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11.1 INTRODUCTION

Observed ground deformation associated with volcanic unrest and eruptions is often
interpreted in terms of pressure changes in sub-surface magma bodies of simple geom-
etry associated with magma inflow/outflow (Fernandez et al., 2017). The magma reser-
voir, a key element in a typical conceptual sketch of a volcano’s interior (see Chapter 1),
has been central for the interpretation of some of the data sets. In the case of volcano
geodetic data, the reservoir is typically modelled as a body of homogeneous fluid expe-
riencing pressure increase during inflow of new magma and a sudden pressure drop dur-
ing an eruption or magmatic intrusion when magma flows forcefully out of a reservoir.
However, recent results (Sigmundsson, 2016) suggest that this may be an oversimplifica-
tion and this process is, in general, more complicated.

High-resolution spatial and temporal observations of present-day magma bodies
within active volcanoes from seismology and geodetic measurements of magma transfer
at the same volcano are rare. Geodetic techniques are best applied to volcanoes above sea
level, whereas high-resolution seismic imaging provides better results at sea. Guided by
observations at a rift-zone volcano on the ocean floor where both types of observations
exist, we use the concept of a ‘magma domain’ (Fig. 11.1) to describe the uppermost
plumbing system of volcanoes. Axial Seamount, a volcano at ~1500 m depth on the
Juan de Fuca mid-oceanic ridge in the Pacific Ocean, has both high-resolution seis-
mic images of its sub-surface magmatic system and detailed results from monitoring of
its most recent eruption and associated seismicity and ground deformation (Chadwick
et al., 2016; Nooner and Chadwick, 2016; Wilcock et al., 2016). Observations made
possible by the US Ocean Observatories Initiative make the 2015 eruption at Axial Sea-
mount the best-monitored submarine eruption so far. Seismic imaging of the sub-sur-
face and hence imaging of magma distribution at this volcano is superior to most other
environments because of advanced analysis of extensive seismic reflection profiling at sea
and the relatively simple volcanic structure. This advances our understanding when com-
pared to earlier findings from monitored rifting episodes on land (Sigmundsson, 2016).

Caldera

Previous lava flows
New lava flows

Dike from a Previous episode

Magma flow during recharging

Figure 11.1 A general schematic model of the uppermost volcano plumbing system at a rift-zone vol-
cano. The crustal volume that hosts magma at a shallow level beneath a volcano is referred to here as
a magma domain (light blue hatched outline), following Sigmundsson (2016).
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Geophysical magma plumbing models, in general, may benefit from incorporating more
complexities, namely spatial heterogeneities in magma composition, melt content and loca-
tion of major volume changes within a single magma-dominated crustal volume during
eruptions. The size and shape of a magma domain can be expected to be highly variable
from one volcano to another, as well as the amount and distribution of magma stored
within the domain (reddish colour, Fig. 11.1). Magmas of different composition, with vary-
ing amounts of melt and crystals, can reside in pockets with variable connectivity. Ground
deformation may only reflect magma inflow/outflow into relatively isolated magma bodies
within the magma domain (Grapenthin et al., 2013), so to fully constrain the architecture
of the magma domain, a multitude of techniques are needed (see also Chapter 1).

Here, we first describe the signatures of volcanic unrest and then focus on observa-
tions and interpretations of crustal deformation at volcanoes in terms of magma move-
ments at depth. This requires a range of volcano geodetic measurements and different
modelling approaches. We provide a number of examples from Icelandic volcanoes
detailing both geodetic and seismic observations and their joint interpretations, showing
how geodetic and seismic monitoring of volcanic systems can illuminate the magma
domain and track magma movements. Two field examples of volcanic unrest leading to
eruptions at the end of this chapter explain in detail how observed deformation relates
to subsurface plumbing systems.

11.2 VOLCANIC UNREST

As magma moves to shallower levels, it usually produces characteristic surface deforma-
tion, seismicity and gas emissions. New magma arriving in volcano roots requires space
causing the host rock to be displaced, which leads to surface ground deformation pat-
terns. The resulting patterns can be interpreted in terms of models of new magmatic
bodies at depth or the expansion of existing magma bodies. Arrival of new magma and
associated deformation is a common precursor to eruptions, witnessed also by charac-
teristic seismicity and volcanic gas release. These form the primary signals of volcanic
unrest, together with changes in geothermal activity and surface temperature at volca-
noes (Fig. 11.2). Although various signals related to volcanic unrest can be detected, it
is more difficult to determine and forecast if the inflow of new magma into volcano
roots will culminate in an eruption or whether magma will stall at depth. Intrusions
can also form when magma flows from a pre-existing magma body residing under a
volcano, commonly forming magma-filled cracks or thin sheets that may be sub-vertical
(dykes; see Chapter 3), sub-horizontal (sills; see Chapter 5) or inclined (cone sheets; see
Chapter 4).

Pre-eruptive processes may include magmatic intrusions or migration of magma
from deep to shallow bodies. Depending on the processes involved, the rate of melt
supply and depth of the magma bodies, deformation rates may vary from mm/year to
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Figure 11.2 Seismic and geodetic signatures of volcano unrest. Signals can include increased numbers
of both high- and low-frequency earthquakes, with examples shown in panels (A), (B) and (C). Earth-
quakes at Katla volcano recorded at station ALF (vertical waveform high-pass filtered above 1 Hz): (A)
High-frequency event with a hypocentre inside the caldera in the top 3 km. Although shallow, it contains
rather high frequencies (date: 2012-17-7 03:34:46, epicentre lat: 63.662 lon: —19.130, Ml 1.34), and (B)
Low-frequency event with hypocentre west of the caldera in an area known for seasonal low-frequency
seismicity, likely related to very shallow deformation (date: 2012-4-7 01:08:55, epicentre lat: 63.648, lon:
—19.316, MI 1.5). (C) Hundreds of earthquakes may occur per day in a critical unrest situation, like shown
in the ‘drumplot’ (upper, middle) displaying 24 h of seismicity at Katla volcano on 29 September 2016
(vertical component, filtered with a highpass 2 Hz filter). (D) GPS time series of the horizontal displace-
ment component from high rate analysis (one sample per second) at Grimsvétn volcano, revealing
significant displacement prior to the onset of the 2011 eruption (Hreinsddttir et al.,, 2014). (E) InSAR
time series of unwrapped line-of-sight displacement (change in cm from the previous image), showing
ground deformation due to an evolving intrusion in 1999 at Eyjafjallajokull (Hooper et al., 2010).

m/year, and surface displacements may be detectable on time-scales of minutes to years
prior to an eruption (see, e.g. Eyjafjallajokull field example). If new magma intrudes at
a shallow level prior to an eruption, then the chance of detectability is typically greater,
although its detection beneath ice-covered volcanoes can be problematic, as deforma-
tion signals may not extend beyond the ice cap. If magma is injected rapidly from depth,
the warning time prior to an eruption can be limited.

Magmatic intrusions often trigger small earthquakes as the melt pushes its way
through the crust, related to either the migration of the magma itself or consequent
changes in the local stress field. Earthquakes in volcanic environments are often classi-
fied according to their frequency content, e.g. volcano-tectonic (VT) earthquakes are
associated with brittle failure of the crust, whereas long-period (LP) earthquakes are
often associated with magmatic intrusions or the opening of fissures (Brandsdottir and
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Einarsson, 1992). Recent modelling work and recordings in the near field of volcanoes
however suggest that the coda of shallow earthquakes gets easily trapped in shallow low
velocity layers of volcanoes causing the lower frequencies to be enhanced and long ring-
ing coda (Bean et al., 2008). Thus earthquakes, that are initially VT-brittle failure earth-
quakes can easily look like LP-events when recorded at some distance, even in the flanks
of the volcano. Earthquakes are sometimes seen at the root of volcanoes, even at depths
below the brittle-ductile boundary (in Iceland 20-30 km). These events are marked by
long-periods, and often come in small swarms lasting for minutes to hours (Greenfield
and White, 2015). These deep LP-events are likely to be caused by slow slip resulting
in lower frequency content than VT-earthquakes. Volcanic tremor is typically observed
at the onset of and during eruptions related to magma column oscillations or magma
migration or dyke formation (Dawson et al., 2010; Ripepe et al., 2013; Eibl et al., 2017).
The strength of the tremor varies greatly with the type of eruption. Basaltic fissure erup-
tions produce weak tremor whereas explosive eruptions produce strong tremor. Hypo-
centre locations of volcanic earthquakes, graphs of cumulative number of VT events or
cumulative seismic moment against time as well as identification of seismic tremor are
employed for short-term eruption forecasting.

As melt rises within the crust, volatiles released from the magma migrate through open
fracture pathways towards the surface. Pre-eruptive changes in gas emissions have been mea-
sured at many volcanoes including Usu (Japan), Redoubt (Alaska), Stromboli (Italy), Poas
(Costa Rica) and El Hierro (Spain). An increase in CO,, or He emissions or CO,/SO, ratio
was observed prior to some eruptions (Aiuppa et al., 2009; Allard, 2010; Padrén et al., 2013).

11.3 MEASUREMENTS OF GROUND DEFORMATION

The most important geodetic techniques used at present to map volcano deformation
are two complementary space geodetic techniques. Firstly, global navigation satellite
system (GNSS) geodesy, of which the global positioning system (GPS) is one example,
can provide continuous displacement time series of individual points in three dimen-
sions at a temporal resolution from fractions of a second to decades. Secondly, interfero-
metric synthetic aperture radar (InSAR) analysis of radar images acquired by repeated
satellite passes can provide a map view of change in range between ground and satellite
(Sigmundsson et al., 2010a, 2015; Hooper et al., 2012). Both techniques have been used
extensively at volcanoes in Iceland (Figs. 11.3 and 11.4; see Field Example 2).

GPS satellites transmit signals at two frequencies, = 1575.42 and 1227.60 MHz,
referred to as L1 and L2 carriers, respectively. At least four satellites must be visible in
the sky to determine the receiver’s latitude, longitude, elevation and correct for the
receiver’s imprecise clock. Additional satellites improve the observations. While com-
mercial receivers determine positions from a civil ranging code on L1, geodetic receivers
used in scientific applications track the carrier phase on L1 and L2 for higher-preci-
sion position estimation. The observed phase, @, scaled by the carrier wavelength, A,
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Figure 11.3 GPS and InSAR data (after Sigmundsson, 2015) from the beginning of the Bdréarbunga
2014-2015 unrest episode and eruption. (A) Earthquakes 16/08-06/09 2014 (dots) and horizontal
ground displacements measured by GPS (arrows) on a map with central volcanoes (oval outlines), cal-
deras (hatched) and northern Vatnajokull ice cap. Relatively relocated epicentres and displacements
are colour-coded according to the time of occurrence, and other single earthquake locations are in
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<« grey. Thin lines within rectangles show inferred dyke segments. The red shading at Bardarbunga cal-
dera shows subsidence up to 16 m inferred from radar profiling on 5 September at the onset of the
6-month long caldera collapse. The star marks the location of the magma source inferred from model-
ling. Also shown are ice cauldrons formed (circles), the outline of the lava flow mapped from a radar
image on 6 September, and eruptive fissures (white). (B) Wrapped RADARSAT-2 interferogram span-
ning 08/08-01/09 2014. Shading at Bardarbunga caldera shows unwrapped 1-day (27-28/08) COS-
MO-SkyMed interferogram with maximum line-of-sight (LOS) range increase of 57 cm. Also shown are
earthquakes (grey dots), boundaries of the graben activated in the dyke distal area (hatched lines) and
the location of interferograms in panels C and D (boxes). (C) Unwrapped COSMO-SkyMed interfero-
gram spanning 13-29 08/2014. (D) Unwrapped TerraSAR-X interferogram spanning 26/07-4/09 2014.
Satellite flight and viewing direction are shown with black and white arrows, respectively. LOS displace-
ment is positive away from the satellite for all interferograms shown.
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Figure 11.4 Volcanic systems of Iceland. Systems mentioned in the text are indicated: Kr, Krafla; A,
Askja; Bd, Bardarbunga; Gr, Grimsvotn; E, Eyjafjallajokull; Ka, Katla; He, Hengill. Volcanic centres are from
Einarsson and Seemundsson (1987), whereas fissure swarms are from Hjartardéttir et al. (2016a, b) and

Einarsson and Seemundsson (1987). Calderas are from Einarsson and Seemundsson (1987), Gudmunds-
son and Hognadottir (2007) and Magnusson et al. (2012).

determines the range (distance) between satellite and receiver . The different frequencies
of L1 and L2 allow correction of signal delay due to dispersion in the ionosphere (I,).
The complete phase observation model is (Misra and Enge, 2011):

O=A"[r—1,+ T, |+ f(81, )+ N+ MP+g,



292

Volcanic and Igneous Plumbing Systems

The primary sources of error, in addition to the ionosphere, are the tropospheric
propagation delay, Ty, receiver and satellite clock bias, 0t,, 0f', interference of direct and
reflected signals causing the so-called multipath error, MP, as well as other, unmodeled
error sources captured in €. As receivers track carrier phase changes after locking onto
the signal, the integer number, N, of cycles between the satellite and the receiver at the
beginning of tracking is ambiguous and needs to be resolved. Careful treatment of all
error sources results in precisions up to 3—4 mm in horizontal and about twice that in
the vertical component (Bock and Melgar, 2016). Simultaneous tracking and analysis of
multi-GNSS combining GPS, the Russian GLONASS, the European Galileo and the
Chinese BeiDou systems promises positioning improvements.

The two main types of GNSS data acquisitions at volcanoes are campaign mea-
surements, for which permanently embedded geodetic benchmarks are episodically
reoccupied with geodetic equipment to determine position changes, and continuous
measurements (cGPS), where geodetic equipment remains permanently installed in
the field, generally telemetering observations to an analysis centre. While continu-
ous installations that record one or more samples per second, potentially analysed in
real time, are preferred to resolve the timing of rapid changes of a volcano, campaign
observations can improve spatial resolution of cumulative signals even if precise timing
is lacking.

Synthetic aperture radar (SAR) images record both amplitude and phase of radar
signals sent by a SAR satellite and reflected back from the Earth’s surface. Any ground
deformation that takes place between two separate SAR acquisitions changes the path
length between the ground and the satellite. The resulting phase shift can be detected
by computing an interferogram, equal to the difference in the phase component of
the two SAR images. While it would be impossible to infer the total number of full
cycles of phase change from a single pixel (similar to the integer ambiguity N in the
GPS phase observable), spatial coherence across an interferogram allows us to infer
the relative change. When scaled by the signal wavelength, this gives the range change
between the satellite and the ground, relative to that of a selected reference point in
the image.

An originally wrapped interferogram (with fringes) shows the phase gradient. Its
integration from a reference point is referred to as phase unwrapping, resulting in
a value for relative phase change that includes whole phase cycles. The total phase
change arises from a combination of differences in the location of the satellite over-
head, topography, surface deformation, atmospheric delay and the scattering properties
of the ground:

A(pim = Aq)geom + Aq)def + A(patm + Aq)pixel

Here Ag@,, is the phase of the interferogram, A¢,  is the combined phase contri-
bution derived from differences in the satellite’s orbital position and a perspective eftect

geom
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from topography, Ag, . results from ground deformation, A@,. is caused by atmo-

atm
spheric difterences on the different acquisition dates. A@,, is the contribution due to
individual scatterers within a pixel.

If the scattering properties of the ground remain stable between different satellite
acquisitions, contribution from A@;, is mostly negligible. An accurate digital eleva-
tion model (DEM) and precise satellite orbits are used to correct for A@yeom. The Ap

term is often ignored if atmospheric delay over over the target area is small or atmo-

atm

spheric conditions during acquisitions are similar. However, A@__ remains a significant

atm
impediment to the measurement of small-scale deformation (<10 cm) at volcanoes,
especially in tropical regions where water vapour has a considerable effect (Bekaert
et al.,2015). Attempts to reduce the atmospheric phase contribution include interfero-
gram stacking to enhance the signal-to-noise ratio, assessments of likely occurrence of
stratified water vapour or use of complementary atmosphere data from optical satel-
lites, GPS instruments or numerical weather model outputs to correct interferograms
for Ag,, ..

Once the interferogram has been corrected for non-deformation contributions to
phase change, deformation A@, . becomes the dominant contributor to changes in the
phase, which can be converted into displacement (Ad) along the satellite’s line-of-sight
(LOS):

—ﬂAd

A(Pdef = 1

where A is the wavelength of the transmitted radar pulse. Persistent scatterer INSAR
(PSI) and other advanced time-series analysis techniques can be employed to further
reduce noise and generate a time series of high-resolution deformation signals (Hooper
et al., 2007,2012; Hooper, 2008).Various SAR satellites provide data to study volcanoes,
and ESA’s recent Sentinel mission now ofters 6-day repeat acquisitions over many vol-
canoes.

In addition to GNSS and InSAR, ground deformation at volcanoes is often
measured with borehole tiltmeters, strainmeters, repeat terrestrial radar (LiDAR) or
repeated levelling surveys. Additional tools include time-lapse photogrammetry, per-
haps most prominent through Gary Rosenquist’s photos of the flank failure of Mt.
St Helens in 1980 (Voight et al., 1981), Mimatsu diagrams that trace surface profile
changes over time on paper (Minakami et al., 1951) and use of drone technology to
map ground changes. Repeated levelling, when carried out on short profiles or arrays,
is referred to as optical levelling tilt. This was pioneered as a volcano monitoring
technique by Eysteinn Tryggvason in Iceland, beginning in 1966, mapping changes as
small as 1 microradian per year (1 mm height change over a distance of 1 km). Pro-
files installed for this purpose at Hekla and Askja volcano (Tryggvason 1989, 1994)
continue to be measured yearly.
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Gravity measurements can reveal both spatial and temporal mass changes at vol-
canoes. Such observations can resolve if a deformation source is due to hydrother-
mal or magmatic activity, as the density of fluids involved is diftferent. Relative gravity
measurements are used in two different ways at volcanoes: 1) to characterise the struc-
ture of volcanic plumbing systems based on a Bouguer anomaly map, for example, to
decipher existence of intrusive complexes and crustal magma bodies (Gudmundsson
and Hognadottir, 2007) or ii) to monitor and quantify mass transfer over time, some-
times referred to as micro-gravity (or time lapse) observations (Carbone et al., 2017; de
Zeeuw-van Dalfsen et al., 2005). Continuous gravity observations have also been car-
ried out at a few volcanoes, including Etna and Kilauea, where rapid mass variations in
relation to conduit processes have been detected.

Before the observed ground deformation can be interpreted in terms of magma
plumbing and transfer, other deformation sources must also be considered (Grapenthin
et al., 2010; Geirsson et al., 2012; Drouin et al., 2017). These include, in many cases,
the influence of plate movements and strain accumulation at plate boundaries. In Ice-
land, another important contribution is glacial isostatic adjustment (GIA) due to glacier
retreat since 1890. Maximum uplift velocities related to GIA exceed 30 mm/year in
Iceland at present (Auriac et al., 2013), so GIA heavily influences surface deformation.
Deformation induced by annual variations in snow and water loads on the surface of
the Earth can be pronounced. For example, an annual peak-to-peak cycle ranging from
4 to over 20 mm is observed in the vertical component at continuous GPS time series
in Iceland (Drouin et al., 2016). These effects need to be considered and corrected for
before interpreting volcano deformation sources.

11.4 MODELS OF VOLCANO DEFORMATION

The use of modelling to interpret volcano deformation has recently advanced, partly
because of improved computing facilities and algorithms, but also because of major
advances in observing volcano deformation. The models applied to understand magma
movements and associated hazards range in type. The most common models used to fit
surface deformation resulting from magma inflow/outflow to/from volcano roots are
simple mechanical models. These models assume that the process can be described by
the emplacement of a volume of magma (of uniform properties) with idealised geom-
etries, within a surrounding host rock most commonly approximated as a homoge-
neous, isotropic elastic halfspace (Fig. 11.5). Often a knife sharp discontinuity is assumed
between a magmatic ‘pressure source’ and solid rock of uniform elastic properties. Ana-
lytical solutions for magma sources within a uniform elastic halfspace can take the form
of a pressure variation in a point source (Mogi, 1958), a finite size spherical source
(McTigue, 1987), an ellipsoid (Yang et al., 1988),a circular crack (sill) (Fialko et al.,2001)
or thin sheets (dykes, sills) composed of one or more rectangular patches (dislocations)
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Figure 11.5 lllustrations of four magmatic source geometry approximations for commonly used ana-
lytical models and their predicted surface ground deformation patterns. Source parameter variables
are listed for each model; full analytical expressions can be found in the references given at the bot-
tom. The horizontal (black) and vertical (red) displacement fields, normalised to the maximum dis-
placements, are given in map view, as well as for profiles transecting the displacement maxima with
horizontal distances normalised to the respective source centroid depth. The plunge of the east-west
striking spheroid source is 60 degrees. The dyke's ratio of centroid over burial depth of its top is 8/3.
The sill's width is 5 times the centroid depth.

(Okada, 1985; Sigmundsson et al., 2010a, 2015). All these have analytical solutions that
are computationally efficient to use in approaches that estimate model parameters from
the data (mathematical inversion) in order to provide deformation predictions that fit
the data well.
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Source geometries and characteristic surface deformation patterns for the most com-
monly applied of these analytical models are shown in Fig. 11.5. The most simplistic
model of a pressure point source (Mogi, 1958) assumes a pressure change, AP, or volume
change, AT/, at a depth, d, below the surface, causing radially symmetric displacements
with maximum vertical and minimum horizontal motion located directly above this
source. Vertical, u_, and radial, u, displacements at radial distance r from the source at the
surface are given by

_ (1=-v)AV d
z T (72 + d2)3/2
(1-v)AV r
u =
r T (r2 + d2)3/2

where Vv is the Poisson ratio. In this model, vertical deformation, u_, dominates the
amplitude over radial deformation, u, to about 1 source-depth radially away from the
source (Fig. 11.5). The remaining models are more complex, requiring finite dimensions
of length and width and can be arbitrarily striking and dipping.

Data from the 1975-1985 rifting episode at Krafla volcano in Iceland provides an
example for data interpretation. Levelling observations are well reproduced with a Mogi
source representing a magma body under the Krafla caldera. The volcano had about
20 inflation—deflation events. Magma accumulated in a shallow magma body during
inflation causing metre-scale uplift (Fig. 11.6), which rapidly reversed when a dyke
was injected into the adjacent rift zone. Levelling data show these events in a clear,
sawtooth-shaped time series which well constrain the time history of volume change
of a Mogi source. Such rapid deformation is generally expected to be accompanied by
seismicity, and the Krafla rifting episode is no exception. However, a comparison of the
volume change and the rate of earthquakes in the caldera reveals a surprising relation-
ship (Heimisson et al., 2015). During the initial inflation period, the seismicity rate
increased and displayed relatively good correlation with the volume change. After this
first inflation period, the pattern changed, and the seismicity rate tended to dramatically
increase only after the previous level of inflation was exceeded. This indicates that the
volcano manifested what rock mechanics describes as the Kaiser stress memory eftect
(Kaiser, 1953). This has been reproduced in small-scale experiments with cyclic load-
ing of rocks and other material where increases in acoustic emissions, indicating small
fracture formation, are only generated when the prior load is exceeded (Lockner, 1993).
Due to large stress perturbations from multiple dyke injections and eruption later on
in the rifting episode, no clear relationship remains between the volume changes and
seismicity rate. These data show that the Kaiser eftect can occur on a kilometre-scale in
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Figure 11.6 Inflation and inflation-related seismicity during the Krafla rifting episode. (A) The three
time windows (left, middle and right) are the three periods where the seismicity rate from the Krafla
caldera could be reliably estimated. The blue axis (left) and corresponding blue curve show cumulative
volume change from Mogi source modelling of levelling data. Volume change is shown with respect to
the initial deflation event. Right axis (red) and the red curve are earthquakes detected each day in the
caldera. Note that in the left and middle windows, the seismicity rate dramatically increases only when
volume change reaches the previous inflation level, thus demonstrating the Kaiser stress—-memory ef-
fect (Heimisson et al., 2015). (B) Located inflation-related earthquakes, forming a cloud of seismicity
within the caldera (shown in black lines). The black triangle marks the location of the seismic station
used to measure the inflation seismicity rate at the edge of Myvatn lake (light blue). (C) Dots mark the
location of levelling benchmarks and the colour indicates the uplift at each point. Cumulative vertical
displacement is shown at 26 April 1977 with reference to the beginning of 1975. Inset shows the loca-
tion of the area in Iceland. Uplift shows a mostly radially symmetric bulging of the ground. The centre of
the bulge is near the centre of the cloud of earthquakes (modified from Heimisson et al., 2015).

a volcano, which has important implications for eruption monitoring and forecasting. If
volcanoes inflate and deflate cyclically, the seismicity may be close to background levels,
whereas a magma body may be close to failure (Heimisson et al., 2015), explaining some
previously puzzling aseismic behaviour at volcanoes and emphasising the importance of
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multi-instrument monitoring. As, for instance, the lack of seismicity may suggest volca-
nic unrest to be over, when, in fact, a volcano may be rapidly inflating in preparation for
another eruption.

Another example is provided by ground deformation observed over a period of
almost two decades at Eyjafjallajokull volcano in south Iceland (Fig. 11.7). The defor-
mation data can be reproduced by episodic intrusions formed over 18 years of volcanic
unrest, and eventually leading to two eruptions in 2010. This activity is described in a
field example at the end of this chapter.

Uncertainties on geodetic model parameters can be addressed by deriving their prob-
ability distributions utilising Bayes’ theorem.This can be realized through Markov Chain
Monte Carlo (MCMC) techniques that implement the Metropolis-Hastings sampling
algorithm (Mosegaard and Tarantola, 1995; Menke, 2012).The process involves sampling
a set of model parameters from their given a priori distributions and considering their
likelihood, given the observations; the relative likelihoods of the difterent model param-
eter values are evaluated by comparing observations to model-based predictions. The
final a posteriori multivariate probability density functions can be built during numer-
ous (millions) simulations (Hooper et al., 2013; and methods section in Sigmundsson
et al., 2015).

Inferring volumes of transferred magma from volcano geodesy is complicated
by the simplified assumptions of the underlying models. In the case of pre-existing
sources experiencing inflow/outflow, the volume change of simple analytical solu-
tions introduced above are only equal to the volume of magma inflow/outflow if the
magma is incompressible. This assumption is not realistic in most cases. In particular,
as magma moves towards the surface, exsolution of volatiles due to depressurisation
creates a multi-phase material containing pressurised gas bubbles that turn magma
into a compressible fluid. Differences between volume decrease of shallow magma
bodies as magma flows out of them and corresponding volume increases in a new
dyke injected into the surrounding host rock or in eruptive material are common.
For example, often the contraction volume of a shallow magma body may be only
one-third or less of the volume of a dyke injected from this magma body. The effects
of compressibility of magma remaining in the source magma bodies can explain this
difference (Sigmundsson et al., 1992; Johnson et al., 2000; Rivalta and Segall, 2008, and
references therein). The pressure decrease due to magma flowing out of a magma body
results in the expansion of the remaining magma.Viscoelastic behaviour of material in
a shell surrounding a spherical magma chamber can also be important (Segall, 2016)
and analytical expressions for further complexities such as horizontal layering of the
elastic properties (Newman et al., 2006) or viscoelastic properties (e.g., Bonafede and
Ferrari, 2009) in a halfspace exist.

Holistic models of magma plumbing that often include a magma body and
a conduit to the surface can help understand eruption behaviour and volcano
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Figure 11.7 InSAR images illustrating surface deformation modelled as episodic sill intrusions
into the Eyjafjallajékull volcano. Positive LOS displacement is movement away from the satel-
lite. Note the difference in fringe size for panels A, B (28.8 mm) and C, D (15.5 mm) due to the use
of different satellites (ERS and TerraSAR-X, respectively). (A) 06/09/92-15/08/95 (1994 sill intrusion);
(B) 01/08/97-29/09/00 (1999 sill intrusion); (C) 25/09/09-20/03/10 (two sill intrusions and dyke
formation in 2010); (D) 11/04/10-22/04/10 (initial phase of the 2010 summit eruption); (E) approximate
outlines of all modelled deformation sources; (F) schematic east-west cross-section of the Eyjafjallajokull
plumbing system, with all discrete modelled magmatic sources plotted at their best-fit depth (vertical
exaggeration by a factor of 2). Grey shaded background indicates source depth uncertainties (95%
confidence). Modified from Pedersen and Sigmundsson (2004, 2006) and Sigmundsson et al. (2010a,b).
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dynamics. One line of progress towards improved understanding of volcanic haz-
ards has been geophysical modelling of eruption monitoring data in the context of’
such models, sometimes referred to as ‘physics-based’ (PB) models or multi-physical
models. These go beyond mechanical models of deformation sources shown in
Fig. 11.5 and model jointly the dynamics of a magma body, conduit processes and
eruption (Anderson and Segall, 2011, 2013; Anderson and Poland, 2016). PB mod-
els can thus be used to relate observations of deformation, gas, seismicity and erup-
tion rates to infer important information related to magma supply and storage. This
process can constrain parameters that cannot be constrained by mechanical models,
such as the overall volume of magma bodies. When used together with an MCMC
approach, probabilistic estimates can be derived for properties of the sub-surface
plumbing system, such as depth of magma bodies, volatile content and conduit
properties.

Advanced deformation modelling can be undertaken using, for example, using the
numerical finite element method (FEM) (e.g., Ali, 2014) to better constrain the param-
eters of magma bodies and influx rates based on realistic heterogeneous layered earth
models, as FEM models can be used to solve physical governing equations in arbitrarily
structured domains, which are readily partitioned to account for known complexities.
FEM models have many advantages in terms of including complexities in the model
space (Pedersen et al., 2009; Masterlark et al., 2010,2012,2016). Hence, we can account
for comprehensive and detailed pre-existing structural, geological and geophysical
information regarding topography, sub-surface structures, background tectonic stresses
and spatial variations of rheological properties. For instance, to simulate viscoelastic
behaviour, a stress-dependent creep strain-rate relationship can be added to the elastic
strain rates in the desired regions of the problem domain. The standard expression for
creep strain rate is

&= Ac"

where € is the uniaxial equivalent strain rate, A is a constant that can be expanded
to include a temperature dependence and thermally activated creep and o is devia-
toric stress. When combined with the elastic strain rate, the relationship is equivalent
to a Maxwell material, or linear viscosity law, if # = 1 and A is half of the inverse of
the linear viscosity. Many FEM models do not consider explicitly the temperature
structure, but few valuable models of that type exist (e.g., Hickey et al., 2015). A
priori constraints on such models are often limited. A drawback of numerical models
is, however, that testing a large range of different model parameters (required for
model parameter estimation) is computationally demanding and in some cases not
at all feasible.
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11.5 LESSONS LEARNED IN ICELAND

The volcanic regions of Iceland (Fig. 11.4) can be divided into 32 volcanic systems
(see, e.g. Sigmundsson (2006), and online Catalogue of Icelandic volcanoes: http://
icelandicvolcanoes.is/). Within these, there have been 22 confirmed eruptions in the
last 45 years (exact number depending on the definition of what a single eruption
is). Several additional small eruptions may have occurred beneath the glacier-covered
volcanoes, but did not manage to melt their way through the ice and hence went
unconfirmed, although inferred through seismic observations. In the past, the main
methods used to monitor the state of the Icelandic volcanoes have been based on
seismic observations, geodetic techniques such as GPS, tilt and InSAR observations
(Sigmundsson, 2006; Sturkell et al., 2006a, b), and monitoring variations in geother-
mal activity, including ice cauldron development and evolution above subglacial geo-
thermal areas. Mapping of crustal deformation and seismicity during recent Icelandic
eruptions and unrest periods have provided a wealth of information concerning
magma movements.

A systematic study of the behaviour of Icelandic volcanoes reveals that most of them
appear to be in a state of rest. Four systems do, however, show signs of magma accumu-
lation or increased magma pressure at the time of writing that may potentially lead to
eruptions within the next few years if unrest continues; Hekla, Grimsvotn, Bardarbunga,
and Orafajokull (unrest began in 2016/2017; not discussed here). The magma accu-
mulation is expressed in various ways depending on the characteristics of the respective
volcano. Continued accumulation will inevitably lead to an eruption, but the timing is
uncertain. This depends on the rate of magma accumulation and the state of stress in
the rock mass surrounding and within the magma domain, that will define how long
the surrounding crust can withstand the pressure increase. Stress also governs the path
of the magma when it breaks out of a magma body, whether it finds its way to the sur-
face producing an eruption or becomes an arrested intrusion in the crust. Most of these
conditions are poorly known, so an accurate prediction of these events is impossible. It
is therefore important to monitor the progress of activity with geophysical instruments
in order to narrow down the likely or possible scenarios.

11.5.1 Bardarbunga

The Bardarbunga volcano in central Iceland experienced a major unrest, lateral dyking
and eruption in August 2014—February 2015 (Sigmundsson et al., 2015). The eruption
was accompanied by a slow caldera collapse, a truly rare event that has not been moni-
tored in such detail before, providing a unique opportunity for better understanding the
volcanic structure and processes (Gudmundsson et al., 2016; Parks et al., 2017). The col-
lapse was extensive as the 8 X 11 km? caldera gradually subsided and a bowl up to 65 m
deep was formed, while about 1.8 km?® of magma drained laterally along a subterranean
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Figure 11.8 The Bdrdarbunga caldera and the lateral magma flow path to the Holuhraun erup-
tion site. (A) Aerial view (from the north) of the ice-filled Bardarbunga caldera on 24 October 2014.
(B) The effusive eruption in Holuhraun, about 40 km to the northeast of the caldera. (C) A schematic
cross-section through the caldera and along the lateral subterranean flow path between a magma
body and the surface. After Gudmundsson et al. (2016).

path, feeding an eruption 47 km northeast of the volcano (Figs. 11.8 and 11.9).This activ-
ity until the end of the eruption is described in a field example at the end this chapter.
The Bardarbunga caldera continues to exhibit signs of unrest. After the end of the
eruption, GPS deformation data display horizontal movements that are consistent with
an inflation signal centred at the caldera (see GPS time series presented in the field
example), but the pattern is more complicated than during the co-eruptive period. The
seismicity continued to decline after the eruption, both in the far end of the dyke as
well as within the caldera. In the dyke area, the activity has steadily decreased to present-
day low levels. However, in September 2015, seismicity within the caldera started to
increase again (Fig. 11.10).This increase was identified in terms of increased earthquake
magnitudes while earthquake rate remained relatively constant. A seismic waveform cor-
relation analysis reveals a dramatic change occurring between February and May 2015,
where the first motion polarity of earthquakes reverses sign. This coincides with the
ending of the caldera collapse and the eruption. Preliminary results suggest that caldera
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Figure 11.9 Caldera collapse at Bdrdarbunga. Upper panel: Subsidence near the centre of the caldera.
The two curves show the observed vertical change at a GPS station installed on the ice surface and
the GPS curve corrected for ice flow, providing an estimate of the subsidence of the bedrock. Modified
from Gudmundsson et al. (2016). Lower panel: Time line of seismicity during the caldera collapse as
recorded by the Icelandic Meteorological Office (including 80 earthquakes between M5-M5.8 shown
in red).

fault movements were reversed soon after the eruption ended in spring 2015 when
outward movement of GPS stations around the caldera was also observed, indicating re-
inflation long before any seismicity increase was detected. Over 9000 earthquakes have
been recorded after the eruption at Bardarbunga. The most intense seismicity has been
located along the caldera rim in the top 5 km. Between 1 March 2015 and 20 September
2017, in total 62 earthquakes with magnitudes between M3.5 to M4.5 were recorded.
The largest earthquakes (M4.5) occurred in 2017, on 2 August and 7 September.

11.5.2 Grimsvotn

The Grimsvotn subglacial volcano is the most frequently erupting volcano in Iceland,
with recent eruptions in 1998, 2004 and 2011.The hours preceding eruptions are char-
acterised by strong swarms of shallow (0-3 km deep) earthquakes (M2-3) near the
southern caldera rim, but hypocentre locations are generally not well constrained (Vog-
fjord et al., 2005). Activity has been increasing since the last eruption in 2011 (Fig. 11.11),
with over 65% of earthquakes in the uppermost 5 km. A GPS station shows a promi-
nent inflation/deflation cycle during and between eruptions (Sturkell et al., 2003, 2006a, b).
Observations during the 2011 eruption were an improvement on earlier efforts, both
because of a continuous GPS station and a tiltmeter operating close to the eruption
site. The data suggest a pressure drop at a surprisingly shallow level (about 2 km depth)
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Figure 11.10 Seismicity at the Bdrdarbunga caldera 1 March 2015-20 September 2017. Median
monthly earthquake rate is marked with a pink dashed line and the third-quantile monthly rate indicat-
ed with a blue dashed line. Top: Earthquake rate for earthquakes larger than M0.8 (approximate mag-
nitude of completeness). Red line shows the cumulative earthquake rate, histogram (grey line) shows
the monthly earthquake rate. Centre: Timeline of all earthquakes used for the analysis. Bottom: Red
line shows the cumulative seismic moment. Histogram (grey line) shows the monthly seismic moment.

during the eruption, in a similar location as in previous eruptions (Hreinsdottir et al.,
2014). However, Haddadi et al. (2017) utilised geobarometry of Grimsvétn eruptive
products to infer average crystallisation pressure of 4 + 1 kbar, corresponding to approxi-
mately 15 £ 5 km depth. This suggests much deeper magma storage. In the 2011 erup-
tion, high-rate processing of the continuous GPS data indicates that 25% of the pressure
drop preceded the eruption onset by about 1 h, indicating the formation of a con-
duit connecting the shallow reservoir to the vent at the crater rim. Lack of significant
recharge (compared to the outflow rates) during the eruption enabled Hreinsdottir et al.

GPS time series are shown in the Eurasian reference frame with seasonal variations and a 2.5 cm/yr linear
term removed from the vertical to correct for uplift due to glacial isostatic movement. The effects of the
2014-2015 events at Bardarbunga, and following changes have not been corrected for.
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(2014) to link rate changes in the reservoir pressure drop to plume heights. In addi-
tion, a 10-fold difference between the DRE volume estimates of the erupted material
(0.27 £ 0.07 km?) and the geodetic model (0.027 + 0.003 km?) suggest a large role of
magma compressibility. The geodetic data have been interpreted in terms of magma flow
to one reservoir, or using two magma sources (Reverso et al., 2014).

11.5.3 Hekla

Hekla erupted in 1970, 1980-1981, 1991 and 2000 (Hoskuldsson et al., 2007), and geo-
detic studies indicate that magma accumulates steadily in a source located between 16
and 24 km depth (Ofeigsson et al., 2011; Geirsson et al., 2012). Co-eruptive borehole
strain observations (Sturkell et al., 2013) suggest that the first signs of deformation also
originate from a pressure drop within a deep source, although at somewhat shallower
level than the depth estimates for inter-eruptive periods (at 10-11 km depth). Only a
shallow dyke (near-surface) is inferred to have formed in the 2000 eruption, separated
from the underlying magma body by a conduit producing no significant deformation.
Monitoring and modelling of gas release at the summit of Hekla during a quiescent state
(Ilyinskaya et al., 2015) shows that the composition of the exsolved gas is substantially
modified along its pathway to the surface through cooling and interaction with wall-
rock and groundwater. The modification involves both significant H,O condensation
and scrubbing of S-bearing species, leading to a CO,-dominated gas emitted at the sum-
mit in a concentrated area. These observations are in broad agreement with a preferred
gas pathway through a conduit from a deep source. Recent eruptions were preceded by
dense swarms of small earthquakes for 23—79 minutes but hypocentre location accuracy
was rather poor (Soosalu and Einarsson, 2002; Soosalu et al., 2005). Earthquake reloca-
tion shows that between eruptions the activity is distributed in the upper 15 km, with
significant clustering at 8—9 and 1-2 km depth.

The eruptions that have occurred within the last few decades have been regular
and frequent: 1970, 1980-1981, 1991 and 2000. Regularity like this is rather unusual
in the world of volcanoes, and in earlier times Hekla erupted only once or twice per
century. The most explosive eruptions occur after a long repose period. Tilt measure-
ments have been made at Hekla for several decades to monitor its state of inflation
(Fig. 11.12). The tilt station that has shown the most consistent results is located at
Nafurholt, about 11 km west of the volcano. The results indicate a magma body
beneath Hekla recharges at a continuous rate between eruptions, as inferred also from
GPS and InSAR. During the eruptions of 1991 and 2000, the pressure in the magma
body dropped as magma flowed to the surface and the volcano deflated. Immediately
after the end of the 2000 eruption, the magma body began inflating again as the vol-
cano began preparing for the next eruption, implying a steady magma supply from
depth. If this pattern continues, a new eruption will not occur until the pressure in
the magma body rises beyond the previous maximum. Following the 2000 eruption,
the magma pressure increased and reached the previous maximum in 2006 (Sturkell
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Figure 11.12 East component of tilt (microradians) versus time at optical levelling tilt station Nae-
furholt west of Hekla volcano. Increasing values correspond to increasing uplift towards the volcano.
The curve reflects a steady increase in magma pressure beneath the volcano for the last three decades,
except during the eruptions of 1991 and 2000 (red vertical lines on the graph) when the pressure de-
creased rapidly. Black lines correspond to tilt changes of 0.77 prad/year.

et al., 2006a). This implies the pressure was sufficient at that time to initiate a new
eruption if conditions otherwise remained the same in the volcano interior. Yearly
measurements since then indicate continued pressure increase. Variable healing of the
volcanic conduit from the Hekla magma body towards the surface in the years after an
eruption may, however, influence the time interval between eruptions. If the conduit
solidifies and gains strength, a longer interval of dormancy may follow despite steady
magma accumulation at depth.Variations in regional stress may also have an influence
on timing of eruptions.

11.5.4 Katla

Katla, partly covered by the Myrdalsjokull ice cap, is one of the most dangerous vol-
canoes in Iceland. It is capable of generating large explosive eruptions with ash plume
heights between 14 and 20 km (Larsen and Gudmundsson, 2016a) accompanied by
major jokulhlaups (glacial outburst floods) generated through the rapid melting of large
volumes of ice into water at pressures able to overcome the overburden of the ice cap.
Katla’s plumbing system and magma recharge mechanism are relatively poorly under-
stood. Prior to the most recent eruption in 1918, Katla had on average two major explo-
sive eruptions breaking through the ice per century. However, there has now been a
period of quiescence of 100 years. The present long repose period may be related to the
large size of the last eruption, as a positive correlation has been found at Katla between
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eruption magnitude and the length of the following inter-eruptive period (Eliasson
et al., 2000). Alternatively, the present long repose period may relate to stress changes
induced by ice retreat (Sigmundsson et al., 2010b). There are, however, suggestions that
sub-glacial eruptions or intrusive events have occurred without breaking the ice cover in
1955,1999 and 2011.The 2011 activity caused a jokulhlaup destroying the bridge across
Mulakvisl, one of the glacial rivers emanating from the ice cap. It originated from a
prominent ice cauldron that has been monitored for changes in sub-glacial water storage
and eruptive activity. Following this event, a new, unusual seismicity pattern of repeating
long-period earthquakes was observed in a different area of the volcano, on its south-
east slope, interpreted by Sgattoni et al. (2016) to relate to minor magmatic injection
or to changes of permeability in a local crack system. Another increase in seismic activ-
ity began in August 2016 (Fig. 11.13) and continues at the time of writing. Although
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Figure 11.13 Seismicity in the Katla caldera from January 2011 until 20 September 2017. To better
indicate seasonal seismicity, the months June, July and August are shaded in blue. Median monthly
earthquake rate is marked with a pink dashed line and the third-quantile monthly rate indicated with
a blue dashed line. Top: Earthquake rate for earthquakes larger than M0.8 (approximate magnitude of
completeness). Red line shows the cumulative earthquake rate, histogram (grey line) shows the month-
ly earthquake rate. Central: Timeline of all earthquakes used for the analysis. Bottom: Red line shows
the cumulative seismic moment. Histogram (grey line) shows the monthly seismic moment.
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significant magma inflow during this time has not been detected with geodetic obser-
vations, the high seismic activity is interpreted as a result of conditions close to failure,
indicating the volcano could erupt with a short warning time.

11.5.5 Askja

The longest time series of observed volcano deformation in Iceland is from a levelling
line at Askja volcano, a nested caldera complex in North Iceland. The last major rifting
episode within the Askja segment took place in 1874-1876 (Sigvaldason et al., 1992).
Presumed diking events accompanied by a Plinian explosive eruption created the most
recent caldera structure in the nested complex, which continued to develop for four
decades. Extensive GPS, InSAR and micro-gravity (since 1988) measurements add to
levelling data and seismic investigations. Deformation studies have suggested that models
with two contracting Mogi sources may fit the data: one shallow (~3 km) and another
at deep level (~16-21 km) (Pagli et al., 2006; Sturkell et al., 2006a, b). However, more
recent deformation studies taking into consideration possible rheological variations in
the sub-surface rift structure suggest that the data may be fitted by a single shallow Mogi
source embedded in a rifting environment, where the presence of viscoelastic material at
relatively shallow levels within the rift zone may explain the subsidence observed along
the fissure system as well as within the caldera (Pedersen et al., 2009; de Zeeuw-van
Dalfsen et al., 2012, 2013). Seismic tomography models from the Askja region indicate
the existence of melt storage bodies in the roots of the volcanic system. Greenfield et al.
(2016) found the main melt storage regions lie beneath Askja volcano, concentrated at
depths of 6 km with a smaller region at 9 km. Using recorded waveforms, these authors
also show that there is also likely to be a small, highly attenuating magmatic body at a
shallower depth of about 2 km.The geodetic and seismic models have the potential for
further joint interpretation. In contrast to the continuous subsidence, seismicity indi-
cates that deep melt movements are taking place within the Askja rift segment as seismic
activity occurs well beneath the brittle-ductile boundary (Soosalu et al., 2010). Key et al.
(2011) identify three separate sites of possible magma injection from the mantle. If such
deep magma movements involve only a limited volume, they may go unrecognised in
surface deformation data.

11.5.6 Hengill

The Hengill triple junction is a zone of horizontal shear stress, situated where two
spreading segments, the Reykjanes Peninsula Oblique Rift and the Western Volcanic
Zone, intersect with the south Iceland seismic transform zone. The last eruption in the
area occurred about 2000 years ago, whereas a tectonic event caused metre-scale subsid-
ence and extension in parts of the fissure system in 1789 (Seemundsson, 1992). A period
of unusually persistent earthquake activity with roughly 80,000 recorded earthquakes
~ 5) occurred in the area from 1994 to 1999. The earthquake swarm coincided

( max
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temporally with a 2 cm/year surface uplift rate, interpreted from InSAR data to be caused
by an expanding Mogi point source at about 7 km depth (Feigl et al., 2000). The source
model of the deformation corresponds to an intrusion volume of ~0.02 km? yielding
an average intrusion rate of 0.1 m?/s. This episode is an example of slow, deep recharge
within a magmatic system, associated with high seismicity but not culminating in an
eruption. Interpretation of the geodetic data shows the unrest episode caused one of the
lowest increases in the stressing rate measured during recharge of an Icelandic magmatic
plumbing system, but it nevertheless produced highly persistent earthquake activity. As
the subtle change in the stressing rate induced by the magmatic recharge was imposed
on a high background rate, a large increase in seismicity resulted (Pedersen et al., 2007).

11.6 DISCUSSION

The typical pattern of surface deformation observed at several frequently active Icelandic
volcanoes (e.g. Krafla, Hekla and Grimsvétn) can be referred to as the ‘volcanic defor-
mation cycle’. In the inter-eruptive phase, variable rates of surface uplift are observed,
followed by rapid subsidence during a co-eruptive phase. The subsidence reflects the sud-
den pressure drop due to removal of volume from the magma body within the magma
domain, which is then followed by a phase of post-eruptive replenishment and uplift. This
may constrain different transient surface deformation patterns according to the conditions
in the magma domain immediately following an eruption, for example, to what extent
the domain has been drained of magma, the stress field, the compressibility of the residing
magma and whether or not it has an open connection to a deeper magma source region.

Lateral dyke propagation from a central magma chamber is characteristic of exten-
sional tectonic settings as it is an efficient way to release centuries of stress accumulated
along a plate boundary. Recent rifting events like at Bardarbunga in August 2014 and
past rifting episodes such as 1975-1984 Krafla (Iceland) and 20052010 Dabbahu (Afar)
have all generated earthquake swarms, surface widening and faulting. Studies of these
events have shown that magma can propagate laterally over 50-60 km from the spread-
ing centre in a few days to weeks, without necessarily causing an eruption (Wright
et al., 2012). Field and satellite observations reveal faulting induced by dyke emplace-
ment that form a graben at the surface, right above the dyke top, where subsidence
can reach up to 5—6 m for the largest intrusions (Ruch et al., 2016). In other instances,
gradual transfer of magma towards shallower depths can interact with pre-existing faults
and cause them to slip slowly, for example, at a rate of a few centimetres per month dur-
ing the 2005-2010 rifting episode in Afar (Dumont et al., 2016). Magmatic—tectonic
interactions and associated deformation can thus both happen rapidly and be associated
with large-scale deformation, or slowly and with small fault movement (see also Chap-
ter 7). Their study can contribute to better probe the magma domain and the volcanic
plumbing system during unrest.
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Geodetic studies show that some volcanoes receive a relatively steady influx of melt
to crustal magma bodies during inter-eruptive periods, whereas others receive more
sporadic fluxes of melt from depth. Improved understanding of magma supply and stor-
age (including existing volumes of accumulated magma) beneath active volcanoes would
significantly enhance eruption scenario modelling, aid the development of PB models
and facilitate eruption forecasting. Although simple elastic deformation models have
been successful for reproducing (fitting) observed deformation data for a variety of vol-
canoes worldwide, many geoscientists agree that the model assumptions poorly approxi-
mate volcanic systems. Additional work exploring the role of more realistic models of
host rock surrounding magma bodies may therefore advance the way we interpret vol-
cano deformation and allow for an improved understanding of volcanic processes.

11.7 SUMMARY

Interpretation of crustal deformation results together with seismicity patterns in Iceland
has provided a wealth of information related to pre-, co- and post-eruptive processes
including the detection of new intrusions, volumetric/pressure changes in magma bod-
ies and estimates of melt supply rates. Future advances are expected from synergis-
tic interpretation of geodetic and seismic observations with complementary datasets,
including volcanic gas emissions and data from geochemical studies of eruptive products
(e.g. geobarometry). The use of PB models may significantly enhance our understanding
of volcanic plumbing systems, observed changes in volcanic behaviour and subsequently
improve volcanic eruption forecasting. Conceptual models of volcanic plumbing systems
constrained by a multitude of observations ideally forms the basis for interpretations
of future volcanic unrest observations as well as evaluation of how a particular plumb-
ing system may influence future eruptive activity. Such models should ideally integrate
observations revealing the complexity of the magma domain and consider that different
parts of this domain may be activated.

FIELD EXAMPLE: 2010 EYJAFJALLAJOKULL ERUPTIONS
AND PRECEDING 18 YEARS OF UNREST

In 2010, an explosive eruption at the ice cap that covered Eyjafjallajokull volcano in
south Iceland led to the closure of large parts of Europe’s airspace for several days. It was
preceded by an 18-year period of intermittent volcanic unrest and magma movements,
offering an unprecedented opportunity to study in detail the magmatic plumbing sys-
tem of a moderately active Icelandic volcano through geodetic and seismic observations.
Two eruptions spaced close in time occurred in 2010; a basaltic flank eruption preceded
the evolved explosive summit eruption, with a 2-day break in the eruptive activity. Prior
to that, Eyjafjallajokull had last erupted in 1821.
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Eyjafjallajokull was practically aseismic during the 20-year period following the instal-
lation of a country-wide permanent seismic network. Beginning in 1991, earthquakes
were detected, and periods of high activity occurred in 1994, 1996 and 1999 provided
an opportunity to study the volcanic plumbing system. Ground deformation measure-
ments (GPS, dry tilt and InSAR) showed that tens of centimetres of surface deformation
accompanied the swarms at upper- to mid-crustal depths in 1994 and 1999.The deeper
1996 swarm, at lower crustal levels, caused no detectable surface deformation, but seis-
mic analysis indicates that magma accumulated near the crust—mantle boundary (Hjal-
tadottir et al., 2015). The centre of surface deformation for the 1994 and 1999 unrest
periods were significantly difterent (Pedersen and Sigmundsson, 2004, 20006), indicat-
ing that the volcanic system was not recharging by magma flow into a single shallow
magma chamber, as the centre of deformation would then be expected to remain stable.
Relocations of seismic events indicated the existence of a pipe-like feature northeast of
the edifice, which appeared to be feeding the two intrusions from the base of the crust.
Renewed seismic unrest starting in June 2009 spurred an increase in seismic and defor-
mation monitoring of the volcano.

The good spatial and temporal data resolution for the 2009-2010 period revealed a
deformation pattern originating from a network of intrusions, as opposed to inflation of’
a single magmatic source (Sigmundsson et al., 2010a). In a 3-month long period, surface
uplift was observed, with the centre of the surface uplift located in an area on the eastern
flank of the volcano. Surface deformation was modelled as the formation of a network
of sill intrusions at more than 4 km depth, which eventually led to a dyke-fed effusive
flank eruption.The eruption initiated on 20 March 2010 and lasted for 3 weeks. Seismic
records indicate that the dyke feeding the eruption propagated from about 4 km depth
to the surface in the 4 days prior to the eruption (Tarasewicz et al., 2014). During the
flank eruption, surface deformation was negligible, indicating that the net volume of
drainage from shallow depth was small. The eruptive products from the flank eruption
consist of olivine basalts, a primitive composition in excellent agreement with a geodeti-
cally inferred deep source region.

Following a 2-day break in eruptive activity, an explosive eruption initiated from
the glacier-covered top crater on 14 April 2010.The initial explosivity of the 2-month
long eruption was amplified by meltwater—-magma interaction, but the erupted prod-
ucts were also considerably more evolved (benmoritic composition), indicating con-
tributions from a separate magma source region (Keiding and Sigmarsson, 2012).
Modelling of co-eruptive surface deformation for the second eruption confirms
this, as pressure reduction in a source centrally located beneath the volcano fits the
co-eruptive geodetic data (Fig. 11.7). The source was interpreted to be a pocket of
evolved magma residing at about 4 km depth, which was remobilised when the primi-
tive melts intersected the chemically evolved shallow source. Clusters of deep seismic-
ity (10=30 km depth) occurred well into the second eruption, indicating that magma
contribution occurred from progressively deeper regions throughout the eruption
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(Tarasewicz et al., 2012).This theory is supported by geochemical data as the erupted
products showed a gradual evolution towards more primitive products (Sigmarsson
et al., 2011).

The studies of Eyjafjallajokull shows how a complex network of intrusions may
facilitate transfer of primitive melts from great depth to the surface. Furthermore, the
coincidental intersection of the primitive melt and a pocket of more evolved melt resid-
ing at shallow depth within this complicated plumbing system consisting of a network of
intruded sheets and sills displays the unpredictable nature of moderately active volcanic
systems.

FIELD EXAMPLE: LATERAL DYKING, GRADUAL CALDERA COLLAPSE
OF BARDARBUNGA AND THE HOLUHRAUN ERUPTION, 2014-2015

Eruptive activity of the Bardarbunga volcanic system in the last 9000 years includes 22
verified eruptions that have occurred on the southwest fissure swarm and more than 10
eruptions on the northern fissure swarm (Larsen and Gudmundsson, 2016b). The most
recent prior to 2014 were two small lava eruptions in the vicinity of Holuhraun in 1797
and 1867 (Pedersen et al., 2017 and references therein).

In 2014-2015, a major lava forming eruption occurred within the Bardarbunga vol-
canic system; the eruption site was located in the Holuhraun plain north of Vatnajokull
ice cap.This was the largest effusive event to take place in Iceland since the 1783—1784
Laki eruption. The eruption lasted for 6 months, produced a lava field with a volume
of 1.4 £ 0.2 km?, and a tremendous amount of gas was released into the atmosphere
(11 £ 5 Mt of SO,; Gislason et al., 2015). The eruption was accompanied by the gradual
collapse of Bardarbunga caldera of up to 65 m (Gudmundsson et al., 2016) and intense
seismicity; geochemical and geophysical observations during the eruption indicated a
magma storage depth of ~10 km.

Precursory activity was identified prior to the onset of the main 2014 unrest at
Bardarbunga. Between 2012 and 2014, elevated seismicity was detected, and in mid-
May 2014, three months before the main unrest started, seismicity levels increased in the
Bardarbunga caldera. Approximately 800 earthquakes of magnitudes up to M3.7 were
recorded inside and around the caldera after 1 May. At the same time, a signal in line
with inflation centred inside the caldera was observed at the closest cGPS station VONC
(Fig. 11.14F). At the end of May, the Icelandic Meteorological Office communicated
concerns about the increased seismicity in Bardarbunga to the Civil Protection in Ice-
land. At the beginning of August, the joint interpretation of the seismic and ¢GPS data
elevated concerns of impending unrest, since the data could be interpreted as increased
magma pressure beneath the central volcano.

On 16 August 2014, intense seismicity started in the vicinity of Bardarbunga caldera.
During the first 24 h, a cluster of earthquakes initially propagated to the southeast of the
caldera, then took a sharp 90° turn and continued to migrate to the northeast for the next
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2 weeks. Seismicity propagated laterally ~40 km beneath the ice cap, then continued
another 8 km outside the glacier to the eruption site at Holuhraun.This intense seismicity
(over 22,000 earthquakes) and associated deformation was representative of a segmented
lateral dyke injection (Sigmundsson et al., 2015; Agtstsdéttir et al., 2016). A minor effu-
sive eruption started at midnight on 29 August at Holuhraun lasting only a few hours.
The main event began on 31 August with the opening of a 1.8-km long fissure segment
(Pedersen et al., 2017) issuing spectacular lava fountains with heights reaching >100
m. This fissure remained active throughout the entire eruption, which ended on 27
February 2015. A third small eruption, 2 km south of the main fissure, occurred on 5-6
September 2014.

A combination of geodetic observations (InSAR and ¢GPS), radar profiling
over the Bardarbunga caldera, seismic and petrological analyses indicated that the
observed deformation and seismicity were the result of melt withdrawal from a
magma body beneath the Bardarbunga caldera, slip on caldera ring faults and the
transfer of magma along a 48-km long dyke which was feeding the major effusive
eruption on the Holuhraun plain (Gudmundsson et al., 2016). Magma that drained
from beneath the caldera was initially emplaced in a dyke and then erupted at the far
end of the dyke. Good GPS and InSAR coverage of the events (Figs. 11.3 and 11.14)
enabled detailed modelling (Fig. 11.15). The calculated volume change at the end of
the eruption, associated with magma withdrawal from the modelled sill at ~10 km
depth beneath Birdarbunga, was —1.9 + 0.1 and 0.7 £ 0.04 km? for the dyke vol-
ume (Parks et al., 2017).The dyke opening mostly occurred over a period of weeks,
whereas the caldera subsidence at Bardarbunga occurred gradually over a period of
6 months, simultaneously with the 6-month long lava flow eruption at the far end
of the dyke.

by the opening of a magma-filled crack: (A) 13-29 August 2014, dyke emplacement. (B) 29 August-6
September 2014, onset of the main eruption and a small eruption that initiated on 5-7 September. (C)
6-22 September 2014, encompassing the small eruption in the new graben. (D) 22 September-12
October 2014, minor deformation; and signatures of noise in the interferogram. The black arrows in-
dicate the satellite flight direction, the white ones the satellite viewing direction. Graben border faults
and outline of the lava field shown with black lines. The volcanic centres are shown with dotted black
lines, and calderas with hashed ones. (E, F) Time series from GPS station VONC in Vonarskard, northwest
of Bardarbunga (see Fig. 11.3 for location). Blue vertical lines show the onset of the Bardarbunga rifting,
red vertical lines mark the Holuhraun eruption period. (E) Unfiltered time series in the reference frame
of the North American plate. Blue and green curves are used for later detrending process. The green
curve shows the best-fit to annual variations for period after the Holuhraun eruption. The blue curve
shows best-fit of the velocity prior to May 2014, hence representing base velocity estimated prior to
any visible signs of inflation in Bardarbunga. (F) The detrended time series, where annual periodic
signal has been subtracted as well as the linear velocity estimated prior to May 2014. The green line
shows a best-fit to a function of an exponential decay plus to linear component. An inflation signal is
detected 3-4 months prior to Bardarbunga rifting. At the onset of Bardarbunga rifting event, a super-
position of the formation of a dyke extending to Holuhraun and deflation can be observed. After the
eruption onset, an exponential decaying deflation signal is observed along with an underling inflation,
which is still ongoing in 2017 and is represented as a green curve.
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Figure 11.15 Bdrdéarbunga cumulative deformation model computed for the period 16 August 2014~
10 April 2015. The calculated median posterior slip on the ring fault (A), closing of the sill (B) and open-
ing of the dyke (C). Negative slip in (A) represents downward displacement and negative opening in (B)
represents closing of the sill. The star in (C) represents the site of the main eruption (31st August 2014
to 27th February 2015). Modified from Parks et al. (2017).
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