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FOREWORD
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Freysteinn Sigmundsson at the Nordic Volcanological Institute. | thank my supervisors for
their excellent support and guidance during the work. The thesis was written in early 2002 but
is published in March 2003. A few changes were made to the original paper to account for dif-
ferent circumstances, but all data processing and scientific results are left as they were written
originally.
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Jonsdattir (IMO), Sighvatur K. Palsson (IMO), Haukur Brynjolfsson (SIUI), Olafur Eggerts-
son at borvaldseyri, Hjérleifur Sveinbjornsson (IMO), Steinunn S. Jakobsdottir (IMO) and the
rest of the staff at IMO, NORDVULK and SIUI. For providing good advice regarding techni-
cal aspects and data processing | thank Mike Jackson, Victoria Andretta, Jim Greenberg, Karl
Feaux and Lou Estey at UNAVCO, Christof Vdlksen, Markus Rennen and Porarinn Porarinsson
at the National Land Survey of Iceland, Uwe Hessels at BKG, Pierre Friedez, Stefan Schaher
and Markus Rotacher at AIUB. Without doubt many more have contributed to the ISGPS net-
work. | thank those who directly provided data used in this thesis: béra Arnadéttir and Kristjan
Agustsson (IMO). Fruitful discussion was provided by a number of people. Among those are
Ragnar Stefansson, Gunnar B. Gudmundsson (IMO), Kristjan Agustsson and Knutur Arnason
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gets my sympathy and wish for improved skills. | thank IMO for employing me and providing
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funding for the monitoring of Myrdalsjékull. | thank the Icelandic Government, Reykjavik
Energy, Icelandic Research Council, South Iceland Institute of Natural History, State Disaster
Relief Fund, French Polar Institute, IMO and the National Power Company for financial support
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SUMMARY

The Icelandic Meteorological Office operates a network of continuous GPS stations called
ISGPS. The network was initiated as a collaborative project in 1999, to monitor crustal move-
ments in active tectonic and volcanic areas in Iceland. There are presently 18 continuous GPS
stations in Iceland, of which 14 belong to the ISGPS network, three are IGS stations and one is
operated by the National Land Survey of Iceland. The design of the ISGPS network is aimed
towards simplicity, robustness and cost-efficiency. The number of electric components in the
field is minimized and we use a stainless steel quadripod monument design to achieve high
monument stability. Data from the ISGPS stations are automatically downloaded and processed
on a daily basis. We use the Bernese V4.2 software to process the data. The data are initially
processed using predicted satellite orbits, and then reprocessed with CODE final orbits.

In this study data from the continuous GPS stations during March 1999 through December
2001 are used. The time series from most ISGPS stations are dominated by motion caused by
plate spreading across Iceland, in general agreement with the NUVEL-1A plate motion model.
Discrepancies are observed at stations which are within the plate boundary deformation zone
or close to volcanic deformation sources. Transient signals caused by an eruption in Hekla in
February 2000, are observed. The nearest station, located 50 km from Hekla, recorded 7 mm
horizontal motion towards Hekla during the eruption. Time series from stations located near
Katla volcano indicate there is a slow pressure increase beneath the volcano. Two magnitude
My,=6.5 and M, =6.4 earthquakes spaced 17 km apart occurred on June 17 and June 21, 2000,
in the South Iceland seismic zone. Although most of the ISGPS stations were not located close
to the epicenters at the time, a clear deformation signal was detected at all operational stations.
The coseismic displacements for the June 21 event fit well to a source model based on network
GPS measurements. The observed displacements for the June 17 event include deformation
from triggered events on Reykjanes peninsula.

The ISGPS network has proven to be a valuable tool to monitor crustal deformation and

timing of deformation events.



1 INTRODUCTION

Iceland is situated on the divergent mid-Atlantic ocean ridge and owes its existence to the Ice-
landic hotspot, centered beneath Vatnajokull ice cap (Figure 1). The mid-Atlantic plate bound-
ary comes onshore on the Reykjanes peninsula in South Iceland and continues east along the
peninsula towards the Hengill triple junction area. At Hengill the plate boundary goes NNE
along the Western volcanic zone and towards east along the South Iceland seismic zone (SISZ),
which is a transform zone. The SISZ merges with a propagating rift zone, the Eastern volcanic
zone, which continues north through the country to the Kolbeinsey ridge via the Tj6érnes frac-
ture zone. The rifting of 1.96 cm/yr across Iceland (DeMets et al. 1994) is accommodated by
the eastern and western volcanic zones. Presently the rifting is mostly (85%) taken up by the
Eastern volcanic zone and the spreading of the Western volcanic zone seems less active as has
been shown with episodic GPS network measurements (Sigmundsson et al. 1995).

The interaction between the divergent plate boundary and the mantle plume results in various
phenomena. Eruptions are frequent and seismic events can exceed magnitude 7 in the transform
zones in the south and the north. A number of episodic GPS measurements have been made
in Iceland to study deformation associated with volcanism and earthquakes, the first campaign
being performed in 1986 (Foulger et al. 1986). Until now the emphasis has been on episodic net-
work measurements allowing good spatial coverage but poor resolution of temporal variations
in deformation fields. Temporal variations in crustal deformation rates have been observed in
numerous geodetic studies in Iceland (e.g. Tryggvason (1986, 2000), Hreinsdottir (1999), Jons-
son et al. (1997), Sigmundsson et al. (1995) and Sturkell et al. (2002a,b)). Continuous GPS
stations give good temporal resolution and are thus well suited to study the temporal variations
in deformation in Iceland. The stations also serve well for timing deformation events and offer
the opportunity to monitor the state of the crust in near real-time.

Presently there are a few thousand permanent GPS stations operating in the world. The
largest networks are in Japan and North America, with over 1200 stations each. Permanent
GPS stations are used for a great variety of applications, e.g. to observe plate movements (e.g.
Sella et al. (2002)), constrain earth orientation parameters, serve as base stations for mapping
purposes and navigation, monitor deformation related to earthquakes and volcanoes (e.g. Owen
et al. (2000), Newman et al. (2001) and Lowry et al. (2001)), observe deformation resulting

from deglaciation (e.g. Scherneck et al. (2001)), estimate oceanic and atmospheric loading
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Figure 1.Tectonic overview showing locations of continuous GPS stations in Iceland. Squares
note ISGPS sites operated by IMO (Icelandic Meteorological Office), inverse triangle
notes a station operated by LMI (National Land Survey of Iceland) and regular tri-
angles note IGS (International GPS Service) stations. Four character station names
are shown for most stations. Dark grey areas outline active fissure swarms at the di-
vergent plate boundary (Einarsson and Seemundsson 1987) and light grey areas are
glaciers. Abbrevations represent areas mentioned in the text (RR-Reykjanes Ridge,
RP-Reykjanes Peninsula, WVZ-Western Volcanic Zone, SISZ-South Iceland Seismic
Zone, My-Myrdalsjokull, EVZ-Eastern Volcanic Zone, NVZ-Northern Volcanic Zone,
TFZ-Tjobrnes Fracture Zone, KR-Kolbeinsey Ridge). The black rectangle outlines the

area shown in Figure 2.

parameters (e.g. Kirchner (2001)) and to estimate water vapour in the atmosphere for mete-
orological forcasting purposes (e.g. Tregoning et al. (1998)). The first continuously recording
GPS station in Iceland was installed in Reykjavik (REYK) in 1996 and as presently there are
18 continuously recording GPS stations in Iceland, of which 14 belong to the ISGPS network
(Figure 1). The purpose of the ISGPS network is to monitor crustal deformation processes in

near real-time and contribute to better understanding of processes causing crustal deformation.
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This thesis concentrates on results from the permanently recording GPS stations in Iceland
to study the plate movements and temporal variations of deformation fields associated with
significant tectonic events such as the SISZ June 2000 earthquakes and volcanic events at Hekla

and Katla.
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Figure 2.Southwest corner of Iceland, area noted by a black rectangle in Figure 1. Main roads
are shown with thick dark grey lines. Thin black circles show the three central volca-
noes, Hengill (He), Hrémundartindur (Hr) and Grensdalur (Gr) (after Arnason et al.
(1986)). Thin N-S trending lines note mapped faults (after Einarsson and Seemundsson
(1987)).
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2 INSTRUMENTS AND DATA TRANSFER

In this section the history of continuous GPS measurements in Iceland and technical as-
pects of the operating stations are discussed. Figures 1 and 2 show where the stations are
located. Tables 1, 2 and 3 summarize the main characteristics of the stations. Further tech-
nical information and photos from many of the stations are available at the ISGPS website:
http://hraun.vedur.is/ja/gps.html.

The instruments used at permanent GPS sites are quite different from the handheld instru-
ments used for navigation by many people today. The instruments are of the same type as those
used in geodetic network GPS measurements and utilize both carrier wavasdlL,) from
the GPS satellites along with the codes modulated on to the carrier waves. Using these in-
struments along with long (4—24 hours) observation periods and advanced processing methods,
relative position of geodetic stations can be achieved with subcentimeter accuracy. The GPS
system and how subcentimeter positioning accuracy can be achieved is not described in this
paper. Interested readers are referred to e.g. Leick (1990), Dixon (1991), Sigmundsson (1992),
Hugentobler et al. (2001), Hreinsdottir (1999) and Jonsson (1996).

Continuous GPS measurements in Iceland started when a station was installed by Bundesamt
fur Kartographie und Geodasie (BKG) in Reykjavik (REYK) in November 1995. The station is
operated in cooperation with the National Land Survey of Iceland (Landmaelingar islands, LMI).
REYK is still in operation and is a part of the International GPS Service (IGS) tracking network
and used by many international data processing centers in their calculations, e.g. to determine
the orbits of the GPS satellites. REYK is used as the reference station in processing of data
from the ISGPS network. REYK is on the top of a three story concrete building, constructed in
the 1970’s, at the University of Iceland. The choke ring antenna is mounted on a tribrach on the
rim of the elevator shaft which runs through the building and the receiver is inside the building.
There is no radome mounted on the antenna. Data are collected continually to a Windows based
PC computer and are transferred via an internet connection to BKG’s data center on an hourly
basis.

In May 1997 the second station, HOFN, was installed at H6fn, Hornafjordur, by BKG and
LMI. HOFN is on the top of a one story concrete building, otherwise the setup and data aqui-
sition are similar to the one at REYK. The station was equipped with a Trimble groundplane

antenna with a radome until September 21, 2001, when a Trimble choke ring antenna without
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Height | Antenna
Station | Full name Lat. Lon. [m] height [m] | Operator Start date
AKUR | Akureyri 65.69| -18.12| 134 | 0.055 LMI 31 Jul 2001
HLID Hlidardalsskoli | 63.92 | -21.39| 111 | 0.914 IMO 21 May 1999
HOFN | Hofn 64.27| -15.20| 83 0.051° BKG/LMI 27 May 1997
HVER | Hveragerdi 64.02 | -21.18| 150 | 0.984 IMO 25 Mar 1999
HVOL | Laguhvolar 63.53 | -18.85| 265 |1.044 IMO 19 Oct 1999
ISAK* | isakot 64.12| -19.75| 319 | 1.005 IMO 10 Jan 2002
KIDJ Kidjaberg 64.00 | -20.77 | 123 | 1.005 IMO 25 Jan 2001
OLKE | Olkelduhals 64.06 | -21.22 | 551 | 0.974 IMO 25 May 1999
REYK | Reykjavik 64.14 | -21.96 93 0.068 BKG/LMI 02 Nov 1995
REYZ* | Reykjavik 64.14 | -21.96 93 0.060 BKG/LMI 11 Sep 1998
RHOF | Raufarhéfn 66.46 | -15.95 77 1.014 IMO/LGCA 20 Jul 2001
SELF* | Selfoss 63.93| -21.03| 82 1.011 IMO 06 Feb 2002
SKRO | Skrokkalda 64.56| -18.38| 982 | 1.076 IMO/LGCA | 21 Sep 2000
SOHO | Sélheimaheioi | 63.55| -19.25| 857 | 1.012 IMO 24 Sep 1999
THEY | porvaldseyri 63.56 | -19.64 | 195 | 1.028? IMO 15 May 2000
VMEY | Vestmannaeyjar 63.43 | -20.29 | 135 | 1.069 IMO 27 Jul 2000
VOGS | Vogsoésar 63.85| -21.70| 73 0.972 IMO 18 Mar 1999
*: Station not used in this study: Was 0.909 m until Mar. 15, 2000: Was 0.055 m until Sep. 21, 2001.
¢: Was 1.011 m until Nov. 09, 1999: Was 1.027 m before Jan. 26, 2001.

Table 1.Permanently recording GPS stations in Iceland in operation as of May 2002. The first
column describes the short names of the sites and the second column the full names.
Position of the stations (columns 3 and 4) are ellipsoidal coordinates in decimal de-
grees (latitude and longitude). Station height (column 5) is the ellipsoidal height of the
geodetic benchmark in meters. Antenna height (column 6) is the vertical height, as of
March 1, 2002, from the benchmark to the lowest point of the antenna - sometimes re-
ferred to as the bottom of antenna. The operator (column 7) is the institute responsible
for the daily operation of the stations. Start date (column 8) refers to the date when the
station started collecting data on a regular basis.

a radome was installed (Table 2). This caused a significant offset in the time series (Section
4.1). BKG installed the third station, REYZ, a few meters from REYK in September 1998.
REYZ tracks not only signals from NAVSTAR GPS satellites, but also from GLONASS satel-
lites. GLONASS is the Russian counterpart of the American NAVSTAR GPS system. Presently
there are 7 GLONASS satellites in operation. REYZ is equipped with Ashtech instruments and
the antenna has a conically shaped radome from Ashtech.

Intensive seismicity in the Hengill area, associated with uplift at a rate of 2 cm/yr, started
in 1994 (Rognvaldsson et al. 1998a; Sigmundsson et al. 1997; Feigl et al. 2000). In 1998 the
activity caused public concern and the initiation of the ISGPS network. The ISGPS network is
a cooperation project between the Icelandic Meteorological Office (IMO), Nordic Volcanolog-
ical Institute (NORDVULK), Science Institute, University of Iceland (SIUI), and University
of Savoie (LGCA), France. Funding to purchase four GPS instruments to use for continuous
measurements was obtained from the Icelandic Government and the Reykjavik Energy corpora-
12



Receiver Antenna Valid period

Station | Type Serial no. | Type Serial no. From To

AKUR | TRIMBLE 4700 221607 TRM29659.00 145519 31JUL2001 -

HLID TRIMBLE 4700 147819 TRM29659.00 148018 21MAY1999 | 15MAR2000
TRIMBLE 4000SS| | 28516 TRM29659.00 193254 21JUN2000 | 26JUL2000
TRIMBLE 4000SSf | 26093 TRM29659.00 193254 17AUG2000 | 09NOV2001
TRIMBLE 4000SSf | 26093 TRM33429.20+GP| 168784 09NOV2001 | 21DEC2001
TRIMBLE 4000SSf | 26093 TRM29659.00 193254 21DEC2001 -

HOFN | TRIMBLE 4000SSI | 09374 TRM22020.00+GP| 008914 27MAY1997 | 21SEP2001
TRIMBLE 4000SSI | 09374 TRM29659.00 181800 21SEP2001 -

HVER | TRIMBLE 4700 147815 TRM29659.00 148022 25MAR1999 -

HVOL | TRIMBLE 4000SSI | 26094 TRM29659.00 170423 190CT1999 | 24JAN2002
TRIMBLE 4700 219340 TRM29659.00 170423 24JAN2002 -

ISAK | TRIMBLE 5700 268846 TRM29659.00 262509 10JAN2002 -

KIDJ TRIMBLE 4700 221613 TRM29659.00 177334 25JAN2001 -

OLKE | TRIMBLE 4700 147817 TRM29659.00 148016 25MAY1999 | 02NOV2000
TRIMBLE 4700 194401 TRM29659.00 148016 02NOV2000 | 24NOV2000
TRIMBLE 4700 147817 TRM29659.00 148016 24NOV2000 -

REYK | ROGUE SNR-8000 | T313 AOAD/M_T 434 02NOV1995 | 11JUL2000
AOA SNR-8000 ACT| T-396U AOAD/M_T 434 11JUL2000 -

REYZ | ASHTECH 718 ZX00111 | ASH701073 CRG0102 11SEP1998 -

RHOF | MARTEC MIRA-Z 6332024 | ASH701945C_M | 1999040150| 20JUL2001 | 29MAR2002
ASHTECH UZ-12 220013831| ASH701945C_M | 1999040150| 29MAR2002 -

SELF | TRIMBLE 5700 268934 TRM29659.00 263955 06FEB2002 -

SKRO | ASHTECH z-XII3 LP03577 | ASH701945C_M | Unknown 21SEP2000 | 09NOV2000
ASHTECH z-XII3 LP03810 | ASH701945C_M | CR53903 09NOV2000 -

SOHO | TRIMBLE 4000SSI | 25992 TRM29659.00 170425 24SEP1999 | 09JAN2002
TRIMBLE 4000SSI | 26094 TRM29659.00 170425 24JAN2002 -

THEY | TRIMBLE 4700 147819 TRM29659.00 170418 15MAY2000 -

VMEY | TRIMBLE 4000SS| | 28516 TRM29659.00 148018 27JUL2000 -

VOGS | TRIMBLE 4700 147812 TRM29659.00 148019 18MAR1999 -

@: Receiver operated in semi-permanent mode.
b: The usage of TRM29659.00 with TRIMBLE 5700 requires an antenna power adapter.

Table 2.Receiver and antenna types that have been used at the continuous GPS stations in
Iceland. Name codes are according to IGS naming conventions (IGS 2002) where
available.

tion. The main goal when designing the technical aspects of the ISGPS system was to maximize
monument stability and operational security and minimize the installation and operational costs.
It was originally planned to colocate the ISGPS stations with stations in the SIL seismic network
(Stefansson et al. 1993; Bodvarsson et al. 1996) to lower the operational costs. However, it was

considered more important to be close to active deformation areas and to have solid bedrock for

the ISGPS monument.

Figure 3 shows a photo of a typical setup for the ISGPS stations. The actual physical point be-
ing measured at the stations is a classic geodetic copper benchmark cemented into solid bedrock
or a concrete platform. The antenna is screwed on top on of an approximately 1 m high stainless

steel quadripod, which is mounted directly over the benchmark (Figure 3). The quadripod struc-

13




Power Data
Station | Sourcé | \oltage | transfef Tribrach
AKUR M 18 LC+ftp Y
HLID M 18 MM N
HOFN M u LC+ftp Y
HVER M 18 MM N
HVOL L 12 CMM Y
ISAK M 18 MM N
KIDJ M 18 MM N
OLKE L 12 CMM N
REYK M u LC+ftp Y
REYZ M u LC+ftp Y
RHOF M u MM N
SELF M 24 MM N
SKRO L u LC+X.25 N
SOHO L 12 CMM Y
THEY M 24 MM Y
VMEY M 18 MM Y
VOGS M 18 LC+X.25 N
@: M stands for municipal electricity and L stands for locally produced electricity.
b: Input DC voltage to receiver, in volts. "u" means unknown.
¢: LC: Data collected to a local computer; ftp: Data transferred via ftp; MM: Data
transferred via a modem-modem connection; CMM: Data transferred via a cellular modem-modem
connection; X.25: Data transferred via a X.25 link.

Table 3.A summary of the power sources and data transfer for the continuous GPS stations in
Iceland.

ture is made by a local machine shop and is very stable on short and long timescales due to the
endurance and thermal expansion properties of stainless steel. The thermal expansion factor for
stainless steel is nominally a factor of 10 smaller than for concrete. The quadripod is fastened to
the bedrock using two continuously threaded rods, 12 mm in diameter, for each leg (Figure 3).
The rods are cemented in 11 to 22 cm deep holes, depending on bedrock type, using chemical
anchor capsules (Spit Maxima M12). This method is for example used to secure large engine
complexes. The top plate of the quadripod is levelled by adjusting the position of the legs on
the threaded rods. The quadripod structure is only 1 m high thus inducing more multipathing
into the measurements than a higher structure would do (Hugentobler et al. 2001). To minimize
the effect of multipathing, choke ring antennas are deployed at all the ISGPS stations. To pre-
vent snow and ice accumulation on the antennas they all have hemispherical plastic radomes
from SCIGN (Southern California Integrated GPS Network) (SCIGN 2001). Although this pre-
caution is taken, snow and especially rime have been observed to accumulate on the radome
in certain weather conditions. The stations are attended to at least once per year to check if

everything is working properly and to remeasure the antenna height.
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Figure 3.Author finishing the installation at VMEY. If the photo prints out well the brass geode-
tic benchmark is visible under the center of the quadripod. The antenna is covered
with a SCIGN radome (grey plastic) and is mounted on a Leica tribrach. The receiver
is mounted in a plastic box screwed to the side of the quadripod. The black cable vis-
ible on the ground is the power and data cable coming from a nearby house. The pins
seen at the legs of the quadripod are drilled 11 to 22 cm into the bedrock. Concrete
visible at the base of the legs is merely for cosmetics. The legs have uneven height
from the ground because the top plate of the quadripod is levelled. (Photo: Jésef

Holmjarn).
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Figure 4.Schematic overview of the installation and data flow at VMEY (see also Figure 3).
The left part of the diagram notes instruments in the field. The left lower part notes
instruments at the quadripod and the upper left part notes instruments in a nearby

house.

The data at all ISGPS sites are collected to the internal memory of the receivers in 24 hour
long files, starting at midnight GMT. The receivers are set to log signals from the GPS satel-
lites at 15 second intervals. The data files are downloaded automatically on a daily basis via
a modem—modem connection during night hours (Figure 4). The communication rate is fixed
at 9600 baud for all stations. The data files are 0.7 Mb to 1.6 Mb in size, depending on the
internal receiver data format and elevation mask. Data from the Trimble receivers (Table 2) are
downloaded using UNAVCO's (University NAVSTAR Consortium) download software, LAP-
DOGS (UNAVCO 2001b). Data from the Ashtech receivers (Table 2) are downloaded using
Ashtech’s remote33 software (Ashtech 2001). Both remote33 and LAPDOGS are based on Perl
scripts which call communication routines that are specific for each receiver type. Data from
REYK, HOFN and AKUR are acquired automatically on a daily basis via the ftp site of the
National Land Survey of Iceland (LMI), ftp.Imi.is. The only electric equipment in the field are

the receiver, antenna, modem and backup power (Figure 4). By avoiding to have a PC computer
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operating at each site the operational security is maximized and the number of objects that can
break down in the field is minimized.

The first ISGPS station was installed at Vogsosar (VOGS) on March 18, 1999 (Table 1).
VOGS is in a Holocene pahoehoe lava field. The station is colocated with a SIL station (vos)
(Bbdvarsson et al. 1996; Stefansson et al. 1993). The station is 12 m from the seismometer
vault. The receiver is in the vault and uses power from the same source as the seismological
instruments. The power consumption for the Trimble 4700 is approximately 5 W. Data and
power are transmitted over an approximately 1200 m long ground cable. This cable length is too
long for the RS-232 communication standard to work, so RS-232/422 converters are deployed
at both ends of the cable. The power for the instruments is transmitted at 70 V DC over the cable
and is converted to 15 V in the vault. This is a standard in the SIL system. However, the receiver
at VOGS (a Trimble 4700) does not turn itself on after a power failure unless the input power is
over 18 V. Thus a DC/DC converter is used to run the receiver on 24 V. The daily data files are
downloaded to a Linux computer, that also operates the seismic instruments, using LAPDOGS.
The data are subsequently sent to the data center in Reykjavik via a X.25 link (Bédvarsson et al.
1996). The LAPDOGS software did not support communications with Trimble 4700 receivers
until in late 2000. Until then the data were continually logged to a Windows computer using the
Universal Reference Station (URS) software from Trimble. In the beginning of measurements
the data were transferred to a laptop computer every one or two weeks. This work was tedious
and time consuming. Later the Windows computer was connected to the seismic computer (then
operating on the Solaris system) and data transferred automatically to Reykjavik via the X.25
link. This method for data acquisition was unfortunate since the Windows computer tended to
break down frequently and it was impossible to access the Windows computer from Reykjavik.
Present setup is performing quite well except the X.25 link tends to break down. The X.25
communication software is not as robust in the Linux environment as in the Solaris or Interactive
Unix environments (S. S. Jakobsddéttir, personal communication 2002).

The second station in the ISGPS network was installed just outside Hveragerdi (HVER) in
March 1999 (Table 1). The station is sited just over 2 km southeast of the inferred center of
uplift in the Hengill area (Feigl et al. 2000). Hveragerdi is within the Grensdalur geothermal
area. HVER is sited at the Hveragerdi Golf Club hut and is equipped with a Trimble 4700
receiver. There were problems finding solid bedrock in the area since the bedrock is highly

altered and fractured. A platform of reinforced concrete was built on the existing bedrock, of
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intermediate silica composition, after a backhoe had been used to scrape off soil and loose rocks.
The platform is approximately 1.5x1.5 m wide and 0.5 m thick. 12 mm iron rods were driven
15-20 cm into the bedrock under the platform and the geodetic benchmark is fastened to one
of the rods. An iron grid was constructed upon the rods driven to the bedrock. (H. Olafsson,
personal communication 2002). The quadripod is secured to the platform. The receiver is inside
an old nearby barn (a 30 m Rg214 antenna cable is used) in a plastic box, similar to the one
shown in Figure 3, fastened to a wall. A power converter from Trimble supplies 18 V DC
to the instrument. The receiver is connected to an external modem and data are downloaded
using the LAPDOGS software. Before LAPDOGS supported communications with Trimble
4700 receivers, the data were continually logged to a Windows computer operating URS, as for
VOGS. The data were then downloaded from the computer using a communication program
called PolyPM (U. Hessels, personal communication 1999). The computer tended to break
down every now and then and caused many gaps in the data collection. Present setup, with a
modem connected directly to the receiver, performs well.

HLID (Hlidardalsskoli) was installed in May 1999 (Table 1). The quadripod is fastened into
a Holocene lava field approximately 20 m from the Hlidardalsskali building which houses the
receiver. The site is not well chosen for the antenna sometimes gets covered with windblown
snow that piles up on the leeside of the house. This is observed as spurious motion in the coor-
dinate time series (Arnadéttir et al. 2000) when the snow completely covers the antenna. The
winter of 1999 to 2000 was accompanied by unusually much snowfall and the receiver was
removed in March 2000. The antenna could not be found and was probably at 1 to 3 m depth.
At that time the receiver had stopped seeing any signals from the satellites. The station will be
moved to a better location in the future. HLID is presently operated in a semi-permanent mode,
meaning that the receiver is used for network GPS measurements during most of the summer
time. Initially, HLID was equipped with a Trimble 4700 receiver and the data transfer was sim-
ilar to what is described for HVER before LAPDOGS supported communications with Trimble
4700 instruments. Data are now donloaded using LAPDOGS. The receiver was removed to be
installed at THEY in March 2000. After the June 2000 SISZ earthquakes a Trimble 4000 SSI
receiver, initially intended for network GPS measurements by NORDVULK, was installed. The
antenna originally used was still at the site. In October 2001 the antenna was removed and sent
abroad for calibration. A layer of corrosion was observed between the aluminium antenna and

the stainless steel quadripod. Probably this does not affect the antenna height by more than
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1 mm and can easily be prevented by having a thin plastic sheet between the antenna and the
quadripod.

Olkelduhals (OLKE) was the fourth ISGPS station to be installed, in May 1999 (Table 1).
The station is within a high temperature geothermal area, at the SW part of the Hromundartindur
system (Figure 2), 4 km north of the uplift center inferred by Feigl et al. (2000). The quadripod
is in a lava outcrop from Tjarnahnukur crater, which erupted in early Holocene (Seemundsson
1967). The receiver is in a plastic box on the side of the quadripod, similar as in Figure 3. The
site is a few kilometers from inhabited areas so electricity is produced at the site using a wind
generator and a solar panel. The electricity buffer consists of four 115 Ah batteries, sufficient
to support operation for over two weeks if electricity production fails. The wind generator type
initially used was faulty at high windspeeds and many maintenance trips were required. In
September 2000 a new type was installed and no maintenance due to power problems has been
required since then. During the summer of 1999 the data were downloaded to a laptop PC every
5 days or so, since the Trimble 4700 receivers can only store about 5 days worth of data. In
the autumn of 1999 a spread-spectrum radio link was established to a building on Hahryggur
(approximately 7 km north of OLKE) near Nesjavellir Power Plant. The building housed a
Windows computer continually logging data from OLKE with the URS software. The daily
data files were downloaded automatically during night hours using the PolyPM program. In
September 2000 a cellular modem with a directional antenna was installed at OLKE and the data
files collected directly from the receiver internal memory using LAPDOGS. The communication
rate for cellular modems is presently fixed at 9600 baud. A program calls OLKE once per day
to log the input voltage to the receiver and adds it to a plot on the internet. This enables us to
monitor the power status of stations equipped with local electricity generators.

Seismic unrest at Myrdalsjokull and Eyjafjallajokull accompanied with a small jokulhlaup
in Jokulsa a Solheimasandi in July 1999 (Sigurdsson et al. 2000) led to funding from the Ice-
landic Research Council for purchase of three Trimble 4000 SSI instruments for continuous
GPS measurements in the area. Initially the stations were planned to monitor Katla volcano.
GPS network measurements indicated that an intrusion event had occurred beneath the southern
flanks of Eyjafjallajokull (Sturkell et al. 2002b), so one station (THEY) was installed close to
the inferred intrusion center. The stations were originally intended to be operated in a semi-
continuous mode, with the receivers being used for GPS network measurements by NVI and
SIUI during summer time. However, activity at Katla and Eyjafjallajokull required the instru-
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ments for near real-time monitoring and the instruments have been fixed at the sites since they
were installed. As will be discussed later, a grant from the the Icelandic Research Council was
provided in 2001 to change the receivers to make the instruments available for GPS network
measurements.

The station at S6lheimaheidi (SOHO) was installed in September 1999 (Table 1). It is only
5 km SSW of the subglacial Katla caldera rim and is thus well suited to monitor magma move-
ments beneath Katla. The station is sited in a glacially eroded lava outcrop. The bedrock was
hammered and polished to level the quadripod to witlins® the top plate of the quadripod is
not precisely levelled. The quadripod legs stand directly on the bedrock as opposed to at most
stations where the legs actually stand on the threaded rods. To level the antenna a Leica tribrach
is used, same type as can be seen in Figure 3. The hole in the top plate of the quadripod for the
bolt to secure the antenna is 1 to 2 mm wider than the bolt. Thus the antenna cannot be replaced
excactly at the same position if it is removed. The tribrach, along with an optical level, allows
the antenna to be precisely (to within 0.5 mm) centered over the benchmark. Tribrachs were
used in the installation of stations SOHO, HVOL, THEY and VMEY. The use of tribrachs in the
installation process was discontinued, but left at the stations already installed with a tribrach,
since the structure is more fragile and it is easy to accidentally tamper with the settings of the
tribrach. SOHO is remotely located and no municipal electricity is available within kilometers.
Thus electricity is produced at the site in the same manner as at OLKE, also sharing a simi-
lar history of problems. Data are collected in the same way as at OLKE. S6lheimaheidi is a
very windy place with high precipitation, icing conditions and rapid changes between freeze
and thaw causing a significant strain on the instruments. A new type of wind genearator was
installed in December 2000 that is still working. The receiver used at SOHO was a Trimble
4000 SSI until it was swapped for a Trimble 4700 receiver in the summer of 2002 and used for
network GPS measurements as originally planned. The same choke ring antenna is still used.
The Trimble 4700 instrument consumes only half of the power that the 4000 receiver uses.

HVOL (Laguhvolar) was installed in October 1999 (Table 1). It is 12 km SE of the Katla
caldera rim on a palagonite hill. The site is colocated with a SIL station (hvo). Initially this
station was intended to be colocated with another SIL station at Snaebyli (snb), approximately
20 km east of the glacier. A quadripod was installed at Snaebyli (SNAE) and the point has
been measured in several GPS network campaigns. The antenna at HVOL is mounted on a

tribrach and electricity is generated with a wind generator and a solar panel. Data are collected
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via a cellular modem, with a directional antenna, of the same type as at OLKE and SOHO.
There are large sand plains deposited from the glacier in the surroundings and in high winds the
instruments are battered with airborne sand. Plastic surfaces such as the antenna radome and
the receiver box show signs of extensive wear. The Trimble 4000 SSI receiver was changed for
a Trimble 4700 receiver in January 2002 (Table 2).

THEY (Porvaldseyri) was installed in May 2000 (Table 1). The station was initially intended
to be at Midmork, west of Eyjafjallajokull, where a SIL station (mid) is operating. Before
the installation of Midmork (MORK) was completed, results from GPS network measurements
showed significant deformation in the southern flanks of Eyjafjallajokull and it was decided to
install the station as close to the source of the signal as possible. THEY is located approximately
5 km WSW of the intrusion center inferred by Sturkell et al. (2002b). The quadripod is fastened
in a pre-Holocene lava layer from Eyjafjallajokull. The site is deep in a valley at the Koltungu-
virkjun local power plant. The nearby mountains mask the sky up tariall directions but
south. The receiver and antenna are approximately 100 m from the turbine housing and power
(at 24 V) and data (RS-232) are transmitted to and from the turbine housing via a cable. The
antenna is mounted on a tribrach. Initially it was planned to have a Trimble 4000 SSI receiver
at THEY, but since HLID was not working properly at the time of the installation of THEY,
the Trimble 4700 receiver from HLID was used at THEY (Table 2). There was no telephone
connection at Koltunguvirkjun before installation of the instruments and a telephone line was
established in August 2000. The data were initially logged continually to a Windows computer
running URS. The environment in Koltunguvirkjun was hostile for computers because it was
damp and the regulators of the turbines were old. The power plant has been greatly renewed. In
January 2001 the computer was removed (actually that was the third computer tried at the site)
and a modem connected directly to the receiver. Data have been downloaded using LAPDOGS
since then.

The State Disaster Relief Fund (Vidlagasjodur) supported installation of a SIL seismic station
and an ISGPS station to monitor seismicity and crustal movement at the Westman Islands.
Westman Islands are a central volcanic area at the tip of the propagating Eastern volcanic zone
(Figure 1). An eruption in 1973 occurred in Heimaey, the largest island, covering the town in
Heimaey with ash and devastating a significant part of the inhabited areas. Presently around
4500 people live in Heimaey. VMEY started recording data on July 27, 2000 (Table 1). The

installation is shown in Figures 3 and 4. The station is in a Holocene lava field in the middle
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west part of Heimaey. The antenna is mounted on a tribrach as at stations SOHO, HVOL and
THEY. A modem and a Trimble power supply are located in a nearby house (Figure 4) and data
are transferred on a daily basis using LAPDOGS. The station has been working very well and
almost no data have been lost since the station was installed.

A French group from the Laboratoire de Géodynamique des Chaines Alpines (LGCA), Uni-
versity of Savoie, led by Thierry Villemin, has been conducting GPS network measurements
in North Iceland since 1995. They have contributed to the buildup of the ISGPS network and
obtained funding from the French Polar Institute (IFRTP) to install a station at Skrokkalda
(SKRO), in the interior of the Iceland (Figure 1). The station was installed in September 2000
(Table 1). It is set on top of a small mountain. The quadripod was fastened in what looked like
solid bedrock, but spurious motion recorded at the station indicates that this is not the case. This
will be discussed more in Section 4.1 along with the time series from SKRO. The antenna is
secured directly to the top plate of the quadripod and has a hemispherical radome from SCIGN
(part number 0010-1). The antenna is connected to the receiver via a 70 m long Rg-214 antenna
cable and an amplifier. The receiver is in a hut, owned by the National Power Company, that
also houses various communication hardware. The instruments are powered by a diesel engine.
SKRO is colocated with a SIL seismic station (skr). The daily data file in the internal memory
of the receiver is downloaded during night hours to the SIL computer, running a program called
remote33 on a Linux platform. The file is subsequently transmitted to the data center in Reykja-
vik via a X.25 link. A telephone modem was connected to another serial port of the receiver in
the summer of 2002 to have an alternative communication link if the computer breaks down.

The June 2000 South Iceland seismic zone earthquake sequence (Section 4.6) called up on
densification of the ISGPS network in the SISZ. IMO funded instruments for installation of one
new station in 2001. The station was installed at Kidjaberg (KIDJ) in January 2001 (Table 1).
The quadripod is secured in breccia from the Hreppar formation using 22 cm deep holes for the
threaded rods. The receiver is in a plastic box on the side of the quadripod and power and data
are transmitted via a 50 m long cable. The station has been performing well since its installation
and only 4 days of data are missing since the start of measurements as of May 2002.

Funding from the Icelandic Research Council supported installation of two permanently
recording stations in the SISZ and installation of new receivers at SOHO and HVOL to make
the preexisting instruments there available for GPS campaign measurements. The stations are

located at Selfoss airport (SELF) and at Storolfshvoll (STOR), Hvolsvdllur. SELF started col-
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lecting data in February 2002 (Table 1). The station is in the bjorsarhraun lava field. The
communication link does not yet support automatic downloading of the data using LAPDOGS.
Data are logged to the internal memory card of the receiver, a Trimble 5700, which can store
around two months worth of data. The data are downloaded to a laptop every two months or
so. To use a choke ring antenna with the Trimble 5700 requires an antenna power adapter (part
number 43216-00). Installation of STOR has not yet been completed. A quadripod has been
installed in palagonite surroundings and the site has been included in GPS network campaigns.
A volumetric strain station (Stefansson et al. 1983) is located within 1 km from the monument.

The French Polar Institute funded installation of a station in Raufarh6fn (RHOF). The station
was installed in July 2001 by LGCA and IMO (Table 1). The quadripod stands on a glacier
polished lava outcrop at the northern edge of the town. The receiver is inside a nearby house. In
March 2002 the receiver (a Martec Mira-Z) was swapped for an Ashigeh? receiver (Table
2). The receivers are near identical, since the inside of the Martec receiver is mostly provided
by Ashtech. Data are downloaded on a daily basis via a modem connection using the remote33
software.

AKUR (Akureyri) was installed in July 2001 by LMI and the University of Akureyri (Ta-
ble 1). The antenna is on an approximately 10 m high concrete chimney at the University of
Akureyri. Data are continually logged to a Windows computer running the Trimble Reference
Station software. The data are collected into 1 hour long files (at 5 s recording intervals) that
are subsequently sent to LMI’s data center in Akranes via ftp. At LMI the data are converted
into 24 hour long files (at 15 s recording intervals). Both data sets are publicly available at
ftp://itp.Imi.is/IGPS/AKUR (24h 15sec) and ftp://ftp.Imi.iss=GPS/AKUR/1h5sec (1h 5sec for 90
days) (M. Rennen, personal communication 2002).

The National Power Company supported installation of a new permanent station at isakot
(ISAK). The station was installed in January 2002 (Table 1). ISAK is located near the intake
reservoir for Barfellsvirkjun power plant in bjorsardalur. ISAK is approximately 15 km NW of
the summit of Hekla and should be able to detect major magma movements beneath the moun-
tain. The quadripod was installed over an existing geodetic benchmark that has been included in
network measurements since 1986 and used as a reference station in network campaigns around
Hekla and Torfajokull. The receiver is in a plastic box on one side of the quadripod. A modem
and a power supply are in a hut 150 m from the quadripod. Although this cable length is on the

verge of being too long for the RS-232 standard, there have been no problems with data transfer
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since the installation.

In the summer of 2002 a station was installed at Arholt (ARHO), Tjérnes peninsula, North
Iceland, in cooperation with LGCA. Initial tests for installation of a permanent GPS station at
Grimsfjall, Vatnajokull, in cooperation with LGCA, have started. Installation and operation of
a station at Grimsfjall is technically very challenging. The place is known for extreme icing
conditions during all times of the year. A method to deice the antenna radome utilizing local
geothermal heat resources is being devoloped at IMO (J. HOImjarn, personal communication
2002). The data will possibly be transmitted with the same spread-spectrum radio link as the

SIL station at Grimsfjall (grf) uses.
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3 DATA PROCESSING

Data are analyzed with the Bernese V4.2 software (Hugentobler et al. 2001) using a process-
ing sequence, described by Arnadottir et al. (2000), that includes: 1) cycle-slip screening and
outlier removal using ionosphere-free linear combination (L3) double-difference phase residu-
als; 2) estimation of an ionospheric model using the geometry-free linear combination (L4); 3)
using the previously obtained ionospheric model and constraining the coordinates of REYK the
L1 and L2 ambiguities are estimated and saved using the QIF ambiguity resolution strategy; 4)
introducing the L1 and L2 ambiguities the L3 linear combination is used to calculate the final
station coordinates and full covariance matrix.

Because precision GPS positioning requires differencing of carrier phase, we choose to
tightly constrain (effectively fix) one site in the network (REYK) at its International Terres-
trial Reference Frame 1997 (ITRF97) (Boucher et al. 1999) coordinates for each week. The
coordinates of REYK are referred to epoch 1997.0 and are projected to its present ITRF97 po-
sition using the ITRF97 velocities. Thus the daily coordinate results can be considered to be in
the ITRF97 reference frame.

After the data have been downloaded from the receivers, they are converted to RINEX (Re-
ceiver INdependent EXchange) format (Gurtner 1994) using UNAVCO'’s teqc software (Estey
and Meertens 1999). When data from all stations have been collected, usually between 5 and 6
am GMT, preliminary results (coordinates) are automatically calculated using predicted satellite
orbits from the Center of Orbit Determination in Europe (CODE). The results are readily used to
update images on the ISGPS web pages that are used for monitoring activity in the crust. Later
the data are reprocessed using CODE final orbits (Hugentobler et al. 2001). In both phases of
processing we use the rapid pole information BULLET _A.ERP (McCarthy 1992, 1996). The
quality of CODE predicted and final orbits differs by a factor 4 (Hugentobler et al. 2001) and is
reflected in poorer quality of the results obtained using the predicted orbits.

The daily coordinate results are transformed to a local east-north-up coordinate system and
the displacement since a fixed epoch calculated relative to REYK to build up the time series.
The associated daily coordinate error is taken as the square root of the diagonal elements in
the daily solution covariance matrix after transforming it to a local east-north-up coordinate
system. We refer to this error as the "formal coordinate error". The off-diagonal elements

in the full covariance matrix, representing the correlation of the coordinate results between
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Figure 5.Motion of VOGS as a function of time, assuming REYK is stationary. Displacements in
east, north and up directions are defined as positive. Outliers have not been removed
and the coordinate errors are taken as the unscaled formal errors, see discussion in
text. The vertical solid black lines note the times of the June 2000 earthquakes in the

SISZ and the dashed vertical line notes the time of radome installation.
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coordinate compononents and stations, are generally not zero. The off-diagonal elements in the
full covariance matrix are not taken into account in this study.

Figure 5 shows an example of the resulting time series. The figure shows the diplacements
of VOGS relative to REYK as a function of time. The plate movements appear as gradual
displacement towards east and south in Figure 5. As a first approximation we can assume that
the plate velocities are constant. The errorbars in Figure 5 are the formal coordinate errors. The
errors are not the true coordinate errors, as they are underestimated by the Bernese processing
software (Hugentobler et al. 2001) and need to be rescaled to obtain a more rigorous estimate
of the coordinate errors. Incorrect coordinate errors lead to wrong error estimates for offsets in
the time series, e.g. due to the June 2000 SISZ earthquakes and radome installation. Section 3.1
describes how the formal coordinate errors are rescaled.

There are a few outliers in the time series that need to be removed before the data are used
for further interpretation. Outliers can substantially bias plate velocities derived from the time
series (Section 4). The outliers can be removed by visual inspection, but that is not feasible
since it is time consuming and it is hard to keep consistency for all the stations. Section 3.2

describes how the outliers are detected and removed.

3.1 Estimation of scaling factors

As stated before, the Bernese processing software underestimates the true errors of the coor-
dinate solutions because systematic errors or mismodelled parameters are not included in the
formal error estimated by the processing software (Hugentobler et al. 2001). To obtain a res-
onable estimate of the daily coordinate errors we need to rescale the formal errors to obtain a
realistic error estimation.

This problem has been dealt with in many studies, since all Bernese software users (and
probably users of other software as well) necessarily need to face this important problem. How-
ever, there is no standard method approved by the GPS community and each study seems to use
its own method to obtain a scaling factor to multiply the formal errors. Usually scaling factors
are estimated by comparing the scatter of the data to the formal errors. The differences lie in
how the scatter is defined and how the full covariance matrix is used to define the errors to be
scaled.

The Bernese software offers a method to derive a scaling factor using the combination pro-
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gram ADDNEQ (Hugentobler et al. 2001; Braun 2000). This method estimates the rms repeata-
bilities relative to a constant velocity model, meaning that the repeatabilitiy is calculated after
subtracting a best straight line fit & at+b) from the data. From Figure 5 we see that a straight

line represents the data poorly. Offsets in the time series due to the the June 2000 earthquakes
and radome installation would bias the repeatability estimation considerably. Furthermore, if we
remove the coseismic displacement from the east component of VOGS (described in more de-
tail in Section 4.6) and subtract a straight line, obtained by a least squares medhod (see Section

4.2.1), from the data we obtain the residuafl the time series:

r=y—-yg=y—at—b, (1)

wherey is the vector of observed displacements, e.g. for the east component of VOG$sand
the best line fit. Figure 6 shows the residual of the east component of VOGS relative to REYK.
We see immediately from the figure that a straight line model leaves a residual with periodic
variations.

Arnadattir et al. (2000) use the Bernese network adjustment program COMPAR to calculate
the average station coordinates for each week. COMPAR also returns the variation of the daily
solutions from the weekly average. They compare the variances to the formal errors and obtain
a scaling factor of 3 that they use for all coordinate components and sites. They also process
the data using the GIPSY/OASIS software (Webb and Zumberge 1993) and use there a scaling
factor of 2.7 to rescale the coordinate and velocity errors.

Lowry et al. (2001) transform the covariance matrix, obtained using the Bernese software, to
a local east-north-up coordinate system and define the formal error as the corresponding column
sum of the covariance matrix. They estimate the repeatability scaling factors using the 95th%
x? repeatability of the coordinates, relative to a time varying velocity model. This results in
scaling factors (one for each coordinate direction at each site) ranging from 2.0 to 3.9 (east), 1.6
to 3.6 (north) and 1.5 to 4.0 (up) in their case.

In this study we define the formal errors as the square root of the diagonal elements of
the covariance matrix and compare them to the weighted standard deviation, or repeatability,

defined as

LIt would be more precise to call this the "modified residual" since the offsets due to the June 2000 earthquakes

have been removed before estimating a best line fit.
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Figure 6.Residual time series of the east component of VOGS obtained by removing offsets due

to the June 2000 earthquakes and subtracting a best line fit from the data.
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whereN is number of data points;; is the daily coordinate value, is the daily formal coor-
dinate error and the mean coordinate value. Assumings a constant equal t@, andz; — =

is normally distributed with standard deviatienthen it is easy to use equation 2 to verify that
W STD converges to for large V.

From Figure 6 we see there are clear annual variations in the data and we face the question
whether the residual contains signal or if this is unmodelled noise. If the annual variations are
assumed to be measurement noise then the standard deviation for the whole time series is an
appropriate measure of the error. If the annual variations are considered a signal, be it from

the earth or resulting from the processing, then the annual variations have to be removed from
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the time series before estimating the standard deviation. Here, the latter approach is chosen,
and only the high frequency component is considered as measurement noise. This is in practice
achieved by using only short segments (e.g. 50 days) of the time series to calty#te.

We define the scaling factor as the ratio between the repeatability of the residual time series

within a specific time interval, and the median formal error within the same time interval:

_ WSTD,

Stj - O'%ned (3)
J

wherej refers to the east north and up coordinate directionsfers to the time interval used,

med refers to the median of the formal errer and W ST D is obtained from equation 2.

The median of the formal errors is chosen to represent the average error within a time interval
because it is a more robust estimator than the mean. The coordinate errors obtained by using
the scaling factor defined in equation 3 do not represent the absolute positioning accuracy of the
daily solutions because they also rely on e.g. the coordinates of the reference station (REYK).
The rescaled errors, obtained using the scaling factor as in equation 3, represent only the short-
term repeatability of the daily solutions.

Offsets in the time series due to the June 2000 SISZ earthquakes and equipment changes
are removed (see Sections 4.1.1 and 4.6), as well as outliers (Section 3.2), before estimating
the scaling factors. The time series for each station and each coordinate component are then
split into k,, segments includingdata points each whegerefers to the station name &g will
depend on the length of the time series at stggtidach segment in each coordinate component
is detrended using a weighted least squares method. From the detrended segm#&iit? the
and median formal errors are estimated to obtain scaling factors according to equation 3 for the
east, north and vertical components for each segment. The mean/gf $baling factors, for
each component at each station, is calculated to obtain a single set of scaling factors in the east,
north and vertical components for each station.

Table 4 summarizes the results, using a time interval length-ef50. The scaling factor
(center columns of Table 4) is generally largest for the east component and smallest for the verti-
cal component. There are considerable variations between stations and the scaling factors range
from 3.2 t0 5.1 in east, from 3.1 to 5.0 in north and from 2.0 to 2.8 in the vertical component.
The median formal errors, calculated using all available data from the stations, shown in the left

part of Table 4 also vary between stations, but not nearly as much as the scaling factor. The
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Formal errors [mm]| Scale factors|| WSTD [mm)]

Station E| N| U] E| NJU| E|] N|] U
AKUR | 024]0.37| 2.05]3.2]5.0]2.7]1.08[1.53]6.77
HLID 0.24|037| 227|3.7|34|22(0.86]|1.16|4.70

HOFN 0.37]0.39| 235|36/39|26|1.34|151|6.11
HVER 0.241037| 2.28|43|35|2.1|1.06|1.33|5.09
HVOL 0.271037| 227||48|4.4,24)|1.30|1.67|5.80
KIDJ 0.211032| 196|38|3.1|21|0.83|0.99]|4.16
OLKE 0.23|1036| 2.1943(44|22|1.03|1.60|5.06
RHOF 0.291042| 223|145/39|28|1.35|1.65|6.31
SKRO 0.25/0.33| 201514226 1.32|1.46|5.61
SOHO 0.26]0.37| 2.22|5.0/4.7,23|1.40|1.81|5.51
THEY 0.241034| 2.05|48|4.7|25|1.16|1.66|5.44
VMEY 0.23|1035| 2.0944|34|22|1.00|1.26|4.63
VOGS 0.241038| 2.30|3.2(3.2|20|0.78|1.24|4.61

| Composite] - -] -[42]3.9[23]1.11[1.45[5.25]

Table 4.Left part: Median of the formal errors in east, north and vertical components calcu-
lated using all available data from each station. Center part: Scaling factors for all
stations, obtained with equation 3, using an interval of 50 data points. The line "Com-
posite" stands for where all the data from all stations were used to compute a single
scaling factor for the east, north and vertical components. Right part: The last three
columns showWl ST D calculated as the mean of thE.ST D values obtained for each
segment in each coordinate direction for each station (equation 2). In line "Composite”
the mean was taken over &l ST D values from all the stations in each component.

formal errors are smallest in the east component and by far largest in the vertical component.
The values ofV ST D, using time interval length of= 50, are shown in the right part of Table

4. These values represent the short-term scatter in the time 3&riED is generally smallest

in the east component and largest in the vertical component.

Despite the differences in the scaling factors between stations, we derive a single scaling
factor for each coordinate component for the whole network. This is in order to simplify pro-
gramming and discussion. It is not fair to simply take the average of the scale factors over all
stations because a different amount of data lies behind each value. Thus we rather weigh the
scale factors by the amount of data they are based on by taking the mean of all scaling factors
obtained at each segment for all stations in each component. This results in scale factors of
value 4.2 (east), 3.9 (north) and 2.3 (vertical), labelled "Composite" in Table 4. As final values
we choose to use scale factors of 4.0 for the east and north components and 2.5 for the vertical
component.

The outlier detection has a significant effect on the scale factor values obtained. This will be
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(@) (b) (c)

Figure 7.Comparison of the relationship betweBnST D and the median of the formal error.
The values were obtained using= 50, and come from all segments of all stations:

(a) east, (b) north, (c) up.

discussed in more detail in the end of next chapter.

Equation 3 states that the median error &id7 D are linearly related. A quick look at
W STD as a function of the median error (Figure 7) shows this is not a very good assumption.
However, we need to connect these two parameters and a linear relationship seems no worse
than any other.

The choice of the interval is also important. If is short, say 3 data points, then the es-
timation of W ST D becomes lower because the time series is being followed too closely. If
t is long, say on the order of 500 data points, the estimatioW ¢f’D includes the annual
variations and becomes much highert #xceeds the length of the time series thE®7T D is
simply the weighted standard deviation of the residual. A value of 50 datapoints seems to be
appropriate. Using a time interval of 7 days results in composite scaling factors of 3.5 (east),
3.3 (north) and 1.9 (up). These values are comparable with the vata&) used by Arnadottir
et al. (2000) based on data from the ISGPS network until February 2000.

3.2 Detection of outliers

Outlier detection is an important part when post processing of the data since outliers can easily
bias estimations of plate velocities and obscure other signals in the time series. Outliers can
be caused e.g. by short or bad data files at stations. High ionospheric activity can also corrupt

the data, but for many outliers it is impossible to say why they lie far from neighbouring data
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points. From Figure 5 we can see there are two types of outlierse Typ data points with
abnormally large errors and Tg@2 — data points with normal errors but lie abnormally far
from its neighbouring data points. Consequently the outlier removal is performed in two steps,
removing outliers of Type 1 in the first step and outliers of Type 2 in the second step. When an
outlier is detected in one coordinate component, the other 2 components for the same day and
station are deleted from the time series.

We define Type 1 outliers as data points with error larger than 3 times the median error (Table
4) for each component at each station. The median is a much more robust estimator than the
mean in the presence of outliers. Before outlier detection, the median and mean of the formal
coordinate errors for the east component of VOGS were 0.240 and 0.310 respectively. After the
outlier detection the corresponding values were 0.238 and 0.259, emphasizing that the median
IS a more appropriate estimator of the average than the mean when outliers are present.

Outliers of Type 2 are harder to deal with. We must define what we mean by the expression
"abnormally far from neighbouring data" and care must be taken not to remove data that actually
are far from its neighbouring data due to offsets in the time series (Figure 5). To detect outliers
of Type 2 we first remove from the time series known jumps due to earthquakes and radome
installation. The time series, for each component of each station, are then splitinto time intervals
including e.g. 50 data points each (discussed later in this section) and the median value of the
coordinates is calculated for each time interval. Again we choose to use the median instead of
the mean because it is a more robust estimator. If a coordinate value lies more than four times
the scaled median coordinate error (already calculated in step 1) from the median coordinate
value of each time interval, then the point is considered an outlier of Type 2. Stated a bit more

mathematically the criteria for a point to be considered an outlier of Type 2 is

\yEi — Je| > 9550 Emedian
or

lyni — Yn| > 95N O Nmedian (4)
or

\yri — Ju| > 95U0Umedian

wherey; is the coordinate valugj, is the median coordinate value within each time interyal,

is a gain factor that controls how strict the outlier conditions arggian iS the median of the
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formal coordinate error (from step 1), and, sy ands; are the scaling factors (see Section
3.1). The labels E, N and U refer to the coordinate components.

For the outlier detection scale factors = sy = 4.0 andsy = 2.5 were used. The gain
factor g controls how far from its neighbours a point is allowed to be without being considered
an outlier. The conditions become strictergas smaller. Values foy ranging from 1 to 10
were tested. Values below 2 were way too stringent and many points in the data series were
removed (16% of data points removed for station VOGSfer 2). Values above = 5 proved
to be too large and many obvious outliers were not detected (2% of data points removed for
station VOGS forg = 8). A value ofg = 4.0 (4% of data points removed for station VOGS)
was finally used for the outlier detection.

The length of the time interval used in the outlier detection was varied between 20 and 200
data points. If the time interval is too long, then valid data points are considered outliers because
the data are not detrended and higher order signals in the time series start to interfere at time
intervals of 100 to 200 days. A too short time interval follows the data values too closely and
leaves many outliers undetected. A time window of 50 data points was used for the final outlier
detection.

The method does not account for gaps in the data. Since gaps in the data are usually much
shorter than 50 days, this is not considered important. It was only at station HLID that this
caused problems and a few valid data points were removed from the time series near large gaps
(see Figure 9). These data points were added to the time series again afterwards. A small
deformation signal observed at SOHO in relation to the Hekla 2000 eruption was removed
from the time series by the outlier detection scheme. This caused some valid data points to be
considered as outliers and they were added to the time series afterwards.

The outlier detection has a significant effect on the scaling factors obtained (see Section 3.1)
because outliers can greatly bias the estimatioiVofl" D (equation 2). Vice versa the scaling
factors affect the outlier detection through equation 4. In practice the outlier detection and
scaling factor estimation were made in an iterative manner — starting with a scaling factor of
3 to find an appropriate value ¢f which is then used in the scaling factor estimation (outliers

are removed prior to the estimation) and the new scaling factor used in the outlier detection etc.
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4 RESULTS

4.1 Time series

In the time series shown in Figures 8 to 20 outliers have been removed (Section 3.2) and the
formal coordinate errors have been scaled by 4.0 and 2.5 in the horizontal and vertical compo-
nents respectively. The time series span the period from the beginning of measurements (Table
1) to December 31, 2001. The longest time series span nearly three years (e.g. VOGS), but the
stations in the north (RHOF and AKUR) have short time series since they were installed in the
summer of 2001. The time series are of excellent quality. The values of the weighted standard
deviation (V' ST D) in Table 4 represent the short-term scatter in the time series. The values
are lowest in the east direction, from 0.8 mm (VOGS) to 1.4 mm (SOHO), and largest in the
vertical component, ranging from 4.2 mm (KIDJ) to 6.8 mm (AKUR)ST' D ranges from 1.0

mm (KIDJ) to 1.8 mm (SOHO) in the north component.

The horizontal components in the time series (Figures 8 to 20) are dominated by the plate
movements, seen as gradual displacements towards east and south for stations on the Eurasian
plate (HLID, VOGS, VMEY, THEY, SOHO, HVOL, HOFN and RHOF). Stations on the North-
American plate show nearly no movement in the horizontal components (OLKE, SKRO and
AKUR) because the reference station REYK is on the North-American plate.

Displacements in the time series due to the two large earthquakes in the SISZ in June 2000
(Stefansson et al. 2000; Arnadottir et al. 2001; Pedersen et al. 2001) are visible in the time series
as offsets at the stations recording at the time (OLKE, HVER, VOGS, HVOL, SOHO, HOFN
and HLID) and are marked with solid vertical lines in Figures 8 to 20. The SISZ earthquakes
will be discussed in more detail in Section 4.6.

Offsets of approximately 20 mm in the vertical components at HLID, HVER, OLKE, SOHO
and VOGS (marked with dashed lines in Figures 9, 11, 14, 17 and 20) are due to installation of
plastic radomes (Figure 3) which will be discussed in Section 4.1.1.

The time series at HLID (Figure 9) has many gaps. The antenna at HLID is occasionally
covered with snow in the wintertime up to one or two meters thick. The data from such epochs
are easily detected as spurious motion towards east, south and up and is omitted from the time
series. The station is presently operated in a semi-continuous manner (Section 2). Although

HOFN has been recording since 1997, we only started using data from the station when the first
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ISGPS station was installed in March 1999 (VOGS). In September 2001 the antenna type at
HOFN was changed (Table 2) resulting in significant offsets in the time series (6 mm east, 2 mm
south and 74 mm up, see Figure 10). A small offset in the east component at HVOL (Figure 12)
is observed during a period of power failure in February to March 2001. No equipment changes
were made during the period. A signal from the Hekla 2000 eruption (start of eruption marked
with a vertical dotted line in Figure 12) can be seen. This signal is further enhanced in the time
series at SOHO (Figure 17). The Hekla eruption will be discussed in more detail in Section 4.5.

The time series for SKRO (Figure 16) includes spurious motions in all coordinate compo-
nents during wintertime. Some of these data have already been removed in the outlier detection
process. The east component shows suspicious movements towards east in December 2000 and
January to February 2001. The vertical component is also behaving in a strange manner. The
station is in central Iceland at high elevation. We believe that the offsets are either due to snow
and icing on the antenna radome, or because the quadripod is not fastened to solid bedrock.
Rime and icing up to approximately 20 cm thick have been observed to accumulate assymmet-
rically on the radome (J. HoImjarn, personal communication 2002). However, it is unlikely that
this explains the long-term vertical offsets observed in the winter of 2001 to 2002 because in
that case we would expect the variations to be more rapid. If the spurious signals observed
at SKRO were from the earth, say from a magma chamber beneath Bardarbunga volcano, we
would also expect to see long term changes in the horizontal components.

HOFN seems to be moving at a highly variable rate (Figure 10), relative to REYK, towards
east. This is also observed at other stations in the east component, e.g. at VOGS (Figure 20).
When a linear trend is removed from the time series, an annual oscillation in the coordinates
is revealed (Figure 6). The signal is most obvious in the east component. The amplitudes vary
from 3 to 8 mm between stations, and all the stations are moving in phase. This phenomenon
is not observed in the north component of the time series. It is uncertain, at this stage, what the
seasonal signal is meaning and if it is real at all. The seasonal signal could be a measurement
artifact, caused by movement of the reference station REYK — or to be more precise, caused by
movement of the building that REYK is on top of. The periodic signal could also originate from
the data processing, e.g. due to unsufficient modelling of troposphere or tides (solid earth and
pole) (Hugentobler et al. 2001).

Periodic variations in GPS time series have been observed in numerous other studies. Mura-
kami and Miyazaki (2001) report observations of periodic signals in GPS time series in Japan
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and relate them to major earthquake occurrence. The annual amplitudes in their study are of
order of 3-9 mm in the horizontal components and are in phase. The authors consider various
error sources and conclude that the periodicity is a real signal from the solid part of the earth,
although the driving mechanism remains unknown. Heinert and Perlt (2002) suggest that sea-
sonal variations in the positions at REYK and HOFN are related to loss of seismic energy in
the SISZ. Poutanen et al. (2001) report on periodic signals in GPS time series from Finland
with periods from one day to one year. They propose that some of the periodicities are due to
modelling error in tropospheric parameters, but admit that the physical origin of many periods
is uncertain. Heki (2001) concludes that seasonal variation in Northeast Japan are caused by
snow load.

The subject of seasonal variations in the time series needs to be studied in more detail before

we can conclude if the signal is from the crust or just a measurement artifact.
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Figure 8.Motion of AKUR as a function of time, assuming REYK is stationary. Displacements
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in east, north and up directions are defined as positive. Outliers have been removed
(see Section 3.2 for details). The vertical solid black lines note the times of the June
2000 earthquakes in the SISZ. Error bars are at thdelvel. They are derived from the
formal errors by multiplying the formal errors by scale factors of 4.0 for the horizontal

components and 2.5 for the vertical component, see discussion in Section 3.1.
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Figure 9.Same as Figure 8, for station HLID. The dashed vertical line notes the time of radome

installation.
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Figure 10.Same as Figure 8, for station HOFN. The dashed vertical line notes the time of a
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change in equipment that leads to offsets (6 mm east, 2 mm south and 74 mm up) in

the time series. The vertical data are off the scale after the equipment change.
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dashed vertical line to the right.
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Figure 12.Same as Figure 8, for station HVOL. The beginning of the Hekla 2000 eruption is

noted by the dotted vertical line.
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Figure 14.Same as Figure 8, for station OLKE. The dashed vertical line notes the time of

radome installation.
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Figure 15.Same as Figure 8, for station RHOF.
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Figure 16.Same as Figure 8, for station SKRO.
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Figure 17.Same as Figure 8, for station SOHO. The dashed vertical line notes the time of
radome installation and the beginning of the Hekla 2000 eruption is noted by the

dotted vertical line.
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Figure 18.Same as Figure 8, for station THEY.
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4.1.1 Effects of radome installation

At stations HLID, HVER, OLKE, SOHO and VOGS, offsets in the vertical component can be
seen in the time series, marked with vertical dashed lines in Figures 8 to 20. These jumps are
apparent offsets due to the installation or removal of plastic radomes (Figure 3). This is a known
phenomenon in operation of permanent stations and different offsets are observed for different
kinds of radomes and antennas (UNAVCO 2001a).

In the ISGPS network we use hemispherically shaped radomes from SCIGN with part num-
bers 0010-1 and 0010-2 for Ashtech and Trimble antennas respectively. Usually the radome is
installed at the same time as the station is installed, but the first stations were operated without
radomes at the start of measurements. The offsets due to radome installation in the ISGPS net-
work are around 20 mm downwards and are shown in Table 5. There are no significant offsets
due to radome installation in the horizontal components. The offsets were estimated by com-
paring the average coordinates 10 days before and after radome installation, where data were
available. SOHO was not recording at the time of radome installation so a longer period (30
days before and after radome installation) was used to estimate the average coordinates. Similar
results were observed in preliminary tests made on the roof at IMO. The offsets due to radome
installation are larger than the manufacturer states for this specific type of radomes (less than
2 mm) (SCIGN 2001; Braun et al. 1997). Similar offsets on the order of 20 mm are observed
when processing data from the ISGPS network with the GIPSY/OASIS Il software (C. Volksen,
personal communication 2002).

The Choke Ring antenna from HLID was absolutely calibrated (Wibbena et al. 1997) in

Station | Time (year and day) Radome on/off| East offset (mm)| North offset (mm) | Vertical offset (mm)
HLID 1999 235 ON -0.7£ 1.0 04+16 -21+6
HVER 1999 222 ON 0.0£0.9 0.8+14 -21+ 6
HVER 1999 309 OFF -0.2+1.4 1.3+2.2 15+ 8
HVER 1999 328 ON 1.0+1.3 -0.5+2.1 21+ 8
OLKE 1999 182 ON 1.0+ 1.0 0.7+1.7 -23+ 6
SOHO* 1999 309 ON 20+11 19+17 -17+6
VOGS 1999 328 ON -04+1.2 1.0+ 2.0 17+ 7

*: Data from 30 days before and after radome installation were used for the comparision.

Table 5.0ffsets due to radome installation in horizontal and vertical components obtained by
comparing the ayage coodinates 10 days before and after radome installation. The
radome at HVER was removed on day 309, 1999 (marked with "OFF" in column 3).
The formal errors of the coordinates were scaled by a factor 4 in the horizontal com-
ponents and by a factor 2.5 in the vertical. The uncertainties given in the table are at
the 2 level.
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2001, with and without the radome, by IFE (Institut fir Erdmessung) in Hannover, Germany.
The vertical offsets for the mean phase centers of the antenna are lower when the radome is
on, the differences are 3.3 mm and 1.1 mm for ftheand L, mean phase centers respectively
(F. Menge, personal communication 2001). The differences in mean phase center offsets in the
horizontal components are insignificant. The differences in the Phase Center Variation (PCV)
pattern, with and without the radome, as a function of elevation and azimuth are further biased
at low elevation angles, up to 6 mm for tthe PCV pattern at an elevation of 5The satellite
constellation can enhance this bias since satellites are often observed at low elevation angles in
Iceland.

The differences in the mean phase center offsets and PCV pattern also propagate in the
processing, e.g. with different linear combinations likg L, and L;. This might cause the

observed offsets in the time series, but more studies are required to verify if this is the case.

4.2 Plates and plate velocities

The time series show motion due to the plate spreading across Iceland, seen as gradual increase
in horizontal diplacements in the east-west and north-south components in Figures 8 to 20.
From the time series we can calculate the velocities, i.e. average plate motions, of the sites by
fitting a straight line to the data. However, care must be taken to remove instrumental errors
such as offsets due to radome installation before estimating the velocities.

The proximity to the plate boundary and volcanoes and the displacements due to the SISZ
2000 earthquakes cause complications in the interpretation. The movements near active faults
and plate boundaries are expected to be nonlinear and episodic (Heki et al. 1993). When stress
is building up on the plate boundary prior to an earthquake the displacement rate across the
plate boundary is lower than the average rate, if measured at close distance from the boundary.
When an earthquake occurs a rapid change in position is observed near the causative fault of the
earhquake. When stations are located far from the plate boundary the effects of the earthquake
cycle are negligible because of the elastic properties of the crust and movements with constant
velocities can be expected.

Figure 21 shows the anticipated displacements near a divergent plate boundary. The plates
are assumed to be separating at constant velocities far from the plate boundary deformation

zone. Near the fault zone the movements are episodic (occur atfijnaesl?; in Figure 21).
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Figure 21 Anticipated motion of GPS stations (A to F) near a divergent plate boundary (or
fault), assuming an elastic earth. The semi-triangles labelled A to F note permanent
GPS sites. Stations A and F are very far from the plate boundary, C and D are very
close to the plate boundary and stations B and E are at intermediate distances from
the fault. The graphs to the left show the expected halfspread motion (normal to
the fault) and the graphs on the right show the expected displacements relative to a
fixed station (F), obtained by adding a velocity of half the full spreading rate to all
stations. Time markg andt; note the times of major rifting episodes. (Adapted
from Heki et al. (1993)).
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This was for example observed in the Krafla rifting episode (Tryggvason 1984). Atintermediate
distances from the fault zone, the motion is a combination of constant velocities and episodic
movement. The excact shape of the curves in Figure 21 and the distance to stations A to F from
the fault zone depend on the rheology of the earth and the properties of the fault zone. Figure
21 is also valid for transform faults, or conservative plate boundaries, with displacements being
parallel to the fault zone.

Because many of the ISGPS stations are located near the plate boundary it must be kept in
mind what the observed velocities are physically representing. We must also keep in mind that
the plate boundary in Iceland is not as simple as shown in Figure 21. If a station is sufficiently
far from the plate boundary then the average velocity is representing the velocity of the rigid
plates. If a station is near or within the fault zone, then over a period covering several earthquake
cycles the average velocity is representing the velocity of the rigid plates. The time between
major rifting episodes in the north has been estimated to be of the order of 100 to 150 years
(Bjornsson et al. 1979) and the time period between large earthquake sequences in the SISZ
ranges between 45 and 112 years (Einarsson et al. 1981). Thus we are only seeing a small part
of the earthquake cycle in the time series.

The NUVEL-1A plate motion model (DeMets et al. 1994) is computed from geological
data, such as magnetic anomalies on the ocean floor, spanning millions of years. Recent plate
velocities obtained using data from permanent GPS stations and other space-geodetic techniques
are found to agree well with the NUVEL-1A model (e.g. Sella et al. (2002) and references
therein). The NUVEL-1A model does not account for the witdh of plate boundaries, which is
quite important for this study since most of the permanent GPS stations in Iceland are within or
near plate boundaries.

In the following section the method to derive the site velocities and the associated uncertain-
ties is described. With hindsight to Figure 21 we calculate velocities using three data sets: A)
data including the coseismic displacements due to the June 2000 earthquakes (Section 4.2.2);
B) data without the coseismic displacements (Section 4.2.3); and C) using only data spanning

the period from August 31, 2000 to December 31, 2001 (Section 4.2.3).
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4.2.1 Velocity estimation

To estimate the velocities of the ISGPS stations a standard weighted least squares approach
is used to estimate the best line fit to each coordinate component of the data along with the
associated errors. We model the observations of the coordinate comp@seamtinear function

of time,y; = at; +b+e¢;, wherey; are the measurements (displacements) made at tiraade;

are the errors, assumed to be normally distributed. The paramisttére average velocity of the
station in each coordinate component. To simplify the following equations widetb a)”

and introduce the matrix

M=1 | ()

whereN is the number of available measurements. Thus we can express theyatads+e.
To weigh the observations correctly we define the weight méltriaxs the diagonal of the inverse

square of the rescaled coordinate uncertaintje(see Section 3.1):

o 0 ... 0
0  — :
W= o e . : (6)
1
0 SO I

According to least squares theory the best estimateisthen (Press et al. 1992):
B=((M"WM)"'M"W)y. ()

We estimate the covariance matrix of the parametensds as (Brockmann 1997):

N N -1
2
Zt" Zt
P=ct,| 5 = ®

Zti N

=1
wheres?, , is the variance of the residuals:
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Ocrd N —2 ( )

If we write out the equation for the velocity uncertainty, the square root of the upper left

diagonal inP (equation 8), we obtain

1
N N 2"
> ot - (Z ti)
=1 =1

This tells us that the velocity uncertainty estimate is proportional to the standard deviation of

vel __ =~
o = Oc¢rd

(10)

the residual and independent of the coordinate ewrfits We can always shift the time scale

sothaty Y ¢; becomes zero, and equation 10 then becomes

(11)

The sumy_ Y, #? increases a8’ so the velocity uncertainty decreases roughlyasg 5,

The velocity uncertainty (equation 10) is obtained assuming that the noise in the GPS data is
normally distributed and uncorrelated in time. However, the noise characteristics of GPS time
series are correlated in time (Langbein and Johnson 1997). Mao et al. (1999) find a combination
of white noise and flicker noise to be the best model for the noise characteristics. They state
that the velocity uncertainty derived from GPS coordinate time series may be underestimated by
factors of 5-11 if a pure white noise model is assumed. In this study the velocity uncertainties
are estimated as described in equation 10. We expect that the uncertainties may be too small. A
more rigorous uncertainty estimate will be carried out in later studies.

Another estimator for the quality of fit is the parametér The weighted residual sum of

squares is

WRSS = rTWr. (12)

The number of degrees of freedom for linear regression-isq, whereN is the number of data

used in each best line fit ads the number of unknown parametegs< 2). The parametey?
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is then defined as
X2 =WRSS/(N —2). (13)

A 2 = 1 indicates that the model fits the data perfectly and that the sizes of the coordinate
errors are appropriate. }f2 > 1 then either the model does not represent the data very well,
or the coordinate errorss™® are too small, assuming normally distributed errorsyA< 1
indicates that the coordinate errors may be overestimated.

The values ofy? are strongly dependent on which scaling factors are used for the formal
coordinate errors. From equations 6 and 12 it is obvious that if the coordinate errors are scaled

by a factors, theny? scales as/s>.

4.2.2 Velocities derived from the original time series

In this section we calculate the velocities, assuming REYK is fixed, using data from the begin-
ning of measurements until December 31, 2001. The offsets due to the radome installation are
removed from the vertical components of the data assuming an offset of -20 mm at the times of
radome installation and an offset of 20 mm when the radome is removed. The offsets due to the
SISZ June 2000 earthquakes are kept in the data and the formal errors are scaled by 4.0 in east
and north and 2.5 in vertical before the velocity estimation. We note that since the coseismic
displacements have not been removed from the data before velocity estimation the velocities
at the stations including the offsets (HLID, HOFN, HVER, HVOL, OLKE, SOHO, THEY and
VOGS) are not neccesarily representing the average plate velocities. Furthermore, not all sta-
tions were recording at the time of the earthquake sequence so the velocities have different
physical interpretation depending upon if the station was recording data or not (see Figure 21).
The results are shown in Table 6. To visualize the data in Table 6, a constant velocity vector
representing the half-spread NUVEL-1A velocity (DeMets et al. 1990, 1994) at REYK,
9.6 mm/yr west and 2.1 mm/yr north, is added to the velocity vectors in Table 6. The vector
v, IS obtained from the NUVEL-1A NNR model (DeMets et al. 1994) by assuming that the
plate velocities at REYK and HOFN are equal, but in opposite directions. This modification
emphasizes the rifting in Iceland showing relative plate motions, i.e. on which tectonic plate the
stations are located. The modified velocities are shown in Figure 22. Figure 23 is a close-up of

the Hengill area.
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Velocities [mm/yr] | Uncertainties [mm/yr]| WSTD [mm] Chi squared
Station | N V., V, | V., |dv. | dv, dav,, e n ul x| X3, | X
AKUR | 102 | -5.5 49| 3.0 25| 31 12811317 |70| 17| 12| 1.8
HLID 460 | 220| -25|115| 04| 0.2 073113 |55|101| 0.7 | 0.9
HOFN | 873| 24.4| 92| 89| 03| 0.2 06 (35|26 |70 52| 27| 1.4
HVER | 914| 8.2 06| 34| 02| 01 05(18|18|56| 34| 13| 0.9
HVOL | 635| 23.5|-126| 9.2 | 04| 05 0932|3770 77|52 ]| 14
KIDJ 330| 10.2| 25| 54| 04| 05 20(10|11 (48| 13| 07| 0.9
OLKE | 814 | -10.7 70| 47| 06| 04 0.6 634156 (433 | 74| 10
RHOF | 128 | 18.0 01| -62| 25| 28 10516 (18 |71| 18| 11| 16
SKRO | 416 | 2.7 11(16.1| 05| 05 2418|116 |84 | 31| 14| 27
SOHO | 696 | 24.2|-153| 56| 06| 0.6 09|44 |42 |68 |150| 6.8 | 1.3
THEY |500| 226| -6.8| 3.2| 07| 0.8 1330|3664 | 80| 58| 15
VMEY | 497| 20.0| -61| 3.8| 03| 0.3 1113|1351 | 18| 09 0.9
VOGS | 925| 30.0| -84| 70| 06| 0.3 04|71|3.0|50(513| 3.7 | 0.7

Table 6.Calculated velocities of the stations in east, north and up, relative to REYK. The veloc-
ities are calculated applying equation 7 to data from the beginning of measurements
at each station until December 31, 2001. Offsets due to radome installation have been
removed from the data, but offsets due to the June 2000 SISZ earthquakes are included
in the data set. The uncertainties dife calculated according to equation 10, at the 2
level. WSTD is the weighted standard deviation of the residuals (data minus best line
fit), calculated according to equation 2. N is the number of data used in the velocity

calculations andy?,, is from equation 13.

Figure 22 shows quite well the plate spreading although the earthquake offsets are in the
data for stations HLID, HOFN, HVER, HVOL, OLKE, SOHO, THEY and VOGS. The stations
moving towards WNW (REYK, OLKE, SKRO and AKUR) are on the North-American plate
whereas the other stations moving towards ESE or SE (HLID, VOGS, VMEY, THEY, SOHO,

HVOL, HOFN and RHOF) are on the Eurasian plate.

The chi-squared values in Table 6 vary highly. Laggevalues are observed, uptg = 51
for the east component of VOGS. This is to be expected since a straight line is a poor model for
time series that include the offsets due to the June 2000 earthquakes (stations HOFN, HVER,
HVOL, OLKE, SOHO, THEY and VOGS). This is also reflected in the WSTD values in Table

6. Vertical movements will be discussed in Section 4.2.5.
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Figure 22 Velocities for the permanent GPS stations, as in Table 6, assuming REYK is moving
at velocity 9.6 mm/yr west and 2.1 mm/yr north (black arrows) compared to the
NUVEL-1A plate motion model velocities (orange arrows). The velocities are based
on data that include the June 2000 SISZ earthquakes. Uncertainties are as in Table

6, scaled by a factor 2.
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Figure 23.As in Figure 22, for the Hengill area.
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4.2.3 Velocity estimation after removing offsets from the time series

To estimate the plate velocities we need to remove the coseismic displacements due to the SISZ
2000 earthquake sequence. By removing the coseismic displacements from the time series the
resulting velocities are representing the interseismic velocities at the stations. Those velocities
are expected to decrease when approaching a central axis of a plate boundary because most of
the displacement within the plate boundary deformation zone is accommodated with coseismic
displacements or rifting (see Figure 21).

In the second set of velocities (Table 7) they are calculated in the same manner as in Table 6,
except the offsets due to the June 2000 earthquake sequence have been removed from the time
series before estimating the velocities. The coseismic offsets are estimated by differencing the
average coordinates of the stations approximately 10 days before and after the earthquakes — see
Section 4.6 and Table 9 for details. It was not possible to calcuate the coseismic displacements
at HLID since the station had not been in operation several months before the earthquakes,
reflected as a large gap in the time series. For the stations which were not operational before the
June 2000 earthquake sequence (AKUR, KIDJ, RHOF, SKRO and VMEY), the results in Table
7 are excactly the same as in Table 6.

The results in Table 7 generally agree with the NUVEL-1A plate motion model (Figures 24

Velocities [mm/yr] | Uncertainties [mm/yr]| WSTD [mm] Chi squared
Station| N Ve | Vo Vo | dV, | dV, dv, e n ul X2 | G | .
AKUR | 102| -55| 49| 30| 25| 3.1 1281317 |70 | 17| 1.2 | 1.8
HLID* | 460| 22.0|-25|115| 04| 0.2 073113 |55(101 | 0.7 | 0.9
HOFN | 873|20.3|-57| 89| 02| 0.2 06|27(20|7.0| 33| 16| 14
HVER | 914 | 59 |-05| 34| 0.1] 0.1 05|14 |16 56| 21| 1.0 0.9
HvVOL | 635|17.8|-7.7| 9.2| 03| 03 092323 (70| 42| 21| 14
KIDJ 330|10.2| 25| 54| 04| 05 20(10(11 (48| 13| 0.7 | 0.9
OLKE |814| 16|-04| 47| 01| 0.2 0616|1856 | 27| 15| 1.0
RHOF | 128 18.0| 0.1| -6.2| 25| 2.8 105(16 (18|71 | 18| 11| 16
SKRO | 416| 2.7| 1.1|16.1| 05| 05 24118 |16 (84| 31| 14| 27
SOHO | 696 | 16.8| -7.7| 56| 03| 04 09|25|34|68| 48| 45| 1.3
THEY | 500|209|-50| 32| 03| 04 1314|1964 | 21| 18| 15
VMEY | 497 | 20.0|-6.1| 3.8| 03| 0.3 1113|113 |51| 18| 09| 0.9
VOGS | 925|159 |-3.0| 70| 01| 0.1 04|18 |14|50| 32| 08| 0.7

Table 7.Calculated velocities of the stations in east, north and up, relative to REYK, using data
from the beginning of measurements at each station until December 31, 2001. Offsets
due to radome installation and the June 2000 SISZ earthquake sequence have been
removed from the data before the velocities are calculated, except at HLID* where it
is not possible to estimate the coseismic displacements. See Table 6 for explanation of
the columns.
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and 25). The largest discrepancies between the observed and predicted velocities are observed
in the Myrdalsjokull area. This could be due to a pressure increase below the Katla caldera and
will be discussed in more detail in Section 4.4.

From Figure 24 it seems like the Eastern volcanic zone is taking up much of the spreading
between the North-American and Eurasian plates because SKRO is moving with the North-
American plate, as suggested in previous studies (Sigmundsson et al. 1995). A denser network
with stations on both sides of the Western and Eastern volcanic zones is needed to give a more
complete picture of how the plate spreading is divided between the two volcanic zones.

The reference station REYK is on the North-American plate along with OLKE, SKRO and
AKUR moving WNW at velocities similar to the predicted NUVEL-1A velocities. The stations
RHOF, HOFN, HVOL, SOHO, THEY, VMEY and VOGS are on the Eurasian plate moving
towards ESE or SE. The stations HVER and KIDJ are within the plate boundary deformation
zone moving at intermediate velocities (Figure 25).

The velocity uncertainties stated in Table 6 are rather small, at least for the longer time series,
as we already expected (Section 4.2.1). The horizontal velocity uncertainties for VOGS are 0.15
mm/yr east and 0.12 mm/yr north. According to Sella et al. (2002) the velocity uncertainties for
a site with three years of data should be of the order of 1-2 mm/yr in the horizontal components.
Their data processing is done on a global scale, whereas the ISGPS processing is on a local scale
and coordinates are expected to be more precise. However, itis not likely that the different scales
of the networks result in a factor 10 in the velocity uncertainty estimates.

The WSTD andy? values in Table 4 generally have lower values in Table 7 than in Table
6, except for station HLID which still includes the offsets from the earthquakes. Generally
the standard deviation of the residual (WSTD) is lowest in the east and north components and
highest in the vertical component. KIDJ has the lowest standard deviation of the residuals, 1.0
mm, 1.1 mm and 4.8 mm in east, north and up respectively. It is evident that the time series for
KIDJ (Figure 13) is well behaved, in the sense that a straight line fits well to the data. This is
also reflected in thg? values for KIDJ.

The? values are strongly dependent on the scaling factors (Section 3.1). The scaling factors
obtained in Section 3.1 differed between stations and also between coordinate components.
Thus the choice of a single scale factor for all the stations is likely to affectfhealues in
Tables 6 to 8. In Section 3.1 the same scale factor was chosen for the east and north components

although Table 4 indicates that the scale factor should be slightly higher for the east component.
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Figure 24 Velocities for the permanent GPS stations, as in Table 7, assuming REYK is moving
at velocity 9.6 mm/yr west and 2.1 mm/yr north (black arrows) compared to the
NUVEL-1A plate motion model velocities (orange arrows). The velocities are based
on data without the offsets caused by the June 2000 earthquakes. Confidence limits

are at the 2 level.

This would cause smallgs for the east component. The time series (Figures 8 to 20) show that

at some stations, like HOFN and VOGS, a straight line does not represent the data in the east
component (see also Figure 6). There are some stationgjvitelow 1 in the north and vertical
velocity components indicating that the scaling factor is too large for those stations. Stations
SOHO and HVOL have unusually high standard deviation of the residualg’anaues for the
horizontal components in Table 7. This is probably caused by the deformation signal due to the

Hekla eruption (Figures 12 and 17, Section 4.5).

4.2.4 Velocities derived from data spanning August 1, 2000 to December 31,
2001

To exclude the effects of the Hekla 2000 eruption and coseismic displacements at HLID due to

the June 2000 SISZ earthquake sequence a third set of velocities is calculated (Table 8, Figures
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Figure 25As in Figure 24 for the Hengill area. The observed motion of HLID is not shown
here since the time series for HLID include coseismic offsets due to the June 2000

earthquake sequence.

26 and 27) using data only after August 1, 2000, until December 31, 2001. It is not necessary to
correct for any offsets, except for an offset due to a instrumental change at HOFN in September
2001 (Table 2). The results are expected to be the same as in Tables 6 and 7 for stations that
were installed after August 1, 2000 (AKUR, KIDJ, RHOF and SKRO).

The velocities obtained in this section can be interpreted as interseismic velocities at the
stations. Most stations are moving at velocities similar to the NUVEL-1A plate motion model,
except for the stations SOHO and HVOL near Myrdalsjokull and in the Hengill area (Figure
27). The velocities are similar to the ones obtained in the previous section (Table 7), except for
SOHO, HVOL and HLID.

The stations HLID, HVER, OLKE and KIDJ are within the plate boundary deformation zone
moving at intermediate velocities. Station VOGS is moving at almost the NUVEL-1A rate,
HLID is on the Eurasian side of the plate boundary, and HVER is on the North-American side
of the plate boundary. OLKE is moving at nearly the NUVEL-1A rate for the North-American
plate. There are only 15 km between HLID and HVER and the present location of the plate
boundary is confined between the stations.

KIDJ is moving almost due north. KIDJ is within the SISZ, approximately 5 km west of the

Hestfjall fault which ruptured on June 21, 2000 (Figure 27). Thus postseismic movements at
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the right lateral Hestfjall fault might be affecting the movement of KIDJ.

Velocities [mm/yr] | Uncertainties [mm/yr]| WSTD [mm] Chi squared
Station | N V., V, | V.| dVv. | dv, dav,, el n ul a2 | a3, | .
AKUR | 102 | -5.,5 49| 3.0| 25| 31 128 |13 |17 |70 | 17| 12| 1.8
HLID 252 | 133| -26| 57| 04| 05 1811|1349 |14 | 08| 0.9
HOFN | 447 | 20.2| -65| 7.1| 05| 04 1522|1864 | 26| 1.7 | 15
HVER | 487 | 6.4| -0.7| 08| 03| 0.3 1113|1214 (50| 22| 10| 09
HvOL | 453 | 196| -7.7| 6.0| 03| 04 1411411863 | 20| 16| 1.3
KIDJ 330 | 10.2 25| 54| 04| 05 20|10 (11|48 | 13| 0.7 ] 09
OLKE | 464 | 37| -13| 55| 03| 04 1114|1746 | 25| 1.7 | 0.9
RHOF | 128 | 180| 0.1| -6.2| 25| 2.8 1051618 |71 |18 | 11| 1.6
SKRO | 416 | 2.7 11]16.1| 05| 05 2411816 (84| 31| 14| 27
SOHO | 469 | 18.3| -11.2| 6.0| 04| 05 15|16 20|62 | 27| 19| 13
THEY | 462 |21.0| -43| 23| 03| 04 1511411863 | 22| 16| 15
VMEY | 493|200 -6.1| 39| 03| 0.3 12113|13|51|18| 09| 09
VOGS | 487|169 -31| 55| 03| 0.3 1011|1346 | 16| 08| 0.8

Table 8.Calculated velocities of the stations in east, north and up, relative to REYK, using data
from August 1, 2000, as of December 31, 2001. See Table 6 for explanation of the

columns
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Figure 27 As in Figure 26 for the Hengill area. Red line shows the location of the fault that

ruptured in the June 21, 2000, earthquake according to Arnadéttir et al. (2001).

425 Vertical velocities

Figure 28 shows the observed vertical velocities at the GPS stations as in Table 6, where the
effects of radome installation and equipment changes have been removed. The June 2000 earth-
guakes did not affect the vertical positions of the stations so the vertical velocities in Tables 6
and 7 are identical. The vertical velocities in Table 8, obtained using data from August 2001 to
December 2001, are generally slightly lower than in Table 6, obtained using the whole data set.
The largest differences are observed at HLID (1t.6.7 mm/yr and 6t 2 mm/yr for Tables 6

and 8 respectively). The vertical velocity at SKRO is not reliable, since the data may be affected
by local disturbances not originating in the crust (Section 2).

All stations with significant vertical velocities are moving up relative to REYK. This is sup-
ported by results from International Data Centers which include REYK and HOFN in their
routine processing (SOPAC 2002; MIT 2002; JPL 2001). The study by Sella et al. (2002) re-
ports vertical velocities of -3.4 mm/yt 1.5 mm/yr for REYK and 4.0 mm/yt 2.3 mm/yr for
HOFN. A tide gauge record in Reykjavik shows a sea level rise of 2.4 to 3.4 mm/yr (Einarsson
1994), similar to the global eustatic sea level rise. REYK is sited on the top of an elevator shaft
in a three stories high building in the University of Iceland. The building was constructed in
the 1970's and it is possible that the building is still moving slightly, although it is unlikely (S.

Erlingsson, personal communication 2000).
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Figure 28.Calculated vertical velocities (in mm/yr) for the permanent GPS stations, as in Table
6, assuming REYK is fixed. Confidence limits are scaled by a factor 2 from Table
6, shown with grey bars around the arrow heads. The vertical velocity at SKRO is

possibly disturbed by local movement of the monument.

HOFN is sited just on the SE side of the retreating Vatnajokull glacier (Figure 28). Previ-
ous observations and model calculations suggest a present crustal uplift rate of 5-15 mm/yr in
the area around the glacier (Sigmundsson 1990; Sigmundsson et al. 1992) Thus the uplift rate
observed at HOFN can be explained by the retreating and thinning of Vatnajokull glacier.

There are no retreating glaciers near the stations in the Hengill area and still it is evident
from Figure 28 and Tables 6 and 8 that the stations in the Hengill area are moving up relative to
REYK at rates not much lower than at HOFN.

The time series (Figures 8 to 20) show that the vertical rates seem to be fairly constant except
at THEY, SOHO and HVOL where there is a period of approximately 1 year with amplitude 5
mm to 15 mm in the data. The stations THEY, SOHO and HVOL move down during mid-winter
to mid-summer and they move up during mid-summer to mid-winter. These could be signs of
annual glacial loading, but a longer time series and more detailed studies are needed to verify

that.
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4.3 Hengill triple junction

At the Hengill triple junction the South Iceland seismic transform zone (SISZ) and the Western
volcanic zone meet the Reykjanes peninsula oblique rift. The Hengill triple junction is named
after the Hengill central volcano. Another active volcano system, Hromundartindur, lies just
east of the Hengill system and the third volcanic system, Grensdalur, south of Hromundartindur
(Figure 2). The whole area is characterized with high-temperature geothermal areas which are
used for municipal heating.

In July 1994, a period of unusually intense seismic activity started in the Hengill area (R6gn-
valdsson et al. 1998a). Figure 29 summarizes the seismic activity from 1993 to 2002 as the
cumulative number of earthquakes with magnitudes greater than 2 in the Hengill area. Most of
the earthquakes had magnitudes below 4, but still the total number of recorded earthquakes in
the area since 1994 until 2002 is over 100 thousand. Figure 29 shows the abrupt onset of the
seismicity in 1994 and how the seismic activity culminated in two separate seismic swarms in

June and November 1998 with two magnitude 5 earthquakes (Agustsson 1998; Régnvaldsson
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Figure 29.Cumulative number of earthquakes in the SIL data base With> 2 in the Hengill
area (63.9 to 64.15N and 21.0 to 21.5W) from January 1993 to January 2002.

Figure courtesy of G. Gudmundsson.
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et al. 1998b). The seismicity in the Hengill area was low from November 1998 until the SISZ
June 2000 earthquakes, when a moderate swarm was triggered by the large earthquakes (Figure
29). After June 2000 the seismicity dropped back to its background levels as before 1994.

Levelling, GPS network measurements and INSAR studies, all indicate uplift in the area
in the period 1994 to 1998 with maximum uplift located between the Hromundartindur and
Grensdalur systems (Sigmundsson et al. 1997; Hreinsdottir 1999; borbergsson and Vigfusson
1998; Feigl et al. 2000). The uplift is interpreted as the result of a pressure increase in a magma
source at Z# 1 km depth. The inflation induces stresses that exceed the Coulomb failure criteria
and thus triggers the earthquakes (Feigl et al. 2000). Feigl et al. (2000) find from INSAR data a
fairly constant uplift rate of 1.2 0.2 cm/yr which should be easily detected by the permanently
recording GPS station at Hveragerdi (HVER) and Olkelduhéls (OLKE) since they are within 4
km from the center of the uplift area (HVER and OLKE are 2 km SE and 4 km N of the inferred
center, respectively). Network GPS measurements of displacements of a station close to HVER
(RKOT) do not indicate significant uplift in the period November 1998 to March 1999, relative
to REYK (Hreinsdottir 1999). However, a significant uplift (3 cm) was observed between June
1998 and June 1999 at a station near OLKE (7393), relative to a station approximately 10 km
NW of OLKE (Porbergsson 1999).

OLKE was installed in May 1999 and has not shown any significant signs of uplift since it
was installed (Figure 14). The velocities of OLKE relative to REYK using data from the start
of measurements until December 1999 are Z mm/yr east, -3t 2 mm/yr north and 15- 8
mm/yr up. HVER was installed in late March 1999. In the time series for HVER relative to
REYK (Figure 11) there is a vague signal of southward movement and uplift. The velocities
of HVER relative to REYK, using data from the start of measurements until December 1999,
are 10+ 2 mml/yr east, -A 2 mm/yr north and 2 6 mm/yr up. These velocities indicate
the presence of intrusive activity in the Hengill area until the fall of 1999. It is likely that the
network measurements at RKOT between November 1998 and March 1999 (Hreinsdottir 1999)
were unable to detect uplift at station because the expected uplift in the period, less than 10
mm assuming a rate of 20 mm/yr, is of the same order as the uncertainties in network GPS

measurements.
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4.4 Eyjafjallajokull and Katla volcanoes

In June 1994 an earthquake swarm lasting for nearly a month occurred below the active volcano
Eyjafjallajokull in South Iceland. Eyjafjallajokull is covered by an ice cap and erupted last

in 1821-1823. Another sharp increase in the seismic activity beneath the mountain started
in October 1998 and lasted until January 2001 with peak activity during July to September
1999. Observed thrust faulting mechanisms, GPS network measurements and tilt measurements
support that the seismic swarms were due to shallow intrusions into the southern part of the
mountain (Dahm and Brandsdottir 1997; Sturkell et al. 2002b). The timing of the intrusive
activity has been constrained with geodetic observations to occur within the time period between
July 1999 and May 2000 (Sturkell et al. 2002b).

The permanent GPS station THEY, installed in May 2000, is within 6 km from the modelled
intrusion centers from 1994 and 1999 (Sturkell et al. 2002b) and is thus well suited to monitor
future evolution of local intrusion activity beneath the southern flanks of Eyjafjallajokull. No
signs of postintrusive movements have been observed at THEY.

The nearest continuous station that was recording in 1999 (SOHO) is within 20 km east of
the intrusion center. The station was installed in late September 1999 and shows no conclusive
signs of activity related to Eyjafjallajokull. The intrusive activity could have been over already
in late September 1999. Sturkell et al. (2002b) model the deformation field observed in geodetic
data covering the 1999 event as coming from a shallow pressure source (3.5 km depth). Accord-
ing to their model the total displacement at SOHO during the whole intrusive event should be
approximately 12 mm east (E. Sturkell, personal communication 2002).

The average velocity of SOHO relative to REYK during September 24, 1999, to February
20, 2000, (87 data points) is 7 mm/y#r 3 mm/yr east and 3 mm/yt 4 mm/yr north (&
uncertainties). This velocity is considerably lower than the NUVEL-1A velocity relative to
REYK (19 mm/yr east and -4 mm/yr north). If the effects of the intrusion were discernible at
SOHO we would expect velocities larger than the NUVEL-1A. Assuming it is possible to detect
movements of 6 mm we can conclude that at least half of the deformation due to the intrusion
in Eyjafjallajokull had occurred before the installation of the station (September 24, 1999).

Katla volcano is an off-rift volcano beneath Myrdalsjokull glacier in South Iceland. The ice-
filled caldera, outlined in Figure 31, is 10x13 km in diameter and approximately 700 m deep

(Bjornsson et al. 2000). Katla is known for great eruptions with devastating jokulhlaups and
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has erupted 20 times in the last 11 centuries (Larsen 2000). The last great eruption was in 1918,
but possibly two small eruptions that did not penetrate the glacier occurred in 1955 (Tryggva-
son 1960) and 1999 (Einarsson and Brandsdottir 2000; Vogfjérd 2002). The Myrdalsjokull
area has shown persistent high seismic activity for more than four decades. There is a strong
seasonal trend in the activity with most of the earthquakes occurring in the autumn (Einarsson
and Brandsdottir 2000). Crustal deformation measurements using precise levelling and network
GPS survey data in the Myrdalsjokull area during 1967 to present do not show significant defor-
mation (Tryggvason 2000; Sturkell et al. 2002a). On July 18, 1999 a small jokulhlaup occurred
in JOkulséa a Sélheimasandi (Sigurdsson et al. 2000) accompanied with seismic tremors. Due to
this event and the fact that Katla is overdue for a large eruption, two permanent GPS stations
were installed at Solheimaheidi (SOHO) and Laguhvolar (HVOL) (Figure 31) in the autumn of
1999.

SOHO is located approximately 10 km from the center of the caldera. Models of potential
deformation fields by Agustsson (2000) suggest that the station is very sensitive to pressure
changes in Katla. From Figure 26 there seems to be an enhanced southward motion at stations
SOHO and HVOL compared to the NUVEL-1A model and surrounding stations. The residual
velocities, obtained by subtracting the full NUVEL-1A rate from the rates in Table 8, of SOHO,
HVOL, VMEY and THEY are shown in Figure 31. SOHO is moving outwards from the Katla
caldera at 0.9+ 0.4 mm/yr west and 6.2 0.5 mm/yr south and HVOL is moving at 0:40.3
mm/yr east and 3.5 0.4 mm/yr relative to Eurasia during the period August 2000 to December
2001.

Comparing time series from after the June 2000 SISZ earthquakes at stations SOHO, HVOL,
THEY and VMEY reveals a more detailed picture of the movements. From Figure 30 we see
that SOHO and perhaps HVOL are moving at a higher rate southward than the neighbouring
stations VMEY and THEY. From the figure we see slightly enhanced southward motion of
the stations just after the June 2000 earthquakes. We also see enhanced southward movement
at SOHO and HVOL during July to August 2001. The displacements at SOHO and HVOL
during this short period are around 5 mm towards south. There are no significant anomalous
movements observed in the east and vertical components of the time series during the period
July to August 2001. It is interesting to note that the southward movements in July to August
2001 took place when there was a low in the annual seismic activity in Myrdalsjokull.

GPS network measurements were made in the area in July 2000 and in the beginning of June
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Figure 30.Time series of the north components of GPS stations in South Iceland assuming
REYK is fixed. Absolute offsets have been adjusted for visual clarity and error bars

are not drawn.

2001. Although the latter measurements were made prior to the enhanced southward motion in
July and August 2001, the horizontal displacements found by comparing the network measure-
ments indicate a slight outward movement from the Katla caldera (Sturkell et al. 2002a). The
results from the ISGPS stations along with the network campaign results suggest inflation in the
Katla volcano. Alternatively, the data could be interpreted as a response to changing load on the
glacier. Tryggvason (1973) reports observation of annual changes in tilt using data from optical
levelling dry-tilt stations located close to the glacier edge. The tilt measurements are interpreted
as a signal due to annual loading of the Myrdalsjokull glacier. Periodic variations observed in
the time series for HVOL, SOHO and THEY (Figures 12, 17 and 18) can be interpreted as a sign
of annual glacial loading. If periodic variations in the vertical component are indeed a result of
glacial loading, they show us that these are smooth changes and cannot explain the enhanced

southward movement observed during the period July to August 2001.
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Figure 31 Residual velocities obtained by subtracting NUVEL-1A velocities from velocities cal-
culated for the time interval August 2000 to December 2001 (Table 8). The south-
ward motion of SOHO can be interpreted as pressure increase in a shallow magma

source beneath Katla or alternatively as an effect of glacial loading.

4.5 Hekla eruption 2000

The volcano Hekla is located at the intersection of the Eastern volcanic zone and the SISZ
(Figure 34). Its volcanic history during historic times is characterized by one or two vigorous
eruptions per century. The activity pattern changed after the 1947-1948 eruption (Porarins-
son 1967) and smaller eruptions ocurred in 1970, 1980-1981, 1991 and 2000. Deformation
measurements in the vicinity of Hekla started in 1968 with tiltmeter observations (Tryggvason
1994). The tiltmeter observations show a pattern of slow inflation during periods of repose and
rapid deflation during eruptions (Tryggvason 1994). Deformation measurements have been in-
terpreted as pressure changes in a magma source at 5 to 9 km depth below Hekla (Tryggvason
1994; Sigmundsson et al. 1992; Linde et al. 1993; AgUstsson et al. 2000).

Seismic activity in Hekla is generally very low (Soosalu and Einarsson 1997) and no long-
term precursory seismicity is observed before eruptions. Short-term precursors manifested in
small earthquake swarms and changes at volumetric strain stations are observed around one
hour before the eruption breaks to the surface. The latest eruption started at 18:19 on February

26, and lasted until March 8. The eruption started with activityaa@ kmlong fissure along the
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Figure 32.Time series of the north components of GPS stations SOHO and HVOL assuming
REYK is fixed. The start and end of the Hekla 2000 eruption are marked with vertical

lines. Error bars are omitted for clarity.

East component relative to REYK
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Figure 33.Time series of the east components of GPS stations SOHO and HVOL assuming
REYK is fixed. The start and end of the Hekla 2000 eruption are marked with vertical

lines. Error bars are omitted for clarity.

ridge of the volcano, but confined soon to a few eruptive vents.
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Figure 34.Comparison of co-eruptive signals at the ISGPS stations that were recording at the
time of the Hekla 2000 eruption. ISGPS stations are marked with green circles and
volumetric strain stations are marked with red circles. Legend Hekla on the map
is just S of Hekla volcano. The observed displacements are shown with black ar-
rows. Red arrows note the predicted displacements calculated from a model of the
eruption based on data from the volumetric strain stations (K. Aglstsson, personal

communication 2002).

The closest continuous GPS station recording at the time of the eruption was at Solheima-
heidi (SOHO), at approximately 53 km distance SE of the summit of Hekla. Despite the distance
a small deformation signal was seen at the stations SOHO and HVOL (Figures 12 and 17). Fig-
ures 32 and 33 show a blow-up of the time series of the horizontal components of SOHO and
HVOL around the time of the eruption. The signal seems to be more prominent at SOHO and
points towards Hekla. Kristjan Agustsson kindly provided the predicted displacements at the
operational ISGPS stations (Agustsson et al. 2000). His model of the deformation is derived
from measurements at continuously operating volumetric strain stations (Figure 34). The clos-
est volumetric strain station is 15 km from Hekla. His model is similar to the one described in
Linde et al. (1993), consisting of a deflating pressure source at 7.7 km depth and an expanding
dike with strike 65. In the first phase of the eruption, before the eruption breaks through the
surface, the volumetric strain signal is governed by compression from a rapidly forming dike
extending from the magma reservoir to the suface. In the second phase the eruption has reached
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the surface. The dike is still growing and pressure is decreasing in the magma reservoir. In
the third phase the dike is fully grown and the volumetric strain signal shows expansion due
to pressure decrease in the magma chamber. The predicted displacements for the sum of all
three phases are 1.2 mm towards west and 3.2 mm north for SOHO, and 1.4 mm west and 1.9
mm north for HYOL. The displacements, estimated from the time series, at SOHCB (@m

W and 6+ 3 mm N) and HVOL (3+ 3 mm W and 3+ 3 mm N) agree with the predicted
displacements regarding size and direction (Figure 34) although the signal at SOHO seems to
be slightly larger than is predicted.

A new ISGPS station at isakot (ISAK), 15 km NW of Hekla, was installed in January 2002
over an existing benchmark that has been included in network measurements since 1986 (Sec-
tion 2). During the Hekla 1991 eruption ISAK was observed to move 4.4 cm towards Hekla
(Sigmundsson et al. 1992). Predicted displacements at ISAK for the Hekla 2000 eruption are

approximately 4 cm towards the volcano.

4.6 The June 2000 earthquake sequence in South Iceland

The South Iceland seismic zone (SISZ) is an E-W trending transform zone that connects the
Western volcanic zone and Reykjanes peninsula in the west to the Eastern volcanic zone in
the east (Figure 1). The SISZ is approximately 70 km long and 10 to 20 km wide. The SISZ
accommodates the relative plate motion along an array of N-S trending right-lateral strike slip
faults instead of having only one long E-W trending left-lateral fault (Einarsson and Eiriksson
1982). This behaviour is termed bookshelf faulting (Sigmundsson et al. 1995). Destructive
earthquake sequences are historically known to occur in the SISZ at intervals of 45 to 112 years
(Einarsson et al. 1981). The earthquake sequences usually consist of several earthquakes with
magnitudes over 6.5 that occur on N-S trending faults.

Such a sequence started at 15:40:41 GMT on June 17, 2000, with an earthquake of moment
magnitude My =6.5. The hypocenter was located at 6419,720.37W and 6.3 km depth. A
second event of M=6.4 followed at 00:51:47 GMT on June 21, 2000. The hypocenter was
located at 63.98\, 20.7TW and depth 5.1 km (Stefansson et al. 2000). The epicenters are
marked with large stars in Figures 36 and 37. The two large earthquakes occurred on N-S
trending faults as indicated by location of the aftershocks (Stefansson et al. 2000), geodetic

measurements (Arnadottir et al. 2001; Pedersen et al. 2001) and mapping of surface fractures
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(Einarsson et al. 2000).

VOGS - REYK

N
o
T

! ;Imi}h“

: LFREEE]
treipay 1EEYg
FrEECE

it

o4

] 3 s338%3%%
. Iiﬂilhiiilﬁiiﬂ Ifi [X]

YT ETTY FETN FYTHY FYYSY FYTTY FUTN FUTRY FYSRY FNTY 1 AT FAOTA PO A

\‘\H\‘\H\‘HH‘HHMH‘HH‘HH \H\‘\H\‘\\H‘HH‘HH‘HH‘HH‘\H

30 140 150 160 170 180 190 200

40
35
30
25
20
15
10
5
07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-5 i }

O-10 it et Hiﬁm

Z-15
20
-25
-30
-35
-4

|
N
L
=
o

RTH (mm)

-

——
e

—
e

NE
iy
o

3 140 150 160 170 180 190 200

60 LA L L L L L B B B
50

40

30
=20
£ 20
E_/ 0
-10
S-20
-30
-40
-50

_6 Coovvvnvn by b Bl b s B b s b

30 140 150 160 170 180 190 200
Day number since January 1, 2000

T ‘ T ‘ T ‘ T ‘ ] oiH‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH \Hm\\\‘HH‘HH‘HH‘HH‘HH‘\H
s
-
—
i

e
-
pat
o
e
s
faal
Iy
.
-
e
it
e
e
pe
pe
e
o
-5
.
-
o
o)
B
e
p
s
oo
pe

{
Hﬁﬁ%ﬁmUHWW%

i
e

[

I —e
e
|
e
N )

i H@ﬂ

N‘\\\\\\\\\\

10

Figure 35.Time series of VOGS covering the period of the June 2000 earthquakes. The times
of the June 17 and 21 earthquakes are noted with vertical lines. Vertical axes have

been adjusted for visual clarity.

A significant coseismic deformation signal was observed at all operational ISGPS stations for
both the main earthquakes. Figure 35 shows an 80 day long time window from VOGS covering
the times of the earthquakes. The coseismic displacements due to each of the large earthquakes
can easily be separated. The weighted average of the coordinates is calculated for three time

intervals, using data from 10 days before the earthquakes, three days between the earthquakes
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June 17 [mm] June 21 [mm] Combined displacement [mm
Station East North East North East North
VOGS | 188+ 0.6 | -104+1.1| 84+0.7 | -0.1+1.2 | 27.3+ 0.5 -10.5+ 0.9
HVER | 6.5+ 0.7 -45+11 | -19+08 | 6.7+1.2 | 46+0.6 2.2+ 0.9
OLKE | -10.0£0.7| 29+1.2 |-13.3+0.8 |11.1+1.3 |-23.2+ 0.6 14.0+£ 0.9
THEY | 124+08 | -119+11| 6.7+£09 |-6.8+1.3 | 19.1+0.7 -18.6+ 1.0
SOHO | 9.3+0.8 -7.5+1.1 53+0.8 |-75+£12 | 147+ 0.7 -15.1+ 0.9
HVOL 89+1.0 -69+14 41+09 | -47+1.2 | 13.0£0.9 -11.5+1.3
HOFN 36+11 | -42+1.2

Table 9.Coseismic displacements at the continuous GPS stations for the events on June 17 and

21, assuming REYK is fixed. Uncertainties are at théelrel.

and 10 days after the earthquakes. The coseismic displacements for each earthquake are then
obtained by calculating the diffrences of the coordinates. REYK is assumed to remain fixed
during the earthquakes. Results are listed in Table 9. The errors are estimated as four times the
formal error resulting from the weighted average (see Section 3.1). Vertical displacements were
insignificant at all stations. The cosesismic displacements observed at the operational stations
are shown as vectors in Figures 36 and 37. Station HLID was not in operation at the time of the
earthquakes. HVOL was not in operation until June 15, 2000, when a new wind generator was
installed. Thus there are only two days of data behind the weighted average of coordinates prior
to the earthquakes at HVOL.

HOFN was excluded from routine processing of the data from June 7 until June 16. That
is why there are missing values for HOFN in Table 9. When HOFN was included in the daily
processing, the formal errors of the daily coordinate results were larger by a factor of two and
offsets as large as 20 mm west and 10 mm north (at SOHO) were observed. The offsets occurred
10 days prior to the June 17 earthquake and were at first interpreted as a precursor for the large
earthquake sequence, but when HOFN was excluded from the processing the formal errors came
back to normal values and the spurious offsets disappeared from the time series. It is not known
why HOFN had such an impact on the coordinate results but perhaps it is due to some kind of
instrumental error.

The displacements, assuming REYK is fixed, at VOGS are larger on June 17 than on June
21, although the June 21 earthquake is closer to VOGS and the earthquakes have similar mag-

nitudes. This implies that other earthquakes on the same day contributed to the observed signal
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Figure 36.0bserved (black arrows) and calculated (red arrows) horizontal coseismic displace-
ments for the June 17 main shock (Arnadottir et al. 2001), assuming REYK is fixed.
Large star notes the location of the June 17 main event and small black stars note
significant events triggered by the June 17 earthquake. Red line by the large earth-
quake shows the causative fault as modelled by Arnadottir et al. (2001). Note the
discrepancy for stations in the Hengill area (OLKE, HVER and VOGS).

on June 17. In Figure 36 three stars noting earthquakes with moment magnitudes greater than
4.5 are on the Reykjanes peninsula. These earthquakes are believed to be triggered by the large
earthquake (K. Vogfjord, personal communication 2002) and occur at times (from east to west):
15:41:06, 15:41:11 and 15:45:27 GMT. InSAR interferometric results of the Reykjanes penin-
sula and GPS network measurements carried out in July 2000 and April to June 2001 show
clearly significant deformation associated with the Reykjanes peninsula earthquakes on June 17
(Pagli et al. 2002; Arnadattir et al. 2002). The largest deformation is observed near Kleifarvatn.
Figures 36 and 37 (black arrows) show that the coseismic offsets at HVER are not consistent
for the two earthquakes. One would expect the direction of the displacements to be similar.
Arnadattir et al. (2001) modelled the geometry and displacements of the faults using GPS net-
work campaign data from 1995, 1999 and 2000 (June 19-30). The displacements at the ISGPS
stations are compared with modelled displacements supplied by béra Arnadéttir for each large
earthquake in Figures 36 and 37, assuming REYK is fixed. The observed offsets at stations to the
east (THEY, SOHO and HVOL) due to the June 17 earthquake (Figure 36, Table 9) agree fairly

78



64°|— L

63.5—

21 jun, 20 M—m878
Model, 20 Mm———>

O ISGPS
| B IGS

| | | |
-23° -22° -21° -20° -19° -18°

Figure 37.Same as Figure 36, for the earthquake on June 21. The only station that does not fit
well to the model is HVER.

well with the model except at HVOL. The fit is very poor for stations OLKE, HVER and VOGS.
This is to be expected for station VOGS since its offset is affected by the three earthquakes on
Reykjanes peninsula. Indeed, preliminary modelling of coseismic displacements resulting from
the Reykjanes peninsula earthquakes using GPS network measurements are in good agreement
with the offset observed at VOGS (b. Arnadottir, personal communication 2002). The predicted
displacement field for the three Reykjanes peninsula quakes is not large enough to explain the
coseismic deformation at OLKE and HVER. A number of earthquakes occurred in the Hengill
area on June 17, as mentioned in Section 4.3, along an E-W trend. The earthquake data from
the June swarm has not been fully processed and earthquakes with magnitudes similar or less
than the Reykjanes earthquakes might be hidden in the data, specially if the earthquake was trig-
gered by the S-wave of the main June 17 event (K. Vogfjord, personal communication 2002).
Presently there are two earthquakes with local magnituge3vb and one with local magnitude
M;=4.3 in the SIL database on June 17 in the Hengill area. It is tempting to conclude that the
anomalous coseismic deformation signal observed at OLKE and HVER results from cumulative
local deformation sources.

The reference station REYK is within the deformation field for the June 17 and 21 earth-
quakes. The coseismic displacements of REYK can be estimated with three different methodes:
1) using the model of Arnadottir et al. (2001); 2) HOFN is well outside the deformation field
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of the earthquakes so changes in the baseline REYK-HOFN for the June 21 earthquake can be
attributed to REYK; 3) using data from international analysis centers that include REYK in their
processing. The predicted coseismic displacements for REYK are 1 mm west, 2 mm north the
June 17 event and 3 mm west, 3 mm north for the June 21 event (b. Arnadéttir, personal com-
munication 2002). The predicted displacements for HOFN are less than 1 mm (b. Arnadéttir,
personal communication 2002). We can thus attribute the coseismic displacements observed at
HOFN (Table 9) to REYK resulting in 3.6 1.1 mm west and 4.2 1.2 mm north coseismic
displacement for REYK due to the June 21 earthquake, in good agreement with the predicted
displacements. Visual inspection of time series of REYK from international data processing
centers like SOPAC (2002) and MIT (2002) reveals offsets ranging from 5 to 8 mm towards

west and from 4 to 7 mm towards north for the combined displacements due to the earthquakes.
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5 CONCLUSIONS

1) The permanent GPS network in Iceland offers the opportunity to observe temporal vari-
ations in crustal deformation fields. The measurements show the plate motions and transients
due to earthquakes and volcanic activity.

2) Data from the ISGPS network are automatically collected and processed on a daily ba-
sis. Scaling factors for the formal errors were estimated 4.0 for the east and north coordinate
components and 2.5 for the vertical component.

3) Vertical offsets of 20 mm downwards are observed when SCIGN radomes are installed.
No significant horizontal offsets are detected due to radome installation.

4) Velocities are determined for the ISGPS stations. The interseismic horizontal velocities
are generally in agreement with the NUVEL-1A plate movement model which predicts that the
North-American and Eurasian plates are moving apart in Iceland at a rate of 19.6 mm/yr.

5) Stations REYK, OLKE, SKRO and AKUR are on the North-American plate and stations
HOFN, HVOL, RHOF, SOHO, THEY, VMEY and VOGS are on the Eurasian plate. Stations
HVER, HLID and KIDJ are within the plate boundary deformation zone moving at intermediate
rates.

6) Vertical movements show that all stations are moving up relative to REYK at rates ranging
from 3 mm/yr to 9 mml/yr.

7) No conclusive signs of intrusive activity in the Hengill area are observed since the stations
in the area were installed in the spring of 1999.

8) No signs of intrusive activity in Eyjafjallajokull are detected at station SOHO which was
installed in September 1999, nor THEY which was installed in May 2000. Thus we conclude
that the intrusion event in Eyjafjallajokull that started in July 1999, had ended or was mostly
over in the fall of 1999.

9) A prominent southward movement is observed at stations SOHO and HVOL near Katla
volcano during the period August 2000 to December 2001. SOHO is moving southwards at
7 mm/yr during the period. Enhanced southward motion during July to August 2001 is also
observed. These movements are interpreted as a magma pressure increase beneath the volcano.

10) Displacements due to the Hekla 2000 eruption were detected at stations SOHO and
HVOL. SOHO recorded 7 mm horizontal motion towards Hekla during the eruption.

11) Coseismic displacements are observed at the times of the June 17 and June 21, 2000,
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earthquakes in the SISZ. Cosesismic displacements at stations west of the June 17 earthquake in-
clude displacements due to triggered events on Reykjanes peninsula and possibly in the Hengill
area. The displacements for the June 21 earthquake fit well to a model based on network GPS
measurements.

12) Periodic signals, with a period of approximately 1 year, are discernible in east and vertical
components of the time series at most stations. The origin of the movements, i.e. whether they

are measurement artifacts or a real signal from the earth, remains uncertain.
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I[SLENSKT AGRIP
SAMFELLDAR GPS MZLINGAR A [SLANDI 1999 TIL 2002

Inngangur

GPS kerfid samanstendur af 24 gervitunglum sem eru a sporbraut um jordu i um 25.000 km
flarleegd. GPS gervitunglin senda fra sér bylgjur & tveimur tionupw 1575.42 MHz og L =
1227.60 MHz. K6di sem inniheldur m.a. upplysingar um hvad klukkan er hja gervitunglinu og
hvar pad er stadsett er motadur ofan a burdarbylgjurnar. GPS handtaeki nota pennan kéda til ad
reikna fjarleegdina til gervitunglanna. Ef fjarlaegd til a.m.k. fjdgurra gervitungla er pekkt pa er
haegt ad reikna privida stadsetningu meeliteekisins med nakveemni upp a nokkra metra.

Jardskorpuhreyfingar nema 6érfaum sentimetrum a ari og pvi parf sérhaefd GPS landmeel-
ingateeki og sérhaefdan hugbunad til ad fa stadsetningarnakveemni innan vid 1 cm. GPS land-
meelingataeki nota burdarbylgjurnar sjalfar auk kodans. Til ad losna vid ahrif skekkjuvalda (t.d.
vedrahvolfs og jénahvolfs) pa eru notadar afsteedar stadsetningar, p.a. meeliteeki er stadsett
midad vid pekkta stadsetningu annars meeliteekis. Nakveemnin er had hversu lengi er maelt. Til
ad na nakveemniinnan vid 0.5 cm i laréttri stadsetningu og um 1 cm i l0dréttri stadsetningu parf
ad meaela i atta klukkustundir eda lengur.

[sland er & métum Evrasiu- og Nordur-Amerikuflekanna sem eru ad glidna i sundur med
hrada sem nemur um 1.9 cm a ari. Flekaskilin liggja eftir Reykjanesinu, um Sudurlandsbrota-
beltid og nordur eftir Eystra gosbeltinu. Vid Husavik og Képasker hlidrast flekaskilin til vesturs
ad Kolbeinseyjarhrygg. Glionun landsins virdist ad mestu fara fram a Eystra gosbeltinu og
Vestra gosbeltid virdist vera litid virkt. Eldvirkni fylgir ad mestu legu flekaskilanna.

Flekaskil eru ekki skorp i peim skilningi ad heildarfaerslan meelist yfir staka sprungu. Flekaskil
eru um 20 til 60 km breid sveedi par sem aflégunar geetir. Utan aflégunarsveeda eru plétu-
hreyfingar einsleitar. A flekaskilum er aflogun skrykkjott vegna jardskjalftahrina og eldgosa

(mynd 21).

Stodvar til samfelldra GPS meelinga

GPS landmeelingar & islandi til ad rannsaka jardskorpuhreyfingar hofust pegar & upphafsarum
GPS kerfisins 1986. | GPS landmaelingunum er GPS loftneti stillt upp yfir fastmerki sem
er koparnagli i fastri klopp. Vidteeki tengt loftnetinu safnar gégnunum. Med endurteknum
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maelingum, & nokkurra manada til nokkurra ara fresti, ma fylgjast med hvernig stadsetning fast-
merkisins breytist vid aflogun jardskorpunnar. | samfelldum GPS maelingum er maelitaekjunum
komid varanlega fyrir yfir fastmerkinu til ad fylgjast med hvernig stadsetning pess breytist med

tima.

Pad eru nokkur pusund GPS stodvar til samfelldra maelinga i heiminum i dag. Peer gegna
fiélpeettum tilgangi utan pess ad meela jardskorpuhreyfingar. Fyrsta stodin til samfelldra GPS
meelinga & Islandi var sett upp i Reykjavik i nvember 1995 af bysku landmaelingastofnuninni
(BKG) i samstarfi vid Landmaelingar islands. S6mu adilar settu upp stod i Hofn i Hornafirdi i
mai 1997. Gogn fra stodvunum eru notud af mérgum alpjédlegum arvinnslumidostédvum, m.a.
til ad reikna Gt brautir GPS gervitunglanna.

pralat jardskjalftavirkni i Henglinum hofst 1994. Landris (2 cm & ari) maeldist & Hengils-
svaedinu samfara jardskjalftavirkninni, sem tengt var kvikuinnskoti skammt nordvestan vid
Hveragerdi. bessir atburdir voru hvati pess ad Vedurstofa islands, Norreena eldfjallastddin og
Raunvisindastofnun Haskolans toku saman hondum um uppbyggingu samfelldra GPS maelinga
& Islandi og var fyrsta stodin sett upp & Vogsésum i Selvogi pann 18. mars 1999. Maelaneti®
kallast ISGPS og stbdvarnar eru flestar nalaegt flekaskilum eda virkum eldfjéllum (mynd 1).

Uppsetning teekjabunadar & ISGPS stodvum hefur ad miklu leyti proéast beint Ut fra net-
meelingum. GPS loftnetid hvilir & fjorfeeti ar rydfriu stali sem er festur i trausta klopp. Undir
midju loftnetinu er fastmerki i klopp sem er i raun punkturinn sem verid er ad meela. Vioteeki
skrair meelingar fra gervitunglunum & 15 sekindna fresti i innra minni (myndir 3 og 4). A
solarhrings fresti hringir tolva i Reykjavik sjalfvirkt i vidteekin um moétald og seekir gogn fra

teekjunum.

Nidurstoour

pegar gogn fra 6llum samfelldum GPS stédvum & islandi eru komin i his er unnid sjalfvirkt
ar peim med spabrautum GPS gervitunglanna og nidurstédur uppfaerdar & vefnum. Sidar eru
endanlegar nidurstodur reiknadar it med nakveemnustu upplysingum um brautir gervitunglanna.
Unnid er ur gégnunum med hugbunadi sem kallast Bernese 4.2. Nidurstodur eru & formi
hnita hverrar stodvar midad vid gefin hnit vidmidunarstodvarinnar i Reykjavik (REYK). Hnit
REYK eru i ITRF97 hnitakerfinu. Timaradir stadsetninga stoédvanna (myndir 8 til 20) eru syndar

sem breytingar fra akvednum timapunkti & stadsetningu stédva midad vio ad stadsetning REYK
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breytist ekki.

Formlegar Ovissur sem uarvinnsluforritio skilar eru of litlar, og eru ovissurnar pvi marg-
faldadar med kvordunartélum: 4.0 i laréttu pattunum og 2.5 i l6drétta paettinum. Kvordunar-
télurnar eru fengnar med ad bera saman formlegu ovissurnar og stadalfravik i timarédunum eftir
aod utlagar hafa verid hreinsadir ar timarédunum.

Timaradirnar syna flekahreyfingar sem feerslu i austur og sudur, i ageetu samraemi vid pad
sem plétuhreyfingalikanid NUVEL-1A spair fyrir um. Feerslur vegna Sudurlandsskjalftahrin-
unnar i juni 2000 sjast sem stokk i austur og sudur i timarédunum. Til ad reikna plétuhrada sem
lysir medalhreyfingu stédvarinnar yfir nokkur ar verdur fyrst ad fjarleegja feerslur vegna Sudur-
landsskjalftanna ur gégnunum. Faesluhradarnir (mynd 26) benda til pess ad meginhluti reksins
fari fram & Eystra gosbeltinu, en ekki a Vestra gosbeltinu. GPS netmeelingar fra fyrri tid stydja
pessa nidurstodu. Lodréttir feersluhradar syna ad allar stodvarnar eru & leidinni upp, midad vio
REYK, med hrada sem nemur 3 til 9 mm & ari.

Fravik fra NUVEL-1A plétulikaninu sjast innan aflogunarsveedis flekaskilanna og vid Myr-
dalsjokul. Stodvarnar VOGS og OLKE virdast vera a jadri aflogunarsveedis flekaskilanna, en
HLID og HVER eru vel innan pess — p6 & sinum hvorum flekanum. Midja flekaskilanna er
a milli HLID og HVER (mynd 27). St6din KIDJ er & midju Sudurlandsbrotabeltinu, um 5 km
vestan vid Hestfjallssprunguna sem skalf 21. juni 2000. St6din hreyfist hradar til nordurs en
naleegar stodvar (mynd 27) og kann pad ad stafa af aframhaldandi hreyfingum & misgenginu
eftir jardskjalftann.

Stodvarnar HVER og OLKE eru néleegt midju risins sem meeldist a Hengilssveedinu 1994
til 1998. beer syna engin merki um aframhaldandi ris fra pvi paer voru settar upp (vor 1999).
Hugsanlegt er p6 ad risi hafi verid ad ljuka um pad leyti.

Stodvar vio Myrdalsjokul benda til pess ad kvikuprystingur undir Koétlu sé ad aukast. Stddin
a Solheimaheidi (SOHO) er um 5 km SV af skjubran Kotlu. SOHO er ad feerast fra 6skjunni,

i jali og agust 2001 feerist stodin til sudurs um 4 mm. GPS netmeelingar & dskjubran Kotlu
og i kringum Myrdalsjokul stydja pessar nidurstédur. Naudsynlegt er ad fylgjast grannt med
jardskorpuhreyfingum vid Kotlu i framtidinni og mun SOHO gegna lykilhlutverki par.

Heklugosid i februar 2000 kom vel fram & SOHO og einnig vottadi fyrir pvi a HVOL pratt
fyrir ad stodvarnar séu i yfir 50 km fjarleegd fra Heklu. Feerslurnar voru i att ad Heklu og
endurspegla prystiminnkun i kvikupré undir Heklu. SOHO faerdist um 7 mm i att ad Heklu
a4 medan a gosinu stdd. Feerslunum ber ageetlega saman vid likan sem byggt er & gégnum fra
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penslumaelum Vedurstofu islands. | jantar 2002 hofust samfelldar GPS meelingar vid isakot,
um 15 km fra Heklu. Su st6d beetir eftirlit med Heklu til muna.

[ jani 2000 urdu tveir storir skjalftar (med veegisstaerdir,{M6.5 og 6.4) & Sudurlands-
brotabeltinu med priggja og halfs solarhrings millibili. Samfara skjalftunum & Sudurlandi vard
mikil jardskjalftavirkni Gt eftir Reykjanesskaganum. Feerslur vegna hvors skjalfta um sig eru vel
adgreinanlegar. Feerslurnar a Vogsosum (VOGS) eru minni i seinni skjalftanum pé ad skjalft-
arnir séu hér um bil jafnstorir og seinni skjalftinn sé neer. pbad bendir til ahrifa frd smeerri
skjalftum sem urdu ati & Reykjanesi nokkrum minutum eftir Holtaskjalftann 17. jani 2000.
Feerslum vegna Hestfjallsskjalftans 21. jani 2000 ber ageetlega saman vid likan byggt & GPS
netmaelingum. Viomidunarstodin i Reykjavik var innan aflégunarsveedis Sudurlandsskjalftanna.

Hlutverk ISGPS kerfisins i voktun eldfjalla er mikilvaegt. Katla a eftir ad baera & sér fyrr
eda sidar og pvi er mikilvaegt ad fylgjast vel med jardskorpuhreyfingum par. Pad er akjosanlegt
ad fjdlga stodvum til ad fylgjast med 68rum virkum eldstédvum eins og Grimsvoétnum, Oskju
og Kroflu. Sudurlandsskjalftarnir 2000 eru taldir marka upphaf aukinnar jardskjalftavirkni &
Sudurlandi og pvi er fysilegt ad fjdlga stddvum & Sudurlandi i framtidinni. Akjosanlegt er ad
koma gagnasofnun og Urvinnslu naer rauntima, til deemis a klukkustundar fresti, til ad beeta
rauntimaeftirlit med jardva. | framhaldi af pvi maetti préa sjalfvirkt vidvorunarkerfi sem laetur
vita ef hreyfingar eru éedlilegar. I heildina séd hefur ISGPS kerfid réttleett tilvist sina og tryggja

verdur aframhaldandi rekstur og préun pess.
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