A′) in (c) is marked as a 
yellow line. Background topography is based on IslandsDEM v0. (b) Map of the Reykjanes Peninsula. The red box indicates 
the area displayed in (a). Densely populated areas are marked in gray. Volcanic systems (Sæmundsson & Sigurgeirsson, 2013) 
are marked with orange and denoted by capital letter according to their name; R, Reykjanes; S, Svartsengi; F, Fagradalsfjall; 
K, Krýsuvík; B, Brennisteinsfjöll; H, Hengill. (c) Topographic profile along the vents from NE to SW (location in [ a ]).
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Phase 1 of the eruption (19 March–5 April) began when a 180 m long fissure opened on 19 March between 20:30 
(tremor started) and 20:50 (first visual confirmation) in the Geldingadalir valley, which is located east of Mt. 
Fagradalsfjall (Figure 1). Soon the eruption concentrated on two neighboring vents and the lava started infilling 
the valley (Figure 2a). During this phase, the TADR ranged from 1 to 8 m 3/s with a mean for the entire phase 
of 4.9 ± 0.1 m 3/s (Figure 2b). The lava area increased to 0.33 km 2, while the mean thickness increased to 22 m 
reaching a lava volume of 7.0 ± 0.2 × 10 6 m 3 before Phase 2 started.

Figure 2.  (a) The thickness of erupted material by the end of Phase 1 (5 April), end of Phase 2 (26 April) and Phase 4 (8 
August 2021). Purple line denotes initial fissure segment. (b–f) Eruption parameters of the Fagradalsfjall 2021 eruption 
showing the evolution of time-average discharge rate (TADR), volume, area, area change (dArea), and mean thickness. 
Orange boxes denote uncertainty in measurement. Blue crosses denote supporting TADR measurements (Text S3 in 
Supporting Information S1).
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In Phase 2 (5–27 April) the active vent migrated. Multiple fissures opened, starting on 5 April (Figure 1, vent 2), 
when two new fissures opened 800 m northeast of the first fissure. Another fissure opened at midnight on 7 April 
(vent 3), another one on 10 April (vent 4) and then again on 13 April when two new fissures opened (vents 5 and 
6). Each fissure concentrated into 1–2 circular vents, which over the following 10 days became inactive, except 
for the southern vents that developed from the April 13 fissure. Phase 2 had similar TADR as in Phase 1, in the 
range 5–8 m 3/s, with the highest TADR observed just after new vent openings. The mean TADR in this period 
was 6.3 ± 0.4 m 3/s and the cumulative volume increased to 19.4 ± 0.8 × 10 6 m 3. With the migration of active vent 
locations, lava started to flow into the valleys of Meradalir (5 April) and Syðri-Meradalur (14 April) covering an 
area of 1.1 km 2 with a mean thickness of 16 m.

In Phase 3 (27 April–28 June) the vent activity stabilized at one location. Most of the time (2 May–12 June) 
it exhibited cycles of short-term pulsations observed on webcams and tremor graphs. The TADR increased 
from 9 to a maximum of 13 m 3/s with a phase mean of 11.4 ± 0.5 m 3/s. The “fill and spill” from one valley 
into another increased the area stepwise to 3.82 km 2 with mean thickness of 20.8 m yielding a total volume of 
79.8 ± 1.5 × 10 6 m 3. The lava migrated to Nátthagi valley through Syðri-Meradalir (22 May) and through south-
ern Geldingadalir (13 June).

Phase 4 (28 June–2 September) was characterized by episodic activity with intense lava emplacement (ca. 
12–24 hr) followed by inactive periods of similar length documented by webcams and tremor graphs. Despite 
the episodic activity this period had only slightly lower TADR than Phase 3 with a mean for the whole phase of 
11.0 ± 0.4 m 3/s ranging from 8.5 to 11.1 m 3/s and the cumulative volume increased to 142.5 ± 1.4 × 10 6 m 3. The 
lava thickened to around 50 m northeast of the active crater due to episodic overflows and in Meradalir the lava 
thickened by ∼25 m due to stacking and inflation.

The eruption's rhythm changed again in the final phase, Phase 5 (2–18 September), when a 9-day long pause 
from 2 to 11 September, was followed by week-long period of activity from 11 to 18 September. The measured 
TADR was 12 m 3/s for 9–17 September. The mean TADR for Phase 5 is 5.6 ± 0.6 m 3/s and the total volume 
increased to 150.8 ± 2.7 × 10 6 m 3. Most of the deposition was in Geldingadalir, where a 10–15 m thick lava pond 
was established north-northwest of the active crater between 11 and 15 September, that partly drained through an 
upwelling zone toward south and into Nátthagi from 15 to 18 September.

3.2.  Monitoring of Lava Flow-Field and Transport Systems

The extent of the lava field and the lava transport system was controlled by the complex topography of the 
Fagradalsfjall area, and lava pathways were confined to the valleys and the steep slopes connecting them (Figure 
S5 in Supporting Information S1). The expansion of the lava flow field was closely tied to the fill and spill of 
lava from one valley to another and thus short-term prediction of the timing of valley overflow became important.

Overall, this monitoring was two-fold; (a) Mapping of the lava extent and the filling of the valleys, and (b) Rate 
of volume change into different valleys.

The monitoring of the lava extent and the filling of the valleys could be directly evaluated based on the prod-
ucts from the photogrammetric surveys. The lava expansion was mapped by plotting the lava outlines and the 
filling of valleys could be monitored by plotting topographic profiles along potential lava pathway exits based 
on the DEMs derived from each survey (Figure 3a). The infilling of Geldingardalir and Nátthagi were particu-
larly important because overflow could endanger sections of hiking paths, critical communication cables and an 
important highway.

Lava discharge into different valleys was highly variable switching from one valley to another as revealed by the 
infilling of the valleys (Figure 3a). It was important to estimate this variability to make short-term prediction 
of valley overflows and for lava flow modeling. The rate of volume change, ΔV/Δt, into each valley could be 
calculated by integrating the thickness change retrieved from the lava thickness change map within five flow field 
zones (Figure 3b).

In phase 3–4 the rate of volume change into individual valleys could increase two - threefold between surveys 
(Figure 3b) although the total TADR in phase 3–4 (Figure 2) was similar. The change in Phase 5 was 5 to 10-fold 
for Geldingardalir. These changes provided great challenges for forecasting the timing of lava spilling from one 
valley to another.
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Similarly, the rate of volume change at a specific vent distance (at 100 m interval) can be calculated. This allows 
us to investigate the expansion of the lava flow field based on the TADR changes observed for each eruption 
phase (Figure 3c). In Phase 1, all lava was emplaced within Geldingadalir, reaching a distance of 800 m from the 
vent, while reaching 1,400 m from the vents in Phase 2 as new vents opened. The mean TADR increased from 

Figure 3.  (a) Lava flow field extent from phase 3–5. Long black dashed lines show divisions between zones. Topographic profiles are marked with short black dashed 
line and shown for Meradalir, Geldingardalir and Nátthagi and use the same color scheme for lava flow field extent. The black topographic profile is pre-eruption 
topography. (b) The rate of volume change, ΔV/Δt, into different zones. (c) The lava flow field expansion for each phase illustrated by the rate of volume change,  
ΔV/Δt, for every 100 m interval, as a function of distance from the vent 5. The star (*, y-axis title) denotes that it is per 100 m radially from the vent.
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5 to 6 m 3/s in phases 1–2 to 11 m 3/s in Phase 3, causing the lava flow field to expand to its maximum extent at 
3.3 km from the vent (Figure 3c). Similar mean TADR and maximum deposition distance was observed in Phase 
4. However, compared to Phase 3 less lava was deposited in the far field, suggesting that the change from contin-
uous (Phase 3) to episodic activity (Phase 4) at the vent impacted the lava transport system and the ability of the 
lava field to expand. In Phase 5, most lava emplacement was within a 1 km radius of the active vent but reached 
3.1 km in mid-September after the drainage of a pond northwest of the crater (Figure 3c).

4.  Discussion
Satellite and airborne photogrammetry provided flexible methods for near real-time monitoring of volume and 
TADR on a daily to weekly basis for Icelandic conditions. The 3D maps and TADR estimates were used exten-
sively by Civil Protection when informing local authorities, police, and other responders during regular briefings. 
The TADR results and the evolving lava topography also provided constraints for lava flow simulations and 
estimates of when lava might flow out of the valleys of Meradalir and Nátthagi.

4.1.  Effusion Rate Evolution and Plumbing System

Different trends in effusion rate evolution have been classified into types and linked to specific plumbing 
system dynamics (Aravena et al., 2020; Harris et al., 2000, 2011). Type I is characterized by a phase of high 
initial effusion followed by an extended phase of waning effusion (initial eruption rate/mean output rate >1 and  
t50/t100 < 0.5, where tk represents the time required to evacuate the k percent of the total erupted mass), which 
has been interpreted as a tapping of a pressurized reservoir (Wadge, 1981) and efficient magma ascent in early 
stages (Aravena et al., 2020). Type II has a low, near-constant effusion rate (initial eruption rate/mean output 
rate 𝐴𝐴 ≈  1 and t50/t100 𝐴𝐴 ≈  0.5) and has been related to low initial overpressure (5–10 MPa), consistent with overflow 
in a non-pressurized system (Aravena et al., 2020; Harris et al., 2000). In type III eruptions, the effusion rate 
increases with time (initial eruption rate/mean output rate 1 and t50/t1000.5) and has been suggested to be linked 
with ascent of a magma batch, pushing a volume of degassed magma ahead (Harris et al., 2011). However, this 
trend has also been linked to conduit erosion caused by high erosion coefficients, high initial overpressures, and/
or large magma reservoirs (Aravena et al., 2020). The last type is type IV, which shows highly pulsating effusion 
rate and has been related to ascent of multiple batches of magma (Harris et al., 2011).

The Fagradalsfjall 2021 eruption started with a low and stable effusion rate between 4 and 8 m 3/s in phase 1–2 
(Figure 2) and initially had the characteristics of a type II eruption. However, in phase 3–4 the effusion rate 
increased to 8–13 m 3/s changing the characteristics to resemble a type III eruption. The low initial effusion rate 
at Fagradalsfjall is between 30 and 2500 times smaller than other recorded Icelandic eruptions in the last 75 years 
(Gudmundsson et al., 2004, 2012; Hreinsdóttir et al., 2014; Jude-Eton et al., 2012; Pedersen et al., 2017, 2018; 
Thorarinsson, 1967; Thorarinsson et al., 1964). However, it is not only a low initial eruption rate that is unusual, 
but the evolution of the effusion rate at Fagradalsfjall, which is unlike any observations from previous recent 
Icelandic eruptions (Figures 4a and 4b).

Fagradalsfjall 2021 eruption is the first time we observed a type III eruption, compared to other recent Icelan-
dic eruptions that show characteristics of type I eruptions. Based on the interpretation of type I eruptions 
(Wadge, 1981), it makes sense that eruptions in Hekla, Grímsvötn and Bárðarbunga (Holuhraun 2014–2015) all 
show eruption rate evolution controlled by pressurized reservoirs, since these are very active volcanic systems that 
show evidence of having magma chambers (e.g., Geirsson et al., 2012; Gudmundsson et al., 2016; Hreinsdóttir 
et al., 2014; Ofeigsson et al., 2011). Less information exists for the Vestmannaeyjar volcanic system responsible 
for the Surtsey 1963–1967 eruption, but based on the available data (Thorarinsson et al., 1964), the effusion 
rate evolution suggests that Fagradalsfjall is unlike this eruption as well. Whether this difference is linked to the 
tectonic setting of an oblique spreading rift, the thin crustal thickness of western Reykjanes Peninsula (Allen 
et al., 2002), or if it may be special for the Fagradalsfjall volcanic system, which is unlike the other volcanic 
systems on the Reykjanes Peninsula, requires further investigation.

The evolution of the effusion rate of type III eruptions has been linked to the ascent of a single magma batch, 
pushing a volume of degassed magma ahead (Harris et al., 2011; Steffke et al., 2011). Interestingly, geochemi-
cal evidence suggests that in phase 1–2 the magma plumbing system gradually changed from being fed from a 
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depleted shallow mantle source to being fed by more enriched discrete melts lenses from greater depth by day 40 
(Marshall et al., 2021), while the increase in TADR was observed between day 40 and 50.

The delay between the geochemical change and the increased effusion is intriguing. In the 2018 Kīlauea eruption 
the increase in effusion started within a day of an observed change to more mafic magma increasing the effusion 
from 7 m 3/s to 110 m 3/s (Dietterich et al., 2021; Gansecki et al., 2019). Furthermore, this change was associated 
with observed deformation and earthquake activity. Thus, there was a clear link between a change in geochemis-
try and a substantial increase in effusion.

However, if the effusion increase in Fagradalsfjall is related to ascent of a magma batch pushing a degassed 
magma ahead (which would be ∼20 × 10 6 m 3 based on the erupted bulk volume estimates at day 40), then it 
clearly was a more subtle process compared to the 2018 Kīlauea eruption, potentially involving lower overpres-
sure and slower increase in effusion.

The increase in effusion can also be explained by thermal erosion of the conduit, which is consistent with fairly 
high t50/t100 values (Figure 4b, Aravena et al., 2020). The eruption in phase 1–2 displayed type II characteristics, 
consistent with overflow in a non-pressurized magma reservoir. Over time, the heating of the conduit walls 
enabled sufficient thermal erosion to increase the effusion rate, which for a cylindrical conduit is proportional to 
r 4, where r is radius (e.g., Aravena et al., 2020; Turcotte & Schubert, 2002). This process may have been enhanced 
by the increased temperature of the magma due to an increase in MgO from 8.8% to 9.7% (Marshall et al., 2021).

We consider this conduit-controlled flow a plausible model for Fagradalsfjall, because such a model, along with 
the geochemical evidence of deep-rooted feeding of distributed melt-lenses (Marshall et al., 2021), explains the 

Figure 4.  Fagradalsfjall eruption parameter characteristics compared to other recent Icelandic eruptions (Gudmundsson et al., 2004, 2012; Hreinsdóttir et al., 2014; 
Jude-Eton et al., 2012; Pedersen et al., 2017, 2018; Thorarinsson, 1967; Thorarinsson et al., 1964). (a) Normalizing the initial eruption rate (used here because instead 
of effusion rate since the eruptions both include effusive and explosive eruptions) with the mean output rate (Harris et al., 2007). Fagradalsfjall 2021 is clearly an 
outlier with a ratio below 1. The effusion rate evolution of types I and III (Harris et al., 2000, 2011) have been indicated in red and blue arrows. Type II should ideally 
plot along the dashed line, while the pulsating nature of type IV could plot everywhere in the plot. (b) t50/t100. Types I and III have been indicated in red and blue arrows, 
type II should ideally plot along 0.5. Fagradalsfjall plot between type II and III. (c) Total erupted volume (Dry Rock Equivalent, DRE). (d) Eruption duration.
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sharp contrast with the behavior to other Icelandic eruptions (e.g., Hekla, Grímsvötn and Bárðarbunga) where 
pressure in a magma chamber is considered the main control of flow (e.g., Hreinsdóttir et al., 2014).

5.  Conclusions
Near real-time photogrammetric monitoring of the eruption at Fagradalsfjall 2021 was performed using a combi-
nation of satellite and airborne stereoimages. This provided essential eruption parameters such as volume and 
effusion rate, as well as the maps which were distributed to the public, the Civil Protection, rescue teams, and 
the tourism industry.

By 30 September 2021, 32 surveys had been performed. The lava flow field covered 4.8  km 2 and the esti-
mated bulk volume (including vesicles and macroscale porosity) is 150 × 10 6 m 3, yielding a mean output rate of 
9.5 ± 0.2 m 3/s (from 19 March to 18 September 2021).

The lava pathways and lava advancement were complex and changeable, as the lava filled and spilled from one valley 
into another and short-term prediction of the timing of overflow from one valley to another proved challenging.

Compared to recent Icelandic eruptions, the evolution of the effusion rate is very unusual, having a very low and 
stable effusion in phase 1–2 and increasing effusion in Phase 3. This behavior may be due to change in magma 
widening of the conduit by thermal erosion with time, and not controlled by magma chamber pressure as is most 
common in the volcanic zones of Iceland.

Data Availability Statement
The DEMs, orthoimages and lava outlines are available in https://zenodo.org/record/6598466 (Pedersen 
et al., 2022).
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