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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 Islands (Faroe Islands Passive Seismic 
Experiment). After collecting approximately 15 ƳƻƴǘƘǎΩ ƻŦ Ŏƻƴǘƛƴǳƻǳǎ seismological data at 
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 examine P-
S-wave conversions that arise from major acoustic impedance discontinuities in the 
subsurface. The data quality recorded by the FIPSE array is relatively poor, due to the 
microseismic noise from waves and wind, so we stacked all the receiver function data 
together and also stacked station data before performing further analyses. Using the H-ˁ 
stacking method with a stack of all the receiver function data we find that a crustal thickness 
of 29±2 km and average crustal VP/VS of 1.76±0.09 would be an appropriate 1-D 
approximation of Faroe Islands crust. Single station H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ ǎƘƻǿ ǘƘŀǘ ǘƘŜ 
thickest crust (32-33 km) is found in the northwest, the thinnest crust (<29 km) is found in 
the northernmost parts of the Faroe Islands and elsewhere the crust is 29-30 km thick. 
Neighbourhood algorithm inversion using single station receiver function stacks produced 
similar crustal thicknesses to the H-ˁ ǎǘŀŎƪƛƴƎ results, with a sharp Moho discontinuity 
constrained at depths of 27-33 km that is deepest beneath western parts of the Faroe 
Islands. A 2-10 km thick, gradational, high-velocity lower crustal layer with VP/VS>1.80 was 
required in all of the best inversion solutions, being thickest where the Moho is deepest. The 
receiver function inversion analysis also showed that the depth to crystalline basement 
beneath the Faroe Islands varies between 4 and 6 km from the surface but it was not able to 
constrain the velocity structure of the expected basalt (and possible sedimentary) layers 
above it. Forward modelling of receiver functions using apriori geophysical and 
petrophysical data showed that the basalt sequences on the Faroe Islands will have a minor 
affect on the receiver function waveforms compared to the crystalline basement and Moho 
discontinuities. We also find through forward modelling that a low density and low velocity 
layer may extend up to 1 km beneath the Lopra-1/1A borehole. However, the low velocity 
and density characteristics of any substantial hyaloclastite layers near to the base of the 
basalt render it difficult 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 north-to-south variation in crustal structure 
beneath 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 Islands (Fig. 1) sits is poorly 
understood, mainly due to the presence of thick Tertiary basalt sequences at the surface 
that hinder controlled-source seismic imaging methods (e.g. Maresh et al., 2006). The region 
is of interest as offshore hydrocarbon prospects within 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 top of Precambrian 
crystalline basement. The onshore thickness of the basalts, the presence of sediments and 
the depth and lateral variation of the basement discontinuity, however, are largely 
unconstrained.  
 

Figure 1 ς Location map with bathymetry and topography of the Faroe Islands in relation to the 
northern UK, Iceland and the east coast of Greenland with the locations of seismic 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 in Faroese crustal thickness and composition are also not well constrained. These 
characteristics have implications for models of uplift and subsidence of the region, 
particularly as a high-velocity lower crustal layer has been interpreted as igneous intrusions 
emplaced at the time of continental break-up (e.g. White, et al., 1987; Richardson et 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 around the time of continental break-up, 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 break-up of continents. In particular, uncertainty remains over the relative 
roles of tectonism (i.e. faulting) and magmatism during break-up and the large-scale mode 
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of lithospheric deformation (e.g. Ebinger & Casey, 2001; White et al., 2008). Due to the 
CŀǊƻŜ LǎƭŀƴŘǎΩ ǇǊƻȄƛƳƛǘȅ ǘƻ ǘƘŜ ƻŎŜŀƴ-continent boundary, the intruded and extruded 
magmatic material that occurred immediately prior to seafloor spreading can be quantified 
by imaging the detailed crustal velocity structure, adding crucial knowledge about the role 
that magmatism played at this stage of break-up.   
 

1.2. Objectives 
The project objective is to image variations in crustal layer thickness and velocity beneath 
the Faroe Islands using passive seismological data. The receiver function technique will be 
used to focus on: i) the uppermost ~10 km to investigate and interpret basement thickness 
variations and add constraints to basalt thicknesses; sub-basalt sediments; and imaging the 
Moho discontinuity to provide three-dimensional variations in crustal thickness and bulk 
velocity, together with the identification and classification of high-velocity lower crustal 
layers. The original project proposal can be viewed in Appendix I. 
 
The project shall provide the following for the SINDRI Group:  

¶ A detailed report that shall present images 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. 

¶ An interpretation of lateral changes in crustal structure beneath the Faroe Islands 
related to the hydrocarbon potential of the Faroese sector of the Faroe-Shetland Basin 
and to magma-assisted models of continental break-up. 

¶ ~15 months of continuous passive recordings from a network 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, Faroe-Shetland Basin, Iceland-Faroe 
Ridge) (Fig. 2), a brief summary of which follows:  
 
The Archaean and Proterozoic basement terranes that made up the pre-rifted NE Atlantic 
margin (Dickin, 1992) were assembled during the closure of the Iapetus Ocean and 
Caledonian Orogeny until Early Devonian times (e.g. McKerrow et al., 2000; Oliver, 2002; 
Strachan et al., 2002; Roberts, et al., 2003). A series of rifting episodes affected the NE 
Atlantic margin during Late Palaeozoic to Mesozoic times, beginning with approximate east-
west extension between Eurasia and East Greenland during Permo-Triassic times forming 
large half-graben basins (e.g. West Orkney and West Shetland Basins (Earle et al., 1989; 
Hitchen et al., 1997), possibly influenced by a northeast-southwest trending Caledonian 
structural grain (Ziegler, 1989; Brekke et al., 1999; Doré et al., 1999; Surlyk, 1990).  
 

Further east-west extension during Jurassic times shifted to more northwest-southeast 
extension during Early to Mid-Cretaceous times (Dean et al., 1999; Doré et al., 1999; Ritchie 
et al., 2011), with Faroe-Shetland and Møre Basins forming as a response to Cretaceous 
extension (e.g. Duindam & van Hoorn, 1987; Dean et al., 1999; Musgrove & Mitchener, 
1996) and later seafloor spreading north of what became the Faroe Islands from the Rockall 
Trough to the Vøring Basin (Price & Rattey, 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 seafloor spreading 
between the conjugate northwest European ς East Greenland margins in Early Eocene times 
and the formation of the present-day northeast Atlantic Ocean (Ziegler, 1989; Ziegler, 1992; 
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Doré et al., 1999). An early Palaeogene triple junction may have centred on the present-day 
location of the Faroe Islands (Geoffroy et al., 1994) or Faroes/north Rockall Trough region 
(Burke & Dewey, 1973), with the Faroe-Shetland Basin today representing a significantly 
thinned but failed break-up basin (e.g. Archer et al., 2005; Fletcher et al., 2013).  
 

 
Figure 2 - An overview of the tectonic events affecting the NE Atlantic margin including the Faroe 
Islands region (from Ritchie et al., 2011). 
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Figure 3 - Tectonic reconstruction of the NE Atlantic in the Late Jurassic, Mid-Cretaceous, Paleocene 
and mid-Cenozoic (after Doré et al., 1999). 

 
Regional and transient uplift events (and some small-scale igneous activity, e.g. Morton et 
al., 1995) preceded widespread and predominantly continental volcanism and intrusive 
activity to form the North Atlantic Igneous Province (NAIP) (Maclennan & Jones, 2006; 
Meyer et al., 2007; Saunders et al., 2007) (Fig. 4). Exposed and buried NAIP igneous rocks 
extend NW-SE over 2000 km at the conjugate East Greenland-NW European margins and are 
also found in the West Greenland-Baffin Bay area (Upton, 1988; Saunders et al., 1997; 
Meyer et al., 2007). Key NAIP regions include: NW British Isles; Rockall Trough; Faroe-
Shetland Basin; Rockall-Hatton area; Faroe Islands; Møre margin; Vøring margin; Northeast 
Greenland; Central-East Greenland; and West Greenland-Baffin Island (e.g. Saunders et al., 
1997). Most NAIP igneous activity occurred during Mid-Palaeocene to early Eocene times 
(between c. 62 and c. 53 Ma), with two main pulses at c. 62-58 Ma and c. 57-53 Ma and 
further distinguishable pulses at c. 60 and c. 55 Ma (Saunders et al., 1997; Torsvik et al., 
2001; Jerram & Widdowson, 2005; Meyer et al., 2007). Parts of the NAIP experienced 
ŎƻƴǘƛƴǳŜŘ ƛƎƴŜƻǳǎ ŀŎǘƛǾƛǘȅ όŜΦƎΦ ¢ŜƎƴŜǊ ϧ 5ǳƴŎŀƴΣ мфффΤ hΩ/ƻƴƴƻǊ et al., 2000; Tegner et al., 
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2008) with present-day magmatism occurring in Iceland (e.g. White et al., 2011) and Jan 
Mayen (e.g. Trønnes et al., 1999).  
 

Figure 4 ς The location of the Faroe Islands (FI) within the North Atlantic Igneous Province (NAIP). 
Regions of Tertiary onshore and offshore magmatism and volcanism are shown in colour, in addition 
to older Cretaceous to Permo-Triassic magmatism. AR ςAegir Ridge; BI ς Baffin Island; CGFZ ς Charlie 
Gibbs Fracture Zone; DI ς Disko Island; EB ς Edoras Bank; FI ς Faroe Islands; GFZ ς Greenland Fracture 
Zone; GIR ς Greenland-Iceland Ridge; HB ς Hatton Bank; HoB ς Hopedale Basin; IFR ς Iceland-Faroe 
Ridge; MB ς Møre Basin; MR ς Mohns Ridge; NB ς Nuussuaq Basin; PB ς Porcupine Basin; RR ς 
Reykjanes Ridge; SFZ ς Senja Fracture Zone; ST ς Slyne Trough and Erris Basin; VB ς Vøring Basin; VS ς 
Vesteris Seamount; and YP ς Yermak Plateau (after Meyer et al., 2007). 

 
The nearby Faroe-Shetland Basin records subsequent post-break-up subsidence that was 
punctuated by a number of short-term uplift-erosion and subsidence cycles as it continued 
to be filled with sediments throughout Palaeocene and Eocene times (e.g. Nadin et al., 1997; 
Lamers & Carmichael, 1999; Naylor et al., 1999; Smallwood & Gill, 2002; Dromgoole & 
Gallagher, 2007; Fletcher et al., 2013). Since the Early Eocene, a number of NW-SE 
compressive events affected the Faroese Platform and Faroe Shetland Basin and are thought 
to have contributed to uplifting the Faroe Islands (Boldreel & Andersen, 1998; Ritchie et al., 
2003; Doré et al., 2008). Evidence has been reported of other Cenozoic uplift mechanisms 
that affected the Faroe-Shetland Basin and/or the Faroe Platform, such as: transient uplift 
due to mantle convection associated with the Iceland plume (Shaw Champion et al., 2008); 
permanent uplift due to crustal thickening by lower crustal igneous intrusion (e.g. 
Richardson et al., 1999); uplift from mantle thermal variations (Smallwood, 2008); and 
epeirogenic uplift caused by basalt removal from Eocene-Recent erosion (Andersen et al., 
2002).  
 
Northwest of the onshore Faroe Islands, the East Greenland-Iceland-Faroe Islands Ridge 
formed after the onset of seafloor spreading and may consist of very thick oceanic crust that 
formed as a result of excessive magma production (Meyer et al., 2007), although continental 
crust may exist beneath parts of Iceland (Foulger, 2006).  



 9 

 

1.4. Geology of the Faroe Islands 
The Faroe Islands Basalt Group (FIBG) (Fig. 5) was emplaced during Paleocene and Eocene 
times and was part of the NAIP magmatism (Upton, 1988; Waagstein, 1988; Saunders et al., 
1997; Meyer et al., 2007). Its areal extent is at least 120,000 km2 within the NE Atlantic 
region and it is exposed throughout the ~1400 km2 surface area of the 18 main islands that 
comprise the Faroe Islands (Passey & Jolley, 2009). Post-emplacement subsidence is 
probably the origin of the present-day FIBG dip of <4° in an E-SE direction (Andersen, 1988) 
and its stratigraphic thickness totals at least ~6.6 km, with the lowermost ~3.4 km sampled 
only by the Lopra-1/1A borehole (Rasmussen & Noe-Nygaard, 1969; Rasmussen & Noe-
Nygaard, 1970; Waagstein, 1988; Passey & Bell, 2007; Passey & Jolley, 2009). It consists of 
basalt lava flows with minor volcaniclastic (sedimentary and pyroclastic) lithologies and was 
most recently divided into seven lithostratigraphic formations (Passey & Jolley, 2009), from 
base to top: 1) Lopra Formation ς at least ~1.1 km thick and composed of volcaniclastic 
lithologies, mainly hyaloclastites (Ellis et al., 2002; Waagstein, 2006; Passey & Jolley, 2009); 
2) Beinisvørð Formation ς ~3.25 km thick laterally extensive, subaerial basalt sheet lobes 
topped by an erosional surface (Passey & Bell, 2007); 3) Prestfjall Formation ς <15 m thick 
coals, claystones and sandstones (Lund, 1989; Ellis et al., 2002; Passey & Jolley, 2009); 4) 
Hvannhagi Formation ς <50 m thick tuff and mass flow deposits (Passey & Jolley, 2009); 5) 
Malinstindur Formation ς <1.4 km thick subaerial compound lava flows with a weathered 
upper surface (Passey & Bell, 2007); 6) Sneis Formation ς < 30 m thick, laterally extensive, 
sandstone and conglomerate; 7) Enni Formation ς >900 m thick subaerial compound lava 
flows and sheet lobes (Passey & Jolley, 2009). Sub-vertical dykes have intruded most levels 
of the basalt, with irregular and saucer-shaped sills forming in the uppermost three 
formations (Hansen et al., 2011). Erosion may have removed at least a few hundred metres 
of the Enni Formation, assuming it was uniformly distributed with an original thickness of 
1.0-1.5 km (Waagstein, 1988; Andersen, et al., 2002).  
 

 

 
Figure 5 ς Simplified geology map of the Faroe Islands, showing the main subdivisions of the FIBG 
(Passey & Bell, 2007). 



 10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 6 ς Maps of basalt and sub-basalt sediment thickness on the Faroes Platform and into the 
Faroe-Shetland Basin (White et al., 2003). 

 
The FIBG rocks exposed on the Faroe Islands are presumed to either rest atop pre-
Cretaceous (Brewer & Smyth, 1984) sedimentary rocks or Lewisian crystalline basement. 
Seismic refraction experiments revealed offshore sedimentary sequences that reach 
thicknesses of: i) a few kilometres but appear to pinch out towards the Faroe Islands 
(Richardson et al., 1999); ii) 7-8 km offshore and 3-4 km beneath the Faroe Islands (Raum 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 Islands (Fig. 6) (White et al., 2003). Ambiguity remains due 
to multiple ways of interpreting a sub-basalt layer with a P-wave velocity of 5.2-5.7 km/s and 
the possible contamination of sub-basalt sedimentary rocks with igneous sill intrusions 
(Richardson et al., 1999; England et al., 2005; Raum et al., 2005). Lewisian basement rocks 
are exposed in East Greenland and Shetland Islands (Stoker et al., 1993) and it is therefore 
expected that Archaean to Proterozoic age Lewisian metamorphic rocks comprise the 
crystalline basement beneath the Faroe Islands. This is most likely underlain by stretched 
Archaean continental crust that could be thickened (i.e. underplate) and/or intruded by 
magmatic material (Bott et al., 1974; Richardson et al., 1998; Raum et al., 2005). 
 

1.5.  Previous Geophysical and Petrophysical Experiments 

1.5.1. Faroe Islands Crustal Thickness and Composition  
A number of regional seismic refraction and wide-angle reflection profiles have been 
acquired and processed in order to investigate the crustal structure to the northeast, east 
and southeast of the Faroe Islands (particularly across the Faroe-Shetland basin) (Fig.7). The 
velocity structure is agreed to most likely represent crystalline crust with a continental 
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composition (Bott et al., 1974; Richardson et al., 1998; Richardson et al., 1999; Smallwood et 
al., 1999; Raum et al., 2005). Moho depths along these profiles vary between 17 (beneath 
the Faroe-Shetland basin axis) and 35 km (offshore near the Faroe Islands). Estimates of 
crustal thickness beneath the Faroe Islands are either 21-32 km (through extrapolation 
onshore from the seismic profiles) or 27-38 km (described as ~30 km) by an early refraction 
study (Bott 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 reduced ray coverage at the ends of seismic profiles; complex basalt-sediment-
basement layering at shallow depths that strongly attenuates seismic energy; and low 
velocity layers that create strong inter-bed multiples that can mask Moho reflections (e.g. 
Richardson et al., 1999).  

 
 
 

 
 
 
 
 
 
 

 
 
Figure 7 ς Moho depths (in km) in the Faroe-
Shetland Basin region from seismic refraction 
experiments (FAST/FLARE ς Richardson et al, 
1999; Smallwood et al., 2001; OF94-23 - 
Richardson et al., 1999; Smallwood et al., 2001; 
Raum 1 and 2 - Raum et al., 2005; iSIMM - 
Roberts et al., 2009). Image reproduced from 
Fletcher, 2008. 

 
An integrated onshore-offshore seismic study of the Faroe-Iceland Ridge found a Moho 
depth of 25 to 30 km beneath the Faroe-Iceland Ridge (Fig. 8) with an average crustal VP/VS 
of 1.77 ± 0.02 (Smallwood et al., 1999). Crustal thickness measurements beneath Iceland 
vary between <25 km in ridge locations and ~40 km in east and northeast coastal regions. 
East Greenland margin crust is typically 24-35 km thick (Kumar et al., 2007). 
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Figure 8 ς FIRE seismic refraction/wide angle reflection experiment location map (top) and P-wave 
velocity model (bottom) (Smallwood et al., 1999; McBride et al., 2004). 

 
9ǎǘƛƳŀǘƛƴƎ ΨǘǊǳŜΩ ŎǊǳǎǘŀƭ ǘƘƛŎƪƴŜǎǎ ƛǎ ŎƻƳǇƭƛŎŀǘŜŘ ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƛƴǘǊǳŘŜŘ ƳŀƎƳŀ ƴŜŀǊ 
the base of the crust. Lower crustal layers with velocities in excess of 7.0 km/s are commonly 
imaged on the North Atlantic continental margins (e.g. White & McKenzie, 1989; Kelemen & 
Holbrook 1995; Korenaga et al., 2002, Klingelhofer et al., 2005; Voss & Jokat, 2007) and are 
ǘȅǇƛŎŀƭƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǳƴŘŜǊǇƭŀǘŜΩΣ ŀƭǘƘƻǳƎƘ ǊŜŎŜƴǘ ǿƻǊƪ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǎǳŎƘ ŦŜŀǘǳǊŜǎ ŀǊŜ 
heavily-intruded continental crust (e.g. White et al., 2008). As the amount of intruded 
material added to the crust increases, the transition from continental lower crust (with 
typical P-wave velocity of 6.4-6.8 km/s) to mantle (P-wave velocity of >7.8 km/s) becomes 
more gradational and the seismological Moho (base of the crust) becomes separated from 
the petrological Moho (top of the intruded layer) (e.g. Cornwell et al., 2010). Seismic and 
gravity data have been used to provide evidence of such a high-velocity and high-density 
lower crustal layer (HVLC) beneath the Faroe Islands and estimated that ~8 km of magmatic 
material has been added to the base of the original continental crust (Smallwood et al., 
1999; England et al., 2005) (Fig. 9).  
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Figure 9 ς Compilation of published 
wide-angle seismic profiles in the Faroe 
Islands region. a) FAST profile 
(Smallwood et al., 2001); b) OF94-23 
profile (Smallwood et al., 2001); c) 
panel: Gravity model for the FAST 
seismic profile (England et al., 2005) 
indicating the requirement for a 3100 
kg/m

3
 lower crustal layer beneath the 

Faroe Islands region (0-25 km on the 
horizontal scale); d) iSIMM profile 
(Roberts et al., 2009); e) FLARE profile 
(Richardson et al., 1999); f) Raum 
profile 1 (Raum et al., 2005). 

 
 

 

a 

b

 

c

 

d

 

e

 

f
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Passive seismological data from a closely spaced array of 45 seismometers in central-eastern 
Faroe Islands was analysed using the receiver function method to estimate that the crust is 
between 29 and 32 km thick with an average VP/VS of 1.78 (Harland et al., 2009). A >6 km 
thick lower crustal layer with a gradational velocity structure was modelled and interpreted 
as a zone of varying degrees of sill intrusion into the existing lower crust (Harland et al., 
2009) (Fig. 10).  
 

Figure 10 ς Location map of the cluster of 45 deployed seismometers that collected data used for 
receiver function analysis. The best forward-ƳƻŘŜƭ Ŭǘ ǘƻ ŀ ǊŜŎŜƛǾŜǊ ŦǳƴŎǘƛƻƴ ǎǘŀŎƪ όCreq.MAX=1 Hz) 
calculated following Ammon (1991). The shallowest layer in the velocity model represents a basalt 
layer and the delay time, width and amplitude of the Ps peak was matched. The fit to the broad PpPs 
multiple was achieved with a gradational velocity structure at the base of the crust. Reproduced from 
Harland et al. (2009). 

 

1.5.2. Basalt and Sub-Basalt Velocity Characteristics 
A summary map of basalt and sub-basalt sedimentary layer thickness beneath the Faroe 
Islands and surrounding area indicates that basalt thickness is consistently 5.5-6 km across 
the majority of the Faroe Islands apart from 4.5-5.5 km and 3.5-4.5 km beneath the 
southern islands of Sandoy and Suðuroy, respectively (Fig. 6) (White et al., 2003), combining 
models from published wide-angle seismic data (Fig. 9). Sub-basalt sediment thickness was 
estimated to be 0-1.5 km in central Faroe Islands but increases to 2-3 km in northeastern 
and southern parts. More recent seismic refraction/reflection work by Raum et al., (2005), 
however, showed evidence for a 2-3 km thick, low-velocity sub-basalt Mesozoic sedimentary 
layer). 
 
The layers included in published models of Faroe Islands crustal structure are typically: 1) 
basalt; 2) sediments/upper basement (with or without sills); 3) crystalline basement/upper 
crust; 4) lower crust; 5) high velocity lower crust; and 6) upper mantle. The velocity and 
density properties used to model these layers are summarised in Table 1. These are used as 
input parameters to construct 1D models for receiver function forward modelling in Section 
3.2). 
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Layer VP (km/s) VP/VS Density (Mg/m

3
) 

Cenozoic sediments 1.70±0.10  
Raum et al., 2005 

<5.00   
Smallwood et al., 1999 

2.95 
Raum et al., 2005 

1.93  
England et al., 2005 

2.20±0.05  
Raum et al., 2005 

2.63  
Smallwood et al., 1999 

Tertiary basalt 4.90±0.10  
Raum et al., 2005 

5.00±0.10  
Richardson et al., 1999 

5.00±1.00  
Petersen et al., 2012 

5.25±0.25  
Smallwood et al., 1999 

4.40±0.50  
Palmason, 1965 

1.84  

Christie et al. 2006; Eccles 
et al. 2007, 2008; Bais et 

al. 2008 

1.83±0.01  
Raum et al., 2005 

1.85±0.05  
Petersen et al., 2012 

2.70  
England et al., 2005 

2.79  
Raum et al., 2005 

2.79  
Smallwood et al., 1999 

Sills 5.40 
Raum et al., 2005 

1.85±0.05  
Raum et al., 2005 

2.75±0.05   
Raum et al., 2005 

Sub-Basalt Mesozoic 
Sedimentary Rocks  
(Upper Basement) 

4.3±0.4 
Eccles et al,. 2007 

4.10±0.10  
Raum et al., 2005 

(5.75±0.25)  
Richardson et al., 1999 

(5.75±0.25)  
Smallwood et al., 1999 

1.76±0.09  
Eccles et al,. 2007 

1.70±0.05  
Raum et al., 2005 

2.50 (2.65)  
England et al., 2005 

2.60±0.05  
Raum et al., 2005 

Crystalline Basement (Lewisian 
gneiss) / Upper crust 

6.25±0.25 
Hall & Simmonds, 1979 

6.10±0.05  
Raum et al., 2005 

6.30±0.10  
Richardson et al., 1999 

6.25±0.25  
Smallwood et al., 1999 

1.73  
Christensen, 1996 

1.73±0.03  
Raum et al., 2005 

1.77±0.02  
Richardson et al., 1999 

2.81  
England et al., 2005 

2.82 
 Raum et al., 2005 

 
 

Lower Crust 6.87±0.13  
Raum et al., 2005 

6.80±0.30  
Richardson et al., 1999 

6.75±0.25  
Smallwood et al., 1999 

1.78±0.03  
Raum et al., 2005 

2.98  
England et al., 2005 

2.84 
 Raum et al., 2005 

2.92  
Smallwood et al., 1999 

Underplated/Intruded  
Lower Crust 

7.40±0.30  
Richardson et al., 1999 

7.25±0.25  
Smallwood et al., 1999 

 3.10  
England et al., 2005 

3.12  
Smallwood et al., 1999 

Upper Mantle 8.25±0.10  
Raum et al., 2005 

8.10±0.30  
Richardson et al., 1999 

 3.33  
England et al., 2005 

Table 1 - Summary of velocity and density properties of the main layers beneath the Faroe Islands and 
Faroe Platform interpreted by published studies. 

 

1.5.3. Vestmanna-1, Lopra-1/1A and Glyvurnses-1 Boreholes 
Vestmanna-1 was drilled in 1980 to a depth of 660 m and penetrated the lowermost 600 m 
of the Malinstindur Formation and uppermost part of the Beinisvørð Formation (see Section 
1.4). Lopra-1 was drilled in 1981 to a depth of 2178 m and subsequently deepened to 3565 
m in 1996. The original Lopra-1 borehole penetrated through ~2 km of the Beinisvørð 
Formation and the deepened Lopra 1A section additionally penetrated 213 m of the 
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Beinisvørð Formation, then 45 m of pillow lavas, followed by 41 m of pillow lava debris atop 
a thick series of volcanic tuffs (including intra-volcanic sandstone and claystone) of the 
uppermost Lopra Formation. The base of the volcanic rocks was not encountered (Heinesen 
et al., 2006). The Glyvursnes-1 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.) VP 
(km/s) 

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

Avg. (Min.-Max.) 
Density (kg/m3) 

Flow 5.53 (2.94-7.47) 2.97 (1.74-4.01) 2850 (1550-3150) 

Core 5.83 (2.94-7.47) 3.14 (2.00-4.01) 2900 (1570-3150) 

Crust 4.69 (2.94-6.63) 2.52 (1.74-3.82) 2660 (1550-3150) 

Compound Flow 4.92 (2.43-6.57) 2.59 (1.82-3.44) 2740 (2030-3010) 

Dolerite dyke 6.08 (3.37-7.58) 3.28 (1.90-4.03) 2900 (1510-3040) 

Sediments 4.26 (2.86-6.31) 2.34 (1.90-3.34) 2580 (2530-2950) 
Table 2 ς Measured average, minimum and maximum P-wave, S-wave and density values for the main 
units classified in the Lopra-1/1A borehole (Boldreel et al., 2006). 

 

 
Figure 11 ς Lopra -1/1A P-wave (VP), S-wave (VS) and density (g/cm

3
) log measurements resampled to 

3 m intervals (from Christie et al., 2006). 
 
The detailed log and vertical seismic profile (VSP) data show that the basalt sequences on 
the Faroe Islands are exceedingly complex, both lithologically and geophysically. There is a 
large variation in the VP, VS and density measurements in all of the basalt and sedimentary 
sequence units interpreted from the Lopra 1/1A borehole (Table 2). Within the majority of 
the merged Lopra-1 and Lopra-1A VP, VS and density logs (Figs. 11 and 12), the basalt 
sequences are characterised by rapidly oscillating high-low values, representing the different 
geophysical properties of flow top-middle-base and any interbed sedimentary rocks. Three 
depth ranges of interest stand out due to their VP, VS and density properties: i) 450-850 m ς 
two thick dolerite intrusions units have relatively high VP and VS values; ii) 2500-2900 m ς 
hyaloclastite unit(s) are characterised by relatively low VP, VS and density values; and iii) 
2900-3500 ς interbedded hyaloclastite and basalt beds are characterised by intermediate VP, 
VS and density values whose overall properties depend on the ratio of basalt to hyaloclastite 
(Christie et al., 2006).  
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Figure 12 ς Lowermost Lopra 1A P-wave (VP), S-wave (VS), density (g/cm3ύ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 
values used to calculate synthetic VSP and compared to observed VSP. Note the negative 
phase in the VSP record below the maximum depth of the borehole (marked with a red 
arrow) that may indicate the presence of either a low-velocity sedimentary layer or another 
hyaloclastite unit (from Christie et al., 2006).  

 
The overall configuration of the basalt sequences sampled by the Lopra-1/1A borehole 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 magnitude of 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 
!ǇǇǊƻȄƛƳŀǘŜƭȅ мс ƳƻƴǘƘǎΩ ƻŦ Ŏƻƴǘƛƴǳƻǳǎ ǎŜƛǎƳƻƭƻƎƛŎŀƭ Řŀǘŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀǘ мн ǎƛǘŜǎ ǘƘŀǘ 
span the majority of the Faroe Islands (Fig. 13 and Table 3). A substantial fieldwork program 
was required to install and maintain these seismological stations, brief details of which 
follow: 

Figure 13 ς Map of the Faroe Islands the Faroe Islands Passive Seismic Experiment (FIPSE) stations. 
The full station name is preceded bȅ ΨLCΩ όŜΦƎΦ LCлфύ ŀŦǘŜǊ ǘƘŜ Ŧƻƻǘōŀƭƭ Ŏƭǳō NC CǳƎƭŀŦƧǄǊśǳǊΦ 

2.1.1. Site Allocation and Permission (29th April ς 10th May 2011) 
Dr. David Cornwell visited the Faroe Islands (accompanied by Magni Jøkladal) and met with 
Thomas Varming and Uni Petersen at Jarðfeingi before travelling over all of the major islands 
to find 12 sites for the seismometer stations. Site choice criteria were: 1. South facing with a 
clear sky view; 2. Bedrock at 50-100cm 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; 5. Positioned 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 sought (see Appendix I 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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Figure 14 ς Locating bedrock and windmill noise in Runavik (May 2011). 

2.1.2. Deployment (13th ς 30th June 2011) 
Dr. David Cornwell, Prof. Richard England and Dr. David Hawthorn from SEIS-UK (the UK 
instrument loan facility at the University of Leicester) travelled to the Faroe Islands and were 
accompanied by Rannvá Arge for instrument deployment (Fig. 15). Six of the instruments 
had already been shipped from the UK by SEIS-UK at the start of the deployment trip, along 
with all of the sundry materials for station construction (e.g. fence posts, fence wire, 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 June 20th and deployment was completed 
on June 29th (see Appendix II for seismometer station configuration).  

Figure 15 ς Deployment team near Klaksvik (June 2011). 

2.1.3. 1st Service/Data Download (10th ς 20th October 2011) 
Dr. David Cornwell, Dr. David Hawthorn and Rannvá Arge visited all sites and downloaded all 
data recorded since deployment from the CMG-3ESPD internal 8/16Gb hard drives (Fig. 16).  
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Service Notes: Solar panel blown off ς IF11; Breakout box changed ς IF11; Sheep had been 
inside fence ς IF12; Breakout box serial cap left off ς IF02; New communications mast 
erected next to site ς IF02; Regulator changed ς IF02; Batteries changed ς IF08.  
 

Figure 16 ς October 2011 service trip to Froðba, Suduroy. 

Figure 17 ς February 2012 battery change and data download in northern Sandoy. 

2.1.4. 2nd Service/Data Download (3rd ς 14th February 2012) 
Dr. David Cornwell and Rannvá Arge visited all sites and downloaded all data recorded since 
previous service from the CMG-3ESPD internal 8/16Gb hard drives (Fig. 17). 
Service Notes: Batteries changed ς IF05, IF06, IF08; Instrument DOA ς IF06, IF08; Solar panel 
blown off ς IF07, IF12; Fencing posts blown down ς IF11; Changed GPS ς IF12. 

2.1.5. 3rd Service Trip/Data Download (21st ς 28th June 2012) 
Dr. David Cornwell and Rannvá Arge visited all sites and downloaded all data recorded since 
previous service from the CMG-3ESPD internal 8/16Gb hard drives. 
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2.1.6. Instrument Withdrawal/Decommission (15th ς 28th October 2012) 
Dr. David Cornwell and Rannvá Arge visited all sites and download all data recorded since 
previous service from the CMG-3ESPD internal 8/16Gb hard drives. Each site was 
decommissioned and SEIS-UK equipment was shipped back to Leicester. 
 

Table 3 - FIPSE station information. 

2.1.7. Data Recovery and Overall Quality 
Data recovery was calculated at 86 % for the FIPSE array (Table 4). A total of 5177 station 
days of continuous data were collected from 12 seismological stations and approximately 
850 ǎǘŀǘƛƻƴ ŘŀȅǎΩ data were lost due to equipment failures, caused mainly by the effects of 
high winds and waterlogging after heavy rain. 
 

Table 4 - FIPSE station data recovery. Recovery 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 techniques 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 deployments using similar 
seismometers, due mainly to adverse weather conditions particularly in the winter (Figure 
17). 

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

IF01 62.35946 -6.52752 55 Viðareiði 

IF02 62.22547 -6.61349 236 Halsur (Klaksvik) 

IF03 62.10272 -6.66843 63 Rituvik 

IF04 62.27855 -6.85467 37 Oyndafjordur 

IF05 62.29297 -7.06814 160 Eiði 

IF06 62.16932 -7.17437 301 Vestmanna 

IF07 62.01905 -6.82986 316 Husareyn (Torshavn) 

IF08 62.09446 -7.40596 247 Haga (Gasadalur) 

IF09 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) 

Station Name Instrument ID Days of Data Recovery  Location 

IF01 4752 483 96% Viðareiði 

IF02 5481 482 96% Halsur (Klaksvik) 

IF03 4711 475 95% Rituvik 

IF04 5446 485 97% Oyndafjordur 

IF05 5485 463 92% Eiði 

IF06 5480 371 74% Vestmanna 

IF07 5333 491 98% Husareyn (Torshavn) 

IF08 4903 481 96% Haga (Gasadalur) 

IF09 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%  
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Figure 18 ς An example of continuous raw seismological data (resampled at 1 second intervals), as 
collected from June 2011 to February 2012 from all 12 stations. Green, red and blue colours denote 
the vertical, north-south and east-west components, respectively. Large gaps in the continuous data 
were caused by equipment failures at 2 stations and smaller gaps 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 Function Overview  
The landmass of the Faroe Islands provides a unique opportunity to utilise a passive seismic 
experiment to address the problems regarding imaging crustal structure beneath flood 
basalts using a predominantly upwards-travelling seismic wavefield (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 
earthquake P-waves to convert to S-waves and receiver function processing removes the 
source-side effects of the earthquake, leaving the direct P-wave followed by converted 
energy and multiply-reverberated energy (e.g. Langston, 1979; Ammon, 1991).  
 
Careful processing can produce receiver function signals containing frequencies up to 3 Hz, 
which translates into seismic wavelengths of <1.5 km in the uppermost 10 km and <2.5 km 
at typical lower crustal velocities. The technique is therefore capable of constraining crustal 
structure on a scale comparable to traditional controlled-source seismic refraction methods 
and provides a complementary dataset because it is more sensitive to the S-wave rather 
than P-wave discontinuities. Forward and inverse modelling of stacks of converted waves 
and their multiples provides velocity-depth models around each passive seismic sensor (e.g. 
Cornwell et al., 2010). Lateral variation in crustal layer properties and depths can be 
investigated by comparing inter-station results. The results can further be compared to 
existing offshore controlled-source seismic models to help characterise the geological 
framework of the broader region.   
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2.3. Teleseismic Events  
We searched the NEIC-PDE earthquake catalogue via the United States Geological Survey 
(USGS) earthquake search website [http://earthquake.usgs.gov/earthquakes/search/] for 
teleseismic (i.e. occurring between 30° and 100° epicentral distance from the centre of the 
Faroe array) events with a body magnitude (mb) of 5.5 and above for receiver function 
analysis (see Appendix III). There were 393 events during the full time period that the array 
was operational (13th June 2011 until 17th October 2012). Figure 19 shows the location of the 
events with respect to the FIPSE seismometer 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 distances of 65-80° 
and 30-40° with a gap in distance coverage at 45-60°.  
 

Figure 19 ς Epicentral distance map centred on the Faroe Islands with teleseismic earthquakes that 
occurred during the deployment period (17

th
 June 2011 ς 16

th
 October 2012) whose magnitudes (mb) 

were greater than 5.5 (stars). Black lines denote epicentral distance 30° intervals. Red stars show 
events considered for receiver function analysis between epicentral distances of 30° and 90° (solid 
white lines). Events were visually inspected to 100° (dashed white line) and included in some of the 
receiver function analyses.   

 

2.4. Receiver Function Calculation and Selection 
Receiver functions (RFs) were calculated for the ~15 months (17th June 2011 to 16th October 
2012) of seismological data collected. An overview of the receiver function processing steps 
is as follows: 

¶ Download GCF data from ESPD seismometer. 

¶ Convert to MiniSEED format and populate header information. 

¶ Search for earthquakes above magnitude 5.5 and in the distance range 30 to 100° 
(see Appendix III for search results). 
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¶ Extract east-west, north-south and up/down waveforms in SAC format from 
continuous MiniSEED data 30 seconds before and 180 seconds after the theoretical 
(IASP91) arrival time of the first P-wave from each earthquake. 

¶ Remove instrument response in SAC using published poles and zeros values. 

¶ [Test bandpass and polarisation filters for signal:noise improvement and P-arrival 
identification.]  

¶ Select events with a clear/impulsive P-arrival above the background noise (with and 
without a gentle bandpass filter of 0.03-5 Hz) (Fig. 19). 

¶ Calculate RFs using the Extended-Time Multi-Taper Receiver Function (ETMTRF) 
method (Helffrich, 2006) for a range of maximum frequencies (0.5-2.5 Hz) using a 60 
second time window after the P-arrival (window lengths between 30 and 90 seconds 
tested). 

¶ High-pass (corner frequency 0.1 Hz) filter all RFs to remove long-wavelength noise. 

¶ Visually inspect all RFs and select those with a P-arrival on/near to zero time and 
without high noise on both radial and tangential components (selection criteria 
according to Cornwell et al., 2010). 

¶ Correct each RF for source-station distance move-out using the IASP91 Earth 
velocity model (Kennett & Engdahl, 1991). 

¶ Create un-weighted RF stacks for: i) all array data; ii) individual stations. 

Figure 20 ς An example of an unfiltered earthquake (left) and a bandpass filtered (0.03-2 Hz) 
earthquake recorded by the FIPSE stations. 

 
The visual receiver function quality control yielded a subset of the total 4072 receiver 
functions that were calculated from 393 events of 125 receiver functions ranked 
άŀŎŎŜǇǘŀōƭŜέ or άƎƻƻŘέ (Cornwell, 2008). ! ǎŜŎƻƴŘ ǎǳōǎŜǘ ƻŦ άŀŎŎŜǇǘŀōƭŜέ wCǎ ǿŀǎ ŎƘƻǎŜƴ 
using an automatic selection based upon RF amplitude characteristics (Hetényi, 2007) that 
yielded a total of 82 RFs. These are described in Sections 2.6 and 2.7. 
 

2.5. Bandpass, Highpass and Polarisation Filtering 
Bandpass filtering of the 3-component (ENZ; i.e. east-west, north-south and up-down) data 
was employed to improve the ability to identify the P-arrival of teleseismic earthquakes in 
data extracted around predicted P-arrival times (Fig. 20). A 2-way 2-pole 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 receiver functions displayed a long 
wavelength characteristic that is common with the ETMTRF (Helffrich, 2006) method, 
although the source of this noise is unclear. In order to eliminate this, a 2-way 2-pole high 
pass filter was employed within SAC with a corner frequency of 0.1 Hz. The presence of 
negative lobes either side of the P-arrival 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 functions by 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. More details 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 procedure in Section 
2.4 from all twelve stations (IF01-IF12) were corrected for move-out to a ray parameter of 
0.06 s/km (~65° epicentral distance) assuming an IASP91 velocity model (Kennett & Engdahl, 
1991) and then stacked together with a view to constructing a whole-Faroe Islands crustal 
model before examining inter-station variations. This was a necessity because the high noise 
ŜƴǾƛǊƻƴƳŜƴǘ ƭƛƳƛǘŜŘ ǎǘŀǘƛƻƴ ǎǘŀŎƪǎ ǘƻ ǘȅǇƛŎŀƭƭȅ Ŏƻƴǘŀƛƴ ƭŜǎǎ ǘƘŀƴ нл ΨŀŎŎŜǇǘŀōƭŜΩ ŀƴŘ ƻŦ ǘƘƻǎŜ 
ƭŜǎǎ ǘƘŀƴ мл ΨƎƻƻŘΩ wCǎΦ In the following sections we describe the likely phases that are 
contained in the receiver function data (Fig. 21) and then highlight differences in the 
individual RF station stacks. 

Figure 21 - Standard phase nomenclature for identifying direct P-S conversion and multiple phases on 
receiver functions using a simple 2-layer Earth model. a) Synthetic receiver functions calculated using 
ǘƘŜ !ƳƳƻƴ όмффмύ ƳŜǘƘƻŘ ŦƻǊ ǘǿƻ Dŀǳǎǎƛŀƴ ΨŀΩ ǾŀƭǳŜǎ όŀҐ1 and a=2, corresponding to maximum 
frequencies of ~0.5 and ~1 Hz). b) The simple 2-layer velocity model used in a) with VP in black and VS 
in red (Cornwell, 2008). c) Receiver function phases (after Tomlinson et al., 2003).  

 
Radial component receiver function data were stacked: i) altogether; ii) with respect to 
back-azimuth; 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 Figures 22-
25. 
 
The 1 Hz maximum frequency receiver function stack (Fig. 22) shows a clear positive P-
arrival peak close to zero time, indicating that there is little evidence for a near-surface low-
velocity layer. It is marginally asymmetric, possibly indicating the presence of interference 
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 represent a P-S conversion at the Moho. Again, 
this peak is asymmetric and may contain a second interfering positive peak at 2-3 seconds. A 
further strong positive peak occurs at 10.3 seconds, which is asymmetric and appears to 
interfere with positive amplitudes at ~11-13 seconds. This phase is the likely candidate to be 
the reverberated P phase that converts to S at the Moho (PpPs). 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 after the P-arrival. A strongly negative 
peak at ~15.5 seconds is the prime candidate to be the Moho reverberated PsPs+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. 
 

Figure 22 ς All receiver functions from the 12 FIPSE stations with a maximum frequency of 1.0 (left), 
1.5 (middle) and 2.5 Hz (right) linearly stacked. The P-arrival is at zero time. The dashed lines mark the 
95% confidence limit defined by three times the standard deviation ascertained via bootstrapping 
10000 independent stack combinations.  

 
Examining the 1.5 and 2.5 Hz maximum frequency receiver function stacks provides more 
detail on the phases that may be concealed in the 1 Hz maximum frequency receiver 
function stack. As expected, the P-arrival positive peak is narrower and also reveals 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 minor positive 
peak also is revealed at ~4.8 seconds. Key sharp negative peaks can now be identified at 
~1.7 and ~5.0 seconds with broader negative phases occurring at ~6-7 and ~14-17 seconds. 
The suspected Moho PpPs phase remains as a positive peak at 10.3 seconds and 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 region (~19-21 
seconds). 

2.6.1. Variation With Back-Azimuth 
The 1.0 and 2.5 Hz receiver function variation with respect to back-azimuth is shown in Fig. 
23. The majority of the events occur within the 0-45° range of back-azimuths with a major 
gap in data between 135° and 220°. In the lower frequency data, the P-arrival is clear and at 
zero time in all the 25° wide back-azimuth stacks with the large positive peak just after 3 
seconds present at most back-azimuths, but deviating to times less than 3 seconds in 
western (225-290°) back-azimuth stacks. There is a double negative peak present between 4 
and 9 seconds at most back-azimuths followed by a double positive between 10 and 13 
seconds. A strong negative at 15-16 seconds follows these phases.  
 
The higher frequency data clearly show a ~2.5 second positive phase at all back-azimuths. A 
low amplitude ~4.5 second phase is present at all back-azimuths 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 back-azimuths of 225° 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 data (Fig. 23). 
 



 27 

 

Figure 23 ς Back-azimuth stacks of all receiver functions from the 12 FIPSE stations with a maximum 
frequency of 1.0 (left) and 2.5 Hz (right). Receiver functions are collected into 25° wide bins every 10°, 
with the number in each bin printed to the right of each stack. The P-arrival 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 phases detailed in the previous section are clear and at 
approximately constant times after moveout correction using the IASP91 Earth velocity 
model (Kennett & Engdahl, 1991). The exception is the strong positive phase at ~3.5 
ǎŜŎƻƴŘǎΣ ǿƘƛŎƘ ΨōŜƴŘǎΩ ǘƻ ŜŀǊƭƛŜǊ ǘƛƳŜǎ όмΦл IȊ wCǎύ ŀƴŘ ƛǎ ŀōǎŜƴǘ όнΦр IȊ wCǎύ ŀǘ ŘƛǎǘŀƴŎŜǎ 
over 90°. We therefore excluded all events that occurred at distances of 90° and greater 
from further analyses. 

Figure 24 ς Epicentral distance stacks of all receiver functions from all 12 FIPSE stations with a 
maximum frequency of 1.0 (left) and 2.5 Hz (right). Receiver functions are collected into 5° wide bins 
every 2.5°, with the number in each bin printed to the right of each stack. The P-arrival is at zero time. 

 

2.7. Individual Station Receiver Function Stacks 
Receiver functions were corrected for distance moveout and then stacked according to 
recording station (IF01-IF12) for two different maximum frequencies (1 and 2 Hz) (Fig. 25). 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 the station stacks, with stations IF07 and IF12 particularly 
noisy. The 1Hz maximum frequency receiver functions (Fig. 25a) show a positive peak at zero 
time, followed by a broad negative region and then a positive peak that is the prime 
candidate for the P-S conversion at the Moho discontinuity at 3-4 seconds. This high-
amplitude positive peak (marked by orange circles in Fig. 25a) is preceded by a low-
amplitude positive peak at 2-3 seconds (blue circles in Fig. 25a) at stations IF02, IF04, IF06, 
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IF07, IF08 and IF09. There is some evidence for a positive peak around 6 seconds in half of 
the stations and strong evidence for ubiquitous positive peaks at both ~10 seconds and ~13 
seconds. 
 

The 2 Hz maximum frequency receiver functions (Fig. 25b) reveal a near-surface conversion 
or multiple at 0.7-1.0 seconds for stations IF04, IF05, IF06, IF07, IF08 and IF09 (red circles in 
Fig. 25b). The low-amplitude positive peak described above (blue circles in Fig. 25a) is now 
distinct (blue circles in Fig. 25b) from the later high-amplitude peak (orange circles in Fig. 
25b), occurring at ~2.5 seconds in all of the station stacks. The later peak (orange circles in 
Fig. 25b) remains at 3-4 seconds and is followed by an occasionally high-amplitude positive 
peak at 4.5-5.0 Hz. The later positive phases are similar to those described for the 1 Hz 
receiver function station stacks. 

 
 

Figure 25 ς Receiver function station stacks for the 12 FIPSE stations with a maximum frequency of 1.0 
and 2.0 Hz. Receiver functions are collected into station bins, with the following number in each 
station bin: IF01=14; IF02=10; IF03=9; IF04=16; IF05=11; IF06=14; IF07=12; IF08=10; IF09=9; IF10=8; 
IF11=8; IF12=4. The P-arrival is at zero time. The coloured circles denote phases that occur in the 
majority of the station stacks. 

 
  

a
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3. H-  ˁStacking 
3.1. Approach 

The aim of applying H-  ˁ analysis is to obtain a station-by-station estimate of crustal 
thickness and bulk crustal VP/VS. We applied the method to the receiver functions deemed 
ΨƎƻƻŘΩ ŀƴŘ ΨŀŘŜǉǳŀǘŜΩ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ мн CLt{9 ǎǘŀǘƛƻƴǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ƳŀȄƛƳǳƳ ŦǊŜǉǳŜƴŎƛŜǎΦ 
We also use the method to explore the largest amplitude phase after the P-arrival at 3-3.5 
seconds and also the ubiquitous phase at ~2.5 seconds to help identify energy on the RFs 
that represents their multiples.   
 

3.2. Method 
The H-ˁ ǎǘŀŎƪing method (Zhu & Kanamori, 2000) was applied to stacks of the calculated 
receiver function to produce estimates of crustal thickness (H) and average crustal VP/VS (ˁύ. 
This technique stacks the amplitude of each RF at the predicted arrival times of Ps, PpPs and 
PpSs+PsPs (see Fig. 21 for RF phase nomenclature) for multiple values of H and VP/VS in a 
grid search to find a maximum stacked amplitude, which should correspond to the crustal 
thickness and VP/VS sampled by the stacked RFs. An average P-wave velocity for the crust of 
6.5 km/s was applied to all stacking calculations, close to the average crustal VP values from 
previous crustal velocity models of the Faroe Islands.  
 
The method assumes that the crust consists of a single constant velocity layer and will 
therefore break down in the presence of a sizable high-velocity lower crustal layer, an 
observation of which could provide indirect evidence for the existence of such a layer. 
 

3.3. H-ˁ !ƴŀƭȅǎƛǎ ²ƛǘƘ ! IƛƎƘ-Velocity (VP>7.2 km/s) Lower Crustal Layer 
If a high-VP (>7.2 km/s) lower crustal layer is suspected, the H-ˁ ǎǘŀŎƪƛƴƎ ƳŜǘƘƻŘ Ƴŀȅ ōŜ 
used to find either: i) the average crustal VP/VS and crustal thickness above it; or ii) the 
average crustal VP/VS and crustal thickness including the layer. In addition to a double Ps 
phase, the presence of the extra crustal layer will create two PpPs and PsPs+PpSs phases 
that may stack constructively and produce false maxima in H-ˁ ǎǇŀŎŜΦ An H-ˁ ŜǎǘƛƳŀǘŜ 
should therefore only be considered reliable if the maximum H-ˁ ǎǘŀck amplitude is found 
from the weighted sum of phase amplitudes from the same horizon. Receiver functions 
without sufficient bandwidth to show separate converted and/or multiple phases indicative 
of a lower crustal layer may produce unreliable H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎΦ ²Ŝ ƛƴǾŜǎǘƛƎŀǘŜ and 
allow for this effect by performing H-  ˁanalysis on stacked RFs with maximum frequencies of 
1.0, 1.5 and 2.5 Hz and pay particular attention to secondary maxima that may indicate the 
presence of a high-velocity lower crustal layer (Cornwell et al., 2010). 
 

3.4. All Data H-ˁ {ǘŀŎƪƛƴƎ Results 
Analysing the entire RF dataset using H-ˁ ǎǘŀŎƪƛƴƎ ƎƛǾŜǎ ŀƴ ƛƴŘƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƻǾŜǊŀƭƭ CŀǊƻŜ 
Islands crustal thickness and bulk VP/VS. We visually inspected and then performed the H-ˁ 
grid search using 122 receiver functions with maximum frequencies of 1.0, 1.5 and 2.5 Hz. 
The results show that the overall crustal thickness and bulk VP/VS across the Faroe Islands is 
29.2±3.3 km and 1.78±0.14 (FMAX=1.0 Hz), 29.4±2.4 km and 1.76±0.09 (FMAX=1.5 Hz) and 
29.4±2.4 km and 1.76±0.09 (FMAX=2.5 Hz) (Fig. 26).  
 
These results are consistent across the frequency bands sampled and similar to previous H-ˁ 
stacking results on the Faroe Islands of 29-32 km thick crust with an average VP/VS of 1.78 
(Harland et al., 2009). The results, however, do not produce Ψōǳƭƭǎ-eyŜΩ ƳŀȄƛƳŀ ƛƴŘƛŎŀǘƛƴƎ 
that stacking the receiver functions across the large area has produced deconstructive 
interference of the crustal RF phases, providing evidence that the first order crustal 
structure varies across the Faroe Islands. Further evidence of crustal structure complexity is 
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apparent in the stacked RFs where positive and negative phases exist away from the Ps, 
PpPs and PsPs+PpSs phase times of the best H-ˁ ǎǘŀŎƪƛƴƎ ǎƻƭǳǘƛƻƴΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀǘ ϤнΦр ŀƴŘ 
~10 seconds after the P-arrival (Fig. 26). 
 

Figure 26 ς H-  ˁstacking analysis using the entire receiver function dataset at maximum frequencies of 
1.0 Hz (left), 1.5 Hz (middle) and 2.5 Hz (right). The station label IF13 denotes the entire dataset. In 
each panel the top trace shows the stacked receiver functions (122) and 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 panels). The black box shows the region of H-ˁ ǎǇŀŎŜ ǘƘat is deemed geologically 
reasonable (H=25-ор ƪƳΤ ˁ Ґ мΦст-1.85) from which the final solution is chosen. 

 

3.5. Single Station H-ˁ {ǘŀŎƪƛƴƎ wŜǎǳƭǘǎ 
We performed single station H-ˁ ǎǘŀŎƪƛƴƎ ŀƴŀƭȅǎƛǎ ƻƴ ǊŜŎŜƛǾŜǊ ŦǳƴŎǘƛƻƴǎ ǊŜŎƻǊŘŜŘ ŀǘ ŀƭƭ мн 
FIPSE stations at three different maximum frequencies, (1.0, 1.5 and 2.5 Hz). An average 
crustal P-wave velocity of 6.5 km/s and stacking weightings of Ps=0.6, PpPs=0.3 and 
PpSs+PsPs=0.1 were used for all analyses (Zhu & Kanamori, 2001). We limited the H-ˁ 
stacking results to geologically reasonable ranges of crustal thickness (25-35 km) and 
average VP/VS (1.67-1.85) based upon previous geophysical experiments on Faroese crustal 
structure (see Section 1.5). 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 H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ŀ ǎǳƳƳŀǊȅ ǘŀōƭŜ ό¢ŀōƭŜ рύ ŀƴŘ ƳŀǇ όFig. 27). 
Individual results for stations IF01, IF02 and IF03 are shown in Figure 28, stations IF04, IF05 
and IF06 are shown in Figure 29, stations IF07, IF08 and IF09 are shown in Figure 30 and 
stations IF10, IF11 and IF12 are shown in Figure 31. 
 
Station IF01 produced consistent H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ across all frequency receiver functions 
due to a clear PpPs phase. A secondary maximum at approximately ˁ ҐмΦтр ŀƴŘ IҐол ƪƳ is 
present as a result of the Moho Ps phase splitting into two at high frequencies. Station IF02 
also produced consistent results, with the method extracting a good result despite the large 
amplitude phases between 2.5 and 6.0 seconds. Station IF03 again had consistent results 
across all frequencies, helped by high-amplitude Ps and PsPs+PpSs phases (Fig. 28).  
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Station IF04 only produced an H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘ ŦƻǊ ǘƘŜ ƭƻǿŜǎǘ frequency RFs as a large-
amplitude phase at ~2.5 seconds contaminated the H-ˁ ǎǇŀŎŜΣ ŀƭǘƘƻǳƎƘ ŀ ƳŀȄƛƳǳƳ ŀǘ 
ŀǇǇǊƻȄƛƳŀǘŜƭȅ ˁҐмΦст ŀƴŘ IҐоо ƪƳ ǿŀǎ ŦƻǳƴŘΦ {ǘŀǘƛƻƴ LCлр ǇǊƻŘǳŎŜŘ ŎƻƴǎƛǎǘŜƴǘ ǊŜǎǳƭǘǎΣ ōǳǘ 
were less convincing at higher frequencies due to the absence of clear multiple phases, with 
ŀ ǎŜŎƻƴŘŀǊȅ ƳŀȄƛƳǳƳ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ˁ=1.83 and H=27 km. Station IF06 again produced 
consistent H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ ǿƛǘƘ ŎƻƴǾƛƴŎƛƴƎ Ps, PpPs, and PsPs+PpSs phases found by the 
analysis (secondary maximum at approximately ˁҐмΦуо ŀƴŘ IҐнт ƪƳύ (Fig. 29).   

 
VP=6.5 km/s 1.0 Hz  1.5 Hz  2.5 Hz  

Station H (km)  ˁ H (km)  ˁ H (km)  ˁ

IF01 27.7±1.8 1.77±0.11 27.0±1.2 1.78±0.07 26.5±0.9 1.81±0.05 

IF02 30.1±1.3 1.72±0.08 29.6±1.4 1.77±0.05 29.6±1.2 1.77±0.05 

IF03 29.4±1.9 1.78±0.10 29.1±1.7 1.79±0.08 29.2±1.1 1.79±0.06 

IF04 32.4±2.3 1.70±0.11 25.2±1.4 1.85±0.08 25.2±1.4 1.85±0.08 

IF05 32.5±2.3 1.70±0.09 32.9±1.7 1.67±0.07 32.8±1.0 1.68±0.05 

IF06 32.5±1.8 1.73±0.09 33.0±1.4 1.71±0.06 33.0±1.4 1.71±0.06 

IF07 25.0±1.6 1.73±0.15 25.6±1.3 1.83±0.09 25.6±1.3 1.83±0.09 

IF08 32.7±2.9 1.78±0.16 25.0±1.6 1.67±0.12 25.0±1.4 1.67±0.12 

IF09 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±3.3 1.78±0.14 29.4±2.4 1.76±0.09 29.4±2.4 1.76±0.09 
Table 5 ς Summary of the single station H-  ˁstacking analyses using receiver functions with maximum 
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 the H-  ˁgrid search. Full H-ˁ ǊŜǎǳƭǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ Figures 28-31. 

 
Station IF07 did not produce any acceptable results due to noisy data; there were similar 
maxima to stations IF05 and IF06 present in the higher frequency H-ˁ ǎǇŀŎŜΦ {ǘŀǘƛƻƴ LCлу ƘŀŘ 
ŎƭŜŀǊ ƳŀȄƛƳŀ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ˁҐмΦту ŀƴŘ IҐоо ƪƳ ƻƴ ŀƭƭ ŦǊŜǉuency H-ˁ ŀƴŀƭȅǎŜǎ ōǳǘ ƻƴƭȅ 
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 the Moho PpPs phase it 
produces geologically unreasonable bulk crustal VP/VS (<1.65). Station IF09 produced 
consistent H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ ǿƛǘƘ ŎƻƴǾƛƴŎƛƴƎ Ps, PpPs, and PsPs+PpSs phases found by the 
analysis (no secondary maxima) (Fig. 30). 
 
Station IF10 was slightly more noisy than previous stations and produced an H-ˁ ǎǘŀŎƪƛƴƎ 
result for the highest two frequencies as a large-amplitude positive phase at ~10 seconds 
dominated the H-ˁ ǎǇŀŎŜΦ aŀȄƛƳŀ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ˁҐмΦту ŀƴŘ IҐнф ƪƳ ǿŜǊŜ ŦƻǳƴŘ ŀǘ ŀƭƭ 
frequencies. Station IF11 was not able to produce any geologically reasonable H-ˁ ǎǘŀŎƪƛƴƎ 
results, most likely due to insufficient receiver functions to improve the signal-to-noise. 
Station IF12 had a higher than normal noise level, but produced consistent results from all 
frequency RFs analysed (Fig. 31). 
 
Examining the map of H-ˁ stacking results shows a clear pattern, with the thickest crust 
found in the northwestern parts of the Faroe Islands (32-33 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 29-30 km. Bulk crustal VP/VS are a little harder to interpret with no clear 
pattern; the lowest VP/VS values (1.69) were found in the most southerly and westerly parts 
whereas the highest VP/VS values (1.78-1.79) occur in central and northern parts of the Faroe 
Islands (Fig. 27). 
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Figure 27 ς Summary map of the Faroe Islands showing H-ˁ ǎǘŀŎƪƛƴƎ ǊŜǎǳƭǘǎ όŎǊǳǎǘŀƭ ǘƘƛŎƪƴŜǎǎ ƛƴ ƪƳ 
and bulk crustal VP/VS) for each FIPSE station (white) and those published by Harland et al., 2009 
(orange).  
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Figure 28 ς H-  ˁstacking results for stations IF01, IF02 and iF03 (see Fig. 26 for explanation). 


