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Abstract

Ambient noise tomography is applied to seismic data recorded by a portable

array of seismographs deployed throughout the Faroe Islands in an effort

to illuminate basalt sequences of the North Atlantic Igneous Province, as

well as underlying sedimentary layers and Precambrian basement. Rayleigh

wave empirical Green’s functions between all station pairs are extracted from

the data via cross-correlation of long-term recordings, with phase weighted

stacking implemented to boost signal-to-noise ratio. Dispersion analysis is

applied to extract inter-station group traveltimes in the period range 0.5–15 s,

followed by inversion for period-dependent group velocity maps. Subsequent

inversion for 3-D shear wave velocity reveals the presence of significant lateral

heterogeneity (up to 25%) in the crust. Main features of the final model in-

clude: (i) a near-surface low velocity layer, interpreted to be the Malinstindur

Formation, which comprises subaerial compound lava flows with a weathered

upper surface; (ii) a sharp velocity increase at the base of the Malinstindur

Formation, which may mark a transition to the underlying Beinisvørð For-

Preprint submitted to Tectonophysics September 8, 2017

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Apollo

https://core.ac.uk/display/151392888?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


mation, a thick laterally extensive layer of subaerial basalt sheet lobes; (iii)

a low velocity layer at 2.5–7.0 km depth beneath the Beinisvørð Formation,

which is consistent with hyaloclastites of the Lopra Formation; (iv) an upper

basement layer between depths of 5–9 km and characterised by S wave veloc-

ities of approximately 3.2 km/s, consistent with low-grade metamorphosed

sedimentary rocks; (v) a high velocity basement, with S wave velocities in

excess of 3.6 km/s. This likely reflects the presence of a crystalline mid-lower

crust of Archaean continental origin. Compared to previous interpretations

of the geological structure beneath the Faroe Islands, our new results point

to a more structurally complex and laterally heterogeneous crust, and pro-

vide constraints which may help to understand how continental fragments

are rifted from the margins of newly forming ocean basins.

Keywords: Seismic tomography, ambient seismic noise, North Atlantic,

crustal structure

1. Introduction1

The crustal structure of the continental block on which the Faroe Islands2

(Fig. 1) sits is poorly understood, largely due to the presence of thick Ter-3

tiary basalt sequences of the North Atlantic Igneous Province at the surface4

that hinder controlled-source seismic imaging methods (e.g. Maresh et al.,5

2006). The region is of particular interest for: i) examining magma-assisted6

break-up of continents (e.g. Kendall et al., 2005), due to its proximity to the7

ocean-continent boundary; and ii) locating offshore hydrocarbon prospects8

within the Faroese sector of the Faroe Shetland Basin, since they are ex-9

pected to occur both in layered basalt flows (including hyaloclastites) and in10
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sediments between the base of basaltic sequences and the top of Precambrian11

crystalline basement. The onshore thickness of the basalts, the presence of12

sub-basalt sediments and the depth and lateral variation of the underlying13

crystalline basement, however, are largely unconstrained. In this study, we14

use data from a 12-station temporary seismic array and apply the passive15

seismological method of ambient noise tomography to construct a 3-D shear16

wave velocity model for the uppermost ⇠15 km beneath the Faroe Islands.17

Through interpretation of lateral and depth variations in velocity structure,18

we are able to delineate for the first time the extent and internal properties of19

the basalt pile, together with the structural configuration of the underlying20

layers.21

1.1. Geology of the Faroe Islands22

The Faroe Islands Basalt Group (FIBG) (Fig. 1) was emplaced during23

Paleocene and Eocene times and formed part of the North Atlantic Igneous24

Province (NAIP) magmatism (Upton, 1988; Waagstein, 1988; Saunders et al.,25

1997; Meyer et al., 2007), which was emplaced via subaerial volcanism during26

the separation of Greenland and Eurasia. The FIBG areal extent is at least27

120,000 km2 within the NE Atlantic region and it is exposed throughout28

the ⇠1400 km2 surface area of the 18 main islands that comprise the Faroe29

Islands (Passey and Jolley, 2008) (Fig. 2). Post-emplacement subsidence is30

a likely explanation for the origin of the present-day FIBG dip of <4� in31

an E-SE direction (Andersen, 1988) and its stratigraphic thickness totals at32

least ⇠6.6 km (Rasmussen and Noe-Nygaard, 1969, 1970; Waagstein, 1988;33

Passey and Bell, 2007; Passey and Jolley, 2008).34

The FIBG consists of basalt lava flows with minor volcaniclastic (sedi-35
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mentary and pyroclastic) lithologies, and the major formations from base to36

top are: 1) Lopra Formation: at least ⇠1.1 km thick and composed of vol-37

caniclastic lithologies, mainly hyaloclastites (Ellis et al., 2002; Waagstein and38

Andersen, 2003; Passey and Jolley, 2008); 2) Beinisvørð Formation: ⇠3.2539

km thick laterally extensive, subaerial basalt sheet lobes topped by an ero-40

sional surface (Passey and Bell, 2007); 3) Malinstindur Formation: <1.4 km41

thick subaerial compound lava flows with a weathered upper surface (Passey42

and Bell, 2007); 4) Enni Formation: >900 m thick subaerial compound lava43

flows and sheet lobes (Passey and Jolley, 2008). Sub-vertical dykes have in-44

truded most levels of the basalt, along with irregular and saucer-shaped sills45

(Hansen et al., 2011). Erosion may have removed at least a few hundred46

metres of the Enni Formation, assuming it was uniformly distributed with47

an original thickness of 1.0–1.5 km (Waagstein, 1988; Andersen et al., 2002).48

The FIBG rocks exposed on the Faroe Islands are presumed to either49

rest atop pre-Cretaceous (Brewer and Smythe, 1984) sedimentary rocks or50

Lewisian crystalline basement. Seismic refraction experiments revealed off-51

shore sedimentary sequences that reach thicknesses of: i) a few kilometres52

but appear to pinch out towards the Faroe Islands (Richardson et al., 1999);53

ii) 7–8 km offshore and 3–4 km beneath the Faroe Islands (Raum et al.,54

2005); or iii) less than 1 km beneath central regions and up to 3 km be-55

neath northern and southern parts of the Faroe Islands (White et al., 2003).56

Ambiguity remains due to multiple ways of interpreting a sub-basalt layer57

with a P -wave velocity of 5.2–5.7 km/s and the possible contamination of58

sub-basalt sedimentary rocks with igneous sill intrusions (Richardson et al.,59

1999; England et al., 2005; Raum et al., 2005). Lewisian basement rocks are60
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exposed in East Greenland and Shetland Islands (Stoker et al., 1993) and61

it is therefore expected that Archaean to Proterozoic age Lewisian meta-62

morphic rocks comprise the crystalline basement beneath the Faroe Islands.63

This is most likely underlain by stretched Archaean continental crust that64

could be thickened and/or intruded by magmatic material (Bott et al., 1974;65

Richardson et al., 1998; Raum et al., 2005).66

1.2. Previous Geophysical and Borehole Studies67

Regional refraction and wide-angle reflection profiles have been acquired68

to investigate the crustal structure to the northeast, east and southeast of69

the Faroe Islands (Fig. 1). It is widely agreed that the velocity structure70

most likely represents crystalline crust with a continental composition (Bott71

et al., 1974; Richardson et al., 1998, 1999; Smallwood et al., 1999; Raum72

et al., 2005). Moho depths along these profiles vary between 17 and 35 km,73

while estimates of crustal thickness beneath the Faroe Islands are either 21–74

32 km (through extrapolation onshore from the seismic profiles) or 27–38 km75

(described as ⇠30 km) from an onshore seismic refraction study (Bott et al.,76

1974).77

A map of basalt and sub-basalt sedimentary layer thickness beneath the78

Faroe Islands and surrounding area, compiled from published wide-angle seis-79

mic data, indicates that basalt thickness is consistently 5.5–6.0 km across the80

majority of the Faroe Islands apart from 4.5–5.5 km and 3.5–4.5 km beneath81

the southern islands of Sandoy and Suðuroy, respectively (White et al., 2003).82

Sub-basalt sediment thickness was estimated to be 1.5 km beneath the cen-83

tral Faroe Islands, increasing to 2–3 km in northeastern and southern parts.84

A more recent seismic profile showed evidence for a 2–3 km thick low velocity85
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sub-basalt Mesozoic sedimentary layer (Raum et al., 2005). The geophysical86

properties of key layers included in published models of Faroe Islands crustal87

structure are shown in Table. 2 (Palmason, 1965; Richardson et al., 1999;88

Smallwood et al., 1999; England et al., 2005; Raum et al., 2005; Christie89

et al., 2006; Eccles et al., 2007; Bais et al., 2008; Petersen et al., 2013). The90

main information for the Glyvursnes-1, Vestmanna-1 and Lopra-1A boreholes91

are summarised in Table. 3 from (Waagstein and Andersen, 2003) and (Pe-92

tersen et al., 2013, and references therein). In addiction to Table. 3 Lopra-193

was drilled to a depth of 2178 m in 1981 and subsequently deepened to 356594

m in 1996. The original Lopra-1 borehole penetrated through ⇠2 km of the95

Beinisvørð Formation and the deepened Lopra-1A section additionally pene-96

trated 213 m of the Beinisvørð Formation, then 45 m of pillow lavas, followed97

by 41 m of pillow lava debris atop a thick series of volcanic tuffs (including98

intra-volcanic sandstone and claystone) of the uppermost Lopra Formation.99

The base of the volcanic rocks was not encountered (Heinesen et al., 2006).100

The Beinisvørð Formation is characterised by high frequency variations in P -101

wave velocity between 4 and 6 km/s (similar to the Enni Formation) whereas102

the Lopra Formation shows S-wave velocities of 2.5–3.5 km/s where VS⇡2.6103

km/s for hyaloclastite and VS⇡2.8 km/s for hyaloclastite interspersed with104

basalt beds. VP/VS is 1.81–1.84 (Christie et al., 2006; Petersen et al., 2013).105

2. Data and Method106

2.1. Faroe Islands Passive Seismic Experiment (FIPSE)107

The data for this study was recorded by the Faroe Islands Passive Seismic108

Experiment (FIPSE), which comprised 12 broadband seismic stations (Fig. 2)109
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that spanned the Faroe Islands. The array operated for 17 months between110

June 2011 and October 2012 with an average data return of ⇠86% with111

equipment failures due to the effects of high winds and heavy rain on stations112

IF06 (74%), IF11 (62%) and IF12 (37%). Each station was equipped with113

a Güralp CMG-3ESPD (60 sec to 50 Hz) seismometer recording continuous114

3-component data at 100 samples per second (sps), deployed directly onto115

the basalt bedrock and buried under 1.0-1.5 m of topsoil.116

2.2. Cross-correlation to extract Empirical Green’s functions117

Our process to extract Empirical Green’s functions (EGF) through cross-118

correlation of ambient noise is similar to that described by Bensen et al.119

(2007). Hour-long segments of the vertical component of ground motion for120

each of the FIPSE stations (Fig. 2) were downsampled to 1 sps, had their121

instrument response, mean and trend removed and were bandpassed between122

0.05 and 2.0 Hz. Earthquake signals and local noise spikes that may con-123

taminate the ambient noise wavefield were diminished by applying temporal124

normalisation and spectral whitening. All simultaneously-recording station125

pairs were then cross-correlated using MSNoise (Lecocq et al., 2014) and126

its built-in ObsPy functions (Beyreuther et al., 2010; Megies et al., 2011)127

and then stacked into daily and full-recording period stacks using a phase128

weighted stacking (PWS) technique (Schimmel and Paulssen, 1997; Schim-129

mel, 1999; Schimmel and Gallart, 2007). PWS enables detection of weak130

but coherent arrivals through exploiting the phase coherence in individual131

causal and acausal correlograms and thereby improves the signal to noise132

ratio (SNR) in the stacks (Fig. 3). PWS has been widely used for enhancing133

cross-correlated signal extracted from ambient noise recordings (e.g. Ren et134
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al., 2013, Pilia, 2016), although some care in both its implementation and135

use is required to avoid distortion of the phase and amplitude characteristics136

of the waveform. In Figure S2 of the supplementary information, we compare137

the results of linear and phase weighted stacking and demonstrate that the138

the two methods produce similar results when the SNR is good, but that the139

PWS produces more realistic results when the SNR is poor.140

2.3. Rayleigh wave group velocity dispersion analysis141

Group velocity dispersion measurements were made by inputting the av-142

erage of causal and acausal (i.e. ‘symmetric’) cross correlation components143

from the 66 station pairs into a frequency-time analysis (FTAN) scheme144

(Dziewonski et al., 1969; Levshin et al., 1972). The symmetric component,145

in this case, is interpreted as the Rayleigh wave EGF (e.g. Curtis et al., 2006)146

and the automated pick of the peak amplitudes of the dispersion curves by147

FTAN provides a set of inter-station group travel-times across a range of148

periods (see Fig. 4 for an example. Supplementary Fig. S3 plots all the149

picked dipsresion curves and their average). We cross-checked the results of150

FTAN with the Computer Programs in Seismology (CPS) code of Herrmann151

(2013) and found that they produced near identical results. Bensen et al.152

(2007) suggested that in order to measure group velocities reliably and ac-153

curately from cross-correlation functions (CCFs), the inter-station distance154

is required to be greater or equal to three wavelengths at a given period.155

Since this criterion limits the period to <10 s for the FIPSE array with156

its maximum aperture of ⇠100 km, we performed tests at different integer157

wavelength cutoffs and decided that an inter-station distance equal to two158

wavelengths was acceptable, thus permitting the use of group velocities up159
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to a period of ⇠15s. As such, we tested three different cut-off wavelengths160

(1, 2 and 3) for group velocity measurements. In each case, we computed161

the all dispersion curves and period dependent group velocity maps. For the162

1 wavelength case, the standard deviation of all dispersion curves rapidly163

increased at longer periods (10-15 s), and the corresponding group velocity164

maps started to become incoherent and the data fit became worse. For the165

3 wavelength case, standard deviations remained relatively constant out to166

⇠15s period, but the decrease in available paths meant that resolution of167

the group velocity maps became poor at periods >10s. As such, we found168

that the 2 wavelength criterion gave the best compromise, in that it allowed169

longer period maps to be better constrained (up to 15 s), but produced re-170

sults that were far more consistent with the 3 wavelength results compared171

to the 1 wavelength result ( Supplementary Fig. S4). In a recent study,172

Luo et al. (2015) demonstrate that phase velocities can still be reliably mea-173

sured at station separations as short as one wavelength, even when applying174

conventional time-domain cross-correlation to extract EGFs. In our case, a175

one-wavelength criterion does not produce good results, presumably due to176

the higher uncertainties associated with group velocity measurements com-177

pared to phase velocity measurements. Due to the small aperture of the178

seismic array, coupled with the apparent complexity of the crust beneath179

the Faroe Islands, we chose not to try and extract phase velocity because of180

the difficulty of overcoming the 2pi phase ambiguity in the absence of long181

period data. To date, a number of studies (e.g. Pilia et al., 2015, Galetti et182

al., 2017, Green et al., 2017) have demostrated that using approaches similar183

to ours, converting group velocity dispersion to 3-D shear wavespeed pro-184
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duces credible results which can enhance our understanding of deep crustal185

structure.186

One of the challenges of surface wave tomography is that it is difficult187

to estimate picking uncertainty from the dispersion analysis. With ambient188

noise data, one method for determining picking error is to compare dispersion189

curves constructed from different sub-sets of the data. Here, we subdivide190

the data into 30 day intervals and create dispersion curves for each interval.191

We set a minimum threshold of 45 cross-correlations (the maximum being192

66) per time period, which resulted in seven different dispersion curves. For193

each station pair, we find the standard deviation of all available dispersion194

curves at each period, and then use this as an estimate of picking uncertainty,195

which is used to weight the travel-time data in the tomographic inversion for196

group velocity.197

2.4. Period dependent group velocity maps198

An iterative non-linear tomography scheme (Rawlinson et al., 2008) was199

employed to extract group velocity maps between 0.5 and 15.0 s period200

(Fig. 5). Smoothly varying cubic B-spline functions are used to describe201

the velocity continuum, which is controlled by a regular grid of nodes in lat-202

itude and longitude (grid intervals of 0.04� were used in this study). The203

forward problem of travel-time prediction is solved using the Fast Marching204

Method (Sethian, 1996; Rawlinson and Sambridge, 2004a,b) and a sub-space205

inversion technique (Kennett et al., 1988) is used to adjust model param-206

eters to satisfy data observations. The two steps are applied iteratively to207

address the non-linear nature of the inverse problem. Strictly speaking, the208

geometric spreading of surface waves is a function of phase rather than group209
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velocity; however, it is commonly assumed in ambient noise tomography (e.g.210

Saygin and Kennett, 2012) that the phase and group velocity patterns will211

be similar at identical periods, in which case the path coverage determined212

using group velocities will be approximately correct. Damping and smooth-213

ing is used to regularise the inverse problem and produce a model that is214

as conservative as possible (i.e. not greatly perturbed from the initial model215

and with no unnecessary features) while still fitting the data to an acceptable216

level (e.g. Rawlinson and Sambridge, 2005). To find the best damping and217

smoothing parameters for the inversion, we plot the trade-off between model218

roughness/variance and data fit for different periods (Fig. 6). The point of219

maximum curvature should represent the optimum value of both parameters.220

In this way, we obtained optimum damping and smoothing factors of 0.005221

and 0.007, respectively, by considering periods of 5, 10 and 15 s and used222

these damping and smoothing values for subsequent inversions.223

A synthetic checkerboard test was performed to investigate the resolution224

of our group velocity maps between 0.5 s and 15 s period (Fig. 7). Three dif-225

ferent synthetic models were generated that feature large (diameter ⇠18 km),226

medium (⇠12.5 km) and small (⇠7 km) anomalies with peak velocity per-227

turbations of ±20%; this provides insight into what wavelength of structure228

can be resolved in different parts of the model. The background or reference229

velocity is equal to the average velocity for each period (weighted by path230

length). The smallest checkerboard pattern is only recovered in the central231

northern part of the Faroe Islands below 5 s period (where path coverage232

is maximised). As the checkerboard size increases, both the region of good233

recovery increases and the period range over which recovery can be observed234
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increases. Thus, we see that for the largest checkerboard anomalies, good235

recovery throughout the Faroe Islands can be observed even at 10 s period.236

At 15 s period, the path coverage (Fig. 5) has reduced to such an extent that237

even the large checkerboard anomalies are poorly recovered. As a result,238

we limit our analysis of the subsequent shear wave velocity model, which is239

derived from the period dependent group velocity maps, to 10 km depth.240

Constraining shear wavespeeds below these depths requires group velocity241

measurements �15 s.242

2.5. 3-D shear wave velocity model243

In order to construct a 3-D shear wave velocity model of the crust from our244

group velocity maps, we first create an array of pseudo-dispersion curves by245

sampling the group velocity maps on a dense grid in latitude (grid spacing246

of 0.04�) and longitude (grid spacing of 0.05�). Inversion of each pseudo-247

dispersion curve produces a local 1-D shear wave velocity model, which can248

be combined with all other 1-D shear wave models to produce a composite249

3-D shear wave velocity model. We use the CPS surface wave inversion codes250

(Herrmann, 2013) to recover 1-D shear wave velocity from group velocity dis-251

persion. A damping value of 15 for the 1-D shear velocity model inversion252

was determined to be the best compromise from the data fit versus model253

variance trade-off curve (Fig. 8). In order to address the under-determined254

and non-linear nature of the inverse problem, we generate 100 starting mod-255

els by applying Gaussian noise with a standard deviation of 0.3 km/s to our256

reference 1-D shear-wave velocity model, which is described in Table 1, and257

based on measurements from the three boreholes (see Fig. 1). Model pa-258

rameters are defined at 0.5 km depth intervals in order to produce relatively259
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smooth solution models. We perform an inversion for each starting model260

at each point of the grid using 500 iterations of the scheme, and then take261

the average of the ensemble of solutions at each point as the final solution.262

The average standard deviation of the ensemble of solutions across the entire263

grid is 0.25 km/s, which is less than the standard deviation of the starting264

ensemble. The main features observed in horizontal (Fig. 9), south-north and265

west-east vertical (Fig. 10) slices through the final 3-D shear wave velocity266

model are described in the following section.267

3. Results268

3.1. Period dependent group velocity maps269

The Rayleigh wave group velocity maps appear to reveal coherent velocity270

structure across periods from 0.5 to 12.0 s (Figure 5), with an increase in271

detail due to a higher concentration of stations in the north. Short period (0.5272

and 1.0 s) maps reveal group velocity variations over short (<20 km) length273

scales with a predominance of relatively fast velocity anomalies beneath the274

north-west and far south of the Faroe Islands. Longer period (5–12 s) group275

velocity maps, despite the presence of north-south smearing, show relatively276

low velocity anomalies beneath the north-west and central parts of the Faroe277

Islands, contrasting with fast anomalies in the north-east and south-west.278

While further interpretation may be possible, conversion of group velocity279

dispersion into a 3-D shear wave velocity model is more likely to yield a280

clearer picture of subsurface structure.281
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3.2. 3-D shear wave velocity model282

At 1 km depth, the velocity pattern is quite variable across the model283

region, and may well contain artefacts due to noisy data and near surface284

complexities that cannot be modelled (e.g. scattering caused by surface to-285

pography) using our approach. However, the lowest S wave velocities of <2.5286

km/s occur beneath the north-west and central Faroe Islands. Relatively low287

(⇠2.6 km/s) velocities may also characterise the southernmost Faroese island288

of Suðuroy (Fig. 9). Between 3 and 5 km depth, the north-western region re-289

mains relatively slow (at 2.5–2.9 km/s) with a marked slow central anomaly290

(2.3–2.5 km/s). Surrounding central regions are typically constrained to 3.2–291

3.5 km/s and Suðuroy and south Sandoy ⇠2.8 km/s. Northeastern parts of292

the Faroe Islands appear to increase from 2.6–2.9 to 3.2–3.5 km/s between 3293

and 5 km depth (Fig. 9).294

Northeastern coastal regions are consistently fast at 3.5–3.7 km/s between295

7 and 10 km depth, with north-central parts increasing from 3.0 to >3.5296

km/s. Suðuroy displays S wave velocities of 3.2–3.5 km/s whereas the island297

of Sandoy to the north of Suðuroy is marked by relatively low (2.9–3.2 km/s)298

velocities (Fig. 9). The central region of the Faroe Islands at 15 km depth is299

characterised by a major low velocity anomaly where S wave velocities may300

be as low as 3.0 km/s and contrast markedly with the surrounding region at301

>3.5 km/s (Fig. 9).302

The south-north and west-east cross-sections through the model in Fig-303

ure 10 further highlight the large S wave velocity variations constrained be-304

neath the Faroe Islands and surrounding coastal regions. A 1–2 km thick305

near-surface low (<2.5 km/s) velocity layer is most prominent in central and306
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northern parts of the south-north profile and thickens from ⇠1 to ⇠3 km307

from west to east (Fig. 10), being thickest offshore. Beneath this, a higher308

S wave velocity (2.8–3.5 km/s) layer with a thickness of 2–4 km occurs in309

the majority of the model, but appears absent (or unconstrained) in south-310

ern and western parts of the Faroe Islands. Examination of the upper and311

lower boundaries of this high velocity layer shows that it dips ⇠4� north and312

1.5–2.5� east. A deeper prominent low S wave velocity (2.3–2.8 km/s) layer313

can be identified in parts of the model where resolution allows. Its thickness314

varies between approximately 2 and 4 km and it is deepest in eastern and315

northern parts of the model (Fig. 10). However, it is unclear whether it ex-316

tends beneath northernmost parts of the Faroe Islands’ landmass. It sits atop317

a 2–3 km thick layer with S wave velocity ⇡3.2 km/s and an abrupt increase318

in velocity with depth to �3.6 km/s. This rapid increase in velocity may319

reflect the presence of a seismic discontinuity between different rock types,320

which varies in depth between 6.5 km and 10.5 km where it is adequately321

sampled in the centre of the study region (Fig. 10). Lower S wave velocity322

(3.0–3.3 km/s) regions appear to intersperse with the higher velocity regions323

between 7.5 and 10.0 km in the model, although resolution is poorer at these324

depths.325

4. Interpretation and Discussion326

We now consider each of the basalt and sub-basalt layers that can be327

interpreted from major velocity variations in the model, from youngest to328

oldest.329
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4.1. Faroe Islands Basalt Group (FIGB): Enni and Malinstindur Formations330

The near-surface (depth1 km) low velocity regions described in the pre-331

vious section coincide almost exactly with the surface outcrops of the Malin-332

stindur Formation (Passey and Bell, 2007) (Fig. 1 and 9). Regions of elevated333

S-wave velocity (2.8–3.4 km/s) at 1 km depth largely correspond to locations334

in the north-east and east of the Faroe Islands where the Enni Formation335

crops out at the surface (Passey and Bell, 2007) (Fig. 1). This is consistent336

with the typically higher P wave velocities for Enni compared with Malin-337

stindur Formations from the Glyvursnes-1 borehole (Petersen et al., 2013)338

and references therein). Observations of higher S wave velocities in sheet339

flows (average VS=2.97 km/s) compared with compound lava flows (average340

VS=2.52 km/s) from the Lopra-1/1A borehole (Boldreel, 2006) are also in341

line with this velocity difference, since the Enni Formation contains a higher342

proportion of sheet lobes/flows than the compound flows of the Malinstindur343

Formation. Weathering of the uppermost layer of basalt is likely to account344

for the observed near-surface velocities of <2.5 km/s in the final model (e.g.345

Fig. 10).346

The combined Enni and Malinstindur Formations may extend to 2 km347

depth in north-eastern parts of the Faroe Islands, evidenced by the observed348

low velocities in our model (Fig. 10a). However, in western parts of the349

Faroe Islands, the low velocity layer is considerably thinner and consistent350

with the 550–600 m thickness of Malinstindur Formation reported in the351

Vestmanna borehole (Waagstein and Hald, 1984) and from vertical seismic352

profile (VSP) experiments (Bais et al., 2008). Accordingly, we estimate the353

dip of the combined Enni and Malinstindur Formations (MF in Fig. 11) to be354
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1.5–2.5�NE from our S wave velocity model, which is similar to the onshore355

dip estimated using surface interpolation of 0–5�, with an average of 2�E–356

SE (Passey and Varming, 2010). Waagstein and Hald (1984) estimated an357

easterly dip of ⇠4�in the vicinity of the Vestmanna borehole (north-western358

Faroe Islands, see Fig. 2).359

4.2. Faroe Islands Basalt Group (FIGB): Beinisvørð Formation360

The ‘A’-horizon is a seismic discontinuity that marks the boundary be-361

tween the Malinstindur and Beinisvørð Formations that has been identified362

in onshore seismic, offshore seismic and VSP experiments. It is a prominent363

reflector that can be identified over much of the Faroese shelf, particularly364

when using seismic profiles reprocessed by TGS (OF94/95RE11), such as the365

Western Geophysical acquired OF94/95 which is located to the north-east of366

the Faroe Islands (Petersen et al., 2015). We show that this boundary also367

represents a major S wave velocity discontinuity between layers with VS<2.5368

km/s above and VS=2.8–3.5 km/s below (Fig. 10) and interpret these layers369

to represent the Malinstindur and Beinisvørð Formations, respectively.370

The Vestmanna-1 and Lopra-1/1A boreholes sampled the uppermost ⇠100371

m and the lowermost ⇠900 m of the Beinisvørð Formation, respectively, and372

found typical average S wave velocities within the Beinisvørð Formation of373

⇠3.1 km/s for massive basalt flows and ⇠3.3 km/s for dolerite flows (Waag-374

stein and Andersen, 2003). Variations in P wave velocity are 4–6 km/s and375

average VP/VS=1.84 from both boreholes (Christie et al., 2006). These mea-376

surements are in agreement with our observations in Figures 9 and 10 and377

we constrain the locally fast Beinisvørð Formation to dip ⇠4� north and378

1.5–2.5� east with a thickness of 2–4 km. Tracking similar relatively fast379
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velocities indicates that the Beinisvørð Formation may exist at depths of380

3.5–5.5 km beneath northern Faroe Islands (Fig. 10). If this is the case, then381

the Beinisvørð Formation may extend to depths previously interpreted as382

top basement (Palmason, 1965; Olavsdottir et al., 2016) (Fig. 11), but our383

resolution in these regions appears to be unable to sufficiently distinguish384

the base Beinisvørð / top basement interface beneath northern parts of our385

model (Fig. 10). Alternatively, there may be a reduction in S wave velocity386

difference across the ‘A’-horizon in these parts of the Faroe Islands.387

We appear to lack the resolution to constrain a relatively fast velocity388

layer associated with the Beinisvørð Formation beneath the southernmost389

(i.e. Suðuroy) and westernmost (i.e. Mykines) parts of the Faroe Islands390

(Figs. 2 and 10) but note that our modelled near surface (<2 km depth)391

S wave velocities are maximum in regions where the Beinisvørð Formation392

crops out on the surface (Fig. 1 and 10).393

4.3. Faroe Islands Basalt Group (FIGB): Lopra Formation and/or Sub-basalt394

Sediments395

Offshore seismic profiles (Fig. 1) identify a low P wave velocity (3.8–396

4.1 km/s) layer that sits atop the basement beneath offshore parts of the397

profile (at 3–5 km depth on AMG95-1, 3–6 km on FLARE-1 and 4–7 km398

on FAST) but is interpreted to be absent below the Faroe Islands landmass399

(apart from AMG95-1) (Petersen and Funck, 2016, and references therein).400

We contend that this low velocity layer extends beneath the Faroe Islands401

landmass between depths of 2.5 and 7.0 km, is approximately 2–4 km thick402

and dips at ⇠4� to the north-east (Fig. 10 and 11).403

The Lopra-1/1A borehole samples the uppermost ⇠1000 m of the Lo-404
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pra Formation and is characterised by hyaloclastites which consist of lapilli-405

tuffs, tuff-breccias and breccias. Typical average S wave velocities within the406

Lopra Formation are markedly lower than for the Beinisvørð Formation at407

⇠2.6 km/s for intermingled layers of tuffs and brecciated hyaloclastites and408

⇠2.8 km/s for tuffs/hyaloclastite interspersed with basalt flows (Waagstein409

and Andersen, 2003). These velocity ranges compare well with the observed410

VS=2.3–2.8 km/s layer with a thickness of 2–4 km (Fig. 10) and therefore411

we are confident that this layer represents the Lopra Formation. Consistent412

with the overlying Beinisvørð Formation, it dips ⇠4� north and 1.5–2.5� east.413

Sub-basalt sediments reported from offshore seismic profiles that span414

the Faroe-Shetland Basin have a wide range of P wave velocities at 3.2–4.7415

km/s (Petersen and Funck, 2016), and references therein), which translates416

into VS=1.9–2.8 km/s assuming a VP/VS of 1.7 km/s. Unfortunately, this417

velocity range almost exactly matches that measured for the Lopra Formation418

and therefore it is difficult to assess the ratio of hyaloclastite to sediment419

within this low velocity layer using our method. However, we can show that420

a layer with the potential to include pre-volcanic sediments extends much421

further northwards beneath the Faroe Islands than previously thought and422

is consistent with the 2–3 km thick Mesozoic sedimentary layer identified by423

Raum et al. (2005).424

4.4. Upper Basement425

An ‘Upper Basement’ layer (between 5 and 7.5 km depth) is interpreted426

below the Lopra Formation / sub-basalt sediment layer with P wave veloci-427

ties of ⇠5.75 km/s, VP/VS of 1.75 (and therefore VS⇡3.3 km/s) along some428

offshore profiles (Richardson et al., 1999). In particular, the basement veloc-429
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ity properties were noted to be distinctively lower beneath the Faroe island of430

Suðuroy than beneath the Faroe-Shetland Basin, with explanations ranging431

from pervasive weathering of existing Lewisian gneiss basement, modification432

by igneous processes or emplacement of tuffs at or near sea-level (Richardson433

et al., 1999). This layer is consistent with a region in our model with VS⇡3.2434

km/s that is distinct from the rapid increase in velocity beneath it that, in435

theory, should mark the top of the crystalline basement and therefore we436

interpret this intermediary region as a so-called upper basement layer. Its437

velocity properties are lower than typical continental upper crust and may be438

consistent with low-grade metamorphosed sedimentary rocks (e.g. Rudnick,439

1995; Christensen and Mooney, 1995).440

4.5. Crystalline Basement441

Different offshore seismic velocity models map the crystalline basement442

between 5.0 and 7.5 km depth Petersen and Funck, 2016, with up to 1.5 km of443

topography on the basement discontinuity. These refraction and wide angle444

reflection profiles sample close to the southern Faroese Islands of Sandoy and445

Suðuroy and report P wave velocities of 6.1–6.3 km/s, VP/VS of 1.75 and446

therefore VS⇡3.7 km/s, which is consistent with our observations of a high-447

velocity (VS�3.6 km/s) basement-like feature at ⇠61.75� latitude (Fig. 10).448

Despite diminishing resolution at basement depths at the extremities of449

our 3-D velocity model, we show that there may be major changes in base-450

ment topography beneath the Faroe Islands, possibly similar to those inter-451

preted beneath the Norwegian margin (e.g. Osmundsen et al., 2002), which452

may correlate with the inferred positions of NW-trending faults or linea-453

ments (Ritchie et al., 2011; Moy and Imber, 2009). Prolonged stretching of454
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the Faroese crust, perhaps focussed in weaker parts of the crust, may have455

resulted in large offset faulting and the passage of magmatic material through456

the crust is likely to have altered and/or intruded the crystalline basement457

beneath the Faroe Islands.458

5. Conclusions459

Application of ambient noise tomography to a passive seismic dataset460

recorded by an array of broadband stations distributed throughout the Faroe461

Islands has allowed us to gain new insight into the upper-mid crustal struc-462

ture of a poorly understood region of the North Atlantic margin. Key out-463

comes of this study include:464

• A new 3-D shear wave velocity model of the crust beneath the Faroe465

Islands to a depth of ⇠10 km, with a maximum horizontal resolution466

of approximately 7 km in the upper crust beneath the northern region467

of the islands, where station density is greatest.468

• A strong correlation between shear wave velocity variations with depth469

and the presence of volcaniclastic, sedimentary and crystalline rock470

layers that have previously been identified via drilling, nearby refraction471

profiling and surface mapping.472

• The delineation of basaltic layers in the upper crust associated with473

the North Atlantic Igneous Province. These include the Malinstindur,474

Emni and Beinisvørð formations, all of which were deposited subaeri-475

ally.476
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• The identification of the Lopra Formation, comprised mainly of hyalo-477

clastites, and associated sub-basalt sediments, as a low shear wave ve-478

locity layer beneath the overlying basalts, located at depths of approx-479

imately 2.5 - 7.0 km.480

• The illumination of a high velocity basement layer, which likely cor-481

responds to silicic crystalline rocks of Archaean provenance, and is in-482

ferred to have an upper boundary that exhibits significant topography.483

The new geological model that we interpret from our results, together with484

evidence from surface mapping and deep drill holes, indicates that the crust485

beneath the Faroe Islands is more laterally heterogeneous. This may be a486

reflection of the processes that lead to the rifting of this continental fragment487

from the Eurasian margin, although in the case of the basement rocks, it is488

difficult to ascertain to what extent this heterogeneity is inherited from pre-489

rift events.490
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(km) (km/s) (km/s) (gm/cc)

H Vp Vs Rho

0.3 3.5 1.5 2

1.0 4.5 2.5 2.4

1.4 5.0 2.7 2.6

3.2 6.0 3.2 2.7

1.1 6.3 3.4 2.8

5.0 6.5 3.7 2.9

5.0 6.9 3.9 3.0

5.0 7.5 4.2 3.1

Moho

1 8.25 4.6 3.33

Table 1: Crustal model used for the 1-D shear wave inversion. Values are taken from a

variety of sources summarised in Section 1.2.
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Vp (km/s) Vp/Vs (km/s) Density (Mg/m^3)

Tertiary basalt 4.4-5.25 1.83-1.85 2.70-2.79

Sub-basalt Mesozoic sediments 4.1-4.3 1.7-1.76 2.50-2.65

Upper basement 5.5-6 1.73 2.7

Crystalline basement 6.1-6.3 1.73-1.77 2.81-2.82

Lower crust 6.75-6.87 1.75-1.81 2.84-2.98

High velocity lower crust 7.25-7.4 3.1-3.12

Upper mantle 8.1-8.25 3.1-3.12

Table 2: Geophysical properties of key layers included in published models (Palmason,

1965; Hall and Simmons, 1979; Richardson et al., 1999; Smallwood et al., 1999; England

et al., 2005; Raum et al., 2005; Christie et al., 2006; Eccles et al., 2007; Bais et al., 2008;

Petersen et al., 2013).
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Borehole Depth Formation encountered P-wave velocity Vp/Vs

Glyvurnes-1 700 m -Uppermost 350 m Malinstindur Fm. 4-5 km/s 1.9-2 km/s

-Lowermost 350 m Enni Fm. 4-6 km/s 1.9-2 km/s

Vestmanna-1 660 m -Uppermost 60 m Beinisvørð Fm. 5-6 km/s 1.8-1.9 km/s

-Lowermost 600 m Malinstindur Fm. 5-6 km/s 1.8-1.9 km/s

Lopra-1A 3565 m -Uppermost 2213 m Beinisvørð Fm. 4-6 km/s 1.81-1.84 km/s

-Lowermost 1352 m Lopra Fm. 4-5 km/s 1.81-1.84 km/s

Table 3: Drill depths, P-wave velocity and Vp/Vs for the Glyvurnes-1,Vestmanna-1 and

Lopra-1A boreholes from (Waagstein and Andersen, 2003) and (Petersen et al., 2013, and

references therein)
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Figure 1: Faroe Islands location and geology. i) Regional topographic and bathymetric

map showing the location of the Faroe Islands (red rectangle) in the North Atlantic. ii)

Simplified surface geology map and iii) north-south geological cross-section showing the

main units of the Faroe Islands Basalt Group (FIBG). ii) and iii) modified from Waagstein

(1988). In grey lines are shown the lineaments while in colour lines are shown the main

refraction studies mentioned in the paper.
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Figure 2: Topographic map of the Faroe Islands with surrounding bathymetry. The

locations of the twelve seismic stations (IF01–IF12) that comprised the Faroe Islands

Passive Seismic Experiment (FIPSE) are shown in yellow.
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Figure 3: Record section showing all inter-station cross-correlation functions (CCFs),

stacked using phase-weighting (Schimmel et al. 1997, 1999 & 2007) and plotted with

respect to inter-station distance.
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Figure 4: Two examples of group dispersion results obtained from frequency-time analysis.

Normalised amplitude is plotted in colour (large amplitudes in red; small amplitudes in

blue), and dotted lines represent the dispersion curves used in the inversion for period-

dependent group-velocity maps.
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Figure 5: Period-dependent group velocity maps at 0.5, 1, 5, 10 and 12 s. Bv = background

velocity (in km/s); Vr = variance reduction of data fit (in %). Note that each map is

displayed twice, with upper panels showing group velocity with rays superimposed, and

lower panels showing % variation in group velocity with respect to the background velocity

for each period.
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Figure 6: Trade-off curves used to find optimum smoothing and damping parameters for

the group velocity maps. Left: Smoothing is held constant (0) while damping is varied

between 0 and 1; Right: Damping is held constant (0) while smoothing is varied between

0 and 1. In each case, separate trade-off curves are plotted for periods of 5 s, 10 s and 15

s.
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Figure 7: Checkerboard test results for the group velocity maps using three different

anomaly sizes, a large (diameter 18 km), medium (12.5 km) and small (7 km). Left

column shows the input checkerboard, while the output checkerboards for five separate

periods are shown in columns 2-6.
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Figure 8: Trade-off between mean RMS data misfit and mean model variance for the

ensemble of 1-D shear wave velocity models used to build the 3-D shear wave velocity

model.
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Figure 9: Horizontal slices through the final 3-D shear wave velocity model at 1, 3, 5, 7,

10 and 15 km depth. Note that the same colour scale is used for each plot. The reader

should consult the checkerboard test results in order see which parts of the model are well

resolved.
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Figure 10: South-north (upper panel, longitude = -6.69�) and west-east (lower panel,

latitude = 61.98�) cross-sections through the final S wave 3-D velocity model. The main

anomalies are labelled with their respective S wave velocity ranges. Darkened regions

denote poorly resolved parts of the velocity model. Grey topography has a maximum

elevation of 825 m.
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Figure 11: Previous and new interpretation of geological structure beneath the Faroe

Islands. a) Integrated interpretation of onshore and offshore seismic refraction surveys

(modified from Olavsdottir et al., 2016). b) Interpretation based on the 3-D S wave

velocity model shown in Figs. 9 and 10. c) N-S rescaled vertical slice based on the 3-D S

wave velocity model shown in Fig. 10. MF = Malinstindur Formation; BF = Beinisvørd

Formation; LF = Lopra Formation. Geological layer outlines and borehole locations from

a) are superimposed. Grey bar denotes the extent of the Faroe Islands landmass. Vertical

exaggeration is approximately 10:1.
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Figure 12: Supplementary Figure S1: A comparison of linear stacked (a) and phase

weighted stacked (PWS, b) cross correlation functions for all station pairs plotted with

respect to distance. Note that the signal waveforms are similar and the noise is reduced

for the phase weighted compared to the linear stacks.
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Figure 13: Supplementary Figure S2: Group velocity dispersion analysis tests using three

different combinations of stacking methods are shown for the station pair IF01-IF12. The

left column shows the cross correlation in the time domain, while the column on the right

shows the dispersion analysis. A: Linear stacking of hour-long cross-correlations to create

a daily stack, followed by a linear stack of daily cross-correlations; B: Phase weighted

stacking (PWS) of hour-long cross-correlations to create a daily stack, followed by a linear

stack of daily cross-correlations. C: Phase weighted stacking (PWS) of hour-long cross-

correlations to create a daily stack followed by phase weighted stacking (PWS) of daily

cross-correlations. We use the approach shown in C for our analysis.
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Figure 14: Supplementary Figure S3: Picked interstation group dispersion curves for all

available pairs. Station names are IF01-IF12 and a thick grey curve denotes the average

across the period range 0.5 to 19.0 seconds.
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Figure 15: Supplementary Figure S4: Average of all available group velocity dispersion

curves for inter-station distances equal to: A) one wavelength; B) two wavelengths; and

C) three wavelengths.
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Figure 16: Supplementary Figure S5: South-north (upper panel, longitude = -6.69�) and

west-east (lower panel, latitude = 61.98�) cross-sections through the final st.dev 3-D model.
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