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ABSTRACT

In this thesis I present new kinematic field and LiDAR data to investigate the temporal
and spatial variation in displacement across the Gudfinnugja fault (GF) and Husavik Flatey fault
(HFF) intersection in northeastern Iceland. Using kinematic structural data from the area
combined with structural analysis of an ~0.5 km2 terrestrial LiDAR survey of the GF-HFF
intersection, I show that accommodation at the ridge-transform intersection occurs over distances
much smaller than crustal thickness (100’s of meters compared to 10’s of kilometers). This
suggests localized processes are occurring at the inside corner of this intersection. I used
geologic (kinematic) data to study the spatial distribution of normal faulting and mode-1 tensile
fracturing magnitude and direction of displacement at the intersection. The azimuth of opening
for mode-1 tensile fractures varies along strike of the GF; fractures south of the intersection along
the GF indicate plate motion-parallel opening, while fractures near and north of the intersection,
indicate a second, HFF-orthogonal direction of opening as well as a plate motion-parallel
direction. This strain partitioning is likely a result of the intersection of the two faults. Monte
Carlo experiments allowed me to calculate the displacement on the GF, ignoring the talus slope
covering the scarp. Total displacement on the GF is 15.6 ± 1.2 m, with 15.2 ± 1.2 m of throw and
2.7 ± 2.1 m of heave. Using published ages of 3,000-12,000 yrs for the basaltic lava flows at the
surface at the intersection, I estimated displacement rates for the Gudfinnugja fault that range
from 1.9 – 6.5 mm/yr. Displacement rates for the Gudfinnugja complex range from 6.3 – 21.0
mm/yr. For the whole intersection, I calculated displacement rates of a minimum of 3.5 – 5.4
mm/yr and a maximum of 14.0 – 21.7 mm/yr. These rates are poorly constrained, but provide an
initial estimate for the slip budget across the HFF-GF intersection and Northern Volcanic Zone.
To study temporal variations in deformation, I supplemented the geologic data (~10 kyr)
with geodetic GPS data (~10 yrs). To investigating short-term elastic strain accumulation in this
region I modeled the velocity field across the HFF and GF using a 2-year geodetic data set from
Jouanne et al. (2006). I found that the HFF appears to accommodate ~50% of the total plate
motion, and therefore has ~10 mm/yr displacement rate. Velocity profiles across the GF show a
velocity gradient with the largest velocity difference of ~15 mm/yr occurring >20 km east of the
GF and of Krafla. This study not only increases our knowledge of the plate boundary in northern
Iceland and ridge-transform intersections, but also provides a valuable field-test for the structural
analysis of terrestrial LiDAR data.
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Introduction
Understanding how strain is accommodated at ridge-transform intersections is important

to studying ridge segmentation, evolution of normal fault systems, and the relationships between
faulting and magmatism at divergent boundaries. The kinematic evolution of normal fault
systems at or along mid-ocean ridges and the distribution of strain at the inner corners of ridgetransform intersections are difficult to observe directly, as most ridge-transform junctions are not
exposed on land. Observation of these systems to infer patterns of strain partitioning and normal
fault evolution is limited to geophysical datasets, for example: swath bathymetry, seismic
imaging, and magnetic anomaly data (Searle et al., 1998; Shaw & Lin, 1993). Iceland is one of
the few places in the world where ridge and ridge-transform processes can be observed directly.
North America-Eurasia plate motion here is ~19 mm yr-1 at an azimuth of N102°E. The HusavikFlatey fault (HFF) is the central lineament of the TFZ, and intersects the Theistareykir Fissure
Swarm (TFS), the westernmost fissure swarm of the NVZ, at the Gudfinnugja fault (GF), just
south of 66°N, 17°W. The HFF has a strike of ~N125°E, resulting in dextral transtension. The GF
is the dominant eastern boundary fault of the TFS, with vertical offset of ~25-30 m, although I
measured a maximum of 28 m of throw on the GF. A post-glacial (<12 ky) lava flow, erupted
from the Theistareykjarbunga volcano, has been dated to be ~3000-12,000 yrs old (Slater, 1996;
Slater et al., 2001; Stracke et al., 2006) and provides a well-preserved surface to study this unique
tectonic environment. In northeastern Iceland, the intersection of the Tjörnes Fracture Zone
(TFZ) and the Northern Volcanic Zone (NVZ) provides a unique opportunity to study the details
of strain accommodation at a ridge-transform intersection. I use this exposure to investigate
whether or not displacement patterns change along strike of a normal fault (the GF) nearing its
intersection with a transform fault (the HFF), and how large of an area is perturbed. In this thesis,
I present results from my investigation of variations in the kinematics and geometry of faulting
and strain accommodation through the transition from an extensional environment to a
combination of extension and shear at the inside corner of a ridge-transform intersection in the
Northern Volcanic Zone, Iceland.
The Northern Volcanic Zone is offset from the Kolbeinsey Ridge by the Tjornes Fracture
Zone (Figure 1-1). The middle lineament of the TFZ is a dextral strike-slip fault called the
Husavik-Flatey fault (e.g. Einarsson, 1991; Jouanne et al., 1999; Rogvnaldsson et al., 1998;
Stefansson et al., 2008). The HFF intersects the Gudfinnugja normal fault, the westernmost
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boundary of the Theistareykir Fissure Swarm (Figure 1-2), and is the focus of this thesis. This
area presents an unparalleled look at a ridge-transform inside corner due to the well-preserved
and well-exposed faults and fractures in the young basalt flows.

Previous studies in this region

have focused on the accommodation of extensional and shear strain and their effect on the
evolution of topography within the neovolcanic zones (Angelier et al., 1997; Acocella et al.,
2000; Bjornsson, 1985; Dauteuil et al., 2001; Rubin, 1992), and seismicity and kinematics of the
TFZ (e.g., Einarsson, 1991; Jouanne et al., 1999; Rogvnaldsson et al., 1998; Stefansson et al.,
2008, Saemundsson, 1974; Young et al., 1985). However, few have studied the geometry and
displacement on faults and fractures located at the intersection of the GF and HFF (e.g., Garcia
and Dhont, 2005; Gudmundsson et al., 1993; Gudmundsson et al., 2007). A study using
earthquake data found there are two main trends of movement along the HFF, an HFFperpendicular extension and HFF-parallel shear (Garcia et al., 2002; Garcia and Dhont, 2005). I
compare my results with this study, and build upon this by showing how the displacement
changes and over what magnitude scales it changes along strike of the GF as a result of the
intersection with the HFF.
In this thesis, I present new fault geometry and fracture displacement data from structural
field measurements and high-resolution topographic data obtained from terrestrial LiDAR.
Utilizing these datasets, I investigate both temporal and spatial variations in strain
accommodation through the transition from rifting to a combination of rifting and transform
motion at the GF-HFF intersection. In studying this transition, I show that displacement does
change along strike of the GF, and is influenced by the transform HFF. Strain partitioning north
of the GF-HFF intersection results in two main opening directions; plate-motion parallel, and
orthogonal to the HFF strike. I suggest that accommodation of the fault-ridge transfer occurs
over distances much smaller than the thickness of the crust by comparing local, inside corner
kinematic data, regional GPS, and plate motion velocity vector. The two larger-scale data sets
(regional GPS and plate motion velocity vector) do not agree with the local displacement at the
inside corner. In addition to new data, I used a published 2-year geodetic data set from Jouanne
et. al. (2006) to model the velocity field across the HFF transform fault. I compare these model
results with the kinematic field measurements to investigate temporal differences in displacement
and spreading rates. I also evaluate the effectiveness of using terrestrial LiDAR to study complex
geologic structures and provide newly acquired insight into the workflow of data collection and
processing.
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Figure 1-1 Map of Iceland showing major tectonic features; Reykjanes Ridge (RR), Western
Volcanic Zone (WVZ), South Iceland Seismic Zone (SISZ), Eastern Volcanic Zone (EVZ),
Northern Volcanic Zone (NVZ), Tjornes Fracture Zone (TFZ), Kolbeinsey Ridge (KR), Skagi
Peninsula (S), Skagafjordur (SF). Black box shows area of Figure 1-2.
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Figure 1-2 Map of Northern Volcanic Zone and Tjornes Fracture Zone, Iceland showing major
tectonic features; Theistareykir fissure swarm (TFS), Krafla fissure swarm (K), Fremri-Nemur
fissure swarm (FN). Fissure swarms are shown in gray, and central volcanoes are outlined. The
west-dipping Gudfinnugja Fault lies on the eastern boundary of the TFS. The NA-EU relative
velocity vector is shown in the lower left corner. Inset shows a schematic of the tectonic setting.
The right-lateral Husavik-Flatey fault (HFF) and west-dipping Gudfinnugja fault (GF) are shown
relative to the NA-EU velocity vector. The Reydara Fault is also labeled for reference (the
Husavik fault segment as described by Garcia and Dhont (2005) is not shown in this figure; it is
northwest along the HFF).
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2.1

Tectonic Background and Previous Research in the NVZ

Iceland Tectonics
Iceland has formed through the interaction of the Iceland mantle plume with the Mid-

Atlantic Ridge (MAR) (Saemundsson, 1974; Bjornsson, 1985; Helgason et al., 1985; Hardarson
et al., 1997). The North American and Eurasian plates are spreading apart at a velocity of 1.89
cm/yr in a direction N102.9°E (DeMets et al., 1994). West-northwest motion of the plate
boundary relative to the plume has resulted in repeated “jumps” in the ridge, and the evolution of
several active rift segments (Saemundsson, 1974; Hardarson et al., 1997; Garcia et al., 2003).
Ridge segments in Iceland have been termed axial rift zones or neovolcanic zones. I will use the
latter term throughout the rest of this discussion. Neovolcanic zones are composed of active
central volcanoes and associated fissure swarms (Bjornsson, 1985). Fissure swarms are defined
as normal faulted grabens and tension fractures that result from a magmatic event (Einarsson,
1991). During a magmatic event, magmatic overpressure in a magma chamber causes magma
ascension and eruption through the central volcano, and possible lateral intrusion into the crust
along the fissure swarm. It is has been hypothesized and demonstrated in numerical modeling
studies that lateral magma intrusion/migration can trigger the formation of normal faults or
induce normal fault slip on pre-existing faults (Rubin and Pollard, 1988; Rubin, 1992). The
current neovolcanic zones are comprised of Quaternary volcanic formations and are flanked by
Tertiary flood basalts (Bjornsson, 1985).
The MAR comes ashore as the Reykjanes Peninsula (RP) in southwest Iceland, and forms
the Hengil triple junction with the South Iceland Seismic Zone (SISZ), a sinistral transform zone,
and the Western Volcanic Zone (WVZ) (Figure 1-1). The WVZ is thought to be becoming
inactive as it moves away from the hot spot, with the younger Eastern Volcanic Zone (EVZ)
accommodating more extension (Saemundsson, 1979, Sigmundsson et al., 1997; LaFemina et al.,
2005). In northern Iceland, the Northern Volcanic Zone (NVZ) is the current rifting segment, and
is offset from the offshore Kolbeinsey Ridge in the Greenland Sea via a dextral transform fault
zone called the Tjornes Fracture Zone (TFZ) (Figure 1-2). This process is akin to the WVZ-EVZ
transition. Prior to the current NVZ, the active rifting center was thought to be the Skagi
Peninsula, however recent 40Ar/39Ar geochronology by Garcia et al. (2003) has shown the paleorift was 60 km east of Skagi, at Skagafjordur (Figure 1-1). According to Garcia et al. (2003) the
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paleo-rift at Skagafjordur was active until 3 Ma, and was accreting concurrently with the NVZ for
~5.5 Ma. The NVZ has been active since 8-9 Ma, resulting in a total of ~100 km offset from the
Kolbeinsey Ridge (Figure 1-1) (Saemundsson, 1974; Jancin et al., 1985; Young et al., 1985;
Hardarson et al., 1997; Garcia et al., 2003; Bergerat et al., 2008). The Northern Volcanic Zone is
a region composed of five volcanic systems with 5-20 km-wide and 60-100 km-long en echelon
NNE-striking fissure swarms: from east to west these are, Kverkfjoll (not shown on map),
Fremri-Nemur, Askja (not shown on map), Krafla, and Theistareykir (Figure 1-2). The
Kverkfjoll, Krafla and Askja systems have well-developed central volcanoes, but the FremiNamur and Theistareykir systems lack calderas, and are less developed (Bjornsson, 1985;
Opheim and Gudmundsson, 1989). I focus on the Theistareykir fissure swarm and its intersection
with the TFZ at the Gudfinnugja and Husavik-Flatey faults.

2.2

The Theistareykir Fissure Swarm
The Theistareykir Fissure Swarm (TFS) intersects the Tjörnes Fracture Zone (TFZ) just

south of 66°N, 17°W, providing a valuable look at the mechanics of the intersection of a
divergent plate boundary with a transform boundary. From radar imagery, a 10 km-wide strip of
north-south striking normal faults, eruptive fissures, a central volcano, and lava shields
characterize the TFS (Garcia and Dhont, 2005). The Theistareykir shield volcano,
Theistareykabunga, is ~12,000 years old, and Holocene basaltic lava flows dominate the
topography here (Opheim and Gudmundsson, 1989). From radiocarbon dating, the ages of ash
layers were determined and used to constrain the ages of the Theistareykir lava flows to between
3,000-12,000 yr (Slater, 1996; Slater et al., 2001; Stracke et al., 2006). Although it is unclear if
these are the same lava flows that are currently seen at the inside corner of the HFF-GF
intersection, I use these ages to calculate displacement rates. The majority of studies in this
region have focused on the Krafla fissure swarm (e.g., Dauteuil et al., 2001; Angelier et al.,
1997), which is expected to be structurally similar to the TFS. I focus on the Gudfinnugja fault
(GF), a Holocene normal fault that bounds the eastern edge of the TFS (Figure 2-1). East of the
GF, the terrain is relatively flat with some additional normal faulting. The HFF intersects the GF
from the northwest. West of the GF is a faulted and fractured, subsided lava flow from which I
collect LiDAR and structural data (Figure 2-2; 2-3). The GF strikes N5°E, making a ~60° angle
with the N55°W striking HFF (Gudmundsson et al., 1993) (Figure 2-1). The heave along the
fault averages 4-5 m and the throw is commonly 14-16 m at distances 400-500 m from the
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intersection, with a max of 24 m at the intersection (Gudmundsson et al., 1993) (Figure 2-4). Near
the intersection of the GF and HFF, Gudmundsson et al. (1993, 2007) describe zones of
transpression and transtension. The first is characterized by fragmented lava forming hills and
irregular ridges of small blocks, while the latter results in pure tension fractures and small
collapse structures (Figure 2-5). Subparallel to the GF near the HFF are 1-2 m-high pressure
ridges and small dextral pull-apart structures up to 0.35 m wide that are sometimes on the same
fracture and parallel to the GF (Gudmundsson et al., 1993). I further analyze the GF to obtain
kinematic measurements, and estimate fault dip at depth and total magnitudes of horizontal and
vertical displacements.

2.3

The Tjornes Fracture Zone
The TFZ is a seismically defined dextral transform zone ~75-80 km wide (N-S) and 120

km long (E-W) connecting the NVZ with the Kolbeinsey Ridge. It strikes generally in the NWSE direction, and is composed of three lineaments. From south, these are the Dalvik Lineament
(DL), Husavik-Flatey Fault (HFF), and the Grimsey Lineament (GL) (Figure 1-2). Most of the
TFZ is offshore, and it is difficult to find surficial expressions of faulting on the DL and GL. The
Dalvik, Husavik-Flatey, and Grimsey lineaments all have microseismicity concentrated in the
western ends, above a depth of 10 km (Einarsson, 1991) (Figure 2-6). Fault plane solutions for
earthquakes near the DL and GL show left-lateral motion on NS trending fault planes, while near
the HFF they exhibit right-lateral motion on fault-parallel trending planes (Rognvaldsson et al.,
1998; Stefansson et al. 2008). The GL has been the most recently active, with swarms lasting
days or weeks with magnitudes exceeding 5 (Einarsson, 1991). The WNW-ESE striking HFF is
the only one that shows clear right-lateral transform motion and is expressed onshore. About 40
km south of GL, the HFF can be traced offshore and then onto the Tjornes Peninsula at the town
of Husavik. 1872 was the last major earthquake sequence on this fault. It caused damage to
Husavik and there were extensive surface ruptures (Einarsson, 1991). 20 km south of the HFF is
the DL, which shows no trace of faulting, but has been seismically active in the past (Einarsson,
1991). The most recent event in this region was the 1963 magnitude 7 earthquake in Dalvik,
despite the main activity being recorded in the western area (Einarsson, 1991).
The HFF strikes N55°W (Gudmundsson et al., 1993), and has been active for 7-9 Myr
(Gudmundsson et al., 1993; Rognvaldsson et al., 1998). The HFF is actually comprised of two en
echelon fault segments, the Husavik Fault (on-land) and the Flatey Fault (continuing northwest
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offshore from the town of Husavik) (Rognvaldsson et al., 1998). Along the HFF, Garcia and
Dhont (2005) describe a 5-10 km-wide fault zone composed of two main WNW-ESE striking
faults that are distinguished based on their scarp height, which indicates that both have clear
normal components. These fault segments are called the Reydara and Husavik Faults by Garcia
and Dhont (2005) (inset, Figure 2-2). Along the Reydara fault segment, dextral strike-slip
movement has resulted in a pull-apart basin called Reydararbotnar, where 20-30 m high scarps
border the subsiding basin. This fault bends rapidly from a trend of N120°E, similar to the HFF,
to parallel the N-S strike of the GF, over 100 m (Garcia and Dhont, 2005; this thesis). I will refer
to the transform fault intersecting the GF as the HFF in this thesis. Garcia and Dhont (2005) also
describe tension fractures on the order of a meter wide present along this fault, and Gudmundsson
et al. (1993) describe tension fractures of up to 400 m from the HFF. Their strike distribution
shows two peaks at N20°W and N40°W. Also noted by Gudmundsson et al. (1993) was the
change in strike of the tension fractures along the HFF away from the GF, which agrees with the
strike of the HFF as it bends more northerly as it approaches the GF (Figure 2-2, 2-7). The HFFGF intersection exhibits dextral transtension in the inside corner, and transpression north of the
intersection (Gudmundsson et al., 2007). Displacement estimates along the HFF are greatly
varied. There is an estimated 5-60 km of right lateral displacement, most of which happened
prior to the activation of the current spreading rift (Rognvaldsson et al., 1988; Saemundsson,
1974; Young et al., 1985). As much as 1400 m of vertical offset (Rognvaldsson et al., 1998;
Tryggvason, 1973) along the Husavik fault and 1100 m vertical offset along the Flatey fault
offshore have been measured from borehole data (Thors, 1982). The HFF exposed on the Tjornes
Peninsula is a 300 m zone of crushed and altered rock. In this thesis I investigate the temporal and
spatial variation in strain along this system through the analysis of new kinematic data and
published geodetic data.

2.4

Previous Research in the NVZ and TFZ
Previous studies in the NVZ have used structural measurements of faults, fissures and

geometric relationships to explain the geometry and interaction of normal faults (Angelier et al.,
1997; Acocella et al., 2000; Dauteuil et al., 2001), the extent of influence from magmatism versus
tectonics on fault growth (Dauteuil et al., 2001), and the interactions of rifting events with the
TFZ (Bergerat et al., 2000; Garcia et al., 2002; Garcia and Dhont, 2005). Studies have also used
GPS estimated velocities (Jouanne et al., 2006) and seismic data (Einarsson, 1991; Rognvaldsson
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et al., 1998; Jouanne et al., 1999) to characterize plate motions and discriminate between the
different tectonic zones. Rubin (1992) and Rubin and Pollard (1988) used leveling data from
Krafla to model the theoretical stress changes occurring in a rift zone caused by dike injection and
their influence on normal faulting and graben formation. Others used field observations to
investigate the interactions between the transform faults and the rift segments (Gudmundsson et
al., 1993; Garcia and Dhont, 2005). There has also been research in the Tjornes Fracture Zone,
including estimates of fault displacements (e.g., Jancin et al., 1985; Young et al., 1985), timing of
activation (Saemundsson, 1974; Jancin et al., 1985; Young et al., 1985; Hardarson et al., 1997;
Garcia et al., 2003; Bergerat et al., 2008), and seismicity (Einarsson, 1991; Rognvaldsson et al.,
1998; Jouanne et al., 1999; Stefansson et al., 2008). Only a few studies have concentrated on the
physical intersection of the GF fault and the HFF fault (Gudmundsson et al., 1993; Garcia and
Dhont, 2005; Gudmundsson et al., 2007), which is the focus of my thesis. This section details the
conclusions from studies in the NVZ and TFZ as related to this thesis.

2.4.1 Fault Geometry Studies
One of the main areas of research has been the investigation of fault geometry in the
NVZ. By measuring fracture dilation and fault scarp heights in northeastern Iceland, Angelier et
al. (1997) used trigonometry to calculate the normal fault dip at depth to be 60°-72°, and
proposed that an abrupt change from vertical dip at the surface to this steeper dip at depth is more
likely than a listric fault plane. In addition, Angelier et al. (1997) calculated a normal fault dip at
depth (!) of the faults in the Krafla fissure swarm by measuring the vertical offset (!v), dilation
(!e), and length of fault along strike (L). The trend of opening was also measured (O-O’) to
reconstruct the displacement vector by matching irregularities between two walls of a fracture. A
geometric equation was used for the calculation of fault dip for a single fault:

tan ! =

!v
(Equation 1)
!e

Or for an asymmetrical graben:

tan ! =

(!v-!v’)
(!e-!e’)

(Equation 2)
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Angelier et al. (1997) calculated normal fault dips of 60°-75° near the central Krafla caldera,
which is in the range of average normal fault dips globally (Angelier et al., 1997), and in
agreement with dips calculated for northeastern Iceland overall. Dauteuil et al. (2001) used the
same equations to study a more northern region of the Krafla fissure swarm. In this study, fault
dips were significantly lower than by Angelier et al. (1997), suggesting there is more dilation
occurring away from the central caldera. The large amount of dilation compared to vertical
displacement measured on the faults led to the conclusion that these might be open fissures or
fractures, rather than normal faults. Dauteuil et al. (2001) thus treat these fault dips with caution,
as the equations used by Angelier et al., (1997) do not account for a large amount of dilation due
to fissuring and magma injection. In the same study, leveling data was collected from the Mofell
region of the Krafla fissure swarm and tilting found to be negligible in the computation of the
amount of extension in the region after accounting for sources of error. I use these techniques to
investigate the intersection of the HFF and GF.

2.4.2 GPS Across the TFS and TFZ
GPS studies in the NVZ have shown short-term variations in plate motion, but have not
been studied in regards to overall plate motion and elastic strain accumulation. Jouanne et al.
(2006) conducted two campaign GPS surveys in the NVZ, 1997-1999 and 1999-2000. The study
aimed to use GPS velocities to demonstrate relations between velocity changes from 1997-1999
and 1999-2000 and post-rifting deformation effects after the 1975-1984 Krafla eruption. The
study also suggests locking of the HFF at depth, but does not present any models. I use the 19971999 data set in the Eurasian reference frame to create profiles across the main faults to study the
velocity gradient across each fault and find a velocity across the HFF.

2.5

Evolution of Topography influenced by Tectonics and Magmatism

2.5.1 Relation between Magma Injection and Normal Fault Growth
Dike injection at divergent plate boundaries greatly affects topography; although there is
sometimes little or no magma erupted, lateral injection of magma out of a magma chamber
changes the stress field in the surrounding crust enough to promote or inhibit normal fault growth
and reactivation, and subsequent graben formation. Dikes have been studied in Iceland and other
regions such as Afar, Africa (Ayele et al., 2007; Rowland et al., 2007; Wright et al., 2006).
Rubin (1992) used leveling data from Krafla to test a theoretical model of and stress changes
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associated with dike injection and the affects on graben subsidence. Dike intrusion occurs when
the magmatic overpressure exceeds the lithostatic stress, and magma from shallow magma
reservoirs flow into rift zones. However, Rubin (1992) found that this does not raise or lower
surface elevations directly above the dike. Rubin and Pollard (1988) and Rubin (1992)
demonstrate through modeling that grabens typical of a volcanic rift zone are formed in front of
propagating dikes, or when normal fault planes extend down to intruding dikes and slips into the
dike plane. Studies have also shown that the slip tendency of faults is related to proximity to the
intruding dike and the depth of the dike (e.g., Rubin, 1992, Rowland et al., 2007). Rubin (1992)
suggests that a graben that is wide compared to the dike depth will favor fault slip in front of the
dike rather than alongside it, due to the adjacent faults’ proximity to the compressive zone.
From the same studies of Krafla, Rubin (1992) and Rubin and Pollard (1988)
demonstrated that the distance the dike travels is directly influenced by the stress accumulation in
the subsurface; a recently erupted volcanic system will have a reduced stress regime, thus dike
intrusions will travel less than from of a volcano that has not recently erupted. Subsurface dike
propagation accommodates a large portion of the extension at depth (Dauteuil et al. 2001), and by
understanding dike propagation and travel time and distance, we will be better able to understand
stresses acting on the volcanic system and the genetics of the tectonic features seen in the
topography. Dauteuil et al. (2001) investigated strain partitioning in the Krafla Fissure Swarm
using geologic measurements and topographic restoration, finding that about half of the total
extension is accommodated by magmatic intrusion and fissuring (volume change), with the other
half by normal faulting (stretching from normal shear). This differs from previous studies of
different regions (Asal rift, DeChabalier and Avouac (1994), East Pacific Rise and Mid-Atlantic
ridge, Cowie et al. 1993), which found there to be 80-90% accommodation by fissuring. It is
important to understand these processes, as the topography in the TFS, Krafla, and Afar all show
the same long, linking, en echelon normal faults with considerable offset and associated grabens.

2.5.2 Normal Fault Interaction and Relay Ramp formation
Peacock and Sanderson (1991), Dawers et al. (1993), Dawers and Anders (1995), and
Acocella et al. (2000) used fault-scaling relationships in SW Scotland, the Volcanic Tablelands,
CA, and Iceland, respectively, to determine very similar mechanisms for normal fault linkage and
growth despite differences in lithology at each location. Acocella et al. (2000) found that fault
length has a greater influence on fault displacement variations than does fault maturity, and note
the presence of asperites and hooks in the fault plane as they propagate toward each other as
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characteristic of overlapping fractures; the hooked faults are visible in air photos of the GF-HFF
intersection (Figure 2-2). This study also notes that the overlapping zones of normal faults should
be similar to those of strike-slip faults, which suggests a uniform mechanism controlling fault
linkage in all overlapping zones. These studies used fault-scaling relationships to show that a
system of linking normal faults and a single linked normal fault behaves similarly; independent
faults propagate toward one another and form relay ramps as the regions of inelastic deformation
around the fault tips grow. Displacement accrues as faults grow, eventually faulting the relay
ramps and forming one single fault (Dawers and Anders, 1995). This is seen at the intersection of
the HFF and GF fault and along the GF, and is one of the main features I study. It is referred to
in this thesis as the Gudfinnugja bench.

2.5.3 Monocline Development and Importance
Monoclines are common features to volcanically active extensional regimes in Iceland.
Many of the proposed fault growth models ignore monoclines, and thus their development is
unaccounted for. To prove that monoclines are an important feature to rift zones, Grant and
Kattenhorn (2004) modeled monocline formation and stress field perturbations using square
faults with varying depths at which the fault changed from vertical to a shallower dip. A normal
fault model with no vertical fracture was used for comparison. For faults with vertical fractures,
the models showed steep monocline formation with the monocline slope increasing as fault depth
decreased and the vertical fracture approached the surface. This mimics the topography at the
intersection of the GF and HFF, and thus should be studied further. Monocline development is
crucial to our understanding of the GF-HFF intersection. Along the GF, starting at the intersecting
and continuing south for over 250 m are two long monoclines. The northern monocline is
characterized by a highly varying, steeply dipping surface (30-80°W), while the southern
monocline has a shallower dip (~32°W) but is more uniform (Figure 2-4 and 2-3b).
Understanding the development of this monocline will assist in reconstructing the evolution of
the topography at the intersection and provide insight into the interplay between magma and
tectonics in extensional regimes.
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Figure 2-1 Air photo of the intersection of the normal, west-dipping Gudfinnugja fault (GF) and
the right-lateral Husavik-Flatey transform fault (HFF). North arrow is shown in upper right
corner. Normal faulting is seen east of the GF. Blocky aa flow is seen overlapping the southwest
corner of the black box, extending southwest as a darker grey area. Black box denotes area of
study, shown in Figure 2-2.
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Figure 2-2 Air photo of the intersection with major features labeled. Inset shows the Tjornes
Peninsula. Reyadara (RF) and Husavik (HF) fault segments are labeled as referred to in Garcia
and Dhont (2005). The town of Husavik (Hu) is shown. Pull-apart basins along the HFF are
shown as solid black ovals, Gudfinnugja fault is labeled (G). Inset image is from Garcia and
Dhont, (2005).
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Figure 2-3 Field photos showing north (a) and south (b) of the intersection. a) Oriented looking
north, the Gudfinnugja fault scarp strikes N-S. The HFF approaches the GF from the NW. Photo
also shows the steep surface of the northern monocline on the right, and the depression associated
with it. TS4 is a location of a reflector used for scanning, and also a position from which scans
were collected (see Chapter 3: Methods for more detail). b) Oriented looking south, the
Gudfinnugja fault scarp is seen, along with the southern monocline. 9407 is a location from
which scans were collected, and also position of reflector. The valley floor and the southern tip
of the northern monocline are also shown. TS2 shows the location of a reflector (see Chapter 3:
Methods for more detail).
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monocline. At the left side of the photo, the Gudfinnugja fissure tapers out and the fissure associated with the HFF begins northward.

Figure 2-4 Field photo of the northern monocline along the GF, taken looking east. The GF scarp is seen behind the northern

Figure 2-5 Field photos showing collapse features (outlined in dashed red line) and tension
fractures discussed in Gudmundsson et al. (1993, 2007).
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Figure 2-6 Map of the recorded microseismicity in the TFZ. Note the high density of
earthquakes defining the three lineaments, with the highest density of earthquakes along the
Grimsey lineament. Depth of earthquakes is concentrated above 10 km. The histogram shows
the event distribution through depth during the same period of time but only for events along the
Husavık–Flatey fault. Abbreviations are as follows: Dalvik lineament (DL), Husavık-Flatey fault
(HFF), Grimsey lineament (GL), Krafla centre volcano and fissure swarm (Kr), Askja centre
volcano and fissure swarm (As), Theistareykir fissure swarm (Th), Tjornes (Tj), Oxafjordur (Ox),
Kopasker (Kp), Husavık (Hu), and Flatey (Fl). The seismic data were obtained from the database
of the Icelandic digital seismic network, SIL (Jakobsdottir et al. 2002; Thorbjarnardottir &
Gudmundsson 2003; Thorbjarnardottir et al. 2003). Taken from Jouanne et al. (2006).
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strand 3. b) Field panorama of the HFF, at the intersection. Note the tensile fractures and complex fracture patterns.

2 and 3 taper out or merge with HFF strand 1. Note the curve of HFF as it approaches the GF (not shown); this is most visible in HFF

Figure 2-7 Field photos of the HFF, both oriented looking northwest. a) HFF strand 1 is the main strand, and is the longest. HFF strands

3

Methods

I use multiple data sets from three different sources. Because of the superior access to
this subaerial ridge-transform intersection, I was able to use a collect new terrestrial LiDAR and
kinematic structural data. I used these new measurements and previously-collected GPS data
(Jouanne et al., 2006), and air photos to characterize variations in fracturing at the intersection
and estimate displacement rates across the faults. Fieldwork was conducted from 22 July 2009 to
30 July 2009 at the intersection of the Gudfinnugja Fault (GF) and the Husavik-Flatey Fault
(HFF), to make kinematic structural measurements and scan the intersection of the two faults
with terrestrial LiDAR. Terrestrial LiDAR allows for the topography to be digitally catalogued
and analyzed at cm-scale resolution. Air photos of the HFF and TFS were purchased from
Landmælingar Íslands, and GPS data for the NVZ was obtained from Jouanne et al. (2006).
Terrestrial LiDAR, or ground-based LiDAR, is a relatively new technique for structural geology
studies, and using it in the field to study fault interactions in the NVZ provided a challenging test
for the use of terrestrial LiDAR in this type of study.

3.1 Terrestrial Laser Scanning
I collected LiDAR data across a " square-km area at the intersection of the HFF and GF
(Figure 2-2 and Figure 3-2). I focused the GF scarp, Gudfinnugja bench, Gudfinnugja fissure,
northern monocline, and HFF strands. Differential GPS was collected to obtain high-precision
locations of each scan position for use in data processing. The LiDAR scans were taken with an
Optech ILRIS-3D Terrestrial Laser Scanner (TLS). This instrument has a published raw range
accuracy of 7.0 mm at a distance of 100 m (Optech, I., 2006b). From my fieldwork, I determined
the maximum distance scanned that would result in a maximum alignment uncertainty of ~30 cm
is ~300 meters. Past this distance, there are larger uncertainties in the point cloud alignment
when compared with position estimates for the same physical location that was scanned from a
closer range (e.g., ~100 m). The TLS sends out ~2,500 optical (laser) pulses per second. A highprecision receiver in the TLS measures the time it takes for each pulse of light to bounce off an
object and return to the receiver, and then uses that time to calculate the distance to the object
(Optech, I., 2006a). While it is a fairly new technique for structural geology studies, terrestrial
laser scanning has been used to study earthquake modeling and visualization (Bawden et al.,
2004), stratigraphic modeling (Bellian et al., 2005; Janson, et al., 2007), landslide terrains (Hsiao
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et al., 2004), surface roughness (Fardin, et al., 2004), and engineering problems (Frueh, et al.,
2003).

3.1.1 Data Collection
My intent was to collect scans at cm-scale resolution from at least three different
perspectives to minimize “shadows” in the data that occurred when something such as a rock or a
hill obstructed the laser. Two existing GPS monuments (9407, 9406) were used for the TLS scan
locations, along with 2 of the 5 GPS markers I installed (Figure 3-2). The Optech ILRIS-3D is
designed to be a tripod-mounted TLS. To set up the TLS, I leveled a tripod and bolted on the
Pan/Tilt, a machine that allows the TLS to pan 360° and tilt up or down 40°. The TLS sits atop
the Pan/Tilt, and I made sure to orient it so that it would initialize itself to 0°N when I turned it on
(Figure 3-1). Once turned on, the TLS takes a full 360° photo of the scan area and divides it up
into 40°-increment boxes. I used a Panasonic Toughbook® laptop computer equipped with
Optech Controller software that allows the user to control the TLS for the scanning.
To prepare a scan, I outlined Regions of Interest (ROIs), which define the area to be
scanned, in the photo on the computer screen. To aid the alignment, reflectors were used as tie
points that can be seen in overlapping scans. The reflectors consisted of 5-cm white styrofoam
balls mounted on top of either a 0.5 m pole (UNAVCO semi-continuous GPS monument) or a
tripod, depending on the monument being used (Figure 3-3). I aimed for at least one reflector per
scan, and 20% overlap between separate ROIs for scan data alignment purposes. ROIs were
defined based on distance to the scan surface from the scanner, with each ROI falling into one of
three general user-defined ranges; 10 to 50 m, 50 to 150 m, and over 150 m. A better distance to
target estimate improves the time duration estimate of the scan (Optech ILRIS-3D manual). A
point spacing of 2 to 3 mm was set for scan surfaces within 50 m of the scanner and a point
spacing between 5-10 mm was specified for scans over 50 m. For each scan, I set the day’s
weather condition (i.e., cloudy, sunny, cloudy bright), StepStare pattern, First Pulse Return, the
scanner to initialize itself at 0°N each day, and recorded scan logs. I also recorded the start and
end time, date, location, names of reflectors included in the scan, brief description of the area
being scanned, the weather, and any errors encountered during the scan on Scanner Log Sheets
(Appendix B. LiDAR Scan Logs). LiDAR data are collected in a local “scanner” reference
frame. To be able to view our data in a global reference frame (e.g., WGS84), the scanner and
target locations were surveyed using differential GPS positioning techniques. A GPS base station
consisting of X receiver and Y antenna was located close to the intersection of the faults to collect
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data for differential GPS positioning of the 4 LiDAR scanner locations, and positions of the 7
reflectors used in the scans (the scanner was placed at four of the reflector positions) (Tables 3-1
and 3-2, Figure 3-2). Each morning it was checked to ensure normal operation. A Trimble
Zephyr™ GPS antenna was attached to the handle of the TLS (Figure 3-1) and a Trimble R7™
receiver was used to collect several hours of data at each scan location. For the remaining three
reflectors, the ball was removed and the same antenna was attached to either a 0.5 m pole or a
tripod (Figure 3-3). The data were later processed in differential mode using the Trimble
Geomatic Office™ processing software package. The positions were then used to project the
scan data with a software program called Transformation Code
(http://www.utdallas.edu/research/interface/resource_interface_sftwre.html) from the TLS local
reference frame to a UTM coordinate system for analysis.

3.1.2 LiDAR Data Processing
The TLS collects raw data in a self-defined xyz coordinate system that must be processed
into a useable format. There are a variety of file formats that can be used, but for this study I
chose to work with xyz point cloud data in text files, because this format is universally-read by
other programs. LiDAR data were processed using Polyworks 10.2 IMEdit™ and IMAlign™
programs and Transformation Code, which includes an open source Matlab script called
“transformationProgram.m” written by The University of Texas at Dallas InterFace
(http://www.utdallas.edu/research/interface/UTDInterface.htm) (see Appendix A: LiDAR
Cookbook for a detailed step-by-step guide). Due to overlap of scans and large data files, not all
scans collected in the field were used for the analysis.
To process and analyze the data, I used a multi-step procedue. First, the raw data were
parsed into a point cloud format using Optech’s Parser software. In this program, the output file
type was specified (*.xyz) and the option to “Apply PanTilt Static Settings” was checked to allow
the Parser to preserve the original spatial relationships of the points in the scans as set by the TLS
in the field at the time the scans were collected. Because the TLS internally divides scans into
40° photo boxes, this preservation is very important to maintaining relative scan positions. To
reduce file size and remove stray points, scans were edited by removing outliers in Innovmetric’s
program PIFEdit, a point cloud viewer. Second, scans were imported as point clouds from text
files into IMEdit™ and a “global” scan was established to align all other scans to. Alignments
were done by visually selecting 5 – 6 similar points similar in the overlapping scans to be aligned,
and exporting each set of points from each file to a file entitled “tiefile.txt”. This file was then
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used to generate transformation parameters using a least-squares algorithm that would then be
applied to all scans from that particular scan location to align them with the global scan. This
was done three times, as my global scan was from the Base Camp (BC)/9407 location (Figure 32) in the valley floor and there were three other scan locations that needed to be aligned. Finally,
after the scans were aligned to each other in the local TLS reference frame, the same code was
run using the GPS derived position estimates for the scanner and target locations in the tiefile to
transform the data from a local TLS coordinate system to UTM.
After point cloud alignment, overlapping scans were loaded into IMAlign and the
command “Best-Fit Alignment and Comparison” was run for each set of scans to improve
alignment to within 30 cm between scans; this was the smallest error in alignment I was able to
achieve. This means that at any given location, a point relative to the surrounding points of other
overlapping scans, there could be up to 30 cm of offset. Thus, no measurements of features
having less than 30 cm of displacement were taken from the LiDAR data. After the final
alignment, the scans were catenated into a master file and then segmented into strips
perpendicular to the Gudfinnugja Fault. Each data strip is composed of 3 million points, as this
was the maximum number of points I was able to work with in ArcScene™, and labeled A
through T (Figure 3-4). Finally, each segment was converted into an ArcScene™ shapefile
(*.shp) using the executable file “TXTtoMPZ.exe” (UTD INTERFACE, pers. comm.) and loaded
into ArcScene singularly for analysis.

3.1.3 LiDAR Data Analysis
LiDAR data were analyzed to extract kinematic structural measurements but with the
added value of digitally cataloguing the surface. For this study, the goal is to use the data to
obtain measurements from large-scale features (>3 m) and characterize fault interactions and
acting on the intersection. The data were analyzed in ArcScene™ using a program called
GeoAnalysisTools©, produced by Geological & Historical Virtual Models, LLC and made
available to me by UTD INTERFACE (see Appendix B for complete step-by-step process). To
make measurements, points were selected using the “GEO3DPointMarker” button. I extracted
profiles across the GF to measure fault offset (heave and throw) on the fault, as well as strike and
dip of the northern and southern monoclines. In addition, I measured the width and dip of the
Gudfinnugja bench, and calculated the total offset across the region. I measured the strikes of
fractures along the HFF, and azimuths and magnitudes of opening where possible. Profiles were
extracted across these fractures to calculate vertical and horizontal displacement, and the distance
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tool was used to measure the magnitude of opening. The Point-to-point distances were calculated
with the Distance Calculation tool, but these are not saved in separate shapefiles. In addition to
saving shapefiles of the measurements, I recorded, on printouts of each segment, the data being
collected. This provided a visualization of the data in addition to the tabulated data (Appendix C.
LiDAR Analysis Data).

3.2 Kinematic Measurements
Kinematic data were collected at the intersection of the GF and HFF to study how the
transition from an extension-dominated system to a combination of extension and shear is
expressed in the kinematics of faulting and fracturing. I used a Brunton compass and a tape
measure to measure the opening azimuth and magnitude of tensile opening on fractures and
fissures in the vicinity of the fault intersection and along both faults by matching basaltic cooling
joints and/or irregularities on either side of the fractures (Figure 3-5) (Appendix D. Field
Measurements). Only the magnitude of dilation and opening vector were measured on fractures
that had a clear direction of opening; rock fall into and weathered surfaces and edges of some of
the fractures made it difficult to discern a slip vector, therefore these were not measured.
Heave along the GF fault was difficult to measure due to the talus slope. I used a Monte
Carlo simulation to reduce the error in horizontal displacement along the GF. I assumed a nearly
vertical fault plane dip (80°), and used a least-squares linear regression on the hanging wall and
footwall surfaces in the simulation. I input the equations for the linear regressions and the value
for fault dip into a program called Crystal Ball, and ran the Monte Carlo simulation 10,000 times
to obtain the best-fitting average. The fault dip was allowed to vary within uncertainty, which I
chose to be 8 degrees. This gave me a more accurate measurement of the horizontal displacement
along the fault.

3.3 Other Data Sources
Air photos purchased from Landmælinger Íslands, Iceland, cover the Husavik-Flatey
Fault and the Gudfinnugja fault (Figure 2-2). Episodic GPS data from Jouanne et al. (2006) were
used to extract four velocity profiles across the GF and HFF to study the current pattern of elastic
strain accumulation across this system. The GPS data were collected from 1997-1999 relative to
a point on stable Eurasia, and provide a decadal time scale comparison for the LiDAR and field
measurements.
25

Collecting data sets spanning different time and magnitude scales provides a
comprehensive look at this complex intersection. The comparison of my collected data to
published GPS velocities and plate motion models gives insight into processes happening at
ridge-transform intersections by exposing patterns in the fractures and displacement rates across
the faults. These results are detailed in the following chapter.
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Figure 3-1 Field photo showing the TLS set up on the tripod with Zephyr GPS antenna attached.
Also seen is the Toughbook used to control the scanner, and batteries and solar panel for used for
power.
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shows locations used both as reflector and scan positions, and yellow dot shows used only for reflector placement.

North; the dashed pink like shows general location of the GF; the dashed orange line shows general location of the HFF. Red dot

Figure 3-2 LiDAR point cloud data in Polyworks showing the locations of the reflectors along the faults. White arrow denotes

Figure 3-3 Photos showing the two types of reflector setups in the field: a) 1 m-high pole, b)
tripod. The white Styrofoam ball has a 5 cm diameter and was used as a reflector.
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(see Figures 4-8 through 4-11). The Husavik-Flatey and Gudfinnugja faults are labeled in red.

Figure 3-4 XYZ point cloud image of entire LiDAR scan area. The data were divided into labeled segments as shown for analysis

Figure 3-5 Field photo showing typical fracture and the measurement scheme used for kinematic
measurements. Spreading vector, or azimuth of opening, was measured by reconstructing the
opening, and the magnitude was measured along each fracture at the same location.
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Table 3-1 Reflector locations in UTM coordinates and WGS 84 reference frame, obtained from the
differential processing of the GPS data from each location.
Location Name

Easting
(m)

Northing
(m)

Latitude
(°N)

Longitude
(°W)

Elevation
(m)

409300.87
409286.69

7315200.05
7315083.39

65.94481
65.94376

16.99433
16.99456

329.479
330.850

TS3

409167.72

7315349.27

65.94611

16.99736

333.673

TS4
TS5

409303.39
409354.72

7315293.65
7315276.41

65.94565
65.94551

16.99434
16.99320

335.515
343.504

TS6

409353.22

7315100.24

65.94393

16.99311

344.717

Top (9406)

409429.39

7315262.88

65.94541

16.99155

355.689

Table
3-1
BC (9407)
TS2

Table 3-2 Location of each position of scanner during data collection, obtained from the
differential processing of the GPS data.
Scanner Position
Table 3-2
Location Name
BC (9407)
TS4
TS5
Top (9406)

Easting
(m)
409300.87
409303.39
409354.72
409429.39

Northing
(m)
7315200.05
7315293.65
7315276.41
7315262.88

Latitude
(°N)
65.94481
65.94565
65.94551
65.94541

Longitude
(°W)
16.99433
16.99434
16.99320
16.99155

Elevation
(m)
329.479
335.515
343.504
355.689
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4

Results
My field area consisted of a # square kilometer area encompassing the inside corner of

the intersection of the GF and HFF faults. The southern termination of my field area was ~ 250
m south of the intersection, and the northern extent was ~300 m northwest along the HFF fault. In
the field, a total of 144 kinematic measurements were taken on faults and fractures in the area;
107 are of azimuth of opening and magnitude of opening along tensile fractures in the direction
parallel to azimuth of opening, and 37 are strike and dip measurements made along the GF and
HFF. From the LiDAR, the magnitude and azimuth of opening was measured along 29 tensile
fractures. I used the fracture measurements to estimate the total amount of slip and opening
azimuth on these features, and divided the intersection into three zones (north of, at, and south of
the intersection) to investigate the variation in tensile opening through the transition from rifting
to rifting and transform motion. Using rose diagrams, I found that the general opening direction
varies from south to north. In the south, the opening is generally parallel to plate motion, while in
the north the opening is partitioned into two opening directions: one that is plate-motion parallel,
and one that is normal to the strike of the HFF. These measurements differ from plate motion
vectors taken from Jouanne et al. (2006). The total azimuth of opening of my data north of the
intersection agrees with the tectonic plate motion, but the overall opening direction of my field
area does not.
I also collected 56 vertical and horizontal displacement measurements along the
Gudfinnugja fault, Gudfinnugja bench, fissure, and northern monocline, combined, from the
LiDAR data set. These measurements were used to calculate total displacement along these
features, as well as the dip of the Gudfinnugja normal fault itself. I calculate displacement rates
on these structures based on the age of the basalt flow in which they occur, which has a maximum
age of 12,000 yrs and a minimum age of 3,000 yrs. Forty-one measurements were taken from the
LiDAR data set of the width of the Gudfinnugja fissure, and the width of the Gudfinnugja bench.
Also collected from LiDAR data set were strikes and dips of the northern and southern
monocline, dips of the valley floor and the depression at the base of the northern monocline, and
strikes of the major faults; features smaller than ~0.5 m were difficult to resolve. The details of
these results are outlined in the following sections, along with comprehensive field observations
from both the field and LiDAR data set. Features that were too subtle to see in the field became
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apparent in the LiDAR data, making it a valuable resource for identifying features in the
intersection.

4.1

Observations from the Field and LiDAR Data

4.1.1 The Gudfinnugja Fault and South of the Intersection (LiDAR Segments A, B, C, D, E,
F, G, H, and I)
The Gudfinnugja fault is seen along the entire intersection, with a general N-S strike
(Figure 2-1). The GF scarp north of the intersection appears almost vertical at the surface, but
shows considerable rockfall along the Gudfinnugja bench surface (Figure 2-4). This rockfall and
subsequent talus slope made it difficult to estimate the magnitude of horizontal offset along the
GF, which is discussed later. East of the GF, the grass-covered surface is mostly horizontal, with
some normal faulting. Two monoclines form the boundary of the GF with the valley floor.
Southward to ~150 m from the intersection is the “northern monocline” (Figures 2-2, 4-1). The
northern monocline surface is highly variable in appearance; basalt cooling joints create nonuniform patterns (Figure 2-4). The dip of the northern monocline surface varies from ~30-80°W ±
5°, the steepest being in the middle of the surface and the shallower dips being closer to the base
(Figure 4-1). The Gudfinnugja bench and the northern monocline end ~150 m south of the
intersection. There is a much narrower relay ramp across from which is a large fissure and a
monocline with a uniformly, shallowly dipping surface (referred to as “southern monocline”,
Figure 2-3b and 4-2) that extends south to the edge of my field area. This southern monocline
surface has dips of ~25-40°W ± 5°. At the top of the monocline, a highly-fractured surface
bounds the Gudfinnugja fissure opposite Gudfinnugja bench, a relay ramp formed through normal
fault linkage (Figures 2-2, 4-1). The western edge of the Gudfinnugja bench is also highly
irregular due to the cooling joints that cause blocks to break off into the fissure. Therefore, my
measurements of the fissure width represent a maximum amount of opening here (Figure 4-3a).
The Gudfinnugja bench is a relatively flat (0-8°W ± 5°) surface abutting the GF scarp, the
easternmost feature I closely observed, and varies in width (Figure 4-3b). North of the
intersection, the GF scarp continues, but without any indication of a relay ramp. At some
locations a fissure parallels the fault scarp, or the hanging wall abuts the scarp.
A depression at the base of the northern monocline is best seen in profiles extracted from
the LiDAR (Figure 4-4a, b). This depression dips 13° ± 5° at its steepest, in segment E (Figures
3-4, 4-1), a few tens of meters before the relay ramp terminates to the north. The depression
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gradually shallows to either end of the relay ramp and into the valley floor, and is ~17 m E-W at
its widest point (Segment F, Figures 3-4, 4-3a), which is within 10-15 m of its steepest dips
(Segment E, Figures 3-4), and ~1.5 m deep at its deepest point. There is no evidence of the
depression extending south of the main relay ramp.

4.1.2 The Intersection (LiDAR Segments J, K, and L)
The intersection includes the northern termination of the Gudfinnugja monocline and
Gudfinnugja fissure, and the eastern termination of HFF strand 3 (Figures 2-2, 4-5b). The HFF
curves south into the GF; while I observed 3 different, en echelon strands, HFF strand 3 is
characterized by a small monocline and fissure that terminate at the Gudfinnugja fault scarp
(Figures 2-3a, 4-5b, 4-6). As the HFF strand 3 fissure terminates, the Gudfinnugja fissure begins.
This is the only region of the intersection that has no fissures transecting it; it is a continuous
westward-dipping surface with three ramps (Figure 4-5a) and is surrounded by the two faults’
fissures terminating from their respective sides. A ~35 m diameter collapse feature is seen in the
LiDAR segments J, K, and L (Figure 4-5b). It is surrounded almost in a complete circle by a
ridge, and is fractured throughout. Similar structures were observed throughout the LiDAR data.

4.1.3 The Husavik-Flatey Fault and North of the Intersection (LiDAR Segments M, N, O, P,
Q, R, S, and T)
Northwest of the intersection, there are three main en echelon strands of the HFF, the
westernmost being the “main” strand (referred to as HFF strand 1) of the Husavik-Flatey Fault
(Figures 2-7, 4-7a, 4-7b). The other two strands (2 and 3) taper off to the northwest within ~300
m from the intersection. The easternmost strand (HFF strand 3) has the only monocline and
fissure seen along the HFF within ~0.5 km of the intersection. The HFF was difficult to image
with the LiDAR because it has little local vertical displacement compared to the GF. Shadows
from push-up ridges, hills, mounds, or other fractures made it difficult to discern and measure
fractures in this region. Therefore, I concentrated on the larger-scale morphology of the fault
system within ~300 m of the intersection. There are three “levels” across this fault system, four if
I include the top of the GF scarp (Figure 4-8a). The base level is the valley floor. There is ~5 m
of vertical offset between each HFF fault strand (Figure 4-8b). Each strand of the HFF marks a
different level, with HFF strand 3, the easternmost, being highest of the three. It is even with the
hanging wall of the GF north of the intersection and the Gudfinnugja bench south of the
intersection. HFF strand 1 is relatively continuous with the valley floor. Near their initiation,
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HFF strands 1 and 2 exhibit a rolling, hilly topography, but become flatter with increasing
distance along the fault, over 0.5 km to the northwest. At this distance, the fault looks like a
typical strike-slip fault, but with small amounts of local vertical offset (< 0.5 m) and volcanic
features such as lava flows, lava tube collapses, and lava tunnels.
The easternmost HFF strand, referred to as HFF strand 3, has a large fissure, which tapers
off as the strand curves to the west and dies out (Figure 4-7a and b). A monocline on the hanging
wall of this fault makes it unique from strands 1 and 2; the footwall is horizontal. This is the
most curved fault strand of the HFF, and is the only strand of the three that shows a fissure
similar to he Gudfinnugja fissure. HFF strand 2, the middle strand, is the least continuous of the
three, and merges into HFF strand 1. While the topograpy along the HFF is not as clear in the
LiDAR data as in the field, the strikes of the faults are clearly seen, and also a secondary fracture
orientation, oblique to the fault strike, can be seen in the LiDAR segments (Figure 7b) and in the
rose diagrams from the kinematic field measurements (Figures 4-10, 4-11, and 4-12). HFF strand
1 initiates with a strike of N 23°W ± 10°, and curves to N 34°W ± 10° at the boundary of my field
area. HFF strand 2 initiates striking N 9°W ± 10°, and merges into HFF strand 1 having a strike
of N 19°W± 10°. HFF strand 3 shows the most curvature, and initiates striking N 33°W± 10°.
HFF strand 3 strikes N 59° W ± 10° at its termination. HFF strand 3 is the most curved, differing
from its initiation and termination by 26°. HFF strands 1 and 2 differ by 11° and 10°,
respectively. In the grassy flat between HFF strand 3 and the GF scarp, two grass-covered faults
mark the northernmost fault traces I identified (Segment T, Figure 4-7b). These two faults help
identify a pattern in the HFF fault strands. The western strands are more linear and trend
northwest, and become more curved with a westerly trend in the east, nearest the GF.

4.1.4 The Valley Floor (Includes all LiDAR segments)
The valley floor is a grass-covered, relatively horizontal surface with pressure ridges,
mounds, local hills and valleys, and open fractures. Most of these features were best observed
and measured in the field, as they were too small to be observed in the LiDAR data (~0-3 m).
The monoclines along the Gudfinnugja fault mark the eastern boundary to the valley floor
(Figures 2-3b, 2-4, 4-1, and 4-2). A blocky lava flow floors the valley, and is seen as a dark area
in the air photo overlapping the southwest corner of the black reference box in Figure 2-1. A
scarp at the boundary of the blocky flow and the valley floor shows ~1.5 m of vertical
displacement (from LiDAR), however the majority of this boundary more resembles a levy than a
fault scarp (Figure 4-4a, and b). This suggests creep along a fault plane rather than one faulting
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event created this boundary. The valley floor dips slightly towards this flow near the flow edge.
The valley floor is relatively flat, with the LiDAR data showing very small dips (~1-3°), which is
within the uncertainty of the LiDAR. It begins to dip towards the northern monocline (Figure 44a, and b) within a few meters of the monocline base. The HFF and valley floor blend together
with increasing distance to the northwest. The valley floor at the intersection is a topographic
low.

4.2

Structural Results
My results from this portion of the study indicate that in the north the GF contains a

single fault with a planar dip of 44.4° to 62.6° at depth. In the south, the GF contains numerous
fissures and monoclines on its western hanging wall. Displacement rates for the Gudfinnugja
fault range from 1.9 – 6.5 mm/yr, and 6.3 – 21.0 mm/yr for the Gudfinnugja complex. For the
whole intersection, I calculated displacement rates of a minimum of 3.5 – 5.4 mm/yr and a
maximum of 14.0 – 21.7 mm/yr. The surface of the northern monocline had a very steep dip, up
to ~80°W, which varied greatly (minimum dip calculated was ~30°) while the southern
monocline surface was uniformly dipping at ~32°W. These results are detailed in the following
paragraphs.
The largest magnitudes of total displacement along the GF occur from 0-150 m south of
the intersection, corresponding to the location of the Gudfinnugja bench (Figure 4-13b). The
heave is generally larger that the throw, though these measurements might be affected by the talus
slope (Figure 4-13a). Uncertainty values for throw measurements are less than 0.5 m, while
uncertainty values for heave measurements may be up to a few meters due to the talus slope at the
base of the scarps. The total slip magnitudes have an uncertainty of a few meters, as some were
calculated from the horizontal and vertical displacement measurements, while some were
measured from the LiDAR data itself where there was a clear scarp. However, despite these
uncertainties, the measurements of the larger-magnitude features were possible because of the
LiDAR data set, and are still very useful for understanding the total displacements across the
system. To obtain a more likely heave value along the GF scarp, I used a Monte Carlo simulation
that assumed a fault dip of a fault dip of 80°± 8°. This fault dip value follows studies that have
concluded that normal faults in extensional regimes are vertical at the surface and dipping at
depth (e.g., Angelier et al., 1997; Dauteuil et al., 2001). The appearance of the GF scarp in the
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field and in the LiDAR also supports the existence of a vertical fault scarp at the surface (Figures
2-3a and b, 2-4, 4-4a). For the GF, the Monte Carlo simulation resulted in a total displacement of
15 ± 1.15 m, and a throw and heave of 15.23 ± 1.19 m and 2.65 ± 2.13 m, respectively.
In addition to the Gudfinnugja scarp, the total displacement across the GF complex was
measured. A maximum of 28 m of vertical displacement was measured, across segment G
(Figures 3-4 and 4-14a), from the top of the GF scarp to the base of the northern monocline. The
horizontal displacement values were much larger (~ 3x) than the vertical for this data set (Figure
4-14a), and resulted in much higher total slip values (Figure 4-14b).
Using the geometric equations from Angelier et al., (1997) that were discussed in Chapter
2, the fault dip was calculated along the fault system using the heave and throw measurements for
both the Gudfinnugja fault scarp and the Gudfinnugja complex (Table 4-1). My calculations
indicate that the GF scarp within ~200 m south of the intersection has dips ranging from 29.7° to
47.4°, and the Gudfinnugja scarp, Gudfinnugja bench, Gudfinnugja fissure, and the northern
monocline combined (referred to as the Gudfinnugja complex, Figure 4-4a for labels) have
calculated dips on a normal fault plane at depth ranging from 18.0° to 25.8°. The GF scarp has a
steeper dip of 60.0°-62.5°W, at distances north of the intersection and ~200 m south of the
intersection, and shallows slightly approaching the intersection from the south to dips generally
between ~35°-50°W. The minimum dip occurs in segment A (Figure 3-4 and 4-2), and is
29.7°W. The dip of the Gudfinnugja complex, however, is much shallower overall, varying
between 22.9°-25.8°W. North of the intersection, there are no monoclines or major fissures, so
the Gudfinnugja complex measurements are only applicable at and south of the intersection.
The rose diagrams show magnitude of fracture opening (length of lines) and azimuth of
the opening direction (azimuth of the lines) and are divided into three regions and mapped based
on these three regions (Figure 4-9) to show the variation from south to north in opening azimuth..
The field and LiDAR data are plotted separately (Figures 4-10 and 4-11, respectively) and then
each data set was summed and plotted (Figure 4-12). To avoid repeating any of the field fracture
measurements in the calculations, I averaged the magnitude of opening of all measurements at
each handheld GPS location, since several measurements were taken at a single location. This
resulted in 36 total measurements (Figure 4-10d), with 16 north of the intersection (Figure 4-10a),
7 at the intersection (Figure 4-10b), and 13 south of the intersection (Figure 4-10c). The LiDAR
data measurements are larger in magnitude than the field measurements, thus giving two different
opening magnitude scales for comparison. I was able to measure both sub-meter magnitude
fractures and larger fractures with magnitudes greater than a meter by combining field
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observations with LiDAR. These tensile fractures are plotted on histograms to show the
distribution of magnitudes and the differences in magnitude between the two data sets (Figure 415). To study the total tensile displacement of the intersection, all the measurements are mapped
onto one diagram (Figures 4-10d for field, 4-11d for LiDAR). Then the vectors were summed for
all three regions and total measurements from both LiDAR and field data (Figure 4-12a and b,
respectively) and mapped onto rose diagrams. The data were also tabulated (Tables 4-2 and 4-3).
Field measurements north of the intersection show two main opening azimuths with
varied magnitudes; one is parallel to plate motion with most magnitudes $ 0.5 m, and a second is
rotated ~60° south from the plate motion azimuth and ~90° to the HFF strike with most
magnitudes % 0.5 m (Figure 4-10a). At the intersection, scatter in the data results in a wide range
of opening azimuths, with small (< 0.4 m) magnitudes (Figure 4-10b). Two larger fractures are
shown opening ~90° to the strike of the HFF, unlike the rest of the data in this diagram. South of
the intersection, the measurements clearly show fractures opening within 5-10° of plate motion
(Figure 4-10c).
LiDAR data measurements north of the intersection show the main opening direction
measured is to the southwest, ~90° from the strike of the HFF (4-11a). This agrees with one of
the two main trends from the field data (Figure 4-10a). The LiDAR data at and south of the
intersection are scarce (Figure 4-11b and c), and are difficult to statistically analyze. The overall
average opening azimuth correlates well between the two data sets, despite differences in
magnitudes of opening (Figure 4-12a and b). The measurements north of, at and south of the
intersection differ between the two techniques (Figure 4-12a, b). The sums of the LiDAR and
field data have average opening azimuth differences for at and south of the intersection of ~22°
and ~23° difference, respectively (Tables 4-2 and 4-3). In total, the field data and the LiDAR data
had average opening azimuths of 265.7° and 263.7°, respectively, which agree well. The
averages for data north of the intersection differ by ~43°. This could be a result of the scatter in
the field measurements incorporating random fractures in the lava flow along basalt cooling
joints, or the lack of measurements in the LiDAR data set in this area. The ~43° difference could
also be a result of the LiDAR resolving larger fractures, while the field measurements encompass
sub-meter fractures.
Published ages were used to calculate displacement rates. Dating of Theistareykir lava
flows produced an age range of 3,000-12,000 yr (Slater, 1996; Slater et al., 2001; Stracke et al.,
2006), however it is unknown which lavas we are seeing at the inside corner of the HFF-GF
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intersection. Using the measurements of displacement along the GF fault (Table 4-1), the total
displacements calculated in the rose diagrams (Figure 12a and b, Tables 4-2 and 4-3), and
published ages of lava flows in the region, I estimated displacement rates (Tables 4-1, 4-4, and 45). The field measurements did not include the GF or the monocline, and thus are shown in Table
4-4 with the GF data added to the southern and total displacements in addition to the original
data. Displacement rates for the Gudfinnugja fault range from 1.9 – 6.5 mm/yr (Table 4-1). For
the Gudfinnugja complex, rates range from 6.3 – 21.0 mm/yr (Figure 4-1). For the whole
intersection, I calculated displacement rates of a minimum of 3.5 – 5.4 mm/yr and a maximum of
14.0 – 21.7 mm/yr (Tables 4-4 and 4-5).

4.3

GPS Velocity Profiles
Four GPS-derived velocity profiles were extracted from published geodetic data for this

region (Figure 4-16) (Jouanne et al., 2006). Two profiles run SW-NE across the HFF, and two
profiles run W-E across the GF and parallel to plate motion. A simple elastic strain accumulation
model (Savage and Burford, 1973) applied to both profiles across the HFF show the model with a
locking depth of 10 km (typical for the region based on depths of microearthquakes (Einarsson,
1991) and a plate velocity of 10 mm/yr fits the data better than does a model with a velocity of 20
mm/yr and a 10 km locking depth (total plate motion is 19 mm/yr, also shown) (Figures 4-17a
and 4-17b). The profiles across the GF show a velocity gradient of ~15 mm/yr south of the
intersection, but less than 5 mm/yr north of the intersection (Figures 4-17c, 4-17d). These are
discussed in the next section.
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Main features are labeled and discussed in the text.

Figure 4-1 LiDAR point cloud of data segments B, C, D, and E. Image is oriented with view looking northeast.
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Figure 4-2 LiDAR point cloud of data segment A, with main features labeled. Arrow points north.
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intersection of the GF and HFF is at x&0. Stars indicate measurements from LiDAR point cloud dataset.

bench between the Gudfinnugja fault scarp and the northern monocline (see Figure 4-4a and b for description). The

it is impossible to discern. Therefore, values shown are maximum opening magnitudes. (b) Width of the Gudfinnugja

intersection. Spikes in the data represent regions of either more local opening or an increase in rock fall into the fissure;

2-4, d for photo). The intersection of the GF and the HFF is at x&0 m. Distance increases to the south from the

Figure 4-3 (a) Width of the Gudfinnugja fissure between the northern monocline and the Gudfinnugja bench (see Figure
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measured here to be ~1.5 m.

northern monocline, 9. Width of the Gudfinnugja bench, 10. Width of the depression. Depth of the depression was

displacement of Gudfinugja fissure, 7. Horizontal displacement of northern monocline, 8. Vertical displacement of

displacement of Gudfinnugja complex, 5. Horizontal displacement of Gudfinnugja fissure, 6. Vertical

1. Heave on GF, 2. Throw on GF, 3. Total horizontal displacement of Gudfinnugja complex, 4. Total vertical

oriented E-W across the GF and valley floor. Numbers correspond to measurements taken from the LiDAR data:

Figure 4-4 a) LiDAR segment F, oriented E-W to show topography. Major features are labeled. b) Profile
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Figure 4-5 (a) LiDAR point cloud of data segments F, G, H, and I. Shown are the northern
extents of the Gudfinnugja bench, the Gudfinnugja fault scarp, and the northern monocline. The
bench and monocline taper off as they approach the intersection. (b) LiDAR point cloud of data
segments J, K, L, and M. These segments mark the intersection of the HFF and GF, namely in
the vicinity of segments J and K. The beginning of HFF strand 3, the shortest of the three main
strands I identified (see Figure 4-7b), is labeled in segment M. Potential collapse feature is
outlined with yellow dashed line.

49

50

51

of the Gudfinnugja fault scarp. Arrow points north.

Figure 4-6 LiDAR point cloud of data segments N, O, P, and Q. The main strands of the HFF are labeled, as is the northward continuation

Figure 4-7 (a) Map view of LiDAR point cloud of data segments Q, R, S, and T. (b) Same image
as (a) with HFF fault traces drawn in solid black lines. Note the presence of a secondary strike
orientation, oblique to the main strike of the HFF strands.
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Vertical and horizontal displacements were calculated along the dashed line (this scheme was used for all LiDAR profiles).

displacement on the Husavik-Flatey fault. There is ~10 m of total displacement between the NE platform and the valley floor (SE).

Topographic profile oriented normal to the HFF extracted from the LiDAR data point cloud segments R, S, and T. This shows vertical

Figure 4-8 (a) LiDAR point cloud of data segments S and T, looking north. Orange lines denote “platforms” shown again in (b). (b)

Figure 4-9 Aerial photo of the GF-HFF intersection to show locations of measurements included
in the rose diagrams. Field measurements are in main photo, inset shows LiDAR measurements.
The data were divided into three zones: north, at, and south of the intersection to show variation
in spreading vector in response to the strain accommodation variations. Red (lightest) dots
indicate measurements north of the intersection along the HFF (rose diagram a). Green (medium
darkness) dots indicate measurement locations at the intersection (rose diagram b). Blue
(darkest) dots indicate measurement locations south of the intersection, along the GF (rose
diagram c). Data is plotted on rose diagrams in Figures 4-10, 4-11, 4-12.
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Figure 4-10 Rose diagrams of fracture displacement vectors from field measurements at the
intersection of the GF and HFF. Length of the line is the magnitude of opening & the trend of
each line is the azimuth of opening. Thick dashed arrow is NA - EU relative plate motion vector
(N76W). Thick, light-colored dashed line is the regional trend of the HFF (N50W). Thick dashed
dark line is regional trend of the GF (generally N-S). (a) Rose diagram of displacement vectors
for 16 points along the HFF (red circles, Fig. 4-9). There are two (2) main fracture opening
directions; one that is perpendicular to the HFF, and one that is roughly parallel to plate motion,
but with some scatter. (b) Rose diagram of displacement vectors for 7 points at the intersection
of the HFF and GF (green circles, Fig. 4-9). There are two (2) main fracture opening directions;
one that is perpendicular to the HFF, and one that is roughly parallel to plate motion. However,
displacement magnitudes are lower. (c) Rose diagram of displacement vectors for 13 points
along the GF (blue circles, Fig. 4-9). The majority of fractures are opening in a direction parallel
to plate motion. (d) All 36 data points plotted on a single rose diagram.
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Figure 4-11 Rose diagrams of displacement vectors for fractures at intersection of the GF and
HFF measured from LiDAR data point cloud segments. Length of the line is the magnitude of
opening & the trend of each line is the azimuth of opening. Thick dashed arrow is NA - EU
relative plate motion vector (N76W). Thick, light-colored dashed line is the regional trend of the
HFF (N50W). Thick, dark dashed line is regional trend of the GF (generally N-S). (a) Rose
diagram of displacement vectors for 18 points along the HFF (red circles, Fig. 4-9 inset). Unlike
in the field measurements, there is only one (1) main opening azimuth: perpendicular to the HFF.
(b) Rose diagram of displacement vectors for 8 points at the intersection of the HFF and GF
(green circles, Fig. 4-9 inset). There are two (2) distinct fracture opening azimuths; one that is
roughly parallel to the strike of the HFF, and one that is rotated ~20° S of plate motion. (c) Rose
diagram of displacement vectors for 3 points along the GF (blue circles, Fig. 4-9 inset). These
fractures are opening due west. This does not include the GF, as only fractures with negligible
vertical offset are included. (d) All 29 data points plotted on a single rose diagram.
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Figure 4-12 Rose diagrams showing the total magnitude of fracture opening and azimuths for (a)
LiDAR measurements and (b) field measurements. Length of the line is the magnitude of
opening & the trend of each line is the displacement vector. Thick black dashed arrow is NA EU relative plate motion vector (N76W). Thick, light-colored dashed line is the regional trend of
the HFF (N50W). Thick, darker dashed line is regional trend of the NVZ (generally N-S).
Dashed (with large gap) lines indicate trend of measurements north of the intersection, solid lines
indicate at the intersection, Dot-dash lines indicate south of the intersection, and dotted lines
indicate total (zones are defined in Figure 4-9 and correspond to field measurement zones).
Tabulated values are given in Tables 4-2 and 4-3.
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Figure 4-13 (a) Vertical (open circles) and horizontal (stars) displacements on the Gudfinnugja
fault, measured from LiDAR point cloud data. The intersection between the GF and HFF is at
x&0 m. Displacement is highest near the intersection. These fault measurements are used to
calculate the dip of the fault at depth and in the calculation of displacement rates across the fault
and the region. (b) Total displacement calculated from the horizontal and vertical displacements
along the GF fault (intersection with HFF at x&0 m). Dashed line indicates expected trend, and
does not necessarily show real values due to the inability to measure precise locations from
LiDAR data point clouds.
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vertical displacement, suggesting dilation at depth. (b) Total displacement of the Gudfinnugja complex.

displacements of the Gudfinnugja complex. There is much larger horizontal displacement along the system than

GF and HFF is at x&0 m (not shown on graph); positive distance increases southward. (a) Vertical and horizontal

Figure 4-4b for schematic of measurements and Table 4-1 for calculation of fault dips at depth. The intersection of

Figure 4-14 LiDAR measurements of vertical and horizontal displacements of the Gudfinnugja complex. See

62

Figure 4-15 Histograms of the tensile fracture data from the field (a), from the LiDAR data (b),
and combined field and LiDAR (c). Note the large number of small-magnitude measurements.
Also, note that the field measurements portray a sub-meter set of fractures, while the LiDAR
measurements show larger-scale fractures. This shows the value of using both LiDAR and field
measurements, as the data span different magnitude scales.
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Figure 4-16 Map of GPS velocity field for the period 1997-1999 from Jouanne et al. (2006).
Velocity vectors are relative to a point on stable Eurasia. One sigma error ellipses are shown.
Profiles used to investigate temporal variations in plate motion at the intersection are shown in
Fig. 4-17. Profiles (a) and (b) are normal to the HFF, and profiles (c) and (d) are parallel to plate
motion (shown in lower left corner). Fissure swarms of the NVZ are shown in gray, and central
volcanoes are shown as white circular features, and the HFF and GF faults are shown as thick
black lines.
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Figure 4-17 (a) Velocity profile across the Husavik-Flatey Fault. The fault is located at x = 0 km
(black line). The Grimsey Lineament is shown (dashed line). East of this is the Eurasian plate.
Orange points were projected onto the profile for a velocity reference; due to ocean there are no
data points in this region. The dotted pink line is for a fault locked to 10 km with a velocity of 20
mm/yr. The dashed pink line is for a model with a velocity of 10 mm/yr. The 10 mm/yr model
fits these data better than the 20 mm/yr model, suggesting that the Husavik-Flatey Fault
accommodates ~50 % of the total plate motion. (b) Velocity profile across the Husavik-Flatey
Fault (located at x = 0 km) nearest the intersection. The two points farthest from the fault are
located NE of the Grimsey Lineament (dashed line), and are not used in the model. Models are
the same as in (a). (c) Velocity profile across the Theistareykir Fissure Swarm (located at x = 0
km), north of the intersection with the HFF. There is a much smaller velocity gradient here than
south of the intersection, suggesting the HFF accommodates a large portion of plate motion north
of the intersection. (d) Velocity profile across the Theistareykir Fissure Swarm (located at x = 0
km), south of the intersection. There is a strain gradient of ~15 cm/yr occurring ~20 km west of
the GF, hinting at a possible eastward migration. The Krafla fissure swarm (dot-dashed line),
located ~10 km east of the TFS.
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Table 4-1 Summation of displacement vectors from LiDAR measurements across the GF fault and
tensile fractures (see Figure 4-12a). See Figure 4-9 for measurement locations.

LiDAR
measurements

Total XComponent (m)

Total YComponent (m)

Total
Magnitude
(m)

Azimuth

Total (excl. GF)

-44.9

-4.9

45.2

263.7

North:

-16.0

-7.7

17.7

244.2

At Int.

-9.9

2.2

10.1

282.8

South:

-19.1

0.5

19.1

271.6

65.2

263.7

Total (incl. GF)

Table 4-2 Summation of displacement vectors from field measurements across the GF fault and
tensile fractures (see Figure 4-12b). See Figure 4-9 for measurement locations.
Field
Measurements
North
Intersection
South
Total (all
measurements)
Total (incl. GF
displacement)

Total XComponent
(m)
-3.3
-1.8
-1.8

Total YComponent
(m)
-1.0
-0.3
0.8

Total
Magnitude
(m)
3.4
1.9
1.9

-6.9

-0.5

6.9

265.7

26.9

265.7

Azimuth
287.6
261.1
294.7
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Table 4-3 Maximum and minimum displacement rates calculated across the Gudfinnugja fault,
Gudfinnugja complex. Calculated normal fault dip (') using method of Angelier et al. (1997) for
the GF scarp and the Gudfinnugja complex (Figure 4-4a and b) using the horizontal displacement
((e) and vertical displacement ((v) from various LiDAR data segments. Also shown is total slip
calculated using the Pythagorean theorem and the vertical and horizontal displacements. LiDAR
segment from which measurement was taken is shown for reference (Figure 3-4). Intersection is
located in between segments I and O. Consistently lower fault dips are found approaching the
intersection from the south, likely influenced by the transform fault and/or the talus slope at the
base of the GF scarp. North of the intersection, fault dips are closer to the average normal fault
dip (60-75°) calculated by Angelier et al. (1997) for the Krafla fissure swarm, a nearby. This
suggests the HFF has less influence north of the intersection on the GF normal fault at depth. For
the Gudfinnugja complex measurements, fault dips are consistently lower because of the large
horizontal displacement relative to the vertical, due to the relay ramp and monocline formation.
This gives insight into the faulting style, raising the question of whether this fault behaves as a
listric normal fault, with tilting of the hanging wall, or as a planar fault.
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Gudfinnugja Fault Scarp

Segment
A
A
B
C
D
E
F
G
H
I
O
P
Q
R
S
T

(e1
(m)
3.2
15.5
18.6
12.4
16.7
18.1
20.6
19
24.9
15.7
7.4
7.4
10.1
21.9
5
8.8

(v2
(m)
6.1
8.9
12.5
13.5
14.8
14.4
16.5
15.7
16
15.3
11.3
7.4
15.1
14
9.5
15.6

'3 (°)
62.5
29.7
33.9
47.4
41.5
38.5
38.6
39.5
32.8
44.2
56.7
44.7
56.2
32.7
62.6
60.6

Total
Slip (m)
6.89
17.87
22.41
18.33
22.31
23.13
26.39
24.65
29.60
21.92
13.51
10.47
18.17
25.99
10.74
17.91

Total Slip
(mm)
6888.40
17873.44
22410.04
18330.58
22314.35
23129.42
26393.37
24647.31
29597.47
21922.13
13507.41
10465.18
18166.45
25992.50
10735.46
17910.89
AVG

Min Displ.
Rate
(mm/yr)4
0.69
1.79
2.24
1.83
2.23
2.31
2.64
2.46
2.96
2.19
1.35
1.05
1.82
2.60
1.07
1.79
1.94

Max Displ.
Rate
(mm/yr)5
2.30
5.96
7.47
6.11
7.44
7.71
8.80
8.22
9.87
7.31
4.50
3.49
6.06
8.66
3.58
5.97
6.46

'3 (°)
24.9
23.5
22.9
24.5
24.9
23.2
25.8
25.2
24.4
24.3
18

Total
Slip (m)
51.36
56.57
69.59
66.85
66.80
67.20
63.24
65.76
63.15
60.47
59.52

Total Slip
(mm)
51362.63
56567.31
69593.25
66854.17
66797.98
67202.68
63240.57
65759.03
63146.34
60465.03
59515.71
AVG

Min Displ.
Rate
(mm/yr)4
5.14
5.66
6.96
6.69
6.68
6.72
6.32
6.58
6.31
6.05
5.95
6.28

Max Displ.
Rate
(mm/yr)5
17.12
18.86
23.20
22.28
22.27
22.40
21.08
21.92
21.05
20.16
19.84
20.92

Gudfinnugja Complex

Segment
A
A
B
C
D
E
F
G
H
I
J
1.
2.
3.
4.
5.

(e1 (m)
46.6
51.9
64.1
60.8
60.6
61.8
56.9
59.5
57.5
55.1
56.6

(v2
(m)
21.6
22.5
27.1
27.8
28.1
26.4
27.6
28
26.1
24.9
18.4

Horizontal displacement, measured in meters from LiDAR data set
Vertical displacement, measured in meters from LiDAR data set
Dip of the fault plane at depth, calculated using equation, tan(') = (v/(e, from Angelier et al.
(1997)
Minimum displacement rate calculated based on age of 3,000 yrs.
Maximum displacement rate calculated based on age of 10,000 yrs.
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Table 4-4 Displacement rates calculated for field tensile fracture data. These rates were
calculated with original data and also with the GF measurement (from LiDAR) included, since it
has a large displacement. Total displacement includes all fracture measurements. See Figure 4-9
for measurement locations and Figure 4-10, and 4-12 for rose diagrams of the data.

Field Measurements
Total Displacement3
North of Intersection
Intersection
South of Intersection
South (including GF, monocline
displacements taken from
LiDAR averages)4
Total Displacement (incl. GF,
monocline)4
1.
2.
3.
4.

Total
(m)
6.9
3.4
1.9
1.9

Min Rate
(mm/yr)1
0.6
0.3
0.2
0.2

Max Rate
(mm/yr)2
2.3
1.1
0.6
0.6

36.9

3.1

12.3

41.9

3.5

14.0

Minimum displacement rate calculated based on age of 3,000 yrs.
Maximum displacement rate calculated based on age of 10,000 yrs.
Includes all fractures measured in the field site.
Average GF displacement ~20 m, average monocline displacement ~15 m.
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Table 4-5 Displacement rates calculated for LiDAR tensile fracture data. Total displacement
includes all fracture measurements. See Figure 4-9 for measurement locations and Figure 4-11,
and 4-12 for rose diagrams of the data.

LiDAR Measurements
Total (including GF)3
Total (excluding GF)4, 5
North of Intersection
Intersection
South of Intersection
1.

Total (m)
65.2
45.2
17.7
10.1
19.1

Min Rate
(mm/yr)1
5.4
3.8
1.5
0.8
1.6

Max Rate
(mm/yr)2
21.7
15.1
5.9
3.4
6.4

Minimum displacement rate calculated based on age of 3,000 yrs.

2. Maximum displacement rate calculated based on age of 10,000 yrs.
3. Average GF displacement is ~20 m and was added to the total value for all the measurements.
4. Total is calculated by summing the x- and y-components of all the vectors, then using Pythagorean
theorem to calculate the magnitude and arctangent function to calculate the azimuth.

5. Total for measurements with tensile opening; no data for GF was used.
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5

Discussion

Using a combination of “classical” field data collection methods and LiDAR methods
proved to be valuable in studying the displacement variations in fracturing at the intersection and
the extent to which these variations occur. In the field, I measured fractures with small
magnitudes of offset (< 2 m). Measuring the larger (> 3 m) fractures and faults was more
difficult in the field, and was made possible using the LiDAR data set. In the LiDAR data,
smaller fractures were hard to discern due to shadows from fault walls, broken rocks, and local
hills and valleys, but the larger fractures that were not measurable in the field were easily
quantifiable using the LiDAR data set and ArcGIS. Analyses were run on both field
measurements and LiDAR measurements for comparison of the data sets and to investigate
scaling of features.
By collecting measurements that span several orders of magnitude in length and opening,
I provide an evaluation of the ridge-transform intersection from large, km-scale down to local
cm-scale structures. Mode-1 tensile fracture opening data reveal a difference among the overall
geodetic plate motion and local processes. This provides an analogue to the study of ridgetransform intersections, and it highlights the complex nature of the intersection. It shows that the
larger-scale picture may not necessarily match the local strain accommodation patterns at the
inside corner. At the intersection, strain partitioning results in two main trends of opening along
the HFF: plate motion parallel, and HFF-strike parallel. This contrasts the opening along the GF
south of the intersection, where there is one main opening direction: parallel to plate motion.
Since the fractures open parallel to plate motion south of the intersection, there appears to be a
rotation of sigma-1 moving towards and north of the intersection from the south. However, this
only appears to be the case within ~200 m from the intersection, as regional GPS data and the
plate motion velocity vector suggest a uniform movement to the northwest. Age constraints on
the basalt flow in the intersection allow for tentative calculations of maximum and minimum slip
rates on the Gudfinnugja fault and across the intersection as a whole. In conjunction with the
rates obtained from the velocity profiles I suggest a slip budget for the HFF-GF intersection.
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5.1

Spatial Variations in Displacement from Fracture Patterns Along the GF-HFF
Intersection

Spatial variations of fracture patterns were investigated using the kinematic data collected
both in the field and from the LiDAR data. The direction of fracture opening was analyzed to
determine what stresses were most influential in this intersection. The total tensile opening
direction does not agree with the plate motion direction; there is a rotation of the sigma-1 stress,
as evidenced by the rotation of azimuth of opening along the tensile fractures from plate-motion
parallel in the south, to orthogonal to the strike of the HFF and parallel to plate motion in the
north (Figure 5-1). These dual opening directions show there are other, local stresses acting on
the intersection at a much smaller scale than plate motion, as the measurements south of the
intersection match well with plate motion as does the regional geodetic data. Along the HFF
(north of the intersection), my results agree with those from Garcia et al. (2002), who found that
there are two directions of movement along the HFF: HFF-orthogonal extension, and HFFparallel strike slip motion. My data north of the intersection show two similar opening directions,
and thus the plate-motion parallel direction I show could possibly coincide with the HFF-parallel
transform motion. However, I saw no evidence of strike slip motion in the field, and thus
concluded my results were both extensional directions. My research shows that one cannot
assume that fault interactions hold true at different scales; in the case of the HFF-GF intersection,
there are other stresses acting on small (cm-m) scale fractures that do not reflect that of the larger
picture. These small features have implications for understanding interactions between different
fault types at all depths.
The field measurements were much more numerous than the LiDAR measurements,
however they show generally similar results. The two main trends of opening in the north have
many implications for the stresses acting here. The plate motion-parallel opening direction
indicates a substantial influence of plate motion on tensile fracture opening and suggests oblique
opening since both of the main faults (i.e., the GF and HFF) are oriented oblique to plate motion.
The second main trend of opening, orthogonal to the HFF strike, shows the tensile component of
stress along the HFF, and could partially be a result of the ~10 m of local subsidence seen at the
intersection at the HFF, that created the three levels of the HFF and the valley floor (Figure 4-11).
Local subsidence also implies a lack of magma injection compared to plate spreading, which
poses evidence against the HFF being a leaky transform fault due to its lack of volcanic activity.
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Measurements south of the intersection show an opening azimuth within ~5-10° of plate motion,
and suggests that the Gudfinnugja fault has an oblique component of displacement, rather than
normal to its strike. Overall, the field measurements show a rotation in opening azimuth from
parallel to plate motion south, of the intersection, to much more dispersed north of the
intersection.
Scatter is prominent in the field data sets. Possible sources of uncertainty in these
interpretations arise from the question of the genetics of the fracture populations (i.e., magmatics
versus tectonics). Fracture opening is mostly dominated by tectonics, however azimuth is
controlled partially by cooling joints. By taking 107 measurements, I assumed that there are
enough measurements to average out magma-influenced fractures (e.g., fracturing along basaltic
cooling joints) that may not be tectonic in origin. The LiDAR data show similar results to the
field data, however, the fractures are undersampled. Since there are so few LiDAR measurements
that lie in the zone at the intersection and south of the intersection, it becomes difficult to
statistically analyze the measurements. However, I followed the assumption that since the
LiDAR resolves larger fractures, the smaller fractures that produce the scatter in the field data are
not seen, and the LiDAR data should match the field measurements when summed.
The dip of the GF was calculated to investigate if there is a variation across the
intersection (Table 4-1). I found that it has average normal fault dips (62°-60°W) north and south
of the intersection, but lower dips through the intersection (29°-56°W). The talus slope seen
throughout the intersection along the GF scarp complicates these calculations, and to better
estimate the horizontal displacement, I used a Monte Carlo simulation. For the GF, the Monte
Carlo simulation resulted in a total displacement of 15 ± 1.15 m, and a throw and heave of 15.23
± 1.19 m and 2.65 ± 2.13 m, respectively. This agrees better with the steeply-dipping fault planes
at the surface described in previous studies, and also seems more likely given the appearance of
the talus slope and GF fault scarp (Figure 4-7a). The influence of the HFF causes the GF to dip
much more shallowly than the average for the GF away from the influence of the HFF, and
suggests a large dilatational component at depth. This increase in dilation has been attributed to
magma injection at depth, a common process at ridge-transform intersections. However, this
particular intersection is magma-starved, and thus indicates a different process affecting the fault
at depth. The dip of the GF complex (Figure 4-12a including the GF scarp, GF bench, GF fissure,
and northern monocline) was also calculated (Table 4-2). Fault dips were obviously lower due to
the dilation values that were ~3x that of just the GF scarp throughout the intersection (~60 m for
the complex, versus ~20 m for just the scarp). However, these dips were more constant
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throughout the southern half of the region (north of the intersection, there were no monoclines or
benches). The extent of the area influenced is limited to ~200 meters south of the intersection,
where there are two monoclines, south of which there is a main GF scarp with dips at depth
normal for normal faults. In addition, just north of the intersection (~50 m), the GF fault plane
dip at depth is again back to average dip values for normal faults (~60°W). The change of the
Gudfinnugja fault dip at depth has implications for understanding the processes at depth that
occur at a volcanically active ridge-transform intersection, in addition to understanding the
transtensional interactions between a transform fault and a normal fault at depth.

5.2

Displacement Rates and Slip Budget
Temporal variations in spreading across the GF-HFF intersection can be explored on

several time scales using the geodetic (10 years), LiDAR and field (10,000 years), and plate
motion (3-10 Ma) data sets. Using the displacement rates calculated from fracture data and
geodetic velocity profiles, a slip budget is produced and the plate boundary is possibly identified.
Velocity profiles were extracted from the GPS velocity fields across the HFF and GF (Figure 423a, b, c, and d) (Jouanne et al., 2006). The profiles across the HFF suggest that it is
accommodating ~50% of the total plate motion north of the intersection (Figures 4-23a, 4-23b).
This indicates a slip rate of about 10 mm/yr, which agrees with best-fitting model of 10 mm/yr.
Displacement rates for the Gudfinnugja fault range from 1.9 – 6.5 mm/yr, for the Gudfinnugja
complex range, 6.3 – 21.0 mm/yr, and for all the fracture measurements combined with the GF
displacement, I calculated displacement rates of a minimum of 3.5 – 5.4 mm/yr and a maximum
of 14.0 – 21.7 mm/yr. Summing up the displacement rates north of the intersection gives a total
of 10.3 – 15.9 mm/yr accommodated on the HFF and GF, leaving 25-50% of total plate motion
unaccounted for. South of the intersection, the GF fault displacement rates range from 0.2 – 6.4
mm/yr, leaving over ~75% of total plate motion to be accommodated east of the GF. Despite
being poorly constrained, these displacement rates provide an initial slip budget for the HFF-GF
intersection and the NVZ. The displacement rates and the displacement variation evidenced by
fracture opening direction also show the importance of the HFF fault in influencing the
displacement north of the intersection. It also proves the importance and involvement of the HFF
as a major plate boundary fault zone.
The velocity gradient east of the Krafla fissure swarm suggests an eastward migration of
the plate boundary zone. North of the intersection, there is a very small velocity gradient (< 5
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mm/yr) (Figure 4-23c). South of the intersection, however, there is a ~15 mm/yr velocity
gradient across the NVZ, east of the GF and the Krafla fissure swarm. Contrary to what I
expected, the 15 mm/yr velocity gradient seen in the southern profile (Figure 4-23d) does not
correspond with the Theistareykir fissure swarm and Gudfinnugja fault or the Krafla fissure
swarm. The large velocity gradient is ~20 km east of the GF, and east of the Krafla fissure
swarm, which is ~10-15 km east of the TFS. This could suggest an eastward-migrating boundary
of elastic strain accumulation. Since this is the direction this plate boundary has historically
gone, its continued eastward migration is likely.
The ages used in this study are not well constrained, since it is unknown which lava flows
cover the intersection surface. The estimated 10,000 yr age is used under the assumption that the
present surface has not been glaciated, and therefore must be younger than the last glaciation
(e.g., Dauteuil et al., 2001). Chlorine-36 dating of several locations around the intersection would
be very useful in answering the following questions: does one flow cover the entire surface, or is
it a mix of several flows? What are the ages of these flows? When did the faults and fractures
seen today initiate? This would aid in determining a much more accurate displacement rate, and
provide a better understanding of the evolution of the intersection, in addition to magmatic
activity in the NVZ.

5.3

Effectiveness of Using LiDAR for Tectonics Research
While incorporating both field and LiDAR data proved to be useful in studying various

scales, my use of the LiDAR would have been insufficient data if used alone. However, this may
be due to the novelty of the Optech ILRIS-3D Terrestrial Laser Scanner. The fact that I was still
able to utilize the data with reasonable uncertainties speaks volumes of its potential. Thus,
scanning from locations bordering the scan region would have been more prudent than scanning
from various locations in the middle of the scan region. This would ensure that all edges, and
therefore the whole scans, are aligned with the lowest possible error. During the scanning
process, I should have places 5-6 reflectors in each scan, rather than the 7 reflectors I spread
across the entire scan region. This would allow me to align files based on known points, rather
than by eye, as I had to do. In addition to this, the reflectors I used were not the best for the
Optech scanner. While other scanners such as the Riegl-3D scanner adjust for the size of the
reflector to obtain the center GPS point of the reflector, the Optech scanner does not, and
therefore if the edges of the reflector do not show clearly in the scans, there results an error of the
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diameter of the ball, in my case. Lastly, the sheer size of the data set I collected was too large for
most computers, which caused me to only be able to analyze one segment at a time. To solve
this, either a computer with much faster processing capabilities is needed, or a less-dense
resolution data set is needed. My problem arose when I had to align the scans by eye, and needed
every point scanned that I had to best align corners of rocks with the corresponding location in
another scan. However, in solving the previous problems with data collection, one would not
need such a dense point cloud, as alignment using the reflectors only would be possible,
producing a much higher-resolution surface. Despite these consequences of my methods, I still
produced a ~30 cm-resolution digital terrain model that was extremely useful, and, with a few
modifications, could be used in lieu of field observations.
In studying the tensile fracture opening directions, I showed the rotation of sigma-1
stresses at the intersection. At distances of ~200-300 m south of the intersection, fractures open
parallel to plate motion, agreeing with the regional geodetic data and plate motion velocity vector.
However, at and north of the intersection, the displacement is partitioned into two opening
directions; plate motion parallel, like in the south, and a separate direction orthogonal to the strike
of the HFF. These differences, however, are present within my field area (~200-300 m along
strike of the GF and HFF from their intersection), but are lost in the geodetic data from the NVZ
and TFZ. Thus, at some intermediate distance, the overall displacement mirrors that of the largerscale picture. In addition to these displacement variations, I also show the importance of the HFF
in accommodating plate motion, and provide initial estimates for slip budgets across these fault
systems. The analysis at different magnitude scales was made possible by the use of the
terrestrial laser scanner, from which I was able to produce and analyze a ~30 cm resolution digital
terrain surface, despite some difficulty in processing and analysis.
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Figure 5-1 Schematic of the HFF-GF intersection showing the changes in displacement
from south to north. Plate motion is shown on the left, and the arrows in the inside
corner represent tensile opening from rose diagrams of field measurements (top red rose
diagram and arrows represents tensile fracture opening north of the intersection, lower
blue arrow and rose diagram represents tensile fracture opening south of the
intersection). Total displacement opening azimuth is shown as the dotted black arrow at
the inside corner. Faults are interpreted from the air photo.
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6

Conclusions
New data from the TFZ-TFS intersection provides insight into the mechanics of this

unique environment. Using a terrestrial laser scanner, the surface of the intersection was
catalogued with decimeter resolution and analyzed for fault and fracture strike, displacement,
azimuth of displacement, and the strikes and dips of features such as monoclines. In the field,
kinematic measurements including displacement and azimuth of opening of fractures were
collected using a Brunton compass and a tape measure. Utilizing these data, I studied the
temporal and spatial variations along the intersection, and, more specifically, the Husavik-Flatey
transform fault and the Gudfinnugja normal fault. These data show a rotation in the direction of
opening of fractures changing from plate-motion parallel in the south, where there is no transform
fault, to a bimodal average direction of opening in the north, where influencing stresses include
the transform fault, the normal fault, and overall plate motion. These displacements were
summed and used to calculate maximum and minimum displacement rates for the intersection, as
a whole and divided up into the different regions (north, at, and south of the intersection), and
show consistently the importance of this particular set of faults in accommodating total plate
motion. However, profiles from a 2-year geodetic survey show that the plate boundary is located
east of the TFS and Krafla fissure swarm. This suggests the boundary is continuing its eastward
migration, but contrasts with the kinematic data that suggests the GF is accommodating a large
portion of plate motion. North of the intersection, the profiles show the HFF accommodating
~50% of the total plate motion, and therefore is a major part of the system and must not be
discounted in study of the NVZ. Last, this research proves the value of using a terrestrial laser
scanner for geologic study. Despite trouble with processing and aligning the point clouds, I was
able to produce ArcGIS shapefiles with up to only 30 cm errors in which to analyze the larger
faults, fractures, and other features of this area.
This study not only proves the importance of developing this new tool for geologic
studies, but also provides new insight into a relatively unstudied but very unique tectonic
boundary. Longer geodetic surveys in the NVZ and cosmogenic dating of the basalt flows in the
region are vital to understanding the mechanics seen at this complex subaerial boundary, leading
to new knowledge of the same features that cannot be observed directly that are so common to the
ocean floor.
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Appendix A: LiDAR Cookbook
Setting up the Scanner
1. Set up tripod (leveling is not necessary).
2. Place Pan/Tilt on the tripod and secure with the bolt.
3. Open the lever on the side of the Pan/Tilt, place the Scanner on top, and close the
lever to lock the scanner in place. Make sure to face the front of the scanner to the
side of the Pan/Tilt with the “^” on it if you are scanning something higher, or to the
side of the Pan/Tilt with the “"” on it if you will need to tilt the scanner downward (if
scanning a low target).
4. Assemble the battery holder, either with two in the front or all four, and plug the
cable into the Pan/Tilt and the battery holder.
5. Connect the Pan/Tilt to the Scanner using the grey cable; the GPS plugs can be left
hanging, and the power plug can go in any round hole with white dot. Do not
connect the wireless antenna yet.
6. Face the Scanner and Pan/Tilt away from the target so that the target is not on the
edge of the photo when the Scanner turns on and takes the photo.
7.

Press the green button on the Scanner and boot up the Computer.

8. Once the computer has booted up, connect the wireless antenna to the Scanner.

Preparing to Scan
1. On the Computer:
1) Start > Controller
2) File > Connect: Choose Wireless connection, and click “Ping” to check the
connection. If the connection is successful, the box should show “Ping ok”
and you are connected to the wireless. If it does not connect, remove the
wireless antenna, reattach it, and try again.
3) Tools > Camera Settings: Select the option that best matches the kind of day
it is when you’re scanning from the drop-down menu, and then click “Set”
and “OK”.
4) Click on the small box with the three colored squares in it, second from the
right at the bottom of the window, to take the 360° photo. If it looks too dark
or overexposed, choose a different camera setting and try again.
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5) Choose the location where the data will be stored by clicking on the
“Change” button next to the Data Destination box. If you are also storing to
USB, make sure the corresponding box is checked.
6) To define the Region of Interest, or “ROI”, click the box on the bottom left
of the window (a red square with green plus sign) to create a red square on
the digital photo. Center this box over the region you want to scan, zooming
in or out as needed with the magnifying glass boxes. You can set multiple
ROIs by clicking the same box again. The scanner will scan all the boxes
you add. To remove a ROI, click the box next to the “add ROI” (‘-‘ enclosed
in red box).
7) To acquire the distance to the target, used for the scan, click “Acquire” and
wait for it to finish. Or, you can estimate the distance and type it in
manually.
8) To set the resolution, adjust “X Spacing” by clicking on the arrows. The box
to the right shows the resolution, in millimeters.
9) Click Start Scan.
10) You can watch the progress of the scan either on the display on the Scanner
itself, or on the Computer screen.
11) When finished, there should be in the folder you specified a .blk and .asc file
for each block of data scanned, along with a .hdr file and a .jpg file, which is
the photo the scanner took. You can also right-click on each photo box to
save individually.

Initial Analysis of Data (Preparing the Point Cloud)
1. Open the Parser software.
2. Go to Parser > Settings in the menu bar
a. Output File: Select to output PIF files, a storage location, and 8-bit Scaled
under Intensity in PIF File (grayscale).
b. Pantilt Transform: Check boxes for “Apply Pan-Tilt Transform (Static
Mode)” and “Automatically determined from scan file”.
c. We left all other settings as the default due to lack of experience with the
data and program.
3. File > Load to load the folder where the scan data was saved.
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4. Select Parse. This creates a folder, “pf” in the location you selected for output, and
for each block of data, a *_task#.pf and *_asc file.
5. To view the point cloud you just created, open PIFEdit. Open the file you just
created. Here you can zoom in or out (hold down stylus on screen and move it),
rotate the image (drag stylus around screen), and delete bad data points, among other
tools.
6. Open the PolyWorks suite to further process the data.

Because we did not have 4-5 reflectors per scan, the processing took much longer than expected.
Here are the steps I took to align and transform my data set.
Alignment Part I.
1. Open a Polyworks window and launch IMEdit.
2. In one window, load as “Point Cloud from Text File” the scan(s) that will be held fixed,
to which all other scans will be aligned to.
3. Open a separate IMEdit window; load as “Point Cloud from Text File” the scan to be
aligned.
4. Find 4-6 points that are identical and common to both scans; mark each of these with the
Point Marker tool in the left column by right-clicking on Points and selecting Create, then
clicking in the scan. Make sure to keep points organized and corresponding with the
appropriate point from the other scan.
5. Once finished selecting points, highlight both sets of points and export each set as a text
file by right-clicking on selected points and selecting “Export as ASCII file”.
6. Create a tiefile, with the master file points in the first three columns and the scan to be
aligned in the next three columns (x y z x y z).
7. Open Matlab and run the script called transformationProgram.m.
8. Load the tiefile.txt and click “Get Parameters”. This will find the best-fit parameters for
the points selected. If the RMS is very high, comment out the worst fit with ‘%’ in front
of the first column and run again, until the RMS is reasonable. You need at least 3 points
(not in line with each other) to generate transformation parameters, so the more points
you initially pick the better your chances of producing a good fit.
9. Load the scan to be aligned and click “Transform”. The comment box will show
completed number of points that were transformed when the transformation is complete.
10. Repeat steps 3 through 9 for all other scans, aligning them to the master scan.
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Transformation to Real Coordinate System
Initially, the point clouds are in a local reference frame defined by the TLS in the field. This
step transforms the points into a real coordinate system; I used UTM coordinates.
1. Create tiefile with UTM coordinates instead of the base scan points.
2. Follow steps 7-9 from previous section using the new tiefile to complete transformations.
3. Errors with UTM

Run Auto-Alignment to Improve Alignment Fit
1. In IMAlign, load first scan, preferably in the center of the dataset so that the other
scans can be aligned outward so as to stay as close to true UTM coordinates as
possible.
2. Create a mesh surface in IMAlign:
a. File > Import Image > Import point cloud from text file, check the box to
“Georeference” when importing the UTM point cloud.
b. Align the scan to the perspective from which it was scanned.
c. Click “Anchor” and check the box to “Use clipping plane to show which
points are included.” This shows you how the model will be applied to the
data, and also lets you exclude points by adjusting the size of the clipping
plane.
d. Click “Next Step (Tab)” to interpolate.
e. In the popup window, Import Image box, enter parameters:
i. Maximum Edge Length (of triangles): 1.0 m
ii. Interpolation Step: 0.5 (You want there to be at least 1 vertex in each
box at the 1/1 scale)
iii. Maximum Angle: 89°
iv. Click ok to leave the Point Cloud Organizer.
f.

Adjust parameters as necessary to get the best-fitting model.

3. Lock this file and repeat steps 2a-2f for the scan to be aligned.
4. In IMAlign: Align > Best-Fit Alignment and Comparison
a. No constraints
b. Maximum distance: 2.0 m (the furthest the code will look to match common
points)
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c. Subsampling: #
d. Iterations: 10 (start with 10 or 100)
e. Click start and repeat with smaller maximum distance if necessary.
5. Close the window.
6. On the unlocked file, right-click and select Export > Alignment Matrices > Text File
and save the text file, to be used in IMInspect.
7. Open Align > Set Huge Translation and record the translation values.
8. Open IMInspect. In toolbar, Align > Set Huge Translation. Set to the translation the
values from IMAlign.
9. File > Import Image > Import point cloud form text file, DO NOT click to “Import as
Huge Data Set.”
10. Lock base file, and load in second file (the scan that is being aligned to the base) the
same way, but do not lock the second file.
11. Align > Data Reference Matrix > Transform from file: open the file you exported and
saved in IMAlign that contained the transformation parameters for the specific scan
you are working with. The alignment should happen automatically once you click
Open.
12. Right click the adjusted second scan that was just re-aligned and export to ASCII
point cloud. Rename the file and keep track of all files!
13. Repeat with all scans.

Manipulate Data into a Useable Format
1. Catenate all re-aligned scans into one master file.
2. Run the VBScript (written by Lionel White, UT-Dallas, July 2009) to segment the
master file into 20 strips of 3 million points each.
3. Run each strip through “SingleLineXYZtoMulti.exe” (written by Jarvis Cline, UTDallas) to change the data to single-precision format.
4. Run each strip through “TXTtoMPZ.exe” to create an Arc shapefile out of the point
cloud strip. This can then be imported into ArcScene for use with the GeoAnalysis
Tools, written by the CyberMapping Lab at UT-Dallas (ongoing).

To Analyze the Data
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1. Open ArcScene and load a shapefile of the data. Click on the Geo3DPointMarker button
and select the layer you just imported. Click “Build Layer” to begin selecting points
(points are stored in the Feature Graphics Layer).
2. To delete points, click “Edit”, then “Delete all graphics” to clear the Feature Graphics
Layer.
3. To take the trend and plunge of a feature:
a. Click two points along the feature you want to measure.
b. Click the “GeoAnalysis” button and then click the “Trend and Plunge” tab.
c. Click “Create TP File” to create a new shapefile in which to automatically store
the calculated values; select this layer in the “Select trend and plunge layer” field.
d. Select the Feature Graphics Layer in the “Graphic Layer” field, and click the
button to “Calculate the trend and plunge based on two points.”
e. The window displays the calculation and also shows it on the actual shapefile,
and saves the results in the attribute table of the newly-created shapefile.
4. To take the strike and dip of a feature:
a. Click at least three points on the feature you want to measure; make sure they are
not in a line.
b. Click the “Strike and Dip” tab in the “GeoAnalysis” window and then click
“Create sd file” to create a new strike and dip shapefile.
c. Select your new sd shapefile in the “Select strike and dip layer” field, and the
Feature Graphics Layer in the “Graphics Layer” field. Select the button to
“Calculate strike and dip based on multiple points (Fit plane to points
eigenvector)” and click “Calculate.”
d. The window displays the calculation and also shows it on the actual shapefile,
and saves the results in the attribute table of the newly-created shapefile.
5. To extract a profile from the data:
a. Calculate the trend and plunge perpendicular to the profile you would like to
create before selecting the points for the profile extraction; enter this in the trend
and plunge value fields when you are creating the profile.
b. Click the “Project Linear Features” tab in the “GeoAnalysis” window.
c. Create 4 new shapefiles: 2D Profile, 3D Profile, Projection Plane (shows the
plane the points were projected onto), and Extrusion Surface (a surface of the
profile).
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d. Select these layers in the corresponding fields at the bottom of the window, and
select the “Feature Graphic Layer” in the “Graphic Layer” field.
e. Enter the “trend” and “plunge” values and check the box to “Get Points.”
f.

Click create; the shapefiles show up in ArcScene and the 2D profile shapefile can
be opened in ArcMap for viewing and measuring.

6. To visualize and measure the 2D profile in ArcMap:
a. Add the profile data to ArcMap.
b. Right-click on “Layers”
c. Under the “General” tab, select “meters” for both “Units” and “Display” fields.
d. Click Apply.
7. To calculate point-to-point distances
a. Click the “Distance Tool” and refresh the shapefile layer. Click two points to
calculate the distance, three calculations are made and shown:
i. Distance between 1st and Last Points (the straight-line distance between
the first and last points clicked)
ii. Distance between Last and 2nd to Last Points
iii. Distance along point line (the distance along the path of points clicked)
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Appendix B: LiDAR Scan Log
This appendix contains a sample LiDAR scan log I developed to use in the field.
UNAVCO ILRIS-3D Laser Scanner Data Log

Date: 7.24.08

Project Name: Theistareykir Fissure Swarm (TFS) –Husavik-Flatey Fault (HFF) Intersection
Scan, NVZ, Iceland
Location: TFS-HFF Intersection, Site 9407, Scan 1
GPS Coordinates and elevation: N 65.94482°, W 16.99436, 267 m
Operators: Caroline O’Hara, Peter LaFemina, Kevin Furlong, Jesse Robertson
Start time: 13:12

End Time:

Weather Conditions at time of scan: sunny, windy, some clouds in the sky
Name of station (if from weather station):
Temperature (°C):
Atmospheric Pressure:

Time of observation:
Relative Humidity:

Data storage location and folder title:
On computer: Desktop > Iceland_Jul_2008 > jul23_08 > intersection_ts4_3
On USB: Scanning resolution: Spot Density (x- and y-spacing): x: 10; 10.0 mm ; 0.011°
Resolution: 1.0 cm
Distance to target: 50 m
For the Scanner:
Level? yes
Tilted? no

Tilt angle: 0.0°

Camera Settings > Type of day specified: Sunny Day
Pulse return:
Type of Scan:

First return

Second Return

StepStare

Number of tasks: 8
Number of Data Points: 5144853
File Size:
Number of ROIs and size estimate: 1
93

Photo Boxes: 1
Site Description (identifying landmarks, access, sketch, angle to target – directly in front of, or
off to one side? Has location been surveyed? Using reflectors - what kind, how many, etc?):
Survey Notes (Other equipment used, unusual or noteworthy factors such as unplanned
interruptions in scan):
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Appendix C: LiDAR Analysis Tables

The following tables list all the measurements that were taken from the LiDAR using ArcGIS.
Segment: which segment the LiDAR came from (see Figure 3-4 for reference)
Description of Fault, Measurement: Description of which fault/feature is being measured
Strike: Strike of the feature
Dip: Dip of the surface
Scarp Height: Total displacement on a fault
Horizontal Displacement: Heave on a fault
Vertical Displacement: Throw on a fault
Total Opening Offset: Total amount of tensile opening on mode-1 fractures
Opening Direction: Azimuth of opening on mode-1 fractures
Distance/Length: Length of features (m)
Comments: Comments on the measurements
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Appendix D: Field Measurements

These measurements were collected in the field using a Brunton compass, tape measure, and
handheld GPS.
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112

113

114
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Husavik-Flatey
Intersection
Guthfinnagja
Garmin etrex: WAAS
version 3.30
Garmin Geko 101 - Datum:
WGS 84
Handheld Northing Westing Elevation Strike Dip
Dip
Dip
Dip
Date
GPS
(deg)
(deg)
(m)
(deg) (deg) (deg) (deg) (deg) Notes
Site
Number
25taken with
JulGarmin
08
064
65.04453 16.99374
273
196 81.5
geko 101
065
65.94425 16.99357
270
194
45
strike
meaurement
of 10 deg
West of
South w/
dec.
066
65.94406 16.99362
269
176
45
correction
067
65.94382 16.99348
267
205
68
068
65.94371 16.99346
280
194
34
069
65.94340 16.99330
279
206
27
switched to
Garmin
011
65.94321 16.99323
280
207
19
etrex
012
65.94296 16.99830
282
200
22
013
65.94266 16.99346
281
196
16
014
65.94238 16.99354
281
187
6
015
65.94207 16.99338
283
206
6
016
65.94169 16.99348
274
224
28
no strike,
measuring
shallowing
of dip away
017
65.94174 16.99401
274
5
from fissure
018
65.94143 16.99362
278
200
15
26Jul08
019
65.94107 16.99346
274
208
10
down
gradient
020
65.94113 16.99409
276
187
8
from 019
117

021
022
023
024

27Jul08

28Jul08

65.94078
65.94047
65.94021
65.94009

16.99411
16.99394
16.99400
16.99387

276
274
275
268

168
165
170
150

13
9
18
27

025
026
027
028
029
030
032
033
034

65.93968
65.93943
65.93882
65.93853
65.93827
65.93795
65.93790
65.93764
65.93782

16.99449
16.99481
16.99538
16.99529
16.99543
16.99568
16.99584
16.99611
16.99633

270
274
270
274
282
277
270
267
270

197
195
207
211
190
171
203
188
195

12
14
5
33
28
31
1
19
22

080
081
082
083
084
085
086

65.94479
65.94510
65.94541
65.94572
65.94602
65.94633
65.94669

16.99342
16.99315
16.99332
16.99334
16.99369
16.99414
16.99508

271
265
274
274
270
287
279

208
174
176
153
146
128
318

40
23
30
32
35
48.5
43

036

65.94700 16.99799

contact with
Aa

45
22
31
33
52
56.5
31

44
25
37
30
30
35
34

50
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