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Abstra
tThe formation of graben stru
tures at extensional rifts is the 
entralpart of this study and espe
ially the role of plate movements. Thingvel-lir, in the Western Vol
ani
 Zone (WVZ) in I
eland, is used as a siteto explore the pro
ess of graben formations. In the WVZ, few vol
ani
eruptions have o

urred in postgla
ial time, ex
ept for the very early partof it, and a pronoun
ed graben (Thingvellir graben) has formed. Thisstudy investigates if subsiden
e in the Thingvellir graben 
an be ex-plained mainly as a 
onsequen
e of stret
hing a
ross the plate boundaryand the la
k of magma in�ll. For this purpose a two-dimensional modelwas 
onstru
ted in the Abaqus �nite element pa
kage. GPS-measuredspreading rates and fault throws were used as 
onstraints. Spreadingrate is about 7 mm/yr at Thingvellir and fault o�sets in the inner partof the graben suggest a minimum postgla
ial subsiden
e of 30 m. Threesets of end-member models that in
orporate only stret
hing of the platewere tested with varying rheologies and layer 
on�gurations. Faultingand dike inje
tions were not 
onsidered. The models were all subje
tedto a 
onstant horizontal pull of 7 mm/yr over a distan
e of 20 km during10 000 yrs whi
h is about equivalent to the observed spreading rate atThingvellir today. The results show that a 
urved boundary layer be-tween an upper elasti
 layer and a lower vis
oelasti
 layer, is essential to
reate a relative subsiden
e of the plate; hen
e with a horizontal bound-ary between di�erent rheologies there is only uniform subsiden
e. Themaximum relative subsiden
e a
hieved is about 25�35 m, for the elasti
-vis
oelasti
 model, as well as for a model with temperature dependentrheology. Plate stret
hing, 
onsidering realisti
 rheology, may thus havelarge in�uen
e on graben formation at magma-starved rifts. The mod-eled subsiden
e varies approximately linearly with spreading rate. Thisis in a

ordan
e with the observed de
rease of spreading rate, as wellas de
rease of topographi
 relief towards the northeastern part of theThingvellir graben. Shear stress distribution in the models suggests anelasti
 thi
kness at the ridge axis at Lake Thingvallavatn of about 3 km,thi
kening towards northeast.
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1 Introdu
tionThe formation of graben stru
tures at extensional rifts is the 
entral partof this study and espe
ially the role of plate movements. A graben isformed as the ground is stret
hed and part of it sinks down, as shownin Figure 1.1. Thingvellir in I
eland was used as a laboratory site toexplore the pro
ess of graben formations. Thingvellir lies in the WesternVol
ani
 Zone (WVZ) in I
eland and is part of the Mid-Atlanti
 Ridge(MAR), whi
h marks the boundary between the North Ameri
an plateand the Eurasian plate as seen in Figure 1.2.The full spreading a
ross southern I
eland is approximately 19 mm/yrin dire
tion N104◦E (DeMets et al., 1990, 1994; LaFemina et al., 2005;Sigmundsson et al., 1995). However, in the southern part, the spreadingis divided between two vol
ani
 rift zones; the Western and the EasternVol
ani
 Zone (EVZ). The stru
ture of the spreading plate boundary issimpler in northern I
eland, where the Northern Vol
ani
 Zone (NVZ)a

ommodates all the spreading (Figure 1.3).
Figure 1.1: Generalized �gure of the formation of a graben (Tur
otteand S
hubert , 2002).GPS measurements in I
eland suggest that about 15�35 % of the spread-ing is a

ommodated by the WVZ, depending on latitude (LaFeminaet al., 2005). The measured spreading rate in the WVZ in
reases fromnortheast to southwest with the highest rate at Thingvellir; about 7 mm/yr(LaFemina et al., 2005). The largest topographi
 relief is also found atThingvellir with fault throws inside the inner part of the graben, thatis 
overed by postgla
ial lavas, of about 30 m (Guðmundsson, 1987; Sæ-mundsson, 1992). These values 
an give an indi
ation of the lower limitof 
umulative verti
al displa
ement in postgla
ial time, sin
e faults out-side Holo
ene lavas may have been displa
ed as well.1



Figure 1.2: A map of the major te
toni
 plates with I
eland situated onthe Mid-Atlanti
 Ridge. In the North Atlanti
, it, marks the boundarybetween the North Ameri
an plate and the Eurasian plate. In the SouthAtlanti
, it marks the boundary between the South Ameri
an plate andthe Afri
an plate (Fowler , 2005).As mentioned above, I
eland is the largest subaerial exposure of theMAR (Sigmundsson, 2006). It has been formed through ex
essive vol-
ani
 a
tivity due to an intera
tion of a hotspot lo
ated at the site ofI
eland and the MAR (Sigmundsson, 2006). Nevertheless, the eruptedvolume is small for the WVZ in postgla
ial time, ex
ept for the veryearly part of it (Sinton et al., 2005). This study investigates if subsi-den
e in the Thingvellir graben 
an to a large extent be a 
onsequen
eof stret
hing a
ross the plate boundary and the la
k of magma in�ll. Forthis purpose a two-dimensional model was 
onstru
ted in the Abaqus�nite element pa
kage.The 
onstru
ted two-dimensional models were of an end-member type,in the sense that the models in
orporated only stret
hing due to platespreading; faulting and dike inje
tions not 
onsidered although thesepro
esses may have been a
tive as well. Three sets of models were tested2



−25˚ −24˚ −23˚ −22˚ −21˚ −20˚ −19˚ −18˚ −17˚ −16˚ −15˚ −14˚ −13˚

64˚

65˚

66˚

0 50

km
19 mm/yr

WVZ

EVZ

NVZ

NORTH
AMERICAN
PLATE

EURASIAN
PLATEFigure 1.3: Fissures swarms (yellow 
olor) and 
entral vol
anoes (ovaloutlines) in the vol
ani
 zones of I
eland (Einarsson and Sæmundsson,1987). The arrow shows the full spreading rate and dire
tion estimatedfrom the NUVEL-1A plate motion model (DeMets et al., 1990, 1994) forsouthern I
eland.with di�erent layering and rheologi
al properties. The �rst model was apure elasti
 plate of uniform thi
kness. The se
ond set of models 
on-sisted of two separate rheologi
 materials; an upper elasti
 layer and alower vis
oelasti
 layer. The geometry of the layer boundary betweenthem was de�ned by an isotherm from the general equation of 
oolingof the o
eani
 lithosphere at spreading plate margins. For the third setof models, a temperature-dependent vis
oelasti
 power-law 
reep wasde�ned for the whole plate. A 
al
ulated steady-state temperature dis-tribution in the plate was used as initial 
ondition. The models wereall subje
ted to a 
onstant horizontal pull of 7 mm/yr over a distan
eof 20 km during 10 000 yrs whi
h is about equivalent to the observedspreading rate at Thingvellir today.1.1 Aim of the proje
tThe aim of the proje
t is to investigate if the amount of subsiden
e duringpostgla
ial time in the Thingvellir graben 
an be to a large degree the
onsequen
e of stret
hing of plates. It should be 
onsidered a study of anend-member model of the formation of Thingvellir graben where faulting3



and dikes are not in
orporated. The �nite element pa
kage Abaqus wasused for the modeling. Topography and the amount of extension thathas taken pla
e in postgla
ial time served as 
onstraints on the models,as well as leveling results.

4



Figure 1.4: Photo over the area north of Thingvallavatn with the large marginal fault Almannagjá seen as a sharp lineon the left side of Lake Thingvallavatn. Photo by Ágúst Guðmundsson, GEOICE
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2 Geologi
al ba
kgroundI
eland is a part of the Mid-Atlanti
 Ridge (MAR) that marks the bound-ary between the North Ameri
an plate and the Eurasian plate (see Fig-ure 1.2). It is the largest subaerial exposure of the mid-o
ean ridge. Thehigh topography around I
eland is the result of the intera
tion of theMAR and a hotspot (Sigmundsson, 2006). The MAR in southern I
e-land has been formed through rift jumps and 
onsists at present of twosub-parallel spreading 
enters, the Western Vol
ani
 Zone (WVZ) andthe Eastern Vol
ani
 Zone (EVZ) (Sigmundsson, 2006).About 6�7 Myrs ago the Snæfellsnes rift died out and spreading startedfurther east, forming the WVZ (Sæmundsson, 1979). Another rift jumptook pla
e 1,5�3 Myrs ago when the rifting in the northern vol
ani
 zone(NVZ) propagated southwards and the EVZ was 
reated (Sæmundsson,1979). Sin
e then, spreading in south I
eland is divided between theWVZ and the EVZ (Figure 1.3). A

ording to the NUVEL-1A platemotion model (DeMets et al., 1990, 1994) the total amount of spread-ing a
ross southern I
eland is 19 mm/yr dire
ted N104◦E. GPS mea-surements are 
onsistent with this and they also indi
ate the mutualpartitioning of spreading between the WVZ and the EVZ. Initial GPSmeasurements indi
ate that 85±15 % of the spreading was a

ommo-dated by the EVZ (Sigmundsson et al., 1995) and the rest by the WVZ.Re
ent GPS measurements made by LaFemina et al. (2005) show thatthe spreading is latitude dependent and that the WVZ is among theslowest, vol
ani
ally a
tive spreading rifts in the world, as the spreadingrates are approximately 3�7 mm/yr. Within the zone, the highest rateof spreading is found near Thingvallavatn and further to the north itde
reases.Mapping done by Bernauer (1943) proposes a widening of 75 m offra
tures at the surfa
e during postgla
ial time and equivalent valuesare suggested by Guðmundsson (1987). If this is also representative forwidening at depth, it yields an average spreading rate of 5�10 mm/yr forthis period. Rift extension also 
auses 
ontinuous subsiden
e whi
h is ob-served on leveling made sin
e the 1960s on a pro�le a
ross the Thingvel-lir graben just north of Thingvallavatn (Tryggvason, 1974; Sigmundsson,2006). The observations show relative subsiden
e of about 1 mm/yr in6



the period 1966�1971, of the 
entral part of the leveling line relative toits endpoints. The measurements give furthermore an exa
t estimate ofthe topographi
 relief.The Thingvellir area 
an be divided into four vol
ani
 systems, ea
h witha �ssure swarm related to a 
entral vol
ano (Sæmundsson, 1978, 1992).Hengill 
entral vol
ano together with the Thingvellir �ssure swarm 
on-stitutes the main system. East of Hengill lies the Hrómundartindur sys-tem that is lo
ated along the east shore of Lake Thingvallavatn. Prestah-njúkur 
entral vol
ano is lo
ated in the southwest part of Langjökull withan asso
iated �ssure swarm that extends along the northwestern marginof the rift zone. The fourth vol
ani
 system that has been de�ned by Sæ-mundsson (1978) is the system with Kálfstindar as the probable 
entralvol
ano with �ssures rea
hing northwards towards Langjökull. Geologyof the area is shown in Figure 2.1.2.1 Eruptive historyThe eruptive history of the WVZ in postgla
ial time is 
on
entratedin the �rst 3000 yrs after degla
iation, when almost 64 % of the totalerupted volume was produ
ed (Sinton et al., 2005). De
ompression ofthe mantle as the i
e melted away is inferred to be the 
ause of the largeamount of melt. Sinton et al. (2005) estimated the total erupted volumeof the WVZ in postgla
ial time to be about 40 km3. It 
an be 
omparedwith the total erupted volume in the EVZ during postgla
ial time thatis estimated to be 200 km3 (Jakobsson, 1979). Shield lavas make up themajority of lavas in the WVZ and Sinton et al. (2005) showed that onlyabout 4 % of the erupted volume originate from �ssures. The �ssureeruptions are mostly lo
ated south of Lake Thingvallavatn in the Hengilland Hrómundartindur systems (Sæmundsson, 1992).The most re
ent rifting event in the WVZ o

urred in 1789 in the Hengillvol
ani
 system, but no lava was erupted (Sæmundsson, 1992). Themovements in this event showed 
learly that the �ssures of Thingvellirbelong to the Hengill vol
ani
 system as o�sets of 1�2 m are imposed onfaults north of Lake Thingvallavatn (Sæmundsson, 1992).The most re
ent eruption was about 1900 yrs ago and it formed Nes-7
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Figure 2.1: Geologi
al map from Sinton et al. (2005) showing postgla
iallavas around Lake Thingvallavatn. Major faults mapped by Sæmundsson(1992) are also showed.jahraun, a lava �eld, that �owed out of a �ssure south of Thingvallavatnand 
ontinued northward into the lake (Figure 2.1). Asso
iated with thiseruption is also the formation of the tu� 
one of Sandey that is lo
atedin the middle of Lake Thingvallavatn (Sæmundsson, 1992).2.2 Thingvellir grabenThe 
ombination of small erupted volume, ex
ept for the very early post-gla
ial time, and 
ontinuous extension in the WVZ has 
reated a deepgraben stru
ture, with the largest topographi
 relief at Lake Thing-vallavatn. An eastward shift of the eruptive 
enters north of Thing-8



Figure 2.2: Fault map from Guðmundsson (1987). LT stands for LakeThingvallavatn, 1 � te
toni
 �ssure, 2 � normal fault, 3 � vol
ani
 �ssure,4 � strike and dip, 5 � Holo
ene lavas and 6 � Pleisto
ene ro
ks.
9



vallavatn appears also to have 
ontributed to the formation of the graben(Sinton et al., 2005).The depression around Thingvallavatn whi
h forms the graben stru
tureis 20�25 km wide in the northeast and narrows to about 10 km in thesouthwest (Sæmundsson, 1992). The major trend of faults and �ssuresin the rift zone is N30◦E (Sæmundsson, 1992; Guðmundsson, 1987). Sæ-mundsson (1992) observed in his study that the throw of faults seemsto be proportional to the age of the lava/ro
k that they 
ut through.The largest throw he dete
ted was 400 m and lo
ated northwest of LakeThingvallavatn, formed in ro
k that probably date from the third lastgla
iation (about 200 000 yrs ago). For faults in younger ro
ks and lavas,the throw de
reases. Almannagjá and Hrafnagjá have the largest verti
aldispla
ements for faults in postgla
ial lava with throws of about 30 m(Sæmundsson, 1992; Guðmundsson, 1987).The graben is asymmetri
 and Sæmundsson (1992) des
ribes the ge-ometry of the graben as follows; In the northwest the faults are situated
losely together and they have large throws. To the east, the faultshave less verti
al o�sets and are spread out through 
entral and easternparts of the graben. The western marginal faults, with Almannagjá asthe largest, have an east dip and the faults at the eastern margin, withHrafnagjá as the largest, have a dip to the west.2.3 Lake ThingvallavatnThe Almannagjá and Hrafnagjá marginal faults 
ontinue into Lake Thing-vallavatn (Thors, 1992). Interpretation of re�e
tion seismi
 and sono-graph surveys made by Thors (1992) in Lake Thingvallavatn show thatthese two large faults pass over into others faults in the southwest. Inparti
ular he noted that the amount of faults in
rease signi�
antly to theSW and also their throw. The deepest part of Thingvallavatn is west ofSandey and it rea
hes a depth of more than 100 m, 13 m below sea level(Sæmundsson, 1992). The average depth is 40�80 m. The largest faultthrows in the lake are found north of Sandey. On the western marginalfault about 55 m and on the segmented eastern part up to 40 m (Bullet al., 2003). 10



The �oor of Lake Thingvallavatn has been inferred to be made of twopostgla
ial lava �ows, hyalo
lastite material and sediments. The north-ern and eastern parts of the lake are 
overed with the approximately10.2 kyrs old Thingvallahraun (see Figure 2.1) that forms a steep edgeas it ends (Kjartansson, 1964; Sinton et al., 2005). Bull et al. (2003)suggests that the large �ow of Thingvallahraun to the east is an indi-
ation that the deepest part of the lake was further to the east in earlypostgla
ial time than it is today. The Nesjahraun aged 1.89±0.06 kyrshas �owed out into the southern part of the lake and formed a gentlysloping plane (Sæmundsson, 1992). This lava is not 
ut by any faults(Thors, 1992) whi
h suggests that no movements have o

urred on thenorthern �ssures of Hrómundartindur system during the last 2 kyrs. Inthe western and southeastern parts of Thingvallavatn the lake bed 
on-sists of hyalo
lastite material that has not been 
overed by postgla
iallava (Thors, 1992). Sediments are found everywhere in the lake wherethe water depth is more than a few meters and uneven distribution ofsedimentation is found along pro�les examined by Thors (1992) and Bullet al. (2003). Ha�idason et al. (1992) 
on
ludes from his experimentsthat sedimentation rate in
reases proportional to water depth in waterdeeper than 30 m. Bull et al. (2003) uses this statement to 
on
lude thatthe major western fault must have moved re
ently sin
e the sedimentsare thi
kest away from the presently deepest part, whi
h is next to thewestern fault.

11



3 Crustal deformation and faultingThe previous 
hapter des
ribed the geology of the WVZ, and espe
iallythe area around Thingvellir. This 
hapter is a 
ompilation of horizon-tal and verti
al deformation data from the Thingvellir area that provide
onstraints for the �nite element models.An overview of the study area is shown in Figure 3.1. Indi
ated lin-eaments, su
h as faults and �ssures, were mapped in Ar
GIS from aset of SPOT images and are divided into two groups; lineaments withinpostgla
ial lavas and those outside, in older ro
ks. The average strike offra
tures in the Thingvellir area is suggested to be about N30◦E fromearlier studies (Sæmundsson, 1992; Guðmundsson, 1987). The map-ping of lineaments in this study also resulted in a strike dire
tion ofapproximately N30◦E. Figure 3.1 also shows the lo
ation of the level-ing line measured by Tryggvason (1974) as well an extended pro�le linethat shows the 
ross-se
tion for the two-dimensional models produ
ed forthis study. GPS sites used in deformation studies examined by LaFem-ina et al. (2005) are also shown. The horizontal displa
ements fromLaFemina et al. (2005) and measurements of widening of fra
tures inthe graben give 
onstraints on horizontal movements. The topographyand the verti
al displa
ement rate measured from the leveling line, to-gether with throw estimates on the major marginal faults Almannagjáand Hrafnagjá done by Guðmundsson (1987), 
onstitute the verti
al data
onstraints on the models. The throws of Almannagjá and Hrafnagjá,respe
tively, mark the lower limit of subsiden
e in postgla
ial time. It isdi�
ult to say how large displa
ements have o

urred in postgla
ial timeon faults away from the 
entral part of the graben, sin
e these faults 
utthrough ro
ks that are not postgla
ial.As mentioned above, all fault studies in the Thingvellir area give an av-erage strike dire
tion around N30◦E. The estimated spreading dire
tionfrom the NUVEL-1A plate motion model (DeMets et al., 1990, 1994)is N104◦E. In this study, to enable the assumption of plane strain inthe modeling, a plate spreading dire
tion perpendi
ular to the averagestrike of faults is assumed. This assumption gives a spreading dire
tionof N120◦E. 12



Lake Thingvallavatn

Figure 3.1: SPOT image over Thingvellir with faults within (orange lines) and outside (yellow lines) of postgla
ial lavas.The leveling line measured by Tryggvason (1974) is marked with red 
olor and the extended pro�le line that de�nes the
ross-se
tion for the 2D models is marked with a blue line. Green triangles represent GPS sites measured by LaFeminaet al. (2005)
13



3.1 Constraints on verti
al displa
ementsTryggvason (1974) presents data from a survey of a leveling line alongthe northern shore of Thingvallavatn (see Figure 3.1 for lo
ation). Theinitial data span from 1966 to 1971, and these give a detailed topo-graphi
 pro�le of the Thingvellir graben north of the lake as well asverti
al displa
ement velo
ity in these years (Figure 3.2). The levelingline is 
entered around the 
entral rift axis and extends less than 4 kmto the east and west, respe
tively. The deformation zone in the WVZappears to be about 20 km wide at this lo
ation (LaFemina et al., 2005;Sigmundsson, 2006). The topography for the whole width of the defor-mation zone was found from a digital elevation model (DEM). The DEMhad a grid spa
e of 20 by 20 m and was made from 20 m 
ontour linesfrom a 1:50 000 map database from the Land Survey of I
eland (Ólafs-dóttir (2007), personal 
ommuni
ation). The topography of the DEM issmoother than the real topography be
ause of the interpolation betweengrid points. Nevertheless, the sharp throws of the marginal faults arestill visible, as seen in Figure 3.2(a).Verti
al displa
ements from 1966 to 1971 are about 1 mm/yr (Tryg-gvason, 1974), in the 
enter of the graben (Figure 3.3). However, thisvalue is relative to the endpoint of the leveling line that is less than 4 kmaway from the 
entral axis. The subsiden
e rate relative to a point fur-ther away from the ridge axis, that is not part of the deformation zone,would probably give larger verti
al velo
ities.Throws on Almannagjá and Hrafnagjá have been measured by Guð-mundsson (1987). The throw varies along the faults but as an averagethe throw on Almannagjá is about 15 m and about 8 m on Hrafnagjá.Maximum throw is approximately 30 m (Guðmundsson, 1987; Sæmunds-son, 1992). Sin
e the faults 
ut through 9�10 kyrs old lava �ows, thedispla
ement on Almannagjá and Hrafnagjá has 
ertainly taken pla
ein postgla
ial time. A lower limit of 30 m of subsiden
e in Thingvellirgraben during postgla
ial time 
an hen
e be estimated from the throwsof the marginal faults.
14
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(b)Figure 3.2: (a)Topography along the extended pro�le line that de�nes the
ross-se
tion for the models in this study. The height data is extra
tedalong the pro�le line from the DEM. The dashed red lines indi
ate these
tion that 
oin
ides with the stret
h of the leveling line. (b) Resultsfrom the leveling line measured by Tryggvason (1974). See Figure 3.1for the lo
ation of the extended pro�le line and the leveling line.15



0 1 2 3 4 5 6 7

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

km along leveling line

m
m

/y
r

Figure 3.3: Verti
al displa
ement rate from 1966�1971 (blue) and 1967�1971 (red) as measured by Tryggvason (1974).3.2 Constraints on horizontal displa
ementsIn the work of LaFemina et al. (2005), spreading velo
ities for the WVZare suggested to be about 7 mm/yr at the latitude of Thingvellir (Fig-ure 3.4(a) and (b)). There is an observed along strike variation of thespreading velo
ity along the WVZ, with lowest values to the northeastand in
reasing velo
ities to the southwest. The highest values are es-timated around lake Thingvallavatn. Widening of fra
tures 
an alsogive an estimate of the extension during postgla
ial time. Guðmundsson(1987) measured the widening of Almannagjá and Hrafnagjá along theirwhole extension. The widening varies signi�
antly with distan
e alongthe faults. An approximate average widening of the two faults appli
ableto the lo
ation of the pro�le line is 30 m.As a supplement to the measurements done by Guðmundsson (1987),the opening of seven smaller fra
tures inside the graben were measuredin this study with a tape measure. The 
umulative extension of these16
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(b)Figure 3.4: (a) Measured spreading rates for the WVZ and the EVZ rel-ative to stable North Ameri
a (LaFemina et al., 2005). The horizontalvelo
ities are proje
ted on to the dire
tion N102◦E. The solid line indi-
ates the best �t result from modeling done by (LaFemina et al., 2005).(b) The same GPS data as in (a), but only for the WVZ and proje
tedon to the dire
tion N120◦E, the dire
tion of the pro�le line in this study.17



�ssures were approximately 45 m. Together with the measured wideningby Guðmundsson (1987) the total extension in postgla
ial time for theThingvellir graben is approximately 105 m (Figure 3.5), but the un
er-tainties are large.
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Figure 3.5: The 
umulative widening of the two marginal faults Alman-nagjá and Hrafnagjá (Guðmundsson, 1987) and seven smaller fra
turesinside Thingvellir graben measured in this study. The estimated valuesof opening of Almannagjá and Hrafnagjá are an average value from themeasurements by (Guðmundsson, 1987). The measurements of the sevensmaller fra
tures were all done near the pro�le line, just north of LakeThingvallavatn.It is not well known how the surfa
e extension re�e
ts the extensionat deeper level. Open surfa
e fra
tures have typi
ally walls of large ro-tated blo
ks so that the fra
tures are 
losed at depth. The measurementsof widening a
ross open surfa
e fra
tures will therefore give an overes-timate of the extension in postgla
ial time. However, it 
an be used togive an indi
ation of the spreading velo
ity in postgla
ial time. The mea-sured 
umulative opening of 115 m in 10 000 yrs gives a spreading rate18



of 10.5 mm/yr. This is 
omparable with the GPS derived spreading rateof 7 mm/yr from LaFemina et al. (2005). In this study, the spreadingrate of 7 mm/yr from LaFemina et al. (2005) has been used as horizontal
onstraint for the 
ross-se
tional models.
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4 Rheologi
al models of a divergent plate boundaryThe rheology of the Earth varies with depth. Deformation of the up-per parts of the 
rust with low 
on�ning pressure and temperature 
anbe des
ribed by elasti
ity, but for the lower parts, the Earth propertiesare better des
ribed by vis
oelasti
 behavior (Sigmundsson, 2006). Fig-ure 4.1 shows three rheologi
al models that represent the appearan
e ofa divergent plate boundary with depth.
(a) (b)

(
)Figure 4.1: S
hemati
 �gure of three di�erent rheologi
al models that
ould represent a divergent plate boundary. Dotted line marks the 
en-tral axis of the plate boundary. (a) The most simpli�ed 
ase with anupper elasti
 layer of uniform thi
kness above a vis
oelasti
 material.(b) An elasti
 upper layer on top of a vis
oelasti
 layer. The bound-ary is de�ned by a given isotherm from the general equation of 
oolingof o
eani
 lithosphere, with an additional 
orre
tion for non-zero elasti
thi
kness at the ridge axis. (
) The model has no boundaries instead itis pres
ribed a vis
oelasti
 rheology that depends on temperature.4.1 Uniform elasti
 thi
knessFigure 4.1(a) shows a 
ommonly used model setup used in e.g. modelingof gla
ial rebound data (e.g. Pagli et al. (2007)). This model may beoversimpli�ed for detailed modeling of deformation of a divergent plate20



boundary, sin
e only uniformly subsiden
e will o

ur if the plate is onlystret
hed, and not loaded verti
ally. An analyti
al solution is derivedfor the verti
al subsiden
e in a pure elasti
 plate in Appendix A, Chap-ter A.3. The result is 
ompared to what is 
omputed in Abaqus for thesame model setup. The results are in a

ordan
e and 
on�rm that thesubsiden
e is uniform over the whole surfa
e.4.2 Curved elasti
-vis
oelasti
 boundaryFigure 4.1(b) shows a model with a 
urved boundary between an elasti
and a vis
oelasti
 layer. The shape of this boundary is assumed to followthe general 
ooling plate model of o
eani
 lithosphere at divergent plateboundaries (Figure 4.2). This model gives the temperature distributionin the o
eani
 lithosphere around mid-o
ean ridges as the solution ofthe heat 
ondu
tion problem of sudden 
ooling of a half-spa
e (Tur
otteand S
hubert , 2002). A 
onstant temperature is assumed at the ridgeaxis, throughout its whole depth. In this solution, only verti
al heat
ondu
tion is 
onsidered and the plates are assumed to spread apartwith a 
onstant horizontal velo
ity. Hot mantle material rises at theridge axis and starts to 
ool when it rea
hes the surfa
e. As the hotmaterial moves away from the ridge axis the 
ooling 
ontinues downfrom the surfa
e and the depth to a given isotherm 
an be written as(Tur
otte and S
hubert , 2002)
h = 2erf−1

( T − T0

T1 − T0

)

√

κx1

v1
(4.1)where erf−1 is the inverse error fun
tion, T0 is the temperature at thesurfa
e, T1 is the temperature at the ridge, T is the temperature of thegiven isotherm, κ is the thermal di�usivity, x1 is the 
oordinate axisde�ned to 
oin
ide with the spreading dire
tion, v1 is the spreading ve-lo
ity and h is the depth for the given isotherm T .Laboratory experiments on the behavior of olivine whi
h is the majormineral in the upper mantle show that the response on applied stressvaries signi�
antly with temperature. At temperatures less than about675◦C dry olivine deforms elasti
ally and the 
orresponding limit forwet olivine is 475◦C (Tur
otte and S
hubert , 2002). Dry and wet olivine
orresponds to water free and water saturated olivine (∼ 0.03 wt %),21
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t = 0 t = t1Figure 4.2: Sket
h of 
ooling of o
eani
 lithosphere at a mid-o
ean ridgefrom Tur
otte and S
hubert (2002), where q is the verti
al heat 
ondu
-tion, v1 is the spreading velo
ity, t is time, T0 is the surfa
e temperatureand T1 is the ridge axis temperaturerespe
tively (Karato and Wu, 1993). For higher temperatures olivinea
ts as a �uid and �ows. The depths of the 475◦C and 675◦C isothermsin o
eani
 lithosphere 
an give a rough estimate on the thi
kness of theelasti
 part in a plate.The 
ooling plate model predi
ts zero thi
kness of the elasti
 layer atthe ridge axis whi
h is not in a

ordan
e with what is observed at thesubaerial exposure of the MAR in I
eland. Cir
ulation of water in fra
-tures provides an explanation of this dis
repan
y, as well as dis
retediking events at the ridge axis. For the models presented here, an extraterm haxis has been added to Equation 4.1 to 
orre
t for this dis
repan
y,ensuring a non-zero elasti
 layer thi
kness also at the ridge axis.4.3 Temperature dependent rheologyThe third model, Figure 4.1(
), shows a plate without boundaries butwith a temperature dependent vis
oelasti
 rheology. This thermo-me
h-ani
al model is assigned a 
al
ulated initial temperature distributionin the plate with a 
onstant surfa
e temperature and a depth depen-dent ridge axis temperature. The temperature gradient in the upper
rust in I
eland varies widely, from almost 0 to 500◦C/km (Flóvenzand Sæmundsson, 1993). Away from the vol
ani
 zones, in older ro
k,the temperature gradients are typi
ally about 40-50◦C/km and in the�ank zones of the a
tive vol
ani
 zones, the temperature rises up to22



about 150-200◦C/km (Pálmason and Sæmundsson, 1979; Flóvenz andSæmundsson, 1993). Interpretations of results regarding the thermalstru
ture of I
eland have given two separate models; the thin-
rust andthe thi
k-
rust model. The thin-
rust model assumes a 
rustal thi
k-ness of 10-15 km with a layer of partially molten basalt at the baseof about 1100◦C (Pálmason and Sæmundsson, 1979; Flóvenz and Sæ-mundsson, 1993; Björnsson, 2007). On the other hand, the thi
k-
rustmodel whi
h assumes a relatively 
old 
rust with a thi
kness of up to40 km (Sigmundsson, 2006; Kaban et al., 2002;Menke et al., 1995;Menkeand Sparks, 1995). The thi
k-
rust model is based on results from seis-mi
 data, both new and reinterpreted old data (Bjarnason, I. Th. andMenke, W. and Flóvenz, Ó. and Caress, D., 1993; Menke et al., 1995;Menke and Sparks, 1995; Kaban et al., 2002). This study relies on the in-terpretations from the new seismi
 data, favoring the thi
k-
rust model.

Figure 4.3: Model results from Menke et al. (1995) for temperatureat depth in the I
elandi
 
rust. The dashed and solid lines indi
atemodels where hydrothermal 
ir
ulation is taken into a

ount and not,respe
tively. The half-width values of a magma 
hamber refers to themodel setup in the modeling done by Menke and Sparks (1995)The rheologi
al law of the lower 
rust and upper mantle 
an be deter-mined from laboratory experiments on olivine. These show that therelation between strain rate and stress depends strongly on pressure andtemperature (Karato and Wu, 1993; Tur
otte and S
hubert , 2002). The23



experiments suggest a non-Newtonian (see Appendix A, Chapter A.4)dependen
y between strain rate and stress, des
ribed as (Kirby andKronenberg , 1987; Ranalli , 1995; Tsenn and Carter , 1987; Tur
otte andS
hubert , 2002; Watts, 2001)̇
ε = Ape

−H/RT σn (4.2)where Ap is a material-spe
i�
 parameter, σ is the di�erential stress
σ11 − σ33, n gives the power-law dependen
e of strain rate to stress, His the a
tivation energy, R is the universal gas 
onstant, and T is thetemperature in Kelvin. Experiments on olivine done by Goetze (1978)estimated strain rate to have a 
ubi
 dependen
e to stress, i.e. n = 3.Karato et al. (1986) suggested n = 3.5 for dry olivine and n = 3 forwet, as do Tur
otte and S
hubert (2002). The a
tivation energy H andthe material spe
i�
 parameter Ap also di�ers depending on wet or dry
onditions of olivine, see Chapter 5.1.3 for suggested values.Be
ause of limitations in the laboratory equipment, all experiments havebeen made at lower pressure and with higher strain rates than what ispresent in the Earth. Equation 4.2 and the related estimated values of
n, Ap and H are assumed to be valid also when extrapolated to pres-sures and strain rates a

ording to the 
onditions in the lower 
rust andmantle (Watts, 2001; Tur
otte and S
hubert , 2002).The vis
osity of non-Newtonian �uids 
an be de�ned in the same wayas for Newtonian �uids. If normal stress and strain rates are used, thede�nition is (Tur
otte and S
hubert , 2002; Ranalli , 1995)

η =
σ

3ε̇
(4.3)When the empiri
al determined power-law in Equation 4.2 is insertedinto the above de�nition of vis
osity, this gives a stress dependent vis-
osity 
alled the e�e
tive vis
osity written as (Ranalli , 1995; Tur
otteand S
hubert , 2002)

ηeff =
eH/RT

3Ap
σ1−n (4.4)
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5 Finite element modeling and results5.1 Model 
onstru
tion in AbaqusThe modeling was performed in two dimensions and symmetry aboutthe spreading ridge was assumed to be valid for all the models. Thus, allmodels had the ridge axis as boundary on one side and the width wasone half of the interpreted deformation zone width. Figure 5.2 displaysthe geometry of the models.A shell stru
ture with unit thi
kness was utilized to 
onstru
t the modelsin Abaqus. Figure B.1 shows the appearan
e of a shell element. The �rstmodels utilized a mesh with 3 node triangular elements, named CPE3.The 
oupled thermo-me
hani
al models utilized a mesh 
onsisting of 4-node quadrilateral elements, named CPE4T. Both types of mesh havetwo degrees of freedom; horizontal and verti
al translation. The size ofthe elements were 100 m near the upper left 
orner, along the surfa
eand along the boundaries between the layers and be
ame more sparsetowards the base and to the right. Both types of meshes are showed inFigure 5.1. Wu (2004) dis
usses the use of 
ommer
ial �nite elementpa
kages as Abaqus for the use of solving stress and strain problems ap-plied to the Earth. In Abaqus the equations of motions are set to equalzero so the 
al
ulations are done for a non-self gravitating plate withoutany isostasy for
e.All models had the same boundary 
onditions as displayed in Figure 5.2.At the ridge axis, the left side of the model, only verti
al displa
ementwas allowed. The right side relating to the intraplate boundary (theboundary inside the te
toni
 plate) was free to move verti
ally and wasdispla
ed 35 m horizontally in 10 000 yrs 
orresponding to GPS derivedspreading rates (LaFemina et al., 2005; Sigmundsson et al., 1995). Thebase of the model was restri
ted to move only horizontally. No boundary
onditions were applied to the surfa
e. The applied boundary 
onditionto the right of 35 m stret
hing in 10 000 yrs was given as a 
onstant pullof 3.5 mm/yr.The width of the models, that is assumed to represent the half widthof the deformation zone in the WVZ, was determined a

ording to GPSdata from LaFemina et al. (2005), where an approximately 20 km wide25



(a) (b)Figure 5.1: (a) Mesh with triangular elements (b) Mesh with quadrilat-eral elements.deformation zone north of Thingvallavatn is suggested. This gives amodel width of 10 km if symmetry of the graben is assumed. The depthof all models is 16 km. It was determined from the deepest of the bound-ary isotherm in the elasti
-vis
oelasti
 models. In this way all models,also the ones with a higher temperature isotherm as boundary layer be-tween the elasti
 and vis
oelasti
 layer, had a vis
oelasti
 layer at thebottom. For 
onsisten
y this depth was kept for all models. The deter-mination of the depth of the models and its 
onsequen
es, are furtherdis
ussed in Chapter 6.3.This information as well as the geometry of the models was put togetherin a s
ript. The s
ript was written in the obje
t oriented programminglanguage Python and was read into Abaqus.The resulting verti
al displa
ement from the models were all analyzedas relative displa
ement, meaning that the subsiden
e at the intraplateboundary was subtra
ted from the results. This assumption is dis
ussedin Chapter 6.3. 26
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Figure 5.2: Me
hani
al boundary 
onditions applied to all models. Theridge axis is �xed horizontally but free to move verti
ally, the base is�xed verti
ally but free to move horizontally. The surfa
e is free tomove in any dire
tion and the intraplate boundary is stret
hed 35 m in10 000 yrs.5.1.1 Model with a uniform elasti
 layerA uniform elasti
 layer on top of a vis
oelasti
 material 
omprises the�rst model. The thi
kness of the elasti
 layer 
an be estimated from e.g.the depth distribution of earthquakes. A 
ompilation of fo
al depths insouth I
eland show that the they range from a maximum of about 7 kmdepth in the west to a few kilometers deeper in the east (Stefánssonet al., 1993). Seismi
 data 
an also be used to approximate the elasti
thi
kness. From seismi
 data and examination of temperature gradientsin Hengill geothermal area Foulger (1995) pres
ribes a seismogeni
 layerof maximum 6�7 km depth around Hengill. Kaban et al. (2002) 
omesup with a similar result from gravity and seismi
 data and propose anelasti
 plate thi
kness for I
eland of maximum 6 km.To sum up; the elasti
 thi
kness beneath southwestern I
eland is es-timated to have an average of 7 km but seems to thi
ken away from theridge axis. For this model, an elasti
 thi
kness of 7 km was used.The elasti
 layer had Young's modulus E = 75 GPa and Poisson's ratio27



ν = 0.25 and the elasti
 properties of the vis
oelasti
 layer were set to
E = 90 GPa and ν = 0.25 (Tur
otte and S
hubert , 2002; Watts, 2001).The elasti
 parameter values were all a

ording to estimated values ofo
eani
 lithosphere. The parameters for the vis
ous properties des
ribedby Equation B.1 were set to n = 1, m = 0 and A = 1/3η. The verti
aldispla
ement at the surfa
e is shown in Figure 5.3 and is explained anddis
ussed in Chapter 6.

0 1 2 3 4 5 6 7 8 9 10
−45

−40

−35

−30

−25

−20

−15

−10

−5

0

x [km]

u3
 [m

]

Figure 5.3: Subsiden
e for the model with a layer of uniform elasti
thi
kness above a vis
oelasti
 material. The subsiden
e is uniform overthe entire model surfa
e and in 
ontrast to all other verti
al displa
ementresults showed in this 
hapter, this is the total subsiden
e for the model.The resulting stress distribution for this model is uniform throughout theelasti
 and vis
oelasti
 layer, respe
tively, with higher values of stress inthe elasti
 layer. The horizontal normal stress σ11 (in the dire
tion ofstret
hing) is 280 MPa in the elasti
 layer and 0.18 MPa in the vis-
oelasti
 layer. The horizontal normal stress σ22 (perpendi
ular to thedire
tion of stret
hing) is 70 MPa and 0.18 MPa for the elasti
 and thevis
oelasti
 layer, respe
tively. The verti
al normal stress σ33, as well asthe shear stress σ13, are both zero throughout the whole model.5.1.2 Model with an elasti
 and vis
oelasti
 layerThis model was 
onstru
ted with an elasti
 top layer and a Maxwell vis-
oelasti
 layer beneath. The boundary geometry between the elasti
 and28



the vis
oelasti
 layer was assumed to have the shape of a given isothermfrom the 
ooling of o
eani
 lithosphere at spreading ridges proposed inTur
otte and S
hubert (2002) (see Chapter 4.2), with the addition of anelasti
 plate thi
kness haxis at the ridge axis. This 
ooling model, withthe modi�
ation of an extra haxis gives the depth of a given isothermversus distan
e from rift 
enter as (see Chapter 4.2)
h = 2erf−1

( T − T0

T1 − T0

)

√

κx1

v1
+ haxis (5.1)where the parameters were set to; surfa
e temperature T0 = 20◦C, ridgeaxis temperature T1 = 1100◦C (Tur
otte and S
hubert , 2002), ther-mal di�usivity κ = 10−6 m2 s−1 (Tur
otte and S
hubert , 2002) and

v1 = 3.5 mm yr−1 (LaFemina et al., 2005). The temperature T of theisotherm 
orresponding to the 
hange of elasti
 to vis
oelasti
 behavior,was varied between 400 and 700◦C to test the subsiden
e response ofdi�erent isotherms. The elasti
 layer thi
kness at the ridge axis and thevis
osity of the Maxwell vis
oelasti
 layer were also altered to investigatetheir mutual e�e
t on verti
al subsiden
e. The di�erent model setupsare shown in Table 5.1.Varied isotherm Varied axis thi
kness Varied vis
osityT = 400 � 700◦C T = 500◦C T = 500◦C
η = 8·1018 Pa s η = 8·1018 Pa s η = 1·1018 � 1·1020 Pa s
haxis = 3000 m haxis = 500 � 5000 m haxis = 3000 mTable 5.1: Spe
i�
ation of the parameter values used in the di�erentmodels for the elasti
-vis
oelasti
 models.The elasti
 layer had Young's modulus E = 75 GPa and Poisson's ratio

ν = 0.25 and the elasti
 properties of the vis
oelasti
 layer were set to
E = 90 GPa and ν = 0.25 (Tur
otte and S
hubert , 2002; Watts, 2001).The elasti
 parameter values were all a

ording to estimated values ofo
eani
 lithosphere. The parameters for the vis
ous properties des
ribedby Equation B.1 were set to n = 1, m = 0 and A = 1/3η. The resultsfrom the di�erent model setups are shown in Figures 5.4, 5.5 and 5.6respe
tively. The results are explained and dis
ussed in Chapter 6.29
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Stress distributionThe model results showed a fo
using of shear stress σ13 (x1 is parallelto the spreading dire
tion and x3 is the verti
al dire
tion), starting atthe elasti
-vis
oelasti
 boundary at the ridge axis and spreading diagonalupwards. Figure 5.7, 5.8 and 5.9 show the shear stress distribution for themodels with haxis = 1, 3, 5 km, respe
tively. The distan
e from the ridgeaxis to the surfa
e lo
ation of the fo
using, was strongly dependent onthe elasti
 ridge axis thi
kness haxis. As haxis was in
reased, the distan
efrom ridge axis to the stress fo
using also in
reased.5.1.3 Model with temperature dependent rheologyIn the third set of models, a steady-state temperature distribution wasused as initial 
ondition and a temperature-dependent 
reep-law was setas 
onstitutive equation. Two types of thermal boundary 
onditions wereused to 
al
ulate the temperature distribution and for ea
h of these two
al
ulated temperature distributions, three di�erent empiri
al 
reep-lawrheologies were tested.The two types of thermal boundary 
onditions were both a

ording tothe "thi
k-
rust model" (see Chapter 4.3) with a relatively 
old 
rust un-der I
eland (Menke et al., 1995; Menke and Sparks, 1995; Kaban et al.,2002; Sigmundsson, 2006). The surfa
e temperature was 20◦C. The baseand the intraplate boundary did not have any thermal boundary 
ondi-tions. The ridge axis was assigned di�erent temperature gradients. Allthermal boundary 
onditions are showed in Figure 5.10. Figure 5.11 and5.12 show the two 
al
ulated steady-state temperature distributions re-sulting from these thermal boundary 
onditions.The model was designed in two steps. In the �rst step, thermal bound-ary 
onditions, as mentioned above, were applied and the steady-statetemperature distribution was 
al
ulated for the model within Abaqus.In the se
ond step, these results were used as initial 
ondition and theme
hani
al boundary 
onditions, as shown in Figure 5.2, were applied.The rheology of the models were determined by the empiri
al power-law 
reep given in Equation 4.2. When the empiri
al rheologi
 equationis 
ompared with the 
reep-law given in Abaqus, Equation B.1, it is seen35
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onditions for temperature distribu-tion I. The temperature gradient ∂T/∂x3 (x3 is the verti
al 
oordinate)at the ridge axis is 100◦C/km during the �rst 8 km and thereafter is a
onstant temperature of 850◦C de�ned at the axis (b) Thermal boundary
onditions for temperature distribution II. The ridge axis temperaturegradient ∂T/∂x3 is 100◦C/km during the �rst 2 km, ∇T = 70◦C/kmbetween 2 and 5 km depth, thereafter is the temperature 
onstant at500◦C from 5 to 10 km and at 600◦C from 10 to 16 km depth.that the value of the parameter A that needs to be inserted into Abaqus
an be written as
A = Ape

−H/RT (5.2)where R is the universal gas 
onstant, T is temperature in Kelvin and theparameter Ap and the a
tivation energy H are empiri
ally determined.Three models were 
reated; model A, B and C, 
orresponding to empir-i
ally determined values of Ap and H as shown in Table 5.2. Table 5.2also show all other parameter values that were needed for the modeling.The values of A = Ape
−H/RT that were inserted into Abaqus are shownin Figure 5.13 and are also listed in Appendix C.The smallest value Abaqus 
an handle is 10−27 (Abaqus, 2007). As seenin Figure 5.13, the values of A in
lude values smaller than this limit attemperatures less than 200-400◦C depending on model. All values thatare smaller than 10−27, are set to 5·10−27 Pa−3yr−1. The units of pa-36



Figure 5.11: Temperature distribution I. Cal
ulated steady-state tem-perature distribution in the plate with a 
onstant surfa
e temperature of20◦C, a temperature gradient of 100◦C/km during the upper 8 km andbelow that a 
onstant temperature of 850◦C at the ridge axis. The baseand the intraplate boundary were not pres
ribed any boundary 
ondi-tions. The temperatures are showed in ◦C and the bla
k lines indi
ateevery 100◦C isotherm. 37



Figure 5.12: Temperature distribution II. Cal
ulated steady-state tem-perature distribution in the plate with a 
onstant surfa
e temperature of20◦C The ridge axis had a temperature gradient of 100◦C/km during the�rst 2 km. Between 2 and 5 km, the temperature gradient was 70◦C/kmand thereafter was the temperature 
onstant at 500◦C until 10 km depthand below that 
onstant at 600◦C. The base and the intraplate bound-ary were not pres
ribed any boundary 
onditions. The temperatures areshowed in ◦C and the bla
k lines indi
ate every 100◦C isotherm.38



Model A Model B Model C
Ap [Pa−3yr−1℄ 1.73·1018 1.32·1019 2.15·1013

H [kJ mol−1℄ 398 520 520Parameters equal for all models
n 3spe
i�
 heat cp 1000 J kg−1K−1thermal 
ondu
tivity k 1.8 W m−1K−1density ρ 2900 kg m−3Young's modulus E 90 GPaPoisson's ratio ν 0.25Table 5.2: The values of Ap and H for model A are from Tur
otteand S
hubert (2002) and 
orrespond to wet olivine. Model B and Chave values a

ording to dry olivine, with Ap and H from Tur
otte andS
hubert (2002) and Kirby (1983), respe
tively. All models are assigned a
ubi
al relation between stress and strain rate. The remaining parametervalues, 
orrespond to typi
al material parameters for basalt taken fromTur
otte and S
hubert (2002); Fowler (2005); Flóvenz and Sæmundsson(1993)rameter A 
ould also have been 
hanged to e.g. MPa −3yr−1 instead ofPa−3yr−1 to in
rease the values of A (this of 
ourse a�e
ts other param-eters, and they would need to be 
hanged as well to retain 
onsisten
yof units). However, sin
e the values of A are already given in Pa−3yr−1and not Pa−3s−1, a value of 5·10−27 Pa−3yr−1 will result in strain ratesequivalent to those found in the elasti
 layer in the earlier models. Theresulting elasti
 strain rates for these models were 10−13 − 10−14 s−1.The 
reep-law behavior des
ribed in Equation 4.2 results in a strain rateof about 10−13 s−1, with A = 5·10−27 Pa−3yr−1 and a di�erential stress

σ of 10 MPa. This simpli�
ation of 
utting o� the values of A will bedis
ussed further in Chapter 6.2.Figure 5.14(a) and 5.14(b) show the subsiden
e for model A, B andC. For the results in Figure 5.14(a), the temperature distribution I (Fig-ure 5.11) is used as initial 
ondition, with a maximum ridge temperatureof 850◦C. For the results in Figure 5.14(b), the temperature distribution39
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Model A
Model B
Model CFigure 5.13: Plotted values of the base-10 logarithm of parameter A formodel A, B and C des
ribed in Table 5.2. The exa
t values of A arelisted in Appendix C. The dashed line indi
ate the lower limit of valuesthat Abaqus 
an handle; 10−27 (Abaqus, 2007).II (Figure 5.12) is used as initial 
ondition, with a maximum ridge tem-perature of 600◦C.The spreading rate was also varied to see the e�e
t on the resultingsubsiden
e. This was performed for model C and the modeled verti
aldispla
ements are shown in Figure 5.15 for spreading rates of 3, 7, 10and 14 mm/yr.For the models with an elasti
 upper layer and a lower Newtonian vis-
oelasti
 layer, the vis
osity of the vis
oelasti
 layer was inserted into theAbaqus parameter A as A = 1/3η, see Chapter A.4 and Chapter B.1.The temperature dependent rheology models have non-Newtonian prop-erties whi
h introdu
es a stress dependen
e for the vis
osity, or e�e
tivevis
osity as it is 
alled for non-Newtonian �uids, as des
ribed in Chap-ter A.4. The e�e
tive vis
osity at di�erent temperatures for model A, Band C, 
an be inferred by using the de�nition of e�e
tive vis
osity for40



normal stress and strain rate, written as (Ranalli , 1995)
ηeff =

eH/RT

3Ap
σ1−n (5.3)where R is the universal gas 
onstant, T is temperature in Kelvin andvalues of Ap and H are taken from Tur
otte and S
hubert (2002) andKirby (1983). Representative values of σ = σ11 − σ33 at di�erent tem-peratures were taken from the model results of stress.The resulting values of the e�e
tive vis
osity ηeff , in Pa s, are shown inTable 5.3.

∆T [◦C] Model A Model B Model C150-200 3.2·1022 5.0·1035 2.9·1041200-250 3.4·1022 4.2·1029 2.2·1035250-300 2.7·1019 9.6·1024 3.2·1023300-350 1.9·1019 3.1·1023 3.0·1026350-400 1.2·1017 3.8·1020 1.6·1023400-450 1.4·1017 2.8·1020 4.8·1022450-500 3.5·1015 2.6·1018 3.4·1020500-550 8.9·1015 5.5·1018 5.7·1020550-600 9.5·1014 4.8·1017 6.0·1019600-650 6.2·1013 2.0·1016 1.8·1018650-700 1.0·1013 1.2·1015 1.0·1017700-750 1.4·1013 2.1·1015 1.6·1017750-800 3.7·1012 3.2·1014 3.1·1016800-850 1.4·1012 1.5·1014 1.5·1016Table 5.3: Cal
ulated e�e
tive vis
osity values for models A, B and C,respe
tively. The values are given in Pa s. Earlier studies of vis
ositybelow I
eland indi
ate a vis
osity of about 4�10·1018 Pa s (Pagli et al.,2007) and ∼ 1019 − 1020 Pa s (LaFemina et al., 2005)
41
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ement results from thetemperature dependent models A, B and C. Temperature distribution IIin Figure 5.12 was used as initial 
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Figure 5.16: Shear stress σ13 distribution from model C with tempera-ture distribution a

ording to Figure 5.11 with a maximum ridge tem-perature of 850◦C. The stress values are given in Pa.
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Figure 5.17: Shear stress σ13 distribution from model C with tempera-ture distribution a

ording to Figure 5.12 with a maximum ridge tem-perature of 600◦C. The stress values are given in Pa.
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6 Evaluation of the modelsThe aim of the study was to investigate if the amount of subsiden
eduring postgla
ial time in the Thingvellir graben 
ould to a large degreebe the 
onsequen
e of stret
hing of plates. The results from this end-member model study, where faulting and dikes were not in
luded, showthat about 25�30 m of subsiden
e 
an be explained by stret
hing of theplates. The minimum verti
al displa
ement in Thingvellir during post-gla
ial time is estimated to be about 30 m, measured from fault throwsin postgla
ial lavas (Sæmundsson, 1992; Guðmundsson, 1987).The modeling results 
an also be 
ompared to the rate of verti
al dis-pla
ement from the leveling line measured by Tryggvason (1974). Fig-ure 3.3 shows the measured rate of subsiden
e from 1966 to 1971. In the
entral part of the graben the subsiden
e is about 1 mm/yr. However,this value is relative to a referen
e point about 3�3.5 km away from the
entral axis of the graben. Thus, the subsiden
e rate of the 
entral grabenrelative to a point further away, outside the deformation zone, may be
onsiderably larger. The verti
al displa
ement a
hieved in the modelingis about 25�30 m (model C) from 10 000 yrs of horizontal stret
hing,whi
h is equivalent to a subsiden
e rate of 2.5�3 mm/yr. This value ofsubsiden
e of the 
entral graben is relative to a point 10 km away; thewidth of the model. If instead the subsiden
e rate of the 
entral part ofthe model is 
ompared to a point 3�3.5 km away from the 
entral axis,the verti
al displa
ement rate is approximately 1 mm/yr, similar as in-ferred from the leveling line. The modeling results of subsiden
e used inthe dis
ussion above applies to model C with a temperature dependentrheology.Plate stret
hing, 
onsidering realisti
 rheology, may thus have large in-�uen
e on graben formation at magma-starved rifts. In the followingsub
hapters, the results for ea
h set of models are dis
ussed in detailand thereafter are issues 
on
erning all models dis
ussed.6.1 Model with an elasti
 and vis
oelasti
 layerA 
omparison of subsiden
e results from the three rheologi
al modelssket
hed in Figure 4.1, shows that the rheologi
al properties in the modelare likely to 
hange non-uniformly with depth, otherwise only a uniform46



subsiden
e is a
hieved over the entire model surfa
e. The model with auniformly thi
k elasti
 layer on top of a vis
oelasti
 layer, is thus over-simpli�ed for a more detailed study of subsiden
e at a divergent plateboundaries.The verti
al displa
ement resulting from the variation of model param-eters for the models with an elasti
 and a vis
oelasti
 layer separatedby a 
urved boundary, are shown in Figures 5.4, 5.5 and 5.6. The pa-rameter that has the largest in�uen
e on subsiden
e result is the elasti
thi
kness at the ridge axis. As the elasti
 thi
kness haxis is 
hanged oneorder of magnitude from 500 m to 5000 m, the subsiden
e de
reases byabout 20 m. The parameter that has the least in�uen
e on subsiden
eis the vis
osity of the vis
oelasti
 layer. As the vis
osity is 
hanged bytwo orders of magnitude from 1·1018 Pa s to 1·1020 Pa s, the resultingmodel subsiden
e 
hanges by only ∼3 m. Variation of the isotherm tem-perature, that de�nes the layer boundary, from 400 to 700◦C, gives ade
rease in subsiden
e of about 7 m.The results show 
learly that the amount of verti
al subsiden
e is verysensitive to the depth to a vis
ous material at the ridge axis. The largestverti
al subsiden
e is a
hieved with a vis
ous material at shallow levelat the ridge.Stress analysisThe shear stress fo
using, shown in Figures 5.7, 5.8 and 5.9, indi
ate thatan elasti
 thi
kness of about 3 km at the ridge axis produ
es a fo
usingof shear stress at the surfa
e with its 
enter about 2 km away from theridge axis. This distan
e 
orresponds to the distan
e from ridge axis tothe two marginal faults Almannagjá and Hrafnagjá, respe
tively. It isreasonable to believe that the large marginal faults are lo
ated where thestresses are largest. The stress distribution in the model 
ould hen
e beused to estimate the thi
kness of the elasti
 layer at the ridge axis, andit would be about 3 km a

ording to the result from this study.The magnitude of the shear stress at the lo
ation of fo
using is in therange of 50�100 MPa, whi
h is enough to 
ause faulting a

ording toAmonton's law and Anderson theory of faulting (Tur
otte and S
hubert ,47



2002).The appearan
e of the Thingvellir graben is des
ribed by Sæmundsson(1992). In the southwest around Lake Thingvallavatn it is narrower, butwidens towards northeast. The modeled shear stress distribution, shownin Figures 5.7, 5.8 and 5.9, shows that by in
reasing the elasti
 thi
knessat the ridge, the shear stress fo
using at the surfa
e appears further awayfrom the ridge axis. If these results are 
ombined with the observationsof widening of the Thingvellir graben, it suggests that the elasti
 thi
k-ness at the ridge axis gets thi
ker towards northeast. This is equivalentto stating that the 
rust gets 
older towards northeast sin
e the elasti
thi
kness depends on temperature.6.2 Model with temperature dependent rheologyThe modeling of subsiden
e results in the temperature dependent rhe-ologies, Figure 5.14, shows that the 
hange of temperature distributiona�e
ts the subsiden
e by about 5�10 m. Temperature distribution I (Fig-ure 5.11) with a higher temperature gradient at the ridge axis results inlarger verti
al displa
ements.The uppermost �ve kilometers in the two temperature distributions havesimilar thermal stru
ture. Down to 5 km depth, temperature distribu-tion I was de�ned with a thermal gradient at the ridge axis of 100◦C/kmresulting in a temperature of 500◦C at 5 km depth. Temperature distri-bution II was de�ned with a thermal gradient of 100◦C/km during the�rst 2 km and thereafter 70◦C/km resulting in a temperature of about400◦C at 5 km depth. This small di�eren
e of thermal stru
ture at shal-low level results in a small di�eren
e of depth to a material with lowervis
osity. This may be an explanation why the di�eren
e in subsiden
eis not as large as for the variation of elasti
 thi
kness at the ridge axisin the elasti
-vis
oelasti
 models. There, the depth to a vis
ous materialwas 
hanged from 500 m to 5000 m.The large di�eren
e in temperature between the two temperature dis-tributions o

urs �rst below 5 km and results in the 5�10 m di�eren
ein subsiden
e. The layer of relatively rigid behavior in the �rst 5 kmseems to de
rease the e�e
t of the large di�eren
e in vis
osity at deeper48



level. The same 
on
lusion as for the elasti
-vis
oelasti
 modeling holdsalso for these models; a vis
ous material at shallow level a�e
ts the sub-siden
e signi�
antly.Cal
ulation of the e�e
tive vis
osity for the temperature dependent mod-els A, B and C, as des
ribed in Table 5.2, are shown in Table 5.3. Thee�e
tive vis
osity is strongly dependent on temperature, as it 
hangesexponentially with temperature as seen in Equation 5.3. The e�e
tivevis
osity is also dependent on the di�erential stress; inversely to the se
-ond power. To 
al
ulate the e�e
tive vis
osities for model A, B and C, thedi�erential stress in di�erent temperature intervals was extra
ted fromthe model results and put into the e�e
tive vis
osity equation (Equa-tion 5.3).Studies of vis
osity under I
eland done by Pagli et al. (2007) and LaFem-ina et al. (2005) suggest vis
osity values of 4�10·1018 Pa s and ∼ 1019�
1020 Pa s, respe
tively. Model A with empiri
al 
reep-law values for wetolivine from Tur
otte and S
hubert (2002), gives a 
al
ulated maximume�e
tive vis
osity of approximately 1022 Pa s, for temperature below250◦C. Wet olivine 
orresponds to a water 
ontent of about 0.03 wt %(Karato and Wu, 1993). For higher temperatures the e�e
tive vis
osityde
reases even more, as expe
ted. E�e
tive vis
osity values for modelA appear too low in relation to what 
ould be expe
ted and model A
annot be 
onsidered a realisti
 model. The low values of vis
osity isalso re�e
ted in the resulting subsiden
e. Model A predi
ts 50�60 m ofsubsiden
e, depending on temperature distribution, whi
h is about twi
eas mu
h as all other model results.Model B and C have empiri
al 
reep-law parameters a

ording to dryolivine from Tur
otte and S
hubert (2002) and Kirby (1983), respe
tively.Dry olivine 
orresponds to water free olivine (Karato and Wu, 1993).Both models give large values of the e�e
tive vis
osity, >1021 Pa s, atlow temperatures, whi
h is expe
ted. At low temperatures, the 
rust isrigid and the high vis
osity re�e
ts the resistan
e of the material to de-form. The upper, 
old parts of the 
rust are usually assumed to behavepurely elasti
. The temperature dependent models in this study do nothave a purely elasti
 layer. However, the result for model B and C showthat the 
older regions in these models deform more or less elasti
ally49



anyway be
ause of the very high vis
osity values.The e�e
tive vis
osity values 
orresponding to higher temperatures formodel B and C are lower than estimated in earlier studies of vis
osityunder I
eland. However, the high temperatures are only lo
ated at asmall area 
lose to the ridge. Most of the model is de�ned at temper-atures below about 650�700◦C and 450�500◦C for the two temperaturedistributions showed in Figures 5.11 and 5.12, respe
tively. Still, modelB gives low values of vis
osity. Model C gives values of the vis
osityin similar range as Pagli et al. (2007) and LaFemina et al. (2005) fortemperatures between about 450 and 650◦C. The transition of e�e
tivevis
osity values ex
eeding 1021 Pa s o

urs at about 450◦C for model C.This 
an be assumed to re�e
t the 
hange of me
hani
al properties inthe 
rust, from vis
ous to elasti
.Hen
e, rheologi
al model C is the preferable model with high values ofthe e�e
tive vis
osity at temperatures below 450◦C, re�e
ting the elasti
properties of the 
rust. It gives vis
osity values in a

ordan
e with ear-lier studies for both temperature distributions with the ex
eption of thearea 
lose to the ridge for the temperature distribution rea
hing downto 850◦C.The subsiden
e result for the favored model C, 
onstru
ted from a re-alisti
 temperature distribution at a divergent plate boundary togetherwith a rheologi
al 
reep-law behavior a

ording to dry olivine, 
an beused to give an indi
ation of the subsiden
e related to stret
hing of theplates in the WVZ. Figure 5.14 shows the resulting verti
al displa
ementfor the two temperature distributions. As dis
ussed in the beginning ofthis 
hapter, the subsiden
e of 25�30 m 
ould des
ribe the measuredsubsiden
e in the Thingvellir graben. Both with respe
t to fault throwswithin postgla
ial lavas and subsiden
e rates from the measured levelingline.Verti
al displa
ement results for model C with varying spreading ratesare shown in Figure 5.15. The results show an approximately linearrelationship between spreading rate and subsiden
e. For temperaturedistribution I with 850◦C as maximum ridge axis temperature, an in-
rease of the spreading rate of 1 mm/yr results in an in
rease of about50



4 m of subsiden
e. For the 
older temperature distribution an in
reaseof the spreading rate of 1 mm/yr results in about 3 m in
rease of sub-siden
e. These results agree with what is found in the WVZ, where thespreading rates are dependent on latitude. The highest rate is foundaround Lake Thingvallavatn (LaFemina et al., 2005), as is the largest to-pographi
 relief (Sæmundsson, 1992). Towards northeast, the spreadingrate de
reases and the topographi
 relief is also less pronoun
ed.Stress analysisFigures 5.16 and 5.17 show the magnitude of the shear stress in model Cfor the high and low temperature distribution, respe
tively. The patternresembles the result from the elasti
-vis
oelasti
 model with a 3 km thi
kelasti
 layer at the ridge axis (Figure 5.8). Fo
using of the shear stressat the surfa
e is smoothed out between about 1�4 km, but maximumfo
using appears at about 2�2.5 km away from the ridge axis. The mag-nitude of the shear stress is mu
h lower for model C than for the modelswith an elasti
 and a vis
oelasti
 layer. Model C only has vis
oelasti
properties, and even though the e�e
tive vis
osities in the 
older partsof the plate are very high (1023 to more than 1040 Pa s), the stresses getrelaxed. This may explain the dis
repan
y between the magnitudes ofstress. The simpli�
ation, made in Chapter 5.1.3, of setting the valuesof the 
reep-law parameter A equal to 5·10−27 Pa−3yr−1 instead of thepredi
ted smaller values, seems to e�e
t the stress levels in the model.If the suggested values of A for low temperatures shown in Figure 5.13,would have been inserted instead, it may have given more realisti
 valuesof the shear stress. The best might be to infer purely elasti
 properties ofthe 
older parts of the model. However, this gives a sharp boundary be-tween an elasti
 upper layer and a lower vis
oelasti
 layer that probablyis not present in the real 
ase.6.3 General dis
ussion about the model resultsAll models in this study were of the end-member type where faulting anddiking were not taken into a

ount. In reality, there have been riftingevents in the Thingvellir area with the most re
ent one in 1789, whenfaults north of Lake Thingvallavatn were o�set about 1�2 m (Sæmunds-son, 1992). There was also a smaller slip on Almannagjá of about 9 
min the 1970ies (Tryggvason, 1990). These events with large amounts of51



instantaneous displa
ement 
annot be explained dire
tly with the end-member models in this study. Nevertheless, a major part of subsiden
eobserved in the Thingvellir graben originates from 
ontinuous subsiden
eresulting from plate spreading, that 
an be explained by the models inthis study. If faulting was in
luded into the models, the e�e
ts of therifting events 
ould be taken into a

ount. The result might be a morestepwise appearan
e of the subsiden
e. The faults would probably a
-
ommodate most of the subsiden
e and fo
us it at their lo
ation, insteadof the smooth 
urves of in
reasing subsiden
e towards the ridge axis thatthe end-member models in this study show.The depth of all models was set to 16 km. This value was 
hosen from thedepth of the isotherms in the models with an elasti
-vis
oelasti
 layer.The depth was 
hosen to be large enough to en
ompass a vis
oelasti
layer at the bottom of all models, also for the model with a boundaryde�ned by a higher temperature isotherm. The deepest isotherm fromthe elasti
-vis
oelasti
 models rea
hed down to about 15 km depth, 
al-
ulated from Equation 5.1 with an isotherm temperature of 700◦C and
haxis = 3 km. For 
onsisten
y, the 
al
ulated depth of 16 km was keptfor all models. However, the in�uen
e of the depth is only re�e
ted inthe total amount of subsiden
e. A deeper model gives the same subsi-den
e of the ridge axis relative to the intraplate boundary as a shallower.The modeled verti
al displa
ements were all 
orre
ted to have zero sub-siden
e at the intraplate boundary, meaning that the amount of subsi-den
e at this boundary was subtra
ted from the other result. This 
analternatively be viewed as the whole model would have been uplifted theequal amount as the intraplate boundary has subsided during the timeof stret
hing. Buoyan
y a
ting on the plate 
ould explain this uplift.Buoyan
y is the upward for
e on the lighter 
rust that "�oats" on topof the denser mantle (Tur
otte and S
hubert , 2002; Fowler , 2005). If thethi
kness of the 
rust would 
hange, so would also the verti
al lo
ation ofthe 
rustal layer in a

ordan
e with Ar
himedes' prin
iple. A thinningof the 
rust in response to stret
hing would therefore be 
ompensatedby uplift due to buoyan
y (Tur
otte and S
hubert , 2002). However, theamount of uplift that buoyan
y would result in, is di�
ult to predi
tsin
e the detailed density pro�le of the 
rust is not very well known.For this study it is assumed that buoyan
y for
es 
an 
ompensate the52



subsiden
e that is seen at the intraplate boundary. Development of themodels 
ould be to in
lude gravity and isostati
 
ompensation.In addition to the results already showed and dis
ussed, model C was alsorun with a lower value of the elasti
 parameter Young's modulus to testthe in�uen
e on subsiden
e. Results from Grapenthin et al. (2006) sug-gest a value of Young's modulus of 40 ± 15 GPa from modeling of snowload in I
eland and seasonal 
hanges in GPS data. However, the verti
alsubsiden
e in model C was not e�e
ted by the lowering of Young's mod-ulus from 90 GPa to 40 GPa. It seems like the parameter that has theleast in�uen
e on subsiden
e is the elasti
 and vis
ous properties, su
has Young's modulus and vis
osity, that is tested in this study.
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7 Con
lusionsThe main 
on
lusion from this study is that plate stret
hing, withoutdiking, 
an to a large degree explain the formation of graben stru
turesat magma-starved rifts. The rheologi
al model that is needed to �t withthe geologi
al 
onstraints, should have rheologi
al properties that 
hangenon-uniformly with depth. Otherwise, the modeling results only in a uni-form subsiden
e and uniformly distributed stress levels. This is observedin the results from the initial model tested in this study with a horizontalelasti
 layer on top of a vis
oelasti
 layer.The largest verti
al displa
ements for the models with a 
urved bound-ary between an elasti
 upper layer and a vis
oelasti
 lower layer, area
hieved when a vis
oelasti
 material is found 
lose to the surfa
e at theridge axis. The thi
kness of the elasti
 layer is not known, but the re-sults from shear stress fo
using give an indi
ation of an elasti
 ridge axisthi
kness of 3 km. This thi
kness results in about 23 m of subsiden
efrom the 
ombined elasti
 and vis
oelasti
 model. The vis
osity of thevis
oelasti
 layer is of little importan
e for the subsiden
e result.A 
ombination of the resulting shear stress distribution and observationsof widening of the Thingvellir graben suggests that the elasti
 layer atthe ridge axis gets thi
ker towards northeast. Modeling results show thata thi
ker elasti
 layer at the ridge axis produ
es less subsiden
e, whi
his also in a

ordan
e with geologi
al observations of less topographi
 re-lief toward northeast in the Thingvellir graben. These results suggest a
older 
rust towards northeast, sin
e elasti
 thi
kness depends on tem-perature.Among the temperature dependent models, model C is the preferableone, with 
al
ulated e�e
tive vis
osity values in the range that is ex-pe
ted in relation to earlier studies. The subsiden
e for this model is25�30 m depending on whi
h temperature distribution that is used asinitial 
ondition. The result is equivalent to the measured minimumthrows of faults within postgla
ial lavas in the Thingvellir graben (Sæ-mundsson, 1992; Guðmundsson, 1987). The result is also in a

ordan
ewith verti
al displa
ement rates measured on the leveling line north ofLake Thingvallavatn (Tryggvason, 1974).54



The variation of spreading rate e�e
ts the subsiden
e approximatelylinearly. For the temperature distribution with a higher temperaturegradient at the ridge axis, an in
rease of spreading rate of 1 mm/yr re-sults in an in
rease of about 4 m in subsiden
e. For the temperaturedistribution with a lower temperature gradient at the ridge axis, an in-
rease of spreading rate of 1 mm/yr results in an in
rease of about 3 min subsiden
e. Thus, the e�e
t of spreading rate on topography is largeand 
an explain mu
h of the di�eren
e of topographi
 relief found inThingvellir graben.Results for shear stress fo
using from model C, show the same patternas for the elasti
-vis
oelasti
 models. However, the values are unrealis-ti
ally low. This is a 
onsequen
e of the la
k of purely elasti
 propertiesin the upper part of the model.A development of this study 
ould be to 
ombine temperature dependentrheologies for both elasti
 and vis
oelasti
 properties, giving a model thatshows purely elasti
 properties in the 
older parts and vis
oelasti
 prop-erties for higher temperatures. The assumption of buoyan
y that wasused to justify the 
orre
tion of subsiden
e at the intraplate boundary,also need to be further investigated in a future study.Finally, this study shows that to a large degree stret
hing of the plates ata divergent plate margin 
an explain the formation of graben stru
turesat magma-starved rifts. Moreover, it shows how the 
ombination of aninferred 
older 
rust and the de
ay of subsiden
e with de
reasing spread-ing rate, 
an explain the de
reasing topographi
 relief and widening ofthe Thingvellir graben towards northeast.Finally, this study shows that to a large degree stret
hing of the plates ata divergent plate margin 
an explain the formation of graben stru
turesat magma-starved rifts. It also gives an explanation of the de
reasingtopographi
 relief, and widening of the Thingvellir graben towards north-east by 
ombining the results from the shear stress distribution and thedependen
y of subsiden
e on spreading rate.
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Appendix A Physi
al ba
kgroundContinuum me
hani
s and rheology provide the tools to investigate thephysi
al me
hanisms behind the geologi
al formations 
aused by spread-ing at divergent plate boundaries.In 
ontinuum me
hani
s a body is divided into elemental volumes thata
t in a 
ontinuous way. This means that the body does not breakand that neighboring elemental volumes remain as neighbors also whenexposed to external for
es (Fung , 1965; Ranalli , 1995). Di�eren
es atatomi
 level are generalized to have no in�uen
e on the properties ofea
h elemental volume.Rheology des
ribes how materials are deformed due to an applied stress.Both intrinsi
 parameters su
h as vis
osity or bulk modulus, spe
i�
 fora 
ertain material, and external parameters su
h as temperature, pres-sure or duration of the applied stress, a�e
ts the rheology of a material(Ranalli , 1995). The duration of the applied stress is espe
ially essentialand materials that a
t elasti
ally in short time s
ales may start to �owwhen exposed to stresses for longer time. There are many di�erent typesof relations between applied stress and material response. The end mem-bers of these rheologies are elasti
 and vis
ous behavior, respe
tively. Inan elasti
 media, an applied stress 
auses an instantaneous deformationthat is fully re
overed as the stress is relieved. In a �uid, the �ow 
ausedby an applied stress is not reversible and in the simplest form of a �uid,a Newtonian �uid, the applied stress is proportional to the rate of defor-mation.A material that �ows when subje
ted to a 
onstant stress is de�nedin rheology as a �uid irrespe
tive of the internal stru
ture of the atoms(Ranalli , 1995). For one and the same material this may vary with e.g.temperature, pressure or time of applied stress.The dynami
 and the kinemati
 states of a 
ontinuous body are in rhe-ology expressed in stress and strain, respe
tively. They 
an be relatedto ea
h other through 
onstitutive equations. These equations di�erdepending on the rheology of the material. The general form of a 
on-stitutive equation 
an be written as (Ranalli , 1995)60



R(ε, ε̇, σ, σ̇, . . . , {M}) = 0 (A.1)where ε is the strain, σ is the stress, a dot de�nes time derivative, {M}represents the material parameters and R is 
alled the rheologi
al fun
-tion.A.1 StressTwo types of for
es a
t in a 
ontinuous body; body for
es, for
e per unitvolume or mass, and surfa
e for
es, for
e per unit area bounding thebody (Tur
otte and S
hubert , 2002). The tra
tion, also 
alled the stressve
tor, on a surfa
e is de�ned as the limiting 
ase of the for
e a
ting onthe surfa
e divided by the surfa
e as it goes to zero (Ranalli , 1995)
T(n)i = lim

δS→0

δFi

δS
(A.2)where T(n)i is the tra
tion on the surfa
e δS with outer normal ve
tor

n = 1, 2, 3 pointing in the dire
tion x1, x2, x3 respe
tively. δF is thefor
e that a
ts upon δS. The tra
tion T(n)i depends both on the for
esa
ting upon the surfa
e and the dire
tion of the surfa
e. The tra
tion
T(n)i 
an be divided into one normal and two tangential 
omponentsto the surfa
e. When the tra
tion for ea
h surfa
e is divided into its
omponents, these 
an be put together to form the stress tensor. Thestress tensor 
an be written as (Ranalli , 1995)

σij =











T(1)j

T(2)j

T(3)j











=











σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33











(A.3)where the �rst subs
ript of the stress tensor σij refers to the dire
tionof the outer surfa
e normal. The se
ond subs
ript refers to the dire
tionin whi
h the stress 
omponent a
ts. The on-diagonal 
omponents of thestress tensor are 
alled normal stresses and the o�-diagonal are 
alledshear stresses. If a 
oordinate system is oriented in su
h a way so thatall shear stresses that a
t on a body are zero, the body is said to be ina prin
ipal stress state (Tur
otte and S
hubert , 2002). In that 
ase thestress tensor only has non-zero on-diagonal 
omponents whi
h are 
alled61



prin
ipal stresses.In many 
ases, only the stresses that di�er from the hydrostati
 
aseare of interested. Then it is an advantage to separate the stress ten-sor into two parts, the isotropi
 part and the deviatori
 part (EquationA.4). The isotropi
 part is the mean normal stress and the deviatori
part represents the stresses that di�er from the pure hydrostati
 state ofstress (Fung , 1965)
σij = σ0δij + σ

′

ij (A.4)where σ0 = 1
3σkk = −p whi
h is the average of the normal stresses andalso the lithostati
 pressure p, σ

′

ij denotes the deviatori
 stress and δijis the Krone
ker delta.
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Figure A.1: All stress 
omponents that a
t on an in�nitesimal 
ube.The positive dire
tion of stress is de�ned (in 
ontinuum me
hani
s) tobe the same as the dire
tion of the outer surfa
e normal (Fung , 1965;Ranalli , 1995). Therefore, tensional stresses are positive whereas 
om-pressional stresses are negative. The SI unit for stress is pas
al [Pa℄.The state of stress in a 
ontinuous body 
an be examined through a for
ebalan
e on an in�nitesimal parallelepiped inside the media. If the bodyis in equilibrium, the resultant from the for
e balan
e in ea
h 
oordinatedire
tion will be zero. The governing equations, 
alled the equilibrium62



equations (Equation A.5), are valid for all types of rheology.
∂σji

∂xj
+ ρXi = 0 (A.5)where ρ is the density of the material and Xi is the body for
e a
tingalong 
oordinate axis i. However, sin
e there are more unknowns thanequations they need to be put together with a proper 
onstitutive equa-tion in the form of Equation A.1 (Ranalli , 1995).If the body is in equilibrium, moments also have to add up to zerootherwise there is a non-zero net moment 
ausing the body to rotate,and the body would not be in equilibrium. When the moments about anaxis parallel to ea
h of the axis x1, x2 and x3 of the in�nitesimal 
ubeshowed in Figure A.1 are set to zero, the results pres
ribes symmetry ofthe stress tensor i.e. σij = σji (Ranalli , 1995; Fung , 1965).A.2 StrainStrain is related to deformation of a body. When a for
e a
ts on a
ontinuous body the parti
les inside it will be displa
ed. They 
an bedispla
ed both with respe
t to ea
h other (deformed) and to an outerreferen
e point i.e., they 
an be deformed, translated and/or rotated(Ranalli , 1995). Two neighboring parti
les inside the body will be dis-
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Figure A.2: Displa
ement of the two parti
les P and Q to P' and Q'.63



pla
ed di�erently if not only rigid body translation and rotation o

urs.The di�eren
e in displa
ement of the two parti
les P and Q in FigureA.2 
an be written as dui =
∂ui

∂xj
dxj (A.6)where dui is the di�eren
e in displa
ement of the two parti
les, dxj isthe initial distan
e between the parti
les and ∂ui

∂xj
are the displa
ementgradients. With the assumption that the �rst derivatives of the dis-pla
ements are very small, the di�eren
e between Lagrangian (material)and Eulerian (spatial) derivatives 
an be negle
ted (Ranalli , 1995; Fung ,1965). The displa
ement gradient in Equation A.6 
an then be expandedinto Equation A.7. From this equation is the in�nitesimal strain tensorde�ned (Equation A.8) (Ranalli , 1995).

∂ui

∂xj
=

1

2

(

∂ui

∂xj
+

∂uj

∂xi

)

+
1

2

(

∂ui

∂xj
−

∂uj

∂xi

) (A.7)
εij ≡

1

2

(

∂ui

∂xj
+

∂uj

∂xi

) (A.8)From Equation A.8 it 
an be seen that the strain tensor is symmetri
,
εij = εji (Ranalli , 1995). The se
ond term in Equation A.8 is 
alled therigid-body rotation and is antisymmetri
.In the same way as with the stress tensor are the on-diagonal 
om-ponents of the strain tensor 
alled normal strains and the o�-diagonal
omponents 
alled shear strains. When the 
oordinates system is ori-ented in su
h a way so that only the normal strains are non-zero, thestrain elements are 
alled prin
ipal strains. The strain tensor 
an alsobe divided into an isotropi
 and a deviatori
 part as the with the stresstensor (Ranalli , 1995):

εij =
1

3
θδij + ε

′

ij (A.9)where θ = εkk is 
alled the 
ubi
al dilatation and ε
′

ij is the deviatori
strain.The strain tensor gives six equations for only three unknowns, u1, u2and u3. This means that it is an overdetermined system and for thesolution to be single-valued the strain 
omponents εij need to ful�ll the64




ompatibility equations (Fung , 1965). In 3D there are six additional
ompatibility equations, but for a simpli�ed 
ase with plane strain onlyone equation of 
ompatibility remains that 
an be written as
∂2ε11

∂x2
2

+
∂2ε22

∂x2
1

= 2
∂2ε12

∂x1∂x2
(A.10)Plane strainIn some situations one or two of the prin
ipal stress or strain 
omponents
an be assumed to be zero (Tur
otte and S
hubert , 2002). In plane strainone of the prin
ipal strain 
omponents is zero. In the modeling of theThingvellir graben, plane strain 
onditions are assumed to be valid. Mostof the deformation o

urs along the dire
tion of spreading and in theverti
al dire
tion and the deformation along the rift axis is assumed tobe negligible.A.3 Elasti
ityMany materials behave elasti
ally at low temperatures and pressures.They deform instantaneously as a stress is applied, as the load is re-moved, the body re
overs 
ompletely to its initial shape. The relationbetween applied stress and strain in a 
ontinuous elasti
 media has beenobserved to be linear and is des
ribed by Hooke's law (Equation A.11),where Cijkl is the 4th order tensor of elasti
 parameters (Fung , 1965).Hooke's law is the 
onstitutive equation for an elasti
 medium and iswritten as

σij = Cijklεkl (A.11)In this, the most general form of Hooke's law, Cijkl has 21 independentelasti
 parameters. It is redu
ed from 81 parameters be
ause of i.a.symmetry of the stress and strain tensors (Fung , 1965). In an isotropi
media, Hooke's law is simpli�ed and only two elasti
 
onstants remainas see in in Equation A.12.
σij = λεkkδij + 2µεij (A.12)where λ and µ are the two remaining elasti
 parameters from the 4thorder tensor Cijkl, 
alled the Lamé's 
onstants (Ranalli , 1995).65



Lamé's 
onstants are two of �ve elasti
 parameters 
ommonly used todes
ribe the properties of an elasti
 material. The �ve parameters are(Tur
otte and S
hubert , 2002; Fung , 1965)
λ � the Lamé parameter. No physi
al meaning, but 
an be used forwriting equations in a 
on
ise way.
µ � the modulus of rigidity or the shear modulus. The ratio of shearstress to shear strain, hen
e des
ribing how the material rea
ts toshearing stresses.E � Young's modulus or the modulus of elasti
ity. A measure of thesti�ness of a material.
υ � Poisson's ratio. Des
ribes the material response when stret
hedor 
ompressed in one dire
tion and 
onsequently de
reases or in-
reases in the other two dire
tions.K � the bulk modulus. A measure of how a material's volume 
hangeswith pressure.However, only two of the �ve parameters are independent.To be able to solve for the displa
ements ui that o

ur in a 
ontinu-ous elasti
 media under loading, the equations of equilibrium need to beextended to the equations of motion and 
ombined with Hooke's law.The resulting equations are 
alled the Cau
hy-Navier equations and is aset of partial di�erential equations in terms of the displa
ements ui.So the �rst step to get to the Cau
hy-Navier equations is to rewritethe equations of equilibrium A.5 as the equations of motion where thenet for
es in the system do not ne
essary need to sum up to zero.D'Alembert's prin
iple whi
h is the equivalent to Newton's se
ond lawin 
ontinuum me
hani
s, states that the resultant of for
es in a systemare equal to the time derivative of the linear momentum. If the dis-pla
ements and velo
ities are small, the di�eren
e in the Lagrangian andEulerian derivatives 
an be ignored and the equations of motion 
a bewritten as

∂σij

∂xj
+ ρXi = ρai = ρüi (A.13)66



where ai is the a

eleration. Double dots denote se
ond time derivative.The se
ond step is to insert the relation of stress and strain from Hooke'slaw into the equations of motion. This gives the Cau
hy-Navier equationsand with a 
hange of order how derivatives are taken, they 
an be writtenas (Ranalli , 1995)
(λ + µ)

∂θ

∂xi
+ µ∇2ui + ρXi = ρ

∂2ui

∂t2
(A.14)where θ = εkk is the 
ubi
al dilatation and ∇2 = ∂2

∂xi
2 is the Lapla
ianoperator.An example � stret
hing of plateThe horizontal extension a

ommodated by the 20 km wide deformationzone at Thingvellir is approximately 70 m during Postgla
ial time (see
hapter 3). If symmetry of the graben is assumed, two 10 km widezones with 35 m of horizontal deformation at ea
h side of the ridge axis
an model the plate boundary. The thi
kness of the elasti
 layer 
anbe estimated from earthquake hypo
enter data, sin
e most earthquakeso

ur only in elasti
 media. This suggests a seismogeni
 layer of about7 km thi
kness (Stefánsson et al., 1993; Foulger , 1995). If the plate isassumed to behave elasti
ally the resulting verti
al displa
ement from35 m of pulling 
an be 
al
ulated from the relation of stress and strain
omponents in an elasti
 medium, whi
h 
an be written as (Ranalli ,1995)

εij =
1

E
((1 + ν)σij − νσkkδij)

σij = λεkkδij + 2µεij (A.15)With the assumption of plane strain ε22 is equal to zero whi
h gives
σ22 = ν(σ11 + σ33). For Poisson's ratio ν = 0.5 it 
an be shown fromEquation A.15 that the horizontal and verti
al strains are equal in sizebut with opposite signs, ε11 = −ε33. The verti
al displa
ement for theelasti
 plate after 35 m horizontal extension with Poisson's ratio equalto 0.5 is

u33 = ε33h = −ε11h =
u11

L
h = −24.5 m (A.16)67



x3

x1L = 10 km

h = 7 km

u33 u   = 35 m11

Figure A.3: Sket
h of the elasti
 plate with length L = 10 km and depth
h = 7 km whi
h is stret
hed 35 m horizontally.A more realisti
 value of Poisson's ratio for the lithosphere is 0.25 (Watts,2001; Tur
otte and S
hubert , 2002) and for this 
ase the verti
al displa
e-ment in the plate from a 35 m horizontal pull is

ε33 = −
ε11

2.9924
= −1.17 · 10−3

u33 = ε33h = −8.19 mwhere ε33 is found from multiplying ε11 with the ratio of the strain 
om-ponents related to Poisson's ratio ν = 0.25. The ratio of ε11 and ε33for an arbitrary stress state and Poisson's ratio varying from 0 to 0.5 isshown in Figure A.4.This analyti
al result 
an be 
ompared to the resulting value from anumeri
al 
omputation in Abaqus. As seen in Figure A.5, the analyti
aland numeri
al result of the verti
al subsiden
e from 35 m of horizontalstret
hing and Poisson's ratio ν = 0.25, is in a

ordan
e.
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Figure A.4: The ratio of horizontal strain ε11 and verti
al strain ε33plotted for Poisson's ratio varying between 0 and 0.5.
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Figure A.5: Subsiden
e of an elasti
 plate as 
al
ulated in Abaqus. Theresulting subsiden
e is 8.19 m from 35 m horizontal stret
hing. Thus,the same as derived from the analyti
al 
al
ulation. The width of theplate was 10 km and the depth was 7 km. Poisson's ratio was 0.25.69



A.4 FluidsThere are two 
lasses of �uids; Newtonian and non-Newtonian. Thesimplest 
ase is materials with a Newtonian rheology where the stress islinearly proportional to the strain rate (Ranalli , 1995). But experimentalresults suggest that many Earth materials have a non-linear relationshipbetween stress and strain rate.For materials with elasti
 behavior the kinemati
 state was des
ribedby strains, displa
ements and the displa
ement gradient; for �uids it isdes
ribed by strain rate, velo
ities and velo
ity gradients. Similar to theelasti
 
ase where the strain tensor was de�ned, a strain rate tensor ε̇ij
an be de�ned from velo
ities and their gradients as (Ranalli , 1995)
ε̇ij =

DεijDt
=

1

2

[ DDt

(

∂ui

∂xj

)

+
DDt

(

∂uj

∂xi

)]

=
1

2

(

∂vi

∂xj
+

∂vj

∂xi

) (A.17)where se
ond order terms of the velo
ity gradient ∂vi

∂xj
are ignored andDDt

denotes the Lagrangian (material) derivative.To obtain the equations of motion for a Newtonian �uid, the pro
edureresembles the steps done for an elasti
 rheology. One major di�eren
e isthat �uid pressure enters the equations. As stated above for a Newtonian�uid, the stress is linearly related to the strain rate and from symme-try of the stress and strain rate tensors and for an isotropi
 media, therelation 
an be written as (Ranalli , 1995; Fung , 1965)
σij = −pδij −

2

3
ηθ̇δij + 2ηε̇ij (A.18)where p is the �uid pressure, θ̇ = ε̇kk and η is the material parameter
alled the vis
osity. In a state of stress where the normal stresses areall 
ompressive or tensional and equal in magnitude, the 
onstitutiveequation for a Newtonian �uid 
an be rewritten in terms of only devia-tori
 stress related to deviatori
 strain rate. This is done by substitutingEquation A.4 and the equivalen
e to Equation A.9 but for strain rateinto Equation A.18 whi
h gives

σ
′

ij = 2ηε̇
′

ij (A.19)70



The vis
osity η, whi
h relates the deviatori
 shear stress linearly to thedeviatori
 shear strain rate, des
ribes the material's ability to �ow. Thisrelation applies for shear stress only; the relation of normal stress tostrain rate for a Newtonian �uid is σij = 3ηε̇ij (i = j) (Ranalli , 1995).Thus the de�nition of vis
osity for a state of normal stress and strain ina Newtonian �uid is (Ranalli , 1995)
η =

σij

3 ˙εij
, (i = j) (A.20)Typi
al values of vis
osity under I
eland are estimated from gla
io-isostati
 deformation to be 4−10 · 1018 Pa s (Pagli et al., 2007). Modelingdone by LaFemina et al. (2005) of deformation from GPS measurementsin the EVZ and WVZ give higher vis
osities, 1019 − 1020 Pa s.As in the elasti
 
ase, the equations of motion are set up by balan
-ing for
es to the rate of 
hange of the linear momentum. If the stress inthe for
e balan
e is substituted by the relation from Equation A.18 anda 
hange of order of derivation is made, the equations of motion for aNewtonian �uid 
an be written as (Ranalli , 1995)

−
∂p

∂xi
+

1

3
η

∂

∂xi

(

∂vj

∂xj

)

+ η∇2vi + ρXi = ρ
DviDt

(A.21)The equations of motion for a Newtonian rheology are 
alled the Navier-Stokes equations. In some situations, these equations 
an be simpli�ed.E.g., if the �uid is in
ompressible, it 
an be shown from 
onservation ofmass that ∂vi

∂xi
= 0, and this term disappears in the Navier-Stokes equa-tions (Fung , 1965). The assumption of in
ompressibility also suggeststhat the �uid pressure p 
an be written as p = p0 + ρXi + P where

p0 + ρXi refers to the �uid pressure at rest and P is the pressure from�uid motion (Bat
helor , 1980). This rewriting removes the gravity fromthe Navier-Stokes equations. Furthermore, the material a

eleration DviDtof parti
les 
an be negle
ted for highly vis
ous material as e.g. mantlematerial (Tur
otte and S
hubert , 2002). These simpli�
ations modify theNavier-Stokes equations into the shorter form written as
−

∂P

∂xi
+ η∇2vi = 0 (A.22)
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Non-Newtonian �uidsOne form of non-Newtonian material behavior is the power-law depen-den
y between strain rate and stress that is des
ribed by (Ranalli , 1995;Tur
otte and S
hubert , 2002)
ε̇ = Aσn (A.23)where A is a parameter that depends on both intrinsi
 and extrinsi
properties and n de�nes the power-law relation between strain rate ε̇and stress σ.The vis
osity of non-Newtonian �uids 
an be de�ned in the same way asfor Newtonian �uids for normal stress and strain rate as
η =

σ

3ε̇
(A.24)but if the power-law relation between strain rate and stress from Equa-tion A.23 is inserted into Equation A.24, this gives that the vis
osityfor non-Newtonian �uids is dependent on stress. The non-Newtonianvis
osity is 
alled the e�e
tive vis
osity and 
an be written as (Tur
otteand S
hubert , 2002; Ranalli , 1995)

ηeff =
1

3A
σ1−n (A.25)A.5 Vis
oelasti
ityThe upper part of the 
rust a
ts in most 
ases as an elasti
 material(Tur
otte and S
hubert , 2002), but for lower parts of the 
rust and themantle the behavior of the Earth must be explained with another rheol-ogy. In short time-s
ales (< 104 s), seen from seismi
 wave studies, thee�e
t is still elasti
 but for longer time-s
ales (∼ 104 yrs), seen from e.g.postgla
ial rebound, the lower 
rust-upper mantle �ows (Ranalli , 1995;Tur
otte and S
hubert , 2002). This type of rheology is des
ribed by vis-
oelasti
ity whi
h is the sum of an elasti
 and a vis
ous rheology. A linearvis
oelasti
 body 
an be des
ribed in a me
hani
al way to 
onsist of aspring and a dash-pot. The spring represents the instantaneous defor-mation due to elasti
 properties of the body and the dash-pot representsthe long-term deformation from the �uid �ow (Flügge, 1975; Fung , 1965).72



When the spring and the dash-pot is pla
ed in series as shown in Fig-ure A.6(a) they represent the behavior of a vis
oelasti
 material 
alled aMaxwell body (Flügge, 1975). The elasti
 strain and the vis
ous strain isthen added together to get the total deformation of the body, see FigureA.6(b). The relation between applied stress and strain for a Maxwellbody is linear, but the 
umulative deformation for a vis
oelasti
 mate-rial also depends on the time history of the applied stress (Fung , 1965;Flügge, 1975). Vis
oelasti
 materials 
an also be non-linear if a non-Newtonian stress-strain rate relationship is used as the vis
ous 
ontribu-tion.
µ η
Μ Μ(a)
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ηΜ

0 1 ttt
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/2 (b)Figure A.6: (a) The me
hani
al analogue of a vis
oelasti
 materialwith a spring and a dash-pot. (b) Graph of the strain versus time in aMaxwell vis
oelasti
 body with the instantaneous elasti
 strain and thelinear vis
ous strain rate.The relationship between uniaxial stress and strain for an elasti
 and aNewtonian material 
an be written as
σ = EεE (A.26)
σ = 2ηε̇V (A.27)To get the total deformation for a Maxwell body the elasti
 and thevis
ous 
ontribution are added together. Sin
e the stress is related tostrain rate in a Newtonian �uid, Equation A.26 is di�erentiated withrespe
t to time so that the total strain rate 
an be written as the sumof the elasti
 ε̇E and the vis
ous strain rate ε̇V (Ranalli , 1995; Flügge,73



1975).
ε̇ = ε̇E + ε̇V =

σ̇

E
+

σ

2η
(A.28)where E is Young's modulus and η is the vis
osity. If the strain is kept
onstant so that ε̇ = 0, Equation A.28 
an be solved for the stress σ.This 
an be written as (Tur
otte and S
hubert , 2002; Flügge, 1975)

σ = σ0e
−

E
2η

t (A.29)where σ0 is the initial stress and t is time. 3η
E is 
alled the Maxwellrelaxation time τM and refers to the time it takes for the stress σ in thevis
oelasti
 material to de
rease to 1/e of the initial stress σ0, under the
ondition of 
onstant strain.
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Appendix B Finite element modelingIn �nite element modeling (FEM) the 
ontinuous world that surroundsus is dis
retized to simplify 
al
ulations. The results from all dis
retizedparts are added together to get the result for the whole 
ontinuous body.The parts obtained after dis
retization of a 
ontinuous body, are 
alled�nite elements. For two dimensional problems there are two kinds ofelement types; quadrilateral or triangular elements (Desai and Kundu,2001). The size and shape of the elements are de�ned with a mesh. Atthe nodal points, that are pla
ed at the 
orners but if ne
essary from a
-
ura
y requirements also along the sides of an element, the values of theunknown variables are 
al
ulated. Two neighboring elements must havethe same value of the unknowns in a shared nodal point. Otherwise,the 
ontinuity of the body 
ollapses (Desai and Kundu, 2001). Sin
eunknowns only are 
al
ulated at the nodal points and then interpolatedto get values between points, the result for the whole body is only anapproximation to the 
ontinuous 
ase. Depending on the geometry ofthe body and the required a

ura
y of the solution the mesh size 
an beadjusted to �t the demands of the problem.A

ording to Desai and Kundu (2001) the method of solving problemswith �nite elements 
an be divided into a series of steps. First the
ontinuous body needs to be dis
retized as dis
ussed above and then
onstitutive equations must be spe
i�ed e.g. Hooke's law to relate stressand strain for an elasti
 material. These 
onstitutive equations whi
happlies to the 
ontinuous 
ase are then transformed to element equa-tions. The element equations give the 
onstitutive relationships for ea
hnodal point. To get the total result for the whole body the elementequations are 
al
ulated and added together for all elements of the bodyand assembled into the global equations. Boundary 
onditions are setto 
onstrain the problem. Finally the unknowns 
an be found from theglobal equations by use of Gaussian elimination. Gaussian elimination isan algorithm used to �nd the solutions of a system of linear equations.B.1 AbaqusAbaqus is a 
ommer
ial software for �nite element 
al
ulations. Models
an be 
reated either 
ompletely in the Abaqus viewer or s
ripts 
anbe used to read in models into Abaqus. Abaqus 
an also re
eive and75



dire
tly run input �les written in the obje
t oriented programming lan-guage python. The output is written to an output database whi
h, inthe same way as the input, 
an either be visualized in Abaqus viewer orthe data 
an be read into e.g. Matlab for plotting.To 
reate a model in Abaqus the following things needs to be de�ned1. Geometry of the part/parts in the model2. Material properties3. Se
tions if the part 
onsists of di�erent materials4. Part instan
es and an assembly5. Time steps6. Boundary 
onditions and loads7. Mesh and element types8. Output variables9. Job to run the input �leThe models in this study were made by two-dimensional planar shells ofunit thi
kness. The di�erent types of elements that exist in Abaqus areshowed in Figure B.1.A vis
oelasti
 material in Abaqus is 
reated by de�ning a material withboth elasti
 and vis
ous properties. Young's modulus and Poisson's ra-tio spe
ify the elasti
 properties and a strain-hardening 
reep law relatesto the vis
ous behavior. The 
reep law for a Maxwell body is given as(Abaqus, 2007)
ε̇ =

(

Aσn[(m + 1)ε]m
)

1

m+1 (B.1)where A is a material parameter, n de�nes the power law relation be-tween strain rate and stress for the material and m de�nes the power ofstrain hardening. With m = 0 it follows that Equation B.1 is equivalentto the power law relation for non-Newtonian materials (Equation A.23).For a Maxwell vis
oelasti
 material, stress is linearly related to strain76



Figure B.1: Overview of the di�erent element types that are available inAbaqus (Abaqus, 2007). The shell element is used for the models in thisstudyrate and hen
e n equals one in the above equation. By substitutingthe Abaqus 
reep law, with no strain-hardening, into the de�nition ofvis
osity for uniaxial 
onditions (Equation A.24), the parameter A isdetermined as
A =

1

3η
(B.2)In 
ases with non-Newtonian materials 
an the parameter A in Equa-tion B.1 be determined from experimental data. If the 
reep law givenin Abaqus is 
ompared with the empiri
al power-law relation given inEquation 4.2 it follows that A is given as

A = Ape
−H/RT (B.3)where Ap is a material-spe
i�
 parameter, H is the a
tivation energy, Ris the universal gas 
onstant, and T is the temperature in Kelvin.
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Appendix C Values of parameter A

A [Pa−3yr−1℄ T [◦C℄5·10−27 <2008.68·10−19 3002.15·10−13 4002.14·10−9 5002.59·10−6 6007.28·10−4 7007.15·10−2 800Table C.1: Spe
i�
ation of the values given in Abaqus for the 
reepparameter A with varying temperature a

ording to empiri
al values of
Ap, H = 398 kJ mol−1 and n = 3 
orresponding to wet Olivine (Tur
otteand S
hubert , 2002)

A [Pa−3yr−1℄ T [◦C℄5·10−27 <3005.52·10−22 4009.23·10−17 5009.83·10−13 6001.56·10−9 7006.24·10−7 800Table C.2: Spe
i�
ation of the values given in Abaqus for modelB for the 
reep parameter A with varying temperature a

ording toempiri
al values from Tur
otte and S
hubert (2002) for dry Olivine.
H = 520 kJ mol−1 and n = 3



A [Pa−3yr−1℄ T [◦C℄5·10−27 <4001.50·10−22 5001.59·10−18 6002.52·10−15 7001.01·10−12 800Table C.3: Spe
i�
ation of the values given in Abaqus for model C forthe 
reep parameter A with varying temperature a

ording to empiri
alvalues from Kirby (1983). H = 520 kJ mol−1 and n = 3
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