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Abstract
Most of Earth’s volcanoes are located near active tectonic plate boundaries, where the
tectonic plates move relative to each other resulting in deformation. Likewise, subsurface
magma movement and pressure changes in magmatic systems can cause measurable
deformation of the Earth’s surface. The study of the shape of Earth and therefore studies
of surface deformation is called geodesy. Modern geodetic techniques allow precise
measurements (~1 mm accuracy) of deformation of tectonic and magmatic systems.
Because of the spatial correlation between tectonic boundaries and volcanism, the
tectonic and volcanic deformation signals can become intertwined. Thus it is often
important to study both tectonic and volcanic deformation processes simultaneously,
when one is trying to study one of the systems individually.
In this thesis, I present research on crustal deformation and magmatic processes at
active plate boundaries. The study areas cover divergent and transform plate boundaries
in south Iceland and convergent and transform plate boundaries in Central America,
specifically Nicaragua and El Salvador. The study is composed of four main chapters:
two of the chapters focus on the magma plumbing system of Hekla volcano, Iceland and
the plate boundary in south Iceland; one chapter focuses on shallow controls of explosive
volcanism at Telica volcano, Nicaragua; and the fourth chapter focuses on co- and postseismic deformation from a Mw = 7.3 earthquake which occurred offshore El Salvador in
2012.
Hekla volcano is located at the intersection of a transform zone and a rift zone in
Iceland and thus is affected by a combination of shear and extensional strains, in addition
to co-seismic and co-rifting deformation. The inter-eruptive deformation signal from
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Hekla is subtle, as observed by a decade (2000-2010) of GPS data in south Iceland. A
simultaneous inversion of this data for parameters describing the geometry and source
characteristics of the magma chamber at Hekla, and geometry and secular rates across the
plate boundary segments, reveals a deep magma chamber under Hekla and gives a
geodetic estimate of the current location of the North-America Eurasian plate boundary in
south Iceland. Different geometries were tested for Hekla’s magma chamber: spherical,
horizontally elongated ellipsoidal, and pipe-like magma chambers. The data could not
reliably distinguish the actual geometry; however, all three models indicate magma
accumulation near the Moho (~20-25 km) under Hekla.
The February – March 2000 eruption of Hekla gave another opportunity to image
the magmatic system. In Chapter 5, I used co-eruptive GPS and InSAR displacements,
borehole strain, and tilt measurements to jointly invert for co-eruptive deformation
associated with the 2000 eruption and found a depth of approximately 20 km for the
magma chamber, in accordance with my previous results.
Telica is a highly seismically active volcano in Nicaragua. The seismicity is
mostly of shallow (<2 km deep) origin, and shows a high variability in terms of the
number of seismic events per time unit. The highest rates exceed one earthquake per
minute averaged over 24 hours, but overall trends in seismic activity, as observed since
1993, do not have an obvious correlation with eruptive activity. This variability causes
difficulties for hazard monitoring of Telica. Telica erupted in a small (VEI 2) explosive
eruption in 2011. Eruptions of this style and size seem to occur on decadal time scales at
Telica. In Chapter 3, I used an extensive multidisciplinary data set consisting of seismic
and GPS data, multivariate ash analysis, SO2 measurements, fumarole temperatures, and
visual observations, to show that the eruption was essentially an amagmatic eruption of
hydrothermally altered materials from the conduit, and that short-term sealing of
hydrothermal pathways led to temporary pressure build-up, resulting in the explosions.
No significant crustal deformation was detected before or during the eruption, in
accordance with low (<2 km) plume heights and small (<105 m3) eruptive volumes. The
primary signal observed in the 10-site continuous GPS geodetic network on and near
Telica is shear on the Caribbean plate – fore-arc plate boundary, which our measurements
show crosses Telica. Thus, like at Hekla volcano, Iceland, it is important for volcano
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geodesy to consider the plate boundary deformation within volcanic arcs in geodetic
studies of volcanoes.
The August 27, 2012 Mw = 7.3 earthquake offshore El Salvador was the largest
event to rupture this segment of the subduction interface for at least 95 years. The
earthquake ruptured shallow (<20 km depth) parts of the subduction zone. Co-seismic
deformation, as observed on land, was less than 2 cm, and was exceeded by post-seismic
deformation within the first year after the earthquake, signifying low coupling on the
subduction zone offshore El Salvador and Nicaragua.
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1 Introduction
1.1 Volcano and earthquake deformation
Deformation of the Earth’s surface is influenced by a host of tectonic, volcanic, and
climatic processes such as pressure changes in magmatic systems, plate motion, plate
boundary zone deformation (including inter-seismic strain accumulation, co- and postseismic earthquake deformation), and the short- and long-term effects of changes in the
mass balance of glaciers. These deformation signals are generally on the order of
millimeters to centimeters per year for steady-state motion, and range from millimeters to
tens of meters for episodic events. Active volcanoes and tectonic plate boundaries
generally coincide in space and time, and hence it is of importance to study these as
coupled systems. Deformation from individual processes may be intertwined with, or
over-shadowed by, deformation from other regional or local processes, making
interpretation of the measurements complex. In this thesis, I study volcanic and tectonic
processes using primarily deformation measurements, augmented by observations from
other geoscience disciplines such as volcanology, seismology, petrology, geochemistry,
and glaciology.

1.2 Magma accumulation and shallow controls on
eruptive activity
Volcanic eruptions are a surface manifestation of the cooling of Earth. Geodetic, seismic,
and petrologic studies have shown that magma accumulates at variable rates, and at
various depths in the crust beneath volcanoes (e.g., Cashman and Sparks, 2013). Most of
this magma is not erupted, but solidifies as intrusions within the crust. The 2010
Eyjafjallajökull eruption and its preceding nearly two-decade period of unrest
(Sigmundsson et al., 2010 and references therein) gave insight into how magma chambers
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may form by multiple intrusions and interact with more evolved residues from previous
intrusions. If sufficient overpressure is built up within the magma chamber, the magma
can break its way to the surface. However, there are both deep and shallow processes that
can modulate intrusive and eruptive activity. For example, the competition of pressure
buildup and solidification of a dike or conduit from a previous eruption (Sturkell et al.,
2013); shallow chamber modulation of deep influx (Foroozan et al., 2011); or temporary
sealing of degassing pathways (Stix et al., 1993; Geirsson et al., 2014 (Chapter 3))
allowing gas pressure to build up in the upper part of the magmatic and hydrothermal
systems. The shallow (~0-2 km depth) hydrothermal system plays the major role in the
study of Telica volcano, Nicaragua, while deep influx at a high constant volumetric rate
is occurring beneath Hekla volcano, Iceland at a depth of ~20 km (i.e., magma
accumulation at or near the Moho). Magma naturally accumulates at the density contrast
at the Moho, and logically magma also accumulates at the Moho under Telica. The longterm (300,000 year average) extrusive volume rate of Telica is approximately 105 m3/yr
(Carr et al., 2007), while Hekla has erupted approximately 107 m3/yr in the past 1000
years (Thorarinsson et al., 1967). Arguably, the average extrusive rates do not need to
translate to average magma accumulation rates because intrusions may bias the magma
budget; however, the implications are that large volumetric rates are required to detect
deep magmatic sources geodetically.

1.3 Crustal deformation in complex areas
The study areas in this thesis, Iceland and Central America, display multiple processes
contributing to crustal deformation. Despite the different tectonic settings (i.e.,
convergent versus divergent plate boundaries) there are certain similarities between the
areas. For example, bookshelf faulting on shear zones is observed in both areas. The
South Iceland Seismic Zone (SISZ) is a transform zone that connects the Eastern
Volcanic Zone (EVZ). Overall there is approximately 2 cm/yr of east-west left-lateral
transform motion across the SISZ, which is accommodated by north-south trending,
right-lateral strike-slip faults (Einarsson et al., 1981). In Nicaragua, the Central American
fore-arc (CAFA), i.e., the region between the trench and the volcanic arc, is an
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independent microplate. The movement of CAFA to the northwest relative to the
Caribbean plate at a rate of 1-1.5 cm/yr (e.g., Kobayashi et al., 2014, and references
therein) results in a shear zone along the volcanic arc. The dextral shear is accommodated
by bookshelf faulting on sinistral faults normal to the strike of the volcanic arc
(LaFemina et al., 2002). In Chapter 2 we show that Hekla lies in the SISZ, and in Chapter
3 we show that the CAFA - Caribbean plate boundary goes through the Telica complex.
Both volcanoes are prone to interaction with the local faults that cut through the
volcanoes, either by magmatic triggering of earthquakes, or earthquake triggering of
eruptions.
Earthquakes of sufficient magnitude cause measurable deformation and
complicate interpretation of deformation data in volcanic areas. Both co- and postseismic deformation must be considered. In Chapter 4 it is shown that post-seismic
deformation following the 2012 Mw7.3 El Salvador earthquake exceeds the co-seismic
deformation and thus can constitutes a very significant part of crustal deformation. In
Chapter 5 estimation of the 2000 co-eruptive deformation signal of Hekla is complicated
by co-seismic and post-seismic deformation from the two Mw6.5 earthquakes in the SISZ.
Warming climate has caused the glaciers in Iceland and elsewhere to retreat and
thin. This mass-loss in Iceland causes an island-wide uplift signal, which was first
documented in its entirety by comparing results from two island-wide GPS campaigns in
1993 and 2004. Those measurements showed maximum uplift rates up to 1.5-2 cm per
year over the study period (Árnadóttir et al., 2009). For reference, the total rate of plate
spreading in Iceland is ~1.9 cm per year. Using GPS data between 2000 and 2010, it is
demonstrated in Chapter 2 that the uplift rates in Iceland have increased significantly (by
a factor of 1.5 on average) as compared to 1993-2004. These observations are important
not only for interpretation of vertical deformation in Iceland (e.g., at Hekla volcano), but
also for plate boundary models, because the ice unloading generates significant horizontal
deformation (up to ~5 mm for the 2000-2010 time period), which is accounted for in
Chapter 2. In Central America, large-scale cryospheric load changes are of course not
existent, but the precipitation is very seasonal in parts of Central America. Large seasonal
variations in hydrologic loading in terms of ground water and lake levels can potentially
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drive seasonal variations in GPS time series in Central America in much the same way as
seasonal snow load variations drive seasonal signals in Icelandic GPS time series.
In summary, the work presented in this thesis demonstrates the fact that frequent
and spatially dense geodetic measurements are required to gain good understanding of the
multiple and overlapping tectonic, volcanic, and cryospheric processes acting at plate
boundaries.

1.4 Authorship and roadmap of the thesis
Although the core of the work and science presented in this thesis are of my own, this
work could not have been performed without cooperation with my adviser and
collaborating scientists.
Two of the chapters in this thesis are previously published. Chapter 2 was
published in the Journal of Geophysical Research (Geirsson et al., 2012), and Chapter 3
was published in the Journal of Volcanology and Geothermal Research (Geirsson et al.,
2014). Chapters 4 and 5 are intended for subsequent submissions to peer-reviewed
journals.
In Chapter 2 (Geirsson et al. (2012)), I used GPS data collected by myself, my
adviser and other co-workers over a decade to infer the location and geometry of Hekla's
magma chamber. In this study I established some of the geodetic stations, collected a part
of the data, processed all of the data, inverted the resulting site velocities for deformation
source parameters, and interpreted the results. I wrote the paper in collaboration with Dr.
P. LaFemina and other co-authors.
In Chapter 3 (Geirsson et al. (2014)), I used multidisciplinary data (GPS, seismic,
visual observations, SO2 measurements, fumarole temperature measurements, and
multivariate ash analysis) to investigate the mechanics of phreatic explosions in terms of
sealing of degassing pathways in the hydro-magmatic system at Telica volcano,
Nicaragua. In this study I took part in establishing the GPS and seismic stations, collected
and processed the GPS data, collected ash samples and made visual observations. Other
co-workers collected SO2 and fumarole temperature data, analyzed seismic data,
measured ash leachate chemistry, made bulk chemical ash analysis, XRD analysis, and
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textural ash analysis. I synthesized all the data, interpreted the results, and wrote the
manuscript in collaboration with Dr. P. LaFemina other co-workers.
In Chapter 4, I used episodic and continuous GPS data to investigate crustal
deformation caused by the August 27, 2012, Mw7.3 earthquake. I collected GPS data in
Nicaragua and travelled to coastal areas to collect information about the tsunami that
accompanied the earthquake. GPS data and processed results from El Salvador,
Honduras, and Guatemala were provided by Charles DeMets and co-workers (Douglas
Hernandez, Glen Mattioli, Robert Rogers, Manuel Rodriguez). I processed GPS data
from Nicaragua and continuous GPS data from El Salvador, and set up and ran the data
inversions. Seismic catalogs were provided by the seismic monitoring networks in El
Salvador (SNET) and Nicaragua (INETER). I interpreted results and wrote the Chapter in
collaboration with Dr. P. LaFemina.
In Chapter 5, I used two decades of GPS data to estimate displacements of GPS
sites during the 2000 Hekla eruption. I took part in collecting the data, some as part of my
early work at the Icelandic Meteorological Office in the 2000s; I processed all GPS data,
and relied on previously published InSAR, strain, and tilt measurements for a joint
inversion of the data sets which I set up. I wrote the Chapter in collaboration with Dr. P.
LaFemina.
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2 Volcano deformation at active plate boundaries:
Deep magma accumulation at Hekla volcano and
plate boundary deformation in south Iceland

Abstract
Most magmatic systems on Earth are located at actively deforming plate boundaries. In
these systems, the magmatic and plate boundary deformation signals are intertwined and
must be deconvolved to properly estimate magma flux and source characteristics of the
magma plumbing system. We investigate the inter-rifting and inter-seismic deformation
signals at the Eastern Volcanic Zone (EVZ) – South Iceland Seismic Zone (SISZ) ridge transform intersection and estimate the location, depth, and volume rate for magmatic
sources at Hekla and Torfajökull volcanoes, which are located at the intersection. We
solve simultaneously for the source parameters of the tectonic and volcanic deformation
signals using a new ten-year velocity field derived from a dense network of episodic and
continuous GPS stations in south Iceland. We find the intersection of the axes of the EVZ
and the SISZ is located within the Torfajökull caldera, which itself is subsiding.
Deformation at Hekla is statistically best described in terms of a horizontal ellipsoidal
magma chamber at 24 +4
!2 km depth aligned with the volcanic system and increasing in
3
+5
volume by 0.017 +0.007
!0.002 km per year. A spherical magma chamber centered at 24 !2 km
3
depth with a volume rate of 0.019 +0.011
!0.002 km per year, or a vertical pipe-shaped magma
3
+7
+0.003
chamber between 10 +3
!1 km and 21!4 km with a volume rate of 0.008 !0.001 km per year

are also plausible models explaining the deformation at Hekla. All three models indicate
magma accumulation in the lower crust or near the Moho under Hekla.
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2.1 Introduction
At divergent plate boundaries magmatism is intimately linked with the accommodation of
relative plate motion and formation of oceanic crust. Along these plate boundaries,
central volcanic systems accumulate magma in crustal magma chambers that is later
erupted on the seafloor and/or injected along rift systems forming sheeted dike
complexes. To understand the inter-eruptive deformation of these volcanic systems, one
must also take into account the secular plate boundary deformation signal across these
systems. In the case of ridge-transform (or ridge – non-transform) intersections, the
kinematics of the transform adds increased complexity to the deformation field. In this
study we investigate the sources of deformation of two active volcanic systems, located at
the intersection of a ridge and transform fault system in south Iceland.
Iceland is a sub-aerial manifestation of the North American – Eurasian divergent
plate boundary, the Mid-Atlantic Ridge. The location of the Icelandic hotspot relative to
the plate boundary results in diverse magma-tectonic interactions and excessive
volcanism when compared to the rest of the northern Mid-Atlantic Ridge. The ridgehotspot interaction here has resulted in repeated eastward ridge jumps, manifest as
propagating and overlapping ridge segments that are connected by transform fault
systems [e.g., Hey, 1977]. The ridge segments in Iceland are characterized by volcanic
zones comprised of central volcanoes and associated fissure swarms elongated along the
plate boundary. In south Iceland, the overlapping Western (WVZ) and Eastern Volcanic
Zones (EVZ) accommodate the total North America – Eurasia plate motion of ~19 mm/yr
[Sigmundsson et al., 1995; LaFemina et al., 2005; Árnadóttir et al., 2009] and are
connected by the South Iceland Seismic Zone (SISZ), a transform fault system. The
Reykjanes Peninsula (RP) connects these segments with the offshore Reykjanes Ridge
(Figure 2.1).
Hekla volcano and Torfajökull caldera are central volcanoes located near the
intersection of the EVZ and the SISZ (Figure 2.1). Hekla has been studied extensively
since 1968 using various geodetic methods including dry- and continuous tilt, electronic
distance measurements (EDM), borehole strain meters, episodic and continuous GPS, and
InSAR [Sturkell et al., 2006b; Ofeigsson et al., 2011]. The estimated depths for the
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Figure 2.1 Observed horizontal GPS velocities in south Iceland for the period 2000.5 to
2010.0 relative to the North American plate superimposed on a shaded relief map. The
velocities are calculated from episodic and continuous GPS time series, with co-seismic
offsets for the two magnitude 6.1 earthquakes in May 2008 removed (black stars; see
text). Vector uncertainties are 1-sigma. The summit location of Hekla (He) is shown with
a white star. Black diamonds are the locations of the two magnitude 6.5 earth- quakes in
June 2000. The 2000 and 2008 earthquakes occurred on north-trending, right-lateral
strike-slip “bookshelf” faults (thin black lines). Fissure swarms (dark gray shading) from
Einarsson and Sæmundsson [1987]; glaciers (white overlying topography) and lakes and
rivers (white) are shown. Abbreviations: To: Torfajökull; K: Katla; E: Eyjafjallajökull;
B: Bár!abunga; Vat: Vatnajökull glacier. The inset figure shows the expression of the
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Figure 2.1. (continued). Mid-Atlantic Ridge in Iceland. The study area is outlined by a
dashed box. The North American – Eurasian plate boundary is drawn with a thin line
and the relative half-spreading rates are indicated with white arrows [DeMets et al.,
2010]. Abbreviations: NA: North American plate; EU: Eurasian plate; RR: Reykjanes
Ridge; RP: Reykjanes Peninsula; WVZ: Western Volcanic Zone; SISZ: South Iceland
Seismic Zone; EVZ: Eastern Volcanic Zone; NVZ: Northern Volcanic Zone; HFF:
Húsavík-Flatey Fault; GOR: Grímsey Oblique Rift; KR: Kolbeinsey Ridge.
magma chamber at Hekla using these various geodetic methods range from 5 to 17 km
[Kjartansson and Gronvold, 1983; Sigmundsson et al., 1992; Linde et al., 1993;
Tryggvason, 1994; Sturkell et al., 2005; Ofeigsson et al., 2011]. These measurements
have also revealed a cyclic deformation pattern of steady pre-eruptive inflation followed
by co-eruptive dike formation and rapid deflation [Tryggvason, 1994; Ofeigsson et al.,
2011]. Since its last eruption in February – March 2000, Hekla has been inflating
continuously [Ofeigsson et al., 2011; Scheiber-Enslin et al., 2011] (also this study).
Torfajökull caldera, 20 km east of Hekla, is the largest rhyolitic center in Iceland.
Historical rifting episodes in 872 and 1477, which extended along the EVZ from
Bár!abunga central volcano into Torfajökull (Figure 2.1), as well as geologic studies,
demonstrate that volcanism at Torfajökull is intimately connected to rifting episodes of
the EVZ [MacDonald et al., 1990; McGarvie et al., 1990]. Recent geodetic studies
indicate the western part of Torfajökull caldera has been subsiding for almost two
decades and that plate spreading takes place within the caldera [Scheiber-Enslin et al.,
2011].
The surface deformation at Hekla and Torfajökull central volcanoes is
complicated because of the proximity of the volcanoes to the intersection of the SISZ and
EVZ [LaFemina et al., 2005; Árnadóttir et al., 2006, 2009; Scheiber-Enslin et al., 2011].
Geodetic studies across these plate boundary segments demonstrate inter-rifting elastic
strain accumulation in the EVZ [Sigmundsson et al., 1995; Jónsson et al., 1997;
LaFemina et al., 2005; Árnadóttir et al., 2006, 2009; Scheiber-Enslin et al., 2011], and
inter-, co-, and post-seismic deformation in the SISZ [Sigmundsson et al., 1995;
Árnadóttir et al., 2006; Decriem and Árnadóttir, 2012]. The last major rifting episode in
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the EVZ was the 1783-1784 Laki fissure eruption, which places the present deformation
field well into the inter-rifting period [LaFemina et al., 2005]. Furthermore, strain in the
~60 km wide EVZ has been shown to accumulate most rapidly in the western part of the
EVZ from Torfajökull to Bár!abunga (Figure 2.1) [LaFemina et al., 2005; Sheiber-Enslin
et al., 2011]. The SISZ, however, had significant earthquakes in 2000 [e.g., Árnadóttir et
al., 2005] and 2008 [Hreinsdóttir et al., 2009]. Major earthquakes in the east-trending
SISZ occur predominantly on north-trending right lateral strike-slip faults (Figure 2.1);
this style of deformation has been termed bookshelf faulting [Einarsson et al., 1981] and
is typical of migrating transform zones [Morgan and Kleinrock, 1991]. Nevertheless,
interseismic deformation in the SISZ has been shown to be consistent with a single easttrending shear zone below the brittle crust (~15 km) [Sigmundsson et al., 1995;
Árnadóttir et al., 2006; Decriem and Árnadóttir, 2012].
In addition to the tectonic and magmatic deformation signals described above, the
recent melting of Icelandic glaciers causes a widespread uplift signal with maximum
uplift rates exceeding 20 mm/yr (Figure 2.2) [Árnadóttir et al., 2009]. The vertical
deformation field at Hekla is further complicated by relative subsidence centered on
Hekla [Ofeigsson et al., 2011], which has been interpreted as loading of the crust by
recent lava flows [Grapenthin et al., 2010; Ofeigsson et al., 2011]. Considering all of the
above mentioned processes, we use a new ten-year GPS-derived velocity field to
simultaneously estimate (1) the horizontal location, depth and rate of volume change of
the magma chamber at Hekla volcano, testing different models for magma chamber
geometry; (2) the depth and rate of volume change of a subsidence source at Torfajökull
caldera; and (3) the location and locking depths of the SISZ and EVZ plate boundary
segments.

2.2 GPS Data, Processing, and Site Velocities
Our analysis is based on a combination of episodic (eGPS) and continuous GPS (cGPS)
data (Table 2.1). Episodic GPS measurements in Iceland started in 1986 [Foulger et al.,
1993]. Since then numerous GPS measurement campaigns, normally separated by one or
several years, have been conducted in south Iceland. The eGPS measurements consist
11

typically of 1 to 5 day observation periods. In 2006, a dense, six site cGPS array was
installed at Hekla as part of a nation wide cGPS network [Geirsson et al., 2010], from
which we also include data in our analysis. The array is designed to investigate preeruptive magma accumulation and co-eruptive dike emplacement at Hekla. The GPS data
were processed using the GIPSY/OASIS II (version 5) software, in a standard Precise
Point Positioning (PPP) mode [Zumberge et al., 1997] and using orbits from the Jet
Propulsion Laboratory in the ITRF2005 reference frame [Altamimi et al., 2007]. We
removed data points from the time series that had uncertainties more than five times
larger than the median uncertainties for the entire data set (1.2 mm, 1.5 mm and 4.2 mm
in north, east and vertical, respectively) in any component.
We limit our data period from 2000.5 to 2010.0 (with a few exceptions, see below
and Table 2.1) to minimize the effects of transient deformation that may affect our
position time series and therefore velocity estimates. Specifically, we want to avoid the
February-March 2000 Hekla eruption [Ofeigsson et al., 2011], co-seismic deformation
from the two June 2000 Mw 6.5 earthquakes in the SISZ [Pedersen et al., 2003;
Árnadóttir et al., 2005], and magmatic deformation associated with the 2010
Eyjafjallajökull eruption (Figure 2.1) [Sigmundsson et al., 2010]. Although our time
series start after the June 2000 SISZ earthquakes, sites in the SISZ were affected by postseismic deformation [Jónsson et al., 2003; Árnadóttir et al., 2005; Decriem and
Árnadóttir, 2012], with the largest signal occurring before 2002 [Decriem and Árnadóttir,
2012]. We therefore exclude data before 2002.5 from all sites within 30 km of the two
June 2000 earthquake epicenters in order to avoid post-seismic deformation (Figure 2.1;
Table 2.1).
We must also consider deformation caused by the two ~Mw 6.1 earthquakes that
occurred in the western SISZ on May 28, 2008 (Figure 2.1) [Hreinsdóttir et al., 2009].
We correct the position time series at our GPS sites for the co-seismic displacements
associated with these earthquakes using the uniform slip model of Decriem et al. [2010],
which is based on cGPS data (Table 2.5, auxiliary material Data Set S1). The cGPS sites
closest to the May 2008 earthquakes show rapid post-seismic deformation, and additional
transient deformation from geothermal utilization in the same region since 2006
[Geirsson et al., 2010]. We therefore exclude these sites from our analysis.
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Figure 2.2. (a) Observed and (b) GIA-corrected vertical GPS velocities in south Iceland.
1-sigma uncertainties are shown as thin lines extending from tip of vector. Symbols are
as in Figure 2.1.
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Site velocities were calculated using weighted least squares linear fits to the time
series in ITRF2005 (Table 2.1) after correcting for co-seismic displacements from the
May 2008 earthquakes. We only use sites with observations that span more than 1.5 years
within the study period. Seasonal components were not used for the cGPS sites in order
to treat the episodic and continuous sites in exactly the same manner. Velocity
uncertainties were calculated as in Geirsson et al. [2006]. Using the analysis of Blewitt
and Lavallee [2002], we estimated the difference in velocities between accounting and
not accounting for the seasonal signals for our cGPS sites to be typically one order of
magnitude smaller than the uncertainties (Table 2.10, auxiliary material Text S1 and
Table 2.6 and 2.7, Data Sets S2 and S3 respectively). The horizontal velocities were
transformed from ITRF2005 to a North America-fixed reference frame using the Euler
vector from the MORVEL plate motion model (Figure 2.1) [DeMets et al., 2010].
The vertical velocity field in Iceland shows widespread uplift (Figure 2.2a). The
shape of the uplift signal we observe (Figure 2.2a) is similar to what was observed by
Árnadóttir et al. [2009], with the highest rates observed towards the center of Iceland and
decreasing with distance from Vatnajökull. Our uplift rates, however are higher than
those reported by Árnadóttir et al. [2009], which were derived from eGPS data from
nation-wide campaigns in 1993 and 2004, and cGPS data ending in 2004. Our analysis of
GPS data for the longest running cGPS sites in Iceland reveals increased uplift rates since
~2003 or 2004 (Figure 2.9, auxiliary material Figure S1). We note that due to this
velocity increase, the vertical velocity estimates of sites using pre-2003 data may be
somewhat biased towards lower rates. However, the bulk of our data set is from post2003 (Table 2.1) and thus the rates are minimally biased. Geodetic and gravity
measurements have revealed increased uplift rates in Greenland and Iceland since ~2004,
which has been interpreted as an elastic response to increased melting rates of the glaciers
[Jiang et al., 2010; Khan et al., 2010].
We assume the increased uplift rates (Figure 2.2a and Figure 2.9, auxiliary
material Figure S1) are caused by enhanced glacio-isostatic adjustment (GIA) (elastic and
viscoelastic rebound) due to increased melting of Icelandic glaciers and hence, as a first
approximation, we scale the model results of Árnadóttir et al., [2009] to minimize the
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Table 2.1. Site Information and Calculated Site Velocities in the ITRF2005 Reference
Framea
Site
ALMA
BISK
BJAL
BLAU
BOTA
BREI
BRS2
BRSK
BUDH
BULA
DIMO
DOMA
DROP
ELDH
FAGR
FAXI
FEDG
FITC
FJOC
FLAG
FOSS
FROS
GALT
GELD
GJBA
GLER
GOLA
GRFL
GULL
HAFU
HALD
HAMR
HAUC
HAUD
HEHA
HEKR
HEND
HESA
HGJA
HIAK
HLFJ
HNAU
HRAF
HRAS
HVEL
HVOL
INSK

Latitude
64.256
64.249
64.099
63.952
63.656
64.183
63.948
63.941
64.240
63.802
64.223
64.035
63.914
63.685
63.882
63.830
64.025
64.337
64.875
63.995
64.354
64.010
63.998
64.052
64.239
64.023
63.660
63.941
64.327
64.012
64.183
63.622
64.711
63.969
63.959
64.012
63.830
64.047
64.254
64.333
64.277
64.076
63.959
63.936
64.873
63.526
64.683

Time spanb (year)
Longitude Start
End
-21.129
2003.7 2009.5
-21.094
2003.7 2009.5
-19.104
2000.8 2009.5
-19.364
2002.6 2009.6
-18.246
2004.6 2009.5
-18.391
2001.6 2009.6
-19.558
2007.6 2009.6
-19.540
2001.6 2009.6
-19.325
2006.6 2010.0
-18.560
2000.5 2009.6
-20.951
2003.7 2009.5
-19.130
2001.6 2009.5
-19.574
2001.6 2009.6
-18.357
2000.5 2009.6
-18.230
2001.6 2009.6
-19.467
2002.6 2009.6
-19.689
2004.4 2009.4
-19.592
2007.6 2010.0
-18.006
2007.7 2010.0
-20.265
2002.8 2009.3
-21.462
2003.8 2008.4
-19.044
2000.8 2004.7
-18.273
2001.6 2009.6
-20.292
2003.7 2009.3
-21.036
2003.7 2009.5
-19.802
2006.4 2010.0
-19.322
2005.3 2010.0
-19.918
2002.5 2009.5
-20.122
2001.5 2003.7
-19.842
2005.3 2009.5
-19.419
2001.6 2009.6
-19.986
2000.5 2007.0
-18.345
2007.7 2010.0
-19.964
2006.9 2010.0
-18.668
2001.6 2009.6
-19.658
2006.4 2010.0
-20.473
2002.8 2007.6
-19.561
2006.7 2009.8
-21.109
2003.7 2009.5
-22.034
2003.7 2005.3
-20.136
2006.6 2010.0
-19.049
2001.6 2009.5
-19.218
2000.8 2009.6
-19.205
2001.6 2007.6
-19.561
2006.6 2010.0
-18.848
2000.5 2010.0
-19.534
2008.6 2010.0

Velocitiesd
Nc East
4 -9.2 ± 1.2
3 -8.4 ± 0.7
6 -0.1 ± 0.5
5
8.0 ± 0.9
4
9.2 ± 0.9
3 -0.2 ± 0.6
2
6.9 ± 1.5
7
4.5 ± 0.6
c -4.3 ± 0.8
5
7.1 ± 0.7
3 -9.1 ± 0.5
5
2.0 ± 0.6
5
3.9 ± 0.8
5
8.0 ± 0.4
5
6.2 ± 0.6
4
6.0 ± 1.0
c -1.7 ± 1.8
c -3.3 ± 4.5
c -7.9 ± 1.5
7 -3.2 ± 0.6
3 -9.4 ± 1.3
5
2.3 ± 1.1
5
3.2 ± 1.0
8 -7.5 ± 0.7
3 -9.2 ± 0.6
c -3.9 ± 1.1
c
7.4 ± 1.2
5 -2.3 ± 0.7
3 -12.1 ± 2.8
4 -5.6 ± 0.8
4 -3.6 ± 0.6
15 5.6 ± 0.5
c -7.0 ± 1.3
c -3.8 ± 1.1
6
4.1 ± 0.8
c -0.2 ± 1.3
6
4.6 ± 1.0
c -0.4 ± 1.4
3 -9.1 ± 0.8
3 -11.3 ± 1.8
c -7.4 ± 0.8
3
0.5 ± 0.7
8
4.3 ± 0.6
7
4.2 ± 1.1
c -10.1 ± 0.9
c
8.3 ± 0.4
c -7.3 ± 2.5
15

(mm/yr)
North
18.9 ± 0.9
18.8 ± 1.1
17.3 ± 0.6
15.6 ± 0.8
13.4 ± 0.9
15.0 ± 0.6
17.5 ± 1.0
14.0 ± 0.4
18.2 ± 0.8
13.8 ± 0.4
19.0 ± 1.0
16.1 ± 0.4
13.9 ± 0.5
13.5 ± 0.5
12.5 ± 0.7
15.4 ± 0.6
16.7 ± 1.3
19.7 ± 1.3
26.3 ± 1.4
16.7 ± 0.6
19.4 ± 0.9
17.7 ± 1.1
13.7 ± 0.8
17.6 ± 0.5
18.7 ± 0.7
18.6 ± 0.9
13.9 ± 0.9
13.7 ± 0.6
18.5 ± 1.6
19.0 ± 0.5
19.1 ± 0.7
15.1 ± 0.5
24.5 ± 1.1
15.3 ± 1.0
15.7 ± 0.5
16.1 ± 1.2
17.8 ± 0.9
17.7 ± 1.3
18.4 ± 0.7
20.1 ± 1.8
18.2 ± 0.8
16.3 ± 0.6
14.6 ± 0.9
17.4 ± 0.8
21.9 ± 0.8
11.7 ± 0.3
21.9 ± 2.0

Up
4.7 ± 3.5
6.6 ± 1.8
17.3 ± 1.8
19.6 ± 1.8
15.6 ± 5.5
23.9 ± 1.0
19.4 ± 3.8
22.6 ± 1.7
16.6 ± 2.2
19.3 ± 1.6
3.7 ± 0.9
16.5 ± 2.0
14.4 ± 3.9
15.7 ± 1.5
21.1 ± 1.5
19.1 ± 1.9
14.0 ± 3.3
15.2 ± 3.6
23.3 ± 5.7
12.6 ± 2.0
7.2 ± 3.1
16.0 ± 4.7
23.8 ± 1.6
14.5 ± 1.6
-2.9 ± 1.3
15.5 ± 2.3
13.3 ± 2.9
15.5 ± 2.7
9.6 ± 4.0
25.0 ± 2.8
20.5 ± 2.5
12.2 ± 1.5
25.6 ± 4.0
11.7 ± 2.5
20.4 ± 1.8
9.7 ± 3.1
13.2 ± 3.5
13.3 ± 4.7
5.1 ± 0.9
2.4 ± 3.6
9.7 ± 2.1
15.6 ± 1.7
9.9 ± 2.0
18.8 ± 1.9
13.4 ± 2.3
10.3 ± 1.0
17.4 ± 5.5

Table 2.1. (continued)
Site
ISAK
JOKU
KALD
KALF
KALT
KARA
KELD
KGIL
KIDJ
KKLO
KOPS
KRHR
KROK
KVFE
KYLI
L257
LAHR
LAMH
LANG
LAUF
LAUN
LAVA
LFEL
LIHO
LJOF
LYTI
MAEL
MJSK
MOHN
MORK
MUFE
NAEF
NBJA
NLAN
NOFA
NOHR
NONH
NORS
NOXL
PALA
PSI1
PSU2
PSU3
PSU4
PSU5
PSU6
PSU7
PSU8

Latitude
64.119
64.310
64.359
63.947
63.897
64.257
63.824
63.859
63.997
63.864
64.172
63.948
64.066
64.207
63.991
64.081
63.988
64.443
64.311
63.904
64.094
64.209
64.526
63.990
64.248
63.907
63.802
63.933
64.025
63.657
63.980
63.997
64.049
64.224
63.929
64.009
63.903
64.035
64.009
63.884
63.851
63.801
63.942
63.986
63.934
64.026
63.972
64.184

Time spanb (year)
Longitude Start
End
-19.747
2002.5 2010.0
-18.240
2001.4 2008.3
-18.857
2001.6 2003.6
-17.689
2004.6 2009.5
-20.656
2007.0 2010.0
-21.187
2003.7 2009.5
-20.085
2001.5 2009.4
-18.974
2001.6 2009.7
-20.775
2002.5 2010.0
-19.054
2001.6 2009.7
-20.279
2002.8 2009.3
-20.100
2002.8 2009.4
-19.396
2000.8 2009.5
-18.725
2001.6 2009.5
-18.918
2001.6 2009.5
-18.885
2007.6 2009.5
-19.060
2001.6 2009.5
-20.385
2003.7 2009.5
-19.333
2001.6 2003.7
-19.368
2001.6 2009.6
-19.210
2001.6 2009.6
-20.866
2003.7 2005.3
-19.759
2006.6 2010.0
-19.263
2001.6 2009.6
-18.485
2001.6 2009.5
-20.433
2004.4 2009.3
-18.966
2000.5 2009.6
-19.672
2006.4 2009.0
-19.691
2000.8 2006.4
-19.895
2001.4 2004.4
-19.541
2001.6 2009.6
-19.907
2004.4 2007.6
-19.669
2003.6 2009.7
-18.206
2001.6 2009.6
-18.635
2001.6 2007.6
-19.042
2004.7 2009.5
-20.317
2002.8 2009.3
-19.717
2006.4 2009.7
-19.597
2000.8 2009.6
-19.726
2001.6 2009.6
-19.600
2007.6 2009.6
-19.351
2007.6 2009.6
-18.219
2007.6 2009.6
-18.061
2007.6 2009.6
-17.916
2007.6 2009.6
-18.564
2007.6 2009.5
-18.834
2007.6 2009.5
-18.839
2007.6 2009.6

Velocitiesd
N East
c -5.2 ± 0.5
20 -3.5 ± 0.8
2 -2.5 ± 1.8
5
6.0 ± 0.8
c
4.0 ± 1.1
2 -8.3 ± 0.4
9
3.0 ± 0.8
7
6.3 ± 0.7
c -2.6 ± 0.4
5
6.0 ± 0.7
9 -8.0 ± 0.9
8 -1.7 ± 0.9
9
2.2 ± 0.6
3 -0.9 ± 0.8
3
2.2 ± 0.4
2
2.6 ± 1.9
9
2.1 ± 0.6
2 -9.8 ± 0.5
2 -8.5 ± 1.7
7
7.3 ± 1.4
4 -0.8 ± 0.9
2 -12.1 ± 1.9
c -7.9 ± 1.0
7
4.0 ± 0.8
3 -2.6 ± 1.0
7
3.2 ± 0.8
5
6.8 ± 0.4
c
1.9 ± 1.8
7 -1.4 ± 1.2
4
4.4 ± 2.3
7
3.0 ± 0.8
3 -6.8 ± 0.7
5 -1.8 ± 0.6
4 -1.7 ± 0.6
3
3.7 ± 1.0
5
1.1 ± 0.7
9
2.6 ± 0.7
c -1.6 ± 1.5
7 -1.6 ± 0.5
7
2.5 ± 0.8
3
8.5 ± 1.5
3 10.7 ± 1.9
3
2.3 ± 3.4
3
7.5 ± 3.4
3
6.5 ± 2.0
2
5.8 ± 3.3
3
3.1 ± 1.7
3 -2.4 ± 1.8
c
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(mm/yr)
North
20.5 ± 0.4
15.2 ± 0.5
17.6 ± 2.4
11.3 ± 0.7
16.3 ± 0.9
19.0 ± 0.3
15.2 ± 0.6
17.0 ± 0.5
19.2 ± 0.3
17.4 ± 0.6
18.0 ± 0.7
16.2 ± 0.4
18.6 ± 0.6
16.3 ± 0.6
16.8 ± 0.6
16.9 ± 2.3
16.0 ± 0.7
19.5 ± 0.6
18.4 ± 1.6
16.9 ± 1.0
16.8 ± 0.7
18.1 ± 3.1
18.8 ± 0.8
16.2 ± 0.6
16.0 ± 0.4
15.8 ± 0.8
16.2 ± 0.4
13.3 ± 1.2
17.3 ± 1.1
14.3 ± 1.9
15.0 ± 0.6
17.8 ± 1.1
16.7 ± 0.6
14.1 ± 0.4
16.0 ± 0.5
16.3 ± 1.5
16.4 ± 0.7
17.1 ± 1.4
16.1 ± 0.5
13.0 ± 0.5
17.8 ± 1.2
16.1 ± 1.9
15.1 ± 1.9
12.2 ± 2.9
18.0 ± 3.7
17.6 ± 1.2
16.8 ± 1.9
17.4 ± 1.1

Up
16.4 ± 1.0
32.5 ± 2.6
11.4 ± 4.9
29.8 ± 5.1
5.9 ± 2.4
1.2 ± 0.8
12.0 ± 2.4
14.8 ± 2.0
5.6 ± 0.8
17.9 ± 3.0
16.1 ± 3.0
14.2 ± 2.1
17.7 ± 1.5
21.0 ± 1.4
14.1 ± 1.1
4.3 ± 4.0
14.1 ± 3.0
13.4 ± 1.9
0.8 ± 5.2
15.9 ± 2.2
18.4 ± 1.6
6.1 ± 5.1
13.9 ± 2.5
16.7 ± 1.6
29.5 ± 1.6
14.2 ± 3.6
17.0 ± 1.4
10.1 ± 3.3
17.4 ± 3.6
11.4 ± 4.7
19.1 ± 1.9
28.6 ± 2.3
8.4 ± 2.7
29.8 ± 2.2
19.5 ± 1.7
10.3 ± 2.3
13.3 ± 1.8
14.4 ± 2.9
16.1 ± 1.1
16.8 ± 1.3
10.1 ± 3.2
14.5 ± 3.7
10.7 ± 5.6
10.9 ± 6.3
22.8 ± 4.4
12.8 ± 4.7
6.6 ± 3.7
10.1 ± 3.0

Table 2.1. (continued)
Site
RAUK
RETT
REYK
REYZ
SARP
SATU
SAUR
SBJA
SKAL
SKDA
SKHR
SKJA
SKOT
SKRO
SLAN
SNAE
SOHO
STKA
STOB
STOR
TAGL
TBRU
TEIG
THJO
THRA
THVE
TINF
TJAG
UXAV
VAKO
VALA
VAVI
VEDR
VMEY

Latitude
64.027
63.973
64.139
64.139
64.467
63.881
63.984
64.017
64.218
64.377
63.837
64.081
64.226
64.557
64.106
63.736
63.552
64.439
64.446
63.753
64.130
63.924
63.881
64.054
63.821
63.861
63.975
64.450
64.435
64.248
64.077
64.246
64.128
63.427

Time spanb (year)
Longitude Start
End
-19.591
2000.8 2009.6
-20.044
2002.8 2009.4
-21.955
2000.5 2010.0
-21.955
2000.5 2006.0
-21.266
2008.7 2009.9
-19.250
2001.6 2009.6
-20.425
2007.1 2010.0
-19.763
2003.7 2009.7
-21.445
2003.8 2005.3
-20.666
2008.6 2010.0
-19.882
2003.6 2009.6
-19.599
2001.6 2009.5
-21.012
2003.7 2005.3
-18.378
2000.7 2010.0
-18.456
2001.6 2009.6
-18.632
2000.5 2009.5
-19.247
2000.5 2010.0
-18.822
2006.6 2010.0
-20.729
2003.7 2009.5
-20.212
2002.8 2010.0
-19.352
2001.6 2009.6
-20.659
2005.3 2009.3
-17.759
2003.6 2009.6
-19.866
2002.8 2009.4
-19.198
2000.5 2009.6
-18.742
2001.6 2009.7
-18.765
2001.6 2009.5
-20.649
2003.7 2009.5
-20.988
2003.7 2005.3
-21.092
2003.7 2009.5
-19.523
2003.6 2009.5
-21.066
2003.7 2009.5
-21.904
2000.8 2003.2
-20.294
2000.6 2010.0

c

N
8
7
c
c
c
7
c
4
2
c
5
5
2
c
4
8
c
c
3
c
3
5
4
8
6
6
4
3
2
3
6
3
2
c

a

Velocitiesd
East
-0.5 ± 0.6
-3.1 ± 0.9
-10.7 ± 0.4
-11.0 ± 1.4
-7.4 ± 4.4
7.4 ± 0.8
-1.6 ± 0.9
-1.2 ± 0.5
-10.2 ± 3.3
-9.3 ± 2.6
2.8 ± 1.5
-1.8 ± 0.5
-8.5 ± 1.6
-7.3 ± 0.5
1.6 ± 0.3
7.6 ± 0.3
6.2 ± 0.4
-5.8 ± 0.8
-9.8 ± 0.9
5.0 ± 0.4
-0.8 ± 0.5
1.0 ± 0.7
7.9 ± 0.7
-6.2 ± 0.7
6.9 ± 0.4
6.8 ± 0.5
4.0 ± 0.7
-10.4 ± 1.0
-6.6 ± 4.7
-8.8 ± 0.7
-1.2 ± 1.0
-8.1 ± 0.9
-9.7 ± 1.4
6.5 ± 0.3

(mm/yr)
North
17.3 ± 0.5
15.8 ± 0.6
19.5 ± 0.3
19.6 ± 0.6
23.4 ± 4.4
18.6 ± 0.8
16.9 ± 0.8
16.1 ± 0.7
15.2 ± 2.9
18.6 ± 1.9
13.4 ± 0.6
19.6 ± 0.6
19.4 ± 3.7
21.3 ± 0.3
14.7 ± 0.3
14.1 ± 0.3
11.4 ± 0.4
18.6 ± 0.7
18.6 ± 1.3
15.0 ± 0.4
18.5 ± 0.6
17.7 ± 0.7
10.7 ± 1.2
20.4 ± 0.4
18.0 ± 0.5
15.3 ± 0.4
16.1 ± 0.5
19.0 ± 0.4
21.5 ± 2.9
18.3 ± 0.6
18.0 ± 1.4
18.7 ± 1.0
19.0 ± 2.0
15.5 ± 0.3

Up
19.5 ± 2.1
17.2 ± 3.1
-1.3 ± 1.0
-0.8 ± 1.9
1.6 ± 7.6
16.0 ± 1.6
9.3 ± 2.2
20.6 ± 1.6
0.2 ± 7.4
4.0 ± 5.2
17.6 ± 1.8
20.5 ± 1.3
2.7 ± 3.6
25.7 ± 1.2
23.0 ± 1.7
17.1 ± 1.2
12.7 ± 1.1
22.3 ± 2.2
7.1 ± 1.6
8.0 ± 1.2
19.9 ± 1.7
11.6 ± 1.7
22.9 ± 2.2
18.3 ± 1.8
13.2 ± 2.0
19.6 ± 1.3
19.4 ± 2.1
9.7 ± 2.6
-7.3 ± 2.3
2.5 ± 1.5
21.2 ± 1.9
3.2 ± 0.8
0.4 ± 3.4
4.0 ± 0.8

The time series were corrected for co-seismic offsets from the May 2008 earthquakes
(Table 2.5, auxiliary material Data Set S1). Velocity uncertainties are 1 sigma.
b
c

Start and end of measurements used in this study.

Number of campaigns, "c" for continuous data.

d

Velocity uncertainties are 1 sigma.
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observed vertical signal (Figure 2.2b). Specifically, we apply horizontal and vertical velocity
corrections to our site velocities based on a geodynamic model of Earth's response to
estimated recent ice melting histories of the largest glaciers in Iceland [Árnadóttir et al.,
2009]. The model has a 10 km thick elastic layer, underlain by a 30 km thick viscoelastic
layer (1 " 1020 Pa s) over a viscoelastic halfspace (1 " 1019 Pa s). We scale the corrections
(horizontal and vertical velocities) from the model by a factor of 1.5, found by minimizing
the vertical signal in Iceland (Figure 2.2b). We acknowledge that a more detailed study of
the increased uplift rates is needed; this is the subject of ongoing research. The horizontal
velocity corrections based on the scaling of the above model range from ~1 to 5 mm/yr
(Figure 2.3 inset and Table 2.8, auxiliary material Data Set S4). We present the fully
corrected (i.e., the May 2008 co-seismic- and GIA-corrected) horizontal velocity field
relative to stable North America (Table 2.2) in Figure 2.3.

2.3 Modeling
2.3.1 Model Description
North America – Eurasia plate motion is the dominant signal in our new GIA-corrected
horizontal velocity field (Figure 2.3). The volcanic deformation signals from Hekla and
Torfajökull are not obvious at first glance in the corrected horizontal and vertical velocity
fields (Figures 2.3 and 2b). To model the tectonic and magmatic processes in south Iceland,
we apply a combination of kinematic elastic block models and volcanic source models in
an elastic half-space, with a shear modulus of 30 GPa and a Poisson ratio of 0.25. Figures
2.4a-f show the contributions to the deformation field from the different components of an
exemplary model set-up. We treat the North American and Eurasian plates as rigid blocks
with elastic deformation taking place on the plate boundary. We assume the relative North
America – Eurasia block motion (Figure 2.4f) is described by the Euler vector from the
MORVEL plate motion model [DeMets et al., 2010]. The plate boundary segments are
defined as finite, vertical rectangular dislocations in an elastic half-space [Okada, 1985],
with the interseismic strain accumulation modeled as the sum of block motion and backslip on the plate boundary segments (Figure 2.4c-e), similar to Murray and Segall [2001].
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Figure 2.3. GIA and co-seismic corrected horizontal velocities. These velocities are used
as input for the modeling. The inset shows the scaled horizontal GIA signal, which we
removed from the observed velocities. Note that the inset has a different velocity scale,
and covers the same geographical area, as the main figure. Symbols as in Figure 2.1.
Each segment is modeled with uniform components of opening and shear, such that the
total displacement on the segments is in agreement with the far-field block motion (i.e.,
~19 mm/yr at an azimuth of 102°E). In this study, we allow the coordinates of the
intersections of plate boundary segments to be free parameters throughout the modeling,
enabling us to directly solve for the best-fitting plate boundary model and parameters.
Because we do not observe significant deformation across the WVZ (Figure 2.3),
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Figure 2.4. Calculated horizontal velocity contribution of (a–f) each of our preferred best
fit model (model PBHmTm) components to (g) the combined model prediction. Figures
2.4a and 2.4b show the predicted velocities from spherical (Mogi) sources at Hekla and
Torfajökull. Figures 2.4c, 2.4d, and 2.4e show the back slip contributions of Reykjanes
Peninsula (RP), South Iceland Seismic Zone (SISZ), and Eastern Volcanic Zone (EVZ),
respectively. Figure 2.4f shows the motion of the Eurasian block relative to a fixed North
America block. The sum of the back slip and block motion equals the interseismic
deformation. Note that the velocity scale varies between plots. See Table 2.4 for best fit
parameter values. The best fitting plate boundary location is shown with a dashed line,
and the best fitting sources for Hekla and Torfajökull shown as a white triangle and a
white inverted triangle, respectively. Symbols as in Figure 2.1.
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we only model the SISZ and EVZ, including a plate boundary segment representing the
RP (Figure 2.1). The locking depth of the RP is fixed to 7 km based on the modeling of
episodic GPS measurements [Árnadóttir et al., 2006; Keiding et al., 2008].
Magmatic deformation sources are modeled as subsurface bodies that change in
volume. For Hekla volcano, we tested different source geometries, including a spherical
source [Mogi, 1958; McTigue, 1987], a rectangular dike and a rectangular sill [Okada,
1985], a finite ellipsoid [Yang et al., 1988], and a closed vertical pipe [Bonaccorso and
Davis, 1999]. We assume constant volumetric rates [Delaney and McTigue, 1994;
Tiampo et al., 2000] for the sources because the GPS time series do not provide evidence
for any significant temporal changes in site velocities in addition to the GIA signal. For
Torfajökull we only apply the spherical source geometry.

2.3.2 Parameter Optimization and Uncertainties
For the best-fit parameter estimation, we use a Monte Carlo-type simulated annealing
algorithm following Cervelli et al. [2001] and Árnadóttir et al. [2009], minimizing the
weighted sum of squares of the residuals, WRSS = #(Vi-Mi)2/"i2, where M denotes the
model predictions and Vi are the observed earthquake- and GIA-corrected velocity
components (Table 2.2 and Figures 2.2b and 2.3) with uncertainties "i. We do not
account for correlations between velocity components in our analysis. We compare the
level of fit of different models, for example a spherical source versus a dike for Hekla, by
the WRSS and the reduced chi-squared measure, #2v = WRSS/(N-p), where N is the
number of data (three times the number of stations when using all three velocity
components) and p is the number of free parameters in the optimization. If there is an
improvement in WRSS when more parameters are added to the model, a standard F test is
used to verify if the improvement is statistically significant, following Stein and Gordon
[1984].
Parameter uncertainties are estimated in a separate step by adding Gaussian noise
to the velocities corresponding to the velocity uncertainties and re-running the
optimization process 400 times, each time with different input velocities [e.g., Metzger et
al., 2011; Liu et al., 2011]. The distribution of the resulting best-fit parameters (Figure
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2.5) is used to define the upper and lower confidence limits for each parameter. All
uncertainties are consistently reported at the 1-sigma level. We acknowledge that the
actual uncertainties may be larger than we report, because in the uncertainty estimate we
do not account for model set-up (e.g., values of elastic parameters, the choice of a
specific North America – Eurasia Euler vector, or whether the WVZ is included) or
uncertainties resulting from corrections made to the data (i.e., the co-seismic offsets and
GIA corrections).

2.3.3 Spherical Volcanic Sources and the Plate Boundary
In order to find the model that best describes the observations using the fewest number of
parameters, we test eight models with increasing complexity (Table 2.3). All of the
models use the same input velocities (Table 2.2 and Figure 2.3), and the same parameter
search boundaries for an even comparison, unless explicitly noted. We first run a plate
boundary model with no magmatic deformation sources (model PB). This model has six
free parameters: two for the locking depths of the EVZ and SISZ, and four for the plate
boundary intersections: one for the north coordinate of the RP-SISZ intersection (we
found that the east coordinate was always very poorly constrained and hence fixed it to
the same value as Árnadóttir et al., [2009]), two for the coordinates of the SISZ-EVZ
intersection, and one for the east coordinate of the EVZ-NVZ intersection (we fixed the
north coordinate of the EVZ-NVZ intersection to the same value as Árnadóttir et al.,
[2009]). This model (PB) results in #2v = 8.17 (Table 2.3).
Next we add a spherical (Mogi) source for Hekla, which adds four parameters
(source location and volume rate) for a total of ten parameters (model PBHm). The
optimal parameter values for this model result in #2v = 5.36. An F test verifies that this
model is statistically better (>99% confidence) than model PB. Next we add a point
source for the subsidence at Torfajökull (model PBHmTm). We found that the data
cannot constrain the location of the Torfajökull subsidence source and therefore fixed its
location to that determined by Scheiber-Enslin et al. [2011], who used a combination of
eGPS, leveling and InSAR data. The Torfajökull source thus adds two more parameters
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Table 2.2. GPS Velocities Relative to Stable North America [DeMets et al., 2010],
Corrected for 2008 Earthquake Offsets and GIAa
Site
ALMA
BISK
BJAL
BLAU
BOTA
BREI
BRS2
BRSK
BUDH
BULA
DIMO
DOMA
DROP
ELDH
FAGR
FAXI
FEDG
FITC
FJOC
FLAG
FOSS
FROS
GALT
GELD
GJBA
GLER
GOLA
GRFL
GULL
HAFU
HALD
HAMR
HAUC
HAUD
HEHA
HEKR
HEND
HESA
HGJA
HIAK
HLFJ
HNAU
HRAF
HRAS
HVEL
HVOL

East
(mm/yr)
1.9 ± 1.2
2.8 ± 0.7
10.7 ± 0.5
18.8 ± 0.9
18.1 ± 0.9
11.2 ± 0.6
17.9 ± 1.5
15.4 ± 0.6
6.6 ± 0.8
16.5 ± 0.7
2.1 ± 0.5
12.8 ± 0.6
14.8 ± 0.8
17.0 ± 0.4
16.0 ± 0.6
16.9 ± 1.0
9.2 ± 1.8
7.6 ± 4.5
1.5 ± 1.5
7.7 ± 0.6
1.8 ± 1.3
12.9 ± 1.1
13.7 ± 1.0
3.5 ± 0.7
1.9 ± 0.6
7.1 ± 1.1
18.2 ± 1.2
8.6 ± 0.7
-1.2 ± 2.8
5.4 ± 0.8
7.3 ± 0.6
16.4 ± 0.5
3.1 ± 1.3
7.2 ± 1.1
14.4 ± 0.8
10.7 ± 1.3
15.5 ± 1.0
10.5 ± 1.4
2.1 ± 0.8
-0.5 ± 1.8
3.6 ± 0.8
11.3 ± 0.7
15.0 ± 0.6
14.9 ± 1.1
0.4 ± 0.9
17.2 ± 0.4

North
(mm/yr)

Up
(mm/yr)

1.0 ± 0.9 -2.6 ± 3.5
0.9 ± 1.1 -1.0 ± 1.8
-0.5 ± 0.6 1.3 ± 1.8
-2.3 ± 0.8 5.4 ± 1.8
-2.9 ± 0.9 1.4 ± 5.5
-2.2 ± 0.6 2.2 ± 1.0
-0.4 ± 1.0 6.1 ± 3.8
-3.9 ± 0.4 9.5 ± 1.7
0.5 ± 0.8 0.7 ± 2.2
-3.1 ± 0.4 3.4 ± 1.6
1.2 ± 1.0 -4.4 ± 0.9
-1.8 ± 0.4 1.0 ± 2.0
-4.1 ± 0.5 1.6 ± 3.9
-3.0 ± 0.5 1.5 ± 1.5
-3.7 ± 0.7 3.4 ± 1.5
-2.7 ± 0.6 5.7 ± 1.9
-1.1 ± 1.3 1.3 ± 3.3
2.0 ± 1.3 -0.5 ± 3.6
3.7 ± 1.4 1.6 ± 5.7
-1.1 ± 0.6 2.9 ± 2.0
1.2 ± 0.9 0.8 ± 3.1
-0.1 ± 1.1 0.3 ± 4.7
-2.7 ± 0.8 4.2 ± 1.6
-0.2 ± 0.5 4.0 ± 1.6
0.9 ± 0.7 -10.7 ± 1.3
0.8 ± 0.9 3.3 ± 2.3
-3.6 ± 0.9 -2.8 ± 2.9
-4.2 ± 0.6 4.4 ± 2.7
1.0 ± 1.6 -3.4 ± 4.0
1.1 ± 0.5 13.2 ± 2.8
1.3 ± 0.7 5.6 ± 2.5
-2.6 ± 0.5 3.1 ± 1.5
3.7 ± 1.1 1.7 ± 4.0
-2.5 ± 1.0 0.6 ± 2.5
-1.6 ± 0.5 3.2 ± 1.8
-1.8 ± 1.2 -3.1 ± 3.1
0.0 ± 0.9 5.7 ± 3.5
-0.2 ± 1.3 -0.2 ± 4.7
0.5 ± 0.7 -2.4 ± 0.9
1.9 ± 1.8 -2.1 ± 3.6
0.7 ± 0.8 -2.9 ± 2.1
-1.5 ± 0.6 -0.6 ± 1.7
-3.3 ± 0.9 -4.9 ± 2.0
-0.6 ± 0.8 3.8 ± 1.9
1.1 ± 0.8 -3.8 ± 2.3
-4.6 ± 0.3 -2.6 ± 1.0

Site
INSK
ISAK
JOKU
KALD
KALF
KALT
KARA
KELD
KGIL
KIDJ
KKLO
KOPS
KRHR
KROK
KVFE
KYLI
L257
LAHR
LAMH
LANG
LAUF
LAUN
LAVA
LFEL
LIHO
LJOF
LYTI
MAEL
MJSK
MOHN
MORK
MUFE
NAEF
NBJA
NLAN
NOFA
NOHR
NONH
NORS
NOXL
PALA
PSI1
PSU2
PSU3
PSU4
PSU5
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East
(mm/yr)

North
(mm/yr)

Up
(mm/yr)

3.3 ± 2.5
5.7 ± 0.5
8.5 ± 0.8
8.6 ± 1.8
15.8 ± 0.8
14.8 ± 1.1
2.8 ± 0.4
13.9 ± 0.8
16.3 ± 0.7
8.3 ± 0.4
16.3 ± 0.7
3.0 ± 0.9
9.3 ± 0.9
13.1 ± 0.6
10.3 ± 0.8
12.7 ± 0.4
13.5 ± 1.9
12.7 ± 0.6
1.5 ± 0.5
2.4 ± 1.7
18.1 ± 1.4
10.0 ± 0.9
-1.0 ± 1.9
2.7 ± 1.0
14.8 ± 0.8
8.9 ± 1.0
14.2 ± 0.8
16.5 ± 0.4
12.8 ± 1.8
9.5 ± 1.2
15.3 ± 2.3
13.8 ± 0.8
4.1 ± 0.7
9.1 ± 0.6
10.2 ± 0.6
13.8 ± 1.0
11.8 ± 0.7
13.6 ± 0.7
9.3 ± 1.5
9.3 ± 0.5
13.4 ± 0.8
19.4 ± 1.5
21.5 ± 1.9
12.6 ± 3.4
17.9 ± 3.4
16.4 ± 2.0

2.7 ± 2.0
2.7 ± 0.4
-2.8 ± 0.5
-0.4 ± 2.4
-3.8 ± 0.7
-1.6 ± 0.9
1.0 ± 0.3
-2.6 ± 0.6
-0.7 ± 0.5
1.3 ± 0.3
-0.4 ± 0.6
0.2 ± 0.7
-1.6 ± 0.4
0.8 ± 0.6
-1.3 ± 0.6
-0.9 ± 0.6
-0.6 ± 2.3
-1.8 ± 0.7
2.1 ± 0.6
0.6 ± 1.6
-1.1 ± 1.0
-1.0 ± 0.7
0.3 ± 3.1
0.8 ± 0.8
-1.7 ± 0.6
-1.6 ± 0.4
-1.9 ± 0.8
-1.8 ± 0.4
-4.6 ± 1.2
-0.6 ± 1.1
-3.4 ± 1.9
-2.9 ± 0.6
0.0 ± 1.1
-1.1 ± 0.6
-3.0 ± 0.4
-1.2 ± 0.5
-1.5 ± 1.5
-1.3 ± 0.7
-0.7 ± 1.4
-1.8 ± 0.5
-5.0 ± 0.5
-0.3 ± 1.2
-2.0 ± 1.9
-1.1 ± 1.9
-3.6 ± 2.9
2.5 ± 3.7

-1.2 ± 5.5
3.5 ± 1.0
7.2 ± 2.6
-7.7 ± 4.9
7.7 ± 5.1
-1.6 ± 2.4
-5.9 ± 0.8
2.4 ± 2.4
-1.4 ± 2.0
-1.8 ± 0.8
1.8 ± 3.0
5.6 ± 3.0
4 ± 2.1
3.4 ± 1.5
1.9 ± 1.4
-2.3 ± 1.1
-13.0 ± 4.0
-1.7 ± 3.0
-0.3 ± 1.9
-15.2 ± 5.2
1.9 ± 2.2
3.0 ± 1.6
-2.2 ± 5.1
-2.9 ± 2.5
2.0 ± 1.6
8.0 ± 1.6
5.2 ± 3.6
0.4 ± 1.4
-2.3 ± 3.3
5.0 ± 3.6
1.7 ± 4.7
5.8 ± 1.9
17.1 ± 2.3
-4.5 ± 2.7
5.0 ± 2.2
2.5 ± 1.7
-5.7 ± 2.3
4.3 ± 1.8
1.8 ± 2.9
3.0 ± 1.1
4.9 ± 1.3
-2.5 ± 3.2
0.2 ± 3.7
-8.6 ± 5.6
-10.0 ± 6.3
2.1 ± 4.4

Table 2.2. (continued)
Site
PSU6
PSU7
PSU8
RAUK
RETT
REYK
REYZ
SARP
SATU
SAUR
SBJA
SKAL
SKDA
SKHR
SKJA
SKOT
SKRO
SLAN
SNAE
a

East
(mm/yr)
16.5 ± 3.3
13.6 ± 1.7
8.7 ± 1.8
10.4 ± 0.6
7.9 ± 0.9
-0.1 ± 0.4
-0.3 ± 1.4
4.1 ± 4.4
18.1 ± 0.8
9.3 ± 0.9
9.7 ± 0.5
0.8 ± 3.3
2.3 ± 2.6
13.8 ± 1.5
9.2 ± 0.5
2.7 ± 1.6
3.7 ± 0.5
12.7 ± 0.3
16.7 ± 0.3

North
(mm/yr)

Up
(mm/yr)

0.6 ± 1.2 -6.0 ± 4.7
-0.7 ± 1.9 -10.0 ± 3.7
-0.2 ± 1.1
-8.5 ± 3
-0.6 ± 0.5 6.4 ± 2.1
-2.0 ± 0.6 6.6 ± 3.1
1.3 ± 0.3
-5.4 ± 1
1.4 ± 0.6 -5.0 ± 1.9
5.1 ± 4.4 -6.2 ± 7.6
0.5 ± 0.8 1.2 ± 1.6
-0.9 ± 0.8 0.4 ± 2.2
-1.8 ± 0.7 8.4 ± 1.6
-2.9 ± 2.9 -5.8 ± 7.4
1.0 ± 1.9 -7.1 ± 5.2
-4.5 ± 0.6 6.8 ± 1.8
1.8 ± 0.6 7.1 ± 1.3
1.6 ± 3.7 -5.1 ± 3.6
1.7 ± 0.3 2.0 ± 1.2
-2.3 ± 0.3 3.0 ± 1.7
-2.8 ± 0.3 1.9 ± 1.2

Site
SOHO
STKA
STOB
STOR
TAGL
TBRU
TEIG
THJO
THRA
THVE
TINF
TJAG
UXAV
VAKO
VALA
VAVI
VEDR
VMEY

East
(mm/yr)
16.3 ± 0.4
5.4 ± 0.8
1.9 ± 0.9
15.8 ± 0.4
10.0 ± 0.5
11.8 ± 0.7
17.5 ± 0.7
4.7 ± 0.7
17.5 ± 0.4
16.6 ± 0.5
14.4 ± 0.7
1.3 ± 1.0
5.0 ± 4.7
2.4 ± 0.7
9.7 ± 1.0
3.1 ± 0.9
1.0 ± 1.4
16.8 ± 0.3

North
(mm/yr)

Up
(mm/yr)

-5.0 ± 0.4 -1.0 ± 1.1
0.3 ± 0.7 1.8 ± 2.2
0.8 ± 1.3 -4.1 ± 1.6
-2.8 ± 0.4 -0.6 ± 1.2
0.6 ± 0.6 5.0 ± 1.7
-0.2 ± 0.7 4.1 ± 1.7
-4.7 ± 1.2 3.4 ± 2.2
2.6 ± 0.4 6.4 ± 1.8
-0.1 ± 0.5 -2.2 ± 2.0
-2.1 ± 0.4 3.4 ± 1.3
-1.3 ± 0.5 2.4 ± 2.1
1.3 ± 0.4 -2.2 ± 2.6
3.4 ± 2.9 -17.0 ± 2.3
0.4 ± 0.6 -5.1 ± 1.5
0.1 ± 1.4 7.4 ± 1.9
0.8 ± 1.0 -4.5 ± 0.8
0.8 ± 2.0 -3.9 ± 3.4
-2.2 ± 0.3 -2.3 ± 0.8

See Table 2.5, auxiliary material Data Set S1 for details on 2008 earthquake offsets, and

see Table 2.8, auxiliary material Data Set S4 for details on GIA.
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Figure 2.5. Correlation plots for model parameters for the spherical source model for
Hekla (PBHmTm), obtained using perturbed velocities (400 model runs). Each dot is a
best fit value for a perturbed velocity field. The boundaries of the graphs represent the
search range for each parameter. The source depth and strength for the Hekla source
show the strongest correlation. Hekla e (east) and Hekla n (north) represent the location
of the Hekla source (in km from the summit of Hekla). Hekla d and Hekla v represent the
depth (in km) and volume rate (in 10 m /yr), respectively. SISZ LD and EVZ LD
6

3

represent the locking depths of the SISZ and EVZ. For the intersection of the plate
boundary axis (in degrees of latitude and longitude), R-S n represents the north
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Figure 2.5. (continued) coordinate of the RP – SISZ intersection; S-E n and S-E e
represent the north and east coordinates of the SISZ – EVZ intersection, respectively; EN e represents the east coordinate of the EVZ – NVZ intersection.
(depth and volume rate) for a total of twelve parameters (Table 2.3). The optimal
parameters for this model result in #2v = 5.33. The improvement in fit when adding a
deformation source for Torfajökull (Table 2.3) is small compared to solving only for
Hekla and the plate boundary, and is not statistically significant at the 99% confidence
level; however, this model agrees with other geodetic observations [Scheiber-Enslin et
al., 2011]. Therefore, we include the Torfajökull source in all subsequent models.
To visualize the magnitude of the deformation signals from Hekla and Torfajökull
we subtract the plate boundary deformation component from the results of model
PBHmTm from the observed velocities, leaving only a signal from Hekla and Torfajökull
in the data (Figure 2.6a). The horizontal component of the inflation signal from Hekla
extends over south Iceland, with a maximum predicted rate of <3.5 mm/yr at a distance
of 16 km from Hekla and, according to our best-fit parameters to model PBHmTm (Table
2.4), falls below 1 mm/yr at 60 km distance. The model prediction for the best-fitting
point sources at Hekla and Torfajökull, shown as white arrows in Figure 2.6a, is in fair
agreement with the observations. However, subtle systematic differences between the
model and observations, in particular, rapidly changing velocities at sites west and north
of the summit of Hekla, might suggest an additional shallow magmatic source or different
magmatic source geometry. We tested whether an additional inflating spherical source
could explain the velocity misfits, solving again simultaneously for the plate boundary, a
shallow and a deep spherical source at Hekla, and a subsidence source at Torfajökull
(model PBHmmTm). The best-fitting shallow spherical source was located 6-11 km W of
the summit and at 3-8 km depth, and inflating at 0.0004-0.0014 km3/yr. The deeper
source in this model is located 2-8 km E of the summit and at 23-33 km depth. This
model has #2v = 5.17 and is statistically better (>99% confidence) than the single source
model for Hekla. This model is appealing to explain the rapidly varying velocities west of
Hekla (Figure 2.6a), however, we find the result geologically perplexing because there
are no active volcanic systems west of Hekla and the model (PBHmmTm) predicts
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magma chambers laterally offset by ~17 km, the approximate distance between the Hekla
and Torfajökull magma chambers. We thus prefer the single source model (PBHmTm).

Table 2.3. Comparison of Different Model Results
Modela
PB
PBHm
PBHmTm
PBHpTm
PBHeTm
PBHmmTm
PBHdTm
PBHsTm
a

Number of Parameters
6
10
12
13
13
16
15
14

WRSS

!!!

3012
2019
1998
1996
1911
1917
3007
2460

8.17
5.36
5.33
5.34
5.11
5.17
8.08
6.60

Model naming scheme as follows: PB: solve for plate boundary intersections and

locking depths; H: include a source for Hekla; T: include a source for Torfajokull. Lower
case letters indicate the type of volcanic source model: m: Mogi (spherical) source; p:
pipe source; mm two Mogi sources; d: dike; s: sill; e: ellipsoid.

2.3.4 Other Models of the Geometry of the Hekla Magma
System
The morphology and eruptive history of Hekla volcano demonstrate that the volcano is
elongated in a northeast-southwest direction (N60°E) and that eruptions occur along the
>8 km long Heklugjá eruptive fissure and sub-parallel fissure swarms [Thorarinsson,
1967]. It has been proposed that the magma chamber under Hekla is elongated in a
northeast-southwest direction along the volcanic system [Gudmundsson et al., 1992]. We
test four additional source geometries for the inflation signal at Hekla to examine if there
are tendencies for an elongated source along the Hekla volcanic system or deformation
associated with a vertical magma chamber. For each model we re-estimate the optimal
parameters for the plate boundary and a spherical source for Torfajökull as before.
In model PBHdTm we incorporate a dike for the Hekla inflation source and solve
for the central location, depth to the top, strike, length, width, and opening rate of the
dike (total of 15 parameters). This model has a significantly worse fit (#2v = 8.08) than the
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Figure 2.6 (previous page). The horizontal velocity field at the SISZ-EVZ intersection
(black vectors) after subtracting from the observations, the plate boundary deformation
using the best fit plate boundary parameters of models (a) PBHmTm, (b) PBHeTm, and
(c) PBHpTm. Best fit location of the plate boundary (Table 2.4) is shown with a dashed
black line for each model. The residual signal is dominated by inflation at Hekla, and to
a lesser degree, deflation at Torfajökull. The white vectors show model predictions for
Hekla and Torfajökull deformation sources. The location of the best fitting source for
Hekla and the fixed source at Torfajökull are shown as a white triangle and a white
inverted triangle, respectively. Symbols as in Figure 2.1.
spherical source model (Table 2.3). The parameters of the dike are poorly constrained
and the model appears not to be applicable for inter-eruptive magma accumulation at
Hekla.
In model PBHsTm we test a rectangular sill model for Hekla, where we solve for
the location, depth, length, width, and opening rate of the sill. The strike was fixed to 60°
(the approximate strike of Hekla). This model has #2v = 6.60 and fits the data worse than
PBHmTm (Table 2.3). The dimensions and opening rate of the sill are poorly
constrained, with no clear correlation between the length and width of the sill. The
estimated depths range from 24 to 37 km.
In model PBHeTm we test an ellipsoidal source. We solved for horizontal
location, depth, pressure increase, and semimajor axis of the ellipsoid, a total of 5
parameters in addition to the eight representing the plate boundary and Torfajökull. We
found that we had to fix or tightly constrain some of the ellipsoid parameters to obtain
stable solutions. Specifically, we fixed the plunge to 0° (horizontal ellipsoid), the
semiminor axis to 1 km, and the strike to 60°. We also tested a strike of 40°, which gave
a slightly worse fit, and 50°, which gave a similarly good fit as 60°. We apply equation
18 of Tiampo et al. [2000] to obtain the volume rate for this source. The ellipsoidal model
fits the GPS velocities significantly better (>99% confidence) than the spherical source
models PBHmTm and PBHmmTm (Table 2.3) with #2v = 5.11. The best-fit model
predicts the rapid motion west of Hekla (Figure 2.6b), better than the spherical model
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Table 2.4. Best Fit Parameters and 1-Sigma Uncertainties for Models PBHmTm,
PBHpTm, and PBHeTm
Parameter

PBHmTm
(Sphere)

PBHpTm
(Pipe)

PBHeTm
(Ellipsoid)

!!!!
!!!!!!!!
!!!!
!!!!!!!!
!"!!
!!
!"!!!
!!
-

!!!!
!!!!!!!!
!!!!
!!!!!!!!
!!
!!!
!"!!
!!
!"!!
!!
-

!!!!
!!!!!!!!
!!!!
!!!!!!!!
!"!!
!!
!"!!
!!
!!
!"!!
1c

-6 to 6
-6 to 6
1 to 40
1 to 40
0.1 to 40b
3 to 40b
0.5 to 30

Torfajökull Spherical Source
North (°N)
East (°E)
Depth (km)
!"!!
!!
!!!!
Vol. rate (106 m3/yr)
!!!!!!!!

63.93c
-19.22c
!!!!
!!
!!!!
!!!!!!!!

!!!!
!!
!!!!
!!!!!!!!

1 to 40
-40 to 0

Hekla
Easta (km)
Northa (km)
Depth (km)
Vol. rate (106 m3/yr)
Top depth (km)
Bottom depth (km)
Long axis (km)
Short axis (km)

Coordinates of Plate Boundary Segment Intersections
!!!!"
!!!!"
!!!!"
RP-SISZ (°N)
!"!!"!!!!"
!"!!"!!!!"
!"!!"!!!!"
c
RP-SISZ (°E)
-21.24
!!!!"
!!!!"
!!!!"
SISZ-EVZ (°N)
!"!!"!!!!"
!"!!"!!!!"
!"!!"!!!!"
!!!!"
!!!!"
!!!!"
SISZ-EVZ (°E)
!!"!!"!!!!"
!!"!!"!!!!" !!"!!"!!!!"
c
EVZ-NVZ (°N)
64.9
!!!!
!!!!
!!!!
EVZ-NVZ (°E)
!!"!!!!!!
!!"!!!!!!
!!"!!!!!!
c
RR-RP (°N)
63.7
RR-RP (°E)
-23.8c
Locking Depths of Plate Boundary Segments
SISZ (km)
!"!!
!!
EVZ (km)
!!!!
!!
RP (km)
Strike of Plate Boundary Segmentsd
SISZ (°)
!"!!
!!
EVZ (°)
!"!!
!!"

!"!!
!!
!"!!
!!
7c

!"!!
!!
!"!!
!!

!"!!
!!
!"!!
!!"

!"!!
!!
!"!!
!!!

a

Search Range

63.9 to 64.1
63.8 to 64.1
-20 to -17
-18 to -14

1 to 30
1 to 30

Distance from the summit of Hekla, 63.992°N, -19.667°E.
For the pipe model, the depth to the top must be less than the depth to the bottom.
c
Fixed parameter.
d
Derived from the intersections of RP (Reykjanes Peninsula), SISZ (South Iceland Seismic Zone), EVZ
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(Figure 2.6a). However, the model does not improve the fit to sites immediately north of
Hekla. The best-fit ellipsoid has a total length of 22-38 km and is at a depth of 22-28 km
(Table 2.4). We verified that the deformation is identical from an ellipsoid with a shorter
semiminor axis (e.g., 0.1 km) and higher volume rate; therefore we are not sensitive to
the total volume of the ellipsoid.
In the last model (PbHpTm), we tested a closed vertical pipe model [Bonaccorso
and Davis, 1999] for Hekla. The closed pipe model approximates deformation from a
vertically dipping, prolate spheroid [Yang et al., 1988] with the semiminor axis much
smaller than the semimajor axis. This model predicts a characteristic local subsidence
centered on the volcano (Figure 2.7) and is thus an interesting alternative model to the
Hekla lava-loading model [Grapenthin at al., 2010]. We again solved simultaneously for
the plate boundary and Torfajökull source parameters. For the pipe we solved for its
horizontal location, the depths to the top and bottom of the pipe, and the volumetric rate.
The results indicate top depths of 9-13 km and bottom depths of 17-28 km for the pipe
(Table 2.4). The best-fitting parameters give #2v = 5.34, quite similar to our spherical
source model, PBHmTm. The best fit model predicts higher velocities near Hekla than
models PBHmTm and PBHeTm (Figure 2.6c).

2.4 Discussion
Magmatic systems in Iceland are intimately related with the divergent plate boundary,
accommodating relative plate motion through repeated rifting events. Surface
deformation in south Iceland is driven by North America - Eurasia relative plate motion
along the RP, SISZ and EVZ, magmatism at central volcanoes, and the effects of rapid
glacial melting [Árnadóttir et al., 2009]. The SISZ-EVZ intersection in south Iceland is
atypical compared to most mid-ocean ridge-transform intersections, because of the
nteraction between the Icelandic hotspot and the Mid-Atlantic Ridge at this latitude.
Nevertheless, secular plate motion across the plate boundary segments and at their
intersection dominates the horizontal surface velocities (Figure 2.3) masking volcanic
deformation at Hekla volcano and Torfajökull caldera (Figure 2.6). Our models account
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Figure 2.7 (top) Vertical and (bottom) radial velocities as a function of distance from the
best fitting spherical source for Hekla (Table 2.4). Deformation from the plate boundary
and Torfajökull (model PBHmTm) have been removed from the observations. Solid line
shows the predicted velocity profile for the best fit spherical source (Table 2.4) and
dashed line the predicted deformation for the best fit vertical pipe model (Table 2.4) at
the same horizontal location as the spher- ical source.
for inter-seismic and inter-rifting elastic strain accumulation on the SISZ and EVZ,
respectively, in order to investigate the inflation source at Hekla, and subsidence source
at Torfajökull. The combined plate boundary and volcanic source models explain most of
the horizontal GPS site velocities and the residuals are small (Figure 2.8). The horizontal
ellipsoid model (PBHeTm) fits the observed velocities best (Table 2.3). Comparing the fit
of the models to the signal from Hekla and Torfajökull (Figure 2.6a-2.6c), we conclude
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that although model PBHeTm is statistically superior, models PBHmTm and PBHpTm
(spherical and pipe-shaped models of Hekla, respectively) remain plausible options.
Below we discuss the results and implications of the separate models and model
components.

2.4.1 The SISZ and EVZ Plate Boundary Segments
Despite the simple representation of the SISZ and EVZ plate boundary segments, our
model explains most of the horizontal velocity field (Figure 2.8). The plate boundary
parameters are quite similar for each of the three best-fit models (Table 2.4). We discuss
below the plate boundary results in terms of model PBHmTm. The assumption that
present-day North America – Eurasia motion is described by the MORVEL plate motion
model [DeMets et al., 2010], is reasonable at this level of detail (Figure 2.8). A few sites
south of the central SISZ have eastward residual velocities (Figure 2.8) and sites in the
southern part of the WVZ are not very well fit. This may be related to our modeling of
the SISZ and RP (Figures 2.4c and 2.4d), each as single-segment transform fault systems
with constant locking depths, instead of using a variable depth to the brittle-ductile
transition zone along the SISZ as determined by seismic data [Stefánsson et al., 1993].
Sites in the northern part of the EVZ have residual northward azimuths (Figure 2.8),
similar to residual trends observed by Árnadóttir et al., [2009].
The intersection of the SISZ and EVZ was found to be within the Torfajökull
caldera (Table 2.4), although there exist solutions from the perturbed input velocities that
are well north and east of Torfajökull (Figure 2.5; S-Ee versus S-En). The best-fit
+1.10
location for the intersection of the SISZ and the EVZ ( 63.96 +0.10
!0.03 °N, !19.32 !0.06 °E) is

similar to what has been inferred before from seismicity in the SISZ, previous geodetic
studies, geology, and observations of the topography of the volcanic ridges characteristic
of the EVZ [e.g., Soosalu and Einarsson, 2005; LaFemina et al., 2005; Árnadóttir et al.,
2009; Scheiber-Enslin et al., 2011]. We do not find correlations between the location of
the SISZ-EVZ intersection and the depth or volume rate of the Hekla inflation or
Torfajökull deflation sources (Figure 2.5). This is likely the case for Hekla because it lies
closer to the axis of the SISZ than the EVZ (Figure 2.6). Seismicity at Hekla
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Figure 2.8. Residual velocity vectors after subtracting the best fitting model (PBHmTm)
from the observations. The best fitting plate boundary geometry is shown with a dashed
line and the source locations for Hekla and Torfajökull are shown as a white triangle and
a white inverted triangle, respectively. Symbols as in Figure 2.1.

during non-eruptive periods resembles patterns of seismicity in the SISZ, which also
suggests that Hekla is in the SISZ [Soosalu and Einarsson, 2005]. Our model result for
the location of the SISZ axis coincides with the center of historical seismicity and zone of
bookshelf faulting in the SISZ (Figure 2.8) [e.g., Einarsson, 1991]. The axis of the EVZ
(i.e., the center of plate spreading) falls in the western part of the EVZ (Figure 2.8) as
found previously [LaFemina et al., 2005; Scheiber Enslin et al., 2011].
+8
For the SISZ we estimate a locking depth of 15 +3
!2 km, comparable to the 15 !5 km

estimated by Árnadóttir et al. [2006], but somewhat higher than previous estimates of
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7 +3
!2 km and 9.5 km by Árnadóttir et al. [2009] and Decriem and Árnadóttir [2012],
respectively. We interpret the locking depth of the SISZ as a proxy for the depth to the
brittle-ductile transition. Árnadóttir et al. [2006] modeled both a single east-trending fault
and multiple north-trending “bookshelf” faults for the SISZ and concluded that the single
east-trending fault model had fewer parameters and fit the data better. The best-fit
locking depths in the SISZ seem to depend more on the choice of source model for Hekla
(Table 2.4), but do not show a clear correlation with any of the other model parameters
(Figure 2.5). Our locking depth estimate is mostly constrained by data from the eastern
part of the SISZ and is somewhat deeper than the maximum depth for earthquakes of 12
km for this area [Stefánsson et al., 1993; Árnadóttir et al., 2006].
The locking depth we estimate for the EVZ is 11+5
!2 km, similar to the depth of
13+7
!3 km for the northern part of the EVZ found by LaFemina et al. [2005] using 2-D
elastic half-space models. However, it is greater than the 3.0 +1.2
!0.7 km for a profile crossing
the EVZ north of Torfajökull [LaFemina et al., 2005]. Scheiber-Enslin et al. [2011]
obtained a locking depth of 5 ± 2.5 km for a similar profile north of Torfajökull using
longer time series than LaFemina et al. [2005]. Estimated locking depths within and
south of Torfajökull indicate depths <7 km [LaFemina et al., 2005; Scheiber-Enslin et
al., 2011]. Using a sparser but more regional data set spanning 1993 to 2004, Árnadóttir
et al. [2009] found a locking depth of 6-10 km when modeling the EVZ.
We interpret the locking depth in the EVZ as the brittle - ductile transition
[LaFemina et al. 2005]. It is difficult to obtain independent estimates of the brittle
thickness of the crust within the EVZ, because this zone has been essentially aseismic
outside the central volcanoes in recent decades [Einarsson, 1991; Jakobsdóttir, 2008].
Our locking depth estimate of the EVZ is governed by the width of the deforming zone in
the EVZ as is apparent in the velocity field (Figure 2.1). Our estimates of locking depth
may be biased because we do not attempt to solve for varying opening rates along the
EVZ as in LaFemina et al. [2005] nor apply more complicated models for the geometry
of the EVZ [Travis et al., 2011]. However, our representation of the EVZ fits the
observed velocities adequately (Figure 2.8). Thus we do not pursue here further different
models of the EVZ.
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2.4.2 Subsidence of Torfajökull caldera
The horizontal velocity field indicates motion toward the western end of Torfajökull
caldera, indicating subsidence of the caldera (Figure 2.6a). This is consistent with the
findings of Scheiber-Enslin et al. [2011]. Our results for the subsidence source at
Torfajökull are not well constrained. The Torfajökull deflation source that best fits our
+0.6
observations is located at 15 +8
!5 km depth and deflates at a volumetric rate of !1.5 !4.0 " 10
3

km3/yr (Table 2.4, model PBHmTm). Our sensitivity analysis (Figure 2.5) shows

tradeoffs between the Torfajökull volume and Hekla source parameters. The horizontal
source location was constrained to that reported by Scheiber-Enslin et al. [2011] as
determined from eGPS, tilt, and InSAR measurements, however, our depth estimate is
deeper than their estimate of 5 km depth. The maximum horizontal velocity from our
Torfajökull source is less than 1.0 mm/yr (Figure 2.4b), which is on the same order as our
measurement uncertainties (Table 2.2). Deformation source models do not distinguish
between different mechanisms for contraction such as cooling of a magma chamber,
pressure changes in geothermal systems, magma drainage, or loading by recent, thick
lava flows. Soosalu and Einarsson [2004] find an aseismic volume at ~8 km depth that
they inferred as a cooling magma chamber. However, Soosalu and Einarsson [2004] also
note that shear-waves travel through this volume without detectable attenuation and thus
this body cannot contain a large fraction of melt. Furthermore, Lippitsch et al. [2005] do
not find any direct evidence for a magma chamber, but note that a sharp cut-off in
seismicity below 3 km depth and high geothermal activity may indicate the existence of a
cooling magma chamber below this depth.

2.4.3 Decadal Inflation of Hekla Volcano
2.4.3.1 Depth and Location of the Magma Chamber
All our models predict that the deformation source of Hekla is deep – at lower crust or
Moho depths. The best-fit single spherical source (PBHmTm) for Hekla is at 24 +5
!2 km
depth, and the best-fit ellipsoidal source (PBHeTm) is at 24 +4
!2 km depth (Table 2.4).
These depths are somewhat deeper than the 17 ± 3 km depth that Ofeigsson et al. [2011]
36

found from modeling of InSAR data for the inter-eruptive periods 1993-2000 and 20032008. Profiles of the observed and predicted horizontal and vertical velocities as a
function of distance from Hekla (Figure 2.7), demonstrate that the depth of the source is
constrained more by the horizontal velocities than the vertical velocities. The vertical
velocities are scattered and have large uncertainties, however, they do indicate that there
is uplift associated with Hekla, overprinted with relative subsidence centered on Hekla, in
accordance with InSAR data [Ofeigsson et al., 2011].
In order to verify that the magma chamber at Hekla is indeed required to be deep
to fit the GPS velocities, we performed a number of tests to see if the results were robust.
To test the impact of the scaled GIA corrections (Table 2.8, auxiliary material Data Set
S4) on the results, we reran model PBHmTm without these corrections using only the
horizontal velocities. This resulted in a depth of 22 +6
!3 km for the Hekla source (Table 2.9,
auxiliary material Data Set S5), insignificantly different from the results from the
glacially corrected data set. To test whether sites far away from Hekla that were not fit by
the models (e.g., sites in the WVZ, or the northern EVZ) were affecting the depth
estimate at Hekla, we applied the best-fit parameters for the plate boundary and
Torfajökull from model PBHmTm (Table 2.4) and solved for a single spherical source at
Hekla using only sites within 50 km of Hekla. This resulted in depths of 19.5-21.5 km for
the magma chamber at Hekla. Furthermore, we tested if neglecting possible lava loading
affects the depth estimate of model PBHmTm. We applied predicted corrections for the
lava loading (R. Grapenthin, personal communication, 2011) to the vertical (maximum of
8.5 mm/yr) and horizontal (maximum of 0.9 mm/yr) GPS velocities, and re-ran model
PBHmTm, solving for the plate boundary and point sources for Hekla and Torfajökull.
+5
This resulted in a best-fit depth for the Hekla source of 25+1
!2 km, comparable to the 24 !2

km depth obtained by modeling the original velocity field (Table 2.4). We thus conclude
that the GPS data necessarily imply a deep source for the magma chamber at Hekla,
deeper than 20 km.
Earlier geodetic studies of Hekla volcano found shallower depths for the modeled
magma reservoir. Kjartansson and Gronvold [1983] used EDM data collected in a 10
month period following the 1980 - 1981 eruption and found a source depth of 7-8.5 km.
Tryggvason [1994] compiled tilt and EDM measurements spanning the 1970, 1980-81
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and 1991 eruptions and inter-eruptive periods demonstrating a sawtooth pattern for Hekla
inflation and rapid co-eruptive deflation [see also Sturkell et al. 2006b]. From these data,
Tryggvason [1994] estimated the source to be at 5-6 km depth and centered 4-6 km N or
NW of the summit. Other studies that tried to estimate the source location place it ~2 km
south of the summit [Kjartansson and Gronvold, 1983]; under the summit [Sigmundsson
et al., 1992]; or around 1 km east of the summit [Ofeigsson et al., 2011]. The source
location we find is either slightly west of the summit, or located roughly at the axis of the
volcano (Table 2.4). Sigmundsson et al. [1992] estimated a depth of 9 +6
!7 km for the
source of the 1991 eruption using campaign GPS data, noting that the small aperture and
low GPS network density close to Hekla for the 1991 eruption made it difficult to
constrain the source depth and strength for the eruption. The same is likely true for the
EDM and tilt measurements. Using borehole strain data, Linde et al. [1993] obtained a
depth of 6.5 km for the 1991 co-eruptive signal. This depth was later revised to ~11 km
[Jónsson et al., 2004]. Sturkell et al. [2005] found a depth of 11 km for the 2000 eruption
magma source using borehole strain and tilt data.
In addition to geodetic methods, geochemical and geophysical methods have been
used to constrain the magma plumbing system at Hekla. Petrologic analyses of Hekla
eruptive products indicate that the magma is stored at depths greater than 11-12 km
[Moune et al. 2007; D. Geist, personal communication, 2012] and depths of 17.7 to 34.0
km [Kelley and Barton, 2008], prior to eruptions. Soosalu and Einarsson [2004]
demonstrated by studying S-wave attenuation that there cannot be an extensive magma
chamber under Hekla between 4 and 14 km. Our observations of rapidly changing
velocities west of Hekla (Figure 2.6a-2.6c) could indicate an additional inflation source at
shallow or intermediate depths west of Hekla, however, there is no geologic evidence for
an active magmatic system in this region (see testing of two spherical sources in the
Modeling section). The lack of a hydrothermal system at Hekla also supports the idea that
there is no long-lived shallow magmatic system. A joint inversion of the GPS and InSAR
time series may improve our understanding of whether or not a shallow magma plumbing
system exists at Hekla.
Modeling of seismic and gravity data sets suggests Moho depths of 25-30 km for
the Hekla region [Darbyshire et al., 2000; Allen et al., 2002; Kaban et al., 2002]. Our
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model results can thus be interpreted to represent magma accumulation at the base of the
crust or at deep levels in the lower crust under Hekla. Although evidence for magma
accumulation at or near the Moho for many Icelandic volcanic centers has been found
with geochemical methods [Kelley and Barton, 2008], geodetic studies in Iceland have so
far only detected deformation of one such region. Geodetic data collected at the Krafla
volcanic system, north Iceland, was interpreted in terms of magma accumulation at deep
levels in the crust (~21 km) or at the crust-mantle boundary [de Zeuuv-van Dalfsen et al.,
2004]. Additionally, there is geodetic evidence for lower crustal intrusions in northern
Iceland. For example, an intrusion east of the Askja volcanic system has been modelled
to be in the lower crust (depths of 12-20 km) [Hooper et al., 2011], and continuous
subsidence at Askja has been interpreted using two subsidence sources, with the deeper
one at ~16 km depth [Sturkell et al., 2006a]. Due to the great depths, which result in
small surface deformation signals, geodetic methods only detect deformation from
magma chambers at or near the Moho that have high magma supply rates.

2.4.3.2 Geometry of the Hekla Magma Chamber
Although the source of deformation under Hekla is deep, and the surface deformation is
small, we investigate the geometric properties of the magma chamber under Hekla with
our dense geodetic network. We tested three geometrically different models that fit our
data set well, each with different implications. The spherical model (PBHmTm) is the
simplest geometrically, yet the horizontal ellipsoid model has the overall best fit to the
GPS data (Table 2.3), and matches conceptually axial magma accumulation under central
volcanic systems in Iceland [e.g., Gudmundsson et al., 1992] and along mid-ocean ridge
segments [Sinton and Detrick, 1992]. An alternative model is the pipe or finger shaped
magma chamber reaching from ~21 km up to ~10 km below the surface (Table 2.4).
Although this model (PBHpTm) has a worse fit than the horizontal ellipsoid, it offers an
explanation of the observed central subsidence at Hekla, as an alternative model to the
lava loading model [Grapenthin et al., 2010; Ofeigsson et al., 2011]. A deformation
profile for our best-fit pipe-shaped magma chamber (Table 2.4) is shown in Figure 2.7 in
comparison to the observed velocities and the best-fit single spherical magma chamber.
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The vertical signal is lower in amplitude, with localized subsidence in the center. The
width of the subsidence area, according to the pipe model, is correlated with the depth to
the top of the pipe, and the amplitude increases with a lower Poisson ratio [Bonaccorso
and Davis, 1999]. The closed pipe model is also in better agreement with geochemical
data and co-eruptive strain and tilt deformation signals that indicate depths of ~11 km
[Sturkell et al., 2005], compared to the spherical model. The actual shape of the magma
plumbing system may be a combination of all these models or have more complex
geometries.

2.4.3.3 Magma Budget of Hekla
Although the surface deformation rates caused by the deep magma chamber at Hekla are
small, we do not observe any significant temporal changes in the GPS site time series
within the observation period. This indicates that Hekla volcano has been steadily
inflating within our observation period (2000.5 to 2010.0). Hekla has had 18 documented
summit eruptions and five eruptions outside the summit area since 1104. The last
eruption was in 2000 [Höskuldsson et al., 2007] and before that in 1991 [Gudmundsson et
al., 1992], 1980-81 [Grönvold et al., 1983], and 1970 [Thorarinsson and Sigvaldason,
1972]. Before the 1 km3 1947 eruption [Thorarinsson 1967], which preceded the 1970
eruption, the repose period was typically 50-100 years. Tephrachronological studies
reveal a maximum average repose time of 160 years for the past 8000 years [Larsen and
Eiríksson, 2008]. The average effusion rate for historical eruptions during the past 1000
years is around 0.01 km3 per year [Thorarinsson, 1967; Gronvold et al., 1983]. The 2000
eruption produced ~0.19 km3 DRE of lava and tephra [Höskuldsson et al., 2007],
corresponding to an average effusive rate of ~0.02 km3/yr since the 1991 eruption. These
effusion rates do not take into account the volume of co-eruptive dikes that form during
the eruptions, nor other intrusions, which might be significant for the total magma budget
of Hekla.
3
The best-fitting magma supply rate we find for Hekla is 0.019 +0.011
!0.002 km /yr for the

spherical model (PBHmTm). The volumetric rate we find is directly correlated with the
estimated depth of the source (Figure 2.5). Thus, although the uncertainties are large, the
40

range of acceptable models when considering a combination of depth and volume is well
constrained. While the ellipsoidal source suggests a similar volumetric rate (Table 2.4),
the best fit pipe-shaped model indicates only about half the volume rate ( 0.008 +0.003
!0.001
km3/yr). Our estimates of volume rate, for the spherical and ellipsoidal models, are
similar to that found by Ofeigsson et al. [2011].
Our models do not account for compressibility of magma in the magma chamber;
therefore, the actual magma supply rate may be larger than the volumetric increase of the
magma chamber [Johnson et al., 2000]. However, Moune et al. [2007] observe that
Hekla’s basaltic magmas are undersaturated in volatiles at depths below 9 km, thus the
compressibility of the magma is likely not as important as for other volcanoes, for
example Soufriere Hills volcano [Voight et al., 2010]. It is more likely that the simplified
rheology we apply has a greater effect. At the depths we obtain for the magma chamber
under Hekla, viscoelastic rheologies are probably more appropriate and can either
amplify or decrease the signal from the actual magma supply rate [e.g., Bonafede et al.,
1986; Dragoni and Magnanensi, 1989]. Because the elastic and viscoelastic parameters
are not well known, we consider our simplified models an important contribution to
research at Hekla, and imply directions for continuing investigations. Because Hekla is
already overdue for an eruption according to the 'decadal' eruption pattern (i.e., the last
four eruptions have occurred every ~10 years since 1970), and our time series indicate a
constant magma supply rate at Hekla since 2000, the next eruption could likely be larger
in volume than the 2000 eruption.

2.5 Conclusions
Using GPS data from 2000.5 to 2010.0 we estimate the location and strength of the
magma source at Hekla volcano while simultaneously solving for the inter-seismic
(SISZ) and inter-rifting (EVZ) plate motion signals. Using simplified models of the plate
boundary segments, we verify that the plate boundary follows the most seismically and
volcanically active areas in Iceland. We constrain the center of the intersection of the
SISZ and the EVZ to be within the Torfajökull caldera. Estimated locking depths of the
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+5
eastern part of the SISZ and the EVZ are 15 +3
!2 km and 11!2 km, respectively. We find the

magma chamber under Hekla to be at approximately 24 km depth, when we interpret the
deformation signal to be caused by a horizontal ellipsoid or a spherical source. This depth
corresponds with the lower crust or crust-mantle boundary in this region. A pipe-shaped
+6
magma chamber at depths between 10 +3
!1 and 21!3 km fits the data equally well as the

spherical magma chamber, contributes to central subsidence observed at Hekla, and
might be in better harmony with other geophysical and geochemical observations. The
estimated magma supply rate at Hekla, on the order of 0.01 to 0.03 km3/yr, is comparable
to average historical effusive rates.
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2.8 Auxiliary material
Table 2.5, Data set S1. Calculated displacements in mm at GPS sites for the two May 29,
2008, mainshocks from the uniform slip model of Decriem et al. [2010].
Site
ALMA
BISK
BJAL
BLAU
BOTA
BREI
BRS2
BRSK
BUDH
BULA
DIMO
DOMA
DROP
ELDH
FAGR
FAXI
FEDG
FITC
FJOC
FLAG
FOSS
FROS
GALT
GELD
GJBA
GLER
GOLA
GRFL
GULL
HAFU
HALD
HAMR
HAUC
HAUD
HEHA
HEKR
HEND
HESA
HGJA
HIAK
HLFJ
HNAU
HRAF
a

East North
-5.1
0.4
-5.4
-1.1
-0.3
-0.6
0.1
-0.8
0.3
-0.3
-0.2
-0.3
0.2
-0.9
0.3
-0.9
-0.8
-0.8
0.2
-0.4
-8.1
-8.9
-0.2
-0.6
0.5
-1.0
0.3
-0.3
0.1
-0.3
0.7
-0.9
-0.3
-1.1
-1.4
-1.2
-0.3
-0.3
-0.4
-3.0
-3.6
4.1
-0.1
-0.5
-0.0
-0.3
-2.7
-3.4
-6.2
-4.2
-0.4
-1.3
0.9
-0.9
0.6
-1.6
-2.9
-2.6
-0.3
-1.4
-0.8
-0.9
2.3
-2.1
-0.4
-0.4
0.3
-1.7
0.0
-0.4
-0.2
-1.1
7.9
-6.8
-0.4
-1.0
-5.2
-0.5
-3.0
3.0
-3.2
-2.9
-0.2
-0.6
0.1
-0.6

Up
-0.1
0.2
0.1
-0.1
-0.1
0.1
-0.1
-0.1
0.3
-0.1
1.9
0.1
-0.2
-0.1
-0.0
-0.3
0.1
0.6
0.2
0.1
-1.3
0.0
0.0
0.8
0.9
0.1
-0.4
-0.2
1.1
0.1
0.3
-0.9
0.2
-0.1
-0.0
0.1
-2.3
0.1
0.1
-1.2
1.2
0.1
-0.0

Site
East North
HRAS 0.2
-0.6
HVEL -0.6
-0.7
HVOL 0.6
-0.5
INSK -0.9
-0.9
ISAK -1.1
-1.3
JOKU -0.3
-0.3
KALD -0.6
-0.5
KALF 0.0
-0.2
KALTa 15
-12
KARA -5.2
2.9
KELD 2.7
-2.5
KGIL
0.3
-0.5
KIDJa
-9
-15
KKLO 0.3
-0.6
KOPS -4.6
-3.9
KRHR 0.9
-2.2
KROK -0.4
-0.8
KVFE -0.4
-0.4
KYLI -0.0
-0.5
L257
-0.2
-0.5
LAHR -0.0
-0.5
LAMH -2.5
-2.7
LANG -1.0
-0.9
LAUF 0.3
-0.8
LAUN -0.4
-0.7
LAVA -10.1 -12.1
LFEL -1.4
-1.3
LIHO -0.0
-0.7
LJOF -0.3
-0.4
LYTI
5.2
-5.2
MAEL 0.4
-0.5
MJSK 0.4
-1.1
MOHN -0.3
-1.1
MORK 2.1
-1.9
MUFE 0.0
-0.9
NAEF -0.1
-1.5
NBJA -0.5
-1.1
NLA
-0.2
-0.3
NOFA 0.1
-0.4
NOHR -0.1
-0.5
NONH 3.5
-3.8
NORS -0.4
-1.2
NOXL -0.2
-1.0

estemated from time series
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Up
-0.1
0.3
-0.3
0.4
0.4
0.1
0.2
-0.0
0
-0.7
-0.9
-0.1
0
-0.1
1.5
-0.3
0.1
0.1
0.0
0.1
0.0
1.1
0.4
-0.1
0.1
2.7
0.6
0.0
0.1
-1.4
-0.2
-0.2
0.1
-0.8
-0.0
0.1
0.2
0.1
-0.0
0.0
-1.0
0.2
0.1

Site
PALA
PSI1
PSU2
PSU3
PSU4
PSU5
PSU6
PSU7
PSU8
RAUK
RETT
REYKa
REYZ
SARP
SATU
SAUR
SBJA
SKAL
SKDA
SKHR
SKJA
SKOT
SKRO
SLAN
SNAE
SOHO
STKA
STOB
STOR
TAGL
TBRU
TEIG
THJO
THRA
THVE
TINF
TJAG
UXAV
VAKO
VALA
VAVI
VEDR
VMEY

East North
0.9
-1.2
0.8
-1.1
0.7
-0.8
0.0
-0.3
-0.0
-0.3
0.0
-0.2
-0.1
-0.4
0.0
-0.4
-0.4
-0.5
-0.3
-1.0
0.3
-1.9
-6
0
-4.4
3.9
-1.8
1.0
0.4
-0.7
0.0
-4.4
-0.3
-1.2
-9.1
10.7
-3.5
-4.0
1.6
-1.7
-0.6
-1.0
-7.1
-6.2
-0.4
-0.4
-0.2
-0.3
0.3
-0.4
0.9
-0.8
-0.6
-0.5
-2.4
-2.6
3.9
-3.5
-0.6
-0.8
12.7 -11.6
0.1
-0.2
-0.8
-1.5
0.5
-0.7
0.2
-0.4
0.0
-0.4
-2.4
-2.7
-2.1
-1.3
-5.5
-1.3
-0.5
-0.9
-5.6
-2.5
-5.0
4.3
1.7
-1.9

Up
-0.3
-0.3
-0.3
-0.0
0.0
-0.0
0.0
-0.0
0.2
0.1
-0.1
0
-1.4
-0.3
-0.1
-0.0
0.1
-2.7
1.4
-0.6
0.2
1.3
0.2
0.1
-0.1
-0.4
0.3
0.9
-1.4
0.2
-2.3
-0.0
0.3
-0.2
-0.1
-0.0
1.0
0.4
0.3
0.2
0.5
-1.6
-0.8

Table 2.6, Data Set S2 Amplitudes of annual seasonal components of cGPS time series
for the cGPS sites in our analysis.
Site
BUDH
FEDG
FITC
FJOC
GLER
GOLA
HAUC
HAUD
HEKR
HESA
HLFJ
HOFN
HVOL
INSK
ISAK
KALT
KIDJ
LFEL
MJSK
NORS
REYK
REYZ
SARP
SAUR
SKDA
SKRO
SOHO
STKA
STOR
THEY
VMEY

East_cos!t
-0.29
1.35
-6.36
-0.33
0.39
-1.16
-0.32
-0.27
-0.91
0.09
-0.63
1.50
1.09
-1.43
1.10
-1.15
0.80
-0.55
-0.19
-0.33
0.68
4.08
-0.57
-0.86
-1.71
1.76
0.53
-0.44
-0.19
0.83
0.41

East_sin!t
-0.85
0.57
-1.52
-0.36
0.22
1.16
-0.96
0.03
0.04
-0.25
0.50
-1.43
0.20
-0.75
-0.11
-0.70
-0.24
-0.45
-0.25
0.12
0.93
1.91
-0.47
-0.72
-0.50
-0.02
-0.07
-0.38
-0.14
-0.02
0.07

North_cos!t
-1.79
0.30
-1.69
-1.03
-1.34
-0.75
-1.36
-1.47
-0.61
-1.05
-0.76
-1.51
-1.12
-2.47
-1.34
-1.68
-1.40
-1.49
-0.90
-1.63
-0.58
-0.55
-1.63
-0.69
-1.39
-0.28
-1.36
-1.70
-1.05
-1.20
-0.92

North_sin!t
0.86
0.84
0.91
0.84
0.46
0.03
0.40
0.86
-0.12
-0.05
0.10
0.70
0.97
-0.21
0.20
0.67
0.25
0.42
0.75
0.99
0.01
0.42
1.12
1.11
0.38
-0.13
1.25
0.77
0.48
0.67
0.32
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Up_cos!t
4.63
4.89
2.31
7.68
3.93
8.55
7.45
2.41
5.13
1.99
3.12
4.02
5.07
6.30
3.87
2.35
3.17
3.41
6.45
4.03
4.45
2.45
3.39
1.91
4.25
9.36
5.67
5.00
2.13
5.20
2.79

Up_sin!t
-3.04
-2.37
-5.93
-6.14
-2.46
-1.10
-2.90
-2.45
-5.98
-0.37
-2.32
-2.86
-2.84
-2.34
-2.84
-1.16
-0.42
-3.60
-5.51
-2.99
-1.09
0.85
-0.95
-1.86
-1.61
-3.73
-2.94
-3.68
-0.22
-0.62
-0.27

Table 2.7, Data Set S3. Differences between site velocities of cGPS sites estimated using
linear only fits and using linear, annual, and biannual sinusoidal signals.
Site
BUDH
FEDG
FITC
FJOC
GLER
GOLA
HAUC
HAUD
HEKR
HESA
HLFJ
HOFN
HVOL
INSK
ISAK
KALT
KIDJ
LFEL
MJSK
NORS
REYK
REYZ
SARP
SAUR
SKDA
SKRO
SOHO
STKA
STOR
THEY
VMEY

Velocity difference (mm/yr)
E
N_
U
0.05
0.11
0.21
0.20
0.01
1.54
0.44
0.57
1.80
0.06
0.12
0.48
0.09
0.02
0.24
0.16
0.04
0.53
0.11
0.21
0.90
0.16
0.12
0.30
0.19
0.06
0.80
0.19
0.07
0.21
0.01
0.17
0.13
0.00
0.00
0.02
0.02
0.00
0.03
1.60
0.20
1.59
0.02
0.01
0.06
0.44
0.16
0.34
0.00
0.02
0.04
0.06
0.13
0.10
0.07
0.08
0.16
0.02
0.56
2.06
0.00
0.00
0.00
0.08
0.02
0.06
0.37
1.41
2.58
0.18
0.21
0.30
0.33
0.58
1.03
0.02
0.00
0.07
0.00
0.01
0.04
0.05
0.17
0.32
0.00
0.03
0.04
0.01
0.01
0.04
0.01
0.00
0.02

Velocity uncertainty (mm/yr)
E
N
U
0.81
0.79
2.19
1.84
1.27
3.33
4.53
1.33
3.62
1.48
1.40
5.69
1.13
0.86
2.27
1.19
0.90
2.89
1.29
1.07
3.99
1.05
0.99
2.49
1.33
1.22
3.10
1.39
1.34
4.67
0.83
0.76
2.14
0.46
0.31
1.06
0.40
0.33
0.97
2.46
2.01
5.54
0.47
0.39
0.98
1.07
0.95
2.39
0.44
0.32
0.80
1.00
0.85
2.51
1.76
1.21
3.32
1.51
1.38
2.90
0.40
0.32
0.98
1.44
0.62
1.89
4.43
4.38
7.60
0.88
0.85
2.16
2.59
1.86
5.23
0.45
0.30
1.22
0.44
0.41
1.05
0.78
0.74
2.21
0.37
0.42
1.24
0.45
0.39
1.01
0.32
0.26
0.76
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Time series length (yr)
3.4
5.0
2.4
2.3
3.6
4.7
2.3
3.1
3.6
3.1
3.4
9.5
9.5
1.4
7.5
3.0
7.5
3.4
2.6
3.3
9.5
5.5
1.3
2.9
1.4
9.3
9.5
3.4
7.2
8.9
9.4

Table 2.8, Data Set S4. GIA site velocities based on the model of Árnadóttir et al.,
[2009].
Site
ALMA
BISK
BJAL
BLAU
BOTA
BREI
BRS2
BRSK
BUDH
BULA
DIMO
DOMA
DROP
ELDH
FAGR
FAXI
FEDG
FITC
FJOC
FLAG
FOSS
FROS
GALT
GELD
GJBA
GLER
GOLA
GRFL
GULL
HAFU
HALD
HAMR
HAUC
HAUD
HEHA
HEKR
HEND
HESA
HGJA
HIAK
HLFJ
HNAU
HRAF

East North
-1.8
-0.8
-1.8
-0.8
-2.0
-1.2
-1.9
-1.0
-0.4
-2.9
-2.8
-1.9
-2.0
-1.0
-2.0
-1.0
-2.1
-1.2
-0.8
-2.2
-1.8
-0.9
-1.9
-1.2
-2.0
-1.0
-0.4
-2.6
-1.3
-2.9
-1.9
-0.9
-2.0
-1.1
-1.9
-1.2
-1.0
3.5
-1.8
-1.1
-1.7
-0.5
-1.8
-1.2
-2.0
-2.7
-1.8
-1.1
-1.8
-0.9
-2.0
-1.1
-1.9
-1.6
-1.9
-1.0
-1.9
-1.4
-1.9
-1.1
-2.0
-1.2
-1.8
-1.2
-1.4
1.6
-1.9
-1.1
-1.6
-1.9
-2.0
-1.1
-1.6
-1.0
-2.0
-1.1
-1.8
-0.8
-1.1
-0.3
-1.9
-1.3
-2.0
-1.3
-1.9
-1.0

Up
7.3
7.6
16.0
14.1
14.2
21.7
13.3
13.1
15.9
15.9
8.1
15.6
12.8
14.3
17.7
13.5
12.7
15.7
21.7
9.7
6.4
15.6
19.6
9.9
7.8
12.2
16.1
11.1
12.9
11.8
14.9
9.0
24.0
11.0
17.2
12.8
7.9
13.5
7.6
4.3
12.6
16.2
14.9

Site
HRAS
HVEL
HVOL
INSK
ISAK
JOKU
KALD
KALF
KALT
KARA
KELD
KGIL
KIDJ
KKLO
KOPS
KRHR
KROK
KVFE
KYLI
L257
LAHR
LAMH
LANG
LAUF
LAUN
LAVA
LFEL
LIHO
LJOF
LYTI
MAEL
MJSK
MOHN
MORK
MUFE
NAEF
NBJA
NLAN
NOFA
NOHR
NONH
NORS
NOXL

East North
-1.9
-1.0
-1.5
1.9
-0.2
-2.7
-1.7
0.2
-1.9
-1.2
-3.4
-1.1
-2.4
-1.0
-1.4
-4.1
-1.6
-0.9
-1.7
-0.7
-1.9
-1.0
-1.3
-1.3
-1.6
-0.9
-1.5
-1.2
-1.9
-1.2
-1.9
-1.0
-2.0
-1.1
-2.5
-1.4
-1.8
-1.4
-2.1
-1.5
-1.8
-1.2
-2.2
-1.5
-2.0
-1.2
-1.9
-1.0
-2.0
-1.2
-1.8
-1.0
-1.6
-0.9
-1.9
-1.1
-2.9
-1.5
-1.7
-1.0
-0.9
-1.0
-2.0
-1.0
-1.9
-1.0
-1.9
-1.2
-2.0
-1.0
-1.9
-1.1
-1.9
-1.1
-3.3
-2.0
-1.5
-1.9
-1.9
-1.2
-1.8
-1.0
-2.0
-1.1
-2.0
-1.0
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Up
15.0
17.1
12.9
18.6
12.9
25.3
19.1
22.1
7.5
7.1
9.6
16.2
7.5
16.1
10.9
10.2
14.3
19.1
16.4
17.5
15.8
13.8
16.0
14.0
15.4
8.4
16.8
14.7
21.5
8.4
16.6
12.5
12.5
9.9
13.2
11.5
12.8
24.8
17.0
16.0
8.9
12.6
13.0

Site
PALA
PSI1
PSU2
PSU3
PSU4
PSU5
PSU6
PSU7
PSU8
RAUK
RETT
REYK
REYZ
SARP
SATU
SAUR
SBJA
SKAL
SKDA
SKHR
SKJA
SKOT
SKRO
SLAN
SNAE
SOHO
STKA
STOB
STOR
TAGL
TBRU
TEIG
THJO
THRA
THVE
TINF
TJAG
UXAV
VAKO
VALA
VAVI
VEDR
VMEY

East North
-2.0
-1.0
-2.0
-0.9
-2.0
-0.9
-1.7
-3.0
-1.9
-3.3
-1.5
-3.7
-2.0
-2.1
-1.7
-1.5
-2.4
-1.4
-2.0
-1.1
-1.9
-1.1
-1.0
-0.4
-1.0
-0.4
-2.1
-0.4
-1.9
-0.9
-1.8
-1.0
-1.9
-1.1
-1.5
-0.6
-2.3
-1.1
-2.0
-1.0
-2.0
-1.1
-1.8
-0.9
-2.3
0.5
-2.4
-2.1
-0.5
-2.1
-1.3
-2.6
-2.4
-0.8
-2.4
-1.0
-1.7
-1.0
-2.0
-1.2
-1.6
-0.9
-1.1
-3.9
-1.9
-1.1
-1.7
-0.8
-1.1
-1.7
-1.7
-1.6
-2.4
-1.1
-2.2
-0.7
-1.8
-0.8
-2.0
-1.1
-1.8
-0.8
-1.0
-0.4
-1.2
-1.1

Up
11.9
12.6
14.3
19.3
21.2
20.7
18.8
17.0
18.6
13.1
10.7
4.2
4.2
7.8
14.8
8.9
12.2
6.0
11.1
10.8
13.4
7.8
23.7
20.0
15.2
13.7
20.4
11.2
8.7
14.9
7.6
19.5
11.9
15.4
16.2
16.9
11.9
9.2
7.6
13.8
7.7
4.3
6.3

Table 2.9, Data set S5. Best-fit parameters for the PBHmTm model obtained using GIA
corrected data and data not corrected for GIA.
Parameter

Best fit values
GIA-corrected

GIA-uncorrected

64.03
63.96
-19.32
-16.5
15
94
11
51
-2.5
-0.2
24
19
15
-1.5

!"!!!!!!!"
!!!!"
!"!!"!!!!"
!!!!"
-!"!!"!!!!"
!!!!"
-!"!!"!!!!"
!!!!"
-!"!!
!!
!"!!
!!
!"!!
!!
!"!!
!!"
!!!!
!!!!!!!
!!!!
!!!!!!!
!!!!
!!
!"!!!
!!
!!!
!!
!!!!
-!!!!!!!

RP-SISZ_N
SISZ-EVZ_N
SISZ-EVZ_E
EVZ-NVZ_E
SISZ_LD
SISZ_strike
EVZ_LD
EVZ_strike
Hekla_E
Hekla_N
Hekla_Depth
Hekla_Vol.
Torfa_Depth
Torfa_Vol.
See Table 2.4 for units
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Table 2.10, Supplementary text S1. Details of analysis performed to assess the effects of
disregarding seasonal components and using short time series (less than 2.5 years).
It should be noted that using short (<2.5 yr) time series may cause seasonal signals to affect the
velocity estimates (Blewitt and Lavallee, 2002). Our uncertainty estimate does not specifically
take into account increased uncertainties associated with annual signals for short time series,
however, because the uncertainty estimate is rms based (Geirsson et al., 2006), then the
uncertainty will tend to be higher if the seasonal components are disregarded. Furthermore, the
uncertainty estimate we use scales inversely with the length of the time series (Geirsson et al.,
2006 equation 3) and thus short time series will inherently have larger uncertainties. Below we
estimate the additional contribution to the uncertainties (for the cGPS sites) based on the
approach of Blewitt and Lavallee (2012) and find the addition negligible.
First, it is worthwhile to consider the coordinate components most affected by seasonal
signals. For this response we calculated the annual components for the cGPS time series (see
Table 2.2). The largest amplitude is in the vertical component (4-10 mm), the amplitude in the
horizontal components for long time series is typically below 1 or 2 mm (Table 2.2). For the
shorter time series the annual signal is more difficult to estimate (e.g., FITC).
For comparison, we calculated the effect of accounting for the additional uncertainty
invoked by disregarding the annual signal. From Blewitt and Lavallee (2002) the maximum
velocity bias for each mm amplitude of annual signal is 0.5 mm/yr for (continuous) sites with
1.25 yr < T < 2.5 yr where T is the time span of the time series. We note explicitly that the
analysis of Blewitt and Lavallee is for continuous GPS time series, and does not apply directly to
eGPS data. As an example, for site SARP (assuming annual amplitudes of 1, 1, and 4 mm in E,
N, and U, respectively) results in an estimated bias (additional uncertainty) of 0.5 0.5 and 2
mm/yr in E, N, and U components, respectively. This is significantly smaller than our
uncertainties of 4.4, 4.4, and 7.6 mm/yr estimated for SARP (Table 2.1) and adding uncertainties
in a squared sense as recommended by Blewitt and Lavallee (2002) would change very little. We
thus conclude that our uncertainty estimate is rigorous enough such that additional uncertainties
and biases caused by short time series (1.5 to 2.5 yr) are insignificant.
We furthermore explore the difference in velocities for the continuous sites if annual
and bi-annual seasonal components are estimated simultaneously with the secular rate. The
resulting differences are small and decrease with increased length of the time series, as expected
and noted by Blewitt and Lavallee (2002). We have calculated new velocities for cGPS sites
using the same time series data and estimate annual and biannual seasonal signals as well (y = a +
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bt + Acoswt + Bsinwt + Ccos2wt + Dsin2wt). We compare these rates to the original rates by
calculating the difference between the velocities (Table 2.3). The differences can be compared to
the velocity uncertainty (1-sigma) to estimate if the difference is significant or not (Table 2.3).
The largest differences are for the short time series (e.g. INSK, NORS) and the maximum
difference is 70% of the uncertainty (at NORS). Typically, the difference is 20% or less of the
uncertainty. We thus conclude that although the uncertainties of short time series could arguably
be increased, the overall effect is negligible.
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Figure 2.9, Figure S1. Vertical time series, in ITRF05, from 1996 to 2010, for IGS sites
REYK and HOFN.
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3 Multidisciplinary

observations

of

the

2011

explosive eruption of Telica volcano, Nicaragua:
Implications for the dynamics of low-explosivity
ash eruptions

Abstract
We present multidisciplinary observations of the MarchoJune 2011 VEI 2 eruptive
episode of the basaltic-andesite Telica volcano, Nicaragua, which allow for a
comprehensive study of the eruption mechanics of low-explosivity eruptions at
persistently active volcanoes. The observations are from a dense network of seismic and
GPS instrumentation augmented by visual observations of the eruptive episode,
geochemical and petrologic analysis of eruptive products, plume SO2 measurements, and
temperature measurements of fumaroles inside and outside the active vent. The 2011
eruptive episode was Telica’s most explosive since 1999 and consisted of numerous
vulcanian explosions, with maximum column heights of 1.5-2 km above the crater rim,
depositing a low volume of dominantly hydrothermally altered ash. Based on observed
variations in seismicity, temperature, and SO2 flux, the lack of deformation of the edifice,
the non-juvenile origin of and predominance of accretionary lapilli in the ash, we propose
that temporary sealing of the hydrothermal system between ~0.5 and 2 km depth, allowed
pressure to build up prior to vulcanian explosions, making this a phreatic eruptive
episode.

3.1 Introduction
Volcanic eruptions are often preceded by increases in seismicity (e.g., McNutt, 1996),
changes in the source and frequency content of seismic events, and/or accelerated
changes in other geophysical parameters (Voight, 1988), albeit these patterns are not
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universal. At persistently restless volcanoes, episodes of geophysical unrest and lowexplosivity vulcanian explosions are common (Stix, 2007), making it difficult to forecast
whether more explosive phases are imminent. For example, the rate of seismicity (e.g.,
number of events per day) and frequency content (i.e., low-frequency versus highfrequency earthquakes) may vary substantially without explosive or eruptive activity,
essentially voiding the term “background seismicity” for these volcanoes. Nevertheless,
the variations in seismic event rates and frequency content must stem from processes that
reflect the inner dynamics of the magmatic and hydrothermal systems. How these
variations in seismicity correlate with other observations, such as deformation, gravity,
gas chemistry and flux, fumarole temperatures, ash composition, and explosive activity
can facilitate improved understanding of the fundamental processes driving persistent
geophysical unrest and low-explosivity eruptions at persistently restless volcanoes.
Low to intermediate explosivity (Volcanic Explosivity Index (VEI) 1-3) vulcanian
eruptions, typical activity for persistently restless volcanoes, may be indicators of
increased volcanic unrest and may precede larger, more explosive eruptive episodes, or
occur after destruction of volcanic domes. Vulcanian eruptions consist of discrete
explosions that span a large range of plume heights from less than a hundred meters to
over 10 km (Morrissey and Mastin, 2000). Vulcanian explosions may be associated with
partial or full dome collapse (e.g., Voight et al., 2010), conduit destabilization, or sudden
pressurization of deeper (kilometers) parts of the magmatic plumbing system (Kobayashi
et al., 2005; Gottsmann et al., 2011). Vulcanian explosions may contain anywhere from
zero to a significant (v50%) component of non-juvenile material (Self et al., 1979). The
driving mechanism for vulcanian explosions has been suggested to be pressure buildup
beneath an impermeable part of the conduit system (Self et al., 1979; Stix et al., 1993;
Fischer et al., 1994; Iguchi et al., 2008), waterohot rock (i.e., phreatic), or wateromagma
(i.e., phreato-magmatic) interactions, or a combination of these mechanisms (Morrissey
and Mastin, 2000).
The 2011 eruption of Telica, a persistently restless volcano in northwestern
Nicaragua (Fig. 3.1), was characterized by a several-month long episode of lowexplosivity vulcanian explosions. Activity of the volcano has the potential to significantly
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Figure 3.1. Topographic map of the Telica volcanic complex showing the TESAND
network and instrumentation in place during the March^June 2011 eruption. Seismic and
GPS station names are indicated. The active vent is marked with a cross. Inset map
shows Holocene volcanoes of the Central American Volcanic Arc in Nicaragua and
northern Costa Rica (black triangles).
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impact local inhabitants, who live and farm as close as 1 km to the active crater, as well
as regional communities and infrastructure. The Telica Seismic and Deformation
(TESAND) and Instituto Nicaragüense de Estudios Territoriales (INETER) instrument
networks (Fig. 3.1), recorded seismic and geodetic data for the periods before, during and
after the eruptive episode. Here we report on temporal changes in seismicity,
deformation, temperature, SO2 emission, and visual observations in relation to the 2011
eruption, as well as geochemical analysis of the eruptive products. We interpret these
data to define the style, explosivity and driving mechanisms of the 2011 eruptive episode
and improve our understanding of the processes leading to explosive activity at
persistently restless volcanoes.

3.2 Background
Volcanoes in Nicaragua show a wide range of eruption styles and magnitudes. Many
recent eruptions of Nicaraguan volcanoes were characterized by low explosivities,
however, these volcanoes have potential for catastrophic eruptions; for example, the 1835
VEI 5 eruption of Cosiguina volcano produced ~6 km3 of ash (Self et al., 1989; Scott et
al., 2006). Telica volcano is located in the Maribios Range of the Central American
volcanic arc in western Nicaragua (Fig. 3.1). The volcanic complex is an east-west
amalgamation of volcanic edifices and nested craters, and there are isolated pre-historic
eruptive centers to the north, northwest and southeast of Telica’s active crater, which is
currently at the western part of the system (Fig. 3.1). The oldest dated volcanic products
associated with Telica are ~330 ka old and the total volume of eruptive products has been
estimated to be ~28 km3, yielding an average extrusive flux of ~105 m3/yr (Carr et al.,
2007).
Historical eruptive activity of Telica has been characterized by low-explosivity
(VEI 1-3) vulcanian eruptions every few years. On decadal time scales more explosive
(VEI 2F3) eruptive episodes lasting several months occur. The oldest historically
documented eruption was in 1527 (VEI 3), and the only historically documented lava
flow is from the 1529 eruption (VEI 4). Research groups visiting the volcano in the
1970's and 1980's noted periods of explosive eruptions with descriptions of light-gray to
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black ash columns. During the 1981-1982 eruption, meter-sized blocks were erupted,
column heights reached ~4 km altitude, and ash was observed at least 45 km from the
volcano (Smithsonian Institution, 1982). In 1994 a series of explosions occurred, with the
tallest ash columns reaching ~1.5 km above the crater rim. The ash columns were
described as light to black in color. A few episodes of explosive activity occurred from
May 1999 to February 2000 (Smithsonian Institution, 2000, 2009), also with light (gray
to beige) colored ash deposits. Between 2000 and 2008 numerous small explosions (VEI
1) were reported, and the last confirmed ash emission before 2011 was in July 2008.
Incandescence has been observed occasionally in the active vent since the 1999-2000
eruptive episode.
Telica volcano is considered a persistently restless volcano because of its frequent
eruptive activity, high rates of seismicity, high fumarole temperatures and incandescence,
and flux of volcanic gases. Telica typically experiences tens to hundreds of lowmagnitude seismic events each day, even during non-eruptive periods. The high rates of
seismicity were first noted in 1993 following the installation of the short-period seismic
station Telica Norte (TELN), located ~450 m east of the active crater rim (Fig. 3.1).
Other volcanoes in Nicaragua (i.e., San Cristobal, Momotombo, and Masaya volcanoes)
also have high rates of seismic activity and degassing. The sustained seismicity and
frequent ash emissions, in addition to existing seismic data from the local seismic
network, historical geochemical and thermal observations, and fair accessibility make
Telica volcano well suited for studying the underlying processes associated with
persistently restless volcanoes. For that purpose, the TESAND network of geophysical
instrumentation (Fig. 3.1) was installed in March 2010. At the time of the 2011 eruption,
six broadband seismic stations, five short-period seismic stations, ten continuous GPS
(cGPS) stations, and one pressure sensor were in operation on or near Telica (Fig. 3.1).
Temperature measurements of fumaroles inside and outside the active vent are routinely
made at Telica and SO2 emission is occasionally measured with recent observations being
continuous over periods of months.
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3.3 Observations of the 2011 eruption
3.3.1 Visual observations
Low-altitude ash plumes were reported coming from Telica on 7 March 2011, depositing
a thin layer of ash south of the active vent. Subsequent small explosions were reported
through March and April (Tenorio, 2011a,b). This period marks the initiation of the
eruptive episode. Ashfalls were observed three times on May 8, by residents living ~800
m northeast of the crater rim. From 9 May to 23 May, we noted the timing of the
explosions when possible. These observations could only be made during daylight hours
and when the view of the active crater or the sky above it was clear; therefore, our visual
record is not complete. On 10 May the ~200 m deep, active crater was filled with gas, as
is common even during non-eruptive periods, limiting visibility to the bottom of the
active vent. However, popping sounds were heard coming from the crater. On 11-12 May
we observed a haze around Telica, possibly including ash emanating from the crater;
however, we were observing from the city of Leon, 20 km south of Telica, and visibility
was poor. Our first direct observation of an explosion was on 13 May. At 13:32 local
time (UTC -6 h) a diffuse gray plume rose from the crater, and at 13:34 a loud rumble
was followed by an energetic gray ash column. A thin layer (}1 mm) of gray, granular
ash (not sampled) from this explosion was observed at station TELN (Fig. 3.1). A few
individual explosions occurred until ~15:00. Fig. 3.2 shows an image sequence of an
explosion starting at 14:02 on 13 May 2011. The plume rose slowly and detached from
the crater after ~100 s. On 13 May we estimate the highest observed plume height to have
exceeded 500 m above the crater rim, which is at ~900 m asl.
We observed infrequent series of explosions over the following week, with some
ash columns reaching over 500 m above the crater. The Washington Volcanic Ash
Advisory Center released two warnings for Telica on 15 May at 07:39 UTC and 17 May
at 01:08 UTC; however, no volcanic ash was detected on GOES-13 satellite imagery
(Smithsonian Institution, 2011). On 16 May we had a clear view into the crater (Fig.
3.3a). The inner crater floor and walls were covered in gray to pink ash, and the vent
where the explosions were originating could be easily recognized at the bottom. The most
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Figure 3.2. Time-lapse photos of an explosion on 13 May 2011 starting at 14:02 local
time, observed ~450 m east of the crater rim at site TELN (Fig. 3.1). Time in seconds
since the A/rst photo was taken is indicated on each photo. The plume detaches from the
crater shortly after ~100 s. For scale, the crater is ~350 m wide.
energetic explosions observed occurred on 18 May at ~7:50 and ~13:50 local time, and
on 21 May at 14:56 local time. All three explosions produced plumes that reached ~1.52.0 km above the crater rim. The activity prompted the evacuation of over 500 people
living on the volcanic complex. Only one of the observed explosions erupted sizable
lithic blocks (21 May 14:56 eruption), depositing them up to ~150 m from the crater rim
to the east and southeast of the vent. One of the erupted blocks ignited a bush on the eastslope of the crater. We later retrieved that rock, which was around 30 cm in diameter and
looked fresh (not altered), and identified by the fact that it was overlying scorched leaves
and abutting a scorched branch. The 21 May 14:56 explosion started off with a dark-gray
ash column (Fig. 3.3b) and evolved into a light pink ash cloud over ~30 min of sustained
but declining emission. From 24 May onward, explosions were infrequent, with the
exception of 14 June, when numerous (17 counted) explosions reaching 200-600 m above
the crater rim were observed over a period of approximately four hours. These explosions
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were not accompanied by rumbling, as were the early explosions; however, loud jet-like
sounds from the crater were noted (Tenorio, 2011d). No pyroclastic flows were observed
during the 2011 eruptive episode.
The total volume of eruptive material is impossible to estimate accurately,
because the ash emissions were individually of small volume, distributed in time over the
eruptive period and dispersed over different sectors of the volcanic complex due to
variable wind directions. No significant deposits of ash (the greatest observed deposit
was <2 mm thick) were observed at TELN (Fig. 3.1), although that site was up-wind for
many of the explosions. The furthest reported ash-fall was on 18 May at the San Jacinto
geothermal power plant, 8 km east of the active vent. An estimate of the potential range
in total eruptive volume, assuming uniform ash thicknesses of either 1 mm or 10 mm
deposited within a radius of 2 km from the crater, is 104 to 105 m3.
The explosions excavated and deepened the bottom part of the crater (Fig. 3.3a).
Within one and a half years following the eruption, the crater excavated during the
eruption had mostly filled in with debris eroded and slumped from the steep sides of the
crater. A crude estimate of the excavated volume may be a cone, ~50 m in diameter and
~30 m in height (Fig. 3.3a), yielding a volume of ~20,000 m3, on the same order of
magnitude as the estimated erupted ash.

a

b

Figure 3.3. Images of the May 2011 eruptive episode at Telica volcano. a) A view into the
bottom of the crater taken on 16 May 2011 at 15:09 local time. The active vent is located
at the center of the photo and the crater is covered with gray-pink ash. b) The eruptive
plume of one of the most energetic explosions, on 21 May 2011 at 14:56 local time.
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3.3.2 Seismic observations
3.3.2.1 Seismic network
In March 2010, as part of the TESAND network, a six-site broadband (30 s) seismic
network was installed on Telica, with all sites but one (TBCF) co-located with shortperiod instruments (Fig. 3.1). Since the broadband seismometer installation and until July
2012, the TESAND network detected nearly 200,000 earthquakes. Most of these events
are long-period (LP) events, which we define here as events with dominant frequencies
below 5 Hz (Lahr et al., 1994). We present a summary analysis of seismic data from
before, during, and after the 2011 eruption; detailed analyses of the entire data set are the
subject of ongoing research.

3.3.2.2 Event classi#$cation, RSAM, and daily earthquake rates
Rates of long-period (LP) and high-frequency (HF) seismicity at Telica are highly
variable. Continuous waveform data from the vertical components of two stations in the
TESAND network were analyzed: TBTN and TBHS (Fig. 3.1). Station TBTN was
chosen because it is the closest station (0.4 km from the vent) that was running
continuously during the eruptive period, and of the more distal stations, TBHS (2 km
from the vent) was chosen due to its low noise conditions. In the analysis, vertical
component continuous data were high-pass filtered above 0.5 Hz before event detection
to remove low frequency microseismic noise. Automatic event detection using a shortterm average/long-term average (STA/LTA) method (Powell, 2004) was then performed
to identify seismic events. The events were analyzed for frequency content by calculating
the three most dominant spectral peaks of each event (Powell, 2004). Seismic events
were classified into LP events and HF events using an arbitrary threshold of 5 Hz in
accordance with previously used classification schemes (Lahr et al., 1994). If all three
dominant frequencies were greater than 5 Hz then the event was classified as HF, if any
of the three frequency peaks was below 5 Hz the event was classified as an LP event. If
we would check each event individually, or change our threshold for HF versus LP
distinction, we would likely get somewhat different results. However, our analysis serves
well as a first-order characterization of the extensive data set.
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RSAM (Real-time Seismic-Amplitude Measurement) is a measure of the average
amplitude of ground shaking and is widely used for volcano monitoring (Endo and
Murray, 1991). Earthquakes and volcanic tremor, as well as wind and other noise,
contribute to the shaking amplitude. RSAM from 1 August 2010 to 31 July 2011 was
calculated for stations TBTN and TBHS (Fig. 3.4) using 1-hour long windows of the
vertical component filtered between 0.5 and 20 Hz.
Daily event rates for both LP and HF events were calculated using data from 1
August 2010 to 31 July 2011 for stations TBTN and TBHS (Fig. 3.4). At TBTN LP event
rates are high (~500 events per day) in early August 2010 (Fig. 3.4a). The LP rate
decreases during August 2010 and throughout mid-September 2010. A sudden drop in
HF events occurs on 18 September (from 192 to 68 events per day) and a day later a
sudden drop in LP events occurs (from 319 to 75 events per day). Visual inspection of the
continuous seismic record indicates that this drop-off is real and not a result of increased
wind noise or seismic tremor saturating the detection algorithm. Event rates for both LP
and HF events increase during October, reaching a high of ~300 LP and ~140 HF events
around 20 October 2010. From October event rates for both LP and HF events decline
gradually, though with some short-lived peaks, and reach a minimum of one event per
day around 20 March. There is a marked decrease in RSAM in late February 2011. The
eruptive episode is considered to have started on 7 March 2011 when the first ash-fall
was observed, ~2 weeks before the minimum in seismicity and ~10 days after the RSAM
decrease (Fig. 3.4a). The event rates for both LP and HF events start to gradually increase
after the minimum in late March 2011. There is a sudden increase in event rates after the
onset of the more energetic phase of the eruption in May 2011, reaching a maximum of
~200 HF events in the middle of May 2011 and ~600 LP events at the beginning of June
2011. RSAM also increases during this phase of the eruptive episode. LP event rate starts
to decline in June 2011, after the end of the period of confirmed explosions, while RSAM
remains high before declining in July 2011.
At TBHS the net daily event rates are lower than at TBTN (Fig. 3.4b). We
observe a higher number of LP events at TBTN as compared to HF events, whereas at
TBHS we observe a relatively higher number of HF than LP events. Note that we observe
a similar absolute number of HF events at both stations, but the number of LP events
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Figure 3.4. Daily event counts (HF events, gray bars and LP events, black bars) and
RSAM (black dots) for stations TBTN (a) and TBHS (b) for the period August 2010 to
July 2011. The eruption period is marked by the gray shaded region (light-gray for the
initial period and darker gray for the more energetic phase of the episode). Note that the
axis scale for event rates and RSAM at TBHS is different to that of TBTN, and that the
histograms for the HF events are plotted on top of the LP events.
is considerably lower at the more distal station TBHS than at TBTN (Fig. 3.4). This may
reflect the greater distance of TBHS from the locus of the LP seismic activity (see section
3.2.3). At the end of August 2010 there is a sudden decrease in event rates at TBHS; LP
rates decrease from ~130 to ~15 events per day over a 3-day period and at the beginning
of September 2010 HF events decrease from ~130 to ~15 events per day over a 4-day
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period. The decrease in event rates does not happen as quickly as that seen at TBTN (Fig.
3.4a) and interestingly occurs ~two-and-a- half weeks earlier than the decreases observed
at TBTN. Similar to TBTN the RSAM at TBHS (Fig. 3.4b) does not show a notable
change surrounding this drop in event rates. Event rates between September 2010 and
March 2011 are variable but show an overall decline, reaching an overall minimum
around the middle of March 2011, after the onset of the eruptive episode on 7 March
2011. LP and HF event rates increase in May 2011 with the onset of the energetic phase
of the eruptive episode, reaching a maximum of ~120 LP events per day towards the end
of May 2011. HF event rates continue to increase throughout the eruptive episode and
reach their maximum of ~240 events per day at the beginning of July 2011, after the end
of the eruption. RSAM increases gradually during the energetic phase of the eruption
reaching its peak in June 2011.
In order to study how individual explosions correlate with temporal changes in
seismicity we calculated the hourly rates of combined LP and HF seismicity for 2 days
(18 May and 21 May 2011), which contained confirmed explosions (Fig. 3.5). The hourly
event rates indicate decreases before individual explosions. However, the hourly event
rates show high variability and numerous instances of decreased seismic rates not
accompanied by explosions.

Figure 3.5. Number of detected seismic events per hour (combined LP and HF) at station
TBTN for a) 18 May 2011 and b) 21 May 2011. Observed explosion times are noted by
arrows.
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3.3.2.3 Earthquake locations
To obtain a first-order estimate of the spatio-temporal distribution of seismicity, we
selected the 100 largest-amplitude events per month, out of the ~200,000 events, for the
period 1 September 2010 through 31 May 2011 from station TBTN (Fig. 3.1). We picked
P-wave arrivals, and where possible S-wave arrivals, for all events in our sub-sampled
catalog and located the events using the program HYPOCENTER (Lienert and Havskov,
1995). We used a 1-D velocity model originally developed for Pavlof volcano, Alaska
(McNutt and Jacob, 1986). Due to the generally emergent onsets of the earthquakes, their
shallow locations, and their low amplitudes, very few high-quality locations were
obtained. Out of the 900 events we located, 116 events met our predefined criteria of
azimuthal gap <180°, RMS <0.2 s, and horizontal and vertical uncertainties (as output by
HYPOCENTER) <5 km (Fig. 3.6).
The located events cluster beneath the main vent at shallow depths. All events are
above 2 km depth relative to our datum, taken as 1 km above sea level, which is
approximately the summit elevation of Telica (Fig. 3.6). The shallow depth of the
earthquakes, generally low frequency content, and clustering indicates that the bulk of the
earthquakes are not of a tectonic origin. We examined whether the locations were
dependent on the different frequency content by comparing LP and HF event locations
and observed no significant differences in the location. Furthermore, we do not observe
spatio-temporal migration of events using the limited data set.

3.3.2.4 Seismic and infrasound observations of explosions
We visually inspected the TBTN seismic record for explosion earthquakes (longduration, broadband signals) during the month of May to generate a first-order catalog of
the explosions. We identified 14 explosions in May, each lasting ~15-40 min (Fig. 3.7).
When we compared the visual observations to the seismic records we found that some of
the weaker observed explosions did not have discernible seismic signals associated with
them despite the proximity of TBTN to the crater, signifying the low energy of the
explosions.
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Figure 3.6. Locations and depth sections (left and bottom) for the 116 best-located events
from 1 September 2010 to 31 May 2011 (see Section 3.2.3 for discussion). Depths are
below a 1 km asl datum. Long-period events are denoted by black stars, high-frequency
events by white diamonds. Inset on upper right shows the event depths as a function of
time. All located seismic events are shallow and cluster around the active vent.
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Rapid expansion of volcanic gases at the vent generates a low-frequency (0.1-20
Hz) infrasound signal (atmospheric pressure waves) (Johnson, 2003). Explosive seismic
and infrasound signals at co-located sites have been observed at numerous volcanoes
(Arrowsmith et al., 2010; Johnson and Ripepe, 2011) and used, for example, to study the
initiation depth of explosions (from depth of LP earthquakes coinciding with infrasound
signals) and conduit wave speeds (Kobayashi et al., 2005; Sciotto et al., 2013). A single
pressure sensor (Chaparral Physics Model 25V) is located 200 m SE of the crater rim at
station TBCF (Fig. 3.1) and allowed us to capture co-located near-field infrasound and
seismic signals from the explosions. Due to outages of the pressure sensor, only
explosions between 11 and 15 May and from 20 May onwards were recorded. The
infrasound record has high wind-noise and explosions were difficult to discern, unless we
also had visual confirmation. Thus, having a few known sample explosions allows us to
better detect explosions in future work.
We display co-located seismic and infrasound data from two explosions on 21
May (Fig. 3.8), which were also visually observed. A large explosion (column height
~1.5-2 km above the crater rim) occurred on 21 May 2011 at 20:56 UTC (see Section
3.1). The infrasound signal from the explosion (Fig. 3.8b) consists of an initial spike with
energy below 1 Hz, followed 10 s later by an N-shaped wave, characteristic of volcanic
explosion infrasound signals, with dominant energy at ~0.2 Hz. The corresponding
seismic signal has peak energy at ~20 Hz and an emergent onset that starts at a similar
time or later than the main infrasound pulse (Fig. 3.8a). The high-frequency seismic

Figure 3.7.* Summary of explosions for May 2011 activity as observed by prolonged
tremor at station TELN (vertical lines) and as observed visually (black squares).
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signal continues for at least 30 s. Seismic activity, in terms of the total number of events
(LP and HF) per hour, in the 2 hours preceding the 20:56 UTC explosion, was at a
minimum (3-4 events per hour) for the day (Fig. 3.5).
A smaller explosion in terms of plume height occurred the same day at 22:33
UTC (Fig. 3.8c and d). The seismic waveform for this explosion has 4 initial pulses with
seismic energy of ~2 Hz and a final pulse with seismic energy at ~20 Hz. The pressure
signal corresponding to the final pulse consists of a small N-wave with dominant
frequency at ~1 Hz, followed ~10 s later by a larger N-wave with a frequency of ~0.2 Hz
(Fig. 3.8d). The amplitudes of the infrasound and seismic signals differ by an order of
magnitude between the two explosions (Fig. 3.8).

Figure 3.8. Infrasound and seismic data from two explosions on 21 May 2011. a) Seismic
and b) infrasound traces and corresponding spectrograms from station TBCF (Fig. 3.1)
for the May 21 2011 20:56 UTC explosion (local time 14:56; Fig. 3.3b). c) Seismic and
d) infrasound traces and corresponding spectrograms from station TBCF for the May 21
2011 22:33 UTC explosion (local time 16:33). All data are high-pass A/ltered above 0.1
Hz. Note the different amplitude scales for the two explosions, indicated by the thick
vertical bar by the traces.
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3.3.3 Geodetic observations
The geodetic component of the TESAND network consists of nine cGPS stations
distributed across the volcanic complex (Fig. 3.1). We use Trimble NetRS dual frequency
receivers and Trimble Zephyr antennas mounted on the roofs of concrete bunkers housing
the seismic equipment. We compute daily positions of the TESAND cGPS stations from
24-hour-long observations using the GIPSY-OASIS II software version 6.1.2 (Zumberge
et al., 1997). Ambiguity resolution is performed using the GOA_ZAP software (Blewitt,
2008). We use final orbits and clock products from the Jet Propulsion Laboratory (JPL)
and obtain positions in the ITRF2008 reference frame (Altamimi et al., 2011). Velocities
and associated uncertainties are calculated from the position time series following
Geirsson et al. (2006), and velocities are transformed from the ITRF2008 reference frame
to a Caribbean-fixed reference frame using the MORVEL plate motion model (DeMets et
al., 2010). Data from online cGPS stations in the TESAND network are archived and
processed automatically on a daily basis for deformation monitoring.
We display the cGPS time series for the period from October 2010 to November
2011 (Fig. 3.9) relative to station JCFI (Fig. 3.1) to minimize common-mode signals. The
full time series from the start of measurements in 2010 until mid-2012 relative to the
Caribbean plate are available as Supplementery Fig. 1., Figure 3.15. The average
horizontal velocities of the stations (Fig. 3.10), calculated from the full time series, are
dominated by tectonic deformation (see Section 4). The cGPS time series show no
transient deformation that can be related to the volcanic activity (e.g., pre-eruptive
inflation, co- and post-eruptive deflation, and/or magma migration). Station CALV (Fig.
3.1) shows apparent subsidence of ~50 mm during the eruption (Fig. 3.9); however, we
suggest that this may be due to large seasonal signals at CALV (Fig. 3.15, Supplementary
Fig. 1). Sites HERH and HOYN (Fig. 3.1) show apparent uplift during and following the
eruption; however, the signal is inconclusive over the network and the lack of
corresponding horizontal displacements implies that the apparent vertical motions are not
associated with magma movements (see Section 4).

72

Figure 3.9. Position time series for the TESAND cGPS sites in east, north, and vertical
components relative to station JCFI (Fig. 3.1) for the period October 2010 to November
2011. Gaps in the time series are due to station outages. The eruption episode is marked
by the gray shaded region (light-gray for the initial period and darker gray for the more
energetic phase of the episode).
73

Figure 3.10. Horizontal velocities of TESAND cGPS stations, using data from start of
measure- ments in early 2010 to mid-2012, relative to the Caribbean plate,
demonstrating northwest directed fore-arc motion and dextral shearing of the Telica
volcanic complex.

3.3.4 Ash analysis
Ash samples were analyzed to estimate the relative proportions and mineral components
of tephra clasts, and to determine ash leachate and bulk compositions. We collected and
analyzed three ash samples from three different dates: (1) 16 May, from 0.8 km eastnortheast of the rim (swept from a corrugated steel roof of a farm house); (2) 16-18 May,
from within 50 m of the crater rim (collected on a tarpaulin and referred to as the 18 May
sample); and (3) 21 May collected in a sampling bucket at the same site as the 16 May
sample. Visual inspection and x-ray diffraction (XRD) analysis of the 18 May ash sample
(Fig. 3.11a) shows that the dominant component of the ash is lithic in origin, derived
from igneous rocks and crystalline hydrothermal deposits. The ash consists of
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Figure 3.11. a) Thin-section image of the 16^18 May ash. The ash is dominated by lithics
and A/ne red grains. b) Photo of an accretionary lapilli found in the same ash sample.
Accretionary lapillis are common in all of our ash samples.
accretionary lapilli; red-orange, yellow, or white angular Ca-sulfate (gypsum and/or
anhydrite) fragments; loose crystals of transparent plagioclase, green clinopyroxene, and
Fe-Ti oxides; and a small amount of dark, sub-rounded glassy fragments (Fig. 3.11a).
The dark glassy fragments are up to ~3 mm in diameter and appear unaltered. Some of
the dark fragments contain phenocrysts of euhedral plagioclase or transparent green
clinopyrox- ene, and in some cases the glass is vesiculated. These glassy fragments can
be interpreted as relatively young, unaltered volcanic materials remobilized by the
explosions; however, the sub-rounded surfaces and absence of sharp glass shards
suggests that these are not juvenile materials related to the current eruption. Rare, finegrained volcaniclastic breccias are observed. Sub-spherical accretionary lapilli (Fig.
3.11b) are typically ~1 mm in diameter, with few examples up to 3-5 mm in diameter.
Lithic fragments are commonly <3-5 mm, with a few examples up to 1 cm in diameter.
The lithic and glassy fragments are coated with a fine pink dust similar to that observed
in the matrix of the accretionary lapilli. More than 50% (by mass) of the 18 May ash
particles collected near the crater rim have a grain size larger than 500 ~m, and over 25%
have a grain size between 1 and 7 mm.
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Major element concentrations in the bulk ash were determined using a PerkinElmer Optima 5300DV ICP-AES following lithium metaborate fusion. Sulfur contents
were determined using a LECO Sulfur Titrator. Loss on ignition (LOI) was determined
by mass difference before and after baking powdered samples at 750 °C overnight and at
950 °C for 3 hours. The major element composition of the bulk ash is similar in all three
samples (Table 3.1). The most striking compositional characteristics are the high LOI (45 wt.%) and the high SO3 (6-10 wt.%). The major mineral components in the ash were
determined using a PANalytical Empyrean x-ray diffractometer (XRD; Supplemental
Data, Figures 3.16 - 3.18). The XRD spectra show dominant peaks for gypsum, bassanite
and/or anhydrite in all three samples, which accounts for the high sulfur and a significant
portion of the LOI. The temperature at which the samples were devolatilized for the LOI

Table 3.1. Major element compositions of bulk ash samples, weight % oxides.
16. May

18. May

21. May

SiO2

46.44

50.80

50.40

TiO2

0.77

0.82

0.81

Al2O3

15.54

15.83

16.71

MgO

1.29

2.17

2.50

MnO

0.05

0.07

0.09

Fe2O3†

6.66

7.67

8.34

CaO

11.30

8.66

9.44

Na2O

1.37

1.75

1.93

K2 O

0.77

1.03

1.05

P2 O5

0.13

0.11

0.15

SO3

10.28

6.69

6.41

LOI*

5.31

5.12

3.96

99.9

100.7

101.8

Total
†

3+

Total iron calculated as Fe

*

Loss on ignition (LOI) determined by mass difference before and after baking powdered
samples at 750˚C overnight, and at 950˚C for three hours.
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measurement should be hot enough to dehydrate gypsum, but below the anhydrite
stability limit, such that sulfate would be largely retained in the solid while the structural
water would contribute to the LOI. The presence of zeolite was confirmed in one sample
(18 May) by XRD, which would also contribute water to the measured LOI. Other
mineral components identified by XRD include plagioclase, clinopyroxene, amphibole,
hematite, and magnetite, all of which are consistent with both our visual inspection and
hydrothermal derivation from intermediate igneous rock such as andesite.

Table 3.2. Ash Leachate Results, mg/kg ash
16. May

18. May

21. May

SO4a

32700

32100

28300

Cla

2080

1680

1420

Fa

85.4

81.0

70.7

Nab

1080

1030

1090

Kb

172

3.35

162

b

15800

15100

12700

Mgb

589

872

756

Alb

264

217

297

Mnb

29.9

42.8

36.0

Feb

40.7

3.35

75.5

Znc

7.16

1.18

2.25

c

Cu

2.15

1.49

4.19

Asc

0.093

0.030

0.070

Pbc

0.00278

0.00035

0.00168

Sec

0.153

0.095

0.061

Nic

0.419

0.678

0.516

c

0.020

0.004

0.032

Ca

Cr

Analysis methods: a: IC; b: ICP-AES; c: ICP-MS
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Ash leachates may be used to probe the chemistry of volatiles from the eruptive
plume (e.g., Taylor and Stoiber, 1973; Rose, 1977; DeMoor et al., 2005; Witham et al.,
2005). The three ash samples were leached for soluble ions, following procedures
recommended by Witham et al. (2005). Two samples from each sampling date were
analyzed. One gram of ash was added to 25 ml of de-ionized water and agitated for 90
min. Following agitation, the samples were centrifuged (4000 g at 20 °C) for 10 min. The
mixture was then filtered through a 0.45 µm nylon filter. Major elements leached from
the samples (Na, K, Ca, Mg, Al, Mn, and Fe) were analyzed using a Perkin- Elmer
Optima 5300DV ICP-AES; trace elements (Zn, Cu, As, Pb, Se, Ni, and Cr) were
analyzed by using a Thermo X-Series II Quadrupole ICP- MS; and the concentrations
of,SO42-, Cl&, and F& ions in the leachates were determined using a Thermo Dionex ICS
2500 ion chromatography system (Table 3.2). The leachate composition is dominated by
SO42- with a /SO42-/Cl& ratio of 16-20 (equivalent to S/Cl ~5-7) and Cl&/F& ratio of 20-24.
The leachate analysis shows similar trace element characteristics for all three samples;
however, the analysis indicates a slight decrease (~15-30%) in SO42-, Cl&, and F& over the
5 days of the eruption represented by the samples.

3.3.5 SO2 plume measurements
Quantifying the flux of magmatic gases from active volcanic systems can provide
insights into changes in magmatic activity. Before 2010 only a few measurements of SO2
emission from the active vent existed for Telica volcano. Mobile traverses using portable
ultra-violet correlation spectrometers (COSPEC) reported 41 ton/day in November 1996
(Smithsonian Institution, 1996), and between 50 and 500 ton/day, during an eruptive
period at Telica in November 1999 (Smithsonian Institution, 2000). Mobile DOAS
(differential optical absorption spectroscopy) measurements conducted on 30 November
2003 during a non-eruptive episode gave values of 249 to 1249 ton/day with an average
of 530 ± 120 ton/day (Mather et al., 2006).
From January to March 2010 a local network of three instruments from the
NOVAC project (Network for Observation of Volcanic and Atmospheric Change, see
Galle et al. (2010)), a global network for volcanic SO2 monitoring was in operation on the
western flank of Telica volcano (Fig. 3.1). The instruments were re-installed on May 2378

June 24, 2011 in response to the eruptive activity. The NOVAC instruments perform SO2
slant column measurements in a continuous mode (each measurement takes a few
minutes) implementing the DOAS technique (Platt and Stutz, 2008). The slant column
measurements are not enough to determine the SO2 emissions directly; estimations of the
plume speed, direction and height are also required. Plume direction and height were
derived by combining the slant column measurements, measured from 2 to 3 instruments
simultaneously, assuming a stable wind direction. Wind speeds were retrieved using the
Global Forecast System (GFS) model of the National Oceanic and Atmospheric
Administration (NOAA) and a weather station located at station TELN (Fig. 3.1); both
meteorological datasets are in general agreement. The SO2 measurements are subject to
considerable uncertainties, which are difficult to quantify mainly because of the diffuse
nature of the plume, non-modeled wind effects (e.g., Galle et al., 2010), daytime-only
sampling, and the fact that the plume must migrate towards the gas monitoring network
for measurements to be made.

Figure 3.12. Daily average SO2 A)ux emissions at Telica, measured using the NOVAC
instruments, during a) the non-eruptive period 25 January to 27 March 2010 and b) 23
May to 24 June 2011
The results derived from the NOVAC instruments during the quiescent period of
2010 and the crisis of 2011 are displayed as daily averages in Fig. 3.12. During January
to March 2010 the measured SO2 emissions averaged 115 ± 100 ton/day. On 16 March
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2011, during the weak eruptive phase, mobile DOAS measurements gave values of 66
ton/day at Telica. For the more energetic phase of the 2011 eruptive episode, the
emissions slightly increased up to an average of 140 ± 110 ton/day.
Telica volcano has a degassing rate that is not sustained, as observed for the ~2
months of continuous measurements made in 2010 (Fig. 3.12). The measurements
demonstrate a pulsating signal, alternating for periods of 3-5 days. During the 2011
eruptive period, the emissions were more sustained. There was a marked decrease in the
SO2 emissions during 2-7 June, followed by a rapid increase on 8 and 9 June (Fig. 3.12).
These somewhat higher values were then sustained until the end of the measurements in
late June. We do not observe any significant changes in SO2 emissions on 14 June when a
series of explosions were observed.

3.3.6 Temperature measurements
Temperature measurements are made periodically at Telica in two locations: 1) fumaroles
within the active crater; and 2) at low-temperature fumaroles located 30 m west of station
TBTN/TELN (Fig. 3.1). The temperatures in the ~200 m deep active crater are observed
from the crater rim, manually searching for the highest temperatures using a thermal
infrared gun (TESTO 845). An infrared camera was used for the crater measurements in
February and May 2011. The temperatures of the fumaroles near station TELN are
observed using a digital thermometer probe. Four to six closely spaced observation points
are used for these fumaroles, for which we calculate the average temperature (Fig. 3.13a).
The temperature in the active crater began to change from a rather stable level
between ~200 and 300 °C to 120 °C in February 2011 (Fig. 3.13b). The crater
temperature was still relatively low in March (137 °C), but rose from April 2011 and
during the eruption to a maximum observed temperature of 590 °C in June. The
fumaroles near TELN show a comparable temperature decrease before the eruption (Fig.
3.13b), decreasing from ~70 °C to 55 °C in March 2011 and then increasing again to 72
°C during the eruption. Low temperatures are not common in the crater or TELN
fumaroles; however, they do occur occasionally as seen in mid-2009 (Fig. 3.13b). After
the eruption the crater temperature declined (Fig. 3.13b), whereas the fumarole
temperature near TELN varied between 64 and 73 °C.
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Incandescence has been intermittently observed at the bottom of the active crater
at Telica since at least the 1999 eruptive episode, suggesting that maximum temperatures
above ~500-600 °C are common in Telica’s crater. Incandescence was not observed in
the daytime during the eruption (Fig. 3.3a). In addition to our observations, no
temperature or pressure changes were observed at boreholes for the geothermal power
plant, located ~8 km east of the active vent and within the San JacintoFTizate geothermal
area (M. Perez, personal communication, 2012).

3.3.7 Post-eruptive observations
Telica remained at a heightened level of unrest in the months following the eruptive
episode. The end of the eruption is taken as 14 June 2011, when the last explosions were
observed (Tenorio, 2011d). We do not see any clear transitions in the seismicity at that
time; the seismicity rate and RSAM decreased slowly following the eruptive period (Fig.
3.4). No transient deformation was observed across the TESAND cGPS network.
Energetic degassing continued in the crater as loud jetting noises were observed. A few
small incandescent areas were seen in the bottom of the crater in August and November
2011, and throughout 2012. No explosions were observed at Telica for the remainder of
2011 and 2012; however, small explosions occurred in September 2013. Following the
2011 eruption mobile mini-DOAS measurements on 12 July and 16 August measured
SO2 emissions of 484 ton/day and 266 ton/day, respectively (Tenorio, 2011e, 2011f).
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Figure 3.13. Temperature measurements at Telica for two different time scales and data sets.
a) Fumarole temperatures near site TELN (Fig. 3.1) for the time period 2000 to 2012. The
measurements (gray triangles) are from up to six different openings of the same fuma- roles.
The dashed line follows the mean temperature at each sampling time. b) Mean TELN
fumarole and maximum crater temperatures for the time period 2008 to 2012. The triangles
show the mean TELN fumarole temperatures from a), connected with a dashed line. The
black dots show the maximum temperatures observed within the active crater of Telica,
connected by a dotted line. The eruption period is marked by the gray shaded region (lightgray color for the initial period and darker gray for the more energetic phase of the episode).
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3.4 Discussion
Telica volcano is a persistently active volcano displaying high rates of seismicity,
degassing and sub-decadal eruptive episodes. The 2011 eruption of Telica volcano
consisted of weak vulcanian explosions starting on 7 March 2011, with intensification
after 8 May 2011. The eruptive episode ended 14 June 2011. The eruptive plumes were
generally <500m, with a few plumes reaching maximum elevations of 1.5-2 km above
the crater rim. The observed column heights combined with the discrete nature of the
explosions over a period of 3 months qualify this as a VEI 2 eruption, although the
eruptive volume was small (<105 m3). This style of activity resembles that of the 19992000 eruptive episode, which had numerous discrete, pink- to dark-gray ash columns
expelled to heights up to 4 km (Smithsonian Institution, 2000). The 1981-1982 eruption
was more explosive, while the 1994 eruption seems to have been somewhat less
explosive, with maximum reported column heights below 1 km (Smithsonian Institution,
1994). This historical activity demonstrates the intermittent frequency of vulcanian
eruptive episodes. Our multidisciplinary observations, data and analyses for the 2011
eruptive episode (Fig. 3.14) further our understanding of this persistently active volcano
and indicate that this eruption was amagmatic and likely driven by a transition from an
open to a closed degassing system by sealing of the hydrothermal system.

3.4.1 Evidence for non-magmatic vulcanian eruptions
An important aspect in volcano monitoring is whether or not vulcanian explosions
include fragments of new magma (termed juvenile material), because they may indicate
the proximity of magma to the surface, impacting forecasts for the evolution of an
eruption. Below we examine the implications of our ash analyses, and geodetic and
seismic observations for the involvement of magma in 2011 eruptive activity at Telica
volcano.
Our ash analyses indicate that the eruptive materials were non-juvenile and
hydrothermally altered. The ash samples had high (~4-5%) loss on ignition (LOI), high
(~6-10%) SO3 concentrations (Table 3.1), and XRD analyses indicate the dominance of
hydrothermal minerals, including the sulfates gypsum, bassanite, and anhydrite,
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suggesting eruption of the hydrothermal system. The abundance of accretionary lapilli
also indicates eruption through or eruption of the hydrothermal system, and suggests the
eruption was phreatic in nature.
In previous studies, high concentrations of sulfur relative to chlorine and fluorine
observed in ash leachates have been interpreted as representing magmatic gases absorbed
on the ash particles rather than hydrothermal gases (e.g., Giggenbach, 1975; Armienta et
al., 1998). However, Armienta et al. (2010) found for Popocatépetl volcano, Mexico, that
sulfur-chlorine ratios were highest during low-power ash emissions and suggested that
the measured leached sulfur concentrations may be affected by hydrothermally altered
ashes. Given the abundance of sulfate minerals in the ash samples, it is likely that the
high SO42- in the Telica ash leachates reflects a hydrothermal rather than magmatic
component, consistent with the interpretation of Armienta et al. (2010) for Popocatépetl.
Volcanoes in Central America do not appear to have shallow deformation sources
despite their frequent eruptive or persistent degassing activity. Fournier et al. (2010) and
Ebmeier et al. (2013) found no evidence for magmatic deformation at volcanoes in all of
Central America, including Telica volcano, during 2006-2008 and 2007-2010,
respectively, using ALOS InSAR data, which are suitable for densely vegetated areas.
Likewise, position time series from the TESAND cGPS network (Fig. 3.9) do not
indicate deformation associated with magma migration into the volcanic system before
the eruption, or coherent subsidence during and after the eruption. If the subsidence
observed at site CALV during the eruption, and if uplift at sites HERH and HOYN
following the eruption (Fig. 3.9) were caused by changes in pressure or volume in the
volcano's magmatic and hydrothermal systems, then one would expect a corresponding
change in the horizontal deformation field, which we do not observe.
The absence of deformation of the volcanic edifice can be used to constrain the
maximum pressure within the volcanic conduit, depending on the conduit geometry and
elastic properties of the crust. We tested models of both a closed vertical pipe
(Bonaccorso and Davis, 1999), and a sphere (McTigue, 1987), representing
pressurization of a shallow conduit or vertically oriented hydrothermal system, and
deeper pressure source (i.e., magma chamber or hydrothermal system), respectively, in an
elastic half-space assuming a shear modulus of 5 GPa and Poisson’s ratio of 0.25. A pipe
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representing a vertically oriented pressurized volume between 50 and 2000 m depth
below the vent, and an excess pressure change of 2 MPa (close to the overburden
pressure) would generate a well detectable horizontal signal (>5 mm) only if it had a
radius >100 m, which is unrealistic for a shallow conduit. The signal from such a shallow
source dies out quickly (Fig. 3.19, Supplementary Fig. 3) and scales with the square of
the radius of the conduit. A sphere at 2.5 km depth with a radius of 0.5 km would need a
pressure change of 4 MPa (equivalent to a volume change of ~3 "105 m3) to generate a
correspondingly detectable deformation signal; however, it would have a much wider
extent. We can thus conclude that the overpressure within the system prior to eruption
was <2-4 MPa, which concurs with the low power of the explosions (see Section 3.1).
Although we do not observe magmatic deformation, the long-term (>annual)
horizontal deformation signal across the TESAND network is dominated by tectonic
deformation (Fig. 3.10). Our velocity estimates (Fig. 3.10) show that the northwest
trending forearc – Caribbean plate boundary crosses Telica, and that the rate of forearc
motion relative to the Caribbean plate is 10-13 mm/yr in accordance with previous
studies (DeMets, 2001; Turner et al., 2007; LaFemina et al., 2009). Sites CALV and
QUEN south of Telica are moving as if they are on the Central American forearc block,
while sites POLS and JCFI are moving at about half the fore-arc rate (Fig. 3.10). Thus,
our network shows that Telica is being actively sheared in a right-lateral sense.
The earthquake locations at Telica may indicate whether magma moved into the
system or not. Our earthquake locations are roughly centered on the eruptive vent, are
shallow (<2 km below the edifice), and do not show spatiotemporal changes before or
during the eruption (Fig. 3.6). Our approach of selecting only the largest-amplitude
events at a single station (TBTN) might bias our location data set somewhat favoring
events near TBTN. However, in the vicinity of the summit the horizontal bias appears
minimal because the distribution of events is not centered on station TBTN. We have also
estimated a different set of event locations using automatic network event detection and
location methods for the short-period seismic stations and INETER’s velocity model
(Tenorio, 2011c). These event locations include more events and show a greater
distribution than observed with the broadband network data, both in horizontal and
vertical locations (Tenorio, 2011c), which may be caused by the different data sets and
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analysis methods. However, most of the events are shallow and roughly centered on the
eruptive vent. Future work on the seismological data sets, including additional analyses
of earthquake locations, will for example scrutinize whether or not Telica experienced
deeper (>2-3 km) seismicity in relation with this eruptive event.
In total, our observations indicate that the 2011 eruptive episode at Telica volcano
was dominated by phreatic, vulcanian explosions of hydrothermally altered material. Any
new magma would have had to either migrated into the system prior to installation of the
TESAND network, or would have had to have done so aseismically, and have been of
small enough volume as to not deform the volcano.

3.4.2 Processes driving vulcanian explosions
The 2011 eruptive episode of Telica volcano was dominated by phreatic, vulcanian
explosions; the explosive activity was not driven by fragmentation of magma. Vulcanian
eruptions have been observed at most volcano types and magma compositions, and
correlated with LP seismicity (e.g., Stix et al., 1993). Furthermore, it has been
hypothesized that sealing of magmatic conduits and/or hydrothermal systems drives
vulcanian eruptions (e.g., Self et al., 1979). The multi-parameter data set presented above
gives further insights into the processes driving the individual vulcanian explosions and
the eruptive episode as a whole.
Seismicity at Telica during our observation period and recorded at station TBTN
is dominated by LP events (see criteria in Section 3.2) and is highly variable in time (Fig.
3.4). The source of LP seismicity at active volcanoes is debated; however, source
mechanisms are thought to be related to flow, phase change, and resonance of fluids,
magmatic or hydrothermal, within the magmatic conduit or fractures and pathways that
comprise the hydrothermal system (Chouet, 1996; Petersen, 2007; Petersen and McNutt,
2007). Brittle failure of magma under high strain rates is also thought to generate LP
seismicity (Goto, 1999; Thomas and Neuberg, 2012). Here we interpret the variable LP
seismicity at Telica in terms of variable fluid flow, and that temporal variations in LP
seismicity are the result of a transition from open to closed system degasing through
sealing of fluid pathways in the magmatic and/or hydrothermal systems.
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Although we observe a tendency for decreased event rates before the eruptive
episode and some individual explosions, there is not a clear one-to-one correlation. The
sudden drop in event rates in September 2010 was not followed by an eruption.
Furthermore, the 1994 Telica eruption was preceded by a month-long increase in event
rates (Smithsonian Institution, 1994) while explosions within the 1999 eruptive episode
were preceded by decreases in event rates (Rodgers et al., 2013). On shorter time scales,
some of the larger explosions in 2011 were preceded by reduced hourly event rates (Fig.
3.5). However, there were numerous temporary decreases in the hourly event rates
without explosions.
The decreased rates of LP seismicity indicate reduced fluid flow (i.e., sealing of
fluid pathways), which may either result in explosions or passive degasing of the
pressurized volatiles. The SO2 measurements at Telica support the idea of sealing
because the observed low emission value of 66 ton/day in March 2011 coincides with a
low in the seismic activity and fumarole temperatures (Fig. 3.14). The SO2 emissions
increased on 7 June 2011 and stayed higher until the end of measurements, correlating
with the increased seismicity and increased fumarole temperatures (Fig. 3.14) suggesting
higher flux of volatiles near the end of the eruptive episode.
The sealing process can be addressed further through our multi-parameter data.
The hydrothermally altered ash that was erupted indicates that the sealing occurred in the
hydrothermal system, or at the top of the conduit, rather than by sealing of a magmatic
carapace. Furthermore, the XRD analysis suggests sealing by hydrothermal
mineralization. The infrasound signal from one of the strongest explosions of the eruptive
episode shows significant perturbations starting ~10 s before the main explosion (Fig.
3.8b). This and the absence of a seismic precursor implies that the explosion was not
initiated by brittle failure of a seal, but rather initiated by release of a small volume of gas
into the atmosphere creating the first acoustic pulse, followed by the main explosion. The
second explosion we present in Fig. 3.8 (i.e., Fig. 3.8c,d) was of much lower intensity
and seems to have a longer seismic and infrasound prelude, suggesting gradual failure of
one or more seals or formation of a new gas pathway. The low energy of most of the
explosions, such that some of them did not leave discernible seismic traces at station
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Figure 3.14.*A compilation of multi-parameter observations. a) RSAM for station TBTN;
b) Total events per day at TBTN; c) and d) East and vertical components of cGPS station
TELN (co-located with station TBTN), respectively; e) Daily average SO2 A)ux as
measured by the NOVAC instruments; f) Fumarole temperature near TELN; g) Crater
temperature. The eruption period is marked by the gray shaded region (light-gray color
for the initial period and darker gray for the more energetic phase of the episode).
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TELN (450 m from the crater rim) (Fig. 3.7), demonstrates the low strength of the sealing
and low pressures accumulated between explosions. The decrease in fumarole
temperature before the main phase of the eruptive episode and the subsequent increase
(Fig. 3.14) are best explained by a pre-eruptive decrease in the flux of high-temperature
hydrothermal fluids within the uppermost part of the hydrothermal system caused by
temporary sealing at depth, followed by breaking of these seals and a return of hightemperature hydrothermal fluids flowing through the system. We note that this proposed
relation of fumarole temperature and sealing favors sealing at depth, rather than sealing at
the top of the conduit, because otherwise the sealing would be accompanied by a
temperature increase in the flank fumaroles.
In summary, the sharp decrease in event rates in September 2010, the long-term
decrease in LP seismicity at Telica, pre-eruptive temperature decrease, and lower SO2
emission in March 2011, indicate that the otherwise normally open degassing system at
Telica volcano became clogged or sealed, likely at or above the generation depth of the
LP events. This allowed pressure to build up within the volcano; though the pressure
increase was small enough to not cause detectable surface deformation within the
TESAND geodetic network. The gradual increase in seismicity over the course of the
eruption (Fig. 3.4) indicates that the gas and/or fluid flow became more vigorous
representing a transition to open-system degassing. Thus, for Telica volcano, an absence
of seismicity and decrease in temperature and gas emissions may be interpreted as
temporary trapping of volcanic gases at depth that can lead to vulcanian explosions. For
larger or magma-dominated eruptions at Telica the precursory activity and evolution of
the activity may be different.

3.5 Conclusions
The 2011 VEI 2 eruptive episode of Telica volcano was characterized by vulcanian
explosions that produced a small volume (~104 -105 m3) of non-juvenile, hydrothermally
altered basaltic-andesite ash. The multidisciplinary observations allow us to present a
hypothesis for the physical mechanisms acting within the volcanic system during
vulcanian eruptions at Telica volcano. We see no deformation across the TESAND
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network indicative of pre-eruption inflation, co-eruptive deflation or post-eruptive
inflation. Combined with our geochemical analysis of the eruptive products and small net
changes in the SO2 flux, the observations indicate that no large volume of new magma
migrated into the system and that the eruption consisted of predominantly hydrothermally
altered ash. We suggest that temporary sealing of the hydrothermal system at Telica and
subsequent failure of the seal drove the vulcanian activity. We propose that this
mechanism also caused the observed pre-eruptive decrease in fumarole temperatures and
decrease in seismicity. The explosions and subsequent increases in fumarole
temperatures, seismicity, and degassing then represent a conduit-clearing sequence and
gradual return to open-system degassing at this persistently active volcano.
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3.8 Supplementary data

Figure 3.15, Supplementary Fig. 1. GPS time series in east, north, and vertical
components for sites in the TESAND network, including site LEME (in Leon, Nicaragua,
22 km south of Telica). The time series are displayed relative to the Caribbean plate,
where a rate corresponding to the ITRF2008-fixed-Caribbean according to the MORVEL
plate motion model (DeMets et al., 2010) has been subtracted from the time series. The
time series are shown from the start of measurements until 2012. The 2011 eruptive
episode is marked with a gray shaded area. The order of the stations is the same for the
north and vertical components as in the east component.
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Figure 3.16, Supplementary Fig. 2a. XRD analysis of the 16 May ash sample. The
spectra were collected using the PANalytical Empyrean diffractometer in the Materials
Characterization Laboratory at Penn State. Diagrams show the 2$ angle in degrees
plotted against intensity. Copper K% x-rays with a wavelength of 1.54059 Å were used.
Major peaks are identified and listed in the upper right corner of each figure

.

96

Figure 3.17, Supplementary Fig. 2b. XRD analysis of the 18 May ash sample. Symbols
are as in Figure 3.16, Supplementary Fig. 2a.
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Figure 3.18, Supplementary Fig. 2c. XRD analysis of the 21 May ash sample. Symbols
are as in Figure 3.16, Supplementary Fig. 2a.
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Figure 3.19, Supplementary Fig. 3. Comparison of radial and vertical deformation from
a pressurized sphere at 2.5 km depth (dashed and solid lines), and a pressurized pipe
with 100 m radius and located between 50 and 2000 m depth (dotted and dash-dotted
line), centered under the active vent. The distance of the cGPS stations from the active
vent are indicated by vertical gray lines.
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Salvador

earthquake: Expression of weak coupling on the
Middle America subduction zone

Abstract
Subduction zones exhibit variable degrees of interseismic coupling as defined by
inversions of geodetic data and analyses of seismic energy release. The degree to which a
plate boundary fault is coupled can have profound effects on the seismogenic behavior.
Here we use GPS measurements to estimate co- and post-seismic deformation from the
August 27, 2012, Mw7.3 megathrust earthquake offshore El Salvador. The co-seismic
displacements are in agreement with shallow rupture (<20 km depth) of the plate
interface and seismically derived source models. Measured post-seismic deformation
exceeds the co-seismic deformation in the first year following the earthquake. The
observed spatial distribution of post-seismic deformation indicates post-seismic slip over
an area much greater than what ruptured in the mainshock. We suggest that the excessive
post-seismic motion is characteristic for this weakly coupled margin.

4.1 Introduction
Over the last several decades a broad spectrum of fault behaviors have been imaged
through geodetic and seismic studies of the earthquake cycle. At one end of the spectrum,
earthquakes represent near-instantaneous high-strain rate events, whereas at the other end
of the spectrum episodic slow-slip events and transient afterslip following intermediate to
large magnitude earthquakes represent low strain rate events that may occur over weeks
to years. Within this spectrum lie “tsunami earthquakes”, which produce unusually large
tsunamis compared to their magnitude (Kanamori, 1972; Satake and Tanioka, 1999). An
interesting aspect of tsunami earthquakes is that they rupture the shallowest parts of the
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subduction interface, which has been suggested to be generally unable to accumulate
large amounts of strain (e.g., Byrne et al., 1988). Examples of tsunami earthquakes
include the 1992 Nicaragua (Kanamori and Kikuchi, 1993) and the 2010 Mentawi
earthquakes (Hill et al., 2012). Few tsunami earthquakes have been observed
geodetically, and until seafloor geodesy gives a comprehensive set of measurements, it is
important to use available geodetic and seismic observations to understand these events
better.
The Middle America Trench (MAT) marks the boundary where the Cocos plate
subducts under the Caribbean plate at rates ranging from 67 mm/yr at the latitude of
Guatemala to 77 mm/yr offshore the Nicoya peninsula, Costa Rica (DeMets et al., 2010)
(Figure 4.1). This setting is complicated by the northwest movement of the Central
American forearc (CAFA) micro-plate (i.e., the region between the MAT and the
volcanic arc; Figure 4.1), relative to the Caribbean plate. The movement of the CAFA
micro-plate has been modeled using earthquake slip vectors and GPS data to be in the
range 10-16 mm/yr towards northwest, relative to the Caribbean plate (DeMets, 2001;
Turner et al., 2007; LaFemina et al., 2009; Correa-Mora et al., 2009; Kobayashi et al.,
2014) and is reflected in upper crustal seismicity in the volcanic arc. The Cocos – CAFA
convergence is 76 mm/yr in a direction N29° offshore El Salvador (Kobayashi et al.,
2014). The observed inter-seismic GPS velocities in El Salvador and Nicaragua do not
show a significant trench-normal component of motion (Figure 4.1), indicating very low
coupling on this part of the MAT (Correa-Mora et al., 2009; LaFemina et al., 2009;
Kobayashi et al., 2014). Correa-Mora et al. (2009) estimate 10% coupling on a small
patch off shore El Salvador, while LaFemina et al. (2009) and Kobayashi et al. (2014)
estimate negligible coupling in this region. LaFemina et al. (2009) suggest that coupling
must occur offshore, but that the coupled region is limited to above 20 km depth.
The El Salvadoran segment of the Middle America subduction zone has been a
seismic gap for megathrust earthquakes (e.g., Correa-Mora et al., 2009). Historical
accounts of earthquake damage (White et al., 2004) and tsunamis (Fernandez et al.,
2004), and instrumental records (Ambraseys and Adams, 1996) indicate that the last
earthquake to rupture the southern segment of the El Salvadoran subduction zone
occurred in 1919 or earlier. Destructive earthquakes along this segment of the margin
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Figure 4.1 Tectonic setting of Central America. Focal mechanisms and earthquake
locations are from the GCMT project; the focal mechanism for the August 27, 2012, El
Salvador earthquake is colored red. White thick arrows show the motion of the Cocos
plate relative to the Caribbean plate (DeMets et al., 2010). Black arrows show interseismic GPS-site velocities relative to the Caribbean plate (from Kobayashi et al.,
(2014)). The Central American forearc (CAFA) microplate is outlined with a shaded
region; the northwest termination of the CAFA is uncertain.
have been shallow strike slip events along the CAFA – Caribbean plate boundary.
Additionally, in January 2001 a Mw7.7 normal faulting event occurred within the
subducting Cocos plate off the coast of El Salvador (Valleé et al., 2003). This event was
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followed by a Mw6.6 shallow strike-slip event in February 2001 at the CAFA –
Caribbean plate boundary (Bommer et al., 2002; Martinez-Diaz et al., 2004).
In 2012 the Middle American subduction zone was struck by three 'Mw7.3
megathrust earthquakes (Figure 4.1). The first earthquake occurred on August 27, 2012 at
04:37:20 UTC (August 26 at 22:37:20 local time) offshore El Salvador. This earthquake
had a magnitude of Mw7.3 and generated a small tsunami (maximum run-up of
approximately 5 m (H. Fritz, pers. comm., Sep. 2012)) observed on the coasts of El
Salvador and western Nicaragua. Nine days later, on September 5, 2012 at 14:42:08
UTC, a Mw7.6 earthquake occurred under the Nicoya peninsula, Costa Rica. Finally, on
November 7, 2012, at 16:35:50 UTC, a Mw7.4 earthquake occurred offshore
southwestern Guatemala. The August 27, 2012, El Salvador earthquake is a major event
for this part of the plate boundary despite its small magnitude in a global context and
gives insights into the regional fault behavior. In this study, we use GPS and seismic data
to investigate the co- and post-seismic deformation associated with this event and discuss
our results in terms of the strain accumulation and slip characteristics of the weakly
coupled subduction zone offshore El Salvador.

4.2 Data and Analysis
4.2.1 GPS Data Collection and Processing
In order to estimate co- and post-seismic deformation due to the 2012 El Salvador
earthquake, we use a combination of continuous GPS (cGPS) and episodic GPS (eGPS)
data from El Salvador and surrounding countries: Guatemala, Honduras, and Nicaragua
(Figure 4.2). El Salvador has 5 cGPS sites (SSIA, SNJE, AIES, CNR1, VMIG) that were
all running during the earthquake. We use three cGPS stations in Guatemala (GUAT,
TAXI, CATR), one cGPS station in Honduras (TEG2), and 14 cGPS stations in
Nicaragua. Ten of the stations in Nicaragua are at Telica volcano (Geirsson et al., 2014;
Figure 4.2) and did not yield significant co-seismic offsets for the El Salvador
earthquake. We use eGPS data from El Salvador (4 stations), southern Honduras (4
stations), and western Nicaragua (1 station). The eGPS sites were observed for at least 24
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hours during each occupation. Episodic GPS site CHIN in Nicaragua was occupied
continuously from September 2012 onwards.
The GPS data were processed with the GIPSY/OASIS II software (Zumberge et
al., 1997) using the AMBIZAP3 algorithm for ambiguity resolution (Blewitt, 2008).
Time series for selected eGPS and cGPS sites are shown in Figure 4.3, where we have
estimated and removed the pre-seismic average velocity for each site. The co-seismic
offsets and subsequent post-seismic deformation are most pronounced in the north
component.

Figure 4.2 Co-seismic displacements with 1-sigma uncertainties. Continuous GPS
stations are indicated with triangles and episodic GPS stations are indicated with circles.
Epicentral locations of the August 27, 2012 El Salvador earthquake from USGS NEIC
and GFZ Potsdam are shown with stars.

4.2.2 Co-seismic Deformation
The co-seismic offsets were estimated using two different methods, depending on
whether GPS data were collected episodically or continuously. We applied a network
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filter (Wdowinski et al., 1997) to all time series before offset estimation in order to
minimize common-mode error. For cGPS site time series the offsets were estimated by
differencing 5-day weighted position averages before and after the earthquake. For the
eGPS sites, the time series were corrected for co-seismic deformation from the May 28,
2009, Mw7.3 Swan Islands fault earthquake (Graham et al., 2012), de-trended using data
up until the earthquake (from 2005.0 to 2012.65), and then the co-seismic offset
estimated by fitting a linear trend and an offset to the time series. The nine-day interval
between the August 27 El Salvador and September 5 Nicoya earthquakes allows us to
estimate co-seismic offsets separately for both earthquakes at cGPS stations and evaluate
if eGPS offset estimates are affected by the Nicoya earthquake. Co-seismic offsets for the
Nicoyoa earthquake are 7 mm (towards south) at site MANA, Nicaragua; 3-5 mm
(towards south) at stations in the Telica network, Nicaragua; and not detectable (<2 mm)
at cGPS sites in El Salvador. We thus infer that eGPS offsets estimates in El Salvador,
Honduras, and site CHIN in Nicaragua are not significantly affected by the Nicoya
earthquake. The cGPS and eGPS co-seismic displacements show a coherent signal
trending towards the USGS NEIC epicenter (Figure 4.2; Table 4.1, Supplementary Table
S1). The maximum observed co-seismic displacement is 17 mm at eGPS site JUCU in
eastern El Salvador.
The co-seismic offset estimates for the eGPS sites, and to a lesser degree the
cGPS sites as well, are affected by the post-seismic deformation following the 2012
earthquakes (Figure 4.3), because the measurements were not made instantaneously after
the earthquake (Table 4.1, Supplementary Table S1). This causes a bias in the co-seismic
estimates, because some of the post-seismic moment release will be incorporated into the
co-seismic displacement estimates. For example, Hill et al. (2011) compared co-seismic
offsets of cGPS stations from 1-Hz kinematic processing to offsets estimated from 24hour solutions of the same data. They estimated that ~30% of the co-seismic offsets
based on the 24-hour solutions were in fact post-seismic deformation. We processed 30second data in kinematic mode from cGPS stations in El Salvador to examine the coseismic offsets and if post-seismic deformation could be detected; however, the noise in
the solutions was too large compared to the co-seismic offsets to allow for meaningful
estimates (Figure 4.9, Supplementary Figure S1).
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4.2.3 Post-seismic Deformation
Considerable post-seismic deformation following the August 27, 2012 earthquake is
observed at the cGPS stations in El Salvador (Figures 4.3 and 4.4). For example, station
AIES moved ~16 mm southwards (190°) during the first year following the earthquake,
compared to 11 mm southwards for the co-seismic offset. There are prominent seasonal
signals in the horizontal and vertical components of the cGPS position time series (Figure
4.3), which affect our interpretation and estimation of the post-seismic signal. Because of
the seasonal signals we estimate linear, annual, and semiannual parameters for each of
the cGPS time series components from pre-seismic data (2005 or later, depending on data
availability) and apply these to the entire time series to remove steady-state (i.e. tectonic
motion) and annually cyclic movements of the sites. We did not apply network filtering
to the data here because we can estimate the seasonal signals independently for the cGPS
sites. For episodic site CHIN, which was operated in continuous mode following the El
Salvador earthquake, and sites CN22 and TEG2, which have time series too short before
the El Salvador earthquake to allow for meaningful estimates of seasonal components, we
only applied a linear correction based on pre-seismic data. The resulting time series for
the north component of the cGPS sites (Figure 4.4) show a generally decaying trend of
post-seismic motion with some irregularities. Site SSIA has a notable seasonal signal in
the north component, evident from the longer time series (Figure 4.3) and thus estimating
and removing a seasonal trend affects site SSIA the most (Figure 4.4). Apparently there is
increased post-seismic motion in the first few months of 2014 visible at sites SSIA and
AIES (Figure 4.4). This increase corresponds in time to increased seismicity off
Cosiguina Peninsula in Nicaragua in March 2014 (see Discussion).
We estimated the cumulative post-seismic offsets for cGPS station time series in the
east and north components every 100 days following the time of the El Salvador
earthquake (Table 4.2, Supplementary Table 2; Figure 4.4). We did not observe
significant post-seismic deformation in the vertical component. To estimate the postseismic deformation, we first removed the linear and seasonal signals estimated from preseismic data, as described above. Because many of the cGPS sites in Nicaragua show coseismic deformation from the September 5, 2012 Nicoya, Costa Rica, earthquake, we
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Figure 4.3 Example GPS time series from stations in El Salvador and Nicaragua in east,
north, and vertical components. See Figure 2 for location of the sites. The time of the
2012 El Salvador earthquake is marked with a dashed line. Episodic GPS data are shown
with circles while cGPS data are shown with triangles. Each station is de-trended using
its mean 2005-2012 velocity. Annual signals and data outliers have not been removed.
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Figure 4.4 GPS time series for the north component of site cGPS stations in El Salvador.
a) Linear trend estimated from the time period 2005.0-2012.6 has been removed; b)
Linear trend and annual and semiannual signals estimated from the time period 2005.02012.6 have been removed. The dashed vertical line marks the time of the 2012 El
Salvador earthquake, solid vertical lines indicate the 100, 200, 300, 400, and 500 days
after the earthquake, used for estimating post-seismic deformation.

refer the post-seismic offsets to a 10-day position average after the Costa Rica
earthquake.
The cGPS sites in El Salvador record post-seismic motion approximately towards the
epicentral region (Figure 4.5) and resemble the observed co-seismic displacements
(Figure 4.2) in azimuth, indicating that the post-seismic slip occurs in a similar-region
along-strike as the co-seismic slip. However, sites in Nicaragua show post-seismic
displacements that may indicate slip offshore Nicaragua (see Discussion). The spatial
extent of the post-seismic signal may be complicated by post-seismic deformation from
the Nicoya earthquake. Site MANA in Nicaragua shows post-seismic deformation that is
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likely dominated by the Nicoya event. Likewise sites TEG2 and CN22 trend to the south
or south-east; however, both TEG2 and CN22 have short (1.5 and 0.5 years, respectively)
time series for estimation of the pre-seismic velocities, which can affect the estimation of
the post-seismic deformation. Sites CHIN and LEME show post-seismic movement
towards the MAT while movement at site TELN at Telica volcano is inconclusive.

4.3 Modeling
4.3.1 Co-seismic Deformation
We model the observed co-seismic deformation in terms of slip on the subduction
interface. We use the TDEFNODE software (McCaffrey, 2009) for modeling, and adapt
the plate interface geometry from the model SLAB1.0 (Hayes et al., 2012; Figure 4.10,
Supplementary Figure S2a). The plate interface is represented by a maximum of 18
down-dip nodes and 33 along-strike nodes. The numbers of down-dip and along-strike
nodes vary between model types (see below). Deformation is calculated assuming an
uniform elastic half-space with a shear modulus of 40 GPa. Initial slip was assumed to be
0.0 m over the entire fault. In order to explore what ranges of slip distributions fit the
GPS displacements, we tested five different models of slip distribution: a) Slip at each
node (smoothed; 17 down-dip nodal profiles used); b) Slip at each node (smoothed; 17
down-dip nodal profiles used) was forced to be near the trench by eliminating all but the
top 4 along-dip nodes; c) A Gaussian function of slip with depth for 25 of the down-dip
profiles. For each of the down-dip profiles we solve for the center, spread, and slip
amplitude of the Gaussian function; d) A single 2-D Gaussian slip distribution on the slab
interface. Here we solve for the center location, amplitude, and along-strike and alongdip spread of the distribution; and e) A single rectangular slip patch with gradual
tapering. Here we solve for the center location, slip, and along-strike and down-dip width
of the rectangular patch. For all model types the rake was constrained to the CocosCaribbean plate convergence azimuth, which is approximately perpendicular to the strike
of the trench offshore El Salvador. For the parameter optimization we employ simulated
annealing and grid search.
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4.3.2 Post-seismic Deformation
Post-seismic deformation is commonly explained by afterslip on the plate interface,
viscoelastic relaxation in the lower crust and upper mantle of the overriding plate,
poroelastic rebound, or a combination thereof. Here we consider modeling of both
afterslip and viscoelastic relaxation. The viscoelastic relaxation depends dominantly on
the viscosity structure of the crust and mantle, as well as the co-seismic slip model.
Because the structure and rheology of the El Salvadoran margin is not well documented,
we test a range of rheological models. We assume the same range of crustal models as
Norabuena et al. (2004) for offshore Nicaragua: an 16 km thick elastic upper crust (30
GPa shear modulus), a Maxwell-viscoelastic lower crust between 16 and 30 km, and a
Maxwell viscoelastic upper mantle below 30 km depth. We test viscosities between
1"1017 and 1"1020 Pa s for each of the viscoelastic layers in order to estimate what
viscosities would be needed to explain the post-seismic deformation if the observations
are dominantly caused by viscoelastic relaxation. We calculate the viscoelastic response
using the program RELAX (Barbot et al., 2009; Barbot and Fialko, 2010) and use the coseismic slip model of Ye et al. (2013) as input. To explain the entire observed postseismic deformation as a viscoelastic response, unrealistically low viscosities of 1017 Pa s
and 1017 to 1018 Pa s are required for the upper mantle and lower crust, respectively
(Figure 4.11, Supplementary Figure S3). Norabuena et al. (2004) use limited GPS data in
Costa Rica following the 1992 Nicaragua earthquake to estimate viscosities of 1018 to
1019 Pa s and 1019 to 1020 Pa s for the lower crust and upper mantle, respectively. If we
assume the same viscosity structure, the viscoelastic response could account for as much
as ~30% of the observed post-seismic deformation (Figure 4. 11, Supplementary Figure
S3). We thus conclude that viscoelastic relaxation is not the dominant process for the
observed post-seismic deformation following the 2012 El Salvador earthquake and
assume in the following that the post-seismic deformation is solely caused by afterslip.
We inverted cumulative displacements from sites in El Salvador (AIES, SSIA, SNJE,
and VMIG) and Nicaragua (CHIN, CN22, LEME, TELN) from 100, 200, 300, 400, and
500 days following the 2012 El Salvador earthquake (Figure 4.5; Table 4.2,
Supplementary Table 2) for the distribution of afterslip on the slab interface using
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TDEFNODE with the subduction geometry as described above. Because of the limited
spatial distribution of available stations, the slip distribution was approximated by a
single 2D Gaussian function on the subduction interface.

Figure 4.5 Cumulative post-seismic displacements at 100, 200, 300, 400, and 500 days
after the 2012 El Salvador earthquake. Gray circles show earthquake locations near the
subduction zone from the El Salvador and Nicaraguan seismic networks during August
27, 2012, to June 30, 2014. Estimates from USGS and GFZ of the epicentre of the 2012
El Salvador earthquake are shown with stars.
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4.4 Results
4.4.1 Co-Seismic Slip Distribution
We find that a range of different slip distribution models, which we tested (see above),
can fit the co-seismic deformation. A common result for all of the models tested, is that
the largest slip coincides roughly with the location of the epicenter, and that most of the
slip is at depths shallower than ~25 km (Figure 4.6 and 4.12, Supplementary Figure S4).
Because we do not observe significant vertical co-seismic displacements at the GPS sites
(i.e., <10 mm), the locus of the slip cannot be very deep down-dip (i.e., <30 km depth) on
the subduction interface (Figure 4.10, Supplementary Figure S2). The co-seismic
displacements can be equally well fit by either large slip (maximum slip over 4 meters)
over a small area (Figures 4.6a and 4.12, Supplementary Figure S4a), or small slip
(maximum slip as low as ~0.2 m) over a larger area (e.g., Figure 4.12, Supplementary
Figure S4c). Models that solve for details of slip distribution, that is slip modeled at each
node (model a), or slip modeled as Gaussian functions along each down-dip profile
(model c), fit the data equally well with (2 = 88 and (2 = 90, respectively. Model c
predicts somewhat deeper slip than model a (Figure 4.12, Supplementary Figure S4).
Models with simpler representation of slip, that is, a single 2D Gaussian slip distribution
(model d), or a single rectangular slip patch (model e), fit the data worse than models a-c
((2 = 115 versus (2 = 88), but of course have much fewer parameters. Our preferred bestfit model has a smoothed node-wise slip distribution (model a), with maximum slip
between 8-15 km depth that coincides with the epicenter (Figure 4.6a). The moment
range we obtain for the different modeling approaches (models a to e) is 7.7 " 1019 Nm to
1.4 " 1020 Nm (Mw7.2 - Mw7.4) (Figure 4.6 and 4.12, Supplementary Figure S4), even
when the slip is constrained to be less than ~10 km depth (model b; Figure 4.6b). Slip
inversions for the 2012 El Salvador earthquake based on seismic data (Ye et al., 2013;
Figure 4.13, Supplementary Figure S5), fit the co-seismic displacements reasonably well
((2 = 132), with a maximum slip of ~1 m between 5 and 15 km depth, and moment 9.6 "
1019 Nm (Mw7.3). As mentioned above, we cannot fully separate the co- and post-seismic
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Figure 4.6 Surface projections of estimated co-seismic slip distributions on the plate
interface. a) Slip modeled at independent nodes (black points). b) As a), except the slip is
forced to be near the trench by eliminating down-dip nodes. The color scale indicates the
magnitude of slip on the plate interface. Black arrows show observed displacements and
the red arrows predicted displacements. Black dots show the location of nodes in the
models. Gray lines show depth contours to the plate interface (Hayes et al., 2012);
contours are labeled in a). Black star shows the epicenter of the earthquake according to
USGS. The maximum slip (Sx), moment magnitude (Mw), and !2 are given for each
model.
deformation. The site in our data set that shows the largest discrepancy with any of the
models is site CH15, which is an episodic GPS site. CH15 was occupied 25 days after the
earthquake and may thus include 25% or more of post-seismic deformation by
comparison with the continuous GPS sites (Figure 4.4). We re-ran a subset of our models
excluding site CH15 and found that while the (2 value drops from 88 to 64, the overall
slip distribution or fit to other sites did not change significantly (Figure 4.12,
Supplementary Figure S4f-h).

4.4.2 Post-Seismic Slip Distribution
For the post-seismic displacement field we have considerably fewer sites than for the coseismic displacement field, and consequently fewer constraints on the slip distribution.
Best-fit slip distributions from models of 2D Gaussian-shaped slip distributions are
shown in Figure 4.7. The solutions we obtain indicate slip near the epicentral area during
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the first 100 days, and then progressing further down-dip (maximum slip at ~50 km
depth) and to the southeast for the remainder of the time period. These slip models give
increasing cumulative moment release with time: from 2.8 " 1019 Nm to 3.2 " 1020 Nm
(Mw6.9 to Mw7.6) during the first 500 days. The post-seismic deformation can also be fit
with slip distribution at shallower depths; when maximum slip was forced to be at 25-30
km depth then the cumulative moment release is predicted to increase from 2.2 " 1019
Nm to 1.1 " 1020 Nm (Mw6.8 to Mw7.3) during the first 500 days. This model therefore
gives lower bounds for the total post-seismic moment release. If the post-seismic slip is
located at very shallow depths (<5 km) then the post-seismic moment release needs to be
even higher (equivalent to Mw7.8 during the first 500 days) to match the displacements
and thus gives an upper bound for total post-seismic moment release.

4.5 Discussion
The August 27, 2012 El Salvador earthquake is an important event because it is the
largest megathrust earthquake that has occurred on this segment of the Middle America
subduction interface in instrumented times (Ambraseys and Adams, 1996; Fernandez et
al., 2004) and was a “tsunami earthquake” (Ye et al., 2013). We estimated co-seismic
displacements of <1.7 cm at the GPS sites, which were superseded by post-seismic
displacements after ~6-12 months.

4.5.1 Co- and Post-seismic Slip Localization
The estimated centroid of our slip distributions (Figure 4.6 and 4.12, Supplementary
Figure S4) coincides with the hypocenter and indicates maximum slip in the hypocentral
area. The geodetic data can be satisfied with distributions that have maximum slip
between ~0.2 and 5 m (Figure 4.12, Supplementary Figure S4). The co-seismic
deformation is also reasonably well fit by the seismically derived slip distribution model
of Ye et al. (2013) (Figure 4.13, Supplementary Figure S5). This demonstrates that the
co-seismic deformation we record at the GPS stations was dominantly caused by the
August 27, 2012 mainshock.
The source of the post-seismic deformation is more difficult to localize using the
geodetic data than the co-seismic because of the fewer number of stations. The stations in
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Figure 4.7 Surface projection of estimates of cumulative post-seismic slip distribution after
100, 200, 300, 400, and 500 days after the mainshock (a-e, respectively). The color scale
indicates the amount of slip on the plate interface. Black arrows show measured
displacements and the red arrows the predicted displacements. Black star shows the
epicenter of the earthquake according to USGS. The maximum slip (Sx), resulting
moment magnitude (Mw), and !2 are given for each model.
Nicaragua, which we use for the slip inversion (CHIN, CN22, LEME, TELN), may be
affected by post-seismic deformation from the Nicoya earthquake, as evident at site
MANA (Figures 4.5 and 4.14, Supplementary Figure S6). The predicted co-seismic
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deformation for the September 5, 2012 Nicoya earthquake, based on the USGS finite
fault model (Hayes 2012), decreases by a factor of three between MANA and CN22, and
assuming that the post-seismic deformation decreases similarly with distance, the postseismic effects should be negligible at sites CHIN, CN22, LEME, and TELN. Given that
the sites in Nicaragua are not affected by post-seismic deformation stemming from the
Nicoya earthquake, the observed displacements indicate that afterslip extends ~100-150
km southeast of the epicenter of the August 27, 2012, El Salvador earthquake.
Aftershocks often occur in abundance where afterslip is occurring. In order to define
what are aftershocks, it is important to consider what the rate of previous seismicity was
for the same fault segment. We compared seismicity offshore El Salvador and Nicaragua,
as observed by the seismic networks in El Salvador and Nicaragua, from two equally
long time periods (October 25, 2010, to August 26, 2012, and August 27, 2012, to June
30, 2014; Figure 4.8). We considered only earthquakes of magnitude 3 or greater and
removed upper-crustal earthquakes at the CAFA – Caribbean boundary. There is a
marked increased in seismicity in the epicentral region and to the west and northwest of
the epicenter (box 1 in Figure 4.8), in the same region where we observe maximum slip
in the first 100 days following the earthquake (Figure 4.7a). The aftershock activity in the
epicentral area decays rapidly during the first few months after the El Salvador
earthquake, but stays above pre-2012 levels into 2014 (Figure 4.8c). The co-location of
the aftershocks and slip centroid strongly suggests that during the first 3 months the
afterslip was indeed occurring in the epicentral area.
The depth we estimate for the post-seismic slip 200 days and later after the
earthquake is well down-dip of the epicenter (Figure 4.7b-e). Although this depth
corresponds to a band of persistent seismicity (boxes 2 and 3 in Figure 4.8), there are
little changes in the seismicity in this area until March 2014 (Figures 4.8d & e). A
magnitude 6.5 earthquake occurred offshore Nicaragua on June 15, 2013 (Figure 4.8f),
292 days after the August 27, 2012 El Salvador earthquake, and thus does not affect our
post-seismic displacement estimates at 200 days after the El Salvador earthquake.
Predicted co-seismic deformation from the June 15, 2013 earthquake is ~4 mm at cGPS
stations LEME and CN22, based on the GCMT moment tensor; however, we observe
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Figure 4.8 Earthquake activity offshore El Salvador and Nicaragua during 2010-2014.
a) and b) show earthquake locations of M>3 earthquakes from the seismic networks in El
Salvador (SNET) and Nicaragua (INETER) for equally long time periods before and after
the 27 August, 2012, El Salvador earthquake. Upper crustal earthquakes on the forearcCaribbean plate boundary in El Salvador and Nicaragua have been removed from the
data set. Star shows SNET’s location of the August 27, 2012, earthquake. Dashed thin
lines show 10 km depth contours of the plate interface as defined by Hayes et al. (2012).
Earthquake magnitude and cumulative number of earthquakes for data within boxes 1-4
in a) and b) are shown in figures c) to f). C: Cosiguina Peninsula.
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only ~2 mm co-seismic displacements at these stations (Figure 4.15, Supplementary
Figure S7). Thus it is unlikely that co-seismic deformation from the June 15, 2013
Nicaragua earthquake affects the post-seismic deformation estimates in this area
significantly, but perhaps the GPS network in Nicaragua is recording some post-seismic
deformation from the June 2013 earthquake.
In March 2014 an earthquake swarm occurred offshore the Cosiguina peninsula in
western Nicaragua including a magnitude 6.2 thrust earthquake at 60 km depth on March
2, 2014 (Figures 4.8b & e). The cGPS time series in El Salvador (Figure 4.4; sites SSIA
and AIES) show changes in the north component, which may correspond to increased
trench-ward motion.
The extent of the post-seismic deformation we observe indicates that slip, mostly
aseismic, but including M>6 earthquakes, was triggered on a ~150-200 km long section
of the megathrust offshore El Salvador and western Nicaragua by the August 27, 2012 El
Salvador earthquake. In our interpretation, these signs of cascading slip following the
August 27, 2012 earthquake signify the weak coupling and conditionally stable nature of
the El Salvador – Nicaraguan margin.

4.5.2 Relative

Magnitude

of

Co-

and

Post-seismic

Deformation
The moment released post-seismically over months or years following an earthquake is
usually less than a third of the near-instantaneous co-seismic moment release (e.g., Lin et
al., 2013). However, there exist examples of earthquakes where the post-seismic
deformation exceeds that of the co-seismic, as was the case for the August 20, 2012, El
Salvador earthquake. For example, the October 9, 2004, Mw6.9 Nicaragua earthquake
(Figure 4.1) and its post-seismic deformation were well recorded at the cGPS station
MANA (Figure 4.15, Supplementary Figure S7). The 2004 earthquake has post-seismic
displacements that exceed the co-seismic displacements by a factor of 2 (Figure 4.14,
Supplementary Figure S6), indicating that the Central America margin offshore El
Salvador and Nicaragua has properties that allow for excessive post-seismic deformation.
Large post-seismic deformation has also been observed at other margins. Feng et al.
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(2011) note very rapid afterslip following the 2010 Mentawai earthquake, where postseismic displacements nearly equal the co-seismic displacements after eight months.
Suito et al. (2011) note a high ratio of post-seismic to co-seismic displacements following
three M~7 earthquakes, which occurred in the source region of the 2011 Tohoku
earthquake offshore Japan in 2005, 2008, and 2010. The ratios of the post- to co-seismic
moment for these events, based on geodetic inversions, are 1.8, 3.6, 3.1, respectively.
This observation is interesting in light of the fact that strong interplate coupling has been
estimated for the Japan trench (Suwa et al., 2006), and thus demonstrates that large postseismic deformation compared to co-seismic deformation is not a unique characteristic of
weakly coupled margins, but may rather be a characteristic of localized frictional and/or
pore pressure properties. An alternative explanation of large post-seismic deformation
lies in the geometry of the subduction zone. Slip on the shallowest (<5-10 km depth)
parts of the subduction zone is poorly expressed in deformation on land, while slip at
greater depths is more effectively translated to geodetic sites measuring surface
deformation (Supplementary Figure S2). Therefore, if the co-seismic slip is at shallow
depths and the post-seismic slip is further down-dip the post-seismic slip results in
relatively greater measured surface deformation compared to the moment released.
Following the 2004 M6 Parkfield strike-slip earthquake, the moment released as
afterslip was found to be at least three times larger than the co-seismic moment (Freed,
2007; Barbot et al., 2009). The geodetic slip resolution is considerably better at Parkfield
as compared to subduction zones. The post-seismic moment at Parkfield was released as
low magnitude slip (less than the co-seismic slip) over a large segment of the fault,
compared to the patch that failed co-seismically. Parkfield is in the boundary region
between the creeping and non-creeping sections of the San Andreas fault (Murray and
Langbein, 2006), with intermediate locking, analogous to the seismogenic- to freelyslipping transition on a megathrust. The excessive post-seismic deformation observed for
the El Salvador earthquake thus suggests that on this segment of the Middle America
margin, velocity-weakening patches that slip co-seismically are bridged by large areas of
velocity-strengthening or conditionally stable areas that constitute the regions of afterslip.
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4.5.3 Strain Accumulation and Release
For the 2012 El Salvador earthquake, we estimate maximum slip between 0.2 m to 5 m
based on the geodetic data and choice of model constraints (Figure 4.6 and 5.12,
Supplementary Figure S4). At a convergence rate between the Cocos plate and the CAFA
microplate of 76 mm/yr (Kobayashi et al., 2014), it takes approximately 3, 14, and 65
years to accumulate strain for 0.2, 1, and 5 m of slip, respectively. The lower slip
estimates are nowhere near the >95 years since the last comparable event on this segment
of the margin, and indicate that either a) the 2012 event was a result of incidental strain
accumulation over a limited period of time over a limited area; or b) the maximum slip
was on the order of 5 m. The cGPS station SSIA, which has been operating in El
Salvador since 2000, and other subsequent GPS stations in the area, would have shown
deformation representing a higher degree of locking if the slip deficit was only
accumulated in the past 2 decades. It thus appears that the strain energy released in the
2012 earthquake was already at hand for a considerable time before the earthquake. We
suggest the best way forward to address shallow strain accumulation in the future is
through repeated seafloor-geodetic observations.

4.6 Conclusions
We find that the Mw7.3 August 27, 2012 El Salvador tsunami earthquake occurred on
shallow parts of the plate interface and was followed by significant afterslip, causing the
observed post-seismic deformation to exceed the co-seismic deformation in less then one
year. The high ratio of post- to co-seismic deformation does not necessarily translate into
a high ratio of co- and post-seismic moment (we estimate Mw7.2-7.8 for the afterslip), but
depends also on how deep on the fault the afterslip occurs compared to the co-seismic
slip. The strain accumulation for the 2012 El Salvador earthquake either indicates
transient strain accumulation or full strain accumulation over a small asperity on the plate
interface.
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4.9 Supplementary data
Table 4.1, Supplementary Table S1. Co-seismic offsets at GPS stations. Reported
uncertainties are at the 1-sigma level.
Station
ACAJ
AIES
CATR
CH15
CHIN
CHIQ
CN22
CNR1
GUAT
JUCU
LEME
MANA
MORO
NDAM
SAIN
SGTO
SNJE
SSIA
TAXI
TEG2
VMIG
*

Delay*
179
c
c
25
6
293
c
c
c
21
c
c
289
285
165
286
c
c
c
c
c

Latitude
13.58
13.45
14.46
13.62
12.64
14.28
12.38
13.67
14.59
13.25
12.43
12.15
13.60
13.68
13.32
13.10
13.87
13.70
14.03
14.09
13.40

Longitude
-89.83
-89.05
-89.74
-88.56
-87.14
-87.51
-87.04
-89.29
-90.52
-88.25
-86.91
-86.25
-86.92
-87.36
-87.82
-87.06
-89.60
-89.12
-90.47
-87.21
-88.30

East (mm)
5.8 ± 1.4
0.4 ± 0.7
2.0 ± 1.3
-3.3 ± 1.4
-8.9 ± 2.4
-2.8 ± 1.9
-1.5 ± 2.5
1.0 ± 0.7
1.6 ± 0.7
-6.3 ± 1.8
0.5 ± 1.6
-0.1 ± 1.6
-4.8 ± 2.1
-6.8 ± 2.0
-1.7 ± 1.2
-6.7 ± 1.9
1.1 ± 0.7
1.5 ± 0.6
1.4 ± 1.3
-1.4 ± 0.7
-2.2 ± 0.7

North (mm)
-2.9 ± 1.2
-11.3 ± 0.9
-4.3 ± 1.1
-16.0 ± 1.2
-5.4 ± 1.9
-7.1 ± 1.6
-2.5 ± 2.4
-6.5 ± 0.9
-0.5 ± 0.9
-16.1 ± 1.4
0.7 ± 1.2
-1.7 ± 1.9
-7.1 ± 1.8
-4.3 ± 1.7
-10.1 ± 1.0
-5.9 ± 1.6
-3.5 ± 0.9
-7.0 ± 0.8
-1.1 ± 0.8
-4.1 ± 0.9
-12.3 ± 0.9

Time in days that passed since the earthquake until the first (daily) measurement.

"c" stands for a continuous GPS site and indicates no delay.
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Up (mm)
-8.9 ± 5.3
-3.4 ± 3.0
3.9 ± 4.8
-17.4 ± 5.4
-8.2 ± 6.3
-3.8 ± 7.2
-1.1 ± 7.8
1.3 ± 3.1
0.7 ± 1.5
-23.1 ± 6.5
1.6 ± 1.9
2.4 ± 8.2
16.7 ± 7.8
-10.1 ± 7.5
5.3 ± 4.7
7.2 ± 7.1
3.1 ± 2.3
-2.4 ± 1.8
0.3 ± 4.5
-1.5 ± 1.5
-0.5 ± 2.5

Table 4.2, Supplementary Table S2. Post-seismic deformation at GPS stations.

Station
AIES
CHIN
LEME
MANA
SNJE
SSIA
TEG2
VMIG

After 100 dayshjhjhjk
East
North
-0.3 ± 1.4 -3.1 ± 1.2
-4.0 ± 2.8
0.3 ± 0.8
-1.6 ± 1.3
0.8 ± 1.1
3.5 ± 0.8
-6.4 ± 1.3

2.5 ± 2.2
-3.1 ± 0.7
-2.6 ± 1.0
-5.4 ± 0.9
-2.2 ± 0.6
-8.1 ± 1.1

After 200 dayshjhjhjk
East
North
-0.7 ± 1.3
-8.1 ± 1.0
-1.7 ± 1.2
-3.3 ± 0.9
-2.5 ± 1.2
-2.0 ± 0.9
0.7 ± 0.8
-4.8 ± 0.7
-0.9 ± 1.4
-8.0 ± 1.1
-0.4 ± 1.2
-8.8 ± 0.9
4.0 ± 1.3
-3.3 ± 1.1
-6.3 ± 1.3
-12.4 ± 1.1

After 300 dayshjhjhjk
East
North
-1.0 ± 1.3
-10.9 ± 1.0
-3.9 ± 1.2
-7.4 ± 0.9
-2.0 ± 1.1
-6.1 ± 0.9
-0.9 ± 1.0
-6.8 ± 0.8
-0.4 ± 1.4
-6.0 ± 1.1
4.6 ± 1.1
-11.2 ± 0.9
1.7 ± 3.3
-3.5 ± 2.4
-5.3 ± 1.4
-15.7 ± 1.1

After 400 dayshjhjhjk
East
North
-0.1 ± 1.3
-13.9 ± 1.0
-4.8 ± 1.1
-7.0 ± 0.9
-0.3 ± 1.1
-8.1 ± 0.8
1.2 ± 0.8
-9.1 ± 0.7
-0.8 ± 1.3
-9.2 ± 1.0
4.5 ± 1.1
-14.4 ± 0.8

After 500 dayshjhjhjk
East
North
-1.0 ± 1.3
-11.4 ± 1.0
-3.7 ± 1.2
-6.8 ± 0.9
-4.3 ± 1.2
-5.6 ± 0.8
0.7 ± 0.8
-6.9 ± 0.7
-0.7 ± 1.3
-8.7 ± 1.0
2.9 ± 1.1
-15.3 ± 0.8
2.7 ± 2.4
-5.7 ± 1.9

Figure 4.9, Supplementary Figure S1: Kinematic analysis of 30-second GPS data from
stations AIES, VMIG, and SSIA. The time of the earthquake is indicated with a vertical
dashed line. The data were processed using the GIPSY/OASIS II software in precisepoint-positioning mode for kinematic data using loose constraints on the solutions. The
co-seismic offsets in the north component based on 24-hour solutions are -7, -12, and -11
mm for SSIA, VMIG, and AIES, respectively (Table 4.1, Supplementary Table S1), which
is not in disagreement with the epoch-by-epoch solution displayed here. However, the
temporal variations are too large and irregular to allow for meaningful epoch-by-epoch
estimates of the offsets.
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Figure 4.10, Supplementary Figure S2. Displacements from four different sections of the
thrust interface as a function of distance from the trench. We only display the results from
the coastline inland. a) Dashed line shows the plate interface from the Slab 1.0 model of
Hayes et al. (2012), and colored dashes mark the location of each of the sections we
calculate displacement for. Each section is 10 km long along-dip and 150 km alongstrike. The segments are at 0 km, 30 km, 60 km, and 90 km distance from the trench,
corresponding to top depths of 0 km, 8 km, 19 km, and 46 km, respectively, following the
slab geometry of Hayes et al. (2012). b) Horizontal, and c) vertical deformation.
Different slip of uniform amplitude is applied to each section (8 m, 1 m, 0.4m, and 0.5 m
for sections 1, 2, 3, 4, respectively) to generate a similar horizontal displacement on
land. Larger slip is needed on shallow sections of the thrust interface compared to deeper
sections to generate similar displacements.
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Figure 4.11, Supplementary Figure S3. Results of viscoelastic modeling for the north
component of station SSIA for a range of viscosities of upper mantle and lower crust. The
time series data for SSIA were corrected for linear, annual and semi-annual motion.
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Figure 4.12, Supplementary Figure S4. Surface projection of different models of coseismic slip distribution. a) and b) show nearly equally good solutions as in Figure 6a
(our best-fitting model), estimating slip at independent nodes. c) Slip distribution
estimated as Gaussian functions along each down-dip profile. d) Slip modeled as a single
2-D Gaussian function on the thrust interface. e) Slip modeled as a tapered rectangular
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Figure 4.12 (continued) function. In f), g) and h) site CH15 has been eliminated, and slip
distributions estimated for independent nodes (as in a and b); Gaussian down-dip
distributions (as in c); and a single 2-D Gaussian function (as in d), respectively. The
color scale indicates the amount of slip on the plate interface. Black arrows show
measured displacements and the red arrows the predicted displacements. Black dots
show the location of nodes in our modeling, if used, and grey lines show the slab
contours (Hayes et al., 2012). Black star shows the epicenter of the earthquake according
to USGS. The maximum slip (Sx), moment magnitude (Mw), and !2 are given for each
model.
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Figure 4.13, Supplementary Figure S5. Comparison of observed co-seismic
displacements (gray arrows) to model predictions based on the slip distribution of Ye et
al., 2013.

132

Figure 4.14, Supplementary Figure S6. Time series for station MANA in Nicaragua, in
the ITRF 2008 reference frame. Vertical dashed lines mark the times of the 2004
Nicaragua and 2012 El Salvador and Nicoya earthquakes. The gray lines show to a bestline fit through each component, based on pre-2004 earthquake data. Between 2004 and
2012 the same velocity as before the earthquake is assumed. For the 2004 earthquake the
co-seismic deformation is -5 and -8 mm in east and north components, respectively, while
the post-seismic deformation is -3 and -18 mm, respectively.
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Figure 4.15, Supplementary Figure S7. Co-seismic deformation from the June 15, 2013,
Mw = 6.5 earthquake offshore Nicaragua, location from INETER shown with a star. Red
arrows show predicted displacements based on the GCMT moment tensor (Mw=6.5;
strike 303°; dip 33°, rake 89°) and INETER location. Black arrows show displacements
estimated from cGPS time series with 1-sigma uncertainties. Gray circles show location
of M>3 earthquakes from August 27, 2012, to June 30, 2014, from the Nicaraguan
seismic network. Upper crustal earthquakes at the CAFA – Caribbean plate boundary
have been removed from the seismic catalog.
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5 Joint inversion of GPS, InSAR, tilt, and borehole
strain data from the year 2000 eruption of Hekla
volcano, Iceland

5.1 Introduction
Geodesy has been used for investigating magmatic systems for over a century. The
fundamental physical condition needed for such measurements are temporal changes in
pressure and or/volume within the system that generate surface deformation large enough
to be detected with a variety of geodetic techniques. Moreover, the deformation on the
surface decreases rapidly as a function of depth of the source, and thus only relatively
large volume or pressure changes can produce measurable deformation from sources
below 10 km depth. Magma accumulation at the Moho under many Icelandic volcanoes
has been established by geophysical (buoyancy) and petrological arguments (e.g., Kelley
and Barton, 2008 and references therein). Few examples of magma accumulation at or
near the Moho in Iceland have been verified with geodetic techniques, the best examples
being from Krafla (de Zeeuw-van Dalfsen et al., 2004) and Hekla (Geirsson et al., 2012).
Hekla volcano (Figure 5.1) is one of the earliest Icelandic volcanoes to be studied
geodetically, with tilt measurements starting in 1968 (Tryggvason, 1994). The location of
Hekla’s magma chamber has been the focus of several studies and several techniques,
which have estimated the depth of the magma chamber under Hekla between 5 and 25
km. Early tilt, EDM, and GPS networks were proximal to Hekla and thus not well suited
for detection of a deep magma chamber. Consequently, earlier estimations of the depth of
the magma chamber were relatively shallow: 7-8.5 km (Kjartanson and Gronvold, 1983);
5-6 km (Tryggvason, 1994); 2-15 km (Sigmundsson et al., 1992). Recent results show
localized complications in the inter-eruptive deformation pattern around Hekla, where
observed relative subsidence centered on Hekla (Ofeigsson et al., 2011; Geirsson et al.,
2012) has been interpreted as either viscoelastic response due to loading of the edifice
(Grapenthin et al., 2010) or due to a pipe-like geometry of the magma chamber (Geirsson
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Figure 5.1 Location of GPS (red triangles), borehole strain (orange hexagons), and tilt
(blue square) stations used in the study. Gray circles show other GPS stations which
were installed after 2000 and are used in this study. The location of the summit of Hekla
is indicated with a plus sign. Hekla’s 2000 fissure is outlined in pink (from Hoskuldsson
et al., 2007). White lines outline fissure swarms as defined by Einarsson and
Saemundsson (1987). Inset shows locations of continuous GPS stations in Iceland used
for this study. The locations of Hekla and Eyjafjallajokull are indicated with H and E,
respectively. The location of the Eurasia – North-America plate boundary is indicated
with a thick line, with the South Iceland Seismic Zone (SISZ) and the Eastern Volcanic
Zone (EVZ) labeled. Dark gray areas show outlines of fissure swarms and light gray
areas show glaciers.
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et al., 2012). This pattern may have skewed some of the earlier results in addition to the
small footprint of the early networks. Ofeigsson et al. (2011) estimated a depth of 17 ± 2
km using InSAR data during non-eruptive periods in 1997-1999 and 2003-2008, and 16 ±
2 km during the 2000 eruption. Geirsson et al. (2012) used GPS data from after 2000 to
estimate jointly plate boundary deformation and the location and depth of the magma
chamber under Hekla. They consider three possible models that fit the inter-eruptive GPS
data similarly well: a spherical magma chamber centered at 22-29 km depth; an
ellipsoidal magma chamber with long axis along the strike of Hekla at 22-28 km depth;
or a vertical cylindrical pipe-shaped chamber with the top at 9-13 km and the bottom at
17-28 km, reaching down towards the regional Moho depths (Darbyshire et al., 2000;
Allen et al., 2002; Kaban et al., 2002).
Despite the great depths of the magma chamber, there are indications for shallow
controls of the eruptive process at Hekla. This evidence comes primarily for the depth of
the first earthquakes preceding the year 2000 eruption, which originated at shallow (< 3
km) depths (Soosalu et al., 2005). Sturkell et al. (2013) combined this information with
limited GPS, borehole strain, and dry-tilt data for the 2000 eruption and concluded that
the magmatic system during Hekla’s year-2000 eruption was composed of a spherical
magma chamber at a depth >10 km and a shallow (< 0.5 km) dike that extended to the
surface, connected by a straw-like conduit that does not solidify completely between
eruptions.
Hekla has erupted 18 times, and at least six times in the fissure swarm outside the
main edifice since the year 1104 (Thorarinsson, 1967). The average repose interval has
been ~50 years for the last millennia; however, the past 4 eruptions (1970, 1980-81,
1991, 2000) have had a repose of approximately one decade. Hekla’s explosivity and
geochemistry of eruptive products show a strong dependence with repose interval: as the
repose interval increases, the first eruptive products are more silicic, and the eruptions
more explosive (Thorarinsson and Sigvaldason, 1972). Sturkell et al. (2013) suggest that
repose interval is controlled by solidification of the conduit and dike, and the gradual
pressure build up in the magma chamber. 14 years have already passed since Hekla’s last
eruption in 2000, and the question arises whether Hekla could be moving back towards
its more long-term 50-year average repose interval.

137

The last eruption of Hekla began on February 26, 2000. The VEI 3, subplinian
eruption produced a column height to 12 km, and a total of 0.19 km3 DRE (dense-rock
equivalent) of basaltic andesite lavas and tephra. A 6.6 km long fissure opened up along
the N60°E – striking summit and lava flows were erupted to the south and southeast.
Additionally, a short (~1 km long) north-trending splay fissure opened near the NE-end
of the main fissure. The eruption persisted for 12 days (ending on March 8, 2000) with
the highest effusive rates during the first day (Hoskuldsson et al., 2007).
In this study we build upon the geodetic data from the 2000 eruption presented in
Sturkell et al. (2013), with some important extensions. We introduce for the first time a
complete GPS-derived displacement field for the 2000 Hekla eruption. We use a coeruptive InSAR (Interferometric Synthetic Aperture Radar) interferogram (Ofeigson et
al., 2011), and tilt and borehole strain data from Sturkell et al. (2013). We apply a formal
joint inversion of the GPS, dry-tilt, borehole strain, and InSAR data to estimate the
geometry of the magmatic system and volume of magma involved in the 2000 Hekla
eruption.

5.2 Data and Analysis
5.2.1 GPS measurements of the co-eruptive deformation
We use a combination of episodic and continuous GPS data collected in south Iceland
between 1993 and 2013 for our analysis (Figure 5.1). The GPS network around Hekla is
hampered by a lack of observations between 1996 and 2000, when geodetic efforts were
more concentrated on the Hengill, Katla, and Eyjafjallajokull volcanoes, which were in a
state of unrest during that time (Feigl et al., 2000; Sturkell et al., 2010). We found it was
necessary to use the full time span of available data sets (time series shown in Figures 5.9
- 5.13, Supplementary Figures 1-5) to estimate the co-eruptive displacements because of
possible deformation from: a) The two Mw=6.5 earthquakes which occurred in June 2000
in the South Iceland Seismic Zone (SISZ) (e.g., Pedersen et al., 2003; Figure 5.1); b) The
1994, 1999-2000, and 2009-2010 Eyjafjallajokull intrusions and eruptions (e.g.,
Sigmundsson et al., 2010); c) Regionally increased uplift rates as a response to increased
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melting rate of glaciers (e.g., Geirsson et al., 2012). In the following we discuss these
events in more detail and how we adjust our time series for each event.

5.2.1.1 GPS data processing
The GPS data were processed using GIPSY-OASIS II (Zumberge et al., 1997) version
6.2, with final orbits and earth orientation parameters from JPL, and applying the
AMBIZAP3 ambiguity resolution algorithm (Blewitt, 2008). Absolute phase center
models were used for antennas and satellites to ensure minimal effects of different
antenna types over the two decades that the measurements span.

5.2.1.2 De-trending of time series and estimation of co-eruptive
deformation
Because of the different sampling intervals of the GPS data (Figures 5.9 - 5.13,
Supplementary Figures 1-5), we consider each station individually when estimating the
co-eruptive offsets. We only use sites that have more than two or more occupations: at
least one before and one after the 2000 eruption. However, two measurements only are
not sufficient to estimate the offset because a background tectonic velocity would then
have to be assumed, which is problematic, because Hekla lies at the intersection of the
EVZ and the SISZ in a spatially complex deformation field (Geirsson et al., 2012). We
thus only consider stations that have enough data for reliable velocity estimates either
before or after the eruption. This velocity is then used to de-trend the entire time series
for each site. Removing this mean velocity removes steady-state tectonic, glacio-isostatic,
and inter-eruptive deformation, and allows for offset estimation at sites measured at
different time intervals in a coherent manner.
The GPS data are quite limited before 2000 (Figures 5.9 - 5.13, Supplementary
Figures 1-5) and in most cases not useful for velocity estimations. For consistency, we
used data from after June 21, 2000 (i.e, after the June 2000 earthquakes) until 2010.3 (see
section below on Eyjafjallajokull) for velocity estimations. For sites that showed obvious
rapid post-seismic decay (Decriem and Arnadottir, 2012; site THJO in Figure 5.13,
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Supplementary Figure 5) we only used data after that rapid post-seismic decay; typically
from 2002.0 to 2010.3, depending on data availability at each site.
Our approach differs from that of Sturkell et al. (2013), and before that
Sigmundsson et al., (1992), which used the station ISAK (Figure 5.1) as the reference
station to compare displacements between two separate campaigns, because ISAK is
within the co- and inter-eruptive deformation field of Hekla. However, the shortcoming
of our approach is manifest in the assumption that the sites are moving at the same
steady-state rates before and after the eruption and that no un-modeled offsets occur in
the time series.
We know that the Hekla eruption had an extensive deformation footprint, because
cGPS stations SOHO and HVOL south and south-east of Katla recorded the co-eruptive
deformation of a few mm (Geirsson et al., 2006). Therefore we re-estimated offsets for
SOHO, HVOL, and other cGPS stations in Iceland operating at the time (REYK, VOGS,
OLKE, HVOL – see Figure 5.9, Supplementary Figure 1). We verified the previous
estimates for SOHO and HVOL and estimate marginally significant offsets for the other
cGPS stations (Table 5.1 and Figure 5.2).

5.2.1.3 The June 2000 SISZ earthquakes
The two Mw=6.5 SISZ earthquakes on June 17 and 21, 2000, occurred only 3.5 months
after the Hekla 2000 February 26 – March 8 eruption ceased. The earthquakes cause coseismic and post-seismic deformation, most pronounced in the western part of the
network (Arnadottir et al., 2001; Pedersen et al., 2003, Decriem and Arnadottir, 2012;
Figures 5.9 - 5.13, Supplementary Figures 1-5). Fortunately, 20 sites were measured
between the end of the eruption and the earthquakes (sites BRSK, DROP, HAFU, HEST,
ISAK, KELD, KRHR, KROK, LEYN, LITL, MUND, NBJA, NOXL, PALA, RAUK,
SBJA, SKHR, SKJA, THJO, VALA). For these sites we can estimate both the co-seismic
offsets from the June 2000 SISZ earthquakes (Table 5.4, Supplementary Table 1), and the
Hekla 2000 co-eruptive offsets (Table 5.1). These estimates are not completely
independent, because they rely both on the usually single occupation between the
eruption and the earthquakes.

140

Figure 5.2 Co-eruptive horizontal displacements at GPS stations. a) shows the far-field
deformation while, b) shows the near-field displacement field. Note the different velocity
scales on and within each figure. The summit of Hekla is marked with a cross, and the
Hekla 2000 eruptive fissure is shown in b (thin black line). Fissure swarms are shown as
grey areas following Einarsson and Saemundsson (1987).
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Table 5.1. Co-eruptive offsets of GPS stations.
Site
BRSK
BOTN
DROP
HAFU
HAMR
HEST
HVER
HVOL
ISAK
KELD
KRHR
KROK
LEYN
LITL
MAEL
MOHN
MORK
MUND
NBJA
NOXL
OLKE
PALA
RAUK
REYK
SBJA
SKHR
SKJA
SOHO
TAGL
THJO
THRA
VALA
VOGS

Coordinates
Lat.
Lon.
63.941 -19.540
63.951 -19.832
63.914 -19.574
64.012 -19.842
63.622 -19.986
64.046 -19.520
64.017 -21.185
63.526 -18.848
64.119 -19.747
63.824 -20.085
63.948 -20.100
64.066 -19.396
63.943 -19.943
64.006 -19.682
63.802 -18.966
64.025 -19.691
63.657 -19.895
63.985 -19.548
64.049 -19.669
64.009 -19.597
64.063 -21.220
63.884 -19.726
64.027 -19.591
64.139 -21.955
64.017 -19.763
63.837 -19.882
64.081 -19.599
63.552 -19.247
64.130 -19.352
64.054 -19.866
63.821 -19.198
64.077 -19.523
63.853 -21.704

Offsets
East [mm]
8.4 ± 3.8
20.0 ± 8.0
2.4 ± 4.8
18.1 ± 6.3
0.0 ± 7.0
-5.0 ± 3.5
2.5 ± 1.4
-0.7 ± 2.0
14.9 ± 2.3
10.2 ± 3.0
24.8 ± 5.0
-12.8 ± 2.5
15.9 ± 2.6
-313.6 ± 3.5
-4.0 ± 6.0
-37.4 ± 6.3
4.0 ± 5.0
13.0 ± 4.1
4.2 ± 4.5
43.1 ± 3.5
0.8 ± 2.4
2.4 ± 5.4
-0.7 ± 5.5
1.1 ± 2.1
-14.0 ± 5.5
0.5 ± 5.4
-2.5 ± 4.2
-0.1 ± 1.4
-5.0 ± 15.0
33.3 ± 2.2
-15.0 ± 5.0
6.5 ± 7.8
2.2 ± 1.6

North [mm]
15.1 ± 5.0
36.0 ± 7.0
29.3 ± 10.0
-2.4 ± 5.7
5.0 ± 5.0
-0.5 ± 3.5
2.0 ± 2.0
5.8 ± 2.0
-9.5 ± 2.3
13.0 ± 1.5
10.9 ± 2.5
-6.7 ± 2.9
31.5 ± 3.3
419.2 ± 4.0
15.0 ± 8.0
85.5 ± 5.6
8.0 ± 5.0
20.4 ± 6.6
25.2 ± 4.8
22.2 ± 4.8
0.0 ± 2.8
36.5 ± 7.0
2.0 ± 4.6
0.2 ± 2.3
24.7 ± 8.0
35.7 ± 6.3
-5.4 ± 5.3
8.6 ± 1.5
-5.0 ± 6.0
-12.9 ± 3.1
10.0 ± 5.0 -5.1 ± 9.4
0.9 ± 2.0
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Up [mm]
-50 ± 20
-68 ± 20
-30 ± 30
-80 ± 60
0 ± 20
0 ± 60
0±5
0±7
-30 ± 30
-40 ± 20
-10 ± 20
-48 ± 20
-55 ± 30
-10 ± 20
-50 ± 20
-33 ± 14
0 ± 15
-33 ± 20
-57 ± 30
-45 ± 20
0±5
-40 ± 20
-35 ± 20
0±5
-44 ± 20
-15 ± 2
-15 ± 20
0±5
10 ± 20
-15 ± 20
20 ± 15
-18 ± 20
0±5

We compared the co-seismic offset estimates to predictions based on uniform slip
models of the June 2000 earthquakes by Arnadottir et al. (2001) and Pedersen et al.
(2003), which used near-field GPS and InSAR data for their models. Our observations
are in fair agreement with the predicted offsets (Figure 5.14, Supplementary Figure 6) at
most sites. However, there is a systematic mismatch at a few sites – most notably at sites
PALA, DROP, BRSK – which cannot be readily explained (Figure 5.14, Supplementary
Figure 6).
For sites BOTN, HAMR, MAEL, MOHN, MORK, TAGL, and THRA the GPS
time series (Figure 5.10, Supplementary Figure 2) were corrected for predicted offsets of
the June 2000 earthquakes using the uniform slip model of Pedersen et al. (2003) before
co-eruptive offsets were estimated.

5.2.1.4 The 1994, 1999-2000, and 2009-2010 Eyjafjallajokull unrest
Eyjafjallajokull, located 40 km south of Hekla, experienced a series of intrusions in 1994,
1999-2000, and 2009-2010 before its famous 2010 eruption (Sigmundsson et al., 2010).
We examined the possibility if those deformation events may have affected GPS sites of
the Hekla network. Of particular concern is the 1999-2000 intrusive event, because for
most of our sites we do not have any measurements between 1996 and 1999. Sturkell et
al. (2003) used near-field GPS and tilt data to estimate the location of a spherical source
at 3.5 km depth, ~5 km south of Eyjafjallajokull’s summit, with a volume change of 0.03
km3. Pedersen and Sigmundsson (2006) used the same GPS data, augmented by InSAR
data, and found the best-fit model to be a sill centered ~5 km south of Eyjafjallajokull at
6.3 km depth and with a volume change of 0.03 km3. We calculated the predicted
deformation from these models at our sites. The model of Pedersen and Sigmundsson
(2006) predicts negligible (<1 mm) deformation at our sites, while the model of Sturkell
et al. (2003) predicts somewhat higher offsets, with a maximum of ~4.5 mm at SKHR
(see Figure 5.1 for location), much less than our estimate of 36 mm at SKHR for the coeruptive signal of Hekla. Because the model of Pedersen and Sigmundsson (2006)
includes the GPS data, we favor that model and do not apply any corrections to our time
series for the intrusion in 1999-2000. The intrusion of Eyjafjallajokull in 1994 was about
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half the volume of the 1999-2000 intrusion, with a similar sill-shaped geometry
(Pedersen and Sigmundsson, 2004), and its effects can thus be neglected.
The 2010 Eyjafjallajokull eruption involved an order of magnitude larger volume
than the 1994 and 1999-2000 intrusions combined, with ~0.18 km3 DRE of erupted
tephra and lavas (Gudmundsson et al., 2012). Consequently, we see a widespread
deformation signal throughout our time series (Figures 5.10 -13, Supplementary Figures
2-5) with displacements towards Eyjafjallajokull on the order of 4-10 mm near Hekla.
Although this signal is not a focus of this study, it renders most of the data collected after
2010 of limited use for estimating site velocities. Therefore we restrict the time span of
data used to de-trend the time series before 2010.3. For sites MUND and LEYN (Figure
5.12 and 5.13, Supplementary Figures 4 and 5, respectively), near Hekla, there were few
limited measurements between 2000 and 2010 and we used data from nearby (<1.5 km)
stations GRFL an MUFE (installed in 2002; Figure 5.1), assuming those sites were
moving at identical velocities to their neighboring sites during the inter-eruptive period.
For sites HEST, BOTN, and LITL, data from after 2010 was used to detrend the time
series. Because of the large signal we observe for the 2000 Hekla eruption at LITL (0.5
m), we assume the effect of ignoring the 2010 eruption is relatively small at this site.

5.2.1.5 Vertical deformation
It has been shown that uplift increased in Iceland around 2003-2004, likely as a response
to increased melting of Iceland's glaciers (Geirsson et al., 2012; LaFemina et al., 2013).
Thus our assumption of a constant vertical rate does not hold for the entire period
covered by the data. Neglecting increased uplift rates results in overestimation of coeruptive subsidence. Because the proper Glacial Isostatic Adjustment (GIA) models to
estimate time-varying GIA corrections at our GPS sites are still under development, we
address this problem by assigning increased uncertainties to the co-eruptive vertical
displacement estimates. Three near-field sites (THJO, KRHR, KELD) were observed in
1999 and thus give more reliable vertical (and horizontal) displacements because there is
a shorter time interval where velocities need be extrapolated.
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5.2.1.6 Co-eruptive displacement field
The co-eruptive horizontal displacement field shows a large-scale movement towards
Hekla (Figure 5.2a), but is more complicated near the edifice (Figure 5.2b). The sites on
the northwest flank of Hekla (LITL, MOHN) show large (up to 0.5 m) displacements that
decay rapidly to ~0.03 m at SBJA and NBJA. Site NOXL east of the summit shows a
significant eastward motion that likely represents its proximity to the eruptive fissure.
The eruptive fissure split into a short north-trending segment and a continuing east-northeast trending segment near NOXL (Figure 5.2b), and the motion of NOXL likely
represents these local complexities. The most striking character of the deformation field
is its asymmetry about the summit, it is as if an extraneous north- or northeastward
displacement has been imposed on the network. We will discuss this asymmetry further
below.

5.2.2 Tilt, Borehole volumetric strain, and InSAR data
We use the dry-tilt and borehole strain data presented in Sturkell et al. (2013) and coeruptive InSAR data presented in Ofeigsson et al. (2011). The tilt data are from a ~300 m
long L-shaped leveling profile at Naefurholt, approximately 11 km due east of the
summit of Hekla (Figure 5.1). Repeated measurements of this profile since 1970 have
shown tilt changes in accordance with inter-eruptive inflation and co-eruptive deflation of
Hekla (Tryggvason, 1994; Sturkell et al., 2013; Figure 5.3). A tilt change of 4.5 microradians for the year 2000 eruption was observed in the east (radial) component (Figure
5.3).
Borehole strain meters in south Iceland (Figure 5.1) have captured volumetric
strain changes for both the 1991 and 2000 eruptions of Hekla (Linde et al., 1993; Sturkell
et al., 2013; Figure 5.4). We estimate the total strain changes observed at each station
after the first 24 hours of the eruption, after that there are little changes in the total strain
changes. All stations except BUR show a net increase in volumetric strain (i.e.,
dilatation) during the observation period (Table 5.2).
The co-eruptive InSAR data from Ofeigsson et al. (2011) spans the time period
October 15, 1999, to September 29, 2000. Thus the image contains deformation from the
two Mw=6.5 June 2000 SISZ earthquakes. The image also contains nearly 1 year of pre145

Figure 5.3 East component of tilt changes at Naefurholt (NAEF) from 1985-2012.
Dashed lines mark the times of the 1991 and 2000 eruptions. Figure from Sturkell et al.,
2013.

Figure 5.4 Changes in volumetric strain (and strain rate for bur – thick line), during the
initial phase of the Hekla 2000 eruption. Inset (a) shows 7 hours of strain data, covering
the eruption. Figure modified from Sturkell et al., 2013.
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and post-eruptive inflation, which we assume to be negligible in comparison with the coeruptive signal. Because the number of points in the interferogram (1.3 ! 107) is much
greater than any of the other data sets, we subsample the image down to 174 data points
using the quadtree-partitioning algorithm of Jonsson (2002) (Figure 5.5). The quadtree
algorithm identifies if variations within each cell exceed a predefined value, and
subdivides the cell if that is the case in an iterative manner. Thus the algorithm increases
the sampling where there are high gradients in the signal. The points in Figure 5.5b are
the averages of each cell. Finally, we exclude data from the western-most part of the
interferogram, which is dominated by deformation from the two Mw=6.5 June 2000 SISZ
earthquakes (Figure 5.5).

Table 5.2 Total co-eruptive strain changes during the first 24 hours of the eruption.
Site
STO
SKA
HEL
SAU
BUR
GEL

Coordinates
Lat.
Lon.
63.749 -20.212
64.123 -20.535
63.841 -20.404
63.984 -20.420
64.108 -19.800
64.325 -19.280

Strain change
[10-9 strain]
95
45
95
60
-100
150

5.3 Modeling
We use the GPS, InSAR, strain, and tilt data to estimate parameters in models of elastic
deformation associated with the co-eruptive phase of the 2000 eruption in an elastic halfspace. Specifically, we model the co-eruptive magma chamber as a deflating point
(“Mogi”) source (Mogi, 1958), which has four parameters: location (easting, northing,
and depth) and volume change. The co-eruptive dike is modeled as a rectangular source
with uniform displacement (Okada, 1985), which has up to ten parameters: location
(easting, northing, top depth), length, width, strike, dip, strike-slip, dip-slip, and opening.
We assume that the conduit connecting the magma chamber to the dike has negligible
width and does not add to the deformation signal. Ofeigsson et al. (2011) imposed lateral
slip on the dike to fit the InSAR data; therefore, we tested models both with and without
lateral slip. We furthermore tested solving for different parameters of the Mogi source
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and the dike (see Results section for details). We used the simulated annealing inversion
scheme of Cervelli et al. (2001) and ran the inversions multiple (10 to 100) times for each
model type to ensure results were repeatable. We ran two suites of models, whereby we
either inverted for the model parameters using GPS data only, or performed a joint
inversion of all data sets. We experimented with different data weighting schemes, see
Results section.

Figure 5.5 a) Displacements in the line of sight (LOS) spanning October 15, 1999, to
September 29, 2000. Lengthening in LOS displacement (movement away from the
satellite, i.e. subsidence or westward movement) is defined as positive and shown in blue
colors. b) The sub-sampled data set consisting of 174 points. Data from the westernmost
part of the original interferogram have been removed because they are dominated by
deformation from the two Mw=6.5 June 2000 SISZ earthquakes. Locations of the summit
of Hekla (plus sign), GPS stations (open triangles), and outlines of the fissure swarms
(Einarsson and Saemundsson, 1987) are displayed for orientation purposes.

5.4 Results
5.4.1 Inversion of GPS data only
We explored two types of models of the co-eruptive deformation field when inverting
only the GPS data. All models consist of a single Mogi source for the deflating magma
chamber and a rectangular source for the dike as described above. In the first set of
models (models k and k2, see Table 5.3) we constrained the Mogi source to be directly
under the summit of Hekla and solved for its depth and volume change. For the dike we
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solved for its length, width, dip, and opening, but fixed its strike to 60° and its central
location to the summit of Hekla, to simulate the eruptive fissure that was observed.
Model k differs from model k2 by the weight we give to the vertical GPS data. The
second set of models (models f, f2, g, i, i2, j, see Table 5.3) are identical to models k and
k2 except we also searched for the optimal horizontal location of the Mogi source. In
models f and f2 we did not include data from LITL and MOHN, because they dominate
the variance statistics of the data.
The resulting best-fit parameters from the models are displayed in Table 5.3. All
models suggest a co-eruptive deep (>20 km) magma chamber and a shallow (from
surface to ~1-2 km depth) dike. These results are somewhat different than that of Sturkell
et al. (2013), which estimate a shallow dike (<0.5 km) and a magma chamber deeper than
10 km, and the results of Ofeigsson et al. (2011), which estimate a somewhat deeper dike
(shallower than 5.8 km) and a depth of 16 ± 2 km for the magma chamber. Whether the
vertical component is weighted down or not has an insignificant effect on the resulting
parameters, because the vertical offsets already have high uncertainties (Table 5.1). A
model with a Mogi source fixed at Hekla (models k and k2) explains approximately 95%
of the signal (Table 5.3). A motivation for allowing the horizontal location of the magma
chamber to change arises from inspection of the displacement field (Figure 5.2), where
there is little deformation around sites SKJA and VALA, while a more north-eastward
deformation is present in the south-western part of the network. As expected, the best-fit
source location is ~4-7 km northwest of the summit (models i and i2, Table 5.3).
However, the residual statistics imply that this is not a favorable model because the total
chi-squared value is lower when keeping the source fixed under the summit (Table 5.3).
We also tested models where lateral slip was allowed on the dike interface, as indicated
by Ofeigsson et al. (2011) to fit the near-field InSAR data. In addition, we solved for the
dip of the dike (model g). The resulting model fit the data relatively well, with a total chisquared value of 372, while the previous models have a chi-squared above 1000 (Table
5.3).
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Table 5.3 Best fit parameters based on different data inversions. Models f to k2 are based
on inversion of GPS data only, while in models jic and jid are based on joint inversion of
GPS, InSAR, borehole strain, and tilt data.
Parametere
Vertical_downweight
Dike_length_km
Dike_width_k
Dike_dip_deg
Dike_slip_m
Dike_opening_m
Mogi_east_kmd
Mogi_north_kmd
Mogi_depth_km
Mogi_vol_change_Mm3
Number_of_parameters
Total_chi-squared
Reduced_chi-squared
Variance_reduction_%

fc
1e9
6.7
0.5
90.2
-0.01
0.61
5.4
5.7
26.6
-200
9
221
2.6
79

f2c
1
3.3
2.6
90.3
-0.03
0.31
4.7
3.2
23.0
-128
9
313
3.7
73

g
1e9
2.8
1.1
55.2
-1.00
1.75
6.0
7.1
20.6
-147
9
372
4.1
98

i
1
4.2
0.4
90.1a
0a
4.42
5.7
5.9
23.3
-126
7
1431
15.6
93

Model
i2
k
1e9 1
2.6 2.3
0.8 0.5
90.1a 90.1a
0a
0a
3.33 4.71
4.2 0a
0.2 0a
27.3 20.5
-256 -97
7
5
1098 1274
11.9 13.6
95
94

k2
1e9
1.6
1.0
90.1a
0a
4.56
0a
0a
21.7
-135
5
1010
10.7
95

jic
1
1.3
3.4
71.2
0a
1.76
0a
0a
18.9
-107
6
32207
117
90,0
88,83b

jid
1
2.1
3.2
68.0
-0.76
1.05
8.1
4.2
14.8
-83
9
31345
116
87,0
99,51b

jim
1
0a
0a
0a
0a
0a
0a
0a
19.5
-122
2
3999
32.5
90,0
87,92b

a

Parameter fixed

b

For models jic and jid the variance reduction is given separately for GPS, InSAR, strain,
and tilt, respectively. For model js the variance reduction is given separately for GPS,
strain, and tilt, respectively.

c

In models f and f2 sites LITL and MOHN were not included.

d
e

Mogi east and north coordinates are in km from the summit of Hekla.

For all models, the depth to the top of the dike was fixed to 0 km, the dike strike to 60 deg,
and the center location of the dike to the summit of Hekla.

5.4.2 Joint inversion of GPS, InSAR, strain, and tilt data
While Sturkell et al. (2013) used GPS, InSAR, tilt, and strain data to constrain their
models, they did not execute a formal inversion of the data. Furthermore, as stated above,
the GPS data were referenced to ISAK, which was within the zone of co-eruptive
deformation for the 2000 Hekla eruption, biasing the GPS data. We used the same model
geometry as in the previous section and tested two different models. In the former model
(jic; Table 5.3) we solved for the depth and volume change of the magma chamber and
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the along-strike length, along-dip length, dip, and opening of the dike. In this model the
best-fit parameters indicate a 19 km depth for the magma chamber, and a shorter (1.3 km
along-strike) and deeper dike (3.4 km along-dip) than we found when inverting only the
GPS data. In the latter model (jid; Table 5.3) we additionally solved for the best-fit
horizontal location of the magma chamber, and allowed lateral slip on the dike walls.
Here, the best fit parameters indicate a somewhat shallower magma chamber (15 km
depth) located approximately 9 km east-northeast of Hekla’s summit. However this
model (jid) does not fit the data significantly better than model jic (Table 5.3) and can
thus be discarded. We experimented with different models, allowing different strike of
the dike, and different weights of the data sets, however, none of those models gave a
significantly better fit than model jic. It is noticeable how poor the overall fit to the
InSAR data is. We also tested different decimations of the InSAR data set with a higher
resolution near the summit, which did not increase the overall quality of the fit. We
discuss the misfit to the data and its implications in greater detail in the following section.

5.5 Discussion
5.5.1 Where is the magma chamber?
The location of Hekla’s magma chamber has been the focus of several studies and several
techniques, which have estimated the depth of the magma chamber under Hekla between
5 and 25 km (see Introduction). In addition to geodetic estimates, constraints come from
seismic and petrologic studies. Soosalu and Einarsson (2004) traced s-waves through the
crust under Hekla and excluded the existence of an extensive magma chamber between 4
and 14 km. Mineral assemblage of the year 2000 eruptive products was found to indicate
a depth of greater than 11-12 km (Moune et al., 2007), and approximately 14 km
(between 11.6 and 19.8 km) (Hoskuldsson et al., 2007). Our inversion results give best-fit
depths between 15 and 27 km, with most models giving results around 20 km (Table 5.3),
depending on the specific model and input data. This estimate is in agreement with the
depths estimated by Ofeigsson et al. (2011), Geirsson et al. (2012), as well as the seismic
and petrologic studies.
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Figure 5.6 Comparison of predicted horizontal displacements from model jic (red, pink,
and pink-grey arrows) and observed displacements (black, white and grey arrows) for
the far-field (a) and near-field (b). The summit of Hekla is marked with a cross, and the
Hekla 2000 eruptive fissure is shown in b (thin black line). Fissure swarms are shown as
grey areas following Einarsson and Saemundsson (1987).
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Arguably, our best-fit models do not fit the data very well (Table 5.3; Figure 5.6).
The fit to the horizontal GPS data is dominated by station LITL, and most of the other
stations show a signal that is not readily explained by deformation at Hekla proper
(Figure 5.2). The misfit of the GPS data is too systematic to be explained by noisy
measurements in 1993-1996. We will now explore what might affect our displacement
estimates. Most of the stations have no measurements between 1996 and 2000 and most
stations have only a couple measurements (Figures 5.10 - 5.13, Supplementary Figures 25), which are too closely spaced and too uncertain to allow for meaningful independent
pre-2000 velocity estimates. The three stations that have measurements in 1999 (KRHR,
KELD, and THJO; see Figure 5.1; 5.12 and 5.13, Supplementary Figures 4 and 5)
indicate similar site velocities before and after 2000, however, there are important subtle
differences: a) Site KRHR (Figure 5.13, Supplementary Figure 5) indicates that the post2000 (2001.0 to 2010.3) velocity in the north component is slower (by 1.3 mm/yr) than
before 2000. If the 1999 measurement would not exist, then this would lead to a bias in
the co-eruptive displacement estimate of the north component of around -10 mm. b) At
THJO (Figure 5.13, Supplemetary Figure 5) there is also an apparent change in the north
velocity and a rapid transient, likely associated with the June 2000 earthquakes is
obvious. c) ISAK (Figure 5.12, Supplementary Figure 4) is the only site that has four
measurements in the 1990s (1993, 1994, 1995, and 1996) there is a change in the east
velocity such that after 2000 (velocity estimated using data from 2001.0 to 2010.3) the
site is moving faster west by 3.3 mm/yr. Indeed, if the pre-2000 velocities are used to
estimate the co-eruptive displacement at site ISAK, it points towards Hekla (-9.5 ± 2.3
mm north and -3.0 ± 2.5 mm east).
Decriem and Arnadottir (2012) did a comprehensive study of the post-seismic
deformation for the June 2000 earthquakes using GPS and InSAR data. Neglecting postseismic motion in the time period we use to de-trend the data, can result in a pattern that
mimics the inverse of the co-seismic deformation (Figure 5.14, Supplementary Figure 6).
In the preferred model of Decriem and Arnadottir (2012), the post-seismic deformation
decayed very quickly and was almost entirely over in 2004 and thus the impact on our
time series would be minimal. However, the time series for ISAK (Figure 5.11,
Supplemetary Figure 3) demonstrates that ISAK has not yet reached its pre-2000
velocity. Sites KRHR, KELD, and KRHR show velocity changes, as described above,
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which also indicate a systematic southward velocity change which could be explained by
un-modeled long-term post-seismic deformation or be un-modeled GIA effects. The
increased mass loss of the Icelandic glaciers results in both vertical and, importantly,
horizontal velocity changes that we do not take into account. We thus conclude that likely
our co-eruptive offset estimates, at sites where there are no measurements between 1996
and 2000, are significantly contaminated by thus far un-modeled GIA effects and
deformation from the June 2000 SISZ earthquakes.
The effects of un-modeled GIA and post-seismic deformation are minimal at sites
measured in 1999, because the error scales directly with the time from the last
measurement until the first measurement after the eruption. Furthermore, co-eruptive
displacement estimates at continuous sites are not biased by velocity changes. We thus
use co-eruptive displacements estimated at cGPS sites SOHO, HVOL, and VOGS
(Figure 5.2), and eGPS sites KELD, KRHR, and THJO. All these sites, except THJO, are
at sufficient distances and appropriate angles to the dike such that the deformation from
the dike is negligible. We also include the strain, tilt, and InSAR data in this model
inversion (model “jim” in Table 5.3), but mask out a 9 km radius around Hekla in the
InSAR data because it is dominated by deformation from the dike. For this model we
weighted the InSAR data down by a factor of 5 because we have much fewer GPS points
here than in previous inversions. We inverted for a single Mogi source, which we
constrained to be directly under the summit of Hekla. This model results in a depth of
19.5 km for the Mogi source. The model fits the limited GPS data well (Figure 5.7; Table
5.3), gives a tilt change of -3.3 micro-radians, and fits the strain data adequately. The
model does, however, not fit the InSAR data well, and over-predicts the observed
deformation in the InSAR image. We ran a separate inversion without InSAR data and
obtained similar depths (20.0 km) for the Mogi source and a reduced chi-squared value of
2.5. The difference between the observed and modeled data at THJO for this simple
model (Figure 5.7) indicates that the deformation from the dike is negligible at THJO
(adding a dike to the model increases the misfit), in accordance with a shallow dike.
Predicted strain changes caused by the dike at borehole strain stations included in this
inversion (i.e., excluding BUR) are less than 20 nano-strains, even for the most extreme
models in Table 5.3, and thus ignoring strain changes from the dike is well justified for
this far-field inversion.
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Figure 5.7 Comparison of observed (black arrows) displacements and predicted
displacemens from model jim (white arrows; Table 3), which is based on selected GPS
data as well as borehole strain. The summit of Hekla is marked with a cross and fissure
swarms are shown as grey areas (Einarsson and Saemundsson, 1987).
We therefore conclude that our best estimate of the depth of the magma chamber
in the year 2000 eruption is approximately 20 km, which is in accordance with other data
such as inter-eruptive geodetic estimates (Ofeigsson et al., 2011; Geirsson et al., 2012).
The co-eruptive volume change we estimate with this model is 0.12 km3 (Table 5.3),
similar the eruptive volume of 0.19 km3 DRE (Hoskuldsson et al., 2007), given that the
magma may have some compressibility.
The horizontal location of the magma chamber is best modeled as approximately
under the summit of Hekla, as indicated by our unbiased measurements (Figure 5.7).
Previous studies, which estimate the horizontal location of the magma chamber
(Sigmundsson et al., 1992; Kjartansson and Gronvold, 1983; Ofeigsson et al., 2011;
Geirsson et al., 2012) find the magma chamber is roughly centered on the volcano. Of
previous studies, only Tryggvason (1994) estimates the location significantly off the
center of the volcano, 4-6 km north or northwest of the summit. Although we solve for
the horizontal location of the magma source in some of our models (Table 5.3), the
results are highly biased and should be considered for experimental purposes only.
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Figure 5.8 . A profile of the co-eruptive InSAR data (same as in Figure 5.5a) along a
400m wide east-west trending profile crossing the summit of Hekla. Note how the
deformation changes abruptly at approximately 5 km distance from the summit.

5.5.2 Deformation of the edifice
The edifice of Hekla was split open by a 6.6 km long fissure in the 2000 eruption
(Hoskuldsson et al., 2007). The GPS-only inversions indicate a shallow (<1 km deep)
dike, while the joint inversion including the InSAR data favors a deeper (~4 km) and
shorter (~2 km) dike, assuming a strike of 60°. This discrepancy is likely caused by
inelastic deformation of the edifice (see above discussion) and sampling of different parts
of the deformation field. There are only three GPS stations (LITL, NOXL, and RAUK;
see Figure 5.1) on the edifice, while the InSAR data have a fair coverage of the edifice.
Our inverse models where slip was imposed on the dike do not show an overall better fit
to the data (Table 5.3) and are thus not favored.
The InSAR data in particular are difficult to fit well near the summit, and
dramatic misfit of a few points near the summit dominates the total misfit of the data set.
When profiles of InSAR data are examined (Figure 5.8), it is evident how sharply
deformation drops off once off the edifice. The large horizontal displacement (~0.5 m) at
LITL is accompanied with a much smaller vertical offset (0.01 m), which indicates that
large horizontal displacements are being mapped into the line-of-sight of the satellite for
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the InSAR data set. Furthermore, the movement of LITL cannot be matched by the
InSAR-based best fit model of Ofeigsson et al. (2011), which has ~25 cm of left lateral
slip and ~20 cm of opening. The rapid decay of the deformation away from the summit
indicates a shallow deformation source (i.e., a dike). Our model assumption of
homogeneous elastic half-space obviously is not met at the edifice. Because of the steep
topography, the edifice is free to open up by considerable amounts near the surface
without deformation propagating far. We can thus expect dramatic local variations in the
deformation field from a simple dislocation structure. Likewise it is probable that our
rectangular dike model of uniform opening is not an accurate representation: the
magnitude of opening could be tapered along strike and dip. Nevertheless, the InSAR
data reveals a remarkably continuous deformation field at the edifice (Figure 5.5).
An approximately 1 km long fissure striking north splayed off from the main
fissure near its northeast termination (Figure 5.1; Hoskuldsson et al., 2007). We tested if
the eastward deformation at NOXL and the dramatic difference in the deformation at
NOXL and RAUK (Figure 5.2) may relate to complications at the NW termination of the
fissure. We tested deformation models that included this northward splay segment, but
found no improvement in the fit to the data. The InSAR data (Figure 5.5) does not show
localized deformation, which can be obviously linked to the splay fissure, further
indicating that insignificant deformation was associated with the splay fissure.

5.5.3 Implications for Hekla’s next eruption
Swarms of small earthquakes off the north-west flank of Hekla the March 2013 in March
to April 2014 (Icelandic Meteorological Office monthly bulletins, http://www.vedur.is
/skjalftar-og-eldgos/yfirlit/manudir/) have raised concerns about whether Hekla is about
to erupt because usually there earthquakes are rarely observed at Hekla (Soosalu and
Einarsson, 2005). Hekla has already surpassed its pre-2000 inflation level, judging by the
long-term tilt time series (Figure 5.3) and steady-state extrapolation of inter-eruptive
magma accumulation rates (Ofeigsson et al., 2011; Geirsson et al., 2012). Geirsson et al.,
(2012) predict that inter-eruptive magma accumulation at Hekla between 2000 and 2010
causes approximately 4 mm/yr of horizontal deformation at ISAK, which is in a prime
location to detect influx changes into the deep magma chamber. The time series of ISAK
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and other long-running GPS sites in the area do not show variations that can be linked to
changes in magma inflow and therefore we must conclude that magma is still flowing
into the roots of the volcano at a steady rate.

5.6 Conclusions
We perform a comprehensive joint study of all available geodetic data sets for the year
2000 eruption of Hekla. Our findings are in agreement with a single spherical magma
chamber under Hekla at approximately 20 km depth, which accumulates magma at a
steady rate between eruptions and expels magma during eruptions. The co-eruptive dike
that formed along Hekla was of a shallow nature, likely less than 1-2 km in depth and
connected to the magma chamber through a narrow conduit, and its propagation along the
edifice was facilitated by the steep topography of Hekla.
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5.9 Supplementary material.

Figure 5.9, Supplementary Figure 1: East and north components of time series for
continuous GPS stations operating during the Hekla 2000 eruption. The time series have
been de-trended. Gray bar indicates the duration of the Hekla 2000 eruption, and the
black vertical lines indicate times of the June 17 and June 21 SISZ earthquakes. Offsets
due to the June 17 and June 21 earthquakes have been estimated and removed.
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Figure 5.10, Supplementary Figure 2. De-trended time series for GPS stations in south
Iceland. Vertical lines indicate times of the Hekla 2000 eruption, the June 2000 SISZ
earthquakes, and the Eyjafjallajokull 2010 eruption. Co-seismic offsets for the June 2000
earthquakes were removed for sites all sites in this figure using the uniform slip model of
Pedersen et al. (2003).
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Figure 5.11, Supplementary Figure 3. De-trended time series for GPS stations in south
Iceland. Vertical lines indicate times of the Hekla 2000 eruption, the June 2000 SISZ
earthquakes, and the Eyjafjallajokull 2010 eruption. Co-seismic offsets for the June 2000
earthquakes have not been removed.
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Figure 5.12, Supplementary Figure 4. De-trended time series for GPS stations in south
Iceland. Vertical lines indicate times of the Hekla 2000 eruption, the June 2000 SISZ
earthquakes, and the Eyjafjallajokull 2010 eruption. Co-seismic offsets for the June 2000
earthquakes have not been removed.

165

Figure 5.13, Supplementary Figure 5. De-trended time series for GPS stations in south
Iceland. Vertical lines indicate times of the Hekla 2000 eruption, the June 2000 SISZ
earthquakes, and the Eyjafjallajokull 2010 eruption. Co-seismic offsets for the June 2000
earthquakes have not been removed.
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Table 5.4, Supplementary Table 1. Estimated co-seismic offsets at GPS stations for the
combined June 2000 SISZ earthquakes.

Coordinates
Site

Lat.

Lon

Offsets
East [mm]

North [mm]

BRSK

63.941 -19.540

-16.0 +/- 3.0

-13.1 +/- 2.5

DROP

63.914 -19.574

-5.3 +/- 3.0

-17.1 +/- 3.0

HAFU

64.012 -19.842

-17.6 +/- 6.0

-6.0 +/- 3.0

HEST

64.046 -19.520

-15.2 +/- 2.5

-12.0 +/- 2.0

ISAK

64.119 -19.747

-24.9 +/- 2.0

-25.0 +/- 2.0

KELD

63.824 -20.085

60.3 +/- 1.2

-52.5 +/- 1.5

KRHR

63.948 -20.100

35.3 +/- 5.0

-61.0 +/- 2.5

KROK

64.066 -19.396

-15.0 +/- 1.5

-10.7 +/- 1.5

LEYN

63.943 -19.943

0.5 +/- 2.0

-36.4 +/- 2.0

LITL

64.006 -19.682

-12.3 +/- 3.0

-19.6 +/- 1.5

MUND

63.985 -19.548

-9.0 +/- 2.0

-15.4 +/- 2.0

NBJA

64.049 -19.669

-27.8 +/- 2.0

-17.0 +/- 2.0

NOXL

64.009 -19.597

-19.3 +/- 1.8

-11.8 +/- 1.5

PALA

63.884 -19.726

-8.1 +/- 5.0

-24.8 +/- 5.0

RAUK

64.027 -19.591

-16.9 +/- 1.5

-7.0 +/- 3.0

SBJA

64.017 -19.763

-22.7 +/- 4.0

-15.2 +/- 5.0

SKHR

63.837 -19.882

33.5 +/- 3.0

-42.0 +/- 1.5

SKJA

64.081 -19.599

-13.5 +/- 4.0

-12.4 +/- 2.0

THJO

64.054 -19.866

-42.4 +/- 2.0

-32.8 +/- 2.0

VALA

64.077 -19.523

-19.2 +/- 2.0

-3.4 +/- 3.0
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Figure 5.14, Supplementary Figure 6. Estimated co-seismic displacements (black
arrows), compared to predictions from Arnadottir et al. (2001), red arrows, and
Pedersen et al. (2003), green arrows. There are not enough data at sites BOTN and
MOHN to estimate the co-seismic offsets.
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