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Capturing the collapse of Bardarbunga

Abstract

Large volcanic eruptions are commonly associated with a collapse of the roof of a crustal
magma reservoir, forming a caldera. Only a few such collapses occur per century, and the
lack of detailed observations prior to the Bardarbunga collapse meant we knew little of the
mechanical interplay between collapse and eruption. The collapse of Bardarbunga Caldera
2014-2015 provided a unique opportunity to observe these processes in action

We borrowed four GNSS receivers from late 2014 to summer 2015, to assist in monitoring
the caldera collapse, which occurred during the largest eruption in Iceland for 230 years,
and the subsequent re-inflation once the eruption ended in late February 2015. The GEF
receivers joined a pool of other receivers to provide good overall coverage. Because of
particularly high snowfall over winter 2014-2015, we were not in the end able to deploy all
receivers in the pool, including the GEF receivers, but this report is based on the success of
the overall project.

GNSS monitoring of the deformation around the caldera played a key role in constraining
the depth of the magma reservoir associated with the collapse. Taken together the data can
be explained by collapse initiated through withdrawal of magma, and lateral migration for
48 km from a 8-12 km deep reservoir. The collapse rate, which followed a near-exponential
decline, and the eruption rate, which followed a virtually identical decline during the 180-
day long eruption, can both be explained by the interaction between the pressure exerted
by the subsiding reservoir roof and the physical properties of the subsurface flow path.

Background

Bardarbunga volcano and its related fissure swarms form a 150-km-long volcanic system on
the boundary between the North American and Eurasian tectonic plates (Fig. 1). The
volcano resides beneath the Vatnajokull ice cap and has a broadly elliptic 11- by 8-km-wide
and 500- to 700-m-deep caldera with a long axis trending east-northeast. About 700-800 m
of ice fills the caldera. More than 20 eruptions have occurred on the fissure swarms outside
the caldera in the last 12 centuries, including three that produced 1 to 4 km3 of magma, but
no eruptions are known within the caldera in this period.

An eruption began in the Bardarbunga volcanic system in Iceland on 31 August 2014. The
eruption was effusive in nature and occurred in Holuhraun, some 45 km from the
Bardarbunga central volcano. Measurements from airborne radar on 5t September
revealed a subsidence bowl within the caldera, indicating up to 16 m of subsidence at that
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time. A GNSS instrument installed within the caldera on 12 September showed that the
caldera was subsiding by some 40 cm per day. This subsidence showed little sign of
decreasing in rate and it was reasonable to assume then that this volcanic activity would
continue for many more months, which in fact it did, finally ending in February, 2015.
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Figure 1. The Bardarbunga caldera and the lateral magma flow path to the Holuhraun

eruption site. (A) Aerial view of theice-filled Bardarbunga caldera on 24 October 2014,
view from the north. (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 the magma reservoir and the surface
(Gudmundsson et al., 2016)

Measurements of the ground deformation in the region surrounding the caldera are key to
understanding the nature of the caldera collapse. However, there are several sources of
deformation in this region: glacial isostatic adjustment due to shrinking of the ice caps, plate
spreading along the rift zones and a post-rifting signal from the dike feeding the eruption. A
dense network of deformation measurements was therefore necessary in order to
disentangle these sources and isolate the collapse signal from the other sources of
deformation.

During summer months, the required density of deformation measurements can be
achieved using inteferometric sythetic aperture radar (InSAR), but in winter, snow makes
these measurements impossible. We proposed to deploy four GNSS instruments, borrowed
from the GEF, to fill gaps in the existing GNSS network run by the Icelandic Met Office, with
the aim of providing the required density of measurements over winter. Due to an
exceptionally high snow fall over the 2014-2015 winter, we were not in the end able to
deploy the four instruments. We were, however, able to deploy several GNSS instruments
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from other sources (Fig. 2, Table 1). These data, were used, together with seismic data, to
model the sources of the collapse.

18°W 17°W 16°W

65°N

Seismic stations
A GPS stations

*  Eruption sites
* |ce cauldrons
New fractures
Modelled dyke
_|=———Calderas
Earthquakes

. /77/|Ring fault top
Ring fault base
Fissure swarms

64°40'N

:::.:am
N

Figure 2. Location of all GNSS stations that were used to monitor the caldera collapse
(Parks et al, 2017).

Objectives

The specific objectives of this proposal were:

1) to measure the deformation field in the region surrounding Bardarbunga volcanic system,
2) to isolate the deformation signal associated with the collapse of Bardarbunga,

3) to model the geodetic and seismic data to answer key questions about the source of the
subsidence, e.g. depth, geometry and volume of the magma source(s) and geometry of
faulting above the magma source(s),

4) to determine from the faulting and source geometry the likelihood of catastrophic
collapse and eruption within the caldera.

These objectives are important for the scientific understanding and hazard assessment of
volcanic systems and collapse calderas, both to the global community and to researchers
working specifically in Iceland. They are central to the NERC mission and the dataset
produced will be of lasting importance.

Survey procedure

We were not able to deploy the GEF receivers due to exceptionally high snowfall during
winter 2014-2015.
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GNSS Station Longitude Latitude
BALD -15.749 64.924
DYNC -17.366 64.791
DYNG -16.652 65.056
FJOC -18.006 64.875
GAEH -17.481 64.784
GFUM -17.267 64.407
GJAC -17.614 64.829
GSIG -16.678 64.678
HAFS -17.822 64.480
HAUC -18.345 64.711
HRIC -16.924 64.950
HSKE -18.075 64.612
HVEL -19.561 64.873
INSK -19.534 64.683
INTA -15.783 64.940
JOKU -18.240 64.310
KALF -17.689 63.947
KIDC -17.942 65.019
KVER -16.652 64.745
LIND -16.311 64.882
NAUT -16.564 65.021
NYID -18.069 64.734
RANI -16.452 64.852
RODG -16.870 64.983
SAUD -15.884 64.898
SHOF -17.909 64.639
SKRO -18.378 64.556
STKA -18.822 64.439
SURT -17.493 64.892
THOC -16.676 64.934
TOMA -18.019 64.782
URHC -17.147 64.820
VONC -17.754 64.674

Table 1. Locations of GNSS stations that were used to monitor the caldera collapse

Processing and modelling

GNSS data were analysed at the University of Iceland and the Icelandic Meteorological
Office using GAMIT-GLOBK 10.6. The data were processed in the ITRF2008 reference frame
using over 100 worldwide reference stations.

To determine the approximate depth of the magma chamber, we modelled post-rifting
INSAR and GPS data (Fig. 3) using a point pressure source in an elastic halfspace. The depth
range at 95% confidence is 8-12 km.

We also generated a series of more complex deformation models covering the period 16th
August 2014 to 10th April 2015. Each of these models comprise i) a sill, at depth beneath
Bardarbunga caldera, representing the magma reservoir; ii) a caldera ring fault system and
iii) a dyke, which extends from the southeast edge of the caldera to the eruption site (Fig.
4). We utilised a ring fault and magma reservoir geometry. In addition we also incorporated
the dyke geometry defined by Sigmundsson et al.(2015). We modelled the caldera ring fault,
sill and dyke as a series of rectangular dislocations (patches) in an elastic half-space (Okada,
1992). We employed Bayes’ Theorem to calculate the posterior probability distribution for
slip on the ring fault and opening of the sill and dyke, assuming a uniform a priori probability
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over a range of possible values (Sigmundsson et al., 2015). We jointly solved for the opening
along the dyke (24 patches in azimuth and 5 in depth), slip on each segment of the ring fault
(24 patches in azimuth and 8 in depth) and the closing of the sill (85 patches)

T T

3 ¥ 65°00'N -
60
®
¥
® . 7%
B 64°40'Nr
Vatnajokull ice cap
50 mm
—
= ’ | — “20'N -
® 18°1W 17"1W 20 km 16°1W RR20N

Figure 3. GPS co-eruptive displacements, spanning September 21, 2014 until
February 27, 2015. The displacement field during the eruption shows consistent
movements toward Bardarbunga caldera implying deflation below the caldera. Dots
show relatively located earthquakes (Gudmundsson et al, 2016).

Interpretation

We explain the longer term (eruption-scale) coupling and gradually decline of the rates of
caldera subsidence, caldera volume change and lava eruption with a model of a collapsing
piston overlying a pressurized magma chamber. We found the chamber pressure and fault
friction each partially support the piston weight. Drainage of magma reduces the chamber
pressure and causes piston subsidence. This in turn raises the chamber pressure, leading to
a feedback loop that maintains quasi-constant pressure at the magma chamber top, and
drives further magma drainage. The pressure feeding the eruption drops, however, due to
the reduction in hydraulic head of magma over time.

Assuming that the time-averaged resistive force due to friction on the ring faults remains
constant, and that magma flow is laminar through a cylindrical pipe with radius r, and
conduit length L, with L>>r, then

p gr4

AP ~ APje sai* (1)

Where is AP the driving overpressure, APy is the initial driving overpressure, p is the density
of the magma, g is gravitational acceleration, A is the cross-sectional area of the magma
chamber, vis the dynamic viscosity of the magma, L is the length of the conduit and tis
time. We estimated APyand the constant in the exponent, assuming that the measured
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subsidence within the caldera represents the decrease in magma chamber height with time.
The model also fits the measured caldera volume change and eruption rate. This model
predicts the same form of decay in flow rate (exponential) as the standard ‘Wadge’ model
of depressurisation of an overpressured magma body, but by a different mechanism.
Without the feedback mechanism of re-pressurisation from the ongoing piston collapse the
dyke would likely not have proceeded far enough to even begin erupting. In this model,
which is supported by the data, the eruption drives the collapse and the collapse also drives
the eruption.
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Figure 4. Cumulative deformation model, for the period 16th Aug—4th Sep 2014. GNSS
vectors are displayed with black arrows, modelled vectors in red and residuals in
blue. the colour scale represents the line-of-sight displacement (LOS) derived from a
descending CSK interferogram covering the period 2nd August 2014-3rd September
2014. LOS displacement is positive towards the satellite. Bottom panels show the
calculated median posterior slip on the ring fault (g), closing of the sill (h) and
opening of the dyke (i). Negative slip in (g) represents downward displacement and
negative opening in (h) represents closing of the sill. The star in (i) represents the site
of the main eruption (31st August 2014 to 27th February 2015) and black dots
represent relocated earthquake hypocentres (Parks et al., 2017)

Conclusions

We conclude that interaction between the pressure exerted by the subsiding reservoir roof
and the physical properties of the subsurface flow path explain the gradual near-
exponential decline of both the collapse rate and the intensity of the 180-day-long eruption.
By combining our various data sets, we show that the onset of collapse was caused by
outflow of magma from underneath the caldera when 12 to 20% of the total magma
intruded and erupted had flowed from the magma reservoir. However, the continued
subsidence was driven by a feedback between the pressure of the piston-like block
overlying the reservoir and the 48-km long magma outflow path. Our data provide better



NERC Geophysical Equipment Facility - View more reports on our website at https://gef.nerc.ac.uk/reports

constraints on caldera mechanisms than previously available, demonstrating what caused
the onset and how both the roof overburden and the flow path properties regulate the
collapse.

Location of the archived data

The data have been archived at the University of Iceland, and will soon be made available to
the public through the FUTUREVOLC data hub.
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