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Abstract

Rifting occurs as episodes of active deformation in the Northern Volcanic Zone
(NVZ) of Iceland. To measure the deformation, we use interferometric analysis of synthetic
aperture radar (InSAR) data acquired between 1993 and 1999. The observed signal can be
modeled as three sources of deformation in a homogeneous elastic half-space: a shallow
deflating spherical (Mogi) source, a deep inflating spherical (Mogi) source, and an opening
rectangular dike that strikes north south. This study builds on the results of a previous study
using a similar, but larger set of InNSAR data. The General Inversion for Phase Technique
(GIPhT) to model phase change (Feigl and Thurber, 2007) is applied to estimate the model
parameters directly, without unwrapping. The parameters of interest include the three-
dimensional position and volume change rate of each source. We test the hypothesis that
deformation occurred at a constant (secular) rate of volume change over the observed
interval. We evaluate several functional forms for the temporal evolution of the sources.
The best fit to our model occurs for a linear time function, indicative of secular deformation.
We conclude the post-rifting deformation following the 1975-1984 Krafla fires rifting

episode has dissipated on a time scale on the order of 10 years.



Chapter 1: Introduction

1.1 The Rifting Cycle

The rifting cycle is a fundamental process in plate tectonics that describes the way by
which tectonic plates spread apart from one another, creating room for material upwelling
from the mantle to create new crust. At the Mid-Atlantic Ridge, the North American and
Eurasian plates are moving away from each other at a rate of 19 mm/yr (DeMets et al., 1990;
1994). A rift zone exists at all divergent plate boundaries around the world (Figure 1.1).
While at great distances from the boundary the plates have a constant rate of movement, the
actual rifting process is episodic in time and consists of rifting events causing many meters of
spreading followed by post-rifting intervals with elevated spreading rates that are separated
by decade- to century-long inter-rifting intervals with relatively low, constant rates
(Sigmundsson, 2006; Foulger et al., 1992; Bergman and Solomon, 1990). Different
segments of the rift zones, varying from a few kilometers to over a hundred kilometers long,
are active at different times and have varying frequencies of rifting events.

The manner in which episodic rifting events create steady rates in the far field can be
demonstrated in a model of sequential rifting events (Figure 1.2) (Heki et al., 1993). Near
the rift zone (top and middle panels, Figure 1.2), the spreading velocity is greatly elevated
during a rifting event, but drops below the average rate (10 mm/yr in this example) during
the inter-rifting interval. Nearly all of the crustal deformation occurs during a rifting event,
with little deformation occurring between events. As distance from the rift axis increases, the
maximum velocity decreases. The pulse of rapid deformation arrives later, but lasts longer,

at off-axis locations than near the rift (Figure 1.2). The pattern of decreasing magnitude and
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increasing duration shown by the pulse eventually creates a steady rate as distance from the
rift axis increases (bottom panel, Figure 1.2).

Most spreading plate boundaries are located at mid-ocean ridges below the ocean
surface, limiting the ability to observe the rifting process in detail. That is why the regions
where an active spreading boundary is located on dry land, in Iceland and the East African
Rift Zone, are important to study. This study focuses on Iceland due to the availability of
data covering the region and the frequency of rifting events occurring there. Rifting events
have also occurred recently in the East African Rift Zone (Vigny et al., 2006; Wright et al.,
2006; Baer et al., 2008), but were shorter in duration, not observed as closely compared to
recent events in Iceland, and/or occurred so recently that it is not yet possible to study the
duration of the post-rifting interval.

Iceland is located along the Mid-Atlantic Ridge on the divergent boundary between
the North American and Eurasian plates. At this location a mantle plume has been
interacting with the spreading ridge, injecting enough magma into the crust to allow the
spreading ridge to rise above sea level (Sigmundsson, 2006). A seismic tomography study
by Allen et al. (2002) clearly shows the existence and size of the plume.

The plate boundary in Iceland can be divided into regions of rifting and volcanic
activity. The Reykjanes Ridge, the segment of the Mid-Atlantic Ridge extending without
offset for over 1000 km beneath the North Atlantic Ocean, comes onshore in southwest
Iceland at the Reykjanes Peninsula (RP, Figure 1.3). To the northeast of the peninsula is the
Western Volcanic Zone (WVZ, Figure 1.3). At this point the rift zone steps over 100 km to
the right through the South Iceland Seismic Zone (SISZ, Figure 1.3). It also branches north

in the Hofsjokull Volcanic Zone (HVZ, Figure 1.3) (Sigmundsson, 2006). Hengill volcano is
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located at the triple junction of the RP, WVZ, and SISZ. Due east of the Reykjanes

Peninsula and the WVZ is the Eastern Volcanic Zone (EVZ, Figure 1.3), home to the Hekla,
Katla, and Laki volcanoes. In between the EVZ and the WVZ is a region roughly 2000 km*
in area with relatively little seismic or volcanic activity that is surrounded on all sides by
volcanism and active fault zones. This region has been called a microplate (the South
Iceland Microplate, SIMP, Figure 1.3) in a figure from Vogt (1986) as reprinted in
Sigmundsson (2006). North of the EVZ is the Northern Volcanic Zone (NVZ, Figure 1.3),
where the Krafla and Askja volcanoes are located. At the northern end of the NVZ, the
spreading boundary steps left 150 km along the Gremsey Seismic Zone and the Kusavik-
Flatey faults (Sigmundsson, 2006).

The exposed rift zone provides the opportunity for many geophysical methods to
study an active spreading plate boundary. GPS geodesy (Jouanne et al., 2006; Foulger et al.,
1992; Arnadottir et al., 2008), satellite radar interferometry (InSAR) (Sigmundsson et al.,
1997; Henriot et al., 2001; de Zeecuw-van Dalfsen et al., 2004), tiltmeters and electronic
distance measurements (EDM) (Tryggvason, 1986; 1994), and seismic data (Brandsdottir et
al., 1997) have all been used to observe the rifting cycle in Iceland. The more observations
of the area that can be made, the better the processes controlling the creation of new crust can
be understood.

The most recent rifting event in Iceland, and the rifting event that is the focus of this
study, occurred in the NVZ at Krafla from 1975 to 1984 (Buck et al., 2006; Tryggvason,
1994; Sigmundsson et al., 1997). This sequence of events is commonly known as the Krafla
fires (Figure 1.4). The region active during this sequence included the central caldera and

fissures spreading to the north and south of the caldera along the plate boundary axis. The
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eruption was fed by magma intruding from a deep source and collecting in a shallow magma
chamber at roughly 3 km depth (Tryggvason, 1994; Brandsdottir et al., 1997). Tryggvason
(1986) observed ~20 separate diking events caused by pressure in the shallow magma
chamber increasing until the magma breached the chamber walls and intruded into the
surrounding rock. The first and largest of these diking events occurred in the months
following the initial 20 December 1975 eruption, when rifting propagated northward up to 70
km from the caldera. Rifting in the fissures north of the caldera occurred again in October
1976 and January 1977. The first dikes in the fissure swarm south of the caldera opened
during 1977, followed by more rifting to the north in 1978. Starting in 1979 the amount of
rifting decreased as magma breaching the shallow magma chamber began reaching the
surface in large eruptions as opposed to traveling laterally in dikes (Tryggvasson, 1994; Buck
et al.,, 2006). The final eruption of the Krafla fires was also the largest, occurring in
September 1984 (Tryggvason, 1986). Over 9 years approximately 1 km’ of magma was
emplaced during 9 eruptive events and 20 diking events causing a maximum of 9 m of
spreading 10-12 km north of Krafla. The entire 100-km length of the fissure swarm affected
by the event averaged 5 m of spreading, or the equivalent of 250 years of spreading at the
average rate (Sigmundsson, 2006).

Numerous other rifting events have occurred in Iceland since the island was settled
over a millennium ago. In the NVZ rifting events like the Krafla fires occur roughly every
100-150 years according to historical records (Bjornsson et al., 1977), a similar frequency to
the one recorded for the EVZ (Larsen, 1984). Recent events in the NVZ occurred in 1618 at
Theistareykir, 1724-1729 at Krafla (the Myvatn fires), and 1874-1875 at Askja

(Sigmundsson, 2006). The Myvatn fires rifting event was much smaller than the recent
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Krafla fires event; diking and eruptive events occurred along a section of the fissure swarm
extending 11 km south from the central caldera (Bjornsson et al. 1977) and the maximum
spreading is estimated to have been ~4.5 m (Tryggvason, 1994). Askja is located ~75 km
south of Krafla. Diking likely took place along 100 km of the fissure swarm associated with
Askja during the 1874—1875 event (Sigurdsson and Sparks, 1978), which included a rare (for
Iceland) rhyolitic explosive event and fissure eruptions occurring 50-70 km north of the
central volcano. Subsidence following the eruption formed a 5 km-wide caldera, and the
region continues to actively deform (Pagli et al., 2006). More recent, small (~0.1 km® of
erupted material), eruptions also occurred within the Askja caldera in the early 1920’s and in
1961 (Thorarinsson and Sigvaldason, 1962).

The largest fissure eruptions related to plate spreading in recorded Icelandic history,
the 934 Eldgja eruption and the 1783-1784 Laki eruption, occurred in the EVZ. Both of
these events effused over 15 km”® of lava and had serious environmental impacts on regions
as far away as mainland Europe (Thordarson and Self, 1993). Other, smaller, fissure
eruptions occurred before, in between, and after the larger events, with the most recent rifting
event in the EVZ occurring at Trollagigar in 1862—1864 (Jonsson et al., 1997).

These rifting events in the volcanic zones of Iceland represent the active rifting
intervals of the rifting cycle along their respective segments of the plate boundary. In
between rifting events are long inter-rifting periods when little to no spreading occurs while
active rifting events may be occurring along other segments of the rift zone. Over time and
far away from the boundary, the intervals of rapid spreading and quiescence give rise to the
long-term average spreading rate of 19 mm/yr along the North American-Eurasian plate

boundary (DeMets et al., 1990; 1994).
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This study aims to better understand the dynamics of the rifting cycle by using InSAR

to observe ongoing deformation in the Krafla region during the 1990’s, and then modeling
the observations to estimate the parameters for the magma plumbing system causing the
deformation. We seek to determine if activity in the Krafla fissure zone has reached a steady
rate characteristic of the inter-rifting interval, or if the activity is still occurring at an
elevated, but decreasing, rate characteristic of the post-rifting interval (Foulger et al., 1992;
Heki et al., 1993; de Zeeuw-van Dalfsen et al., 2004). Such time-dependent behavior can be
used to constrain rheological models for subcrustal flow. A model of the Krafla region may
be applicable to other rift zones and could improve our understanding of the processes that

produce new crust.

1.2 Previous Studies

Numerous studies using many different methods have been conducted to observe,
model, and describe the Krafla fires, the deformation and seismic activity it caused, and its
relation to the rifting cycle.

Tryggvason (1994) used data from EDM, tiltmeters, and limnographs (lake-level
observations) during and immediately after the Krafla rifting event between 1982 and 1992
to investigate the magma system beneath Krafla. The observations made within 5 km of the
central caldera suggested an infinitesimal spherical point source of deformation representing
a magma chamber at 2.5 km depth, while observations from 5-15 km away indicated a
slightly deeper source at 5 km. Inflation of the magma chamber occurred following the end
of the Krafla rifting event between 1984 and 1989, after which the chamber began to deflate.

Observations made over 10 km from the caldera showed constant inflation during the entire
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study interval from a much larger and deeper source near 20 km depth. Tryggvason (1994)
suggests a magma system with an inflating deep source feeding either two shallow magma
chambers at 2.5 and 5 km depth or one elongate, cylindrical shallow magma chamber. These
results agree with those found by Tryggvason (1986) in a study using similar methods to
observe the final eruption of the Krafla fires in 1984.

Sigmundsson et al. (1997) conducted the first InNSAR study of the Krafla region using
observations spanning 1992-1995. The study found that a deflating magma chamber beneath
the Krafla caldera at ~3 km depth was the likely cause of the observed deformation.
Sigmundsson et al. (1997) also found that the rate of deflation of the magma chamber
decreased over the study interval. Henriot et al. (2001) used InSAR to study deformation in
the Krafla region from 1992 to 1998. They modeled the observed signal with a magma
chamber at a depth of 3 km deflating at a rate of —0.52-10° m*/yr and two shallow deflating
sills to the north and south of the magma chamber creating a deformation rate of 21 mm/yr
for the Krafla fissure swarm. The study also found the rate of volume change in the region to
be constant over the observed interval, indicative of deformation in the inter-rifting period.

De Zeeuw-van Dalfsen et al. (2004) also used InSAR to study the Krafla region over
the interval 1993—-1999. Their observations show a pattern of deformation they attribute to
three sources in an elastic half-space model: (1) a shallow, deflating spherical point (Mogi)
source (Mogi, 1958); (2) a deep, inflating Mogi source; (3) an expanding dike striking north-
south. This study was the first to observe and model the deep Mogi source, though previous
studies had suggested its existence (Tryggvason, 1986; 1994). Their modeling found the
deflating Mogi source at 2.4 km depth with an average volume change rate of —0.31-10°

m’/yr and the inflating Mogi source at a depth of 21 km near the known crust-mantle
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boundary for the region with an average volume change rate of 25.9-10° m*/yr. De Zeeuw-

van Dalfsen et al. (2004) found tensile opening rates of the dike for each of the four modeled
interferograms in the study. They note that the rate decreases from 34 mm/yr for 1993—-1999
to 25 mm/yr for 1996-1999, which they suggest indicates deformation in the post-rifting
interval with a rate that is decreasing, but still elevated above the long-term average.

A study by Jouanne et al. (2006) using campaign GPS geodesy primarily in the region
immediately northwest of the Krafla fissure swarm found that site velocities perpendicular to
the rift axis decreased from 25 mm/yr in 1997-1999 to 18 mm/yr in 1999-2002. Their
modeling is able to attribute this decrease to post-rifting relaxation and their 1997-1999
spreading rate agrees with that found by de Zeeuw-van Dalfsen et al. (2004).

A seismic study of Krafla by Brandsdottir et al. (1997) found a low-velocity zone
beneath the Krafla caldera at 3 km depth, in agreement with other studies that estimate the
magma chamber to have similar depth (de Zeeuw-van Dalfsen et al., 2004; Sigmundsson et
al., 1997; Tryggvason, 1986; 1994; Bjornsson et al., 1977; Henriot et al., 2001). Brandsdottir
et al. (1997) also found that the thickness of the crust in the Krafla region is lowest near the
central caldera, with a depth of 19 km, which is similar to the depth estimated by Tryggvason
(1986; 1994) and de Zeeuw-van Dalfsen (2004) for a large magma chamber that would feed
the shallow Krafla magma chamber during rifting events. Buck et al. (2006) examined the
patterns and mechanics of dike propagation during the Krafla fires, finding that dike
propagation is controlled by an imbalance between magma pressure and tectonic stress in the
fissure zone. The alternating north and south propagation of the dikes during the Krafla fires

is a result of tectonic stress being relieved in some regions before others. Buck et al. (2006)
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also conclude that most of the tectonic stress in a region must be relieved by dike propagation

before a major eruption can occur.

Studies at other active rift zones show similarities to Krafla. An InSAR study at
Askja (Pagli et al., 2006) found a similar source geometry to Krafla, with a magma chamber
at 3 km depth. At the Asal rift in the Afar depression of East Africa, GPS data (Vigny et al.,
2007) show spreading rates returning to the NUVEL-1A 3 Ma average rigid plate rate
(DeMets et al., 1990; 1994) after a rifting event in 1978 caused 2 m of spreading.

This study extends the work of de Zeeuw-van Dalfsen et al. (2004) and includes
previously unpublished interferometric pairs covering a wider range of time intervals in order
to better constrain the deformation observed by the interferograms covering the NVZ during
the 1990°s. Using the larger data set and the initial model parameters from de Zeeuw-van
Dalfsen et al. (2004), this study updates the models presented by previous studies of the area
and investigates the duration of the post-rifting transient of deformation during the rifting

cycle at Krafla.

Chapter 2: Data

2.1 InSAR

This study uses interferometric analysis of synthetic aperture radar (InSAR) to
observe and measure deformation of the Krafla region in the NVZ of Iceland. InSAR is a
method of observing deformation of the earth’s surface using radar images taken by satellites
and combined to form a pair, or interferogram, spanning a certain amount of time. The

creation of an interferogram begins when a satellite captures a radar image of a region. The
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raw data for this image is collected as measurements of amplitude and phase. Phase is the
number of cycles it takes for the radar signal to go from the satellite to the earth’s surface and
back, related to the satellite’s range to the surface. Amplitude is the degree to which the
radar signal is reflected off of the earth’s surface. This first image is called the master image
of the interferogram. At some time later the same satellite, or another satellite with the same
orbital trajectory, will pass over the same region again and acquire a second image, the slave
image of the interferogram (Figure 2.1). The synthetic aperture process focuses both images
to improve their resolution (Massonnet and Feigl, 1998).

While both the master and slave images are acquired in the same orbital trajectory
over the same region, they are not acquired from exactly the same position, so more data
analysis is done to align the master image to the geographic orientation of the region and then
to align the slave image to the master image. When the master and slave images are correctly
aligned, usually with the aid of a digital elevation map (DEM), the phase measurements from
the slave image can be subtracted from the phase measurements of the master image to create
an interferogram (Figure 2.2), or a map of the phase change which occurred in the region
between the acquisition of the two images. If the slave and master images form a good pair,
the interferogram will be spatially coherent, and phase change will appear as fringes, lines
representing a full color sequence as seen in Figure 2.2 and equivalent to 1 cycle of phase
change, or half a wavelength of range change. The pixel values in an interferogram range
from -1/2 cycle to +1/2 cycle, so the transition from one fringe to the next represents one full
cycle of phase change values. This display of fringes in an interferogram is called wrapped
phase, as the pixel values ‘wrap’ from +1/2 cycle to -1/2 cycle (or vice versa) between

fringes, as seen in Figure 2.2 as an abrupt change in color from red to blue.
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The interferograms for this study were calculated using the PRISME/DIAPASON

software developed at the Centre National d’Etudes Spatiales (CNES) in Toulouse, France
(Massonnet and Rabaute, 1993). DIAPASON uses a DEM to create a grid and correlate each
pixel in the master image to its geographic position in the region being observed and also to
orient the master image in a geographic reference frame. The slave image is then registered
onto the master grid. The DIAPASON process (Figure 2.3) also accounts for the satellite’s
trajectory during the two passes. Topographic effects are modeled and eliminated using the
DEM. After all of the corrections and alignments are finished, DIAPASON outputs three
files: (1) a geocoded, corrected interferogram (Figure 2.2); (2) a geocoded map of coherence
(Figure 2.4); (3) a geocoded amplitude image (Figure 2.5). All three of these products have
the same geometric specifications as the DEM.

InSAR is well suited for use in Iceland due to the lack of dense vegetation covering
the ground surface and the polar orbits of the ERS satellites, which provide more coverage
over high latitudes relative to tropical latitudes. Other advantages of InSAR can include the
accessibility of the data (no field observations are required), allowing for quick generation of
observed deformation, and a very high sampling density (every pixel in an interferogram
represents a measurement) with similar precision to GPS (~1 cm (Massonnet and Feigl,
1998)). Each pixel in an interferogram, typically ~10* m® in area (Massonnet and Feigl,
1998), shows the phase change that occurred in that spot during the observed interval.

InSAR also has its downsides. Phase noise can inhibit the interpretation of the
observed pattern of deformation. Dense vegetation, seasonally variable vegetation, snow
cover, tropospheric effects, and human development can all lead to a loss of coherence in an

interferogram (Massonnet and Feigl, 1998). All of these effects can alter the reflecting
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surface for the radar dielectric properties of the (radar-reflective) ground surface signal
without deforming it, increasing the amount of noise and decreasing the quality of the
interferogram. For this reason InSAR can be unreliable in areas with dense vegetation, heavy
urbanization, or consistent snow cover. It is possible to mitigate the vegetation and snow
cover issues by selecting radar images acquired in the same month or season over the

observation interval.

2.2 Data Collection and Selection

The satellite data we use for this study were acquired by the ERS-1 and ERS-2
satellites in track 9, frame 2277 (Figure 2.6) between 22 May 1993 and 23 July 2002. We
began with a set of images from 23 distinct orbits able to form 253 potential master-slave
pairs. Good pairs typically have high values of altitude of ambiguity h,, low values of

Doppler difference AD, and short time spans. From this set we keep only those pairs with an

absolute value for altitude of ambiguity greater than 50 m in absolute value and Doppler
difference less than 0.20 PRF in absolute value. The altitude of ambiguity for an
interferogram is a value based on the distance between the two points in space where the
master and slave images were acquired, and represents the change in elevation in the
observed region required to generate a residual topographic fringe in the interferogram
(Massonnet and Feigl, 1998). The larger this value is, the more coherent an interferogram is
likely to be. The Doppler difference AD is the difference in azimuthal Doppler centroid
expressed as a fraction of the radar’s pulse repetition frequency (PRF). This selection

process produces a set of 30 potential pairs. We examine each pair to eliminate those with

errors caused by tropospheric interference or spanning such a short time that a deformation
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pattern could not be observed (generally less than year). Lastly, we eliminate redundant
pairs, or pairs spanning roughly the same interval but having lower quality than other pairs or
which complete loops with other pairs when plotted by their time span (Figure 2.7).

We do not include the epoch 1995.7 (ERS orbit number 1867) used by de Zeeuw-van
Dalfsen et al. (2004) because it contributes several anomalous fringes, amounting to more
than 100 mm of differential range change for every interferometric pair in which it
participates (Figure 2.8). Using pair-wise logic (Massonnet and Feigl, 1995; Massonnet and
Rabaute, 1993) we interpret these fringes as atmospheric effects on the date of acquisition
(25 August 1995). It is possible to quantitatively estimate the effect of atmospheric
conditions on an epoch using surface weather observations. We have obtained weather
observations for the time of each epoch acquisition from Akureyri, Iceland, 60 km west of
Krafla. The weather data were purchased from the National Climatic Data Center (NCDC), a
subdivision of the National Oceanic and Atmospheric Administration (NOAA), and can be
found at http://gis.ncdc.noaa.gov/website/ins-entrymap/viewer.htm. The analysis using this
data is shown in section 4.1.

This selection process yields a set of 11 epochs forming 9 useful pairs (Table 2.2).
The epochs fall into two species (Figure 2.9), or sets of epochs that form good pairs with
each other, as defined by Feigl and Thurber (2007). Species A includes 5 pairs that have not
been analyzed previously. Species B includes 3 pairs used by de Zeeuw-van Dalfsen et al.
(2004). Our final set of interferograms spans the interval from 26 June 1993 to 12 October
1999; roughly 6 months longer than the interval spanned by the set of pairs from de Zeeuw-

van Dalfsen et al. (2004).



14
Chapter 3: Methods

3.1 GIPhT: The General Inversion for Phase Technique

As mentioned in section 2.1, the fringes of an interferogram show phase shifts as
ambiguous measurements of -1/2 to +1/2 cycles. Previously, to interpret such phase shifts in
terms of range changes, interferograms had to be unwrapped. This process amounts to
counting the fringes, either by computer or manual means, to generate a deformation field
where the range change (in absolute mm, rather than ambiguous cycles) of each pixel is
known (Figure 3.1). This deformation field would then be modeled. However, unwrapping
manually takes a lot of time. Similarly, computer unwrapping algorithms are imperfect and
can introduce errors. Unwrapping algorithms can fail in noisy, or incoherent, regions of an
interferogram and incorrectly count the number of fringes, resulting in errors of a fringe (28
mm of range change) or more. Unwrapping algorithms do not estimate an uncertainly for
their output, making it difficult to estimate the uncertainty of the parameters estimated by
modeling the unwrapped observed deformation field (Feigl and Thurber, 2007).

We avoid these common unwrapping issues in this study by choosing to model the
wrapped phase values directly using the General Inversion for Phase Technique (GIPhT)
developed by Feigl and Thurber (2007). The deformation observed in the interferograms is a
field that depends on both time and position. We assume that the deformation field is

separable, as described by Feigl and Thurber (2007). Accordingly, we model the observed

phase values (¢3(k )(t,-)) at each pixel £ and epoch #; as the product of two functions

60 = r)g® + r® 3.1)
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a time function f{7;) that depends only on time and a map function g(k) that depends only on
position. In addition a third, nuisance, function h* can account for the tropospheric and
orbital effects attributable to individual epochs. To describe the shape, in map view, of the
deformation field we assume a map function g™ that sums the contributions of two types of
sources. Both sources involve change in volume at depth and assume an elastic half space

with a Poisson’s ratio of v = 0.25 and a shear modulus of @ = 30 GPa as in de Zeeuw-van

Dalfsen et al. (2004). The first source is an infinitesimal sphere (Mogi, 1958). The second is
a dike shaped like a rectangular prism (Okada, 1985). That the rate of the volume change is
constant in time represents the hypothesis to be tested in this work.

GIPhT avoids unwrapping by calculating the cost (misfit) @ as the mean of the

angular deviations ® between the observed and modeled wrapped phase change values

(Mardia and Jupp, 2000)

o= 1121@. (3.2)
nio
with
® = Cos ™' (APsAQ) (3.3)

where A¢ is the observed phase change, A¢ is the modeled phase change, the dot denotes

the scalar product, and Cos™ is the inverse cosine function that returns a value in cycles. The
model parameters are estimated by a simulated annealing algorithm (Kirpatrick et al., 1983)
that estimates the cost of many different sets of model parameters within a domain defined
by placing bounds on each parameter. After searching numerous values, the simulated

annealing algorithm converges on a final set of parameters that produces the lowest cost
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value. The goal of the modeling is to estimate the set of parameters that minimize the cost
value.

We assume wrapped phase residual values, created by subtracting the modeled phase
values from the observed phase values, are compatible with a von Mises distribution (Feigl
and Thurber, 2007; Huber et al., 2001). We test the validity of this assumption by three
procedures. First is the Sy test statistic (eq. 24 of Feigl and Thurber, 2007; and references
therein). If the observed value of Sy is less than approximately 6, then we infer that the von
Mises assumption is valid. Second is the U? test (eq. 27 of Feigl and Thurber, 2007; and
references therein). If the observed value is less than approximately 0.09, then we infer that
the von Mises assumption is valid. Third is examining the quantile-quantile (Q-Q) plot
(Figure 4.1c). If the observed values plot near the ideal values, then we infer that the von

Mises assumption is valid.

3.2 Creating a Model

The process of estimating the model parameters begins by randomly selecting 2000
pixels from the study area (Figure 3.2). At each pixel location one phase value is selected for
each interferometric pair. This decimation by a factor of ~1:300 represents a compromise
between calculation time and parameter uncertainty as validated by Feigl and Thurber
(2007).

The initial values and bounds of the parameters have been chosen in accordance with
previous studies (Sigmundsson et al., 1997; de Zeeuw-van Dalfsen et al., 2004; Buck et al.,
2006). We treat all volume change rate and position parameters for both Mogi and Okada

sources, orbital gradients, and a nonlinear time function as free variables, allowing them to
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be estimated by GIPhT. We use systematic trial and error to investigate the effect of
adjusting phase gradients, a nonlinear time function, various source orientations and
locations, and various source rates of volume change on the final cost value found by GIPhT.
In some cases we had to constrain one parameter to estimate another with useful precision, as
many parameters have a trade-off with each other. For example, it was necessary to fix the
dip of the Okada source at 90° to allow the east and north phase gradients to be estimated.
When free, the dip of Okada source competes with the gradients to account for a visible
asymmetry of the observed signal. We also fix the length of the Okada source very tightly to
the length of the Krafla fissure swarm to prevent the length parameter from interfering with
estimates for Okada depth and width. Mogi volume change and depth also have the same
trade-off relationship; many combinations of the parameters can model the same signal. For
the final GIPhT run presented in the results chapter, all gradient and source parameters were
free to be estimated by GIPhT within the set bounds.

All of our initial estimates assume a linear time function in the parameterization used
by GIPhT. We next investigate the time dependence of the observed deformation signal in
two ways: (1) by estimating parameters controlling the temporal evolution of a nonlinear
time function using the same simulated annealing algorithm used to estimate the source
parameters; (2) by running GIPhT individually for each of the nine pairs used in this study.
The first method assumes that the volume change for every source in the model has a
common rate of change over time; the assumption by GIPhT that the modeling function is
separable does not allow for different rates of change between sources. The second method

avoids this issue by inverting each pair individually and finding a volume change rate for
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each source in the model. The variability in each volume change rate over time can be seen

graphically by plotting each pair’s rate over the time interval it observed.

Chapter 4: Results

4.1 Linear Models

Following de Zeeuw-van Dalfsen et al. (2004), we find that the signal observed in the
interferograms can be best described by summing the contributions from three sources: a
deep Mogi source, a shallow Mogi source, and a north south striking Okada source (Figure
4.1). Table 4.1 shows the parameter values and uncertainties of the best-fit model for the
time interval specified by the 9 interferograms. This final set of parameter estimates
produces the lowest values of cost and von Mises test statistics when running GIPhT (Figure
4.2). Additionally every free parameter estimate is found within the bounds specified (Figure
4.3), indicating that the simulated annealing algorithm found the global minimum within that
range.

The parameter estimates for the two Mogi sources compare well with those found by
de Zeeuw-van Dalfsen et al. (2004) (Table 4.2). The locations differ by 4 km and 2 km for
the deep and shallow Mogi sources, respectively, the depths of the deep Mogi source are less
than 1 km apart, and the volume change rates of the deep Mogi source differ by 3.6- 10°
m’/yr, or ~15% of the value estimated by this study. The only significant difference between
the parameters for the Mogi sources are for the shallow Mogi source’s depth and volume
change rate. Our results prefer a deeper source with a faster rate of change (Table 4.1) than

that found by de Zeeuw-van Dalfsen et al. (2004) (Table 4.2). However, our results compare
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well with the results from previous studies of the shallow magma chamber beneath the Krafla

caldera (Table 4.2) (Sigmundsson et al., 1997; Brandsdottir et al., 1997; Tryggvason, 1994).

We choose a different geometric configuration for the dike than de Zeeuw-van
Dalfsen et al. (2004). We place the dike source in the same location as the Krafla fissure
swarm, extending roughly 70 km north and 20 km south of the central volcano (Buck et al.,
2006). Doing so produces fewer fringes in the residual interferograms (third row, Figure 4.4)
and lower cost values than placing a shorter and wider dike in only the southern half of the
fissure swarm, as in de Zeeuw-van Dalfsen et al. (2004). Our study finds an average opening
rate of 19.2 + 3.2 mm/yr during the time interval observed. Counting deflation as negative
and neglecting the effect of gravity on density, we find a net volumetric change rate of 74.8 +
27.1-10° m*/yr.

We attempt many different methods of minimizing the final cost and the residual
fringes of the model. The observed interferograms (first row, Figure 4.4) show an
asymmetric pattern with more fringes from the dike source to the east of the dike axis than to
the west and more fringes from the deep Mogi source to the west of the dike axis than to the
east. To explain this pattern, de Zeeuw-van Dalfsen et al. (2004) suggest a dipping dike.
Instead, we interpret the asymmetry as the result of errors in the orbital trajectories at each
epoch left over from the initial image processing done by PRISME/DIAPASON. To account
for such orbital errors, we estimate the eastward and northward components of the horizontal
phase gradient for each pair (Feigl et al., 2002; Feigl and Thurber, 2007). Freeing the
gradient parameters in our inversions removes an average of one fringe from each of the
residual interferograms for 8 of the 9 pairs (Figure 4.5). We do not find a set of gradient

values that match the residual orbital gradient signal for every pair in the set, and as a result
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the gradient estimates add a fringe to the residual interferogram for pair 9 (third row, Figure

4.4.9). The residual interferograms of pairs 1 and 3 (third row, Figures 4.4.1 and 4.4.3) also
still include an unexplained signal, likely caused by a stronger residual orbital gradient effect
than we were able to account for. Pairs 4 (Figure 4.4.4) and 7 (Figure 4.4.7) also show
multiple residual fringes. Since both pairs share orbit number 23410 as the slave epoch, we
suggest tropospheric effects on this date (12 Oct. 1999). To test this interference, we
calculate the differential delay in the radar signal caused by tropospheric effects for each
pair. Using the weather observations we obtained from the NCDC, we calculate the zenith
hydrostatic delay ZHD in meters

0022768 P
ZHD = 0.0022768 Po @.1)
1-0.00266cos2¢ —0.00028 H

where Py is the total pressure in mbar at the site with latitude ¢ and elevation A in km, and

the zenith wet delay ZWD in meters

ZWD =0.0122 +0.00943 pu» (4.2)
where pw is the surface partial pressure of water vapor in mbar, from Leick (2004). The

meteorological observations we obtained included dew point temperature and total pressure
for the site, which we convert to partial pressure of water vapor by the equation

r-Po

=0 43
r+0.622 *3)

Pwv

from Wallace and Hobbs (1977) where r is the mixing ratio, which is known by conversion
from the dew point (Carr, F., pers. comm. to BBC, 2008). The differential delay Ad in

meters is calculated by
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ZHD + ZWD
cos(23°)

Ad=D (4.4)

where D is the differential operator, or incidence matrix, described by equation (2) of Feigl

and Thurber (2007). The first and third highest values of Ad in absolute value (Table 4.3)

were for pairs 4 and 7, supporting our inference that tropospheric interference generates noise
in pairs including orbit number 23410. The term to the right of the differential operator in
equation 4.4 is the atmospheric delay for each epoch. This value for epoch 23410 (Table 4.3)
is more than two standard deviations away from the average value of all 11 epochs and epoch
1867, which was used by de Zeeuw-van Dalfsen et al. (2004), but which we omit in this
study due to a presumed tropospheric effect (Figure 2.8). The atmospheric delay for epoch
1867 (Table 4.3) is more than 1 standard deviation from the mean, supporting our
conclusions from section 2.2.

To investigate the possibility of atmospheric perturbations in the observed

interferograms, we estimate the vertical component of the phase gradient for each epoch.

Doing so does not produce a significantly lower cost value. The mean resultant length R of

the residual values for the estimate with freely varying vertical gradients is 0.3195, compared

to 0.3251 for the best-fit set of estimated parameters. The R statistic is a measure of the
concentration of a data set (Mardia and Jupp, 2000), with higher values indicating higher
concentrations. A strong concentration of residual values around zero is an indicator of a

good model. The significance of the difference between two sets of estimated parameters
can be statistically found by calculating a two-sample statistic v2 value from the R of both

sets and the size of each set. If v2is greater than 1.96 in absolute value, the difference

between the two sets of parameters is significant with 95% confidence (Mardia and Jupp,
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2000, p. 133), as applied to InSAR data by Feigl and Thurber (2007). Comparing the vertical

phase gradient estimate to our best-fit estimate yields V2 = 0.8176. Thus, we infer that
freeing the vertical gradients in our model does not make a significant difference.

The modeled interferograms (second row, Figure 4.4) resemble the observed ones
(first row, Figure 4.4). For example, the residual interferograms for pairs 2, 6, and 8 (Figures
4.4.2, 44.6, and 4.4.8) show fringe patterns with little or no structure, suggesting that the
model describes the signal. Pair 5 (Figure 4.4.5) shows only one concentric fringe of
unexplained signal, a vast improvement from the numerous fringes in the observed signal.
The phase values calculated using the model parameters listed in Table 4.1 yield an overall

final cost of 0.1828 that is 16% lower than the 0.2172 cost of the initial estimate for

parameters set to those reported by de Zeeuw-van Dalfsen et al. (2004). The R for the initial
estimate is 0.2280. Comparing the initial estimate to our best-fit linear model gives V2 =
13.86, showing that our best-fit model is significantly better than the model suggested by de

Zeeuw-van Dalfsen et al. (2004). The circular standard deviation as defined by Mardia and

Jupp (2000) is 0.2386 cycles in phase, corresponding to 6.8 mm in range. The model has von
Mises test statistic values Sy = 141.95 and U” = 1.84, well above the values required to
assume a von Mises distribution of the residual values. This occurs because the two species
of pairs used in the GIPhT estimate cause the median of the residuals to be skewed from 0
(Figure 4.1b), while a von Mises distribution has a median at 0. When the species are run
independently by GIPhT, the median for the residuals from each species can be set to 0, and
species B has Sy = 8.88 and U® = 0.15, values more representative of a von Mises
distribution. Species A still has very high test statistic values due to the tropospheric-induced

noise present in epoch 23410.
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The model just described assumes a linear time function f'(¢2) = ¢ — ¢y where t) = 1984,

the year of the last eruptive event in the most recent rifting episode at Krafla. Accordingly,
the rates for the three sources are hypothesized to remain constant for the 1993—-1999 time

interval. Next, we test this hypothesis by considering other forms of the time function.

4.2 Time Dependent Models
To allow the deformation to vary with time, we consider a time function that
combines an exponential decay with a secular increase

t—t,
T

f(®)=all-exp(= N +b(r—1,) (4.5)

where a and b are scaling coefficients and 7 is a characteristic time scale. This function

increases quickly initially and then reaches a linear asymptote after several multiples of the

characteristic time scale 7. It is unbounded at long times, like a linear function. For each

pair, the time function is evaluated at the master epoch and at the slave epoch. These two
values are then multiplied by the differencing operator D. We evaluate different

combinations of the free parameters a, b, and 7 (Figure 4.6 and Table 4.4). The ‘Fast

Exponential’ and ‘Slow Exponential’ curves are scaled manually to produce values matching
the time span of the interferograms in this study. The ‘Optimized’ curve uses the simulating
annealing algorithm to estimate these parameters. All of these nonlinear time functions yield
higher costs than the linear one. We also evaluate a piecewise linear time function. By
optimizing the value of the time function at each epoch we find a cost of 0.1808, slightly, but

not significantly (V2 = 0.8643), lower than the cost for the linear case.
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As seen in Figure 4.6, as the exponential time functions become more linear, their
costs decrease. The lowest value of cost occurs for the ‘Optimized’ curve, only 0.0002 cycle
above that of the best-fitting linear time function model. Calculating the two-sample
statistic V2 to compare the best-fitting linear model to the various nonlinear time functions
produces a significant difference only for the ‘Fast Exponential’ and ‘Slow Exponential
functions. The costs obtained with other nonlinear time functions do not vary significantly
from those obtained with the linear function. Since the cost decreases as the time function
becomes more linear, and the linear function yields the lowest cost of any function, we infer
that rates of volume change for the three sources did not vary significantly between 1993 and
1999. The spreading rate, as estimated from the rate of opening at the dike source, is 19.2 +
3.2 mm/yr, in agreement with the rate of 19 £ 2 mm/yr estimated over ~3 Ma from the
NUVEL 1-A plate motion model (DeMets et al., 1990; 1994).

We also use GIPhT to estimate the volume change rates for the three sources for each
pair individually (Table 4.5). The values for pairs 4, 7, and 9 show large uncertainties,
presumably for the reasons explained in section 4.1. The values for the other six pairs are all
well constrained by GIPhT. Plotting the volume change rates for each source versus the
midpoint of each pair’s time span shows some possible trends in the values over time (Figure
4.7). We use a weighted linear least squares analysis to test the significance of the visible
trends. For the deep Mogi volume change, shallow Mogi volume change, and Okada tensile
opening we find slopes of 1.20 + 1.36- 10° m*/yr/yr, 1.04 x 10° + 0.72- 10’ m’/yr/yr, and —8.8
+ 10.6 mm/yr/yr, respectively. Of these, only the rate of change for the shallow Mogi source
is significant, having a slope value greater than its uncertainty, and shows a decrease in

volume change rate during the study interval. The Okada tensile opening does not show a
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significant change over time, indicating a steady rate of spreading over the study interval, in

agreement with the results from our analysis of a time function.

Chapter 5: Discussion

Our results agree with previous geodetic and seismic studies (Sigmundsson et al.,
1997; Brandsdottir et al., 1997) that confirm the existence of the shallow deflating magma
chamber found by de Zeeuw-van Dalfsen et al. (2004) and all estimate its depth to be near 3
km. Our results also confirm the existence of the deep, inflating magma chamber
hypothesized by Tryggvason (1986; 1994) and observed and modeled by de Zeeuw-van
Dalfsen et al. (2004).

In contrast, De Zeeuw-van Dalfsen et al. (2004) report an average tensile opening rate
of 28 mm/yr, 9 mm/yr faster than the plate rate, suggesting that post-rifting effects may
continue as late as 1999. The difference between estimates of opening rate from de Zeeuw-
van Dalfsen et al. (2004) and our study is probably due to the geometric differences between
the two models. Whereas de Zeeuw-van Dalfsen et al. (2004) use trial and error to locate the
dike, we use GIPhT to estimate its location and orientation. Another possible explanation for
the discrepancy is the difference in sampling density around at the Krafla central volcano.
Since our analysis includes fewer than 30 pixels within a 5 km radius of Krafla (inset, Figure
3.2), it is unlikely to detect time dependent deformation located there. This lack of dense
sampling in the region deformed by the shallow magma chamber is also a potential cause for
the discrepancy between the reported volume change rate and depth parameters for the

shallow Mogi source in this study and those reported by de Zeeuw-van Dalfsen et al. (2004).
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GPS surveys conducted in 1997, 1999, and 2002 have been used to infer a spreading

rate of 25 mm/yr between 1997 and 1999 (Jouanne et al., 2006). The modeling in the GPS
study, however, accounts for the dike source, but not the deep Mogi source. In addition, the
GPS network covers only the northern third of the rift zone affected by the Krafla fires.
Taken together, these methodological differences may explain the apparent discrepancy
between the GPS (Jouanne et al., 2006) and InSAR (this study) estimates of spreading rate.
Additionally, preliminary analysis of the ISNET GPS campaigns in 1993 and 2004 suggest
that the spreading had slowed to approximately 21 mm/yr by this time interval (Arnadottir et
al., 2008; Arnadottir, pers. comm. to KLF, 2008).

Our models explain most of the observed signal in six of the nine pairs used in this
study. The cost of the best-fit model is significantly lower than the cost of a model using the
parameter values proposed previously by de Zeeuw-van Dalfsen et al. (2004). Reasons for
the poor residual images of pairs 4, 7, and 9 have been discussed previously in the section
4.1. The few remaining fringes visible in the residual interferograms for pairs 1, 3, and 5
(third row, Figures 4.4.1, 4.4.3, and 4.4.5) are a result of trying to explain the observed signal
in 9 interferograms with one model; the NVZ is a complicated region and the model cannot
account for every detail effecting the deformation signal. The residual interferograms
showing only noise (third row, Figures 4.4.2, 4.4.6, and 4.4.8) are evidence that our model is
a good fit. An elastic half-space model is an oversimplification of the earth’s crust. A more
complex model, such as a finite element model (FEM), might be able to better simulate the
crust in the NVZ and explain more of the observed signal. Some of the unexplained signal
visible as residual fringes could also be caused by ongoing deformation at Askja during the

same time period as the observations for this study (Pagli et al. 2006) (Figure 5.1). Use of
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the geothermal field associated with the Krafla fissure swarm as a source of geothermal
electric power may also create a subsidence signal that is not explained by our model
(Sturkell et al., 2006).

Our analysis of linear and nonlinear time functions finds the best fit to the observed
signal using a linear time function. We found that as we decreased the curvature of the
exponential time function (Figure 4.6) the cost values approached that of the lowest cost
achieved for a linear time function (Table 4.3). The run of GIPhT that produced the lowest
cost value estimated a tensile opening rate similar to the NUVEL 1-A long-term average rate
found by DeMets et al. (1990; 1994). The plot from our analysis of estimated rates for
individual pairs (bottom panel, Figure 4.7) shows no significant trend in the rate of spreading
over the study interval. GPS studies show the rate of extension along the fissure swarm
decreased over time from 60 mm/yr from 1987-1990 to 40 mm/yr from 1990-1992
(Sigmundsson et al. 1997; Foulger et al., 1992). The InSAR observations analyzed here
began in 1993. This collection of data leads us to conclude that rifting in the Krafla fissure
swarm had reached its inter-rifting stable rate by the time of the InSAR observations. The
rifting rate was elevated but decreasing during a post-rifting interval following the end of the
Krafla fires rifting event in 1984. Comparing our results with those of previous studies
(Table 4.2), we further conclude that the post-rifting to inter-rifting interval transition
occurred during the first half of the 1990’s and that the post-rifting interval lasted on the
order of 10 years.

While the time function analysis was useful for investigating the time dependence of
the spreading rate, the fact that the GIPhT modeling function must be separable limits this

method to analyzing one source, in our case the tensile opening of the dike. Our plots of the
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volume change rate for each individual pair (Figure 4.7) are best for observing trends in
volume change rate over the study interval for each of the Mogi sources. Sigmundsson et al.
(1997) observed a decrease in the rate of deflation of the shallow magma chamber (Table
4.2). The —0.9-10° m*/yr rate of deflation they found for the 1993—1995 interval was slower
than the rate from 1992—-1993. This result is in agreement with the trend we observe (middle
panel, Figure 4.7). De Zeeuw-van Dalfsen et al. (2004) also find volume change rates for
each individual source in each pair. Since their data set includes only four pairs and lacks a
pair spanning only the first half of their study interval, it does not offer any insights about the
time-dependent effects.

Sigmundsson et al. (1997) attributes most of the deflation of the shallow magma
chamber underlying Krafla to solidification and contraction of magma remaining in the
shallow chamber after the Krafla rifting event. Similarly, Tryggvason (1994) prefers
deflation due to rapid cooling of the shallow magma chamber by circulating ground water as
the primary cause of deflation. The observed steady to potentially increasing rate of inflation
for the deep magma chamber (top panel, Figure 4.6) and the decreasing rate of deflation for
the shallow magma chamber suggest that the deep chamber is being fed by a deeper source

(Tryggvason, 1994).

Chapter 6: Conclusions

By analyzing an InSAR data set that includes more epochs than considered
previously, we have estimated the rates of volumetric change for three sources underlying the

Krafla region from 1993 through 1999. In addition to three of the four interferometric pairs



29

analyzed by de Zeeuw-van Dalfsen et al. (2004), we include an additional six pairs that
extend the time interval observed by six months to constrain the time dependence of the
volume change. Five of the additional pairs span 1993-1995, the first half of the study
interval, as compared to only one pair spanning this interval from de Zeeuw-van Dalfsen et
al. (2004).

We have used InSAR to model an active segment of the North American/Eurasian
divergent boundary in northern Iceland. Fed by a shallow magma chamber, the Krafla fires
rifting event included eruptions of lava at a central vent and diking along a 90 km-long
fissure swarm (Buck et al., 2006; Bjornsson et al., 1977, Tryggvason, 1994; Sigmundsson,
2006). Similar rifting events to this one have been observed over the past 1000 years along
the plate boundary in Iceland (Sigmundsson, 2006). In the decade since the end of the Krafla
rifting event and during the interval observed by this study, the rate of spreading along the
boundary has decreased to the long-term, inter-rifting plate rate. A similar decrease in
opening rate has been observed following the 1978 rifting event in the Asal region of
Djibouti in the Afar depression as reviewed by Vigny et al. (2007). In both areas, the post-
rifting deformation was rapid for a decade and then slowly returned toward the long-term rate

expected from models of rigid plate motion.
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