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Abstract

With the ever increasing world population, more andre people live in the
vicinity of a potentially active volcano. At anywgin time, around 20 of those are
erupting. In the past decades advances have bee® mmaforecasting volcanic
eruptions. This work shows that by combining essaleld monitoring techniques, more

can be learnt about the ongoing volcanic procestsastive volcanoes.

Volcanic processes vary from very fast persistanividy to extremely slow
caldera unrest. Here, volcanoes at both ends a$ghetrum were studied using micro-
gravity techniques in combination with at least atleer technique. Askja and Krafla
caldera in Iceland represented the slow processds Btromboli in Italy symbolized

the processes in the faster part of the range.

At the rapidly deflating Askja caldera in Icelanchnventional micro-gravity
technigues show a net micro-gravity decrease ircémtre during 1988-2003. This net
micro-gravity decrease is most likely caused by amlgination of cooling and
contraction of the shallow magma reservoir and nagirainage. Mogi point-source
models are used to calculate an ongoing magmaagairate of 0.125 s from 1988
to 2003. Tectonic forces are inferred to generptes in the ductile part of the crust

allowing magma to drain to deeper levels.

INSAR data of Krafla caldera in Iceland (1993-19%98yeal, apart from the
previously described rift zone and small concerdeflating features, a broad inflating
signature 15 km north of Krafa mountain. This slgisa after extensive modelling,
interpreted as magma accumulation at 21 km defuke ¢o the crust-mantle boundary.
It is a revelation that the effect of such a deeprse can be observed at the surface

using modern monitoring techniques. When magméis reservoir reaches a critical
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pressure it will migrate to the shallow magma chamfipom where it eventually may

erupt. This agrees with the long periods of dormdetween rifting episodes.

Geodetic data from Krafla confirm that the areatil deflating. Interpretation
of micro-gravity surveys is hampered by a geothénpoaver plant within the caldera
whose operation effects the water mass balancethofirst time, micro-gravity data
have been corrected for these effects and redwdts a net micro-gravity decrease from
1990 to 2003. This mass decrease is interpretedrasult of magma draining at a rate

of 0.23 ni/s.

Observations at Askja and Krafla volcano suggesy tbach have a draining
shallow magma chamber connected to a deeper maggeavoir. Analysis of INSAR
data suggest the deeper Krafla reservoir is imgatilt is possible a pressure-link

between these volcanoes exists along the ductik or Iceland.

Continuous micro-gravity may be used as a toolneustand conduit processes
at persistently active volcanoes, such as Strombolitaly. My data show Low
Frequency Oscillations possibly related to colunerght changes and High Frequency
Oscillations related to volcanic vibrations caubgddegassing events. However, more

extensive data are needed to correct for instruahdnift.

Micro-gravity has proved to be a valuable tool inmtoring active volcanoes at
either the slow or the fast ends of the spectrunerd/gravity data become even more
powerful when combined with other techniques, whishfeasible with the use of

modern equipment.
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Chapter 1: Introduction

1.1 Introduction to this work

Volcanic processes have been studied for centufieg. oldest (surviving)
eyewitness account of a volcanic eruption was enitby Pliny the Younger who
observed the devastating eruption of Vesuvius,.D.AX9 (Pliny, 80). The improvement
of technical equipment (e.g. computers, radio-traasion) as well as the development
of new monitoring techniques (INSAR, GPS, seismimdgraphy) has increased our
understanding of these processes, but crucial ssgétf remain unclear. A volcanic
eruption or even just volcanic unrest can haveifsogmt effect on local population,
culminating in damage to the environment and/operty and casualties in the worst
cases. Increasing the understanding of the prosesselved will help us to improve
our perception of the volcanic system as a whold &nimportant for eruption
forecasting and hazard mitigation. Furthermoregassh in this field may give us

valuable insights into how the planet we live otualty works.

The purpose of this particular work is to investiggaolcanic processes using
geophysical techniques. The study can be dividea étearly defined sub-projects but
all incorporate the same theme: volcanic proceSdesrates of volcanic processes vary
tremendously. Persistently active volcanoes, ssc8&teomboli in Italy and Villarrica in
Chile, are examples of volcanoes exhibiting fag¢gaf volcanic processes. Caldera
unrest, like at the Campi Flegrei in Italy or atkfssin Iceland, exemplifies volcanic
processes in the slower part of the spectrum. Henaye studied volcanoes on both
sides of the range by applying micro-gravity tecjueis in combination with appropriate

and available data of other sorts.
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1.2 Geophysical techniques

1.2.1 Micro-gravity

In recent decades, micro-gravity has become incrglgsrecognised as a
valuable tool for studying volcanoes (Gottsmann Bgther, 2002; Williams-Jones and
Rymer, 2002). Gravity variations are measured ifls®éere 1 Gal equals 1 cihs
Modern instruments can measure up td G&l but generally variations are on the order
of 100 times this value. Therefore micro-gravityasgrements are expressed in micro-

Gal ( Gal), hence the term micro-gravity (Rymer, 1996).

Micro-gravity techniques can be used, in combimatiovith geodetic
measurements, to constrain and quantify sub-surnfaass and or density changes
through time at volcanoes (Rymer et al., 1998a; &yrand Tryggvason, 1993;
Williams-Jones et al., 2003). Resulting models &@jyever, non-unique, as precise
geometry and absolute values for the mass and msitgechange can not be fully
constrained. Micro-gravity theory and field-praeticave been widely documented and
described e.g. (Rymer, 1996) and are therefore satymarized in this thesis (see

APPENDIX B).

There are three types of gravity surveys: i) thaistBouguer survey, ii) the
dynamic survey and iii) the continuous survey. Thet two techniques are well
established (Brown et al., 1991; Rymer et al., ymer and Tryggvason, 1993;
Williams-Jones et al., 2003) while the third tygesorvey is still developing (Ando and
Carbone, 2001; Berrino et al., 2000; Carbone £280D3; Jousset et al., 2000). The first
two techniques are surveys whereby the micro-gramgtrument is moved from point

to point whereas the third type of survey uses oreasents taken at a single location.

A static Bouguer survey is used to investigate sufface density structures and

determine the gross sub-surface volcanic struattitbe volcano. In volcanic regions,
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these density anomalies typically have a waveleogtheveral kilometres and gravity
varies by tens to hundreds of milliGals (Locke let 2003). For example, the Bouguer
map for Askja in Iceland (Brown et al., 1991) cavem area of ~300 Kmand is

characterised by a 2 mGal positive anomaly withima@ader 8 mGal negative anomaly.

During a conventional dynamic survey, changes enwalue of gravity relative
to a reference point are measured over time. Ttlemeges are much smaller than those
measured during a static survey, typically on treeoof tens to hundreds ofzal per
year (Locke et al., 2003). This technique is useduantify sub-surface mass or density
changes through time (Rymer et al., 1998a) whieho&igreat interest, especially during
periods of inflation and deflation. Data can beduserecognize inflow of magma into
the volcanic system before the onset of an erupiwh can therefore enhance hazard

mitigation.

Continuous micro-gravity surveys have been attethpteVesuvius (Berrino et
al., 2000) and Etna (Carbone et al., 2003) in Itdlge technique still suffers from
temperature and pressure correction problems arfdrigrom established, but can

possibly be used to identify magma movement inlsivabpen conduit systems.

For the purpose of this study, dynamic surveys wapaducted at Askja
(Chapter 2) and Krafla volcano (Chapter 4) in Indlan 2002 and 2003 and a

continuous gravity survey (Chapter 5) was set-uptadmboli in Italy in 2003.

1.2.2 InSAR

INSAR stands for Interferometric Synthetic ApertuRadar. It is a remote
sensing technique that uses radar satellite imaggsired by satellites such as ERS1,
ERS2 and Radarsat. The technique can be used tétomamound deformation

(Massonnet and Feigl, 1998) and has been appli¢hisrthesis (Chapter 3) to analyse
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volcanic deformation at Krafla (de Zeeuw-van Dalfsg al., 2004a). The technique is

described in more detail in APPENDIX D.

1.3 Geological settings

1.3.1 Iceland

The combination of a divergent plate boundary aftib&spot’ makes Iceland a
special place to study active volcanism (Gudmunasst900). Iceland is located
between the Kolbeinsey Mid Oceanic Ridge (MOR) he north and the Reykjanes
MOR in the south (Figure 1-1). The surface expoessf the MOR in Iceland is the
zone of active volcanism, the neovolcanic zoneh\ait average total spreading rate of
1.8 cmlyear in the direction N105E. The zone haeettmain segments: the North
Volcanic Zone (NVZ), the West Volcanic Zone (WVZ)chthe East Volcanic Zone
(EVZ). The volcanic zones are connected to the miceadges by complex fracture
zones. The Tjornes fracture zone in north Iceland transform fault zone connecting
the plate boundary of the Kolbeinsey MOR with théA\ The Husavik-Flatey fault, a
major dextral strike slip fault, forms the main tpaf the fracture zone. The south
Iceland seismic zone (SISZ) is a zone of compledtifay located between the WVZ

and the EVZ. At the Reykjanes peninsula the WVAgdhe Reykjanes MOR.

According to seismic surveys, the Icelandic cruslyrbe as thick as 15-45 km
(Allen et al.,, 2002) but is thinnest beneath therently active Holocene volcanic
systems. Scientists agree that a low velocity amgmaserved with seismic techniques
exists (Allen et al., 1999; Foulger et al., 2000e8 et al., 2002; Zhao, 2001). Some
(Allen et al., 2002; Shen et al., 2002; Zhao, 20€dl) this anomaly a mantle plume
(Morgan, 1971): a hot up-welling of relatively pondial material which rises from the
deep mantle and feeds the surface ‘hot-spots’. flicimes rise because of thermal

buoyancy and originate at a thermal boundary Ialjee. only such layer known to exist
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Figure 1-1 Overview of the volcanic
systems of Iceland. The neovolcanic zone or
zone of active volcanism, is depicted in
light-grey. Locations of some of the main
glaciers are shown with a dashed line. Key:
As for Askja, Kr for Krafla, Tr for
Theystareykir, Fr for Fremri-Namur, Kv for
Kverkfjoll, Th for Thordarhyrna, Gr for
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(2000).
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in the deep mantle is the core-mantle boundarythod plumes are assumed to rise
from there. The existence of this plume is thoughhave contributed significantly to
Icelandic volcanism. Others (Anderson, 2000; Fauteal., 2003; Foulger et al., 2000;
Foulger et al.,, 1992; Keller et al., 2000) suggastifferent source, such as the
subducted lapetus ocean, for the tremendous anodlbdsaltic magma which formed
Iceland. These different views may stem from thet fhat hot-spots may have different
sources in the mantle (Courtillot et al., 2002from the fact that the plume model has
become so flexible that it can not be tested ptgg€oulger et al., 2000) nor can it be
rejected. Foulger et al. (2000) reported that tetahdic plume does not originate from
the lower mantle while Courtillot et a{2002) classifies the Icelandic hotspot as a
potential primary plume with a lower mantle origbgsed on the appearance of a ‘hot-
spot’ track, an accompanying flood basalt, a ldngeyancy flux, high ratios dHe/He
and a low shear wave velocity in the underlying tiearit seems that both groups agree
on the existence of a low velocity upwelling beheatland, but not on the origin of its
source. It is not the purpose of this work to d#thlthis, nor to decide who is right or
wrong. Therefore in the following we refer to ‘thev velocity zone’ beneath Iceland

instead of a mantle plume or ‘hot-spot'.

The volcanic zones in Iceland are dynamic systevhgsh migrate through time.
One of the primary driving forces for shifting aretlocation of the volcanic zones is
the overall westward movement of the plate boundatstive to the centre of the
Icelandic low velocity zone. Volcano-tectonic adinakes place in around 30 volcanic
systems, characterised by 5-20 km wide and 40-180ldng swarms of tension
fractures, normal faults and volcanic fissures (@uddsson, 1995). Apart from basaltic
crater rows and shield volcanoes, many have aalewmtcano, some of which have
developed a caldera. The frequently erupting laegdral volcanoes are mostly fed by a

shallow crustal magma chambers, and produce intkat@eand acid rocks as a result.
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The Icelandic low velocity zone provides magma tbagrupted in the volcanic
systems (Gudmundsson, 2000). The magma is diviéddeen the systems by fluid-
dynamic processes which are partly controlled steplmovements and associated
stresses. The magma then accumulates in a reséRigure 1-2) at the boundary
between the upper mantle and the crust or in theerdacrust (around 15-30 km for
Icelandic volcanoes). The existence of such ressrvevas previously suggested
following tilt data (Tryggvason, 1986) and is nowdent from GPS for Askja (Sturkell
et al., 2004 - submitted) and INSAR data for Kreftie Zeeuw-van Dalfsen et al.,
2004a). The reservoir will gradually become stradif At the initial stage all intrusions
and eruptions are fed directly from the magma reser Later (see Figure 1-2) a
shallow chamber may form (at a few km depth), whaadts as a sink for magma
injections from the deeper reservoir as well asoarce for magma injection and
eruptions in the central volcano. The shallow chamdepends on the reservoir as a
source and becomes extinct when that source nceloegsts. Plate movements in
Iceland may transport a chamber, with a life tifh@.6-1 Ma, laterally by 10-20 km. If
the source reservoir remains stationary, progressitewer dikes will reach the

chamber resulting in it gradually becoming exti{@udmundsson, 2000).
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Figure 1-2 Schematic diagram (not drawn to scdtey &udmundsson (2000) showing the formation of a
central volcano in an Icelandic volcanic zone. Nershrefer to the different levels (1-5) at whiclkesh

injections may be terminated.
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1.3.1.1 _Askja

Caldera unrest, often caused by processes in saséwe deep magma chamber,
Is a volcanic process which takes decades or lodgkija caldera has been in a state of
unrest for the past decades and was therefore lagsa suitable area for this study. It
is located in the Dyngjufj6ll central volcano (sEgure 2-1), situated in a 10-15 km
wide fissure system, extending 100 km north frone thorthern margin of the
Vatnajokull icecap (Sigvaldason, 2002). Volcanith\aty is associated with two fissure
swarms, with slightly different strikes (NO5°E, NH&). The volcanic centre hosts three
calderas. The largest one, 8 km across and 200r3Qfkep, is the circular Askja
caldera. Along the northern ridge is an almost detefy filled and less pronounced
older caldera. The youngest caldera, with a dianoété.5 km, was formed in 1875 and
hosts lake Oskjuvatn. Geothermal activity is fomhohg the east and southern edge of
the 1875 caldera, at the Viti crater (Figure 2a2)] at the 1922 and 1923 eruption sites

(Sturkell and Sigmundsson, 2000).

A Plinian rhyolitic eruption, dated at about 10 k&t a pumice deposit which
now serves as a marker horizon (Sigvaldason, 2@0&ording to Sigvaldason (2002)
the Plinian eruption was probably triggered by pues release caused by glacier
melting and volatile supersaturation. The vent fiocafor the 10-ka Plinian eruption
has been destroyed by later events but the suggkstation, possibly supported by a
gravity survey, lies in the central part of the Dyrjoll volcanic centre. The eruption
formed a subsidence structure, presently seen asmdrayment in the hyaloclastite
mountain block (Thorvaldsfjall) in the southern tpaf the Askja caldera. A model is
proposed involving uplift of tectonically well-defd crustal blocks to the north and
west of the Askja caldera, combined with down-saggcaused by voluminous

outpouring of basaltic lava. The southern and easb®rders of the caldera are
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remnants of a subsidence following the 10-ka Plirgeuption, partly reactivated by the

1875 AD Plinian eruption.

A major rifting event took place in 1874-1875. tcluded series of dyke
injections, basaltic fissure eruptions and the esipk rhyolite eruption that formed the
youngest caldera. The main fissure eruption ocdumehe northern part of the swarm
(Sveinagja graben). It has been suggested that mdgamed laterally from a reservoir
beneath Askja caldera and erupted in the Sveinggiben (Sigurdsson and Sparks,
1978), and this may have induced the caldera m@lap reconstruction of the caldera
formation is shown in Figure 1-3 (Jénsson, 1942 Text eruptive period took place
1921-29, during which a fissure eruption occurredtls of the Dyngjufjoll mountains
and several minor eruptions occurred at the 18m5 Tihe most recent eruption began
October 1961 and continued into early December.EAW trending fissure opened
close to the main caldera rim and lava flowed tgrothe Oskjuop pass onto the plain

east of the Dyngjufjéll mountains.

Excluding erupting volcanoes, Askja has displayesgaificantly higher rate of
ground deformation, i.e deflation, since 1983, than anywhere else in aluel
(Tryggvason, 1989a). There are at least three lplesexplanations for this observed
deflation: i) cooling/contraction of magma in a kha (-3 km) magma chamber
(Rymer and Tryggvason, 1993); ii) void compactidrinee underlying material and iii)
magma drainage from a shallow magma chamber. énwbrk, | investigate which of

the above mentioned explanation is most likely.

1.3.1.2 Krafla

Krafla like Askja, is located in an actively spreagiregime and has also been in
a state of unrest for the past two decades. Th#aKiiasure swarm (Figure 4-1) is 80

km long and 4-10 km wide and consists of more @00 tectonic fractures
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Figure 1-3 Reconstruction of the Oskjuvatn calderanation following the Plinian eruption of 1875,
compiled by Olafur Jénsson (1942) after descrigtitom: a) the farmers from the Myvatn area, 16
February 1875; b) Watts, 16 or 17 July 1875; c)oCathe summer of 1876; d) Thoroddsen, 1884; e)
Reck, 1908 and f) the topographic map, 1932. Thmadtion of the caldera was almost complete in 1908,
when Hans Reck visited Askja.
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(Opheim and Gudmundsson, 1989). The Krafla cento&ddano forms a low, broad
shield ~ 25 km in diameter with a central calddrae caldera has an elliptical shape
and stretches 10 km in the east-west direction &ridan north-south (Opheim and
Gudmundsson, 1989). It formed during an explosiugton in the last interglacial
period about 0.1 Ma ago, and has since been alcoogpletely filled by lavas. A high
temperature geothermal field lies within the caddend has been exploited for the past

several years producing about 30MW of electricalg@o(Nielsen et al., 2000).

In post glacial times some 18 eruptions have oecuin the Krafla caldera.
Activity is characterised by rifting episodes sepad by long periods of dormancy.
Two historical rifting episodes, the Myvatn and Hadires, occured from 1724 to 1729
and 1975 to 1984, respectively. During the Kraftasf (Arnadéttir et al., 1998; Rymer
et al., 1998a; Tryggvason, 1986; Tryggvason, 1994yt of 20 deflation and inflation
cycles were accompanied by basaltic fissure erngtio the Krafla fissure swarm.
Cumulative widening in the repeated diking everached up to 9 m, averaging at
about 5 m (Tryggvason, 1986). The total area calénelavas amounted to 36 Rm

(Rossi, 1997).

Detailed seismic studies have been conducted iiKtata area by Brandsdottir
et al. (1997) and Menke et al. (1998). Strong seis®flection occurs at the Moho
discontinuity. The crust-mantle boundary beneatéfldrhas an asymmetric dome shape
as established by E-W (Brandsdottir et al., 1990 H-S (Menke et al., 1998) seismic
profiles. The minimum boundary depth of ~18.5 knmiaached 5 km east of the centre
of the caldera. This depth increases assymetrical@}l directions and reaches ~26 km
at a distance of ~60 km to the east and west aBkrRat a distance of ~40 km to the

north and south.

Krafla has been deflating since at least 1989 bwt emuch smaller rate than

Askja. Is it feasible to distinguish between thegble sources of this deflation? How
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much influence does the water extraction by thethggaal power plant have? These
guestions can possibly be answered by combining arevexisting micro-gravity data

with INSAR and other geodetic data.

1.3.2 ltaly

Italy is often called "the cradle of volcanologg'title it deserves as the Italian
volcanoes were among the first to be observed {(P86) and are still the subject of
extensive research and monitoring. Italy (Figuré) s the location of some of the
world famous volcanoes: Etna, Vesuvius, Vulcano 8tramboli. Etna has the highest
number of historically documented eruptions whilesuvius is regarded as one of the
most dangerous volcanoes in the world. The ternmignt eruption’, used to describe
explosive activity, was derived from the first dégtion of Plinian activity of Vesuvius
by Pliny the Younger. The term ‘volcano’ is deriviedm the volcano ‘Vulcano’ which
was named after the Roman god of fire ‘Vulcan’o8tboli is one of the few volcanoes
in the world that erupts many times a day and tiwity it displays is now a generic

name: Strombolian activity.

About half of the ~23 known sub-aerial volcanoedtaly have been active in
historic times (Figure 1-4). Their existence isnpipally linked to 5 different tectonic
environments: subduction, back-arc rifting, contitaé rifting, sea-floor spreading, and
a fifth one that is very poorly understood but nraxolve a ‘hot-spot’. Generally, Italy's
volcanism is a result of the collision of two lig@heric plates (Bonaccorso, 2002) - the
African plate to the south, and the European (ora&ian) plate to the north. This
collision is confused by the complex physical chtastics of the colliding plate
margins - rather than being homogeneous over a wi@a, these are extremely

heterogeneous.
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Figure 1-4 Overview of volcanoes in Italy which wehistorically active (square) or active during the
Holocene (circle).
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1.3.2.1 Stromboli

Shallow conduit processes, like the persistenviggtat Stromboli (Ripepe and
Gordeev, 1999) occur over only minutes to dayss Hetivity represents the other (fast)
side of the spectrum of the rates of volcanic pgsees, compared to the (slow) caldera

unrest in Iceland. Stromboli has therefore beersehas area for this study.

Stromboli (see Figure 5-2), the northernmost vdlcasland of the Aeolian
archipelago in the Tyrrenian sea, has been aativatfleast 2000 years. The persistent
activity is characterised by permanent degassingnaitd explosions emitting ejecta up
to heights of 300 m. Data can be collected saf@gnfthe rim 150 m above the crater

complex.

The island of Stromboli was formed by several cyaé volcanic edifice build
up followed by partial collapses. Several stagethisf process are still recognisable in
exposures on the island today. The complete ewoiutf the geology is displayed in

Figure 1-5.
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Figure 1-5 Geological evolution of Stromboli. ap Ma B.P: Stromboli emerged from the sea in the
southern part of todays island. Strombolicchioite NE had already started eroding. b) Paleostrambol
1&II: lava flows and pyroclastics built up a stratdcano. ¢) Paleostromboli lll: activity shifts giitly to

the NW, the cone builds up to 700 m a.s.l. d) S€aninplex and Vancori Volcano: bombs, lahars and
pyroclastic sequences are covered by basalticflaws building up the ever growing cone. W/NW part
of the volcano collapses. e) Neostromboli: cratethe N fills in the collapsed area; secondaryecsare
active in Ginostra and San Bertolo. f) Recent Sholin NW slope collapses forming the Sciara del
Fuoco; pyroclastic and lava flows rebuilt partteé tollapsed area.
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1.4 Previous studies

1.4.1 Askja

Ground deformation measurements at Askja startedl966 (Tryggvason,
1989b) with the installation of a precise levellige. Two years later, the line was
expanded and lake level benchmarks were instaftesin 1966 to 1972, alternating
periods of subsidence and uplift were observed.nid@surements were made in the
1973 to 1982 period but monitoring resumed in 19B@w techniques, such as
Electronic Distance Measurements (EDM), dry tiltda@PS have since been used
(Camitz et al., 1995; Rymer and Tryggvason, 1993gdvason, 1989a; Tryggvason,
1989b). Deformation data show that Askja has beeftatihg at least since 1983

(Sturkell and Sigmundsson, 2000).

The first micro-gravity data at Askja were measuneth LaCoste & Romberg
gravity meters in 1988 (Rymer and Tryggvason, 1988asurements of the Free Air
Gradient (FAG) at Askja range from -24@al/m in the southeast, to -36@Gal/m in
the centre and have a standard deviation of Gal/m at each site. These deviations
from the theoretical value (-308.6Gal/m) are due to the caldera-centred Bouguer
negative gravity anomaly (Brown et al., 1991), angositive anomaly in the east
associated with a fissure swarm (Rymer and Tryggvad993). Interpretation of
micro-gravity results should only be attempted dtw@ate geodetic data are available
(see APPENDIX B). Further detailed analysis of 1888 to 1991 deformation data set
shows that the deflation reported by Rymer and Vaggon (1993) was underestimated
for the central and south-eastern stations andestiarated for the northern stations.

Micro-gravity data for this period are thereforealeulated in Chapter 2.
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1.4.2 Krafla

Geodetic measurements for the purpose of investgaectonic movements
were first made at Krafla in 1938. No significahboges were observed over the 1938-
1965 period (Bjornsson et al., 1979). Deflation wdsserved from 1965 to 1971
followed by extension and uplift from 1970 to 197Buring the Krafla fires,
deformation was monitored extensively using a wattege of geodetic techniques such
as EDM, precise levelling, tilt and lake level obsgions (Allard et al., 1994;
Bjornsson, 1985; Ewart et al., 1991; Tryggvasor86l9Tryggvason, 1994). Ground
deformation was characterised by repeated cycleseaidy inflation followed by rapid
subsidence. From 1985 to 1989, slow inflation oemlifollowed by an ever decreasing

subsidence since then (Rymer et al., 1998a).

Micro-gravity measurements started at Krafla witliveys in 1965, 1970 and
1975. Data taken during the Krafla fires (1975-198drrelate well with geodetic data
of this period (Bjérnsson et al., 1979; Johnsenl¢t1980). Since 1990, micro-gravity
measurements have been made on a regular basig usi@oste & Romberg
instruments (Rymer et al., 1998a). Data acquirathdithis last period have also been

used in this study and the results are describ&hapter 4.

Analysis of INSAR images aquired by the ERS1 an@ERatellites, has proven
a valuable tool when studying the ongoing deforamatat Krafla (de Zeeuw-van
Dalfsen et al., 2004a; Henriot et al., 2001; Sigdsson et al., 1997). Interferograms
have been produced for the Krafla area with imdges 1992 to 1998 (Henriot et al.,
2001; Sigmundsson et al., 1997). The topographitgdés were removed from all
interferograms using a Digital Elevation Model (DENtom the Icelandic geodetic
survey. Orbital corrections were done using the-pomputed orbits from the European
Space Agency. By using pair-wise discriminationffedent groups all observed a

circular pattern of subsidence near the centrdh@firafla system, above the inferred
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magma chamber. They also reported an increasengeralong the rift axis. Different

models were suggested by the different teams ttaexihe observations. Sigmundsson
et al. (1997) modelled the magma chamber as a pluigt source (Mogi, 1958) at 3 km

depth in an elastic halfspace, and the along-hiinge by an infinite line source. They
estimated a volume decrease of 0.9 R ffly from 1992 to 1995. They considered
solidification and cooling the most likely processsponsible although according to
them, drainage of magma into the rift zone canb®oéxcluded. In contrast, Henriot et
al. (2001) modelled their results by three horiabmilanar structures of which the
central one is comparable to the magma chambeigaiuidsson et al. (1997). The two
other structures are finite elements; a 4 km wileas3 km depth to the south, and a
100 m wide sill at 1.5 km depth to the north. Titgrpreted the models with a steady
volume decrease of the magma chamber from 1998398 of 0.52 x 1®m®y which

they interpreted as due to thermal contraction.

1.4.3 Stromboli

A team of scientists, mainly from the University [elbrence, the University of
Hawaii, the Alaska Volcano Observatory and the Ogaiversity set up a collaborative
experiment in 1999 collecting seismic, infrasonibermal, meteorological and
continuous gravity data (Harris and Stevenson, 13pepe and Gordeev, 1999;
Ripepe et al., 2002; Ripepe and Marchetti, 2002 Purpose of the project was to
improve the understanding of the dynamics of ptastty active volcanism. A more

detailed description of their and my achievemeatstee found in Chapter 5.

1.5 Ouitline of the present work

This thesis expands upon the research of Rymel. €1208) and Rymer and
Tryggvasson (1993) to further investigate the psees responsible for caldera deflation

at Askja and Krafla. It develops upon the reseatclsigmundsson et al. (1997) and
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Henriot et al. (2001) to further explore the defation at Krafla with the use of INSAR
techniques. And finally it builds on the work ofd@pe et al. (2002) to try and achieve
better constraints on shallow conduit processethatpersistently active volcano of
Stromboli. The main objective of this study is teestigate the mechanisms responsible
for caldera unrest at Askja and Krafla and thossaitable for persistent activity at
Stromboli through the application of micro-gravapd deformation (precise levelling,

GPS and INSAR) measurements. Specifically addrespsestions are:

1) Which process is responsible for the faster thegrage deflation observed at

Askja? What implications does that have for therging system?

2) Does the analysis of INSAR data of Krafla revdahtures previously
unaccounted for? How can these features be integpeend modelled and what

consequences do their existence have for the phgrdyistem at Krafla?

3) Is it possible to distinguish between the sdverxplanations for deflation at

Krafla, taking into account the extensive geothémmaloitation?

4) Is it possible to observe magma column or foamgthit changes in the open
conduit system of Stromboli volcano with the usecohtinuous micro-gravity

techniques?

5) What are the implications of all above obsenraifor the volcanic processes at

Icelandic volcanoes?

Three of the main chapters are written in artiolerfat, and therefore some repetition is
inevitable. Chapter 3 has been published in GeaogdlyResearch letters, Chapter 2 has
been accepted for publication in Journal of Voldagy and Geothermal Research and

Chapter 4 has been submitted to Bulletin of Voléagy

Chapter 2 investigates the cause of deflation dtjaAsn Iceland and answers

question 1. Chapter 3 describes the analysis ofyna@wquired INSAR images of Krafla,
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revealing a striking new feature previously not aldé®ed, and answers question 2.
Chapter 4 combines micro-gravity data with a mddelall available geodetic data at
Krafla, taking into account water extraction frofmetgeothermal power plant. This
allows for better understanding of the processeslved in the ongoing deflation and
answers question 3. Chapter 5 assesses the usatofuous micro-gravity as a tool to
understand conduit processes at Stromboli and asswestion 4. Finally, in chapter 6,
all observations are integrated to try and imprawe understanding of volcanic

processes while answering question 5.

Fieldwork and discussion for this thesis was uraden in collaboration with a
number of colleagues from Iceland: Freysteinn Sigasson, Rikke Pedersen and
Carolina Pagli from the Nordic Volcanological Inste, Pall Einarsson from the
Science Institute, Erik Sturkell from the Icelandieteorological Office and Eysteinn
Tryggvasson from the National Energy Authority, litaMaurizio Ripepe, Emanuele
Marchetti and Pasquale Poggi from the UniversityFdrence, and Hawaii: Andy
Harris from UH-Manoa. Micro-gravity data from 20@nd 2003 were collected by
myself with aid of my supervisor, Hazel Rymer amed assistants. INSAR data were
generated and analysed by myself with help of npesusor, Freysteinn Sigmundsson,
Jean-Luc Froger and Rikke Pedersen. Bearing allithinind, >80% of this thesis is my

own work.
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Chapter 2: Net gravity decrease at Askja volcano,
Iceland: Constraints on processes responsible for
continuous caldera deflation, 1988-2003.

This Chapter was published in the Journal of Vabbegy and Geothermal
Reasearch, Volume 139, issues 3-4 in January 20@&cusses the results of analysis
of newly acquired micro-gravity data (2002 and 2088 well as the re-interpretation of
previously published micro-gravity data (1988-199i/) combination with a new
geodetic model developed by Erik Sturkell. The tmraof the stations is described in

Appendix A and the original data are displayed ppéndix C.

2.1 Abstract

Askja caldera in northeast Iceland has been inate sif unrest for decades.
Ground-deformation surveys show that the rate ébrdeation i.e., deflation, is much
higher then observed at any other dormant volcaniealand. This work presents the
results from micro-gravity and deformation studasAskja from 1988 to 2003. The
deflation reaches a maximum of -0.46 m in the eeafrthe caldera, relative to a station
outside the caldera, during the study period. Thece of deformation is inferred to be
at ~3 km depth and a recent study infers a seceegat source at ~16 km depiline
deflation is consistent with a sub-surface volurhange of -0.018 kfh We find a net
micro-gravity decrease of 115Gal in the centre of the caldera relative to thmesa
station. This corresponds to a sub-surface maseatee of 1.6 x1'0 kg between 1988
and 2003 based on the use of a point source madeimbination of magma drainage
and cooling and contraction of the shallow magmsemeir at 3 km depth is our

favoured model, consistent with the integrated ola®ns. We suggest that
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extensional tectonic forces generate space in thetilel part of the crust to

accommodate on-going magma drainage from the sthatlagma chamber.

2.2 Introduction

Caldera unrest may last for decades or longercandoose a significant hazard
for local populations e.gCampi Flegrei 1975 and onwards (Gottsmann et2803).
Unrest is often associated with gradual and persiaiplift or deflation (Newhall and
Dzurisin, 1988) and is usually thought to be causgdnagmatic processes. Combined
micro-gravity and deformation studies can improver aunderstanding of these
processes and thus of the volcanic caldera systeanvéhole (Gottsmann et al., 2003;
Rymer and Williams-Jones, 2000). Askja calderaartheast Iceland (Figure 2-1) has
been in a state of unrest for many years (Sturkeli Sigmundsson, 2000) and
references therein), and has therefore been classtire area for this study.

Askja caldera in the Dyngjufjoll central volcanagére 2-1) is situated in a 10-
15 km wide fissure system, extending 100 km nortmf the Vatnajokull icecap.
Volcanic activity is associated with two fissureasms, with slightly different strikes
(Sigvaldason, 2002). The volcanic centre hostsetloadderas (Figure 2-1) The largest
one, 8 km across and 200-300 m deep, is the ciréidikja caldera. North of it is an
almost completely filled and less pronounced olddera. The youngest caldera, with
a diameter of 4.5 km, was formed in 1875 and isipiexl by lake Oskjuvatn (Sturkell
and Sigmundsson, 2000). It is nested within a gdi@embayment which cuts into the

hyaloclastite Thorvaldsfjall block.

33



Net gravity decrease at Askja volcano, Iceland: €l@ints on processes responsible
for continuous caldera deflation, 1988-2003.

Figure 2-1 Overview of the Dyngjufjoll volcanic deg. Inset shows location of Askja caldera in lodla
Note the location of the Vatnajokull glacier to theuth, and the Sveinagja graben to the north &faAs
Oskjuvatn is the lake filling the smallest calderaich cuts into the Thorvaldsfjall block. The 196B¥a
flowed out of the Askja caldera through the Oskjumening. The white lines depict the rivers, shaded
background indicates topography. Figure is adagftid Strukell and sigmundsson (2000).
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The Holocene eruption history of Askja, include®laian rhyolitic eruption,
dated at ~10 ka. This eruption left a pumice ddpakich now serves as a marker
horizon in NE Iceland (Sigvaldason, 2002). A majtimg event occurred from 1874 to
1876 and included a series of dyke injections, lbaséissure eruptions and the
explosive rhyolite eruption associated with forraatbof the youngest caldera. The main
fissure eruption occurred 40-70 km north of Askjathe northern part of the fissure
swarm (Sveinagja graben, Figure 2-1-inset). It hasn suggested (Sigurdsson and
Sparks, 1978) that lateral magma drainage fromsarveir beneath Askja caldera
induced the caldera collapse. The next eruptiveoganok place from 1921 to 1929,
continuing with a small eruption in the beginninigtiee 1930s. During this episode, a
fissure eruption opened to the south of the Dynpdjiumountains and several minor
effusive eruptions occurred around the 1875 caldemegin. The most recent eruption
began in October 1961 and continued into early Béwes of the same year. An E-W
trending fissure opened close to the northern rirthe main caldera and lava flowed
through the Oskjuop pass onto the plain east ob§megjufjoll mountains.

Excluding erupting volcanoes, Askja has displayeigaificantly higher rate of
ground deformation i.e deflation, during the past decades, than anywletse in
Iceland (Tryggvason, 1989a). There are at leadethpossible explanations for this
observed deflation: i) cooling/contraction of magmaa shallow (~3 km) magma
chamber (Rymer and Tryggvason, 1993); ii) void caotipn of the underlying material
and iii) magma drainage from a shallow magma chamHere, micro-gravity and
ground-deformation data from 1988 to 2003 inclusive presented. Joint interpretation
of these data removes some of the ambiguities comgethe cause of deflation and
allows an estimate of any sub-surface mass chamde tmade. Mass changeM)
within a spherical (point source) body, whose deaptimuch greater than its radius,

causes a gravitational effectq) given by:

35



Net gravity decrease at Askja volcano, Iceland: €@ints on processes responsible
for continuous caldera deflation, 1988-2003.

2 2\3/2
pwv = D90 (;’dd ) (eq. 2-1)

whereG is the Universal gravitational constant: 6.67 x"18m?kg? d is the depth to

the point source, aris the horizontal distance to it.

2.3 Ground deformation data

A 1.7-km long levelling line (Figure 2-2) with 1Zbchmarks was installed by
Eysteinn Tryggvason and colleagues in 1966, folthure 1968 by the addition of 18
benchmarks to the line and the installation of 2adnmarks around the shores of lake
Oskjuvatn. Precision levelling, lake level, EDMydilt and GPS observations have
been made at Askja since then (Rymer and Tryggvad®®3; Sturkell and
Sigmundsson, 2000; Tryggvason, 1989a; Tryggvas&9li). While no levelling was
conducted at Askja between 1973 and 1982 annualliley surveys recommenced in
1983 and continue to present. From 1966 to 19&&etmeasurements show alternating
periods of subsidence and uplift of the calderarflocSince 1983, there has been
consistent subsidence towards the central pahteotaldera (Sturkell and Sigmundsson,
2000). Combining all the available ground deforimatilata from 1988 to 1991, Rymer
and Tryggvason (1993) found that 80% of the deftionacould be explained by a
point source at 2.8 km depth, located to the noftthe lake. More recently, using a
data set running from 1983 to 1998, Sturkell anghfindsson (2000) found that the
majority of the deformation was caused by a sourtder the central part of the main
caldera, only 1 km SW of the location suggestedRgyner and Tryggvason (1993).
Sturkell and Sigmundsson (2000) also noted thatadteeof deflation decreased slightly

in the past decade.
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Figure 2-2 Locations of gravity stations in Askjaldera modified after Rymer and Trygvasson (1993).
Dots represent the stations (numbered 1 to 13Tabke 2-4) which are divided into three groups (eaks
ellipses): the Northern, South-eastern and Cebti@ DYNG, 2 is 83009, 3 is 83001, 4 is 430, 512 46

is 405, 7 is Von Knebel, 8 is IV16, 9 is D-18, 30NE2002005, 11 is NE2002006,12 is NE82005 and 13
is D-19. Stations set-up or first measured in 28@2marked with a *. In the future, station 1* nzmyve

as a base station, station 4* will strengthen olzemns at location 3 and stations 10* and 11* \#
added to the centre station group. The extentefhin caldera is shown by the thick outer cunakel
Oskjuvatn is located within a second, smaller aaldeithin the first. The small, round, steep-sided
feature, north of the lake (next to station 7)his Viti explosion crater. The three stars showldleation

of the point sources as suggested in Table 2-1.I&\@dling line is indicated by the thin solid limgwing
through stations 4, 5 and 6.
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Several authors (Rymer and Tryggvason, 1993; Studwd Sigmundsson,
2000) have estimated the location of a point sowlsieh can account for the observed
deformation. The parameters of these Mogi sourtablé 2-1) are consistent and the
models explain most of the observed deformatiorceR#y, however, an improved
model, featuring two Mogi Sources at the same bote position but at different
depths (3.0 and 16.2 km), has been suggested bkeBteat al. (2004-submitted). The
shallow point source is responsible for 80 % of tegtical displacement, with the
remaining 20% being contributed by the deeper psontce.

To compare the ground-deformation data with therongravity data, it is
necessary to re-calculate the vertical changes weisipect to the micro-gravity base
station (i.e., 83001, #3 in Figure 2-2). This imdausing the newest model for surface

deformation (Sturkell et al., 2004 - submitted) @his based on GPS-measurements

from 1993 to 1998 and yearly levelling data (T&bi2).

2.4 Micro-gravity data

Micro-gravity measurements have been made at Askjze 1988 using LaCoste
& Romberg meters (Rymer and Tryggvason, 1993). &Askjone of the few calderas in
the world (others include Krafla in Iceland (Rynetral., 1998a); Masaya in Nicaragua
(Rymer et al., 1998b; Williams-Jones et al., 20@8)] Campi Flegrei in Italy (Berrino,
1994; Gottsmann et al., 2003) with such an exten@ie, 15 year) micro-gravity data

set. The nine micro-gravity stations at Askja (exd to thirteen in 2002) are grouped
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Table 2-1 Parameters of the three available defiimanodels used for modelling the deformation detéskja.h, is the absolute total subsidence directly aboeepthint source
in cm/yr.

Parameters of Rymer & Trygvasson Sturkell & SigmundssonSturkell et al. (2004-
Mogi Source (1993),ain Fig. 2  (2000), b in Fig. 2 submitted.), c in Fig. 2

Latitude N 65° 0311.% N 65° 0241.3 N 65° 0244.2

Longitude W 016° 4€05.% W 016° 4649.8 W 016° 4648.7

Depth km) 2.8 2.8 3.0and 16.2

ho (cm/yn 4.2 ('88-'91) 5 ('93-'98) 5.2 (93-'98)

Data input Optical levelling tilt, Optical levelling tilt, GPS, precise levelling
precise levelling. precise levelling, GPS.

Table 2-2 Total vertical displacement in m caloethfor each year using the two point Mogi modelgastied by Sturkell et al. (2004). The bottom rowveh the cumulative

volume decrease of the Mogi source for each yepeinentage from 1988. The rate is the same fdr fmirces. All values with respect to base sta8RB001, which lies within the
deformation field.

Station 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
1 DYNG 0.010 0010 0009 0.009 0009 0.009 0009 0008 0008 0.008 0.008 0007 0007 0007 0.007
2 83009 0.007 0.006 0.006 0006 0006 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.005 0.005 0.005
3 83001 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 430 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 412 -0.006 -0.006 -0.006 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.004 -0.004 -0.004 -0.004
6 405 -0.007 -0.007 -0.007 -0.007 -0.007 -0.006 -0.006 -0.006 -0.006 -0.006 -0.006 -0.006 -0.005 -0.005 -0.005
7  Von Knebel -0.012 -0.012 -0.012 -0.012 -0.011 -0.011 -0.011 -0.010 -0.010 -0.010 -0.010 -0.009 -0.009 -0.009  -0.009
8 IV16 -0.006 -0.006 -0.006 -0.006 -0.006 -0.006 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.004 -0.004
9 D-18 -0.006 -0.006 -0.006 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.005 -0.004 -0.004 -0.004 -0.004
10 NE2002005 -0.034 -0.033 -0.032 -0.032 -0.031 -0.030 -0.029 -0.028 -0.028 -0.027 -0.026 -0.026 -0.025 -0.024 -0.024
11 NE2002006 -0.037 -0.036 -0.035 -0.034 -0.033 -0.033 -0.032 -0.031 -0.030 -0.029 -0.029 -0.028 -0.027 -0.027 -0.026
12 NEB82005 -0.037 -0.036 -0.035 -0.034 -0.033 -0.032 -0.032 -0.031 -0.030 -0.029 -0.029 -0.028 -0.027 -0.026 -0.026
13 D-19 -0.036 -0.035 -0.035 -0.034 -0.033 -0.032 -0.031 -0.030 -0.030 -0.029 -0.028 -0.028 -0.027 _ -0.026 _ -0.025

Cum. V decr. (%) 2.5 5.0 7.4 9.7 12.0 142 164 185 205 225 245 264 282 30.1 320
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according to location: caldera centre, northerm, south-eastern stations (Figure 2-2).
The caldera centre stations are located in theomegi maximum deflation, while the
other stations are situated closer to the edgeefdeformation zone. It is therefore
expected that any gravity anomaly directly relatedthis deformation will be best
recorded by the central stations. Within each grolugtations, data would be expected
to be consistent to within error, although someaens do still occur. Such deviations
can be caused by local meteorological disturbanties.uncertainty expected for this

type of survey considering the climate, time dddayween readings, and jolting of the

instruments during transport is 10-16al (Rymer, 1989).

2.4.1 Previous work

Rymer and Trygvasson (1993) integrated micro-gyasitd deformation data
sets from 1988 to 1991 and found negligible nevigyancreases at the northern and
central stations. Rymer and Trygvasson (1993) cmied that 80% of the deformation
from 1988 to 1991 occurred without a sub-surfacesid@ange and that deflation was
primarily due to relaxation of the caldera. Howewbey found a net gravity increase at
the SE station group which was modelled in terma dyke intrusion with a width of 1
m reaching between 10-100 m beneath the surfacthefmore they calculated that if a
mass change greater thar? k§ were to occur, it would be clearly measurahléerms
of gravity at the surface.

Further detailed analysis of the 1988 to 1991 ae#tion data set shows that the
deflation reported by Rymer and Trygvasson (19983 wnderestimated for the central
and south-eastern stations and overestimated éonahthern stations. Using the latest
two point source Mogi model proposed by Sturkell adt (2004-submitted), the
corrected value for the deformation at the cersti@ions is -0.107 m from 1988 to 1991
with respect to base station 83001 (see Table ixSgad of the -0.047 m reported by

Rymer and Trygvasson (1993). Their interpretat®thierefore revised in two ways: i)
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the insignificant net gravity increase at the cerftecomes a slight net gravity decrease
of 13 + 9 Gal (Table 2-3) and ii) the mass increase at theéhseastern group of
stations becomes insignificant over the period 1888991 (Table 2-3). Following eq.
2-1 and assuming the center of the magmatic bothyceted 406 m horizontally away
from the centre stations at a depth of 3000 mn#tegravity decrease in the centre can

now be interpreted as a sub-surface mass decréds8 » 13° kg in the 1988-1991

period.

2.4.2 New data

During the summers of 1992, 1994, 1995, 1997, 28@® 2003, micro-gravity
surveys were performed at Askja while deformatioeasurements were repeated
annually. LaCoste & Romberg meter G-513 has beed @ all surveys since 1988
and its calibration characteristics are well kno@arbone and Rymer, 1999); another
meter, G-403, has been used in addition since 182002, the micro-gravity network
was extended along the north-western shore linakef Oskjuvatn in order to fill in the
gap between the central and south-eastern staiatos new stations, # 10 & 11 in
Figure 2-2 and Table 2-4). Furthermore, the nortfesrd station of the precise levelling
line (430) and the GPS base station (DYNG) were aldded to the micro-gravity
network in 2002 (# 1 & 4 in Figure 2-2 and Tabld)2-The deformation network has
been using station DYNG as a reference statioresi®®©3 while the micro-gravity is
referred to 83001 (#3 in Figure 2-2 and Table ZFhe addition of station DYNG to the
micro-gravity network will solve the problem of fiifent reference points during future
campaigns. It should be noted however, that evatioat DYNG lies within the
deformation field of Askja. It must be kept in mitftat the quoted gravity and height
changes are measured relative to their referencatspand they do not represent

absolute change.
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Table 2-3 Calculation of net gravity for the pelob988 to 1991 inclusive, 1992 to 2003 inclusivd an
1988 to 2003 inclusive.

Time Stationgroup h Omeasured FAG Otheoretical Onet
(m) ( Gal) ( Gallm) ( Gal) ( Gal)

1988 centre -0.107 26 (9) -360 39 -13+9
1991 northern -0.020 13 (9) -310 5 +8+9

s-eastern -0.024 17 (9 -240 6 +11+9
1992 centre -0.349 24 (9) -360 126 -102+9
2003 northern -0.064 10 (9) -310 20 -10+9

s-eastern -0.079 25 (9) -240 19 +6+9
1988 centre -0.456 50 (9) -360 165 -115+9
2003 northern -0.084 23 (9) -310 25 -2+9

s-eastern -0.103 42 (9) -240 25 +17+9

42



Net gravity decrease at Askja volcano, Iceland: €@ints on processes responsible
for continuous caldera deflation, 1988-2003.

During the 2002 and 2003 field campaigns, the nigjaf the stations were
measured at least three times with meter G-513nanst were measured twice with
meter G-403. The average standard deviation wan@&nGal in 2002 and 20 and 7
nGal in 2003 (Table 2-4), for meter G-403 and m&es13 respectively. This is within
range of the uncertainty expected during this tgpbsurvey (Rymer and Tryggvason,
1993). In this study, station 83001 has been usearaference for both the gravity and
deformation data, in order to compare the resulith \wreviously published work
(Rymer and Tryggvason, 1993). Comparing the 2002 2003 surveys with earlier
surveys (Figure 2-3 and Table 2-3) reveals thakethas been a micro-gravity increase
at all stations from 1988 to 2003. The south-east@orthern and centre stations show a
total micro-gravity increase of 42, 23 and 5Bal, respectively, from 1988 to 2003. A
trend-line representing the average rate of chafgeicro-gravity change with time is
shown to enhance visual interpretation (solid limd=igure 2-3). All data plot within
error bar range from the trend-line and it is thenes not possible to draw conclusions
about any variations in the rate of change throtigie. However, on a year to year
basis, the central and northern stations appedolimv the same trend (e,geither
decreasing or increasing gravity compared with phevious year) while the south-
eastern stations appear to do the opposite (FigtBg The average rate of change
ranges from 1.5 to 3.3Gallyr, depending on the location. This is too drmldetect
yearly and shows the importance of a long term datglLocke et al., 2003). Because of
this, we suggest that a micro-gravity survey, earout once every two or three years,

is appropriate for Askja while the current styledeformation continues.

2.4.3 Interpretation

To interpret the data in terms of mass changesn#temicro-gravity changes
must be calculated. This is done by correctingthar change of gravity with height

above ground level using the measured Free AiriénadFAG, Table 2-3). The use of a
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Figure 2-3 Micro-gravity data from 1988 to 2003.n#pls represent average yearly gravity changes in
Gal with respect to station 83001 and referred @881 Solid lines show the data trend, dashed lines

show expected micro-gravity calculated using theeoled deformation and measured FAG (see Table

2-4). If the data trend is higher then the expectecro-gravity, as for the south-eastern statidhis

implies a net micro-gravity increase. If the daintl is less then expected, as for the centr@sttihere

is a net micro-gravity decrease. Vertical bars shwoarage error on the data.
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measured FAG (Rymer, 1996) is more accurate themske of the theoretical value for
the FAG (-308.6 Gal/m) and is therefore favoured. Measurementh@HAG at Askja
range from -240 Gal/m in the southeast, to -36@al/m in the centre and have a
standard deviation of 12Gal/m at each site. These deviations from the #iead
value are due to the caldera-centred Bouguer neggtavity anomaly (Brown et al.,
1991), and a positive anomaly in the east assatiaith a fissure swarm (Rymer and
Tryggvason, 1993). The difference between measamedheoretical Free-Air Gradient
at Askja therefore amounts to + 5Gal/m, which if unaccounted for, would add an
uncertainty of 0.5rGal for every centimetre of deformation (at thetcarstations using
the theoretical value would therefore result inea gravity change of -8dGal instead
of -102nGal between 1992 and 2003).

The base station used in the micro-gravity sur¢886€01, #3 in Figure 2-2 and
Table 2-4) is located on the 1961 lava flow justsaie the north-eastern side of the
caldera rim and is actually located within the defation zone. Deformation surveys
(Sturkell and Sigmundsson, 2000) show that it maxesically with ~1 cm/yr and that
the total area of deformation extends to all sidegond the micro-gravity network.
Because the total area of deformation is largen ttheat covered by either of the
networks, any estimates for mass quantities ormaekifollowing from this work are
necessarily minimum values. To be able to interghet data in this paper, the
deformation data have also been referred to 83001.

The total deformation at the centre stations frd@88Lto 2003, relative to the
base station, is -0.46 m. Multiplication by the sm@&d FAG value of -360Gal/m,
gives an expected micro-gravity increase of 1&al. Subtraction from the measured
micro-gravity increase of 50Gal leaves a significant net micro-gravity decreaisgl5
+ 9 Gal from 1988 to 2003 at the centre of the caldé&tdas change can only be

explained by a sub-surface mass decrease. A stdzsunass decrease could be caused
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by drainage of magma or a fall in the water talsla combination of these (Rymer and
Williams-Jones, 2000; Williams-Jones and Rymer,206or an unconfined aquifer

approximated by an infinite slab, the gravity chang.:, expected as a result of water

table and lake level movementg, is calculated as (Battaglia et al., 2003):
Dy, = 20611t (eq. 2-2)
For an effective porosity,, of 17% (Franzson et al., 2001) a one-meter fallvater

table would lead to a gravity increase ofGal. Alternatively, to explain the totality of
the net gravity decrease of 11%al, the water level would need to have fallen by
approximately 16 metres. On the contrary, the wiatesl of lake Oskjuvatn is known to
be slowly increasing. From 1986 to 1993, lake levetervation at a station at the
Northeast shore of lake Oskjuvatn shows an increaswater height of 76 cm.
Furthermore, since stations undergoing net grawiyrease are close to those
experiencing net gravity decrease and both araw#tiew hundred metres of the lake,
water level change is an unlikely explanation farenthen a very minor component of
the observed mass decrease. Hydrothermal actisy been cited as the cause of
elevation change during recent activity at the GaRiegrei (Bonafede and Mazzanti,
1998). A different study suggests, however, thagrpressures required within the
system are unrealistically large if hydrothermadhaiy is the explanation (Gottsmann et
al., 2003). For this reason, and because hydrotdesawtivity at Askja is significantly
less extensive than at Campi Flegrei, the causaieehanism at Askja is considered to
be more likely magmatic in origin.

To quantify the overall mass decrease from 1982@03, a spherical body
whose depth is much greater than its radius, iseftexti as the source of the change
using eq. 2-1. Crustal deformation due to suchuacsois well known and described by

the “Mogi model” for a point source of pressuraimelastic halfspace (Mogi, 1958).
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Table 2-4 Latitude and Longitude of the gravitytistas at Askja (numbers 1-13 refer to those in Féger2) and gravity data (in mGal) from the 2002 @003 surveys at Askja,
referred to station 83001. Distance to Mogi Sotdrom Sturkell et al. (2004). Four letter codes reteGPS station names. Stations set-up or firstsme=d in 2002 are marked with
a *. For location of the stations see Figure 2-2. The22and 2003 averages are with respect to 198&sahveraged for each group (eMorthern, South-eastern or Central,
Figure 2-3).Values in brackets are standard dewiati They are slightly higher then expected fos thipe of survey for instrument G-403 which is doea smaller number of
measurements.

2002 2003
Distan Meter i
ce to G-403 Meter G-513
Station Mogi Latitude Longitude , Meter Meter
name Source Campaign: Campaign Campaign Avg. G-403 G-513
1 1 2 G-513 .

1 NE84011=DYNG* 6.220 km N65°0322.84  WO016°3%05.7% 23.539 (21) 23.579 (-) 23.600 (4) 23.589 (15) 23.65 23.584 (6)
2 83/009 5.029 km N65°0356.% WO016°4107. 7 14.124 (-) 14.142 () 14.167 (4) 14.155 (18) 14.125  14.142 (9)
3 83001=VIKR 3.681 km N65°0405.8 W016°4%26. 7 0.000 () 0.000 (-) 0.000 (-) 0.000 (-) 0.000 (-)
4  430* 3.631 km  N65°0408.% W016°4339.2 0.692 (2) 0.692 () 0.637 (31) 0.650 (9)

(on levelling line)
5 412 2.942 km  N65°0318.6 W016°4406.22 -3.535 (-) -3.556 (-) -3.565 (2) -3.560 (6) -3.548 -3.547 (1)

(on levelling line)
6 405 2.799 km  N65°0385.6 W016°4%55.8 -3.476 (5) -3.505 (5) -3.502 (16) -3.503 (1) -3.480) -3.491 (2)

(on levelling line)
7 V.Knebel 2.332km  N65°0247.3 W016°4%54. 7 -9.127 (8) -9.150 (3) -9.137 (10) -9.144 (9) -9.12p -9.103 (3)

(no pin)
8  IV-16 (no pin) 2.907 km  N65°0249.2 W016°4310.9 -3.035 (7) -3.035 () -3.059 (-) -3.015 (8)
9 D-18 =BATS 2.941 km N65°0236.% W016°4308.8 -0.207 (-) -0.170 (-) -0.180 (15) -0.175 (7) -0.243p -0.174 (8)
10 NE02005 = MASK*  0.721 km N65°02%8.2 W016°4%858.4 -14.707 (32)  -14.755 (11) -14.757 (7) -14.756 (1) 14.757 (13) -14.779 (7)
11  NE02006 * 0.370 km N65°0232.% W016°4652.6 -15.455 (48)  -15.478 (10) -15.478 (16) -15.478 (0)-15.466 (37) -15.490 (9)
12 NE82005 = OLAF 0.385 km N65°0232.6 W016°4@58. 22 -15.391 ()  -15.430 (14) -15.439 (9) -15.434 (6)  5.4D0 (5) -15.432 (6)
13 D-19 0.455 km  N65°0280.2 W016°4658.C; -15.185 (11) -15.217 (7) -15.207 (12) -15.212 (8) 15.173 (1) -15.209 (7)

Avg.STD (20) 7 (16) (6)
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We choose to use a spherical source, rather thennsbtance an ellipsoid model
(Battaglia et al., 2003), as it fits well the getidelata. More complicated models have
not been tested. For a net gravity change of -138l at the centre of the caldera=
406 m) and a source depth of 3000 m, the minimunmss decrease is 1.6 X"1Ky.

Utilisation of the Mogi model allows estimation éveral volumes. The first is
the integrated volume of vertical surface displagetmor the volume change of the
volcanic edifice, Ve. Then there is the volume change of the underlyimegma
chamber, or the volume change of the Mogi sourselfit V. If we assume a
Poisson’s ratio of 0.25, thenVe = (3/2) X Vg The volume of magma flowing to or
from a magma chamberV,, is not necessarily the same a&;, because of inelastic
effects in the magma chamber. For example, if malgaaes a magma chamber, then
magma remaining in it can expand to accommodates sgrthe magma removal. These
effects and volume relations are discussed by Dedad McTigue (1994) and Johnson
et al. (2000).

The volume change of the volcanic edifice (integasurface subsidence)ye,

can be calculated from the deformation data assymiMogi model (Mogi, 1958) :

+d2)3/2

DV, = 20Dh (r’ - (eq. 2-3)

where h is the total subsidence at the central statioos fi988 to 2003 relative to
station 83001 (-0.46 my is the depth to the source (3000 m) and the horizontal
distance to the source (406 m)V. is therefore calculated to be -0.027 *krithe
corresponding sub-surface geometric volume chahdgleeoMogi source (V) is then
two thirds of the surface deflation volume, whish®.018 km. The volume change can
be explained by cooling and solidification and/oagma drainage although it is
impossible to distinguish between the two on thsidaf deformation data alone. If

magma drainage is the only process, then the volalmmagma flowing from the
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shallow chamber can be larger than 0.018 kbecause of inelastic effects in the
magma chamber. The micro-gravity data (using eqgna#i-1 and our observations)
constrain the net mass decrease to be 1.6'% Kb from 1988 to 2003. Since the
geometric volume change of the Mogi Sourc¥.() is caused by a combination of at
least two processes, cooling/contraction and magdraiage, a simple relationship
between the calculated mass and volume changendbesist.
Assuming a density of 2700 kginfor the subsurface magma body, the mass

decrease would coincide with a change in magmamel(i Vy,) of -0.06 kni (volume
of magma flowing away from the magma chamber). Caning this value with the
calculated geometric volume change of the Mogi s®rV.) we find that the magma
drainage volume is actually three times larger thia®m Mogi source volume. The
variation in chamber pressure accompanying magramaiye e.g. depressurization,
produces volumetric decompression of stored magmthe Mogi source (Johnson,
1992; Johnson et al., 2000). The cumulative eftéchis decompression amounts to a
significant net volume change of the stored magBwainage of magma, Vy, is
accommodated by a combination of reduction of thenter size, V¢, and
decompression of the stored magma. The obserViggto Vi, ratio of 0.3 indicates
that 30% of the volume of magma drained from thandber is accommodated by
magma chamber reduction measurable as deflatitimeasurface while the remaining
70% is accommodated by decompression of storedvamsemagma. These values

compare well to those reported by Johnson (1992p6cu © * on Kilauea.

There is a net micro-gravity increase at the saaistern stations of 17 + @al
from 1988 to 2003 (Table 2-3). This could reflefud-surface mass increase that was
modelled by Rymer and Trygvasson (1993) as a dgk®ision for the period 1988-

1991. From the gravity data trends, it is cleart tthe south-eastern stations are

influenced by processes which do not affect thé oéshe caldera. Deformation data
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from INSAR and GPS, show a similar anomaly in tarea (C. Pagli, E. Sturkell
personal communication 2004). The area is subgebitirothermal activity e.gin the
proximity of Viti crater, which is filled with warnwvater.
For the northern stations, there is no signifigattmicro-gravity change for the

period 1988-2003. The northern stations are loceltesk to the reference station 83001,
which also lies in the deformation zone. This me#as if micro-gravity changes occur
at the northern stations they will be masked byeétion at the reference station. The
observed net micro-gravity decrease of@al falls within error boundaries. It may be

that there is a real (minor) gravity increase asthstations, but more data are required

to evaluate this fully.

2.5 Gravity gradients

A plot of gravity versus height change data, foldeeas in a state of unrest,
shows an inverse correlation (Rymer, 1996). Theswea Free-Air Gradient at Askja
ranges from -240 to -360Gal/m. The Bouguer Corrected Free Air Gradient (BGIr
ranges from -181 to -272Gal/mfor a point source and from -127 to -24Gal/m for a
slab source, assuming an average density of 2700°kand the measured range of the
FAG (Gottsmann and Rymer, 2002). It is importanuse an accurate estimate for the
source density in the calculation. The source deifmi Askja caldera was re-calculated
following the method described in Gottsmann and Byrf2003) but results were
comparable to the previously used (Rymer and Trggga, 1993) values of 2700
kg/m.

Deviations of data points from the gradients caniriierpreted in terms of
subsurface processes. Magma intrusion/drainage,)vesleulation or void
filling/creation can cause changes in density. Magmntrusion/drainage,

(de)vesiculation or rise/fall in water table campkan changes in mass. Of most interest
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is the area between the FAG and the BCFAG, wheseetis a mass decrease and
density increase during deflation (Williams-Joned Rymer, 2002).
Gottsmann and Rymer (2002) interpreted gravityditedata from Askja caldera with
the use of aDg/Dh diagram (Figure 2-4). Since they used the unterated
deformation values from Rymer and Trygvasson (199& have recalculated the
gradients here using the revised deformation val@eadients for the central area plot
below, instead of above, the BCFAG after re-calona(Figure 2-4). Data plotting in
this part of the diagram imply sub-surface massedse which we interpret as magma
drainage. The data from the south-eastern statanshot be interpreted usingdg/Dh
diagram because accurate deformation data for rikee do not exist. At the northern
stations, the small magnitude of deformation limitke use of aDg/Dh diagram
(Gottsmann et al., 2003).
None of the data plot within the critical regiontween the FAG and the
BCFAG. Following the roof collapse theory propodsdGottsmann et al. (2002), this

implies there is no immediate danger for anoth&tera collapse.

2.6 Discussion

Extensive ground-deformation monitoring shows thskja has been deflating
since at least 1983. In the following, we will imporate the micro-gravity data and
discuss the possible sources and processes rdsigdiosithis deflation.

Cooling and contraction can cause deflation as saltreof degassing and
crystallisation of the magma (Sigmundsson et &97). Historic lavas at Askja,
however, have all been aphyric (Oskarsson et @82)lsuggesting that there is no large
volume of ponded magma crystallising prior to ampé&on. Nevertheless, some
crystallisation may occur in the shallow chambed #ms might be responsible for a
small part of the deflation. Cooling and contractare processes which do not involve
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Figure 2-4 Gravity/height gradients at Askja, disg@dd in a g/ h diagram. Deformation data show the
area has been deflating (negativi), while the gravity has increased (positivg). The shaded area
depicts the area between the FAG (upper boundag)tlee BCFAG (lower boundary). Values for the
FAG have been measured in the field. The dottesl diepicts the gradient presented by Gottsmann and
Rymer (2002), the dashed line the re-calculatedevédr the period 1988-91. The solid line shows the
value calculated for the period 1988-2003. Seeftdiscussion.
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mass changes, only volume changes, thus if theg Wer only processes responsible

for deflation, the micro-gravity data would follave trend predicted with the measured

FAG, e.g, the net gravity would be zero. While it is likelyat cooling and contraction

occurs, there must be another significant proaesgplain the observed deflation.

Part of the deformation network is located on tBé1llava flow. Lava flows
can continue to compact for tens of years aftey tieve been erupted (Briole et al.,
1997) and compaction of the flow could thereforgenbeen partly responsible for the
observed deflation. However, caldera unrest and feoww compaction should not be
confused. The levelling line is situated on the IL%8va flow, and some deformation
was expected due to the cooling of that flow. Lewglresults show that the source of
deformation is much deeper than just within the teewa and that deflation is therefore
not caused by compaction (Tryggvason, 1989b). Eurtbre, alternating periods of
deflation and inflation from 1966 to 1972 indicéitere must be a different mechanism
that, unlike compaction, is reversible.

Magma movement can explain part of the observetatti. The process of
magma movement does involve a mass change whictvdit with the gravity data. We
have calculated that a minimum mass decrease of 1®* kg occurred beneath the
central part of the caldera between 1988 and 2888uming a magma density of 2700
kg/m®, and assuming that the mass decrease is a consguing process, 0.125 s (1
m® per 8 seconds) must have drained from 1988 to.2D0& question remains: where
does this magma go? Magma can rise to the surfaeeewt is likely to erupt; it can
drain laterally into the volcanic rift zone or pafs even drain to deeper levels.

As there has not been an eruption at Askja sin€éd,18e magma has clearly
not reached the surface. Part of it may have emtgr® a shallow dyke system. A
conventional idea is that magma drains into thezwine, more specifically into the

fissures in the brittle part of the crust. Howeifeghis were the case, one would expect
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to see some sign of this in the form of seismicntes, earthquake swarms, a rapid

change in deflation rate or surface fractulesck of these suggests that the drained

magma may not be moving in the brittle crust of As&ja fissure swarm (Sturkell and

Sigmundsson, 2000). Rather un-degassed magma nthgibang to deeper levels.

Askja is located above an extensional regime witlagerage full spreading rate
of ~1.97 cm/yr (Camitz et al., 1995; DeMets et 8894). The extension of the ductile
part of the crust will facilitate drainage from tkballow magma chamber to deeper
levels. Modelling of GPS, levelling and tilt dataggest the existence of a deeper
magma source at ~16.2 km (Sturkell et al., 2004¥stied). The crust beneath Askja is
approximately 30 km thick and the brittle-ductitartsition is thought to be at ~7 km
(Foulger et al., 2003). This suggests that thel@ainagma chamber is situated in the
brittle part of the crust and the deeper seatedmmaghamber in the ductile part. At
present it is difficult to constrain the diverse dets further, but further observations
may lead to more refined interpretation in the rfetu

Evolution of the gradients can give considerabléormation about future
activity (Gottsmann and Rymer, 2002; Rymer and Mfills-Jones, 2000). The centre
stations measured at Askja show a change from epettegradient to a less steep
gradient (Figure 2-4), suggesting more sub-surfaess changes with time, since the
gradient is moving away from the FAG and BCFAG.sTimay be interpreted in terms
of an increasing rate of drainage. The rate ofadieth, however, is decreasing according
to the levelling data (Sturkell and SigmundssorQ@O0This highlights the observation
made earlier, that there is not a simple relatigndietween the observed ground
deformation at the surface and the mass decretiseted from the micro-gravity data
as the latter suggests the underlying processesatmuing. We envisage the drainage

as an ongoing continuous process, with a variabhte through time, which is
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superimposed on other processes, such as insmmifizater table variations and
cooling and contraction within the magma chamber.
Clearly a more detailed interpretation is possikleen integrated micro-gravity

and high quality deformation data are used, as sggbdo either technique used in

isolation.

2.7 Conclusions

The micro-gravity and ground-deformation data usethis study result from
extensive surveys conducted between 1988 and Z0@3 though the use of micro-
gravity surveys is sometimes thought of as cont®ak because of the low signal to
noise, e.g error ratio, this study has shown that its intetation, together with geodetic
crustal deformation studies, can be crucial touth@erstanding of a volcanic system.

Previously, analysis of deformation data (GPS, ipeedevelling, dry tilt) at
Askja led to the conclusion that the volcano issaibg, but the exact cause of the
subsidence remained uncertain. By combining micawity data with ground-
deformation data we can determine the most likalyse. Our data show a net micro-
gravity decrease of 115Gal from 1988 to 2003 in the centre of the caldefaich can
only be interpreted as a sub-surface mass decHassgration of the micro-gravity data
results in a minimum value for this mass decreége6ox 103" kg. Surface deformation
at Askja caldera can therefore no longer solehath@buted to cooling and contraction
as we now know a process involving mass changeesponsible for surface
deformation.

The most likely explanation for this mass decraasmagma drainage. Recent
geodetic modelling shows a Mogi model with two paurces at 3 and 16.2 km depth
fits the data best. We envisage that extensioh@fductile part of the crust facilitates

drainage from the shallow magma chamber to theeaddepels. We conclude that the
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surface deformation observed at Askja results francombination of cooling and

contraction and drainage of magma. The potentialthef study of gravity—height
gradients in volcanology has only just begun todadised and we anticipate a wealth of

new information will arise in the near future witkis approach.
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Chapter 3: Satellite Radar Interferometry 1993-1999
suggests deep accumulation of magma near the
crust-mantle boundary at the Krafla volcanic system :
Iceland

This Chapter was published in Geophysical Reseasttiers, volume 31, issue 13,
July 2004. For discussion of the DIAPASON softwased during the processing of the

INSAR images and a full list of image combinatiaesguired see Appendix D.

3.1 Abstract

Deep magma accumulation near the crust-mantle lmoyr{@1 km depth) at the
Krafla volcanic system is suggested from INSAR ole#ons. A best fit model, applied
to four interferograms covering 1993-1999, comis@ opening dike, representing
plate spreading and post-rifting deformation, awd Mogi sources. A Mogi source
deflating at a rate of ~ 0.3 x 40n*/yr coincides with the shallow Krafla magma
chamber while a deeper inflating Mogi source, ferthorth, at 21 km depth, inflates at
a rate of ~ 26 x 10m/yr. The inflating source is at or near the crustatfe boundary

as identified by seismic studies and is interprei®dccumulating magma.

3.2 Introduction

Magma accumulation beneath volcanic areas has $tedied extensively with
various geodetic techniques. Most of these stultieate magma sources at depths
within the brittle crust. Only few studies discudse existence of deeper magma
reservoirs. For Krafla volcano, Tryggvason (198@&nauded, from geodetic data
spanning the 1984 eruption, that a vertically stdckeries of chambers exists at depths
of 2.6 km, less than 10 km and deeper than 20 kniAskja volcano, N-Iceland, 1993-
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1998 GPS data has been used to infer the locafibnoomagma sources, at 3 and 16
km depth (Sturkell et glsubmitted, 2004). In this paper we discuss newyarsabf
Interferometric Synthetic Aperture Radar (INSARRges from the Krafla area that can
be interpreted in terms of magma accumulation atctiust-mantle boundary at 21 km
depth.

The Krafla volcanic system in N-Iceland (Figure )3<onsists of a central
volcano which encompasses a 10 by 7 km wide caldeoatly filled by younger lavas.
The system is transected by an approximately 100ldmy fissure swarm striking
NO10°E. Detailed seismic studies have been conductethe Krafla area, e.g. by
Brandsdottir et al. (1997) and Menke et al. (1998he crust-mantle boundary
underneath Krafla has an asymmetric dome shaped €gemic reflection originates at
the Moho discontinuity. The minimum boundary depth-19 km is reached 5 km east
of the caldera centre. This depth increases asynualét in all directions, at a rate of
1-2 km for each 10 km distance on a north-soutfilproext to the caldera. Activity at
the Krafla volcanic system is characterised byngfiepisodes separated by long periods
of dormancy. Two historical rifting episodes ocewatrin 1724-1729 and 1975-1984.
During the most recent episode, 9 of 20 deflatidtdtion cycles were accompanied by
basaltic fissure eruptions in the Krafla fissureasw.

Geodetic data show that the area around the cerdleno was deflating at 5
cm/yr in the 1989-1992 period (Tryggvason, 1994)ayeng to 2.4 cm/yr from 1992 to
1995 (Sigmundsson et al., 1997). A shallow Moginpasource can explain this
deflation and its location has been well constmitg several studies at 65.72°N,
16.80°W and 2.7 km depth (Arnadéttir et al., 19%gmundsson et al., 1997;
Tryggvason, 1986; Tryggvason, 1994). Krafla is tedaon the Mid-Atlantic Ridge
where the average full spreading rate is ~1.9 cn@RS measurements in north Iceland

have, however, revealed a full spreading rate @hfyr from 1987 to 1990 in the Krafla
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area, decaying to 4 cm/yr from 1990 to 1992. Thghér rate is attributed to post-
rifting relaxation of stresses in the crust aftee 11975-1984 rifting episode, and has
been modelled e.g. by Foulger et al. (1992) antitPahd Sacks (1996).
Analysis of INSAR images acquired by ERS1 and ERf2, proven a valuable
tool when studying the ongoing deformation at kaaf{Henriot et al., 2001,
Sigmundsson et al., 1997). Previous work concerdrain the readjustment of the
Krafla spreading segment e.g., crustal deformaaiber the last rifting episode. In this
paper we analyse interferograms covering the Kraffgon from 1993 to 1999. A signal
previously unaccounted for, associated with smativiidespread uplift, is attributed to

deep accumulation of magma. An alternative modgibating the signal to post-rifting

relaxation is considered less likely.

3.3 Radar interferometric data

To calculate interferometric images, we used the&SREE/DIAPASON software
developed by CNES. Twelve SAR images from ERS1ER&2, track 9, frame 2277
acquired in the period 1993-2000, allowed the fdiomaof twelve interferograms, with
reasonable coherence. Four of these, spanning &dm 6 years, were selected for
modelling (Table 3-1 and Figure 3-2). A Digital ##ion Map from the Icelandic Land
Survey and postcomputed orbits from the Europeat&pgency were used to correct
for topographic effects. Residual orbital fringesrev removed by subtracting linear
range-change gradients.

Four interferograms (Table 3-1, Figure 3-2 a-& amalysed here. Pair-
wise comparison (Massonnet and Feigl, 1998) wad teseonfirm deformation signals
and discriminate them from atmospheric and topdgcagrtifacts. Three different

deformation signals can be distinguished: a lifeage pattern aligned along the rift
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Figure 3-1 a) Location of the Krafla area in IcelatOverview map shows volcanic systems, plate
boundary, calderas and icecaps (Einarsson, 19%9).studied area, track 9, frame 2277 is outlined in
black. b) A SAR amplitude image of frame 2277 shmnihe town of Husavik (H), lake Myvatn (L), the
Krafla Rift Zone (dotted), the outline of the Kmaftentral volcano (solid white line), the caldendnife
dashed line) and the location of the model soufitdM?2).
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axis, localized concentric fringes in the centrethed Krafla caldera and a widespread
concentric fringe pattern centered 15 km north wfld. Each phase fringe represents a
range change of 28 mm. Small atmospheric artifactgpresent in the upper left corner
of Figure 3-2d.

The linear fringe pattern is at least 20 km lorigking N10°E and most likely
shows the combined effect of plate spreading amstigting relaxation. The concentric
fringes in the centre of the caldera cover an @rkea across. The increase in range
suggests deflation in this area, amounting to ~5rcthe 1993-1999 interferogram.

Both these features have been previously desc(ibedriot et al., 2001; Sigmundsson
et al., 1997). The widespread concentric fringekrb5orth of the Krafla centre (8 cm
in the 1993-1999 interferogram) have, however baan identified before. The signal

shows a decrease in range, representing infladioeh covers a roughly circular area 50

km across.

3.4 Modelling

Processes contributing to the widespread uplghai may include post-rifting
stress relaxation and/or deep accumulation of madmeaevaluate the effect of post-
rifting relaxation, the models of Pollitz and Sa¢k996) were considered. The average
1992-2000 velocity field was calculated (F. Polligers. comm., 2004) using an earth
model with one of the “acceptable” viscosity stures of Pollitz and Sacks (1996)
(with he = 2 10"° Pa s, andh, = 4 10'® Pa s), and considering rifting along their south
and central Krafla segments (see their Figure Il results predict horizontal
postrifting opening rates of ~1cm/yr on both sidéshe rift and a maximum uplift of
~2 mm/yr (F. Pollitz, pers. comm., 2004). It regmes only ~15% of the observed
inflation rate and this model can therefore notrelyt explain the INSAR observations.

Utilizing elastic deformation models, we exploreetier the widespread uplift can be
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Table 3-1 Best fit model parameters of displayedrirrograms. The M1 Mogi source is located at 88M3 16.73°W at 21 km depth, M2 is located at 68\N72A6.78°W at 2.4 km
depth. The modelled dislocation has a length okf®3and a width of 85 km; the strike is N11°E ane tlip 78°W. The centre of the upper edge of thivchsion is located at
65.64°N, 16.84 °W at 4.6 km depth. Strike-slip dimdslip components are fixed at O crpisthe altitude of ambiguity of the interferograms

Dislocatior Inflating Mogi (M1)

Deflating Mogi (M2

Interferogram h Timespan Timespan RMS Total opening Opening Volunwelume Volume Volume
[m] [year] [days] [cm]  [cm] [cmiyr]  [18m%  [10°mPyr] [10°m%  [10°mPyr]
11677_22408 -369 93-99 2190 0.63 20.6 3.4 1465 424. -18 -0.29
01867_17899 289 95-98 1119 0.79 8.0 2.6 94.5 308 14 - -047
6877_17899 115 96-98 770 0.975.0 2.4 52.1 24.7 -0.9 -0.41
6376_22408 374 96-99 1120 0.74 84 2.7 72.4 23.6 2 -0 -0.07
Average 2.8 25.9 -0.31
Stdev 0.4 3.3 0.18

" These parameters are the outcome of the simugaiteelling algorithm. The derivative based methddrdthis case not improve the resuilt.



attributed to deep magma accumulation. These arplsirepresentations of the short-
term response to magma accumulation that takee pletl below the brittle-ductile
transition, within a viscoelastic regime. Becaudeit® anticipated small effect, the
contribution of post-rifting adjustment to the obgsl uplift was not considered in these
models.

The InNSAR data were unwrapped and the data sizeraduced using a two-
dimensional quad-tree partitioning algorithm (Jamsset al., 2002). An inversion
procedure using a simulated annealing algorithhovicdd by a derivative based method
(Cervelli et al., 2001) was then applied. Initialle modelled the observed widespread
fringe pattern, assuming one inflating Mogi sourmean elastic half-space (Mogi,
1958), with loose initial model bounds. The four datbed interferograms showed
similar source locations, 65.870.18°N, 16.71+ 0.76°W with a depth of 2% 3 km. A
uniformly opening sill model was also tested, bidt ot yield a better fit. Best results
were found considering the three suggested defawmadrocesses: two Mogi point
sources and an opening dislocation aligned aloagithaxis.

First we modelled the interferogram with the lorigéme-span (6 years),
leaving all model bounds loose. It displays thergjest deformation signals and hence
the best signal to noise ratio. Resulting modebpeters (see caption Table 3-1) are
well constrained and the model (Figure 3-2e) redilce RMS of the data from 2.97 cm
for a null-model to 0.63 cm (Figure 3-2i & TablelR- The parameters found for the
deflating Mogi source agree with those found byjmes studies (Henriot et al., 2001,
Sigmundsson et al., 1997). The opening dislocasoa simplified model reproducing
the effects of plate spreading and superimposetirgisg deformation. We fix the
source location parameters from the inversion ef 2893-1999 interferogram, during

inversion of the other three data sets, and opgirardy for the two Mogi volumes and
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the opening of the dislocation source. The residughal is less than 1 cm for all
interferograms.
The results of the inversion are displayed in Fegg+2e-h and summarized in

Table 3-1. The yearly opening decays from 3.4 ciinfgm 1993 to 1999 to an average
of 2.5 cm/yr from 1996 to 1999. Post-rifting reléira is expected to decay with time.
The deflating Mogi source, representing a shalloagma chamber, has a depth of 2.4
km and an average volume change of —0.31%mi®yr, corresponding to surface
subsidence of 8.6 mm/yr. This subsidence can bsecdoy cooling/contraction of the
chamber, magma drainage from the chamber or geothexploitation of the Krafla
area (Sigmundsson et al., 1997; Rymer et al., 1998) inflating Mogi source has a
depth of 21 km and an accumulation rate of 25.9%nf/yr, which is two magnitudes

larger than the yearly volume change of the deftaiogi source. The depth of it is

close to the crust-mantle boundary where we visaatiagma to be accumulating.

3.5 Discussion and conclusions

We take the relatively good fit of our simple misdas an indication that magma
accumulation is responsible for the widespreadftyphind suggest that post-rifting
deformation and plate movements are mostly mimidkethe opening dislocation. The
deep Mogi source then suggests that from 1993 &9 Htotal of ~ 0.15 kihmagma
accumulated at 21 km depth beneath the Krafla area volume may be a low
estimate because elasticity is assumed, ratherrtigalogical properties appropriate for
ductile crust. The lower crust is likely to accondate part of the magma accumulation
by ductile flow, limiting the effect on the surfac&@he volume inferred to have
accumulated from 1993-1999 is already a signifidaattion of the 1km® volume
thought to have moved from a deeper source dutwegHKrafla fires (Tryggvason,

1995).
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Figure 3-2 Interferograms, models and residualpatfaon amplitude image for reference. Interferogram
listed in Table 3-1 (panels a-d). For location nfie see outline in Figure 3-1 The best-fit models
including location of the tensile dislocation (plergine) and the two Mogi sources (black stars) are
displayed in panels e-h). Panels (i-I) show red&latier model subtraction.
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Our results suggest accumulation of magma at deeglsl under Krafla in the
decades after termination of a rifting episode. ¥ggest that co-rifting pressure
decrease of the deeper source stimulates this gudaseinflow of magma. The density
contrast between the lower crust and mantle magy rmmagma there, regardless of the
lower than average contrast of 9.0 kg/n? (Gudmundsson, 2003). The shallowing of
the Moho towards the Krafla rift axis (Brandsdééiral., 1997) may focus magma flow
towards it. When pressure in the deep source reaglweitical value, magma migrates
to the shallow magma chamber from where it can tenadly erupt. This complex
magma plumbing system is consistent with long pisriof dormancy (200-1000 yr)
between rifting events.

Our results derive from a relatively simple modeghother simple model would
consider the deep magma source as a pressure sduhmebase of a thin elastic plate.
This we consider, however, not suitable in our ces¢he “plate” overlying the magma
source is thick (~21 km) and its lower half is wstastic, as well as the mantle beneath
it. A more sophisticated earth model would usetlbriatnd ductile layers which might
modify the results. Another improvement would beause existing GPS data (Vélksen,
2000) to calibrate the interferograms. Furtheristsidhould also consider whether post-
rifting adjustment may eventually contribute to tiserved signal.

This paper demonstrates the feasibility of invediigy deep accumulation of
magma using InSAR, despite minimal expressionsuoh sources at the surface. Our
observations are consistent with a deep magma eduaneeath Krafla, as suggested by
previous tilt studies (Tryggvasson, 1986). Suchpdssurces may play a major role at
Icelandic volcanic systems and elsewhere, and tealie considered to fully understand

the dynamics of magmatic systems.
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Chapter 4: The integration of micro-gravity and
geodetic data to constrain shallow system mass
changes at Krafla Volcano, N Iceland

This chapter was submitted to Bulletin of Volcamgylan September 2004. It
contains the results of extensive micro-gravity agebdetic surveys at the Krafla
volcano and discusses the impact of water draibggbe geothermal power plant. The
location of the stations is described in Appendial the original data are displayed in

Appendix C.

4.1 Abstract.

New and previously published micro-gravity data acenbined with INSAR
data, precise levelling and GPS measurements tupeoa model for the processes
operating at Krafla volcano, 20 years after its tmesent eruption. The data have been
divided into two periods: from 1990 to 1995 andnird996 to 2003 and show that the
rate of deflation at Krafla is decaying exponeihialhe net micro-gravity change at the
centre of the caldera is shown, using the meadeneel Air Gradient, to be -85Gal for
the first and -100 Gal for the second period. After considerationhaf éffects of water
extraction by the geothermal power station witlina taldera, the net gravity decreases
are -73 £ 17 Gal for the first and -65 + 17Gal for the second period. These decreases
are interpreted in terms of magma drainage. Foligvda Mogi point source model we
calculate the mass decrease to be ~2 X k@¥yr reflecting a drainage rate of ~0.23
m>/s, similar to the ~0.13 ffs drainage rate previously found at Askja volcaNe,
Iceland. Based on the evidence for deeper magneaviees and the similarity between
the two volcanic systems, we suggest a pressukedetween Askja and Krafla at
deeper levels (at the lower crust or the crust-fadmbundary). After the Krafla fires,
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co-rifting pressure decrease of a deep sourceaitakstimulated the subsequent inflow
of magma, eventually affecting conditions along ptete boundary in N-Iceland, as far
away as Askja. We anticipate that the pressurenefdeeper reservoir at Krafla will
reach a critical value and eventually magma wierfrom there to the shallow magma
chamber, possibly initiating a new rifting episod&¥e have demonstrated that by

examining micro-gravity and geodetic data sets, knowledge of active volcanic

systems can be significantly improved.

4.2 Introduction

The Northern Volcanic Zone north of the Vatnajoka# cap in iceland, consists
of five NNE-SSW elongated volcanic systems, Theestar, Krafla, Fremri-Namur,
Askja, and Kverkfjoll, (Figure 4-1; inset). Theyeaarranged en echelon along the plate
boundary which is ~50-80 km wide. Each volcanidaysconsists of a fissure swarm
transecting a central volcano.

The Krafla Volcanic system comprises a fissure swawhich is 100 km long
and ~10 km wide, more than 1000 tectonic fractumad, a central volcano (Figure 4-1).
The Krafla central volcano forms a low, broad sthisbme 20 km in diameter with a
caldera in the centre. The topographically indddticaldera has an elliptical shape and
stretches 10 km in the east-west direction and 8nkmnth-south. It formed during an
explosive eruption in the last interglacial peraigbut 0.1 Ma ago and has since been
filled almost completely with lavas and ash (Brattttr et al., 1997).

Two geothermal areas, Krafla and Namafjall (Figdré) are located in the
Krafla Volcanic System. Namafjall is located justuth of the Krafla caldera on the
eastern part of the Krafla fissure swarm. Its 3w kurface expression is characterized
by mud pools and fumaroles and three active weli) a maximum temperature of

320 C, which supply a 3 MW back-pressure turbind.urhe larger Krafla geothermal

12



The integration of micro-gravity and geodetic dadaconstrain shallow system mass
changes at Krafla VVolcano, N Iceland
area, ~ 7 kM is located in the centre of the caldera and émgdted in the NW-SE
direction. At present, 18 wells are used to opeeaté0 MW power generator and
geothermal fluid temperatures reach 350 C (Gudrmesod and Arndrsson, 2002).

The activity at the Krafla volcanic system is clueaised by rifting episodes
separated by long periods of dormancy (Arnadéttiale 1998). Two historical rifting
episodes, the so called Myvatn and Krafla fireguoed from 1724 to 1729 and 1975
to 1984, respectively. During the Myvatn fires, tirater Viti was formed (Figure 4-2)
although most of the other activity manifestedlitseuth of the Krafla caldera (Ewart
et al., 1991). Activity resumed in 1975, when sécstyrincreased and deformation data
suggested inflow of magma to the shallow Krafleeresir, causing inflation, followed
by rapid deflation and an initial diking event (fgvason, 1994). A rifting episode
from 1975 to 1984 was then characterised by ~2kh sycles of which 9 culminated in
basaltic fissure eruptions (Bjornsson, 1985; Brdots et al., 1997). During each
cycle, the reservoir pressure exceeded a crit@laley reservoir walls failed, dykes were
injected into the fissure swarm and rifting occdrr&he largest and most voluminous
eruption of this period occurred over two weekSeptember 1984 during which a 8.5
km long volcanic fissure erupted a pahoehoe laghl fivith a total area of 24 Km
(Rossi, 1997).

Krafla is one of the few calderas in the world @thinclude Askja in Iceland
(Rymer and Tryggvason, 1993), Masaya in Nicaraglidli@ms-Jones et al., 2003),
Poas in Costa Rica (Rymer et al., 2000) and Carggréi in Italy (Gottsmann et al.,
2003)) with a long-term micro-gravity data set. Theea has also been studied
extensively using a variety of geophysical techagu(Arnadottir et al., 1998;
Sigmundsson et al., 1997; Tryggvason, 1986). Here pwesent Interferometric
Synthetic Aperture Radar data (InSAR; 1993-1999) amcro-gravity data (1997-

2003). Results of these techniques are combinpdbtuce an integrated model for the
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Figure 4-1 Overview of the Krafla volcanic systeimset shows location of Krafla in Iceland. The
locations of the main ice caps are depicted wightlgrey and the volcanic zones are depicted vattk d
grey. The inset also shows the five NNE-SSW elagjatolcanic systems of the Northern Volcanic
Zone, Tr is Theystareykir, Kr is Krafla, Fr is FrefNamure, As is Askja and Kv is Kverkfjoll
(Einarsson, 1991). The black box marked on thet isisews the area covered by the enlargement given i
the main Figure. The larger Figure shows the KrRfilh Zone (dotted), the outline of the Krafla cexht
volcano (solid white line), the caldera (white degHine), the geothermal areas (blocked), the tofn
Husavik (H), lake Myvatn (L) and Krafla mountain)(iith A SAR amplitude image for reference in the

background. Note the location of micro-gravity &tas Hotel and FM115. White dashed box shows
outline of Figure 4-1.
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Figure 4-2 Sketch of the location of the main migravity, levelling and GPS stations at Krafla.
Numbers refer to station names: 3=FM115, 5=0S5388596; 7=0S5596, 9=5599A, 11=5672,
12=0S5684, 14=0S5688, , 23=A001, 24=A002, 25=AQB3,A004, 27=A005 and 29=A012.
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the processes operating at Krafla today, 20 ydtestae most recent eruption.

4.3 Methods

4.3.1 Geodetic methods

Previously published and new precise levelling, daloPositioning System
(GPS) and InSAR data were combined to calculatehthght change at each gravity
station. INSAR allows the measurement of changamge from ground to satellite at a
high spatial resolution by combining pairs of SatelAperture Radar (SAR) images
acquired at different acquisition times (Massonaetl Feigl, 1995; Massonnet and
Feigl, 1998). Interferograms were produced with tise of the DIAPASON software
(CNES, 2000) following an approach similar to thaed by Sigmundsson et al. (1997).
Topographic fringes were removed with the help @igital Elevation Model (DEM)
from the Icelandic Geodetic Survey and orbital ections were performed utilising
post-computed orbits from the European Space Ag@aBy). Residual orbital effects
were removed by subtracting a linear range-chargdient. The remainder of the
processing was done using sub-sections of the aienphterferograms covering the
Krafla area. These sections were filtered usingalgorithm developed by Z. Lu
(personal communication 2002) and unwrapped usafgrohation tools developed by
Gudmundsson et al. (2001). After unwrapping, théerferograms provide an
unambiguous measure of the change in range whtreasiginal interferograms show
deformation as fringes, each corresponding to &caérdisplacement of 28 mm. The
precise levelling technique measures the vertiebbrchation, with respect to reference
station FM115, with millimetre precision (Figurel}- Differential GPS measurements

are referred to station NE9301 and have accuratyeirvertical component of ~1-2 cm.
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Figure 4-3 Exponential decay of deflation in cmtle area of maximum deflation at Krafla. Numbers
refer to publications: 1 (Tryggvason, 1994), 2 (@gson and Eysteinsson, 1998), 3 (Sigmundsson, et al
1997), 4-6 and 8 (this paper) and 7 (Agustsson1R00
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4.3.2 Micro-gravity methods

All the micro-gravity measurements discussed is ffaper were acquired with
the use of LaCoste & Romberg instruments followstgndard techniques as described
by Rymer (1996). Meter G-513 has been used forsailveys since 1990 and its
calibration characteristics are well known (Carband Rymer, 1999); meter G-403 has
been used in addition since 1997. The micro-gravéwork traditionally uses station
Hotel (Figure 4-1) as reference, because it is témtaoutside the main zone of
deformation (Rymer et al., 1998a). Station FM115 also been measured on a regular
basis. Although its location, near the central afishe plate boundary, is not ideal, it
has been used here, as an alternative referentensta better coordinate with the
deformation network. The uncertainty expected fos type of micro-gravity survey
considering the climate, time delay between readiragd jolting of the instruments
during transport is 10-20Gal (Rymer, 1989). Repeat measurements have beda ma
during this study and the uncertainties for the Igescquired data are displayed in
Table 4-2. Before we can interpret the micro-gsadiita in terms of mass movements
they need to be corrected for height with the dsgeodetic data. The Free Air Gradient
(FAG) is the change of gravity with elevation arsdused to calculate the expected
gravity change at each station due to the heiglaingds alone. The FAG varies
depending on the local sub-surface mass distribufitie local value of the FAG can
easily be determined in the field following the hedology of Rymer (1996) and is

used here to calculate net gravity changes.

4.4 Data and results

4.4.1 Deformation data

The Krafla system is subject to deformation beeanfsthe stresses associated

with the divergent plate boundary, the effects @gfigma movements and geothermal
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processes. The recent extensive geothermal exjpoitand production at the Krafla

power station also influences the system. Any dae&tion data collected will

necessarily reflect the complex interaction betwadethese processes.

4.4.1.1 Previous results

No significant ground deformation changes were nleskin data from the 1938
to 1965 period (Bjornsson et al., 1979). Betwee6518nd 1971 apparent contraction
took place followed by extension and uplift betwd®70 and 1975 (Moller and Ritter,
1980; Rymer et al., 1998a). The Krafla power plaas under construction at that time
and geodetic surveys and exploration drillings ktadted in 1974. Levelling profiles
crossing the caldera region were available fromvitiy beginning of the 1975-1984
rifting episode. Ground deformation was monitoredessively during the episode
(Ewart et al., 1991), using a wide range of techegjsuch as Electronic Distance
Measurements (EDM; (Tryggvason, 1994), preciselliege(Bjoérnsson, 1985), tilt and
lake level measurements (Tryggvason, 1986; Tryggva$994). Deformation during
the rifting episode was characterised by steadgtioh interrupted by rapid subsidence
(Tryggvason, 1994). After the last eruption in ®epber 1984, slow inflation was
observed from 1985 to 1989. This was followed byssience, initially at a rate of ~5
cm/yr, declining to ~2.5 cm/yr in 1992-1995 (Arn#itdet al., 1998; Rymer et al.,
1998a; Sigmundsson et al., 1997; Tryggvason, 1994).

Radar interferometry (INSAR) has also been usedesstully in the Krafla
region to monitor deformation (de Zeeuw-van Dalfsgnal., 2004a; Henriot et al.,
2001; Sigmundsson et al., 1997). Sigmundsson e{18P7) observed 2.4 cm/yr of
subsidence in the centre of the Krafla area and rn/yr along axis subsidence of the
spreading segment whilst studying interferogramsedag the 1992-1995 period.
Henriot et al. (2001) analysed interferograms frita 1992-1998 period and found

steady subsidence at Krafla and the fissure swartrOacm/yr (2.1 cm/yr in the ground
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to satellite direction). Based on interferometratadfrom 1993 to 1999, de Zeeuw-van
Dalfsen et al. (2004a) showed the existence ofdewiflating area in addition to the

already suggested subsiding zones.

44.1.2 New data

Integration of the new GPS and INSAR data with jonesly published geodetic
data is complicated by the fact that different go@acquired the data, using different
reference stations and with several temporal gapthe data set. To alleviate this
problem, all data are first normalised to the sdrage station (FM115; Figure 4-1 &
Figure 4-2) and yearly height changes are calall&e each gravity station (Table
4-1), interpolating and extrapolating where necgssa

First order levelling surveys conducted in the kKradrea in 1989, 1995 and
2000 (Bjornsson and Eysteinsson, 1998; Magnuss63)2form the basis of our
deformation model. The data exceed the requiremfamtdheight correction of the
gravity data as they have a standard deviatioresd than 1.5 cm and the levelling
stations are equivalent or close to the micro-gyagtations (Rymer, 1996). We
consider two distinct periods, 1990-1995 and 199632 in order to take into account
change in productivity of the geothermal power pflaom 30 MW to 60 MW between
1995 and 1996 (Hauksson and Benjaminsson, 2003).

Twelve SAR images from European Remote Sensing JERllites 1 and 2
(track 9, frame 2277), acquired during the peri®@3t2000, allowed the formation of
twelve interferograms, with reasonable coherende fur with the best coherence
were selected for modelling and the average subs&leate over the time period
(spanning from 2 to 6 years) was acquired. Ovettadl subsidence rate calculated from
these data decays from ~1.5 cm/yr in late 1996Ltd em/yr in late 1997.

Previous work indicates that the deformation rdt&rafla has been decaying

rapidly since 1989 (Tryggvason, 1994). In ordeextrapolate the deformation data at
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Krafla, from 2000 to 2003, it is important to knalae trend of this decay. The vertical
change over a time period obtained from differesasurements by several authors is
expressed as a rate (cm/yr) in Figure 4-3. Thetpairay be fitted by two straight lines
or by an exponential curve. We prefer an exponkfitidbecause the subsidence is
expected to show exponential behaviour like theskl#mce at other Icelandic
Volcanoes (Sturkell and Sigmundsson 2000). A gabthfough the data, with a root
mean square of 0.96, is found using estimates\verage maximum subsidence from
published data (Agustsson, 2001; Bjérnsson anceifyaston, 1998; Henriot et al., 2001;
Sigmundsson et al., 1997; Tryggvason, 1994) togetlith the newly acquired results
from InSAR (Figure 4-3). Since the micro-gravityatsbns do not coincide with the
assumed location of maximum subsidence causedebgtthllow magma chamber, the
extrapolated height change data (for the period p080) also need to be interpolated
(spatially). This is done by noting the distributiof measured elevation changes in the
1997-1998 period (middle of the 1995-2000 levellpegiod) compared to the predicted
maximum deformation from the decay curve (Figui® 4Fhe same decay curve is also
used to interpolate data for those stations lackavglling data from 1990 to 1995.
Finally, the curve is used to extract the 1990985Ldeformation from the 1989 to 1995
levelling data. Estimated deformation in 1989 hasrbsubtracted from the 1989-1995
measured value. The total deformation (Table 4t¥Baah levelling station relative to
base station FM115 is then calculated by addingréselts from the levelling (or
interpolated values) from 1990 to 2000 and theagdiated values from 2000 to 2003.
Because each micro-gravity station is the samelasecto a levelling station, these
values are used to interpret the micro-gravity dake standard deviation is estimated,
based on repeated measurements, to be 1.5 cmefgethical component. In summary,
results from geodetic surveys in the Krafla regafter 1998, show that the Krafla

volcanic system is still deflating. The deflationkaafla follows an exponential decay
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trend and, assuming there is no change in actigtgxpected to reach the detection
limit by 2007.
The total volume change at the surfac&/, can be calculated from the
deformation data most simply by assuming a Mogi ehd®logi, 1958) where the

deformation is caused by a pressure change of i@ pource within an elastic half-

space, (Johnson, 1987):

2 +d2)3/2

(r
DV, =
AN d (eq. 4-1)

The maximum subsidenceh, at the centre of the deformation relative to etati
FM115 is -0.085 m from 1990 to 1995 and -0.024 omfrL996 to 2003. The average
depth to the sourced, is 2800 m as inferred from previous geodetic mlougl
(Arnadéttir et al., 1998; Rymer et al., 1998; Sigmisson et al., 1997). The horizontal
distance from the centre of deformation to thisreeyr, is 1300 m in the 1990-1995
period and 2000 m in the 1996-2003 period. FM11lméated within the deformation
zone and any estimates foW, are therefore minimum values. INSAR data covering
most of this period (de Zeeuw-van Dalfsen et &0Q42) indicate that the subsidence
does not extend beyond this region and therefoeevtiiume calculated forV, is
considered to be realisticVe is calculated to be -0.006 Rrfor the 1990 to 1995 period

and -0.002 krafor the 1996 to 2003 period.

4.4.2 Micro-gravity

The first micro-gravity measurements in the Krakgion were made in 1965
(Bjornsson et al., 1979) and extensive work wasediuring the beginning of the 1975-
1984 rifting episode (Johnsen et al., 1980). Sitihe, micro-gravity measurements
have been made yearly at Krafla from 1990 to 198th the exception of 1993 (Rymer

et al., 1998a) and again in 2002 and 2003.
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Table 4-1 Total height change data for 1990 to 20@8ed on the precise levelling surveys reported by
Bjornsson and Eysteinsson (1998) and Agustsson1j2@Qumbers refer to location of station, for
coordinates see Table 4-2 (also partly displayed-ignre 4-2). An ‘a’ in the first column means the
levelling station is close to but not identicalthe gravity station with that number, but heigharge data
from the a-station are used to correct for heidifainges at the corresponding gravity station. Mettfod
estimation described in text. Note that the negatiumbers here reflect deflation. These shouldbrot
confused with the decreasing rate of deflation showFigure 4-3. The standard deviation on the data
1.5 cm which corresponds to ~&al (based on the average FAG ~310 +Gal/m).

Estimated Levelling Estimated Total height
height change 1995-2000 height change change
Levelling 1990-1995 Agustsson 2000-2003 1990-2003

No. | Station [m] [m] [m] [m]

3 FM115 0.000 0.000 0.000 0.000
5 0S5595 -0.074 -0.019 -0.005 -0.097
6 5596 -0.086 -0.041 0.001 -0.126
7 0S5597 -0.061 -0.022 0.001 -0.083
8 5599 -0.013 -0.003 0.000 -0.015
9 5599A -0.013 -0.003 0.000 -0.015
10 0S5600 -0.002 0.004 0.000 0.002
11 5672 0.013 0.037 0.000 0.049
12 0S5684 -0.052 -0.000 0.001 -0.052
13 0S5685 -0.054 0.007 0.001 -0.046
15 0S5697 -0.000 0.004 0.000 0.004
16 0S5698 0.002 0.003 0.000 0.005
17 0S5699 0.001 0.003 0.000 0.004
la KONGSP  0.017 0.014 0.000 0.032
14a | KBO8 -0.075 -0.032 0.001 -0.106
14a | KB11 -0.088 -0.030 0.001 -0.117
23a | KVv08 -0.079 -0.007 0.001 -0.085
24a | Kv12 -0.097 -0.025 0.001 -0.120
25a | Kv02 -0.111 -0.028 0.002 -0.137
26a | LV956104 -0.085 -0.028 0.001 -0.112
27a | FM5670 -0.054 -0.011 0.001 -0.064
29a | LV956107 0.108 0.035 -0.001 0.141
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The twenty-nine main micro-gravity stations (partisplayed in Figure 4-2,
Table 4-2) at Krafla can be grouped according tation: Hreindyraholl (5672, AO08
and A012), Leirhnjukur (A001, A002, AO03 and AOO#)jdar Krafla (OS5595, 5596,
5597, 0OS5688, NE79077 and A005), Hvitholaklif (559999a, OS5843, NE9301 and
NE80051) and South Hlidardalur (NE220, OS5697, @856S5699 and OS5600).

There are four control or base stations (Hotel, E®)IHellahraun and 2313) and two

stations that fall outside these groups (OS5684QH6685).

4.4.2.1 Previous results

Rymer et al. (1998) investigated post-eruptive gyaehanges from 1990 to
1996 inclusively. After corrections for elevatiorhange, significant net gravity
decreases, on the order of -5@Gal, were observed over the modelled Mogi-type
deflation source. Net gravity increases up to &al were observed 1-3 km from the
centre of deformation. In addition to this, here #ffect of water extraction has been
taken into account for the 1990-1996 period.

Gottsmann and Rymer (2002) analysegl h gradients for all available data
from 1977 to 1996. Their theory suggests that tiationship between the measured
gradient, the Free Air Gradient (FAG) and the BargGorrected Free Air Gradient

(BCFAG) predicts which process is responsible &ddera unrest.

4.4.2.2 New results

The micro-gravity network at Krafla (Figure 4-2,bla 4-2) was re-measured
during the summers of 1997, 2002 and 2003 usingst&M115 as a reference and the
results are presented here. The average standaediole of all measurements is 14 and
12 nGal in 2002 and 19 and I85al in 2003 (Table 4-2), for meters G-403 and G;513

respectively.
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During the 2002 survey the FAG was measured atrakwey stations as
suggested by Gottsmann and Rymer (2002). The seshlbw a FAG close to the
theoretical value for the reference station (FM1asJyl the South Hlidardalur stations.
Across the rift, the FAG differs considerably, withlues of -386 + 12 Gal/m in the
Leirnjukur area and -280 = 1Z5al/m in the Hreindyrahdll area (Figure 4-3i andl€a
4-3). This difference is caused by topographic ateons and the local Bouguer
anomalies. The measured FAG values were then camudo allow the FAGs at the
unmeasured stations to be estimated.

A comparison of the 2002 and 2003 data with eadierveys (Figure 4-4)
reveals that there has been a micro-gravity ineraashe Leirhnukur, Hlidar Krafla and
South Hlidardalur stations from 1990 to 1996 avieago about ~25 Gal. This is
followed by a relative micro-gravity decrease ob~4Gal from 1996 to 2002 and a
small increase of ~10Gal from 2002 to 2003. At the Hreindyraholl and tHaiarklif
stations, micro-gravity data show an increase @ ~@al from 1990 to 1994, followed
by a steep decrease of 8Gal from 1994 to 1997. No change occurred from 1@07
2002 and from 2002 to 2003 these stations showceorgravity increase of ~10Gal.
The average of all gravity stations is also depidte Figure 4-4 (broken line). For
gravity changes to be considered significant, thegd to exceed 15Gal. There is

some (non-linear) trend in the gravity change dignaFigure 4-4 but before any

interpretation can be made, the effects of heighhges need to be considered.

4.4.2.3 _Calculation of net micro-gravity

The net micro-gravity changes were calculated uiegneasured values of the
FAG where possible (Table 4-3) or with estimatesved from the contoured FAG
values. The vertical motion at each station is pldid by the FAG to calculate the

expected micro-gravity change. Subtraction of tkigeeted changes due to vertical
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Figure 4-3 i: FAG contour map based on measurenagri€safla in 2002 and 2003. Values in mGal/m. Gassdepict station locations and numbers refdiatima names in Tables
4-1, 4-2 and 4-3.
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Table 4-2. Coordinates and micro-gravity data fatisns in the monitoring network. Numbers refer to
location on map (partly displayed in Figure 4-Zati®n names starting with A and NE were instaligd

the Nordic Volcanological Institute, stations Hot@hd Hellahraun by the Open University and the
remainder by the National Energy Authority of laeda

2002 2003

Station . . Meter Meter Meter Meter
No- Name Latitude Longide | G403 G513 | G403 G513
1 Hotel N65 38'42.0" WO016 54'55.1"| 15.436(9) 1508.(7) 15.412(25) 15.518(35)
2 Hellahraun  N6538'31.1” WO01654'28.2'] 13.311(22 13.367(1) 13.279(18) 13.395(7)
3 FM115 N65 38'40.6” WO016 48'08.8”( 0.000 0.000 @o 0.000
4 2313 N65 38'40.8” WO016 48'08.9”| 13.311(-) -0.a15) -0.021(-) -0.032(7)
5 0S5595 N6542'51.5" WO016 45'59.7"1 -30.667(8) 03761(18)| -30.688(21)-30.770(16)
6 5596 N6542'27.2" WO016 46'01.5"| -14.740(1) -1469(10)| -14.757(16) -14.766(0)
7 0S5597 N6541'56.7" WO016 46'14.2'1 -13.222(5) 31274(20)| -13.239(16) -13.260(35)
8 5599 N65 40'54.8” WO016 46'30.9”"| -0.179(22) -072(5) -0.241(-) -0.184(-)
9 5599A N65 40'53.2" WO016 46'35.8”( -0.186(21) -R11(12) | -0.228(33) -0.220(18)
10 0S5600 N65 40°20.4” WO016 47'02.4' -0.479(17) 0.492(14) | -0.507(-) -0.455(20)
11 5672 N6544'28.1" WO016 43'36.9”| -52.051(11) 25215(10)| -52.137(-)
12 0S5684 N6542'16.1" WO016 44'26.3'| -45.946(-) 46.078(-) | -45.932(-) -46.087(-)
13 0S5685 N6542'08.2" WO016 43'38.0'| -48.230(-) 48.382(-) | -48.266(-) -48.382(-)
14 0S5688 N6542'08.6” WO016 46'35.9'| -13.669(31)-13.688(2) | -13.662(10) -13.706(5)
15 0S5697 N65 39'51.5" WO016 47'33.5’| -0.378(16) 0.358(14) | -0.385(12) -0.337(34)
16 0S5698 N65 39'30.7” WO016 47'38.4 -0.127(39) -0.103(38)
17 0S5699 N6539'00.8” WO016 47'31.0'] 0.152(2) 014(3) 0.150(6) 0.168(23)
18 0S5843 N6541'12.9” WO016 46'41.8’| -15.402(10)-15.46(21) | -15.435(20) -15.478(-)
19 NE220 N6538'13.8" WO016 48'33.6”[ -1.377(24) -380(-) -1.398(21) -1.338(22)
20 NE9301 N6541'24.8” WO016 46'31.0" -13.027(1) 13.074(18)| -13.061(-) -13.036(-)
21 NE80051 N6541'34.5" WO016 45'25.6'1 -35.776(-) -35.864(-) | -35.790(-)
22 NE79077 N6542'34.3" WO016 46'34.5'1 -34.424(29)-34.496(4) | -34.445(6) -34.498(7)
23 A001 N65 42'42.8" WO016 49'14.7” -31.580(20) 13664(43)| -31.669(-)  -31.644(-)
24 A002 N6543'01.5" WO016 47'46.5” -39.750(18) =B861(27)| -39.794(-)  -39.876(-)
25 A003 N6543'06.5" WO016 47'26.9” -39.053(27) B161(17)[ -39.121(-) -39.181(-)
26 A004 N6543'18.3” WO016 46'42.9”| -28.013(13) &055(7) | -28.056(13) -28.028(16)
27 A005 N6543'21.1" WO016 45'29.5”| -31.030(25) 13113(29)| -31.088(57)-31.097(-)
28 A008 N6544'12.7" WO016 44'54.3” -34.510(-) -3859(-) | -34.628(-)
29 A012 N65 44'37.7" WO016 44'18.5"| -58.327(8) -5887(4) | -58.373()  15.518(-)
Average STD 14 12 19 12
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motion from the measured micro-gravity changesdgighe net micro-gravity change
due to changes in sub-surface mass. The net miakatg changes for the two periods
under consideration are most easily visualised amour maps (Figure 4-5). Station
5596 was excluded from the contouring during th86:2003 period because the net
gravity decrease found at this location is sma&D(-Gal) compared to that found at
nearby gravity stations (~-755al). A reason for this could be that this gragitgtion is
closest to the drill hole site where, in 2002, 140n of water was injected into the
system.

There is an important contrast between the 199G%-1&% 1996-2003 data.
During the 1990 to 1995 period a net gravity deseeaf -85 Gal was concentrated
around the Leirhndkur stations. This coincides with location of the latest activity
during the Krafla fires and suggests it may havenbeaused by magmatic processes.
During the 1996 to 2003 period almost all statishew a net micro-gravity decrease.
An east-west elongated feature, with a maximumgretity decrease of -100Gal can
be identified. This area correlates well with thedtion of the drill hole sites. Processes
responsible for the observations could be: i) ierfices of the geothermal power plant:
water mass extraction and the increased cooling catthe shallow magma body
(causing contraction) caused by the increased veateulation; ii) drainage of magma

from a shallow magma body.

4.4.2.4 Influence of the geothermal power plant

Water extraction (dotted line in Figure 4-4) hagrbéncreasing steadily since
1992 (Hauksson and Benjaminsson, 2003). The aveyagdy water extraction of
~6000 KTon for the 1990-1996 period, increased 24000 KTon for the 1998-2003
period (Figure 4-6). There is a clear inverse dati@n between the average gravity and

the water extraction (Figure 4-4).
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Figure 4-4 Micro-gravity and
water extraction data for Krafla
between 1990 and 2003.
Micro-gravity data are referred
to base station FM115 and
relative to 1990. The names of
the station groups refer to
locations plotted in Figure 4-2.
The dotted line shows the
average gravity. The average
standard deviation on all data
through all years is 15 Gal.
Total yearly water extraction
data are taken from the
National Energy Authority of
Iceland (Hauksson and
Benjaminsson, 2003).



Table 4-3 Calculation of the net micro-gravity cparfor the 1990-1995 and 1996-2003 periods. Numiefes to location on map (Figure 4-2). FAG valwgthout a star are
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values measured at that station (xT2al/m); values with a star have been estimated frontours. Numbers in bold represent net gravitrekses.

1990 to 1995

1996 to 2003

No. | Name FAG Height change Expected Measured Net Height change Expected Measured Net
' [ Gal/m] [cm] g[ Gall g[ Gall g[ Gall [cm] g[ Gall g[ Gall g[ Gall
1 Hotel (kongsp)| -0.310 4.482 -14 35 49 1.720 -5 19 25
3 FM115 -0.300 0.000 0 0 0 0.000 0 0 0
5 0S5595 -0.314 -6.082 19 -1 -20 -2.334 7 -73 -81
6 5596 -0.322* -13.125 42 35 -7 -5.036 16 -3 -20
7 0S5597 -0.322* -7.043 23 72 49 -2.702 9 -62 -71
9 5599A -0.304 -0.960 3 30 27 -0.369 1 -55 -56
11 5672 -0.290* 11.844 -34 -5 29 4.545 -13 -33 -20
12 0S5684 -0.347 0.480 -2 15 17 0.184 -1 -104 -104
0S5688 " -10.244 34 52 19 -3.931 13 -48 -61
14 (kb08&11) -0.330
23 | A001 (kv08) -0.365* 7.683 -28 41 69 2.948 -11 2-4 -31
24 | A002 (kv12) -0.375* 1.921 -7 15 22 0.737 -3 -61 -58
25 | A003 (kv02) -0.386 0.960 -4 12 16 0.369 -1 =77 75 -
A004 . -8.963 31 -55 -86 -3.439 12 5 -7
26 (LV956104) -0.348
A005 N -3.521 11 -23 -34 -1.351 4 -14 -19
27 (FM5670) -0.315
A012 11.204 -31 -13 19 4.299 -12 -53 -41
29 | (Lveseio7) | 0280
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The fact that there are net micro-gravity changaggsst sub-surface mass
changes are occurring. Sub-surface mass decreakklm caused by movement of the
steam-water interface, drainage of magma from erves or extraction of geothermal
water at the Krafla power plant. Movement of theast-water interface can not be
excluded but its influence will be too small to &ip the observed mass changes
(Gottsmann and Rymer, 2002). We suggest the tvesnative explanations are more
likely causes. In order to better understand the magmatic influence on the gravity
signal we consider in more detail the extractionafer at the geothermal power plant
(Figure 4-6).

From 1990 to 2002, a total of 7.94 X1kTon (7.94 x 1& kg) water was
extracted at the various drill holes (Hauksson Badjaminsson, 2003). The drill holes
are co-located with the micro-gravity network (Figu-5) and are concentrated at five
sites: i) south of the caldera in Bjarnarflag,at) Hvitholaklif, iii) in the centre of the
caldera (near the power plant), vi) at Leirbotrentl v) south of the Krafla mountain at
Su urhli ar Krafla. The extraction of water was more or lesastant from 1981 to
1996 but subsequently almost doubled due to thee@ised demand caused by the
installation of the second turbine in 1996. To cbogpe the mass balance picture even
further, injection of water into the system wagiated in 1999. This did not contribute
considerably until 2002 when injection amounted1#®00 kTon a year. This may
account for the small increase in raw gravity obseérfrom 2002 to 2003.

The Krafla geothermal system consists of two sdépageothermal zones at
different depths (Stefansson, 1981). The shallonfrthe two is avoided during
exploitation of the field because of its lower tergiure and association with calcite
deposition. The top of the ~1000 m thick deeperezisnocated around the 1100-1300

m.
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The gravitational effect of the water extraction time Krafla area can be
simulated by a cylinder with changing density,he same way as used by Hunt (1970)
for the Wairakei geothermal field in New ZealancheTdensity change,, can be
calculated as follows:
s = Dm
(ur—zh) (eq. 4-2)
The mass change in kgm, in the centre of the caldera (excluding Bjarraayy] is -2.28
x 10'° kg from 1990 to 1995 and -6.57 x'2&g from 1996 to 2003The radius of the
cylinder or the effected areg,varies from 1000 to 10,000 m. The height of thiender
or the thickness of the aquifér,is 1000 m.

The gravitational effect, g, on the surface above the centre of this cylirder

then be calculated as follows (Parasnis, 1979):

Dy =20Gs h, - z+r2+22 - \r? +h)?
(eq. 4-3)

where G, is the gravitational constant, of 6.67 x'40Nkg?m? The depth of the
cylinder, z, from the surface to the top of the aquifer, vafiesn 1100 to 1300 nh; is
the depth to the bottom of the cylinder, in m. Boqra3 is empirical and variations in g
will be caused by variations in lz; andr.
The results of the calculations are shown in Figliie The average estimate of

the gravitational effect of the water extractioanfr 1990 to 1995 is approximately -12

Gal assuming the extraction affects an area withadius of 4 km. This is the
approximate radius of the caldera and the aqu#fetiown to exist as a broad layer
within this region (Stefanson, 1981). This effexstsmaller than the average standard
deviation on the data set and may therefore naldtectable. For the period 1996 to
2003, the estimated gravitational effect is apprately -35 Gal assuming the same

area is affected. This effect is larger than therage standard deviation and should
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therefore be measurable and visible in the dataSsete we ignore the flow of water
into the area from the surroundings to accommotiegevater extraction, the estimated

gravitational effects are maximum values.

4.5 Interpretation

451 Geodetic data

Over the years several deformation models have leseloped using data
acquired with a range of geodetic techniques (Tabie Figure 4-2). All of these
models include a Mogi point source sometimes reterto as the Krafla magma
reservoir. Its location varies only slightly betwemodels, although depth is less well
constrained. Analysis of local earthquakes (Eirarsd978) defined two regions of
shear wave attenuation, which were inferred asadlssth magma reservoir, although
this study did not define the magma reservoir iy datail. Brandsdottir and Menke
(1992) showed the presence of a low velocity zdva s interpreted as the shallow
magma reservoir, less than 1 km thick with its &@m depth of approximately 3 km.
However, it is not possible to explain all the alved deformation with this one point
source, especially at increased distance from thecs. Therefore, several types of
additional sources have been suggested to comptethenmodel (Table 4-4). All
micro-gravity stations lie within the zone mosthfluenced by the point source and by
the extraction of the geothermal resources, anckfitve for the context of this work,
only the Mogi source and geothermal field will mmsidered.

Subsidence observed in interferograms spanning18®8-1999 period (de
Zeeuw-van Dalfsen et al., 2004a), is consistertt wiMogi source deflating at a rate of

~0.3 x 16 m*/yr. This process is envisaged as deflation oftialow Krafla magma
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Figure 4-5a) Net micro-gravity contours (isal) at Krafla from 1990 to 1995 following datarimorable
4-3. Gravity stations are represented by a crosk rmbers refer to values as noted in Table 4-3.
Diamonds represent drill holes for water extractiBositive contours are dashed while negative coato
are solid lines. Thick dashed line shows the calden. The area of net gravity decrease is locatdde
centre of the caldera. Suggested locations of plesshallow magma chamber (see Table 4-4) are
depicted with black stars a, b, ¢ and d. b) Netroagravity contours (in Gal) at Krafla from 1996 to
2003 following data from Table 4-3 and same symiadsFigure 4-5a. Note that the anomalous data
points FM5596 and A012 have not been taken int@w@aticduring the contouring. Area of net gravity
decrease is concentrated around the drill hole.site
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Figure 4-6 Water extraction from drill holes in ti@afla area from 1990 to 2003 (Hauksson and
Benjaminsson, 2003). Note that extraction has awlbince 1998 compared to the 1990-1996 period.
Names refer to locations of drill sites as useHigure 4-5.
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reservoir. Over the same period, a deeper inflafliogi source, further north and at 21
km depth, inflated at a rate of ~26 x°1®%yr. The inflating source is at or near the

crust-mantle boundary as identified by seismic istidand is interpreted as

accumulating magma (de Zeeuw-van Dalfsen et ab42p

4.5.2 Gravity data

Rymer et al. (1998) interpreted the observed (1B®@6) net gravity decrease at
Krafla as magma drainage of at least 4 X°1@ and the net gravity increases as the
result of a migrating steam-water interface analosure of micro-fractures during
post-eruptive cooling and contraction. Gottsmanm &ymer (2002) emphasised,
however, that the net gravity increases were niyt @associated with a density increase
but also accompanied by a mass increase of~df) They suggested that magma
moved laterally out of the reservoir into dykes.

The inverse correlation between micro-gravity aradew extraction data (Figure
4-4) suggests water extraction has an importamiente on the mass balance of the
system and therefore on the gravity data. Furthexptbe fact that gravity is decreasing
in areas of general deflation indicates that subasa mass decreases may be occurring.
The influence of the water extraction by the geotia power plant is also obvious in
1996-2003 (Figure 4-5). There may be a volcaniadidnidden within these data, but
before this can be observed data should be codémt¢he water extraction.

The calculated net gravity decrease from 1990 8519 -85 Gal + 12 Gal (to
correct for the influence of water extraction) whiteads to a still significant, net

gravity decrease of -73 + 17/Gal (RMS of gravity readings is + 165al, RMS of

deformation data is * GGaI,\'162 +6° :17). Since the effects of water drainage have

been taken into account, this mass decrease islikelgtcaused by magma drainage
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Figure 4-7 Micro-gravity effect of water drainage iGal for the two periods is the depth to the top of
the cylinder, i.e., the depth to the top of theiguvarying from 1100 m to 1300 m. The thickne$she
aquifer is 1000 m andis the radius of the cylinder.
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Table 4-4 Model data for a Mogi point source a®regdl by various authors throughout the years.

Reference Parameters of Mogi Source Additional source Input data
Lat. Long. Depth (km)
Bjornsson (1985) Molten layer 5-7 km .
- - - ) .| magneto-telluric
feeding shallow reservoir.
Trygvasson (1986) see g, 3 more stacked reservoirs EDM* lake
Fig. 4-5 65.715 16.797 2.6 at 5-10 km, >20 km and y
level, tilt
deeper
Rymer et al.(1996) sam¢
as a, Fig. 4-5 65.715 16.797  ~2.5 EDM, lake
level, tilt
Sigmundsson et al.
(1997) see b, Fig. 4-5 | 65.71 16.79 3 Line source INSAR
Arnadottir et al. (1998) EDM, tilt,
see c, Fig. 4-5 65.715 16.806 ~3 Dike height
differences
De Zeeuw-van Dalfsen Modi 2 at 65.83 N. 16.73
etal. (2004a) see d, Fig 65.72  16.78 ~2.4 09l £ al59.63 1, 15-13 | InsAR

4-5

W, Line source

"EDM = Electronic Distance Measurements; INSAR =iferometric Syntethic Aperture Radar.

98



The integration of micro-gravity and geodetic dadaconstrain shallow system mass
changes at Krafla VVolcano, N Iceland
over the 6 year period. From 1996 to 2003 the tatled net gravity decrease is -100
Gal + 35 Gal (to correct for the influence of water extran)i which culminates in a
significant net gravity decrease of -65 + X3al over the 8 year period.

The mass change M) within a spherical (point source) body, whosetdep

much greater than its radius, causes a gravitdteffect on the surface ) that relate
by:

2 243/2
DM = Dg(r-+d*)
Gd (eq. 4-4)

whereG is the Universal gravitational constant of 6.610¢* Nm*kg®. The depth to
the point sourced, is 2800 m as estimated by geodetic modelling (Gvggon 1986;
Sigmundsson et al. 1997; Arnadéttir et al. 1998mBRy et al. 1998). The horizontal
distance to this source,is 1300 m from 1990-1995 and 2000 m from 1996-20@3,
the horizontal distance from the point source te #nea with maximum net gravity
change).

In the following text we refer to edifice volumeasiges (Ve) and relate them to
sub-surface magma volume changeg.) and magma chamber volume change&).
Following Equation 4-4, a mass decrease of 1.1 % & occurred from 1990-1995,
followed by a decrease of 1.4 x'1®g from 1996 to 2003. This is equivalent to magma
drainage of ~2 x 18 kg/yr visualised as a continuous ongoing procafter correction
for the water extraction, the two periods show v&@ngilar drainage rates and because
drainage is visualized as a continuous processltesimore sense to interpret the data
in terms of volume changes for the whole periodrate.Assuming a density of 2700
kg/m® for the sub-surface magma body, the total massedse represents a minimum
change in magma outflow volume\{y) of -0.09 knf for the whole period.

Earlier (see section 4.4.1.2), we calculated tked tlume change at the surface

( Vo from 1990 to 2003 to be -0.008 EmThis volume change comprises a
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combination of volume change caused by water etxdraccooling/contraction of the
magma reservoir and/or magma drainage from the raag®ervoir. BecauseV, is
dependent on the maximum subsidence at the ceinthe calderal{ in Equation 4-1),
the curve following the decay of deformation isoalsepresentative for Ve. This
suggests thatV, was not significantly influenced by water extraaotias data would not
follow a smooth line if influenced by a significaclhange in water extraction between
1995 and 1996. Therefore we argue that there is\ee to correct V. for water
extraction. Following Johnson et al. (2000), theregponding sub-surface volume
change of the Mogi source ) is two thirds of the surface deflation volume-@:005
km?®. INSAR modelling (de Zeeuw-van Dalfsen et al., 26)0at Krafla suggests a total
volume change of the deflating Mogi source of thens order of magnitude (-0.002
km? for the 1993-1999 period).
Comparing this value with the calculated total dem Mogi source volume

( Vm) we find that the magma drainage volume is actusdiventeen times larger than
the Mogi source volume. It has been suggestedvtilametric decompression of stored
magma may be caused by the variation in reserv@sspre accompanying magma
drainage (Johnson, 1992; Johnson et al., 2000).n&he’olume change of the stored
magma, V., changes because of this decompression. A conndoinatt reduction of the
reservoir size, V¢, and decompression of the stored magnmi,would accommodate
the magma drainage. Although not our preferred amngiion, part of the volume

discrepancy could also be explained by boilingha geothermal system and density

decrease in excess of that suggested only froracgtt water.

4.6 Discussion and conclusions

The results from this work show significant maesrdases at the Krafla caldera

which we interpret in terms of magma drainage. Kinafla caldera is located on the
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northern volcanic zone in Iceland and as such it gfaa larger volcanic system. It is
therefore important to extend our interpretatiod discussion beyond the Krafla area.
In the past three years, more and more data cayénm northern volcanic zone have
been analysed. To advance our knowledge of volgarticesses it is important to use
all available information.

The Askja volcanic centre in the Dyngjufjoll certneolcano (Sigvaldason,
2002) hosts three calderas, the largest one béiaegcircular Askja caldera. Askja
volcano is located 80 km south of the Krafla volcasystem but is also located on the
divergent spreading plate boundary in N-Icelande Wost recent eruption began there
in October 1961 and continued into early Decembethe same year. de Zeeuw-van
Dalfsen et al. (2004b) found a net micro-gravitgréase of 115Gal at Askja caldera
corresponding to a sub-surface mass decrease afl0'6kg between 1988 and 2003.
They suggested the mass decrease of 0.128'was due to magma drainage from a
shallow reservoir. They suggest extensional tectforices generate space in the ductile
lower crust to accommodate drainage (of degassegmaafrom the shallow magma
chamber to deeper levels. The work presented Baggests a mass decrease of 2.5 x
10" kg, implying a drainage rate of 0.23 8T at Krafla from 1990 to 2003, which is of
the same order of magnitude as that at Askja. Vggesi that pressure reduction along
the plate boundary due to the plate spreading psocan accommodate this ongoing
magma drainage from the shallow magma chamber.sUngtween the two volcanoes
have been suggested by several authors (Rymer igdvRson, 1993; Sturkell et al.,
2004 - submitted; Tryggvason, 1986).

Deflation at both Askja and Krafla volcano is dgng through time. However,
while Askja has been deflating with an average oate cm/yr between 1988 and 2003,
Krafla deflated at only 1 cm/yr between 1990 an@30Also, the V,/ Vg, ratio at

Askja for the 1988-2003 period is 3, roughly fivaés smaller then the ratio estimated
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for Krafla (17) for the 1990-2003 period. A possit#xplanation for this difference
might be the existence of the extensive geothersyatem at Krafla cooling the
volcanic system more rapidly.

Recently, re-evaluation of new and previously ph#id geodetic data at both
volcanoes suggests a best fit for models with tt@oked magma reservoirs. For Askja,
Sturkell et al. (2004) suggested two magma resenati 3 and 16 km depth while at
Krafla, de Zeeuw-van Dalfsen et al. (2004a) suggkshe existence of deep magma
accumulation at 21 km depth in addition to a mageservoir at 2.8 km depth. It is
possible a pressure-link between these volcanastsealong the ductile lower crust in
Iceland. We suggest that after the Krafla firesriftong pressure decrease of the deeper
source stimulated the subsequent inflow of magmias Tnflow might influence
conditions along the plate boundary as far awaysiga, 70 km to the south. The
pressure of the deeper reservoir at Krafla willcrea critical value and eventually
magma will rise to the shallow magma chamber, pbsdnitiating a new rifting
episode. The last significant eruptive period aafler before 1974 was in 1724-1729
and this may indicate the timescale for replenisitroéthe upper magma chamber.

It is possible that not only Icelandic but also estlvolcanoes located on a
constructive plate boundary are interconnectecepthd Several authors have suggested
connections between volcanoes in other parts ofwbegd in all types of tectonic
settings, but the suggested connections are melsljow in nature. At Mauna Loa and
Kilauea in Hawaii, the possible connection betwdbe two volcanoes remains
controversial. Recently, Miklius and Cervelli (2003uggested a crustal-level
interaction between the two magma systems based short timescale correlation
found in continuous deformation data.

This paper has demonstrated the power of using ngeraof techniques

simultaneously to study volcanoes. We have showartimprove the understanding of
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the ongoing processes at the studied volcano ak aseto offer constraint on the
dynamics of, and linkages through, the volcanitesysat a broader scale. We anticipate

that using a range of techniques concurrently eaghsiderably increase our knowledge

of volcanic systems in the future.
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Chapter 5: Ups and downs at Stromboli volcano

This Chapter describes analyses and interpretdateeaquired during fieldwork
at Stromboli volcano. The original micro-gravity tdaare included on CD and a

description of the analysis can be found in Apperli

5.1 Introduction

Stromboli Volcano, also known as the lighthous¢hef Mediterranean (Rossi et
al., 2000), has been active for at least 2000 yddwes persistent activity is characterised
by ongoing degassing and regular mild explosiongtiex ejecta to average heights of
300 m. Various geophysical data can be collectézlysiiom the Pizzo Sopra la Fossa,
a rim 150 m above the active crater complex. Thragkes Stromboli an ideal location at

which to test hypotheses regarding conduit andteriprocesses.

5.2 Location

The Aeolian magmatic arc (Figure 5-1), which coisss seven major islands
(Alicudi, Filicudi, Salina, Volcano, Lipari, Panareand Stromboli) and several
seamounts, is situated in the southern Tyrrheniea I8 Italy. Five of the islands
(Alicudi, Filicudi, Salina, Panarea and Stromba@ind some of the seamounts form a
curving structure extending east-west for abouk®0 Lipari and Vulcano are situated
along a NW-SE trend, which transversely intersélogesarc. The overall age trend in
sub-aerial volcanism is a shift from west (Filicudo east (Panarea, Stromboli).
However, on each individual island, the volcanitvaty has developed a more complex
trend (Santo, 2000). The origin of the volcanic iarthe subject of some controversy.

Over the past 70 Ma, collision between the Africand Eurasian plates in the

106



Ups and downs at Stromboli volcano

Mediterranean area created a complex geodynamiatieih. Barberi et al. (1973)
suggested active subduction of the African plateebéh the Eurasian plate as the
source of volcanism (Inset-Figure 1-1), whereagmti{Carminati et al., 1998) believe
that the subduction process finished about 1 Mavdwen a general uplift and extension
affected the Tyrrhenian area. Thus volcanism wdwddue to the post-subduction
extensional strain caused by the slab detachmemgalie the Calabrian Arc and the
south-eastern opening of the Tyrrhenian basin.

Stromboli, the northernmost island, is the subahgpart of a stratovolcano,
which rises from the ocean floor at ~2000 m depthart elevation of 924 m above sea
level (a.s.l.). In the past few years, the 12.6 kstand (Figure 5-2) has had less then
500 inhabitants, living in the villages of Strombiol the NE and Ginostra in the SW.
Tourism is their principal source of revenue andrauthe summer months the island’s
usual population is increased significantly.

Stromboli volcano is part of a late Quaternary (82 — recent) volcanic
complex of mostly basaltic-andesitic compositionbéldi et al., 2002). Other parts of
the complex are Strombolicchio and Cavoni (HornjgrBgaard et al., 1993).
Strombolicchio, a small island to the NW, is a waolic neck or plug, whereas Cavoni,
to the south, is a submerged centre. Alternatinigling and destructive phases laid the
foundation for a complex volcanic structure. Selvenaconformities, created by the
destructive phases, have helped to define a sgfrigbostratigraphic units representing
the main volcanic cycles. They are from old to yguRaleostromboli, Scari complex
and Vancori volcano, Neostromboli, and recent Shalm(Tibaldi et al., 2002). In the
last 13 ka, four lateral collapses took place (Basg et al., 1993), the most recent
forming the Sciara del Fuoco (Figure 5-2), a hdreesshaped depression embedding

today’s active craters at the NW of the island.
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Figure 5-1 Overview of the Aeolian Islands. Inshbws the location of the Aeolian Islands in the
Tyrrhenian Sea in Italy. The dashed line in theirshows the location of the plate boundary, whid t
Eurasian plate to the north (1) and the Africartepl® the south (2). The arrows show subduction as
suggested by Barberi et al. (1973). Note the looaif the Calabrian Arc (C. Arc).
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Figure 5-2 Overview of Stromboli island showing thkages of Ginostra and Stromboli, the locatidn o
COA: Centro Operativo Avanzato and the observatblgte the horse-shoe shaped depression of the
Sciara del Fuoco, the position of the active ceatard the Pizzo Sopra la Fossa and the Vancogt Ins
shows the summit area in more detail, depictingattea of instrument location: a ridge 400-500 myawa

from the craters.
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5.3 Current activity

The current (June 2004) activity takes place aehmain craters located 750 m

a.s.l. within the Sciara del FuoQ@/mww.educeth.chistrombgiy The activity can be observed
from the Pizzo Sopra la Fossa (Figure 5-2), arcadter rim ~150 m above the active
craters. ‘Normal’ Stromboli activity (Figure 5-3pmsists of Strombolian explosions at
irregular intervals lasting from a few seconds ageveral minutes (Barberi et al.,
1993). Each burst throws incandescent lava fragsnesh, or both, to heights varying
between a few tens to hundreds of metres. Thioek@ activity is associated with

perSiSte ntd egass [ ngttp(//www.volcano.si.edu/qvo/world/volcano.cfm?twmm101—04=&VEruDt=Y&VSources=Y&VReD=Y&

vSub=N

Activity departing from ‘normal’ is defined as paviged Strombolian bursts or
fountaining (>1 minute), strong explosions withdX¥and bomb ejection onto the Pizzo
Sopra la Fossa or beyond, pyroclastic flows, anggon of lava flows (Barberi et al.,
1993). Strong explosions occur on average threestiper year, and the most recent
fatal one occurred in October 2001 when a Germanstowas killed. The most recent
large explosion took place on 5 April 2003 (Figbr8b), when a mushroom cloud rose
to 1 km above the crater rim. The summit was cavevigh a blanket of pyroclastic
products, and bombs damaged houses and roadshinilbages.

The latest lava flow was active from 28 Decembdi2t® 22 July 2003 (Figure
5-3c), and reached a thickness of ~50 m. At the, sta eruptive fissure opened at the
base of the NE crater and lava reached the seanv@thminutes. A week later, vents
were located at different heights below the crades different branches of the flow ran
down the Sciara del Fuoco. On the 30 of Decemb@® 2@etachment of these lava flow
deposits from the slope caused landslides whi¢hrmtriggered a tsunami (Bonaccorso
et al., 2003; Pino et al., 2004). The waves reacleedral metres in height (Figure 5-3d)

and damaged buildings, boats and roads and ingeeeral people in the villages of
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Figure 5-3 Different kinds of activity at Stromholihe upper left panel (a) shows ‘normal’ Stromawoli
activity, lava fountaining. ‘Normal’ Strombolian tagty can be gas or ejecta dominated. The lava
fountaining is gas dominated. The upper right pglbpkhows a paroxysmal event, generating an emipti
column which reached 1 km above the crater. Theeldeft panel (c) shows the most recent lava flow,
with the NE crater in the background. The lowehtiganel (d) shows the chaos caused by a tsunami,

which resulted from collapse of the poorly attached lava.
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Ginostra and Stromboli. The lave effusion ceased2anJuly 2003 and soon after

‘normal’ activity resumed.

5.4 Previous work

A team of scientists mainly from the University leibrence, the University of
Hawaii, the Alaska Volcano Observatory and the Ogaiversity set up a collaborative
experiment in 1999 to collect seismic, infrasontbermal, meteorological and
continuous gravity data. The purpose of this prtoyegs to improve the understanding
of the dynamics of explosive volcanism.

Activity at Stromboli has been described by twdfatént models. In the first
model, rising bubbles collect at a physical boupdémrming a “foam” layer. This
boundary may be, for example, a chamber roof arresteiction at the dyke to conduit
transition (Ripepe et al., 2002). When this laygaches a certain thickness it becomes
unstable and collapses. This generates a gasvahich ascends the conduit and causes
a Strombolian explosion. In the second model, awsf rising magma, large bubbles
overtake and coalesce with small bubbles and genargas slug (Ripepe et al., 2002;
Stevenson and Blake, 1998).

The persistent activity at Stromboli must be uralarlby efficient conduit
convection (Stevenson and Blake, 1998). Gas-richhmaaascends, degasses and sinks
within the main conduit either as discrete batabreas a continuous cycle. In addition
to strong infrasonic pulses coinciding with theo&tbolian explosions, Ripepe and
Gordeev (1999) discovered small infrasonic pulsasuming once per second. Visible
as ‘puffing’ at the active vents and associatechwgiallow volcanic tremor, they are
thought to develop as a result of the rising of lelrich layers as discrete batches.
Discrete batches of gas-rich magma layers can berged from constant gas

exsolution, as a consequence of differential gabbleu velocity, which induces
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instability waves in magma (Manga, 1996). Altermally, they could be explained by
natural variation in the coalescence of the foarargiolle et al., 1996). If convection
occurs in a stable continuous style, then explogoteity should remain fairly regular.
Several cycles are visible in the data collecte8ta@mboli during the past few
years (Harris and Stevenson, 1997; Ripepe et @D2)2 Most prominent are the
changes from vigorous to weak explosive activitynatute to hour scale (Figure 5-4).
During vigorous phases, bubble layers reach the Steface with a frequency of 0.5-1
sec!, generating gas puffs. The foam layer builds ygidig, resulting in frequent foam
layer collapse and thus enhanced explosive actiitying weak phases, bubble layers
ascend at a rate of 0.25-0.3 Segenerating less frequent gas puffs. The foamr laye
grows more slowly resulting in less frequent foaollapse and thus weaker activity.
This cycle is most likely superimposed on longemtdrends (weekly scale) of high-
and low-level activity. During high-level activitgxplosions are ejecta-dominated

whereas during low-level activity they are domimiby gas output.

5.5 Working hypothesis

Since the setup of the project at Stromboli in 1988as evolved significantly.
A permanent thermal, infrasonic and seismic statias now been installed. Data are
transmitted to the observatory (COA) on the lowanks of the volcano and logged
using PC'’s.

By measuring the time delayt) between the arrival at the observation point of
thermal and infrasonic pulses, we can get an estimofaithe depth of the free surface
(h), assuming a constant gas velocWy.f. Alternatively, assuming a constant depth of

the free surface, an estimate of the variatioras glocities can be achieved.

- h o h X (eg51)
Vgas Ceonduit  Cair
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Figure 5-4 Different cycles of Strombolian activityariations from weak to vigorous degassing, are
visible at minute to hour scale. This is causedhsy different frequency at which gas-rich batchés o
magma arrive at the free surface. The depth ofré® surface (h) may be determined with the usa of

micro-gravity data. Figure adapted from Ripepel e{2902).
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With: Cconquit= 708 m/qWeill et al., 1992)C,i, = 340 m/s anc is the distance from

the vent to the detector in m.

Measurements show that time delays are largeshglperiods of high activity
(Ripepe et al., 2002). This suggests the model atiched supply applies in this case.
It remains unclear, however, if this results fronaicges in the free surface level and/or
from changes in gas jet velocity.

With the use of Doppler radar measurements, weldlmmiable to see variations
in the gas speed during explosions. Continuous aygcavity measurements may

possibly provide estimates of the depth of the dace If in Figure 5-4).

5.5.1 Model

Locke et al.(2003) modelled the gravitational effect of masange in
the upper conduit system of persistently activeaobes (Figure 5-5). The results show
that within ~200 m of the active crater, gravityeets will be measurable, e.g., the
expected signal is higher than the instrumentasendével (>20 Gal). Micro-gravity
variations may be caused by changes in bubble ©bofehe magma, movement of the
level of the magma column or change of foam laygckness. Unlike at most
volcanoes, mass changes at Stromboli may occur relatively short periods, at the
minutes to hour scale. To have a chance to ret@sktchanges, measurements have to
be made at intervals of a few minutes or even nimguently. Continuous micro-
gravity measurements have been made at Etna (Gasgial., 2003), Vesuvius (Berrino
et al., 2000), Merapi (Jousset et al., 2000) andymdaky Volcano (pers. comm.,

Brodsky, 2002).
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Figure 5-5 The gravitational effect of vertical mag movement in a shallow conduit system based on
Stromboli volcano (Harris et al., 1996). The moeeliconduit is 50 m wide and the assumed density
contrast between magma and foam is 2000 gfihese calculations suggest that within 200 mhef t
crater, it is possible to detect micro-gravity ofjes related to vertical magma movement, wherediseiur
away it will be much more difficult. Figure adaptedm Locke et al(2003).
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5.6 D-meters

During this study, gravity was measured using La€&sRomberg instruments

(http:/mww.lacosteromberg.coy D41 and D61 with the automatic Aliod 100 feedbagstem

(see APPENDIX B). The instrument displays the gsayinGal), internal temperature

(°C) and battery voltage (volts) directly on an LGi3play which is updated every 2
seconds. The data are also sent from a seriatgtre PC at 2 Hz as a stream of ASCII
data (gravity, long level, cross level, meter tetgtfery volts).

Both meters are equipped with two pendulum-typetedaic levels, in cross and
level direction, with galvanometer output. Unforately, the digital level output works
only if the meter is set up with levels of the liduype and the instruments used here
are not equipped with those. The ‘gravity’ is meaduwsing a capacitance bridge with a
capacitance plate on the beam and a fixed plateealbod below the beam. The
Capacitance-beam Position Indicator (CPI) is usedense the position of the beam.
The resulting voltage is then converted to mGadlOAsecond digital FIR low pass filter
is applied to the gravity data before they are ldigd. A low-pass filter passes
relatively low frequency components in the signait Istops the high frequency

components. This is necessary to average out theahackground seismic noise.

5.7 Instrument setup

During this study, continuous micro-gravity rec®i@ee APPENDIX C)
were made at Stromboli volcano, using instrumeni,Cidfom 27 July to 14 October
2003. A new bunker was purpose built on a ridge-300 m from the summit (Figure
5-2) This location was chosen because it was ia-dfsight with the newly built
observatory San Vincenzo (Also called COA: Centpefativo Avanzato, the operation

base from the civil defence at Stromboli, see Fagbh2) enabling radio telemetry of
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data. The concrete box (38.795N 15.22 E) was @Bx 0.8 m in size with a drainage
hole in the bottom. D41 was installed with its X« perpendicular to the radial
towards the craters and inside a cool-box for tla¢insulation (see Figure 5-6). Cables
connected the instrument with the antenna and gmaels just 5 m to the N. A
transmitter box and software (written in LABVIEW®)ere designed (Pasquale Poggi
and Maurizo Ripepe, 2003) to enable radio transonssf gravity data, which received

the same ‘time-stamp’ as the other data. Data stered on a computer at the COA.

5.8 Data Analysis & discussion

All raw data must be corrected for the effects alidsEarth tide. This visco-
elastic deformation of the Earth due to the grawatel attraction of the Sun and the
Moon may introduce an error of ~ 20@al into a single reading. Here we have used
computer predicted values calculated with the Us€QUICKTIDE®, developed by

Micro-g solutionshttp:/mww.microgsolutions.com/quicktide.nym The gravimetric factor (to account

for the yield of the Earth in response to tide)dusas always 1.16. The tide correction
itself was done automatically using scripts writteMATLAB® (see APPENDIX C).
Automatic scripts were also used to remove anonsadpikes, caused by transmission

problems and re-sampling of the data to one serdead/als.
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Figure 5-6 Instrument setup at the summit of Strolintrolcano. Data were send to COA by radio-
transmission
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5.8.1 Long term trends-I

To analyse the long term trends of the data sefu(€ 5-7), the data were
smoothed using a script written by M. Ripepe (s@ENDIX C). After all corrections
were applied, the data still show a more or lessai trend caused by instrumental drift.
Instrumental drift is caused by creep in the spramgl lever system (Carbone et al.,
2003). It is impossible to correct for this drifhee the supposedly linear trend shows
too many changes in slope. Another remaining efiesible in the data has a daily
period and an amplitude of ~10@al (Figure 5-7). | suggest this last effect isssl
by atmospheric perturbations as suggested by ailtbors (Ando and Carbone, 2001,
Carbone et al., 2003; ElI Wahabi et al., 2000). st likely atmospheric interference
responsible for the observed effect is temperatatdjough humidity, which is
dependent on temperature, could be directly resplenfor gravity changes correlating
with temperature (Bastien and Goodacre, 1985; Bddlieet al., 2000).

For the above reasons, it was impossible to anahsdong term trend of this
data set. However, a previously unnoticed sign#h & half-period ranging from ~8
to~43 minutes and an amplitude of ~2Bal, was observed (Figure 5-7). The ‘wiggle’
signal, from now on called a Low Frequency Osdolat(LFO) shows both gravity
decreases and increases and ends at a similarpbakactly the same, level compared
to where it started. The period of this signabis short to be influenced significantly by
temperature variations and/or instrumental drifheTsignal could be caused by: i)
movement of the internal instrument mass unrel&bedravity changes, ii) tilt of the
volcano iii) ‘breathing’ of the volcano iv) anotherstrumental effect or v) change of
magma column height/foam thickness. Movement of ititernal instrument mass
unrelated to gravity changes is caused by seismjatement. Seismic displacement
causes unbalance of the mass on the spring resuidtiapparent gravity changes while

the instrument is stabilising. The half-period ofcls a process must be short and is
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unlikely to be 15-30 minutes. Volcanic tilt is amgwing process, however it seems
unlikely the tilt would change direction (to givlet apparent gravity decreases and
increases) in such a short time period, and tit more continuous process. Volcanic
‘breathing’ as suggested for Monteserrat analyssegni-continuous S©Oflux and
continuous seismic data (Young et al., 2003) hperaod of a few hours and a varying
amplitude. This contradicts our Strombolian obseovs and ‘breathing’ is therefore
discarded as the most logical explanation for dageovations. If the signal was caused

by an instrumental effect, its occurrence would égected to be more regular.
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Figure 5-7 D41 recording at
the summit of Stromboli

volcano. a) All tide

corrected data acquired
during this survey. The
linear trend is caused by
instrumental drift. b)

Longest continuous part of
the data set, covering 1-21
August 2003. The daily
oscillations may be related
to atmospheric influences.
c) Results for one day in
August. Note the occurrence
of the LFO.d) Close up of
LFO, with a half-period of

~20 minutes and an
amplitude of 20 Gal.



Conclusions and recommendations

The most plausible explanation is that the LFOsasgnt real gravity changes which
may be caused by changes in magma column heighdrafiodm thickness.

Assuming that the entire observed gravity signaleisted to magma column
height changes then we can calculate the point etzeasge responsible for a 2Gal,
variation:

F, =ma (eq.5-2)

m,m,

r.2

F=

G (eq.5-3)

and F, = F cosg (eq. 5-4)
inq=cM ]

resultinig=G 2 cosy (eq. 5-5)

with: F is the force in N = kgmfsF, is the vertical force in N = kgnfigonly vertical
Force is measured by a gravity metam),is the mass in kg@ is the Gravitational
constant of 6.67 x T8 Nm?%kgd?, r is the line-of-sight distance between instrument an
craters in mg is the gravity caused by massin Gal = 10° m/§ and is the angle
betweerF, andF in degrees.

If we assume the craters are located 150 m bela80 m line-of-site distance
away from the Pizzo Soppra la Foss#s calculated to be 70Following equation 5-5,
a micro-gravity change of 20Gal at a distance of 450 m from the craters codd b
caused by a point mass change of 1.8%g0(see Figure 5-8a).

To visualise the extent and likelihood of such assnehange at Stromboli, we
assume a density of 2700 kd/and calculate the volume the mass would occufeto
~6.6 x 16 m*. We then visualise this volume change by a heighradius change in a

cylinder (e.g., the conduit of Stromboli) with alwme V; of :
V. =prh (eq. 5-6)

with: ris the radius of the cylinder in m, h ieetheight change of the cylinder in m.
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From equation 5-6, it follows that the volume chamguld be represented by a
column height change of 60 m in a conduit with diua of 60 m (Figure 5-8b). Other
combinations of height change and radius can alsduge the same volume and thus
mass change.

During periods of ‘normal’ activity, several difeamt vents within the three
craters at Stromboli are active throughout the @&ub-surface linking of these vents
has been suggested by several authors, basedtisticstaf visual observations (Settle
and McGetchin, 1980), thermal data (Harris et 096) and seismic data (Ntepe and
Dorel, 1990). Harris et al. (1996) envisaged thestvinking in the form of i) a wide
conduit which branches into several narrow condulisch connect to each vent or ii) a
wide conduit culminating at a shallow magma chamlkich branches into several
narrow conduits branching which connect to eacht.viérom a gravity point of view,
we are especially interested in two parameterbesdd possible models: the diameter of
the wide conduit/magma chamber and the depth ofrtagma free surface. Estimates
for the diameter of the conduit/chamber vary froB3190 m (Harris and Stevenson,
1997; Locke et al., 2003). The 60 m radius suggesi¢his work is on the high end of
this spectrum but in the same order of magnitudieadthors agree that the depth of the
magma free surface and/or the depth of the linkimgllow magma chamber is 100-600
m. They base their estimates on photoballistic (€het al., 1974), seismic (Chouet et
al.,, 1999; Neuberg et al., 1994; Ripepe et al.,1208nd/or thermal (Harris and
Stevenson, 1997; Ripepe and Braun, 1994) obsengtfidhese observations suggest the
depth of the magma-free surface is sufficient tovalfor a 60 m height changes as
suggested by our model. Magma column height fluxioa from ~30-150 m have been
suggested previously, based on arrival times afnsiei waves and air waves (Ripepe
and Braun, 1994; Ripepe et al., 2002). Maybe atigsmaller conduit diameter (~80

m) and a higher magma column change (135 m) are neatistic. If the observed
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Figure 5-8 Modelling of point source mass respdasfbr the observed micro- gravity change and its
relationship to magma column height change and wbn@dius, following equations 5 and 6. a)
Calculated values for the point mass able to caes@in gravity changes. r = 450 m, g = 2Bal, G =
6.67 x 10-11 Nm2/kg2, = 70°.b) The size of a cylinder in which a poirdasa of 1.8 x 109 kg could be
‘fitted’ assuming a density of 2700 kg/m3. The inshows a zoomed in section of the same graph
depicting the area with physically realistic valugth a dashed box.
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Figure 5-9 HFOs recorded with micro-gravity instemh The pilot study showed that HFOs recorded at
the summit may be picked up at the observatoryheridwer flanks. The amplitude of the ‘spikes’ dari
this survey was ~100-150Gal. The ‘spikes’ picked up during this period featligher amplitude, ~150-
250 Gal which correlates with the increased activitytted summit and the increased height of the
explosions at the summit. This survey shows D4dlde able to detect HFOs at the summit, but they ar
less obvious due to increased background noiséviichad just resumed after the flank eruptionsazh
and explosions were relatively small. AmplitudeH#Os at this time is ~100Gal.
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signal represents magma column height changes,ighthehange of ~135 m was
established in 8 to 43 minutes. In other wordscthiamn rose with 5-28 cm per second.
These values, especially those to the lower sidaefrange, seem feasible in an open

conduit system were the magma has an easy wayssége.

5.8.2 Short term spikes, High Frequency OscillaifiHFOs)

An interesting short term feature are the 100-&®&&l HFOs, which occur on
average ~15 times per hour (Figure 5-9) and haveriog of 30-60 seconds. These
short term HFOs were registered by both gravimetdrsn installed at the summit, and
also at the observatory when events were fairlyelalhey were first observed during a
pilot study in May 2002 when D61 was installed e summit. It was a revelation to
discover these as we did not anticipate any sugtakin the data set.

If we compare the HFOs with the time of the soufithe explosion observed at
the summit, they correlate very well (Figure 5-10H)ere is also a strong correlation
between the crater origin of the explosion andahmplitude and shape of the signal.
The bigger explosions from the SW crater all havsimailar waveform shape. The
central crater explosions all have an up-down nmotiith small amplitude and the NE
crater shows a similar ‘tooth-shape’ in all its kgons. This is an interesting
observation as it may enable definition of the seutrater when it is not possible to
observe this visually, e.g., because of cloud coVee waveform of the HFO may be
controlled by the geometry of the upper part of thaduit, before the rising bubble
reaches the surface. When the geometry of the docitanges, the characteristic shape
for the crater may also change. The shape of theef@am may be used to identify
which crater exploded but one has to understaridtiieadynamics of the system mean

it changes and it therefore can not be used thraogh
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Figure 5-10 a) Correlation between HFOs recorded micro-gravity instrument and visual observation
from Pizzo Soppra la Fossa (Figure 5-2). SW stdomdsouthwest crater, C stands for central crater a
NE.1 and NE.2 stand for northeast crater ventsdL2anTiming of the visual observation (noted with a
letter code on the signal trace) correlates exawitly the observed HFOs. Note that shape of the HFO
seems to be consistent with the crater in whichetxlosion occurs (see zoomed in section of Figure)
The shape of the HFO might be controlled by themygoy of the upper part of the conduit, before the
bubble reaches the surface. b) Correlation betwg@ero-gravity and ground displacement acquired from
a broadband seismometer. See text for discussion.
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However, it seems highly unlikely that this sigmapresents a real gravity
change. The period of the signal is too short tolar the amplitude in terms of sub-
surface mass changes. Also, we would not expett auarge sub-surface mass change
at the location of the instruments, e.g., away ftbmactive vents, nor would we expect
sub-surface mass change to reverse within thegefithe signal. Another explanation
of the gravity change is by ground deformation. ldoer, to create the observed
amplitude, the ground would have to have moved @@ cm (using the theoretical
change of gravity with elevation of 308.&al/m) in less than 1 minute. This is unlikely
since no ground disturbance, like fracturing, whseoved. Furthermore to reverse the
signal ground movement would have to be in the spedlirection which in such a
short time span is impossible. The final possiiig that the signal was caused by an
instrumental effect. Strong sudden movements ofiriternal mass might overwhelm
the damping system and cause the gravimeter toomdspike a conventional
seismometer. This movement could be translated‘amparent’ gravity changes which
are meaningless.

To check the last hypothesis, the gravity signas wampared with that from a
broadband seismometer, running less than 5 m awaythe gravimeter for most of the
time. When we compare the gravimeter signal withitliegrated data collected by the
broadband seismometer (displacement) we obsenaod, g.e., more or less perfect,
correlation (Figure 5-10b). This suggests our dyamieter is indeed functioning as a
seismometer which is understandable if we realisebtoadband seismometer also uses
a mass on a spring. It should be pointed out thettesthe costs of a micro-gravity
instrument are tenfold compared to those for adivand seismometer, it does not seem
wise to use the gravity meter solely to detectsigaals described above.

The above observations suggest that the short Hf@s are caused by the

seismic vibrations during an explosion and repredeam collapse resulting in
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degassing or even a Strombolian explosion. Thisns¢aey do not represent a real
micro-gravity change. One should realise that ct these signals may be a source of
error during continuous micro-gravity surveys,,i@reading at the peak or through of a
HFO is not representative. This problem could berceme, for example, by generating
1 data point a minute by taking the median of 6ta geints sampled with a 1 second
interval.

Another observation made in the data set colledtgohg the pilot study was the
transition from low to high level of activity on 3Beptember 2002 at ~08:30 GMT
(Figure 5-11). This transition is most obvious frtme increase amplitude of the HFOs.
It correlates with the visual observation that agbthat time explosions reached higher
above the crater rim (700 m compared to earlier @)@nd became ejecta-dominated
rather than gas-dominated. This type of change takg place at a weekly scale
(Ripepe et al., 2002). There are also periods afisjng’ between the HFOs, when the
HFO density is lower (Figure 5-11). This may reladechanges in degassing rate at a

minute to hour scale as suggested by Ripepe &0f12).

5.9 Summary and recommendations

Modelling (Locke et al., 2003) shows that microygtya changes may be
picked up at Stromboli volcano if the instrumeninistalled less than 300 m
away from the active craters.

However, utmost care should be taken when prepdha instrument. The
level setup should be checked and the gravity rdiffee over a known height
difference should be measured and compared toxibected gravity change

over that height difference.
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Figure 5-11 Cycles of activity as observed durimg pilot study. Change in style of activity is big in
the middle panel (b) when the amplitude of the HE@gbles in size. This change is thought to takeepl
at a weekly scale. Possible change in degassiaggaisible in the lower panel (c), where the lat®ve
the data indicates active periods as registered®y, followed by quiet periods indicated by gaps.
Changes in degassing rate are thought to take ptaméute to hour scale.
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Temperature, pressure and humidity should be medsairthe site, to allow
for possible correction. Variations in these paramseshould be kept to a
minimum.

Radio-transmission of data allows for real-time manng of changes and is
favoured above data logging at the site.

Interpretation of long-term trends may be possiblg, more extensive data
are needed to be able to control the instrumennifal Also the site should be
stable enough to prevent the instrument from dgfoff level.

The data collected so far at Stromboli volcano shdigh Frequency
Oscillations (HFOs) and Low Frequency Oscillati¢nsOs).

LFOs may represent real gravity changes. Their ina@ coincides with a
mass change of ~1.8 x ®lRg which could be caused by a column height
change of 60 m in a conduit with a radius of 60 m.

HFOs do not represent ‘real’ gravity changes; thieycaused by movements
of the mass inside the instrument caused by vimatiThey correlate with
visual observations and broadband seimic data,geheraveform depending
on the crater of origin and can be envisaged as)foallapses related to
degassing events and/or Strombolian explosions.

LFOs and HFOs are caused by different volcanic ggees with different
time scales. HFOs have a very high frequency armh ¢llough observed
gravity changes are not ‘real’ they are caused bery fast rate volcanic
process (degassing/Strombolian explosions). LFQ& lealower, but still
relatively high frequency, and are caused by a arofc process with a
slightly slower rate (possible movement of magnBoth of these volcanic
processes are however very fast (second to mincaée)scompared to

volcanic processes at Askja and Krafla (decades).
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Chapter 6: Conclusions and recommendations

6.1 Broader implications

6.1.1 Introduction

Volcanic processes are the common thread usedghoot this project. | have
used a range of geophysical techniques to try &adnl more about the volcanic
processes at the chosen ‘example’ settings of Bimbritaly and Askja and Krafla in
Iceland. | analysed stand-alone data sets but @sobined them to improve the
understanding of the volcanic processes at wodaeh volcano. | have used a range of
geodetic techniques, although micro-gravity measergs, either as a dynamic survey
or continuous, have played a major role. | combitiexte micro-gravity measurements

with precise levelling, GPS, EDM, tilt and INSAR aseirements.

Rates of volcanic processes vary from fast, ssreed by our Stromboli
setting, to slow, symbolised by our Icelandic valwes. The aim of this project was to
improve our understanding of volcanic processesaah end of the spectrum. Any of
the findings at our ‘example’ locations might bepkgable to similar volcanoes

worldwide.

6.1.2 Volcanic processes at persistently activearmbes (Stromboli)

A combined effort to acquire an extensive datao$eictivity at Stromboli was
started in 1999. The data set consists of seismiasonic, thermal, FLIR, micro-
gravity, Flyspec, FTRI, ash-chemistry and visualtadaollected simultaneously
whenever possible. It has been possible to conmtbhimehermal, seismic and infrasonic
data to improve our understanding of the condwstesy. Our expectation was that by
adding micro-gravity data we might be able to leaven more, especially about the

movement of magma or foam in the shallow conduitfdctunately we encountered
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technical problems, which we did not anticipatelyQuart of the data turned out to be
of high enough quality to interpret, and interptietain terms of volcanic processes was
very difficult. However, the project did not faibmpletely, as we did learn about the
abilities of the micro-gravity instrument and thestallation of a continuous micro-

gravity instrument (see sections 6.2 and 6.3).

6.1.3 Volcanic processes at calderas in a statenoést (Askja and Krafla)

Askja and Krafla volcano are both located withie extensional regime of the
North Volcanic Zone, approximately 70 km apart (Fey 1-1 and Figure 6.1). Both
volcanoes have developed at least one calderanagda is thought to be supplied by
a shallow magma chamber at ~3 km depth (Arnaddttt.e1998; Rymer et al., 1998a;
Rymer and Tryggvason, 1993; Sigmundsson et al.7;198urkell and Sigmundsson,
2000; Sturkell et al., 2004 - submitted; Tryggvas@886). The location of these
shallow magma chambers has been well establishiedtlatvolcanoes using a diversity
of techniques. At Krafla, Tryggvasson (1989) pragzbsa series of stacked magma
chambers at 2.6 km, < 10 km, > 20 km and an unaé&ted depth, based on tilt data.
De Zeeuw-van Dalfsen et al. (2004a) showed thdylikristence of at least one deeper
reservoir, at 21 km depth, using INSAR data. At jAskhe existence of a deeper
reservoir at ~16 km depth was suggested by Stuekell. (2004) based on GPS and tilt

data.

A N-S seismic reflection profile (Brandsdottir dt,a8l997) of 21 km length,
indicates the location of the Moho underneath thefli area. The location of the Moho
coincides with the proposed location of the 21 keem magma reservoir. The
shallowing of the Moho towards the Krafla rift axisay even focus magma flow
towards it. There are no data available that caeroene the depth of the Moho at
Askja. | suggest that the deeper reservoir at Askjgrobably also located close to the

crust-mantle boundary.
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Figure 6-1 NS Profile and cross section acrossl&m@aid Askja caldera. Note that this is a schentxtigving based on data wherever possible but iglgminterpretation as well.
Also note the change in vertical scale. Krafla eeddis not easily recognisable in the field becauge completely filled with lava. The profile csees the Krafla caldera at the
location of Krafla mountain, making it look likeraountain rather than a caldera. The small circiglatures at ~ 3 km represent the shallow magma lobenThe Moho is a solid
line when data are available and dashed whendtgitm is inferred. The dotted red line betweentéfee volcanic systems represents the suggestedyvssbnk
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Micro-gravity observations at Askja (de Zeeuw-vamlfBen et al., 2004b)
suggest that a combination of magma drainage awtingoand contraction of the
shallow magma reservoir at 3 km depth is respoasibr the observed surface
deformation. They suggest that extensional tectforimes generate space in the ductile
part of the crust to accommodate on-going magmanalya from the shallow magma
chamber to the deeper reservoir. Micro-gravity olettons at Krafla also suggest the
occurrence of magma drainage (de Zeeuw-van Daléteal., submitted Aug 2004)
although observations are hampered by water exdraat the geothermal power plant.
| suggest that the process of magma drainage dlaKgsimilar to that proposed for
Askja. Magma drainage from the shallow magma chartdveards the deeper reservoir
is visualised as an ongoing process, facilitatedhgycreation of space in the ductile
part of the crust generated by extensional foritas.possible a pressure-link between

these volcanoes exists along the ductile lowert énuiseland.

Recent INSAR data from the 1993 to 1999 periodZeeuw-van Dalfsen et al.,
2004a) suggest that the 21 km deep reservoir alaKim actually inflating. Magma
might accumulate at deep levels under Krafla in dieeades after termination of a
rifting episode. Co-rifting pressure decrease of ftheeper source stimulates the
subsequent inflow of magma. This inflow might irghce conditions along the plate
boundary as far away as Askja, 70 km to the soditKrafla. The density contrast
between the lower crust and mantle at Krafla mag thagma, regardless of the lower
than average contrast of 9010 kg/n? (Gudmundsson, 2003). When pressure in the
deep source reaches a critical value, magma mgtatéhe shallow magma chamber
from where it can eventually erupt during a newingf episode. This complex magma
plumbing system is consistent with long periodsdofmancy (200-1000 yr) between

rifting events.
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Sturkell et al. (2004) estimated the volume de@ezdsthe deeper Mogi source
to be 0.412 krh during the 1973-2003 period or 0.014 %yn assuming constant
drainage. Even though this volume change is vemerain, as it is based on the
assumption that 20% of the inferred subsidenceiéstd the deeper source, it is in the
same order of magnitude as the volume increaseeofi¢eper Mogi source at Krafla of
0.026 knilyr as inferred by de Zeeuw-van Dalfsen et al. £200using InSAR. The
same volume decrease as increase would be foufat ifistance, the deeper source at
Askja contributes more than expected (40% insté&D%o) or if the source was deeper

(22 km instead of 16.2 km). Of course any combaratf the two is also possible.

The process described here (a pressure-link dette¢ of the lower crust) may
be common at thin constructive plate boundariessibte links between other Icelandic
volcanoes (see Figure 1, Chapter 1) have beenathplieviously. Eyjafjallajokull and
Katla in south Iceland have a history of simultarseeactivity suggesting a possible link
(Sturkell et al., 2003) and in 1996, earthquakeBatarbunga cumulated in eruptive

activity at Grimsvotn a day later (Einarsson, 1996)

It is possible that not only Icelandic but alsoestkiolcanoes are interconnected,
although the already suggested connections arelyrsisllow in nature. In Alaska,
connections between Katmai volcano and Novarupte heen suggested by Hildreth
(1987) based on geochemical and structural relships. Magma drainage from
Katmai Volcano to Novarupta resulted in the colap$ the summit area, forming the
caldera. At Mauna Loa and Kilauea in Hawtae possible connection between the two
volcanoes remains a controversy. Recently, Miklansl Cervelli (2003) suggested a
crustal-level interaction between the two magmédesys based on a short timescale

correlation found in continuous deformation data.

Active volcanoes around the world can be dividew ithree types: spreading
centre volcanism, subduction volcanism and inttaplelcanism. In this thesis | have
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suggested, based on observations at Askja andakvaftanoes, that volcanoes near a
spreading centre might be connected at deep |elis.connection is facilitated by the

ongoing spreading, allowing space to be generatélae ductile part of the crust and by
the linear character of the setting. Volcanoes suladuction and intraplate setting do
not follow these characteristics and are therefess likely to be connected at deep

levels in a similar manner.

6.2 General conclusions (answers to questions posadChapter 1)

This study has shown that the combination of gesighy techniques can be a
very powerful tool in understanding the complexdl volcanic processes in active

volcanoes. Specific conclusions following from thisrk are:

1) Deflation observed at the surface of Askja esdds caused by a combination of
cooling and contraction of the shallow magma chanapel by magma drainage. The
extensional regime generates space in the dudrkeqgb the crust allowing the drained
magma to flow to deeper levels. A pressure-linkMeen volcanoes along the spreading
plate boundary in north Iceland may effect condgi@long that boundary. Activity at
Krafla may influence that as far away as Askja ebgrincreasing the rate of deflation

there.

2) Analysis of INSAR data of Krafla indicates #stence of a magma reservoir at
21 km depth, close to the crust-mantle boundarys Téservoir has been inflating at
least since 1993, at a rate of ~ 26 R af/yr, suggesting magma is accumulating at this
depth. When the reservoir reaches a certain predsuit, magma will move to the
shallow magma chamber from where it may eventuedlpt during a fissure eruption.
This fits in well with the long periods of dormanof 100-200 years, between rifting

episodes.
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More surprisingly, the effect of such deep sounsesecordable at the surface! This
suggests that deep sources at other volcanoes Is@have detectable effects at the

surface.

3) The net micro-gravity changes at Krafla for #@90-2003 period have been
calculated taking into account the water extrachgrthe geothermal power plant. A net
micro-gravity decrease was found and magma drairsagaggested as the most likely

cause of this decrease.

4) It may be possible to observe magma colummamfheight changes in the open
conduit system of Stromboli volcano (or similarlgtigse systems) with the use of
continuous micro-gravity techniques, but advancagehto be made to improve the

control on the diverse factors (such as humiditffuencing the data.

5) Based on observations at Askja and Krafla vades, | suggest that volcanoes in
a spreading centre may be connected at deep l@relsnd the crust-mantle boundary)
allowing magma to move from one deep reservoimiattzer as stimulated by the local
pressure differences between the reservoirs. Thimextion is facilitated by the

ongoing spreading, allowing space to be generatélae ductile part of the crust and by

the linear character of the setting.

6.3 Recommendations for future work

6.3.1 at Askja

1) The nature of the micro-gravity network as téngls now only allows for
minimum estimates for mass and volume changes becdeformation is known to
continue beyond the current network. A new staiDiYNG) further away from the
caldera, unfortunately still on the edge but witliire deformation zone, has been
measured in 2002 and 2003. Continuation of thesasurements will provide better

estimates for the mass and volume changes in theefance this station can be used as
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a reference point. It is feasible to use this gtatis a reference because it is close to the
location of the overnight hut and measurementsbeataken each day before setting off
and upon return. Furthermore this station alsoesems a reference station for the
current GPS network and accurate height contrdhésefore readily available. It is

logistically not feasible to construct a base statutside the deformation zone.

2) Three more stations (NE0205, NE0206 and 43@henlevelling line), located
within the deformation field, have been added te thicro-gravity network. They
should be measured during the upcoming field cagmsaiwhich we advise to be held
at least once every two years, following the curractivity. Measurements at these
stations increase the ‘spread’ of the stations iplysallowing for more advanced

modelling, using sources with shapes other thamira gource.

3) Choosing the right reference point is of utmosportance. However, it is

impossible to know where will be the best locatairthe start of a long time series of
data collection. Therefore it is unavoidable to dv@de change to a more suitable
reference station throughout the study. It is tfogesadvisable to measure more than
one station on a daily basis, so that in the futlata can be referred to this second

station and are not ‘lost’.

4) | recommend that geodetic data are taken samedusly with the micro-gravity
readings to improve height corrections. This waynegessary interpolation and
extrapolation can be avoided, improving the qualitghe resulting values. This would

have the added advantage that height changes wouthger be model dependent.

6.3.2 at Krafla

1) At Krafla the same recommendations apply asAkkja. The reference station
situation at Krafla is even worse then at Askjaduse the GPS measurements are

referred to a station in the middle of the defororatfield. It should be possible to
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compromise and decide on a station suitable forbydeoth the micro-gravity network

and the geodetic network in the future.

2) Values for the water extraction and injectidnttee Krafla geothermal power
plant (from the National Energy Authority) should equested each year to be able to
correct the micro-gravity data. To improve the eotion, more detailed information is
necessary about the characteristics of the produampifer, especially about the extent

of the area from where the aquifer is replenished.

3) INSAR data have suggested an inflating sour@&l&m depth north of Krafla
mountain. This inflation is also detected by gemdeheasurements in that area.
Unfortunately the current micro-gravity network dagot continue into the area which
Is inflating. | therefore suggest expansion of thiero-gravity network to the north.
This expansion should be done by taking into carsiibn the currently measured
geodetic stations in this area because correatiohdight changes remains essential. As
the area comprises several previously establispeddgtic) stations, | would suggest

using two or three of those.

4) The INSAR images generated during this study lmammodelled taking into
account more factors. A more sophisticated Eartldehoould use brittle and ductile
layers which may modify the results. Another impgoent would be to use existing
GPS data (Volksen, 2000) to calibrate the integeams. Further studies should also

consider if post-rifting adjustment may eventualbntribute to the observed signal.

5) A problem with the ESR-2 satellite in 2001 résdl in the failure of the

production of good quality interferograms overlagpthis period (combining an image
before the failure with one from after the failuré) should, however, be possible to
combine radar images from after the failure so rinaous interferometric data set of

the Krafla area can be established. This is importa evaluate if the inflation is
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ongoing and how it is progressing. Also in the n&dure, it may be possible to

complement the data set with ENVISAT InSAR data.

6) Try to find evidence for other (lcelandic) valmes with a deep magma

reservoir by looking at previously recorded gearidata.

7) Track the Moho further south towards Askja, ldiag upon the work by

Brandisdottir et al (1997).

6.3.3 at Stromboli

1) Make sure levels are set correctly and instnimare properly sealed before
installing them at the volcano. Also make sureldégs of the instrument have an equal
length. This minimises the problem with the instams becoming off level during the

survey.

2) Record meteorological parameters such as tenper pressure and humidity,
at the same frequency as the continuous micro4graVhis enables corrections for
these parameters if necessary and allows you tenabsf the micro-gravity data
correlate with any of these parameters.

3) A major campaign would use at least six insgnta set up in pairs. Two set up
at the summit, two at the flanks and two in theepbatory. The reason for using two
instruments at the same location is to excludeviddal instrumental factors. The
reason for setting up instruments at differentasises from the active craters, and thus
from the magma and or foam column movements, isstablish that the observed
signature is indeed caused by a magmatic procestduld not be recordable further

away from the active craters).
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APPENDIX A

APPENDIX A: Gravity stations locations

This description of stations is based on obsermatimade in the field in 2002 and 2003. Coordinatesmeasured using a handheld GPS
and where possible they have been checked witle thb&ined by colleagues during the Icelandic Gir8eys. The station numbers and names
are those already assigned by bodies such as altendlic meteorological office (4 letter codes), Mational Energy Authority (NE codes) and

Orkustofnun (OS codes).
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A.1l Askja

TABLE A - 1 Coordinates and description of micraxgty stations at Askja.

APPENDIX A

Coordinates Monumen-

Description

Y/NE84011 Cairn/
yellow paint

NE84011/ N65°0322.8
W016°3%05.8

N65°0356.5

WO016°4107. 7 yellow paint

N65°0405.8

W016°4326.7 yellow paint

N65°0408.F

W016°4339.2 yellow paint

N65°0318.6

W016°4406.7 yellow paint

300 m N of Dyngja/NVI hut, look for car trails, vikat-300 m N over pumice to
1961 lava flow. Station on horizontal top of flo&.5 m above ground level.

From Dreki follow the road W to the Askja parkirgg for 5.5 km (or 2.4 km

from the intersection with the road leading to Bhangja hut). After 90 wiggle
in road look for 100 mflat phh surface 10 m S of road (left) surrountgca
flow (both 1961). S view towards gully.

Drive up to car park at Askja.Walk back towards Hbedong the road for 100
m (3rd yellow stick). Then walk onto the lava fleawards NW for 400 m.
Watch for cairn on phh lava.

This station is end of the levelling line, whicls@lcontains 412 and 405. From
83001 follow the yellow paint levelling signs acsasnall aa flow for ~200m
until you get to phh lava.

This station is also part of levelling line. Folldie line from 430, looking for
yellow paint and cairns. The line follows the migldif the 1961 lava flow into
the caldera curving around the base of the spadters. Stations will have nails
and cairns and paint. In between stations thergedi@v painted T signs.
Alternatively follow the tourist trail starting &te car park, over the spatter
cones for 700 m. Start heading NW looking for sighthe levelling line. Once
on the line look at the nail number to decide whigy to follow the line.
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No. Station Coordinates Monumen- Marker Description
name tation
6 405 N65°0385.6  Y/405 Two cairns/ If on the levelling line at 412, follow line towasdE for ~300 m until large area
W016°4355.8 vellow ~ZOQ nf o_f flat phh surr(_)unded by large tumuli. Alternatiywalk 1 km along
paint tourist trail before heading 200 m NW towards tBé1llava flow.
7 Von Ne5coam7.2 N/ Large cairn, Follow tourist trail to Viti. When you spot largaien head SW for it or follow
Knebel WO016°4364.2  \jeasure at metal plate t.he trail to it from Viti. The memorial/cairn isase to the edge of cliff of lake
S base of in memory  Oskjuvatn in muddy surroundings. Put base platécaion and push it firm
- of into mud.
cairn on
VonKnebel/
muddy
ground Rudloff
8 V16 N65°02%9.4 N/ Lonely From Cairn at Von Knebel walk E towards Viti. Kegplking E around Viti.
W016°4310.% peasure N b(_)ulder Then Hea_d S tc_) large bIo_cks and_boulc_jers from |I'mté_<trom Askja caldera
side of big W|t_h yellow wall. This is going down in elevation slightly apdu might have to cross some
boulder paint IV16. snow. IV16 is lonely boulder (1.5%nabout 80 m from caldera wall and has a

flat surface slightly tilting towards S. IV16 isipted on E side boulder with
yellow paint. It is a little smaller and further ayfrom wall then the other
large boulders. In July 2002 it was still coveredinow. In August 2003 only
top 0.5 m of boulder was visible above the looss/grand mud!

155



APPENDIX A

No. Station Coordinates Monumen- Marker Description
name tation

9 D-18 N65°0286.% Y/ Two From IV16 or Viti, walk towards old (1929) aa laflaw in SE, slight descend.
IBATS W016°4308.8  parthmouth cairns/S one Climb onto the flow just W of small pit 4 m acrogsok for big cairn

18 larger then  containing golden pumice locks on lava flow. Statianiddle aa flow with 20
N one. m S a 3m higher lava wall and 20 m W (towards #ke) a drop of ~ 20 m.
Cairns
contain
golden
pumice.

10 | NE200200 Ne5°0am8.2  Y/NE2002  Troll Walk along the shore of lake towards NW for 1.5 Eo.not mistake the big
5 W016°4868.2 o5 shaped lava boulders in aa flow N of pumice field for trollsrdlls is further ahead and
IMASK rocks consists of a unit of 4 blocks of lava stickinginghe air ~ 1 m high within the

pumice field. Nail is S of highest Troll, closedmack. Station ~400 m from
lake. Base plate is placed with 2 legs E of crauk@ne W of leg.

11 | NE200200 N65°0282.2¢ Y/NE2002 Cairn From trolls follow the shoreline for ~850nagb pumice field until you reach
6 WO016°4652.6 o6 lava flow. Look for small tumuli ~100m from shomedi with cairn. Nail is 5m

W of cairn.
12 NE82005 N65°0282.¢¢  Y/82005 Cairn ~80 m West of LOO, ~100 m from la®&. tumuli in aa field covered with
1005 WO016°4658.12 golden pumice. Is part of dry tilt station/ GPStista OLAF.
/OLAF
13 | D-19 N65°0280.3 Y/ Cairn Cross pumice field ~80 m towards SSW from.@@bm N of lake at corner
W016°4658.% partmouth with ‘beech’ below cliff. Station on flat phh. Na&Ilm S of cairn.
19
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A.2 Krafla

APPENDIX A

TABLE A - 2 Coordinates and description of micraxgty stations at Krafla volcano.

Coordinates

Nail Marker

Description

N65°38%2.C
W016°5455.2

Hellahraun N65°38831.12

W016°5428.2

N65°38%0.62
W016°4808.8

N65°38%10.8
W016°4808.%

N65°4112.F
wo016°411.8

N65°33900.8
W016°431.¢

N/base plate Old

on NE side  CONCTete
concrete. ag pos

N/base plate House
on concrete.

Y/No Cairn/

number Yellow

wooden
stick

Y/2313 Cairn/

pink paint

Y/OS5843  Cairn/

Wooden
stick

Y/OS5699 Cairn/

Wooden
stick

Hotel Reynihlid. Measurement is taken on old cotecflag post 20 m W of
hotel building, close to line of new flag posts.

NVI House at Hellahraun 1, grey house opp@sitt office. Measurement on
concrete doorstep between door and gate to garden.

Drive from Reykjahlid towards Krafla (direction @Grsstadir). 100 m past
intersection with road to boiling mud pools, 20Me&fore road to N towards
Krafla, station 3 m N of road on flat phh lava.

5 m North of FM115 on phh lava.

~4.5 km from intersection, just after road ascetuts, W on gravel road
towards bore hole. Walk up Southern most hill. i8tabn top of hill on S side
at exposure.

Past mudpools turn N onto road to Krafla. Statifter&’80 m, 40 m E of road
on flat phh. Station is part of line installed byygvasson and is last of line of
cairns before land turns grassy without exposures.
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No. Station Coordinates Nail Marker Description
name
7 5698 N65°3980.2 Y/OS5698  Cairn/ ~1.7 km from intersection, past the grassy areatieoroad. Station is ~50 m E
WO016°4738.¢ Wooden of road. Walk to the edge of the green area witkated lava blocks. Station
stick ~50 m S of main rubbly lava flow on sloping blodkeasurement taken 0.1 m
towards the road.
/red paint
8 5697 N65°33951.%  Y/OS5697  Cairn/ ~2.4 km from intersection (or 1.6 km from 5699),rB0N of road on first
W016°47133.5 Wooden elevated phh block. ~1m above ground.
stick
9 5688 N65°4208.6¢  Y/OS5688  Cairn ~6.3 km from intersection, turn W/éods visitor centre at geothermal power
WO016°4635.2 plant. Walk W towards horse shoe shaped lava &dtion on floor of S side
of wall.
10 | 5685 N65°4208.2  Y/OS5685  Cairn Continue driving E on road passe®45p to last bore hole. Look for car
W016°4338.¢¢ tracks turning N, follow this trail to East lying@osure of yellow tuff.
11 | 5684 N65°42116.2 Y/OS5684  Cairn/ ~6.5 km from intersection, 2nd turn E after geatierpower plant turn into
W016°4426.3 Paint gravel road, pass the chain and continue drivingillippast 2 active bore holes.
Road runs roughly EW, parallel to valley. Statianexposure S of road on
slight hill. Cairn might be difficult to spot fromoad!
12 | 5672 N65°44p8.2  Y/5672 Cairn/ 2 Follow the gravel road going N passed A008, as@alateau’. Just before (S
WO016°4336.2 wooden of) track leading up hill to A012, take track turgiE, when track bends to
sticks/ North look for lava wall, W of trail, station ~20 W of lava wall, ~10 m E of
paint track.
14 | 5599 N65°4064.8 Y/ 2 cairns ~4.39 km from intersection, just beforadascends, 5 m W of road in very
W016°4630.2%  No number open phh lava field. Just N of 5599A. 70 m Southttdé parking spot/start

hiking trail.
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No. Station Coordinates Nail Marker Description
name
15 | 5599A N65°4063.2  Y/5599A Cairn/ ~3.55 km from intersection 45 m W of road in vepen phh lava field. Just S
W016°4685.8 Wooden of 5599.
stick
13 | 5600 N65°4020.2 Y/OS5600 Wooden ~2.5 km from intersection at ridge 50 m East ofliaaoss stream ~100 m S of
WO016°4702.4 stick/ station look for tracks, station at first exposaf@ock, at big boulder 1.5 m
Paint above ground.
16 | 5597 N65°41656.7  Y/OS5597  Cairn/ ~5 km from intersection at geothermal power plaketlst turn SE. Follow the
WO016°4@14.2 Wooden road for ~300m. Stop just before crossing the ridew walk 120 m S past
stick lava ‘ice sheets’. Station on flat phh.
17 | 5596 N65°4227.2  Y/No Cairn/ ~6.49 km from intersection, past ‘3 pipes tunnelin E on last gravel road
WO016°4601.5 number Wooden towards bore hole before steep ascend. After ~1i@@mfirst road N and park
stick/ after 30 m. Station on E side of pipes and W sidgream.
orange tag
18 | 5595 N65°4251.%  Y/OS5595 5 m N of Take road to Krafla towards Viti. After steep climdad turns E. Take gravel
WO016°4%8659.2 o 5O5595 plastic pipe road to N (left) after ~400 m passing the cratemied after an explosion in
bore hole, Station is on plateau covered with dréwef road. Look for bigger
rocks on plateau and plastic pipe.
19 NE220 N65°3842.¢  Y/NE220 Two cairns  From Reykjahild drive towardsaKa (direction Grimstaddir). Turn South

W016°4833.¢

towards boiling mud pools car park. From car pagtkw-470 m S on path past
active steam vent and old steam vent. ~30 m E tbf ghg tilt station (circular)
with many cairns on flat phh. Station measureceigral one between two
cairns.
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No. Station Coordinates Nail Marker Description
name
20 [ 9301 N65°4104.8  Y/NE9301  Cairn/ ~4.5 km from intersection, just after road ascenas, W on gravel road
WO016°4631.C Wooden towards bore hole. Look for cairn on 5m high laubjhst N of pipes. Climb
stick over pipes. Measure S of nail on same rock. GRBsta
21 | 80051 N65°4%34.52  Y/NE80051 Cairn 5 km from intersection, just after road ascends) &ion gravel road towards
WO016°4825.& ski lift and park. Station is steep 20 min climbagvon top of escarpment SE of
lift. You have to pass few deep gullies. Statiosid® of escarpment, big rock.
Take camera, nice view!!
22 | 79077 N65°4284.3  Y/NE79077 Cairn ~6.65 km from intersection, notieddish hill W of road, after steep climb turn
WO016°4@34.3 W to car park. Before car park turn S onto traekdleg to hill. Park at base and
walk up to lower peak at S side of hill. GPS statio
23 | AOO1 N65°4212.8 N Iron spike From A002 walk WSW down hill until ersecting tourist trail marked by
WO016°4914. 72 white wooden sticks. Follow the tourist trail thgtulava tunnel than cuts
across the lava field (NNW) towards the northeillydf the two. Ascend the
hill on SW side. Station at top, bigger boulder.
24 | A002 N65°4301.2 N Iron spike/  Walk E down from hill with AO03 at summit, past difA0 m across)
W016°4 6.5 Small caim explosion pit, cross young lava flow (mostly adimb up hill. Station at top,
group of bigger boulders, steaming, muddy.
25 | A003 N65°4306.52  N/but hole Some paint Follow tourist trail past the boiling mud pools i hill (Colourful hill that
WO016°16.2 from remains you can see W of car park) to end of trail. Stabarss side hill, ignimbrite
previous exposure, lowest flat rock of group of 6. Used ¢oGPS station. Alternatively:
nail follow the trail to base of hill, ascend followimggassy bits. Station is 20 m W

of metal pipes.
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No. Station Coordinates Nail Marker Description
name
26 | A0OO4 N65°4318.2 N Iron spike/ From main Krafla car park follow tourist trail heag W. At intersection of
WwWo016°4@42. Two trail with 2" (newer) lava flow (~300 m before mud pools) turfolowing the
wooden sheep trail at base of this ‘ice sheet’ lava flbaok for two wooden sticks 5 m
sticks/ onto flow.
White paint
27 | A0OO5 N65°4321.22  Y/No Cairn/ Follow road to Viti from Krafla main car park. AtizvVcar park take the gravel
WO016°4829.8 number Wooden road towards N, pass the chain follow it for ~300G0 past two? small
stick/ explosion craters to your W and park the car. V8&lkn to WSW over flat
overgrown lava, look for cairn with iron rod and eden sticks. GPS point.
Iron stick
28 | A00S8 N65°4412.72  N/small ~0.5 miron Follow gravel road going N from Viti, pass chaimsg A005, drive to where
WO016°4454.3 iron pin stick, Two  road starts to ascend steeply before right hamd park car, Walk towards W
big boulders for 500m, Look for two big (2 A) boulders (not visible from road) just W of
fault, to get there you have to cross two ‘fauieligullies. One boulder has 0.5
m iron stick, other small iron pin. Measure at lwulwith small pin.
29 | A012 N65°4487. 72  N/slightly Cairn/ Follow the gravel road going N passed A008, as¢aliateau’, Look for track
W016°4418.5% bend iron Wooden going W up main hill in area. You can turn car be hill just before summit.
pin stick Station is at summit of this hill. Previously usesiGPS point.
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APPENDIX B: Micro-gravity methodology

B.1 LaCoste and Romberg micro-gravity meters

Two types of LaCoste and Romberg instruments weeel during this study; a G-meter in Iceland af@raeter at Stromboli, Italy. Both
instruments function like long-period seismographisey consist of a mass on the end of a beam whicgupported by a ‘zero length’ spring
(Figure A-1). A ‘zero length’ spring has a realdémwhich equals its extension. The gravity is mead as a function of the amount of adjustment
required to balance the torque on the mass (camgeptavity force) and the torque on the spring. Tieterial of which the spring is made is
sensitive to pressure and temperature changeshandstrument is therefore insulated and contrdiie@ thermostat powered by a 12 V DC gel-
cell battery (for more details se:/mwww.lacosteromberg.com)The main difference between the G and D-metehnas the D-meter is typically 10 times
more sensitive making it possible to read it withagcuracy of up to 0.1Gal. The D-meter used during this study (D41) heenlretrofitted with
the aliod100 systemtp://www.lacosteromberg.com/newprod. rimOf the G-meters, G513 has been retrofitted withalvanometer readout, but not feedback

and G403 has no modifications.
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A - 1 Mechanism of the LaCoste & Romberg gravitytenel aCoste & Romberg Manual, 2000.
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B.2 Network set-up and reading of the instrument

G-meters

Utmost care should be taken while transportingittstrument as it is very sensitive to knocks. Thens instrument should be used
throughout the survey and preferably the readingoise by the same operator using the same proce@yener, 1996). The same instrument,
LaCoste and Romberg meter G-513, has been usedgdonicro-gravity surveys at Askja since 1988 anKedfla since 1990. LaCoste and

Romberg meter G-403 has been used in addition 49@e.

A dynamic gravity survey uses a network of statiamsch are re-measured on a regular basis. To enaplkeat measurements, stations
should be clearly marked with a pin or paint andsist of a purpose built concrete block or an exgsstable rock outcrop. When installing or
choosing new stations, ensure they are relativady ¢o reach and can accommodate a metal base Mladskja, the network comprises mainly
stations established previously for geodetic puepodhe thirteen stations were set-up by Eysteiryggvason while he was working at the
University of Tulsa (3), by scientists from the Nir VVolcanological Institute (NVI) (4), by scientssfrom The Open University (2) and scientists
from Darthmouth College (2). Most of them are df thutcrop’ type, and two stations have been adde&t002 by NVI in collaboration with the
OU (see Chapter 2). At Krafla, the regularly meadunetwork consists of twenty-nine stations sebypscientists from the National Energy

Authority of Iceland (17), the Nordic Volcanologidastitute (11) and the Open University (1). Mo$these were also built for geodetic purposes.
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Dynamic gravity measurements are always referre@ toase station which should be located outsideatlka of gravity variation.
Unfortunately, recent geodetic measurements (devZemn Dalfsen et al., 2004a; Sturkell and Sigmsods 2000) have shown that base stations

used for Askja and Krafla are located inside themheation field. This results in a minimum estimafeany sub-surface mass change observed.

A base plate is placed accurately over the stafibe.instrument is placed on the plate and levellé internal temperature and the level
are checked before a reading is made. A readinglgladways be approached from the same directicavead hysterisis effects within the spring
(Rymer, 1996). The average of a few repeat readstgden and noted down together with the exant f the reading (to correct for earth tides).
The network should be measured following a multigless-looping method (Rymer, 1996). At Askjasifeasible to measure the network in one

day; at Krafla a minimum of three days is needed.

D-meters

A continuously recording D-meter was installed ato®boli volcano, ltaly (see Chapter 5 for detadlsthe installation). Important

considerations in the installation were to protaetinstrument from the weather, passing touristsexuptions.

The power switch for the Aliod100 should be left anall times during the survey. The instrumeneiglled using the electronic levels and the

reading appears in the LCD screen. Data can bevietite serial port and transferred to a compurtesre they can be stored.
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B.3 Data reduction

Raw data must be corrected using the calibratiatofs supplied by the manufacturer. For G-methbrs,calibration results from the fact
that the spring does not behave in a perfectlyalirfashion across the range of the instrument.OFareters, the manufacturer has most often
assigned a single calibration factor. This meassasumption is made the calibration is linear Wiscreasonable because only about 62% of the
full range of the lever and micrometer system esdud.aCoste and Romberg, 2000). Furthermore, daald be corrected for solid Earth tides, the
deformation of the Earth as a response to the tgtaanal attraction of the Sun and Moon. Joltingtleé instrument can result in ‘tares’ which
should also be taken into account. Anomalous paatsed by transmission problems during continweasrding, are removed and data are re-

sampled to one data point per second. (see Chaypter

B.4 Data Interpretation

Before any dynamic gravity data can be interprétettrms of sub-surface mass or density changeg, tithve to be corrected for vertical
movements e.g., the net micro-gravity changes ieistalculated. The necessity of this calculatioitiustrated in Figure A - 2. The calculation is
done by correcting for the change of gravity witkight above ground level using the Free Air Gradigéhe FAG is the change of gravity with
elevation which has a theoretical value of -3083&l m'. The use of a measured FAG (Rymer, 1996) howévenore accurate then the use of

the theoretical value for the FAG and is therefareured. The local value of the FAG can easilydbtermined by subtracting the micro-gravity
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A - 2 The effect of gravity change with sub-surfacass change and/or elevation change. Solid lipetiethe surface, arrow the gravitational forcpezienced by the LaCoste
& Romberg gravity meter. Elevation change is shavith a dashed line; sub-surface mass change igsepted by the sub-surface “blob”.a) The gravitaticeffect at the
surface.b) The gravitational effect of sub-surfatess change, in this case increase. Comparedhe gravitational force has increased. c) The tatighal effect of elevation
change, in this case inflation. Compared to agtiaitational force has decreased because theinetit is further away from the attracting bodyTdg gravitational effect of
sub-surface mass change and elevation changasioabe mass increase and inflation. The grawvtatkiforce has increased, compared to a, but notuah as expected if there
was no inflation (compared to b). This illustraties importance of accurate height correction befwerpretation in terms of sub-surface mass chairgattempted.
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measured at the top of a tripod from that at tleugd and dividing it by the tripod height (RymeB96). Measurements of the FAG at Askja,
completed in 2002 and 2003, resulted in a rangm 40 Gal/m in the southeast, to -36@al/m in the centre. These deviations from the
theoretical value are due to the caldera-centredgBer negative gravity anomaly (Brown et al., 199nNd a positive anomaly in the east
associated with a fissure swarm (Rymer and Tryggvas993). During the 2002 survey at Krafla, thed&as measured at several key stations as
suggested by previous workers (Gottsmann and RyB¥)2). The results show a FAG close to the thealevalue for the reference station
(FM115) and the South Hlidardalur stations (seef€igl+3i). Across the rift the FAG differs considalsa with values of -386 Gal/m in the

Leirnjukur area and -280Gal/m in the Hreindyraholl area (Table 4-3).

The total deformation at a station in a periodndériest, relative to the same base station asfosdlde micro-gravity survey, is multiplied
by the FAG measured at that station. Subtractiomfthe measured micro-gravity change in that peaibthat station results in the net micro-
gravity change in the period of interest at thatish. This change can then be explained by a stfhee mass change, providing it is larger then

the errors on the gravity data.

B.5 Geodetic Measurements

For the purpose of this study, data generatedobgbmorating groups and of several geodetic teaschave been used. The techniques
used here are precise levelling, GPS and InSAR.fifsetwo data sets have been generated by calemafrom the Meteorological Office of
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Iceland and of the Nordic Volcanological Instityfeymer et al., 1998a; Sturkell and Sigmundsson,020the latter have been generated by
scientists from the Nordic Volcanological Institidad the Open University (de Zeeuw-van Dalfsenl.e2@04a). The standard deviation on the

total geodetic data set is thought to be withim2for the vertical measurements. This generatesxamum error of ~6 Gal which is acceptable

for the long time periods (13-15 year) we have &bkt.
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APPENDIX C: Data

C.1 Dynamic gravity and geodetic data from Askja ad Krafla

Micro-gravity data measured with meter G-513, G-408 G-403 at each station in mGal are relativeaton 83001 at Askja and station
FM115 at Krafla. These data have been correcte&doth tides, calibration factors and tares butineebe corrected for geodetic changes before
interpretation is done. Data were collected by G8vdbwn (1985-1992), Hazel Rymer (1985-2002), CoerlLocke (1994-1997) and Elske de
Zeeuw-van Dalfsen (2002-2003) all from the Openversity. Meter G-105 was destroyed in 1993 andl#isé data set collected using this
instrument was obtained in 1992. Numbers refeotations of stations depicted in Figure 2-2 for Als&ja data and Figure 4-2 for the Krafla data.
Abbreviations in the station names stand for: ID&athmouth College, NE is Norreena Eldfjallastd(Nordic Volcanological Institute), OS is
Orkustofnun (National Energy Authority of Icelan&\ is Fallmaelingar Raforkumalaskriftstofu (todagthnal Energy Authoroty of Iceland), LV
is Landsvirkjun (the National Power Company), LMLendmaelingar islands (National land survey ofdael) and KV is Krofluvirkjunar (Krafla

power station).
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Askja

Micro-gravity data

TABLE C - 1 G-105 data for Askja, 1988-1992

No. Station 1988 1989 1990 1991 1992

DYNG - - - - -
83009 - - - - 14.289
83001 0.000 0.000 0.000 0.000 0.000
430 - - - - -
212 -3.573 -3.575 -3.552 -3.549 -3.564
405 -3.531 -3.495 -3.519 -3.518 -3.536
vonkKnebel -9.190 -9.204  -9.183 -0.182 -9.202
wvie -3.050 -3.040 -3.022 -3.046 -3.030
p1s  -0.238 -0.219 -0.220 -0.202 -0.231
NE2002005 - - - - -

NE2002006 - - - - -
NEs200s -15.487 -15.462 -15.455 -15.447 -15.488
p1o  -15.255 -15.262 -15.225 -15.223 -
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TABLE C - 2 G-403 data for Askja, 1997, 2002 an®20

No. Station 1997 2002 2003
1 DYNG - 23.539 23.567
2 g3000 14.113 14.124 14.125
3 83001 0.000 0.000 0.000
4 430 - - 0.637
5 412 -3.547 -3.536 -3.548
6 205 -3.474 -3.476 -3.480
7  Von Knebel -0.166 -9.127 -9.120
8 wvie -2.985 - -3.059
9 p-1s  -0.204 -0.199 -0.235

10  NE2002005 - -14.707 -14.757
11  NE2002006 - -15.455 -15.466
12 NEg200s  -15.421 -15.368 -15.400
13 p-19 -15.223 -15.185 -15.173
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TABLE C - 3 G-513 data for Askja, 1988 to 2003.

APPENDIX C

No. Station 1988 1989 1990 1991 1992 1994 1995 1997 2002 2003
1 DYNG - - - - - - - - 23.600 23.584
2 83009 14.174 14.206 14.173 14.168 14.172 - - 14.225 74.16 14.142
3 83001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0 0.000
4 430 - - - - - - - - 0.692 0.650
5 412 -3.561 -3.567 -3.562 -3.550 -3.536 -3.533 -3.530 .518 -3.560 -3.547
6 405 -3.507 -3.521 -3.516 -3.510 -3.503 -3.526 -3.504 .498 -3.503 -3.491
7 Von Knebel -9.197 -9.198 -9.193 -9.189 -9.160 -9.151 -9.176 .169 -9.144 -9.103
8 V16 -3.047 -3.025 -3.043 -3.042 -3.007 -3.002 -3.063 3.035 -3.015
9 D-18 -0.226 -0.205 -0.236 -0.215 -0.187 -0.224 -0.200 .798 -0.175 -0.174
10 NE2002005 - - - - - - - - -14.756 -14.779
11 NE2002006 - - - - - - - - -15.478 -15.490
12 NES2005 -15.470 -15.479 -15.458 -15.480 -15.445 -15.465 515 -15.448 -15.434 -15.432
13 D-19 -15.253 -15.246 -15.245 -15.235 -15.219 -15.240 .246 -15.262 -15.212 -15.209
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Geodetic data

The total vertical displacement in meters (Tabl2) 2s calculated for each year following the twarppdMogi model suggested by Sturkell et al.
(2004). This model is based on precise levellingS@nd tilt data. The standard deviation on the ggodetic data set is thought to be within 2 cm

for the vertical measurements. This generates amuem error of ~6 Gal which is acceptable for the long time periodhage looked at.

TABLE C - 4 geodetic data for Askja, 1989 to 2003.

Station 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

1 DYNG 0.0099 0.0096 0.0094 0.0091 0.0089 0.0087 0.0085 0.0082 0.0080 0.0078 0.0076 0.0074 0.0073 0.0071 0.0069
2 83009 0.0065 0.0064 0.0062 0.0061 0.0059 0.0058 0.0056 0.0055 0.0053 0.0052 0.0051 0.0049 0.0048 0.0047 0.0046
3 83001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 430 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0002 -0.0002 -0.0002
5 412 -0.0059 -0.0057 -0.0056 -0.0054 -0.0053 -0.0052 -0.0050 -0.0049 -0.0048 -0.0047 -0.0045 -0.0044 -0.0043 -0.0042 -0.0041
6 405 -0.0073 -0.0071 -0.0069 -0.0067 -0.0066 -0.0064 -0.0062 -0.0061 -0.0059 -0.0058 -0.0056 -0.0055 -0.0053 -0.0052 -0.0051
7 VonKnebel -0.0124 -0.0121 -0.0118 -0.0115 -0.0112 -0.0110 -0.0107 -0.0104 -0.0101 -0.0099 -0.0096 -0.0094 -0.0092 -0.0089 -0.0087
8 IVl6 -0.0062 -0.0060 -0.0059 -0.0057 -0.0056 -0.0055 -0.0053 -0.0052 -0.0051 -0.0049 -0.0048 -0.0047 -0.0046 -0.0044 -0.0043
9 D-18 -0.0059 -0.0057 -0.0056 -0.0054 -0.0053 -0.0052 -0.0050 -0.0049 -0.0048 -0.0047 -0.0045 -0.0044 -0.0043 -0.0042 -0.0041
10 NE2002005 -0.0340 -0.0331 -0.0323 -0.0315 -0.0307 -0.0299 -0.0292 -0.0284 -0.0277 -0.0270 -0.0263 -0.0257 -0.0250 -0.0244 -0.0238
11 NE2002006 -0.0369 -0.0360 -0.0351 -0.0342 -0.0333 -0.0325 -0.0317 -0.0309 -0.0301 -0.0294 -0.0286 -0.0279 -0.0272 -0.0265 -0.0258
12 NE82005 -0.0368 -0.0359 -0.0350 -0.0341 -0.0333 -0.0324 -0.0316 -0.0308 -0.0300 -0.0293 -0.0285 -0.0278 -0.0271 -0.0264 -0.0258
13 D-19 -0.0364 -0.0354 -0.0346 -0.0337 -0.0328 -0.0320 -0.0312 -0.0304 -0.0297 -0.0289 -0.0282 -0.0275 -0.0268 -0.0261 -0.0254
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Krafla

Micro-gravity data

APPENDIX C

TABLE C - 5 Micro-gravity data G-513 acquired atafla 1990-2003.

Station 1990 1991 1992 1994 1995 1996 1997 2002 2003
1 Hotel 15.463 15.457 15.477 15.474 15.498 15.493 15.506 .5015 15.956
2 Hellahraun - - - - - -13.026 -13.063 -13.0743 -13.036
3 FM115 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0
4 2313 - - - - 0.001 -0.035 -0.026 -0.014 -0.032
5 0s5595 -30.696 -30.703 -30.708 -30.692 -30.697 -30.684 .68® -30.761 -30.770
6 5506 -14.798 -14.810 -14.746 -14.757 -14.763 -14.776 .7H3 -14.769 -14.766
7 0ss5597 -13.270 -13.282 -13.220 -13.218 -13.198 -13.239 .283 -13.274 -13.260
8 5599 - - - - -0.113 -0.159 -0.174 -0.172 -0.184
9 5599a - -0.194 -0.172 -0.170 - -0.159 -0.206 -0.211  -0.22
10 0S5600 - -0.468 -0.445 - - - - -0.492  -0.455
11 5672 - 52177 -52.166 - -52.181 -52.192 -52.223 -52.215 -
12 0ss5684 -45.998 - - - -45.982 - - -46.078 -46.087
13 0S5685 - - - - - - - -48.382 -48.382
14 ossess  -13.710 -13.731 -13.697 -13.686 -13.658 -13.669 .78 -13.688 -13.706
15 0S5697 - - - - - -0.310 - -0.358 -0.337
16 0S5698 - -0.117 - - - - - - -0.102
17 0S5699 - 0.149 - - - - - 0.144 0.168
18 0S5843 - -15.437 - - - - - -15.462 -15.478
19 NE220 - - - - - - - -1.380 -1.338
20 NE9301 - - - - - -13.026 -13.063 -13.074 -13.036
21 NE80051 - -35.777 -35.739 - - - - -35.864 -34.498
22 NE79077 - -34.442 -34.424 -34.381 - - - -34.496 -34.498
23 Ao01 -31.643 -31.668 -31.605 -31.638 -31.602 -31.616 .64 -31.664 -31.644
24 A002 -39.830 -39.811 -39.798 -39.849 -39.815 -39.847 .889 -39.861 -39.876
25 A003 -39.116 -39.125 -39.106 -39.080 -39.104 -39.141 .19 -39.161 -39.181
26 A004 -28.026 -28.045 -28.030 -28.046 -28.033 -28.014 .02B -28.055 -28.028
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Station 1990 1991 1992 1994 1995 1996 1997 2002 2003
27 A005 -31.060 -31..75 -31.057 -31.038 -31.083 -31.050 .08 -31.113 -31.097
28 A008 -34.570 - - - - - -34.659
29 A012 -58.421 -58.413 -58.383 -58.484 - -58.487
a KONGSP - - - - 15.956
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TABLE C - 6 Micro-gravity data G-105 acquired atafla 1990-1992.

Station 1990 1991 1992

1 Hotel 15.457 15.461 15.460

2 Hellahraun - - -

3 FM115 0.000 0.000 0.000

4 2313 - - -

5 0s5595 -30.553 -30.589 -30.647

6 5506 -14.658 -14.770 -14.774

7 0ss5597 -13.166 -13.206 -13.168

8 5599 -0.163 -0.141 -

9 5599a -0.176 - -0.136
10 oss600 -0.466  -0.457  -0.455
11 5672 - -51.913 -51.969
12 0s5684 -45.762 - -
13 0S5685 - - -
14 oss688 -13.582 -13.702 -13.624
15 0S5697 - - -
16 0S5698 - -0.103 -
17 0S5699 0.144 0.152 -
18 055843 - - -
19 NE220 - - -
20 NE9301 - - -
21  NEB80051 - - -
22  NE79077 - - -
23 A001 -31.497 -31.501 -31.578
24 A002 -39.662 -39.661 -39.661
25 A003 -38.956 -38.993 -39.005
26 A004 -27.903 -27.929 -27.979
27 A005 -30.902 -30.929 -30.969
28 A008 -34.387 - -
29 A012 -58.152 -58.171 -

a KONGSP - - -
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TABLE C - 7 Micro-gravity data G-403 aquired at Kea1997,2002 and 2003.

Station 1997 2002 2003
1 Hotel - 15436 15.412
2  Hellahraun 13.331 13.311 13.279
3 FM115 0.000 0.000 0.000
4 2313 -0.013 -0.004 -0.021
5 0ss5595 -30.612 -30.667 -30.688
6 5506 -14.618 -14.740 -14.757
7 0ss5597  -13.080 -13.222 -13.239
8 5599 -0.181 -0.179 -0.241
9 5509a -0.208 -0.186 -0.228
10 0S5600 - -0.479 -0.507
11 5672 -51.924 -52.051 -52.137
12 0S5684 - -45.946 -45.932
13 0S5685 - -48.230 -48.266
14 oss688 -13.567 -13.669 -13.662
15 0S5697 - -0.378 -0.385
16 0S5698 - - -0.127
17 0S5699 - 0.152 0.150
18 0S5843 - -15.402 -15.435
19 NE220 - -1.377 -1.398
20 NE9301 -13.019 -13.027 -13.061
21  NEB80051 - 35776 -35.790
22  NE79077 - -34.424 -34.445
23 A001 -31.632 -31.580 -31.669
24 A002 -39.724 -39.750 -39.794
25 A003 -39.013 -39.053 -39.121
26 A004 -27.984 -28.013 -28.056
27 Ao0s5 -30.905 -31.030 -31.088
28 A008 - -34510 34.628
29 A012 - -58.327 -58.373
a KONGSP - - 15.925
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Geodetic data

To calculate the total vertical deformation in Hrafla area, several steps have been taken.

I) The average yearly deflation at Krafla is estirddig the various authors using several geodetihoast (Table C-8). The resulting decay curve is

displayed in Figure 4-3. The curve follows the a&ipn: deformation = 2E + 198&%Ye

TABLE C - 8 Average yearly deflation at Krafla.

sub./yr
from to average yr [cm] references
1989 1992 1990.5 5.0 Tryggvason, 1994
1989 1995 1992.0 3.5 Bjornsson & Eysteinsson, 1998
1992 1995 19935 2.4 Sigmundsson et al., 1997
1992 1998 1995.0 2.3 Henriot et al., 2001*
1993 1999 1996.0 1.1 INSAR 11677_22408
1995 1998 1996.5 15 INSAR 01867_17899
1996 1998 1997.0 1.2 INSAR 6877_17899
1995 2000 1997.5 0.9 Agustsson, 2001**
1996 1999 1997.5 1.1 INSAR 6376 22408

* Number reported in paper is ground to satellisphcement, 23° from vertical of 2.1 cm.

** The vertical displacement from station KONGSPthte area of maximum deformation between 1995 &8 2
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1) Levelling data from Agustsson (2001) and Bjornsand Eysteinsson (1998) form the basis of the tatiom. Levelling station names marked in
bold indicate that the levelling station used i8 fame as the gravity station.Otherwise, the dgsessible levelling station has been used. Tha dat

show there has been deflation in the centre ohtha, no deformation to the S and inflation toNh&nd far E.

TABLE C - 9 Levelling data for Krafla acquired 1989, 1995 and 2000.

Bjornsson & ) )

Eysteinsson Agustsson Agustsson WRTFM115 [m] [m]
Gravity  Levelling 1995- 1989-
name name 1989 1995 2000 1989 1995 2000 [ 2000 1995
FM115 FM115 359.4317 359.4317 359.4317 0.0000 0.0000 0.0000 | 0.0000 0.0000
KONGSP  LM1420 279.4577 279.4816 279.4960 -79.9740  -79.9501 -79.9357 | 0.0144 0.0239
A004 LV956104 533.13338 533.1059 -359.4317  173.70168 173.6742 | -0.0275
A008 LV956106 612.3992 612.4275 -359.4317  252.9675 252.9958 | 0.0283
A012 LV956107 648.6332 648.6679 -350.4317  289.2015 289.2362 | 0.0347
NE9301  NE9301 451.2651 451.2537 -359.4317 91.8334 91.822 | -0.0114
5843 NE9301 451.2651 451.2537 -359.4317 91.8334 91.822 | -0.0114
0S5595  0S5595 551.7777 551.6760 192.346  192.2443 -359.4317 | -0.0190 -0.1017
0S5596  0S5596 469.6477 469.5292 469.4882 110.216  110.0975 110.0565 | -0.0410 -0.1185
0S5597  0S5597 458.0207 457.9363 457.9139 98.5890 98.5046 98.4822 | -0.0224 -0.0844
0S5598  0S5598 443.7797 443.7381 443.7276 84.3480 84.3064 84.2959 | -0.0105 -0.0416
0S5599  0S5599 394.6597 394.6421 394.6394 35.2280 35.2104 35.2077 | -0.0027 -0.0176
0S5599a  0S5599 394.7877 394.7704 394.7674 35.3560 35.3387 35.3357 | -0.0030 -0.0173
0S5600  0S5600 389.6017 389.5989 389.6027 30.1700 30.1672 30.171 | 0.0038 -0.0028
A005 0S5670 547.6157 547.5421 547.5310 188.1840  188.1104 188.0993 | -0.0111 -0.0736
0S5672  0S5672 659.6237 659.6416 659.6782 300.1920  300.2099 300.2465 | 0.0366 0.0179
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Gravity Levelling | Bjornsson &
name name Eysteinsson Agustsson  Agustsson WRTFM115 [m] [m]
1995- 1989-
1989 1995 2000 1989 1995 2000 [ 2000 1995
A005 0S5681 535.0947 534.9749 534.9458 175.6630  175.5432 175.5141 | -0.0291 -0.1198
0S5684  0S5684 610.5287 610.4574 610.4571 251.0970  251.0257 251.0254 | -0.0003 -0.0713
5688 0S-KB11 490.8207 490.7004 490.6701 131.3890  131.2687 131.2384 | -0.0303 -0.1203
A003 0S-KV2 530.2857 530.1334 530.1057 170.8540  170.7017 170.674 | -0.0277 -0.1523
A001 0OS-KV8 526.4657 526.3569 526.3502 167.0340  166.9252 166.9185 | -0.0067 -0.1088
A002 0OS-KV12 541.0797 540.9467 540.9221 181.6480  181.5150 181.4904 | -0.0246 -0.1330
0S5685  0S5685 626.8277 626.7540 626.7612 267.3960  267.3223 267.3295 | 0.0072 -0.0737
0S5697  0S5697 381.0027 381.0026 381.0069 21.5710 21.5709 21.5752 | 0.0043 -0.0001
0S5698  0S5698 372.4247 372.4273 372.4303 12.9930 12.9956 12.9986 | 0.0030 0.0026
0S5699  0S5699 361.2897 361.2908 361.2938 1.8580 1.8591 1.8621 | 0.0030 0.0011
850051  OS7162 445.9074 445.9087 -359.4317 86.4757 86.477 | 0.0013

lIl) Following the decay equation, the maximum deforoma¢xpected in the Krafla area from 1995 to 2300 i

TABLE C - 10 Maximum deformation expected in theafa area 1995-2000.

Calculated max

year deflation [cm]
1995 -1.70
1996 -1.36
1997 -1.09
1998 -0.86
1999 -0.69
Total -5.69
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IV) At each station only a percentage of this maximwith be reached, assuming there is only one ceotréeformation and deformation is

decreasing with distance from this centre.

APPENDIX C

TABLE C - 11 Percentage of maximum deformation Whigll be reached at each station.

Gravity Levelling percentage
name name [m] from max

FM115 FM115 0.0000 0.0000
KONGSP LM1420 0.0144 -0.2530
A004 LV956104 -0.0275 0.4829
A008 LV956106 0.0283 -0.4973
A012 LV956107 0.0347 -0.6098
NE9301 NE9301 -0.0114 0.2003
5843 NE9301 -0.0114 0.2003
055595 0S5595 -0.0190 0.3339
0S5596 0S5596 -0.0410 0.7205
0S5597 0S5597 -0.0224 0.3936
055598 0S5598 -0.0105 0.1845
0S5599 0S5599 -0.0027 0.0474
0S5599a 0S5599 -0.0030 0.0527
0S5600 0S5600 0.0038 -0.0668
A005 0S5670 -0.0111 0.1951
0S5672 0S5672 0.0366 -0.6432
A005 0S5681 -0.0291 0.5114
0S5684 0S5684 -0.0003 0.0053
0S5685 0S5685 0.0072 -0.1265
055697 0S5697 0.0043 -0.0756
0S5698 055698 0.0030 -0.0527
0S5699 0S5699 0.0030 -0.0527
850051 0S7162 0.0013 -0.0228
5688 0S-KB8 -0.0324 0.5694
5688 0S-KB11 -0.0303 0.5325
A003 0S-KV2 -0.0277 0.4868
A001 0S-KV8 -0.0067 0.1177
A002 0S-KV12 -0.0246 0.4323
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V) Following the decay equation, the maximum deforoma¢xpected in the Krafla area from 1990 to 1995 i

TABLE C - 12 Maximum deformation expected from 196Q.995.

Calculated max

year deflation [cm]
1990 -5.27
1991 -4.21
1992 -3.35
1993 -2.67
1994 -2.13
Total -17.64

TABLE C - 13 Maximum deformation expected from 2G6@003.

Calculated max

year deflation [cm]
2000 -0.55
2001 -0.44
2002 -0.35
total -1.34
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VI) The maximum deformation is multiplied with the gemtages to estimate the deformation in thesepigneds at the different stations:

TABLE C - 14 Estimated deformation at the differstations (taking into account the percentage eftaximum).

Gravity name Levelling name percentage 1990-95 2000-03

FM115 FM115 0.0000 0.0000 0.0000
Kongsp LM1420 -0.2530 0.0446 0.0034
A004 LV956104 0.4829 -0.0852 -0.0064
A008 LV956106 -0.4973 0.0877 0.0066
A012 LV956107 -0.6098 0.1076 0.0081
NE9301 NE9301 0.2003 -0.0353 -0.0027
5843 NE9301 0.2003 -0.0353 -0.0027
0S5595 0S5595 0.3339 -0.0589 -0.0045
0S5596 0S5596 0.7205 -0.1271 -0.0096
085597 085597 0.3936 -0.0694 -0.0053
0S5598 0S5598 0.1845 -0.0326 -0.0025
0S5599 0S5599 0.0474 -0.0084 -0.0006
0S5599a 0S5599 0.0527 -0.0093 -0.0007
0S5600 0S5600 -0.0668 0.0118 0.0009
A005 0S5670 0.1951 -0.0344 -0.0026
0S5672 0S5672 -0.6432 0.1135 0.0086
A005 0S5681 0.5114 -0.0902 -0.0068
0S5684 0S5684 0.0053 -0.0009 -0.0001
0S5685 0S5685 -0.1265 0.0223 0.0017
085697 085697 -0.0756 0.0133 0.0010
0S5698 0S5698 -0.0527 0.0093 0.0007
0S5699 0S5699 -0.0527 0.0093 0.0007
850051 0S7162 -0.0228 0.0040 0.0003
5688 0OS-KB8 0.5694 -0.1004 -0.0076
5688 0S-KB11 0.5325 -0.0939 -0.0071
A003 0S-KVv2 0.4868 -0.0859 -0.0065
A001 0OS-KVv8 0.1177 -0.0208 -0.0016
A002 0S-KV12 0.4323 -0.0763 -0.0058
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VIl) Following the decay equation, the maximum deforomagxpected in the Krafla area from 1989 to 1395 i

TABLE C - 15 Maximum deformation expected at Krffdam 1989 to 1995.

Calculated max Percentage of
year deflation [m] total
1989 -0.0661 27.2655
1990 -0.0527 21.7437
1991 -0.0421 17.3401
1992 -0.0335 13.8284
1993 -0.0268 11.0278
1994 -0.0213 8.7945

Total -0.2426 100.0000
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The deformation in 1989 is estimated and subtrafcted the 1989-1995 value (1) to get the 1990-198kue:

TABLE C - 16 Estimated deformation from 1990 to %99

Gravity Levelling Bjornsson

name name 1989-1995[m] 1989 1990-1995
FM115 FM115 0.0000 0.0000 0.0000
Kongsp  LM1420 0.0239 0.0065 0.0174
A004 LV956104

A008 LV956106

A012 LV956107

NE9301  NE9301

5843 NE9301

0S5595  0S5595 -0.1017  -0.0277 -0.0740
0S5596  0S5596 -0.1185  -0.0323 -0.0862
0S5597  0S5597 -0.0844  -0.0230 -0.0614
0S5598  0S5598 -0.0416  -0.0113 -0.0303
0S5599  0S5599 -0.0176  -0.0048 -0.0128
0S5599a  0S5599 -0.0173  -0.0047 -0.0126
0S5600  0S5600 -0.0028  -0.0008 -0.0020
A005 0S5670 -0.0736  -0.0201 -0.0535
0S5672  0S5672 0.0179 0.0049 0.0130
A005 0S5681 -0.1198  -0.0327 -0.0871
0S5684  0S5684 -0.0713  -0.0194 -0.0519
0S5685  0S5685 -0.0737  -0.0201 -0.0536
0S5697  0S5697 -0.0001 0.0000 -0.0001
0S5698  0S5698 0.0026 0.0007 0.0019
0S5699  0S5699 0.0011 0.0003 0.0008
850051  0OS7162

5688 0S-KB8 -0.1029  -0.0281 -0.0748
5688 0S-KB11 -0.1203  -0.0328 -0.0875
A003 0S-KV2 -0.1523  -0.0415 -0.1108
A001 0S-KV8 -0.1088  -0.0297 -0.0791
A002 0S-KV12 -0.1330  -0.0363 -0.0967

APPENDIX C
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VIII) Now the total deformation is calculated from 199@003 and for the two periods, 1990 to 1995 @610 2003, see Table 4-1.

TABLE C - 17 Estimated total deformation at Krafilam 1990 to 2003.

Gravity Levelling Estimated Bjornsson Difference Total Agustsson Estimated 1990-2003
name name 1990-95 [m] [m] [cm] 1990-1995 [m] 1995-2000 [m] 2000-03 [m] 1995-2003 [m] [m]
FM115 FM115 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Kongsp LM1420 0.0446 0.0174 2.7261 0.0174 0.0144 -0.0002 0.0142 0.0316
A004 LV956104 -0.0852 -0.0852 -0.0275 0.0011 -0.0263 -0.1115
A008 LV956106 0.0877 0.0877 0.0283 -0.0012 0.0271 0.1149
A012 LV956107 0.1076 0.1076 0.0347 -0.0014 0.0333 0.1408
NE9301 NE9301 -0.0353 -0.0353 -0.0114 0.0005 -0.0109 -0.0463
5843 NE9301 -0.0353 -0.0353 -0.0114 0.0005 -0.0109 -0.0463
0S5595 0S5595 -0.0589 -0.0740 1.5062 -0.0740 -0.0190 -0.0045 -0.0235 -0.0974
0S5596 0S5596 -0.1271 -0.0862 -4.0922 -0.0862 -0.0410 0.0012 -0.0398 -0.1260
0S5597 0S5597 -0.0694 -0.0614 -0.8059 -0.0614 -0.0224 0.0008 -0.0216 -0.0830
0S5598 0S5598 -0.0326 -0.0303 -0.2296 -0.0303 -0.0105 0.0004 -0.0101 -0.0404
0S5599 0S5599 -0.0084 -0.0128 0.4430 -0.0128 -0.0027 0.0002 -0.0025 -0.0153
0S5599a 0S5599 -0.0093 -0.0126 0.3282 -0.0126 -0.0030 0.0002 -0.0028 -0.0154
0S5600 0OS5600 0.0118 -0.0020 1.3818 -0.0020 0.0038 0.0000 0.0038 0.0018
A005 0S5670 -0.0344 -0.0535 1.9119 -0.0535 -0.0111 0.0007 -0.0104 -0.0639
0S5672 0S5672 0.1135 0.0130 10.0452 0.0130 0.0366 -0.0002 0.0364 0.0494
A005 0S5681 -0.0902 -0.0871 -0.3083 -0.0871 -0.0291 0.0012 -0.0279 -0.1151
0S5684 0S5684 -0.0009 -0.0519 5.0930 -0.0519 -0.0003 0.0007 0.0004 -0.0515
0S5685 0S5685 0.0223 -0.0536 7.5927 -0.0536 0.0072 0.0007 0.0079 -0.0457
0S5697 0S5697 0.0133 -0.0001 1.3404 -0.0001 0.0043 0.0000 0.0043 0.0042
0S5698 0S5698 0.0093 0.0019 0.7410 0.0019 0.0030 0.0000 0.0030 0.0049
0S5699 0S5699 0.0093 0.0008 0.8501 0.0008 0.0030 0.0000 0.0030 0.0038
850051 0S7162 0.0040 0.0040 0.0013 -0.0001 0.0012 0.0053
5688 OS-KB8 -0.1004 -0.0748 -2.5606 -0.0748 -0.0324 0.0010 -0.0314 -0.1062
5688 0OS-KB11 -0.0939 -0.0875 -0.6440 -0.0875 -0.0303 0.0012 -0.0291 -0.1166
A003 0OS-KV2 -0.0859 -0.1108 2.4896 -0.1108 -0.0277 0.0015 -0.0262 -0.1370
A001 0OS-KV8 -0.0208 -0.0791 5.8363 -0.0791 -0.0067 0.0011 -0.0056 -0.0848
A002 0S-KV12 -0.0763 -0.0967 2.0469 -0.0967 -0.0246 0.0013 -0.0233 -0.1200
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C.2 Continuous gravity data from Stromboli.

The data collected at Stromboli are too extensivdisplay in graphs (~ 2 samples a second). Therdfe data have been appended in digital
format on CD. The CD has a directory called APPEXNI which is divided into four subdirectories: raata, corrected data, PTh_data and scripts.
The data directories are divided into the threeodsrduring which measurements were made at Strionmbay 2002, October 2002 and July-October
2003. Raw data are those straight from the instrtinmetext format. Corrected data, in MATLAB® formadave been corrected for earth tides and
unrealistic spikes caused by transmission probleave been taken out. Also data disturbed by st@amadsthose from the initial set up period, when
instruments were still settling have been ignoif@dta have been manipulated using scripts writteth Wie MATLAB® software. The scripts are
printed below to explain how they work, but areoaaved on CD. Pressure, Temperature and humiakigyate only available during two days in May

2002 and during the October 2002 survey period.sthipts are:

1] read_all_files.m => To read the raw data filesl anerge them into daily MATLAB® file.
1] clean.m => To clean the merged data files.

1] resample.m => To re-sample the cleaned data.

IV]  daily.m => Changing the files so the run #ofull day.

V] tide.m => Preparation of the tide data fromoadtide.

VI}  tide_corr.m => Correction of gravity data,ing correction factor and earth tides.
VII] merge_monthly.m  => Smoothing and merging lué tlata into monthly files.

VIII] smoothing.m => The smoothing function.

IX] detrend.m => To de-trend the data.

X] total.m => To add all data.
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I] To read the raw data files and merge them intly daatlab files:

% This is a script which reads in the original idata and puts them into 1 file for each day.

% Maurizio Ripepe and Elske de Zeeuw-van Dalfsenijl2004.

% First we close and clear all active programs.
close all
clear all
% We identify the days of each month.
dm=[31 28 31 30 31 30 31 31 30 31 30 31];
ntype=0
% We open the correct directory.
vol="C:\MATLAB6p1\work\Stromboli\microgravity 2008D41_merge'
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We read in all folders:
cd(vol)
D=dir(vol);
s=length (D);
D=struct2cell(D);
% We extract the names of the files:
n=0;
for i=1:4:5*4;
n=n+1,
foldername(n)=D(i);
Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;
end
nlast=length(foldername)+ntype;
for ii=1:nlast
volf=strcat(vol,char(foldername(ii)),"")
cd(char(volf))
D=dir (char(volf));
s=length(D);
D=struct2cell(D);
n=0;
for i=1:4:5*4;
n=n+1,

filename(n)=D(i);
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end

APPENDIX C
Ibyte(n)=D{i+2};
Ibyte(n)=Ibyte(n)/15;

nfile=length(filename)
dt=1/1.85;

% We open the files:

for

i=1:nfile,

file=char(filename(i))

fid=fopen((file),'rt");
dati=fread(fid);

fclose (fid)

% and address variables we need later:

for

k=1:q

j=find(dati==44);
dati(j(1:length(j)))=46;

nc=find(dati==13);
tsec=dati(1:nc(1));

mgal=dati(nc(1)+1:nc(2));

% separate the gravity values

clear |
j=find(mgal==9);
=
I=[1 j+1];
g=length(l);
j(@)=length(mgal);
mgal=mgal’;
mk(k)=str2num(char(mgal(l(k):j(k))));

end
if i==1

mg=mk;
else

mg=[mg mKk];
end

% separate the time values
clearj |

j=find(tsec==9);

=
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I=[1 j+1];
w=length(l);
j(w)=length(tsec);
tsec=tsec’,
tsA=str2num(char(tsec(1(1):j(1))));
tsZ=str2num(char(tsec(l(w):j(w))));
i0=findstr(file,' ");
i1=findstr(file,-";
i2=findstr(file,.");
dd =file(5:i1(1)-1);
mm =file(i1(1)+1:i1(2)-1);

day =str2num(file(5:i1(1)-1));

month =str2num(file(i1(1)+1:i1(2)-1));

hour =str2num(file(i0(2)+1:i2(1)-1));

min =str2num(file(i2(1)+1:i2(2)-1));

sec=str2znum(file(i2(2)+1:length(file)));
T=tsZ-tsA,
dtO=dt;
dt=T/(g-1);

if dt<0
dt=dt0;
end
dt
tg=tsA+dt*(0:g-1);
tsec=(sum(dm(1:month-1)))*24*3600;
tsec=tsec+(day)*24*3600;
ts=tsec+tg;
ts=ts./86400;
if i==1
tt=ts;
else
tt=[tt ts];

end

clear ts tsec tg dati mgal j i0 i1 i2

end
tzero=datenum(2003,1,0);
tt=tzero+tt;
d=datestr(tt(1),1);

% We plot the data:
figure(1), plot(tt,mg)
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datetick('x',15)
title(d)
zoom on
drawnow
% We save the data in the correct directory
volm="C:\MATLABG6p1\work\Stromboli\microgravity 2008D41_merge’;
cd(volm);
fln=strcat('D41_',d)
save(fn, 'tt', 'mg’)
clear tt mg filename
end

return
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[l] To clean the merged data files:

% This is a script which can be used to clean ftatanrealistic spikes.
% It is based on a script written by Emanuelle Matt and adapted by Elske de zeeuw-van Dalfsen.

% The program is interactive and asks you whatwant to do, do not forget to save data after threyeh
been cleaned!

% First we close and clear all active programs.
close all
clear all
% We open the correct directory
vol="C:\MATLAB6p1\work\Stromboli\microgravity 2008harlotte\august'
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
cd(vol)
% We extract the files in the directory
D=dir(vol);
D=struct2cell(D);
D(;,1:2)=[]
s=length (D);
n=0;
for i=1:4:s*4;
n=n+1,
foldername(n)=D(i);
Ibyte(n)=D{i+2};
Ibyte(n)=Ibyte(n)/15;
end
filename=foldername;
nfile=length(filename)
% We load the files in the directory
for i=1:nfile
file=char(filename(i))
load(file)
% We plot the gravity data, but without the time:
figure(1)
plot (mg)
grid
zoom on

r=input('(c)lear, (n)ext, (e)xit,s(a)ve','s");
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% When r does not equal n:
while r~="n'
% When r = e exit
if r=="¢’
return
end
% When r=a save
if r=="a,
save (file,'tt",'mg")
end
% When r=c, start ginput for correction
if r=="c'
[nn aa]=ginput(2);
nl=nn(1);
n2=nn(2);
n=length(tt);
tt2=[tt(1:n1) tt(n2:n)];
mg2=[mg(1:n1) mg(n2:n)];
clear tt mg
tt=tt2;
mg=mg2;
figure(1)
plot (mg)
grid
zoom on
end
r=input('(c)lear, (n)ext, (e)xit,s(a)ve','s";
end
end
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[ll] Re-sampling of the cleaned data:

% This program resamples the data so there islgxaet data point per second in each file.
% This is done to simplify the tide correction.

% However, the disadvantage is that this programdiuces spikes which might need to be corrected fo
using an adapted version of clean.

% Elske de Zeeuw-van Dalfsen April 2003.
% First we close and clear all active programs.
close all
clear all
% We identify the days of each month.
dm=[31 28 31 30 31 30 31 31 30 31 30 31];
ntype=0
% We open the correct directory.
vol="C:\MATLAB6p1\work\Stromboli\microgravity 2008harlotte\august'
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We read in all folders:
cd(vol)
D=dir(vol);
s=length (D);
D=struct2cell(D);
D(:,1:2)=[]
s=length (D);
% We extract the names of the files:
n=0;
for i=1:4:5*4;
n=n+1,
foldername(n)=D(i);
Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;
end
filename=foldername;
nfile=length(filename)
% We open the files:
for i=1:nfile,
i
file=char(filename(i))
load(file)
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% We change the time axis to seconds:
t1=tt-datenum(2003,1,0);
minl=min(tl)
dec=rem(minl,1);
min2=minl-dec
t2=t1-min2;
t3=t2*86400;
% We devide the data into second spacing:
min3=min(t3);
max=max(t3);
xx=min3:1:max;
[t4 int]=unique(t3);
mg2=mg(int);
yy=spline(t4,mg2,xx);
% We view the results and save the data in theecbdirectory
volm="C:\MATLABG6p1\work\Stromboli\microgravity 2008D41_merge\august\resampled’;
cd(volm);
d=datestr(tt(1),1);
fln=strcat('D41_',d);
rtt=xx;
rmg=yy;
save(fln, 'rtt', 'rmg’)
plot (rtt,rmg)

end
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V] Changing the files so the run for a full day.

% This program is designed to make sure each fil@lgtarts at 00:00:00 and ends at 23:59:59.
% This way tide correction is simplified.
% Check to make sure the results of this procedomnéains 86399 lines.
% Elske de Zeeuw-van Dalfsen april2004.
% First we close and clear all active programs.
close all
clear all
% We identify the days of each month. dm=[31 286131 30 31 31 30 31 30 31];
ntype=0
% We open the correct directory.
vol="C:\MATLAB6p1\work\Stromboli\microgravity 2008D41_merge\July\resampled’
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We read in all folders:
cd(vol)
D=dir(vol);
D=struct2cell(D);
D(:,1:2)=[]
s=length (D);
% We extract the names of the files:
n=0;
for i=1:4:5*4,
n=n+1,
foldername(n)=D(i);
Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;
end
filename=foldername;
nfile=length(filename)
% We load the data:
for i=1:nfile,
i
file=char(filename(i))
load(file);

% change the time so it is a complete day, chetk plbts, to make sure there are no odd jumpsen th
data. Save the data
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figure,plot(rtt,rmg)
i1=find(rtt<=86400);
rtt2=rtt(i1);
rmg2=rmg(il);
figure,plot(rtt2,rmg2)
save(strcat(‘rttday’,strvcat(D(1,i))),'rtt2','reg
i2=find(rtt>86400);
rttnext=rtt(i2)-86400;
rttnext(1)=0;
rmgnext=rmg(i2);
save(strcat(‘rttnext’,strvcat(D(1,i))), rttneéxtignext’)
if i==1
tday=rtt2;
mday=rmg2;
volm='"C:\MATLABG6p1\work\Stromboli\microgravitg003\#D41 merge\July\Day";
cd(volm);
save(strvcat(D(1,i)), 'tday', ‘'mday’)
figure,plot(tday,mday)
cd(vol)
else
i=i-1;
file2=strcat('rttnext',strvcat(D(1,i)))
load(strcat('rttnext’,strvcat(D(1,1))));
tday=[rttnext rtt2];
mday=[rmgnext rmg2];
volm='C:\MATLABG6p1\work\Stromboli\microgravitg003\#D41 merge\July\Day";
cd(volm);
i=i+1;
file3=strvcat(D(1,i))
save(strvcat(D(1,i)), 'tday’, 'mday")
figure,plot(tday,mday)
cd(vol)

end
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V] Preparation of the tide data from quicktide:

% This program prepares the tide files calculatediicktide to be used for correction of gravityala
MATLAB.

% It needs input from quicktide, files exportedtexfile, 1 second spacing, lat & long 38.79 N 1521
(for Stromboli)!!

% Also remove the first 'text’ line as it interfensith the processing.
% Elske de Zeeuw-van Dalfsen, april 2004.
% First we close and clear all active programs.
close all
clear all
% We identify the days of each month.
dm=[31 28 31 30 31 30 31 31 30 31 30 31];
ntype=0
% We open the correct directory.
vol="C:\MATLABG6p1\work\Stromboli\microgravity 2008de\august'
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We read in all folders:
cd(vol)
D=dir(vol);
s=length (D);
D=struct2cell(D);
D(:;,1:2)=[]
s=length (D);
% We extract the names of the files:
n=0;
for i=1:4:5*4;
n=n+1,
foldername(n)=D(i);
Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;
end
filename=foldername;
nfile=length(filename)
% We load the file and extract the tide data, weegate time data.
for i=1:nfile,
i

file=char(filename(i))
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Q=load(file);
d=datestr(file,7)
time=[0:1:86399];
time=time";
tide=Q(:,4);
tide=tide/1000;

% We plot the data to ensure they are correct:
figure, plot(time,tide)

% We save the data in the correct directory:
volm="C:\MATLABG6p1\work\Stromboli\microgravity AiB\tides\august’;
cd(volm);
fln=strcat('tide',d,'aug");
save(fln, 'time’, 'tide")
cd(vol)

end
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VI] Correction of gravity data, using correction facdad earth tides:

%This is a program to correct the cleaned resanghédgl gravity data with a factor between 1.9 amfdl 2
and correct for tides

% Elske de Zeeuw-van Dalfsen,april 2004.
% First we close and clear all active programs.
close all
clear all
% We identify the days of each month.
dm=[31 28 31 30 31 30 31 31 30 31 30 31];
ntype=0
% We open the folder with the data and the foldi¢hn e tide files
vol="H:\Stromboli\microgravity 2003\#D41_merge\oots\day'
vol2="H:\Stromboli\microgravity 2003\tides\october’
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We Find all the file names in the data folder
cd(vol)
D=dir(vol);
s=length (D);
D=struct2cell(D);
D(:;,1:2)=[]
s=length (D);
% We find all the files in the tide folder
cd(vol2)
D2=dir(vol2);
s=length (D2);
D2=struct2cell(D2);
D2(:,1:2)=[]
s=length (D2);
% We read in all folders:
n=0;
for i=1:4:5*4,

n=n+1,

foldername(n)=D(i);

foldername2(n)=D2(i);

Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;

end
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filename=foldername;
filename2=foldername2;
nfile=length(filename)
% We open all the files
for i=1:nfile,
i
file=char(filename(i))
cd(vol)
load(file);
cd(vol2)
file2=char(filename2(i))
load(file2);
% We change row to column
mday=mday’;
tday=tday’;
% We calculate the gravity using the correctiactdr.
mdaycl 9=mday/1.9;
mdayc2_0=mday/2;
mdayc2_1=mday/2.1;
mdayc2_2=mday/2.2;
mdayc2_3=mday/2.3;
mdayc2_4=mday/2.4;
mdayc2_5=mday/2.5;
% We calculate the corrected gravity
[i3 int]=unique(tday);
if min(i3)==0
i3=i3+1;
end
time2=time(i3);
tide2=tide(i3);
gravc=mday-tide2;
gravcl_9=mdaycl_9-tide2;
gravc2_0=mdayc2_0-tide2;
gravc2_l=mdayc2_1-tide2;
gravc2_2=mdayc2_2-tide2;
gravc2_3=mdayc2_3-tide2;
gravc2_4=mdayc2_4-tide2;
gravc2_5=mdayc2_5-tide2;
% We plot the results
figure,subplot (5,1,1),plot(time2,tide2)
subplot(5,1,2),plot(tday,mday)
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subplot(5,1,3),plot(tday,gravc)
subplot(5,1,4),plot(tday,gravc2_0)
subplot(5,1,5),plot(tday,gravc2_5)
tday2 3=tday;
% We save the data
volm="H:\Stromboli\microgravity 2003\#D41_mergetober\Corrected’;
cd(volm);

save(strvcat(D(1,i)), 'tday’, 'tday2_3', ‘gravgtavcl_9', ‘gravc2_0', 'gravc2_1', 'gravc2_2avg2_3',
‘gravc2_4', 'gravc2_5")

end
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VII] Smoothing and merging of the data into monthlgsfil

% This script merges all the daily data of the samath.
% It also calls for the script smooth, written byadfizio Ripepe.
% Elske de Zeeuw-van Dalfsen
% First we close and clear all active programs.
close all
clear all
% We identify the days of each month.
dm=[31 28 31 30 31 30 31 31 30 31 30 31];
ntype=0
% We open the correct directory.
vol="H:\Stromboli\microgravity 2003\#D41_ merge\dotr\Corrected'
vol2="H:\Stromboli\microgravity 2003\#D41_merge\olser\original’
mat=matlabroot;
ind=findstr(mat,"");
root=mat(1:ind(1));
% We read in all folders:
cd(vol)
s=length (D);
D=D(3:s);
s=length (D);
D=struct2cell(D);
cd(vol2)
D2=dir(vol2);
s2=length (D2);
D2=D2(3:52);
s2=length (D2);
D2=struct2cell(D2);
% We extract the names of the files:
n=0;
for i=1:4:5*4,;

n=n+1,

foldername(n)=D(i);

foldername2(n)=D(i);

Ibyte(n)=D{i+2};
Ibyte(n)=lbyte(n)/15;

end
filename=foldername;

filename2=foldername2;
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nfile=length(filename)

% We open the files:

for i=1:nfile,
i
file=char(filename(i))
cd(vol)

load(file)

cd(vol2)

file2=char(filename2(i))

load(file2)

gravc2_3=gravc2_3'

tday2_3=tday2_3

t=tday2_3/86400;

d=datestr(tt(1),1);

t2=datenum(d);

tday2=t+t2;

% Smoothing the data:
gravcor=smooth(gravc2_3,3000);
tk=tday2(1:3000:length(tday?2));
mk=gravcor(1:3000:length(gravcor));

if i==1
tsec=tk;
mgal=mk;
else
mgal=[mgal mk];
tsec=[tsec tk];
end
end
% Plot the data:
figure, plot(tsec,mgal)
datetick('x',1)
zoom on
drawnow
% Save the data
volm="H:\Stromboli\microgravity 2003\#D41_merge\oioer'
cd(volm)
save october_all tsec mgal

return
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VIIl] The smoothing function:

function y=smooth(x,w)

% y=smooth(x,w) this function smoothes the funciimer the window w
% Maurizio Ripepe, April 2004
wh=round(w/2);

w=wh*2;

n=length(x);

Xm=cumsum(x);

xw(1:wh) =xm(wh+1:w)-xm(1);
xw(wh+1:n-wh)=xm(w+1:n)-xm(1:n-w);
xw(n-wh+1:n) =xm(n)-xm(n-w+1:n-wh);
wi(1:wh)=wh+(0:wh-1);
wl(wh+1:n-wh)=w;

wl(n-wh+1:n) =w-(1:wh);

y=xw./wl;

return
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IX] To detrend the data:

% This program is to detrend the data e.g. to cofog instrumental drift.
% However,l am not sure how usefull this is.
% Elske de Zeeuw van Dalfsen, april 2004
% Close and clear all running programs.
clear all

close all

% Open the data and load them
vol="C:\MATLAB6p1\work\Stromboli\microgravity 2008D41_merge\July'
cd(vol)

D=dir(vol);

load july.mat

% Plot the original data

figure,

plot (tsec,mgal);

datetick('x',1);

% detrend the data

mgal2=detrend(mgal);

% Plot the detrended data

figure(2),

plot (tsec,mgal2);

datetick('x',1);
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X] To add all data

% This script adds all data together. Elske de @eean Dalfsen, april 2004
% Close and clear all running programs.

close all

clear all

% Open all the needed folders
vol1l="H:\Stromboli\microgravity 2003\#D41_merge\jul
vol2="H:\Stromboli\microgravity 2003\#D41_merge\asy
vol3="H:\Stromboli\microgravity 2003\#D41_merge\tapber’
vol4="H:\Stromboli\microgravity 2003\#D41_merge\Oloer'
% Load all the data.

cd(voll)

load july_all

julytime=tsec;

julygrav=mgal;

cd(vol2)

load august_all

augtime=tsec;

auggrav=mgal;

cd(vol3)

load september_all

septime=tsec;

sepgrav=mgal;

cd(vol4)

load october_all

octtime=tsec;

octgrav=mgal,

% Add all the data together.

totaltime=[julytime augtime septime octtime];
totalgrav=[julygrav auggrav sepgrav octgravy];
totalgrav2=detrend(totalgrav)

% Plot the data

plot(totaltime,totalgrav)

datetick('x',1);

figure,plot(totaltime,totalgrav2)

datetick('x',1);

% Save the data

save total totaltime totalgrav totalgrav2
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APPENDIX D: INSAR Methodology

D.1 What is INSAR?

INSAR stands for Interferometric Synthetic ApertlRadar. It is a remote
sensing technique that uses radar satellite imacmgpsired by satellites such as ERS1,
ERS2 and Radarsat. The technique can be used tatomgnound deformation
(Massonnet and Feigl, 1998) and has been appli¢disnthesis to analyse volcanic
deformation (de Zeeuw-van Dalfsen et al., 2004&g @dvantages of this technique
above conventional geodetic monitoring techniquestlaat it provides overview, the
data have good spatial density, risk to field woskis eliminated and it is possible to

analyse data with hindsight and it is possiblertalgse data acquired at night.

D.2 How does InNSAR work?

A pulse of radar energy is emitted from a satelldeattered by the Earth’s
surface and recorded back at the satellite. Beddgseatural resolution of a radar in
orbit is very poor, complex computer processingntbgsizes’ a larger antenna,
leading to a better resolution. This is called SARging (Synthetic Aperture Radar).
The radar energy received by the satellite consiktsvo types of information, the
amplitude and the phase of the signal. The amg@itiepends on the terrain’s capacity
to send the incident signal back towards the ratlae. phase of the radar image is
used as a measure of the distance from groundtédlitea The difference between
two radar images acquired at different times frév® $ame point in space relates to

the movement of the ground surface in that peridetause images are hardly ever
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taken from the same point in space geometric cohorec are applied to account for
the difference. The baseline is the distance betlee two satellite positions and can
be divided into ‘normal’ and ‘parallel’ baselinéghe shorter the normal baseline the
higher the chances are for good correlation. Thverse of the normal baseline is

called the altitude of ambiguity.

D.3 Limits of INSAR

To achieve reasonable coherence in an interferognambserved surface has
to be relatively stable. Lakes and agriculturalaarare examples of unstable areas.
The difference in orbits of the two images shoutdldss than one kilometre for ERS
satellites (Massonnet and Feigl, 1998). Ground mm&rés should not cause too great
a physical compression or extension of the groemdeeding half a wavelength per
pixel. Interferograms are ambiguous; they meashee hovement of the ground
towards satellite by modulus half the wavelengtpati&l continuity is necessary to

allow for counting of fringes starting at a refererpoint.

D.4 The DIAPASON software

DIAPASON stands for Differential Interferometric fwmated Process
Applied to Survey of Nature. The software develofgdCNES (Centre National
d’Etudes Spatial, Toulouse, France) consists atadled descriptor files and runs in
WINDOWS under a UNIX emulator (CYGWIN). There alede steps to run, called
pre-processing, PRISME and DIAPASON. The name efsitript used for execution

of each step is mentioned in brackets.
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D.4.1 Pre-processing:

*

Information extraction and concatenatioimformation is extracted from

the header of the raw data file. If necessary, data files are added
together to form one concatenated file (.c5b). & format is described
in the PAF_<product_origin>.form (EXTRACT_CONCATGB)

Compression rate, incidence angle and pixel simepreparation for the

PRISME software, the compression rate in azimuthhatnear and far
range and the incidence angles and pixel sizes aaleulated.
(TAUXGB.sh)

Doppler in azimuthin preparation for the PRISME software, the averag

doppler in azimuth is estimated from an extracth&f concatenated raw

data image. (DOPPLERGB.sh)

D.4.2 PRISME processing:

*

PRISME: Software which enables transformation of RAW dai® a
complex focussed image with improved resolutionRIGMEGB.sh)
PRISME generates two images, one of the integept®aotype (.ci2) and

one of the multilook type (mv_52.byt, see D - 1)

D.4.3 DIAPASON processing:

*

Data installation (descriptor files)Several files should be available for

the DIAPASON software to run correctly. The senslascriptor file
contains information on the angle of viewing, tharier frequency, the
echo distance sampling frequency and the pulsetitiepe frequency
(sar_ERS1.dat). Each orbit is described by an ditbjtcontaining a list of
the radar's successive positions and velocities indgurimaging

(<orbit#>.orb). The radar images are encoded infQi2at

211



APPENDIX D

D - 1 SAR Image 22408, H is the town of HusavikisLLake Myvatn, K is Krafla mountain, G is
Geesafjoll. The solid line shows the Krafla volcandgline, the dashed line the Krafla caldera and the
dotted line the Krafla fissure swarm. Two of the%&R images are combined to form one radar
interferogram. The same outlines and letters velubed throughout the Figures for this APPENDIX.
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D - 2 The digital elevation map (DEM) which was disér topographic corrections of all
interferograms produced for this study. The DEM wasduced by the Icelandic geodetic survey and
has an accuracy of 30 m.
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D - 3 The simulated file of the 11677_22408 intayfgam, used by the DIAPSON process to line up
the master and DEM image so they overlap exactly.
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(<orbit#master.ci2 and orbit#slave.ci2). An imagsatiption file contains
information concerning its geometry: actual dimensj time of start of
acquisition, near range distance, name of orb#, flhame of sensor
description file, the sub-sampling factors and tometrical image
restitution Doppler (rough_geosar<orbit#master>.dat and
rough_geosar<orbit#slave>.dat). Each complex ramaage has its
associated multi-look image encoded on a byte. dit8liElevation Model
(DEM, see D - 2) is used to correct for existingpdgraphy. A DEM
descriptor file defines the name and size of theVDEype of altitude
encoding, scale factor and offset, projection uskd,zero reference for
altitudes and zone extracted (dted_all_3.dat). Giicdata have been set-
up DIAPSON is started (DIAPASON.sh)

Lining up the Master image with the DEMhis is done by creating a

simulated image from the master image (see D e@Jgelating the master
image with the simulation, precise setting of thastar image and finally
verification of the new settings.

Geometrical superimposition of the two radar imagesirelation of the

two radar images, fine modelling of deformationvitn radar images, re-
sampling of slave radar image to make it super-sapte on the master
image and finally verification of the new settings.

Interferometric processingCalculation of viewing point from orbit data

and theoretical phase difference of master anceslaptimizing of pulse
responses by filtering of complex master and simages, creation of raw
complex interferogram, the raw complex interferogrs corrected using

the theoretical phase to create a compensated ermpterferogram,
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production of phase image output (D - 4), coheren@ge output (D - 5)
and amplitude image output (D - 6).

*  Automatic correction of residual orbital fringestimates of the average

gradient of the interferogram for distance and athhmare used to generate

a network to be substracted from the interferogram.

D.4.3.1 Scripts

Scripts are the files which need to be executetserutively to successfully
complete the DIAPASON processing chain. Part twthefdescriptor file might need
changing according to the set-up of the computewhbith the software is running
and depending on the radar images that are usezl.vahiables used here are an

example only.

* EXTRACT_CONCATGB.sh

Utilisation of the script:
Sh extract_concatGB.sh —d1 d:/scenel/dat_01.00X.4f/../FORM/paf_uk.form —c
c:/diapason/T9/2277/22408/22408.c5b

Hubinish

# SCRIPT to read ESA RAW data
# Parameters extraction for PRISME software
# Automatic concatenation of ESA Raw data

# usage of the script

usage()
{

echo "
Usage : $1 Extraction of parameters and concatenati on of ESA RAW DATA
-d1 file_datal -d2 file_data2 ... -dn file_datan
(path and name of the raw data files)
-f paf_file
(name of the file which describe the PAF format
THIS NAME IS CASE SENSITIVE AND MUST BE GIVEN
WITHOUT USE OF ENVIRONMENT VARIABLE like
$DIAPASON_HOME)
Optional parameters :
-c output file
(name of the concatened file)

-pc
(Raw file format on the CDROM : PC, default form at : SUN)

" >&2

exit 1

}

# Function to extract parameters from a file

# $1 : absolute value of the bytes to extract/ 1
# $2 : number of bytes to extract

#$3 : input file

# $4 record a sauter avant lecture

extract_info

216



APPENDIX D

D - 4 Interferometric image produced with image$74 and 22408. The bar on the right shows the
way the colour changes through one cycle of a phisecalled a fringe. One fringe represents 2.835
cm of deformation. Deformation is visible in theafla area and also further south towards Askja. In
the Krafla area the broad fringes move down indbkur cycle counting towards the centre, which
means a decrease in satellite to surface distanggesting inflation. In the Askja area, fringesveo
up in the colour cycle counting towards the centrhich means an increase in satellite to surface
distance, suggesting deflation. These observati@ns confirmed with other geodetic data.
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D - 5 Coherence image for the 11677 _22408 integiemm. The coherence is a measure for the
correlation of the phase information of two cor@sging signals and varies from 0 to 1. It can kedus
as a quality measure because it influences theaxewf phase differences and height measurements.
Bright areas indicate regions of high coherencek deeas represent areas with low coherence. Factor
decreasing the coherence are: local steep slopgstated or moving surfaces, specular reflectkes li
water (Lake Myvatn is black), long time differencbstween images and a large baseline. The
coherence for the displayed interferogram is angdyigood.
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D - 6 Amplitude image of interferogram 11667 224@8. amplitude image shows mountains (K),
rivers, lakes (L), cities (H) and other useful imfmtion. Also note the effect of foreshortening and
shadowing at the sides of mountains and river bekis. effect is caused by the fact that slopesfaci
the radar are compressed into a shorter differenange than they truly represent.
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# On a PC, you have to reverse the bytes from the
if[$CD = SUN ] ; then
skip="expr $1 + $2 - 2 + $4°
i="expr $2 - 1°
val=0
base=1
while [$i-ge 0] ; do
val_byte="dd if=$3 bs=1 skip=$skip count=1 2>/de
val="expr $val + $val_byte \* $hase”
base="expr $hase \* 256"
i="expr $i - 1"
skip="expr $skip - 1

done
echo $val
else
skip="expr $1 + $2 - 2 + $4°
# echo "\n skip =",$skip
i="expr $2 - 1°
val=0
base=1
while [$i-ge 0] ; do
val_byte="dd if=$3 bs=1 skip=$skip count=1 2>/de
val="expr $val + $val_byte \* $hase"
base="expr $base \* 256"
i="expr $i - 1°
skip="expr $skip - 1
# echo $3
# echo $val_byte, $hase, $skip, $val
done
echo $val
fi
}
concatl()

concat >> extract_concat.log << EOF

$i

$fichier_out

$CONCAT_LOG

$PREFIX_PAF_FORM

$cpt ! file number(=1)

$nb_lignes ! output file lines number
$NB_PIXEL ! output file columns number
$SWST ! output file reference SWST
EOF

}
concat2()

concat >> extract_concat.log << EOF

$i

$fichier_out

$CONCAT_LOG

$PREFIX_PAF_FORM

$cpt ! file number(=2 or =3)

$nb_lignes ! output file lines number
$NB_PIXEL ! output file columns number

$COMPTEUR ! start counter of lines
$SWST ! output file reference SWST
EOF

}

# MAIN PROGRAM

PRG="basename $0°
["$#" -eq 0 ] && usage $PRG

# Extraction of script parameters
CONCAT_LOG=extract_concat
nb_fic=0

files=""

# Binary file format ( SUN type or PC type)
CD=SUN

# Flag to run the concatenation (=0 -> YES)
CONC=0

while [ $#-gt 0] ; do
case $1in
-\?) usage $PRG ;;
-d*) files="$files $2"
nb_fic="expr $nb_fic + 1°
shift ;;
-fy PAF_FORM=%$2 ; shift ;;
-c) fichier_out=$2

CONC=1
shift ;;
-pc) CD=PC
shift ;;
*) echo "\n Error : unknown parameter '$1"; u
esac
shift
done

if [ -z "$PAF_FORM" ]; then
echo "\nError : argument -f mandatory !"
usage $PRG

fi

if [1 -f SPAF_FORM ]

APPENDIX D

CDROM produced on a Sun computer.

v/null | od -t ul 2>&1 | head -1 | cut -c 9-11°

vinull | od -t ul 2>&1 | head -1 | cut -c 9-11°

sage $PRG ;;
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then

echo

echo

echo "PAF file unfound : *
echo $PAF_FORM

exit

fi

APPENDIX D

#Reading parameters from the PAF file (paf_XXX.form
#mandatory keywords: "COUNTER","SWST","NPRI","DATA
#'number of columns" and "Number of raw data files"

)
position",

POS_COMPTEUR="grep -i "COUNTER" $PAF_FORM | awk ‘{p
POS_SWST="grep -i "SWST" $PAF_FORM | awk ‘{print $1
POS_NPRI="grep -i "NPRI" $PAF_FORM | awk ‘{print $1
POS_DATA="grep -i "DATA position" $PAF_FORM | awk '
NB_PIXEL="grep -i "number of columns" $PAF_FORM |
NB_BANDE="grep -i "Number of raw data files" $PAF_F
NB_SKIP="grep -i "number of records to skip" $PAF_F
RECORD_SIZE="grep -i "record size" $PAF_FORM | awk

SKIP_SIZE="expr SRECORD_SIZE \* $NB_SKIP®

rint $1}"
5

{print $1}"

awk {print $1}"

ORM | awk ‘{print $1}"
ORM | awk ‘{print $1}"
{print $1}"

echo
echo "EXTRACTION AND CONCATENATION OF ESA RAW DATA"

echo
echo
echo "Initialisation..."

# Test if the files exist
i=0

set $files
first_data_file=$1

for file in $*

do

if [ ! -f $file ]

then
echo "This file does not exist : $file "
echo
exit 1

fi

done

#Extraction from the different records of the requi

red parameters

echo

echo "Number of raw data files: $NB_BANDE "
echo

echo "Number of skipped bytes: $SKIP_SIZE"

echo "Line counter position in bytes: $POS_COMPTEUR
COMPTEUR="extract_info $POS_COMPTEUR 4 $first_data_
echo "Line counter value for the first line: $COMPT

echo

echo "SWST position in bytes: $POS_SWST"
SWST="extract_info $POS_SWST 2 $first_data_file $SK
echo

echo "NPRI position in bytes: $POS_NPRI"
NPRI="extract_info $POS_NPRI 2 $first_data_file $SK
echo "NPRI value: $NPRI"

echo

echo "DATA position in bytes: $POS_DATA"
echo

echo "Number of raw columns: $NB_PIXEL"
echo

data_size=0

foriin $*

do

size="file_size $i’

data_size="expr $data_size + $size’
done

record_length="expr 2 \* $NB_PIXEL + $POS_DATA - 1°

nb_lignes="expr $data_size / $record_length"

echo "Total number of lines : $nb_lignes"

echo

if [ $SNB_BANDE -gt $nb_fic ]

then

echo "WARNING : Incorrect number of files, wrong n
echo

fi

echo "End of parameters extraction"
echo

PREFIX_PAF_FORM="echo $PAF_FORM | sed - -e 's/.form
# PREFIX_PAF_FORM="echo $PREFIX_PAF_FORM | sed - -e

echo $PREFIX_PAF_FORM
echo $PAF_FORM

if [$CONC -eq 1]
then

file $SKIP_SIZE
EUR"

IP_SIZE" echo "SWST value for the first line: $SWST "

IP_SIZE®

umber of lines 111"

nm
's/.form//”
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echo "Start of concatenation"

echo
echo "Please, verify the extract_concat.log and e
cpt=1
foriin $*
do
echo "Concatenation file no : $cpt "
if[$cpt-eq 1]
then
concatl
else
concat2
fi
cpt="expr $cpt + 1
done
echo
echo "End of Concatenation”
echo

fi

APPENDIX D

xtract_concat.log2 files..."

Results of the execution are displayed in extragt.|

Orbit number

Valeur du SWST de la premiere ligne
Valeur du NPRI

Total number of columns in file
NCOLD

PREFIXC

SUFFIXC

Nombre de lignes total

Pays de generation des donnees RAW
Lieu et date de creation des donnees RAW
Identification de la scene

Localisation de la scene

Near range (m)

First pixel (ji-MMM-aaaa hh:mm:ss.ttt)
First pixel seconds of day

Horloge satellite (aaaaMMjjhhmmssttt)
Altitude du satellite (m)

Position X,Y,Z du satellite (m)

* TAUXGB.sh

#1/bin/sh

: 22408
110
12820
15822
: 5616
1200
10
1 28001
: UK
: GENERATE
: ORBIT 22408 DA
: FRAME 2277 LAT
: 836842.33009650

: 44755.8260000
- 19990803

: 7159555

:2.9763012300

H K H

COMPUTATION OF COMPRESSION RATE IN AZIMUTH

# ATTENTION : DO NOT TOUCH PART 1
# ONLY MODIFY PART 2!

# PART ONE

# usage()

echo”
Usage: $1

Edit taux_ers1.sh and fill in manually between the
" >&2

exit 1

}
if [ STARGET_ARCH != pc ] ; then ulimit -c O ;fi

PRG="basename $0°
["$#" -gt 1] && usage $PRG

while [$#-gt0]; do

case $1in
-\?) usage $PRG ;;
-h) usage $PRG ;;
-help) usage $PRG ;;
*) echo "unknown argument '$1"" ;
esac
shift
done

LANGUE=ENGLISH
export LANGUE

D AT UK-PAF 26-AUG-1999 20:35:35.720
TE 3-AUG-1999 12:25:55
165.58 LON: 343.18

0
122604159

00000E+06 -5.341493600000000E+05 6.484706940000000E

two EOF...

exitl;

# PART TWO

# PARAMETERS to assign are between the two EOF...
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echo "Execution of taux..."
taux >> tauxGB.log << EOF

! sampling frequency
822333. ! nearrange
5616 ! number of columns

| satellite altitude

| target latitude

! wavelength

| PRF

! orbit inclinaison

! view side (right=-1, left=1)
-1 ! direction (ascending=1, descending=-1)
EOF

Results of the execution are displayed in taux.log:

Messages in English

+ +
| Computation of SAR compression |
| rate in azimuth |

|
+ +

$Sampling frequency..
$Near range............
$Number of column:
$Satellite altitude.
$Target latitude....

[1896270 0] 18.9624680e6
830000] 836842.33009650
..... [5616] 5616

.[7159555 ] 7159555

..[45] 6 5.8833

$Wavelength..........cccccceeeie 00E-02] 0.0566660

$Pulse Repetition Frequency................ [1679.90 00] 1679.90239363

$Orbit inclination................... 98.7000 000000] 98.5

$Viewing direction (right [-1] - 1

$Orbit direction (Ascend.=1, Descend.=-1)..[-1] - 1
Near Range: Far Range: by pixel:

Range: 836842.33 881228.29 7.90489027

Compression rate : 1319.20 1387.15 0.01210116

Azimuth pixel size: 3.99 4.00

Ground pixel size: 25.11 17.69

Ground incidence: 18.35 26.55

* DOPPLERGB.sh

Normal procedure is to run dopplerGB.sh at two tiat@ns (different lines) and then
take the average as the average for that image&SNRIshould then be run using the

average doppler of both master and slave radarasag

#l/bin/sh

#
# COMPUTATION OF MEAN AZIMUTH DOPPLER
#

LANGUE=ENGLISH
export LANGUE

PARAMETERS TO INPUT ARE BETWEEN THE TWO "EOF"

H HH

echo "Execution of doppler..."
doppler >> dopplerGB.2.log << EOF

f=F:/22408/22408.c5b,n|=28001,nc=5616,type=c5b  !i nput raw data file
extract, column1=1000,nc=1024,line1=1000,nl=1024 ! transformation
EOF

Results of the execution are displayed in dopigr.|

Messages in English

DOPPLER: computation of mean azimuth doppler

+—— +

(1) READING : ? lines, ? columns, type CR4 : CR4 Da ta to analyse
$ File/device......... [None,NL=16,NC=16,type=Cr4]
f=F:/22408/22408.c5b,n|=28001,nc=5616,type=c5b

28001 lines, 5616 columns, type C5b ( 11232 bytes /line)

on direct access file F:/22408/22408.c5b
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$ Transformation sequence.................. [NONE]

extract, column1=3000,nc=1024,line1=3000,nI=1024

Transformation number 1 :

Extraction in azimuth of 1024 lines of C5b from li ne 3000
Transformation number 2 :

Extraction in range of 1024 columns of C5b from co lumn 3000
Transformation number 3 :

Conversion of C5b into Cr4 with a gain of 1.000000 000000000
100/ 1024

200/1024

300/ 1024

400/ 1024

500/ 1024

600 /1024

700 /1024

800 /1024

900 /1024

1000/ 1024

CLOSING image 1

1024 accesses over F:/22408/22408.c5b
Accumulation over points. 1047552 points.

Symbol DOPPLER_AZIMUT = "9.92748961E-02"
Symbol COHERENCE_DOPPLER = "0.308638722"

* PRISMEGB.sh

Prisme is run for both images using the averaggléopf the two images.

#!/bin/sh
=#
# RADAR PROCESSING PROGRAM "PRISME"
#PARAMETERS TO INPUT ARE BETWEEN THE TWO "EOF"
LANGUE=ENGLISH
export LANGUE
echo "Execution of prisme..."
echo "Start"
date
date >> prismeGB.log
prisme.exe >> prismeGB.log << EOF
858.5 !Range compression rate
768 IChirp length
0.05656  !Wavelength
18.96e6 !Sampling frequency
0.098274 Mean Doppler in azimuth
0.0 IMean Doppler in range
1323.79  ICompression rate at first raw column
0.01311757 lincrease of compression rate / pixel
2 IPresumming rate
1 IFirst processed line
1 IFirst processed column
28001 INumber of lines processed
5616 INumber of columns processed
f=C:/DIAPASON/DATA/22408/22408.c5b,nI=28001,nc=5616 ,2type=c5b ! input file (raw data)
none ! transformation
2 ! number of output files
conv,gain=10.,type=r8; aver,range=2,azim=5! first o utput (multilook 5 2)
file=22408_mv52, type=byt
conv,gain=100.,type=ci2 ! second output (slc)
file=22408.ci2
EOF
echo "END"
date

date >> prismeGB.log

Results are displayed in PrismeGB.log:
Tue Jul 1 16:32:31 2003

Messages in English
+

| |
| PRISME: Radar Processing |

s e +

Range compression rate:. 858.5
Chirp length:. 768
Wavelength:. 0.05656
Sampling Frequenc! 18.96e6
Average azimuth Dopp! 0.098274
Average range Doppler: 0.0
Azimuth compression rate at raw data 1323.79
Azimuth compression rate slope: [0] 0.01311757
Presumming ratio:.. 2

First processed line [0] 1

First processed point (column) ...[0] 1
Number of lines processed:. ..[10] 28001
Number of points processed:.. ...[10] 5616
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(1) READING : ? lines, ? columns, type CR4 : Raw da ta
$ File/device......... [None,NL=16,NC=16,type=Cr4]
f=C:/DIAPASON/DATA/22408/22408.c5b,nI=28001,nc=5616 ,type=c5b

28001 lines, 5616 columns, type C5b ( 11232 bytes /line)
on direct access file C:/DIAPASON/DATA/22408/22408 .c5b
$ Transformation sequence.................. [NONE]
none
Transformation number 1 :

Conversion of C5b into Cr4 with a gain of 1.000000 000000000
(2) WRITING : 14000 lines, 5616 columns, type CR4 : Processed radar data
$ Number of files/devices............c........ [1]

2

1 st file/device:

$ Transformation sequence.........
conv,gain=10.,type=r8; aver,rang
Transformation number 2 :

Conversion of Cr4 into r8 with a gain of 10.000000 00000000
Transformation number 3 :
Conversion of r8 into r8 with a gain of 1.00000000 0000000

... ignored because without effect

Transformation number 3 :

Averaging in range, grouping of r8 by 2 columns

Transformation number 4 :

Averaging in azimuth, grouping of r8 by 5 lines

$ File/device......[None,NL=2800,NC=2808,type=r8]

file=22408_mv52, type=byt

2800 lines, 2808 columns, type byt ( 2808 bytes / line)
on direct access file 22408_mv52

Transformation number 5 :

Conversion of r8 into byt with a gain of 1.0000000 00000000
2 nd file/device:
$ Transformation sequence.................. [NONE]

conv,gain=100.,type=ci2
Transformation number 6 :

Conversion of Cr4 into Ci2 with a gain of 100.0000 000000000
$ File/device....[None,NL=14000,NC=5616,type=Ci2]

file=22408.ci2

14000 lines, 5616 columns, type Ci2 ( 22464 bytes /line)

on direct access file 22408.ci2

NUMBER OF PRESUMMING PROCESSING(S) = 225
Normalized Doppler = 9.82740000E-02
Presumming processing 1/ 225 terminated
Presumming processing 2 / 225 terminated
Presumming processing 3 / 225 terminated
Presumming processing 4 / 225 terminated
Presumming processing 5 / 225 terminated
Presumming processing 6 / 225 terminated
Presumming processing 7 / 225 terminated
Presumming processing 8 / 225 terminated
Presumming processing 9 / 225 terminated
Presumming processing 10 / 225 terminated
Presumming processing 11 / 225 terminated
Presumming processing 12 / 225 terminated
Presumming processing 13 / 225 terminated
Presumming processing 14 / 225 terminated
Presumming processing 15 / 225 terminated
Presumming processing 16 / 225 terminated
Azimuth FFT

Writing of processed data

Presumming processing 17 / 225 terminated
Presumming processing 18 / 225 terminated
Presumming processing 19 / 225 terminated
Presumming processing 20 / 225 terminated
Presumming processing 21 / 225 terminated
Presumming processing 22 / 225 terminated
Presumming processing 23 / 225 terminated
Presumming processing 24 / 225 terminated

.etc.

Presumming processing 221 / 225 terminated

Presumming processing 222 / 225 terminated

iostat = 80

File/device C:/DIAPASON/DATA/22408/22408.c5b unava ilable after 28000 accesses
Line 28001 of image 1 could not be read

Presumming processing 223 / 225 terminated

CLOSING image 1
CLOSING image 2
2696 accesses over 22408_mv52

13480 accesses over 22408.ci2
Tue Jul 1 16:43:38 2003
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* DIAPASONGB.sh & Descriptor files

Rough_geosar.dat:

DESCRIPTOR FILE OF THE SAR IMAGE GEOMETRY

(each line must be an iso-doppler)
LANGUE
AREA

SAR DESCRIPTOR FILE

ENGLISH

KRAFLA

C:/DIAPASON/DAT/sar_ers2_2820.

ORBITAL FILE C:/DIAPASON/ORB/22408.0rb
NUMBER OF ROWS 14000
NUMBER OF COLUMNS 5616

TIME OF THE FIRST LINE

NEAR RANGE

AZIMUTH UNDERSAMPLING

RANGE UNDERSAMPLING

REDUCED ISO-DOPPLER

44755.82600

836842.330

2

0.0

Example of part of 22408.orb:

18111 42900000 22408
-6651.995344 2640.816765
0.930982978 1.385009838
18111 42960000 22408
-6582.899359 2718.449272
1.371213959 1.201255237
18111 43020000 22408
-6487.587955 2784.797025
1.804531773 1.008984258
18111 43080000 22408
-6366.529313 2839.373454
2.229162875 0.809018602

335.387020
7.369235253

776.595838
7.332923602

1214.763334
7.267889911

1648.173119
7.174384720

DEM descriptor file, dted_all_3.dat:

FICHIER DESCRIPTIF D'UN MNT
DESCRIPTOR FILE OF THE DEM

LANGUE

FICHIER BINAIRE
(BINARY FILE)

FRANCAIS

C:/DIAPASON/DEM/dted_all_3.i2

NOMBRE DE LIGNES 6001
(NUMBER OF ROWS)
NOMBRE DE COLONNES 7202

(NUMBER OF COLUMNS)

(si fichier mnt effectif/if DEM file exists :)

CODAGE (12, 14 ou R4)

(si aucun fichier/if not :)
ALTITUDE CONSTANTE

(CONSTANT ELEVATION)
EXTRACTION Qoul
(OUI ou NON)

(sioui:)

PREMIERE LIGNE EXTRAITE 2100

(FIRST EXTRACTED ROW)

PREMIERE COLONNE EXTRAITE

(FIRST EXTRACTED COLUMN)

LIGNES EXTRAITES
(EXTRACTED ROWS)

COLONNES EXTRAITES

4100

1600

1900

dat
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(EXTRACTED COLUMN)

PAS D'EXTRACTION DES LIGNES 1
(NO EXTRACTED ROW)

PAS D'EXTRACTION DES COLONNES 1
(NO EXTRACTED COLUMNS)

OFFSET D'ALTITUDE 0
(ELEVATION OFFSET)

FACTEUR D'ECHELLE ALTITUDE 1
(ELEVATION SCALE FACTOR)

ELLIPSOIDE ASSOCIE WGS84
(ASSOCIATED ELLIPSOID : NAD27, NTF, GRS80, ED50, WG S72 ou WGS84)

REFERENCE DES ALTITUDES GEOIDE
(ELEVATION REFERENCE : GEOIDE ou ELLIPSOIDE)

NATURE DES COORDONNEES GEOGRAPHIQUES
(SYSTEM OF COORDINATES : GEOGRAPHIQUES ou CARTOGRARIQUES)

COORDONNEES GEOGRAPHIQUES

(Si les coordonnees sont geographiques :)
(If it is a geographic system :)

LONGITUDE DU POINT 1 335.00000 (en degres)
(LONGITUDE POINT 1 in degrees)

PAS LONGITUDE 0.00166666666666(en degres)
(LONGITUDE GRID in degrees)

LATITUDE DU POINT 1 68.000000 (en degres)
(LATITUDE POINT 1 in degrees)

PAS LATITUDE -0.00083333333333(en degres)
(LATITUDE GRID in degrees)

COORDONNEES CARTOGRAPHIQUES

(Si les coordonnees sont cartographiques :)
(If it is a cartographic system :)

COORDONNEE X POINT 0 (en metres)
(COORDINATE IN X FOR POINT 0 in meters)

PAS X (en metres)
(GRID IN X in meters)

COORDONNEE Y POINT 0 (en metres)
(COORDINATE IN'Y FOR POINT 0 in meters)

PAS Y (en metres)
(GRID IN Y in meters)

REPRESENTATION UTM  (UTM ou LAMBERT)

(si la representation est Lambert :)
(if it is a Lambert representation :)

LATITUDE ORIGINE EN DEGRES 0
(ORIGIN OF THE LATITUDE IN DEGREES)

LONGITUDE ORIGINE EN DEGRES
(ORIGIN OF THE LONGITUDE IN DEGREES)

COORDONNEES EN X DE L'ORIGINE 0
(COORDINATE IN X OF THE ORIGIN)

COORDONNEES EN Y DE L'ORIGINE 0
(COORDINATE IN Y OF THE ORIGIN)

FACTEUR D'ECHELLE LAMBERT 1
(SCALE FACTOR FOR THE LAMBERT REPRESENTATION)

(si la representation est utm :)
(if it is an utm representation :)

NUMERO DU FUSEAU
(NUMBER OF THE TIME ZONE [1:60])

HEMISPHERE
(NORD ou SUD)

SAR_ERS1_2820.dat

FICHIER DE PARAMETRES POUR ERS-1, DANS LE MODE NPRI = 2820

LANGUE FRANCAIS

FREQUENCE D'ECHANTILLONNAGE ~ 18.9627E6
(SAMPLING FREQUENCY)
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PRF 1679.90239363
(PULSE REPETITION FREQUENCY)

FREQUENCE PORTEUSE 5.300E9
(CARRIER FREQUENCY)

VISEE DROITE

(SIDE)

* DIAPASONGB.sh

#l/bin/sh

APPENDIX D

# INTERFEROMETRIC PROCESSING OF A COUPLE OF CI2
# IMAGES (WITH DEM)"DIAPASON"

# ATTENTION : DO NOT TOUCH PART ONE
# ONLY MODIFY PART TWO !

# PART ONE

set-a # exports the source variables

# PART TWO
# PARAMETERS TO ASSIGN ARE HERE BELOW...
# LINES CONTAINING ## ARE MANDATORY !

LANGUE=ENGLISH

#  START AND END OF THE PROCESSING
# Careful, if you change this, also comment out the
# line at the bottom executing clean_GB.sh

START=CLEAN_DEM
END=CLEAN_DEM

# Definition of possible value for start parameter
# and for end parameter FIN :

# SIMU_SAR  ----> simulation

# CORREL_SIM ----> correlation between Master imag

# CORRECTION ----> correction of Near Range and ac

# CORREL_IMA ----> correlation between Master imag
#GRID ----> computation of deformation grids

# CHANGEO ----> change of Slave image geometry

# INTERF_SAR ----> computation of SAR geometry int

# INTERF_DEM ----> computation of DEM geometry int

# GRADIENT_SAR ----> measurement of SAR geometry in
# CLEAN_SAR ----> linear cleaning of SAR geometry

# GRADIENT_DEM ----> measurement of DEM geometry in
# CLEAN_DEM ----> linear cleaning of DEM geometry

# START is the first process
# END is the last process

REPRISE

e and simulation
quisition start time
e and Slave image

erferogram
erferogram
terferogram gradient
interferogram
terferogram gradient
interferogram

# ASSIGNMENT OF DISK FOR OUTPUT PRODUCTS

WDIR=. ## working directory

DK=. # directory for simulation file

# DEFINITION OF THE INPUT COMPLEX IMAGES

CI2_MASTER=../11677/11677.ci2 ## path and name for
CI2_SLAVE-=../22408/22408.ci2 ## path and name for t
DOPPLER_AZIMUT=0.154443 ## azimuth doppler
PRESUMMING_RATE=2  ## presumming rate

NL_CI2_MASTER=14000 ## number of lines of master co
NC_CI2_MASTER=5616 ## number of columns of master c
NL_CI2_SLAVE=14000 ## number of lines of slave comp
NC_CI2_SLAVE=5616 ## number of columns of slave com
NL_DEM=1600 ## number of lines of DEM
NC_DEM=1900 ## number of lines of DEM

the master image SLC
he slave image SLC

mplex image
omplex image
lex image
plex image

# MULTILOOK IMAGES CHARACTERISTICS

ML_MASTER=../11677/11677_mv52.oct #name of multilo

ok master image
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ML_SLAVE-=../22408/22408_mv52.0ct ## name of multil
MLazi=5 ## number of looks in azimuth
MLran=2 ## number of looks in range

APPENDIX D

ook slave image

# DEFINITION OF DESCRIPTOR FILES

DAT=. ## descriptors directory

ROUGH_DESCRIPTOR_SAR_M=
$DAT/geosar_11677_ci2_rough.dat ##
ROUGH_DESCRIPTOR_SAR_S=
$DAT/geosar_22408_ci2_rough.dat ##
PRECISE_DESCRIPTOR_SAR_M=
$DAT/geosar_11677_ci2_precis.dat ##
DEM_DESCRIPTOR=/data/DEMS/dtedT9.dat ##
SAR_GRAD_DESCRIPTOR=$DAT/gradient_sar.dat ##
DEM_GRAD_DESCRIPTOR=$DAT/gradient_mnt.dat ##

# DEFINITION OF OUTPUT GENERIC NAMES

# generic names for intermediate and output files :

MASTER=11677 ##
SLAVE=22408 ##

# SIMULATION - MASTER CORRELATION CHARACTERISTICS

DIR_SIM=$DAT # .dat files directory
DISK_SIM=$DK # grid disk
NOM_SIM=${MASTER}_simu  # grid generic name
INTER_L_SIM=50
INTER_C_SIM=50
THRESH_SIM=0.3

# interval in azimuth of the
#interval in range of the g
# correlation rate threshold
# rough locking with FFT choice :
ROUGH_LOCKING=YES # YES or NO #i

# if ROUGH_LOCKING is NO :

DECazi=0.0
DECran=0.0

# known azimut shift
# known range shift

grid pixels
rid pixels
used by "cormoy" program

# CARACTERISTICS OF CORRELATION BETWEEN
# MASTER AND SLAVE

# Estimate rough shifts by FFT?
ROUGH_LOCKING_ME=YES

# if the choice is NO:

# offset between master and slave
DECranME=0.0 # shift in range (pixels)
DECaziME=0.0 # shift in azimut (pixels)

# YES or NO, default =Y

ES

# DEFORMATION GRIDS CHARACTERISTICS

DIR_IMA=$DAT # .dat files directory
DISK_IMA=$DK_SIM  # grids disk
NOM_IMA=${MASTER}_${SLAVE} # generic grid name

INTER_L_IMA=50
INTER_C_IMA=50
THRESH_IMA=0.4

# grid interval in azimuth
# grid interval in range
# threshold of correlation rat

set +a # terminates the exports

# erase files before starting
#. clean_GB.sh

# run with interf_sar
. automatic_GB.sh

# skip interf_sar, proceed to interf_mnt
#. automatic_mntGB.sh

e for grillegeo

Results are displayed in DIAPASONGB.log:

Messages in English

| SIMU_SAR: Simulation of radar amplitude image |

$Descriptor of Digital Elevation Model.......... 0
Geoid file is

Ellipsoid descriptor file is

Geographical transformation file is
$Descriptor of radar image geometry............. 0

Average incidence: 23.82512829436533
DEM and SAR image have same orientation.

Jlocal/diapason/DAT/grille_geoi
Jusr/local/diapas

ustr/local/

./data/DEMS/dtedT9.dat
de.dat
on/DAT/ellipsoides.dat
diapason/DAT/transf_sys_geo.dat
Jgeosar_11677_ci2_rough.dat
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(1) WRITING : 14000 lines, 5616 columns, type R4 :

$$ Number of files/devices.. 1]

$$ Transformation sequence.. ...[INONE]
aver, quad, azi=MLazi, ran=MLran; conv, type=byt
Transformation number 1 :

Conversion of r4 into r8 with a gain of 1.00000000
Transformation number 2 :

Quadratic averaging in range, grouping of r8 by 2
Transformation number 3 :

Quadratic averaging in azimuth, grouping of r8 by
Transformation number 4 :

Conversion of r8 into byt with a gain of 1.0000000
$$ File/device.....[None,NL=2800,NC=2808,type=byt]
file=./sim_11677_mI|52.byt

2800 lines, 2808 columns, type byt ( 2808 bytes /
on direct access file ./sim_11677_ml52.byt

(2) WRITING : 14000 lines, 5616 columns, type R4 :
$$ Number of files/devices.. 1]
0

1/14000

1001/ 14000
2001/ 14000
3001 / 14000

: etc.
12001 / 14000
13001 / 14000

CLOSING image 1
2800 accesses over ./sim_11677_mI|52.byt

CLOSING image 2

Messages in English

| CORREL: correlation of two images |
¥

$Grid Descriptor name.............ccoeueeeee 0
Jgrid_cor_11677_simu.dat

(1) READING : ? lines, ? columns, type R4 : R4 Mas
$$ File/device.......... [None,NL=16,NC=16,type=r4]

ni=NL_ML_MASTER, nc=NC_ML_MASTER, type=byt, f=../1

2800 lines, 2808 columns, type byt ( 2808 bytes /
on direct access file ../11677/11677_mv52.oct

$$ Transformation sequence.................. [NONE]
none

Transformation number 1 :

Conversion of byt into r4 with a gain of 1.0000000

(2) READING : ? lines, ? columns, type R4 : R4 Sla
$$ File/device..........[None,NL=16,NC=16,type=r4]

ni=NL_ML_SIMULATION, nc=NC_ML_SIMULATION, type=byt

2800 lines, 2808 columns, type byt ( 2808 bytes /
on direct access file ./sim_11677_mI52.byt

$$ Transformation sequence................. [NONE]
none

Transformation number 2 :

Conversion of byt into r4 with a gain of 1.0000000
$Automatic calculation of rough shifts....... [NON]
yes

Multilook characteristics

Multilook 5 5

Master image multilook generation

Slave Image multilook generation
CORRELATION by FFT

Looking for maximum

Shifts computation

For information, we find 5 and 10

Shift Master-Slave = (S coord. - M coord.)

$...in columns (range).............c.c........ [10]
$...in lines (@zimuth)..........ccccevvveeene [5]

Interval between grid points
$...in columns (range)

$...in lines (azimuth)..
$Correlation rate threshold..

$Multilook in azimuth....
$Multilook in range....

First grid point at line 46 , column 20

Grid: 55 lines, 56 columns

1 /55
2 /55
3 /55
4 /55
5 /55
. etc.

53 /55
54 /55
55 /55

APPENDIX D

R4 Simulated radar image

0000000
columns
5 lines

00000000
line)

R4 Incidence image in degrees

ter Image

1677/11677_mv52.oct
line )

00000000
ve image

, f=./sim_11677_ml52.byt
line )

00000000

230



APPENDIX D

Messages in English

CORMOY: Determination of radar image
geometry based on simulated radar image

+—— +

p—— +

$Grid descriptor file name.............c........ 0
Jgrid_cor_11677_simu.dat

$Disk name..........cccceviiiiiiiiiennd 0

A

$Simulated image descriptor file...
./geosar_11677_ci2_rough.dat
$Name of the descriptor file to be created......[]
Jgeosar_11677_ci2_precis.dat

$Correlation rate threshold.. .[0]
0.3

Number of kept points: 1168

Estimation of averages in azimuth and range
Messages in English
+ +

| CORREL: correlation of two images
+ +

$Grid Descriptor name..

(1) READING : ? lines, ? columns, type R4 : R4 Mas ter Image

$$ File/device.......... [None,NL=16,NC=16,type=r4]

nl=NL_ML_MASTER, nc=NC_ML_MASTER, type=byt, f=../1 1677/11677_mv52.oct
2800 lines, 2808 columns, type byt ( 2808 bytes / line)

on direct access file ../11677/11677_mv52.oct

$$ Transformation sequence.................. [NONE]

none

Transformation number 1 :

Conversion of byt into r4 with a gain of 1.0000000 00000000

(2) READING : ? lines, ? columns, type R4 : R4 Sla ve image
$$ File/device.......... [None,NL=16,NC=16,type=r4]

nI=NL_ML_SLAVE, nc=NC_ML_SLAVE, type=byt, f=../224 08/22408_mv52.0ct
2800 lines, 2808 columns, type byt ( 2808 bytes / line )

on direct access file ../22408/22408_mv52.oct

$$ Transformation sequence.................. [NONE]

none

Transformation number 2 :

Conversion of byt into r4 with a gain of 1.0000000 00000000
$Automatic calculation of rough shifts.......[NON]

yes

Multilook characteristics

Multilook 5 5

Master image multilook generation

Slave Image multilook generation

CORRELATION by FFT

Looking for maximum

Shifts computation

For information, we find -90 and -10

Shift Master-Slave = (S coord. - M coord.)

$...in columns (range)
$...in lines (azimuth)..

[10]

Interval between grid points

$...in columns (range)
$...in lines (azimuth
$Correlation rate thres . .[0]0
$Multilook in azimuth.
$Multilook in range....

First grid point at line 131, column 40
Grid: 54 lines, 56 columns

1 /54
2 /54
3 /54

.etc.

51 /54
52 /54
53 /54
54 /54

Messages in English

| GRILLEGEO: Deformation grids computation
| to be applied for image change of geometry

+—— +

$Correlation Grids descriptor file.............. 0
/grid_cor_11677_22408.dat
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A

$Correlation rate threshold..

0.4

Number of valid points: 1663

Grid: 54 lines of 56 columns

First column: 79.5000000 , Interval between column s:100.000000

First line: 653.000000 , Interval between lines: 2 50.000000

Average shift in range: -18.8084240

Average shift in azimuth: -445.363892

Number of points rectified by interpolation: 1361

Number of points replaced by averaging: 0

$DEM descriptor file........ccooviiennnne 1]

/data/DEMS/dtedT9.dat

$Master image descriptor..............c.c...... 0

Jgeosar_11677_ci2_precis.dat

$Slave image descriptor...........c.cccccc..... 0

./geosar_22408_ci2_rough.dat
Geoid file is /usr/local/diapason/DAT/grille_geo ide.dat
Ellipsoid descriptor file is /usr/local/diapason /DAT/ellipsoides.dat
Geographical transformation file is /usr/local/d iapason/DAT/transf_sys_geo.dat

100/ 1600

200/ 1600

300/ 1600

400/ 1600

500/ 1600

600 / 1600

700/ 1600

800/ 1600

900/ 1600

1000 / 1600

1100/ 1600

1200/ 1600

1300/ 1600

1400/ 1600

1500/ 1600

1600 / 1600

Correction of the grid in azimuth

Correction of the grid in range

0]

Messages in English

+ +
| CHANGEO: Change of radar image geometry
+ +

$Descriptor file name............ccccocceuenne 0
Jgrid_11677_22408.dat

(3) READING : ? lines, ? columns, type CR4 : Image to be resampled
$$ File/device......... [None,NL=16,NC=16,type=Cr4]

nl=NL_CI2_SLAVE, nc=NC_CI2_SLAVE, type=ci2, f=../2 2408/22408.ci2
14000 lines, 5616 columns, type Ci2 ( 22464 bytes /line)

on direct access file ../22408/22408.ci2

$$ Transformation sequence.................. [NONE]

none

Transformation number 1 :

Conversion of Ci2 into Cr4 with a gain of 1.000000 000000000
$Central frequency of range spectrum........... [0]

0.0

$Central frequency of azimuth spectrum......... [0]

.308886

$Number of lines to be produced................ [1]

14000

$Number of columns to be produced.............. [1]

5616

(4) WRITING : 14000 lines, 5616 columns, type CR4 : Resampled Image
$$ Number of files/devices..................... [1]
2

1 st file/device:

$$ Transformation sequence.................. [NONE]

conversion, type=ci2

Transformation number 2 :

Conversion of Cr4 into Ci2 with a gain of 1.000000 000000000
$$ File/device....[None,NL=14000,NC=5616,type=Ci2]
file=./geo_22408_11677.ci2, type=ci2

14000 lines, 5616 columns, type Ci2 ( 22464 bytes /line)

on direct access file ./geo_22408_11677.ci2

2 nd file/device:

$$ Transformation sequence.................. [NONE]

aver, quad, azi=MLazi, ran=MLran; conv, gain=GAIN_ CI2_ML, type=byt
Transformation number 3 :

Conversion of Cr4 into r8 with a gain of 1.0000000 00000000
Transformation number 4 :

Quadratic averaging in range, grouping of r8 by 2 columns
Transformation number 5 :

Quadratic averaging in azimuth, grouping of r8 by 5 lines
Transformation number 6 :

Conversion of r8 into byt with a gain of 0.1000000 014901161

$$ File/device.....[None,NL=2800,NC=2808,type=byt]
file=./geo_22408_11677_mI52.byt

2800 lines, 2808 columns, type byt ( 2808 bytes / line)
on direct access file ./geo_22408_11677_mI|52.byt

100 / 14000

200 / 14000

300/ 14000

400 / 14000

. etc.

13800 / 14000
13900 / 14000
14000 / 14000

CLOSING image 3
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13564 accesses over ../22408/22408.ci2
CLOSING image 4

14000 accesses over ./geo_22408_11677.ci2
2800 accesses over ./geo_22408_11677_ml52.byt

Messages in English

INTERF_MNT: Generation of interferograms
in the DEM geometry

p—— +

+—— +

$DEM descriptor file.............ccccceeenee. 0
/data/DEMS/dtedT9.dat
Geoid file is /usr/local/diapason/DAT/grille_geo ide.dat
Ellipsoid descriptor file is /usr/local/diapason /DAT/ellipsoides.dat
Geographical transformation file is /usr/local/d iapason/DAT/transf_sys_geo.dat
$Descriptor of master image geometry...
./geosar_11677_ci2_precis.dat
$Descriptor of slave image geometry............. 0
./geosar_22408_ci2_rough.dat
$Filter coefficients filename................... 0
lusr/local/diapason/DAT/filtre.dat
DEM Orientation:
DEM line - DEM column;
radar line - radar column
1 1900 ! -4634.06 127.28
1600 1 ! 18536.64 4904.70
1600 1900 ! 13171.69-1732.26
1 1! 403.147292.56
DEM and image have same orientation.

(1) READING : 14000 lines, 5616 columns, type CR4 : Master image
$$ File/device....[None,NL=14000,NC=5616,type=Cr4]

nl=NL_CI2_MASTER, nc=NC_CI2_MASTER, type=ci2, f=.. /11677/11677.ci2
14000 lines, 5616 columns, type Ci2 ( 22464 bytes /line)

on direct access file ../11677/11677.ci2

$$ Transformation sequence.................. [NONE]

none

Transformation number 1 :

Conversion of Ci2 into Cr4 with a gain of 1.000000 000000000

(2) READING : 14000 lines, 5616 columns, type CR4 : Slave image

$$ File/device....[None,NL=14000,NC=5616,type=Cr4]

ni=NL_CI2_MASTER, nc=NC_CI2_MASTER, type=ci2, f=./ geo_22408_11677.ci2
14000 lines, 5616 columns, type Ci2 ( 22464 bytes /line)

on direct access file ./geo_22408_11677.ci2

$$ Transformation sequence.................. [NONE]

none

Transformation number 2 :

Conversion of Ci2 into Cr4 with a gain of 1.000000 000000000

(5) WRITING : 1600 lines, 1900 columns, type R4 : R4 Amplitude
$$ Number of files/devices..................... [1]

1

$$ Transformation sequence..
conv, gain=GAIN_CI2_ML, typ=byt

Transformation number 3 :

Conversion of r4 into byt with a gain of 0.1000000 014901161
$$ File/device.....[None,NL=1600,NC=1900,type=byt]
f=./Jamp_11677_22408_ort.byt

1600 lines, 1900 columns, type byt ( 1900 bytes / line )

on direct access file ./Jamp_11677_22408_ort.byt

(6) WRITING : 1600 lines, 1900 columns, type PHA : PHA Interferogram
$$ Number of files/devices..................... [1]

1

$$ Transformation sequence.................. [NONE]

none

$$ File/device.....[None,NL=1600,NC=1900,type=pha]
f=./pha_11677_22408_ort.byt

1600 lines, 1900 columns, type pha ( 1900 bytes / line)
on direct access file ./pha_11677_22408_ort.byt

(7) WRITING : 1600 lines, 1900 columns, type BYT : BYT Coherence
$$ Number of files/devices..................... [1]

1

$$ Transformation sequence.................. [NONE]

none

$$ File/device.....[None,NL=1600,NC=1900,type=byt]
f=./coh_11677_22408_ort.byt

1600 lines, 1900 columns, type byt ( 1900 bytes / line)
on direct access file ./coh_11677_22408_ort.byt

(8) WRITING : 1600 lines, 1900 columns, type 14 : 14 Counter
$$ Number of files/devices.. 1]

0

1/ 14000

geocoded output: 1 /1600
geocoded output: 101 / 1600
1001 / 14000

geocoded output: 201 / 1600
2001 / 14000

3001 / 14000

geocoded output: 301 / 1600
4001 / 14000

geocoded output: 401/ 1600
5001 / 14000

geocoded output: 501 / 1600
6001 / 14000

geocoded output: 601 / 1600
7001 / 14000

8001 / 14000

geocoded output: 701/ 1600
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9001 / 14000

geocoded output: 801 / 1600
10001 / 14000

geocoded output: 901 / 1600
11001 / 14000

geocoded output: 1001 / 1600
12001 / 14000

geocoded output: 1101 / 1600
13001 / 14000

CLOSING image 1
14000 accesses over ../11677/11677.ci2

CLOSING image 2

14000 accesses over ./geo_22408_11677.ci2
geocoded output: 1201 / 1600

geocoded output: 1301 / 1600

geocoded output: 1401 / 1600

geocoded output: 1501 / 1600

CLOSING image 5
1600 accesses over .Jamp_11677_22408_ort.byt

CLOSING image 6
1600 accesses over ./pha_11677_22408_ort.byt

CLOSING image 7
1600 accesses over ./coh_11677_22408_ort.byt

CLOSING image 8

Messages in English

| GRADIENT_FRANGES: Computation of the mean
| phase gradients in range and azimuth

¥

$Gradients descriptor file...................... 0
J/gradient_mnt.dat

$Initial column interval...................... [10]

10

$lnitial line interval..........c.ccccoe.ee. [50]

(1) READING : ? lines, ? columns, type BYT : Inter

$$ File/device......... [None,NL=16,NC=16,type=byt]
f=./pha_11677_22408_ort.byt, typ=pha, nl=NL_ORTHO_
1600 lines, 1900 columns, type pha ( 1900 bytes /

on direct access file ./pha_11677_22408_ort.byt

$$ Transformation sequence.................. [NONE]

none

Transformation number 1 :

Conversion of pha into byt with a gain of 1.000000

CLOSING image 1
1600 accesses over ./pha_11677_22408_ort.byt
File read

Results in range

Impossible to find gradient direction

Trial with a larger initial interval

Too flat histogram. Gradient = 0.0

Final gradient in range = 0.00000000E+00

Results in azimuth

POSITIVE GRADIENT

Iteration: 1 azimut : 50 Gradient : 2.58 / 1000 p
Iteration: 2 azimut : 70 Gradient : 3.40 /1000 p
Final gradient in azimuth = 3.40401777E-03

Messages in English

| PROPRE_LINEAIRE: Linear cleaning of fringes
¥

$Gradient descriptor file.............cc..c.... 0
/gradient_mnt.dat

gradient in range = 0.00000000E+00
gradient in azimuth = 3.40401777E-03

(1) READING : ? lines, ? columns, type PHA : pha O

$$ File/device.........[None,NL=16,NC=16,type=pha]
f=./pha_11677_22408_ort.byt, typ=pha, nI=NL_ORTHO_
1600 lines, 1900 columns, type pha ( 1900 bytes /

on direct access file ./pha_11677_22408_ort.byt

$$ Transformation sequence.................. [NONE]

none

APPENDIX D

+—— 4+

ferogram

PHASE, nc=NC_ORTHO_PHASE
line)

000000000

oints
oints

riginal interferogram

PHASE, nc=NC_ORTHO_PHASE
line)
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(2) WRITING : 1600 lines, 1900 columns, type PHA : pha Cleaned interferogram
$$ Number of files/devices..................... [1]

1
$$ Transformation sequence.................. [NONE]

none

$$ File/device.....[None,NL=1600,NC=1900,type=pha]
f=./cIn_11677_22408_ort.byt

1600 lines, 1900 columns, type pha ( 1900 bytes / line)
on direct access file ./cln_11677_22408_ort.byt

200/ 1600
400/ 1600
600 / 1600
800/ 1600
1000/ 1600
1200/ 1600
1400/ 1600
1600/ 1600

CLOSING image 1
1600 accesses over ./pha_11677_22408_ort.byt

CLOSING image 2
1600 accesses over ./cln_11677_22408_ort.byt

D.4.4 Post-processing:

* Correction of residual orbital fringestf the automatic correction fails it is

necessary to estimate the average gradient by riacoanting the residual
fringes. DIAPASON can then be restarted from theeBN DEM point so
the manually estimated linear range-change gradeamt be subtratced.

Results following this method for orbital correctiare good (see D - 7).

* Filtering of interferogram:A power spectrum smoothing algorithm is used to

filter the interferograms (Zhong Lu, personal conmication, 2003, D - 8).

*  Unwrapping of interferogramThe deform toolbox developed for MATLAB

(Gudmundsson et al., 2001) was used to unwrap)Cand mask (D - 10) the

interferogram.

* Data size reductianThe data size of each interferogram was redusedja

two-dimensional quad-tree partitioning algorithmor(dson et al., 2002;

Welstead, 1999) developed for use in MATLAB (D J.11

* Data Modelling: An inversion procedure using a simulated annealing

algorithm followed by a derivative based methodr(€#i et al., 2001) was
applied to model the data. Best results were fooconsidering the three

suggested deformation processes: two Mogi pointcesuand an opening
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dislocation aligned along the rift axis (D - 12hélresidual signal is less than

1 cm for all interferograms (D - 13).

D.5 Interferograms created for this study

In total 12 ESA, ESR images (track 9, frame 22@Vecing the Krafla area)
were used, to create 26 interferograms with a redse altitude of ambiguity (not <30
m) using the DIAPASON software (Table D-1) avaitablk the Nordic Volcanological
Institute (NVI) and the Open University. Two interbgrams, marked with a * in table
1, were created previously at NVI, but were alsalysed during this study. The altitude
of ambiguity of those interferograms suitable fomwapping varied from 115 to 374,
the altitude of the unusable interferograms froni8836. It follows that a high altitude
of ambiguity is no guarantee for a usable intedesmn although it is reasonable to
expect better results when the altitude of ambygist higher. Some images do not
combine well with any of the other images (e.g.2Z%22909 and 17398); some always
seem to suffer from orbital fringes and or atmosgghéisturbances (e.g. 16897).
Ordering the image which will produce a useful ifeeogram always partly depends on
luck. But ordering those with high altitude of amphity (as one can check using the
DESCW software: http://pooh.esrin.esa.it/descvalken during the same time of year

(with no snow cover) might increase your chancegoofd results.
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D - 7 The phase image of interferogram 11677_22@8ected for orbital fringes. Changes are only
small but in comparison to D - 4 the image doeg Imore balanced.
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D - 8 Image D7 has been filtered using a power tspecsmoothing algorithm developed by Zhong Lu.
The dashed black line shows the outline of D - 9,10, D - 11,D - 12, D - 13.
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D - 9 Unwrapped interferogram 11677 _22408. The apwing has been done with the use of a toolbox
developed by S. Gudmundsson (2001) in MATLAB. Umppiag is performed to convert the phase to
elevation and involves adding or subtracting oftiplds of 2 in the appropriate places. The bar on the
right now displays deflation or inflation in cm. &himages shows three deformation structures: adbroa
inflation just N of Krafla, a much smaller scalefldéon more or less in the centre of the calderd a
deflating structure along the Krafla rift zone.
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D - 10 Masked version of D - 9. The areas of pawrecence, such as Lake Myvatn, and areas were the
phase unwrapping was inaccurate have been masked.
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D - 11 Quadtreed image of interferogram 11677_2220& data size of each interferogram was reduced
using a two-dimensional quad-tree partitioning athbom (Jonsson et al., 2002; Welstead, 1999)
developed for use in MATLAB. Note the scale hasrbeenverted to m.
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D - 12 Model for interferogram 11677_22408. A bitstnodel comprises an opening dike, representing
plate spreading and post-rifting deformation, and Mogi sources, one deflating and one inflatinge W
modelled this interferogram leaving all model bosindose. Resulting model parameters are well
constrained and the model reduces the RMS of ttee fdam 2.97 cm for a null-model to 0.63 cm. The
parameters found for the deflating Mogi source agrih those found by previous studies (Henriadlet
2001; Sigmundsson et al., 1997). The opening disloe is a simplified model reproducing the effexts
plate spreading and superimposed post-rifting deddion.
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D - 13 Residual after the model has been subtrdodedthe phase image. The residual is less tham.1
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TABLE D - 1 Interferograms analysed for this study.

Image Dates Altitude Description
of amb.
[m]
IN6376_6877 09/07/96-13/08/96 57 No def. visiblaetspan too short.
IN6376_22408 09/07/96-03/08/99 374 All three defictures visible, unwrapped.
IN6376_17899 09/07/96-22/09/98 38 Not good, alarab. too low, no coherence.
INn6376_11887 09/07/96-29/07/97 35 Not good, alarab. too low, no coherence.
INn6877_11887 13/08/96-29/07/97 93 Usable, riftcttice visible, atmospheric disturbance.
IN6877_17899 13/08/96-22/09/98 115 All three defictures visible, unwrapped.
IN6877_22408 13/08/96-03/08/99  -68 Usable, rift &fldtion visible, broad inflation less
clear, atmospheric disturbance.
IN6877_27919 13/08/96-22/08/00 77 Not good, noedation.
In11887_17899  29/07/97-22/09/98  -498 Not good, apheric noise.
In11887_27919 29/07/97-22/08/00 436 Not good, nmoetation.
In11887_22408 29/07/97-03/08/99 -39 Not good,cdlamb. too low, no coherence.
In16897_17398  14/07/98-18/08/99  -57 Not good, t@myrorbital fringes.
IN16897 22909 14/07/98-07/09/99 97 Not good, toayvmbital fringes.
IN17899 22408 22/09/98-03/08/99  -42 Not good,ddlamb. too low, no coherence.
INn17899_27919 22/09/98-22/08/00 233 Not good, rmoetation.
INn22909 27418 07/09/99-18/07/00 327 Not good, apesc noise.
IN01867_17899  29/08/95-22/09/98 289 All three defuctures visible, unwrapped.
In01867_27919  29/08/95-22/08/00 128 Not good, nmoetation.
IN01867_11887  29/08/95-29/07/97 183 Broad inflati&n rift clear, deflation less visible,
unwrapped.
In01867_6877 29/08/95-13/08/96  -191 Broad inflati@n rift clear, deflation less visible,
unwrapped.
In11677_01867 09/10/93-29/08/95 58 All thee strregumarginally visible, altitude of amb.
low.
IN11677_22408 09/10/93-03/08/99  -369 All three defuctures visible, unwrapped.
IN11677_6376 09/10/93-09/07/96  -186 Not good, pmmdverence.
IN11677_6877 09/10/93-13/08/96 84 Not good, potrecence.
In11677_11887 09/10/93-29/07/97 44 Not good, &lamb. too low, no coherence.
In11677_27919 09/10/93-22/08/00 40 Not good, noetation.
IN6166_6376* 19/09/92-09/07/96  -317 Usable, daftatk rift visible, broad inflation not clear.
IN6166_6877* 19/09/92-13/08/96 70 Usable, deflaBorift visible, broad inflation not clear.

D.6 Use of interfergrams

The initial idea was to use the created interfexogs for elevation control of the

gravity data. Micro-gravity data can not be intetpd unless corrections are made for

elevation changes. The problem is that conventigealdetic data are often made at

slightly different sites, and geodetic surveys ftsse a base station which differs from

that used by the micro-gravity network. INSAR datauld potentially overcome both

these problems. The difficulty using INSAR to de¢ tvertical displacement is that the

depicted deformation is a combination of verticadl dnorizontal displacement and it is

impossible to distinguish between the two. Anothatential problem is the fact that the
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time-span of an interferogram often covers more thayear. To get results for yearly
deformation, the assumption would have to be mhadedeformation was constant over

the time-span.

A comparison between levelling and INSAR datatfer 1995 to 2000 period
shows that for most stations the total differenetveen the ttwo methods is less than 4
mm. Bigger differences can result from horizontalvement likely caused by rifting
(E-W extension) or by contraction towards a defigtmogi source e.g. shallow magma
chamber (E-W compression). An increase in rangengdacan be caused by
displacement to the west (rifting) or subsidencéené decrease in range change can be
caused by displacement to the east (compressiaardswnagma chamber) or inflation.
Stations with a bigger positive difference (e.gSAR value>levelling value) plot
towards the east while those with a bigger negatdiference (e.g. InSAR
value<levelling value) plot towards the west. Frtdms we conclude that INSAR data

were influenced by compression towards the deflatimgma chamber.

A comparison between GPS and InSAR for the 199R20eriod, gives the
same result. In summary, almost all stations shess lthan 4 mm total difference
between vertical deformation calculated from InSARJ that calculated using other
geodetic methods. However, it is complicated to AR as a source for vertical
deformation because some stations do show bigrelifées. In the cases we looked at
here, the bigger difference was probably causeddmtraction towards the shallow
magma chamber. An additional source of horizon&fbianation could be extension
along the rift zone. For this study we thereforeidied to use available levelling data
(see APPENDIX C) which have sufficient precisionSAR data were still used to
establish the equation of the decay of deforma@bdrKrafla. INSAR data can be
adequate for use with micro-gravity data if ampledelling is done to separate

horizontal and vertical deformation.
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