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2 GPS MEASUREMENTS IN THE KÁRAHNJÚKAR AREA 11 Introdu
tionAs a part of a monitoring and resear
h program by Landsvirkjun in the Hálslónarea, an extensive network for 
rustal deformation resear
h was established therein 2005 by the Institute of Earth S
ien
es, University of I
eland. The networkwas initially measured in 2005 [1℄. The 
omplete network was remeasured fromAugust 8 until August 16 2006. A total of 35 ben
hmarks were o

upied withina distan
e of 20 km from Kárahnjúkar. Ten of these stations were existing ben
h-marks in
luding 3 ben
hmarks, used in the earlier ISNET 
ampaigns (HATU,LAFE and GRUN). The GPS network was established in order to monitor thee�e
t of reservoir �lling. Pro
esses that may be expe
ted as a 
onsequen
e ofthe �lling of the Hálslón reservoir in
lude 
rustal sagging due to the in
reasedload, triggered earthquakes due to the in
reased pore pressure, and dilation offra
tures by in
reased �uid pressure under low horizontal stress. Other 
rustalpro
esses that are likely to be dete
ted are 
rustal stret
hing due to plate move-ments, and uplift asso
iated with de
reasing load of the nearby Vatnajökull i
e
ap. In addition a seasonal variations have been observed in the 
ontious GPSnetwork [2℄ and modeled taking into a

ount the seasonal snow load on I
elandsfour largest i
e-
aps [3℄.2 GPS measurements in the Kárahnjúkar areaCurrently three GPS networks have been established in the Kárahnjúkar area.One with 
ontinuous GPS stations and two networks of ben
hmarks measuredin 
ampaigns. Together these three networks form a 
oherent monitoring net-work for dete
ting spatial and temporal variations in 
rustal movements at Kára-hnjúkar.For resolving temporal 
hanges in the Hálslón area in real time and moni-toring seasonal variations, the I
elandi
 Meteorologi
al O�
e established three
ontinuously measuring GPS stations in the area (see Figure 3). Station SAUDlo
ated at Sauðárháls (N64
◦
53

′
54.23

′′
W15

◦
53

′
01.35

′′) was established in O
tober30, 2004. Station KARV lo
ated near the 
amps at Kárahnjúkar(N64
◦
56

′
00.24

′′
W15

◦
50

′
22.2

′′) was established September 17, 2005. Station BRUJlo
ated near Brúarjökull (N64
◦
49

′
45.48

′′
W16

◦
05

′
19.8

′′) was established Septem-ber 16, 2005. Detailed information about the 
ontinuous GPS sites 
an be foundon the website of the I
elandi
 Meteorologi
al O�
e [4℄. In addition, a 
ontinuousGPS station was established in Heiðarsel (HEID) and run by the National LandSurvey of I
eland (see Table 1), to be used as future referen
e.Another network was also established in the Hálslón area by Hnit Ltd. andthe Earthquake Engineering Resear
h Centre of the University of I
eland. Thisnetwork is 
on�ned to the area 
lose to the dam sites and is fo
used on dete
tingfault movements in the immediate vi
inity of the three dams [5℄.The third network (Hálslón GPS Network) was established by the Institute ofEarth S
ien
es and it was remeasured in August 2006.



4 CAMPAIGN SUMMARY 23 The Hálslón GPS NetworkThe GPS network of the Institute of Earth S
ien
es 
an be divided into threeparts1. Ben
hmarks 
on
entrated 
lose to the dams (see Figure 1).2. Ben
hmarks that are lo
ated within 20 km distan
e from Hálsón (see Figure2).3. Ben
hmarks in adja
ent areas to widen the 
overage of the network (seeFigure 3).In addition to the GPS measurements, pre
ise leveling was performed betweenthe ben
hmarks MISV and MISA (see Table 1 and Figure 1) whi
h are establishedwest and east of the Sauðárdalur fault, respe
tively.4 Campaign summaryThe Kárahnjúkar 2006 GPS 
ampaign (KARA06A) took pla
e from August 8until August 16 and was 
arried out by the Institute of Earth S
ien
es in 
oop-eration with Landsvirkjun. Overview of the 
ampaign is given in Tables 1-2Three groups on three jeeps parti
ipated in the 
ampaign, one from Landsvirkjunand two from the Institute of Earth S
ien
es. A total number of 15 instrumentswere used: 3 pairs of Trimble 4000SSI re
eivers and (Mi
ro NVI) TRM33429.20antennas, 2 pairs of Trimble 4000SSI re
eivers and (Zephyr Geodeti
) TRM41249.00antennas, 2 pairs of Trimble 4400 re
eivers and (Compa
t L1/L2) TRM22020.00antennas and 8 pairs of Trimble 5700 re
eivers and (Zephyr Geodeti
) TRM41249.00antennas. Four 
ontinuous GPS-stations were running nearby, The stationsSAUD, BRUJ and KARV run by the I
elandi
 Meteorologi
al O�
e, all 
lose tothe Hálslón area and one at Heiðarsel (HEID) near Egilstaðir whi
h will be usedas a referen
e station for deformation in the Kárahnjúkar area. Every ben
hmarkwas measured at least for 38 hours.The pro
essing of the data was done using Bernese 5.0. The analysis was basedon double-di�eren
e pro
essing where phase ambiguity �xing is attempted forbaselines up to 2000 km length, based on quasi-ionosphere-free (QIF) resolutionstrategy. The �nal network solution is a minimum 
onstraint solution, realised byno-net-translation 
onditions imposed on a set of ITRF2005 referen
e 
oordinates[6, Ch. 10.2.1 and 20.4.2℄. The IGS stations used for referen
e are REYK, HOFN,ALGO, ALRT, ONSA, TROM, MADR and WES2. The un
ertainty estimatefrom the pro
essing for the 
al
ulated velo
ities have not been 
on�ned yet butthe un
ertainty arising from the setup of the instruments are used for preliminaryvalues. By assuming setup un
ertainty of ∼ 1.6mm the un
ertainty of the ve
torbetween the two epho
s is∼ 2.5mm. The un
ertainty arising from the pro
essing,then needs to be added. The un
ertainty presented in Figures 3, 4, 5, 6, 7 and 8are the 95% 
on�den
e limit.
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Figure 1: Ben
hmarks 
lose to the dam area in the Kárahnjúkar 2006 GPS 
am-paign. The �gure shows Hálslón when �lled to elevation of 625m above sea level.
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Figure 2: Ben
hmarks measured in the Kárahnjúkar 2006 GPS 
ampaign. Oneadditional ben
hmark, GRUN (see Table 1), was measured in the 
ampaign butis not in
luded on the map. It is lo
ated to the north of the map. The �gure alsoshows the lo
ation of Hálslón when �lled to elevation of 625m above sea level.The box shows 
overage of Figure 1



4 CAMPAIGN SUMMARY 5Table 1: Measured ben
hmarks in 2006.Point Long Lat Ant ser Height [m℄1ALFD 16:02:03.5W 64:59:02.9N TRM41249.00 612102 1.1523BALD 15:44:57.0W 64:55:27.0N TRM41249.00 020724 0.9407BUDI 15:50:30.7W 64:56:00.5N TRM33429.20 221333 1.1439DIMM 15:47:10.3W 64:56:57.5N TRM33429.20 171774 0.8664DSTI 15:45:48.0W 64:55:59.0N TRM33429.20 171774 0.8904FADA 16:01:26.5W 64:56:51.1N TRM41249.00 605840 1.0137GRUN 15:32:21.0W 65:13:41.0N TRM41249.00 634708 0.8679HAHV 15:48:32.0W 64:56:56.0N TRM41249.00 605840 0.8873HALS 15:47:50.4W 64:53:59.2N TRM41249.00 606552 1.0778HATU 15:43:37.0W 64:41:08.0N TRM33429.20 221333 0.7957HDAL 15:33:48.3W 64:58:52.3N TRM41249.00 101179 1.0424HEID 14:32:27.4W 65:22:51.0N TRM41249.00 108689 1.0010HLON 15:52:48.2W 64:52:31.9N TRM41249.00 606552 1.0060HRAU 16:00:41.1W 64:49:06.0N TRM22020.00 078192 1.0142HSTO 15:55:30.5W 64:54:59.9N TRM33429.20 168784 1.0609KARA 15:46:50.9W 64:56:31.1N TRM41249.00 534134 1.1135KRIN 15:57:38.5W 64:50:31.3N TRM22020.00 076635 1.3589KVAR 16:04:12.2W 64:50:17.0N TRM41249.00 612102 0.9333KVEA 16:13:22.0W 64:50:15.4N TRM41249.00 606552 1.2754LAFE 15:24:35.3W 64:52:05.7N TRM41249.00 482230 0.0680LAVE 15:48:13.0W 65:00:28.0N TRM22020.00 078192 1.0800MISA 15:54:04.4W 64:54:18.2N TRM22020.00 076635 1.1768MISV 15:54:05.5W 64:54:18.6N TRM22020.00 078192 1.2612NYSA 15:43:16.8W 64:48:46.4N TRM41249.00 101179 0.9093SADA 15:53:06.0W 64:56:10.0N TRM41249.00 612102 1.0809SFEL 15:47:53.3W 64:55:44.6N TRM41249.00 612102 1.0117SHAL 15:52:23.0W 64:54:37.4N TRM41249.00 605840 1.0350SNES 15:27:54.1W 64:49:15.1N TRM41249.00 634708 0.9143SNSK 15:38:31.4W 64:48:29.6N TRM33429.20 168784 0.8876THMY 15:57:19.2W 64:51:53.4N TRM41249.00 534134 1.1580THUD 15:36:46.9W 64:53:10.9N TRM41249.00 020724 0.8065TROL 15:55:53.8W 64:52:32.9N TRM22020.00 076635 1.0446TUNG 15:39:02.8W 64:54:55.0N TRM33429.20 171774 0.8815VEOR 15:48:49.2W 64:51:02.3N TRM41249.00 534134 1.1701VEVO 16:00:44.1W 64:53:22.0N TRM41249.00 605840 1.0316VIKD 15:57:03.1W 65:04:16.3N TRM41249.00 606552 0.9377
1Height from ben
hmark to antenna referen
e point (ARP).



4CAMPAIGNSUMMARY
6

Table 2: Measurement times of individual ben
hmarks in the Kárahnjúkar 2006 GPS 
ampaign.point Aug, 8. Aug, 9 Aug, 10 Aug, 11 Aug, 12 Aug, 13 Aug, 14 Aug, 15 Aug, 16ALFDBALDBUDIDIMMDSTIFADAGRUNHAHVHALSHATUHDALHEIDHLONHRAUHSTOKARAKRINKVARKVEALAFELAVEMISAMISVNYSASADASFELSHALSNESSNSKTHMYTHUDTROLTUNGVEORVEVOVIKD



5 RESULTS 75 ResultsIn order to evaluate eventual 
rustal deformation 
aused by the Hálslón reservoirit is �rst ne
essary to evaluate present ongoing 
rustal deformation in the area.The horizontal displa
ement �eld observed between 1993 and 2004 derived fromthe ISNET 
ampaigns gives full spreading rate of 20-24mm/yr a
ross the plateboundary in I
eland [7℄. Hálslón is lo
ated 40-50 km away from the 
entral axis ofthe plate boundary in North I
eland whi
h runs through the Askja 
aldera. The
loseness of Hálslón to the spreading axis may lead to eventual deformation in thearea due to the gradual in
rease in velo
ities over the plate boundary deformationzone.Furthermore due to the lo
ation of Hálsón next to Vatnajökull i
e 
ap in the
entral part of I
eland, uplift of the area is expe
ted. Uplift relative to REYK (inReykjavík) is observed near edges of Vatnajökull [8, 9℄. The highest uplift rate ismeasured at Jökulheimar (JOKU) with average velo
ity of 28.4mm/yr [10℄. The
ontinuous GPS stations SKRO, HOFN and ISAK also show present uplift of thearea around the i
e 
ap [2℄.The inferred horizontal velo
ities of stations in the Hálslón GPS network fromAugust 2005 to August 2006 are shown in Figures 3 to 5. The main pro
ess
ontributing to the displa
ement ve
tors shown in Figure 3 are the plate velo
itiesrelative to the ITRF2005 referen
e frame. When the plate movement has beensubtra
ted from the velo
itie ve
tor, therfore �xing the Eurasian plate as inFigure 5, a small displa
ement is observed mostly within un
ertainty limits. Ageneral westward displa
ement is, however, observed espe
ially in the westernpart of the area. This may suggest that full spreading rate has not been rea
hedat this distan
e from the spreading axis. The westward displa
ement is howeverwithin the un
ertainty of the measurements and therefore further measurementsare needed to 
onstrain it.The verti
al 
omponent (Figure 7) shows uplift of the area in the order of 10-30mm/y whi
h is 
onsistent with the �ndings in [2, 12℄. The verti
al 
omponentthough is un
ertain due to high variability in the 
oordinate estimation. Longertime series are needed to 
onstrain the uplift rate.
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Figure 3: Horizontal velo
ities 2005-2206 relative to ITRF2005 referen
e frame.The red arrows are derived from the 2005 and 2006 GPS-
ampaigns. The greenarrows are derived from the Nuvel-1A model [11℄. The area inside the box iszoomed up in Figure 4.
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Figure 4: Ben
hmarks 
lose to dam area. Horizontal velo
ities 2005-2006 relativeto ITRF2005 referen
e frame. The red arrows are derived from the 2005 and 2006GPS-
ampaigns. The green arrows are derived from the Nuvel-1A model [11℄.
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ities 2005-2006 after the Nuvel-1A velo
ities have beensubtra
ted. see Figure 3. The network is stationary relative to the Eurasianwithin un
ertainty limits but a general westward displa
ement 
an bee observedin the western part of the network. The area inside the box is zoomed up inFigure 6.
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Figure 6: Ben
hmarks 
lose to dam area. Horizontal velo
ities 2005-2006 afterthe Nuvel-1A velo
ities have been subtra
ted. see Figure 3. The network is sta-tionary relative to the Eurasian within un
ertainty limits but a general westwarddispla
ement 
an bee observed in the western part of the network.
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Figure 7: Verti
al velo
ities 2005-2006 relative to ITRF2005 referen
e frame. Thenumbers at ea
h ben
hmark are in units of 
m/y. A general uplift of 20-30mm/yis observed. The area inside the box is zoomed up in Figure 8.
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Figure 8: Ben
hmarks 
lose to dam area. Verti
al velo
ities 2005-2006 relativeto ITRF2005 referen
e frame. The numbers at ea
h ben
hmark are in units of
m/y. A general uplift of 20-30mm/y is observed.
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Table 3: Estimated velo
ities of GPS-stations derived from the August 2005and August 2006 
ampaigns. The velo
ities are relative to ITRF2005 referen
eframe. The data obtained at KARA ben
hmark was inadequate and is thereforeex
luded.Point Long Lat East [mm/y℄ North [mm/y℄ Up [mm/y℄ALFD -16.034188 64.984149 6.9 20.4 28.9BALD -15.749234 64.924263 7.4 18.9 4.2BUDI -15.841859 64.933482 10.1 18.6 25.9DIMM -15.786258 64.949339 11.4 16.1 15.0DSTI -15.763460 64.933168 16.8 9.3 18.0FADA -16.024008 64.947595 7.8 19.4 12.7GRUN -15.539170 65.228133 4.4 19.2 6.5HAHV -15.808957 64.948773 10.8 21.2 17.0HALS -15.797303 64.899787 6.7 24.8 4.9HATU -15.726922 64.685431 9.3 16.7 25.8HDAL -15.563452 64.981194 9.1 16.3 20.1HEID -14.540947 65.380845 6.2 17.5 -8.0HLON -15.879944 64.875461 4.8 22.6 4.9HRAU -16.011335 64.818318 9.2 20.4 13.0HSTO -15.925429 64.916686 10.2 24.6 26.8KARV -15.839507 64.933424 9.3 19.3 5.9KRIN -15.960746 64.842042 9.4 16.4 26.6KVAR -16.069980 64.837986 14.4 23.5 19.6KVEA -16.222903 64.837597 1.1 20.3 22.7LAFE -15.409803 64.868260 8.9 21.9 20.1LAVE -15.803647 65.007849 -0.7 17.6 -9.0MISA -15.901223 64.905056 6.5 18.4 12.0MISV -15.901565 64.905170 4.7 20.8 17.3NYSA -15.721364 64.812883 11.1 22.1 16.4SADA -15.885622 64.936198 5.3 24.5 12.3SFEL -15.798788 64.929113 14.8 15.0 16.6SHAL -15.873043 64.910375 7.8 19.9 9.8SNES -15.465185 64.820974 12.4 15.2 27.4SNSK -15.642082 64.808212 10.6 17.9 11.7THMY -15.955429 64.864835 9.5 20.7 27.9THUD -15.612837 64.886023 8.5 19.8 -1.7TROL -15.931515 64.875762 10.4 18.6 7.4TUNG -15.650794 64.915076 13.7 14.5 6.6VEOR -15.813634 64.850601 8.7 21.3 19.3VEVO -16.012372 64.889467 14.8 24.1 7.1VIKD -15.950772 65.071227 7.7 19.1 29.6
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