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2. Geology of Iceland and volcanic systems

Iceland is mostly made up of basalts. They cover about 92% of the
surface area of postglacial volcanic zones, whereas 4% are basaltic an-
desites, 1% are andesites, and 3% are dacite-rhyolites. An overview of
the petrology of Iceland is e.g. given by Jakobsson (1979a, 1979b) and
geochemistry is discussed by Óskarsson et al. (1982, 1985). They
argue that the geochemical characteristics of Icelandic volcanic rocks re-
sult from the interaction between the Iceland hotspot and its trail. In re-
sponse to eastward jumps of the plate boundary, new rift segments
form in older crust. Rock types in Iceland are more diverse than at typ-
ical oceanic spreading centers.

Rocks in Iceland are divided into four stratigraphic groups based on
climatic and paleomagnetic field conditions at the time of formation,
and absolute age data. The stratigraphic geological division used in
Iceland is somewhat modified from that used elsewhere, with primary
epochs being the Upper Tertiary (N3.3 m·yr), Upper Pliocene and
Lower Pleistocene, sometimes referred to as the Plio-Pleistocene
(0.8–3.3 m·yr), the Upper Pleistocene (b0.8 m·yr) and the Postglacial.
The onset of the Postglacial varies with location in Iceland, ranging
from about 14.000–10.000 years. This division of rock units is used for
most geological maps of Iceland (Fig. 1). An overview of the geology is
given e.g. by Saemundsson (1978, 1979, 1986), Th. Einarsson (1991),
Thordarson and Hoskuldsson (2002), Sigmundsson (2006), and
Sigmundsson and Sæmundsson (2013).

The geological map shows well how older and stable eastern and
north-western parts of Iceland are divided by a zone of young activity,
reflecting the plate spreading (Fig. 1). A notable feature of volcanic land-
forms in Iceland iswidespread formations produced by subglacial volca-
nism. Onset of extensive glaciations in Iceland is inferred to have begun
around 3.3 m·yr, and thereafter formations produced in subglacial
eruptions are common, until the Postglacial. Magnetic reversal

occurring about 800.000 years ago marks the transition from the older
Matuyama to younger Brunhes magnetic epoch and has been used as
a marker separating Upper Pleistocene products from older ones. For-
mations from the Upper Pleistocene and Postglacial lavas are often re-
ferred to as the neovolcanic zones (or zone) of Iceland, with the
exception that some of the larger Postglacial lavas have flowed over
large distances out of the neovolcanic zone (such as Þjórsárhraun in
South Iceland and Bárðardalshraun in North Iceland; see Fig. 1 for loca-
tion). Within the neovolcanic zone, landforms typically alternate be-
tween high-rising formations produced by subglacial volcanic activity
(subglacial pillow lavas and hyaloclastite rocks), glacially eroded lava
fields produced during interglacial periods, and postglacial lava fields
from volcanoes currently considered active volcanoes. The neovolcanic
zone is simplest in North Iceland, showing volcanic activity that has
been confined to one zone, but more complex in South Iceland where
plate spreading is divided in two main zones. Additional activity is in
Western Iceland at the Snæfellsnes Peninsula, where a neovolcanic
zone lies unconformably over older Upper Tertiary formations. At the
Reykjanes Peninsula, alternating Postglacial and Upper Pleistocene for-
mations fully cover the surface, with no older formations.

Volcanism within the active zones of Iceland differs widely in char-
acter. Intense volcanism has built up a number of volcanic edifices
through repeated eruptions. These foci of volcanic production along
the volcanic zones are termed central volcanoes.Many of themare asso-
ciated with silicic rocks, high-temperature geothermal areas, and some
have developed a caldera. Volcanism is frequent at the central volca-
noes. Both inside and outside of the central volcanoes,monogenetic cra-
ter rows have formed in fissure eruptions, often grouping together with
an array of normal faults. Such zones of extensive fissuring and normal
faulting have in Iceland been termed fissure swarms. Central volcanoes
within the volcanic rifts in Iceland are, as a rule, transected by fissure
swarms. These features together, a central volcano and its associated

Fig. 2.Volcanic systems of Iceland. Names of selected systems are indicated: Kr=Krafla, F= Fremri Námar, A=Askja, S= Snæfell, Ö=Öræfajökull, Bá= Bárðarbunga, Gr=Grímsvötn,
E = Eyjafjallajökull, Ka = Katla, He = Hengill, To = Torfajökull, H = Hofsjökull, and Hekla. Central volcanoes are from Einarsson and Sæmundsson (1987), fissure swarms are from
Hjartardóttir et al. (2016a, 2016b) and Einarsson and Sæmundsson (1987). Calderas are fromEinarsson and Sæmundsson (1987), Gudmundsson andHögnadóttir (2007) andMagnússon
et al. (2012). Active faults and fractures in the South Iceland Seismic zone (SISZ) are from Einarsson (2010) and the Husavík-Flatey fault zone in North-Iceland from Hjartardóttir et al.
(2016a). The three main strands of the Tjörnes Fracture Zone (TFZ) offshore Northern Iceland indicated.
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Advice of the Volcanic Ash Advisory Centre in London (London VAAC) 
formed the basis for closure of large part of European air space 
15-21 April, leading to cancellation of over 100000 European flights
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revealing an interconnected 
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EyjaIallajökull 2010 explosive erupNon
Gudmundsson et al. (2010): Ash generation and distribution from the April-May 2010 eruption 
of Eyjafjallajökull, Iceland, Scientific Reports.
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Magma flow rate
Use empirical relaion 
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Bárðarbunga 2014-2015
Pre-erupNve seismicity and 
deformaNon 

a, Earthquakes and cumulaive 
seismic moment 
(shaded in grey; ley axis). 
VONC GPS horizontal 
displacement in direcion 283.5 
(yellow dots), detrended 

b, Locaion of the earthquakes 
shown in a, with earthquakes 
prior to the M3.7 event on 16 May 
2014 in blue and red ayerwards. 

c, Locaion of M>4.6 earthquakes 
during the caldera collapse. 

Straight lines: dike segments 
Black open circles: ice cauldrons



Bárðarbunga 2014-2015

Lateral dike injection 
Gradual caldera collapse
Major effusive eruption

Sigmundsson et al., Nature 2015
Gudmundsson et al., Science 2016
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GPS and InSAR constrain a dike 
Inferred volume: ~ 0.5 km3 Average flow rate: ~ 260 m3/s

Modelling by Andy Hooper, University of Leeds

Dike opening

Sigmundsson et al. (2015) Segmented lateral dyke 
growth in a riying event at Bárðarbunga volcanic 
system, Iceland. Nature

J. Woods et al. / Earth and Planetary Science Letters 506 (2019) 53–63 61

Fig. 8. (A) Dike-parallel cross-section with schematic dike opening shaded and (B) dike-perpendicular cross-section with interpretative cartoon for propagation, eruption and 
post-eruption phases. Relocated dike-induced earthquakes, scaled by magnitude, as shown in Fig. 4. Ice cauldron indicated by dark purple diamond; eruption fissures shown 
as orange diamonds.

sonably long inter-rifting period introduced sufficiently high ambi-
ent differential stresses for dike-imposed stresses to produce large 
amounts of seismicity along the entire dike pathway. Larger magni-
tude earthquakes are expected for larger imposed stresses, such as 
when dikes intrude after a long quiescence (e.g. estimated M > 5
earthquakes during 1874 Askja rifting event, following 400 yr of 
quiescence, Brandsdóttir, 1992). We find that the largest magnitude 
events (∼M 3–4) and the majority of moment release occurred 
along (and at the step into) the distal dike segment, coinciding 
with the region of most dike opening modeled by Sigmundsson et 
al. (2015). Further south, under the glacier, it is thought that rifting 
had already been somewhat accommodated by earlier undetected 
intrusions (Spaans and Hooper, 2018), therefore less seismicity was 
induced by the dike; seismicity was only observed in the earlier 
large-scale segments (S1–S3, Fig. 1) during their initial emplace-
ment/opening phase.

To address the precise location of the earthquakes in relation 
to the magma – i.e. whether they are beneath or at the same 
depth as the dike – we consider the spatio-temporal characteristics 
exhibited by the induced seismicity. During propagation phases, 
aseismic zones trailed the concentrated migrating seismicity. This 
behavior is characteristic of seismicity induced near to the advanc-
ing dike tip, at the same depth as the dike, shutting off when the 
tip passes and the region falls into a stress shadow (Segall et al., 
2013). However, between propagation phases, seismicity was ob-
served at the same depths along the length of the dike segment; 
similarly, throughout the eruption and post-eruption periods (to 
date), seismicity has remained persistent at the same depths. For 
a simplified, uniform opening model (with depth), this behavior 
indicates that the seismicity occurred beneath the dike, along the 
length of the inflating (widening) region, where it is expected to 
continue at a decaying rate after the dike tip has passed (Segall et 
al., 2013; Toda et al., 2002). In a more realistic scenario, with dike 
opening tapering to zero at depth (Fig. 7), seismicity would also 
be expected to persist adjacent to the base of the dike, after the tip 
has passed, in the depth range where opening is decreasing. With 
this in mind, the lack of seismicity behind the tip during propaga-
tion phases may not have been a stress shadowing effect, and may 
instead have been a result of a relative decrease in pressure and 
deflation (narrowing) from rapid lengthening of the dike (below 

geodetic resolution), combined with high magnitude events having 
reduced the ambient differential stress.

In early September – after dike opening and onset of the main 
eruption – marked fluctuations in the seismicity rate along the 
dike segment were observed (see Fig. 3), suggesting that dynamic 
changes were occurring and influencing the induced seismicity. It 
is attractive to link these changes in seismicity rate to pressure 
fluctuations in the conduit. By comparison, the eruption onset was 
marked in both instances (initial, 4-h; and main, 6-month) by a 
drop in seismicity rate, as a pathway to the surface had opened 
and magma was flowing freely, presumably accompanied by a de-
crease in pressure. Gudmundsson et al. (2016) report short-term 
coupling between caldera subsidence events and the distal dike 
seismicity rate (i.e. ‘pressure pulses’ connecting caldera subsidence 
and distal dike pressure), although the evidence is not conclusive. 
However, if indeed influenced by fluctuations in magma pressure, 
this suggests that the seismicity was relatively close to the conduit 
flow – i.e. the dike had opened shallower but for the most part 
melt had frozen in the upper section, and flow was concentrated 
at depth (as also indicated by melt inclusion analysis, Hartley et al., 
2018). A simple cooling estimate (details given in Supplementary 
Material Section S5) predicts complete cooling to take between a 
day and a month for a shallow crack 1–4 m wide, with enough 
cooling to stop flow therefore occurring in an even shorter time 
frame. With no appreciable shallow flow, a rectangular conduit of 
just ∼7 m × 100 m, or a tube of ∼16 m diameter (or similar), at 
5–6 km depth b.s.l. could satisfy the observed eruption rate (Sig-
mundsson et al., 2015; Ágústsdóttir et al., 2016). Schematic given 
in Fig. 8B.

This discussion of the induced seismicity is by no means ex-
haustive. The relocated hypocenters reveal a wealth of intriguing 
spatio-temporal characteristics, best visualized in Supplementary 
Movie 1. For example, backward migrations of seismicity (observed 
elsewhere, e.g. Brandsdóttir and Einarsson, 1979; Keir et al., 2009; 
Belachew et al., 2011, and previously identified during this event 
by Ágústsdóttir et al., 2016 and Caudron et al., 2018), are found 
to deepen with backward migration, perhaps indicating inflation 
back from the dike tip. This pattern is most prominent on 25 Aug 
(01:00–04:00, and again 12:00–15:00) – see Fig. 3 and Supple-
mentary Movie 1 (for depths). A distinct backward migration of 
seismicity was also observed on 29 Aug., from the southern end 

University of Cambridge, UK
Woods et al., Earth Planet. Sci. Leoers, 2019



Gudmundsson et al. (Science, 2016) Gradual caldera collapse at Bárdarbunga volcano, Iceland,  
regulated by lateral magma ou~low. 

• 24 August (Day 8)
• Onset of frequent 

M>5 earthquakes
• 0.3 km3 of magma 

had flowed into the 
dike when caldera 
fault failure occurred

Sigmundsson et al., 
Nature, 2015



Gudmundsson
et al. (2016)



At onset of 
piston movementGuðmundsson et al., Science, 2016

Model:  Andy Hooper



Schemaic illustraion showing how the Holuhraun magma may have been assembled and transported
M. Hartley et al. (2018):  Melt inclusion constraints on petrogenesis of the 2014–2015 Holuhraun erupion, Iceland, 
Contribu)ons to Mineralogy and Petrology 

Crystals have been brought into the magma only shortly before or during the erupion. 
Suggesion: important process for formaion of sustained magma channels is the addiion of mush crystals 
to a magmaic liquid as it leaves a magma body and rises towards the surface. 
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Figure 1. Schematic image of a model of magma storage and transport under an Icelandic rift-zone volcanic system, adapted
from [2,3]. The observations and interpretations used to develop this model are described in the main text. Storage, cooling
and crystallization are trans-crustal. Magma storage is dominated by stacked sills which may have a vertical thickness of about
10m. Some eruptions are fed directly and rapdily fromnear-Mohomagma storage zones, and undergominimal interactionwith
the crust in transit. Pervasive, trans-crustal mush is not a feature of this model. Transient, spatially restricted mush zones are,
however, present around the open liquid of the thin sills. (Online version in colour.)

nature of magma storage and crustal accretion has been the concensus view of Icelandic
magmatism (figure 1) for almost 20 years [2,4].

Simplistic textbook models of volcanic systems involve the supply of eruptions from a single,
shallow magma chamber which is itself fed directly from the mantle. Icelandic volcanic systems
(figure 2) do not conform to this model and provide strong evidence for the storage of melts at a
range of depths in the crust. Furthermore, figure 1 shows that eruptions can be fed directly from
storage zones as deep as the Moho (20–40 km under Iceland) or from as shallow as 5 km. Global
observations from geology, geophysics and petrology have been used to argue for stacked-sills or

Schemaic image of a model of magma storage and 
transport under an Icelandic riy-zone volcanic system. 
John Maclennan, 2019. Mafic iers and transient mushes: 
evidence from Iceland. Phil. Trans. R. Soc. A

Buoyancy pressure 

Pressure due to magma inflow or ou~low

Failure limit

Deviatoric stress due to 
all external processes 
acing perpendicular to 
the plane of failure

General failure criterion for a magma body
Sigmundsson et al., work in progress



Conclusions – three Icelandic erup(ons 
• EyjaIallajökull 2010 summit erupNon (6 weeks): Episodic injecion of basalic 

magma into more evolved magma during Eyja;allajökull 2010 explosive 
erupion, driving pulses in acivity and irregular mass erupion rate over a six-
week long erupion. Precursors:  episodic sill intrusions (strongest)
• Grímsvötn 2011 (7 days): Relaxaion of overpressure in a shallow magma body 

built up by previous magma inflow; superimposed pulses in acivity due to 
conduit processes. Precursors:  long-term magma inflow (strong)
• Bárðarbunga/Holuhraun 2014-2015 (6 months) Magma buoyancy in a deep 

magma body driving magma upward and into a lateral dyke, with associated 
development of underpressure under weak caldera faults, triggering caldera 
collapse. Ayer onset of caldera collapse, piston-style subsidence driving flow 
out of magma body. Precursors: elevated seismicity, minor deformaion (weak)


