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Materials and Methods

Mapping of collapse

Ice surface topography was mapped 18 times in the period September 5, 2014 to June 4,
2015 (Fig. S1). An aircraft-based system (59) of sub-meter differential GPS and ground
clearance altimeter (4.3 GHz wave, vertical elevation accuracy +2 m) on board the survey
aircraft of Isavia, the Icelandic Civil Aviation Service (59) provided 13 maps (Marked as
FMS on Fig. S1). Survey lines were flown at 70-120 m ground clearance, measuring 4
times/sec. (at ~15 m intervals), and included coverage of the growing geothermal ice
cauldrons. Comparison with kinematic GPS ground surveys in November, February and June
(accuracy £0.3 m), as well as snow temperature models and measurements show that the
reflecting surface was unaffected by accumulation of winter snow and remained at the
September 2014 summer surface until October, after which it gradually migrated downwards
to ~1.5 m below it by February 2015. The reflecting surface probably indicates the lower
boundary of the dry snow layer where snow temperature was <0°C (60). A subset of this data
was used by Rossi et al. (61) to compare with Tandem-X derived maps of the subsidence for
specific dates in late 2014. Optical photogrammetry maps were made using satellite data for
August 28 (Spot 6 satellite), September 20 and October 10 (Pléiades satellite). Combined, the
surface data provide a record of collapse volume with time (Fig. 3B). The curve in Fig. 3B is
drawn using the difference of the running average of volume obtained in three adjacent
surveys. The rate of volume change obtained in this way is also used in Fig. 6B. A
continuously recording GPS station (BARC) was installed on the ice-surface on September
12, 2014. This station monitored the subsidence continuously for a large part of the unrest,
although snow covering the antenna lead to some data gaps. A detailed ground kinematic GPS
survey within and around the caldera on June 3-10, 2015 allowed the margins of collapse to
be determined. Measurements of winter accumulation in the Bardarbunga caldera in June
2015 constrained subsidence data while a glacier surface lidar map from 2011-2012 (62) was
used as reference surface.

Radio-echo soundings (RES)

On February 3, 2015, when over 95% of the subsidence had occurred, 45 km of RES-
profiles (1-5 MHz receiver bandwidth) were measured in over-snow traverses, covering about
2/3 of the caldera floor, including a large part of the subsided area. Bedrock echoes were
detected for ~90% of the measurements. Along-profile bedrock echoes in length-depth
coordinates were migrated (63) to compensate for the width of the radar beam (~200 m).
Comparison of our data with previous mapping done in 1985 (64) indicates that the over 60 m
subsidence had not caused significant changes in ice thickness; the maximum thickness
observed is close to 800 meters on both occasions.

Ice flow modelling

Assuming no basal slip (v, = 0), ice deformation within the caldera has been computed
using a Full-Stokes finite element model solving the standard equations (65). On the lateral
boundaries of the model domain, no flow conditions (i.e. v = 0) have been defined and the
model domain chosen to be sufficiently large so that the lateral boundary conditions do not
influence the ice flow within the caldera. The rate factor in Glen's flow law (66) has been
estimated by constraining the horizontal model surface velocities to fit the measured ones at
the BARC GPS station for the period September 12 to February 3. This yielded A=1.6 10
Pa*s™ assuming the nonlinearity parameter in Glen's flow law to be n=3. This is somewhat
stiffer than textbook values for temperate ice (A=2.4 102 Pa®s™, ref. 67) but is to be
expected in a volcanic setting where the ice body contains several tephra layers. Moreover,
this low value for A supports our initial assumption of no basal slip. At the basal boundary,




the post-collapse bed topography from the RES survey has been used and the surface of each
model utilized the respective surface DTM implemented as a free surface within the FEM
model. The ice flow modelling (Fig. S2) indicates that the ice surface subsidence was almost
identical to bedrock subsidence everywhere in the caldera (error <1 m) in September-October.
However, by the end of February the inflow of ice towards the bottom of the subsidence
structure had resulted in uplift of about 3 m in the center and a subsidence of 1-3 m on a circle
around the uplifted central part.

Lava volume and flow rate

The surface elevation of the growing Holuhraun lava flow was measured using a
Theodolite from the ground in September 21 2014, and with the Isavia aircraft (see above on
mapping of collapse) on November 4 and 26, December 4 and 30 and January 21, as well as
later surveys in 2015. The aircraft surveys were calibrated with kinematic GPS profiling of
the surface. These data give lava volumes at the time of survey, providing estimates of the
average magma flow rate over periods of some weeks (Fig. 6B) and a final lava volume of
1.5+0.2 km®. Nettleton gravity profiles obtained in September 2015 of the lava indicate
average bulk lava density of 2500+100 kg m™. Using a basaltic magma density of 2750 kg m’
for pressure of 300-400 MPa (68) the equivalent volume of magma at ~12 km depth in the
crust is 1.4+0.2 km®.

3

Relative locations of microearthquakes

M <2 earthquakes at the caldera recorded at distances <100 km between August 1 and
October 17 by the Icelandic national seismic network, SIL (69) were relatively relocated
using a standard 1D velocity model (70). SIL magnitudes were calculated according to
Rognvaldsson and Slunga (71). A double-difference method was used, where absolute and
relative arrival times of P and S waves determined through cross-correlation of waveforms,
were inverted for best locations in multiple overlapping groups (72). Depth is set to zero at
bedrock caldera floor (1.2 km above sea level, see Figs. 5 and 6). The relocated events
roughly follow the north and south caldera rims; mostly being outside the northern rim and ~1
km inside the southern rim (Fig. 5A-B). Stability tests of relocations with subsets of events
and stations indicated perturbations to event latitudes, particularly on the northern rim,
probably due to slow velocities inside the caldera.

The InSAR detected subsidence associated with a M5.3 event on 18 September places
the surface fault at ~2.5 km inside the pre-existing topographic northern caldera rim (Fig. S7),
while the seismic epicentre location is just north of the northern caldera rim. Using the INSAR
observation to locate the surface expression for the steeply outwards dipping caldera fault, the
microearthquakes were shifted southward according to: New lat = old lat * 0.883 +7.552. The
shifted locations are used in Figure 5. The shift is of the same order as the absolute error in
the hypocentre locations. However, besides fitting the hypocentres to the INSAR-located fault
it provides more consistency to S-P times from 82 events observed on an accelerometer at
location BARC (FiglA) from November 2014 to February 2015.

Moment tensor inversion and classification

The steady subsidence of the caldera was accompanied by a sequence of episodic M>5
earthquakes, which excited low frequency signals recorded at regional distances throughout
Iceland. We performed a regional moment tensor inversion for all events with M>5, adopting
a full moment tensor (MT) point source approximation, neglecting higher order moment
tensor. The MT inversion (73) was performed by fitting full waveforms 3-component
displacements at regional distances (40-200 km), in the low frequency band 0.01-0.05 Hz. We
obtain centroid location, centroid depth and full MT solutions for 77 earthquakes at the




caldera and with M > 5. MTs were decomposed into double couple (DC), compensated linear
vector dipole (CLVD) and isotropic (ISO) components. Since MTs mostly differ in their DC
components, we classified upon the similarity of the DC orientation using a clustering
algorithm (73) and the normalized Kagan angle (74) as norm.

Waveform similarity analysis and moment estimation

To extend the interpretation of source processes to smaller events, where MT inversion
becomes less stable, we apply a waveform similarity analysis. The scaling of the low
frequency signals of weaker events and larger ones with similar waveforms is used to infer the
scalar moment of smaller events (M < 5) from the known moment of the larger ones, resulting
from the MT inversion procedure. In this way, we are able to estimate scalar moments for
more than 600 events (352 with Mw > 4.0), down to a magnitude of Mw 3.3. These results
allow tracking of the details of the temporal evolution of the moment release.

Mechanism corrected relative location

Moment tensor inversion provides a first estimate of centroid location and depth. A more
precise location can be obtained by using relative location techniques, here also favored by
the high waveform similarity. However, waveform-based lag-times can be affected by the
dissimilarity among waveforms for the two families of events. To overcome this problem, we
corrected cross-correlation lag times, by using corrections based upon focal mechanisms. The
adopted procedure includes the computation of synthetic seismograms for different observed
source mechanisms, the cross-correlation of synthetic waveforms to estimate fictitious time
lags due to different focal mechanisms, and the inference of a time lag correction for each
possible focal mechanism pair. As a result, we improved epicentral locations for 227 events.
In order to obtain absolute locations, we combine the relative centroid locations of the largest
events with the new absolute epicentral locations, imposing the condition that the mean
centroid locations correspond to the mean absolute locations for both the northern and the
southern cluster.

Caldera-dike seismicity correlations

The histogram shown in Figure 6A is computed using a simple model using the number of
dyke earthquakes in 1.5 hour bins before and after (i) 4 <M < 4.6 and (ii) M > 4.6 caldera
earthquakes (61). For example, the height of the fourth bar is found by assuming that the rate
of dyke earthquakes during the 1.5 hours immediately preceding an M > 4.6 caldera
earthquake is o times the reference rate, and estimating « with maximum likelihood, giving o
=1.96. The plot can be read as, for example, the expected rate of dyke earthquakes is
increased by 96% in the time interval 1.5 hours before an M > 4.6 caldera earthquake.

P-values are computed with a likelihood ratio test, and the confidence intervals are
likelihood based. The reference rate (equal to 1 in Fig. 6A) is the rate of earthquake
occurrence in periods more than three hours before or after caldera earthquakes of size M > 4.
All dyke earthquakes that fall in one of the bins of Figure 6A together with all the dyke
earthquakes in the reference periods are considered. The null hypothesis is that the portion of
these earthquakes that fall in the bin is binomially distributed with parameter corresponding to
a constant reference rate. To minimize the effect of the varying reference rate between
months, the model assumes that this holds for each calendar month, and the final likelihood
used in the test is the product of the likelihoods of individual months.



GPS analysis
The high-resolution GPS time series at BARC in the center of the caldera (Fig. 3C) was

obtained using RTKLIB software, processing the receiver locations every 15 seconds as
kinematic baselines from the HOFN reference station in southeast Iceland. Other GPS data
were analyzed using the GAMIT/GLOBK software, version 10.6 using over 100 global
reference stations to evaluate site positions in the ITRF08 reference frame. For the regional
network average daily station positions were estimated. For the caldera GPS station (BARC)
we furthermore divided the data into eight hour sessions using a 24 hour running window of
reference station and orbit data. In the processing we solve for station coordinates, satellite
orbit and earth rotation parameters, atmospheric zenith delay every two hours, and three
atmospheric gradients per day. The 1GS08 azimuth and elevation dependent absolute phase
center offsets were applied to all antennas and ocean loading was corrected for using the
FES2004 model.

INSAR analysis

We utilized X-band (wavelength 3.11 cm) radar images acquired by the COSMO-
SkyMed constellation and employed two-pass Interferometric Synthetic Aperture Radar
(INSAR) analysis (75) to measure ground deformation at Bardarbunga caldera over 24-hr
periods during which large caldera earthquakes occurred. The interferograms were processed
using DORIS software (76) and a merged LIiDAR, intermediate TanDEM-X, ASTER and
EMISAR DEM was used to remove topographic fringes (77). To account for the large
changes in topography over the caldera during the eruption, we interpolated the digital
elevation model, using data from the continuous GPS station located inside the caldera. The
wrapped interferometric phase values were filtered using an adaptive filter (78) and
unwrapped with SNAPHU software (79). The one-day interferogram spanning September 17-
18, 2014 was used to infer the location of faults that slipped during this period, which
included a large caldera (M5.3) earthquake (Fig. S7). We modelled the fault system as a series
of 30 rectangular vertical faults (79) with varying strike, and estimated location, size,
minimum depth beneath the surface, and slip for each segment. Note, the data could be fitted
equally well with steeply dipping faults, in either direction, but we fixed them to be vertical
for convenience. The southern margin did not slip in this 24-hour interval and the model
therefore does not constrain the actual location of the southern caldera fault. The contracting
body at the base of the fault system was also modelled as a closing rectangular dislocation
with uniform contraction (79). We used a Markov-chain Monte Carlo approach to estimate
the multivariate probability distribution for all model parameters (80).

Petrological analysis and thermobarometry

Major element compositions of minerals and glasses were analyzed using a JEOL
JXA-8230 electron microprobe at the Institute of Earth Sciences, University of Iceland. Fluid
inclusions within phenocrysts were analysed by optical microscopy and confocal Raman
spectroscopy (Horiba Jobin Yvon LabRAM HR800) at the Bayerisches Geoinstitut, Bayreuth,
Germany. Eruption temperatures calculated with different thermometers (81-83) for the
erupted lava are consistently in the range 1165-1180°C, in good agreement with on-site
measurements by thermal imaging cameras. Three independent thermobarometers were used
to constrain the depth of magma accumulation before the onset of the eruption; (i) Glass
thermobarometry was carried out using the fractional crystallization model of Yang et al.
(82), which was calibrated using basaltic melt compositions, (ii) Clinopyroxene-Liquid
Thermobarometry was carried out based on the clinopyroxene-liquid barometers published by
Putirka (84) that rely on the pressure and temperature dependence of Fe, Mg, Al and Na
partitioning between pyroxenes and coexisting melt, and (iii) CO, Density Barometry which is




based on the principle that distance between the two Raman bands of CO, (in the
wavenumber region between 1250 and 1450 cm™) is a function of fluid density (85). In
combination with information on the temperature of the system, the entrapment pressure can
be estimated based on the equation of state of CO,.

Subaerial gas composition analysis

The composition of the subaerial eruptive gases was measured by open-path Fourier
Transform Infrared spectrometer (FTIR) (86) on September 3, 19, 20 and 21 using the
erupting lava as an infrared radiation source, and Multi-Component Gas Analyzer System
(MultiGAS) (87) on September 1, 21, October 8, January 26 and Feburary 6. The MultiGAS
measurements were taken downwind from vent when the plume was grounded. Major element
composition and wt% of volatiles of the melt were defined using the average of four
clinopyroxene-hosted melt inclusions (88, 89) and used as input to the D-COMPRESS
magma/volatile partition software (90). The model was run from atmospheric pressure to 600
MPa (18 km). The simulation results indicate that the sulfur reaches 1600 ppm, the highest
concentrations measured in melt inclusions most representative of the pre-eruptive magma
composition (88); at 470+100 MPa (14+3 km). This estimate is partly dependent on the
solubility constants provided for basalt. However, it convincingly supports the petrological
and geodetic estimates.

DEM modelling

We evaluated the role of pre-existing ring fault structures on the 2014-15 collapse by
using the two-dimensional Distinct Element Method (DEM) software PFC 5.0 (90). The DEM
models comprise a 40 x 25 km gravitationally-loaded assemblage of rigid circular particles
that interact according to frictional-elastic contact laws (91). Particles have a uniform size
distribution, with radii between 60 m and 100 m, and a density of 2700 kgm™. The model’s
basal and the lateral boundaries are frictionless rigid walls. Inter-particle and particle-wall
contacts have a Young’s modulus of 70 GPa and a normal to shear stiffness ratio of 2.5. The
model comprises three regions (Fig. 5D): (i) A laccolith-like ‘magma reservoir’. (ii) A fault-
bound reservoir ‘roof’. (iii) The ‘host rock’ around the reservoir and roof. Within the
reservoir, the contact friction is 0.01 and particles are not bonded. Outside the reservoir, the
contact friction coefficient is 0.5 and particles are bonded with linear elastic beams. Bond
tensile and shear strengths are 35 MPa in the roof and 70 MPa in the surrounding host rock.
Note that fracturing of the weaker ‘roof” zone will reduce the assembly-scale strength and
modulus here, locally by up to an order of magnitude (27), as suggested for Bardabunga by
Riel et al. (32). Pre-existing faults, extending from the lateral edges of the reservoir to a few
kilometres below the surface (Fig. 5D), are modelled by using a contact law for ‘smooth’
discontinuities in poly-disperse particle assemblages (92). The normal and shear stiffness of
these ‘fault’ contacts is 60 GPa/m. Withdrawal of magma is assumed to occur laterally out of
the 2D model plane (Fig. 5D) and is simulated by slowly reducing the areas of the reservoir
particles. Displacements of surface particles were smoothed by a standard moving mean
method to minimize localized particle effects. Our modelling comprised a series of forward
simulations in which the dip of each fault was varied between 80-90 degrees, initial fault
depths varied from 1-3 km, and chamber width varied from 7.0-8.5 km. Chamber depth was
fixed at 12 km, based on the geobarometry data, to reduce the parameter space. The lateral
position of the chamber was allowed to vary depending on the fault geometry, so that the
faults lay within the clouds of hypocentres and projected upward to within the caldera. Effects
of Young’s modulus, strength and fault friction were also systematically tested. Further
details on DEM modelling of caldera collapse are given in Holohan et al. (27, 93).




Geodetic depth model

To determine the approximate depth of the magma chamber, we modelled post-rifting
INSAR and GPS data (Fig. S3) using a point pressure source in an elastic halfspace (94). The
depth range at 95% confidence is 8-12 km.

Coupled caldera subsidence and eruption model

We assume piston failure occurs approximately at a constant stress threshold, causing the
pressure at the top of magma chamber to remain constant on average. Therefore, we ignore
compressibility and assume that the density of the magma remains constant. The driving
overpressure is then given by

AP ===+ pgh — pgd L),

where W is the weight of the piston, F is the resistive force (friction), A is the cross sectional
area of the magma chamber, p is the density of the magma, g is gravitational acceleration, h is
the height of magma above the chamber exit point and d is the depth of the chamber exit point
relative to the eruption site (Ext. Data 7). Conservation of mass implies

dh _ 2
A o = hrv (2),
where v is the mean magma flow speed and r is conduit radius. Assuming that the time-
averaged resistive force due to friction, F, and d remain constant, differentiating (1) and
substituting (2) gives

dAP 2
= —pg-v @).

Assuming pressure loss due to viscous drag from laminar flow in a cylindrical pipe (Hagen
Poiseuille flow) and dynamic pressure loss on exit

_ 8nL )

AP =—Zv+Zv (4)
_ 8k [(snL)? oop

=v=-254 (p) +27 ).

We assume a cylindrical pipe, as models of thermal erosion predict that the cross section of a
magma flow channel will evolve to be circular in shape, but note that for a non-circular cross
section, the first term will still be proportional to the velocity, but with a different constant.

Expanding (5) gives

2 2

_ _8nL  8nL | T2AP r2\° _ r?Ap r?
V= pr2 + pr2 + 8nL +0 (nL) T 8L +0 (nL) (6)
Substituting (6) into (3) gives
dAP  mpgr? [r2AP r2\?
at A [SnL +0(n_L) ] (7).



When L >> r2, this reduces to

4
LF — _IP9T pp ®)
dt 8AML

_mpgrt,
= AP = APje 84l 9)
and
_mpgrt,

h—he = (hg — hey)e  841L (10).

A similar relationship has been derived to explain gravity-driven eruptions at Stromboli (95).
Assuming that hg — h., is equal to the subsidence measured at the BARC GPS station, a best

fit solution is ho — h,, = 67.5 m and %‘CZ: =1.5x 107" (Fig. 3B). A similar fit is obtained for
magma flow rate and caldera volume change in Fig. 6B. Substituting p = 2700 kgm (ref. 64),
g =9.8ms?, L =47 km and v=22 Pa s using the average glass compositions of the Holuhraun

4
lava (96), gives APo = 1.7 MPaand = = 1.5 x 10> m”. Constraining the eruption rate to be

250 m®/s on 31 August, gives A= 32 km?and r = 4.7 m. This can be considered the effective
radius of the flow path assuming circular cross sectional area. A similar relation would hold
for other possible geometrical forms of the flow path cross sectional area. Theoretically, the
eruption would approach equilibrium (AP=0 in (1)) asymptotically, but choking of the conduit
due to cooling, slow-moving magma is expected before that.
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Fig. S1.

Maps of collapse — margins as in Fig. 1C. The maps are corrected for ice flow (Fig. S2) and
migration of reflector into the autumn 2014 surface due to propagation of cold wave into the
firn in October-April (24). The number underneath the date gives the maximum subsidence.
Three maps are obtained through satellite photogrammetry (28.08 — Spot 6, 20.09 and 10.10
from Pléiades) while the remaining 13 maps (marked as FMS) are obtained using an aircraft-
combining radar altimetry and a submeter Differential GPS; the maps are made by
interpolation between the profiles (shown as black lines)(24).
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Fig. S2

Results of 3-D Full-Stokes ice flow models (see Materials and Methods) of the response of
the glacier within the caldera to the subsidence for five dates spanning the period of collapse.
The upper row shows vertical ice flow velocity while the lower row shows the accumulated
surface elevation change due to the ice flow for the same dates. The model flow rates are
constrained to fit the horizontal displacement of the GPS station BARC in the caldera center
from September to February (see Materials and Methods). The maximum vertical ice flow
velocity is modelled as having been about 3 cm per day on April 10, 2015. The accumulated
uplift for end of eruption on February 27 (Fig. 1C) is obtained by interpolation between
January 21 and April 10.
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GPS co-eruptive displacements, spanning September 21, 2014 until February 27, 2015, after
the period of dyke opening had ended. The displacement field during the eruption shows
consistent movements toward Bardarbunga caldera suggesting deflation below the caldera. No
other major deformation source can be observed during the eruption that can account for
significant volume changes. Dots show relatively located earthquakes (20, 24).
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Fig. S4

Geodetic model of regional deformation using a contracting point pressure source. The
upper panel from left to right displays the input data (a) and model (b). GPS data in both
panels and the CSK ascending interferogram in (a) span the period September 16 to

November 7, 2014. The red circle in (b) shows the location of the point pressure source. The
black dots represent the seismicity in the vicinity of the dike. The black lines are the inferred
dike location. The lower figure (C) displays the probability distribution for depth of the point
source from 1 million iterations, using a Markov chain Monte Carlo approach.
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Fig. S5

Source mechanisms of 77 M>5 events. Double couple (DC) components of the retrieved
moment tensors (top left) and centroid locations for different cross sections (top right, bottom
left). Focal mechanisms are colored according to the result of a DC clustering. The two main
clusters are the red cluster, with a WNW-ESE normal faulting component, dominant at the
southern rim; and the blue cluster, with N-S oriented normal faulting, characteristic of the
northern rim. The standard decomposition is given in the bottom right panel for the four

clusters, un-clustered (grey) and cumulative MTs (black).
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Fig. S6
Schematic of “piston collapse” model. Symbols as described in Materials and Methods
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Fig. S7

Fault model for one-day interferogram. The data were acquired by COSMO-SkyMed
constellation on 20140917 and 20140918. a) Comparison between observed, predicted and
residual surface displacements. The black line outlines the outer caldera rim. The white lines
mark the location of the inferred intra-caldera fault system (solid) and of the contracting body
(dotted). As no slip is detected on the southern fault in the 24-hour period covered by the
interferogram, the southern fault location is not constrained. Cauldrons, for which topography
was not well constrained, are masked. b) Median of the posterior probability distribution of
dip-slip on vertical fault segments, inferred from modelling. Color indicates the magnitude of
slip. ¢) Standard deviation of the posterior probability distribution, using the same color scale
asinb).
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Fig. S8

Caldera-dike seismicity correlation. a) Geometry of correlated caldera-dike earthquakes.
The dots show all dike earthquakes less than 2.5 km from the dike central line used for Figure
4a. b) Statistics of caldera-dyke earthquake correlations. Rate of dike earthquakes of
magnitude M > 0.8 in time intervals shortly before and after large caldera earthquakes, of size
> 4.6, compared with the rate in reference intervals, consisting of all times during the
respective period which are at least 3 hours before and at least 3 hours after all M > 4.0
caldera earthquakes. ¢) An example of how data was chosen for the analysis (randomly
chosen 3 days in October). Upper panel: caldera earthquakes M>4. Lower panel: dike
earthquakes during the same period. Blue bins mark three hours before and after caldera
earthquakes with M>4.5 used in the study. Yellow bins show data between significant (M>4)
caldera earthquakes, used to estimate background seismicity in the dike. Pink shaded bins
show data that were not used in the analysis (due to possible overlapping effects).
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