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ABSTRACT 

 

The Askja volcanic complex and rift segment of Iceland's Northern Volcanic Zone has been 

continuously subsiding at an usually high rate for more than two decades. InSAR data compiled 

over the last decade reveal two patterns of deformation: (1) a radially symmetric pattern of 

subsidence local to Askja's caldera and (2) an elongated pattern of subsidence tracking the rift 

segment.  Microgravity data suggest a mass loss from a shallow reservoir and seismicity data 

reveal a relatively shallow brittle-ductile transition.  A simple model combining two vertically-

aligned and contracting Mogi sources, one shallow (~ 3 km) and one deep (~20 km), in an elastic 

half space generally predicts the observed InSAR deformation. Subsidence along the Askja 

fissure swarm has also been attributed to effects of plate spreading across rheologically weak 

fissure swarms.  The shallow contracting Mogi source and microgravity data are consistent with 

magma migration out of the shallow reservoir. Interpretations of the deep contracting source are 

more uncertain. We present an alternative model that combines magma extraction from a 

shallow, fluid-filled cavity with a plate spreading model having rheologic partitioning 

expected for the rift segment. This 3D finite element model (FEM) simulates an elastic upper 

crust and viscoelastic lower crust. Inspired by a model configuration presented by Pedersen et al.  

(2009), the simulated brittle-ductile transition shallows beneath the rift, in accord with seismicity 

data. The FEM is driven by plate spreading at a constant rate and specified mass flux from the 

shallow cavity. The magnitude of flux is a calibration parameter estimated from InSAR data via 

inverse methods. Preliminary results suggest this alternative model generally predicts the both 

deformation patterns. However, the simulated shallow brittle ductile transition, combined with 
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kinematic loading of plate spreading, accounts for much of the regional deformation originally 

attributed to magma migration out of a deep reservoir. This suggests that the estimated 

characteristics of magma extraction from the deep reservoir should be re-examined. The FEM 

accounts for multiple types of observations (both local and regional subsidence patterns, 

microgravity data, seismicity data, and plate spreading) associated with active deformation of the 

Askja volcano complex and rift segment.  
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1. INTRODUCTION 

           Iceland, located on the Mid-Atlantic Ridge, provides a rare, natural laboratory to study 

the deformation of magmatic migration and rifting episodes.  Crustal deformation studies began 

in Iceland during the late 1930s by scientists inspired by the ideas of continental drift 

(Sigmundsson, 2006).  Years of deformation studies of Iceland have resulted in a geodetic 

database, which allows us to infer the subsurface processes that cause surface deformation.  

Models provide the linkage between surface deformation of an active volcano (what we can 

observe with GPS, strainmeter, and leveling data; gravity measurements; and satellite radar 

imagery) and the inaccessible sources of deformation at depth, such as magma migration or 

intrusion.  Inverse methods have been developed to quantify magmatic intrusions based on the 

observed deformation.  Numerical models form the central part of this analysis and are used to 

study the deformation of the Askja volcanic complex and rift segment, located in Iceland‟s 

Northern Volcanic Zone (NVZ). 

      GPS and satellite radar images indicate approximately 5 cm/year of continuous 

subsidence for more than two decades at the Askja volcanic complex.  The magnitude and 

patterns of subsidence provide clues to the processes that occur at depth.  The complex 

deformation pattern consists of two distinct patterns: 1) a radial pattern of subsidence local to the 

caldera and 2) a regional, elongated pattern that follows the rift segment.  It is postulated that the 

patterns of deformation indicate two deformation sources: a shallow magma reservoir (~3km 

depth) matches the local deformation pattern, while a deeper reservoir (16km) predicts regional 

deformation.  Gravity and seismicity observations are consistent with magma migration, rather 
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than a mass conserving process, such as thermoelastic contraction (Sigmundsson, 2006), because 

thermoelastic contraction would not cause a change in the gravity signature. 

   Current representations of the Askja deformational system include spherical expansion 

sources embedded in a homogeneous elastic half-space (Pagli et al. 2006), known as Mogi 

sources (Mogi, 1958).  The models including Mogi sources account for the observed 

deformation, but are not quantitatively reliable because they do not adequately represent the 

geologic complexity of the rift segment (i.e. heterogeneous material properties, the viscoelastic 

nature of the lower crust and asthenosphere, and plate spreading).  Although Mogi-type models 

do not include complexities associated with actual volcano deformation systems, they persist in 

the name of computational simplicity (Masterlark, 2007) and because they typically fit radially 

symmetric deformation that is often geodetically observed for volcano centers.   

      This study uses models to integrate multiple types of data in an effort to better understand 

the complex processes at work within the Askja volcano complex and rift segment.  I use finite 

element models (FEMs) to simulate plate deformation of the rift segment driven by plate 

divergence and local deformation driven by magma extraction from a shallow, fluid filled cavity 

that represents a shallow magma chamber beneath Askja caldera.   These models explain 

deformation, gravity, and seismicity observations of the Askja volcanic complex while also 

moving towards a more realistic geologic representation.  FEMs are used because they allow for 

spatial variations in the rheology and material properties throughout the problem domain that is 

not possible using an elastic half-space model, such as standard Mogi models.  GPS, InSAR, 

seismicity and gravity data will be used as model constraints.  The methods developed with this 

study may be applicable to understanding other volcano deformation systems and may promote a 

shift from standard volcano deformation models that are oversimplified, but computationally 
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efficient, to more realistic models that are computationally intensive, but still viable.  Such 

improvements in modeling will advance the understanding of active volcanic systems. 

      The remainder of this paper is organized into five sections.  First, I will give an overview 

of the geologic background of Iceland and the Askja volcanic complex and rift segment.  Next, I 

will describe the available geologic and geodetic data available to constrain the models.  I will 

then describe prior modeling efforts and detail the FEM-based model configuration, which 

honors the known geologic complexities of the Askja volcanic complex.  I then present a 

discussion of my results and the implications of this study.  Lastly, I present conclusions.      
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2. GEOLOGIC BACKGROUND    

     2.1 REGIONAL GEOLOGY 

   Iceland is located on the Mid-Atlantic Ridge and is currently the largest portion of any 

active mid-oceanic ridge system exposed above sea level.  This divergent plate boundary 

separates the North American and Eurasian plates.  The excessive volcanism in Iceland is a result 

of the divergence of the tectonic plates, as well as the interaction of the North Atlantic Mantle 

Plume (Sigmundsson, 2006).  The mantle plume is generally accepted to originate in the lower 

mantle; however, other hypotheses oppose the hotspot theory.    

      Foulger (e.g. 2002, 2003) is the main proponent against the mantle plume hypothesis.  

Foulger (2002) argues the mantle plume model requires temperatures 200-600° above the 

surrounding mantle, suggesting hot crust is present above a plume.  However, picrite glass, a 

common rock found in areas of high temperatures is absent at Iceland.  Furthermore, marine heat 

flow measurements do not indicate high temperatures in the region, and seismic tomography 

does not reveal a mantle plume extending beneath Iceland.  This argument disagrees with the 

work of Wolfe et al. (1997) and Allen et al. (2002).  Wolfe et al. found low P- and S-wave 

velocities extending to at least 400 km depth beneath central Iceland whereas Allen et al. (2002) 

use body and surface wave data to demonstrate a low-velocity anomaly extending from 400 km 

to the surface (Sigmundsson, 2006).   
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    Foulger (2002) also notes that Iceland lacks a progressive volcanic chain as more 

evidence against the Icelandic mantle plume model.  Instead, Foulger and Anderson (2005) 

attribute the vast volcanism at Iceland to a fertile mantle source in the shallow upper mantle.  

The local fertility originates from a source of re-melted, recycled crust and small-scale 

convection in the asthenosphere creates a pseudo-plume like structure.  Nonetheless, both the 

mantle plume model and the alternative models raise many questions that can only be resolved 

through more research and higher resolution data.   

    Magmatic activity in Iceland is limited to a series of three volcanic zones which trend N-

S to NE-SW (Tentler and Temperley, 2007).  Normal faults and fissures (linear volcanic vents) 

are the main types of fracturing 

mechanisms in these volcanic zones.  

Southern Iceland is separated into two sub-

parallel regions: the Western and Eastern 

volcanic zones (WVZ and EVZ, 

respectively), whereas, the Northern 

Volcanic Zone (NVZ) currently 

accommodates strain accumulation in 

north Iceland and is characterized by 

oblique extension (Figure 1). The EVZ is 

the youngest of the three volcanic zones 

and has been active for approximately 2-3 million years (Sigmundsson, 2006). The WVZ and 

NVZ are similar in age and have been active for the last 6-7 Ma.  The WVZ and EVZ are 

generally assumed to be the expression of a ridge jump (Einarsson, 1991).  The last 6-7 Ma, the 

 
 

Figure 1. Map of Iceland.  The dark grey 

regions illustrate the three volcanic zones, the 

WVZ, EVZ, and NVZ.  The lighter grey regions 

are glaciers.  Black arrows represent the 

regional plate spreading.  The red star denotes 

the capital city, Reykjavik. Modified from 

Sturkell et al., 2006.  
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Figure 2. The Northern Volcanic Zone (NVZ) 

in Iceland.  The shaded relief image of 

topography is generated from satellite radar 

data.  The central volcanoes are outlined in 

red lines with dotted lines represent the 

calderas and pink shading reveals rift 

segments.  Vatnajokull glacier is highlighted 

in white.  Thick white arrows are parallel to 

the plate divergence.  Full plate divergence is 

about 2 cm/yr.  GPS displacement vectors 

(yellow arrows) show 5 years of plate 

spreading.  Notice the GPS vectors are not 

generally parallel to the plate divergence. The 

inset shows the location of the NVZ within 

Iceland.  Modified from Pedersen et al., 

(2009).   

WVZ accommodated the majority of plate spreading and created most of the crust in South 

Iceland; however the WVZ is currently a 

dying rift, now accommodating a very small 

part of the total spreading.  

      This study focuses on the Askja 

volcanic complex and rift segment of the 

NVZ (Figure 2).  Plate motion models predict 

the rate of extension in the NVZ to be ~ 19 – 

20 mm yr
-1

 (De Mets et al., 1994).  These 

results are in good agreement with GPS 

campaign measurements taken from 1993 to 

2004, which predict a rate of 23 ± 2 mm yr
-1

 

in the NVZ (Árnadóttir et al, 2009).  The 

NVZ is composed of five volcanic systems 

arranged in an en echelon pattern.  Each 

volcanic system is made up of a fissure swarm 

and a central volcano.  The central volcanoes 

of the NVZ are: Askja, Krafla, Fremri-námar, 

Þeistareykir, and Kverkfjöll.  No signs of 

significant deformation are seen in any of the 

volcanic systems other than Askja and Krafla 

(Sigmundsson, 2006).  Kverkfjöll is the 

caldera located the furthest south in the NVZ.   
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It is found on the northern edge of the Vatnajökull glacier and is known for glacial outburst 

floods known as jökulhlaups (Carrivick, 2007). Fremri-namar is a high temperature geothermal 

region with rich sulfur deposits located between Askja and Krafla.  Þeistareykir is the northern-

most volcanic system.  It has a high temperature geothermal area within the eastern half of it‟s 

fissure swarm (Darling and Armannsson, 1989) and is an active geothermal drilling site.  Only 

Askja and Krafla volcanoes have erupted in Historic times and they represent the most mature 

volcanic systems in the NVZ, each having developed caldera structures.  Krafla and Askja vary, 

however, in their phase of rifting.   

      Rifting can be described as a deformation cycle consisting of three phases (co-rifting, 

post-rifting, and inter-rifting), each with a separate style of deformation (Sigmundsson, 2006).  

Strain accumulation builds as a result of plate spreading and once a critical limit is reached, the 

plate boundary fails and rifting occurs.  The critical limit of each region is highly variable and 

strongly depends on the availability of magma (Sigmundsson, 2006).  Buck (2004) performed 

calculations to estimate the forces necessary to overcome the yield strength of a region with 

magma at shallow depths versus regions without magma in contact with the brittle crust. This 

study found almost an order of magnitude less force was required to extend lithosphere with 

magmatic emplacement present.  However, the relative importance of magmatism versus faulting 

in the co-rifting process is still under debate.  Co-rifting occurs during active rifting events and 

can presently be seen at the East African Rift.  During the co-rifting process, episodic diking 

events intrude into the crust, accommodating the stress built by ongoing plate spreading.   

      Krafla is an example of a volcano that is currently in a post-rifting period.  The Krafla 

fires, lasting from 1974-1989, represent the most recent rifting episode in Iceland (Einarsson, 

2008).  The Krafla rift segment accommodated strain that had been accumulating for more than 
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Figure 3. Geology of the Askja volcanic 

complex showing Askja‟s three calderas, 

ages of the lava flows, and region of 

hyaloclastites.  From Hjartardόttir et al, 

2009.   

two centuries. Krafla has provided scientists with an excellent region to study post-rifting 

deformation and viscoelastic relaxation.  The region has been studied using GPS following the 

Krafla fires and has revealed significant spatial and temporal variability in the deformation at the 

plate boundary from 1987-1995.   (Foulger et al., 1992; Jahn et al., 1994; Sigmundsson, 2006).  

GPS measurements across the NVZ spanning 1987-1990 found rates of extension up to 56 mm 

yr-1.  The velocity increase observed during these measurements is attributed to post-rifting 

deformation following the Krafla rifting event 

(Árnadόttir et al., 2009). The duration of a post-

rifting period varies depending on the rheological 

properties of the spreading segment (Pedersen et 

al. 2009).  The post-rifting signal at Krafla has 

decreased significantly since early GPS surveys 

were conducted (Árnadόttir et al., 2008).  

      Askja is currently characterized by an 

inter-rifting period, meaning it is continuously 

spreading with a velocity in agreement with 

NUVEL-1A predictions, calculated to be ~ 19 – 

20 mm yr 
-1

 in the NVZ (DeMets et al., 1990, 

1994).  The local caldera deformation observed at 

the Askja volcanic complex is consistent with an 

inter-rifting period, when periods of magmatic 

activity and local deformation may occur, but 

does not result in a rifting event.  The local 
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caldera deformation differs from the deformation observed with plate spreading.  Linear 

subsidence from the rift center to the plate boundary occurs with the plate divergence, whereas 

the local deformation is much more complex.  The eruptive history of Askja and current 

deformation is described below.   

2.2 ERUPTIVE HISTORY OF ASKJA 

    The Askja caldera system (Figure 3) is part of the Dyngjufjöll volcanic centre, located in 

a fissure swarm approximately 10 km to 15 km wide and more than 100 km long.  Dyngjufjöll 

rises 600 to 800 m above the surrounding lava field.  This topography was created by subaerially 

erupted basaltic lavas, subglacial and subaquatic hyaloclastites, and pillow lavas (Sigvaldason, 

2002; Sturkell and Sigmundsson, 2000).  The bulk of the rocks in the Dyngjufjöll complex are 

hyaloclastites of subglacial origin formed during the Pleistocene (Brown et al., 1991).  Three 

nested caldera systems comprise the volcanic center. The largest caldera, known as Askja, has a 

diameter of ~ 8 km.   The youngest caldera structure has a diameter of 4.5 km and has filled with 

water, creating Lake Öskuvatn, the deepest lake in Iceland.  The third caldera is located north of 

Askja caldera and is almost completely filled in (de Zeeuw-van Dalfsen, 2004).  

Askja is recognized as having two Plinian rhyolitic eruptions.  An eruption dated at ~ 10 

ka left a pumice deposit that now serves as a marker horizon (Sigvaldason, 2002).  This eruption 

was triggered by the pressure release associated with retreating glaciers and saturation of 

volatiles.  The second Plinian eruption and the most recent rifting episode, occurred from 1874-

1876 (Sigvaldason, 1992).  The explosive rhyolitic eruption and lateral magma drainage from 

beneath Askja volcanic complex formed the caldera that now contains Lake Öskuvatn.  The 

Plinian eruptions are unique events and the event occurring from 1874-1876 is proposed to have 

occurred when a basaltic magma was mixed into the base of a stratified magma chamber (Brown 
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et al., 1991).  More eruptive events took place from 1921 to 1929, with ~6 basaltic eruptions near 

the 1875 caldera rim and fissure eruptions south of the volcanic complex.  The most recent 

eruption occurred in 1961, creating fissures near the NE rim of the main caldera (Sturkell and 

Sigmundsson, 2000).  

    In summary, Iceland‟s geology influences the distribution of material properties 

necessary to realistically simulate deformation of the Askja volcanic complex.  The induced heat 

flow due to the mantle plume creates an anomalously thick crust beneath Iceland compared to 

normal oceanic crust.  Plate spreading has created a series of elongated rift zones, each with its 

own central volcano in the NVZ.  At the Askja volcanic complex, a series of basaltic eruptions 

has created layers of lava, ash, and tephra resulting in vertical and horizontal heterogeneity.  In 

addition, the heat flow regime local to the Askja volcano would create horizontal and vertical 

heterogeneities, with higher heat beneath the main caldera and decreasing outward.        
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 3. DATA 

  Askja volcano has the longest time series of deformation measurements of any volcano in 

Iceland (Sigmundsson, 2006).  Although an eruption has not taken place in nearly 50 years, the 

volcanic complex has been actively deforming.  Plate divergence of a simple layered system is 

not the only deformation mechanism occurring at the Askja volcanic complex and rift segment.  

If so, I would expect a simple linear subsidence from the rift center to the plate boundary.  As 

described below, a much more complex deformation pattern is geodetically observed.  

Furthermore, excluding volcanoes that have recently erupted, Askja volcano exhibits the largest 

amount of ground deformation observed in Iceland (Tryggvason, 1989) suggesting other 

mechanisms of deformation are occurring in this region. 

3 .1 LEVELING 

      Ground-deformation data have been collected at the Askja volcanic complex since 1966 

when a 1.7-km-long leveling line was installed by Eysteinn Tryggvason (Tryggvason et al., 

1989).  This was the first geodetic undertaking aimed at volcano monitoring in Iceland.  From 

1966 to 1972, annual leveling measurements revealed periods of alternating uplift and 

subsidence (Figure 4). This indicates that the ground deformation is not from compaction of the 

1961 lava flow.  Instead, a reversible process accounts for the deformation (de Zeeuw-van 

Dalfsen et al., 2005).  Leveling surveys were not conducted from 1973 to 1982, however since 

1983, consistent subsidence of the caldera is observed through annual leveling measurements.  

Sturkell et al. (2006b) extrapolated the inflation trend from 1970 to 1972 and back traced the 
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Figure 4. Cumulative Leveling data 1968 – 

2003.  Extrapolation techniques were used to 

estimate the change from inflation to deflation 

occurred  in 1973.  The equation is an 

exponential function of the rate of decaying 

subsidence.  Sturkell et al., 2006b. 

subsidence curve from 1983 to 2003 to 

estimate that the change of inflation to 

deflation occurred in 1973 (Figure 4).  It 

was also suggested the subsidence rate is 

decaying through time.  Yearly leveling 

measurements are ongoing and suggest 

continuing subsidence.   

3. 2 MICROGRAVITY 

     Combining microgravity data 

with deformation data can be a powerful 

tool to improve our knowledge of 

subsurface processes and our 

understanding of volcanic systems (Rymer and Williams-Jones, 2000).  Microgravity data can be 

used to constrain the volume, density, and/or mass changes within the magma reservoir.  These 

surveys may help detect precursors of volcanic activity (Gottsman and Rymer, 2002) and allow 

us to infer the migration of magma at depth.   

     Gravity measurements have been conduced at the Askja volcanic complex since 1988 

providing an extensive microgravity data set (Rymer and Tryggvason, 1993; de Zeeuw-van 

Dalfsen, 2005).  The first data set, taken from 1988 to 1991, suggests a slight gravity decrease in 

the northern and central regions of the volcano that was attributed to relaxation of the caldera 

(data collected by Rymer and Tryggvason, 1993; revised by de Zeeuw-van Dalfsen, 2005).  

More surveys were conducted in 1992, 1994, 1995, 1997, 2002, and 2003.  The data presented 

by de Zeeuw-van Dalfsen (2003) reveal a net microgravity decrease from 1988 to 2003 of 115 
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Figure 5.  GPS-observed horizontal displacements within the Askja caldera.  Black 

arrows are the measured displacements covering the time period 1993 - 1998 from 

Sturkell et al., 2000.  Ellipses represent 95% confidence limits.  White arrows are 

model predictions from a Mogi source.  Notice the displacement vectors point towards 

the center of the caldera.  DYNG is the reference station 

µGal in the centre of the caldera.  This results in an estimated subsurface mass decrease of 1.6 x 

10
11

 kg assuming a density of 2700 kg m
-3

 and a point source (Wang, 2000) collocated with a 

presumed shallow magma chamber.   

3 .3 GLOBAL POSITIONING SYSTEM (GPS)      

Advances in geodetic methods have brought new techniques to volcano monitoring, 

including GPS.  GPS utilizes a network of 24 satellites orbiting the Earth.  Each satellite 

broadcasts a unique signal that is picked up by a GPS receiver.  Using the known satellite 

positions, a receiver can calculate latitude, longitude, and elevation by very precisely measuring 

the transit time of the signals sent by at minimum of 4 satellites.  Using differential geodetic 

methods, horizontal precision levels of 2-3 mm are routinely achieved.    GPS campaigns were 

completed in Iceland since 1986 (Foulger et al., 1987), whereas, measurements at Askja central 
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volcano began soon after, in 1987.  Subsequent GPS measurements were conducted in 1990, 

1992, 1993.  The first major campaign with a dense network around the Askja volcanic center 

was conducted in 1993 (Camitz et al, 1995).  Displacements from the periods 1990–1993 and 

1992–1993 show deflation and contraction towards the caldera.  Another set of measurements 

were taken in 1998 by Sturkell and Sigmundsson (2000).  They generated a 1993-1998 surface 

displacement solution (Figure 5).  DYNG is the reference station occupied during the entirety of 

each campaign. The horizontal displacements indicate continued contraction towards the center 

of the caldera.  

 3 .4 INSAR        
 

Interferometric synthetic aperture radar (InSAR) is a rapidly evolving geodetic technique 

that uses satellite radar images to map deformation with centimeter precision and spatial 

resolution of a few tens-of-meters over large regions.  Because magma migration at depth 

produces a deformation signature at the Earth‟s surface, InSAR has proven useful for 

characterizing magmatic behavior of active volcanoes (e.g. Dzurisin, 2003).  An interferogram is 

a deformation map.  Each cycle of colors (referred to as a fringe) represents a change of 2.83 cm 

along the line of sight direction from the satellite to the ground.  The measurements are one-

dimensional and provide the highest sensitivity to vertical movements (Pedersen et al., 2009), 

because the line of sight (LOS) vector is dominated by a vertical component.  Combining the 

spatial coverage of InSAR data with three-dimensional GPS is currently the most powerful tool 

in volcano geodesy (Sturkell et al., 2006a), but still has some un-resolved issues (i.e. weighing 

the relative contributions of each method).  The data used for this study are taken from the work 

of Pedersen et al. (2009) which includes a detailed discussion of the acquisition and processing 

of the InSAR data.    The InSAR images obtained by Pedersen et al. (2009) cover the entire NVZ 
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(Figure 6), therefore, only a small area of the image was used for this study.  An overview of the 

InSAR data is given here.   

       ERS-1 and ERS-2 satellites acquired a series of InSAR data spanning the period of 

June 1993 to August 2002.  All scenes were acquired in descending passes.  The InSAR image 

constructed (Figure 6) shows two distinct deformation patterns for the Askja volcanic complex 

and rift segment during the interval from 1993 - 1998.  An elongated pointed shape extends 

along a NE-SW trending zone following the rift segment.  A second, local deformation pattern 

shows the main area of subsidence.  Figure 7, an image from Pagli et al. (2006), shows similar 

results; a regional zone of elongated subsidence along with a local, radial pattern of subsidence 

 
Figure 6. InSAR image covering the NVZ with a close up of the Askja volcanic complex to 

the right. Notice the strong regional pattern shown along the Askja rift segment and that no 

other volcanic center shows a deformation signal other than Krafla. A color shift from blue-

yellow-red denotes deformation of 2.8 cm toward the satellite.  From Pedersen et al., 2009. 
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Figure 7. InSAR image spanning the years from 

1995-2000 of the Askja volcanic complex showing a 

local region subsidence within the caldera and a 

regional pattern of subsidence along the rift zone.  

Notice the strong radial pattern within the Askja 

caldera.  Each fringe (color change from blue to red) 

represents ~3cm of deformation.  White vectors 

represent horizontal GPS measurements, contracting 

towards the center of the caldera.  From Pagli et al., 

2006. 

 

near Askja caldera.  The two-pattern 

deformation signal is observed in 

multiple images that span multiple 

time intervals, confirming that the 

InSAR image used in this analysis is a 

good representation of the 

deformation at the Askja volcanic 

complex.  InSAR and GPS have 

shown that the Askja volcanic center 

has been subsiding approximately 5 

cm/yr for the past 20 years. 

3.5 UPPER CRUSTAL 

SEISMICITY 

The NVZ historically displays 

persistent small-scale seismicity 

within the upper crust (Einarsson, 

1991).  Earthquakes within the Askja 

volcanic complex occur at depths ranging from 1-6 km with the lower boundary marking the 

brittle-ductile transition (Figure 8). The epicenters of seismicity near Askja occur in three 

clusters.  One region of upper crustal seismicity is located in the southeastern part of the Askja 

central volcano (Einarsson, 1991; Soosalu et al., 2009).   This cluster is located at depths ranging 

from 1-5 km b.s.l. and coincides with a region of active geothermal activity.  Soosalu et al. 

(2009) postulates these earthquakes are associated with hydrothermal circulation above the 
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Figure 8.  Epicentral and hypocentral 

seismicity distributions beneath the 

Askja volcanic complex.  Upper crustal 

seismicity is shown in green and lower 

crustal seismicity is shown in red and 

yellow, each denoting a different field 

session.  Note the break between the 

upper and lower crustal earthquakes 

denoting the areas brittle-ductile 

transition.  Modified from Soosalu et al., 

2009.   

 

shallow magma reservoir.  As temperatures 

fluctuate, pore-fluid pressures change within the 

crust and produce fractures.  A second region of 

known seismic clustering is located to the east of 

the Askja caldera in a 20 km long, NE-SW 

trending zone (Einarsson, 1991).  The source of 

these earthquakes is in question because the trend 

of clustering is oblique to the majority of the 

faults in the region and no known geologic 

structures are evident at the surface.  A third 

cluster is located to the northwest of the central 

volcano and also does not correspond to any 

known geologic structures in the region.   

3.6 LOWER CRUSTAL SEISMICITY 

Soosalu et al (2009) conducted two 

surveys from July-August 2006 and July-August 

2007, which recorded about 350 lower-crustal 

earthquakes (Figure 8).  The seismicity was found 

at depths ranging from 12-34 km.  The majority of the lower crustal seismicity occurs in swarms 

at 12-26 km depth within the otherwise aseismic lower crust (Soosalu et al., 2009).  Due to high 

heat flow in the magmatically active rift, lower crustal seismicity is anomalous.  In a region with 

higher heat flow, the lower crust would become more ductile and would not reach the threshold 

for brittle failure as easily.   
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     The lower crustal events differ from the upper crustal events in waveform and spectra 

appearance.  The lower-crustal events have more emergent phases and lower spectrum than 

typical tectonic earthquakes in the region (Soosalu et al, 2009).  In addition, the epicentral 

locations of the lower crustal seismicity do not overlap with the upper-crustal seismicity.  A clear 

division between upper and lower crustal seismicity marks the brittle-ductile transition.  Figure 8 

illustrates this transition and also indicates the brittle-ductile transition seems to deepen with 

distance away from the rift center.   

     Seismicity surveys reveal the majority of lower-crustal earthquakes occurred near the 

northeastern edge of the caldera in two smaller clusters.  The larger sub-cluster was located 

inside the caldera at depths ranging from 13-21 km.  The smaller cluster occurred outside the 

caldera at depth ranging from 20-27 km.  Soosalu et al (2009) propose the mechanism for 

generating the lower-crustal events is through abnormally high strain rates of dyke intrusion.   
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Figure 9.  Representation of a Mogi model (Mogi, 1958).  

This image shows a pressurized source within a 

homogenous, isotropic, half-space.  This is currently the 

proposed model of deformation for the Askja volcanic 

complex.  Modified from Masterlark, 2007.   

             

             

            

4. DEFORMATION MODELS 

   4 .1 PREVIOUS MODELS   

Previous modeling efforts (Rymer and Tryggvason, 1993; Sturkell and Sigmundsson, 

2000; Pagli et al., 2005) predicted Askja's local deformation using a shallow contracting Mogi 

point source (Mogi, 1958).   A Mogi 

model simulates a pressurized 

spherical cavity within a 

homogeneous, isotropic, elastic half 

space (Figure 9).  Volcano 

deformation studies frequently use 

the Mogi point source because of its 

computational simplicity and 

because it precisely predicts radially 

symmetric deformation caused by magmatic intrusion events (Masterlark, 2007).  

The forward solution for a displacement vector u at point j on the free surface, due to a 

spherical expansion source located at ξ and embedded in a homogeneous, isotropic half space is 

given by  

                                      ju  = *

jsu and *

ju  = 3/)](),(),[( Ryx zyx                                   (1)
 

where R is the Euclidean distance from ξ to j and x, y, and z are Cartesian coordinates where z is 

orthogonal to the free-surface and positive upward (Masterlark, 2007).  The expansion source 
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strength, s, can be expressed as a volumetric change of the sphere, ΔV, or a change in the 

pressure, ΔP, along the sphere‟s surface, given by:  
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 where rs is the radius of the sphere, G is the shear modulus, and v is the Poisson‟s ratio.  

Assuming v = 0.25, a radial coordinate system (r,z), and s is expressed as a change in pressure 

within a sphere centered on the axis of radial symmetry, equations (1) and (2) reduce to the 

original Mogi (1958) equations:  
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where ur and uz are radial and vertical displacements, respectively, and (-z) is the depth to the 

expansion source.  This solution, which suggests an isometric source of deformation, is widely 

used and very successfully applied to a number of volcano deformation studies including: Campi 

Flegrei caldera, Italy (Gottsmann et al., 2006), Taal Volcano, Philippines (Bartel et al., 2003), 

Unzen volcano, Japan (Kohno et al., 2008), among others.   

     The reliability of model predictions is related to how well the model represents the 

natural system (Wang and Anderson, 1982; Masterlark, 2007).  Although a Mogi source 

successfully predicts the radially symmetric pattern of deformation observed for the volcano 

systems mentioned above, the Mogi model is subject to a number of assumptions and limitations 

that are often overlooked and influence the reliability of interpretations based on Mogi-based 

predictions.  One significant limitation in the Mogi model is a dependence on homogeneous 

material properties.  Volcanic systems and rock properties can vary laterally and vertically from 
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the volcanic center; therefore properties should be assigned on a case by case basis using 

available data to constrain models.  For example, the depth of the brittle-ductile transition is 

fairly well-known to lie between 6-7 km within the Askja volcanic complex (Soosalu et al., 

2009).  This one constraint permits us to expand the model into a viscoelastic rather than an 

elastic only domain. 

     Poisson's ratio (v) is a mechanical property that plays an important role in the elastic 

deformation of rocks.  The significance of v is often overlooked due to the narrow range of 

values reported for typical crustal rocks (Gercek, 2006). Typically, for isotropic rocks 0.05< v 

<0.45. However, this range of values can narrow even more as the average Poisson's ratio for 

continental and oceanic crusts are estimated to be 0.265 (felsic) and 0.30 (mafic), respectively 

(Christensen, 1996).  The Poisson-solid assumption (v =0.25) of Mogi (1958) is lower than both 

of these averages.  Because Iceland is composed of oceanic (basaltic) crust, v=0.30 is a better 

approximation.  Prior results have shown that displacement predictions, and thus source 

magnitude estimations, for a Mogi source within a homogeneous, isotropic half space can differ 

by approximately 30% for v =0.25 versus v =0.32 for drained continental versus undrained 

oceanic crust (Masterlark, 2007).   

        Other significant limitations in Mogi model assumptions include: isotropic material 

properties, no topography, and that lateral and depth boundaries extend to zero displacement at 

infinity (Masterlark, 2007).Volcanic systems are composed of varying layers of lava flows, ash, 

and tephra which include fluid-filled cracks, pore spaces, and microcracks.  The layering 

associated with volcanic activity translates to anisotropy at a volcano wide scale, as material 

behaviors in the lateral direction vary from that in the vertical direction (Masterlark, 2007) and 

stress in the crust influences the alignment of cracks and the pore spaces, also leading to 
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anisotropy (Gerst and Savage, 2004).  Pedersen et al. (2009) demonstrates model results are very 

sensitive to lateral variations in rheology.  This result indicates that both horizontal and vertical 

variations in material properties need to be considered, as these parameters can drastically alter 

the deformation signal obtained.  In addition, assuming boundaries extend to zero displacement 

at infinity prohibits the addition of plate spreading boundary conditions, a vital part of the 

deformational history of Iceland.  Without the imposed kinematic boundary conditions, the 

resulting deformation would be a radially symmetric pattern, matching the local pattern of 

deformation observed at Askja but not the regional elongated pattern that follows the rift 

segment.  

       Mogi‟s analytical solution (1958) was an innovative contribution to volcanic 

deformation studies of the time, however, with today‟s numerical models and computational 

capabilities, the simplifying assumptions of Mogi are not required.  Systematic deformation 

errors in previous modeling efforts suggest that the Askja volcanic complex is an example where 

a Mogi source is not a valid representation of the volcanic complex.  A shallow Mogi model 

creates a symmetrical circular deformation pattern that can not predict the elongated deformation 

pattern that trends along the Askja fissure swarm.   

      More recent models propose the regional-scale deformation is indicative of an 

additional deep contracting Mogi source (Figure 9) (Pagli et al., 2005; Sturkell et al, 2006b).  

Pagli et al. (2005) found that a deeper Mogi source located at 20 km depth does not explain most 

of the deformation along the fissure swarm.  Sturkell et al. (2006b) expanded upon this idea 

incorporating the effects of spreading across the plate boundary with a magma reservoir at 16.2 

km depth.  Although model predictions closely resemble the observed GPS data and account for 
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the tectonic spreading of the region, it does not account for the heterogeneity of material 

properties nor the complex rheologic configuration suggested by seismicity, 

4 .2 FINITE ELEMENT MODELS (FEMs) 

      This study develops three dimensional deformation models constructed using the 

general-purpose finite element code Abaqus (http://www.simulia.com).  This code allows for 

spatial variations of the rheology and material properties throughout the problem domain that are 

not possible using an elastic half-space model, such as standard Mogi models.  The finite 

element code satisfies the governing equations for elastic behavior, in terms of displacement (u): 
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where G is the Shear modulus. Additionally, the lower crust and upper mantle will be subject to 

a creep law, which simulates a linear Maxwell viscoelastic material.  The total uniaxial 

equivalent strain (ε) is: 

                                          fs         and         




2

1


dt

d f
                                  (5)                           

where σ is the deviatoric stress, εs is the elastic strain, εf is strain from viscous flow, and μ is the 

viscosity (Turcotte and Schubert, 2002).  The total surface deformation is a combination of the 

elastic and viscoelastic responses to the applied loading configuration (Masterlark et al., 2010).   

     All FEMs considered in this study are 3D and have identical problem domain dimensions that 

extend 100 km east-west, 200 km north-south, and to a depth of 50 km (Figure 10).  The  

http://www.abaqus.com/


 

24 

 

 

Figure 10.  3D model configuration.  Green layer represents the upper crust, blue the lower 

crust and red the mantle.  The red circle represents the shallow magma chamber.  The lower  

crust and mantle are both viscoelastic materials.  Each model comprises more than 2800 nodes.  

Notice the rift segment is not aligned perpendicular to direction of plate spreading.   
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models are vertically partitioned into three quasi-layers.  The upper portion of the problem 

domain represents the brittle upper crust.  It extends from the top (simulated land surface) of the 

problem domain to a depth of 6 to 10 km, deepening laterally from the volcanic center (Soosalu 

et al., 2009).  Directly beneath the center of the caldera, the viscoelastic lower crust shallows, 

forming a viscoelastic “blister” beneath the rift segment.  The blister is a half-ellipsoid with a 

semi-minor axis of 4 km that is perpendicular to the trend of the rift segment, and a major axis of 

100 km diameter that is aligned with the trend of the rift segment.  The local spreading is in the 

direction N106°E - N74°W with the rift segment striking almost perpendicular at N16°E.  This 

partition of the basaltic upper and lower crust is based on a study conducted by Pedersen et al. 

(2009) and is discussed below.  The middle section extends from 10 km to 30 km and represents 

the viscoelastic lower crust.  The Moho is placed at 30 km, based on a study by Kaban et al. 

(2002).  Their study derived a Moho map from a combination of gravity and seismic studies 

conducted throughout Iceland and found the crust to extend to a depth of 30 km surrounding the 

Askja volcanic complex.  The lowest portion corresponds to the relatively stiff upper mantle, 

which extends to a depth of 50 km.   

      Viscosity estimates for the upper mantle and lower crust were estimated from studies 

of postglacial rebound in Iceland by studying the retreat of the Vatnajokull glacier 

(Sigmundsson, 1991).  The maximum asthenospheric viscosity was estimated to be 10
19

 Pa s.   

Table 1. Material Properties  

Upper Crust v = 0.27 E = 6e10 Pa   

Lower Crust v = 0.29 E = 8e10 Pa  μ = 1e18 Pa s 

Mantle v = 0.28 E = 1.7e11 Pa  μ = 1e18 Pa s 
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Pollitz and Sacks (1996) investigated the viscosity structure beneath northeast Iceland and 

concluded that lower crust and upper mantle viscosities of about 3 × 10
19

 Pa s and 3 × 10
18

 Pa s, 

respectively, yield the closest agreement with GPS data.  The Young‟s Modulus and viscosities 

(Table 1) used in the problem domain for this study are based upon the previous modeling efforts 

of Pedersen et al. (2009) and the Poisson‟s ratios are chosen from standard laboratory 

experiments (Turcotte and Schubert, 2002).   

      The problem domain is oriented N106°E - N74°W so that the east-west boundaries align 

with the NUVEL-1A model of plate spreading.  I apply linear kinematic boundary conditions of 

~2 cm/yr over two time steps of 105 years and 5 years, respectively, on the NE-SW striking 

boundaries.  The first time step of 100 years allows us to “spin-up” the stress-field to account for  

quasi-steady viscous flow in the lower crust and mantle.  The second time step of 5 years 

corresponds to the interval spanned by the InSAR image shown in figure 5.  The NE-SW striking 

boundaries have zero displacement horizontally perpendicular to plate spreading and are free to 

move vertically.  The top of the model represents a stress free surface.  The lateral boundaries 

parallel to plate spreading are free to move both vertically and parallel to the direction of plate 

spreading, but have zero displacement in the horizontal direction perpendicular to plate 

spreading.  The bottom surface is allowed to move horizontally, but has zero vertical 

displacement.  Gravitational and isostatic forces are not taken into account.   

      Models with horizontal layers predict uniform subsidence over the entire problem 

domain.  Pedersen et al. (2009) built a series of models exploring surface deformation when the 

brittle-ductile transition is not horizontal near the rift zone.  High heat flow within the fissure 

swarm accounts for an increase in depth of the brittle-ductile transition with distance from the 

volcanic center.  Their study shows that a sloping boundary between the layers enhances 
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Figure 11. Example of model from 

Pedersen et al. (2009) with 

truncated ends to the rift segment.  

This model shows a weak zone 

(black) above their visco-elastic 

wedge (light grey). The dark grey 

represents elastic upper crust.  Note 

the sloping brittle-ductile transition.  

subsidence near the rift.  Additional models incorporated a wedge of weak elastic material into 

the rift zone representing the fractured basaltic crust in the NVZ.  The elastic wedge strongly 

influences both horizontal and vertical deformation.  By introducing the weak elastic material,  

the area of deformation near the rift segment is strongly focused.  The models developed by 

Pedersen (2009) including a weak wedge account for the focused subsidence in the rift segment, 

as observed with InSAR data (Figure 5).    

  My model is highly influenced by the Pedersen et al. (2009) model configuration; 

however, there are several notable differences.  The first significant difference is that my model 

includes extraction of magma from a shallow magma chamber.  This allows me to account for 

the local subsidence in the caldera in addition to the region scale subsidence due to plate 

spreading.  Another difference is the shape of the brittle 

-ductile transition within the fissure swarm.  The Pedersen et al. (2009) models insert what they 

refer to as a flat-top wedge, whereas the models constructed for this study have a “blister” shape.  

The blister shape ends in a lateral tapering of the brittle-ductile transition, whereas the previous 

models truncate at the ends (Figure 11).  The effects of 

these changes are addressed in the discussion.  Pedersen 

et al (2009) also include a zone of weakness above their 

viscoelastic wedge to further focus the deformation 

within the weak zone.  The inclusion of a weak zone 

was also tested within my models with the results 

described below.   

      The length of the viscoelastic blister was 

estimated using a grid search.  The half-minor axis of 
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the blister is set at 4 km, resulting in a brittle-ductile transition depth of 6km.  Seismicity data 

(Soosalu et al., 2008) provide constraints for the depth of the brittle-ductile transition and a 6 km 

transition zone fits well within those constraints (Figure 8).  A series of models swept through 

parameter space for blister length (major axis aligned with the rift segment) at 10 km increments 

to test the sensitivity of predicted surface deformation to blister length (Figure 12).  The shortest 

increment tested was 60 km, the same length as the Pedersen et al. (2009) models and subsequent 

configurations extend up to 100 km length based on Sturkell and Sigmundsson (2000).  

Qualitative analysis, based on visual inspection against InSAR data, shows that a viscoelastic 

blister length of 60 km does not match the InSAR data well and is much too short (Figure 12). 

However, the 100 km blister length well predicts the deformation data (Figure 12).  Model 

configurations with a 3 km blister minor half-axis were also tested.  A 3 km blister radius results 

in a 7 km brittle-ductile transition, which is also plausible within the constraints of the seismicity 

data.  However, visual inspection reveals a 3 km minor half-axis blister does not predict the 

deformation as well as the larger blister dimension.  Therefore, a model configuration with a 100 

km length and 4 km blister minor half-axis is the model template for the rest of the study.  

      My next goal was to predict the concentric deformation pattern found locally near the 

caldera.  Previous modeling studies have used inverse methods to fit a shallow magma reservoir 

beneath Askja volcano.  The results of both Sturkell and Sigmundsson (2000) and Pagli et al 

(2006) find the best-fit model consists of an approximately 3 km deep Mogi source.  The depth is 

consistent with the expected neutral buoyancy of basalt.  In order for my models to predict the 

local deformation signal, I simulate a shallow magma chamber as a spherical cavity having a 

radius of 1 km and filled with a compressible fluid.  The chamber is centered at a depth of 3 km.   
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Figure 12. Predicted and residual results from testing of blister length.  The black circles 

represent the local deformation signal, which is not considered for this portion of the experiment. 

The red dot overlies the position of the chamber.  The top image is the „unwrapped‟ InSAR data 

from figure 6.  The middle images have a blister length or 60 km and the bottom images have a 

blister length of 100 km.  Note the large residual for the 60 km blister.  A 100 km blister length 

was the best fit compared to InSAR data, based on visual inspection. 
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I impose a mass flux to the cavity to simulate the magma migration into or out of the chamber.  

Changes in pressure within the reservoir (ΔP) and volume of the magma reservoir (ΔV) are 

solution variables.  

 Conceptually, my model is driven by two mechanisms: 1) the imposed kinematic 

boundary conditions that simulate the regional plate spreading and 2) pulling a mass flux, q, out 

of the magma reservoir.  The total surface deformation is a combination of the viscous and 

elastic responses (see equations 4 and 5).  The viscoelastic lower crust and mantle deform 

through viscous flow as a result of the plate spreading.  The mass flux extracted from the magma 

reservoir is a calibration parameter and the InSAR data serve as calibration targets.  The mass 

flux is quantitatively estimated using linear inverse techniques. A general equation for the 

forward model is given by:  

                                                             d = G q                                                                             (6)     

where d is a column vector of InSAR-observed displacements, q is the flux of magma from the                                               

magma reservoir, and G is the matrix of Green‟s function calculated with the FEM.  The InSAR-

observed displacements, d, are comprised of three components, ux, uy, and uz.  The LOS 

displacement, ulos, is calculated by: 

                                            ulos = u (n)
T 

 = [ux, uy, uz ][nx, ny, nz]
T
                                                (7)  

where n is the LOS vector of the InSAR image.  Each element Gj, is the predicted displacement 

for position j projected onto the LOS vector, n:  

                                           ],,[)( ****

zyx

T

jj uuunuG  [nx, ny, nz]
T
                                              (8) 

where *

ju  is a vector of three-component displacements calculated using equation (1).  The 

equation is further conditioned to allow for a plane that is superposed on the deformation field 

that accounts for uncertainties in the satellite positions (Massonnet and Feigl; 1998).  The G 
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matrix in equation (8) is appended with column vectors that correspond to the x and y pixel 

locations and a unity vector.  The coefficients for the vertical projection of a plane are appended 

to q to form the source vector q


 (Masterlark, 2007):                               

                                       dqG 
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The least-squares estimate of the magma flux is 119 kg/s, which is derived using the equation for 

the least-squares solution (Menke, 1989):  

                                                          dGGGq TT ˆ]ˆˆ[ˆ 1                                                              (10) 

where:  

                                                               r = d – Ĝ q̂                                                                  (11)   

and the least-squares misfit is r
T
r (Figure 13).   

 In accordance with the Pedersen et al. (2009) FEMs, I tested the inclusion of a region of 

weak elastic material, representing highly fractured crust, which could be expected in the Askja 

volcanic complex.  The weak zone includes the surface projection of the blister and extends 

downward until it reaches the blister interface (Figure 8).  The incorporation of a weak zone, 

along with a shallow magma chamber, causes a stronger deformation pattern in the rift vicinity, 

thus over-predicting the InSAR data and suggesting a region of weak elastic material is not 

needed to predict the deformation.  These results suggest that only a sphere, embedded at ~3 km 

depth beneath Askja caldera, is required to predict the a local deformation pattern.    

      In conclusion, my preferred model configuration of the Askja volcano complex and rift 

segment combines a plate spreading model incorporating rheologic partitioning expected within 

the rift zone with magma extraction from a shallow, fluid filled cavity. 
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Figure 13. Model predictions combining both local and regional results. This model simulates a 

100 km long viscoelastic blister, magma extraction from a shallow magma chamber, and plate 

spreading. The black represents incoherence in the InSAR data from figure 6. The white circle 

outlines the region of local deformation.  Over-predictions in the southern part of the model are 

explained in the discussion. 
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5.  DISCUSSION 

               Two distinct patterns of deformation have been geodetically measured and a mass 

decrease has been observed through microgravity campaigns at the Askja volcanic complex.  

Previous interpretations have suggested two contracting magma reservoirs, one at 3 km and a 

deeper source > 16km satisfy both types of data.  A petrologic study by Kelley and Barton 

(2008) shows clear evidence for both a shallow and deep chamber beneath Askja.  They calculate 

the pressures of crystallization from basalt glass and conclude magma reservoirs are located at 

depths of 6.5 km and 18.9 km.  This agrees with the depth obtained using geodetic methods 

estimated for the deeper source (16-20 km) (de Zeeuw-van Dalfsen et al., 2005; Pagli et al., 

2006; Sturkell et al., 2006b).  However, the petrologic depth (6 km) of the shallow source differs 

from the geodetic depth (3 km).  Masterlark et al. (2007) reveals the inclusion of a weak caldera 

requires the magmatic reservoir to be deeper than predicted using a mogi source in an 

homogenous half-space.  It is possible the geodetic depth of 3 km has been under-estimated in 

prior models because the inclusion of the highly fractured crust present in the Askja volcanic 

complex is not accounted for.    

               Previously suggested deformation models, which contains two contracting magma 

chambers, do not account for the regional pattern of subsidence observed through InSAR data.  

Although the models do not include a deeper reservoir, my study does not suggest a deep 

chamber is not present, rather that the deep chamber does not have to be contracting in order to 

match the regional pattern of deformation.  Furthermore, the previous models of two contracting 
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deformation sources do not account for the deformation of the rift segment associated with plate 

spreading.  My approach combines a plate spreading model with magma extraction from a fluid 

filled cavity (Figure 10).  However, the models do not resolve where the magma is traveling.  

This is an enigma as InSAR data do not show uplift indicative of a dike propagating laterally.  

Pagli et al. (2006) and de-Zeeuw-Van Dalfsen (2005) suggest extension of the ductile crust 

facilities the magma drainage from the shallow chamber down to deeper levels, yet residual 

uplift is not observed through InSAR images.  If downward magma migration is the case, magma 

must be draining to a depth greater than 15 km to not show surface deformation in the InSAR 

(Pagli et al., 2005).   

      The microgravity survey performed by de Zeeuw-van Dalfsen (2005) indicates the 

minimum value for a mass decrease to be ~338 kg s
-1

.  My model suggests the value of mass flux 

withdrawn from the magma chamber to be 119 kg s
-1

.  Taking into account that the results are 

estimated from independent data, the results, a factor of two difference, are remarkably 

consistent.  However, there is not a simple relationship between the observed ground 

deformation and the microgravity estimated mass decrease (de Zeeuw-van Dalfsen, 2005). 

Currently at the Askja volcanic complex the subsidence continues, but recent microgravity 

surveys indicate a mass increase of 0.68 x 10
11 

kg below the caldera (Rymer et al., 2010).  An 

explanation of these new developments is beyond the scope of this study. 

      The discrepancies between values of my predicted mass decrease and the mass 

decrease observed through microgravity surveys could be accounted for in several ways: 1) 

Water table fluctuations, 2) degassing, 3) magma vesiculation or devesiculation and uncertainties 

in model parameters (e.g. compressibility of magma).  The first case, water table fluctuations, 

could cause variations between my model and observed microgravity measurements because 



 

35 

 

Lake Oskuvatn, the deepest lake in Iceland, is located within the Askja caldera.  This region is 

also a known geothermally active region.  The Askja volcanic complex does not presently have 

instrumentation to measure ground water depth variations.  Another situation that could cause a 

decrease in density is an increase in gas flux out of the magma reservoir.  In response to gas 

exsolution, a low density vesiculated magma layer is formed resulting in a gravity decrease 

(Williams-Jones et al., 2003).  This is modeled for the Masaya volcanic complex in Nicaragua.  

However, this situation can not be confidently applied to Askja because measurements of 

degassing are not available.  In addition, gas exsolution strongly influences magma 

compressibility (Rivalta and Segall, 2008), which directly effects the predicted mass decrease in 

the shallow chamber.  The uncertainties in the model input for magma compressibility may 

explain part of the mass discrepancy.  Typical values for the compressibility of degassed basaltic 

magma vary from 0.6 – 2 x 10
-10

 Pa
-1

 at crustal depths (Rivalta and Segall, 2008).  If the 

compressibility of the magma is changed by a factor of 2 in our models, the results would be 

closer to that observed with the microgravity data.  This is a parameter that needs to be explored 

in future studies. 

      My model over-predicts deformation in the region southwest of the caldera (Figure 13).  

This residual could be attributed to several factors.  First, another rift segment is located 

immediately to west of the Askja rift segment and is partially covered by Vatnajokull glacier. My 

model neglects the inclusion of this rift segment and unaccounted for interactions between the 

two rift segments is possible.  Second, Vatnajokull glacier is located < 20 km south of the Askja 

volcanic system.  Glacial retreat may cause a significant source of deformation not accounted for 

in this study.  Third, the “blister” included in my study is modeled as having the same 

proportions North-South of the Askja caldera center.  In reality, the rift segment extends much 
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further northward of the volcanic center and terminates in the south when it reaches the glacier.  

My geometry of the blister may extend too far south and a shorter termination of the blister may 

improve the residual results.    

 In comparison to the GPS data, my model predicts subsidence towards the center of the 

caldera, qualitatively predicting the overall pattern observed with GPS geodesy.  Although the 

observed deformation obtained with GPS can be well modeled using only one point source, one 

point source does not predict contraction located >8 km from the center of the caldera (Sturkell 

et al., 2006b).  Sturkell et al. (2006b) fit the leveling data to an exponential function and suggest 

the subsidence is decaying with time.  Our models do not incorporate this transience for 

simplicity in the modeling.  In order to account for the decay in subsidence we would have to 

assume the magma is not being extracted at a constant rate.  This decay of subsidence with time 

implies part of the subsidence is due to cooling and contraction of magma from the most recent 

eruption in 1961, another complexity not accounted for in the presented models, but should be 

considered in future analyses. 

      The realistic blister geometry I chose differs from the geometry of Pedersen et al. (2009) 

which used a flattened top reaching to 6 km depth and truncated ends extending 60 km.  Instead, 

the viscoelastic blister presented here is a half ellipsoid reaching to 6 km depth, extending 100 

km in length and with ends that taper laterally from the rift segment.  The resulting deformation 

pattern gradually tapers toward the northern end of the rift segment, much like that observed 

through InSAR (Figure 12), rather than the blunt rectangular pattern of Pedersen et al. (2009).  I 

suggest this method not only fits the data more accurately, but also is more likely in the Askja 

volcanic system because I expect that the spatial configuration of the thermal system within the 

rift segment will vary smoothly, rather than abruptly. 
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New frontiers combining tomography results with inverse analyses of deformation may 

provide more comprehensive interpretations of volcano deformation systems (Masterlark et al., 

2010).  Tomography data would give much needed insight into the rheologic partitioning 

surrounding the Askja volcanic complex and rift zone and could confirm or refute the shallowing 

of the brittle-ductile transition I suggest beneath the caldera, as well as the location of the magma 

chamber(s).  Tomography data could also point out a low velocity zone indicative of a weak 

zone as suggested by the modeling results of Pedersen et al. (2009).   
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6. CONCLUSIONS 

Three dimensional FEMs of the Askja volcanic complex that combine magma extraction 

from a fluid filled cavity at 3 km depth with a plate spreading model that includes a realistic 

rheologic partitioning, generally predicts both the local and regional deformation patterns 

observed using InSAR data.  Where previous models have only been able to predict either the 

caldera or regional scale deformation pattern, my model can account for the elongated regional 

pattern of deformation, as well as the local concentric pattern.  The simulated shallow brittle-

ductile transition and applied kinematic plate spreading boundary condition accounts for the 

majority of the regional deformation that has previously been attributed to contraction of a 

magma reservoir at ≥ 16 km depth.  This implies contraction of a deeper magma source beneath 

the Askja volcanic complex is not needed to match InSAR data.  My FEM also accounts for the 

various types of data available for the region, including microgravity data, seismicity, InSAR, 

and GPS.   
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