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Abstract

We present the results of a passive seismological experiment that was designed to constrain
variations in crustal structure beneath the Faroe Islangzrde Islands Passive Seismic
Experiment).After collectingapproximately 15v 2 y 1 K& Q 2 Tseishdlgficatiafada® dzi
12 sites that span the Faroe Islands landmass, we applied the receiver function method to
global teleseismic earthquakes that were recorded by the FIPSE array in order to eRamine
Swave conver®ns that arise from major acoustic impedance discontinuities in the
subsurface.The data quality recorded bthe FIPSE array is relativgbpor, due to the
microseisnic noise from waves and windso we stacked all the receiver function data
together and dso stacked station data before performing further analyses. UsiegH®
stacking methodvith a stack ofll the receiver function data we find that a crustal thickness

of 2942 km and average crustal/V¥s of 1.76£0.09 would be an appropriate-0L
approxmation of Faroe Islands crust. Single statioi H a G O1 Ay 3 NBadzZ §a
thickest crust(32-33 km)is found in thenorthwest, the thinnest crusf<29km)is found in

the northernmost parts of the Faroe Islands and elsewhere the crust-B302em thck.
Neighbourhood algorithm inversion using single station receiver function stacks produced
similar crustal thicknesse® the H-¢ & 0 lreé3(lt4 ywiA a sharp Mohadiscontinuity
constrained at depths of 233 km that is deepest beneath western pané the Faroe
Islands. A 20 km thick gradational high-velocity lower crustal layer withpg¥/s>1.80 was
required in allof the best inversion solutiondeing thickest where the Moho is deepest. The
receiver function inversion analgsialsoshowedthat the depth to crystalline basement
beneath the Faroe Islands varies between 4 and 6rkm the surfacebut it was not able to
constrain the velocity structure of the expected basalt (and possible sedimentary) layers
above it. Forward modelling of receiverunictions using apriori geophysical and
petrophysical datshowed thatthe basalt sequences on the Faroe Islands will have a minor
affect on the receiver functiowaveformscompared to the crystalline basement and Moho
discontinuities. We also find througbrward modelling that a low density and low velocity
layer may extend up to 1 km beneath the LofivAA borehole. However, thiow velocity

and density characteristics of any substantial hyaloclastite layers near to the base of the
basaltrender it diffiault for receiver functions to distinguish such an igneous layer from any
suspected sedimentary rocks. Finally, preliminary common conversion point stacking (CCP)
migration provides the first images of the no#tb-south variation in crustal structure
beneah the Faroe Islands, with Suduroy and possibly Sandoy exhibiting a different upper
crustal structure than the remainder of the Faroe Islands.
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1. Introduction

1.1.Rationale
The crustal structure of the continental block on which the Faroe Isl@fiddl) sits is poorly
understood, mainly due to the presence of thick Tertiary basalt sequences at the surface
that hinder controlledsource seismic imaging methods (e.g. Mareshl.,, 2006).The region
is of interest as offshore yrocarbon prospectsvithin the Faroese sector of the Faroe
Shetland Basin are expected to occur both in layered basalt flows (including hyaloclastites)
and in sediments between the base of basaltic sequences and the topeo&rRbrian
crystalline basement. EHonshorethickness of lhe basalts, the presence of sediments and
the depth and lateral variation of the basement discontinpityowever, arelargely
unconstrained.

335 340 345 350 355 360

Figurel ¢ Location magpwith bathymetry and topographgf the Faroe Islands relationto the

northern UK, Iceland and the east coast of Greenlaitid the locations oseismic profiles described in
this report Inset shows the topography of the Faroe Islands with the Faroe Islands Passive Seismic
Experiment (FIPSE) stations marked as yellow boxes (modified from Harland et al., 2009).

Variations inFaroesecrustal thickness and composition aaksonot well condrained. These
characteristics have implications for models of uplift and subsidence of the region,
particularly as a highelocity lower crustal layer has been interpretas igneous intrusions
emplacedat the time of continental breakip (e.g. Whiteet al., 1987;Richardsoret al,
1999; White, et al,, 2008).A knowledge of the crustal structure and distribution of material
intruded into the lower crust beneath the Faroe Islands would increase the ability to
understand the paleogeographic development and the time of continental breakp, as

well as for the present day.

In addition to helping to constrain the hydrocarbon potential of the region, imaging the
crustal structure beneath the Faroe Islands also provides information about the processes
that drive the breakup of continents.In particular, uncertainty remains over the relative
roles of tectonism (i.e. faulting) and magmatism during brepkand the largescale mode



of lithospheric deformation (e.g. Ebing& Casey, 20Q1White et al, 200§. Due to the
CENRS L&afl yR&Q LaGthany Bolndary,itBe infrudedl artl G&ruidéd
magmatic material that occurred immediately prior to seafloor spreading can be quantified
by imaging the detailed crustal velocity structure, adding crucial kriydeabout the role
that magmatism played at this stage of brea

1.2.Objectives
The project objective is tariage variations in crustal layer thickness and velocity beneath
the Faroe Islands using passive seismological data. The receiver function tectuiligbe
used to focus on: i) the uppermost ~10 km to investigate and interpret basement thickness
variations and add constraints to basalt thickressub-basalt sediments; and imaging the
Moho discontinuity to provide thre€limensional variations inrastal thickness and bulk
velocity, together with the identification and classification of higHocity lower crustal
layers. The original project propal can be viewed in Appendix |

The project shall provide the following for the SINDRI Group:

1 A detdled report that shall preseritnages of the crustal velocity structure using the
receiver function technique, focussing on basalt, sediment and basement layers in the
uppermost crust and magmatic intrusion into the lower crust.

1 An interpretation oflateral changes in crustal structure beneath the Faroe Islands
related to the hydrocarbon potential of the Faroese sector of the F&betland Basin
and to magmaassisted models of continental break.

1 ~15 months of continuous passive recordings fronetavork of 12 stations that spans
the Faroe Islands.

1.3. Tectonic History
A large amount of information is available to characterise the tectonic history of the Faroe
Islands and the surrounding region (i.e. Faroe Platform, F8regland Basin, Icelaffearoe
Ridge)Fig. 2) abrief summary of which follows:

The Archaean and Proterozolzasement terraneshat made up the preifted NEAtlantic
margin (Dickin, 1992)were assembled during the closure of the lapetus Ocean and
Caledonian Orogeny until Early Deian times (e.g. McKerrowt al., 2000; Oliver, 2002;
Strachanet al., 2002; Robertset al, 2003). A series of rifting episodes affected the NE
Atlantic margin during Late Palaeozoic to Mesozoic times, beginning with approximate east
west extensionbetween Eurasia and East Greenlatigring Permerlriassic timegorming

large halfgraben basinge.g. West Orkney and West Shetland Basins (Earkd., 1989;
Hitchen et al, 1997, possibly influenced by a northeasbuthwesttrending Caledonian
structural gain (Ziegler, 1989; Breklat al., 1999; Dog et al., 1999; Surlyk, 1990).

Further eastwest extension during Jurassic times shifted to more northvgesitheast
extension during Early to Mi@retaceous times (Deaet al., 1999; Doréet al., 1999; Ritchie

et al, 2011), with Faro&hetland and Mgre Basins forming as a response to Cretaceous
extension (e.gDuindam & van Hoorn, 1987; Deat al, 1999; Musgree & Mitchener,
1996) andater seafloor spreading north of what became the Fardands from the Rockall
Trough to the Varing Basin (PricdRéttey, 1984)(Fig.3).

Renewed rifting during Early Eocene times, likely facilitated by the impingement of a mantle
plume (e.g. White, 1988), resulted in the northward propagation of seaflooeasiing
between the conjugate northwest EuropegrEast Greenland margins in Early Eocene times
and the formation of the preserday northeast Atlantic Ocean (Ziegler, 1989; Ziegler, 1992;



Doréet al., 1999). An early Palaeogene triple junction may havered on the presentlay
location of the Faroe Islands (Geoffrey al, 1994) or Faroes/north Rockall Trough region
(Burke & Dewey, 1973), with the Far8betland Basin today representing a significantly

thinned but failed breakup basin (e.g. Archet al., 2005; Fletcheet al.,, 2013).
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Figure2 - An overview of the tectonic events affecting the NE Atlantic margin including the Faroe
Islands regiorffrom Ritchie et al., 2011).
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Figure3 - Tectonic reonstruction of the NE Atlantic in the Late Jurassic;G4&taceous, Paleocene
and midCenozoic (after Dért al., 1999).

Regimal and transient uplift eventéand some sma#cale igneous activity, e.g. Mortaat

al., 1995)preceded widespread and prethinantly continental volcanism and intrusive
activity to form the North Atlantic Igneous Province (NAKR)aclennan & Jones, 2006;
Meyer et al., 2007; Saunderst al, 2007)(Fig.4). Exposed and buried NAIP igneous rocks
extend NWSE over 2000 km at the conjugate East GreenWHEuropean margins and are
also found in the West Greenlaghffin Bay area (Upton, 1988; Saundetsal., 1997;
Meyer et al, 2007). Key NAIP regions includ¢V British Isles; Rockall Trougharoe
Shetland Basin; Rock#latton area; Faroe Islands; Mgre margin; V@ring margin; Northeast
Greenland; Centradtast Greenland; and West GreenlaBalffin Islande.g. Saunderst al,
1997) Most NAIP igneous activityccurredduring Mid-Palaeocene to early Eocene times
(betweenc. 62 andc. 53 Mg, with two main pulses at. 62-58 Ma andc. 57-53 Ma and
further distinguishable pulseat c. 60 andc. 55 Ma Gaunderset al,, 1997;Torsviket al.,
2001; Jerram & Widdowser2005; Meyeret al, 2007. Parts of the NAIPexperienced
O2yliAydzSR A3dyS2dza | OUAGAGE @RPDAW; Tedghéeyas NI 9
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2008) with presentlay magmatism occurringn Iceland(e.g. Whiteet al,, 2011)and Jan
Mayen €.g. Trmneset al., 1999).

Bl Seaward dpping reflectors (SDRS)
2| Bl Volcanic plateau offshore
B Volcanic plateau onshore
i B 'ntrusive complex
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Crotacoous magmatism
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Figure4 ¢ The location of thé&aroe Islandé-I)within the North Atlantic Igneous Province (NAIP).
Regions of Tertiary onshore and offshore magmatism and volcanism are shown in colour, in addition
to older Cretaceas to Permerriassic magmatismARcAegir Ridge; B Baffin Island; CGFEZCharlie

Gibbs Fractureahe; DIc Disko Island; EBEdoras Bank; EIFaroe Islands; GEASreenland Fracture
Zone; GIR Greenlandceland Ridge; HBHatton Bank; Holg Hopedale Basin; IkRcelandFaroe

Ridge; MB; Mgre Bai; MR¢ Mohns Ridge; NBNuussiag Basin; PB Poraipine Basin; RR

Reykjanes Ridge; SE8enja Fracture Zone; §Flyne Trough and Erris Basin;QRsring Basin; V&
Vesteris Seamount; and ¥R ermak Platea(after Meyer et al., 2007)

The nearby FaroeStetland Basin recordssubsequentpost-breakup subsidencehat was
punctuated by a number of sheterm uplift-erosion and subsidence cycles asdhtinued
to befilled with sedimensthroughoutPalaeocene and Eocene times (&gdinet al,, 1997;
Lamers & Carmichael, 199Btaylor et al, 1999; Smallwood & Gill, 2002; Dromgoole &
Gallagher, 2007; Fletchegt al, 2013. Since the Early Eocene, number of NW-SE
compressive eventaffected the Faroese Platform and Faroe Shetland Basin and are thought
to have contributed to uplifting thedfoe IslandgBoldreel & Andersen, 199&itchieet al.,
2003; Doréet al., 2009. Evidencehas been reportedf other Cenozoic uplift mechasins
that affected the Faro&hetland Basin and/or the Faroe Platforanch astransient uplift
due to mantle conection associated with the Iceland plum@haw Champiost al., 2008);
permanent uplift due to crustal thickening by lower crusigheous intrusion (e.g.
Richardsonet al, 1999); uplift from mantle thermal variations (Smallwood, 200&nd
epeirogenic uplift caused by basalt removal from EoeReeent erosion (Andersest al,
2002)

Northwest of the onshore Faroe IslandsietEast GreenlanttelandFaroe Islands Ridge
formed after the onset of seafloor spreadirand mayconsst of veay thick oceanic crust that
formed asa result of excessive magma productidvieyeret al., 2007) although continental
crust may exist beneath pig of Iceland (Foulger, 2006



1.4.Geology of the Faroe Islands
TheFaroe Islands Basalt Gro(pIBG)Fig. 5was emplaced durin@aleocene and Eocene
times andwas part of the NAlagmatism (Upton, 1988; Waagstein, 1988; Saundesd.,
1997; Meyeret al, 2007). Its areal extent is at least 120,000 kmithin the NE Atlantic
region and it is exposed throughbthe ~1400 knf surface areaf the 18 main islands that
comprise the Faroe Islands (Passey & Jolley, 200®)stemplacement subsidence is
probably the origin of the presertay FIBG dip of <4° in arSEdirection (Andersen, 1988)
and ts stratigraphic hickness totalsat least 6.6 km,with the lowermost ~3.4 km sampled
only by the Loprd/l1A borehole(Rasmussen & Nedygaard, 1969; Rasmussen & Noe
Nygaard, 1970; Waagstein, 1988; Passey & Bell, 2007; Passey & Jolleyit 2008)sts of
basalt lava flavs with minor volcaniclastic (sedimentary and pyroclastic) lithologies and was
most recently divided into seven lithostratigraphic formations (Passey & Jolley,, Z20f8)
base to top 1) Lopra Formatiorg at least~1.1 km thick and composed of volcanitias
lithologies, mainly hyaloclastites (Edital., 2002; Waagstein, 2006; Passey & Jolley, 2009)
2) Beinisvgro Formatiom ~3.25 km thick laterally extensive, subaetialsaltsheet lobes
topped by an erosional surface (Passey & Bell, 200 Bretfjall Formatiorg <15 m thick
coals, claystones and sandstones (Lund, 1989;€dElls, 2002; Passey & Jolley, 2009)
Hvannhagi Formatioq <50 m thick tuff and mass flow deposits (Passey & Jolley, 2609)
Malinstindur Formationg <1.4 km thicksubaerial compound lava flows with a weathered
upper surface (Passey & Bell, 2005)) Sneis Formation < 30 m thick, laterally extensive,
sandstone and conglomerate; Enni Formationg >900 m thick subaerial compound lava
flows and sheet lobes (Pass&yJolley, 2009)Subvertical dykes have intruded most levels
of the basalt, with irregular and saueghaped sills forming in the uppermost three
formations (Hanseewt al.,, 2011).Erosion may have removed keast afew hundred metres
of the Enni Formatio, assuming it wasniformly distributed with an original thickness of
1.0-1.5 km(Waagstein, 1988Andersenet al.,, 2002.
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Figure5 ¢ Simplified geology map of the Faroe Islands, showing the main subdivisions of the FIBG
(Passey & Bell, 20Q7)
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Figure6 ¢ Maps of lasalt and sukbasalt sedimenthickness on the Faroes Platform and into the
FaroeShetland Basi(\Whiteet al.,2003).

The FIBG rocks exposed on the Faroe Islardspresumed toeither rest atop pre-
Cretaceous (Brewer & Smyth, 1984) sedimentary ramkkewisiancrystalline basment.
Seismic refraction experiments revealedfshore sedimentary sequees that reach
thicknesses ofi) a few kilometres but appear to pinch out towards the Faroe Islands
(Richardsoret al, 1999) ii) 7-8 kmoffshoreand 3-4 km beneath the Faroe Islandsafi®n et

al., 2005) or iii) less than 1 km beneath central regions and up to 3 km beneath northern
and southern parts of the Faroe Islan@3g.6) (White et al., 2003) Ambiguity remains due
to multiple ways of interpreting a sdbasalt layer witta P-wavevelocity of 5.25.7 km/sand

the possible contamination of sdfmsalt sedimentary rocks with igneous sill intrusions
(Richardsoret al, 1999; Englanét al, 2005; Raunet al., 2005) Lewisianbasementrocks
are exposed in East Greenland and Shetlarahdisl (Stokeet al, 1993) andt is therefore
expected that Archaean to Proterozoic age Lewisian metamorphic rocks comghise
crystalline basement beneath the Faroe Islanflsis is most likely underlain by stretched
Archaeancontinental crust that could behickened (i.e. underplateand/or intruded by
magmatic material (Botet al, 1974; Richardsoet al., 1998; Raunet al.,2005).

1.5. PreviousGeophysicahnd Petrophysical Experiments

1.5.1. Faroe Island€rustal Thicknesand Compaition
A number of regional seismic refraction and walggle reflection profiles have been
acquired and processed iorder to investigte the crustal structure to the northeast, east
and southeast of the Faroe Islands (particularly acros$-treeShethnd basin)(Fig.3. The
velocity structure is agreed to most likely represent crystalline crust with a continental
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composition (Botet al,, 1974; Richardsoet al., 1998;Richardsoret al., 1999;Smallwoodet

al., 1999;Raumet al., 2005).Moho deptls along these profiles vargetween 17 beneath

the FaroeShetlandbasin axisand 35km (offshore near the Faroe Islands). Estimates of
crustal thickness beneath the Faroe Islarate either 21-32 km (through extrapolation
onshore from the seismic profilesy 27-38 km(described as ~30 knby an early refraction
study @ott et al, 1974. The large variation in crustal thickness estimates near the Faroe
Islands is probably due to a combination of factors that restrict seismic imaging capability,
including educed ray coverage at the ends of seismiofiles complexbasaltsediment
basement layering at shallow depthbat strongly attenuatesseismic energyand low
velocity layers that create strong int&ed multiples tha can mask Moho reflections (e.qg.
Richardsoret al., 1999.

64°N

Figure7 ¢ Moho depths(in km)in the Faroe
Shetland Basin region from seismic refraction
experiments (FAFHLARE, Richardson et al,
1999; Smallwood et al2001;0F9423 -

OE94-23 Richardson et al., 1999; Smallwood et al., 2001;
) ' Raum 1 and 2Raum et al., 2005SIMM-
. it Roberts et al., 206). Image reproduced from
59 N T T T T T T
8°W 7°W 6°W 5°W 4°W 3°W 2°W 1°W Fletcher, 2008.

An integratedonshoreoffshore seismic study of the Farbeeland Ridgeolund a Moho
depth of 25 to 30 km beneath the Farbeeland Ridgé€Fig. § with an averagecrustal \WVs
of 1.77+ 0.02 (Smallwoodt al,, 1999). Crustal thickness measurements benéaghand
vary between <2&kmin ridge locations andé40 km in east and northeast coastegions
East Greenland marggrust is typically 285 kmthick (Kumaret al,, 2007).
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velocity mode(bottom) (Smallwood etl., 1999; McBride et al., 2004).

9alGAYlIGAY3T WGENHSQ ONMAGEE GKAOlYyS&aa A& O2YLIX Al
the base of the crust.ower crustal layers with velocities in excess of 7.0 km/s are commonly

imaged on the North Atlantic contiméal margins (e.g. White & McKenzie, 1989; Kelemen &

Holbrook 1995; Korenaget al., 2002, Klingelhofeet al, 2005; Voss & Jokat, 2007) and are
GeLIAOrtfte NBFSNNBR (2 & Wdzy RSNLI I 6SQ> |t (K2 dz=
heavilyintruded continental crust €.g. White et al, 2008).As the amount of intruded

material added to the crusincreases the transition from continental lower crust (with

typical P-wave velocity of 6.46.8 km/9 to mantle P-wave velocity of >7.8 km/s) becomes

more gradationaland the seismological Moho (base of the crust) becomes separated from

the petrological Moho (top of the intruded layer) (e.g. Cornvetlial, 2010).Seismic and

gravity data have been used to provide evidence of such aVedgtity and highdensity

lower crustal layer (HVLGgneaththe Faroe Islandand estimated that ~&m of magmatic

material has been added to the base of the original continental cf8stallwoodet al,

1999;Englancet al., 2005)(Fig. 9.
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Passive seismological dafieom a closely spaced array of 45 seismometers in ceptiatern
Faroe Islandgvas analysed using the receiver function methodestimate that the crust is
between 29 and 32 km tbk with an average ¥VWsof 1.78(Harlandet al,, 2009). A>6 km
thick lower crustal layer with a gradational velocity structure wasdelled andnterpreted
asa zone of varying degrees of sill intrusion into the existing lower crust (Haetaad,
2009 (Fig. 10.

Faroe tslands Vp (km/s) Time (s)

4 2 3 4 5 ] 7 8 -5 0 5 10 15 20
E@@ 0 X 1 . s 1 1 1 08
~ R
&{ T — Stacked radial [ 07
receiver function
%c‘f‘éﬂ?& 104 -] P «= Forward 06
s i “"’“' modelling result | 05
_ | H | g4 ©
£ 2] - i o
E' . c F03=
z E
_ - 0.2
& 30
] PpPs PpSs+ 04
e, PsPs ’
_ - 0.0
404
+--0.1
. 0.2
50 d
T T T

Vs (km/s)

Figurel0¢ Location map of the cluster of 45 deployed seismometers that collected data used for

receiver function analysi§he best forwarsy 2 RSt UG (2 | NBORADBENI Fdzy OG A2y &
calalated following Ammon (1991The shallowest layer in the velocity model represents a basalt

layer and the delay time, width and amplitude of the Ps pea& matched. The fit to the broad PpPs

multiple was achieved with a gradational velocity structat¢he base of the crust. Reproduced from
Harland et al. (2009).

1.5.2. Basalt andSubBasalt Velocity Characteristics
A summarymap of basalt and subasalt sedimentary layer thickness beneath the Faroe
Islands and surrounding aréadicatesthat basalt thicknesss consistently 5% km across
the majority of the Faroe Islands apart from 4% km and 3.8.5 km beneath the
southern islands of Sandoy and Suduroy, respectifaty § (Whiteet al, 2003), combining
models from published widangle seismidata (Fig. 9. Subbasalt sedimenthickness was
estimated to be @1.5 km in central Faroe Islands but increases-® Kin innortheastern
and southern partsMore recentseismicrefraction/reflection workby Raumet al., (2005,
however,showed evidence for &2-3 km thick, lowvelocity subbasalt Mesozoic sedimentary
layer).

The layers included in published models of Faroe Islands crustal structure are typically: 1)
basalt; 2) sedimentsipper basement (with or without sills); 3)ystalline basement/upper

crud; 4) lower crust; 5) high velocity lower crust; andu@per mantle. The velocity and
density properties used to model these layers are summarisddlle 1 These are used as
input parameters to construct 1D models for receiver function forward modgllinSection

3.2).
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Layer Ve (km/s) VelVs Density (Mg/nT)
Cenozoic sediments 1.70+0.10 2.95 1.93
Raumet al,, 2005 Raumet al,, 2005 Englancet al,, 2005
<5.00 2.20%0.05
Smallwoocet al., 1999 Raumet al.,, 2005
2.63
Smallwoockt al., 1999
Tertiary basalt 4.90+0.10 1.84 2.70
Raumet al., 2005 Christieet al.2006; Eccles Englancet al, 2005
5.00+0.10 et al.2007, 2008; Baist 2.79
Richardsoret al.,, 1999 al. 2008 Raumet al,, 2005
5.00+1.00 1.83+0.01 2.79
Peterseret al, 2012 Raumet al, 2005 Smallwoodet al., 1999
5.25+0.25 1.85£0.05
Smallwoodkt al., 1999 Peterseret al, 2012
4.40£0.50
Palmason, 1965
Sills 5.40 1.85+0.05 2.75+0.05
Raumet al., 2005 Raumet al., 2005 Raumet al., 2005
SubBasalt Mesozoic 4.3x0.4 1.76+£0.09 2.50 (2.65)
Sedimentary Rocks Ecclest al,. 2007 Ecclest al,. 2007 Englancet al, 2005
(Upper asement) 4.10+0.10 1.70+£0.05 2.60+0.05
Raumet al., 2005 Raumet al., 2005 Raumet al., 2005
(5.75£0.25)
Richardsoret al.,, 1999
(5.75+0.25)
Smallwoockt al, 1999
Crystalline Bsement (Lewisian 6.25+0.25 1.73 2.81
gneiss) / Upper crust Hall & Simmonds, 1979 Christensen, 1996 Englancet al,, 2005
6.10£0.05 1.73+£0.03 2.82
Raumet al., 2005 Raumet al., 2005 Raumet al., 2005
6.30+0.10 1.77+0.02
Richardsoret al, 1999 Richardsoret al., 1999
6.25+0.25
Smallwoockt al.,, 1999
Lower Qust 6.87+0.13 1.78+£0.03 2.98
Raumet al., 2005 Raumet al., 2005 Englancet al, 2005
6.80+0.30 2.84
Richardsoret al.,, 1999 Raumet al., 2005
6.75%0.25 2.92
Smallwoockt al.,, 1999 Smallwoockt al., 1999
Underplated/Intruded 7.40+0.30 3.10
Lower Qust Richardsoret al., 1999 Englancet al,, 2005
7.25%0.25 3.12
Smallwoocet al., 1999 Smallwoocet al., 1999
UpperMantle 8.25+0.10 3.33
Raumet al., 2005 Englancet al, 2005
8.10+0.30
Richardsoret al., 1999

Tablel - Summary of velocity and density properties of the main layers beneath the Faroe Islands and
Faroe Platform interpreted hyublishedstudies.

1.5.3. Vestmannal, Lopral/1A and Glyvurnsesl Boreholes
Vestmannal was drilled in 1980 to a depth of 660 m and penetrated the lowerr666tm
of the Malinstindur Formatiorand uppermost part of th&einisvgrd Formatiofsee Section
1.4).Lopral was drilled in 1981 to a depth of 2178 m and subsequently deepened to 3565
m in 1996. The original Lopfaborehole penetratedthrough ~2 km ofthe Beinisvard
Formation and the deepened Lopra 1A section additionally penetrated 213 m of the
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Beinisv@ed Formation then 45 m of pillow lavas, followed by 41 m of pillow lava debris atop
a thick series of volcanic tuffs (including intr@lcanic sandstone and claystone) the
uppermost Lopra Formatiorrhe base of the volcanic rocks was not encountere&in@$en

et al, 2006).The Glyvursne& borehole was drilled to a depth of ~700 m and encountered
the uppermost 350 m of the Malinstindur Formation and lowermost 350 m of the Enni
Formation (Waagstein & Andersen, 2003).

Basalt Sequence
Unit

Avg. (Min-Max.) Wb
(km/s)

Avg. (Min-Max.) V5
(km/s)

Avg. (Min-Max.)
Density (kg/nT)

Flow 5.53 (2.947.47) 2.97 (1.744.01) 2850 (15568150)
Core 5.83 (2.947.47) 3.14 (2.004.01) 2900 (15763150)
Crust 4.69 (2.946.63) 2.52 (1.743.82) 2660 (15568150)

Compound-low

4.92 (2.436.57)

2.59 (1.823.44)

2740 (20363010)

Dolerite dyke

6.08 (3.377.58)

3.28 (1.904.03)

2900 (15168040)

Sediments

4.26 (2.866.31)

2.34 (1.963.34)

2580 (25362950)

Table2 ¢ Measured average, minimum and maximuAvBve, Swave and density values for the main
units classified in the LoptH1A borehole (Boldreel et al., 2006).
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Figurell¢ Lopra-1/1A RPwave (), Swave () and density (g/cﬁ) log measurementeesampled to
3 m intervalqfrom Christie et al., 2006

The detailed log andertical seismic profileMSP data show that the basalt sequences on
the Faroe Islands are exceedingly complex, both lithologically and geophydibaligis a
large variation in the ¥ Vs and density measurements all of the basalt and sedimentary
sequence units interpreted frorthe Lopra 1/1A borehole (Table 2)ithin the majority of
the merged Loprdl and LoprelA Ve, Vs and density logs (F8g 11 and 12), the basalt
sequences are characterised by rapidly oscillating-tighvalues, representing the different
geophysical properties of flow temiddle-base and any interbed sedimentary rocks. Three
depth ranges of interest stand out due to theis, Wsand density properties: i) 45850 m¢
two thick dolerite intrusionsunits have relatively highp\and \4 values; ii) 2502900 m¢
hyaloclastite unit(s) are characterised by relatively loyy W and density values; and iii)
2900-3500c¢ interbedded hyaloclastite and basdledsare characterised by intermediate,V
Vsand density values/hose overall properties depend on the ratio of basalt yalbclastite
(Christieet al., 2006)
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The overall configuration of the basalt sequences sampled by the {lépfaborehole is a
velocity and density inversion (highest nearest the surface and decreasing with depth),
which will affect the nature of the receiver functions recorded by the FIPSE stations as they
were deployed directly on top of the basalt sequences. We explore the itodgnof theses
basalt sequence effects on the recorded receiver functions through forward modelling in
Section 3.5). In the next section we describe the new seismological data collected during the
FIPSE project and introduce the receiver function data.
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2. Receiver Functions

2.1. Data Collection
P LILWINREAYLFGSt@ mMc Y2YyGK&AQ 2F O2yiliAydzzdza asSaavzt
span the majorig of the Faroe Islands (Fig. 48d Table B A substantial fieldworkrogram
was required to install and maintain these seismological stations, brief details of which
follow:

62°

61.5°

352.5° 353" 353.5°

Figurel3 ¢ Map of the Faroe Islands the Faroe Islands Passive Seismic Experiment (FIPSE) stations.
The full station name is precededb WL CQ 6S®3Id LCnpd FFGSNI GKS F2200l f ¢

2.1.1. Site Allocation and Permission (29th ApgillOth May 2011)
Dr. DavidCornwell visited the Faroe Islands (accompanied by Magni Jgkladal) and met with
Thomas Varming and Uni Petersen at Jardfeingi before travelling over all of the major islands
to find 12 sites for the seismometer stations. Site choice criteria were: 1. $axitlg with a
clear sky view; 2. Bedrock at-800cm depth from the surface; 3. As far as possible from
sources of seismic noise (e.g. roads, rivers, windmills, quarries, livestock; heavy industry;
coast; masts); 4. Near a potential mains power source;PBsitioned equidistant from
neighbouring stations; 5. Guaranteed vehicular access during summer and winter. At each
potential site the landowner was telephoned or met in person and the nature of the
deployment was explained before permission was souglge (f\ppendix | for the
Faroese/English information sheet used when gaining permission). All of the Faroese
landowners were happy to give permission for seismometers to reside on their land.
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Figurel4 ¢ Locating bedrock and windrhrioise in Runavik (May 2011).

2.1.2. Deployment (13thg 30th June 2011)
Dr. David Cornwell, Prof. Richard England and Dr. David Hawthorn froru kS il UK
instrument loan facilityat the University of Leicester) travelled to the Faroe Islands and were
accompaied by Rannva Arge for instrument deployméRtg. 15) Six of the instruments
had already been shipped from the UK by SE{Sat the start of the deployment trip, along
with all of the sundry materials for station construction (e.g. fence posts, feneg digging
and other tools, sand, tubing, wooden posts, cement, tape, etc.). All materials were shipped
from the UK due to the high cost associated with obtaining them direct from the Faroe
Islands. The remaining six instruments arrived on Juffea®@d ceployment was completed
on June 29 (see Appendix I for seismometer station configuration)

Figurel5 ¢ Deployment tem near Klaksvik (June 20).

2.1.3. 1% Service/Data Download (10¢ 20" October 2011)
Dr. David Cornwell, DRavid Hawthorn and Rannva Arge visited all sites and downloaded all
data recorded since deployment from the CMESPD internal 8/16Gb hard dri&sy. 16)
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Service NotesSolar panel blown off IF11; Breakout box changedF11; Sheep had been
inside fence ¢ IF12; Breakout box serial cap left @fflFO2; New communications mast
erected next to site IF02; Regulator changedF02; Batteries changegF08.

Figurel6 ¢ October 2011 service trip to Frodba, Suduroy.

Figurel7 ¢ February 2012 battery change and data download in northern Sandoy.

2.1.4. 2" Service/Data Download (3¢ 14" February 2012)
Dr. David Cornwell and Rannva Arge visited all sites and downloaded all data recorded since
previous servicérom the CMG3ESPD internal 8/16Gb hard dri\egy. 17)
Service NotedBatteries changed IF05, IF06, IFO8; Instrument DOA06, IFO8; Solar panel
blown off¢ IFO7, IF12; Fencing posts blown daw/11; Changed GR$-12.

2.1.5. 3" Service Trip/Data Dowmlad (2F' ¢ 28" June 2012)
| Dr. David Cornwell and Rannva Awggted all sites and downloaded all data recorded since
previous service from the CM8ESPD internal 8/16Gb hard drives.
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2.1.6. Instrument Withdrawal/Decommission (18 ¢ 28" October 2012)
| Dr. DavidCornwell and Rannva Arggsited all sites and download all data recorded since
previous service from the CM&ESPD internal 8/16Gb hard drives. Each site was
decommissioned and SEIK equipment was shipped back to Leicester.

Station Name| Latitude (deg) | Longitude (deg.) Elevation (m)| Location

IFO1 62.35946 -6.52752 55 Vidareid

IFO2 62.22547 -6.61349 236 Halsur (Klaksvik)
IFO3 62.10272 -6.66843 63 Rituvik

IFO4 62.27855 -6.85467 37 Oyndafjordur

IFO5 62.29297 -7.06814 160 Eid

IFO6 62.16932 -7.17437 301 Vestmanna

IFO7 62.01905 -6.82986 316 Husareyn (Torshavr
IFO8 62.09446 -7.40596 247 Haga (Gasadalur)
IFO9 61.88078 -6.84558 230 Knuker (Sandoy)
IF10 61.79342 -6.74606 39 Skarvanes (Sandoy
IF11 61.55398 -6.74307 324 Nakkur (Suduroy)
IF12 61.39788 -6.69047 152 Akraberg (Suduroy)

Table3 - FIPSE station information.

2.1.7. Data Recovery and Overall Quality
Daa recovery was calculated at 86 for the FIPSE array (Table A)total of5177 station
daysof continuous data were collected frot2 seismological stations and approximately
8504 G I (i A 2dyta viere dodt Que to equipment failures, caused mainly by the effects of
high winds and waterloggirafter heavy rain

Station Name | Instrument ID | Days d Data | Recovery | Location

IFO1 4752 483 96% Vidareid

IFO2 5481 482 96% Halsur (Klaksvik)
IFO3 4711 475 95% Rituvik

IFO4 5446 485 97% Oyndafjordur

IFO5 5485 463 92% Eid

IFO6 5480 371 74% Vestmanna

IFO7 5333 491 98% Husareyn (Torshavn)
IFO8 4903 481 96% Haga (Gasadalur)
IFO9 5478 489 98% Knuker (Sandoy)
IF10 4623 461 92% Skarvanes (Sandoy)
IF11 5432 309 62% Nakkur (Suduroy)
IF12 4706 187 37% Akraberg (Suduroy)
TOTAL 5177 86%

Table4 - FIPSE statiodata recoveryRecovery is the percentage of possible days of data from the
start of deployment until the last station was recovered (501) and so would be a slight underestimate
if, say, a station was deployed last and recovered first.

Despite employing deployment teolques designed to collect high quality seismological
data (e.g. by deploying directly onto bedrock in seismically low noise locations), the overall
data quality is average to poor compared to other recent deploytmeusing similar
seismometers, due mainly adverse weather conditions particularly in the winter (Figure
17).
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Figurel8 ¢ An example ofantinuous raw seismological dafeesampled at 1 second intervalgps
collected from June 2011 to February 2012 from all 12 stations. Green, red and blue colours denote
the vertical, northsouth and eastvest components, respectively. Large gaps in the continuous data
were caused by equipment failures at 2 stations and lEmghps leading up to February were caused
by insufficient battery charging by the solar panels. Note the elevated noise levels during winter,
especially during the November and December hurricanes.

2.2.Receiver Functioil®veniew
The landmass of the Fardéglands provides a unique opportunity to utilise a passivensiei
experiment to address theroblems regarding imaging crustal structure beneath flood
basaltsusing a predominantly upwaresavelling seismic wavild (e.g. Langston, 1979;
Ammon, 1991).Receiver function analysis is a common technique that uses distant
earthquakes to determine the crustal structure beneath the recording seismometer.
Vertical discontinuities in acoustic impedance beneath the seismometer station cause
earthquakeP-waves to convert tocSwaves and receiver function processirgmoves the
sourceside effects of the earthquake, leaving the dird&tvave followed by converted
energy and multiplyreverberated energy (e.g. Langston, 1979; Ammon, 1991).

Carefulprocessiig can produceeceiver function signals containing frequencies uBtblz,
which translates ird seismic wavelengths ofl<s km in the uppermost 10 km and <2.5 km
at typical lower crustal velocitieS.he technique is therefore capable of constraining alist
structure on a scale comparable to traditional controfealirce seismic refraction methods
and provides a complementary dataset because it is more sensitive t&Weeve rather
than P-wave discontinuitiesForward and inverse modelling efacks ofconverted waves
and their multiples provides velociyepth models around each passive seismic sensor (e.g.
Cornwell et al, 2010). Lateral variation in crustal layer properties and depths can be
investigated by compang interstation results.The results an further be compared to
existing offshore controlledource seismic models to help characterise the geological
framework of the broader region.
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2.3.Teleseismic Events
We searched the NEIRDE earthquake catalogue \lee United States Geological Survey
(USGS) earthquake search websitdtd://earthquake.usgs.gov/earthquakes/seardhfor
teleseismic (e. occurring between 30° and 10@picentral distance from the centre of the
Faroe array) events with body magnitude (ng) of 5.5 and above for receiver rfation
analysis (see Appendil). There were393 events during the full time period that the array
was operational (13June 2011 until 7" October 2012)Figure 1%hows the location of the
events with respect to thé&IPSEeismometer array. The majority of events originate from
locations north to northeast of the Faroe Islands with a gap in the directional coverage to
the south. In terms of distance, the majority of events occur at epicentral distances8if°65
and 3040°with a gap in distance coverage at-@8°.

Figurel9 ¢ Epicentral distance magentred on the Faroe Islands witeseismic earthquakehat
occurred during the deployment period t(Hlme 201t 16" October 2012) whosmagnitudes (rg)
weregreater than 5.5stars).Black lines denote epicentral distanc€ 8ttervalsRed stars show
events considered for receiver function analysis between epicentral distancésaofti300 (solid
white lines). Events were visually iesped to 100 (dashed white line) and included in sonfehe
receiver function analyses.

2.4.Receiver Function Calculation and Selection
Receiver functions (RFs) were calculated for themabths (17" June 2011 td 6" October
2012) of seismological datallected. An overview of the receiver function processing steps
is as follows:

1 Download GCF data from ESPD seismometer

1 Convert to MiniSEED format and populate header information

1 Search for earthquakes above magnitude 5.5 enithe distance range 30 tb0(®

(see Appendix Il for search results)
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1 Extracteastwest, northsouth and up/downwaveforms in SAC format from

continuous MiniSEED data 30 seconds before and 180 seconds after the theoretical

(IASP91arrival time of the firsP-wave from each earthagpke

Remove instrument response SAC using published poles and zeros values.

[Test bandpass and polarisation filters for signal:noise improvement ard\_l

identification]

1 Select events with a clear/impulsifearrival above the background noiggith and
without a gentle bandpass filter of 0.€8Hz)(Fig. 19)

{1 Calculate RFs usingetkxtendedTime MultiTaper Receiver FunctioBTMTRF

method (Helffrich2006) for a range of maximum frequencies (2% Hz) using a 60

second time window after th&-arrival(window lengths between 30 and 90 seconds

tested).

Highpass (corner frequency 0.1 Hz) filter all RFs to removeuawglength noise

Visually inspect all RFs and select those wiaarival on/near to zero time and

without high noise on both radial and tangential components (selection criteria

according to Cornwedit al, 2010)

1 Correct each RF for sourstation distance mov@ut using the IASP91 Earth
velocity modelKennett& Englahl, 1991).

1 Create urweighted RF stacks fa all array dataii) individual statios.

=A =4

= =4

earthquake recorded by the FIPSE stations.

The visual receiver functiorquality control yielded a subset of the total 4072 receiver
functions that were calculated from 39&vents of 125 receiver functions ranked
Gl OOS Lahk B2 Korhwell, 2008) &aSO2y R &ddzoaSd 2F al OOSLIil o
using an automatic selection based upon RF amplitude characterisiténfyi, 2007) that
yielded a total of 82 RF§hese are described in Sections 2.6 and 2.7.

2.5.BandpassHighpass and Polarisation Filtering
Bandpass filtering of the-Bomponent (ENZ.e. eastwest, northrsouth and updown) data
was employed to improve the ability to identify theaRrival of teleseismic earthquakes in
data extracted around predicteB-arrival times(Fig. 20. A 2way 2pole bandpass filter was
employed within SAC with corner frequencies of 0.3 and 2 Hz. This was only applied for
phase identification purposes and was not added as part of the RF data processing.

After RF calculation, approximately one third of the receivaictions displayed a long
wavelength characteristic that is womon with the ETMTRF (HelffricBRB006 method,
although the source of this noise usiclear In order to eliminate this, a-@ay 2pole high
pass filter was employed within SAC with a cornegdiency of 0.1 Hz. The presence of
negative lobes either side of tharrival were minimal following this filtering and should
not affect the forward and inverse modelling of the waveforms.
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In an attempt to improve the number of usable receiver functidns suppressing the
ambient noise, we tested a polarisation filter on the raw ENZ earthquake data prior to RF
calculation. To date, utilising the polarisation filter has not proved to be successful and so
we did not apply it as part of the RF processing.rédetails on the ambient noise
characteristics and polarisation filter testing are in Appendix IV.

2.6.Whole Array Receiver Function Stacks
Individual receiver functions (RFs) calculated and selected following the procedieetian
2.4from all twelve stdons (IFOHF12) were corrected for moveut to a ray parameter of
0.06 s/km {65°epicentral distance) assuming an IASP91 velocity model (Kefai&tgdahl,
1991 and then stacked together with a view to constructing a wkedeoe Islands crustal
model before examining intestation variations. This was a necessity because the high noise
SY@ANRYYSY(l fAYAGSR adliadArAzy ail®OfaQiRyrRez®R Ol k2
f Sada GKIy nnthe $ibgiggRsections® &ddscribe the likely phasdbat are
contained in the receiver function datéFig. 2) and then highlight differences in the
individual RF station stacks

(a) Receiver function (b} Velocity model

{¢) Phase nomenclature
Figure21 - Standard phase nomenclature for identifying dire€d Ponversion and multiple phases on
receiver functions using a simpldayer Earth model. a) Synthetic receiver functions calculated using
GKS 1'YY2y oOomMapdm0 YSiK2R HFaad=2j drespbrididgiaimaxipimWl Q @1 f dzS &
frequencies of ~0.5 and ~1 Hz). b) The simyidge velocity model used in a) with X black and Y
in red (Cornwell, 2008). c) Receiver function phases (after Tomlinson et al., 2003).

Radial component receiver fation data were stacked: i) altogether; ii) with respect to
backazimuth; iii) with respect to epicentral distance; and iv) according to recording station,
for three different maximum frequencies (1.0 Hz, 1.5 Hz and 2.5 Hz), as shown in E&jures
25.

The 1 Hz maximum frequency receiver function std€kg. 22 shows a clear positive-

arrival peak close to zero time, indicating that there is little evidence for aswdéace low
velocity layer. It is marginally asymmetric, possibly indicating the presehinterference

with a second positive peak at a time of less than 1.5 seconds. A strongly positive peak
occurs at 3.6 seconds, which is most likely to represéhBaonversion at the Moho. Again,

this peak is asymmetric and may contain a second ieterf) positive peak at-3 seconds. A
further strong positive peak occurs at 10.3 seconds, which is asymmetric and appears to
interfere with positive amplitudes at ~113 seconds. This phase is the likely candidate to be
the reverberatedP phase that conves to Sat the Moho PpP3$. Up to three negative phases
combine to form negative pulse between the positive peaks at 3.6 and 10.3 seconds the
most negative amplitudes occurring at ~5.5 seconds afterRaerival. A strongly negative
peak at ~15.5 seconds the prime candidate to be the Moho reverberat@$Ps+PpSs
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phase. Later positive (~17 and ~22 seconds) and negative (~20 and ~24 seconds) phases can
be identified just above the noise threshold.

10 15 15
o (s) Time (s) Time (s)

Figure22 ¢ All receiver functions from the 12 FIPSE stationsavittaximum frequency of 1.0 (Igft

1.5 (middle) and 2.5 Hedht) linearly stacked. Thedrival is at zero time. The dashed lines mark the
95% confidence limit defined by three times the standimvation ascertained via bootstrapping
10000 independent stack combinations.

Examining the 1.5 and 2.5 Hz maximum frequency receiver function stacks grovode

detail on the phases that maye concealed in the 1 Hz maximum frequency receiver
function stack. As expected, tHearrival positive peak is narrower aradsoreveals a low
amplitude positive peak at ~1 second. At the higher frequencies, the suspected Moho Ps
phase splits into two positive phases with peaks at ~2.5 and ~3.6 seconds. A psitivep

peak also is revealed at 84seconds. Key sharp negative peaks can now be identified at
~1.7 and ~5.0 seconds with broader negative phases occurring-dtarél ~1417 seconds.

The suspectedloho PpPgphase remains as a positive peak at 10.3 sdsand is followed

by a smaller amplitude positive peak at ~12 seconds. The later positive (~17 and ~22
seconds) phases are now sharper and are separated by a broad negative regie?i (~19
seconds).

2.6.1. Variation With BackAzimuth
The 1.0 and 2.5 Hreceiver dinction variation with respect tbackazimuthis shown inFig.
23. The majority of the events occur within thed®° range of backazimuths with a major
gap in data between 13%nd 220. In the lower frequency data, the-arrival is clear and at
zero time in all the25° wide backazimuth stacks with the large positive peak just after 3
seconds present at most baelzimuths, but deviating to times less than 3 seconds in
western (225290°) backazimuth stacks. There is a dda negative peak present between 4
and 9 seconds at most baakimuths followed by a double positive between 10 and 13
seconds. A strong negative at-16 seconds follows thegghases

The higher frequency data clearly show a ~2.5 second positive plhadiebackazimuths. A

low amplitude ~4.5 second phase is present at all fmatkuths except the most southern
where it is replaced by a strong negative phase. The prominent positive peak is at a constant
~3.5 seconds except for between basximuths 0f225° and 290° where is occurs at ~3.2
seconds. The later phases in the high frequency receiver functions are similar to those in the
lower frequency dataKig. 23.
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BAZ stacks of 125 traces at 12 stations. BAZ stacks of 125 traces at 12 stations.
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Figure23 ¢ Backazimuth stacks of all receiver functions fréine 12 FIPSE stations with a maximum
frequency of 1.0I¢ft) and 2.5 Hzr{ght). Receiver functions are collectetb 25> wide bins everg0°,
with the number in each bin printed to the right of each stack. Fagifal is at zero time.

2.6.2. Variation With Epicentral Distance/Ray Parameter
The 1.0 and 2.5 Hz receiver function variation with respect to epicentral distance is shown in
Fig. 24 The majority of phasedletailed in the previous sectiorare clear and at
approximately constant times aftemoveout correction using thelASP91 Earth velocity
model Kennett & Engdahl, 1991 The exception is the strong positive phase at ~3.5
aS02yRasY 6KAOK WoSyRaQ (G2 SFNIASNI GAYSa omon
over 90°. We therefore excluded alevents that occurred at distances of 98id greater
from further analyses.

DIST stacks of 125 traces at 12 stations. DIST stacks of 125 traces at 12 stations.
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Figure24 ¢ Epicentral distance stacks of all receiver functions from all 12 FIPSE statioas with
maximum frequency of 1.0 (I¢fand 2.5 Hzright). Reeiver functions are collectadto 5° wide bins
every2.5°, with the number in each bin printed to the right of each stack. Taeial is at zero time.

2.7.Individual Station Receiver Function Stacks
Receiver functions were corrected fatdistance moveout and then stackedaccording to
recording station (IFG1IF12) fortwo different maximum frequencies (1 arttHz) (Fig25). It
is possible to trace the phases identified in the whole array stacks described in Section 2.6
(Fig. 22, although not in all of thestation stacks, with stations IFO7 and IF12 particularly
noisy. ThelHz maximum frequency receiver functidifsg. 2%) show a positive peak at zero
time, followed by a broad negative region and then a positive peak that is the prime
candidate for theP-S conversion at the Moho discontinuity at-8 seconds. This high
amplitude positive peak (marked by orange circlesFig. 2%) is preceded by a low
amplitude positive peak at-3 seconds (blue circles Fig. 2%) at stations IF02, IF04, IF06,
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IFO7, IFO8rad IF09. There is some evidence for a positive peak aroueddhds in half of
the stations and strong evidence for ubiquitous positive peak#t b10 seconds and ~13

seconds.

The 2 Hz maximum frequency receiver functiofig(2H) reveal a neasurface conversion

or multiple at 0.71.0 seconds for stations 1F04, IF05, IF06, IFO7, IFO8 and IF09 (red circles in
Fig. 2B). The lowamplitude positive peak described above (blue circleBign 2%) is now
distinct (blue circles in Fi@%) from the later higramplitude peak (orange circles Fig.

25h), occurring at ~2.5 seconds in all of the station stacks. The later peak (orange circles in
Fig. 2B) remains at 31 seconds and is followed by an occasionally -aigiplitude positive

peak 4 4.55.0 Hz. The later positive phases are similar to those described for the 1 Hz

receiver function station stacks.
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Figure25 ¢ Receiver function station stacks for the 12 FIPSE stations with a maximum frequ&Bcy of
and2.0 Hz. Receiver functions are collected into station bins, with the following number in each

station bin: IFO1=14; IF02=10; IF03=9; IF04=16; IF05=11; IF06=14; IF07=12; IF08=10; IF09=9; IF10=8;
IF11=8; IF12=4. Thedrrival is at zero timeThe colored circles denote phases that occur in the

majority of the station stacks.
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3. H-¢ Stacking

3.1. Approach
The aim of applying H analysis is to obtain a statidwy-station estimate of crustal
thickness and bulk crustaks We applied the method to the receiver functions deemed
Y322RQ FYR WIRSIdzr 6SQ F2NJ SIFIOK 2F (G4KS wmH CLt{
We also use the method to explore the largest amplitude phase aftePthgival at 33.5
seconds and also thebiquitous phase at ~2.5 seconds to help identify energy on the RFs
that represents their multiples.

3.2.Method

The H'  Aidgln@thod(Zhu & Kanamori, 2008yas applied tostacks of thecalculated
receiver functiorto produce estimates of crustal thickee (H) and average crustafWs (° .0
This technique stackbe amplitudeof each RRt the predicted arrival times d?s PpPsand
PpSsPsPqseeFig. 21for RF phaseiomenclature)for multiple values of Hand Vi/Vsin a
grid search to find a maximumstacked amplitude, which should correspond to the crustal
thickness and Wssampled by the stacked RFAn averagé-wave vdocity for the cust of
6.5 km/s was applied to all stacking calculations, close to the average cvistaues from
previouscrustal velocitynodek of the Faroe Islands.

The method assumes that the crust consists of a single constant velocity dangewill
therefore breakdown in the presence of a sizable higklocity lower crustal layeran
observation ofwvhich couldprovide indirect evidencdor the existence of such a layer.

33.HS 1 yIf &a&aA aVebckyl(\&>7.2 kmIs)\Lawer Crustal Layer
If a highVe (>7.2 km/s) lower crustal layes suspectedthe HS &G+ Ol Ay3 YSIiK2R Y
used to find either: i) the average crustdl/Vs and crusal thickness above it; or ii) the
average crustaVy/Vs and crustal thickness including the layer. In addition to a douPde
phase, the presence of the extmustal layer will create twdPpPsand PsPs+HPSsphases
that may stack constructively and mhoce false maxima in-H & LAnGHS @ SaGA Y G S
should thereforeonly be considered reliable if the maximumSH & (amplitude is found
from the weightedsum of phaseamplitudes from the same horizorReceiver functions
without sufficient bandwidth to shoveeparateconverted and/or multiple phasesdicative
of a lower crustal layer may pdoice unreliable &G F Ol Ay3a NBadeidiad 2SS A
allow forthis effect byperforming H° analysis orstacked RFs witthaximum frequencies of
1.0, 1.5 and 2.5 Hand pay particular attention to secondary maxima that may indicate the
presence of a highrelocity lower crustal laygiCornwellet al., 2010)

3.4.AllData H* { { IRésults y 3
Analysing the entire RF datasetusid§g adl O1Ay3 3IABS& 'y AYRAOFGA?Z
Islands crustal thickness and bukVs Wevisually inspected and then performed tlie®
grid search using 122 receiver functions with maximungdenciesof 1.0, 1.5 and 2.5 Hz.
The results show that the overall crustal thickness and WuNs across the Faroe Islands is
29.2+3.3 km and 1.78t0.14 (Fya=1.0 Hz) 29.4+2.4 km and 1.76+0.0@yac=1.5 Hz)and
29.4+2.4 km and 1.76+0.@Ba=2.5 Hz)Fig. 26.

These results are consistent across the frequency bands sampled and similar to pkeVious

stacking results on the Faroe Islands26f32 km thick crust with an average/Vsof 1.78

(Harlandet al, 2009).The results, howeverdo not produceW o defStQ8 Yl EAYLE Ay RAOI
that stacking the receiver functionacross the large arefas produced deconstructive

interference of the crustalRF phases, providing evidence that the first order crustal

structure varies across the Faroe Islarfélsrther evidence focrustal structure complexitis
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apparent in the stacked RFs where positive and negative phases exist away frdtg the
PpPsand PsPs+PpSshase times of the best-H a G+ Ol Ay3 az2fdziAz2ys LI NIA
~10 seconds after thB-arrival (Fig. 2.
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Figure26 ¢ H-* stacking analysis using the entire receiver function dataset at maxifrequencies of

1.0 Hz (left), 1.5 Hz (middle) and Bi5 (right). The station label IF13 denotes the entire dat&iset.

each panel the top tree shows thetacked receiver functions (122nd the vertical lines mark the Ps
(leftmost), PpPs (centre) and PpSs+PsPs (rightmost) times from the best solution (shown by a white
circle in the bottom panelsThe black box shows the region 6f H & LJat@ Seeinékl geologically
reasonablgH=250 p | Y T -1¢85)ffom miiich the final solution is chosen.

3.5.Single StationH { G Ol Ay 3 wSadz G4
We performed single statior a Gl Ol Ay3 Fylfeaira 2y NBOSAGBSNI
FIPSE stations d#ree different maximum frequencieq1.Q 1.5 and 2.5 Hz)An average
crustal P-wave velocity of 6.5 km/s and stacking weightings Rsf0.6, PpPs0.3 and
PpSs+PsP8.1 were used for all analyses (Zhu & Kanamori, 206/B).limited the H-*
stacking resultsto geologically reasonable ranges of crustal thickness3&2%m) and
average WVs(1.67-1.85) based upon previous geophysical experiments on Faroese crustal
structure (see Sectioi.5). The overall quality of the analysis is variable, due to the high
noise levels and few receiver functions recorded at some stations due to equipment failure.
The Hf &G Ol Ay3 NBadA Ga FNB LINBaSyd SRy 25y |+  adzyy
Individual esultsfor stations IF01, IFO2 and IFO3 are showRigure 28 stations 1F04, IF05
and IFO6 are shown iRigure 29 stations IFO7, IFO8 and IFO9 are showfigure 30and
stations IF10, IF11 and IF12 are showRigure 31

Station IFQ produced consistentHl & (i | O1 /Zagfas3s aNiB§uerkyliréceiver functions

due to a cleaPpPsphase. A secondary maximumagtproximately’ I' Mm®1tp | ViR | l'on T )
present as a resultf the Moho Psphase splitting into two at high frequencieStation 1F02

also produced consistent results, with the method extracting a good resshite the large

amplitude phases between 2.5 and 6.0 seconds. Station IFO3 again had consistent results

across all frequencies, helped by higimplitudePsand PsPs+Pp$haseqFig. 28.
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Station IFO4 only produced an’H & i O Ay 3
amplitude phase at ~2.5 seconds contaminated thé H & LJ OS =
F LILNRPEAYLF 0S¢t @&

CTImocT

F Y R

Il Too

Ff GK2dza3K |

1Y 6F& T2dzyRo

NB #atpiedcy RF2 A8 allakgé

were less convincing at higher frequencikge to the abseoe of clear multiple phasewith

I.
consistent H

dS02yRINE Y| EA Y dA83 bndl HI2THndNRafion YFD6jia§aingroduced
aidl O1 Ay 3 NIB a®sPpPs andPsHs-#pIasysdount Oyitye 3
1Y0

analysis (secondary maximum at approximateljy m ®y o | Y (Rig.RX H T

V=6.5 km/s| 1.0 Hz 1.5Hz 2.5 Hz

Station H((km) |°¢ H(km) |°¢ H(km) |°€

IFO1 27.7£1.8| 1.77+£0.11| 27.0£1.2| 1.78+£0.07| 26.5+0.9| 1.81+0.05
IFO2 30.1+1.3| 1.72+0.08| 29.6+£1.4| 1.77+0.05| 29.6x1.2| 1.77x0.05
IFO3 29.4+£1.9| 1.78£0.10| 29.1+£1.7| 1.79+0.08| 29.2+1.1| 1.79x0.06
IFO4 32.4+42.3| 1.70£0.11] 25.2+1.4| 1.85+0.08| 25.2+1.4| 1.85+0.08
IFO5 32.5+2.3| 1.70£0.09| 32.9+1.7| 1.67+0.07| 32.8+£1.0| 1.68x0.05
IFO6 32.5:1.8| 1.73+0.09| 33.(+1.4 | 1.71+0.06| 33.0+1.4 | 1.71+0.06
IFO7 25.0£1.6| 1.73+0.15| 25.6+1.3| 1.83+0.09| 25.6%x1.3| 1.83+0.09
IFO8 32.7+2.9| 1.78+0.16| 25.0+1.6| 1.67+0.12| 25.0+1.4| 1.67+0.12
IFO9 29.3+1.5| 1.81+0.08| 29.8+1.3| 1.78+0.07| 29.9+1.0| 1.79+0.06
IF10 25.0+1.8] 1.85+0.11| 28.6+1.4| 1.79+0.08| 28.9+0.9| 1.77+0.06
IF11 26.7+1.9| 1.85+0.09| 26.9+1.6| 1.85+0.07| 26.9+1.6| 1.85+0.07
IF12 29.2+1.6| 1.67+0.08| 29.4+1.7| 1.70+0.08| 30.3+1.1| 1.68+0.05
ALL DATA | 29.2+43.3| 1.78+0.14| 29.4+2.4| 1.76+0.09| 29.4+2.4| 1.76+0.09

Table5 ¢ Summary of the single station‘Hstacking analyses using receiver functions with maximum

f25Saf(
Y|
{ d

frequencies of 1.0, 1.5 and 2.5 Hz. Greyed results are of poor quality, due to either noisy data or lack of

a geologically reasonable maximum in thé€ grid search. Full

NB & dzf (0 & Fitues283a. K26y A Y

Station IFO7 did not produce any acceptable results due to noisy data; there were similar

maxima to stations IFO5 and IFO6 present in the higher frequeficy Hi LI OS ® { (i} GA2 Y

Ot SI NJ YFEAYL!
the lowest frequency selected this as the global maximum. There are two clear positive

peaks at ~10 seconds and ~13 seconds, if the former is stacked as theRF@Phohase it
produces geologically unreasonable bulk crustalVy (<1.65). Station IF09 produced

consistent F A0+ O1 Ay 3 NI & BgPpPS andPsRsHPp B asys@ound Oyithye 3

b

analysis (no secondary maxima) (Fig. 30).
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Station IF10 was slightly more noisy than previous stations and producedcan @ i I O1 A y 3

result for the highest two frequencies as a la@yaplitude positive phase at ~10 seconds
F LILINRPEAYF GSt @

dominated the H
frequencies. Station IF11 was not able to produce any geologically reasonéble &G I O1 A y 3

results, most likely due to insufficient receiver functions to improve the signabise.

aLl OSo

al EAYL

I d

ST MOT )

Station IF12 had a higher than normal noise level, but produced consistent results from all
frequency RFs analysed (Fig. 31).

Examining the map oft-¢ stacking results shows a clear pattern, with the thickest crust
found in the northwestern parts of the Faroe Islands-8&km). The thinnest crust appears

to be in the most northerly region (27 km), whilst elsewhere it appears that the crust has a

uniform thickness of 280 km. Bulk crustalg¥/sare a little harder to interpret with no clear
pattern; the lowest WVsvalues (1.69) were found in the most southerly and westerly parts
whereas the highestdNVsvalues (1.78L.79) occur in central and northeparts of the Faroe

Islands (Fig. 27).
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352.5b 353b 353.5b
Figure27 ¢ Summary map of the Faroe Islands showifgH& G O1T Ay 3 NB adzZ Ga o ONMza il ¢
and bulk crustal ¥Vg) for each FIPSE station (white) and those published by Harland29G9.
(orange).
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Figure28 ¢ H-* stacking results for stations IF01, IFO2 and iFO3 (se@&igr explanation).
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