Alo ng-Strike Seismic Structure ofthe Northern Volcanic Zone, Iceland

William Menke (1,2), Michael West (1,2), Bryndís Brandsdóttir (3) and David Sparks (1)

(1) Lamont-DohertyEarth Obser vatory, Palisades NY USA

(2 )also Department ofEarth and EnvironmentalSciences, Columbia Universit y

(3)Science Insitute, Universit y ofIceland, Reykjavík, Iceland

(Revised for GeophysicalJournalI nternational)

SUMMARY

Seismic data fro mthe B96 arrayin northern Iceland are used to constrain the compressio nal and shear velocit y structure ofthe Northern Vo lcanic Zone (NVZ) (the mid-At lant ic plate boundar y in northern Iceland) and its western rift flank. Travelt imes fro mP waves crossing the NVZ fro m a fan shot in eastern Iceland demo nstrate that the structure ofthe mid-crust is do minated bythe

Krafla high- velocit ydo me. Neighbor ing centralvolcanoes have less prominent ano malies, suggest ing that theyhave a more subsidiar yro le in the for mation o fthe lower crust. Travelt imes fro mP and S waves fro mshots and microearthquakes north and southofthe arrayare used to constrain the along-str ike velocit ystructure ofthe western rift flank. Two dome structures are detected at depths downto 7 km. Theymay be the fossil roots ofextinct centralvo lcanoes. P, S,

P mP and S mS wave travelt imes indicate that the compressio nal to shear wave velocit yrat io in the crust is 1.75-1.76, with no significant var iat ion detected between the mid and lower crust.

The crust is 25-31 kmthick, with the southward thickening occuring in an abrupt step. The relat ivelyhigh Pn and Sn wave apparent velocit ies of8.00 +/- 0.1 km/s and 4.31 +/- 0.04 km/s, respectively, fro man earthquake in southern Iceland, are consistent with a "mant le lid", that is, a layer ofsub- so lidus mant le separat ing the Moho froma deeper, partial melt zone.

INTRODUCTION

The Northern Volcanic Zone (NVZ) is the present-dayexpressio n ofthe divergent mid-At lant ic plate boundar yin northern Iceland (Figs. 1 and 2). It is composed ofan en echelon ser ies of vo lcanic systems, each containing a centralvo lcano and an associated fissure swar m

( Sæmundsson 1974, Einarsson and Sæmundsson 1987). The northern part ofthe NVZ, about which this studyis concerned, consists ofthree such vo lcanic systems: Þeistareykir, Krafla and

Fremr i-Námur (fro mnorthto south), with 20-40 kmspacing. Most ofthe volcanic rocks are tholeiit ic basalts ( Jakobsson 1972). Minor amounts ofacidic rocks, such as dacites and r hyo lites, are associated with crustal remelt ing at the centralvo lcanoes ( O’Nions and Grönvo ld 1973,

S igmarsson et al. 1991).

The NVZ began to develop 6-7 Ma ago, when r ift ing and vo lcanism jumped eastward fro mthe older Húnafló i-SkagiVo lcanic Zone (HSVZ) ( Sæmundsson 1974). The shift in r ift ing act ivit y fro mthe HSVZ to the NVZ seems to have been abrupt as the NVZ has widened by 100-120 km dur ing the last 6-7 Ma ( Sæmundsson 1995), implying an average spreading rate similar to the present full-rate of18 mm/year ( DeMets et al., 1994). The Tjörnes Fracture Zone (TFZ) was, however, activated at least 2 m. y. pr ior to the rift jump (Young et al. 1985) during which pror ift ing centralvo lcanoes, were active in the region between two volcanic zones ( Jancin et al.

1985).

The B96 seismic arraythat we discuss in this studyis located on the western flank ofthe NVZ

(Fig. 2). It strikes north-south, parallel to the rift axis. The sur face outcropofthe unconfor mit y between rocks erupted at the HSVZ and the NVZ is about 10-15 kmwest ofthe array. The unconfor mit y has a shallow (10-25 deg) dip to the southeast ( Jancin et al. 1985, Sæmundsson

1995), but it is probablyinterrupted at depth byseveral southeast- or eastward dipping normal faults (Fig. 3). The B96 arraysits on basalts that were erupted fro mthe NVZ at 0-3 Ma

( Jóhannesson and Sæmundsson 1989). However, pro-rift ing NVZ rocks ( Jancin et al. 1985) and possiblyHSVZ-der ived rocks in the deep crust probablyextend a few kmeast ofthe array(Fig.

3).

The 1994 Faroes-Iceland Ridge Exper iment (FIRE) (White et al. 1996, Staples et al. 1997,

Brandsdóttir et al. 1997) includes an east-west transect ofthe NVZ throughthe Krafla central vo lcano to eastern Iceland. The center ofthe Krafla caldera is located approximately 40 kmeast ofthe B96 array(Fig. 3). A dramat ic change in crustalthickness is obser ved along the transect, fro m25 kmin the western (0-7 Ma) part, to 19 kmbeneath Krafla (0-1 Ma), to 35 kmin the

Tertiar yeastern fjords. Staples et al. (1997) argue that the differences in crustalthickness represent differences in overall melt productivit ydur ing three periods ofspreading. The major change in topographythat occurs near Bárðardalur (fro mHSVZ-der ived and pro-rift ing NVZ highlands to the west to NVZ-derived lowlands to the east, Fig. 2) is associated with this change in crustalthickness. Hence we would place the maximumeastward extent ofsubsur face pror ift ing NVZ and possibly HSVZ-der ived rocks onthe western rift flank at few kilo meters to the east ofthe B96 array.

The centralvo lcanoes ofthe NVZ are major eruptive centers that, based pr imar ily on geological mapping, appear to be at least 0.3-0.5 m. y. old ( Sæmundsson, personalco mmunicat ion 1995).

Little is known, however, about their stabilit yover longer per iods oftime, their relat ive productivit y, or howthat productivit yvar ies with time. Krafla, arguably the best studied ofthem, is known to possess a shallo w (3-4 km) magma chamber that is under lain bya do me with ano malously high seismic velocit y(the velocit ycontrast is about 7% at 10 kmdepth).

Brandsdóttir et al. (1997) invoke the theoryoflower crustal so lid-state flow developed by

Pálmason (1973), Henstock et al. (1991) and Phipps Morgan & Chen (1993) and interpret this dome as due to olivine-r ich cumulates, that format the base ofthe magma chamber an which are then subsequentally advected to downward and outward during the spreading process. Cit ing the dome’s 33 kmwidth, Brandsdóttir et al. (1997) argue that Krafla maybe at least 1.8 m. y. old.

The purpose ofthis studyis to examine whether the Krafla do me is a unique feature, or whether similar domes are present elsewhere along str ike ofthe NVZ (e.g. beneath the Þeistareykir and

Fremr i-Námur centralvolcanoes). The arrayalso provides an opportunit yto explore the seismic structureofthe pro-rift ing NVZ and possibly HSVZ-der ived material ofthe western r ift flank.

DAT A ACQUISITION

The north-south striking B96 arrayis about 80 kmlo ng, and mostly located along the eastern side of Bárðardalur and Kaldakinn valleys (Fig. 2). It consists of25 three-component seismo meters, spaced at approximately3 km. Allstations used GPS-timed, Refract ion

Techno logy72A-07 digit izer s. The southern station used a Streckeisen STS-2 broadband geophone, the northern used a Guralp CMG40-T broadband geophone, and the other stations used Mark Product L22-D short period (2 Hz) geophones. Data was recorded continuouslyat 50 samples/s. The arraywas operationaldur ing Apr il-May, 1996. The data are available fro mthe

Incorporated Research Institutions for Seismo logyas PASSCAL dataset XE-96.

Three chemicalexplosio ns were recorded: Shot N (100 kg), in a bayjust northofthe array; Shot

S (100 kg), in a lake just southofthe array; and shot E (150 kg), 120 kmawayon the east coast

(Fig. 2). Allshots used dynamite detonated in 30 mo fwater. Numerous microearthquakes were also recorded. Earthquake hypocenters were determined using arr ival t ime data fromthe SIL array(Icelandic MeterologicalOffice) and the U. Iceland array.

SHALLOW COMPRESSIONAL VELOCITY PROFILE

The shallow structure beneath the array(along the strike ofthe r ift flank) was investigated using travelt imes ofP waves fro mthe N and S shots. P waves in this distance range (0-80 km) sample the earth downto a maximum depth ofabout 8 km.

The P waves arr ive with an apparent velocit yo fabout 6.66 +/- 0.05 km/s in the 20-80 km distance range. This relatively high crustalvelocit y, typical ofso lid basalt ( Fló venz et al. 1985), indicates that low-porosit yrocks are within a few kilo meters ofthe surface. Travelt ime flucuat ions about this trend have an amplitude of0.1-0.2s and a wavelength of20-40 km, and are stronglyanti-correlated between the N and S shots (Fig. 4). The ant icorrelation is due to a parallax effect, and indicates that the corresponding heterogeneit ymust be several kmdeep.

(Near-surface heterogenit ies, such as sediment cover, would be posit ively correlated). A 2D velocit y modelwas constructed to match the observed travelt imes using the RTMOD forward program(Caress et al. 1992) and trial-and-error fitting (Fig. 5).

The crustal modelhas two notable features: 1) The uppermost 1 kmat the northern 20 kmo fthe modelhas significant lylower velocit ies than rocks at corresponding depths to the south (the sur face velocit yis 2.4 km/s in the north and 3.7 km/s in the south). This low-velocit y materialis likelyHo locene sediment accumulat ion near the coast. 2) The structure ofthe shallow crust is dominated bytwo domes, each 30-40 kmwide and spaced 30 kmapart, that have detectable velocit y contrast down to a depth ofabout 7 km. The compressio nal velocit y contrast ofthese dome ano malies is ver ylarge. For instance, at 6 kmdepth, the compressio nalvelocit yvar ies fro m6.8 km/s in the middle ofthe domes to 6.4 km/s between the domes ( i.e. about 6% contrast).

The domes have a similar width (25-30 km) and velocit y contrast (6%) to the dome beneath

Krafla, which is about 30-40 kmwide in it s north-south dimensio n and has a velocit ycontrast of

7% ( Brandsdóttir et al. 1997). Further more, the 30 kmspacing between the two domes is comparable to the along-strike spacing ofNVZ centralvo lcanoes. We suggest that the domes represent the fossilroots ofext inct centralvo lcanoes.

We assume that these vo lcanos were active dur ing the onset ofrift ing, 6-7 M years ago, since the domes sit within in the o ldest NVZ-der ived rocks near the border faults ofthe NVZ’s western margin. They would be structurallyanalogous to 7-3 Ma volcanoes situated just west ofthe currently act ive Western Volcanic Zone ( WVZ), ( Jóhannesson 1997). NVZ-der ived, 6-5 Ma acidic rocks, associated with an ( infor mallynamed) Náttfaravík centralvo lcano occur about 10 kmwest ofthe northern end ofthe B96 array( Jancin et al. 1985). The northern ofthe two domes might possiblybe associated with this vo lcano. Other acidic rocks outcrop 10-15 kmnorthwest ofthe southern dome ( Jóhannesson and Sæmundsson 1989), and might be associated with the southern do me.

FAN SHOT THROUGH THE NORTHERN VOLCANIC ZONE

Shot E, offthe coast east ofIceland, samples a swath across northeastern Iceland. P-waves turn in the mid-crust (10-11 km) beneath the NVZ (Fig. 5 and 6), and cross the Þeistareykir, Krafla and northern half ofthe Fremr i-Námur central vo lcanos (Fig. 7). We use travelt imes ofthese P waves to examine alo ng-strike structureofthe NVZ.

Travelt ime ano malies can ar ise fro m heterogeneit ies anywhere along the path, but are most sensit ive to structures near the turning po int (beneath the NVZ). Structure near the source is probablyonly a minor contributor to the travelt ime ano malies, since seis mic waves depart within a narrow cone ofangles, sampling more-or-less the same mater ial. T he travelt ime perturbation due to upper- crustal(<5 km) heterogeneit ies beneath the arrayis more significant (0.1-0.2 s), but may be accounted for byusing the previously determined shallow velocit y profile. After this correction, travelt ime ano malies ranging between -0.15 and 0.4 sare observed (Fig. 7).

We cannot correct for the effect ofdeeper structure associated with the two domes (Fig. 5) because we have litt le infor mat ion about their eastward extent. However, since the area east of the arrayhas been extensively r ifted it is likelythat the domes have been truncated within at most 15 kmofthe array. We per for med a sensit ivity test to determine the effect ofdifferent widths. We raytraced through a series ofhypotheticaldo me structures constructed froma

"dome-top" velocit yprofile taken fromunder the 30 km mark on the array(Fig. 8) and a

"background" velo cit ytaken fro mthe 0 kmmark. The test indicates that even a 15 kmwide ano malous feature would not perturbthe velocit yby more than 0.3 seconds, half o fthe observed ano maly. Thus the overallshape ofthe fan shot is likely attributable to deep features within the

NVZ.

A single fan shot cannot, ofcourse, image the structure ofthe lower crust. Indeed, ifthe crust had a complicated spatialpatternofvelocit yano malies, the travelt ime pattern ofa single fan shot might be impossible to interpret. Fortunately, the observed pattern is ver ysimple, with the most significant feature being the ear lyarr ivalalo ng raypaths reaching the centralparts ofthe array.

This feature is almo st certainly due to the Krafla dome ( Brandsdóttir et al. (1997):the maximum travelt ime advance occurs along raypaths that pass through the northwestern part of Krafla caldera; and its amplitude consistent with a ~40 kmwide dome with a velocit y contrast of7%. A simple modelo fthe high-velocit yregio n indicates that it is 40-50 kmin the north-south dimensio n (Figs. 9 and 10), with the ampitude o fthe ano malygenerally decreasing both northward and southward fro ma maximumat the northern edge of Krafla caldera. The data do not constrain the east-west width ofthe feature, since width trades offwit h the velocit y contrast.

However, a velocit ycontrast ofmore than about 7% (and hence a width narrower than about 30 km) can be ruled out because it leads to unacceptably large fluctuation in P wave amplitude, which were obser ved to be approximately constant across the array.

Brandsdóttir et al. (1997) interpret the high mid- crustalvelocit ies o fthe dome to be due to olivine-enr iched basalts that formed at the base ofshallow (<10 km) magma chambers and were subsequent ly advected downward. The strengthofthe observed mid- crustalvelocit yano malyis therefore a proxyfor the amount ofcumulates that were produced in the recent past. Krafla centralvo lcano has clear ly been more productive, in this sense, than the neighbor ing Þeistareykir and Fremr i-Námur centralvo lcanoes ( i.e. theyhave no dist inct domes). We speculate that much of the mid crust beneath these two less productive centralvolcanoes may have been produced near Krafla, and subsequent ly advected along the axis ofthe NVZ.

The fan shot travelt imes also have a short-wavelength feature centered just south ofthe Krafla caldera (Fig. 7). Arrival there are delayed by 0.2-0.35 s with respect to the fastest paths crossing the dome, but advanced by 0.1-0.3 s with respect to those near Fremr i-Námur. The velocit y modelhas a corresponding narrow feature (Fig. 9). We cannot unambiguouslyattribute this feature to processes occur ing at Krafla, since it is sufficient ly small that it might be due to heterogeneties occuring elsewhere along the raypaths. I fit is due to structure at Krafla, we speculate that this feature maybe caused byfine-scale co mplexit yin the cumulate production and advect ion process.

LOWER CRUSTAL STRUCTURE AND MOHO DEPTHS FROM

TRAVELTIMES OF REGIONAL MICROE ARTHQUAKES

Record sections ofmagnitude 2.5-4.0 microearthquakes occuring 50-100 kmnorth and southof the ends ofthe arraycontain many ident ifiable seismic phases, including P, PP, PPP, PmP, S, SS and S mS (Fig. 11). The P and S waves sample down to the mid-crust (15 kmdepth) near the northern and southern ends ofthe array, and have apparent velocit ies o fabout 6.74 +/- 0.10 km/s and 3.82 +/- 0.05 km/s respect ively. The compressio nal to shear wave velocit yrat io of1.765 +/-

0.036 is similar to mid- crustalvalues reported elsewhere in Iceland (e.g. Menke et al. 1994a,

Menke et al. 1996, Staples et al. 1997). The PmP and S mS Moho-reflected phases sample down to the lower most crust. Theyhave a co mpressio nal to shear wave velocit y ratio of1.755 +/- 0.05, statist icallyindist inguishable fromthe mid- crustalvalue. No evidence for lower- crustalheat ing

(or partialmelt ing) is obser ved.

Travelt imes from microearthquakes occur ing 50-100 kmnorth and southofthe ends ofthe array were used to extend the compressio nal velocit ymodel to 200 kmwidth and 32 kmdepth (Fig. 12 and 13). (The shear wave structure was not explicitly modelled, given the near-constant compressio nalto shear wave velocit yrat io). The shallow structure could be mapped only crudely, because ofthe lack ofstations outside the 80 kmarray. However, PP and PPP travelt imes provide so me constraints onthe shallow velocit y structure. These mult iple P phases indicated that the region between Vatnajökull and the southern end ofthe arrayhas significant ly lower near-sur face (<2 km) velocit ies than the array region. This difference is probably due to thick NVZ-der ived lava flows that occur southofthe array, and is consistent with the overall patternofnear-sur face co mpressio nalvelocit y in Iceland noted by Fló venz et al. (1985).

The P mP and S mS arr ivals t ight lyconstrain Moho depth. Travelt imes fro mallbut the southernmo st Vatnajökullevent (1110434) are consistent with a flat Moho at 25 kmdepth.

Travelt imes fromevent 1110434, which samples the most southerly region of Mo ho, requires a depth of31 km. We therefore modelthe Moho with an abrupt southward deepening at the posit ion ofapproximately the southern end o fthe array.

We have assembled these Moho depth determinat ions together willall previouslypublished data for Northern Iceland (Fig. 14). The northernmost B96 measurements and the westernmost FIRE measurements (Staples et al. 1997) agree closely. Theysample Moho within 20 kilo meters of one another and both give a depth of25 km. The stepping down (to 31 km in the southeast) of the crust that occurs at the southern end ofthe B96 arrayis generallyin agreement with the ver y thick (35 km) value reported for the NVZ just north of Vatnajökull (square symbo l in Fig. 14).

Yet the abruptness ofthe transit ion indicates a behavior more complicated than a simple thickening ofthe crust towards a region ofgreater magmat ic productivit yin the centralpart of the hotspot (as was suggested by Bjar nason et al. 1993). The step may possibly represent some kind ofdeep geologicalboundar y. Staples et al. (1997) propose that the abrupt rise in Mo ho (to

19 km) obser ved near Krafla is due to the magmat ic productivit yin the northern NVZ being less than at the older HSVZ. This explanat ion will not work for the B86 step, since the Moho deepens

- not shallows - towardthe center ofthe southern NVZ. An important object ive for future research willbe to establish how short wavelength (10 km), high amplitude (5-15 km) Moho topographyis created and how it is sustained over time per iods of3-6 millio n years.

EVIDENCE FOR MANTLE LID FROM MANTLE PHASES

Pn and S n mant le-refracted waves were observed fromearthquakes in the Mýrdalsjökull region ofsouth Iceland (e.g. event 1171351 M=3.8, Fig. 15) and just east ofthe Kolbeinsey Ridge (e.g.

event 1080943 M=4.0), northofIceland ( KB in Fig. 1). The path from Ko lbeinsey Ridge crosses the NVZ while the path fro m Mýrdals jökull crosses centralIceland just west of Vatnajökull

(dashed lines in Fig. 2). Pn and Sn apparent velocities fro mthe Ko lbeinsey Ridge are 7.66 +/-

0.04 km/s and 3.96 +/- 0.03 km/s, respectively, while those from Mýrdalsjökull are about 4% higher, 8.00 +/- 0.1 km/s and 4.31 +/- 0.04 km/s, respectively. The Mýrdalsjökull Pn data are consistent with the value of8.01 +/- 0.15 km/s reported by Menke et al. (1996) for another centralIceland path ( Vatnajökull to southwest Iceland). The compressio nalto shear wave apparent velocit yrat io is 1.93 +/- 0.01 for the Ko lbeinsey event and 1.85 +/- 0.02 for the

Mýrdals jökull event.

The Mýrdalsjökulldata are particular lyinterest ing because theysample the upper mant le above the Iceland "plume ano maly" that has been studied by Wo lfe et al. (1997). These authors use teleseismic S wave tomographyto ident ifya low-velocit y( by4%) shear wave velocit y ano maly in the 100-400 kmdepth range beneath centralIceland (shallower depths are unreso lved in their inversio n). At the observed ranges of200-250 km, the Mýrdalsjökull Pn and Sn waves turn in the upper most mantle, only a few (10-15) kilo meters beneath the Moho. The rays upon which we base the apparent velocit ymeasurements cross a flat portion of Moho beneath the array, and thus are not influenced by Moho dip. We thus take the apparent velocit ymeasurements as a proxyfor shallo w mant le velocit ies. The measurement may be influenced by upper mant le velocit y anisotropy. However, the azimuth ofN20E is close to 45 degrees fro mthe N30W shear wave high- velocit ydirect ion obser ved by Menke et al. (1994b) and Bjarnason et al. (1996). The velocit ies thus represent inter mediate values.

Some insight into the thermalstate ofthe upper most mant le sampled by the Mýrdals jökull P n and Sn waves can be obtained byco mpar ing the observed shear wave velocit y(4.31 km/s) and velocit y ratio (1.85) to values measured for the mant le beneath mid-ocean r idges. Nishimura and

Forsyth (1989) estimate a velocit yof3.98 km/s and a ratio of2.04 at 45 kmdepth for 0-4 Ma mant le beneath the East Pacific Rise (EPR). Forsyth (1992) notes that the low shear wave velocit y for the EPR probablyrequires melt, since it is well below the 4.18 km/s value that is thought to characterize per idotite at a temperature just below its so lidus. The ver yupper most mant le beneath centralIceland thus seems to be considerablycooler than at a comparable depth beneath the EPR, and appears not to contain melt. The centralIceland values are more similar to those occuring in the subso lidus mant le "lid" ofthe 4-20 Ma EPR lithosphere, which has a shear velocit y (at 45 kmdepth) of4.37 and a ratio of1.86 (Nishimura and Forsyth 1989). Thus

Iceland, though it sits over a hot mant le plume, appears to have a layer of subso lidus mant le (or lid) separating the crust fromthe melt ing region. This result is consistent with mant le melt ing models ( Menke and Sparks 1995), which place the topofmelt ing about 25 kmbelow Moho.

The obser ved Ko lbeinseyRidge shear wave velo cit yof3.96 km/s is in close agreement with the

3.9 km/s value measured previouslyby Evans and Sacks (1980) fromsur face wave data, and probablyrequires partialmelt. The topofmelt ing appears to be at shallower depths northof

Iceland than near the center ofthe Iceland mant le plume, within the NVZ.

RESULTS

1. Mid- crustal(10-11 km) rocks beneath the axis ofthe NVZ have ano malously high velocit ies

(byas much as 7%), with the ano maly being concentrated beneath the northern part of Krafla centralvo lcano. This feature is associated with the Krafla dome, previously interpreted by

Brandsdóttir et al. (1997) as caused byshallo w magma chamber-der ived o livine cumulates, that are subsequent ly advected into the lower crust. The high-velo cit yano malyis weaker beneath the neighbor ing Þeistareykir and Fremr i-Námur central volcanoes. Krafla maytherefore be a more significant sourceoflower crustalrocks than its neighbors .

2. Two dome structures, similar in size and velocity contrast to the Krafla dome, occur onthe western flank ofthe NVZ. These domes maybe the fossilroots ofext inct centralvo lcanoes that were active pr ior to NVZ rift ing, or at its onset, at 6-7 M years ago.

3. The crust along the western r ift flank ofthe NVZ is 25-31 kmthick, with the southward thickening occuring as an abrupt step. The compressionalto shear wave velo cit yratio is about

1.76 throughout the crust, including the region just above the Moho. Abrupt changes in Mo ho depth in northern Iceland have also been observed on the FIRE profile (Staples et al. 1997).

4. Pn velocit ies of8.0 +/- 0.1 km, and Pn/ S n apparent velocit yrat io of1.85 +/- 0.02, for a path that crosses centralIceland, implythat the upper most mant le is sub- so lidus. This result is consistent with Menke and Sparks (1996) predict ion ofa mant le "lid" above the zone ofpartial melt.

Acknowledgements. We especiallythank Jósep Hólmjár n ofthe National EnergyAuthorit yfor his skillful shotmastering , Kar l Pálsson for his energet ic dr iving, Ingi Bjar nason for providing us access to his station at Svartárkot , the NationalPower Companyo fIceland for allowing us to use facilit ies at its Krafla plant, the personnelat Hótel Reynihlíð for accomodations and meals, and the Nordic Vo lcano logical Inst itute for lending us instrumentation. Special thanks are also due to to the many far mer s ofthe survey region, who allowed us access to their land and showed us wonder fulhospitalit y. We also thank NoelBarstow, Yingchun Chen, Brandur Kar lsson, Deepti

Rohatgiand Anthony Wei for participat ing in the fie ldwork. This work was supported bythe US

National Science Foundation, the Universit yo fIceland, Columbia Univer sit y and the

Incorporated Research Insit itutions for Seismo logy. The GMT public do main so ftware was used to prepare figures 1 and 2. Finallywe would like to express our gratitude to Kristján

Sæmundsson, Mark Jancin, Robert Detrick and an anonymous reviewer for their constructive comments regarding this work. Lamont -DohertyContr ibution No. 0000.

REFERENCES

Bjar nason, I.Th ., Menke, W., Flóvenz, Ó.G. & Caress, D., 1993. Tomographic image ofthe spreading center in southern Iceland, J. geophys. Res., 98, 6607-6622.

Bjar nason, I.Th ., Wolfe, C.J., Solo mon, S.C. & Gudmundsson, G., 1996. Init ialresults fro mthe

ICEMELT exper iment: Body-wave delayt imes and shear wave splitting across Iceland,

Geophys. Res. Lett ., 23, 459-462; Correction, Geophys. Res. Lett ., 23, 903.

Brandsdóttir, B., Menke, W., Einarsson, P., White, R.S. & Staples, R.K., 1997. Faeroe-Iceland

Ridge Exper iment 2. Crustal structure ofthe Krafla centralvo lcano, J. geophys . Res., 102, 7867-

7886.

Caress, D., Burnett, M.S. & Orcutt, J.A., 1992. Tomographic image ofthe axial low velocit y zone at 12:50N onthe East Pacific Rise, J. geophys. Res., 97, 9243-9263.

DeMets, C., Gordon, R.G., Argus, D.F. & Stein, S., 1994. Effect ofrecent revisio ns to the geomagnet ic t ime scale on est imates ofcurrent plate motions, Geophys. Res. Lett ., 21, 2191-

2194.

Einarsson, P. & Sæmundsson, K., 1987. Earthquake epicenters 1982-1985 and vo lcanic systems in Iceland ( map). In: Í hlutar ins eðli, Festschr ift for Þorbjörn Sigurgeirsson (ed. Þ. I. Sigfússon ),

Reykjavík .

Evans, J.R. & Sacks, I.S., 1979. Lithospher ic structure in the north Atlantic fro mobser vat ions of

Love and Rayleigh waves, J. Geophys . Res. 85, 7175-7182, 1980.

Forsyth , D.W. 1992. Geophysicalconstraints on mant le flow and melt generation beneath midocean r idges, in Mant le Flow and Melt Generat ion at Mid-Ocean Ridges, J. Phipps Morgan,

D.K. Blackman, J.S inton, Eds ., Amer ican Geophys icalUnio n, Washington, D.C., 1-65.

Fló venz , Ó.G., Georgsson , L. & Árnason K., 1985. Resist ivit y structureofthe upper crust in

Iceland, J. geophys . Res., 90, 10,136-10,150.

Gebrande, H., Miller, H. & Einarsson, P., 1980. Seismic structure ofIceland alo ng the RRISP profile, J. Geophys ., 47, 239-249.

Henstock, T.J., Woods, A.W. & White, R.S., 1991. The accretion ofoceanic crust byepisodic sill intrusion, J. Geophys . Res. 98, 4143-4161.

Jakobsson, S.P., 1972. Chemistr yand distribut ion pattern ofrecent basalt ic rocks in Iceland.

Lithos , 5, 365-386.

Jancin, M., Young, K.D., Voight, B., Aronson, J.L. & Saemundsson, K., 1985. Stratigraphy and

K/ Ar ages across the west flank o fthe northeast Iceland axial r ift zone, in relat ion to the 7 Ma vo lcano-tectonic reorganization ofIceland, J. geophys. Res., 90, 9961-9985.

Jóhannesson, H., 1997. Geologyo fthe Mýrar and Dalir highlands, ( in Icelandic), In: Í fjallhögum Mýra og Dala, Icelandic TravelSociet yYear book, 70, 215-226.

Jóhannesson, H. & Sæmundsson, K., 1989. Geological map ofIceland, scale 1:500000, Bedrock geology, 1st ed., Icelandic Mus. ofNat. Historyand Iceland Geod. Surv ., Reykjavík.

Menke, W., Brandsdottir, B., Jakobsdottir, S. & Stefansson, R., 1994a. Seismic anisotropyin the crust at the mid-At lant ic plate boundar yin south-west Iceland, Geophys. J. Int., 119, 783-790.

Menke, W., Levin, V., Brandsdóttir, B., Einarsson, P., Sethi, R., White, R.S. & McBride, J.H.,

1994b. Seismic structure ofthe mid-At lant ic plate boundar yin northern Iceland (abstract), Eos

Trans. AGU, 75, FallMeet ing Suppl., 619.

Menke, W. & Sparks, D., 1995. Crustalaccretion modelfor Iceland predicts ’co ld’ crust,

Geophys. Res. Lett ., 1673-1676.

Menke, W., Brandsdóttir, B., Einarsson, P. & Bjarnason, I.Th ., 1996. Reinterpretation ofthe

RRISP-77 Iceland shear wave profiles, Geophys. J. Int., 126, 166-172.

Nishimura, C.E. & Forsyth, D.W., 1989. The anisotropic structure ofthe upper mant le in the

Pacific, Geophys . J. R. astr . Soc. 96, 203-229.

O’Nio ns, K. & Grönvo ld, K., 1973. Petrogenetic relat ionship of silicic and basic rocks in Iceland:

Sr isotopes and rare earth elements in late and post glacial vo lcanics. Earth Planet. Sci. Lett ., 19,

397-409.

Pálmason, G., 1973. Kinemat ics and heat flow in a vo lcanic r ift zone, with applicat ion to

Iceland, Geophys. J.R. astr . Soc, 451-481.

Phipps Morgan, J. & Chen, Y., 1993. The genesis ofoceanic crust, magma inject ion, hydrothermal circulat ion and crustal flow, J. geophys . Res. 98, 6283-6298.

Sæmundsson, K., 1974. Evolut ion ofthe axial r ift ing zone in northern Iceland and the Tjörnes fracture zone. Geol. Soc. Am. Bull. 85, 495-504.

Sæmundsson, K., 1995. Unconfor mit ies in Fnjóskadalur and Jökuldalur, (abstract), Geol. Soc.

Iceland, Spring Meet. Suppl ., 48-50.

S igmarsson, O., Hemond, C., Condomines, M., Fourcade, S. & Óskarsson, N., 1991. Origin of silicic magma in Iceland revealed by Th isotopes. Geology, 19, 621-624.

Staples, R.K., White, R.S., Brandsdóttir, B., Menke, W., Maguire, P.K.H. & McBr ide, J.H.,

1997. Faeroe-Iceland Ridge Exper iment 1. The crustalstructureof north-eastern Iceland, J.

geophys. Res., 102, 7849-7866.

White, R.S., McBr ide, J.H., Maguire, P.K.H., Brandsdóttir, B., Menke, W., Minshull, T.,

Richardson, K., Smallwood, J., Staples, R. & the FIRE Working Group, 1996. Seismic images of crust beneath Iceland contribute to long-standing debate, Eos Trans. AGU, 77, 197, 200-201.

Wo lfe, C., Bjar nason, I. Th., VanDecar, J. & Solomo n, S., 1997. Seismic strucure ofthe Iceland mant le plume, Nature 385, 245-247, 1997.

Young, K.D., Jancin, M., Voight, B. & Orkan, N.I., 1985. Transfor mdefor mat ion ofTertiar y rocks along the Tjornes Fracture Zone, north centralIceland, J. geophys. Res., 90, 9861-10,010.

Figure Captions

Fig. 1. Map ofIceland, showing the three major brances ofthe Neovolcanic Zones ( WVZ, EVZ and NVZ), locations ofseismo meters ofB96 array(triangles), centralvo lcanoes (circular outlines), fissure swar ms ( line segments), glaciers (shaded regions), and shot (squares) and earthquake (stars) locations. Letters indicate place names, KB ( Ko lbeinsey r idge), RR

( Reykjanes r idge), TFZ ( Tjörnes Fracture Zone), WF (western fjords), EF (eastern fjords), H

( Húnafló i bay), S ( Skagipeninsula) ; HSVZ (the ext inct Húnafló i-Skagi Volcanic Zone).

Fig. 2. Map ofeastern Iceland. The B96 array(triangles) is situated in the Bárðardalur (BD) and

Kaldakinn (KK) valleys, immediately to the west ofthe Þeistareykir (Þ), Krafla (KR) and

Fremr i-Námur (FN) centralvo lcanoes. Other major volcanoes within the NVZ and EVZ are

Askja (A), the subglacialhotspot systems of Kverkfjö ll ( KV), Bárðarbunga (BB) and Gr ímsvötn

(G), Mýrdalsjökull(MJ), and the ext inct Náttfaravík ( Na) centralvo lcano. Shotsites (N, S, and

E) and earthquakes (stars) are also shown.

Fig. 3. Cross-section ofthe crust across the western flank o fNVZ. Known (solid) and hypothetical (dashed) geologicalboundar ies are shown. See text for further discussio n.

Fig. 4. Travelt imes , reduced to 6.5 km/s, ofthe N (triangles) and S (crosses) shots. Travelt imes were picked "byeye" fro mhigh qualit yseismograms. So lid curves are predicted travelt imes for the velocit ymodel in Figure 5.

Fig. 5. 2-D compressio nalvelocit y model, alo ng a north-south profile extending from Íshó lsvatn

(south) to Skjálfandi( north), based on travelt ime data fromthese shots.

Fig. 6. Predicted raypath fromE shot to atypicalstation ( labeled stn) ofthe B96 array. The ray passes beneath the center ofthe NZV at 10 .6 kmdepth.

Fig. 7. Fan shot corrected travelt ime ano malies (bar graph) and raypaths (dotted lines) portrayed on a map ofnortheastern Iceland. See text for further discussio n.

Fig. 8. Effect ofdome width is est imated bycalculat ing travelt ime ano malyassociated with domes ofvar ying widths. ( left) Rayfro ma sur face source at 120 kmarr ives at a station at the origin after sampling a dome with vertical sides. ( right). Travelt ime ano maly as a function of dome half width, for two shapes ofdo me: dome with sloping sides (triangles), dome with vert icalsides (circles).

Fig. 9. Compressio nalvelocit y ano malies alo ng the raysur face ofthe fan shot (shaded, with contours), with super imposed geographicalfeatures. This sur face is 10-11 kmdeep beneath the

NVZ.

Fig. 10. Fan shot corrected travelt ime ano malies (circles). Solid curves are predicted travelt imes for the velocit ymodelin Fig. 9.

Fig. 11. (Bottom) Low-pass filtered, verticalco mponent record section, reduced to 6.5 km/s, of

Vatnajökull earthquake 1270028 observed on the B96 array. Note clear P, PmP, PP, and PPP phases. (Top) Unfiltered transverse- horizontalcomponent record section, reduced to 3.8 km/s.

Note clear S and S mS phases. Amplitudes are section-nor malized.

Fig. 12. 2-D modelof co mpressio nal velocit yalong a north-south profile extending fro m

Vatnajökull to northern Iceland, based on travelt imes ofP, PmP, PP and PPP phases. The Moho declines froma depth ofabout 25 kmin the north to 31 kmin the south.

Fig. 13. Travelt ime data (triangles) for five regional earthquakes, and corresponding predict ion based on velocit ymodel in Fig. 12. Epicenters are shown in Figs. 1 and 2. The small (0.2 s) static ano maly in event 1260156, is most likely caused by a smallerror in the hypocentral location.

Fig. 14. Map of crustalthickness measurements (symbo ls) in northwestern Iceland, and speculat ive 5 kmcontours (curves). Fissure swar ms ( line), centralvolcanoes (circular outlines), glaciers (shaded), and selected crustalthickness measurements in km(symbo ls). S ymbo lt ype refers to data sources: (square) Our reinterpretation o f Gebrande et al. ’s [1980] Shot D; (star)

Menke et al.’s [1996] reinterpretation of Gebrande et al. ’s [1980] Shot E; (triangles) Staples et al.

[1997]; and (diamo nds) B96 results. Note concerning (square): Shot D has a second arr ivalthat we, fo llowing Bjarnason et al. (1993), ident ifyas PmP. It has a travelt ime, reduced to 7.0 km/s, of4.0 s at 100 kmand 3.1 s at 150 km, which corresponds to a 35 kmdeep Moho, assuming a crustalvelocit ystructure similar to our regional model(Fig. 12).

Fig. 15. (Bottom) Low-pass filtered, verticalco mponent record section, reduced to 7.5 km/s, of

Mýrdals jökull earthquake 1171351 observed on the B96 array. The centralpart ofthe arraywas not in operation at the time ofthis event. Note clear P and Pn phases. (Top) Low-pass filtered transverse-hor izontalco mponent record section, reduced to 4.0 km/s. Note clear S and S mS phases. Amplitudes are section- normalized.